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Foreword
We are very pleased to offer this 18th edition of The ARRL Antenna Book. Since

the first edition in September 1939, each new volume has been dedicated to provid-
ing more and better information about the fascinating subject of radio antennas. The
first edition contained 18 chapters and 142 pages and had a cover price of 50 cents.
The limits of amateur UHF work in those days extended all the way up to 112 MHz
(called “112 Mc” in 1939), and transmission lines were made of open wires spaced
with wood boiled in paraffin. In 1997, this book contains more than 700 pages in 28
chapters, and frequency coverage now extends beyond 10 GHz.

Over the years, we have found that the combination of a printed book with
interactive software programs can really “bring to life” equations and tough theoreti-
cal concepts for many amateurs. Readers had extremely positive comments about
the software included for the first time in the last edition. So we are bundling another
treasure of software for the PC in the 18th Edition. These programs give today’s
amateur the ability to analyze and synthesize Yagi antennas, transmission lines and
antenna-tuner networks in a manner that would make 1939’s amateur shake his or
her head in wonder!

With these programs, you can analyze Yagi performance, or you can predict the
statistical performance of your favorite HF propagation paths using the current level
of solar activity. Have you ever wondered whether a particular site would make a
“killer” QTH for HF DXing or contesting? We provide a program called YT (standing
for Yagi Terrain analysis) that can predict the elevation response for a stack of up to
four Yagis over uneven local terrain. You may be very surprised at the profound
effects of local terrain.

Before the 1994 edition, radio amateurs had little solid information about the
kinds of elevation angles really needed for worldwide HF communications. This book
includes even more of the detailed statistical analyses pioneered in the 17th Edition,
not only for locations around North America to prime DX locations around the world,
but also from other countries around the world with substantial amateur populations.
You now have the information to design your own complete system properly—the
angles to aim for from your part of the world, together with the effects of your own
terrain.

As usual, in a publishing effort of this magnitude, errors creep into the process,
despite our best efforts. We appreciate hearing from you, our readers, about errors
or about suggestions on how future editions might be made even more useful to you.
A form for mailing your comments is included at the back of the book.

David Sumner, K1ZZ
Executive Vice President
Newington, Connecticut
April 1997
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About th e American Radio Relay League
The seed for Amateur Radio was planted in the 1890s, when Guglielmo Marconi began his

experiments in wireless telegraphy. Soon he was joined by dozens, then hundreds, of others who
were enthusiastic about sending and receiving messages through the air—some with a
commercial interest, but others solely out of a love for this new communications medium. The
United States government began licensing Amateur Radio operators in 1912.

By 1914, there were thousands of Amateur Radio operators—hams—in the United States.
Hiram Percy Maxim, a leading Hartford, Connecticut, inventor and industrialist saw the need for
an organization to band together this fledgling group of radio experimenters. In May 1914 he
founded the American Radio Relay League (ARRL) to meet that need.

Today ARRL, with more than 170,000 members, is the largest organization of radio amateurs
in the United States. The League is a not-for-profit organization that:

• promotes interest in Amateur Radio communications and experimentation
• represents US radio amateurs in legislative matters, and
• maintains fraternalism and a high standard of conduct among Amateur Radio operators.

At League headquarters in the Hartford suburb of Newington, the staff helps serve the needs
of members. ARRL is also International Secretariat for the International Amateur Radio Union,
which is made up of similar societies in more than 100 countries around the world.

ARRL publishes the monthly journal QST, as well as newsletters and many publications
covering all aspects of Amateur Radio. Its headquarters station, W1AW, transmits bulletins of
interest to radio amateurs and Morse code practice sessions. The League also coordinates an
extensive field organization, which includes volunteers who provide technical information for radio
amateurs and public-service activities. ARRL also represents US amateurs with the Federal
Communications Commission and other government agencies in the US and abroad.

Membership in ARRL means much more than receiving QST each month. In addition to the
services already described, ARRL offers membership services on a personal level, such as the
ARRL Volunteer Examiner Coordinator Program and a QSL bureau.

Full ARRL membership (available only to licensed radio amateurs) gives you a voice in how
the affairs of the organization are governed. League policy is set by a Board of Directors (one
from each of 15 Divisions). Each year, half of the ARRL Board of Directors stands for election by
the full members they represent. The day-to-day operation of ARRL HQ is managed by an
Executive Vice President and a Chief Financial Officer.

No matter what aspect of Amateur Radio attracts you, ARRL membership is relevant and
important. There would be no Amateur Radio as we know it today were it not for the ARRL. We
would be happy to welcome you as a member! (An Amateur Radio license is not required for
Associate Membership.) For more information about ARRL and answers to any questions you
may have about Amateur Radio, write or call:

ARRL Educational Activities Dept
225 Main Street
Newington CT  06111-1494
(860) 594-0301
Prospective new amateurs call:
800-32-NEW HAM (800-326-3942)
World Wide Web: http://www.arrl.org

http://www.arrl.org/
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Chapter 1

Safety First

Safety begins with your attitude. If you make it a habit to plan your work carefully and to consider
the safety aspects of a project before you begin the work, you will be much safer than “Careless
Carl,” who just jumps in, proceeding in a haphazard manner. Learn to have a positive attitude

about safety. Think about the dangers involved with a job before you begin the work. Don’ t be the one
to say, “I didn’t think it could happen to me.”

Having a good attitude about safety isn’ t enough, however. You must be knowledgeable about
common safety guidelines and follow them faithfully. Safety guidelines can’t possibly cover all the
situations you might face, but if you approach a task with a measure of “common sense,” you should be
able to work safely.

This chapter offers some safety guidelines and protective measures for you and your Amateur
Radio station. You should not consider it to be an all-inclusive discussion of safety practices, though.
Safety considerations will affect your choice of materials and assembly procedures when building an
antenna. Other chapters of this book will offer further suggestions on safe construction practices. For
example, Chapter 22 includes some very important advice on constructing a proper base for your tower
installation.

PUTTING UP SIMPLE WIRE ANTENNAS
No matter what type of antenna you choose to erect, you should remember a few key points about

safety. If you are using a slingshot or bow and arrow to get a line over a tree, make sure you keep
everyone away from the “downrange” area. Hitting one of your helpers with a rock or fishing sinker is
considered not nice, and could end up causing a serious injury.

Make sure the ends of the antenna are high enough to be out of reach of passersby. Even when you
are transmitting with low power there may be enough voltage at the ends of your antenna to give
someone nasty “RF burns.” If you have a vertical antenna with its base at ground level, build a wooden
safety fence around it at least 4 feet away from it. Do not use metal fence, as this will interfere with the
proper operation of the antenna. Be especially certain that your antenna is not close to any power wires.
That is the only way you can be sure it won’t come in contact with them.

Antenna work often requires that one person climb up on a tower, into a tree or onto the roof of a
house. Never work alone! Work slowly, thinking out each move before you make it. The person on the
ladder, tower, tree or rooftop should wear a safety belt, and keep it securely anchored. It is helpful (and
safe!) to tie strings or lightweight ropes to all tools. If your tools are tied on, you’ll save time getting
them back if you drop them, and you’ll greatly reduce the risk of injuring a helper on the ground.
(There are more safety tips for climbing and working on towers later in this chapter. Those tips apply to
any work that you must do above the ground to install even the simplest antenna.)
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Tower Safety
Working on towers and antennas is dangerous, and possibly fatal, if you do not know what you are

doing. Your tower and antenna can cause serious property damage and personal injury if any part of the
installation should fall. Always use the highest quality materials in your system. Follow the
manufacturer’s specifications, paying close attention to base pier and guying details. Do not overload
the tower. If you have any doubts about your ability to work on your tower and antennas safely, contact
another amateur with experience in this area or seek professional assistance.

Chapter 22 provides more detailed guidelines for constructing a tower base and putting up a tower.
It also explains how to properly attach guy wires and install guy anchors in the ground. These are
extremely important parts of a tower installation, and you should not take shortcuts or use second-rate
materials. Otherwise the strength and safety of your entire antenna may be compromised.

Any mechanical job is easier if you have the right tools. Tower work is no exception. In addition to
a good assortment of wrenches, screwdrivers and pliers, you will need some specialized tools to work
safely and efficiently on a tower. You may already own some of these tools. Others may be purchased
or borrowed. Don’t start a job until you have assembled all of the necessary tools. Shortcuts or impro-
vised tools can be fatal if you gamble and lose at 70 feet in the air. The following sections describe in
detail the tools you will need to work safely on a tower.

CLOTHING
The clothing you wear when working on towers and antennas should be selected for maximum

comfort and safety. Wear clothing that will keep you warm, yet allow complete freedom of movement.
Long denim pants and a long-sleeve shirt will pro-
tect you from scrapes and cuts. (A pull-on shirt,
like a sweat shirt with no openings or buttons to
snag on tower parts, is best.) Wear work shoes with
heavy soles, or better yet, with steel shanks (steel
inserts in the soles), to give your feet the support
they need to stand on a narrow tower rung.

Gloves are necessary for both the tower
climber and all ground-crew members. Good qual-
ity leather gloves will protect hands from injury
and keep them warm. They also offer protection
and a better grip when you are handling rope. In
cooler weather, a pair of gloves with light insula-
tion will help keep your hands warm. The insula-
tion should not be so bulky as to inhibit move-
ment, however.

Ground-crew members should have hard hats
for protection in case something falls from the
tower. It is not uncommon for the tower climber
to drop tools and hardware. A wrench dropped
from 100 feet will bury itself several inches in
soft ground; imagine what it might do to an un-
protected skull.

SAFETY BELT AND CLIMBING
ACCESSORIES

Any amateur with a tower must own a high-
quality safety belt, such as the one shown in
Fig 1. Do not attempt to climb a tower, even a

Fig 1—Bill Lowry, W1VV, uses a good quality
safety belt, a requirement for working on a tower.
The belt should contain large steel loops for the
snap straps. Leather loops at the rear of the belt
are handy for holding tools. (photo by K1WA)
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short distance, without a belt. The climbing belt is more than just a safety device for the experienced
climber. It is a tool to free up both hands for work. The belt allows the climber to lean back away from
the tower to reach bolts or connections. It also provides a solid surface to lean against to exert greater
force when hoisting antennas into place.

A climber must trust his life to his safety belt. For this reason, nothing less than a professional
quality, commercially made, tested and approved safety belt is acceptable. Check the suppliers’ list in
Chapter 21 and ads in QST for suppliers of climbing belts and accessories. Examine your belt for
defects before each use. If the belt or lanyard (tower strap) are cracked, frayed or worn in any way,
destroy the damaged piece and replace it with a new one. You should never have to wonder if your belt
will hold.

Along with your climbing belt, you should seriously consider purchasing some climbing accesso-
ries. A canvas bucket is a great help for carrying tools and hardware up the tower. Two buckets, a large
one for carrying tools and a smaller one for hardware, make it easier to find things when needed. A few
extra snap hooks like those on the ends of your belt lanyard are useful for attaching tool bags and
equipment to the tower at convenient spots. These hooks are better than using rope and tying knots
because in many cases they can be hooked and unhooked with one hand.

Gorilla hooks, shown in Fig 2, are especially useful for ascending and descending the tower. They
attach to the belt and are hooked to the tower on alternating rungs as the climber progresses. With these
hooks, the climber is secured to the tower at all times. Gorilla hooks were specially designed for
amateur climbers by Ron Williams, W9JVF, 1408 W Edgewood, Indianapolis, IN 46217-3618.

Rope and Pulley
Every amateur who owns a tower should also own a good quality rope at least twice as long as the

tower height. The rope is essential for safely erecting towers and installing antennas and cables. For
most installations, a good quality 1/2-inch diameter manila hemp rope will do the job, although a thicker
rope is stronger and may be easier to handle. Some types of polypropylene rope are acceptable also;
check the manufacturer’s strength ratings. Nylon rope is not recommended because it tends to stretch
and cannot be knotted securely without difficulty.

Check your rope before each use for tearing or chafing. Do not attempt to use damaged rope; if it
breaks with a tower section or antenna in mid-air, property damage and personal injury are likely
results. If your rope should get wet, let it air dry thoroughly before putting it away.

Another very worthwhile purchase is a pulley like the one shown in Fig 3. Use the right size pulley
for your rope. Be sure that the pulley you purchase will not jam or bind as the rope passes through it.

THE GIN POLE
A gin pole, like the one shown in Fig 4, is a handy device for working with tower sections and

masts. This gin pole is designed to clamp onto one leg of Rohn No. 25 or 45 tower. The tubing, which

Fig 2—Gorilla hooks are designed to keep the
climber attached to the tower at all times when
ascending and descending.

Fig 3—A good quality rope and pulley are
essential for anyone working on towers and
antennas. This pulley is encased in wood so the
rope cannot jump out of the pulley wheel and jam.
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is about 12 feet long, has a pulley on one end. A rope is routed through the tubing and over the pulley.
When the gin pole is attached to the tower and the tubing extended into place, the rope may be used to
haul tower sections or the mast into place. Fig 5 shows the basic process.

A gin pole can be expensive for an individual to buy, especially for a one-time tower installation.
Some radio clubs own a gin pole for use by their members. Stores that sell tower sections to amateurs
and commercial customers frequently will rent a gin pole to erect the tower. If you attempt to make
your own gin pole, use materials heavy enough for the job. Provide a means for securely clamping the
pole to the tower. There are many cases on record where homemade gin poles have failed, sending
tower sections crashing down amidst the ground crew.

When you use a gin pole, make every effort to keep the load as vertical as possible. Although gin
poles are strong, you are asking for trouble if you apply too much lateral force.

INSTALLING ANTENNAS ON THE TOWER
All antenna installations are different in some respects. Therefore, thorough planning is the most

important first step in installing any antenna. At the beginning, before anyone climbs the tower, the
whole process should be thought through. The procedure should be discussed to be sure each crew
member understands what is to be done. Plan how to work out all bugs. Consider what tools and parts
must be assembled and what items must be taken up the tower. Extra trips up and down the tower can
be avoided by using forethought.

Getting ready to raise a beam requires planning. Done properly, the actual work of getting the
antenna into position can be accomplished quite easily with only one person at the top of the tower.
The trick is to let the ground crew do all the work and leave the person free to guide the antenna into
position.

Fig 4—A gin pole is a mechanical device that can
be clamped to a tower leg to aid in the assembly
of sections as well as the installation of the mast.
The aluminum tubing extends through the clamp
and may be slipped into position before the
tubing clamp is tightened. A rope should be
routed through the tubing and over the pulley
mounted at the top.

Fig 5—The assembly of tower sections is made
simple when a gin pole is used to lift each one
into position. Note that the safety belts of both
climbers are fastened below the pole, thereby
preventing the strap from slipping over the top
section. (photo by K1WA)
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Before the antenna can be hoisted into position, the tower and the area around it must be prepared.
The ground crew should clear the area around the base while someone climbs the tower to remove any
wire antennas or other objects that might get in the way. The first person to climb the tower should also
rig the rope and pulley that will be used to raise the antenna. The time to prepare the tower is before the
antenna leaves the ground, not after it becomes hopelessly entangled with your 3.5 MHz dipole.

SOME TOWER CLIMBING TIPS
The following tower climbing safety tips were compiled by Tom Willeford, N8ETU. The most

important safety factor in any kind of hazardous endeavor is the right attitude. Safety is important and
worthy of careful consideration and implementation. The right attitude toward safety is a requirement
for tower climbers. Lip service won’t do, however; safety must be practiced.

The safe ham’s safety attitude is simple: Don’t take any unnecessary chances. There are no excep-
tions to this plain and simple rule. It is the first rule of safety and, of course, of climbing. The second
rule is equally simple: Don’t be afraid to terminate an activity (climbing, in this case) at any time if
things don’t seem to be going well.

Take time to plan your climb; this time is never wasted, and it’s the first building block of safety.
Talk the climb over with friends who will be helping you. Select the date and alternative dates to do the
work. Choose someone to be responsible for all activities on the ground and for all communication
with the climbers. Study the structure to be climbed and choose the best route to your objective. Plan
emergency ascent and descent paths and methods.

Make a list of emergency phone numbers to keep by your phone, even though they may never be
used. Develop a plan for rescuing climbers from the structure, should that become necessary.

Give careful thought to how much time you will need to complete the project. Allow enough time to
go up, do the work, and then climb down during daylight hours. Include time for resting during the climb
and for completing the work in a quality fashion. Remember that the temperature changes fast as the sun
goes down. Climbing up or down a tower with cold hands and feet is very difficult—and dangerous.

Give careful consideration to the weather, and climb only in good weather. Investigate wind condi-
tions, the temperature and the weather forecast. The weather can change quickly, so if you’re climbing a
really tall tower it may be a good idea to have a weather alert radio handy during the climb. Never climb
a wet tower.

The person who is going to do the climbing should be the one to disconnect and tag all sources of
power to the structure. All switches or circuit breakers should be labeled clearly with DO NOT TOUCH
instructions. Use locks on any switches designed to accept them. (See Fig 6.) Only the climber should
reconnect power sources.

An important part of the climbing plan is to review notes on the present installation and any previ-

Fig 6—If the switch box feeding
power to equipment on your
tower is equipped with a lock-
out hole, use it. With a lock
through the hole on the box,
the power cannot be
accidentally turned back on.
(Photos courtesy of American
ED-CO, at left, and Osborn Mfg
Corp, at right.)
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ous work. It’s a good idea to keep a notebook, listing every bolt and nut size on your tower/antenna
installation. Then, when you have to go up to make repairs, you’ll be able to take the minimum number
of tools with you to do the job. If you take too many tools up the tower, there is a much greater chance
of dropping something, risking injury to the ground crew and possibly damaging the tool.

It is also a good idea to review the instruction sheets and take them with you. In other words, plan
carefully what you are going to do, and what you’ll need to do it efficiently and safely.

It’s better to use a rope and pulley to hoist tools. Climbing is hard work and there's no sense making
it more difficult by carrying a big load of tools. Always rig the pulley and rope so the ground crew
raises and lowers tools and equipment.

Climbing Equipment
Equipment is another important safety consideration. By equipment, we don’t just mean tools. We

mean safety equipment. Safety equipment should be selected and cared for as if your life depends on
it—because it does!

The list of safety equipment essential to a safe climb and safe work on the tower should include:
1) A first class safety belt,
2) Safety glasses,
3) Hard hat,
4) Long-sleeved, pullover shirt with no buttons or openings to snag (long sleeves are especially

 important for climbing wooden poles),
5) Long pants without cuffs,
6) Firm, comfortable, steel-shank shoes with no-slip soles and well-defined heels, and
7) Gloves that won’t restrict finger movement (insulated gloves if you must work in cold weather).
Your safety belt should be approved for use on the structure you are climbing. Different structures

may require different types of safety hooks or straps. The belt should be light weight, but strength
should not be sacrificed to save weight. It should fit you comfortably. All moving parts, such as snap

hooks, should work freely. You should inspect
safety belts and harnesses carefully and thoroughly
before each climb, paying particular attention to
stitching, rivets and weight-bearing mechanical
parts.

Support belt hooks should always be hooked to
the D rings in an outward configuration. That is, the
opening part of the hook should face away from the
tower when engaged in the D rings (see Fig 7). Hooks
engaged this way are easier to unhook deliberately
but won’t get squeezed open by a part of the tower or
engage and snag a part of the tower while you are
climbing. The engagement of these hooks should al-
ways be checked visually. A snapping hook makes
the same sound whether it’s engaged or not. Never
check by sound—look to be sure the hook is engaged
properly before trusting it.

Remember that the D rings on the safety belt
are for support hooks only. No tools or lines should
be attached to these hooks. Such tools or lines may
prevent the proper engagement of support belt
hooks, or they may foul the hooks. At best, they
could prevent the release of the hooks in an emer-
gency. No one should have to disconnect a support
hook to get a tool and then have to reconnect the

Fig 7—Mark Wilson, AA2Z, shows the proper way
to attach a safety hook, with the opening facing
away from the tower. That way the hook can’t be
accidentally released by pressing it against a
tower leg.
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support hook before beginning to work again. That’s foolish.
Equipment you purchase new is best. Homemade belts or home-spliced lines are dangerous. Used

belts may have worn or defective stitching, or other faulty components. Be careful of “bargains” that
could cost you your life.

Straps, lanyards and lines should be as short as possible. Remember, in general knots reduce the
load strength of a line by approximately 50%.

Before actually climbing, check the structure visually. Review the route. Check for obstacles, both
natural (like wasp’s nests) and man-made. Check the structure supports and add more if necessary. Guy
wires can be obstacles to the climb, but it’s better to have too many supports than not enough. Check
your safety belt, support belts and hooks at the base of the tower. Really test them before you need
them. Never leave the ground without a safety belt—even 5 or 10 feet. After all of this, the climb will
be a “cakewalk” if you are careful.

Climb slowly and surely. Don’t overreach or overstep. Patience and watchfulness is rewarded with
good hand and foot holds. Take a lesson from rock climbers. Hook on to the tower and rest periodically
during the climb. Don’t try to rest by wedging an arm or leg in some joint; to rest, hook on. Rests provide an
opportunity to review the remainder of the route and to make sure your safety equipment feels good and is
working properly. Rest periods also help you conserve a margin of energy in case of difficulty.

Finally, keep in mind that the most dangerous part of working on a tower occurs when you are
actually climbing. Your safety equipment is not hooked up at this time, so be extra careful during the
ascent or descent.

You must climb the tower to install or work on an antenna. Nevertheless, any work that can be done on
the ground should be done there. If you can do any assembly or make any adjustments on the ground, that’s
where you should do the work! The less time you have to spend on the tower, the better off you’ll be.

When you arrive at the work area, hook on to the tower and review what you have to do. Determine
the best position to do the work from, disconnect your safety strap and move to that position. Then
reconnect your safety strap at a safe spot, away from joints and other obstacles. If you must move
around an obstacle, try to do it while hooked on to the tower. Find a comfortable position and go to
work. Don’t overreach—move to the work.

Use the right tool for the task. If you don’t have it, have the ground crew haul it up. Be patient.
Lower tools, don’t drop them, when you are finished with them. Dropped tools can bounce and cause
injury or damage, or can be broken or lost. It’s a good idea to tie a piece of string or light rope to the
tools, and to tie the other end to the tower or some other point so if you do drop a tool, it won’t fall all
the way to the ground. Don’t tie tools to the D ring or your safety belt, however!

Beware of situations where an antenna may be off balance. It’s hard to obtain the extra leverage
needed to handle even a small beam when you are holding it far from the balance point. Leverage can
apply to the climber as well as the device being levered. Many slips and skinned knuckles result from
such situations. A severely injured hand or finger can be a real problem to a climber.

Before descending, be sure to check all connections and the tightness of all the bolts and nuts that
you have worked with. Have the ground crew use the rope and pulley to lower your tools. Lighten your
load as much as possible. Remember, you’re more tired coming down than going up. While still hooked
on, wiggle your toes and move a little to get your senses working again. Check your downward route
and begin to descend slowly and even more surely than you went up. Rest is even more important
during the descent.

The ground captain is the director of all activities on the ground, and should be the only one to
communicate with a person on a tower. Hand-held transceivers can be very helpful for this communi-
cation, but no one else should transmit to the workers on the tower. Even minor confusion or misunder-
standing about a move to be made could be very dangerous.

“Antenna parties” can be lots of fun, but the joking and fooling around should wait until the job is
done and everyone is down safely. Save the celebrating until after the work is completed, even for the
ground crew.
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These are just a few ideas on tower climbing safety; no list can include everything you might run
into. You can’t be too careful when climbing. Keep safety in mind while doing antenna work, and help
ensure that after you have fallen for ham radio, you don’t fall from ham radio.

THE TOWER SHIELD
A tower can be legally classified as an “attractive nuisance” that could cause injuries. You should

take some precautions to ensure that “unauthorized climbers” can’ t get hurt on your tower. This tower
shield was originally described by Baker Springfield, W4HYY, and Richard Ely, WA4VHM, in Sep-
tember 1976 QST, and should eliminate the worry.

Generally, the “attractive nuisance” doctrine applies to your responsibility to trespassers on your
property. (The law is much stricter with regard to your responsibility to an invited guest.) You should
expect your tower to attract children, whether they are already technically trespassing or whether the
tower itself lures them onto your property. A tower is dangerous to children, especially because of their
inability to appreciate danger. (What child could resist trying to climb a tower once they see one?)
Because of this danger, you have a legal duty to exercise reasonable care to eliminate the danger or
otherwise protect children against the perils of the attraction.

The tower shield is composed simply of panels that enclose the tower and make climbing practi-
cally impossible. These panels are 5 feet in height and are wide enough to fit snugly between the tower
legs and flat against the rungs. A height of 5 feet is sufficient in almost every case. The panels are
constructed from 18-gauge galvanized sheet metal obtained and cut to proper dimensions from a local
sheet-metal shop. A lighter gauge could probably be used, but the extra physical weight of the heavier
gauge is an advantage if no additional means of securing the panels to the tower rungs are used. The
three types of metals used for the components of the shield are supposedly rustproof and nonreactive.
The panels are galvanized sheet steel, the brackets aluminum, and the screws and nuts are brass. For a
triangular tower, the shield consists of three panels, one for each of the three sides, supported by two
brackets. Construct these brackets from 6-inch pieces of thin aluminum angle stock. Bolt two of the
pieces together to form a Z bracket (see Figs 8, 9 and 10). The Z brackets are bolted together with
binding head brass machine screws.

Lay the panels flat for measuring, marking and drilling. First measure from the top of the upper mount-
ing rung on the tower to the top of the bottom rung. (Mounting rungs are selected to position the panel on the
tower.) Then mark this distance on the panels. Use the same size brass screws and nuts throughout the
shield. Bolt the top vertical portion of each Z bracket to the panel. Drill the mounting-screw holes about 1
inch from the end of the Z brackets so there is an offset clearance between the Z-bracket binding-screw
holes and the panel-bracket mounting-screw holes. Drill holes in each panel to match the Z-bracket holes.

The panels are held on the tower by their own weight. They are not easy to grasp because they fit
snugly between the tower legs. If you feel a need for added safety against deliberate removal of the
panels, this can be accomplished by means of tie wires. Drill a small hole in the panel just above, just
below, and in the center of each Z bracket. Run a piece of heavy galvanized wire through the top hole,
around the Z bracket, and then back through the hole just below the Z bracket. Twist together the two
ends of the wire. One tie wire should be sufficient for each panel, but use two if desired.

Fig 8—Z-bracket component pieces.
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Fig 9—Assembly of the Z bracket.

Fig 10—Installation of the shield on a tower rung.

The completed panels are rather bulky and difficult to handle. A feature that is useful if the panels
have to be removed often for tower climbing or accessibility is a pair of removable handles. The re-
movable handles can be constructed from one threaded rod and eight nuts (see Fig 11). Drill two pair of
handle holes in the panels a few inches below the top Z bracket and several inches above the bottom Z
bracket. For panel placement or removal, you can hook the handles in these panel holes. The hook, on
the top of the handle, fits into the top hole of each pair of the handle holes. The handle is optional, but
for the effort required it certainly makes removal and replacement much safer and easier.

Fig 12 shows the shield installed on a tower. This relatively simple device could prevent an accident.

Fig 11—Removable handle construction.

Fig 12—Installed tower shield.
Note the holes for using the
handles.
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Electrical Safety
Although the RF, ac and dc voltages in most amateur stations pose a potentially grave threat to life

and limb, common sense and knowledge of safety practices will help you avoid accidents. Building
and operating an Amateur Radio station can be, and is for almost all amateurs, a perfectly safe pastime.
However, carelessness can lead to severe injury, and even death. The ideas presented here are only
guidelines; it would be impossible to cover all safety precautions. Remember, there is no substitute for
common sense.

A fire extinguisher is a requirement for the well-equipped amateur station. The fire extinguisher
should be of the carbon-dioxide type to be effective in electrical fires. Store it in an easy-to-reach spot
and check it at recommended intervals.

Family members should know how to turn the power off in your station. They should also know
how to apply artificial respiration. Many community groups offer courses on cardiopulmonary resusci-
tation (CPR).

AC AND DC SAFETY
The primary wiring for your station should be controlled by one master switch, and other members

of your family should know how to kill the power in an emergency. All equipment should be connected
to a good ground. All wires carrying power around the station should be of the proper size for the
current to be drawn and should be insulated for the voltage level involved. Bare wire, open-chassis
construction and exposed connections are an invitation to accidents. Remember that high-current, low-
voltage power sources are just as dangerous as high-voltage, low-current sources. Possibly the most-
dangerous voltage source in your station is the 120-V primary supply; it is a hazard often overlooked
because it is a part of everyday life. Respect even the lowliest power supply in your station.

Whenever possible, kill the power and unplug equipment before working on it. Discharge capaci-
tors with an insulated screwdriver; don't assume the bleeder resistors are 100% reliable. In a power
amplifier, always short the tube plate cap to ground just to be sure the supply is discharged. If you must
work on live equipment, keep one hand in your pocket. Avoid bodily contact with any grounded object
to prevent your body from becoming the return path from a voltage source to ground. Use insulated
tools for adjusting or moving any circuitry. Never work alone. Have someone else present; it could
save your life in an emergency.

National Electrical Code
The National Electrical Code is a comprehensive document that details safety requirements for

all types of electrical installations. In addition to setting safety standards for house wiring and ground-
ing, the Code also contains a section on Radio and Television Equipment—Article 810. Sections C
and D specifically cover Amateur Transmitting and Receiving Stations. Highlights of the section
concerning Amateur Radio stations follow. If you are interested in learning more about electrical
safety, you may purchase a copy of The National Electrical Code or The National Electrical Code
Handbook, edited by Peter Schram, from the National Fire Protection Association, Batterymarch
Park, Quincy, MA 02269.

Antenna installations are covered in some detail in the Code. It specifies minimum conductor sizes for
different length wire antennas. For hard-drawn copper wire, the Code specifies #14 wire for open (unsup-
ported) spans less than 150 feet, and #10 for longer spans. Copper-clad steel, bronze or other high-strength
conductors may be #14 for spans less than 150 feet and #12 wire for longer runs. Lead-in conductors (for
open-wire transmission line) should be at least as large as those specified for antennas.

The Code also says that antenna and lead-in conductors attached to buildings must be firmly mounted
at least 3 inches clear of the surface of the building on nonabsorbent insulators. The only exception to
this minimum distance is when the lead-in conductors are enclosed in a “permanently and effectively
grounded” metallic shield. The exception covers coaxial cable.

According to the Code, lead-in conductors (except those covered by the exception) must enter a
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building through a rigid, noncombustible, nonabsorbent insulating tube or bushing, through an open-
ing provided for the purpose that provides a clearance of at least 2 inches or through a drilled window
pane. All lead-in conductors to transmitting equipment must be arranged so that accidental contact is
difficult.

Transmitting stations are required to have a means of draining static charges from the antenna
system. An antenna discharge unit (lightning arrester) must be installed on each lead-in conductor
(except where the lead-in is protected by a continuous metallic shield that is permanently and effec-
tively grounded, or the antenna is permanently and effectively grounded). An acceptable alternative to
lightning arrester installation is a switch that connects the lead-in to ground when the transmitter is not
in use.

Grounding connectors are described in detail in the Code. Grounding connectors may be made
from copper, aluminum, copper-clad steel, bronze or similar erosion-resistant material. Insulation is
not required. The “protective grounding conductor” (main conductor running to the ground rod) must
be as large as the antenna lead-in, but not smaller than #10. The “operating grounding connector” (to
bond equipment chassis together) must be at least #14. Grounding conductors must be adequately
supported and arranged so they are not easily damaged. They must run in as straight a line as practical
between the mast or discharge unit and the ground rod.

The Code also includes some information on safety inside the station. All conductors inside the
building must be at least 4 inches away from conductors of any lighting or signaling circuit except
when they are separated from other conductors by conduit or a nonconducting material. Transmitters
must be enclosed in metal cabinets, and the cabinets must be grounded. All metal handles and controls
accessible by the operator must be grounded. Access doors must be fitted with interlocks that will
disconnect all potentials above 350 V when the door is opened.

Ground
An effective ground system is necessary for every amateur station. The mission of the ground

system is twofold. First, it reduces the possibility of electrical shock if something in a piece of equip-
ment should fail and the chassis or cabinet becomes “hot.” If connected properly, three-wire electrical
systems ground the chassis, but older amateur equipment may use the ungrounded two-wire system. A
ground system to prevent shock hazards is generally referred to as “dc ground.”

The second job the ground system must perform is to provide a low-impedance path to ground for
any stray RF current inside the station. Stray RF can cause equipment to malfunction and contributes
to RFI problems. This low-impedance path is usually called “RF ground.” In most stations, dc ground
and RF ground are provided by the same system.

The first step in building a ground system is to bond together the chassis of all equipment in your
station. Ordinary hookup wire will do for a dc ground, but for a good RF ground you need a low-
impedance conductor. Copper strap, sold as “flashing copper,” is excellent for this application, but it
may be hard to find. Braid from coaxial cable is a popular choice; it is readily available, makes a low-
impedance conductor, and is flexible.

Grounding straps can be run from equipment chassis to equipment chassis, but a more convenient
approach is illustrated in Fig 13. In this installation, a 1/2-inch diameter copper water pipe runs the
entire length of the operating bench. A thick braid (from discarded RG-8 cable) runs from each piece of
equipment to a clamp on the pipe. Copper water pipe is available at most hardware stores and home
centers. Alternatively, a strip of flashing copper may be run along the rear of the operating bench.

After the equipment is bonded to a common ground bus, the ground bus must be wired to a good
earth ground. This run should be made with a heavy conductor (braid is a popular choice, again) and
should be as short and direct as possible. The earth ground usually takes one of two forms.

In most cases, the best approach is to drive one or more ground rods into the earth at the point
where the conductor from the station ground bus leaves the house. The best ground rods to use are
those available from an electrical supply house. These rods are 8 to 10 feet long and are made from
steel with a heavy copper plating. Do not depend on shorter, thinly plated rods sold by some home
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electronics suppliers. These rods begin to rust almost immediately after they are driven into the soil,
and become worthless within a short time. Good ground rods, while more expensive initially, offer
long-term protection.

If your soil is soft and contains few rocks, an acceptable alternative to “genuine” ground rods is
1/2-inch diameter copper water pipe. A 6- to 8-foot length of this material offers a good ground, but it
may bend while being driven into the earth. Some people have recommended that you make a connec-
tion to a water line and run water down through the copper pipe so that it forces its own hole in the
ground. There may be a problem with this method, however. When the ground dries, it may shrink
away from the pipe and not make proper contact with the ground rod. This would provide a rather poor
ground.

Once the ground rod is installed, clamp the conductor from the station ground bus to it with a
clamp that can be tightened securely and will not rust. Copper-plated clamps made especially for this
purpose are available from electrical supply houses, but a stainless-steel hose clamp will work too.
Alternatively, drill several holes through the pipe and bolt the conductor in place. If a torch is avail-
able, solder the connection.

Another popular station ground is the cold water pipe system in the building. To take advantage of
this ready made ground system, run a low-impedance conductor from the station ground bus to a con-
venient cold water pipe, preferably somewhere near the point where the main water supply enters the
house. Avoid hot water pipes; they do not run directly into the earth. The advent of PVC (plastic)
plumbing makes it mandatory to inspect the cold water system from your intended ground connection
to the main inlet. PVC is an excellent insulator, so any PVC pipe or fittings rule out your cold water
system for use as a station ground.

For some installations, especially those located above the first floor, a conventional ground system
such as that just described will make a fine dc ground but will not provide the necessary low-imped-
ance path to ground for RF. The length of the conductor between the ground bus and the ultimate
ground point becomes a problem. For example, the ground wire may be about 1/4 λ (or an odd multiple
of 1/4 λ) long on some amateur band. A 1/4-λ wire acts as an impedance inverter from one end to the
other. Since the grounded end is at a very low impedance, the equipment end will be at a high imped-
ance. The likely result is RF hot spots around the station while the transmitter is operating. A ground
system like this may be worse than having no ground at all.

An alternative RF ground system is shown in Fig 14. Connect a system of 1/4-λ radials to the
station ground bus. Install at least one radial for each band used. You should still be sure to make a
connection to earth ground for the ac power wiring. Try this system if you have problems with RF in
the shack. It may just solve a number of problems for you.

Ground Noise

Noise in ground systems can affect sensitive radio equipment. It is usually related to one of three
problems:

Fig 13—An effective
station ground bonds
the chassis of all
equipment together
with low-impedance
con-ductors and ties
into a good earth
ground.
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1) Insufficient ground conductor size,
2) Loose ground connections, or
3) Ground loops.
These matters are treated in precise scientific research equipment and some industrial instruments

by paying attention to certain rules. The ground connector should be at least as large as the largest
conductor in the primary power circuit. Ground connectors should provide a solid connection to both
ground and to the equipment being grounded. Liberal use of lock washers and star washers is highly
recommended. A loose ground connection is a tremendous source of noise, particularly in a sensitive
receiving system.

Ground loops should be avoided at all costs. A short discussion of what a ground loop is and how
to avoid them may lead you down the garden path. A ground loop is formed when more than one
ground current is flowing in a single conductor. This commonly occurs when grounds are “daisy-
chained” (series linked). The correct way to ground equipment is to bring all ground conductors out
radially from a common point to either a good driven earth ground or to a cold water system.

Ground noise can affect transmitted as well as received signals. With the low audio levels required
to drive amateur transmitters, and with the ever-increasing sensitivity of our receivers, correct ground-
ing is critical.

Lightning and EMP Protection
The National Fire Protection Association (NFPA) publishes a booklet called Lightning Protection

Code (NFPA no. 78-1983) that should be of interest to radio amateurs. For information about obtaining
a copy of this booklet, write to the National Fire Protection Association, Batterymarch Park, Quincy,
MA 02269. Two paragraphs of particular interest to amateurs are presented here:

“3-26 Antennas. Radio and Television masts of metal, located on a protected building, shall be
bonded to the lightning protection system with a main size conductor and fittings.

“3-27 Lightning arresters, protectors or antenna discharge units shall be installed on electric and
telephone service entrances and on radio and television antenna lead-ins.”

The best protection from lightning is to disconnect all antennas from equipment and disconnect the
equipment from the power lines. Ground antenna feed lines to safely bleed off static buildup. Eliminate
the possible paths for lightning strokes. Rotator cables and other control cables from the antenna loca-
tion should also be disconnected during severe electrical storms.

In some areas, the probability of lightning surges entering homes via the 120/240-V line may be
high. Lightning produces both electrical and magnetic fields that vary with distance. These fields can
be coupled into power lines and destroy electronic components in equipment that is miles from where
the lightning occurred. Radio equipment can be protected from these surges to some extent by using
transient-protective devices.

Fig 14—Here is an alternative to
earth ground if the station is
located far from the ground
point and RF in this station is a
problem. Install at least one 1/4-λ
radial for each band used.
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ELECTROMAGNETIC PULSE AND THE RADIO AMATEUR
The following material is based on a 4-part QST article by Dennis Bodson, W4PWF, that appeared

in the August through November 1986 issues of QST (see the Bibliography at the end of this chapter).
The series was condensed from the National Communications System report NCS TIB 85-10.

An equipment test program demonstrated that most Amateur Radio installations can be protected
from lightning and EMP transients with a basic protection scheme. Most of the equipment is not sus-
ceptible to damage when all external cabling is removed. You can duplicate this stand-alone configu-
ration simply by unplugging the ac power cord from the outlet, disconnecting the antenna feed line at
the rear of the radio, and isolating the radio gear from any other long metal conductors. Often it is not
practical to completely disconnect the equipment whenever it is not being used. Also, there is the
danger that a lightning strike several miles away could induce a large voltage transient on the power
lines or antenna while the radio is in use. You can add two transient-protection devices to the intercon-
nected system, however, that will also closely duplicate the safety of the stand-alone configuration.

The ac power line and antenna feed line are the two important points that should be outfitted with
transient protection. This is the minimum basic protection scheme recommended for all Amateur Ra-
dio installations. (For fixed installations, consideration should also be given to the rotator connec-
tions—see Fig 15.) Hand-held radios equipped with a “rubber duck” require no protection at the an-
tenna jack. If a larger antenna is used with the hand-held, however, a protection device should be
installed.

General Considerations
Because of the unpredictable energy content of a nearby lightning strike or other large transient, it

is possible for a metal-oxide varistor (MOV) to be subjected to an energy surge in excess of its rated
capabilities. This may result in the destruction of the MOV and explosive rupture of the package.
These fragments can cause damage to nearby components or operators and possibly ignite flammable
material. Therefore, the MOV should be physically shielded.

A proper grounding system is a key factor in achieving protection from lightning and EMP tran-
sients. A low-impedance ground system should be installed to eliminate transient paths through radio
equipment and to provide a good physical ground for the transient-suppression devices. A single-point

Fig 15—Transient suppression techniques applied to an Amateur Radio station.
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ground system is recommended (see Fig 16). Inside the station, single-point grounding can be had by
installing a ground panel or bus bar. All external conductors going to the radio equipment should enter
and exit the station through this panel. Install all transient-suppression devices directly on the panel. Use
the shortest length(s) possible of #6 solid wire to connect the radio equipment case(s) to the ground bus.

Ac Power-Line Protection
Tests have indicated that household electrical wiring inherently limits the maximum transient cur-

rent that it will pass to approximately 120 A. Therefore, if possible, the amateur station should be
installed away from the house ac entrance panel and breaker box to take advantage of these limiting
effects.

Ac power-line protection can be provided with easy-to-install, plug-in transient protectors. Ten
such devices were tested (see Table 1). Six of these can be plugged directly into an ac outlet. Four are
modular devices that require more extensive installation and, in some cases, more than one module.

Fig 16—A t A, the proper method of
tying all ground points togethe r. The
transient path to ground with a single-
point ground system and use of
transient suppressors is shown at B.
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The plug-in strip units are the best overall choice for the typical amateur installation. They provide
the protection needed, they’re simple to install and can be easily moved to other operating locations
with the equipment. The modular devices are second choices because they all require some installation,
and none of the units tested provided full EMP protection for all three wires of the ac power system.

NCS considers the TII model 428 Plug-In Powerline Protector to be the best overall protector. It
provides transient paths to ground from the hot and neutral lines (common mode) as well as a transient
path between the hot and neutral lines (normal mode). The model 428 uses three MOVs and a 3-
electrode gas-discharge-tube arrester to provide fast operation and large power dissipation capabilities.
This unit was tested repeatedly without failure.

Several other plug-in transient protectors provide 3-wire protection but all operate at higher clamping
voltages. Other low-cost plug-in devices either lack the 3-wire protection capability or have substan-
tially higher clamping voltages. Some of these are the:

1) Joslyn 1270-02. It provides full 3-wire (common and normal mode) transient-path protection
but at a slightly higher cost and at a higher clamping voltage.

2) Lemon and Peach protection devices, manufactured by Electronic Protection Devices, Inc. The
Lemon provides full (common and normal mode) 3-wire protection, but at a higher clamping voltage;
the Peach has a dangerously high (1000 V) clamping voltage.

3) Archer (Radio Shack) 61-2785 [replaced by a new model that wasn’t tested—Ed.]. This unit
provides excellent clamping performance at low cost, but it offers normal-mode protection only (a
transient path between the hot and neutral leads). It will provide some protection for lightning tran-
sients, but not enough for EMP.

4) S. L. Waber LG-10. The lowest-cost device does not provide full 3-wire protection (normal
mode only) and has a clamping voltage of 600. This unit can provide limited transient protection for
lightning, but not the 3-wire protection recommended for EMP transistors.

The transient suppressors require a 3-wire outlet; the outlet should be tested to ensure all wires are
properly connected. In older houses, an ac ground
may have to be installed by a qualified technician.
The ac ground must be available for the plug-in
transient suppressor to function properly. The ac
ground of the receptacle should be attached to the
station ground bus, and the plug-in receptacle
should be installed on the ground panel behind the
radio equipment.

Emergency Power Generators
Emergency power generators provide two

major transient-protection advantages. First, the
station is disconnected from the commercial ac
power system. This isolates the radio equipment
from a major source of damaging transients. Sec-
ond, tests have shown that the emergency power
generator may not be susceptible to EMP
transients.

When the radio equipment is plugged directly
into the generator outlets, transient protection may
not be needed. If an extension cord or household
wiring is used, transient protection should be
employed.

An emergency power generator should be
wired into the household circuit only by a quali-
fied electrician. When connected properly, a switch

Table 1
Ac Power-Line Protection Devices

Measured
High-Z

Approximate Clamping
Cost Voltage

Manufacturer Device (US Dollars) (Volts)

(Modules)
Fischer FCC-120F-P 55 420
Joslyn 1250-32 31 940
General Semi-
  conductor 587B051 56 600
General Semi-
  conductor PHP 120 50 400
(Plug-Ins)
Joslyn 1270-02 49 600
TII 428 45 410
Electronic
  Protection
  Devices Lemon 45 580
Electronic
  Protection
  Devices Peach 60 1000
S. L. Waber LG-10 13 600
Archer 61-2785* 22 300
*No longer available.
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is used to disconnect the commercial ac power source from the house lines before the generator is
connected to them. This keeps the generator output from feeding back into the commercial power
system. If this is not done, death or injury to unsuspecting linemen can result.

Feed Line Protection
Coaxial cable is recommended for use as the transmission line because it provides a certain amount

of transient surge protection for the equipment to which it is attached. The outer conductor shields the
center conductor from the transient field. Also, the cable limits the maximum conducted transient volt-
age on the center by arcing the differential voltage from the center conductor to the grounded cable
shield.

By providing a path to ground ahead of the radio equipment, the gear can be protected from the
large currents impressed upon the antenna system by lightning and EMP. A single protection device
installed at the radio antenna jack will protect the radio, but not the transmission line. To protect the
transmission line, another transient protector must be installed between the antenna and the transmis-
sion line. (See Fig 15.)

RF transient protection devices from three manufacturers were tested (see Table 2) using RG-8
cable equipped with UHF connectors. All of the devices shown can be installed in a coaxial transmis-
sion line. Recall that during the tests the RG-8 cable acted like a suppressor; damaging EMP energy
arced from the center conductor to the cable shield when the voltage level approached 5.5 kV.

Low price and a low clamping-voltage rating must be considered in the selection of an RF tran-
sient-protection device. The lower-cost devices have the higher clamping voltages, however, and the
higher-cost devices have the lower clamping voltages. Because of this, medium-priced devices manu-
factured by Fischer Custom Communications were selected for testing. The Fischer Spikeguard Sup-
pressors ($55 price class) for coaxial lines can be made to order to operate at a specific clamping
voltage. The Fischer devices satisfactorily suppressed the damaging transient pulses, passed the trans-
mitter RF output power without interfering with the signal, and operated effectively over a wide fre-
quency range.

Polyphaser Corporation devices are also effective in providing the necessary transient protection.
The devices available limited the transmitter RF output power to 100 W or less, however. These units
cost approximately $83 each.

The Alpha Delta Transi-Traps tested were low-
cost items, but not suitable for EMP suppression
because of their high (over 700-V) clamping lev-
els. [New Alpha Delta “EMP” units have clamp-
ing voltages rated to be about one-third that of the
older units tested here.—Ed.]

RF coaxial protectors should be mounted on
the station ground bus bar. If the Fischer device is
used, it should be attached to a grounded UHF re-
ceptacle that will serve as a hold-down bracket.
This creates a conductive path between the outer
shield of the protector and the bus bar. The
polyphaser device can be mounted directly to the
bus bar with the bracket provided.

Attach the transceiver or antenna matching
network to the grounded protector with a short (6
foot or less) piece of coaxial cable. Although the
cable provides a ground path to the bus bar from
the radio equipment, it is not a satisfactory tran-
sient-protection ground path for the transceiver.
Another ground should be installed between the

Table 2
RF Coaxial-Line Protectors

Measured
High-Z

Approximate Clamping
Cost Voltage

Manufacturer Device (US Dollars) (Volts)

Fischer FCC-250-300-UHF 55 393
Fischer FCC-250-350-UHF 55 260
Fischer FCC-250-150-UHF 55 220
Fischer FCC-250-120-UHF 55 240
Fischer FCC-450-120-UHF 55 120
Polyphaser IS-NEMP 83 140
Polyphaser IS-NEMP-1 83 150
Polyphaser IS-NEMP-2 83 160
Alpha Delta LT 20 700*
Alpha Delta R-T 30 720*
Note: The transmitter output power, frequency of operation, and
transmission line SWR must be considered when selecting any of
these devices.

*The newer Alpha Delta LT and R-T “EMP” models have clamping
voltages rated to be one-third of those shown here.
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transceiver case and the ground bus using solid #6 wire. The coaxial cable shield should be grounded to
the antenna tower leg at the tower base. Each tower leg should have an earth ground connection and be
connected to the single-point ground system as shown in Fig 16.

Antenna Rotators
Antenna rotators can be protected by plugging the control box onto a protected ac power source

and adding protection to the control lines to the antenna rotator. When the control lines are in a shielded
cable, the shield must be grounded at both ends. MOVs of the proper size should be installed at both
ends of the control cable. At the station end, terminate the control cable in a small metal box that is
connected to the station ground bus. Attach MOVs from each conductor to ground inside the box. At
the antenna end of the control cable, place the MOVs inside the rotator case or in a small metal box that
is properly grounded.

For example, the Alliance HD73 antenna rotator uses a 6-conductor unshielded control cable with
a maximum control voltage of 24.7 V dc. Select an MOV with a clamping voltage level 10% higher
(27 V or more) so the MOV won’ t clamp the control signal to ground. If the control voltage is ac, be
sure to convert the RMS voltage to peak voltage when considering the clamping voltage level.

Mobile Power Supply Protection
The mobile amateur station environment exposes radio equipment to other transient hazards in addi-

tion to those of lightning and EMP. Currents as high as 300 A are switched when starting the engine, and
this can produce voltage spikes of over 200 V on the vehicle’s electrical system. Lightning and EMP are
not likely to impact the vehicle’s electrical system as much as they would that of a fixed installation
because the automobile chassis is not normally grounded. This would not be the case if the vehicle is
parked against a grounded metal conductor. The mobile radio system has two advantages over a fixed
installation: Lightning is almost never a problem, and the vehicle battery is a natural surge suppressor.

Mobile radio equipment should be installed in a way that takes advantage of the protection pro-
vided by the battery. See Fig 17. To do this, connect the positive power lead of the radio directly to the
positive battery post, not to intermediate points in the electrical system such as the fuse box or the
auxiliary contacts on the ignition switch. To prevent equipment damage or fire, should either lead short
to ground, an in-line fuse should be installed in both leads where they attach to the battery post.

An MOV should be installed between the two leads of the equipment power cord. A GE MOV

Fig 17—Recommended method of connecting mobile radio equipment to the vehicle battery and
antenna.



Safety First 1-19

(V36ZA80) is recommended for this application. This MOV provides the lowest measured clamping
voltage (170 V) and is low in cost.

Mobile Antenna Installation
Although tests indicate that mobile radios can survive an EMP transient without protection for the

antenna system, protection from lightning transients is still required. A coaxial-line transient suppres-
sor should be installed on the vehicle chassis between the antenna and the radio’s antenna connector.

A Fischer suppressor can be attached to a UHF receptacle that is mounted on, and grounded to, the
vehicle chassis. The Polyphaser protector can be mounted on, and grounded to, the vehicle chassis with
its flange. Use a short length of coaxial cable between the radio and the transient suppressor.

Clamping Voltage Calculation
When selecting any EMP-protection device to be used at the antenna port of a radio, several items

must be considered. These include transmitter RF power output, the SWR, and the operating frequency.
The protection device must allow the outgoing RF signal to pass without clamping. A clamping voltage
calculation must be made for each amateur installation.

The RF-power input to a transmission line develops a corresponding voltage that becomes impor-
tant when a voltage-surge arrester is in the line. SWR is important because of its influence on the
voltage level. The maximum voltage developed for a given power input is determined by:

V 2 P Z SWR= × × ×                         (Eq 1)

where
P = peak power in W
Z = impedance of the coaxial cable (ohms)
V = peak voltage across the cable

Eq 1 should be used to determine the peak voltage present across the transmission line. Because the
RF transient-protection devices use gas-discharge tubes, the voltage level at which they clamp is not
fixed; a safety margin must be added to the calculated peak voltage. This is done by multiplying the
calculated value by a factor of three. This added safety margin is required to ensure that the transmitter’s
RF output power will pass through the transient suppressor without causing the device to clamp the RF
signal to ground. The final clamping voltage obtained is then high enough to allow normal operation of
the transmitter while providing the lowest practical clamping voltage for the suppression device. This
ensures the maximum possible protection for the radio system.

Here’s how to determine the clamping voltage required. Let’s assume the SWR is 1.5:1. The power
output of the transceiver is 100 W PEP. RG-8 coaxial cable has an impedance of 52 Ω. Therefore:

P = 100 W
Z = 52 Ω
SWR = 1.5

Substituting these values into Eq 1:

V 2 100 52 1.5 124.89= =× × ×

Note that the voltage, V, is the peak value at the peak of the RF envelope. The final clamping
voltage (FCV) is three times this value, or 374.7 V. Therefore, a coaxial-line transient suppressor that
clamps at or above 375 V should be used.

The cost of a two-point basic protection scheme is estimated to be $100 for each fixed amateur
station. This includes the cost of one TII model 428 plug-in power-line protector ($45) and one Fischer
coaxial-line protector ($55).
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Inexpensive Transient-Protection Device
Here is a low-cost protection device you can assemble. It performed flawlessly in the tests.
The radio antenna connection can be protected by means of a simple device. As shown in Fig 18,

two spark gaps (Siemens BI-A350) are installed in series at one end of a coaxial-cable T connector.
Use the shortest practical lead length (about 1/4 inch) between the two spark gaps. One lead is bent
forward and forced between the split sections of the inner coaxial connector until the spark gaps approach
the body of the connector. A short length of insulating material (such as Mylar) is placed between the spark
gaps and the connector shell. The other spark-gap lead is folded over the insulator, then conductive (metal-
lic) tape is wrapped around the assembly. This construction method proved durable enough to allow many
insertions and removals of the device during testing. Estimated cost of this assembly is $9. Similar devices
can be built using components from Joslyn, General Electric, General Semiconductor or Siemens.

Summary
Amateurs should be aware of which components in their radio system are most likely to be damaged

by EMP. They should also know how to repair the damaged equipment. Amateurs should know how to
reestablish communications after an EMP event, taking into account its adverse effects on the earth’s
atmosphere and radio equipment. One of the first things that would be noticed, providing the radio equip-
ment is operative, is a sudden silence in radio transmissions across all frequencies below approximately
100 MHz. This silence would be caused in part by damage to unprotected radio gear from the EMP
transient. Transmissions from one direction, the direction of the nuclear blast, would be completely out.
RF signal loss by absorption and attenuation by the nuclear fireball are the reasons for this.

After an EMP event, the amateur should be prepared to operate CW. CW gives the most signal
power under adverse conditions. It also provides a degree of message security from the general public.

Amateurs should develop the capability and flexibility to operate in more than one frequency band.
The lower ground-wave frequencies should be useful for long-distance communications immediately
after an EMP event. Line-of-sight VHF would be of value for local communications.

What can be done to increase the survivability of an Amateur Radio station? Here are some
suggestions:

1) If you have spare equipment, keep it disconnected; use only the primary station gear. The spare
equipment would then be available after an EMP event.

2) Keep equipment turned off and antenna and power lines disconnected when the equipment is
not in use.

3) Connect only those external conductors necessary for the current mode of operation.
4) Tie all fixed equipment to a single-point earth ground to prevent closed loops through the ground.
5) Obtain schematic diagrams of your equipment and tools for repair of the equipment.
6) Have spare parts on hand for sensitive components of the radio equipment and antenna system.
7) Learn how to repair or replace the sensitive components of the radio equipment.
8) Use nonmetallic guy lines and antenna structural parts where possible.
9) Obtain an emergency power source and operate from it during periods of increased world po-

litical tension. The power source should be completely isolated from the commercial power lines.
10) Equipment power cords should be disconnected when the gear is idle. Or the circuit breaker

Fig 18—Pictorial diagram of an inexpensive,
homemade transmission-line transient protector.
See text for description of assembly.
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for the line feeding the equipment should be kept in the OFF position when the station is off the air.
11) Disconnect the antenna lead-in when the station is off the air. Or use a grounding antenna

switch and keep it in the GROUND position when the equipment is not in use.
12) Have a spare antenna and transmission line on hand to replace a damaged antenna system.
13) Install EMP surge arresters and filters on all primary conductors attached to the equipment and

antenna.
14) Retain tube-type equipment and spare components; keep them in good working order.
15) Do not rely on a microprocessor to control the station after an EMP event. Be able to operate

without microprocessor control.
The recommendations contained in this section were developed with low cost in mind; they are not

intended to cover all possible combinations of equipment and installation methods found in the ama-
teur community. Amateurs should examine their own requirements and use this report as a guideline in
providing protection for the equipment.

RF Radiation and Electromagnetic Field Safety
Amateur Radio is basically a safe activity. In recent years, however, there has been considerable

discussion and concern about the possible hazards of electromagnetic radiation (EMR), including both
RF energy and power-frequency (50-60 Hz) electromagnetic fields. FCC regulations set limits on the
maximum permissible exposure (MPE) allowed from the operation of radio transmitters. These regula-
tions do not take the place of RF-safety practices, however. This section deals with the topic of RF
safety. See the sidebar, “FCC RF-Exposure Regulations,” for information about the rules.

Extensive research on RF safety is underway in many countries. This section was prepared by
members of the ARRL RF Safety Committee and coordinated by Dr Robert E. Gold, WBØKIZ. It sum-
marizes what is now known and offers safety precautions based on the research to date.

All life on Earth has adapted to survive in an environment of weak, natural, low-frequency electro-
magnetic fields (in addition to the Earth’s static geomagnetic field). Natural low-frequency EM fields
come from two main sources: the sun, and thunderstorm activity. But in the last 100 years, man-made
fields at much higher intensities and with a very different spectral distribution have altered this natural
EM background in ways that are not yet fully understood. Much more research is needed to assess the
biological effects of EMR.

Both RF and 60-Hz fields are classified as nonionizing radiation because the frequency is too low
for there to be enough photon energy to ionize atoms. (Ionizing radiation, such as X-rays, gamma rays
and even some ultraviolet radiation has enough energy to knock electrons loose from their atoms.
When this happens, positive and negative ions are formed.) Still, at sufficiently high power densities,
EMR poses certain health hazards. It has been known since the early days of radio that RF energy can
cause injuries by heating body tissue. (Anyone who has ever touched an improperly grounded radio
chassis or energized antenna and received an RF burn will agree that this type of injury can be quite
painful.) In extreme cases, RF-induced heating in the eye can result in cataract formation and can even
cause blindness. Excessive RF heating of the reproductive organs can cause sterility. Other serious
health problems can also result from RF heating. These heat-related health hazards are called thermal
effects. In addition, there is evidence that magnetic fields may produce biologic effects at energy levels
too low to cause body heating. The proposition that these athermal effects may produce harmful health
consequences has produced a great deal of research.

In addition to the ongoing research, much else has been done to address this issue. For example,
FCC regulations set limits on exposure from radio transmitters. The American National Standards In-
stitute and the National Council for Radiation Protection and Measurement, among others, have recom-
mended voluntary guidelines to limit human exposure to RF energy. And the ARRL has established the
RF Safety Committee, a committee of concerned medical doctors and scientists, serving voluntarily to
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monitor scientific research in the fields and to recommend safe practices for radio amateurs.

THERMAL EFFECTS OF RF ENERGY
Body tissues that are subjected to very high levels of RF energy may suffer serious heat damage.

These effects depend upon the frequency of the energy, the power density of the RF field that strikes
the body, and even on factors such as the polarization of the wave.

At frequencies near the body’s natural resonant frequency, RF energy is absorbed more efficiently,
and maximum heating occurs. In adults, this frequency usually is about 35 MHz if the person is grounded,
and about 70 MHz if the person’s body is insulated from the ground. Also, body parts may be resonant;
the adult head, for example is resonant around 400 MHz, while a baby’s smaller head resonates near
700 MHz. Body size thus determines the frequency at which most RF energy is absorbed. As the fre-
quency is increased above resonance, less RF heating generally occurs. However, additional longitudi-
nal resonances occur at about 1 GHz near the body surface. Specific absorption rate (SAR) is a term
that describes the rate at which RF energy is absorbed into the human body. Maximum permissible
exposure (MPE) limits are based on whole-body SAR values. This helps explain why these safe expo-
sure limits vary with frequency.

Nevertheless, thermal effects of RF energy should not be a major concern for most radio amateurs
because of the relatively low RF power we normally use and the intermittent nature of most amateur
transmissions. Amateurs spend more time listening than transmitting, and many amateur transmissions
such as CW and SSB use low-duty-cycle modes. (With FM or RTTY, though, the RF is present continu-
ously at its maximum level during each transmission.) In any event, it is rare for radio amateurs to be
subjected to RF fields strong enough to produce thermal effects unless they are fairly close to an ener-
gized antenna or unshielded power amplifier. Specific suggestions for avoiding excessive exposure are
offered later.

ATHERMAL EFFECTS OF EMR
Nonthermal effects of EMR may be of greater concern to most amateurs because they involve

lower level energy fields. Research about possible health effects resulting from exposure to the lower
level energy fields, the athermal effects, has been of two basic types: epidemiological research and
laboratory research.

Scientists conduct laboratory research into biological mechanisms by which EMR may affect ani-
mals including humans. Epidemiologists look at the health patterns of large groups of people using
statistical methods. These epidemiological studies have been inconclusive. By their basic design, these
studies do not demonstrate cause and effect, nor do they postulate mechanisms of disease. Instead,
epidemiologists look for associations between an environmental factor and an observed pattern of
illness. For example, in the earliest research on malaria, epidemiologists observed the association be-
tween populations with high prevalence of the disease and the proximity of mosquito infested swamp-
lands. It was left to the biological and medical scientists to isolate the organism causing malaria in the
blood of those with the disease and identify the same organisms in the mosquito population.

In the case of athermal effects, some studies have identified a weak association between exposure
to EMF at home or at work and various malignant conditions including leukemia and brain cancer. A
larger number of equally well designed and performed studies, however, have found no association. A
risk ratio of between 1.5 and 2.0 has been observed in positive studies (the number of observed cases of
malignancy being 1.5 to 2.0 times the “expected” number in the population). Epidemiologists gener-
ally regard a risk ratio of 4.0 or greater to be indicative of a strong association between the cause and
effect under study. For example, men who smoke one pack of cigarettes per day increase their risk for
lung cancer tenfold compared to nonsmokers, and two packs per day increase the risk to more than 25
times the nonsmokers’ risk.

Epidemiological research by itself is rarely conclusive, however. Epidemiology only identifies
health patterns in groups—it does not ordinarily determine their cause. And there are often confound-
ing factors: Most of us are exposed to many different environmental hazards that may affect our health
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in various ways. Moreover, not all studies of persons likely to be exposed to high levels of EMR have
yielded the same results.

There has also been considerable laboratory research about the biological effects of EMR in recent
years. For example, it has been shown that even fairly low levels of EMR can alter the human body’s
circadian rhythms, affect the manner in which cancer-fighting T lymphocytes function in the immune
system, and alter the nature of the electrical and chemical signals communicated through the cell mem-
brane and between cells, among other things.

Much of this research has focused on low-frequency magnetic fields, or on RF fields that are
keyed, pulsed or modulated at a low audio frequency (often below 100 Hz). Several studies suggested
that humans and animals can adapt to the presence of a steady RF carrier more readily than to an
intermittent, keyed or modulated energy source. There is some evidence that while EMR may not
directly cause cancer, it may sometimes combine with chemical agents to promote its growth or inhibit
the work of the body’s immune system.

None of the research to date conclusively proves that low-level EMR causes adverse health effects.
Given the fact that there is a great deal of ongoing research to examine the health consequences of
exposure to EMF, the American Physical Society (a national group of highly respected scientists) is-
sued a statement in May 1995 based on its review of available data pertaining to the possible connec-
tions of cancer to 60-Hz EMF exposure. This report is exhaustive and should be reviewed by anyone
with a serious interest in the field. Among its general conclusions were the following:

1. “The scientific literature and the reports of reviews by other panels show no consistent, significant
link between cancer and powerline fields.”

2. “No plausible biophysical mechanisms for the systematic initiation or promotion of cancer by these
extremely weak 60-Hz fields has been identified.”

3. “While it is impossible to prove that no deleterious health effects occur from exposure to any envi-
ronmental factor, it is necessary to demonstrate a consistent, significant, and causal relationship be-
fore one can conclude that such effects do occur.”

The APS study is limited to exposure to 60-Hz EMF. Amateurs will also be interested in exposure
to EMF in the RF range. A 1995 publication entitled Radio Frequency and ELF Electromagnetic Ener-
gies, A Handbook for Health Professionals includes a chapter called “Biologic Effects of RF Fields.”
In it the authors state: “In conclusion, the data do not support the finding that exposure to RF fields is
a causal agent for any type of cancer” (page 176). Later in the same chapter they write: “Although the
data base has grown substantially over the past decades, much of the information concerning nonthermal
effects is generally inconclusive, incomplete, and sometimes contradictory. Studies of human popula-
tions have not demonstrated any reliably effected end point.” (page 186).

Readers may want to follow this topic as further studies are reported. Amateurs should be aware that
exposure to RF and ELF (60 Hz) electromagnetic fields at all power levels and frequencies may not be
completely safe. Prudent avoidance of any avoidable EMR is always a good idea. However, an Amateur
Radio operator should not be fearful of using his or her equipment. If any risk does exist, it will almost
surely fall well down on the list of causes that may be harmful to your health (on the other end of the list
from your automobile).

Safe Exposure Levels
How much EM energy is safe? Scientists and regulators have devoted a great deal of effort to

deciding upon safe RF-exposure limits. This is a very complex problem, involving difficult public
health and economic considerations. The recommended safe levels have been revised downward sev-
eral times in recent years—and not all scientific bodies agree on this question even today. An Institute
of Electrical and Electronics Engineers (IEEE) standard for recommended EM exposure limits went
into effect in 1991 (see Bibliography). It replaced a 1982 American National-Standards Institute (ANSI)
standard that permitted somewhat higher exposure levels. The new IEEE standard was adopted by
ANSI in 1992.
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The IEEE standard recommends frequency-dependent and time-dependent maximum permissible
exposure levels. Unlike earlier versions of the standard, the 1991 standard recommends different RF
exposure limits in controlled environments (that is, where energy levels can be accurately determined
and everyone on the premises is aware of the presence of EM fields) and in uncontrolled environments
(where energy levels are not known or where some persons present may not be aware of the EM fields).

The graph in Fig 20 depicts the 1991 IEEE standard. It is necessarily a complex graph because the
standards differ not only for controlled and un-
controlled environments but also for electric
fields (E fields) and magnetic fields (H fields).
Basically, the lowest E-field exposure limits oc-
cur at frequencies between 30 and 300 MHz.
The lowest H-field exposure levels occur at
100-300 MHz. The ANSI standard sets the maxi-
mum E-field limits between 30 and 300 MHz at
a power density of 1 mW/cm2 (61.4 V/m) in con-
trolled environments—but at one-fifth that level
(0.2 mW/cm2 or 27.5 V/m) in uncontrolled envi-
ronments. The H-field limit drops to 1 mW/cm2

(0.163 A/m) at 100-300 MHz in controlled envi-
ronments and 0.2 mW/cm2 (0.0728 A/m) in un-
controlled environments. Higher power densities
are permitted at frequencies below 30 MHz (be-
low 100 MHz for H fields) and above 300 MHz,
based on the concept that the body will not be
resonant at those frequencies and will therefore
absorb less energy.

In general, the 1991 IEEE standard requires
averaging the power level over time periods rang-

Fig 20—1991 RF protection standard for body exposure of humans. It is known officially as the “IEEE
Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic
Fields, 3 kHz to 300 GHz.”

Table 3
Typical 60-Hz Magnetic Fields Near Amateur
Radio Equipment and AC-Powered House-
hold Appliances
Values are in milligauss.
Item Field Distance
Electric blanket 30-90 Surface
Microwave oven 10-100 Surface

1-10 12″
IBM personal 5-10 Atop monitor
    computer

0-1 15″ from screen
Electric drill 500-2000 At handle
Hair dryer 200-2000 At handle
HF transceiver 10-100 Atop cabinet

1-5 15″ from front
1-kW RF amplifier 80-1000 Atop cabinet

1-25 15″ from front
(Source: measurements made by members of the ARRL
RF Safety Committee)
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Table 4
Typical RF Field Strengths Near Amateur
Radio Antennas
A sampling of values as measured by the Federal
Communications Commission and Environmental
Protection Agency, 1990

Freq Power E Field
Antenna Type (MHz) (W) (V/m) Location
Dipole in attic 14.15 100 7-100 In home
Discone in attic 146.5 250 10-27 In home
Half sloper 21.5 1000 50 1 m from

base
Dipole at 7-13 ft 7.14 120 8-150 1-2 m from

earth
Vertical 3.8 800 180 0.5 m from

base
5-element Yagi at 21.2 1000 10-20 In shack
  60 ft 14 12 m from

base
3-element Yagi at 28.5 425 8-12 12 m from
  25 ft base
Inverted V at 22-46 ft 7.23 1400 5-27 Below

antenna
Vertical on roof 14.11 140 6-9 In house

35-100 At antenna
tuner

Whip on auto roof 146.5 100 22-75 2 m from
antenna

15-30 In vehicle
90 Rear seat

5-element Yagi at 20 ft 50.1 500 37-50 10 m from
antenna

ing from 6 to 30 minutes for power-density calcula-
tions, depending on the frequency and other variables.
The ANSI exposure limits for uncontrolled environ-
ments are lower than those for controlled environ-
ments, but to compensate for that the standard allows
exposure levels in those environments to be averaged
over much longer time periods (generally 30 min-
utes). This long averaging time means that an inter-
mittently operating RF source (such as an Amateur
Radio transmitter) will show a much lower power
density than a continuous-duty station for a given
power level and antenna configuration.

Time averaging is based on the concept that
the human body can withstand a greater rate of
body heating (and thus, a higher level of RF en-
ergy) for a short time than for a longer period. Time
averaging may not be appropriate, however, when
considering nonthermal effects of RF energy.

The IEEE standard excludes any transmitter
with an output below 7 W because such low-power
transmitters would not be able to produce signifi-
cant whole-body heating. (Recent studies show that
hand-held transceivers often produce power den-
sities in excess of the IEEE standard within the
head.)

There is disagreement within the scientific
community about these RF exposure guidelines.
The IEEE standard is still intended primarily to
deal with thermal effects, not exposure to energy
at lower levels. A small but significant number of
researchers now believe athermal effects should also be taken into consideration. Several European
countries and localities in the United States have adopted stricter standards than the recently updated
IEEE standard.

Another national body in the United States, the National Council for Radiation Protection and
Measurement (NCRP), has also adopted recommended exposure guidelines. NCRP urges a limit of
0.2 mW/cm2 for nonoccupational exposure in the 30-300 MHz range. The NCRP guideline differs from
IEEE in two notable ways: It takes into account the effects of modulation on an RF carrier, and it does
not exempt transmitters with outputs below 7 W.

Cardiac Pacemakers and RF Safety
It is a widely held belief that cardiac pacemakers may be adversely affected in their function by

exposure to electromagnetic fields. Amateurs with pacemakers may ask whether their operating might
endanger themselves or visitors to their shacks who have a pacemaker. Because of this and similar
concerns regarding other sources of electromagnetic fields, pacemaker manufacturers apply design
methods that for the most part shield the pacemaker circuitry from even relatively high EM field strengths.

It is recommended that any amateur who has a pacemaker or is being considered for one discuss
this matter with his or her physician. The physician will probably put the amateur into contact with the
technical representative of the pacemaker manufacturer. These representatives are generally excellent
resources and may have data from laboratory or “in the field” studies with pacemaker units of the type
the amateur needs to know about.

One study examined the function of a modern (dual chamber) pacemaker in and around an Ama-
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THE RULES
Maximum Permissible Exposure (MPE)

The regulations control exposure to RF fields, not
the strength of RF fields. There is no limit to how
strong a field can be as long as no one is being
exposed to it, although FCC regulations require that
amateurs use the minimum necessary power at all
times (§97.311 [a]). All radio stations must comply with
the requirements for MPEs, even QRP stations
running only a few watts or less. The MPEs vary with
frequency, as shown in Table 1.

MPE limits are specified in maximum electric and
magnetic fields for frequencies below 30 MHz, in
power density for frequencies above 300 MHz and all

three ways for frequencies from 30 to 300 MHz. For
compliance purposes, all of these limits must be
considered separately—if any one is exceeded, the
station is not in compliance. For example, your
2-meter (146 MHz) station radiated electric field
strength and power density may be less than the
maximum allowed. If the radiated magnetic field
strength exceeds that limit, however, your station
does not meet the requirements.

Environments

In the latest rules, the FCC has defined two
exposure environments—controlled and uncontrolled.
A controlled environment is one in which the people

Table 1 (From §1.1310)
Limits for Maximum Permissible Exposure (MPE)

(A)  Limits for Occupational/Controlled Exposure
Frequency Electric Field Magnetic Field Power Density Averaging Time
Range Strength Strength (mW/cm2) (minutes)
(MHz) (V/m) (A/m)
0.3-3.0 614 1.63 (100)* 6
3.0-30 1842/f 4.89/f (900/f2)* 6
30-300 61.4 0.163 1.0 6
300-1500 — — f/300 6
1500-100,000 — — 5 6
f = frequency in MHz
* = Plane-wave equivalent power density (see Note 1).

(B)  Limits for General Population/Uncontrolled Exposure
Frequency Electric Field Magnetic Field Power Density Averaging Time
Range Strength Strength (mW/cm2) (minutes)
(MHz) (V/m) (A/m)
0.3-1.34 614 1.63 (100)* 30
1.34-30 824/f 2.19/f (180/f2)* 30
30-300 27.5 0.073 0.2 30
300-1500 — — f/1500 30
1500-100,000 — — 1.0 30
f = frequency in MHz
* = Plane-wave equivalent power density (See Note 1.)
Note 1: This means the equivalent far-field strength that would have the E or H-field component calculated or mea-
sured. It does not apply well in the near field of an antenna. The equivalent far-field power density can be found in the
near or far field regions from the relationships: Pd = (Etotal)2 / 3770 mW/cm2 or from Pd = (Htotal)2 × 37.7 mW/cm2.

teur Radio station. The pacemaker generator has circuits that receive and process electrical signals
produced by the heart and also generate electrical signals that stimulate (pace) the heart. In one series
of experiments the pacemaker was connected to a heart simulator. The system was placed on top of the
cabinet of a 1-kW HF linear amplifier during SSB and CW operation. In addition, the system was
placed in close proximity to several 1 to 5-W 2-meter hand-held transceivers. The test pacemaker
connected to the heart simulator was also placed on the ground 9 meters below and 5 meters in front of
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who are being exposed are aware of that exposure
and can take steps to minimize that exposure, if
appropriate. In an uncontrolled environment, the
people being exposed are not normally aware of the
exposure. The uncontrolled environment limits are
more stringent than the controlled environment limits.

Although the controlled environment is usually
intended as an occupational environment, the FCC
has determined that it generally applies to amateur
operators and members of their immediate house-
holds. In most cases, controlled-environment limits
can be applied to your home and property to which
you can control physical access. The uncontrolled
environment is intended for areas that are accessible
by the general public, normally your neighbors’
properties and the public sidewalk areas around your
home. In either case, you can apply the more restric-
tive limits, if you choose.

Station Evaluations

The FCC requires that certain amateur stations
be evaluated for compliance with the MPEs. This will
help ensure a safe operating environment for ama-
teurs, their families and neighbors. Although an
amateur can have someone else do the evaluation, it
is not difficult for hams to evaluate their own stations.
FCC Bulletin 65 contains basic information about the
regulations and a number of tables that show compli-
ance distances for specific antennas and power levels.
Generally, hams will use these tables to evaluate their
stations. If they choose, however, they can do more
extensive calculations, use a computer to model their
antenna and exposure, or make actual measurements.

In most cases, hams will be able to use an FCC
table that best describes their station’s operation to
determine the minimum compliance distance for their
specific operation. Although such tables are not yet
available from the FCC at the time of printing, we
expect that they will show the compliance distances for
uncontrolled environments for a particular type of
antenna at a particular height. The power levels shown
in a table would be average power levels, adjusted for
the duty cycle of the operating mode being used, and
operating on and off time. The data would be averaged
over 6 minutes for controlled environments or 30
minutes for uncontrolled environments.

Categorical Exemptions

Some types of amateur stations do not need to

be evaluated, but these stations must still comply with
the MPE limits. The station licensee remains
reponsible for ensuring that the station meets these
requirements.

The FCC has exempted these stations from the
evaluation requirement because their output power,
operating mode and frequency are such that they are
presumed to be in compliance with the rules. Amateur
stations using 50 W PEP or less output power on any
frequency do not need to be evaluated. Hand-held
radios and vehicle-mounted mobile radios that operate
using a push-to-talk (PTT) button are also categori-
cally exempt from performing the routine evaluation.

ARRL has petitioned the FCC that stations using
150 W PEP or less on frequencies below 30 MHz not
have to be evaluated, if all parts of the antenna being
used are more than 10 meters (just under 33 feet)
from areas in which people could be exposed while the
station is in operation. At time of printing, the FCC has
not made a decision on this.

Correcting Problems

Most hams are already in compliance with the
MPE requirements. Some amateurs, especially those
using indoor antennas or high-power, high-duty-cycle
modes such as a RTTY bulletin station and specialized
stations for moonbounce operations and the like may
need to make adjustments to their station or operation
to be in compliance.

The FCC permits amateurs considerable flexibility
in complying with these regulations. Hams can adjust
their operating frequency, mode or power to comply
with the MPE limits. They can also adjust their operat-
ing habits or control the direction their antenna is
pointing. For example, if an amateur were to discover
that the MPE limits had been exceeded for uncon-
trolled exposure after 28 minutes of transmitting, the
FCC would consider it perfectly acceptable to take a
2-minute break after 28 minutes.

Ongoing Developments

A number of organizations and individuals,
including the ARRL, have filed petitions seeking
changes to these regulations. Any of these could result
in significant changes to the rules. The ARRL will
announce any of these changes that could affect
Amateur Radio. Check QST, W1AW bulletins and the
RF Exposure News page on the ARRL Web site, http:
//www.arrl.org/news/rfsafet y .

a 3-element Yagi HF antenna. No interference with pacemaker function was observed in this experi-
mental system.

Although the possibility of interference cannot be entirely ruled out by these few observations,
these tests represent more severe exposure to EM fields than would ordinarily be encountered by an
amateur with an average amount of common sense. Of course prudence dictates that amateurs with
pacemakers using hand-held VHF transceivers keep the antenna as far from the site of the implanted

http://www.arrl.org/news/rfsafety/
http://www.arrl.org/news/rfsafety/
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pacemaker generator as possible and use the lowest transmitter output required for adequate communi-
cation. For high power HF transmission, the antenna should be as far from the operating position as
possible and all equipment should be properly grounded.

Low-Frequency Fields
Recently, much concern about EMR has focused on low-frequency energy rather than RF. Amateur

Radio equipment can be a significant source of low-frequency magnetic fields, although there are
many other sources of this kind of energy in the typical home. Magnetic fields can be measured rela-
tively accurately with inexpensive 60-Hz dosimeters that are made by several manufacturers.

Table 3 shows typical magnetic field intensities of Amateur Radio equipment and various house-
hold items. Because these fields dissipate rapidly with distance, “prudent avoidance” would mean
staying perhaps 12 to 18 inches away from most Amateur Radio equipment (and 24 inches from power
supplies with 1-kW RF amplifiers) whenever the ac power is turned on. The old custom of leaning over
a linear amplifier on a cold winter night to keep warm may not be the best idea!

There are currently no non-occupational US standards for exposure to low-frequency fields. Some
epidemiological evidence, however, suggests that when the general level of 60-Hz fields exceeds 2
milligauss, there is an increased cancer risk in both domestic environments and industrial environ-
ments. Typical home environments (not close to appliances or power lines) are in the range of
0.1-0.5 milligauss.

Determining RF Power Density
Unfortunately, determining the power density of the RF fields generated by an amateur station is

not as simple as measuring low-frequency magnetic fields. Although sophisticated instruments can be
used to measure RF power densities quite accurately, they are costly and require frequent recalibration.
Most amateurs don’t have access to such equipment, and the inexpensive field-strength meters that we
do have are not suitable for measuring RF power density. The best we can usually do is to estimate our
own RF power density based on measurements made by others or, given sufficient computer program-
ming skills, use computer modeling techniques. The FCC has prepared a bulletin, “OET Bulletin 65:
Evaluating Compliance With FCC-Specified Guidelines for Human Exposure to Radio Frequency Ra-
diation,” that contains charts and tables that amateurs can use to estimate compliance with the rules.

Table 4 shows a sampling of measurements made at Amateur Radio stations by the Federal Com-
munications Commission and the Environmental
Protection Agency in 1990. As this table indicates,
a good antenna well removed from inhabited areas
poses no hazard under any of the various exposure
guidelines. However, the FCC/EPA survey also in-
dicates that amateurs must be careful about using
indoor or attic-mounted antennas, mobile antennas,
low directional arrays or any other antenna that is
close to inhabited areas, especially when moderate
to high power is used.

Ideally, before using any antenna that is in close
proximity to an inhabited area, you should mea-
sure the RF power density. If that is not feasible,
the next best option is make the installation as safe
as possible by observing the safety suggestions
listed in Table 5.

It is also possible, of course, to calculate the
probable power density near an antenna using
simple equations. Such calculations have many pit-
falls. For one, most of the situations in which the

FCC RF-EXPOSURE REGULATIONS
FCC regulations control the amount of RF expo-

sure that can result from your station’s operation
(§§97.13, 97.503, 1.1307 (b)(c)(d), 1.1310 and 2.1093).
The regulations set limits on the maximum permissible
exposure (MPE) allowed from operation of transmitters
in all radio services. They also require that certain
types of stations be evaluated to determine if they are
in compliance with the MPEs specified in the rules. The
FCC has also required that five questions on RF
environmental safety practices be added to Novice,
Technician and General class examinations.

These rules were announced on August 1, 1996.
They were originally scheduled to go into effect on
January 1, 1997, but the FCC responded to an ARRL
petition and delayed the implementation date until
January 1, 1998. This was done to give amateurs time
to understand the rules, to conduct the required station
evaluation and to make any changes necessary to be in
compliance. The material presented here is the latest
available at the time of printing. This discussion offers
only an overview of this topic.
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power density would be high enough to be of concern are in the near field. The boundary between the
near field and the far field of an antenna is approximately several wavelengths from the antenna. In the
near field, ground interactions and other variables produce power densities that cannot be determined
by simple arithmetic. In the far field, conditions become easier to predict with simple calculations. It is
difficult to accurately evaluate the effects of RF radiation exposure in the near field. The boundary
between the near field and the far field depends on the wavelength of the transmitted signal and the
physical size and configuration of the antenna.

Computer antenna-modeling programs such as MININEC or other codes derived from NEC (Nu-
merical Electromagnetics Code) are suitable for estimating RF antenna will generally suffice. Those
who are familiar with MININEC can estimate their power densities by computer modeling, and those
who have access to professional power-density meters can make useful measurements.

While our primary concern is ordinarily the intensity of the signal radiated by an antenna, we
should also remember that there are other poten-
tial energy sources to be considered. You can also
be exposed to RF radiation directly from a power
amplifier if it is operated without proper shield-
ing. Transmission lines may also radiate a signifi-
cant amount of energy under some conditions.

FURTHER RF EXPOSURE SUGGESTIONS
Potential exposure situations should be taken

seriously. Based on the FCC/EPA measurements
and other data, the “RF awareness” guidelines of
Table 5 were developed by the ARRL RF Safety
Committee. A longer version of these guidelines,
along with a complete list of references, appeared
in a QST article by Ivan Shulman, MD, WC2S (see
the list of RF Safety References at the end of this
chapter).

In addition, QST carries information regarding
the latest developments for RF safety precautions
and regulations at the local and federal levels.

RF SAFETY REFERENCES
IEEE Standard for Safety Levels with Respect to

Human Exposure to Radio Frequency Electro-
magnetic Fields, 3 kHz to 300 GHz, IEEE Stan-
dard C95.1-1991, Institute of Electrical and Elec-
tronics Engineers, New York, 1992.

For an unbiased assessment of ELF hazards, read
the series in Science, Vol 249 beginning 9/7/90
(p 1096), continuing 9/21/90 (p 1378), and end-
ing 10/5/90 (p 23). Also see Science, Vol 258,
p 1724 (1992). You can find Science in any large
library.

The Environmental Protection Agency publishes a
free consumer-level booklet entitled, “EMF in
Your Environment,” document 402-R-92-008,
dated December 1992. Look for the nearest of-
fice of the EPA in your phone book.

Table 5
RF Awarenes s   Guidelines
These guidelines were developed by the ARRL RF
Safety Committee, based on the FCC/EPA measure-
ments of Table 4 and other data.
• Although antennas on towers (well away from

people) pose no exposure problem, make certain
that the RF radiation is confined to the antennas’
radiating elements themselves. Provide a single,
good station ground (earth), and eliminate radiation
from transmission lines. Use good coaxial cable, not
open-wire lines or end-fed antennas that come
directly into the transmitter area.

• No person should ever be near any transmitting
antenna while it is in use. This is especially true for
mobile or ground-mounted vertical antennas. Avoid
transmitting with more than 25 W in a VHF mobile
installation unless it is possible to first measure the
RF fields inside the vehicle. At the 1-kW level, both
HF and VHF directional antennas should be at least
35 ft above inhabited areas. Avoid using indoor and
attic-mounted antennas if at all possible.

• Don’t operate high-power amplifiers with the covers
removed, especially at VHF/UHF.

• In the UHF/SHF region, never look into the open end
of an activated length of waveguide or microwave
feed-horn antenna or point it toward anyone. (If you
do, you may be exposing your eyes to more than the
maximum permissible exposure level of RF radia-
tion.) Never point a high-gain, narrow-bandwidth
antenna (a paraboloid, for instance) toward people.
Use caution in aiming an EME (moonbounce) array
toward the horizon; EME arrays may deliver an
effective radiated power of 250,000 W or more.

• With hand-held transceivers, keep the antenna away
from your head and use the lowest power possible to
maintain communications. Use a separate micro-
phone and hold the rig as far away from you as
possible. This will reduce your exposure to the RF
energy.

• Don’t work on antennas that have RF power applied.
• Don’t stand or sit close to a power supply or linear

amplifier when the ac power is turned on. Stay at
least 24 inches away from power transformers,
electrical fans and other sources of high-level 60-Hz
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Chapter 2

Antenna Fundamentals

A ntennas belong to a class of devices called transducers. This term is derived from two Latin
words, meaning literally “to lead across” or “to transfer.” Thus, a transducer is a device that
transfers, or converts, energy from one form to another. The purpose of an antenna is to con-

vert radio-frequency electric current to electromagnetic waves, which are then radiated into space.
[For more details on the properties of electromagnetic waves themselves, see Chapter 23, Radio Wave
Propagation.]

We cannot directly see or hear, taste or touch electromagnetic waves, so it’s not surprising that
the process by which they are launched into space from our antennas can be a little mystifying, espe-
cially to a newcomer. In everyday life we come across many types of transducers, although we don’ t
always recognize them as such. A comparison with a type of transducer that you can actually see and
touch may be useful. You are no doubt familiar with a loudspeaker . It converts audio-frequency elec-
tric current from the output of your radio or stereo into acoustic pressure waves, also known as sound
waves. The sound waves are propagated through the air to your ears, where they are converted into
what you perceive as sound.

We normally think of a loudspeaker as something that converts electrical energy into sound en-
ergy, but we could just as well turn things around and apply sound energy to a loudspeaker, which will
then convert it into electrical energy. When used in this manner, the loudspeaker has become a micro-
phone. The loudspeaker/microphone thus exhibits the principle of reciprocity, derived from the Latin
word meaning to move back and forth.

Now, let’s look more closely at that special transducer we call an antenna. When fed by a transmit-
ter with RF current (usually through a transmission line), the antenna launches electromagnetic waves,
which are propagated through space. This is similar to the way sound waves are propagated through
the air by a loudspeaker. In the next town, or perhaps on a distant continent, a similar transducer (that
is, a receiving antenna) intercepts some of these electromagnetic waves and converts them into electri-
cal current for a receiver to amplify and detect.

In the same fashion that a loudspeaker can act as a microphone, a radio antenna also follows the
principle of reciprocity. In other words, an antenna can transmit as well as receive signals. However,
unlike the loudspeaker, an antenna does not require a medium, such as air, through which it radiates
electromagnetic waves. Electromagnetic waves can be propagated through air, the vacuum of outer
space or the near-vacuum of the upper ionosphere. This is the miracle of radio—electromagnetic waves
can propagate without a physical medium.

Essential Characteristics of Antennas
What other things make an antenna different from an ordinary electronic circuit? In ordinary cir-

cuits, the dimensions of coils, capacitors and connections usually are small compared with the wave-
length of the frequency in use. Here, we define wavelength as the distance in free space traveled
during one complete cycle of a wave. The velocity of a wave in free space is the speed of light, and the
wavelength is thus:
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λ
meters

6299.7925 x 10 meters/sec
f hertz

299.7925
f MHz= =               (Eq 1)

where λmeters, the Greek letter “lambda,” is the free-space wavelength in meters.
Expressed in feet, Eq 1 becomes:

λ feet  =  983.5592
f MHz   (Eq 2)

When circuit dimensions are small compared to λ, most of the electromagnetic energy is confined to
the circuit itself, and is used up either performing useful work or is converted into heat. However, when the
dimensions of wiring or components become significant compared with the wavelength, some of the energy
escapes by radiation in the form of electromagnetic waves.

Antennas come in an enormous, even bewildering, assortment of shapes and sizes. This chapter on
fundamentals will deal with the theory of simple forms of antennas, usually in “free space,” away from the
influence of ground. Subsequent chapters will concentrate on more exotic or specialized antenna types.
Chapter 3 deals with the complicated subject of the effect of ground, including the effect of uneven local
terrain. Ground has a profound influence on how an antenna performs in the real world.

No matter what form an antenna takes, simple or complex, its electrical performance can be char-
acterized according to the following important properties:
1. Feed-Point Impedance
2. Directivity, Gain and Efficiency
3. Polarization

FEED-POINT IMPEDANCE
The first major characteristic defining an antenna is its feed-point impedance. Since we amateurs

are free to choose our operating frequencies within assigned bands, we need to consider how the feed-
point impedance of a particular antenna varies with frequency, within a particular band, or even in
several different bands if we intend to use one antenna on multiple bands.

There are two forms of impedance associated with any antenna: self impedance and mutual imped-
ance. As you might expect, self impedance is what you measure at the feed-point terminals of an
antenna located completely away from the influence of any other conductors.

Mutual, or coupled, impedance is due to the parasitic effect of nearby conductors; that is, conduc-
tors located within the antenna’s reactive near field. (The subject of fields around an antenna will be
discussed in detail later.) This includes the effect of ground, which is a lossy conductor, but a conduc-
tor nonetheless. Mutual impedance is defined using Ohm’s Law, just like self impedance. However,
mutual impedance is the ratio of voltage in one conductor, divided by the current in another (coupled)
conductor. Mutually coupled conductors can distort the pattern of a highly directive antenna, as well as
change the impedance seen at the feed point.

In this chapter on fundamentals, we won’t directly deal with mutual impedance, considering it as
a side effect of nearby conductors. Instead, here we’ll concentrate on simple antennas in free space,
away from ground and any other conductors. Mutual impedance will be considered in detail in Chapter
11 on HF Yagi Arrays, where it is essential for proper operation of these beam antennas.

Self Impedance
The current that flows into an antenna’s feed point must be supplied at a finite voltage. The self

impedance of the antenna is simply equal to the voltage applied to its feed point divided by the current
flowing into the feed point. Where the current and voltage are exactly in phase, the impedance is
purely resistive, with zero reactive component. For this case the antenna is termed resonant. (Ama-
teurs often use the term “resonant” rather loosely, usually meaning “nearly resonant” or “close-to
resonant.”)

You should recognize that an antenna need not be resonant in order to be an effective radiator.
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Fig 1—The center-fed dipole antenna. It is
assumed that the source of power is directly at
the antenna feed point, with no intervening
transmission line. Most commonly in amateur
applications, the overall length of the dipole is
λ/2, but the antenna can in actuality be any
length.

There is in fact nothing magic about having a resonant antenna, provided of course that you can devise
some efficient means to feed the antenna. Many amateurs use non-resonant (even random-length)
antennas fed with open-wire transmission lines and antenna tuners. They radiate signals just as well as
those using coaxial cable and resonant antennas, and as a bonus they usually can use these antenna
systems on multiple frequency bands. It is important to consider an antenna and its feed line as a
system, in which all losses should be kept to a minimum. See Chapter 24 for details on transmission
line loss as a function of impedance mismatch.

Except at the one frequency where it is truly resonant, the current in an antenna is at a different
phase compared to the applied voltage. In other words, the antenna exhibits a feed-point impedance,
not just a pure resistance. The feed-point impedance is composed of either capacitive or inductive
reactance in series with a resistance.

Radiation Resistance

The power supplied to an antenna is dissipated in two ways: radiation of electromagnetic waves,
and heat losses in the wire and nearby dielectrics. The radiated power is what we want, the useful part,
but it represents a form of “loss” just as much as the power used in heating the wire or nearby dielec-
trics is a loss. In either case, the dissipated power is equal to I2R. In the case of heat losses, R is a real
resistance. In the case of radiation, however, R is a “virtual” resistance, which, if replaced with an
actual resistor of the same value, would dissipate the power that is actually radiated from the antenna.
This resistance is called the radiation resistance. The total power in the antenna is therefore equal to
I2(R0+R), where R0 is the radiation resistance and R represents the total of all the loss resistances.

In ordinary antennas operated at amateur frequencies, the power lost as heat in the conductor does
not exceed a few percent of the total power supplied to the antenna. Expressed in decibels, the loss is
less than 0.1 dB. The RF loss resistance of copper wire even as small as #14 is very low compared with
the radiation resistance of an antenna that is reasonably clear of surrounding objects and is not too
close to the ground. You can therefore assume that the ohmic loss in a reasonably well-located antenna
is negligible, and that the total resistance shown by the antenna (the feed-point resistance) is radiation
resistance. As a radiator of electromagnetic waves, such an antenna is a highly efficient device.

Impedance of a Center-Fed Dipole
A fundamental type of antenna is the center-fed half-wave dipole. Historically, the λ/2 dipole has

been the most popular antenna used by amateurs worldwide, largely because it is very simple to con-
struct and because it is an effective performer. It is also a basic building block for many other antenna
systems, including beam antennas, such as Yagis.

A center-fed half-wave dipole consists of a straight wire, one-half wavelength long as defined in Eq 1,
and fed in the center. The term “dipole” derives from Greek words meaning “two poles.” See Fig 1. A λ/2-

long dipole is just one form a “dipole” can take.
Actually, a center-fed dipole can be any length elec-
trically, as long as it is configured in a symmetri-
cal fashion with two equal-length legs. There are
also versions of dipoles that are not fed in the cen-
ter. These are called off-center-fed dipoles, some-
times abbreviated as “OCF dipoles.”

In free space—with the antenna remote from
everything else—the theoretical impedance of a
physically half-wave long antenna made of an in-
finitely thin conductor, is 73 + j 42.5 Ω. This an-
tenna exhibits both resistance and reactance. The
positive sign in the +j 42.5-Ω reactive term indi-
cates that the antenna exhibits an inductive reac-
tance at its feed point. The antenna is slightly long
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Fig 2—Feed-point impedance versus frequency for
a theoretical 100-foot long dipole, fed in the center
in free space, made of extremely thin 0.001-inch
diameter wire. The y-axis is calibrated in positive
(inductive) series reactance up from the zero line,
and negative (capacitive) series reactance in the
downward direction. The range of reactance goes
from −6500 Ω to +6000 Ω. Note that the x-axis is
logarithmic because of the wide range of the real,
resistive component of the feed-point impedance,
from roughly 2 Ω to 10,000 Ω. The numbers placed
along the curve show the frequency in MHz. Note
that the curve spirals in toward 37 7 Ω, the
theoretical intrinsic impedance of free space.

electrically, compared to the length necessary for exact resonance, where the reactance is zero.
The feed-point impedance of any antenna is affected by the wavelength-to-diameter ratio (λ/dia) of

the conductors used. Theoreticians like to specify an “infinitely thin” antenna because it is easier to
handle mathematically.

What happens if we keep the physical length of an antenna constant, but change the thickness of
the wire used in its construction? Further, what happens if we vary the frequency from well below to
well above the half-wave resonance and measure the feed-point impedance? Fig 2 graphs the imped-
ance of a 100-foot long, center-fed dipole in free space, made with extremely thin wire—in this case,
wire that is only 0.001 inches in diameter. There is nothing particularly significant about the choice
here of 100 feet. This is simply a numerical example.

We could never actually build such a thin antenna (and neither could we install it in “free space”),
but we can model how this antenna works using a very powerful piece of computer software called
NEC-4.1. See the sidebar “Antenna Analysis by Computer” later in this chapter.

The frequency applied to the antenna in Fig 2 is varied from 1 to 30 MHz. The x-axis has a loga-
rithmic scale because of the wide range of feed-point resistance seen over the frequency range. The y-
axis has a linear scale representing the reactive portion of the impedance. Inductive reactance is posi-
tive and capacitive reactance is negative on the y-axis. The bold figures centered on the spiraling line
show the frequency in MHz.

At 1 MHz, the antenna is very short electrically, with a resistive component of about 2 Ω and  a
series capacitive reactance about −5000 Ω. Close to 5 MHz, the line crosses the zero-reactance line,
meaning that the antenna goes through half-wave resonance there. Between 9 and 10 MHz the antenna
exhibits a peak inductive reactance of about 6000 Ω. It goes through full-wave resonance (again cross-
ing the zero-reactance line) between 9.5 and 9.6 MHz. At about 10 MHz, the reactance peaks at about
−6500 Ω. Around 14 MHz, the line again crosses the zero-reactance line, meaning that the antenna has

now gone through 3/2-wave resonance.
Between 29 and 30 MHz, the antenna goes

through 4/2-wave resonance, which is twice the
full-wave resonance or four times the half-wave
frequency. If you allow your mind’s eye to trace
out the curve for frequencies beyond 30 MHz, it
eventually spirals down to a resistive component
somewhere below about 400 Ω. This is no co-
incidence, since this is actually the theoretical
376.7-Ω intrinsic impedance of free space,
the ratio of the complex amplitude of the elec-
tric field to that of the magnetic field in
free space. This can also be expressed as

µ ε  Ω0 0/ 376.7= , where µ0 is the magnetic per-
meability of a vacuum and ε0 is the permittivity
of a vacuum. Thus, we have another way of look-
ing at an antenna—as a sort of transformer, one
that transforms the free-space intrinsic imped-
ance into the impedance seen at its feed point.

Now look at Fig 3, which shows the same
kind of spiral curve, but for a thicker-diameter
wire, one that is 0.1 inches in diameter. This di-
ameter is close to #10 wire, a practical size we
might actually use to build a real dipole. Note
that the y-axis scale in Fig 3 is different from
that in Fig 2. The range is from ±3000 Ω in
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Fig 4—Feed-point impedance versus frequency
for a theoretical 100-foot long dipole, fed in the
center in free space, made of thick 1.0-inch
diameter wire. Once again, the excursion in both
reactance and resistance over the frequency
range is less with this thick wire dipole than with
thinner ones.

Fig 3—Feed-point impedance versus frequency for
a theoretical 100-foot long dipole, fed in the center
in free space, made of thin 0.1-inch  (#10) diameter
wire. Note that the range of change in reactance
is less than that shown in Fig 2 , ranging from
−2700 Ω to +2300 Ω. At about 5000 Ω, the max-
imum resistance is also less than that in  Fig 2  for
the thinner wire, where it is about 10,000 Ω.

Fig 3, while it was ±7000 Ω in Fig 2. The reactance for the thicker antenna ranges from +2300 to −2700
Ω over the whole frequency range from 1 to 30 MHz. Compare this with the range of +5800 to −6400 Ω
for the very thin wire in Fig 2.

Fig 4 shows the impedance for a 100-foot-long dipole using really thick, 1.0-inch diameter wire.
The reactance varies from +1000 to −1500 Ω, indicating once again that a larger diameter antenna
exhibits less of an excursion in the reactive component with frequency. Note that at the half-wave
resonance just below 5 MHz, the resistive component of the impedance is still about 70 Ω, just about
what it is for a much thinner antenna. Unlike the reactance, the half-wave radiation resistance of an
antenna doesn’ t radically change with wire diameter, although the maximum level of resistance at full-
wave resonance is lower for thicker antennas.

Fig 5 shows the results for a very thick, 10-inch diameter wire. Here, the excursion in the reactive
component is even less: about +400 to −600 Ω. Note that the full-wave resonant frequency is about
8 MHz for this extremely thick antenna, while thinner antennas have full-wave resonances closer to
9 MHz. Note also that the full-wave resistance for this extremely thick antenna is only about 1000 Ω,
compared to the 10,000 Ω shown in Fig 2. All half-wave resonances shown in Figs 2 through 5 remain
close to 5 MHz, regardless of the diameter of the antenna wire. Once again, the extremely thick, 10-
inch diameter antenna has a resistive component at half-wave resonance close to 70 Ω. And once again,
the change in reactance near this frequency is very much less for the extremely thick antenna than for
thinner ones.

Now, we grant you that a 100-foot long antenna made with 10-inch diameter wire sounds a little odd!
A length of 100 feet and a diameter of 10 inches represents a ratio of 120:1 in length to diameter. How-
ever, this is about the same length-to-diameter ratio as a 432-MHz half-wave dipole using 0.25-inch diam-
eter elements, where the ratio is 109:1. In other words, the ratio of length-to-diameter for the 10-inch
diameter, 100-foot long dipole is not that far removed from what is actually used at UHF.

Another way of highlighting the changes in reactance and resistance is shown in Fig 6. This shows
an expanded portion of the frequency range around the half-wave resonant frequency, from 4 to 6 MHz.
In this region, the shape of each spiral curve is almost a straight line. The slope of the curve for the very
thin antenna (0.001-inch diameter) is steeper than that for the thicker antennas (0.1 and 1.0-inch diam-
eters). Fig 7 illustrates another way of looking at the impedance data above and below the half-wave
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Fig 5— Feed-point impedance versus frequency
for a theoretical 100-foot long dipole, fed in the
center in free space, made of very thick 10.0-inch
diameter wire. This ratio of length to diameter is
about the same as a typical rod type of dipole
element commonly used at 432 MHz. The
maximum resistance is now about 1000 Ω and
the peak reactance range is from abou t −625 Ω to
+380 Ω. This performance is also found in “cage”
dipoles, where a number of paralleled wires are
used to simulate a “fat” conducto r.

Fig 6—Expansion of frequency range around
half-wave resonant point of three thicknesses of
center-fed dipoles. The frequency is noted along
the curves in MHz. The slope of change in series
reactance versus series resistance is steeper for
the thinner antennas than for the thick 1.0-inch
antenna, indicating that the Q of the thinner
antennas is highe r.

Fig 7—Another way of looking at the data for a
100-foot, center-fed dipole made of #14 wire in
free space. The numbers along the curve
represent the fractional wavelength, rather than
frequency as shown in Fig 6. Note that this
antenna goes through its half-wave resonance
about 0.488 λ, rather than exactly at a half-wave
physical length.

resonance. This is for a 100-foot dipole made of #14 wire. Instead of showing the frequency for each
impedance point, the wavelength is shown, making the graph more universal in application.

The behavior of antennas with different λ/diameter ratios corresponds to the behavior of ordinary
series-resonant circuits having different values of Q. When the Q of a circuit is low, the reactance is
small and changes rather slowly as the applied frequency is varied on either side of resonance. If the Q
is high, the converse is true. The response curve of the low-Q circuit is broad; that of the high-Q circuit
sharp. So it is with antennas—the impedance of a thick antenna changes slowly over a comparatively

wide band of frequencies, while a thin antenna
has a faster change in impedance. Antenna Q is
defined

Q
f X

2R f
0

0
= ∆

∆ (Eq 3)

where f0 is the center frequency, ∆X  is the
change in reactance for a ∆f change in frequency,
and R0 is the resistance at f0 . For the “Very
Thin,” 0.001-inch diameter dipole in Fig 2, a
change of frequency from 5.0 to 5.5 MHz yields
a reactance change from 86 to 351 Ω, with an
R0 of 95 Ω. The Q is thus 14.6. For the 1.0-inch
“Thick” dipole in Fig 4, ∆X=131 Ω and R0 is
still 95 Ω, making Q=7.2 for the thicker antenna,
roughly half that of the thinner antenna.

Let’s recap. We have described an antenna first
as a transducer, then as a sort of transformer to the
free-space impedance. Now, we just compared the
antenna to a series-tuned circuit. Near its half-wave
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Fig 8—The beam from a flashlight illuminates a
totally darkened area as shown here. Readings
taken with a photographic light meter at the 16
points around the circle may be used to plot the
radiation pattern of  the flashlight.

resonant frequency, a center-fed λ/2 dipole exhibits much the same characteristics as a conventional series-
resonant circuit. Exactly at resonance, the current at the input terminals is in phase with the applied voltage
and the feed-point impedance is purely resistive. If the frequency is below resonance, the phase of the current
leads the voltage; that is, the reactance of the antenna is capacitive. When the frequency is above resonance,
the opposite occurs; the current lags the applied voltage and the antenna exhibits inductive reactance. Just like
a conventional series-tuned circuit, the antenna’s reactance and resistance determines its Q.

ANTENNA DIRECTIVITY AND GAIN
The Isotropic Radiator

Before we can fully describe practical antennas, we must first introduce a completely theoretical
antenna, the isotropic radiator. Envision, if you will, an infinitely small antenna, a point located in
outer space, completely removed from anything else around it. Then consider an infinitely small trans-
mitter feeding this infinitely small, point antenna. You now have an isotropic radiator.

The uniquely useful property of this theoretical point-source antenna is that it radiates equally well
in all directions. That is to say, an isotropic antenna favors no direction at the expense of any other—in
other words, it has absolutely no directivity. The isotropic radiator is useful as a “measuring stick” for
comparison with actual antenna systems.

You will find later that real, practical antennas all exhibit some degree of directivity, which is the
property of radiating more strongly in some directions than in others. The radiation from a practical
antenna never has the same intensity in all directions and may even have zero radiation in some direc-
tions. The fact that a practical antenna displays directivity (while an isotropic radiator does not) is not
necessarily a bad thing. The directivity of a real antenna is often carefully tailored to emphasize radiation in
particular directions. For example, a receiving antenna that favors certain directions can discriminate against
interference or noise coming from other directions, thereby increasing the signal-to-noise ratio for desired
signals coming from the favored direction.

Directivity and the Radiation Pattern—a Flashligh t Analogy
The directivity of an antenna is directly re-

lated to the pattern of its radiated field intensity
in free space. A graph showing the actual or rela-
tive field intensity at a fixed distance, as a func-
tion of the direction from the antenna system, is
called a radiation pattern. Since we can’t actu-
ally see electromagnetic waves making up the
radiation pattern of an antenna, we can consider
an analogous situation.

Fig 8 represents a flashlight shining in a to-
tally darkened room. To quantify what our eyes
are seeing, we use a sensitive light meter like
those used by photographers, with a scale gradu-
ated in units from 0 to 10. We place the meter
directly in front of the flashlight and adjust the
distance so the meter reads 10, exactly full scale.
We also carefully note the distance. Then, always
keeping the meter the same distance from the
flashlight and keeping it at the same height above
the floor, we move the light meter around the
flashlight, as indicated by the arrow, and take light
readings at a number of different positions.

After all the readings have been taken and re-
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INTRODUCTION TO THE DECIBEL
The power gain of an antenna system is usually ex-
pressed in decibels. The decibel is a  practical unit for
measuring power ratios because it is more closely
related to the actual effect produced at a distant receiver
than the power ratio itself. One decibel represents a
just-detectable change in signal strength, regardless of
the actual value of the signal voltage. A 20-decibel
(20-dB) increase in signal, for example, represents 20
observable “steps” in increased signal. The power ratio
(100 to 1) corresponding to 20 dB gives an entirely
exaggerated idea of the improvement in communication
to be expected. The number of decibels corresponding
to any power ratio is equal to 10 times the common
logarithm of the power ratio, or

dB 10 log  
P
P10

1

2
=

If the voltage ratio is given, the number of decibels is
equal to 20 times the common logarithm of the ratio.
That is,

dB 20 log  
V
V10

1

2
=

When a voltage ratio is used, both voltages must be
measured across the same value of impedance. Unless
this is done the decibel figure is meaningless, because it
is fundamentally a measure of a power ratio.

The main reason a decibel is used is that succes-
sive power gains expressed in decibels may simply be
added together. Thus a gain of 3 dB followed by a gain
of 6 dB gives a total gain of 9 dB. In ordinary power
ratios, the ratios must be multiplied together to find the
total gain.

A reduction in power is handled simply by subtract-
ing the requisite number of decibels. Thus, reducing the
power to 1/2 is the same as subtracting 3 decibels. For
example, a power gain of 4 in one part of a system and
a reduction to 1/2 in another part gives a total power gain
of 4 × 1/2 = 2. In decibels, this is 6 – 3 = 3 dB. A power
reduction or “loss” is simply indicated by including a
negative sign in front of the appropriate number of
decibels.

Fig 9—The radiation pattern of the flashlight in
Fig 8 . The measured values are plotted and
connected with a smooth curve.

corded, we plot those values on a sheet of polar
graph paper, like that shown in Fig 9. The values
read on the meter are plotted at an angular position
corresponding to that for which each meter reading
was taken. Following this, we connect the plotted
points with a smooth curve, also shown in Fig 9.
When this is finished, we have completed a radiation pattern for the flashlight.

Antenna Pattern Measurements
Antenna radiation patterns can be constructed in a similar manner. Power is fed to the antenna

under test, and a field-strength meter indicates the amount of signal. We might wish to rotate the an-
tenna under test, rather than moving the measuring equipment to numerous positions about the an-
tenna. Or we might make use of antenna reciprocity, since the pattern while receiving is the same as
that while transmitting. A source antenna fed by a low-power transmitter illuminates the antenna under
test, and the signal intercepted by the antenna under test is fed to a receiver and measuring equipment.
Additional information on the mechanics of measuring antenna patterns is contained in Chapter 27.

Some precautions must be taken to assure that the measurements are accurate and repeatable. In
the case of the flashlight, let’s assume that the separation between the light source and the light meter
is 2 meters, about 6.5 feet. The wavelength of visible light is about one-half micron, where a micron is
one-millionth of a meter.

For the flashlight, a separation of 2 meters between source and detector is 2.0/(0.5×10-6) = 4 mil-
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Fig 10—The fields around a radiating antenna.
Very close to the antenna, the reactive field
dominates. Within this area mutual impedances
are observed between an antenna and any other
antennas used to measure response. Outside of
the reactive field, the near radiating field
dominates, up to a distance approximately equal
to 2L 2/λ, where L is the length of the largest
dimension of the antenna. Beyond the near/far
field boundary lies the far radiating field, where
power density varies as the inverse square of
radial distance.

lion λ, a very large number of wavelengths. Measurements of practical HF or even VHF antennas are
made at much closer distances, in terms of wavelength. For example, at 3.5 MHz a full wavelength is
85.7 meters, or 281.0 feet. To duplicate the flashlight-to-light-meter spacing in wavelengths at
3.5 MHz, we would have to place the field-strength measuring instrument almost on the surface of the
Moon, about a quarter-million miles away!

The Fields Around an Antenna
Why should we be concerned with the separation between the source antenna and the field-strength

meter, which has its own receiving antenna? One important reason is that if you place a receiving
antenna very close to an antenna whose pattern you wish to measure, mutual coupling between the two
antennas may actually alter the pattern you are trying to measure.

This sort of mutual coupling can occur in the region very close to the antenna under test. This region is
called the reactive near-field region. The term “reactive” refers to the fact that the mutual impedance be-
tween the transmitting and receiving antennas can be either capacitive or inductive in nature. The reactive
near field is sometimes called the “induction field,” meaning that  the magnetic field usually is predominant
over the electric field in this region. The antenna acts as though it were a rather large, lumped-constant
inductor or capacitor, storing energy in the reactive near field rather than propagating it into space.

For simple wire antennas, the reactive near field is considered to be within about a half wavelength
from an antenna’s radiating center. Later on, in the chapters dealing with Yagi and quad antennas, you
will find that mutual coupling between elements can be put to good use to purposely shape the radiated
pattern. For making pattern measurements, however, we do not want to be too close to the antenna
being measured.

The strength of the reactive near field decreases in a complicated fashion as you increase the dis-
tance from the antenna. Beyond the reactive near field, the antenna’s radiated field is divided into two
other regions: the radiating near field and the radiating far field. Historically, the terms Fresnel and

Fraunhöfer fields have been used for the radiat-
ing near and far fields, but these terms have been
largely supplanted by the more descriptive termi-
nology used here. Even inside the reactive near-
field region, both radiating and reactive fields co-
exist, although the reactive field predominates
very close to the antenna.

Because the boundary between the fields is
rather “fuzzy,” experts debate where one field
begins and another leaves off, but the boundary
between the radiating near and far fields is gen-
erally accepted as:

D  2L2

≈ λ    (Eq 4)

where L is the largest dimension of the physical
antenna, expressed in the same units of measure-
ment as the wavelength λ. Remember, many spe-
cialized antennas do not follow the rule of thumb
in Eq 4 exactly. Fig 10 depicts the three fields in
front of a simple wire antenna.

Throughout the rest of this book we will dis-
cuss mainly the radiating far-fields, those form-
ing the traveling electromagnetic waves. Far-field
radiation is distinguished by the fact that the in-
tensity is inversely proportional to the distance,
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COORDINATE SCALES FOR
RADIATION PATTERNS

A number of different systems of coordinate scales or
“grids” are in use for plotting antenna patterns. Antenna
patterns published for amateur audiences are sometimes
placed on rectangular grids, but more often they are
shown using polar coordinate systems. Polar coordinate
systems may be divided generally into three classes:
linear, logarithmic, and modified logarithmic.

A very important point to remember is that the shape
of a pattern (its general appearance) is highly dependent
on the grid system used for the plotting. This is exempli-
fied in Fig A-(A ), where the radiation pattern for a beam
antenna is presented using three coordinate systems
discussed in the paragraphs that follow.

Linear Coordinate Systems

The polar coordinate system for the flashlight
radiation pattern, Fig 9, uses linear coordinates. The
concentric circles are equally spaced, and are graduated
from 0 to 10. Such a grid may be used to prepare a linear
plot of the power contained in the signal. For ease of
comparison, the equally spaced concentric circles have
been replaced with appropriately placed circles represent-
ing the decibel response, referenced to 0 dB at the outer
edge of the plot. In these plots the minor lobes are
suppressed. Lobes with peaks more than 15 dB or so
below the main lobe disappear completely because of
their small size. This is a good way to show the pattern of
an array having high directivity and small minor lobes.

Logarithmic Coordinate System

Another coordinate system used by antenna manufac-
turers is the logarithmic grid, where the concentric grid lines
are spaced according to the logarithm of the voltage in the
signal. If the logarithmically spaced concentric circles are
replaced with appropriately placed circles representing the
decibel response, the decibel circles are graduated linearly.
In that sense, the logarithmic grid might be termed a linear-
log grid, one having linear divisions calibrated in decibels.

This grid enhances the appearance of the minor
lobes. If the intent is to show the radiation pattern of an
array supposedly having an omnidirectional response, this
grid enhances that appearance. An antenna having a
difference of 8 or 10 dB in pattern response around the
compass appears to be closer to omnidirectional on this
grid than on any of the others. See Fig A-(B).

ARRL Log Coordinate System

The modified logarithmic grid used by the ARRL has
a system of concentric grid lines spaced according to the
logarithm of 0.89 times the value of the signal voltage. In
this grid, minor lobes that are 30 and 40 dB down from the
main lobe are distinguishable. Such lobes are of concern
in VHF and UHF work. The spacing between plotted
points at 0 dB and –3 dB is significantly greater than the
spacing between –20 and –23 dB, which in turn is signifi-
cantly greater than the spacing between –50 and –53 dB.
The spacings thus correspond generally to the relative
significance of such changes in antenna performance.
Antenna pattern plots in this publication are made on the
modified-log grid similar to that shown in Fig A-(C).
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Fig A—Radiation pattern plots for a beam
antenna on three different grid coordinate
systems . At A, the pattern on a linear-power dB
grid. Notice how details of sidelobe structure are
lost with this grid. At B, the same pattern on a
grid with constant 10 dB circles. The sidelobe
level is exaggerated when this scale is em-
ployed . At B, the same pattern on the modified
log grid used b y ARRL. The side and rearward
lobes are clearly visible on this grid. The con-
centric circles in all three grids are graduated in
decibels referenced to 0 dB at the outer edge of
the chart. The patterns look quite different, yet
they all represent the same antenna response!

Fig 11—Directive diagram of a free-space dipole.
At A, the pattern in the plane containing the wire
axis. The length of each dashed-line arrow
represents the relative field strength in that
direction, referenced to the direction of
maximum radiation, which is at right angles to
the wire ’s axis. The arrows at approximately 4 5°
and 315 ° are the half-power or −3 dB points . At B,
a wire grid representation of the “solid pattern”
for the same antenna. These same patterns apply
to any center-fed dipole antenna less than a half
wavelength long.

and that the electric and magnetic components, although perpendicular to each other in the wave front,
are in time phase. The total energy is equally divided between the electric and magnetic fields. Beyond
several wavelengths from the antenna, these are the only fields we need to consider. For accurate
measurement of radiation patterns, we must place our measuring instrumentation at least several wave-
lengths away from the antenna under test.

Pattern Planes
Patterns obtained above represent the antenna radiation in just one plane. In the example of the

flashlight, the plane of measurement was at one height above the floor. Actually, the pattern for any
antenna is three dimensional, and therefore can-
not be represented in a single-plane drawing. The
“solid” radiation pattern of an antenna in free space
would be found by measuring the field strength at
every point on the surface of an imaginary sphere
having the antenna at its center. The information
so obtained would then be used to construct a solid
figure, where the distance from a fixed point (rep-
resenting the antenna) to the surface of the figure
is proportional to the field strength from the an-
tenna in any given direction. Fig 11B shows a
three-dimensional wire-grid representation of the
radiation pattern of a half-wave dipole.

For amateur work, relative values of field
strength (rather than absolute) are quite adequate in
pattern plotting. In other words, it is not necessary
to know how many microvolts per meter a particu-
lar antenna will produce at a distance of 1 mile when
excited with a specified power level. (This is the kind
of specifications that AM broadcast stations must
meet to certify their antenna systems to the FCC.)

For whatever data is collected (or calculated
from theoretical equations), it is common to nor-
malize the plotted values so the field strength in
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Fig D—Model for a 135-foot long horizontal
dipole, 50 feet above the ground. The dipole is
over the y-axis. The wire has been segmented
into 11 segments, with the center of segment
number 6 as the feed point. Note that the left-
hand end of the antenna is −67.5 feet from the
center feed point and that the right-hand end is
at 67.5 feet from the cente r.

Fig E—Model for an inverted-V dipole, with an
included angle between the two legs of  12 0°.
Sine and cosine functions are used to describe
the heights of the end points for the sloping
arms of the antenna.

the direction of maximum radiation coincides with
the outer edge of the chart. On a given system of
polar coordinate scales, the shape of the pattern
is not altered by proper normalization, only its
size.

E and H-Plane Patterns
The solid 3-D pattern of an antenna in free

space cannot adequately be shown with field-
strength data on a flat sheet of paper. Cartogra-
phers making maps of a round Earth on flat pieces
of paper face much the same kind of problem. As
we discussed above, cross-sectional or plane dia-
grams are very useful for this purpose. Two such
diagrams, one in the plane containing the straight
wire of a dipole and one in the plane perpendicu-
lar to the wire, can convey a great deal of infor-
mation. The pattern in the plane containing the
axis of the antenna is called the E-plane pattern,
and the one in the plane perpendicular to the axis
is called the H-plane pattern. These designations
are used because they represent the planes in
which the electric (symbol E), and the magnetic
(symbol H) lines of force lie, respectively.

The E lines represent the polarization of the
antenna. Polarization will be covered in more de-
tail later in this chapter. The electromagnetic field
pictured in Fig 1 of Chapter 23, as an example, is
the field that would be radiated from a vertically
polarized antenna; that is, an antenna in which the
conductor is mounted perpendicular to the earth.

When a radiation pattern is shown for an an-
tenna mounted over ground rather than in free
space, two frames of reference are automatically
gainedan azimuth angle and an elevation angle.
The azimuth angle is usually referenced to the
maximum radiation lobe of the antenna, where the
azimuth angle is defined at 0°, or it could be ref-
erenced to the Earth’s True North direction for an
antenna oriented in a particular compass direction.
The E-plane pattern for an antenna over ground is
now called the azimuth pattern.

The elevation angle is referenced to the hori-
zon at the Earth’s surface, where the elevation
angle is 0°. Of course, the Earth is round but be-
cause its radius is so large, it can in this context
be considered to be flat in the area directly under
the antenna. An elevation angle of 90° is straight
over the antenna, and a 180° elevation is toward
the horizon directly behind the antenna.
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ANTENNA ANALYSIS BY COMPUTER
With the proliferation of personal computers since the early 1980s, significant strides in computerized

antenna system analysis have been made. It is now possible for the amateur with a relatively inexpensive com-
puter to evaluate even complicated antenna systems. Amateurs can obtain a greater grasp of the operation of
antenna systems—a subject that has been a great mystery to many in the past.

The most commonly encountered programs for antenna analysis are those derived from a program devel-
oped at US government laboratories called NEC, short for “Numerical Electromagnetics Code.” NEC uses a
“Method of Moments” algorithm. The mathematics behind this algorithm are pretty formidable to most hams, but
the basic principle is simple. In essence, an antenna is broken down into a number of straight-line wire “seg-
ments,” and the field resulting from the RF current in each segment is evaluated by itself and also with respect to
other mutually coupled segments. Finally, the field from each contributing segment is vector-summed together to
yield the total field, which can be computed for any elevation or azimuth angle desired. The effects of flat-earth
ground reflections, including the effect of ground conductivity and dielectric constant, may be evaluated as well.

In the early 1980s, MININEC was written in BASIC for use on personal computers. Because of limitations in
memory and speed typical of personal computers of the time, several simplifying assumptions were necessary in
MININEC, which limited potential accuracy. Perhaps the most significant limitation was that “perfect ground” was
assumed to be directly under the antenna, even though the radiation pattern in the far field did take into account
real ground parameters. This meant that antennas modeled closer than approximately 0.2 λ over ground some-
times gave erroneous impedances and inflated gains, especially for horizontal polarization. Despite some limita-
tions, MININEC represented a remarkable leap forward in analytical capability. See Roy Lewallen’s “MININEC—
the Other Edge of the Sword” in Feb 1991 QST for an excellent treatment on pitfalls when using MININEC.

Because source code was made available when MININEC was released to the public, a number of program-
mers have produced some very capable versions for the amateur market, many incorporating exciting graphics
showing antenna patterns in 2D or 3D. These programs also simplify the creation of models for popular antenna
types, and several come with libraries of sample antennas.

By the end of  the 1980s, the speed and capabilities of personal computers had advanced to the point where PC
versions of NEC became practical, and several versions are now available to amateurs. Like MININEC, NEC is a
general-purpose modeling package, and it can be difficult to use and relatively slow in operation for certain specialized
antenna forms. Thus, custom software has been created for quick and accurate analysis of specific antenna varieties,
mainly Yagi arrays. See Chapter 11.

The most difficult part of using a NEC-type of modeling program is setting up the antenna’s geometry—you
must condition yourself to think in three-dimensional coordinates. Each end point of a wire is represented by three
numbers: an x, y and z coordinate. An example should help sort things out. See Fig D, showing a “model” for a
135-foot center-fed dipole, made of #14 wire placed 50 feet above flat ground. This antenna is modeled as a
single, straight wire.

For convenience, the ground is located at the origin of the coordinate system, at (0, 0, 0) feet, directly under
the center of the dipole. Above the origin, at a height of 50 feet, is the dipole’s feed point. The “wingspread” of the
dipole goes toward the left (that is, in the “negative y” direction) one-half the overall length, or –67.5 feet. Toward
the right, it goes +67.5 feet. The “x” dimension of our dipole is zero. The dipole’s ends are thus represented by
two points, whose coordinates are: (0, –67.5, 50) and (0, 67.5, 50) feet. The thickness of the antenna is the
diameter of the wire, #14 gauge.

Now, another nasty little detail surfaces—you must specify the number of segments into which the dipole is
divided for the method-of-moment analysis. The guideline for setting the number of segments is to use at least 10
segments per half-wavelength. In Fig D, our dipole has been divided into 11 segments for 80-meter operation.
The use of 11 segments, an odd rather than an even number such as 10, places the dipole’s feed point (the
“source” in NEC-parlance) right at the antenna’s center and at the center of segment number six.

Since we intend to use our 135-foot long dipole on all HF amateur bands, the number of segments used
actually should vary with frequency. The penalty for using more segments in a program like NEC is that the
program slows down roughly as the square of the segments—double the number and the speed drops to a fourth.
However, using too few segments will introduce inaccuracies, particularly in computing the feed-point impedance.
The commercial versions of NEC handle such nitty-gritty details automatically.

Let’s get a little more complicated and specify the 135-foot dipole, configured as an inverted-V. Here, as shown in
Fig E , you must specify two wires. The two wires join at the top, (0, 0, 50) feet. Now the specification of the source
becomes more complicated. The easiest way is to specify two sources, one on each end segment at the junction of
the two wires. If you are using the “native” version of NEC, you may have to go back to your high-school trigonometry
book to figure out how to specify the end points of our “droopy” dipole, with its 120° included angle. Fig E shows the
details, along with the trig equations needed.

So, you see that antenna modeling isn’t entirely a cut-and-dried procedure. The commercial programs do
their best to hide some of the more unwieldy parts of NEC, but there’s still some art mixed in with the science.
And as always, there are trade-offs to be made—segments versus speed, for example.



2-14 Chapter 2

Professional antenna engineers often describe an antenna’s orientation with respect to the point
directly overhead—using the zenith angle, rather than the elevation angle. The elevation angle is com-
puted by subtracting the zenith angle from 90°.

Referenced to the horizon of the Earth, the H-plane pattern is now called the elevation pattern.
Unlike the free-space H-plane pattern, the over-ground elevation pattern is drawn as a half-circle, rep-
resenting only positive elevations above the Earth’s surface. The ground reflects or blocks radiation at
negative elevation angles, making below-surface radiation plots unnecessary.

After a little practice, and with the exercise of some imagination, the complete solid pattern can be
visualized with fair accuracy from inspection of the two planar diagrams, provided of course that the
solid pattern of the antenna is “smooth,” a condition that is true for simple antennas like λ/2 dipoles.

Plane diagrams are plotted on polar coordinate paper, as described earlier. The points on the pattern
where the radiation is zero are called nulls. The curved section from one null to the next on the plane
diagram, or the corresponding section on the solid pattern, is called a lobe. The strongest lobe is com-
monly called the main lobe. Fig 11A shows the E-plane pattern for a half-wave dipole. In Fig 11, the
dipole is placed in free space. In addition to the labels showing the main lobe and nulls in the pattern,
the so-called half-power points on the main lobe are shown. These are the points where the power is
3 dB down from the peak value in the main lobe.

Directivity and Gain

Let us now examine directivity more closely. As mentioned previously, all practical antennas, even
the simplest types, exhibit directivity. Free-space directivity can be expressed quantitatively by com-
paring the three-dimensional pattern of the antenna under consideration with the perfectly spherical
three-dimensional pattern of an isotropic antenna. The field strength (and thus power per unit area, or
“power density”) are the same everywhere on the surface of an imaginary sphere having a radius of
many wavelengths and having an isotropic antenna at its center. At the surface of the same imaginary
sphere around an antenna radiating the same total power, the directive pattern results in greater power
density at some points on this sphere and less at others. The ratio of the maximum power density to the
average power density taken over the entire sphere (which is the same as from the isotropic antenna
under the specified conditions) is the numerical measure of the directivity of the antenna. That is,

D =  
P

Pav
   (Eq 5)

where
D = directivity
P = power density at its maximum point on the surface of the sphere
Pav = average power density

The gain of an antenna is closely related to its directivity. Because directivity is based solely on the
shape of the directive pattern, it does not take into account any power losses that may occur in an actual
antenna system. To determine gain, these losses must be subtracted from the power supplied to the
antenna. The loss is normally a constant percentage of the power input, so the antenna gain is

G k P
P kD

av
= =     (Eq 6)

where
G = gain (expressed as a power ratio)
D = directivity
k = efficiency (power radiated divided by power input) of the antenna
P and Pav are as above

For many of the antenna systems used by amateurs, the efficiency is quite high (the loss amounts to
only a few percent of the total). In such cases the gain is essentially equal to the directivity. The more
the directive diagram is compressedor, in common terminology, the “sharper” the lobesthe greater
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Fig 12—Free-space E-Plane radiation pattern for
a 100-foot dipole at its half-wave resonant
frequency of  4.80 MHz. This antenna has
2.14 dBi gain. The dipole is located on the
line from 90 ° to 270°.

the power gain of the antenna. This is a natural consequence of the fact that as power is taken away
from a larger and larger portion of the sphere surrounding the radiator, it is added to the volume repre-
sented by the narrow lobes. Power is therefore concentrated in some directions, at the expense of oth-
ers. In a general way, the smaller the volume of the solid radiation pattern, compared with the volume
of a sphere having the same radius as the length of the largest lobe in the actual pattern, the greater the
power gain.

As stated above, the gain of an antenna is related to its directivity, and directivity is related to the
shape of the directive pattern. A commonly used index of directivity, and therefore the gain of an
antenna, is a measure of the width of the major lobe (or lobes) of the plotted pattern. The width is
expressed in degrees at the half-power or −3 dB points, and is often called the beamwidth.

This information provides only a general idea of relative gain, rather than an exact measure. This is
because an absolute measure involves knowing the power density at every point on the surface of a
sphere, while a single diagram shows the pattern shape in only one plane of that sphere. It is customary
to examine at least the E-plane and the H-plane patterns before making any comparisons between
antennas.

A simple approximation for gain over an isotropic radiator can be used, but only if the sidelobes in
the antenna’s pattern are small compared to the main lobe and if the resistive losses in the antenna are
small. When the radiation pattern is complex, numerical integration is employed to give the actual
gain.

G 41253
H E3dB 3dB

≈ ×    (Eq 7)

where H3dB and E3dB are the half-power points, in degrees, for the H and E-plane patterns.

Radiation Patterns for Center-Fed Dipoles at Different Frequencies
Earlier, we saw how the feed-point impedance of a fixed-length center-fed dipole in free space

varies as the frequency is changed. What happens to the radiation pattern of such an antenna as the
frequency is changed?

In general, the greater the length of a center-
fed antenna, in terms of wavelength, the larger the
number of lobes into which the pattern splits. A
feature of all such patterns is the fact that the main
lobe—the one that gives the largest field strength
at a given distance—always is the one that makes
the smallest angle with the antenna wire. Further-
more, this angle becomes smaller as the length of
the antenna is increased.

Let’s examine how the free-space radiation
pattern changes for a 100-foot long wire made of
#14 wire as the frequency is varied. (Varying the
frequency effectively changes the wavelength for
a fixed-length wire.) Fig 12 shows the E-plane
pattern at the λ/2 resonant frequency of 4.8 MHz.
This is a classical dipole pattern, with a gain in
free space of 2.14 dBi referenced to an isotropic
radiator.

Fig 13 shows the free-space E-plane pattern for
the same antenna, but now at the full-wave (2λ/2)
resonant frequency of 9.55 MHz. Note how the pat-
tern has been “pinched in” at the top and bottom of
the figure. In other words, the two main lobes have
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Fig 15—Free-space E-Plane radiation pattern for
a 100-foot dipole at its twice full-wave resonant
frequency of 19.45 MHz. The pattern has been
refocused into four lobes, with a peak gain of
3.96 dBi.

Fig 16—Free-space E-Plane radiation pattern for
a 100-foot dipole at its 5/2 λ resonant frequency
of 24.45 MHz. The pattern has broken down into
eight lobes, with a peak gain of 4.78 dBi.

Fig 13—Free-space E-Plane radiation pattern for
a 100-foot dipole at its full-wave resonant
frequency of  9.55 MHz. The gain has increased
to 3.73 dBi, because the main lobes have been
focused and sharpened compared to Fig 12 .

Fig 14—Free-space E-Plane radiation pattern for
a 100-foot dipole at its 3/2 λ resonant frequency
of 14.60 MHz. The pattern has broken up into six
lobes, and thus the peak gain is down to
3.44 dBi.
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Fig 17— Free-space E-Plane radiation pattern for
a 100-foot dipole at its three-times full-wave
resonant frequency of 29.45 MHz. The pattern
has come back to six lobes, with a peak gain of
4.70 dBi.

Fig 18—Vertical and horizontal polarization of a
dipole above ground. The direction of
polarization is the direction of the maximum
electric field with respect to the earth.

become sharper at this frequency, making the gain
3.73 dBi, higher than at the λ/2 frequency.

Fig 14 shows the pattern at the 3λ/2 frequency
of 14.6 MHz. More lobes have developed compared
to Fig 13. This means that the power has split up into
more lobes and consequently the gain decreases a
small amount, down to 3.44 dBi. This is still higher
than the dipole at its λ/2 frequency, but lower than at
its full-wave frequency. Fig 15 shows the E-plane re-
sponse at 19.45 MHz, the 4λ/2, or 2 λ, resonant fre-
quency. Now the pattern has re-formed itself into only
four lobes, and the gain has as a consequence risen to
3.96 dBi.

In Fig 16 the response has become quite com-
plex at the 5λ/2 resonance point of 24.45 MHz,
with 10 lobes showing. Despite the presence all
these lobes, the main lobes now show a gain of
4.78 dBi. Finally, Fig 17 shows the pattern at the
3λ (6λ/2) resonance at 29.45 MHz. Despite the
fact that there are fewer lobes taking up power
than at 24.45 MHz, the peak gain is slightly less
at 29.45 MHz, at 4.70 dBi.

The pattern—and hence the gain—of a fixed-
length antenna varies considerably as the fre-

quency is changed. Of course, the pattern and gain change in the same fashion if the frequency is kept
constant and the length of the wire is varied. In either case, the wavelength is changing. It is also
evident that certain lengths reinforce the pattern to provide more peak gain. If an antenna is not rotated
in azimuth when the frequency is changed, the peak gain may occur in a different direction than you
might like. In other words, the main lobes change direction as the frequency is varied.

POLARIZATION
We’ve now examined the first two of the three major properties used to characterize antennas: the

radiation pattern and the feed-point impedance. The third general property is polarization. An antenna’s
polarization is defined to be that of its electric field,
in the direction where the field strength is maxi-
mum.

For example, if a λ/2 dipole is mounted hori-
zontally over the earth, the electric field is stron-
gest perpendicular to its axis (that is, at right angle
to the wire) and parallel to the earth. Thus, since
the maximum electric field is horizontal, the po-
larization in this case is also considered to be hori-
zontal with respect to the earth. If the dipole is
mounted vertically, its polarization will be verti-
cal. See Fig 18. Note that if an antenna is mounted
in free space, there is no frame of reference and
hence its polarization is indeterminate.

Antennas composed of a number of λ/2 ele-
ments arranged so that their axes lie in the same
or parallel directions has the same polarization
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Fig 19—Diagram showing polar representation
of a point P lying on an imaginary sphere
surround a point-source antenna. The various
angles associated with this coordinate system
are shown referenced to the x, y and z-axes.

as that of any one of the elements. For example,
a system composed of a group of horizontal di-
poles is horizontally polarized. If both horizon-
tal and vertical elements are used in the same
plane and radiate in phase, however, the polar-
ization is the resultant of the contributions made
by each set of elements to the total electromag-
netic field at a given point some distance from
the antenna. In such a case the resultant polar-
ization is still linear, but is tilted between hori-
zontal and vertical.

In directions other than those where the ra-
diation is maximum, the resultant wave even for
a simple dipole is a combination of horizontally
and vertically polarized components. The radia-
tion off the ends of a horizontal dipole is actu-
ally vertically polarized, albeit at a greatly re-
duced amplitude compared to the broadside hori-
zontally polarized radiationthe sense of polar-
ization changes with compass direction.

Thus it is often helpful to consider the radia-
tion pattern from an antenna in terms of polar
coordinates, rather than trying to think in purely
linear horizontal or vertical coordinates. See Fig
19. The reference axis in a polar system is verti-
cal to the earth under the antenna. The zenith angle
is usually referred to as θ (Greek letter theta), and the  azimuth angle is referred to as φ (Greek letter phi).
Instead of zenith angles, most amateurs are more familiar with elevation angles, where a zenith angle of 0°
is the same as an elevation angle of 90°, straight overhead. Native NEC or MININEC computer programs
use zenith angles rather than elevation angles, although most commercial versions automatically reduce
these to elevation angles.

If vertical and horizontal elements in the same plane are fed out of phase (where the beginning of
the RF period applied to the feed point of the vertical element is not in time phase with that applied to
the horizontal), the resultant polarization is elliptical. Circular polarization is a special case of ellipti-
cal polarization. The wave front of a circularly polarized signal appears (in passing a fixed observer) to
rotate every 90° between vertical and horizontal, making a complete 360° rotation once every period.
Field intensities are equal at all instantaneous polarizations. Circular polarization is frequently used
for space communications, and is discussed further in Chapter 19.

Sky-wave transmission usually changes the polarization of traveling waves. (This is discussed in
Chapter 23.) The polarization of receiving and transmitting antennas in the 3 to 30-MHz range, where
almost all communication is by means of sky wave, need not be the same at both ends of a communi-
cation circuit (except for distances of a few miles). In this range the choice of polarization for the
antenna is usually determined by factors such as the height of available antenna supports, polarization
of man-made RF noise from nearby sources, probable energy losses in nearby objects, the likelihood of
interfering with neighborhood broadcast or TV reception, and general convenience.

Other Antenna Characteristics
Besides the three main characteristics of impedance, pattern (gain) and polarization, there are

some other useful properties of antennas.
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RECIPROCITY IN RECEIVING AND TRANSMITTING
Many of the properties of a resonant antenna used for reception are the same as its properties in

transmission. It has the same directive pattern in both cases, and delivers maximum signal to the re-
ceiver when the signal comes from a direction in which the antenna has its best response. The imped-
ance of the antenna is the same, at the same point of measurement, in receiving as in transmitting.

In the receiving case, the antenna is the source of power delivered to the receiver, rather than the
load for a source of power (as in transmitting). Maximum possible output from the receiving antenna is
obtained when the load to which the antenna is connected is the same as the impedance of the antenna.
We say that the antenna is “matched” to its load.

The power gain in receiving is the same as the gain in transmitting, when certain conditions are
met. One such condition is that both antennas (usually λ/2-long antennas) must work into load imped-
ances matched to their own impedances, so that maximum power is transferred in both cases. In addi-
tion, the comparison antenna should be oriented so it gives maximum response to the signal used in the
test; that is, it should have the same polarization as the incoming signal and should be placed so its
direction of maximum gain is toward the signal source.

In long-distance transmission and reception via the ionosphere, the relationship between receiving
and transmitting, however, may not be exactly reciprocal. This is because the waves do not always
follow exactly the same paths at all times and so may show considerable variation in the time between
alternations between transmitting and receiving. Also, when more than one ionospheric layer is in-
volved in the wave travel (see Chapter 23), it is sometimes possible for reception to be good in one
direction and poor in the other, over the same path.

Wave polarization usually shifts in the ionosphere. The tendency is for the arriving wave to be
elliptically polarized, regardless of the polarization of the transmitting antenna. Vertically polarized
antennas can be expected to show no more difference between transmission and reception than hori-
zontally polarized antennas. On the average, however, an antenna that transmits well in a certain direc-
tion also gives favorable reception from the same direction, despite ionospheric variations.

FREQUENCY SCALING
Any antenna design can be scaled in size for use on another frequency or on another amateur band.

The dimensions of the antenna may be scaled with Eq 8 below.

D f1
f2 d= ×     (Eq 8)

where
D = scaled dimension
d = original design dimension
f1 = original design frequency
f2 = scaled frequency (frequency of intended operation)

From this equation, a published antenna design for, say, 14 MHz, can be scaled in size and con-
structed for operation on 18 MHz, or any other desired band. Similarly, an antenna design could be
developed experimentally at VHF or UHF and then scaled for operation in one of the HF bands. For
example, from Eq 8, an element of 39.0 inches length at 144 MHz would be scaled to 14 MHz as
follows: D = 144/14 × 39 = 401.1 inches, or 33.43 feet.

To scale an antenna properly, all  physical dimensions must be scaled, including element lengths,
element spacings, boom diameters, and element diameters. Lengths and spacings may be scaled in a straight-
forward manner as in the above example, but element diameters are often not as conveniently scaled. For
example, assume a 14-MHz antenna is modeled at 144 MHz and perfected with 3/8-inch cylindrical ele-
ments. For proper scaling to 14 MHz, the elements should be cylindrical, of 144/14 × 3/8 or 3.86 inches
diameter. From a realistic standpoint, a 4-inch diameter might be acceptable, but cylindrical elements of
4-inch diameter in lengths of 33 feet or so would be quite unwieldy (and quite expensive; not to mention
heavy). Choosing another, more suitable diameter is the only practical answer.
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Fig 20—Th e λ/2 antenna and its λ/4 counterpart.
The missing quarter wavelength can be
considered to be supplied as an image in the
ground, if it is of good conductivit y.

Diameter Scaling
Simply changing the diameter of dipole-type elements during the scaling process is not satisfac-

tory without making a corresponding element-length correction. This is because changing the diameter
results in a change in the λ/dia ratio from the original design, and this alters the corresponding resonant
frequency of the element. The element length must be corrected to compensate for the effect of the
different diameter actually used.

To be more precise, however, the purpose of diameter scaling is not to maintain the same resonant
frequency for the element, but to maintain the same ratio of self-resistance to self-reactance at the oper-
ating frequency—that is, the Q of the scaled element should be the same as that of the original element.
This is not always possible to achieve exactly for elements that use several telescoping sections of
tubing.

Tapered Elements
Rotatable beam antennas are usually constructed with elements made of metal tubing. The general

practice at HF is to taper the elements with lengths of telescoping tubing. The center section has a large
diameter, but the ends are relatively small. This reduces not only the weight, but also the cost of mate-
rials for the elements. Tapering of HF Yagi elements is discussed in detail in Chapter 11.

Length Correction for Tapered Elements
The effect of tapering an element is to alter its electrical length. That is to say, two elements of the

same length, one cylindrical and one tapered but with the same average diameter as the cylindrical
element, will not be resonant at the same frequency. The tapered element must be made longer than the
cylindrical element for the same resonant frequency.

A procedure for calculating the length for tapered elements has been worked out by Dave Leeson,
W6QHS, from work done by Schelkunoff at Bell Labs and is presented in Leeson’s book, Physical
Design of Yagi Antennas (see Bibliography). On the disk accompanying this book is a subroutine
called EFFLEN.FOR. It is written in Fortran and is used in the SCALE program to compute the “effec-
tive length” of a tapered element. The algorithm uses the W6QHS-Schelkunoff algorithm and is com-
mented step-by-step to show what is happening. Calculations are made for only one half of an ele-
ment, assuming the element is symmetrical about the point of boom attachment.

Also, read the documentation SCALE.DOC for the SCALE program, which will automatically do
the complex mathematics to scale a Yagi design from one frequency to another, or from one taper
schedule to another.

                                                                              THE VERTICAL MONOPOLE
So far in this discussion on Antenna Funda-

mentals, we have been using the free-space, cen-
ter-fed dipole as our main example. Another
simple form of antenna derived from a dipole is
called a monopole. The name suggests that this is
one half of a dipole, and so it is. The monopole is
always used in conjunction with a ground plane,
which acts as a sort of electrical mirror. See Fig
20, where a λ/2 dipole and a λ/4 monopole are
compared. The image antenna for the monopole
is the dotted line beneath the ground plane. The
image forms the “missing second half” of the an-
tenna, transforming a monopole into the functional
equivalent of a dipole. From this explanation you
can see where the term image plane is sometimes
used instead of ground plane.
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Fig 21—The ground-plane antenna. Power is
applied between the base of the vertical radiator
and the center of the four ground-plane wires.

Fig 22—Feed-point impedance versus frequency
for a theoretical 50-foot high grounded vertical
monopole made of #14 wire. The numbers along
the curve show the frequency in MHz. This was
computed using “perfect” ground. Real ground
losses will add to the feed-point impedance
shown in an actual antenna system.

Fig 23—Feed-point impedance for the same
antennas as in Fig 21, but calibrated in
wavelength rather than frequenc y, over the range
from 0.132 to 0.30 0 λ, above and below the
quarter-wave resonance.

Although we have been focusing throughout
this chapter on antennas in free space, practical
monopoles are usually mounted vertically with
respect to the surface of the ground. As such, they
are called vertical monopoles, or simply verticals.
A practical vertical is supplied power by feeding
the radiator against a ground system, usually made
up of a series of paralleled wires radiating from
and laid out in a circular pattern around the base
of the antenna. These wires are termed radials.

The term “ground plane” is also used to de-
scribe a vertical antenna employing a λ/4-long
vertical radiator working against a counterpoise
system, another name for the ground plane that
supplies the missing half of the antenna. The counterpoise for a ground-plane antenna consists of four
λ/4-long radials elevated well above the earth. See Fig 21.

Chapter 3 devotes much attention to the requirements for an efficient grounding system for vertical
monopole antennas, and Chapter 4 gives more information on ground-plane verticals.

Characteristics of a λ/4 Monopole
The free-space directional characteristics of a λ/4 monopole with its ground plane are the same as

that of a λ/2 antenna in free space. A λ/4 monopole has an omnidirectional radiation pattern in the
plane perpendicular to the monopole.

The current in a λ/4 monopole varies practically sinusoidally (as is the case with a λ/2 wire), and is
highest at the ground-plane connection. The RF voltage, however, is highest at the open (top) end and
minimum at the ground plane. The feed-point resistance close to λ/4 resonance of a vertical monopole
over a “perfect ground plane” is one-half that for a λ/2 dipole at its λ/2 resonance. In this case, a perfect
ground plane is an infinitely large, lossless conductor.

See Fig 22, which shows the feed-point impedance of a vertical antenna made of #14 wire, 50 feet
long, located over perfect ground. This is over the whole HF range from 1 to 30 MHz. Again, there is
nothing special about the choice of 50 feet for the length of the vertical radiator; it is simply a convenient
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length for evaluation. Fig 23 shows an expanded portion of the frequency range above and below the λ/4
resonant point, but now calibrated in terms of wavelength. Note that this particular antenna goes through λ/
4 resonance at a length of 0.244 λ, not at exactly 0.25 λ. The exact length for resonance varies with the
diameter of the wire used, just as it does for the λ/2 dipole at its λ/2 resonance.

The word “height” is usually used for a vertical monopole antenna whose base is on or near the
ground, and in this context, height has the same meaning as “length” when applied to λ/2 dipole antennas.
Older texts often refer to heights in electrical degrees, referenced to a free-space wavelength of 360°, but
here height is expressed in terms of the free-space wavelength. The range shown in Fig 23 is from
0.132 λ to 0.300 λ, corresponding to a frequency range of 2.0 to 5.9 MHz.

The reactive portion of the feed-point impedance depends highly on the length/dia ratio of the conduc-
tor, as was discussed previously for a horizontal center-fed dipole. The impedance curve in Figs 22 and 23 is
based on a #14 conductor having a length/dia ratio of about 800 to 1. As usual, thicker antennas can be
expected to show less reactance at a given height, and thinner antennas will show more.

Efficiency of Vertical Monopoles
This topic of the efficiency of vertical monopole systems will be covered in detail in Chapter 3, but it’s

worth noting at this point that the efficiency of a real vertical antenna over real earth often suffers dramati-
cally compared with that of a λ/2 antenna. Without a fairly elaborate grounding system, the efficiency is not
likely to exceed 50%, and it may be much less, particularly at monopole heights below λ/4.
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Chapter 3

The Effects of Ground

The ground around and under an antenna is part of the environment in which any actual antenna
must operate. Chapter 2 dealt mainly with theoretical antennas in free space, completely re-
moved from the influence of the ground. This chapter is devoted to exploring the interactions

between antennas and the ground.
The interactions can be analyzed depending on where they occur relative to two areas surrounding

the antenna: the reactive near field and the radiating far field. You will recall that the reactive near
field only exists very close to the antenna itself. In this region the antenna acts as though it were a large
lumped-constant inductor or capacitor, where energy is stored but very little is actually radiated. The
interaction with the ground in this area creates mutual impedances between the antenna and its envi-
ronment and these interactions not only modify the feed-point impedance of an antenna, but often
increase losses.

In the radiating far field, the presence of ground profoundly influences the radiation pattern of a
real antenna. The interaction is different, depending on the antenna’s polarization with respect to the
ground. For horizontally polarized antennas, the shape of the radiated pattern in the elevation plane
depends primarily on the antenna’s height above ground. For vertically polarized antennas, both the
shape and the strength of the radiated pattern in the elevation plane strongly depend on the nature of
the ground itself (its dielectric constant and conductivity at RF), as well as on the height of the antenna
above ground.

The Effects of Ground in the Reactive Near Field

FEED-POINT IMPEDANCE VERSUS HEIGHT ABOVE GROUND
Waves radiated from the antenna directly downward reflect vertically from the ground and, in

passing the antenna on their upward journey, induce a voltage in it. The magnitude and phase of the
current resulting from this induced voltage depends on the height of the antenna above the reflecting
surface.

The total current in the antenna consists of two components. The amplitude of the first is deter-
mined by the power supplied by the transmitter and the free-space feed-point resistance of the antenna.
The second component is induced in the antenna by the wave reflected from the ground. This second
component of current, while considerably smaller than the first at most useful antenna heights, is by no
means insignificant. At some heights, the two components will be in phase, so the total current is larger
than is indicated by the free-space feed-point resistance. At other heights, the two components are out
of phase, and the total current is the difference between the two components.

Changing the height of the antenna above ground will change the amount of current flow, assum-
ing that the power input to the antenna is constant. A higher current at the same power input means that
the effective resistance of the antenna is lower, and vice versa. In other words, the feed-point resistance
of the antenna is affected by the height of the antenna above ground because of mutual coupling be-
tween the antenna and the ground beneath it.

The electrical characteristics of the ground affect both the amplitude and the phase of reflected
signals. For this reason, the electrical characteristics of the ground under the antenna will have some



3-2 Chapter 3

effect on the impedance of that antenna, the re-
flected wave having been influenced by the
ground. Different impedance values may be en-
countered when an antenna is erected at identical
heights but over different types of earth.

Fig 1 shows the way in which the radiation
resistance of horizontal and vertical half-wave an-
tennas vary with height above ground (in λ, wave-
lengths). For horizontally polarized half-wave an-
tennas, the differences between the effects of per-
fect ground and real earth are negligible if the an-
tenna height is greater than 0.2 λ. At lower heights,
the feed-point resistance over perfect ground de-
creases rapidly as the antenna is brought closer to
a theoretically perfect ground, but this does not
occur so rapidly for actual ground. Over real earth,
the resistance begins increasing at heights below
about 0.08 λ. The reason for the increasing resis-
tance at very low heights is that more and more of
the reactive (induction) field of the antenna is ab-
sorbed by the lossy ground in close proximity.

For a vertically polarized λ/2-long dipole,
differences between the effects of perfect ground
and real earth on the feed-point impedance is neg-
ligible, as seen in Fig 1. The theoretical half-wave antennas on which this chart is based are assumed to
have infinitely thin conductors.

GROUND SYSTEMS FOR VERTICAL MONOPOLES
In this section, we’ll look at vertical monopoles, which require some sort of ground system in order

to make up for the “missing” second half of the antenna. In Chapter 2 and up to this point in this
chapter, the discussion about vertical monopoles has  mainly been for antennas where “perfect ground”
is available. We have also briefly looked at the ground-plane vertical in free space, where the four
ground-plane radials form a built-in “ground” system.

Perfect ground makes a vertical monopole into the functional equivalent of a center-fed dipole,
although the feed-point resistance at resonance is half that of the center-fed dipole. But how can we
manage to create that elusive “perfect ground” for our real vertical antennas?

Simulating a Perfect Ground in the
Reactive Near Field

The effect of a perfectly conducting ground (as far as feed-point resistance and losses are con-
cerned) can be simulated under a real antenna by installing a very large metal screen or mesh, such as
poultry netting (chicken wire) or hardware cloth, on or near the surface of the ground. The screen (also
called a counterpoise system, especially if it is elevated off the ground) should extend at least a half
wavelength in every direction from the antenna. The feed-point resistance of a quarter-wave long, thin
vertical radiator over such a ground screen will approach the theoretical value of 36 Ω.

Based on the results of a study published in 1937 by Brown, Lewis and Epstein (see Bibliography),
a grounding system consisting of 120 wires, each at least λ/2 long, extending radially from the base of
the antenna and spaced equally around a circle, is also the practical equivalent of perfectly conducting
ground for reactive field currents. The wires can either be laid directly on the surface of the ground or
buried a few inches below.

Another approach to simulating a perfect ground system is to utilize the ground-plane antenna,

Fig 1—Variation in radiation resistance of vertical
and horizontal half-wave antennas at various
heights above flat ground. Solid lines are for
perfectly conducting ground; the broken line is
the radiation resistance of horizontal half-wave
antennas at low heights over real ground.
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with its four ground-plane radials elevated well above lossy earth. Heights greater than  λ/8 have
proven to yield excellent results. See Chapter 6 for more details on practical ground-plane verticals.

For a vertical antenna, a large ground screen, either made of wire mesh or a multitude of radials, or
an elevated system of ground-plane radials will reduce ground losses near the antenna. This is because
the screen conductors are solidly bonded to each other and the resistance is much lower than that of the
lossy, low-conductivity earth itself. If the ground screen or elevated ground plane were not present, RF
currents would be forced to flow through the lossy, low-conductivity earth to return to the base of the
radiator. The ground screen or elevated ground plane in effect shield ground-return currents from the
lossy earth.

Less-Than-Ideal Ground Systems
Now, what happens when something less than an ideal ground screen is used as the ground plane

for a vertical monopole? You will recall from Chapter 2 that an ideal ground-plane antenna in free
space requires only four radials as a ground counterpoise. Thus, the four-radial ground plane antenna
in free space represents one limit in the range of possibilities for a ground system, while a perfect
ground screen represents the other limit. Real antenna systems over real ground represent intermediate
points in this continuum of ground configurations.

A great deal of mystery and lack of information seems to surround the vertical antenna ground
system. In the case of ground-mounted vertical antennas, many general statements such as “the more
radials the better” and “lots of short radials are better than a few long ones” have served as rules of
thumb to some, but many questions as to relative performance differences and optimum number for a
given length remain unanswered. Most of these questions boil down to one: namely, how many radials,
and how long, should be used in a vertical antenna installation?

A ground system with 120 λ/2 radials is not very practical for many amateur installations, which
often must contend with limited space for putting together such an ideal system. Unfortunately, ground-
return loss resistance increases rapidly when the number of radials is reduced. At least 15 radials
should be used if at all possible. Experimental measurements show that with this number, the loss
resistance is such as to decrease the antenna efficiency to about 50% if the monopole vertical length is
λ/4.

As the number of radials is reduced, the vertical radiator length required for optimum results with
a particular number of radials also decreases—in other words, if only a small number of radials can be
used with a shortened vertical radiator, there is no point in extending them out λ/2. This comes about
because the reactive near field of a short vertical radiator extends out radially less than that for a full-
sized λ/4 vertical. With 15 radials, for example, a radiator length of λ/8 is sufficient. With as few as
two radials the length is almost unimportant, but the efficiency of a λ/4 antenna with such a grounding
system is only about 25%. (It is considerably lower with shorter antennas.)

In general, a large number of radials (even though some or all of them must be short) is preferable
to a few long radials for a vertical antenna mounted on the ground. The conductor size is relatively
unimportant; #12 to #28 copper wire is suitable. The measurement of the actual ground-loss resistance
at the operating frequency is difficult. The power loss in the ground depends on the current concentra-
tion near the base of the antenna, and this depends on the antenna height. Typical values for small
radial systems (15 or less) have been measured to be from about 5 to 30 Ω, for antenna heights from
λ/16 to λ/4. The impedance seen at the feed point of the antenna is the sum of the loss and the radiation
resistance.

Table 1 summarizes these conclusions. John Stanley, K4ERO, first presented this material in
December 1976 QST. One source of information on ground-system design is Radio Broadcast Ground
Systems (see the Bibliography at the end of this chapter). Most of the data presented in Table 1 is taken
from that source, or derived from the interpolation of data contained therein.

Table 1 gives numbers of radials and a corresponding optimum radial length for each case. Using
radials considerably longer than suggested for a given number or using a lot more radials than sug-
gested for a given length, while not adverse to performance, does not yield significant improvement
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Table 1
Optimum Ground-System Configurations

Configuration Designation
A B C D E F

Number of radials 16 24 36 60 90 120
Length of each radial in wavelengths 0.1 0.125 0.15 0.2 0.25 0.4
Spacing of radials in degrees 22.5 15 10 6 4 3
Total length of radial wire
   installed, in wavelengths 1.6 3 5.4 12 22.5 48
Power loss in dB at low angles with
   a quarter-wave radiating element 3 2 1.5 1 0.5 0*
Feed-point impedance in ohms with
   a quarter-wave radiating element 52 46 43 40 37 35

Note: Configuration designations are indicated only for text reference.
*Reference. The loss of this configuration is negligible compared to a perfectly conducting ground.

either. That would represent a nonoptimum use of wire and construction time. Each suggested configu-
ration represents an optimum relationship between length and number for a fixed amount of total. The
loss figures in Table 1 are calculated for a quarter-wave radiating element. A very rough approximation
of loss when using shorter antennas can be obtained by doubling the loss in dB each time the antenna
height is halved. For longer antennas the losses decrease, approaching 2 dB for configuration A of
Table 1 for a half-wave radiator. Longer antennas yield correspondingly better performance.

The table is based on average ground conductivity. Variation of the loss values shown can be
considerable, especially for configurations using fewer radials. Those building antennas over dry, sandy
or rocky ground should expect more loss. On the other hand, higher than average soil conductivity and
wet soils would make the “compromise” configurations (those with the fewest radials) even more
attractive.

When antennas are combined into arrays, either of parasitic or all-driven types, mutual impedances
lower the radiation resistance of the elements, drastically increasing the effects of ground loss. For
instance, an antenna with a 52-Ω feed-point impedance and 10 Ω of ground-loss resistance will have an
efficiency of approximately 83%. An array of two similar antennas in a driven array with the same
ground loss may have an efficiency of 70% or less. Special precautions must be taken in such cases to
achieve satisfactory operation. Generally speaking, a wide-spaced broadside array presents little prob-
lem, but a close-spaced end-fire array should be avoided for transmission, unless the lower loss con-
figurations are used or other precautions taken. Chapter 8 covers the subject of vertical arrays in great
detail.

In cases where directivity is desirable or real estate limitations dictates, longer, more closely spaced
radials can be installed in one direction, and shorter, more widely spaced in another. Multiband ground
systems can be designed using different optimum configurations for different bands. Usually it is most
convenient to start at the lowest frequency with fewer radials and add more short radials for better
performance on the higher bands.

There is nothing sacred about the exact details of the configurations given, and slight changes in
the number of radials and lengths will not cause serious problems. Thus, a configuration with 32 or 40
radials of 0.14 λ or 0.16 λ will work as well as configuration C shown in the table.

If less than 90 radials are contemplated, there is no need to make them a quarter wavelength long.
This differs rather dramatically from the case of a ground plane antenna, where four λ/4 resonant
radials are installed above ground. For the ground-mounted antenna, four λ/4 radials are far from opti-
mum. Because the radials of a ground-mounted vertical are actually on, if not slightly below the sur-
face, they are coupled by capacitance or conduction to the ground, and thus resonance effects are not
important. The basic function of radials is to provide a low-loss return path for ground currents. The
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reason that short radials are sufficient when few are used is that at the perimeter of the circle to which
the ground system extends, the few wires are so spread apart that most of the return currents are already
in the ground between the wires rather than in the wires themselves. As more wires are added, the
spaces between them are reduced and longer length helps to provide a path for currents still farther out.

Radio Broadcast Ground Systems states, “Experiments show that the ground system consisting of
only 15 radial wires need not be more than 0.1 wavelength long, while the system consisting of 113
radials is still effective out to 0.5 wavelength.” Many graphs in that publication confirm this statement.
This is not to say that these two systems will perform equally well; they most certainly will not. How-
ever, if 0.1 λ is as long as the radials can be, there is little point in using more than 15 of them.

The antenna designer should (1) study the cost of various radial configurations versus the gain of
each; (2) compare alternative means of improving transmitted signal and their cost (more power, etc);
(3) consider increasing the physical antenna height (the electrical length) of the vertical radiator, in-
stead of improving the ground system; and (4) use multielement arrays for directivity and gain, observ-
ing the necessary precautions related to mutual impedances discussed in Chapter 8.

The Effect of Ground in the Far Field
The properties of the ground in the far field of an antenna are very important, especially for a

vertically polarized antenna. Even if the ground system for a vertical has been optimized to reduce
ground-return losses in the reactive near field to an insignificant level, the electrical properties of the
ground may still diminish far-field performance to lower levels than “perfect-ground” analyses might
lead you to expect. The key is that ground reflections from horizontally and vertically polarized waves
behave very differently.

Reflections in General
Over flat ground, both horizontally or vertically polarized downgoing waves launched from an

antenna into the far field strike the surface and are reflected by a process very similar to that by which
light waves are reflected from a mirror. As is the case with light waves, the angle of reflection is the
same as the angle of incidence, so a wave striking the surface at an angle of, say, 15° is reflected
upward from the surface at 15°.

The reflected waves combine with direct waves (those radiated at angles above the horizon) in
various ways. Some of the factors that influence this combining process are the height of the antenna,
its length, the electrical characteristics of the ground, and as mentioned above, the polarization of the
wave. At some elevation angles above the horizon the direct and reflected waves are exactly in phase—
that is, the maximum field strengths of both waves are reached at the same time at the same point in
space, and the directions of the fields are the same. In such a case, the resultant field strength for that
angle is simply the sum of the direct and reflected fields. (This represents a theoretical increase in field
strength of 6 dB over the free-space pattern at these angles.)

At other elevation angles the two waves are completely out of phase—that is, the field intensities
are equal at the same instant and the directions are opposite. At still other angles, the resultant field will
have intermediate values. Thus, the effect of the ground is to increase radiation intensity at some eleva-
tion angles and to decrease it at others. When you plot the results as an elevation pattern, you will see
lobes and nulls, as described in Chapter 2.

The concept of an image antenna is often useful to show the effect of reflection. As Fig 2 shows,
the reflected ray has the same path length (AD equals BD) that it would if it originated at a virtual
second antenna with the same characteristics as the real antenna, but situated below the ground just as
far as the actual antenna is above it.

Now, if we look at the antenna and its image over perfect ground from a remote point on the
surface of the ground, we will see that the currents in a horizontally polarized antenna and its image are
flowing in opposite directions, or in other words, are 180° out of phase. But the currents in a vertically
polarized antenna and its image are flowing in the same direction—they are in phase. This 180° phase
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Fig 2—At any distant point, P, the field strength
will be the vector sum of the direct ray and the
reflected ra y. The reflected ray travels farther
than the direct ray by the distance BC, where the
reflected ray is considered to originate at the
“image” antenna.

Fig 3—Vertical-plane radiation pattern for a
ground-mounted quarter-wave vertical. The solid
line is the pattern for perfect earth. The shaded
pattern shows how the response is modified over
average earth (k = 13, G = 0.005 S/m) at 14 MHz.
ψ is the pseudo-Brewster angle (PBA), in this
case 14.8°.

difference between the vertically and horizontally polarized reflections off ground is what makes the
combinations with direct waves behave so very differently.

FAR-FIELD GROUND REFLECTION S AND THE VERTICAL ANTENNA
A vertical’s azimuthal directivity is omnidirectional. A λ/2 vertical over ideal earth has the eleva-

tion-plane radiation pattern shown by the solid line in Fig 3. Over real earth, however, the pattern
looks more like the shaded one in the same diagram. In this case, the low-angle radiation that might be
hoped for because of the perfect-ground performance is not realized.

Now look at Fig 4A, which compares the computed elevation-angle response for two half-wave
dipoles at 14 MHz. One is oriented horizontally over ground at a height of λ/2 and the other is oriented
vertically, with its center just over λ/4 high (so that the bottom end of the wire doesn’ t actually touch
the ground). The ground is “average” in dielectric constant and conductivity. At a 15° elevation angle,
the horizontally polarized dipole has almost 7 dB more gain than its vertical brother. Contrast Fig 4A
to the comparison in Fig 4B, where the peak gain of a vertically polarized half-wave dipole over
seawater, which is virtually perfect for RF reflections, is quite comparable with the horizontal dipole’s
response at 15°, and exceeds the horizontally polarized antenna dramatically below 15° elevation.

To understand why the desired low-angle radiation is not delivered over real earth, examine
Fig 5A . Radiation from each antenna segment reaches a point P in space by two paths; one directly
from the antenna, path AP, and the other by reflection from the earth, path AGP. (Note that P is so far
away that the slight difference in angles is insignificant—for practical purposes the waves are parallel
to each other at point P.)

If the earth were a perfectly conducting surface, there would be no phase shift of the vertically
polarized wave upon reflection at point G. The two waves would add together with some phase differ-
ence because of the different path lengths. This difference in path lengths of the two waves is why the
free-space radiation pattern differs from the pattern of the same antenna over ground. Now consider a
point P that is close to the horizon, as in Fig 5B. The path lengths AP and AGP are almost the same, so
the magnitudes of the two waves add together, producing a maximum at zero angle of radiation. The
arrows on the waves point both ways since the process works similarly for transmitting and receiving.

With real earth, however, the reflected wave undergoes a change in both amplitude and phase in
the reflection process. Indeed, at a low enough elevation angle, the phase of the reflected wave will
actually change by 180° and its magnitude will then subtract from that of the direct wave. At a zero
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Fig 4—At A, comparison of horizontal and
vertical λ/2 dipoles over average ground.
Average ground has conductivity of 5 mS/m and
dielectric constant of 13. Center of each antenna
is λ/2 over ground. Horizontal antenna is much
less affected by far-field ground losses
compared with its vertical counterpart . At B,
comparison of 20-meter λ/4 vertical dipole raised
λ/2 over seawater wit h λ/2 horizontal dipole, λ/2
over average ground. Seawater is great for
verticals!

Fig 5—The direct wave and the reflected wave
combine at point P to form the pattern ( P is very
far from the antenna) . At A the two paths A P and
AGP differ appreciably in length, while at B these
two path lengths are nearly equal.

takeoff angle, it will be almost equal in amplitude,
but 180° out of phase with the direct wave. Com-
plete cancellation will result in a null, inhibiting
any radiation or reception at 0°.

THE PSEUDO-BREWSTER ANGLE AND
THE VERTICAL ANTENNA

Much of the material presented here regard-
ing pseudo-Brewster angle was prepared by
Charles J. Michaels, W7XC, and first appeared in
July 1987 QST, with additional information in
The ARRL Antenna Compendium, Vol 3. (See the
Bibliography at the end of this chapter.)

Most fishermen have noticed that when the sun
is low, its light is reflected from the water’s sur-
face as glare, obscuring the underwater view. When
the sun is high, however, the sunlight penetrates
the water and it is possible to see objects below
the surface of the water. The angle at which this
transition takes place is known as the Brewster
angle, named for the Scottish physicist, Sir David
Brewster (1781-1868).

A similar situation exists in the case of verti-
cally polarized antennas; the RF energy behaves
as the sunlight in the optical system, and the earth
under the antenna acts as the water. The pseudo-
Brewster angle (PBA) is the angle at which the
reflected wave is 90° out of phase with respect to
the direct wave. “Pseudo” is used here because the
RF effect is similar to the optical effect from which
the term gets its name. Below this angle, the re-
flected wave is between 90° and 180° out of phase
with the direct wave, so some degree of cancella-
tion takes place. The largest amount of cancella-
tion occurs near 0°, and steadily less cancellation
occurs as the PBA is approached from below.

The factors that determine the PBA for a par-
ticular location are not related to the antenna it-
self, but to the ground around it. The first of these
factors is earth conductivity, G, which is a mea-
sure of the ability of the soil to conduct electricity.
Conductivity is the inverse of resistance. The sec-
ond factor is the dielectric constant, k, which is a
unitless quantity that corresponds to the capacitive
effect of the earth. For both of these quantities, the
higher the number, the better the ground (for verti-
cal antenna purposes). The third factor determin-
ing the PBA for a given location is the frequency
of operation. The PBA increases with increasing
frequency, all other conditions being equal.
Table 2 gives typical values of conductivity and
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dielectric constant for different types of soil. The map of Fig 6 shows the approximate conductivity
values for different areas in the continental United States.

As the frequency is increased, the role of the dielectric constant in determining the PBA becomes
more significant. Table 3 shows how the PBA varies with changes in ground conductivity, dielectric
constant and frequency. The table shows trends in PBA dependency on ground constants and frequency.
The constants chosen are not necessarily typical of any geographical area; they are just examples.

At angles below the PBA, the reflected vertically polarized wave subtracts from the direct wave,
causing the radiation intensity to fall off rapidly. Similarly, above the PBA, the reflected wave adds to
the direct wave, and the radiated pattern approaches the perfect-earth pattern. Fig 3 shows the PBA,
usually labeled ψB.

When plotting vertical-antenna radiation patterns over real earth, the reflected wave from an an-
tenna segment is multiplied by a factor called the ver tical reflection coefficient, and the product is then
added vectorially to the direct wave to get the resultant. The reflection coefficient consists of an attenu-
ation factor, A, and a phase angle, φ, and is usually expressed as A∠φ. (φ is always a negative angle,
because the earth acts as a lossy capacitor in this situation.) The following equation can be used to
calculate the reflection coefficient for vertically polarized waves, for earth of given conductivity and
dielectric constant at any frequency and elevation angle (also called the wave angle in many texts).
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k = dielectric constant of earth (k for air = 1)
G = conductivity of earth in S/m

Table 2
Conductivities and Dielectric Constants for Common Types of Earth
Surface Type Dielectric Conductivity Relative

Constant (S/m) Quality

Fresh water 80 0.001
Salt water 81 5.0
Pastoral, low hills, rich soil, typ Dallas,
   TX, to Lincoln, NE areas 20 0.0303 Very good
Pastoral, low hills, rich soil, typ OH and IL 14 0.01
Flat country, marshy, densely wooded,
   typ LA near Mississippi River 12 0.0075
Pastoral, medium hills and forestation,
   typ MD, PA, NY (exclusive of mountains
   and coastline) 13 0.006
Pastoral, medium hills and forestation,
   heavy clay soil, typ central VA 13 0.005 Average
Rocky soil, steep hills, typ mountainous 12-14 0.002 Poor
Sandy, dry, flat, coastal 10 0.002
Cities, industrial areas 5 0.001 Very Poor
Cities, heavy industrial areas, high buildings 3 0.001 Extremely poor
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Fig 6—Typical average soil conductivities for the continental United States. Numeric values indicate
conductivities in millisiemens per meter (mS/m), where 1.0 mS/m = 0.001 S/m.

Table 3
Pseudo-Brewste r Angle Variation with
Frequenc y, Dielectric Constant, and
Conductivity
Frequency, Dielectric Conductivity, PBA,
(MHz) constant (S/m) (degrees)
7 20 0.0303 6.4

13 0.005 13.3
13 0.002 15.0

5 0.001 23.2
3 0.001 27.8

14 20 0.0303 8.6
13 0.005 14.8
13 0.002 15.4

5 0.001 23.8
3 0.001 29.5

21 20 0.0303 10.0
13 0.005 15.2
13 0.002 15.4

5 0.001 24.0
3 0.001 29.8

f = frequency in MHz
j = complex operator  –1( )
Solving this equation for several points indicates

what effect the earth has on vertically polarized sig-
nals at a particular location for a given frequency
range. Fig 7 shows the reflection coefficient as a
function of elevation angle at 21 MHz over average
earth (G = 0.005 S/m, k = 13). Note that as the phase
curve, ψ, passes through 90°, the attenuation curve,
A, passes through a minimum at the same wave
angle, ψ. This is the PBA. At this angle, the reflected
wave is not only at a phase angle of 90° with re-
spect to the direct wave, but is so low in amplitude
that it does not aid the direct wave by a significant
amount. In the case illustrated in Fig 7 this eleva-
tion angle is about 15°.

Variations in PB A with Earth Quality
From Eq 1, it is quite a task to search for ei-

ther the 90° phase point or the attenuation curve
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minimum for a wide variety of earth conditions. Instead, the PBA can be calculated directly from the
following equation.

ΨB

2 2 2 2 2 2 2 2

2 2 2

k –1 x k k –1 x x k –1
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        k, G and f are as defined for Eq 1.

Fig 8 shows curves calculated using Eq 2 for
several different earth conditions, at frequencies
between 1.8 and 30 MHz. As expected, poorer
earths yield higher PBAs. Unfortunately, at the
higher frequencies (where low-angle radiation is
most important for DX work), the PBAs are high-
est. The PBA is the same for both transmitting and
receiving.

Relating PB A to Location and Frequency
Table 2 lists the physical descriptions of vari-

ous kinds of earth with their respective conduc-
tivities and dielectric constants, as mentioned ear-
lier. Note that in general, the dielectric constants
and conductivities are higher for better earths.
This enables the labeling of the earth characteris-
tics as extremely poor, very poor, poor, average,
very good, and so on, without the complications
that would result from treating the two parameters
independently.

Fresh water and salt water are special cases;
in spite of high resistivity, the fresh-water PBA is
6.4°, and is nearly independent of frequency be-
low 30 MHz. Salt water, because of its extremely
high conductivity, has a PBA that never exceeds
1° in this frequency range. The extremely low
conductivity listed for cities (last case) in Table 2
results more from the clutter of surrounding build-
ings and other obstructions than any actual earth
characteristic. The PBA at any location can be
found for a given frequency from the curves in
Fig 8.

FLAT-GROUND REFLECTIONS AND
HORIZONTALLY POLARIZED WAVES

The situation for horizontal antennas is dif-
ferent from that of verticals. Fig 9 shows the re-
flection coefficient for horizontally polarized

Fig 7—Reflection coefficient for vertically
polarized waves . A and φ are magnitude and
angle for wave angles ψ. This case is for average
earth, (k = 13, G = 0.005 S/m), at 21 MHz.

Fig 8—Pseudo-Brewster angle ( ψ) for various
qualities of earth over the 1.8 to 30-MHz
frequency range. Note that the frequency
scale is logarithmic. The constants used for
each curve are given in  Table 2 .
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Fig 9—Reflection coefficient for horizontally
polarized waves (magnitude A at angle φ), at
21 MHz over average earth (k = 13, G = 0.005 S/m).

Fig 10—Effect of the ground on the radiation
from a horizontal half-wave antenna, for heights
of one-fourth and one-half wavelength. Broken
lines show what the pattern would be if there
were no reflection from the ground (free space).

waves over average earth at 21 MHz. Note that in this case, the phase-angle departure from 0° never
gets very large, and the attenuation factor that causes the most loss for high-angle signals approaches
unity for low angles. Attenuation increases with progressively poorer earth types.
In calculating the broadside radiation pattern of a horizontal λ/2 dipole, the perfect-earth image cur-
rent, equal to the true antenna current but 180° out of phase with it) is multiplied by the horizontal
reflection coefficient given by Eq 3 below. The product is then added vectorially to the direct wave to
get the resultant at that elevation angle. The reflection coefficient for horizontally polarized waves can
be calculated using the following equation.

A   = k' – cos –sin

k' – cos sin
Horiz
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Ψ ψ    (Eq 3)

where
AHoriz∠φ = horizontal reflection coefficient
ψ = elevation angle
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k = dielectric constant of earth
G = conductivity of earth in S/m
f = frequency in MHz
j = complex operator (  –1 )

For a horizontal antenna near the earth, the resultant pattern is a modification of the free-space
pattern of the antenna. Fig 10 shows how this modification takes place for a horizontal λ/2 antenna
over a perfectly conducting flat surface. The patterns at the left show the relative radiation when one
views the antenna from the side; those at the right show the radiation pattern looking at the end of the
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antenna. Changing the height above ground from λ/4 to λ/2  makes a significant difference in the high-
angle radiation, moving the main lobe down lower.

Note that for an antenna height of λ/2 (Fig 10, bottom), the out-of-phase reflection from a perfectly
conducting surface creates a null in the pattern at the zenith (90° elevation angle). Over real earth,
however, a “filling in” of this null occurs because of ground losses that prevent perfect reflection of
high-angle radiation.

At a 0° elevation angle, horizontally polarized antennas also demonstrate a null, because out-of-
phase reflection cancels the direct wave. As the elevation angle departs from 0°, however, there is a
slight filling-in effect so that over other-than-perfect earth, radiation at lower angles is enhanced com-
pared to a vertical. A horizontal antenna will often outperform a vertical for low-angle DX work, par-
ticularly over lossy types of earth at the higher frequencies.

Reflection coefficients for vertically and horizontally polarized radiation differ considerably at most
angles above ground, as can be seen by comparison of Figs 7 and 8. (Both sets of curves were plotted for
the same ground constants and at the same frequency, so they may be compared directly.) This is because,
as mentioned earlier, the image of a horizontally polarized antenna is out of phase with the antenna itself,
and the image of a vertical antenna is in phase with the actual radiator.

The result is that the phase shifts and reflection magnitudes vary greatly at different angles for
horizontal and vertical polarization. The magnitude of the reflection coefficient for vertically polarized
waves is greatest (near unity) at very low angles, and the phase angle is close to 180°. As mentioned
earlier, this cancels nearly all radiation at very low angles. For the same range of angles, the magnitude
of the reflection coefficient for horizontally polarized waves is also near unity, but the phase angle is
near 0° for the specific conditions shown in Figs 7 and 9. This causes reinforcement of low-angle
horizontally polarized waves. At some relatively high angle, the reflection coefficients for horizontally
and vertically polarized waves are equal in magnitude and phase. At this angle (approximately 81° for
the example case), the effect of ground reflection on vertically and horizontally polarized signals will
be exactly the same.

DEPTH OF RF CURRENT PENETRATION
When considering earth characteristics, questions about depth of RF current penetration often arise.

For instance, if a given location consists of a 6-foot layer of soil overlying a highly resistive rock strata,
which material dominates? The answer depends on the frequency, the soil and rock dielectric constants,
and their respective conductivities. The following equation can be used to calculate the current density at
any depth.

e –pd Current Density at Depth D
Current Density at Surface=    (Eq 4)
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d = depth of penetration in cm
e = natural logarithm base (2.718)
X = 0.008 × π2 × f
B = 5.56 × 10–7 × k × f
k = dielectric constant of earth
f = frequency in MHz
G = conductivity of earth in S/m

After some manipulation of this equation, it can be used to calculate the depth at which the current
density is some fraction of that at the surface. The depth at which the current density is 37% (1/e) of
that at the surface (often referred to as skin depth) is the depth at which the current density would be
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Fig 11—Depths at which the current density is
37% of that at the surface for different qualities of
earth over the 1.8 to 30-MHz frequency range. The
depth for fresh wate r, not plotted, is 156 feet and
almost independent of frequency below 30 MHz.
See text and  Table 2  for ground constants.

zero if it were distributed uniformly instead of exponentially. (This 1/e factor appears in many physical
situations. For instance, a capacitor charges to within 1/e of full charge within one RC time constant.)
At this depth, since the power loss is proportional to the square of the current, approximately 91% of
the total power loss has occurred, as has most of the phase shift, and current flow below this level is
negligible.

Fig 11 shows the solutions to Eq 4 over the 1.8 to 30-MHz frequency range for various types of earth.
For example, in very good earth, substantial RF currents flow down to about 3.3 feet at 14 MHz. This
depth goes to 13 feet in average earth and as far as 40 feet in very poor earth. Thus, if the overlying soil is
rich, moist loam, the underlying rock strata is of little concern. However, if the soil is only average, the
underlying rock may constitute a major consideration in determining the PBA and the depth to which the
RF current will penetrate.

The depth in fresh water is about 156 feet and is nearly independent of frequency in the amateur
bands below 30 MHz. In salt water, the depth is about seven inches at 1.8 MHz and decreases rather
steadily to about two inches at 30 MHz. Dissolved minerals in moist earth increase its conductivity.

The depth-of-penetration curves in Fig 11 illustrate a noteworthy phenomenon. While skin effect
confines RF current flow close to the surface of a conductor, the earth is so lossy that RF current
penetrates to much greater depths than in most other media. The depth of RF current penetration is a
function of frequency as well as earth type. Thus, the only cases in which most of the current flows
near the surface are with very highly conductive media (such as salt water), and at frequencies above
30 MHz.

DIRECTIVE PATTERNS OVER REAL GROUND
As explained in Chapter 2, because antenna radiation patterns are three-dimensional, it is helpful

in understanding their operation to use a form of representation showing the vertical directional char-
acteristic for different heights. It is possible to show selected vertical-plane patterns oriented in vari-
ous directions with respect to the antenna axis. In the case of the horizontal half-wave dipole, a plane
running in a direction along the axis and another broadside to the antenna will give a good deal of
information.

The effect of reflection from the ground can be expressed as a separate pattern factor, given in
decibels. For any given elevation angle, adding this factor algebraically to the value for that angle from

the free-space pattern for that antenna gives the
resultant radiation value at that angle. The limit-
ing conditions are those represented by the direct
ray and the reflected ray being exactly in phase
and exactly out of phase, when both, assuming
there are no ground losses, have equal amplitudes.
Thus, the resultant field strength at a distant point
may be either 6 dB greater than the free-space
pattern (twice the field strength), or zero, in the
limiting cases.

Horizontally Polarize d Antennas
The way in which pattern factors vary with

height for horizontal antennas over flat earth is
shown graphically in the plots of Fig 12. The solid-
line plots are based on perfectly conducting
ground, while the shaded plots are based on typi-
cal real-earth conditions. These patterns apply to
horizontal antennas of any length. While these
graphs are, in fact, radiation patterns of horizon-
tal single-wire antennas (dipoles) as viewed from
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the axis of the wire, it must be remembered that the plots merely represent pattern factors.
Vertical radiation patterns in the directions off the ends of a horizontal half-wave dipole are shown in

Fig 13 for various antenna heights. These patterns are scaled so they may be compared directly to those
for the appropriate heights in Fig 12. Note that the perfect-earth patterns in Figs 13A and 12B are the
same as those in the upper part of Fig 10. Note also that the perfect-earth patterns of Figs 13B and 12D
are the same as those in the lower section of Fig 10. The reduction in field strength off the ends of the
wire at the lower angles, as compared with the broadside field strength, is quite apparent. It is also clear
from Fig 13 that, at some heights, the high-angle radiation off the ends is nearly as great as the broadside
radiation, making the antenna essentially an omnidirectional radiator.

In vertical planes making some intermediate angle between 0° and 90° with the wire axis, the
pattern will have a shape intermediate between the broadside and end-on patterns. By visualizing a
smooth transition from the end-on pattern to the broadside pattern as the horizontal angle is varied
from 0° to 90°, a fairly good mental picture of the actual solid pattern may be formed. An example is
shown in Fig 14. At A, the vertical pattern of a half-wave dipole at a height of λ/2 is shown through a

Fig 12—Reflection factors for horizontal antennas at various heights above flat ground. The solid-line
curves are the perfect-earth patterns (broadside to the antenna wire); the shaded curves represent the
effects of average earth (k = 13, G = 0.005 S/m) at 14 MHz . Add 7 dB to values shown for absolute gain
in dBd referenced to dipole in free space, or 9.15 dB for gain in dBi. For example, peak gain over
perfect earth at 3/8 λ height is 7 dBd (or 9.15 dBi) at 25 ° elevation.
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Fig 13—Vertical-plane radiation patterns of horizontal half-wave antennas off the ends of the antenna
wire. The solid-line curves are the flat, perfect-earth patterns, and the shaded curves represent the
effects of average flat earth (k = 13, G = 0.005 S/m) at 14 MHz. The 0-dB reference in each plot
corresponds to the peak of the main lobe in the favored direction of the antenna (the maximum gain).
Add 7 dB to values shown for absolute gain in dBd referenced to dipole in free space, or 9.15 dB for
gain in dBi.

Fig 14—Vertical-plane radiation patterns of half-wave horizontal antennas at 4 5° from the antenna
wire over flat ground. The solid-line and shaded curves represent the same conditions as in Figs 12
and 13. These patterns are scaled so they may be compared directly with those of Figs 12 and 13.

plane 45° away from the favored direction of the antenna. At B and C, the vertical pattern of the same
antenna is shown at heights of 3λ/4 and 1 λ (through the same 45° off-axis plane). These patterns are
scaled so they may be compared directly with the broadside and end-on patterns for the same antenna
(at the appropriate heights) in Figs 12 and 13.

The curves presented in Fig 15 are useful for determining heights of horizontal antennas that give
either maximum or minimum reinforcement at any desired wave angle. For instance, if you want to
place an antenna at a height so that it will have a null at 30°, the antenna should be placed  where a
broken line crosses the 30° line on the horizontal scale. There are two heights (up to 2 λ) that will yield
this null angle: 1 λ and 2 λ.

As a second example, you may want to have the ground reflection give maximum reinforcement of
the direct ray from a horizontal antenna at a 20° elevation angle. The antenna height should be 0.75 λ.
The same height will give a null at 42° and a second lobe at 90°.

Fig 15 is also useful for visualizing the vertical pattern of a horizontal antenna. For example, if an
antenna is erected at 1.25 λ, it will have major lobes (solid-line crossings) at 12° and 37°, as well as at 90°
(the zenith). The nulls in this pattern (dashed-line crossings) will appear at 24° and 53°. By using Fig 15
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along with wave-angle information contained in
Chapter 23, it is possible to calculate the antenna
height that will best suit your needs, remembering
that this is for flat-earth terrain.

Vertically Polarized Antennas
In the case of a vertical λ/2 dipole or a ground-

plane antenna, the horizontal directional pattern is
simply a circle at any elevation angle (although the
actual field strength will vary, at the different el-
evation angles, with the height above ground).
Hence, one vertical pattern is sufficient to give com-
plete information (for a given antenna height) about
the antenna in any direction with respect to the wire.
A series of such patterns for various heights is given
in Fig 16. The three-dimensional radiation pattern
in each case is formed by rotating the plane pattern
about the zenith axis of the graph.

The solid-line curves represent the radiation
patterns of the λ/2 vertical dipole at different feed-
point heights over perfectly conducting ground. The
shaded curves show the patterns produced by the
same antennas at the same heights over average
ground (G = 0.005 S/m, k = 13) at 14 MHz. The
PBA in this case is 14.8°.

In short, far-field losses for vertically polarized
antennas are highly dependent on the conductivity and dielectric constant of the earth around the an-
tenna, extending far beyond the ends of any radials used to complete the ground return for the near field.

Fig 15—Angles at which nulls and maxima
(factor = 6 dB) in the ground reflection factor
appear for antenna heights up to two
wavelengths over flat ground. The solid lines
are maxima, dashed lines nulls, for all horiz-
ontal antennas. See text for examples. Values
may also be determined from the trigonometric
relationship θ = arc sin (A/4h), where θ is the
wave angle and h is the antenna height in
wavelengths. For the first maximum, A has a
value of 1; for the first null A has a value of 2,
for the second maximum 3, for the second
null 4, and so on.

Fig 16—Vertical-plane radiation patterns of a groundplane antenna above flat ground. The height is
that of the ground plane, which consists of four radials in a horizontal plane. Solid lines are perfect-
earth patterns; shaded curves show the effects of real earth. The patterns are scaled—that is, they
may be directly compared to the solid-line ones for comparison of losses at any wave angle. These
patterns were calculated for average ground (k = 13, G = 5 mS/m) at 14 MHz. The PBA for these
conditions is 14.8 °. Add 6 dB to values shown for absolute gain in dBd over dipole in free space.
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Putting more radials out around the antenna may well decrease ground-return losses in the reactive near
field for a vertical monopole, but will not increase radiation at low elevation launch angles in the far
field, unless the radials can extend perhaps 100 wavelengths in all directions! Aside from moving to the
fabled “salt water swamp on a high hill,” there is very little that someone can do to change the character
of the ground that affects the far-field pattern of a real vertical. Classical texts on verticals often show
elevation patterns computed over an “infinitely wide, infinitely conducting ground plane.”  Real ground,
with finite conductivity and less-than-perfect dielectric constant, can severely curtail the low-angle ra-
diation at which verticals are supposed to excel.

While real verticals over real ground are not a sure-fire method to achieve low-angle radiation,
cost versus performance and ease of installation are still attributes that can highly recommend verticals
to knowledgeable builders. Practical installations for 160 and 80 meters rarely allow amateurs to put
up a horizontal antenna high enough to radiate effectively at low elevation angles. After all, a half-
wave on 1.8 MHz is 273 feet high, and even at such a lofty height the peak radiation would be at a 30°
elevation angle.

The Effects of Irregular Local Terrain in the Far Field
The following material is condensed and updated from an article by R. Dean Straw, N6BV, in July

1995 QEX magazine. The YT program, standing for “Yagi Terrain Analysis,” and supporting data files
are included on the CD-ROM.

Choosing a QTH for DXing
The subject of how to choose a QTH for working DX has fascinated hams since the beginning of

amateur operations. No doubt, Marconi probably spent a lot of time wandering around Newfoundland
looking for a great radio QTH before making the first transatlantic transmission. Putting together a
high-performance HF station for contesting or DXing has always followed some pretty simple rules.
First, you need the perfect QTH, preferably on a rural mountain top or at least on top of a hill. Even
better yet, you need a mountaintop surrounded by seawater! Then, after you have found your dream
QTH, you put up the biggest antennas you possibly can, on the highest towers you can afford. Then you
work all sorts of DX—sunspots willing, of course.

The only trouble with this straightforward formula for success is that it doesn’t always work.
Hams fortunate enough to be located on mountaintops with really spectacular drop-offs often find that
their highest antennas don’t do very well, especially on 15 or 10 meters, but often even on 20 meters.
When they compare their signals with nearby locals in the flatlands, they sometimes (but not always)
come out on the losing end, especially when sunspot activity is high.

On the other hand, when the sunspots drop into the cellar, the high antennas on the mountaintop
are usually the ones crunching the pileups—but again, not always. So, the really ambitious contest
aficionados, the guys with lots of resources and infinite enthusiasm, have resorted to putting up anten-
nas at all possible heights, on a multitude of towers.

There is a more scientific way to figure out where and how high to put your antennas to optimize
your signal during all parts of the 11-year solar cycle. We advocate a system approach to HF station
design, in which you need to know the following:

1. The range of elevation angles necessary to get from point A to point B
2. The elevation patterns for various types and configurations of antennas
3. The effect of local terrain on elevation patterns for horizontally polarized antennas.

WHAT IS THE RANGE OF ELEVATION ANGLES NEEDED?
Until 1994, The ARRL Antenna Book contained only a limited amount of information about the

elevation angles needed for communication throughout the world. In the 1974 edition, Table 1-1 in the
Wave Propagation chapter was captioned: “Measured vertical angles of arrival of signals from
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England at receiving location in New Jersey.”
What the caption didn’t say was that Table 1-1 was derived from measurements made during 1934

by Bell Labs. The highest frequency data seemed pretty shaky, considering that 1934 was the low point
of Cycle 17. Neither was this data applicable to any other path, other than the one from New Jersey to
England. Nonetheless, many amateurs located throughout the US tried to use the sparse information in
Table 1-1 as the only rational data they had for determining how high to mount their antennas. (If they
lived on hills, they made estimates on the effect of the terrain, assuming that the hill was adequately
represented by a long, unbroken slope. More on this later.)

In 1993 ARRL HQ embarked on a major project to tabulate the range of elevation angles from all
regions of the US to important DX QTHs around the world. This was accomplished by running many
thousands of computations using the IONCAP computer program. IONCAP has been under develop-
ment for more than 25 years by various agencies of the US government and is considered the standard
of comparison for propagation programs by many agencies, including the Voice of America, Radio
Free Europe, and more than 100 foreign governments throughout the world. IONCAP is a real pain in
the neck to use, but it is the standard of comparison.

The calculations were done for all levels of solar activity, for all months of the year, and for all 24
hours of the day. The results were gathered into some very large databases, from which special custom-
written software extracted detailed statistics. The results appeared in summary form in Tables 4 through
13 printed in the chapter “Radio Wave Propagation,” Chapter 23, of the 17th Edition and in more detail
on the diskette included with that book. (This book, the 18th Edition, contains even more statistical
data, for more areas of the world, on the accompanying diskette.)

Fig 17 reproduces Fig 28 from Chapter 23. This depicts the full range of elevation angles for the
20-meter path from Newington, Connecticut, to all of Europe. This is for all openings, in all months,
over the entire 11-year solar cycle. The most likely elevation angle occurs between 10° to 12° for about
42% of the times when the band is open. There is a secondary peak between 4° to 6°, occurring for
about 29% of the time the band is open.

In Fig 17, the statistical angle information is also overlaid with the elevation responses for three
different antenna configurations, all mounted over flat ground. The stack of four 4-element Yagis at
120, 90, 60 and 30 feet best covers the whole range of necessary elevation angles among the three

systems shown, with the best single antenna argu-
ably being the 90-foot high Yagi.

Now, we must emphasize that these are statis-
tical entities— in other words, just because 11° is
the “statistically most likely angle” for the 20-meter
path from New England to Europe doesn’t mean
that the band will be open at 11° at any particular
hour, on a particular day, in a particular month, in
any particular year. In fact, however, experience
agrees with the IONCAP computations: the 20-
meter path to Europe from New England usually
opens at a low angle in the morning hours, rising
to about 11° during the afternoon, when the signals
remain strongest throughout the afternoon until the
evening.

Now see Fig 18. Just because 9º is the statisti-
cally most prevalent angle (occurring some 22%
of the time) from Seattle to Europe on 20 meters,
this doesn’ t mean that the actual angle at any par-
ticular moment in time might not be 10º, or even
2º. The statistics for W7 to Europe say that 9º is

Fig 17—Graph showing 20-meter percentage of
all openings from New England to Europe versus
elevation angles, together with overlay of
elevation patterns over flat ground for three 20-
meter antenna systems. The most statistically
likely angle at which the band will be open is 11°,
although at any particular hou r, day, month and
year, the actual angle may well be different.
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Fig 18—Graph showing 20-meter percentage of
all openings, this time from Seattle, WA, to
Europe, together with overlay of elevation
patterns over flat ground for three 20-meter
antenna systems. The statistically most likely
angle on this path is 9 °, occurring about 22% of
the time when the band is actually open. Higher
antennas predominate on this path.

Fig 19—Graph showing 20-meter percentage of
all openings from Chicago to Souther n Africa,
together with overlay of elevation patterns over
flat ground for three 20-meter antenna systems.
On this long-distance path, higher antennas are
most effective.

the most likely angle, but 20-meter signals from Europe arrive at angles ranging from 1º to 13º. If you
design an antenna system to cover all possible angles needed to talk to Europe from Seattle (or from
Seattle to Europe) on 20 meters, you would need to cover the full range from 1º to 13º equally well.

Similarly, if you wish to cover the full range of elevation angles from Chicago to Southern Africa
on 15 meters, you would need to cover 1º to 14º, even though the most statistically likely signals arrive
at 10º, for 34% of the time when the band is open for that path. See Fig 19.

DRAWBACKS OF COMPUTER MODELS FO R ANTENNAS OVER REA L TERRAIN
Modern general-purpose antenna modeling programs such as NEC or MININEC (or their commer-

cially upgraded equivalents, such as NEC/Wires or EZNEC) can accurately model almost any type of
antenna commonly used by radio amateurs. In addition, there are specialized programs specifically
designed to model Yagis efficiently, such as YO, YA (Yagi Analyzer , included on the diskette with this
book) or YagiMax. These programs however are all unable to model antennas accurately over anything
other than purely flat ground.

While both NEC and MININEC can simulate irregular ground terrain, they do so in a decidedly
crude manner, employing step-like concentric rings of height around an antenna. The documentation
for NEC and MININEC both clearly state that diffraction off these “steps” is not modeled. Common
experience among serious modelers is that the warnings in the manuals are well worth heeding!

Although analysis and even optimization of antenna designs can be done using free-space or flat-
earth ground models, it is diffraction that makes the real world a very, very complicated place indeed.
This should be clarified—diffraction is hard, even tortuous, to analyze properly, but it makes analysis of
real world results far more believable than a flat-world reflection model does.

RAY-TRACING OVER UNEVEN LOCA L TERRAIN
The Raytracing Technique

First, let’s look at a simple raytracing procedure involving only horizontally polarized reflections,
with no diffractions. From a specified height on the tower, an antenna shoots “rays” (just as though
they were bullets) in 0.25° increments from +35° above the horizon to –35° below the horizon. Each
ray is traced over the foreground terrain to see if it hits the ground at any point on its travels in the
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direction of interest. If it does hit the ground, the ray is reflected following the classical “law of reflec-
tion.” That is, the outgoing angle equals the incoming angle, reflected through the normal to the slope
of the surface. Once the rays exit into the ionosphere, the individual contributions are vector-summed
to create the overall far-field elevation pattern.

The next step in terrain modeling involves adding diffractions as well as reflections. At the Dayton
antenna forum in 1994, Jim Breakall, WA3FET, gave a fascinating and tantalizing lecture on the effect
of foreground terrain. Later Breakall, Dick Adler, K3CXZ, Joel Young and a group of other researchers
published an extremely interesting paper entitled “The Modeling and Measurement of HF Antenna
Skywave Radiation Patterns in Irregular Terrain” in the July 1994 IEEE Transactions on Antennas and
Propagation. They described in rather general terms the modifications they made to the NEC-BSC
program. They showed how the addition of a ray-tracing reflection and diffraction model to the sim-
plistic stair-stepped reflection model in regular NEC gave far more realistic results. For validation,
they compared actual pattern measurements made on a site in Utah (with an overflying helicopter) to
computed patterns made using the modified NEC software. However, because the work was funded by
the US Navy, the software was, and still is, a military secret.

Thumbnail History of the Uniform Theory of Diffraction
It is instructive to look briefly at the history of how “Geometric Optics” (GO) evolved (and still

continues to evolve) into the “Uniform Theory of Diffraction” (UTD). The following is summarized
from the historical overview in one book found to be particularly useful and comprehensive on the
subject of UTD: Introduction to the Uniform Geometrical Theory of Diffraction, by McNamara, Pistorius,
and Malherbe.

Many years before the time of Christ, the ancient Greeks studied optics. Euclid is credited with
deriving the law of reflection about 300 BC. Other Greeks, such as Ptolemy, were also fascinated with
optical phenomena. In the 1600s, a Dutchman named Snell finally figured out the law of refraction,
resulting in Snell’s law. By the early 1800s, the basic world of classical optics was pretty well described
from a mathematic point of view, based on the work of a number of individuals.

As its name implies, classical geometric optical theory deals strictly with geometric shapes. Of
course, the importance of geometry in optics shouldn’t be minimized—after all, we wouldn’t have
eyeglasses without geometric optics. Mathematical analysis of shapes utilizes a methodology that traces
the paths of straight-line rays of light. (Note that the paths of rays can also be likened to the straight-
line paths of particles.) In classical geometric optics, however, there is no mention of three important
quantities: phase, intensity and polarization. Indeed, without phase, intensity or polarization, there is
no way to deal properly with the phenomenon of interference, or its cousin, diffraction. These phenom-
ena require theories that deal with waves rather than rays.

Wave theory has also been around for a long time, although not as long as geometry. Workers like
Hooke and Grimaldi had recorded their observations of interference and diffraction in the mid 1600s.
Huygens had used elements of wave theory in the late 1600s to help explain refraction. By the late 1800s,
the work of Lord Rayleigh, Sommerfeld, Fresnel, Maxwell and many others led to the full mathematic
characterization of all electromagnetic phenomena, light included.

Unfortunately, ray theory doesn’t work for many problems, at least ray theory in the classical
optical form. The real world is a lot more jagged, pointy and fuzzy in shape than can be described in a
totally rigorous mathematic fashion. Some properties of the real world are most easily explained on the
micro level using electrons and protons as conceptual objects, while other macro phenomena (like
resonance, for example) are more easily explained in terms of waves. To get a handle on a typical real-
world physical situation, a combination of classical ray theory and wave theory was needed.

The breakthrough in the combination of classical geometric optics and wave concepts came from
J. B. Keller of Bell Labs in 1953, although he published his work in the early 1960s. In the very
simplest of terms, Keller introduced the notion that shooting a ray at a diffraction “wedge” causes wave
interference at the tip, with an infinite number of diffracted waves emanating from the diffraction
point. Each diffracted wave can be considered to be a point source radiator at the place of generation,
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Fig 20—Diagram showing
diffraction mechanism of ray
launched at angl e αr below horizon
at diffraction wedge, whose
included angle is α. Referenced to
the incident face (the “o-face” as it
is called in UTD terminology), the
incoming angle is φ' (phi prime).
The wedge creates an infinite
number of diffracted waves. Shown
is one whose angle referenced to
the o-face i s φ, the so-called
“observation angle” in UTD
terminolog y.

the diffraction point. Thereafter, the paths of individual waves can be traced as though they were indi-
vidual classical optic rays again. What Keller came up with was a reasonable mathematical description
of what happens at the tip of the diffraction wedge.

Fig 20 is a picture of a simple diffraction wedge, with an incoming ray launched at an angle of αr,
referenced to the horizon, impinging on it. The diffraction wedge here is considered to be perfectly
conducting, and hence impenetrable by the ray. The wedge generates an infinite number of diffracted
waves, going in all directions not blocked by the wedge itself. The amplitudes and phases of the dif-
fracted waves are determined by the interaction at the wedge tip, and this in turn is governed by the
various angles associated with the wedge. Shown in Fig 20 are the included angle α of the wedge, the
angle φ' of the incoming ray (referenced to the incoming surface of the wedge), and the observed angle φ
of one of the outgoing diffracted waves, also referenced to the wedge surface.

The so-called “shadow boundaries” are also shown in Fig 20. The Reflection-Shadow Boundary
(RSB) is the angle beyond which no further reflections can take place for a given incoming angle. The
Incident-Shadow Boundary (ISB) is that angle beyond which the wedge’s face blocks any incident rays
from illuminating the observation point.

Keller derived the amplitude and phase terms by comparing the classical Geometric Optics (GO)
solution with the exact mathematical solution calculated by Sommerfeld for a particular case where the
boundary conditions were well known—an infinitely long, perfectly conducting wedge illuminated by
a plane wave. Simply speaking, whatever was left over had to be diffraction terms. Keller combined
these diffraction terms with GO terms to yield the total field everywhere.

Keller’s new theory became known as the Geometric Theory of Diffraction (abbreviated hence-
forth as GTD). The beauty of GTD was that in the regions where classical GO predicted zero fields, the
GTD “filled in the blanks,” so to speak. For example, see Fig 21, showing the terrain for a hypothetical
case, where a 60-foot high 4-element 15-meter Yagi illuminates a wide, perfectly flat piece of ground.
A 10-foot high rock has been placed 400 feet away from the tower base in the direction of outgoing
rays. Fig 22 shows the elevation pattern predicted using reflection-only GO techniques. Due to block-
age of the direct wave (A) trying to shoot past the 10-foot high rock, and due to blockage of (B)
reflections from the flat ground in front of the rock, there is a “hole” in the smooth elevation pattern.

Now, doesn’t it defy common sense to imagine that a single 10-foot high rock will really have such an
effect on a 15-meter signal? Keller’s GTD took diffraction effects into account to show that waves do indeed
sneak past and over the rock to fill in the pattern. The whole GTD scheme is very clever indeed.

However, GTD wasn’t perfect. Keller’s GTD predicts some big spikes in the pattern, even though
the overall shape of the elevation pattern is much closer to reality than a simple GO reflection analysis
would indicate. The region right at the RSB and ISB shadow boundaries is where problems are found.
The GO terms go to zero at these points because of blockage by the wedge, while Keller’s diffraction
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Fig 21—Hypothetical terrain exhibiting so-called
“10-foot rock effect.” The terrain is flat from the
tower base out to 400 feet, where a 10-foot high
rock is placed. Note that this forms a diffraction
wedge, but that it also blocks direct waves trying
to shoot through it to the flat surface beyond, as
shown by Ra y A. Ray B reflects off the flat
surface before it reaches the 10-foot rock, but it
is blocked by the rock from proceeding furthe r. A
simple Geometric Optics (GO) analysis of this
terrain without taking diffraction into account will
result in the elevation response shown in Fig 22.

Fig 22—Elevation response for rays launched at
terrain in Fig 21 from a height of 60 feet using a
4-element Yagi. This was computed using a
simple Geometrical Optics (GO) reflection-only
analysis. Note the “hole” in the response
between 6 ° to 10 ° in elevation. It is not reason-
able for a 10-foot high rock to create such a
disturbance at 21 MHz!

terms tend to go to infinity at these very spots. In mathematical terms this is referred to as a “caustic
problem.” Nevertheless, despite these nasty problems at the ISB and RSB, the GTD provided a remark-
ably better solution to diffraction problems than did classical GO.

In the early 1970s, a group at Ohio State University under R. G. Kouyoumjian and P. H. Pathak did
some pivotal work to resolve this caustic problem, introducing what amounts to a clever “fudge factor”
to compensate for the tendency of the diffraction terms at the shadow boundaries to go to infinity. They
introduced what is known as a “transition function,” using a form of Fresnel integral. Most impor-
tantly, the Ohio State researchers also created several FORTRAN computer programs to compute the
amplitude and phase of diffraction components. Now computer hackers could get to work!

The program that resulted is called YT, standing for “Yagi Terrain.” As the name suggests, YT
analyzes the effect of local terrain—for Yagis only, and only for horizontally polarized Yagis. The
accurate appraisal of the effect of terrain on vertically polarized signals is a far more complex problem
than for horizontally polarized waves.

SIMULATION OF REALITY—SOME SIMPLE EXAMPLES FIRST
We want to focus first on some simple results, to show that the computations do make some sense

by presenting some simulations over simple terrains. We’ve already described the “10-foot rock at 400
feet” situation, and showed where a simple GO reflection analysis is inadequate to the task without
taking diffraction effects into account.

Now look at the simple case shown in Fig 23, where a very long, continuous downslope from the
tower base is shown. Note that the scales used for the X and Y-axes are different: the Y-axis changes
300 feet in height (from 800 to 1100 feet), while the X-axis goes from 0 to 3000 feet. This exaggerates
the apparent steepness of the downward slope, which is actually a rather gentle slope, at tan–1 (1000-
850) / (3000 – 0) =–2.86°. In other words, the terrain falls 150 feet in height over a range of 3000 feet
from the base of the tower.

Fig 24 shows the computed elevation response for this terrain profile, for a four-element horizon-
tally polarized Yagi on a 60 foot tower. The response is compared to that of an identical Yagi placed 60



The Effects of Ground 3-23

Fig 24—Elevation response for terrain shown in
Fig 23, using a 4-element Yagi, 60-foot high. Note
that the shape of the response is essentially
shifted toward the left, toward lower elevation
angles, by the angle of the sloping ground. For
reference, the response for an identical Yagi
placed over flat ground is also shown.

Fig 25—“Hill-Valley” terrain, with reflected and
diffracted rays.

Fig 26—Elevation response computed by YT
program for single 4-element Yagi at 60 feet above
“Hill-Valley” terrain shown in Fig 25. Note that the
slope has caused the response in general to be
shifted toward lower elevation angles. At 5 °
elevation, the diffraction components add up to
increase the gain slightly above the amount a GO-
only analysis would indicate.

Fig 23—A long, gentle downward-sloping terrain.
This terrain has no explicit diffraction points and
can be analyzed using simple GO reflection
techniques.

feet above flat ground. Compared to the “flatland” antenna, the hilltop antenna has an elevation re-
sponse shifted over by almost 3° toward the lower elevation angles. In fact, this shift is directly due to
the –2.86° slope of the hill. Reflections off the slope are tilted by the slope. In this situation there are no
diffractions, just reflections.

Look at Fig 25, which shows another simple terrain profile, called a “Hill-Valley” scenario. Here,
the 60-foot high tower stands on the edge of a gentle hill overlooking a long valley. Once again the
slope of the hill is exaggerated by the different X and Y-axes. Fig 26 shows the computed elevation
response at 21.2 MHz for a 4-element Yagi on a 60-foot high tower at the edge of the slope.

Once again, the pattern is overlaid with that of an identical 60-foot-high Yagi over flat ground.
Compared to the flatland antenna, the hilltop antenna’s response above 9° in elevation is shifted by
almost 3° towards the lower elevation angles. Again, this is due to reflections off the downward slope.
From 1° to 9°, the hilltop pattern is enhanced even more compared to the flatland antenna, this time by
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Fig 28—Elevation response computed by YT for
“Hill-Ahead” terrain shown in Fig 27. Now the hill
blocks direct rays and also precludes possibility
of any constructive reflections. Above 10 °,
diffraction components add up together with
direct rays to create the response shown.

Fig 29—Elevation response of “heroic effort” to
surmount the difficulties imposed by hill in Fig
27. This effort involves a stack of four 4-element
Yagis in a stack starting at 120 feet and spaced
at 30-foot increments on the tower. The response
is roughly equivalent to a single 4-element
Yagi at 60 feet above flat ground, hence the
characterization as being a “heroic effort.” Note
that the elevation-angle statistics have been
added to this plot as an overlay of asterisks.

Fig 27—“Hill-Ahead” terrain, shown with
diffracted rays created by illumination of the
edge of the plateau at the top of the hill.

diffraction occurring at the bottom of the hill.
Now let’s see what happens when there is a hill ahead in the direction of interest. Fig 27 depicts such a

situation, labeled “Hill-Ahead.” Here, at a height of 400 feet above mean sea level, the land is flat in front of
the tower, out to a distance of 500 feet, where the hill begins. The hill then rises 100 feet over the range 500
to 1000 feet away from the tower base. After that, the terrain is a plateau, at a constant 500 feet elevation.

Fig 28 shows the computed elevation pattern for a 4-element Yagi 60-feet high on the tower, com-
pared again with an overlay for an identical 60-foot high antenna over flat ground. The hill blocks low-
angle waves directly radiated from the antenna from 0° to 2.3°. In addition, waves that would normally
be reflected from the ground, and that would normally add in phase from about 2.3° to 12°, are blocked
by the hill also. Thus the signal at 8° is down almost 5 dB from the signal over flat ground, all due to the
effect of the hill. Diffracted waves start kicking in once the direct wave rises enough above the horizon
to illuminate the top edge of the hill. These diffracted waves tend to augment elevation angles above
about 12°, which reflected waves can’t reach.

Is there any hope for someone in such a lousy QTH for DXing? Fig 29 shows the elevation re-
sponse for a truly heroic solution. This involves a stack of four 4-element Yagis, mounted at 120, 90, 60
and 30 feet on the tower. Now, the total gain is just about comparable to that from a single 4-element
Yagi mounted over flat ground. Where there’s a ham, there is a way!

At 5° elevation, four diffraction components add
up (there are zero reflection components) to achieve
the far-field pattern. This seems reasonable, because
each of the four antennas is illuminating the diffrac-
tion point separately and we know that none of the
four antennas can “see over” the hill directly to pro-
duce a reflection at a low launch angle.

You will note something new on Fig 29—an-
other curve has appeared. The line with asterisks
refers to the legend “W1-MA-EU.PRN.” This curve
portrays the relative percentage of time during which
a particular elevation angle arrives in Massachusetts
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Fig 30—Terrain of N6BV in Windham, New
Hampshire, toward Japan. YT identifies 17
different points where diffraction can occur.

Fig 31—Elevation responses computed by YT for
N6BV terrain shown in Fig 30, for a stack of two
4-element Yagis at 120 and 60 feet, together with
the response for a single Yagi at 60 feet. The
response due to many diffraction and reflection
components is quite complicated! The response
for a single 4-element Yagi over flat ground is
shown by the light dotted line, for reference.

from Europe. We have thus integrated on one graph the range of elevation angles necessary to communi-
cate from New England to Europe (over the whole 11-year sunspot cycle) with the response attributed to
the topography of a particular terrain.

For example, at an elevation angle of 5°, 15-meter signals arrive from Europe about 19% of the
total number of times when the band is actually open. We can look at this another way. For about two-
thirds of the times when the band is open on this path, the incoming angle is between 3° to 8°. For about
one-quarter of the time, signals arrive above 10°, where the “heroic” four-stack is finally beginning to
come into its own, sort of, anyway.

A More Complex Terrain

The results for simple terrains look reasonable; let’s try a more complicated real-world situation.
Fig 30 shows the terrain from the N6BV QTH toward Japan. The terrain is complex, with 17 different
points YT identifies as diffraction points. Fig 31 shows the YT output for three different types of anten-
nas on 20 meters: a stack at 120 and 60 feet, the 120-foot antenna by itself, and then a 120-foot high
antenna over flat ground, for reference. The elevation-angle statistics for New England to the Far East
(Japan) are overlaid on the graph also, making for
a very complicated looking picture—it is a lot
easier to decipher the lines on the color CRT, by
the way than on a black-and-white printer.

Examination of the detailed data output from
YT shows that at an elevation angle of 5°, the peak
percentage angle (19% of the time when the band
is open), there are three reflection components for
the 120/60-foot stack, but there are also 25 dif-
fraction components! There are many, many signals
bouncing around off the terrain on their trip to
Japan. Note that because of blockage of some parts
of the terrain, the 60-foot high Yagi cannot il-
luminate all the diffraction points, while the higher
120-foot Yagi is able to “see” these diffraction
points.

It is fascinating to reflect on the thought that
received signals coming down from the ionosphere
to the receiver are having encounters with the ter-
rain, but from the opposite direction. It’s not sur-
prising, given these kinds of interactions, that trans-
mitting and receiving might not be totally recipro-
cal.

It is interesting that the 120/60-foot stack, in-
dicated by the light solid line in Fig 31, achieves
its peak gain of 18.4 dBi at 8° elevation, where it
is about equal to the single 120-foot high 4-ele-
ment Yagi. At 11° elevation, the difference is about
7 dB in favor of the stack. Numerous times such a
marked difference in performance between the
stack and each antenna by itself have been ob-
served. Such performance differences due to com-
plex terrain may in fact partly account for why
stacks often seem to be “magic” compared to single
Yagis at comparable heights.

Certainly there is no way a two-beam stack can



3-26 Chapter 3

actually achieve a 7 dB difference in gain over a single antenna due to stacking alone. Computer mod-
eling over flat ground indicates a maximum practical gain difference on the order of 2.5 to 3 dB,
depending on the spacing and interaction between individual Yagis in a stack of two—the uneven
terrain is giving the additional focusing gain. Note that you still don’t get something for nothing. While
gain at particular angles may be enhanced by terrain focusing, gain at other angles is degraded com-
pared to a flat-ground terrain.

Much of the time when comparisons are being made, the small differences in signal are difficult to
measure meaningfully, especially when the QSB varies signals by 20 dB or so during a typical QSO.

USING YT
Generating a Terrain Profile

The program uses two distinct algorithms to generate the far-field elevation pattern. The first is a
simple reflection-only Geometric Optics (GO) algorithm. The second is the diffraction algorithm using
the Uniform Theory of Diffraction (UTD). These algorithms work with a digitized representation of
the terrain profile for a single azimuthal direction—for example, toward Japan or toward Europe.

The terrain file is generated manually using a topographic map and a ruler or a pair of dividers. The
YT.TXT file on the accompanying diskette gives complete instructions on how to create a terrain file.
The process is simple for people in the USA. Mark on the US Geological Survey 7.5 minute map the
exact location of your tower. You will find 7.5 minute maps available from some local sources, such as
large hardware stores, but the main contact point is the U.S. Geological Survey, Denver, CO 80225 or
Reston, VA  22092. Call 1-800-MAPS-USA. Ask for the folder describing the topographic maps avail-
able for your geographic area. Many countries outside the USA have topographic charts also. Most are
calibrated in meters, however. To use these with TA, you will have to convert meters to feet by multi-
plying meters by 3.28.

Mark off a pencil line from the tower base, in the azimuthal direction of interest, perhaps 45° from
New England to Europe, or 335° to Japan. Then measure the distance from the tower base to each
height contour crossed by the pencil line. Enter the data at each distance/height into an ASCII com-
puter file, whose filename extension is “PRO,” standing for “profile.”

Fig 32 shows a portion of the USGS map for the N6BV QTH in Windham, NH, along with lines
scribed in several directions towards various parts of Europe and the Far East. Note that the elevation
heights of the intermediate contour lines are labeled manually in pencil in order to make sense of
things. It is very easy to get confused unless you do this!

The terrain model used by YT assumes that the terrain is represented by flat “plates” connecting the
elevation points in the *.PRO file with straight lines. The model is two dimensional, meaning that
range and elevation are the only data for a particular azimuth. In effect, YT assumes that the width of a
terrain plate is wide relative to its length. Obviously, the world is three dimensional. If your shot in a
particular direction involves aiming your Yagi down a canyon with steep walls, then it’s pretty likely
that your actual elevation pattern will be different than what YT tells you. The signals must careen
horizontally from wall to wall, in addition to being affected by the height changes of the terrain. YT
isn’ t designed to do canyons.

To get a true 3-D picture of the full effects of terrain, a terrain model would have to show azimuth,
along with range and elevation, point-by-point for about a mile in every direction around the base of
the tower. After you go through the pain of manually creating a profile for a single azimuth, you’ll
appreciate the immensity of the process if you try to create a full 360° 3-D profile.

Digital terrain maps are available in some locations. However, be cautioned that the digitized data
from such databases is fairly crude in resolution. No doubt, the data is adequate to keep a Cruise
Missile flying above the terrain, one of the original intents for digitized terrain data. The data is prob-
ably adequate for many other non-military purposes too. But it is rarely sufficiently detailed to be truly
representative of what your antenna looks down at from the tower.



The Effects of Ground 3-27

Fig 32—A portion
of USGS 7.5 minute
topographic map,
showing N6BV
QTH, together with
marks in direction
of Europe and
Japan from tower
base. Note that the
elevation contours
were marked by
hand to help
eliminate
confusion. This
required a
magnifying glass
and a steady hand!

Algorithm for Ray-Tracing the Terrain
There are a number of mechanisms that should be taken into account as a ray travels over the

terrain:

1. Classical ray reflection, with Fresnel ground coefficients.
2. Direct diffraction, where a diffraction point is illuminated directly by an antenna, with no interven-

ing terrain features blocking the direct illumination.
3. When a diffracted ray is subsequently reflected off the terrain.
4. When a reflected ray encounters a diffraction point and causes another series of diffracted rays to be

generated.
5. When a diffracted ray hits another diffraction point, generating another whole series of diffractions.

Certain unusual, bowl-shaped terrain profiles, with sheer vertical faces, can conceivably cause
signals to reflect or diffract in a backward direction, only to be reflected back again in the forward
direction by the sheer-walled terrain to the rear. YT does not accommodate these interactions, mainly
because to do so would increase the computation time too much.

YT’s Internal Antenna Model
The Yagi antenna used inside YT can be selected by the operator to be anywhere from a 2-element

to an 8-element Yagi. The default assumes a simple cosine-squared response equivalent to a 4-element
Yagi in free space. YT traces rays only in the forward direction from the tower along the azimuth of
interest. This keeps the algorithms reasonably simple and saves computing time, while minimizing
memory requirements. Since the Yagi model assumes that the antenna has a decent front-to-back ratio,



3-28 Chapter 3

there is no need to worry about signals bouncing off the terrain behind the tower, something that would
be necessary for a dipole, for example.

YT considers each Yagi in a stack as a separate point source. The simulation begins to fall apart if
a traveling wave type of antenna like a rhombic is used, particularly if the terrain changes under the
antenna—that is, the ground is not flat under the entire antenna. For a typical Yagi, even a long-boom
one, the point-source assumption is reasonable. The internal antenna model also assumes that the Yagi
is horizontally polarized. YT does not do vertically polarized antennas.

YT compares well with the measurements for the horizontal antennas described earlier by Jim
Breakall, WA3FET, using a helicopter in Utah. Breakall’s measurements were done with a 15-foot high
horizontal dipole.

More Details About YT
Frequency Coverage

YT can be used on frequencies higher than the HF bands, although the graphical resolution is only a
degree. The patterns above about 100 MHz thus look rather grainy. The UTD is a “high-frequency as-
ymptotic” solution, so in theory the results get more realistic as the frequency is raised. Keep in mind too
that YT is designed to model launch angles for skywave propagation modes, including F-layer and even
sporadic E. Since by definition the ionospheric launch angles include only those above the horizon,
direct line-of-sight UHF modes involving negative launch angles are not considered in YT.

See YT.TXT for further details on the operation of the YT program. This file, as well as sample
terrain profiles for “big-gun” stations, is located on the disk accompanying this book.
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Chapter 4

Antenna System Planning
and Practical Considerations

Selecting Your Antenn a System

Where should you start in putting together an antenna system? A newcomer to Amateur Radio,
an amateur moving to a new location, or someone wanting to improve an existing “antenna
farm” might ask this question. The answer: In a comfortable chair, with a pad and writing

instrument.
The most important time spent in putting together an antenna system is that time spent in planning.

It can save a lot of time, money and frustration. While no one can tell you the exact steps you should
take in developing your master plan, this section, prepared by Chuck Hutchinson, K8CH, should help
you with some ideas.

Begin planning by spelling out your communications desires. What bands are you interested in?
Who (or where) do you want to talk to? When do you operate? How much time and money are you
willing to spend on an antenna system? What physical limitations affect your master plan?

From the answers to the above questions, begin to formulate goals—short, intermediate, and long range.
Be realistic about those goals. Remember that there are three station effectiveness factors that are under your
control. These are: operator skill, equipment in the shack, and the antenna system. There is no substitute for
developing operating skills. Some trade-offs are possible between shack equipment and antennas. For ex-
ample, a high-power amplifier can compensate for a less than optimum antenna. By contrast, a better an-
tenna has advantages for receiving as well as for transmitting.

Consider your limitations. Are there regulatory restrictions on antennas in your community? Are
there any deed restrictions or covenants that apply to your property? Do other factors (finances, family
considerations, other interests, and so forth) limit the type or height of antennas that you can erect? All
of these factors must be investigated because they play a major role determining the type of antennas
you erect.

Chances are that you won’t be able to immediately do all you desire. Think about how you can
budget your resources over a period of time. Your resources are your money, your time available to
work, materials you may have on hand, friends that are willing to help, etc. One way to budget is to
concentrate your initial efforts on a given band or two. If your major interest is in chasing DX, you
might want to start with a very good antenna for the 14-MHz band. A simple multiband antenna could
initially serve for other frequencies. Later you can add better antennas for those other bands.

SITE PLANNING
A map of your property or proposed antenna site can be of great help as you begin to consider

alternative antennas. You’ll need to know the size and location of buildings, trees and other major
objects in the area. Be sure to note compass directions on your map. Graph paper or quadrille paper is
very useful for this purpose. See Fig 1 for an example. It’s a good idea to make a few photocopies of
your site map so you can mark on the copies as you work on your plans.
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Use your map to plan antenna layouts and
locations of any supporting towers or masts. If
your plan calls for more than one tower or mast,
think about using them as supports for wire an-
tennas. As you work on a layout, be sure to think
in three dimensions even though the map shows
only two.

Be sensitive to your neighbors. A 70-foot
guyed tower in the front yard of a house in a resi-
dential neighborhood is not a good idea (and prob-
ably won’t comply with local ordinances!).

ANALYSIS
Use the information in this book to analyze

antenna patterns in both horizontal and vertical
planes. If you want to work DX, you’ll want an-
tennas that radiate energy at low angles. An an-
tenna pattern is greatly affected by the presence
of ground. Therefore, be sure to consider what
effect ground will have on the antenna pattern at
the height you are considering. A 70-foot high
antenna is approximately 1/2, 1, 11/2 and 2 wave-
lengths (λ) high on 7, 14, 21 and 28 MHz respec-
tively. Those heights are useful for long-distance
communications. The same 70-foot height repre-
sents only λ/4 at 3.5 MHz. Most of the radiated

energy from a dipole at that height would be concentrated straight up. This condition is not great for
long-distance communication, but can still be useful for DX work and excellent for short-range com-
munication.

Lower heights can be useful for communication. However, it is generally true that “the higher, the
better” as far as communications effectiveness is concerned.

There may be cases where it is not possible to install low-frequency dipoles at λ/4 or more above
the ground. A vertical antenna with many radials is a good choice for long-distance communications.
You may want to install both a dipole and a vertical for the 3.5 or 7-MHz bands. On the 1.8-MHz band,
unless very tall supports are available, a vertical antenna is likely to be the most useful for DXing. You
can then choose the antenna that performs best for a given set of conditions. A low dipole will gener-
ally work better for shorter-range communications, while the vertical will generally be the better per-
former over longer distances.

Consider the azimuthal pattern of fixed antennas. You’ll want to orient any fixed antennas to favor
the directions of greatest interest to you.

BUILDING THE SYSTEM
When the planning is completed, it is time to begin construction of the antenna system. Chances

are that you can divide that construction into a series of phases or steps. Say, for example, that you
have lots of room and that your long-range plan calls for a pair of 100-foot towers to support monoband
Yagi antennas. The towers will also support a horizontal 3.5-MHz dipole at 100 feet, for DX work. On
your map you’ve located them so the dipole will be broadside to Europe. Initially you decide to build
a 60-foot tower with a triband beam and a 3.5-MHz inverted-V dipole to begin the project. In your
master plan, the 60-foot tower is really the bottom part of a 100-foot tower. The guys, anchors and all
hardware are designed for use in the 100 footer.

Initially you buy a heavy-duty rotator and mast that will be needed for the monoband antennas

Fig 1—A site map such as this one is a useful
tool for planning your antenna installation.
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Fig 2—Alternatives to a guyed tower are shown here. At A, the crank-up tower permits working on
antennas at reduced height. It also allows antennas to be lowered during periods of no operation.
Motor-driven versions are available. The fold-over tower at B and the combination at C permit working
on antennas at ground level.

later. Thus, you avoid having to buy, and then sell, a medium-duty rotator and lighter-weight tower
equipment. You could have saved money in the long run by putting up a monoband beam for your
favorite band, but you decided that for now it is more important to have a beam on 14, 21 and 28 MHz.
The second step of your plan calls for installing the second tower. This time you’ve decided to wait
until you can install all 100 feet of that second tower, and put a 7-MHz Yagi on top of it. Later you will
remove the top section of the first (60 foot) tower and insert the sections and add the guys to bring it up
to 100 feet. You decide that at that time you’ll continue to use the tribander for a few months to see
what difference the 60 foot to 100-foot height change makes.

COMPROMISES
Because of limitations, most amateurs are never able to build their “dream” antenna system. This

means that some compromises must be made. Do not, under any circumstances, compromise the safety
of an antenna installation. Follow the manufacturer’s recommendations for tower assembly, installa-
tion and accessories. Make sure that all hardware is being used within its ratings.

Guyed towers are frequently used by radio amateurs because they cost less than more complicated
unguyed or freestanding towers with similar ratings. Guyed towers are fine for those who can climb, or
those with a friend who is willing to climb. But you may want to consider an antenna tower that folds
over, or one that cranks up (and down). Some towers crank up (and down) and fold over too. See
Fig 2. That makes for convenient access to antennas for adjustments and maintenance without climb-
ing. Crank-up towers also offer another advantage. They allow antennas to be lowered during periods
of no operation, such as for aesthetic reasons or during periods of high winds.

A well-designed monoband Yagi should out-perform a multiband Yagi. In a monoband design the



4-4 Chapter 4

best adjustments can be made for gain, front-to-back ratio (F/B), and matching, but only for a single
band. In a multiband design, there are always trade-offs in these properties for the ability to operate on
more than one band. Nevertheless, a multiband antenna has many advantages over two or more single
band antennas. A multiband antenna requires less heavy duty hardware, requires only one feed line,
takes up less space, and it costs less.

Apartment dwellers face much greater limitations in their choice of antennas. For most, the possi-
bility of a tower is only a dream. (One enterprising ham made arrangements to purchase a top-floor
condominium from a developer. The arrangements were made before construction began, and the plans
were altered to include a roof-top tower installation.) For apartment and condominium dwellers, the
situation is still far from hopeless. A later section presents ideas for consideration.

EXAMPLES
You can follow the procedure previously outlined to put together modest or very large an-

tenna systems. What might a ham put together for antennas when he or she wants to try a little of
everything, and has a modest budget? Let’s suppose that the goals are (1) low cost, (2) no tower,
(3) coverage of all HF bands and the repeater portion of one VHF band, and (4) the possibility of
working some DX.

After studying the pages of this book, the station owner decides to first put up a 135 foot center-fed
antenna. High trees in the backyard will serve as supports to about 50 feet. This antenna will cover all
the HF bands by using a balanced feeder and an antenna tuner. It should be good for DX contacts on
10 MHz and above, and will probably work okay for DX contacts on the lower bands. However, her
plan calls for a vertical for 3.5 and 7 MHz to enhance the DX possibilities on those bands. For VHF, a
chimney-mounted vertical is included.

ANOTHER EXAMPLE
A licensed couple has bigger ambitions. Goals for their station are (1) a good setup for DX on 14,

21 and 28 MHz, (2) moderate cost, (3) one tower, (4) ability to work some DX on 1.8, 3.5 and 7 MHz,
and (5) no need to cover the CW portion of the bands.

After considering the options, the couple decides to install a 65-foot guyed tower. A large commer-
cial triband Yagi will be mounted on top of the tower. The center of a trap dipole tuned for the phone
portion of the 3.5 and 7-MHz bands will be supported by a wooden yard arm installed at the 60-foot
level of the tower, with ends drooping down to form an inverted V. An inverted L for 1.8 MHz starts
near ground level and goes up to a similar yard arm on the opposite side of the tower. The horizontal
portion of the inverted L runs away from the tower at right angles to the trap dipole. Later, the husband
will experiment with sloping antennas for 3.5 MHz. If those experiments are not successful, a λ/4
vertical will be used on that band.

Apartment Possibilities
A complete and accurate assessment of antenna types, antenna placement, and feed-line placement

is very important for the apartment dweller. Among the many possibilities for types are balcony anten-
nas, “invisible“ ones (made of fine wire), vertical antennas disguised as flag poles or as masts with a
TV antenna on top, and indoor antennas.

A number of amateurs have been successful in negotiating with the apartment owner or manager
for permission to install a short mast on the roof of the structure. Coaxial lines and rotator control
cables might be routed through conduit troughs or through duct work. If you live in one of the upper
stories of the building, routing the cables over the edge of the roof and in through a window might be
the way to go. There is a story about one amateur who owns a triband beam mounted on a 10-foot mast.
But even with such a short mast, he is the envy of all his amateur friends because of his
superb antenna height. His mast stands on top of a 22-story apartment building.

Usually the challenge is to find ways to install antennas that are unobtrusive. That means searching
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out antenna locations such as balconies, eaves, nearby trees, etc. For example, a simple but effective
balcony antenna is a dangling vertical. Attach an “invisible” wire to the tip of a mobile whip or a length
of metal rod or tubing. Then mount the rigid part of the antenna horizontally on the balcony rail,
dangling the wire over the edge. The antenna is operated against the balcony railing or other metallic
framework. A matching network is usually required at the antenna feed point. Metal in the building will
likely give a directivity effect, but this may be of little consequence and perhaps even an advantage.
The antenna may be removed and stored when not in use.

Frequently, the task of finding an inconspicuous route for a feed line is more difficult than the
antenna installation itself. When Al Francisco, K7NHV, lived in an apartment, he used a tree-mounted
vertical antenna. The coax feeder exited his apartment through a window and ran down the wall to the
ground. Al buried the section of line that went from under the window to a nearby tree. At the tree, a
section of enameled wire was connected to the coax center conductor. He ran the wire up the side of the
tree away from foot traffic. A few short radials completed the installation. The antenna worked fine,
and was never noticed by the neighbors.

See Chapters 6 and 15 for ideas about low-frequency and portable antennas that might fit into your
available space. Your options are limited as much by your imagination and ingenuity as by your pock-
etbook. Another option for apartment dwellers is to operate away from home. Some hams concentrate
on mobile operation as an alternative to a fixed station. It is possible to make a lot of contacts on HF
mobile. Some have worked DXCC that way.

Suppose that you like VHF contests. Because of other activities, you are not particularly interested
in operating VHF outside the contests. Why not take your equipment and antennas to a hilltop for the
contests? Many hams combine a love for camping or hiking with their interest in radio.

Antennas for Limited Space
It is not always practical to erect full-size antennas for the HF bands. Those who live in apartment

buildings may be restricted to the use of minuscule radiators because of house rules, or simply because
the required space for full-size antennas is unavailable. Other amateurs may desire small antennas for
aesthetic reasons, perhaps to keep peace with neighbors who do not share their enthusiasm about high
towers and big antennas. There are many reasons why some amateurs prefer to use physically short-
ened antennas; this chapter discusses proven designs and various ways of building and using them
effectively.

Few compromise antennas are capable of delivering the performance one can expect from the full-
size variety. But the patient and skillful operator can often do as well as some who are equipped with
high power and full-size antennas. Someone with a reduced-size antenna may not be able to “bore a
hole” in the bands as often, and with the commanding dispatch enjoyed by those who are better equipped,
but DX can be worked successfully when band conditions are suitable.

INVISIBLE ANTENNAS
We amateurs don’t regard our antennas as eyesores; in fact, we almost always regard them as

works of art! But there are occasions when having an outdoor or visible antenna can present problems.
When we are confronted with restrictions—self-imposed or otherwise—we can take advantage of

a number of options toward getting on the air and radiating at least a moderately effective signal. In this
context, a poor antenna is certainly better than no antenna at all! This section describes a number of
techniques that enable us to use indoor antennas or “invisible” antennas outdoors. Many of these sys-
tems will yield good-to-excellent results for local and DX contacts, depending on band conditions at
any given time. The most important consideration is that of not erecting any antenna that can present
a hazard (physical or electrical) to humans, animals and buildings. Safety first!

Clothesline Antenna
Clotheslines are sometimes attached to pulleys (Fig 3) so that the user can load the line and re-
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trieve the laundry from a back porch. Laundry lines of this variety are accepted parts of the neighbor-
hood “scenery,” and can be used handily as amateur antennas by simply insulating the pulleys from
their support points. This calls for the use of a conducting type of clothesline, such as heavy gauge
stranded electrical wire with Teflon or vinyl insulation. A high quality, flexible steel cable (stranded) is
suitable as a substitute if one doesn’t mind cleaning it each time clothing is hung on it.

A jumper wire can be brought from one end of the line to the ham shack when the station is being
operated. If a good electrical connection exists between the wire clothesline and the pulley, a perma-
nent connection can be made by connecting the lead-in wire between the pulley and its insulator. An
antenna tuner can be used to match the “invisible” random-length wire to the transmitter and receiver.

Invisible Long Wire
A wire antenna is not actually a “long wire”

unless it is one wavelength or greater in length.
Yet many amateurs refer to (relatively) long physi-
cal spans of conductor as “long wires.” For the
purpose of this discussion we will assume we have
a fairly long span of wire, and refer to it as an
“end-fed” wire antenna.

If we use small-diameter enameled wire for
our end-fed antenna, chances are that it will be very
difficult to see against the sky and neighborhood
scenery. The smaller the wire, the more “invisible”
the antenna will be. The limiting factor with small
wire is fragility. A good compromise is #24 or #26
magnet wire for spans up to 130 feet; lighter-gauge
wire can be used for shorter spans, such as 30 or
60 feet. The major threat to the longevity of fine
wire is icing. Also, birds may fly into the wire and
break it. Therefore, this style of antenna may re-
quire frequent service or replacement.

Fig 4 illustrates how we might install an in-
visible end-fed wire. It is important that the insu-
lators also be lacking in prominence. Tiny
Plexiglas blocks perform this function well. Small-
diameter clear plastic medical vials are suitable
also. Some amateurs simply use rubber bands for
end insulators, but they will deteriorate rapidly
from sun and air pollutants. They are entirely ad-
equate for short-term operation with an invisible
antenna, however.

Rain Gutter and TV Antennas
A great number of amateurs have taken ad-

vantage of standard house fixtures when contriv-
ing inconspicuous antennas. A very old technique
is the use of the gutter and down spout system on
the building. This is shown in Fig 5, where a lead
wire is routed to the operating room from one end
of the gutter trough. We must assume that the wood
to which the gutter is affixed is dry and of good
quality to provide reasonable electrical insulation.

Fig 4—The “invisible” end-fed antenna.

Fig 3—The clothesline antenna is more than it
appears to be.

Fig 5—Rain gutters and TV antenna installations can
be used as inconspicuous Amateur Radio antennas.
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Fig 6—A flagpole antenna.

The rain gutter antenna may perform quite poorly during wet weather or when there is ice and snow on
it and the house roof.

All joints between gutter and down spout sections must be bonded electrically with straps of braid
or flashing copper to provide good continuity in the system. Poor joints can permit rectification of RF
and subsequently cause TVI and other harmonic interference. Also, it is prudent to insert a section of
plastic down spout about 8 feet above ground to prevent RF shocks or burns to passersby while the
antenna is being used. Improved performance may result if the front and back gutters of the house are
joined by a jumper wire to increase the area of the antenna.

Fig 5 also shows a TV or FM antenna that can be employed as an invisible amateur antenna. Many of
these antennas can be modified easily to accommodate the 144 or 222-MHz bands, thereby permitting
the use of the 300-Ω line as a feeder system. Some FM antennas can be used on 6 meters by adding #10
bus wire extensions to the ends of the elements, and adjusting the match for an SWR of 1:1. If 300-Ω line
is used it will require a balun or antenna tuner to interface the line with the station equipment.

For operation in the HF bands, the TV or FM antenna feeders can be tied together at the transmitter
end of the span and the system treated as a random length wire. If this is done, the 300-Ω line will have
to be on TV standoff insulators and spaced well away from phone and power company service entrance
lines. Naturally, the TV or FM radio must be disconnected from the system when it is used for amateur
work! Similarly, masthead amplifiers and splitters must be removed from the line if the system is to be
used for amateur operation. If the system is mostly vertical, a good RF ground system with many
radials around the base of the house should be used to improve performance.

A very nice top-loaded vertical can be made from a length of TV mast with a large TV antenna on
the top. Radials can be placed on the roof or at ground level with the TV “feed line” acting as part of
the vertical. An extensive discussion of loaded verticals and radial systems is given in Chapter 6.

Flagpole Antennas
We can exhibit our patriotism and have an invisible amateur antenna at the same time by disguis-

ing our antenna as shown in Fig 6. The vertical antenna is a wire that has been placed inside a plastic
or fiberglass pole.

The flagpole antenna shown is structured for a single amateur band, and it is assumed that the height
of the pole corresponds to a quarter wavelength for the chosen band. The radials and feed line can be
buried in the ground as shown. In a practical installation, the sealed end of the coax cable would protrude
slightly into the lower end of the plastic pole.

If a large-diameter fiberglass pole were avail-
able, a multiband trap vertical may be concealed
inside it. Or we might use a metal pole and bury
a water-tight box at its base, containing fixed-
tuned matching networks for the bands of inter-
est. The networks could then be selected remotely
by means of relays inside the box. A 30-foot flag-
pole would provide good results in this kind of
system, provided it was used in conjunction with
a buried radial system.

Still another technique is one that employs a
wooden flagpole. A small diameter wire can be
stapled to the pole and routed to the coax feeder
or matching network. The halyard could by it-
self constitute the antenna wire if it were made
from heavy duty insulated hookup wire. There
are countless variations for this type of antenna,
and they are limited only by the imagination of
the amateur.
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Other Invisible Antennas
Some amateurs have used the metal fence on apartment verandas as antennas, and have had good

results on the upper HF bands (14, 21 and 28 MHz). We must presume that the fences were not con-
nected to the steel framework of the building, but rather were insulated by the concrete floor to which
they were affixed. These veranda fences have also been used effectively as ground systems (counter-
poises) for HF-band vertical antennas put in place temporarily after dark.

One New York City amateur uses the fire escape on his apartment building as a 7-MHz antenna,
and reports good success working DX stations with it. Another apartment dweller makes use of the
aluminum frame on his living room picture window as an antenna for 21 and 28 MHz. He works it
against the metal conductors of the baseboard heater in the same room.

Many jokes have been told over the years about “bedspring antennas.” The idea is by no means
absurd. Bedsprings and metal end boards have been used to advantage as antennas by many apartment
dwellers as 14, 21, and 28 MHz radiators. A counterpoise ground can be routed along the baseboard of
the room and used in combination with the bedspring. It is important to remember that any independent
(insulated) metal object of reasonable size can serve as an antenna if the transmitter can be matched to
it. An amateur in Detroit once used his Shopsmith craft machine (about 5 feet tall) as a 28-MHz an-
tenna. He worked a number of DX stations with it when band conditions were good.

A number of operators have used metal curtain rods and window screens for VHF work, and found
them to be acceptable for local communication. Best results with any of these makeshift antennas will
be had when the “antennas” are kept well away from house wiring and other conductive objects.

INDOOR ANTENNAS
Without question, the best place for your antenna is outdoors, and as high and in the clear as possible.

Some of us, however, for legal, social, neighborhood, family or landlord reasons, are restricted to indoor
antennas. Having to settle for an indoor antenna is certainly a handicap for the amateur seeking effective
radio communication, but that is not enough reason to abandon all operation in despair.

First, we should be aware of the reasons why indoor antennas do not work well. Principal faults
are: (1) low height above ground—the antenna cannot be placed higher than the highest peak of the
roof, a point usually low in terms of wavelength at HF, (2) the antenna must function in a lossy RF
environment involving close coupling to electrical wiring, guttering, plumbing and other parasitic con-
ductors, besides dielectric losses in such nonconductors as wood, plaster and masonry, (3) sometimes
the antenna must be made small in terms of a wavelength and (4) usually it cannot be rotated. These are
appreciable handicaps. Nevertheless, global communication with an indoor antenna is still possible,
although you must be sure that you are not exposing anyone in your family or nearby neighbors to
excessive radiation. See Chapter 1 on Safety.

Some practical points in favor of the indoor antenna include: (1) freedom from weathering effects
and damage caused by wind, ice, rain and sunlight (the SWR of an attic antenna, however, can be
affected somewhat by a wet or snow-covered roof), (2) indoor antennas can be made from materials
that would be altogether impractical outdoors, such as aluminum foil and thread (the antenna need
support only its own weight), (3) the supporting structure is already in place, eliminating the need for
antenna masts and (4) the antenna is readily accessible in all weather conditions, simplifying pruning
or tuning, which can be accomplished without climbing or tilting over a tower.

Empiricism
A typical house or apartment presents such a complex electromagnetic environment that it is impossible

to predict theoretically which location or orientation of the indoor antenna will work best. This is where
good old fashioned cut-and-try, use-what-works-best empiricism pays off. But to properly determine what
really is most suitable requires an understanding of some antenna measuring fundamentals.

Unfortunately, many amateurs do not know how to evaluate performance scientifically or compare one
antenna with another. Typically, they will put up one antenna and try it out on the air to see how it “gets out”
in comparison with a previous antenna. This is obviously a very poor evaluation method because there is no
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Fig 7—When antennas are compared on fading
signals, the time delay involved in disconnecting
and reconnecting coaxial cables is too long for
accurate measurements. A simple slide switch
will do well for switching coaxial lines at HF. The
four components can be mounted in a tin can or
any small metal box. Leads should be short and
direct. J1 through J3 are coaxial connectors.

way to know if the better or worse reports are
caused by changing band conditions, different S-
meter characteristics, or any of several other fac-
tors that could influence the reports received.

Many times the difference between two an-
tennas or between two different locations for
identical antennas amounts to only a few deci-
bels, a difference that is hard to discern unless
instantaneous switching between the two is pos-
sible. Those few decibels are not important un-
der strong signal conditions, of course, but when
the going gets rough, as is often the case with
an indoor antenna, a few dB can make the dif-
ference between solid copy and no possibility
of real communication.

Very little in the way of test equipment is needed for casual antenna evaluation, other than a
communications receiver. You can even do a qualitative comparison by ear, if you can switch antennas
instantaneously. Differences of less than 2 dB, however, are still hard to discern. The same is true of S-
meters. Signal strength differences of less than a decibel are usually difficult to see. If you want that
last fraction of a decibel, you should use a good ac voltmeter at the receiver audio output (with the
AGC turned off).

In order to compare two antennas, switching the coaxial transmission line from one to the other is
necessary. No elaborate coaxial switch is needed; even a simple double throw toggle or slide switch
will provide more than 40 dB of isolation at HF. See Fig 7. Switching by means of manually connect-
ing and disconnecting coaxial lines is not recommended because that takes too long. Fading can cause
signal-strength changes during the changeover interval.

Whatever difference shows up in the strength of the received signal will be the difference in
performance between the two antennas in the direction of that signal. For this test to be valid, both
antennas must have nearly the same feed-point impedance, a condition that is reasonably well met if
the SWR is below 2:1 on both antennas.

On ionospheric propagated signals (sky wave) there will be constant fading, and for a valid com-
parison it will be necessary to take an average of the difference between the two antennas. Occasion-
ally, the inferior antenna will deliver a stronger signal to the receiver, but in the long run the law of
averages will put the better antenna ahead.

Of course with a ground-wave signal, such as that from a station across town, there will be no
fading problems. A ground-wave signal will enable the operator to properly evaluate the antenna un-
der test in the direction of the source. The results will be valid for ionospheric-propagated signals at
low elevation angles in that direction. On 28 MHz, all sky-wave signals arrive and leave at low angles.
But on the lower bands, particularly 3.5 and 7 MHz, we often use signals propagated at high elevation
angles, almost up to the zenith. For these angles a ground-wave test will not provide a proper evalua-
tion of the antenna, and use of sky-wave signals becomes necessary.

Dipoles
At HF the most practical indoor antenna is usually the dipole. Attempts to get more gain with parasitic

elements will usually fail because of close proximity of the ground or coupling to house wiring. Beam
antenna dimensions determined outdoors will not usually be valid for an attic antenna because the roof
structure will cause dielectric loading of the parasitic elements. It is usually more worthwhile to spend time
optimizing the location and performance of a dipole than to try to improve results with parasitic elements.

Most attics are not long enough to accommodate half-wave dipoles for 7 MHz and below. If this is the
case, some folding of the dipole will be necessary. The final shape of the antenna will depend on the
dimensions and configuration of the attic. Remember that the center of the dipole carries the most current
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and therefore does most of the radiating. This part
should be as high and unfolded as possible. Because
the dipole ends radiate less energy than the center,
their orientation is not as important. They do carry
the maximum voltage, nevertheless, so care should
be taken to position the ends far enough from other
conductors to avoid arcing.

The dipole may end up being L-shaped, Z-
shaped, U-shaped or some indescribable cork-
screw shape, depending on what space is avail-
able, but reasonable performance can often be had
even with such a nonlinear arrangement. Fig 8
shows some possible configurations. Multiband
operation is possible with the use of open-wire
feeders and an antenna tuner.

One alternative not shown here is the alumi-
num-foil dipole, which was conceived by Rudy
Stork, KA5FSB. He suggests mounting the dipole
behind wallpaper or in the attic, with portability,
ease of construction and adjustment, and economy
in design among its desirable features. This antenna
should also display reasonably good bandwidth re-
sulting from the large area of its conductor mate-
rial. If coaxial feed is used, some pruning of an at-
tic antenna to establish minimum SWR at the band
center will be required. Tuning the antenna outdoors
and then installing it inside is usually not feasible
since the behavior of the antenna will not be the
same when placed in the attic. Resonance will be
affected somewhat if the antenna is bent.

Even if the antenna is placed in a straight line,
parasitic conductors and dielectric loading by nearby
wood structures can affect the impedance. Trap and

Fig 9—Ways to orient a pair of perpendicular
dipoles. The orientation at A and B will result in no
mutual coupling between the two dipoles, but there
will be some coupling in the configuration shown
at C. End (EI) and center (CI) insulators are shown.

Fig 8—Various configurations for small indoor antennas. See text for discussion.
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loaded dipoles are shorter than the full-sized versions, but are comparable performers. Trap dipoles are
discussed in Chapter 7; loaded dipoles in Chapter 6.

Dipole Orientation
Theoretically a vertical dipole is most effective at low radiation angles, but practical experience

shows that the horizontal dipole is usually a better indoor antenna. A high horizontal dipole does ex-
hibit directional effects at low radiation angles, but you will not be likely to see much, if any, directiv-
ity with an attic-mounted dipole. Some operators place two dipoles at right angles to each other with
provisions at the operating position for switching between the two. Their reasoning is the radiation
patterns will inevitably be distorted in an unpredictable manner by nearby parasitic conductors. There
will be little coupling between the dipoles if they are oriented at right angles to each other as shown in
Figs 9A and 9B. There will be some coupling with the arrangement shown in Fig 9C, but even this
orientation is preferable to a single dipole.

With two antennas mounted 90° apart, you may find that one dipole is consistently better in nearly
all directions, in which case you will want to remove the inferior dipole, perhaps placing it someplace
else. In this manner the best spots in the house or attic can be determined experimentally.

Parasitic Conductors
Inevitably, any conductor in your house near a quarter wave in length or longer at the operating

frequency will be parasitically coupled to your antenna. The word parasitic is particularly appropriate in
this case because these conductors usually introduce losses and leave less energy for radiation into
space. Unlike the parasitic elements in a beam antenna conductors such as house wiring and plumbing
are usually connected to lossy objects such as earth, electrical appliances, masonry or other objects that
dissipate energy. Even where this energy is reradiated, it is not likely to be in the right phase in the
desired direction; it is, in fact, likely to be a source of RFI.

There are, however, some things that can be done about parasitic conductors. The most obvious is to
reroute them at right angles to the antenna or close to the ground, or even underground—procedures that are
usually not feasible in a finished home. Where these conductors cannot be rerouted, other measures can be
taken. Electrical wiring can be broken up with RF chokes to prevent the flow of radio-frequency currents
while permitting 60-Hz current (or audio, in the case of telephone wires) to flow unimpeded. A typical RF
choke for a power line can be 100 turns of #10 insulated wire close wound on a length of 1-inch diameter
plastic pipe. Of course one choke will be needed for each conductor. A three-wire line calls for three chokes.
The chokes can be simplified by winding them bifilar or trifilar on a single coil form.

THE RESONANT BREAKER
Obviously, RF chokes cannot be used on conductors such as metal conduit or water pipes. But it is

still possible, surprising as it may seem, to obstruct RF currents on such conductors without breaking
the metal. The resonant breaker was first described by Fred Brown, W6HPH, in Oct 1979 QST.

Fig 10 shows a method of accomplishing this. A figure-eight loop is inductively coupled to the

Fig 10—A “resonant breaker” such as shown here
can be used to obstruct radio-frequency currents
in a conductor without the need to break the con-
ductor physicall y. A vernier dial is recommended
for use with the variable capacitor because tuning
is quite sharp. The 100-pF capacitor is in series
with the loop. This resonant breaker tunes from 14
through 29.7 MHz. Larger models may be
constructed for the lower frequency bands.
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parasitic conductor and is resonated to the desired frequency with a variable capacitor. The result is a
very high impedance induced in series with the pipe, conduit or wire. This impedance will block the
flow of radio-frequency currents. The figure-eight coil can be thought of as two turns of an air-core
toroid and since the parasitic conductor threads through the hole of this core, there will be tight cou-
pling between the two. Inasmuch as the figure-eight coil is parallel resonated, transformer action will
reflect a high impedance in series with the linear conductor.

Before you bother with a “resonant breaker” of this type, be sure that there is a significant amount
of RF current flowing in the parasitic conductor, and that you will therefore benefit from installing
one. The relative magnitude of this current can be determined with an RF current probe of the type
described in Chapter 27. According to the rule of thumb regarding parasitic conductor current, if it
measures less than 1/10 of that measured near the center of the dipole, the parasitic current is generally
not large enough to be of concern.

The current probe is also needed for resonating the breaker after it is installed. Normally, the
resonant breaker will be placed on the parasitic conductor near the point of maximum current. When it
is tuned through resonance, there will be a sharp dip in RF current, as indicated by the current probe.
Of course, the resonant breaker will be effective only on one band. You will need one for each band
where there is significant current indicated by the probe.

Power-Handling Capability
So far, our discussion has been limited to the indoor antenna as a receiving antenna, except for the

current measurements, where it is necessary to supply a small amount of power to the antenna. These
measurements will not indicate the full power-handling capability of the antenna. Any tendency to
flash over must be determined by running full power or, preferably, somewhat more than the peak
power you intend to use in regular operation. The antenna should be carefully checked for arcing or RF
heating before you do any operating. Bear in mind that attics are indeed vulnerable to fire hazards. A
potential of several hundred volts exists at the ends of a dipole fed by the typical Amateur Radio
transmitter. If a power amplifier is used, there could be a few thousand volts at the ends of the dipole.
Keep your antenna elements well away from other objects. Safety first!

Construction Details and Practical Considerations
Ultimately the success of an antenna project depends on the details of how the antenna is fabri-

cated. A great deal of construction information is given in other chapters of this book. For example the
construction of HF Yagis is discussed in Chapter 11, Quad arrays in Chapter 12, VHF antennas in
Chapter 18 and in Chapter 20 there is an excellent discussion of antenna materials, particularly wire
and tubing for elements. Here is still more helpful antenna construction information.

END EFFECT
If the standard expression λ/2 ≈ 491.8/f(MHz) is used for the length of a λ/2 wire antenna, the

antenna will resonate at a somewhat lower frequency than is desired. The reason is that in addition to
the effect of the conductor diameter and ground effects (Chapter 3) an additional “loading” effect is
caused by the insulators used at the ends of the wires to support the antenna. The insulators and the
wire loops that tie the insulators to the antenna add a small amount of capacitance to the system. This
capacitance helps to tune the antenna to a slightly lower frequency, in much the same way that addi-
tional capacitance in any tuned circuit lowers the resonant frequency. In an antenna this is called end
effect. The current at the ends of the antenna does not quite reach zero because of the end effect, as
there is some current flowing into the end capacitance. Note that the computations used to create Figs
2 through 7 in Chapter 2 did not take into account any end effect.

End effect increases with frequency and varies slightly with different installations. However, at
frequencies up to 30 MHz (the frequency range over which wire antennas are most commonly used),
experience shows that the length of a practical λ/2 antenna, including the effect of diameter and end
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Fig 11—Some ideas for homemade
antenna insulators.

effect, is on the order of 5% less than the length of a half wave in space. As an average, then, the
physical length of a resonant λ/2 wire antenna can be found from:

λ = × ≈491.8 0.95
f(MHz)

468
f(MHz) (Eq 1)

Eq 1 is reasonably accurate for finding the physical length of a λ/2 antenna for a given frequency,
but does not apply to antennas longer than a half wave in length. In the practical case, if the antenna
length must be adjusted to exact frequency (not all antenna systems require it) the length should be
“pruned” to resonance.

INSULATORS
Wire antennas must be insulated at the ends. Commercially available insulators are made from

ceramic, glass or plastic. Insulators are available from many Amateur Radio dealers. Radio Shack and
local hardware stores are other possible sources. Acceptable homemade insulators may be fashioned
from a variety of material including (but not limited to) acrylic sheet or rod, PVC tubing, wood, fiber-
glass rod or even stiff plastic from a discarded container. Fig 11 shows some homemade insulators.
Ceramic or glass insulators will usually outlast the wire, so they are highly recommended for a safe,
reliable, permanent installation. Other materials may tear under stress or break down in the presence of
sunlight. Many types of plastic do not weather well.

Installing
Transmission Lines

Many wire antennas require an insulator at the feed
point. Although there are many ways to connect the feed
line, there are a few things to keep in mind. If you feed
your antenna with coaxial cable, you have two choices.
You can install an SO-239 connector on the center insu-
lator, as shown by the center example in Fig 12, and use
a PL-259 on the end of your coax, or you can separate
the center conductor from the braid and connect the feed
line directly to the antenna wire as shown in the other
two examples in Fig 12 and the example in Fig 13. Al-
though it costs less to connect direct, the use of connec-
tors offers several advantages. Coaxial cable braid soaks

Fig 12—Some homemade
dipole center insulators. The
one in the center includes a
built-in SO-239 connecto r.
Others are designed for direct
connection to the feed line.
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Fig 13—Details of dipole antenna construction. At A, the end insulator connection is shown. At B, the
completed antenna is shown. A balun (not shown) is often used at the feed point, since this is a
balanced antenna.

Fig 14—A piece of cut Plexiglas can be used as a
center insulator and to support a ladder-line
feeder. The Plexiglas acts to reduce the flexing of
the wires where they connect to the antenna. Use
thick Plexiglas in areas subject to high winds.

up water like a sponge. If you do not adequately
seal the antenna end of the feed line, water will
find its way into the braid. Water in the feed line
will lead to contamination, rendering the coax use-
less long before its normal lifetime is up.

It is not uncommon for water to drip from the
end of the coax inside the shack after a year or so of
service if the antenna connection is not properly
waterproofed. Use of a PL-259/SO-239 combination
(or connector of your choice) makes the task of wa-
terproofing connections much easier. Another advan-
tage to using the PL-259/SO-239 combination is that
feed-line replacement is much easier, should that be-
come necessary.

Whether you use coaxial cable, ladder line, or
twin lead to feed your antenna, an often overlooked
consideration is the mechanical strength of the con-
nection. Wire antennas and feed lines tend to move
a lot in the breeze, and unless the feed line is at-
tached securely, the connection will weaken with
time. The resulting failure can range from a frus-
trating intermittent electrical connection to a com-
plete separation of feed line and antenna. Fig 13
and Fig 14 illustrate different ways of attaching
either coax or ladder line to the antenna securely.
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When open-wire feed line is used, the conductors of the line should be anchored to the insulator by
threading them through the eyes of the insulator two or three times, and twisting the wire back on itself
before soldering. A slack tie wire should then be used between the feeder conductor and the antenna, as
shown in Fig 14. (The tie wires may be extensions of the line conductors themselves.) When window-type
line is suspended from an antenna in a manner such as that shown in Fig 14, the line should be twisted—at
several twists per foot—to prevent stress hardening of the wire because of constant flexing in the wind.

When using plastic-insulated open-wire line, the tendency of the line to twist and short out close to
the antenna can be counteracted by making the center insulator of the antenna longer than the spacing
of the line, as shown in Fig 14. In severe wind areas, it may be necessary to use 1/4-inch thick Plexiglas
for the center insulator rather than thinner material.

RUNNING THE FEED LINE FROM THE ANTENNA TO THE STATION
Chapter 24 contains some general guidelines for installing feed lines. More detailed information is

contained in this section. Whenever possible, the transmission line should be lead away from the an-
tenna at a 90° angle to minimize coupling from the antenna to the transmission line. This coupling can
cause unequal currents on the transmission line, which will then radiate and it can detune the antenna.

Except for the portion of the line in close proximity to the antenna, coaxial cable requires no
particular care in running from the antenna to the station entrance, other than protection from mechani-
cal damage. If the antenna is not supported at the center, the line should be fastened to a post more than
head high located under the center of the antenna, allowing enough slack between the post and the
antenna to take care of any movement of the antenna in the wind. If the antenna feed point is supported
by a tower or mast, the cable can be taped to the mast at intervals or to one leg of the tower.

Coaxial cable rated for direct burial can be buried a few inches in the ground to make the run from
the antenna to the station. A deep slit can be cut by pushing a square-end spade full depth into the
ground and moving the handle back and forth to widen the slit before removing the spade. After the
cable has been pushed into the slit with a piece of 1-inch board 3 or 4 inches wide, the slit can be
tamped closed.

Solid ribbon or the newer “window” types of line should be kept reasonably well spaced from other
conductors running parallel to it for more than a few feet. The “rule of thumb” is to space open-wire line
away from other conductors by at least twice the spacing between the wires in the line. TV-type standoff
insulators with strap clamp mountings can be used for running this type of line down a mast or tower leg.
Similar insulators of the screw-in type can be used in supporting the line on wooden poles for a long run.

Open-wire lines with bare conductors require frequent supports to keep the lines from twisting and
shorting out, as well as to relieve the strain. One method of supporting a long horizontal run of heavy
open-wire line is shown in Fig 15. The line must be anchored securely at a point under the feed point of
the antenna. Window-type line can be supported similarly with wire links fastened to the insulators.

To keep the line clear of pedestrians and vehicles, it is usually desirable to anchor the feed line at
the eaves or rafter line of the station building (see Fig 16), and then drop it vertically to the point of
entrance. The points of anchorage and entrance should be chosen to permit the vertical drop without
crossing windows.

If the station is located in a room on the ground
floor, one way of bringing coax transmission line
into the house is to go through the outside wall
below floor level, feed it through the basement or
crawl space, and then up to the station through a
hole in the floor. When making the entrance hole
in the side of the building, suitable measurements
should be made in advance to be sure the hole will
go through the sill 2 or 3 inches above the founda-
tion line (and between joists if the bore is parallel
to the joists). The line should be allowed to sag

Fig 15—A support for open-wire line. The
support at the antenna end of the line must be
sufficiently rigid to stand the tension of the line.
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Fig 17—An adjustable window lead-in panel made
up of two sheets of Lucite or Plexiglas. A feed-
through connector for coax line can be made as
shown in Fig 18. Ceramic feedthrough insulators
are suitable for open-wire line. (W1RVE)

Fig 18—Feedthrough connector for coax line. An
Amphenol 83-1J (PL-258) connector, the type used
to splice sections of coax line together, is soldered
into a hole cut in a brass mounting flange. An
Amphenol bulkhead adapter 83-1F may be used
instead.

Fig 19—A simple lightning arrester for open-wire
line made from three standoff or feedthrough
insulators and sections of 1/8×1/2-inch brass or
copper strap. It should be installed in the line at
the point where the line enters the station. The
heavy ground lead should be as short and as
direct as possible. The gap setting should be
adjusted to the minimum width that will prohibit
arcing when the transmitter is operated.

Fig 16—Anchoring open-wire line at the station
end. The springs are especially desirable if the
line is not supported between the antenna and
the anchoring point.
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Fig 20—The lightning arrester of Fig 19 may be
used with 300 -Ω ribbon line in the manner shown
here. The TV standoffs support the line an inch or
so away from the grounded center member of the
arreste r.

below the entrance hole level outside the building to allow rain water to drip off.
Open-wire line can be fed in a similar manner, although it will require a separate hole for each

conductor. Each hole should be insulated with a length of polystyrene or Lucite tubing. If available,
ceramic tubes salvaged from old-fashioned “knob and tube” electrical installations, work very well for
this purpose. Drill the holes with a slight downward slant toward the outside of the building to prevent
rain seepage. With window ladder line, it will be necessary to remove a few of the spreader insulators,
cut the line before passing through the holes (allowing enough length to reach the inside), and splice
the remainder on the inside.

If the station is located above ground level, or if there is other objection to the procedure described
above, entrance can be made at a window, using the arrangement shown in Fig 17. An Amphenol type 83-1F
(UG-363) connector can be used as shown in Fig 18; ceramic feedthrough insulators can be used for open-
wire line. Ribbon line can be run through clearance holes in the panel, and secured by a winding of tape on
either side of the panel, or by cutting the retaining rings and insulators from a pair of TV standoff insulators,
and clamping one on each side of the panel.

LIGHTNING PROTECTION
Two or three types of lightning arresters for coaxial cable are available on the market. If the an-

tenna feed point is at the top of a well-grounded tower, the arrester can be fastened securely to the top
of the tower for grounding purposes. A short length of cable, terminated in a coaxial plug, is then run
from the antenna feed point to one receptacle of the arrester, while the transmission line is run from the
other arrester receptacle to the station. Such arresters may also be placed at the entrance point to the
station, if a suitable ground connection is available at that point (or arresters may be placed at both
points for added insurance).

The construction of a homemade arrester for
open-wire line is shown in Fig 19. This type of
arrester can be adapted to ribbon line an inch or so
away from the center member of the arrester, as
shown in Fig 20. Sufficient insulation should be
removed from the line where it crosses the arrester
to permit soldering the arrester connecting leads.

Lightning Grounds
Lightning-ground connecting leads should be

of conductor size equivalent to at least #10 wire.
The #8 aluminum wire used for TV-antenna
grounds is satisfactory. Copper braid 3/4 inch wide
(Belden 8662-10) is also suitable. The conductor
should run in a straight line to the grounding point.
The ground connection may be made to a water
pipe system (if the pipe is not plastic), the grounded
metal frame of a building, or to one or more 5/8-
inch ground rods driven to a depth of at least 8
feet. More detailed information on lightning pro-
tection is contained in Chapter 1.
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A loop antenna is a closed-circuit antenna—that is, one in which a conductor is formed into one or
 more turns so its two ends are close together. Loops can be divided into two general classes,
those in which both the total conductor length and the maximum linear dimension of a turn are

very small compared with the wavelength, and those in which both the conductor length and the loop
dimensions begin to be comparable with the wavelength.

A “small” loop can be considered to be simply a rather large coil, and the current distribution in
such a loop is the same as in a coil. That is, the current has the same phase and the same amplitude in
every part of the loop. To meet this condition, the total length of conductor in the loop must not exceed
about 0.1 λ. Small loops are discussed later in this chapter, and further in Chapter 14.

A “large” loop is one in which the current is not the same either in amplitude or phase in every part
of the loop. This change in current distribution gives rise to entirely different properties as compared
with a small loop.

Half-Wave Loops
The smallest size of “large” loop generally used is one having a conductor length of 1/2 λ. The conductor

is usually formed into a square, as shown in Fig 1, making each side 1/8 λ long. When fed at the center of one
side, the current flows in a closed loop as shown at A. The current distribution is approximately the same as
on a 1/2-λ wire, and so is maximum at the center of the side opposite the terminals X-Y, and minimum at the
terminals themselves. This current distribution causes the field strength to be maximum in the plane of the
loop and in the direction looking from the low-current side to the high-current side. If the side opposite the
terminals is opened at the center as shown at B (strictly speaking, it is then no longer a loop because it is no
longer a closed circuit), the direction of current flow remains unchanged but the maximum current flow
occurs at the terminals. This reverses the direction of maximum radiation.

The radiation resistance at a current antinode (which is also the resistance at X-Y in Fig 1B) is on
the order of 50 Ω. The impedance at the terminals in A is a few thousand ohms. This can be reduced by
using two identical loops side by side with a few inches spacing between them and applying power
between terminal X on one loop and terminal Y on the other.

Unlike a 1/2-λ dipole or a small loop, there is no direction in which the radiation from a loop of the type
shown in Fig 1 is zero. There is appreciable radiation in the direction perpendicular to the plane of the loop,
as well as to the “rear”—the opposite direction to
the arrows shown. The front-to-back (F/B) ratio is
of the order of 4 to 6 dB. The small size and the
shape of the directive pattern result in a loss of about
1 dB when the field strength in the optimum direc-
tion from such a loop is compared with the field
from a 1/2-λ dipole in its optimum direction.

The ratio of the forward radiation to the back-
ward radiation can be increased, and the field
strength likewise increased at the same time to give
a gain of about 1 dB over a dipole, by using induc-
tive reactances to “load” the sides joining the front

Chapter 5

Loop Antennas

Fig 1—Half-wave loops, consisting of a single
turn having a total length of 1/2 λ.
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and back of the loop. This is shown in Fig 2. The reactances, which should have a value of approximately
360 Ω, decrease the current in the sides in which they are inserted and increase it in the side having termi-
nals. This increases the directivity and thus increases the efficiency of the loop as a radiator.

One-Wavelength Loops
Loops in which the conductor length is 1 λ have different characteristics than 1/2-λ loops. Three forms of

1-λ loops are shown in Fig 3. At A and B the sides of the squares are equal to 1/4 λ, the difference being in the
point at which the terminals are inserted. At C the sides of the triangle are equal to 1/3 λ. The relative
direction of current flow is as shown in the drawings. This direction reverses halfway around the perimeter
of the loop, as such reversals always occur at the junction of each 1/2-λ section of wire.

The directional characteristics of loops of this type are opposite in sense to those of a small loop. That
is, the radiation is maximum perpendicular to the plane of the loop and is minimum in any direction in the
plane containing the loop. If the three loops shown in Fig 3 are mounted in a vertical plane with the terminals
at the bottom, the radiation is horizontally polarized. When the terminals are moved to the center of one
vertical side in A, or to a side corner in B, the radiation is vertically polarized. If the terminals are moved to
a side corner in C, the polarization will be diagonal, containing both vertical and horizontal components.

In contrast to straight-wire antennas, the electrical length of the circumference of a 1-λ loop is shorter
than the actual length. For loops made of wire and operating at frequencies below 30 MHz or so, where the
ratio of conductor length to wire diameter is large, the loop will be close to resonance when

Length 1005
ffeet

MHz
=

The radiation resistance of a resonant 1-λ loop is approximately 100 Ω, when the ratio of conductor
length to diameter is large. As the loop dimensions are comparable with those of a 1/2-λ dipole, the radiation
efficiency is high.

In the direction of maximum radiation (that is, broadside to the plane of the loop, regardless of the
point at which it is fed) the 1-λ loop will show a small gain over a 1/2-λ dipole. Theoretically, this gain
is about 2 dB, and measurements have confirmed that it is of this order.

The 1-λ loop is more frequently used as an element of a directive antenna array (the quad and
delta-loop antennas described in Chapter 12) than singly, although there is no reason why it cannot be
used alone. In the quad and delta loop, it is nearly always driven so that the polarization is horizontal.

Small Loop Antennas
The electrically small loop antenna has existed in various forms for many years. Probably the most

familiar form of this antenna is the ferrite loopstick found in portable AM broadcast-band receivers.
Amateur applications of the small loop include direction finding, low-noise directional receiving an-

Fig 3—At A and B, loops having sides 1/4 λ long,
and at C having sides 1/3 λ long (total conductor
length 1 λ). The polarization depends on the
orientation of the loop and on the position of the
feed point (terminals X-Y) around the perimeter of
the loop.

Fig 2—Inductive loading in the sides of a 1/2-λ
loop to increase the directivity and gain.
Maximum radiation or response is in the plane of
the loop, in the direction shown by the arrow.
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tennas for 1.8 and 3.5 MHz, and small transmitting antennas. Because the design of transmitting and
receiving loops requires some different considerations, the two situations are examined separately in
this section.  This information was written by Domenic M. Mallozzi, N1DM.

The Basic Loop
What is, and what is not a small loop antenna? By definition, the loop is considered to be electri-

cally small when its total conductor length is less than 0.1 λ—0.085 is the number used in this section.
This size is based on the fact that the current around the perimeter of the loop must be in phase. When
the winding conductor is more than about 0.085 λ, this is no longer true.  This constraint results in a
very predictable figure-eight radiation pattern, shown in Fig 4.

The simplest loop is a 1-turn untuned loop with a load connected to a pair of terminals located in
the center of one of the sides, Fig 5. How its pattern is developed is easily pictured if we look at some
“snapshots” of the antenna relative to a signal source. Fig 6 represents a loop from above, and shows the
instantaneous radiated voltage wave. Note that points A and B of the loop are receiving the same instanta-
neous voltage. This means that no current will flow through the loop, because there is no current flow
between points of equal potential. A similar analysis of Fig 7, with the loop turned 90° from the position
represented in Fig 6, shows that this position of the loop provides maximum response. Of course, the voltage
derived from the passing wave is small because of the small physical size of the loop. Fig 4 shows the ideal
radiation pattern for a small loop.

The voltage across the loop terminals is given
by

V
2 A N E cos= π

λ
θ

         (Eq 1)

where
V = voltage across the loop terminals
A = area of loop in square meters
N = number of turns in the loop
E = RF field strength in volts per meter
θ = angle between the plane of the loop and
  the signal source (transmitting station)
λ = wavelength of operation in meters

This equation comes from a term called ef-

Fig 4—Calculated small loop antenna radiation
pattern.

Fig 5—Simple
untuned small
loop antenna.

Fig 6—Example of orientation of loop antenna
that does not respond to a signal source (null in
pattern).
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height (length) of a vertical piece of wire above
ground that would deliver the same voltage to
the receiver. The equation for effective height
is

h
2 N A= π

λ (Eq 2)

where h is in meters and the other terms are as
for Eq 1.

A few minutes with a calculator will show
that, with the constraints previously stated, the
loop antenna will have a very small effective
height. This means it will deliver a relatively
small voltage to the receiver, with even a large
signal.

TUNED LOOPS
We can tune the loop by placing a capacitor across the antenna terminals. This causes a larger

voltage to appear across the loop terminals because of the Q of the parallel resonant circuit that is
formed.

The voltage across the loop terminals is now given by

V
2 A N EQcos= π

λ
θ

  (Eq 3)

where Q is the loaded Q of the tuned circuit, and other terms are as defined above.
Most amateur loops are of the tuned variety. For this reason, all comments that follow are based on

tuned-loop antennas, consisting of one or more turns.  The tuned-loop antenna has some particular
advantages. For example, it puts high selectivity up at the “front” of a receiving system, where it can
significantly help factors such as dynamic range. Loaded Q values of 100 or greater are easy to obtain
with careful loop construction.

Consider a situation where the inherent selectivity of the loop is helpful. Assume we have a loop
with a Q of 100 at 1.805 MHz.  We are working a DX station on 1.805 MHz and are suffering strong
interference from a local station 10 kHz away. Switching from a dipole to a small loop will reduce the
strength of the off-frequency signal by 6 dB (approximately one S unit). This, in effect, increases the
dynamic range of the receiver. In fact, if the off-frequency station were further off frequency, the
attenuation would be greater.

Another way the loop can help is by using the nulls in its pattern to null out on-frequency
(or slightly off-frequency) interference.  For example, say we are working a DX station to the north,
and just 1 kHz away is another local station engaged in a contact.  The local station is to our west.
We can simply rotate our loop to put its null to the west, and now the DX station should be readable
while the local will be knocked down by 60 or more dB. This obviously is quite a noticeable difference.
Loop nulls are very sharp and are generally noticeable only on ground-wave signals (more on this
later).

Of course, this method of nulling will be effective only if the interfering station and the station
being worked are not in the same direction (or in exact opposite directions) from our location. If the
two stations were on the same line from our location, both the station being worked and the undesired
station would be nulled out. Luckily the nulls are very sharp, so as long as the stations are at least 10°
off axis from each other, the loop null will be usable.

A similar use of the nulling capability is to eliminate local noise interference, such as that from a

Fig 7—Example of orientation of loop antenna for
maximum response.



Loop Antennas  5-5

Table 1
Inductance Equations for Short Coils (Loo p Antennas)
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where
N = number of turns
s = side length in cm
l = coil length in cm

Note:  In the case of single-turn coils, the diameter of the conductor should be used for λ.

light dimmer in a neighbor’s house. Just put the null on the offending light dimmer, and the noise
should disappear.

Now that we have seen some possible uses of the small loop, let us look at a bit of detail about its
design. First, the loop forms an inductor having a very small ratio of winding length to diameter. The
equations for finding inductance given in most radio handbooks assume that the inductor coil is longer than
its diameter. However, F. W. Grover of the US National Bureau of Standards has provided equations for
inductors of common cross-sectional shapes and small length-to-diameter ratios. (See the Bibliography at
the end of this chapter.) Grover’s equations are shown in Table 1. Their use will yield relatively accurate
numbers; results are easily worked out with a scientific calculator or home computer.

The value of a tuning capacitor for a loop is easy to calculate from the standard resonance equa-
tions. The only matter to consider before calculating this is the value of distributed capacitance of the
loop winding. This capacitance shows up between adjacent turns of the coil because of their slight
difference in potential. This causes each turn to appear as a charge plate. As with all other capacitances,
the value of the distributed capacitance is based on the physical dimensions of the coil. An exact math-
ematical analysis of its value is a complex problem. A simple approximation is given by Medhurst (see
Bibliography) as

C = HD (Eq 4)

where
C = distributed capacitance in pF
H = a constant related to the length-to-diameter ratio ofthe coil (Table 2 gives H values for length-

  to-diameter ratios used in loop antenna work.)
D = diameter of the winding in cm
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Medhurst’s work was with coils of round cross section. For loops of square cross section the dis-
tributed capacitance is given by Bramslev (see Bibliography) as

C = 60S (Eq 5)

where
C = the distributed capacitance in pF
S = the length of the side in meters

If you convert the length in this equation to centimeters you will find Bramslev’s equation gives
results in the same order of magnitude as Medhurst’s equation.

This distributed capacitance appears as if it were a capacitor across the loop terminals.  Therefore, when
determining the value of the tuning capacitor, the distributed capacitance must be subtracted from the total
capacitance required to resonate the loop.  The distributed capacitance also determines the highest frequency
at which a particular loop can be used, because it is the minimum capacitance obtainable.

    Electrostatically Shielded Loops
Over the years, many loop antennas have incorporated an electrostatic shield. This shield generally

takes the form of a tube around the winding, made of a conductive but nonmagnetic material (such as
copper or aluminum). Its purpose is to maintain loop balance with respect to ground, by forcing the
capacitance between all portions of the loop and ground to be identical.  This is illustrated in Fig 8. It
is necessary to maintain electrical loop balance to eliminate what is referred to as the antenna effect.
When the antenna becomes unbalanced it appears to act partially as a small vertical antenna. This
vertical pattern gets superimposed on the ideal figure-eight pattern, distorting the pattern and filling in
the nulls.  The type of pattern that results is shown in Fig 9.

Adding the shield has the effect of somewhat reducing the pickup of the loop, but this loss is generally
offset by the increase in null depth of the loops. Proper balance of the loop antenna requires that the load on
the loop also be balanced.  This is usually accomplished by use of a balun transformer or a balanced input
preamplifier. Two important points regarding the shield are that it cannot form a continuous electrical path
around the loop perimeter, or it will appear as a shorted coil turn. Usually the insulated break is located
opposite the feed point to maintain symmetry. Another point to be considered is that the shield should be of
a much larger diameter than the loop winding, or it will lower the Q of the loop.

Various construction techniques have been used in making shielded loops.  Genaille located his
loop winding inside aluminum conduit, while True constructed an aluminum shield can around his
winding. Others have used pieces of Hardline to form a loop, using the outer conductor as a shield.

Fig 8—A t A, the loop is unbalanced by
capacitance to its surroundings .  At B, the use of
an electrostatic shield overcomes this effect.

Table 2
Values of the Constant H for Distributed
Capacitance

Length to
Diameter Ratio H

0.10 0.96
0.15 0.79
0.20 0.78
0.25 0.64
0.30 0.60
0.35 0.57
0.40 0.54
0.50 0.50
1.00 0.46
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Fig 9—Distortion in loop pattern resulting from
antenna effect.

DeMaw used flexible coax with the shield bro-
ken at the center of the loop conductor in a
multiturn loop for 1.8 MHz. Goldman uses an-
other shielding method for broadcast receiver
loops.  His shield is in the form of a barrel made
of hardware cloth, with the loop in its center.  (See
Bibliography for above references.)  All these
methods provide sufficient shielding to maintain
the balance. It is possible, as Nelson shows, to
construct an unshielded loop with good nulls (60
dB or better) by paying great care to symmetry.

LOOP Q
As previously mentioned, Q is an important

consideration in loop performance because it determines both the loop bandwidth and its terminal
voltage for a given field strength. The loaded Q of a loop is based on four major factors.  These are (1)
the intrinsic Q of the loop winding, (2) the effect of the load, (3) the effect of the electrostatic shield,
and (4) the Q of the tuning capacitor.

The major factor is the Q of the winding of the loop itself. The ac resistance of the conductor
caused by skin effect is the major consideration. The ac resistance for copper conductors may be deter-
mined from

R
0.996 10 f

d

6

=
−×

(Eq 6)

where
R = resistance in ohms per foot
f = frequency, Hz
d = conductor diameter, inches

The Q of the inductor is then easily determined by taking the reactance of the inductor and dividing
it by the ac resistance. If you are using a multiturn loop and are a perfectionist, you might also want to
include the loss from conductor proximity effect. This effect is described in detail later in this chapter,
in the section on transmitting loops.

Improvement in Q can be obtained in some cases by the use of Litz wire (short for Litzendraht).
Litz wire consists of strands of individual insulated wires that are woven into bundles in such a
manner that each conductor occupies each location in the bundle with equal frequency. Litz wire
results in improved Q over solid or stranded wire of equivalent size, up to about 3 MHz.

Also the Q of the tuned circuit of the loop antenna is determined by the Q of the capacitors
used to resonate it. In the case of air variables or dipped micas this is not usually a problem. But
if variable-capacitance diodes are used to remotely tune the loop, pay particular attention to the
manufacturer’s specification for Q of the diode at the frequency of operation.  The tuning diodes
can have a significant effect on circuit Q.

Now we consider the effect of load impedance on loop Q. In the case of a directly coupled loop (as
in Fig 5), the load is connected directly across the loop terminals, causing it to be treated as a parallel
resistance in a parallel-tuned RLC circuit. Obviously, if the load is of a low value, the Q of the loop will
be low. A simple way to correct this is to use a transformer to step up the load impedance that appears
across the loop terminals. In fact, if we make this transformer a balun, it also allows us to use our
unbalanced receivers with the loop and maintain loop symmetry. Another solution is to use what is
referred to as an inductively coupled loop, such as DeMaw’s four turn electrostatically shielded loop. A
1-turn link is connected to the receiver.  This turn is wound with the four-turn loop. In effect, this builds
the transformer into the antenna.
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Another solution to the problem of load impedance on loop Q is to use an active preamplifier with
a high impedance balanced input and unbalanced output.  This method also has the advantage of ampli-
fying the low-level output voltage of the loop to where it can be used with a receiver of even mediocre
sensitivity. In fact, the Q of the loop when used with a balanced preamplifier having high input imped-
ance may be so high as to be unusable in certain applications. An example of this situation would occur
where a loop is being used to receive a 5 kHz wide AM signal at a frequency where the bandwidth of
the loop is only 1.5 kHz. In this case the detected audio might be very distorted. The solution to this is
to locate a Q-degrading resistor across the loop terminals.

FERRITE-CORE LOOP ANTENNAS
The ferrite-core loop antenna is a special case of the air-core receiving loops considered up to

now. Because of its use in every AM broadcast-band portable radio, the ferrite-core loop is, by quan-
tity, the most popular form of the loop antenna. But broadcast-band reception is far from its only use; it
is commonly found in radio direction finding equipment and low frequency receiving systems (below
500 kHz) for time and frequency standard systems. In recent years, design information on these types
of antennas has been a bit sparse in the amateur literature, so the next few paragraphs are devoted to
providing some details.

 Ferrite loop antennas are characteristically very small compared to the frequency of use. For ex-
ample, a 3.5-MHz version may be in the range of 15 to 30 cm long and about 1.25 cm in diameter.
Earlier in this chapter, effective height was introduced as a measure of loop sensitivity. The effective
height of an air-core loop antenna is given by Eq 2.

If an air-core loop is placed in a field, in essence it cuts the lines of flux without disturbing them
(Fig 10A). On the other hand, when a ferrite (magnetic) core is placed in the field, the nearby field
lines are redirected into the loop (Fig 10B). This is because the reluctance of the ferrite material is less
than that of the surrounding air, so the nearby flux lines tend to flow through the loop rather than
passing it by. (Reluctance is the magnetic analogy of resistance, while flux is analogous to current.)
The reluctance is inversely proportional to the permeability of the rod core, µrod. (In some texts the rod
permeability is referred to as effective permeabil-
ity, µeff). This effect modifies the equation for
effective height of a ferrite-core loop to

h
2 N A rod=

π µ
λ (Eq 7)

where
h = effective height (length) in meters
N = number of turns in the loop
A = area of loop in square meters
µrod = permeability of the ferrite rod
λ = wavelength of operation in meters

This obviously is a large increase in “col-
lected” signal. If the rod permeability was 90,
this would be the same as making the loop area
90 times larger with the same number of turns.
For example, a 1.25 cm diameter ferrite-core loop
would have an effective height equal to an air-
core loop 22.5 cm in diameter (with the same
number of turns).

By now you might have noticed we have been

Fig 10—A t A, an air-core loop has no effect on
nearby field lines.  B illustrates the effect of a
ferrite core on nearby field lines.  The field is
altered by the reluctance of the ferrite material.
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Fig 11—Example of magnetic field lines near a
practical ferrite rod, showing leakage flux.

very careful to refer to rod permeability. There is
a very important reason for this. The permeability
that a rod of ferrite exhibits is a combination of the
material permeability or µ, the shape of the rod,
and the dimensions of the rod. In ferrite rods, µ is
sometimes referred to as initial permeability, µi, or
toroidal permeability, µtor. Because most amateur
ferrite loops are in the form of rods, we will dis-
cuss only this shape.

The reason that µrod is different from µ is a very
complex physics problem that is well beyond the scope
of this book. For those interested in the details, books
by Polydoroff and by Snelling cover this subject in
considerable detail. (See Bibliography.)  For our
purposes a simple explanation will suffice. The rod is
in fact not a perfect director of flux, as is illustrated in
Fig 11. Note that some lines impinge on the sides of
the core and also exit from the sides.  These lines there-
fore would not pass through all the turns of the coil if
it were wound from one end of the core to the other.
These flux lines are referred to as leakage flux, or
sometimes as flux leakage.

Leakage flux causes the flux density in the core
to be nonuniform along its length. From Fig 11 it
can be seen that the flux has a maximum at the geo-
metric center of the length of the core, and decreases
as the ends of the core are approached. This causes
some noticeable effects. As a short coil is placed at
different locations along a long core, its inductance
will change. The maximum inductance exists when
the coil is centered on the rod. The Q of a short coil
on a long rod is greatest at the center. On the other
hand, if you require a higher Q than this, it is rec-
ommended that you spread the coil turns along the
whole length of the core, even though this will re-
sult in a lower value of inductance. (The inductance
can be increased to the original value by adding
turns.) Fig 12 gives the relationship of rod perme-
ability to material permeability for a variety of values.

The change in µ over the length of the rod results in an adjustment in the term µrod for its so called
“free ends” (those not covered by the winding). This adjustment factor is given by

′ =µ µrod
a
b

3               (Eq 8)

where
µ′ = the corrected permeability
a = the length of the core
b = the length of the coil

This value of µ′ should be used in place of µrod in Eq 7 to obtain the most accurate value of
effective height.

Fig 12—Rod permeabilit y, µrod , versus material
permeabilit y, µ, for different rod length-to-
diameter ratios.
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All these variables make the calculation of ferrite loop antenna inductance somewhat less accurate
than for the air-core version. The inductance of a ferrite loop is given by

  
L

4 N A  102  –4
rod=

π µ ×
l

  (Eq 9)

where
L = inductance in microhenries
N = number of turns
A = cross-sectional area of the core in square mm
  l= magnetic length of core in mm

Experiments indicate that the winding diameter should be as close to that of the rod diameter as prac-
tical in order to maximize both inductance value and Q.
By using all this information, we may determine the voltage at the loop terminals and its
signal-to-noise ratio (SNR).  The voltage may be determined from

V
2 A N Q E= ′π µ

λ
       (Eq 10)

where
V = output voltage across the loop terminals
A = loop area in square meters
N = number of turns in the loop winding
µ′ = corrected rod permeability
Q = loaded Q of the loop
E = RF field strength in volts per meter
λ = wavelength of operation in meters

Lankford’s equation for the sensitivity of the loop for a 10 dB SNR is

E
1.09 10 fLb

A N  Q

10

= × λ
µ

−

′
(Eq 11)

where
f = operating frequency in Hz
L = loop inductance in henrys
b = receiver bandwidth in Hz

Similarly, Belrose gives the SNR of a tuned loop antenna as

SNR
66.3 N A E

b
Qf
L

rod= µ
(Eq 12)

From this, if the field strength E, µrod, b, and A are fixed, then Q or N must increase (or L decrease)
to yield a better SNR. Higher sensitivity can also be obtained (especially at frequencies below 500
kHz) by bunching ferrite cores together to increase the loop area over that which would be possible
with a single rod. High sensitivity is important because loop antennas are not the most efficient collec-
tors of signals, but they do offer improvement over other receiving antennas in terms of SNR. For this
reason, you should attempt to maximize the SNR when using a small loop receiving antenna.  In some
cases there may be physical constraints that limit how large you can make a ferrite-core loop.

After working through Eq 11 or 12, you might find you still require some increase in antenna
system gain to effectively use your loop. In these cases the addition of a low noise preamplifier may be
quite valuable even on the lower frequency bands where they are not commonly used. Chapter 14
contains information on such preamplifiers.

The electrostatic shield discussed earlier with reference to air-core loops can be used effectively
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with ferrite-core loops.  (Construction examples are presented in Chapter 14.)  As in the air-core loop,
a shield will reduce electrical noise and improve loop balance.

PROPAGATION EFFECTS ON NULL DEPTH
After building a balanced loop you may find it does not approach the theoretical performance in

the null depth. This problem may result from propagation effects. Tilting the loop away from a vertical
plane may improve performance under some propagation conditions, to account for the vertical angle
of arrival. Basically, the loop performs as described above only when the signal is arriving perpen-
dicular to the axis of rotation of the loop. At incidence angles other than perpendicular, the position and
depth of the nulls deteriorate.

The problem can be even further influenced by the fact that if the loop is situated over less than
perfectly conductive ground, the wave front will appear to tilt or bend. (This bending is not always
detrimental; in the case of Beverage antennas, sites are chosen to take advantage of this effect.)

Another cause of apparent poor performance in the null depth can be from polarization error.  If the
polarization of the signal is not completely linear, the nulls will not be sharp. In fact, for circularly
polarized signals, the loop might appear to have almost no nulls.  Propagation effects are discussed
further in Chapter 14.

     SITING EFFECTS ON THE LOOP
The location of the loop has an influence on its performance that at times may become quite notice-

able. For ideal performance the loop should be located outdoors and clear of any large conductors, such
as metallic downspouts and towers. A VLF loop, when mounted this way, will show good sharp nulls
spaced 180° apart if the loop is well balanced. This is because the major propagation mode at VLF is
via ground wave. At frequencies in the HF region, a significant portion of the signals are propagated by
sky wave, and nulls are often only partial.

For this reason most hams locate their loop antennas near their operating position.  If you choose to
locate a small loop indoors, its performance may show nulls of less than the expected depth, and some
skewing of the pattern. For precision direction finding there may be some errors associated with wiring,
plumbing, and other metallic construction members in the building. Also, a strong local signal may be
reradiated from the surrounding conductors so that it cannot be nulled with any  positioning of the loop.
There appears to be no known method of curing this type of problem. All this should not discourage you
from locating a loop indoors; this information is presented here only to give you an idea of some pitfalls.
Many hams have reported excellent results with indoor mounted loops, in spite of some of the problems.

Locating a receiving loop in the field of a transmitting antenna may cause a large voltage to appear at
the receiver antenna terminals. This may be sufficient to destroy sensitive RF amplifier transistors or front-
end protection diodes. This can be solved by disconnecting your loop from the receiver during transmit
periods. This can obviously be done automatically with a relay that opens when the transmitter is activated.

 LOOP ANTENNA ARRAYS
Arrays of loop antennas, both in combination with each other and with other antenna types, have

been used for many years. The arrays are generally used to cure some “deficiency” in the basic loop for
a particular application, such as a 180° ambiguity in the null direction, low sensitivity, and so forth.

     A Sensing Element
For direction finding applications the single loop suffers the problem of having two nulls which

are 180° apart. This leads to an ambiguity of 180° when trying to find the direction to a transmitting
station from a given location.  A sensing element (often called a sense antenna) may be added to the
loop, causing the overall antenna to have a cardioid pattern and only one null.  The sensing element is
a small vertical antenna whose height is equal to or greater than the loop effective height. This vertical
is physically close to the loop, and when its omnidirectional pattern is adjusted so that its amplitude
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and phase are equal to one of the loop lobes, the patterns combine to form a cardioid. This antenna can
be made quite compact by use of a ferrite loop to form a portable DF antenna for HF direction finding.
Chapter 14 contains additional information and construction projects using sensing elements.

        Arrays of Loops
A more advanced array which can develop more diverse patterns consists of two or more loops.

Their outputs are combined through appropriate phasing lines and combiners to form a phased array.
Two loops can also be formed into an array which can be rotated without physically turning the loops
themselves. This method was developed by Bellini and Tosi in 1907 and performs this apparently
contradictory feat by use of a special transformer called a goniometer. The goniometer is described in
Chapter 14.

      Aperiodi c Arrays
The aperiodic loop array is a wide-band antenna.  This type of array is useful over at least a decade of

frequency, such as 2 MHz to 20 MHz.  Unlike most of the loops discussed up to now, the loop elements in an
aperiodic array are untuned.  Such arrays have been used commercially for many years.  One loop used in
such an array is shown in Fig 13. This loop is quite different from all the loops discussed so far in this
chapter because its pattern is not the familiar figure eight.  Rather, it is omni-directional.

The antenna is omnidirectional because it is purposely unbalanced, and also because the isolating
resistor causes the antenna to appear as two closely spaced short monopoles. The loop maintains the
omnidirectional characteristics over a frequency range of at least four or five to one. These loops, when
combined into end-fire or broadside phased arrays, can provide quite impressive performance. A com-
mercially made end-fire array of this type consisting of four loops equally spaced along a 25-meter
baseline can provide gains in excess of 5 dBi over a range of 2 to 30 MHz. Over a considerable portion
of this frequency range, the array can maintain F/B ratios of 10 dB. Even though the commercial
version is very expensive, an amateur version can be constructed using the information provided by
Lambert. One interesting feature of this type of array is that, with the proper combination of hybrids
and combiners, the antenna can simultaneously feed two receivers with signals from different direc-
tions, as shown in Fig 14. This antenna may be especially interesting to one wanting a directional

receiving array for two or more adjacent amateur
bands.

Fig 13—A single wide-band loop antenna used in
an aperiodic arra y.

Fig 14—Block diagram of a four-loop broadside
array with dual beams separated by 6 0° in azimuth.
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Table 3
Transmitting Loop Equations

XL = 2πfL ohms

Q f
f

X

2 R  R
L

R L

= =
+( )∆

R 3.12 10 NA ohmsR
4

2

2

= [ ]×
λ

V PX QC  L=

I PQ
XL

L

=

where
XL = inductive reactance, ohms
f = frequency, Hz
∆f = bandwidth, Hz
RR = radiation resistance, ohms
RL = loss resistance, ohms (see text)
N = number of turns
A = area enclosed by loop, square meters
λ = wavelength at operating frequency, meters
Vc = voltage across capacitor
P = power, watts

IL = resonant circulating current in loop

Fig 15—At A, a simplified diagram of the army loop.  At B, the W5QJR Hart loop, which is described in
more detail later in this chapter.

TRANSMITTING LOOP ANTENNAS
The electrically small transmitting loop an-

tenna involves some different design consider-
ations from receiving loops.  Unlike receiving
loops, the size limitations of the antenna are not
as clearly defined. For most purposes, any trans-
mitting loop whose physical circumference (not
total conductor length) is less than 1/4 λ can be
considered small. In most cases, as a consequence
of their relatively large size (when compared to a
receiving loop), transmitting loops have a nonuni-
form current distribution along their circumfer-
ence. This leads to some performance changes
from a receiving loop.

The transmitting loop is a parallel-tuned circuit
with a large inductor acting as the radiator. As with
the receiving loop, the calculation of the transmit-
ting loop inductance may be carried out with the
equations in Table 1.  Avoid equations for long sole-
noids found in most texts.  Other fundamental equa-
tions for transmitting loops are given in Table 3.

In recent years, two types of transmitting loops
have been predominant in the amateur literature: the
“army loop” by Lew McCoy, W1ICP, and the “high
efficiency” loop by Ted Hart, W5QJR.  The army
loop is a version of a loop designed for portable use
in Southeast Asia by Patterson of the US Army. This
loop is diagrammed in Fig 15A. It can be seen by
examination that this loop appears as a parallel tuned
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circuit, fed by a tapped capacitance impedance-matching network. The Hart loop, shown in Fig 15B, has the
tuning capacitor separate from the matching network. The matching network is basically a form of gamma
match. (Additional data and construction details for the Hart loop are presented later in this chapter.)  Here
we cover some matters which are common to both antennas.

The radiation resistance of a loop in ohms is given by

R 3.12 10
N A

R
4

2

2

= 



× λ (Eq 13)

where
N = number of turns
A = area of loop in square meters
λ = wavelength of operation in meters

It is obvious that within the constraints given, the radiation resistance is very small. Unfortunately the
loop has losses, both ohmic and from skin effect.  By using this information, the radiation efficiency of
a loop can be calculated from

η ×= +
R

R R 100R

R L
(Eq 14)

where
η = antenna efficiency, %
RR = radiation resistance, Ω
RL = loss resistance, Ω

A simple ratio of RR versus RL shows the effects on the efficiency, as can be seen from Fig 16. The
loss resistance is primarily the ac resistance of the conductor. This can be calculated from Eq 6. A
transmitting loop generally requires the use of copper conductors of at least 3/4 inch in diameter in order
to obtain efficiencies that are reasonable. Tubing is as useful as a solid conductor because high-fre-
quency currents flow only along a very small depth of the surface of the conductor; the center of
the conductor has almost no effect on current flow.

In the case of multiturn loops there is an additional loss related to a term called proximity effect.
The proximity effect occurs in cases where the turns are closely spaced (such as being spaced one wire
diameter apart). As these current-carrying conductors are brought close to each other, the current den-
sity around the circumference of each conductor gets redistributed.  The result is that more current per
square meter is flowing at the surfaces adjacent to other conductors. This means that the loss is higher
than a simple skin-effect analysis would indicate, because the current is bunched so it flows through a
smaller cross section of the conductor than if the other turns were not present.

As the efficiency of a loop approaches 90%, the proximity effect is less serious. But unfortunately, the
less efficient the loop, the worse the effect.  For
example, an 8-turn transmitting loop with an
efficiency of 10% (calculated by the skin-effect
method) actually only has an efficiency of 3%
because of the additional losses introduced by the
proximity effect. If you are contemplating construc-
tion of a multiturn transmitting loop, you might want
to consider spreading the conductors apart to reduce
this effect.  G. S. Smith includes graphs that detail
this effect in his 1972 IEEE paper.

The components in a resonated transmitting
loop are subject to both high currents and volt-
ages as a result of the large circulating currents Fig 16—Effect of ratio of R R/RL on loop efficienc y.
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found in the high-Q tuned circuit formed by the antenna. This makes it important that the capacitors
have a high RF current rating, such as transmitting micas or the Centralab 850 series. Be aware that
even a 100 W transmitter can develop currents in the tens of amperes, and voltages across the tuning
capacitor in excess of 10,000 V. This consideration also applies to any conductors used to connect the
loop to the capacitors. A piece of #14 wire may have more resistance than the rest of the loop conduc-
tor. It is therefore best to use copper strips or the braid from a piece of large coax cable to make any
connections.  Make the best electrical connection possible, using soldered or welded joints. Using nuts
and bolts should be avoided, because at RF these joints generally have high resistance, especially after
being subjected to weathering.

An unfortunate consequence of having a small but high-efficiency transmitting loop is high Q, and
therefore limited bandwidth. This type of antenna may require retuning for frequency changes as little
as 5 kHz. If you are using any wide-band mode such as AM or FM, this might cause fidelity problems
and you might wish to sacrifice a little efficiency to obtain the required bandwidth.

A special case of the transmitting loop is that of the ferrite loaded loop. This is a logical extension
of the transmitting loop if we consider the improvement that a ferrite core makes in receiving loops.
The use of ferrites in a transmitting loop is still under development.  (See the Bibliography reference
for DeVore and Bohley.)

Small High Efficiency
Loo p Antennas for Transmitting

The ideal small transmitting antenna would have performance equal to a large antenna. A small
loop antenna can approach that performance except for a reduction in bandwidth, but that effect can be
overcome by retuning.  This section was written by Robert T. (Ted) Hart, W5QJR.

Small antennas are characterized by low radiation resistance. Typically, loading coils are added to
small antennas to achieve resonance. However, the loss in the coils results in an antenna with low
efficiency. If instead of coils a large capacitor is added to a low-loss conductor to achieve resonance,
and if the antenna conductor is bent to connect the ends to the capacitor, a loop is formed.  Based on
this concept, the small loop is capable of high efficiency. In addition, the small loop, when mounted
vertically, has the unique characteristic of radiation at all elevation angles. Therefore it can replace
both vertical and dipole antennas. Small size and high efficiency are advantages of using a properly
designed and constructed loop on the lower frequency bands.

The only deficiency in a small loop antenna is narrow bandwidth; it must be tuned to the operating
frequency. However, the use of a remote motor drive allows the loop to be tuned over a wide frequency
range. For example, two loops could be constructed to provide continuous frequency coverage from
3.5 to 30 MHz.

   Loop Fundamentals
The small transmitting loop has been around since 1957 (see the Patterson Bibliography refer-

ence).  Only recently has the small loop been developed into a practical antenna for amateurs. Fig 17
presents data for various size loop antennas for the HF amateur bands.  Through computer analysis, it
has been determined that the optimum size conductor is 3/4-inch copper pipe, considering both perfor-
mance and cost.

The loop circumference should be between 1/4 and 1/8 λ at the operating frequency. It will become
self-resonant above 1/4 λ, and efficiency drops rapidly below 1/8 λ. In the frequency ranges shown in Fig
17, the high frequency is for 5 pF of tuning capacitance, and the low frequency is that at which the loop
efficiency is down from 100% by 10 dB.

Where smaller loops are needed, the efficiency can be increased by increasing the pipe size or by
adding radials to form a ground screen under the loop (data are given in Fig 17). The effect of radials is
to double the antenna area because of the loop image. The length of each radial need be only twice the
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Fig 17—Design data for loops to cover various frequency ranges.  The information is calculated for an
8-sided loop, as shown in Fig 19 .  The capacitor specification data is based on 1000 W of transmitted
powe r.  See text for modifying these specifications for other power levels.

Loop No. 1
Frequenc y range , MHz       7.6-29.4
Loo p circumference , feet        8.5
Conducto r dia , inches        0.9
Radials     No

Frequenc y, MHz      10.1     14.2   18.0   21.2   24.0   29.0

Efficienc y, dB belo w 100%     –6.5     –3.1   –1.6   –1.0   –0.7   –0.4
Bandwidth , kHz       5.5       9.9   18.2   30.2   46.0   91.4
Q 1552 1212 835 591 439 267
Tunin g capacitance , pF   102.6     48.0   26.8   17.1   11.6    5.4
Capacito r voltage , kV P-P     38.21     40.03   37.40   34.16   31.32  26.86
Capacito r spacing , inches        0.255       0.267     0.249     0.228     0.209    0.179
Radiatio n resistance , ohms        0.009       0.034     0.088     0.170     0.279    0.594
Los s resistance , ohms        0.030       0.035     0.040     0.043     0.046    0.051

Loop No. 2
Frequency range, MHz   3.6-16.4
Loop circumference, feet  20
Conductor dia, inches   0.9
Radials  No

Frequenc y, MHz      4.0    7.2  10.1   14.2

Efficienc y, dB belo w 100%    –8.9  –2.7  –1.0   –0.3
Bandwidth , kHz      3.3    8.4  22.1   73.8
Q 1356 965 515 217
Tunin g capacitance , pF  310.5   86.1  36.8   11.6
Capacito r voltage , kV P-P    38.28   43.33  37.48   28.83
Capacito r spacing , inches       0.255    0.289    0.250     0.192
Radiatio n resistance , ohms       0.007    0.069    0.268     1.047
Los s resistance , ohms       0.044    0.059    0.070     0.083

Loop No. 3
Frequenc y range , MHz      2.1-10.0
Loo p circumference , feet     38
Conducto r dia , inches       0.9
Radials  No

Frequenc y, MHz      3.5     4.0    7.2

Efficienc y, dB belo w 100%    –4.1   –3.0  –0.5
Bandwidth , kHz      4.2     5.6   33.2
Q 1014 880 265
Tuning capacitance, pF   192.3 142.4   29.9
Capacito r voltage , kV P-P    45.63   45.43   33.47
Capacito r spacing , inches       0.304     0.303     0.223
Radiatio n resistance , ohms       0.050     0.086     0.902
Los s resistance , ohms       0.079     0.084     0.113

Loop No. 4
Frequenc y range , MHz      0.9-4.1
Loop circumference, feet   100
Conducto r dia , inches       0.9
Radials  No

Frequenc y, MHz      1.8      2.0    3.5    4.0

Efficienc y, dB belo w 100%    –2.7    –2.1   –0.4   –0.2
Bandwidth , kHz      3.4      4.4   27.7   45.9
Q  663  565 156 108
Tunin g capacitance , pF  215.7  166.4   24.9    8.8
Capacito r voltage , kV P-P    46.75    45.48   31.63   28.09
Capacito r spacing , inches       0.312      0.303     0.211    0.187
Radiatio n resistance , ohms       0.169      0.257     2.415    4.120
Los s resistance , ohms       0.148      0.157     0.207    0.221
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Loop No. 5
Frequency range, MHz    5.1-29.4
Loop circumference, feet    8.5
Conductor dia, inches    0.9
Radials Yes

Frequency, MHz      7.2   10.1   14.2   18.0   21.2   24.0   29.0

Efficiency, dB below 100%    –5.8   –2.7   –1.0   –0.5   –0.3   –0.2  –0.1
Bandwidth, kHz      4.9     9.2   24.4   55.7 102.4 164.6 344.1
Q 1248 925 490 272 174 123   71
Tuning capacitance, pF  209.7 102.6   48.0   26.8   17.1   11.6     5.4
Capacitor voltage, kV P-P    28.92   29.49   25.46   21.36   18.55   16.56   13.84
Capacitor spacing, inches      0.193     0.197     0.170     0.142     0.124     0.110     0.092
Radiation resistance, ohms      0.009     0.035     0.137     0.353     0.679     1.115     2.377
Loss resistance, ohms      0.025     0.030     0.035     0.040     0.043     0.046     0.051

Loop No. 6
Frequency range, MHz    2.4-16.4
Loop circumference, feet  20
Conductor dia, inches    0.9
Radials Yes

Frequency, MHz       3.5      4.0     7.2   10.1  14.2

Efficiency, dB below 100%    –5.7    –4.3    –0.8  –0.3  –0.1
Bandwidth, kHz      3.7      4.6    21.9  74.5 278.7
Q 1061   976  369 152   57
Tuning capacitance, pF   409.8   310.5    86.1   36.8  11.6
Capacitor voltage, kV P-P     31.68    32.48    26.80   20.40  14.83
Capacitor spacing, inches       0.211      0.217      0.179     0.136    0.099
Radiation resistance, ohms       0.015      0.026      0.277     1.072    4.187
Loss resistance, ohms       0.041      0.044      0.059     0.070    0.083

Loop No. 7
Frequency range, MHz    1.4-10.0
Loop circumference, feet  38
Conductor dia, inches    0.9
Radials Yes

Frequency, MHz       1.8     2.0     3.5    4.0     7.2

Efficiency, dB below 100%     –7.0   –5.8   –1.4  –1.0   –0.1
Bandwidth, kHz       2.3     2.6     9.2  14.0 121.8
Q   955 924 467 350   72
Tuning capacitance, pF   783.7 630.9 192.3 142.4   29.9
Capacitor voltage, kV P-P     31.74   32.92   30.97  28.64   17.48
Capacitor spacing, inches       0.212     0.219     0.206    0.191     0.117
Radiation resistance, ohms       0.014     0.021     0.201    0.344     3.607
Loss resistance, ohms       0.056     0.059     0.079    0.084     0.113

Loop No. 8
Frequency range, MHz     0.6-4.1
Loop circumference, feet 100
Conductor dia, inches     0.9
Radials Yes

Frequency, MHz       1.8      2.0     3.5   4.0

Efficiency, dB below 100%     –0.9    –0.6   –0.1   –0.1
Bandwidth, kHz       8.7    12.5 104.2 176.4
Q   255  197   41 28
Tuning capacitance, pF   215.7  166.4   24.9     8.8
Capacitor voltage, kV P-P     29.01    26.87   16.30   14.32
Capacitor spacing, inches       0.193      0.179     0.109     0.095
Radiation resistance, ohms       0.676      1.030     9.659     16.478
Loss resistance, ohms       0.148      0.157     0.207    0.221
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loop diameter. Quarter-wavelength radials should be used for loops mounted over poor ground to im-
prove performance.

Data for Fig 17 was computed for 3/4-inch copper water pipe (nominal OD of 0.9 inch). By compar-
ing figures with radials (perfect screen assumed) and without, you will note that the effect of radials is
greater for loops with a smaller circumference, for a given frequency. Also note the efficiency is higher
and the Q is lower for loops having a circumference near 1/4 λ. Larger pipe size will reduce the loss
resistance, but the Q increases. Therefore the bandwidth decreases, and the voltage across the tuning
capacitor increases.

Fig 18 allows the selection of loop size versus tuning capacitance for any desired operating frequency
range for the HF amateur bands.  For example, a capacitor that varies from 5 to 50 pF, used with a loop 10 feet
in circumference, tunes from 13 to 27 MHz (represented by the left dark vertical bar).  A
25-150 pF capacitor with a 13.5-foot loop covers the 7-14.4 MHz range, represented by the right vertical bar.

The equivalent electrical circuit for the loop is a parallel resonant circuit with a very high Q, and
therefore a narrow bandwidth. The efficiency is a function of radiation resistance divided by the sum of
the radiation plus loss resistance. The radiation resistance is much less than 1 Ω, so it is necessary to
minimize the loss resistance, which is largely the skin effect loss of the conductor. However, if the loss
is too low, the Q will be excessive and the bandwidth will be too narrow for practical use. These
reasons dictate the need for a complete analysis to be performed before proceeding with the construc-
tion of a loop.

Additional Loss
There are two sources of additional loss in a completed loop antenna.  First, if the loop is mounted

near lossy metallic conductors, the large magnetic field will induce currents into those conductors and
be reflected as loss in the loop. Therefore the loop should be as far from other conductors as possible.
If you use the loop inside a building constructed with large amounts of iron or near ferrous materials,
you will simply have to live with the loss if the loop cannot otherwise be relocated.

The second source of loss is from poor construction, which can be avoided. All joints in the loop
must be brazed or soldered. This also applies to the tuning capacitor. The use of a split-stator capacitor
eliminates the resistance of wiper contacts, resistance that is inherent in a single-section capacitor. The

loop ends are connected to the stators, and the ro-
tor forms the variable coupling path between sta-
tors. With this arrangement the value of capaci-
tance is divided by two, but the voltage rating is
doubled.

The capacitor must be selected for transmit-
ting-loop application; that is, all contacts must be
welded, and no mechanical wiping contacts are
allowed. For example, if the spacers between plates
are not welded to the plates, there will be loss in
each joint, and thus degraded loop efficiency.  (Ear-
lier transmitting loops exhibited poor efficiency
because capacitors with wiping contacts were
used.) There are two types of capacitors available
for this application. A vacuum variable is an ex-
cellent choice, provided one is selected with an
adequate voltage rating. Unfortunately, those
capacitors are very expensive. For this reason, a
170 pF-340 pF variable—per section, with 1/4-inch
spacing—has been designed for transmitting loops
(available from W5QJR Antenna Products*).  An-
other alternative is to obtain a large air variable,

Fig 18—Frequency tuning range of an octagon-
shaped loop using 3/4-inch copper water pipe, for
various values of tuning capacitance and loop
circumference.
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Fig 19—Loop construction details.  Fig 17  gives loop design data for various frequency ranges.

remove the aluminum plates, and replace them with copper or double-sided PC board material. Con-
nect all plates together on the rotor and on the stators. Solder copper straps to the capacitor for solder-
ing to the loop itself.

The spacing between plates determines the voltage-handling capability, rated at 75,000 V per inch.
Fig 17 includes the spacing required for each section of the split-stator capacitor for 1000 W RF power. For
other power ratings, multiply the spacing (and voltage) by the square root of the ratio of your power to
1000 W. For example, for 100 W, the ratio would be100 1000/ = 0.316.

Remote Tuning
Because of the narrow bandwidth, the loop must be retuned each time the operating frequency is

changed by more than a few kilohertz. A very high resolution motor and gear train is required. The use
of a stepper motor with integral gear train provides an excellent drive. The preferred unit is available at
this writing from Hurst Manufacturing Co.**  The controller is an integrated circuit that provides all
the functions of speed control and direction of rotation. Add a variable resistor for speed control, con-
trol switches and a 12 V dc source, and you have a complete drive. (The 1988 cost of the motor and
controller is about $90.) For high RF power, it is advisable to add low-pass filters in the motor leads
near the controller, to prevent RF from damaging the controller.  Use 100-µH RF chokes (Radio Shack),
with 0.011-µF disc capacitors from either side to ground.

CONSTRUCTION
After you select the loop design for your application, construct it as shown in Fig 19.  The effi-

ciency of a small loop is related to area, and therefore a round loop would provide the maximum area
for a given circumference. The octagon shape is much easier to construct, with only a small difference
in area. The third choice would be a square. The values presented in Fig 17 are for an octagon.

For a given loop circumference, divide the circumference by 8 and cut eight equal-length pieces of
3/4-inch copper pipe. Join the pieces with 45° elbows to form the octagon. With the loop lying on the
ground, braze or solder all joints. In the center of one leg, cut the pipe and install a copper T. Adjacent
to the T, install a mount for the coax connector. Make the mount from copper strap, which can be

*A variable capacitor designed specifically for transmitting loop use is available from W5QJR Antenna Products, PO Box
334, Melbourne, FL 32902. (Send SASE for information.)

**Hurst Manufacturing Co, Princeton, IN 47670. Use motor no. 304-001 and controller no. 22001.
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obtained by splitting a short piece of pipe and hammering it flat.
Make a box from clear plastic to house the variable capacitor and the drive motor. The side of the

box that mounts to the loop and the capacitor should be at least 1/4 inch thick, preferably 3/8 inch. The
remainder of the box can be 1/8-inch plastic sheet. Any good sign shop will cut the pieces to size for
you. Mount the loop to the plastic using 1/4-inch bolts (two on either side of center).  Remove the bolts
and cut out a section of pipe 2 inches wide in the center. On the motor side of the capacitor, cut the pipe
and install a copper T for the motor wiring.

The next step is to solder copper straps to the loop ends and to the capacitor stators, then remount the
loop to the plastic. If you insert wood dowels, the pipe will remain round when you tighten the bolts.

Now you can install the motor drive cable through the loop and connect it to the motor. Antenna
rotator cable is a good choice for this cable. Complete the plastic box using short pieces of aluminum
angle and small sheet-metal screws to join the pieces.

The loop is now ready to raise to the vertical position. Remember, no metal is allowed near the
loop. Make a pole of 2 × 4-inch lumber with 1 × 4-inch boards on either side to form an I section. Hold
the boards together with 1/4-inch bolts, 2 feet apart. Tie rope guys to the top. This makes an excellent
mast up to 50 feet high. The pole height should be one foot greater than the loop diameter, to allow
room for cutting grass or weeds at the bottom of the loop. By installing a pulley at the top, the loop can
be raised and supported by rope. Support the bottom of the loop by tying it to the pole.  Tie guy ropes
to the sides of the loop to keep it from rotating in the wind. By moving the anchor points, the loop can
be rotated in the azimuth plane.

With the loop in the vertical position, cut a piece of 1/4-inch copper tubing the length of one of the
sides of the loop. Flatten one end and solder a piece of flexible wire to the other. Wrap the tubing with
electrical tape or cover with plastic tubing for insulation. Connect the flexible wire to the coax connec-
tor and install the tubing against the inside of the loop. Hold in place with tape. Solder the flat part to
the loop. You have just constructed a form of gamma match, but without reactive components. This
simple feed will provide better than 1.7:1 SWR over a 2:1 frequency range for the resonated loop.  For
safety, install a good ground rod under the loop and connect it to the strap for the coax connector, using
large flexible wire.

 TUNE-UP PROCEDURE
The resonant frequency of the loop can be readily found by setting the receiver to a desired fre-

quency and rotating the capacitor (via remote control) until signals peak. The peak will be very sharp
because of the high Q of the loop. Incidentally, the loop typically reduces electrostatic noise 26 dB
compared to dipoles or verticals, thus allowing improved reception in noisy areas.

Turn on the transmitter in the tune mode and adjust either the transmitter frequency or the loop
capacitor for maximum signal on a field-strength meter, or for maximum forward signal on an SWR
bridge. Adjust the matching network for minimum SWR by bending the matching line. Normally a
small hump in the 1/4-inch tubing line, as shown in Fig 19, will give the desired results. For a loop that
covers two or more bands, adjust the feed to give equally low SWR at each end of the tubing range. The
SWR will be very low in the center of the tuning range but will rise at each end.

 If there is metal near the loop, the additional loss will reduce the Q and therefore the impedance of
the loop. In those cases it will be necessary to increase the length of the matching line and tap higher up
on the loop to obtain a 50-Ω match.

   PERFORMANCE COMPARISON
As previously indicated, the loop will provide performance approaching full-size dipoles and verti-

cals. To illustrate one case, a loop 100 feet in circumference would be 30 feet high for 1.8 MHz. How-
ever, a good dipole would be 240 feet (1/2 λ) in length and 120 feet high (1/4 λ).  A 1/4-λ vertical would be
120 feet tall with a large number of radials, each 120 feet in length. The small loop would replace both of
those antennas. Since very few hams have full-size antennas on 1.8 MHz, it is easy for a loop to emanate
the “big signal on the band.”
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On the higher frequencies, the same ratios apply, but the full-size antennas are less dramatic. How-
ever, very few city dwellers can erect good verticals even on 7 MHz with a full-size counterpoise. Even
on 14 MHz a loop about 3 feet high can work the world.

Additional Comments
The loop should not be mounted horizontally except at great heights. The pattern for a horizontal

loop will be horizontally polarized, but it will have a null overhead and be omnidirectional in the
azimuth plane. The effect of the earth would be the same as on the pattern of a horizontal dipole at the
same height.

It has taken a number of years to develop this small loop into a practical antenna for amateurs.
Other than trading small size for narrow bandwidth, the loop is an excellent antenna and will find use
where large antennas are not practical.  It should be a useful antenna to a large number of amateurs.

     The Loop Skywire
Are you looking for a multiband HF antenna that is easy to construct, costs nearly nothing and

works great?  Try this one.  This information is based on a November 1985 QST article by Dave Fischer,
WØMHS.

There is one wire antenna that performs exceptionally well on the lower HF bands, but relatively
few amateurs use it.  This is a full-size horizontal loop.  The Loop Skywire antenna is that type.  It is
fundamental and simple, easy to construct, costs nearly nothing, and eliminates the need for multiple
antennas to cover the HF bands.  It is made only of wire and coaxial cable, and often needs no Transmatch.
It is an efficient antenna that is omnidirectional over real earth.  It is noticeably less susceptible than
dipoles and verticals to man-made and atmospheric noise.  The antenna can also be used on harmonics
of the fundamental frequency, and fits on almost every amateur’s lot.

It is curious that many references to this antenna are brief pronouncements that it operates best as
a high-angle radiator and is good for only short-distance contacts.  Such statements, in effect, dismiss
this antenna as useless for most amateur work.  This is not the case!  Those who use the Loop Skywire
know that its performance far exceeds the short haul.  DX is easy to work.

           THE DESIGN
The Loop Skywire is shown in Fig 20.  This antenna is a magnetic version of the open-wire, center-

fed electric dipole that has performed extraordinarily well for many decades.  Yet this one is less
difficult to match and use.  It is simply a loop antenna erected horizontal to the earth.  Maximum
enclosed area within the wire loop is the fundamental rule.  The antenna has one wavelength of wire in
its perimeter at the design or fundamental frequency.  If you choose to calculate Ltotal in feet, the
following equation should be used.

L 1005
ftotal

=

where f equals the frequency in MHz.

Given any length of wire, the maximum possible area the antenna can enclose is with the wire in
the shape of a circle.  Since it takes an infinite number of supports to hang a circular loop, the square
loop (four supports) is the most practical.  Further reducing the area enclosed by the wire loop (fewer
supports) brings the antenna closer to the properties of the folded dipole, and both harmonic-imped-
ance and feed-line voltage problems can result.  Loop geometries other than a square are thus possible,
but remember the two fundamental requirements for the Loop Skywire—its horizontal position and
maximum enclosed area.

A little-known fact in the amateur community is that loops can be fed simply at all harmonics of
the design frequency.  There is another great advantage to this antenna system.  It can be operated as a
vertical antenna with top-hat loading on all bands as well.  This is accomplished by simply keeping the
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Fig 20—A complete view of the Loop Skywire.  The square loop is erected horizontal to the earth.

Fig 21—Two methods of installing the insulators
at the loop corners.

feed line run from the antenna to the shack as vertical as possible and clear of objects.  Both feed-line
conductors are then tied together (via a shorted SO-239 jack, for example), and the antenna is fed
against a good ground.

       CONSTRUCTION
Antenna construction is simple.  Although the loop can be made for any band or frequency of

operation, the following two Loop Skywires are star performers.  The 10-MHz band can also be oper-
ated on both.

3.5-MHz Loop Skywire  (3.5-28 MHz loop and 1.8-MHz vertical)
Total loop perimeter: 272 feet
Square side length:  68 feet

7-MHz Loop Skywire  (7-28 MHz loop and 3.5-
MHz vertical) Total loop perimeter: 142 feet

Square side length:  35.5 feet

The actual total length can vary from the above
by a few feet, as the length is not at all critical.  Do
not worry about tuning and pruning the loop to reso-
nance.  No signal difference will be detected on the
other end when that method is used.

Copper wire is usually used in the loop.  Lamp
or “zip” cord and Copperweld can also be used.
Several loops have even been constructed success-
fully with steel wire, but soldering is difficult.
Fig 21 shows the placement of the insulators at the
loop corners.  Two common methods are used to
attach the insulators.  Either lock or tie the insulator
in place with a loop wire tie, as shown in Fig 21A, or
leave the insulator free to “float” or slide along the
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Fig 22—Most users feed the Skywire at a
corne r.  A high-impedance weather-resistant
insulant should be used for the feed-point
insulato r.  Cover the end of the coaxial cable
with silicone rubber for protection from the
weather and added electrical insulation.
Dimensions shown are approximate.

wire, Fig 21B.  Most loop users float at least two insulators.  This allows pulling the slack out of the loop once
it is in the air, and eliminates the need to have all the supports exactly placed for proper tension in each leg.
Floating two opposite corners is recommended.  The feed point can be positioned anywhere along the loop
that you wish.  However, most users feed the Skywire at a corner. Fig 22 depicts a method of doing this.  It is
advantageous to keep the feed-point mechanicals away from the corner support.  Feeding a foot or so from one
corner allows the feed line to exit more freely.  This method keeps the feed line free from the loop support.

Generally a minimum of four supports is required.  If trees are used for supports, then at least two of the
ropes or guys used to support the insulators should be counterweighted and allowed to move freely.  The
feed-line corner is almost always tied down, however.  Very little tension is needed to support the loop (far
less than that for a dipole).  Thus, counterweights are light.  Several loops have been constructed with bungie
cords tied to three of the four insulators.  This eliminates the need for counterweighting.

Recommended height for the antenna is 40 feet or more.  The higher the better, especially if you
wish to use the loop in the vertical mode.  However, successful local and DX operation has been
reported in several cases with the antenna at 20 feet.

If you are preoccupied with SWR, the reading will depend on your operating frequency and the
type of feed line used.  Coaxial cable is sufficient. Open wire does not appear to make the loop perform
any better or matching to it easier.  Most users feed with RG-58, RG-59 or RG-62.  RG-8 and RG-11
are generally too cumbersome to use.  With full power and coaxial cable feeding these loops, feed-line
problems have not been reported.  The SWR from either of these loops is rarely over 3:1.  If you are
concerned about the SWR, use a Transmatch and eliminate all worries about power transfer and maxi-
mum signal strength.  When constructing the loop, connect (solder) the coaxial feed line ends directly
to the loop wire ends.  Don’t do anything else.  Baluns or choke coils at the feed point are not to be
used.  They are unnecessary.  Don’ t let anyone talk you into using them.  The feed arrangement for
operating the loop as a vertical antenna is shown in Fig 23.

The highest line SWR usually occurs at the second harmonic of the design frequency.  The Loop
Skywire is somewhat more broadband than corresponding dipoles, and the loop is efficient.  Do not
expect SWR curves that are “dummy load” flat!

Because the loop is high in the air and has considerable electrical exposure to the elements, proper

Fig 23—The feed arrangement for operating the
loop as a vertical antenna.
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methods should be employed to eliminate the chance of induced or direct lightning hazard to the shack
and operator.  Some users simply employ a three-connector (PL-259/PL-258/PL-259) weather-
protected junction in the feed line outside the shack and completely disconnect the antenna from the rig
and shack during periods of possible lightning activity.

Some skeptics have commented that the Loop Skywire is actually a vertical antenna in disguise.
Yet when the loops have been used in on-the-air tests with both local and distant stations, the loop
operating as a loop consistently “out-signals” the loop operating as a vertical.

7-MHz Loop
An effective but simple 7-MHz antenna that has a theoretical gain of approximately 2 dB over a

dipole is a full-wave, closed vertical loop. Such a loop need not be square, as illustrated in Fig 24. It
can be trapezoidal, rectangular, circular, or some distorted configuration in between those shapes. For
best results, however, the builder should attempt to make the loop as square as possible. The more
rectangular the shape, the greater the cancellation of energy in the system, and the less effective it will
be.  In the limiting case, the antenna loses its identity as a loop and becomes a folded dipole.

The loop can be fed in the center of one of the vertical sides if vertical polarization is desired. For
horizontal polarization, it is necessary to feed either of the horizontal sides at the center.

Optimum directivity occurs at right angles to the plane of the loop, or in more simple terms, broad-
side from the loop. One should try to hang the system from available supports which will enable the
antenna to radiate the maximum amount in some
favored direction.

Just how the wire is erected will depend on
what is available in one’s yard. Trees are always
handy for supporting antennas, and in many in-
stances the house is high enough to be included in
the lineup of solid objects from which to hang a
radiator. If only one supporting structure is avail-
able it should be a simple matter to put up an A
frame or pipe mast to use as a second support.
(Also, tower owners see Fig 24 inset.)

The overall length of the wire used in a loop is
determined in feet from the formula 1005/f(MHz).
Hence, for operation at 7.125 MHz the overall wire
length will be 141 feet. The matching transformer,
an electrical 1/4 λ of 75 Ω coax cable, can be com-
puted by dividing 246 by the operating frequency in
MHz, then multiplying that number by the velocity
factor of the cable being used. Thus, for opera-
tion at 7.125 MHz, 246/7.125 MHz = 34.53 feet.
If coax with solid polyethylene insulation is used
a velocity factor of 0.66 must be employed. Foam-
polyethylene coax has a velocity factor of 0.80.
Assuming RG-59 is used, the length of the match-
ing transformer becomes 34.53 (feet) × 0.66 =
22.79 feet, or 22 feet, 91/2 inches.

This same loop antenna may be used on the 14
and 21-MHz bands, although its pattern will be
somewhat different than on its fundamental fre-
quency. Also, a slight mismatch will occur, but this

Fig 24—Details of the full-wave loop. The
dimensions given are for operation at 7.05 MHz. The
height above ground was 7 feet in this instance,
although improved performance should result if the
builder can install the loop higher above ground
without sacrificing length on the vertical sides. The
inset illustrates how a single supporting structure
can be used to hold the loop in a diamond-shaped
configuration. Feeding the diamond at the lower tip
provides radiation in the horizontal plane. Feeding
the system at either side will result in vertical
polarization of the radiated signal.
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can be overcome by a simple matching network. When the loop is mounted in a vertical plane, it tends
to favor low-angle signals. If a high-angle system is desired, say for 3.5 MHz, the full-wave loop can
be mounted in a horizontal plane, 30 or more feet above ground. This arrangement will enhance sky-
wave coverage on a short-haul basis.

A Receiving Loop
for 1.8 MHz

Small shielded loop antennas can be used to im-
prove reception under certain conditions, especially
at the lower amateur frequencies. This is particularly
true when high levels of man-made noise are preva-
lent, when the second-harmonic energy from a nearby
broadcast station falls in the 1.8-MHz band, or when
interference exists from some other amateur station
in the immediate area. A properly constructed and
tuned small loop will exhibit approximately 30 dB of
front-to-side response, the  minimum response being
at right angles to the plane of the loop. Therefore,
noise and interference can be reduced significantly
or completely nulled out, by rotating the loop so that
it is sideways to the interference-causing source. Gen-
erally speaking, small shielded loops are far less re-
sponsive to man-made noise than are the larger an-
tennas used for transmitting and receiving. But a trade-
off in performance must be accepted when using the
loop, for the strength of received signals will be 10 or
15 dB less than when using a full-size resonant an-
tenna. This condition is not a handicap on 1.8 or 3.5
MHz, provided the station receiver has normal sensi-
tivity and overall gain. Because a front-to-side ratio
of 30 dB may be expected, a shielded loop can be
used to eliminate a variety of receiving problems if
made rotatable, as shown in Fig 25.

To obtain the sharp bidirectional pattern of a small
loop, the overall length of the conductor must not ex-
ceed 0.1 λ. The loop of Fig 26 has a conductor length
of 20 feet. At 1.81 MHz, 20 feet is 0.037 λ. With this
style of loop, 0.037 λ is about the maximum practical
dimension if one is to tune the element to resonance.
This limitation results from the distributed capacitance
between the shield and inner conductor of the loop.
RG-59 was used for the loop element in this example.
The capacitance per foot for this cable is 21 pF, result-
ing in a total distributed capacitance of 420 pF. An
additional 100 pF was needed to resonate the loop at
1.810 MHz. Therefore, the approximate inductance of
the loop is 15 µH. The effect of the capacitance be-
comes less pronounced at the higher end of the HF spec-

Fig 25—Jean DeMaw, W1CKK, tests the 1.8-MHz
shielded loop. Bamboo cross arms are used to
support the antenna.

Fig 26—Schematic diagram of the loop antenna.
The dimensions are not critical provided overall
length of the loop element does not exceed
approximately 0.1 λ. Small loops which are one
half or less the size of this one will prove useful
where limited space is a consideration.
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trum, provided the same percentage of a wavelength is used in computing the conductor length. The ratio between
the distributed capacitance and the lumped capacitance used at the feed point becomes greater at resonance.
These facts should be contemplated when scaling the loop to those bands above 1.8 MHz.

There will not be a major difference in the construction requirements of the loop if coaxial cables
other than RG-59 are used. The line impedance is not significant with respect to the loop element.
Various types of coaxial line exhibit different amounts of capacitance per foot, however, thereby re-
quiring more or less capacitance across the feed point to establish resonance.

Shielded loops are not affected noticeably by nearby objects, and therefore they can be installed
indoors or out after being tuned to resonance. Moving them from one place to another does not signifi-
cantly affect the tuning.

In the model shown here it can be seen that a supporting structure was fashioned from bamboo poles.
The X frame is held together at the center by means of two U bolts. The loop element is taped to the cross-
arms to form a square. It is likely that one could use metal cross arms without seriously degrading the
antenna performance. Alternatively, wood can be used for the supporting frame.

A Minibox was used at the feed point of the loop to contain the resonating variable capacitor.
In this model a 50 to 400-pF compression trimmer is used to establish resonance. It is necessary
to weatherproof the box for outdoor installations.

The shield braid of the loop coax is removed for a length of one inch directly opposite the feed
point. The exposed areas should be treated with a sealing compound once this is done.

In operation this receiving loop has been very effective in nulling out second-harmonic energy from
local broadcast stations. During DX and contest operation on 1.8 MHz it helped prevent receiver overload-
ing from nearby 1.8-MHz stations that share the band. The marked reduction in response to noise has made
the loop a valuable station accessory when receiving weak signals. It is not used all of the time, but is
available when needed by connecting it to the receiver through an antenna selector switch. Reception of
European stations with the loop has been possible from New England at times when other antennas were
totally ineffective because of noise.

It was also discovered that the effects of approaching storms (with attendant atmospheric noise)
could be nullified considerably by rotating the loop away from the storm front. It should be said that
the loop does not exhibit meaningful directivity when receiving sky-wave signals. The directivity char-
acteristics relate primarily to ground-wave signals. This is a bonus feature in disguise, for when nulling
out local noise or interference, one is still able to copy sky-wave signals from all compass points!

For receiving applications it is not necessary to match the feed line to the loop, though doing so
may enhance the performance somewhat. If no attempt is made to obtain an SWR of 1, the builder can
use 50 or 75-Ω coax for a feeder, and no difference in performance will be observed. The Q of this loop
is sufficiently low to allow the operator to peak it for resonance at 1.9 kHz and use it across the entire
1.8-MHz band. The degradation in performance at 1.8 and 2 MHz will be so slight that it will be
difficult to discern.
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Chapter 6

Low-Frequency Antennas

Horizontal Antennas

I n theory there is no difference between antennas at  10 MHz and up and those for lower frequencies.
In reality however, there are often important differences. It is the size of the antennas, which in-
creases as frequency is decreased, that creates practical limits on what can be realized physically at

reasonable cost.
At 7.3 MHz, 1 λ = 133 feet and by the time we get to 1.8 MHz, 1 λ = 547 feet. Even a λ/2 dipole is

very long on 160 meters. The result is that the average antenna for these bands is quite different from
the higher bands, where Yagis and other relatively complex antennas dominate. In addition, vertical
antennas can be more useful at low frequencies than they are on 20 meters and above because of the
low heights (in wavelengths) usually available for horizontal antennas on the low bands. Much of the
effort on the low bands is focused on how to build simple but effective antennas with limited resources.
This section is devoted to antennas for use on amateur bands between 1.8 to 7 MHz.

As shown in Chapter 3, radiation angles from horizontal antennas are a very strong function of the
height above ground in wavelengths. Typically for DX work heights of λ/2 to 1 λ are considered to be
a minimum. As we go down in frequency these heights become harder to realize. For example, a
160-meter dipole at 70 feet is only 0.14 λ high. This antenna will be very effective for local and short
distance QSOs but not very good for DX work. Despite this limitation, horizontal antennas are very
popular on the lower bands because the low frequencies are often used for short range communica-
tions, local nets and rag chewing. Also horizontal antennas do not require extensive ground systems to
be efficient.

DIPOLE ANTENNAS
Half-wave dipoles and variations of these can be a very good choice for a low band antenna. A

variety of possibilities are shown in Fig 1. An untuned or “flat” feed line is a logical choice on any
band because the losses are low, but this generally limits the use of the antenna to one band. Where
only single-band operation is wanted, the λ/2 antenna fed with untuned line is one of the most popular
systems on the 3.5  and 7-MHz bands.

If the antenna is a single-wire affair, its impedance is in the vicinity of 60 Ω, depending on the
height and the ground characteristics. The most common way to feed the antenna is with 72-Ω twin-
lead or 50 or 75-Ω coaxial line. Heavy duty twin-lead and coaxial line present support problems be-
cause they are a concentrated weight at the center of the antenna, tending to pull the center of the
antenna down. This can be overcome by using an auxiliary pole to take at least some of the weight of
the line. The line should come away from the antenna at right angles, and it can be of any length.

Folded Dipoles
A folded dipole (Fig 1B and C) has an impedance of about 300 Ω, and can be fed directly with any

length of 300-Ω line. The folded dipole can be made of ordinary wire spaced by lightweight wooden or
plastic spacers, 4 or 6 inches long, or a piece of 300 or 450-Ω twin-lead or ladder line.

A folded dipole can be fed with a 600-Ω open-wire line with only a 2:1 SWR, but a nearly perfect
match can be obtained with a three-wire dipole fed with either 450-Ω ladder line or 600-Ω open-wire
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line. One advantage of the two and three-wire antennas over the single wire is that they offer a
better match over a wider band. This is particularly important if full coverage of the 3.5-MHz band is
contemplated.

Inverted-V Dipole
The halves of a dipole may be sloped to form an inverted V, as shown in Fig 2. This has the

Fig 1—Half-wavelength antennas for single band operation. The multiwire types shown in B, C and D
offer a better match to the feeder over a somewhat wider range of frequencies but otherwise the
performances are identical. The feeder should run away from the antenna at a right angle for as great
a distance as possible. In the coupling circuits shown, tuned circuits should resonate to the operating
frequenc y. In the series-tuned circuits o f A, B, and C, high L and low C are recommended, and in D the
inductance and capacitance should be similar to the output-amplifier tank, with the feeders tapped
across at least 1/2 the coil. The tapped-coil matching circuit shown in Chapter 25 can be substituted in
each case.
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advantages of requiring only a single high sup-
port and less horizontal space. There will be some
difference in performance between a normal hori-
zontal dipole and the inverted V as shown by the
radiation patterns in Fig 3. There is small loss in
peak gain and the pattern is less directional.

Sloping of the wires results in a lowering of
the resonant frequency and a decrease in feed-
point impedance and bandwidth. Thus, for the
same frequency, the length of the dipole must be
decreased somewhat. The angle at the apex is not
critical, although it should probably be made no
smaller than 90°. Because of the lower impedance,
a 50-Ω line should be used. For those who are dis-
satisfied with anything but a perfect match, the
usual procedure is to adjust the angle for lowest
SWR while keeping the dipole resonant by adjust-
ment of length. Bandwidth may be increased by
using multiconductor elements, such as a cage
configuration.

PHASED HORIZONTAL ARRAYS
Phased arrays with horizontal elements,

which provide some directional gain, can be used
to advantage at 7 MHz, if they can be placed at
least 40 feet above ground. At 3.5 MHz heights
of 70 feet or more are needed for any real advan-
tage. Many of the driven arrays discussed in Chap-
ter 8 and even some of the Yagis discussed in
Chapter 11 can be used as fixed directional anten-
nas. If a bidirectional characteristic is desired, the
W8JK array, shown in Fig 4A, is a good one. If a
unidirectional characteristic is required, two ele-
ments can be mounted about 20 feet apart and pro-
vision included for tuning one of the elements as
either a director or reflector, as shown in Fig 4B.

The parasitic element is tuned at the end of
its feed line with a series or parallel-tuned circuit
(whichever would normally be required to couple
power into the line), and the proper tuning condi-
tion can be found by using the system for receiv-
ing and listening to distant stations along the line
to the rear of the antenna. Tuning the feeder to the
parasitic element can minimize the received sig-
nals from the back of the antenna. This is in effect
adjusting the antenna for maximum front-to-back
ratio. Maximum front-to-back does not occur at
the same point as maximum forward gain but the
loss in forward gain is very small. Adjusting the
antenna for maximum forward gain (peaking re-
ceived signals in the forward direction) may in-

Fig 2—The inverted-V dipole. The length and
apex angle should be adjusted as described in
the text.

Fig 3—A t A, elevation and at B, azimuthal radiation
patterns comparing a normal 80-meter dipole and
an inverted-V dipole.  The center of both dipoles is
at 65 feet and the ends of the inverted V are at 20
feet. The frequency is 3.750 MHz.
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crease the forward gain slightly but will almost
certainly result in relatively poor front-to-back
ratio.

A MODIFIED EXTENDED DOUBLE ZEPP
If the distance between the available supports

is greater than λ/2 then a very simple form of a
single wire collinear array can be used to achieve
significant gain. The extended double Zepp antenna
has long been used by amateurs and is discussed
in Chapter 8. A simple variation of this antenna
with substantially improved bandwidth can be very
useful on 3.5 and 7.0 MHz. The following mate-
rial has been taken from an article by Rudy Severns,
N6LF, in The ARRL Antenna Compendium, Vol 4.

The key to improving the characteristics of a
standard double-extended Zepp is to modify the
current distribution. One of the simplest ways to
do this is to insert a reactance(s) in series with the
wire. This could either be an inductor(s) or a
capacitor(s). In general, a series capacitor will have
a higher Q and therefore less loss. With either
choice it is desirable to use as few components as
possible.

As an initial trial at 7 MHz, only two capaci-
tors, one on each side of the antenna, were used.
The value and position of the capacitors was var-
ied to see what would happen. It quickly became
clear that the reactance at the feed point could be
tuned out by adjusting the capacitor value, mak-
ing the antenna look essentially like a resistor over
the entire band. The value of the feed-point resis-
tance could be varied from less than 150 Ω to over
1500 Ω by changing the location of the capacitors
and adjusting their values to resonate the antenna.

A number of interesting combinations were
created. The one ultimately selected is shown in
Fig 5. The antenna is 170 feet in length. Two
9.1 pF capacitors are located 25 feet out each side
of the center. The antenna is fed with 450-Ω trans-
mission line and a 9:1 three-core Guanella balun
used at the transmitter to convert to 50 Ω. The trans-
mission line can be any convenient length and it
operates with a very low SWR.

That’s all there is to it. The radiation pattern,
overlaid with that for a standard DEZepp for com-
parison, is shown in Fig 6. The sidelobes are now
reduced to below 20 dB. The main lobe is now 43°
wide at the 3-dB points, as opposed to 35° for the
original DEZepp. The antenna has gain over a di-
pole for > 50° now and the gain of the main lobe

Fig 5—
Schematic for
modified N6LF
Double
Extended Zepp.
Overall length
is 170 feet, with
9.1 pF
capacitors
placed 25 feet
each side of
cente r.

Fig 4—Directional antennas for 7 MHz. To realize
any advantage from these antennas, they should
be at least 40 feet high . At A, system is
bidirectional. At B, system is unidirectional in a
direction depending on the tuning conditions of
the parasitic element. The length of the elements
in either antenna should be exactly the same, but
any length from 60 to 150 feet can be used. If the
length of the antenna at A is between 60 and
80 feet, the antenna will be bidirectional along
the same line on both 7 and 14 MHz. The system
at B can be made to work on 7 and 14 MHz in the
same wa y, by keeping the length between 60 and
80 feet.
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Fig 6—Azimuth
pattern for N6LF
Double
Extended Zepp
(solid line),
compared to
classic Double
Extended Zepp
(dashed line).
The main lobe
for the modified
antenna is
slightly broader
than that of the
classic model,
and the
sidelobes are
suppressed
bette r.

Fig 7—
Construction
details for series
capacitor made
from RG-213
coaxial cable . At
A, the method
used by N6LF is
illustrated. At B,
a suggested
method to seal
capacitor better
against weather
is shown, using
a section of PVC
pipe with end
caps.

Fig 8—
Measured
SWR curve
across 40-
meter band
for N6LF
DEZepp.

has dropped only 0.2 dB below the original
DEZepp.

Experimental Results
The antenna was made from #14 wire and

the capacitors were made from 3.5-inch sections
of RG-213, shown in Fig 7A. Note that great
care should be taken to seal out moisture in these
capacitors. The voltage across the capacitor for
1.5 kW will be about 2000 V so any corona will
quickly destroy the capacitor.

A silicon sealant was used and then both ends
covered with coax seal, finally wrapping it with
plastic tape. The solder balls indicated on the
drawing are to prevent wicking of moisture
through the braid and the stranded center con-
ductor. This is a small but important point if long
service out in the weather is expected. An even
better way to protect the capacitor would be to
enclose it in a short piece of PVC pipe with end

caps, as shown in Fig 7B.
Note that all RG-8 type cables do not have exactly the same capacitance per foot and there will also

be some end effect adding to the capacitance. If possible the capacitor should be trimmed with a ca-
pacitance meter. It isn’t necessary to be too exact—the effect of varying the capacitance ±10% was
checked and the antenna still worked fine.

The results proved to be close to those predicted by the computer model. Fig 8 shows the measured
value for SWR across the band. These measurements were made with a Bird directional wattmeter. The
worst SWR is 1.35:1 at the low end of the band.

Dick Ives, W7ISV, erected an 80-meter version of the antenna, shown in Fig 9A. The series capacitors
are 17 pF. Since he isn’t interested in CW, Dick adjusted the length for the lowest SWR at the high end of the
band, as shown in the SWR curve (Fig 9B). The antenna could have been tuned somewhat lower in fre-
quency and would then provide an SWR < 2:1 over the entire band, as indicated by the dashed line.

This antenna provides wide bandwidth and moderate gain over the entire 75/80-meter band. Not
many antennas will give you that with a simple wire structure.
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Vertical Antennas
On the low bands vertical antennas become increasingly attractive, especially for DX work, be-

cause they provide a means for lowering the radiation angle. This is especially true where practical
heights for horizontal antennas are too low. In addition, verticals can be very simple and unobtrusive
structures. For example, it is very easy to disguise a vertical as a flagpole. In fact an actual flagpole
may be used as a vertical. Performance of a vertical is determined by several factors:

• Height of the vertical portion of the radiator
• The ground or counterpoise system efficiency
• Ground characteristics in the near and far-field regions
• The efficiency of loading elements and matching networks

For best performance the vertical portion of the antenna should be λ/4 or more, but this is not an
absolute requirement. With proper design, antennas as short as 0.1 λ or even less can be efficient and
effective. Antennas shorter than λ/4 will be reactive and some form of loading and perhaps a matching
network, will be required.

If the radiator is made of wire supported by nonconducting material, the approximate length for
λ/4 resonance can be found from:

  
lfeet

MHz

234
f=    (Eq 1)

For tubing, the length for resonance must be shorter than given by the above equation, as the
length-to-diameter ratio is lower than for wire (see Chapter 2). For a tower, the resonant length will be
shorter still. In any case, after installation the antenna length (height) can be adjusted for resonance at
the desired frequency.

The effect of ground characteristics on losses and elevation pattern is discussed in detail in
Chapter 3. The most important points made in that discussion are the effect of ground characteristics on
the radiation pattern and the means for achieving low ground resistance in a buried ground system. As
ground conductivity increases, low-angle radiation improves. This makes a vertical very attractive to
those who live in areas with good ground conductivity. If your QTH is on a saltwater beach, then a
vertical would be very effective, even when compared to horizontal antennas at great height.

Fig 9—75/80-meter modified
Double Extended Zepp, designed
usin g NEC Wires. At A, a
schematic is shown for antenna.
At B, SWR curve is shown
across 75/80-meter band. Solid
line shows measured curve for
W7ISV antenna, which was
pruned to place SWR minimum
higher in the band. The dashed
curve shows the computed
response when SWR minimum is
set to 3.8 MHz.
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Fig 10—How earth currents affect the losses in a short vertical antenna system . At A, the current
through the combination of C E and RE may be appreciable if C E is much greater than C W, the
capacitance of the vertical to the ground wires. This ratio can be improved (up to a point) by using
more radials. By raising the entire antenna system off the ground, C E (which consists of the series
combination of C E1 and C E2) is decreased while C W stays the same. The radial system shown at B is
sometimes called a counterpois e.

When a buried-radial ground system is used, the efficiency of the antenna will be limited by the
loss resistance of the ground system. The ground can be a number of radial wires extending out from
the base of the antenna for about λ/4. Driven ground rods, while satisfactory for electrical safety and
for lightning protection, are of little value as an RF ground for a vertical antenna, except perhaps in
marshy or beach areas. As pointed out in Chapter 3, many long radials are desirable. In general, how-
ever, a large number of short radials are preferable to only a few long radials, although the best system
would have 60 or more radials longer than λ/4. An elevated system of radials or a ground screen (coun-
terpoise) may be used instead of buried radials, and can result in an efficient antenna.

ELEVATED RADIAL S AND COUNTERPOISES
Elevated radials, isolated from ground, can be used in place of an extensive buried radial system.

Work by Al Christman, KB8I, has shown that 4 to 8 elevated radials can provide performance compa-
rable to a 120 λ/4-long buried wires. This is especially important for the low bands, where such a
buried ground system is very large and impractical for most amateurs. An elevated ground system is
sometimes referred to as a ground plane or counterpoise. Fig 10 compares buried and elevated ground
systems, showing the difference in current flow in the two systems.

An elevated ground can take several forms. A number of wires arranged with radial symmetry
around the base of the antenna is shown in Fig 10B. Four radials are normally used, but as few as two,
or as many as eight, can be used. For a given height of vertical, the length of the radials can be adjusted
to resonate the antenna. For a λ/4 vertical, the radials are normally λ/4 long.
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In the case of a multiband vertical, two or more sets of radials, with different lengths, may be
interleaved. The radials associated with each band are adjusted for resonance on their associated band.

A counterpoise is most commonly a system of elevated radials, where the radial wires are intercon-
nected with jumpers, as shown in Fig 11. As illustrated in Fig 10, the purpose of the elevated-ground
system is to provide a return path for the displacement currents flowing in the vicinity of the antenna.
The idea is to minimize the current flowing through the ground itself, which is usually very lossy. By
raising the radials above ground most of the current will flow in the radials, which are good conduc-
tors. This allows a simple radial system to provide a very efficient ground. However, there is a price to
be paid for this.

The ground system now has a direct effect on the feed-point impedance, introducing reactance as
well as resistance, and is relatively narrow band. For a given vertical height, the radial length must be
adjusted to resonate the antenna. The length of the radials must be readjusted for each band if a multi-
band vertical is used. As pointed out above, this usually means the installation of a set of radials for
each band. To minimize current flowing in the ground, the antenna, ground plane and feed line must be
isolated from ground for RF. More on this later.

The height of the vertical does not have to be exactly λ/4. Other lengths may be used and the
antenna may be resonated by adjusting the length of the radials. Table 1 gives a comparison between
three different vertical lengths in an antenna using four elevated radials at 3.525 MHz.

An important feature of Table 1 is the dramatic reduction in radial length (L2) with even a small
increase in vertical height (L1). For example, increasing the height by 5 feet reduces the radial length
by 22 feet. On the other hand even a small decrease in L1 can cause a substantial increase in L2. This
would be very undesirable, since the area required by the radials is already considerable. Notice also
that the small increase in height raises RR to 51 Ω. This trick of increasing the height slightly to reduce
the size of the elevated ground system and to increase the input resistance can be very useful. In a
following section the use of top loading for short antennas will be discussed. Top loading can also be
used on a λ/4 vertical to achieve the same effect as increasing the height—the ability to use shorter
radials and a better match.

GROUND-PLANE ANTENNAS
The ground-plane antenna is a λ/4 vertical

with four radials, as shown in Fig 12. The entire
antenna is elevated above ground with the radials
angled downward. A practical example of a 7-MHz
ground-plane antenna is given in Fig 13. As ex-
plained earlier, elevating the antenna reduces the
ground loss and lowers the radiation angle some-

Table 1
Illustration of the Effect of Variable Vertical
Height (L 1) on Elevated Radial Length (L 2)
and R R

#12 Wire, Elevated 5 Feet Ove r Average Ground
at 3.525 MHz
L1 L1 L2 RR
λ (feet) (feet) (Ω)
0.225 62.8 94 28.8
0.25 69.8 67 38.4
0.27 75.0 45 51.0
0.3 83.7 24 75.9

Fig 11—Counterpoise, showing the radial
wires connected together by cross wires. The
length of the perimeter of the individual
meshes should be < λ/4 to prevent undesired
resonances. Sometimes the center portion of
the counterpoise is made from wire mesh.
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Fig 12—The
ground-plane
antenna. Power is
applied between
the base of the
vertical radiator
and the center of
the ground plane,
as indicated in the
drawing.
Decoupling from
the transmission
line and any
conductive
support structure
is highly
desirable.

Fig 13—A ground-plane antenna is effective for
DX work on 7 MHz. Although its base can be any
height above ground, losses in the ground
underneath will be reduced by keeping the
bottom of the antenna and the ground plane as
high above ground as possible. Feeding the
antenna directly with 50 -Ω coaxial cable will
result in a low SWR. The vertical radiator and the
radials are all λ/4 long electricall y. Contrary to
popular myth, the radials need not necessarily
be 5% longer than the radiato r. Their physical
length will depend on their length-to-diameter
ratios, the height over ground and the length of
the vertical radiato r, as discussed in text.

what. The radials are sloped downward to make
the feed-point impedance closer to 50 Ω.

The feed-point impedance of the antenna var-
ies with the height above ground, and to a lesser
extent varies with  the ground characteristics.
Fig 14 is a graph of feed-point resistance (RR)
for a ground-plane antenna with the radials par-
allel to the ground. RR is plotted as a function of
height above ground. Notice that the difference
between perfect ground and average ground
(ε=13 and σ = 0.005 S/m) is small, except when
quite close to ground. Near ground RR is between
36 and 40 Ω. This is a reasonable match for 50-Ω feed line but as the antenna is raised above ground
RR drops to approximately 22 Ω, which is not a very good match. The feed-point resistance can be
increased by sloping the radials downward, away from the vertical section.

The effect of sloping the radials is shown in Fig 15. The graph is for an antenna well above ground
(> 0.3 λ). Notice that RR = 50 Ω when the radials are sloped downward at an angle of 45°. The resonant
length of the antenna will vary slightly with the angle. In addition, the resonant length will vary a small
amount with height above the ground. It is for these reasons, as well as the effect of conductor diam-
eter, that some adjustment of the radial lengths is usually required. When the ground-plane antenna is
used on the higher HF bands and at VHF, the height above ground is usually such that a radial sloping
angle of 45° will give a good match to 50-Ω feed line.

The effect of height on RR with a radial angle of 45° is shown in Fig 16. At 7 MHz and lower, it is
seldom possible to elevate the antenna a significant portion of a wavelength and the radial angle re-
quired to match to 50-Ω line is usually of the order of 10° to 20°. To make the vertical portion of the
antenna as long as possible, it may be better to accept a slightly poorer match and keep the radials
parallel to ground.

The principles of the folded dipole (Fig 1) can also be applied to the ground-plane antenna, as
shown in Fig 17. This is the folded monopole antenna. The feed-point resistance can be controlled by
the number of parallel vertical conductors and the ratios of their diameters.

As mentioned earlier, it is important in most installations to isolate the antenna from the feed line
and any conductive supporting structure. This is done to minimize the return current conducted through
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the ground. A return current on the feed line or the support structure can  drastically alter the radiation
pattern, usually for the worse. For these reasons, a balun (see Chapter 26) or other isolation scheme
must be used. 1:1 baluns are effective for the higher bands but at 3.5 and 1.8 MHz commercial baluns
often have too low a shunt inductance to provide adequate isolation. It is very easy to recognize when
the isolation is inadequate. When the antenna is being adjusted by means of an isolated impedance or
SWR meter, adjustments may be sensitive to your touching the instrument. After adjustment and after
the feed line is attached, the SWR may be drastically different. When the feed line is inadequately
isolated, the apparent resonant frequency or the length of the radials required for resonance may also
be significantly different from what you expect.

In general, an isolation choke inductance of 50 to 100 µH will be needed for 3.5 and 1.8-MHz
ground-plane antennas. One of the easiest ways to make the required isolation choke is to wind a length
of coaxial cable into a coil as shown in Fig 18. For 1.8 MHz, 30 turns of RG-213 wound on a 14-inch
length of 8-inch diameter PVC pipe, will make a very good isolation choke that can handle full legal

Fig 14—Radiation resistance of a 4-radial
ground-plane antenna as a function of height
over ground. Perfect and average ground are
shown. Frequency is 3.525 MHz. Radial angle ( θ)
is 0 °.

Fig 15—Radiation resistance and resonant
length for a 4-radial ground-plane antenna
> 0.3 λ above ground as a function of radial
droop angle ( θ).

Fig 16—Radiation resistance and resonant
length for a 4-radial ground-plane antenna for
various heights above average ground for radial
droop angle θ = 45 °.

Fig 17—The folded
monopole antenna.
Shown here is a ground
plane of four λ/4
radials. The folded
element may be
operated over an
extensive counterpoise
system or mounted on
the ground and worked
against buried radials
and the earth.  As with
the folded dipole
antenna, the feed-point
impedance depends on
the ratios of the
radiator conductor
sizes and their spacing.
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Fig 18—A choke balun with sufficient impedance
to isolate the antenna properly can be made by
winding coaxial cable around a section of plastic
pipe. Suitable dimensions are given in the text.

power continuously. A smaller choke could be
wound on 4-inch diameter plastic drain pipe using
RG-8X or a Teflon insulated cable. The important
point here is to isolate or decouple the antenna from
the feed line and support structure.

A full-size ground-plane antenna is often a
little impractical for 3.5-MHz and quite imprac-
tical for 1.8 MHz, but it can be used at 7 MHz to
good advantage, particularly for DX work.
Smaller versions can be very useful on 3.5 and
1.8 MHz.

EXAMPLES OF VERTICALS
There are many possible ways to build a ver-

tical antenna—the limits are set by your ingenu-
ity. The primary problem is creating the vertical
portion of the antenna with sufficient height. Some
of the more common means are:

• A dedicated tower
• Using an existing tower with an HF Yagi on top
• A wire suspended from a tree limb or the side of a building
• A vertical wire supported by a line between two trees or other supports
• A tall pole supporting a conductor
• Flagpoles
• Light standards
• Irrigation pipe
• TV masts

If you have the space and the resources, the most straightforward means is to erect a dedicated
tower for a vertical. While this is certainly an effective approach, many amateurs do not have the space
or the funds to do this, especially if they already have a tower with an HF antenna on the top. The
existing tower can be used as a top-loaded vertical, using shunt feed and a ground radial system. A
system like this is shown in Fig 19B.

For those who live in an area with tall trees, it may be possible to install a support rope between
two trees, or between a tree and an existing tower. (Under no circumstances should you use an active
utility pole!) The vertical portion of the antenna can be a wire suspended from the support line to
ground, as shown in Fig 19C. If top loading is needed, some or all of the support line can be made part
of the antenna.

Your local utility company will periodically have older power poles that they no longer wish to
keep in service. These are sometimes available at little or no expense. If you see a power line under
reconstruction or repair in your area you might stop and speak with the crew foreman. Sometimes they
will have removed older poles they will not use again and will have to haul them back to their shop for
disposal. Your offer for local “disposal” may well be accepted. Such a pole can be used in conjunction
with a tubing or whip extension such as that shown in Fig 19A. Power poles are not your only option.
In some areas of the US, such as the southeast or northwest, tall poles made directly from small coni-
fers are available.

Freestanding (unguyed) flagpoles and roadway illumination standards are available in heights ex-
ceeding 100 feet. These are made of fiberglass, aluminum or galvanized steel. All of these are candi-
dates for verticals. Flagpole suppliers are listed under “Flags and Banners” in your Yellow Pages. For
lighting standards (lamp posts), you can contact a local electrical hardware distributor. Like a wooden
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pole, a fiberglass flagpole does not require a base insulator, but metal poles do. Guy wires will be
needed.

One option to avoid the use of guys and a base insulator, is to mount the pole directly into the ground as
originally intended and then use shunt feed. If you want to keep the pole grounded but would like to use
elevated radials you can attach a cage of wires (four to six) at the top as shown in Fig 19D. The cage
surrounds the pole and allows the pole (or tower for that matter) to be grounded while allowing elevated
radials to be used. The use of a cage of wires surrounding the pole or tower is a very good way to increase the
effective diameter. This reduces the Q of the antenna, thereby increasing the bandwidth. It can also reduce
the conductor loss, especially if the pole is galvanized steel, which is not a very good RF conductor.

Aluminum irrigation tubing, which comes in diameters of 3 and 4 inches and in lengths of 20 to
40 feet, is widely available in rural areas. One or two lengths of tubing connected together can make a

Fig 19—Vertical antennas are effective for 3.5 or 7-MHz work. The λ/4 antenna shown at A is fed
directly with 50- Ω coaxial line, and the resulting SWR is usually less than 1.5 to 1, depending on the
ground resistance. If a grounded antenna is used as at B, the antenna can be shunt fed with either
50 or 75-Ω coaxial line. The tap for best match and the value of C will have to be found by experiment.
The line running up the side of the antenna should be spaced 6 to 12 inches from the antenna.  If tall
trees are available the antenna can be supported from a line suspended between the trees, as shown
in C.  If the vertical section is not long enough then the horizontal support section can be made of
wire and act as top loading.  A pole or even a grounded tower can be used with elevated radials if a
cage of four to six wires is provided as shown in D.  The cage surrounds the pole which may be wood
or a grounded conductor.
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very good vertical when guyed with non-conducting line. It is also very lightweight and relatively easy
to erect. A variety of TV masts are available which can also be used for verticals.

1.8-3.5 MHZ VERTICAL USING
AN EXISTING TOWER

A tower can be used as a vertical antenna, provided that a good ground system is available. The
shunt-fed tower is at its best on 1.8 MHz, where a full λ/4 vertical antenna is rarely possible. Almost any
tower height can be used. If the beam structure provides some top loading, so much the better, but any-
thing can be made to radiate—if it is fed properly. W5RTQ uses a self-supporting, aluminum, crank-up,
tilt-over tower, with a TH6DXX tribander mounted at 70 feet. Measurements showed that the entire
structure has about the same properties as a 125-foot vertical. It thus works quite well as an antenna on
1.8 and 3.5 MHz for DX work requiring low-angle radiation.

Preparing the Structure
Usually some work on the tower system must be done before shunt-feeding is tried. If present,

metallic guys should be broken up with insulators. They can be made to simulate top loading, if needed,
by judicious placement of the first insulators. Don’ t overdo it; there is no need to “tune the radiator to
resonance” in this way since a shunt feed is employed. If the tower is fastened to a house at a point
more than about one-fourth of the height of the tower, it may be desirable to insulate the tower from the
building. Plexiglas sheet, 1/4-inch or more thick, can be bent to any desired shape for this purpose, if it
is heated in an oven and bent while hot.

All cables should be taped tightly to the tower, on the inside, and run down to the ground level. It
is not necessary to bond shielded cables to the tower electrically, but there should be no exceptions to
the down-to-the-ground rule.

A good system of buried radials is very desirable. The ideal would be 120 radials, each 250 feet
long, but fewer and shorter ones must often suffice. You can lay them around corners of houses, along
fences or sidewalks, wherever they can be put a few inches under the surface, or even on the earth’s
surface. Aluminum clothesline wire may be used extensively in areas where it will not be subject to
corrosion. Neoprene-covered aluminum wire will be better in highly acid soils. Contact with the soil is
not important. Deep-driven ground rods and connection to underground copper water pipes may be
helpful, if available, especially to provide some protection from lightning.

Installing the Shunt Feed
Principal details of the shunt-fed tower for 1.8 and 3.5 MHz are shown in Fig 20. Rigid rod or

tubing can be used for the feed portion, but heavy gauge aluminum or copper wire is easier to work
with. Flexible stranded #8 copper wire is used at W5RTQ for the 1.8-MHz feed, because when the
tower is cranked down, the feed wire must come down with it. Connection is made at the top, 68 feet,
through a 4-foot length of aluminum tubing clamped to the top of the tower, horizontally. The wire is
clamped to the tubing at the outer end, and runs down vertically through standoff insulators. These are
made by fitting 12-inch lengths of PVC plastic water pipe over 3-foot lengths of aluminum tubing.
These are clamped to the tower at 15 to 20-foot intervals, with the bottom clamp about 3 feet above
ground. These lengths allow for adjustment of the tower-to-wire spacing over a range of about 12 to
36 inches, for impedance matching.

The gamma-match capacitor for 1.8 MHz is a 250-pF variable with about 1/6-inch plate spacing.
This is adequate for power levels up to about 200 W. A large transmitting or a vacuum-variable capaci-
tor should be used for high-power applications.

Tuning Procedure
The 1.8-MHz feed wire should be connected to the top of the structure if it is 75 feet tall or less.

Mount the standoff insulators so as to have a spacing of about 24 inches between wire and tower. Pull
the wire taut and clamp it in place at the bottom insulator. Leave a little slack below to permit adjust-
ment of the wire spacing, if necessary.
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Adjust the series capacitor in the 1.8-MHz
line for minimum reflected power, as indicated
on an SWR meter connected between the coax
and the connector on the capacitor housing. Make
this adjustment at a frequency near the middle of
your expected operating range. If a high SWR is
indicated, try moving the wire closer to the tower.
Just the lower part of the wire need be moved for
an indication as to whether reduced spacing is
needed. If the SWR drops, move all insulators
closer to the tower, and try again.

If the SWR goes up, increase the spacing.
There will be a practical range of about 12 to 36
inches. If going down to 12 inches does not give
a low SWR, try connecting the top a bit farther
down the tower. If wide spacing does not make
it, the omega match shown for 3.5-MHz work
should be tried. No adjustment of spacing is
needed with the latter arrangement, which may
be necessary with short towers or installations
having little or no top loading.

The two-capacitor arrangement in the omega
match is also useful for working in more than one
25-kHz segment of the 1.8-MHz band. Tune up
on the highest frequency, say 1990 kHz, using the
single capacitor, making the settings of wire spac-
ing and connection point permanent for this fre-
quency. To move to the lower frequency, say
1810 kHz, connect the second capacitor into the
circuit and adjust it for the new frequency. Switch-
ing the second capacitor in and out then allows
changing from one segment to the other, with no
more than a slight retuning of the first capacitor.

SIMPLE, EFFECTIVE, ELEVATED
GROUND-PLANE ANTENNAS

This section describes a simple and effective
means of using a grounded tower, with or with-
out top-mounted antennas, as an elevated ground-
plane antenna for 80 and 160 meters. It first ap-
peared in a June 1994 QST article by Thomas
Russell, N4KG.

From Sloper to Vertical
Recall the quarter-wavelength sloper, also

known as the half-sloper. It consists of an iso-
lated quarter wavelength of wire, sloping from
an elevated feed point on a grounded tower. Best

results are usually obtained when the feed point is somewhere below a top-mounted Yagi antenna. You
feed a sloper by attaching the center conductor of a coaxial cable to the wire and the braid of the cable
to the tower leg. Now, imagine four (or more) slopers, but instead of feeding each individually, connect

Fig 20—Principal details of the shunt-fed
tower at W5RTQ. The 1.8-MHz feed, left side,
connects to the top of the tower through a
horizontal arm of 1-inch diameter aluminum
tubing. The other arms have standoff
insulators at their outer ends, made of 1-foot
lengths of plastic water pipe. The connection
for 3.5-4 MHz, right, is made similarly, at 28
feet, but two variable capacitors are used to
permit adjustment of matching with large
changes in frequency.
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Table 2
Effective Loading of Common Yagi Antennas

Antenna Boom  Equivalent
Length S Loading
(feet) (area, ft2) (feet)

3L 20 24 768 39
5L 15 26 624 35
4L 15 20 480 31
3L 15 16 384 28
5L 10 24 384 28
4L 10 18 288 24
3L 10 12 192 20
TH7 24  — 40 (estimated)
TH3 14  — 27 (estimated)

them together to the center conductor of a single
feed line. Voilà! Instant elevated ground plane.

Now, all you need to do is determine how to
tune the antenna to resonance. With no antennas
on the top of the tower, the tower can be thought
of as a fat conductor and should be approximately
4% shorter than a quarter wavelength in free
space. Calculate this length and attach four insu-
lated quarter-wavelength radials at this distance
from the top of the tower. For 80 meters, a feed
point 65 feet below the top of an unloaded tower
is called for. The tower guys must be broken up
with insulators for all such installations. For
160 meters, 130 feet of tower above the feed point
is needed.

What can be done with a typical grounded-
tower-and-Yagi installation? A top-mounted Yagi acts as a large capacitance hat, top loading the tower.
Fortunately, top loading is the most efficient means of loading a vertical antenna.

The examples in Table 2 should give us an idea of how much top loading might be expected from
typical amateur antennas. The values listed in the Equivalent Loading column tell us the approximate
vertical height replaced by the antennas listed in a top-loaded vertical antenna. To arrive at the remain-
ing amount of tower needed for resonance, subtract these numbers from the non-loaded tower height
needed for resonance. Note that for all but the 10-meter antennas, the equivalent loading equals or
exceeds a quarter wavelength on 40 meters. For typical HF Yagis, this method is best used only on
80 and 160 meters.

Construction Examples
Consider this example: A TH7 triband Yagi mounted on a 40-foot tower. The TH7 has approxi-

mately the same overall dimensions as a full-sized 3-element 20-meter beam, but has more interlaced
elements. Its equivalent loading is estimated to be 40 feet. At 3.6 MHz, 65 feet of tower is needed
without loading. Subtracting 40 feet of equivalent loading, the feed point should be 25 feet below the
TH7 antenna.

Ten quarter-wavelength (65-foot) radials were run from a nylon rope tied between tower legs at the
15-foot level, to various supports 10 feet high. Nylon cord was tied to the insulated, stranded, #18 wire,
without using insulators. The radials are all connected together and to the center of an exact half wave-
length (at 3.6 MHz) of RG-213 coax, which will repeat the antenna feed impedance at the other end.
Fig 21 is a drawing of the installation. The author used a Hewlett-Packard low-frequency impedance
analyzer to measure the input impedance across the 80-meter band. An exact resonance (zero reac-
tance) was seen at 3.6 MHz, just as predicted. The radiation resistance was found to be 17 Ω. The next
question is, how to feed and match the antenna.

One good approach to 80-meter antennas is to tune them to the low end of the band, use a low-loss
transmission line, and switch an antenna tuner in line for operation in the higher portions of the band.
With a 50-Ω line, the 17-Ω radiation resistance represents a 3:1 SWR, meaning that an antenna tuner
should be in-line for all frequencies. For short runs, it would be permissible to use RG-8 or RG-213
directly to the tuner. If you have a plentiful supply of low-loss 75-Ω CATV rigid coax, you can take
another approach.

Make a quarter-wave (70 feet × 0.66 velocity factor = 46 feet) 37-Ω matching line by paralleling
two pieces of  RG-59 and connecting them between the feed point and a run of the rigid coax to the
transmitter. The magic of quarter-wave matching transformers is that the input impedance (Ri) and
output impedance (RO) are related by:
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Z0
2 = Ri × RO (Eq 2)

For Ri = 17 Ω and Z0 = 37 Ω, RO = 80 Ω, an almost perfect match for the 75-Ω CATV coax. The
resulting 1.6:1 SWR at the transmitter is good enough for CW operation without a tuner.

160-Meter Operation
On the 160-meter band, a resonant quarter-wavelength requires 130 feet of tower above the radials.

That’s a pretty tall order. Subtracting 40 feet of top loading for a 3-element 20-meter or TH7 antenna
brings us to a more reasonable 90 feet above the radials. Additional top loading in the form of more
antennas will reduce that even more.

Another installation, using stacked TH6s on a 75-foot tower, is shown in Fig 22. The radials are
10 feet off the ground.

PHASED VERTICALS
Two or more vertical antennas spaced apart can be operated as a single antenna system to obtain

additional gain and a directional pattern. There is an extensive discussion of phased arrays in Chapter 8.
Much of this material is useful for low-band antennas.

The Half-Square Antenna
The half-square antenna is a very simple form of vertical two-element phased array that can be

very effective on the low bands. The following section was originally presented in The ARRL Antenna
Compendium, Vol 5, by Rudy Severns, N6LF.

A simple modification to a standard dipole is to add two λ/4 vertical wires, one at each end, as
shown in Fig 23. This makes a half-square antenna. The antenna can be fed at one corner (low-imped-
ance, current fed) or at the lower end of one of the vertical wires (high-impedance, voltage fed). Other
feed arrangements are also possible.

Fig 21—At A, an
80-meter top-
loaded, reverse-
fed elevated
ground plane,
using a
40-foot tower
carrying a TH7
triband Yagi
antenna. At B,
dimensions of
the
3.6-MHz
matching
network, made
from RG-59.

Fig 22—A 160-
meter antenna
using a 75-foot
tower carrying
stacked triband
Yagis.
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Fig 23—Typical 80-meter half-square, wit h λ/4-
high vertical legs and a λ/2-long horizontal leg.
The antenna may be fed at the bottom or at a
corne r. When fed at a corne r, the feed point is a
low-impedance, current-feed. When fed at the
bottom of one of the wires against a small
ground counterpoise, the feed point is a high-
impedance, voltage-feed.

Fig 25—Comparison of 80-meter elevation
response of 40-foot high, horizontally polarized
dipole over average ground and a 40-foot high,
vertically polarized half-square, over three types of
ground: average (conductivity σ = 5 mS/m,
dielectric constant ε = 13), very good ( σ = 30 mS/m,
ε = 20) and salt water (σ = 5000 mS/m, ε = 80). The
quality of the ground clearly has a profound effect
on the low-angle performance of the half-square.
Even over average ground, howeve r, the half-
square outperforms the low dipole below about
32°.

Fig 24—An 80-meter half-square configured for
40-foot high supports. The ends have been bent
inward to reresonate the antenna. The perform-
ance is compromised surprisingly little.

The “classical” dimensions for this antenna are λ/2 (131 feet at 3.75 MHz) for the top wire and
λ/4 (65.5 feet) for the vertical wires. However, there is nothing sacred about these dimensions! They
can vary over a wide range and still obtain nearly the same performance.

This antenna is two λ/4 verticals, spaced λ/2, fed in-phase by the top wire. The current maximums
are at the top corners. The theoretical gain over a single vertical is 3.8 dB. An important advantage of
this antenna is that it does not require the extensive ground system and feed arrangements that a con-
ventional pair of phased λ/4 verticals would.

Comparison to a Dipole

In the past, one of the things that has turned off potential users of the half-square on 80 and
160 meters is the perceived need for λ/4 vertical sections. This forces the height to be >65 feet on
80 meters and >130 feet on 160 meters. That’s not really a problem. If you don’ t have the height there
are several things you can do. For example, just fold the ends in, as shown in Fig 24. This compromises
the performance surprisingly little.

It is helpful to compare the examples given in Figs 23 and 24 to dipoles at the same height. Two
heights, 40 and 80 feet, and average, very good and sea water grounds, were used for this comparison. It
is also assumed that the lower end of the vertical wires had to be a minimum of 5 feet above ground.

At 40 feet the half-square is really mangled, with only 35-foot high (≈ λ/8) vertical sections. The
comparison between this antenna and a dipole of the same height is shown in Fig 25. Over average
ground the half-square is superior below 32° and at 15° is almost 5 dB better. That is a worthwhile
improvement. If you have very good soil conductivity, like parts of the lower Midwest and South, then
the half-square will be superior below 38° and at 15° will be nearly 8 dB better. For those fortunate few
with saltwater frontal property the advantage at 15° is 11 dB! Notice also that above 35°, the response

drops off rapidly. This is great for DX but is not
good for local work.

If we push both antennas up to 80 feet
(Fig 26) the differences become smaller and the
advantage over average ground is 3 dB at 15°. The
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message here is that the lower your dipole and
the better your ground, the more you have to gain
by switching from a dipole to a half-square. The
half-square antenna looks like a good bet for
DXing.

Changing the Shape

Just how flexible is the shape? There are sev-
eral common distortions of practical importance.
Some have very little effect but a few are fatal to
the gain. Suppose you have either more height
and less width than called for in the standard ver-
sion or more width and less height, as shown in
Fig 27A.

The effect on gain from this type of dimen-
sional variation is given in Table 3. For a top
length (LT) varying between 110 and 150 feet,
where the vertical wire lengths (LV) readjusted
to resonate the antenna, the gain changes only by
0.6 dB. For a 1 dB change the range of LT is
100 to 155 feet, a pretty wide range.

Another variation results if we vary the length
of the horizontal top wire and readjust the vertical
wires for resonance, while keeping the top at a con-
stant height. See Fig 27B. Table 4 shows the effect
of this variation on the peak gain. For a range of LT= 110 to 145 feet, the gain changes only 0.65 dB.

The effect of bending the ends into a V shape, as shown in Fig 27C, is given in Table 5. The
bottom of the antenna is kept at a height of 5 feet and the top height (H) is either 40 or 60 feet. Even
this gross deformation has only a relatively small effect on the gain. Sloping the ends outward as

Fig 26—Comparison of 80-meter elevation
response of 80-foot high, horizontally polarized
dipole over average ground and an 80-foot high,
vertically polarized half-square, over same three
types of ground as in Fig 25 : average, good and
salt wate r. The greater height of the dipole
narrows the gap in performance at low elevation
angles, but the half-square is still a superior DX
antenna, especially when the ground nearby is
salt water! For local, high-angle contacts, the
dipole is definitely the winne r, by almost 20 dB
when the angle is near 90 °.

Fig 27—Varying the horizontal and vertical
lengths of a half-square . At A, both the
horizontal and vertical legs are varied, while
keeping the antenna resonant. At B, the height
of the horizontal wire is kept constant, while its
length and that of the vertical legs is varied to
keep the antenna resonant. At C, the length of
the horizontal wire is varied and the legs are
bent inward in the shape of “vees. ” At D, the
ends are sloped outward and the length of the
flattop portion is varied . All these symmetrical
forms of distortion of the basic half-square
shape result in small performance losses.
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Fig 28—An asymmetrical distortion of the half-
square antenna, where the bottom of one leg is
purposely made 20 feet higher than the othe r.
This type of distortion does affect the pattern!

Table 5
Gain for Half-Squar e Antenna, Where Ends
Are Bent Into V-Shape (see Fig 27C)
Heigh t ⇒ H=40'  H=40'  H=60' H=60'
LT (feet) Le (feet) Gain (dBi) Le (feet) Gain (dBi)
40 57.6 3.25 52.0 2.75
60 51.4 3.75 45.4 3.35
80 45.2 3.95 76.4 3.65

100 38.6 3.75 61.4 3.85
120 31.7 3.05 44.4 3.65
140 — — 23 3.05

Table 4
Variation in Gain with Change in Horizontal
Length, with Vertical Length Readjusted for
Resonance, but Horizontal Wire Kept at
Constant Height  (see Fig 27B )
LT (feet) LV (feet) Gain (dBi)
110 78.7 3.15
120 73.9 3.55
130 68 3.75
140 63 3.35
145 60.7 3.05

shown in Fig 27D and varying the top length also
has only a small effect on the gain. While this is
good news because it allows you dimension the
antenna to fit different QTHs, not all distortions
are so benign.

Suppose the two ends are not of the same height, as illustrated in Fig 28, where one end of the half-
square is 20 feet higher than the other. The radiation pattern for this antenna is shown in Fig 29 com-
pared to a dipole at 50 feet. This type of distortion does affect the pattern. The gain drops somewhat and
the zenith null goes away. The nulls off the end of the antenna also go away, so that there is some end-
fire radiation. In this example the difference in height is fairly extreme at 20 feet. Small differences of
1 to 5 feet do not affect the pattern seriously.

If the top height is the same at both ends but the length of the vertical wires is not the same, then a
similar pattern distortion can occur. The antenna is very tolerant of symmetrical distortions but it is
much less accepting of asymmetrical distortion.

What if the length of the wires is such that the antenna is not resonant? Depending on the feed
arrangement, that may or may not matter. We will look at that issue later on, in the section on patterns
versus frequency. The half-square antenna, like the dipole, is very flexible in its proportions.

Feed-Point Impedance

There are many different ways to feed the half-square. Traditionally the antenna has been fed either at
the end of one of the vertical sections, against ground, or at one of the upper corners as shown in Fig 23.

For voltage feed at the bottom against ground, the impedance is very high, on the order of several
thousand ohms. For current feed at a corner, the impedance is much lower and is usually close to 50 Ω.
This is very convenient for direct feed with coax.

Table 3
Variation in Gain with Change in Horizontal
Length, with Vertical Height Readjusted for
Resonance (see Fig 27A )
LT (feet) LV (feet) Gain (dBi)
100 85.4 2.65
110 79.5 3.15
120 73.7 3.55
130 67.8 3.75
140 61.8 3.65
150 56 3.05
155 53 2.65
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The half-square is a relatively high-Q antenna
(Q ≈ 17). Fig 30 shows the SWR variation with
frequency for this feed arrangement. An 80-meter
dipole is not particularly wideband either, but a
dipole will have less extreme variation in SWR
than the half-square.

Patterns Versus Fr equency

Impedance is not the only issue when defin-
ing the bandwidth of an antenna. The effect on
the radiation pattern of changing frequency is also
a concern. For a voltage-fed half-square, the cur-
rent distribution changes with frequency. For an
antenna resonant near 3.75 MHz, the current dis-
tribution is nearly symmetrical. However, above
and below resonance the current distribution in-
creasingly becomes asymmetrical. In effect, the
open end of the antenna is constrained to be a volt-
age maximum but the feed point can behave less as a voltage point and more like a current maxima.
This allows the current distribution to become asymmetrical.

The effect is to reduce the gain by −0.4 dB at 3.5 MHz and by −0.6 dB at 4 MHz. The depth of the
zenith null is reduced from −20 dB to −10 dB. The side nulls are also reduced. Note that this is exactly
what happened when the antenna was made physically asymmetrical. Whether the asymmetry is due to
current distribution or mechanical arrangements, the antenna pattern will suffer.

When current-feed at a corner is used, the asymmetry introduced by off-resonance operation is
much less, since both ends of the antenna are open circuits and constrained to be voltage maximums.
The resulting gain reduction is only −0.1 dB. It is interesting that the sensitivity of the pattern to
changing frequency depends on the feed scheme used.

Of more concern for corner feed is the effect of the transmission line. The usual instruction is to
simply feed the antenna using coax, with the shield connected to vertical wire and the center conductor
to the top wire. Since the shield of the coax is a conductor, more or less parallel with the radiator, and
is in the immediate field of the an-
tenna, you might expect the pattern
to be seriously distorted by this
practice. This arrangement seems
to have very little effect on the pat-
tern. The greatest effect is when the
feed-line length was near a mul-
tiple of λ/2. Such lengths should
be avoided.

Of course, you may use a choke
balun at the feed point if you desire.
This might reduce the coupling to the
feed line even further but it doesn’t
appear to be worth the trouble. In
fact, if you use an antenna tuner in
the shack to operate away from reso-
nance with a very high SWR on the
transmission line, a balun at the feed
point would take a beating.

Fig 30—Variation of SWR with frequency for current-fed half-
square antenna. The SWR bandwidth is quite narro w.

Fig 29—Elevation pattern for the asymmetrical
half-square shown in Fig 28 , compared with
pattern for a 50-foot high dipole.  This is over
average ground, with a conductivity of 5 mS/m
and a dielectric constant of 13. Note that the
zenith-angle null has filled in and the peak gain
is lower compared to conventional half-square
shown in Fig 25  over the same kind of ground.
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Fig 31—Typical matching
networks used for voltage-feeding
a half-square antenna.

Table 6
Effect of Shortening a Vertical Radiator
Below λ/4 Using Inductive Base Loading.

Frequency is 3.525 MHz and for the Inductor Q L =
200. Ground and Conductor Losses Are Omitted

Length Length RR XC RL Efficiency Loss
(feet) (λ) (Ω) (Ω) (Ω) (%) (dB)
14 0.050 0.96 –761 3.8 20 –7.0
20.9 0.075 2.2 –533 2.7 45 –3.5
27.9 0.100 4.2 –395 2.0 68 –1.7
34.9 0.125 6.8 –298 1.5 82 –0.86
41.9 0.150 10.4 –220 1.1 90 –0.44
48.9 0.175 15.1 –153 0.77 95 –0.22
55.8 0.200 21.4 –92 0.46 98 –0.09
62.8 0.225 29.7 –34 0.17 99 –0.02

Voltage-Feed at One End of Antenna: Matching Schemes

Several straightforward means are available for narrow-band
matching. However, broadband matching over the full 80-meter
band is much more challenging. Voltage feed with a parallel-
resonant circuit and a modest local ground, as shown in Fig 31,
is the traditional matching scheme for this antenna. Matching
is achieved by resonating the circuit at the desired frequency
and tapping down on the inductor in Fig 31A or using a capaci-
tive divider (Fig 31B). It is also possible to use a λ/4 transmis-
sion-line matching scheme, as shown in Fig 31C.

If the matching network shown in Fig 31B is used, typical
values for the components would be: L = 15 µH, C1 = 125 pF
and C2 = 855 pF. At any single point the SWR can be made
very close to 1:1 but the bandwidth for SWR < 2:1 will be very
narrow at <100 kHz. Altering the L-C ratio doesn’t make very
much difference. The half-square antenna has a well-earned
reputation for being narrowband.

Short Antennas
On the lower frequencies it becomes increasingly difficult

to accommodate a full λ/4 vertical height and full-sized λ/4 ra-
dials. In fact, it is not absolutely necessary to make the antenna
full size, whether it is a grounded antenna or a ground-plane
antenna. The size of the antenna can be reduced by half or even
more and still retain high efficiency and the desired radiation

pattern. This requires careful design, however. If high efficiency is maintained, the operating band-
width of the shortened antenna will be reduced because the shortened antenna will have a higher Q.

This translates into a more rapid increase of reactance away from resonance. The effect can be
mitigated to some extent by using larger-diameter conductors. Even doing this however, bandwidth
will be a problem, particularly on the 3.5 to 4-MHz band, which is very wide in proportion to the center
frequency.

If we take a vertical with a diameter of 2 inches and a frequency of 3.525 MHz and progressively
shorten it, the feed-point impedance and efficiency
(using an inductor at the base to tune out the capaci-
tive reactance) will vary as shown in Table 6. In
this example perfect ground and conductor are as-
sumed. Real ground will not make a great differ-
ence in the impedance but will introduce ground loss,
which will reduce the efficiency further. Conductor
loss will also reduce efficiency. In general, higher
RR

 
will result in better efficiency.
The important point of Table 6 is the drastic

reduction in RR as the antenna gets shorter. This
combined with the increasing loss resistance of
the inductor (RL) used to tune out the increasing
base reactance (XC), reduces the efficiency.

The base of the antenna is a convenient point
at which to add a loading inductor, but it is usu-
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ally not the lowest loss point at which an inductor, of a given Q, can be placed. There is an extensive
discussion of the optimum location of the loading in a short vertical as a function of ground loss and
inductor Q in Chapter 16 for mobile antennas. This information should be reviewed before using in-
ductive loading.

On the accompanying program disk is a copy of the program MOBILE.EXE. This is an excellent
tool for designing short, inductively loaded antennas. In most cases, where top loading is not used, the
optimum point is near or a little above the middle of the vertical section. Moving the loading coil from
the base to the middle of the antenna can make an important difference, increasing RR and reducing the
inductor loss. For example, in an antenna operating at 3.525 MHz, if we make L1 = 34.9 feet (0.125 λ)
the amount of loading inductor placed at the center is 25.2 µH. This resonates the antenna. In this
configuration RR will increase from 6.8 Ω (base loading) to 13.5 Ω (center loading). This substantially
increases the efficiency of the antenna, depending on the ground loss and conductor resistances.

Instead of a lumped inductance being inserted at some point in the antenna, it is also possible to use
“continuous loading,” where the entire radiator is wound as a small diameter coil. The effect is to
distribute the inductive loading all along the radiator. In this version of inductive loading the coil is the
radiator. An example of a short vertical using this principle is given later in this chapter.

Inductive loading is not the only or even the best way to compensate for reduced antenna height.
Capacitive top loading can also be used as indicated in Fig 32. Table 7 gives information on a short-
ened 3.525-MHz vertical using top loading. The vertical portion (L1) is made from 2-inch tubing. The
top loading is also 2-inch tubing extending across the top like a T. The length of the top loading T (±L2)
is adjusted to resonate the antenna. Again the ground and the conductors are assumed to be perfect in
Table 7.

For a given vertical height, resonating the antenna with top loading results in much higher RR —
2 to 4 times. In addition, the loss associated with the loading element will be much smaller. The result
is a much more efficient antenna for low heights. A comparison of RR for both capacitive top loading
and inductive base loading is given in Fig 33. For heights below 0.15 λ the length of the top-loading
elements becomes impractical but there are other, potentially more useful, top-loading schemes.

A multiwire system such as the one shown in Fig 34 has more capacitance than the single-conduc-
tor arrangement, and thus does not need to be as long to resonate at a given frequency. This design
does, however, require extra supports for the additional wires. Ideally, an arrangement of this sort
should be in the form of a cross, but parallel wires separated by several feet give a considerable
increase in capacitance over a single wire.

The top loading can be supplied by a variety of metallic structures large enough to have the neces-
sary self-capacitance. For example, as shown in Fig 35, a multi-spoked structure with the ends con-

Fig 32—Horizontal wire used to top load a short
vertical.

Table 7
Effect of Shortening a Vertical using Top
Loading
  L1         L2     Length RR
(feet)     (feet)         (λ) (Ω)
14.0 48.8 0.050 4.0
20.9 38.6 0.075 8.5
27.9 30.1 0.100 14.0
34.9 22.8 0.125 19.9
41.9 17.3 0.150 25.5
48.9 11.9 0.175 30.4
55.8 7.0 0.200 33.9
62.8 2.4 0.225 35.7



Low-Frequency Antennas 6-23

Fig 33—Comparison of top (capacitive) and base
(inductive) loading for short verticals.  Sufficient
loading is used to resonate the antenna.

Fig 34—Multiple top wires can increase the
effective capacitance substantially.  This allows
the use of shorter top wires to achieve
resonance.

Fig 35—A
close-up view
of the
capacitance hat
for a 7-MHz
vertical
antenna.  The
1/2-in. diameter
radial arms
terminate in a
loop of copper
wire. Fig 36—Capacitance of sphere, disc and cylinder

as a function of their diameters.  The cylinder
length is assumed equal to its diameter.

nected together can be used. One simple way to make a capacitive hat is to take four to six 8-foot
fiberglass CB mobile whips, arrange them like spokes in a wagon wheel and connect the ends with a
peripheral wire. This arrangement will produce a 16-foot diameter hat which is economical and very
durable, even when loaded with ice. Practically any sufficiently large metallic structure can be used for
this purpose, but simple geometric forms such as the sphere, cylinder and disc are preferred because of
the relative ease with which their capacitance can be calculated.

The capacitance of three geometric forms can be estimated from the curves of Fig 36 as a function
of their size. For the cylinder, the length is specified equal to the diameter. The sphere, disc and cylin-
der can be constructed from sheet metal, if such construction is feasible, but the capacitance will be
practically the same in each if a “skeleton” type of construction with screening or networks of wire or
tubing are used.



6-24 Chapter 6

FINDING CAPACITANCE HAT SIZE
The required size of a capacitance hat may be determined from the following procedure. The infor-

mation in this section is based on a September 1978 QST article by Walter Schulz, K3OQF. The physi-
cal length of a shortened antenna can be found from:

h   11808
Finches

MHz
=    (Eq 3)

where h = length in inches
Thus, using an example of 7 MHz and a shortened length of 0.167 λ, h = 11808/7 × 0.167 = 282

inches, equivalent to 23.48 feet.
Consider the vertical radiator as an open-ended transmission line, so the impedance and top load-

ing may be determined. The characteristic impedance of a vertical antenna can be found from

Z   60 1n 4h
d – 10 = ( )



    (Eq 4)

where
ln = natural logarithm
h = length (height) of vertical radiator in inches (as above)
d = diameter of radiator in inches

The vertical radiator for this example has a diameter of 1 inch. Thus, for this example,

Z 60 ln
4 281

1 –1 3610 = 









 =× Ω

The capacitive reactance required for the amount of top loading can be found from

X
Z

tan
0= θ    (Eq 5)

where
X = capacitive reactance, ohms
Z0 = characteristic impedance of antenna (from Eq 4)
θ = amount of electrical loading, degrees

This value for a 30° hat is 361/tan 30° = 625 Ω. This capacitive reactance may be converted to
capacitance with the following equation,

C 10
2 fX

6

C
= π    (Eq 6)

where
C = capacitance in pF
f = frequency, MHz
XC = capacitive reactance, ohms (from above)

For this example, the required C = 106/(2 π × 7 × 625) = 36.4 pF, which may be rounded to 36 pF.
A disc capacitor is used in this example. The appropriate diameter for 36 pF of hat capacitance can be
found from Fig 36. The disc diameter that yields 36 pF of capacitance is 40 inches.

The skeleton disc shown in Fig 35 is fashioned into a wagonwheel configuration. Six 20-inch
lengths of  1/2-inch OD aluminum tubing are used as spokes. Each is connected to the hub at equidistant
intervals. The outer ends of the spokes terminate in a loop made of #14 copper wire. Note that the loop
increases the hat capacitance slightly, making a better approximation of a solid disc. The addition of
this hat at the top of a 23.4-foot radiator makes it quarter-wave resonant at 7 MHz.

After construction, some slight adjustment in the radiator length or the hat size may be required if
resonance at a specific frequency is desired. From Fig 33, the radiation resistance of a 0.167-λ high
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Fig 38—Wire dipole antennas. The ratio f/f 0 is the
measured resonant frequency divided by
frequency f 0 of a standard dipole of same length.
R is radiation resistance in ohms . At A, standard
single-wire dipole . At B, two-wire linear-loaded
dipole, similar to folded dipole except that side
opposite feed line is open . At C, three-wire
linear-loaded dipole.

Fig 37—Some examples of linear loading. The
small circles indicate the feed points of the
antennas.

radiator is seen to be about 13 Ω without top loading. With top loading Rr ≈ 25 Ω or almost double.

LINEAR LOADING
An alternative to inductive loading is linear loading. This little-understood method of shortening

radiators can be applied to almost any antenna configuration—including parasitic arrays. Although
commercial antenna manufacturers make use of linear loading in their HF antennas, relatively few
hams have used it in their own designs. Linear loading can be used to advantage in many antennas
because it introduces very little loss, does not degrade directivity patterns, and has low enough Q to
allow reasonably good bandwidth. Some examples of linear-loaded antennas are shown in Fig 37.

Since the dimensions and spacing of linear-loading devices vary greatly from one antenna installa-
tion to another, the best way to employ this technique is to try a length of conductor 10% to 20% longer
than the difference between the shortened antenna and the full-size dimension for the linear-loading
device. Then use the “cut-and-try” method, varying both the spacing and length of the loading device
to optimize the match. A hairpin at the feed point can be useful in achieving a 1:1 SWR at resonance.

Linear-Loaded Short Wire Antennas
More detail on linear loading is provided in this section, which was originally presented in The

ARRL Antenna Compendium, Vol 5 by John Stanford, NNØF. Linear loading can significantly reduce
the required length for resonant antennas. For example, it is easy to make a resonant antenna that is as
much as 30 to 40% shorter than an ordinary dipole for a given band. The shorter overall lengths come
from bending back some of the wire. The increased self-coupling lowers the resonant frequency. These
ideas are applicable to short antennas for restricted space or portable use.

Experiments

The results of the measurements are shown in Fig 38 and are also consistent with values given by
Rashed and Tai from an earlier paper. This shows several simple wire antenna configurations, with
resonant frequencies and impedance (radiation resistance). The reference dipole has a resonant fre-
quency f0 and resistance R = 72 Ω. The f/f 0 values give the effective reduced frequency obtained with

the linear loading in each case. For example, the
two-wire linear-loaded dipole has its resonant fre-
quency lowered to about 0.67 to 0.70 that of the
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simple reference dipole of the same length.
The three-wire linear-loaded dipole has its frequency reduced to 0.55 to 0.60 of the simple dipole

of the same length. As you will see later, these values will vary with conductor diameter and spacing.
The two-wire linear-loaded dipole (Fig 38B) looks almost like a folded dipole but, unlike a folded

dipole, it is open in the middle of the side opposite where the feed line is attached. Measurements show
that this antenna structure has a resonant frequency lowered to about two-thirds that of the reference
dipole, and R equal to about 35 Ω. A three-wire linear-loaded dipole (Fig 38C) has an even lower
resonant frequency and R about 25 to 30 Ω.

Linear-loaded monopoles (one half of the dipoles in Fig 38) working against a radial ground
plane have similar resonant frequencies, but with only half the radiation resistance shown for the
dipoles.

A Ladder-Line Linear-Loaded Dipole

Based on these results, NNØF next constructed a linear-loaded dipole as in Fig 38B, using 24 feet
of 1-inch ladder line (the black, 450-Ω plastic kind widely available) for the dipole length. He hung the
system from a tree using nylon fishing line, about 4 feet from the tree at the top, and about 8 feet from
the ground on the bottom end. It was slanted at about a 60° angle to the ground. This antenna resonated
at 12.8 MHz and had a measured resistance of about 35 Ω. After the resonance measurements, he fed it
with 1-inch ladder open-wire line (a total of about 100 feet to the shack).

For brevity, this is called a vertical LLSD (linear-loaded short dipole). A tuner resonated the sys-
tem nicely on 20 and 30 meters. On these bands the performance of the vertical LLSD seemed compa-
rable to his 120-foot long, horizontal center-fed Zepp, 30 feet above ground. In some directions where
the horizontal, all-band Zepp has nulls, such as toward Siberia, the vertical LLSD was definitely supe-
rior. This system also resonates on 17 and 40 meters. However, from listening to various signals,
NNØF had the impression that this length LLSD is not as good on 17 and 40 meters as the horizontal
120-foot antenna.

Using Capacitive “End Hats”

He also experimented with an even shorter resonant length by trying an LLSD with capacitive “end-
hats.” The hats, as expected, increased the radiation resistance and lowered the resonant frequency. Six-
foot long, single-wire hats were used on each end of the previous 24-foot LLSD, as shown in Fig 39. The
antenna was supported in the same way as the previous vertical dipole, but the bottom-end hat wire was

Fig 39—Two-wire linear-loaded
dipole with capacitive end hats.
Main dipole length was
constructed from 24 feet of
“windowed” ladder line. The
end-hat elements were stiff
wires 6 feet long. The antenna
was strung at about a 6 0° angle
from a tree limb using
monofilament fishing line.
Measured resonant frequency
and radiation resistance were
10.6 MHz and 50 Ω.
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Fig 40—Vertical ground-plane antenna with a
10-foot pipe and #12 wire as the linear-loaded
element. Resonant frequency and radiation
resistance depend on which side (A or B) is
fed. The other side (B or A) is not grounded.
See text for details.

only inches from the grass. This system resonated at 10.6 MHz with a measured resistance of 50 Ω.
If the dipole section were lengthened slightly, by a foot or so, to about 25 feet, it should hit the

10.1-MHz band and be a good match for 50-Ω coax. It would be suitable for a restricted space, short-
ened 30-meter antenna. Note that this antenna is only about half the length of a conventional
30-meter dipole, needs no tuner, and has no losses due to traps. It does have the loss of the extra wire,
but this is essentially negligible.

Any of the linear-loaded dipole antennas can be mounted either horizontally or vertically. The
vertical version can be used for longer skip contacts—beyond 600 miles or so—unless you have rather
tall supports for horizontal antennas to give a low elevation angle. Using different diameter conductors
in linear-loaded antenna configurations yields different results, depending on whether the larger or
small diameter conductor is fed. NNØF experimented with a vertical ground-plane antenna using a
10-foot piece of electrical conduit pipe (5/8 inch OD) and #12 copper house wire.

Fig 40 shows the configuration. The radial ground system was buried a couple of inches under the
soil and is not shown. Note that this is not a folded monopole, which would have either A or B grounded.

The two conductors were separated by 2 inches, using plastic spreaders held onto the pipe by
stainless-steel hose clamps obtained from the local hardware store. Hose clamps intertwined at right
angles were also used to clamp the pipe on electric fence stand-off insulators on a short 2×4 post set
vertically in the ground.

The two different diameter conductors make the antenna characteristics change, depending on how
they are configured. With the antenna bridge connected to the larger diameter conductor (point A in Fig
40), and point B unconnected, the system resonated at 16.8 MHz and had R = 35 Ω. With the bridge at
B (the smaller conductor), and point A left unconnected, the resonance lowered to 12.4 MHz and R was
found to be about 24 Ω.

The resonant frequency of the system in Fig 40 can be adjusted by changing the overall height, or
for increasing the frequency, by reducing the length of the wire. Note that a 3.8-MHz resonant ground
plane can be made with height only about half that of the usual 67 feet required, if the smaller conduc-
tor is fed (point B in Fig 40). In this case, the pipe would be left unconnected electrically. The lengths
given above can be scaled to determine a first-try attempt for your favorite band. Resonant lengths
will, however, depend on the conductor diameters and spacing.

The same ideas hold for a dipole, except that the lengths should be doubled from those of the
ground plane in Fig 40. The resistance will be twice that of the ground plane. Say, how about a short-
ened 40-meter horizontal beam to enhance your signal?!

COMBINED LOADING
As an antenna is shortened further the size

of the top-loading device will become larger and
at some point will be impractical. In this situa-
tion inductive loading, usually placed directly be-
tween the capacitive “hat” and the top of the
antenna, can be added to resonate the antenna.
An alternative would be to use linear loading in
place of inductive loading. The previous section
contained an example of end loading combined
with linear loading.

SHORTENING THE RADIALS
Very often the space required by full-length

radials is simply not available. Like the vertical
portion of the antenna, the radials can also
be shortened and loaded in much the same way.
An example of end loaded radials is given in
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Fig 41A. Radials half the usual length can be used
with little reduction in efficiency but, as in the
case of top loading, the antenna Q will be higher
and the bandwidth reduced. As shown in Fig 41B,
inductive loading can also be used. As long as they
are not made too short (down to 0.1 λ) loaded ra-
dials can be efficient—with careful design.

GENERAL RULES
The steps in designing an efficient short ver-

tical antenna system are:
• Make the vertical section as long as possible
• Make the diameter of the vertical section as large

as possible. Tubing or a cage of smaller wires
will work well.

• Provide as much top loading as possible
• If the top loading is insufficient, resonate the

antenna with a high-Q inductor placed between
the hat and the top of the antenna

• For buried-ground systems, use as many radials
(> 0.2 λ) as possible. 40 or more is best

• If an elevated ground plane is used, use 4 to 8
radials, 5 or more feet above ground

• If shortened radials must be used then capaci-
tive loading is preferable to inductive loading

EXAMPLES OF SHORT VERTICALS
A 6-Foot-High 7-MHz Vertical Antenna

Figs 42 through 45 give details for building
short, effective vertical quarter-wavelength radia-
tors. This information was originally presented by
Jerry Sevick, W2FMI.

A short vertical antenna, properly designed
and installed, approaches the efficiency of a full-
size resonant quarter-wave antenna. Even a 6-foot
vertical on 7 MHz can produce an exceptional sig-
nal. Theory tells us that this should be possible,
but the practical achievement of such a result re-
quires an understanding of the problems of ground
losses, loading, and impedance matching.

The key to success with shortened vertical
antennas lies in the efficiency of the ground sys-
tem with which the antenna is used. A system of
at least 60 radial wires is recommended for best
results, although the builder may want to reduce
the number at the expense of some performance.
The radials can be tensioned and pinned at the far
ends to permit on-the-ground installation, which
will enable the amateur to mow the lawn without
the wires becoming entangled in the mower

Fig 42—Jerry Sevick, W2FMI, adjusts the 6-foot
high, 40-meter vertical.

Fig 41—Radials may be shortened by using
either capacitive (A) or inductive (B) loading.  In
extreme cases both may be used but the
operating bandwidth will be limited.
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Fig 43—Construction details for the top hat. For
a diameter of 7 feet, 1/2-in. aluminum tubing is
used. The hose clamp is made of stainless steel
and is available at Sears. The rest of the
hardware is aluminum.

Fig 44—Standing-wave ratio of the 6-foot vertical
using a 7-foot top hat and 14 turns of loading
6 inches below the top hat.

Fig 45—Base of the vertical antenna showing the
60 radial wires. The aluminum disc is 15 inches
in diameter and 1/4

 
 inches thick. Sixty tapped

holes for 1/4-20 aluminum hex-head bolts form
the outer ring and 20 form the inner ring. The
inner bolts were used for performance
comparisons with more than 60 radials. The
insulator is polystyrene material (phenolic or
Plexiglas suitable) with a 1-inch diamete r. Also
shown is the impedance bridge used for
measuring input resistance.

blades. Alternatively, the wires can be buried in the
ground, where they will not be visible. There is noth-
ing critical about the wire size for the radials. Radials
made of 28, 22, or even 16-gauge wire, will provide
the same results. The radials should be at least 0.2 λ
long (27 feet or greater on 7 MHz).

A top hat is formed as illustrated in Fig 43. The
diameter is 7 feet, and a continuous length of wire
is connected to the spokes around the outer circum-
ference of the wheel. A loading coil consisting of

14 turns of B&W 3029 Miniductor stock (21/2-inch diameter, 6 TPI, #12 wire) is installed 6 inches
below the top hat (see Fig 42). This antenna exhibits a feed-point impedance of 3.5 Ω at 7.21 MHz. For
operation above or below this frequency, the number of coil turns must be decreased or increased, respec-
tively. Matching is accomplished by increasing the feed-point impedance to 14 Ω through addition of a 4:1
transformer, then matching 14 Ω to 50 Ω (feeder impedance) by means of a pi network. The 2:1 SWR
bandwidth for this antenna is approximately 100 kHz.

More than 200 contacts with the 6-foot antenna have indicated the efficiency and capability of a
short vertical. Invariably at distances greater than 500 or 600 miles, the short vertical yields excellent
signals. Similar antennas can be scaled and constructed for bands other than 7 MHz. The 7-foot-diameter-
top hat was tried on a 3.5-MHz vertical, with an antenna height of 22 feet. The loading coil had 24 turns
and was placed 2 feet below the top hat. On-the-air results duplicated those on 40 meters. The band-
width was 65 kHz.

Short verticals such as these have the ability to radiate and receive almost as well as a full-size
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quarter-wave. Trade-offs are in lowered input impedances and bandwidths. With a good radial system
and a proper design, these trade-offs can be made entirely acceptable.

Short Continuously Loaded Verticals
While there is the option of using lumped inductance to achieve resonance in a short antenna, the

antenna can also be helically wound to provide the required inductance. This is shown in Fig 46.
Shortened quarter-wavelength vertical antennas can be made by forming a helix on a long cylindrical
insulator. The diameter of the helix must be small in terms of λ to prevent the antenna from radiating in
the axial mode.

Acceptable form diameters for HF-band operation are from 1 inch to 10 inches when the practical
aspects of antenna construction are considered. Insulating poles of fiberglass, PVC tubing, treated bam-
boo or wood, or phenolic are suitable for use in building helically wound radiators. If wood or bamboo is
used the builder should treat the material with at least two coats of exterior spar varnish prior to winding
the antenna element. The completed structure should be given two more coats of varnish, regardless of
the material used for the coil form. Application of the varnish will help weatherproof the antenna and
prevent the coil turns from changing position.

No strict rule has been established concerning how short a helically wound vertical can be before a
significant drop in performance is experienced. Generally, one should use the greatest amount of length
consistent with available space. A guideline might be to maintain an element length of 0.05 wavelength
or more for antennas which are electrically a quarter wavelength long. Thus, use 13 feet or more of stock
for an 80-meter antenna, 7 feet for 40 meters, and
so on.

A quarter-wavelength helically wound verti-
cal can be used in the same manner as a full-size
vertical. That is, it can be worked against an
above-ground wire radial system (four or more
radials), or it can be ground-mounted with radi-
als buried or lying on the ground. Some opera-
tors have reported good results when using an-
tennas of this kind with four helically wound ra-
dials cut for resonance at the operating frequency.
The latter technique should capture the attention
of those persons who must use indoor antennas.

Winding Information

There is no hard-and-fast formula for deter-
mining the amount of wire needed to establish
resonance in a helical antenna. The relationship
between the length of wire needed for resonance
and a full quarter wave at the desired frequency
depends on several factors. Some of these are wire
size, diameter of the turns, and the dielectric prop-
erties of the form material, to name a few. Expe-
rience has indicated that a section of wire approxi-
mately one-half wavelength long, wound on an
insulating form with a linear pitch (equal spac-
ing between turns) will come close to yielding a
resonant quarter wavelength. Therefore, an an-
tenna for use on 160 meters would require ap-
proximately 260 feet of wire, spirally wound on
the support.

Fig 46—Helically wound ground-plane vertical.
Performance from this type of antenna is
comparable to that of many full-size λ/4 vertical
antennas. The major design trade-off is  usable
bandwidth. All shortened antennas of this
variety are narrow-band devices. At 7 MHz, in
the example illustrated here, the bandwidth
between the 2:1 SWR points will be on the
order of 50 kHz, half that amount on 80 meters,
and twice that amount on 20 meters. Therefore,
the antenna should be adjusted for operation in
the center of the frequency band of interest.
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No specific rule exists concerning the size or type of wire one should use in making a helix. Larger
wire sizes are, of course, preferable in the interest of minimizing I2R losses in the system. For power
levels up to 1000 W it is wise to use a wire size of #16 or larger. Aluminum clothesline wire is suitable
for use in systems where the spacing between turns is greater than the wire diameter. Antennas requir-
ing close-spaced turns can be made from enameled magnet wire or #14 vinyl jacketed, single-conduc-
tor house wiring stock. Every effort should be made to keep the turn spacing as large as is practical to
maximize efficiency.

A short rod or metal disc should be made for the top or high-impedance end of the vertical. This is a
necessary part of the installation to assure reduction in antenna Q. This broadens the bandwidth of the
system and helps prevent extremely high amounts of RF voltage from being developed at the top of the
radiator. (Some helical antennas act like Tesla coils when used with high-power transmitters, and can actu-
ally catch fire at the high-impedance end when a stub or disc is not used.) Since the Q-lowering device
exhibits some additional capacitance in the system, it must be in place before the antenna is tuned.

Tuning and Matching

Once the element is wound it should be mounted where it will be used, with the ground system in-
stalled. The feed end of the radiator can be connected temporarily to the ground system. Use a dip meter to
check the antenna for resonance by coupling the dipper to the last few turns near the ground end of the
radiator. Add or remove turns until the vertical is resonant at the desired operating frequency.

It is impossible to predict the absolute value of feed impedance for a helically wound vertical. The
value will depend on the length and diameter of the element, the ground system used with the antenna,
and the size of the disc or stub atop the radiator. Generally speaking, the radiation resistance will be
very low—approximately 3 to 10 Ω. An L network of the kind shown in Fig 46 can be used to increase
the impedance to 50 Ω. The QL (loaded Q) of the network inductors is low to provide reasonable
bandwidth, consistent with the bandwidth of the antenna. Network values for other operating bands
and frequencies can be determined by using the reactance values listed below. The design center for
the network is based on a radiation resistance of 5 Ω. If the exact feed impedance is known, the follow-
ing equations can be used to determine precise component values for the matching network. (See
Chapter 25 for additional information on L-network matching.)

XA = QRL (Eq 7)

X   50
R

50 – RC2
L

L
= (Eq 8)

X   X
R 50
XLI C1

L

C2
= + (Eq 9)

where
XC1 = capacitive reactance of C1
XC2 = capacitive reactance of C2
XL1 = inductive reactance of L1
Q  = loaded Q of network
RL = radiation resistance of antenna

Example: Find the network constants for a helical antenna with a feed impedance of 5 Ω at 7 MHz,
Q = 3:

X   3 5  15

X   5
50 – 5  16.666

X   15 250
16.666  30

C1

C2

L1

= × =

= =

= +  =
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Therefore, C1 = 1500 pF, C2 = 1350 pF, and L1 = 0.7 µH. The capacitors can be made from parallel
or series combinations of transmitting micas. L1 can be a few turns of large Miniductor stock. At RF
power levels of 100 W or less, large compression trimmers can be used at C1 and C2 because
the maximum RMS voltage at 100 Ω (across 50 Ω) will be 50 V. At, say, 800 W there will be approxi-
mately 220 V RMS developed across 50 Ω. This suggests the use of small transmitting variables at C1
and C2, possibly connected in parallel with fixed values of capacitance to constitute the required amount
of capacitance for the network.

By making some part of the network variable, it will be possible to adjust the circuit for an SWR of
1:1 without knowing precisely what the antenna feed impedance is. Actually, C1 is not required as part
of the matching network. It is included here to bring the necessary value for L1 into a practical range.

Fig 46 illustrates the practical form a typical helically wound ground-plane vertical might take.
Performance from this type antenna is comparable to that of many full-size quarter-wavelength vertical
antennas. The major design trade-off is in usable bandwidth. All shortened antennas of this variety are
narrow-band devices. At 7 MHz, in the example illustrated here, the bandwidth between the 2:1 SWR
points will be on the order of 50 kHz, half that amount on 80 meters, and twice that amount on 20 meters.
Therefore, the antenna should be adjusted for operation in the center of the frequency spread of interest.

SHORTENED DIPOLES
As shown in preceding sections, there are several ways to load antennas so they may be reduced in

size without severe reduction in effectiveness. Loading is always a compromise; the best method is
determined by the amount of space available and the band(s) to be worked.

Fig 47—When space is limited, the ends may be
bent downward as shown a t A, or back on the
radiator as shown at B.  The bent dipole ends
may come straight down or be led off at an angle
away from the center of the antenna .  An inverted
V at C can be erected with the ends bent parallel
to the ground when the support structure is not
high enough.

Fig 48—At A is a dipole antenna lengthened
electrically with off-center loading coils. For a
fixed dimensio n A, greater efficiency will be
realized with greater distance B, but as B is
increased, L must be larger in value to maintain
resonance. If the two coils are placed at the ends
of the antenna, in theory they must be infinite in
size to maintain resonance . At B, capacitive
loading of the ends, either through proximity of the
antenna to other objects or through the addition of
capacitance hats, will reduce the required value of
the coils . At C, a fan dipole provides some
electrical lengthening as well as broadbanding.
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Fig 50—The W ØSVM “Shorty Forty” center-loaded
antenna.  Dimensions given are for 7.0 MHz. The
loading coil is 5 inches long and 2 1/2 inches
diamete r. It has a total of 30 turns of #12 wire
wound at 6 turns per inch (Miniductor 3029
stock).

Fig 49—Chart for determining
approximate inductance values
for off-center-loaded dipoles. See
Fig 48A . At the intersection of the
appropriate curve from the body
of the chart for dimensio n A and
proper value for the coil position
from the horizontal scale at the
bottom of the chart, read the
required inductive reactance for
resonance from the scale at the
left. Dimensio n A is expressed as
percent length of the shortened
antenna with respect to the
length of a half-wave dipole of
the same conductor material.
Dimension B is expressed as the
percentage of coil distance from
the feed point to the end of the
antenna. For example, a
shortened antenna, which is 50%
or half the size of a half-wave
dipole (one-quarter wavelength
overall) with loading coils
positioned midway between the
feed point and each end (50%
out), would require coils having
an inductive reactance of
approximately 95 0 Ω at the
operating frequency for antenna
resonance.

The simplest way to shorten a dipole is shown
in Fig 47. If you do not have sufficient length be-
tween the supports, simply hang as much of the cen-
ter of the antenna as possible between the supports
and let the ends hang down. The ends can be straight
down or may be at an angle as indicated but in either
case should be secured so that they do not move in
the wind. As long as the center portion between the
supports is at least λ/4, the radiation pattern will be
very nearly the same as a full-length dipole.

The resonant length of the wire will be some-
what shorter than a full-length dipole and can best
be determined by experimentally adjusting the
length of ends, which may be conveniently near
ground. Keep in mind that there can be very high
potentials at the ends of the wires and for safety
the ends should be kept out of reach. Letting the
ends hang down as shown is a form of capacitive
end loading. While it is efficient, it will also re-
duce the matching bandwidth—as does any form
of loading.



6-34 Chapter 6

The most serious drawback associated with inductive loading is high loss in the coils themselves.
It is important that you use inductors made from reasonably large wire or tubing to minimize this
problem. Close winding of turns should also be avoided if possible. A good compromise is to use some
off-center inductive loading in combination with capacitive end loading, keeping the inductor losses
small and the efficiency as high as possible.

Some examples of off-center coil loading and capacitive-end loading are shown in Fig 48. This
technique was described by Jerry Hall, K1TD, in September 1974 QST. For the antennas shown, the
longer the overall length (dimension A, Fig 48A) and the farther the loading coils are from the center of
the antenna (dimension B), the greater the efficiency of the antenna. As dimension B is increased,
however, the inductance required to resonate the antenna at the desired frequency increases. Approxi-
mate inductance values for single-band resonance (for the antenna in Fig 48A only) may be determined
with the aid of Fig 49 or from Eq 10 below. The final values will depend on the proximity of surround-
ing objects in individual installations and must be determined experimentally. The use of high-Q low-
loss coils is important for maximum efficiency.
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(Eq 10)

A dip meter or SWR indicator is recommended for use during adjustment of the system. Note that
the minimum inductance required is for a center-loaded dipole. If the inductive reactance is read from
Fig 49 for a dimension B of zero, one coil having approximately twice this reactance can be used near
the center of the dipole. Fig 50 illustrates this idea. This antenna was conceived by Jack Sobel, WØSVM,

who dubbed the 7-MHz version the “Shorty
Forty.”

Inverted-L Antennas
The antenna shown in Fig 51 is called an in-

verted-L antenna. It is simple and easy to con-
struct and is a good antenna for the beginner or
the experienced 1.8-MHz DXer. Because the over-
all electrical length is made somewhat greater than
λ/4, the feed-point resistance is on the order of
50 Ω, with an inductive reactance. That reactance
is canceled by a series capacitor as indicated in
the figure. For a vertical section length of 60 feet
and a horizontal section length of 125 feet, the
input impedance is ≈ 40 + j 450 Ω. Longer verti-
cal or horizontal sections would increase the in-
put impedance. The azimuthal radiation pattern
is slightly asymmetrical with ≈1 to 2 dB increase

Fig 51—The 1.8-MHz inverted L. Overall wire
length is 165 to 175 feet. The variable capacitor
has a maximum capacitance of 500 to 800 p F.
Adjust antenna length and variable capacitor for
lowest SWR.

(Eq 10)
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Fig 52—A single elevated radial can be used for
the inverted L.  This changes the directivity
slightl y.

Fig 53—Elevation pattern for the inverted L with
a single radial.

Fig 54—Azimuthal pattern for the inverted L with
a single radial at an elevation angle of 2 5°.

in the direction opposite to the horizontal wire. This
antenna requires a good buried ground system or
elevated radials.

This antenna is a form of top-loaded vertical,
where the top loading is asymmetrical. This re-
sults in both vertical and horizontal polarization
because the currents in the top wire do not cancel
like they would in a symmetrical-T vertical. This

is not necessarily a bad thing because it eliminates the zenith null present in a true vertical. This allows
for good communication at short ranges as well as for DX.

A yardarm attached to a tower or a tree limb can be used to support the vertical section. As with any
vertical, for best results the vertical section should be as long as possible. A good ground system is
necessary for good results—the better the ground, the better the results.

If the ground system suggested for Fig 51 is not practical, it is possible to use a single elevated
radial as shown in Fig 52. For the dimensions shown in the figure Zi = 50 + j 465 Ω. The vertical and
azimuthal radiation patterns are shown in Figs 53 and 54. Note that the 1 to 2 dB asymmetry is now in
the direction of the horizontal wires, just the opposite of that for a symmetrical ground system.

A Different Approach
Fig 55 shows the method used by Doug DeMaw, W1FB, to gamma match his self-supporting

50-foot tower operating as an inverted L. A wire cage simulates a gamma rod of the proper diameter.
The tuning capacitor is fashioned from telescoping sections of 11/2 and 11/4-inch aluminum tubing with
polyethylene tubing serving as the dielectric. This capacitor is more than adequate for power levels of
100 W. The horizontal wire connected to the top of the tower provides the additional top loading.

Sloper Antennas
Sloping dipoles and λ/2 dipoles can be very useful antennas on the low bands. These antennas can

have one end attached to a tower, tree or other structure and the other end near ground level. The
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following section gives a number of examples of
these types of antennas.

THE QUARTER-WAVELENGTH
“HALF SLOPER”

Perhaps one of the easiest antennas to install
is the λ/4 sloper shown in Fig 56. A sloping λ/2
dipole is known among radio amateurs as a “full
sloper” or just “sloper.” If only one half of it is
used it becomes a “half sloper.” The performance
of the two types of sloping antennas is similar:
They exhibit some directivity in the direction of
the slope and radiate energy at low angles respec-
tive to the horizon. The wave polarization is ver-
tical. The amount of directivity will range from
3 to 6 dB, depending upon the individual installa-
tion, and will be observed in the slope direction.
A typical radiation pattern is given in Fig 57.

The advantage of the half sloper over the full
sloper is that the current portion of the antenna is
higher. Also, only half as much wire is required
to build the antenna for a given amateur band. The
disadvantage of the half sloper is that it is some-
times impossible to obtain a low SWR when using
coaxial-cable feed, especially without a good iso-
lating choke balun. (See the section above on iso-
lating ground-plane antennas.) Other factors that
affect the feed impedance are tower height, height
of the attachment point, enclosed angle between
the sloper and the tower, and what is mounted atop
the tower (HF or VHF beams). Also the quality of
the ground under the tower (ground conductivity,
radials, etc) has a marked effect on the antenna
performance. The final SWR can vary (after opti-
mization) from 1:1 to as high as 6:1. Generally
speaking, the closer the low end of the slope wire
is to ground, the more difficult it will be to obtain
a good match.

Basic Recommendations for Half Sloper
The half sloper can be an excellent DX type

of antenna. It is usually installed on a metal sup-
porting structure such as a mast or tower. The sup-
port needs to be grounded at the lower end, pref-
erably to a buried or on-ground radial system. If a
nonconductive support is used, the outside of the
coax braid becomes the return circuit and should
be grounded at the base of the support. As a start-
ing point one can attach the sloper so the feed point
is approximately λ/4 above ground. If the tower
is not high enough to permit this, the antennaFig 56—The λ/4 “half sloper” antenna.

Fig 55—Details and dimensions for gamma-
match feeding a 50-foot tower as a 1.8-MHz
vertical antenna. The rotator cable and coaxial
feed line for the 14-MHz beam is taped to the
tower legs and run into the shack from ground
level. No decoupling networks are necessar y.
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Fig 57—Radiation pattern for a typical half
slope r. At A, elevation pattern . At B, azimuth
pattern.

should be fastened as high on the supporting
structure as possible. Start with an enclosed angle
of approximately 45°, as indicated in Fig 56. The
wire may be cut to the length determined from

  
l  260

fMHz
=           (Eq 11)

This will allow sufficient extra length for prun-
ing the wire for the lowest SWR.  A metal tower
or mast becomes an operating part of the half
sloper system. In effect, it and the slope wire
function somewhat like an inverted-V dipole an-
tenna. In other words, the tower operates as the
missing half of the dipole. Hence its height and
the top loading (beams) play a significant role.

The 50-Ω transmission line can be taped to
the tower leg at frequent intervals to make it se-
cure. The best method is to bring it to earth level,
then route it to the operating position along the
surface of the ground if it can’ t be buried. This
will ensure adequate RF decoupling, which will
help prevent RF energy from affecting the equip-
ment in the station. Rotator cable and other feed
lines on the tower or mast should be treated in a
similar manner.

Adjustment of the half sloper is done with
an SWR indicator in the 50-Ω transmission line.
A compromise can be found between the enclosed
angle and wire length, providing the lowest SWR
attainable in the center of the chosen part of an
amateur band. If the SWR “bottoms out” at 2:1
or lower, the system will work fine without us-

ing an antenna tuner, provided the transmitter can work into the load. Typical optimum values of SWR
for 3.5 or 7-MHz half slopers are between 1.3:1 and 2:1. A 100-kHz bandwidth is normal on 3.5 MHz,
with 200 kHz being typical at 7 MHz.

If the lowest SWR possible is greater than 2:1, the attachment point can be raised or lowered to
improve the match. Readjustment of the wire length and enclosed angle may be necessary when the
feed-point height is changed. If the tower is guyed, the guy wires will need to be insulated from the
tower and broken up with additional insulators to prevent resonance.

1.8-MHZ ANTENNA SYSTEMS USING TOWERS
An existing metal tower used to support HF or VHF beam antennas can also be used as an integral

part of a 1.8-MHz radiating system. The half sloper discussed earlier will also perform well on
1.8 MHz. Prominent 1.8-MHz operators who have had success with the half sloper antenna suggest a
minimum tower height of 50 feet. Dana Atchley, W1CF, used the configuration sketched in Fig 58. He
reported that the uninsulated guy wires act as an effective counterpoise for the sloping wire. At Fig 59
is the feed system used by Doug DeMaw, W1FB, on a 50-foot self-supporting tower. The ground for
the W1FB system is provided by buried radials connected to the tower base.

As described previously, a tower can also be used as a true vertical antenna, provided a good ground
system is used. The shunt-fed tower is at its best on 1.8 MHz, where a full λ/4 vertical antenna is rarely
possible. Almost any tower height can be used. An HF beam at the top provides some top loading.
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Fig 58—The W1CF half sloper for 160 meters is arranged in this manner. Three monoband antennas
atop the tower provide capacitive loading.

Fig 59—Feed system used by W1FB for 1.8-MHz
half sloper on a 50-foot self-supporting tower.

7-MHZ “SLOPER SYSTEM”
One of the more popular antennas for 3.5 and

7 MHz is the half-wave long sloping dipole. David
Pietraszewski, K1WA, made an extensive study
of sloping dipoles at different heights with reflec-
tors at the 3-GHz frequency range. From his ex-
periments, he developed the novel 7-MHz antenna
system described here. With several sloping di-
poles supported by a single mast and a switching
network, an antenna with directional characteris-
tics and forward gain can be simply constructed.
This 7-MHz system uses several “slopers” equally
spaced around a common center support. Each
dipole is cut to λ/2 and fed at the center with 50-Ω
coax. The length of each feed line is 36 feet.

All of the feed lines go to a common point on
the support (tower) where the switching takes
place. The line length of 36 feet is just over 3λ/8,
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Fig 60—Five sloping dipoles suspended from one support. Directivity and forward gain can be
obtained from this simple arra y. The top view shows how the elements should be spaced around the
support.

which provides a useful quality. At  7 MHz, the coax looks inductive to the antenna when the end at the
switching box is open circuited. This has the effect of adding inductance at the center of the sloping
dipole element, which electrically lengthens the element. The 36-foot length of feed line serves to
increase the length of the element about 5%. This makes any unused element appear to be a reflector.

The array is simple and effective. By selecting one of the slopers through a relay box located at the
tower, the system becomes a parasitic array that can be electrically rotated. All but the driven element
of the array become reflectors.

The physical layout is shown in Fig 60, and the basic materials required for the sloper system are
shown in Fig 61. The height of the support point should be about 70 feet, but can be less and still give
reasonable results. The upper portion of the sloper is 5 feet from the tower, suspended by rope. The
wire makes an angle of 60° with the ground.

In Fig 62, the switch box is shown containing all the necessary relays to select the proper feed line
for the desired direction. One feed line is selected at a time and the feed lines of those remaining are
opened, Fig 63. In this way the array is electrically rotated. These relays are controlled from inside the
shack with an appropriate power supply and rotary switch. For safety reasons and simplicity, 12-V dc
relays are used. The control line consists of a five-conductor cable, one wire used as a common con-
nection; the others go to the four relays. By using diodes in series with the relays and a dual-polarity
power supply, the number of control wires can be reduced, as shown in Fig 63B.
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Fig 61—The basic materials required for the
sloper system. The control box appears at the
left, and the relay box at the right.

Fig 62—Inside view of relay box. Four relays
provide control over five antennas. See text. The
relays pictured here are Potter and Brumfeld
type MR11D.

Fig 63—Schematic diagram for sloper control system. All relays are 12-V dc, DPDT, with 8-A contact
ratings. At A, the basic layout, excluding control cable and antennas. Note that the braid of the coax is
also open-circuited when not in use. Each relay is bypassed with 0.001- µF capacitors. The power
supply is a low current type. At B, diodes are used to reduce the number of control wires when using
dc relays. See text.
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Measurements indicate that this sloper array provides up to 20 dB front-to-back ratio and forward
gain of about 4 dB over a single half-wave sloper. If one direction is the only concern, the switching
system can be eliminated and the reflectors should be cut 5% longer than the resonant frequency. The one
feature worth noting is the good F/B ratio. By arranging the system properly, a null can be placed in an
unwanted direction, thus making it an effective receiving antenna. In the tests conducted with this an-
tenna, the number of reflectors used were as few as one and as many as five. The optimum combination
appeared to occur with four reflectors and one driven element. No tests were conducted with more than
five reflectors. This same array can be scaled to 3.5 MHz for similar results.

Low-Frequency (“Lowfer”) Antennas
The following section on low-frequency antennas is from material submitted by Andrew Corney,

ZL2BBJ, and Bob Vernall, ZL2CA, and material from Curry Communications.
The Low Frequency band (known commonly as the lowfer band) ranges from 30 to 300 kHz, or in

terms of wavelength from 10,000 to 1000 meters. Allocation of specific LF bands varies from one
region of the world to another. For example, in the US the lowfer allocation is from 160 to 190 kHz,
and the band is commonly referred to as 1750 meters.

The long wavelengths of LF bands introduce real challenges for amateur antennas. A frequency of
200 kHz corresponds to a wavelength of 1500 meters, where a full-sized λ/4 vertical would be about
375 meters (1230 feet) high!

In the US, FCC regulations limit the antenna to a cylindrical area 50 feet high, with a diameter of
50 feet. This essentially restricts US lowfer antennas to top-loaded verticals, since a loop with those
dimensions is not very practical. In terms of wavelength, a 15-meter high vertical is only
0.0086 λ high on 1750 meters, putting it into the category of a really tiny antenna! The FCC also limits
power input to the antenna to 1 W.

ELECTRICALLY SMALL ANTENNAS
The impedance of electrically tiny antennas is highly reactive (capacitive for whips, inductive for

loops), since they are too small to have any natural resonance. While any small antenna can be reso-
nated by loading with inductance (or capacitance for a loop), antenna and ground losses overshadow
whatever power is radiated to the far field. For amateur LF antennas, radiation resistance is conve-
niently expressed in milliohms, rather than ohms. The overall efficiency of an amateur LF antenna is
unlikely to exceed 1%. In fact, 0.1% is a more realistic target for amateur LF antennas in suburban
locations. Nevertheless, even 0.1% efficiency can achieve useful communication over several hundred
kilometers.

LF PROPAGATION CHARACTERISTICS
Contrasted with HF, the surface wave at LF is a very important propagation mode. Even at

1.8 MHz in the Medium Frequency (MF) spectrum, attenuation of the ground wave is relatively high,
rendering the surface ground wave far less useful than at LF.

Surprisingly little radiated power can provide effective LF communication over hundreds of kilo-
meters. At 180 kHz, 1 mW of radiated power will enable a CW signal to be copied at a range of 400 km
over sea or good ground, and 300 km over poor ground, assuming a daytime noise level of about
–10 dB re 1 µV/m in a 500-Hz bandwidth.

Daytime signals are remarkably steady in strength, providing good conditions for SSB, where
10 mW radiated power can be copied comfortably at 300 km over a seawater path or good ground.
Daytime conditions are likely to favor specialized computer-controlled modes using low information
rates, which promise much greater ranges than are possible with conventional CW.

During the night, sky-wave propagation by ionospheric reflection generally dominates the surface
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wave for reception over longer distances. The skywave is strongly attenuated during daylight hours,
but around sunset attenuation usually decreases. This results in progressive increases in DX signal
strength, reaching a maximum four to six hours after sunset. The skywave is actually a mixture of
waves resulting from different ionospheric-reflection mechanisms. The multipath nature of these means
that they interfere with each other and with the ground wave to produce a random pattern of signal
enhancements followed by deep fades. An enhancement will typically last several minutes, and simi-
larly fading is generally slow.

Night-time DX signal strengths are generally much stronger than during the day. However, as
night-time atmospheric noise tends to rise in sympathy with the sky-wave strength, there is less benefit
from enhanced night-time propagation than we might expect. Nevertheless, the greatest communica-
tion ranges using conventional CW are usually achieved one or two hours after sunset at the mid point
of a path. Fortunately there are some occasions when skywaves are favorable and QRN is lower than
normal, the combination of which leads to DX opportunities.

POLARIZATION FOR LF
The conductivity of most types of ground means that vertically polarized LF waves can propagate

relatively unhindered as surface ground waves. Higher ground conductivity leads to lower propagation
loss. On the other hand, horizontally polarized waves have an electric field component parallel to the
conducting surface of the ground. This effectively “shorts out” the electric field, resulting in higher
losses for horizontal polarization.

There is little choice in the matter—LF transmitting antennas must be vertically polarized. Even
for sky-wave propagation (with its random polarization of received signals due to ionospheric reflec-
tions) a ground-mounted LF antenna responds mainly to the vertical component.

LF TRANSMITTING ANTENNAS
Often an existing HF or MF wire antenna can be put to use on LF. L and T antennas were popular

in the early days of LF radio transmission, and the principles still apply. If there are regulatory limits
on the overall size of an LF antenna (as in the US), then a vertical with inductive center loading, with
or without top loading, is the most suitable choice for making the most of a size-limited situation.

A top-loaded system, such as a T, is preferable to a straight coil-loaded vertical, since it can give a
considerable increase in efficiency compared to a simple vertical of the same height. For a T antenna,
the radiated power is proportional to the square of the “effective height.” The current in a vertical with
no top loading tapers linearly from maximum at the bottom to zero at the top, and has an effective
height of half the physical height of the antenna. The more top loading used, the higher the current at
the top of the vertical section. With “infinite” capacitive top loading, the effective height is equal to the
physical height, giving a four-fold increase in efficiency.

Multiple top loading wires and multiple ground radial wires (usually bare copper wire) buried just
below ground level are highly recommended. Multiple earth rods can also be used to advantage, such
as being connected to the far ends of radial wires, but are probably not as useful as adding more radial
wires.

For estimating the capacitance of a T antenna made of wires, an approximation is to use 6 pF per
meter for vertical wires, and 5 pF per meter for horizontal wires. When multiple close-spaced wires are
used, proximity effect will reduce the net capacitance to less than if individual wires were summed in
capacitance. For additional details on capacitive top-hat loading, especially multi-spoked “wagon wheel”
structures, see discussion earlier in this chapter.

A low-loss (high-Q) base loading coil is needed to resonate the vertical at the operating frequency.
The coil shape should have a diameter to length ratio of about 2.5 for highest Q (which is different from
the optimum shape for HF inductors). Turns should be spaced by about one wire diameter. Tuning is
fairly critical, and a variometer (some series turns on a spindle inside the loading coil) can be very handy
for fine tuning.
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Fig 64—An idealized lowfer vertical-T antenna.
A base loading coil with a variometer for fine-
tuning is used, along with capacitive-hat top-
loading wires. Note that three vertical wires are
used to increase the bandwidth and that the
performance gets better with more top-loading
wires to increase the top capacity. The ground-
radial system consists of as many wires as
possible, buried a few inches below the surface.

The ZL2CA LF Transmitting Antenna
See Fig 64 for information on an ideal type of LF vertical for amateur use. In most cases amateurs

will need to adapt the ideal to suit the practicalities of a given QTH. A top-loaded T antenna is used by
ZL2CA for operation in the vicinity of 180 kHz. It is not a large antenna, but performs reasonably well.
The vertical feed is near the middle of the property, and rises some 8 meters to a horizontal fiberglass
rod mounted near the top of a pipe mast that is also used for mounting other antennas. The fiberglass
rod provides good insulation and keeps the vertical feed wire a meter or so away from the grounded
pipe mast. It also terminates all top-loading wires.

Top-loading wires at ZL2CA go in various directions, customized to fit on the particular property.
The loading system toward the rear of the property is actually a horizontal 40-meter delta loop. The
corner feed point can be manually changed from a coax balun (balanced feed in HF mode) to a single
wire coming from the fiberglass standoff (unbalanced feed in LF mode). The delta loop feed point is on
the pipe mast near the fiberglass standoff used for LF, and is accessible by ladder. The other two poles
supporting the delta loop are some 10 meters high. Top-loading wires toward the front of the property
make up a fan of six wires, varying in length from 11 to 17 meters. There is a seventh wire running
across the far end of the fan to support the fan wires at an average of around 9 meters above ground.

The ground system consists of 13 bare copper radials running to various parts of the property, and
several of these have a driven-pipe earth at the far end. The measured values of the impedance at the
bottom of the vertical wire are shown in Table 8. The antenna is self-resonant around 1.4 MHz and is
useful on 160 meters as well as LF. The resistance measured between the RF earth and mains earth is
4.1 Ω. The earth resistance probably varies with soil moisture. Some of the antenna top loading is
galvanized wire, and this may contribute to the RF resistance of the antenna. However, the lower resis-
tance with increasing frequency in the above table suggests it is not a major factor. The loading coil
used has a Q of just over 300, which adds some 3 Ω in series with the overall loop resistance.

The antenna vertical wire is taken from a carefully selected point around 57 turns on the loading
coil. The loaded Q of the whole antenna is about 60, so tuning is critical. Matching to 50-Ω coaxial
cable is by tapping 2 turns from the “cold” end of the loading coil. An alternative is an L match consist-

ing of 30 nF of polypropylene capacitors between
coax inner and ground, with the series inductance
of some 20 µH in effect being a small part of the
loading coil. The matching bandwidth of the an-
tenna is satisfactory for SSB.

An estimate of radiation resistance at 180 kHz
is 10 milliohms, giving an efficiency of 0.08% (the
net series resistance is some 13 Ω). Applying 100 W
results in about 2.7 A of antenna current, and a radi-
ated power of up to 80 mW. The voltage applied from

Table 8
Measured Impedance at the Bottom of
ZL2CA’s T Antenna
Frequency Resistance Capacitance
(kHz) (Ω) (pF)
100 14 790
165 11 800
190 10 805
250   9 810
300   8 815
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the loading coil to the antenna is about 6000 V. It is difficult to know the specific radiated power, but
whatever it is, it provides a lot of fun for chasing DX when propagation conditions are good. This has
resulted in logging two-way CW contacts to 670 km and two-way SSB contacts to 460 km. SSB has been
monitored at distances to 700 km.

Other Transmitting Antenna Types
Some lowfers in the US use helically wound short verticals, with top-hat loading, such as are

described in some detail earlier in this chapter. They use three 10-foot sections of 2-inch diameter
white PVC pipe. The three sections are coupled together with wood dowels and are wound with #22
wire spaced evenly along each section, where the turns are spaced by diameter of the wire. Solder lugs
are bolted to each end of each section to connect to the wire. Once the three sections are joined together
to make up the 30-foot long radiator, wire jumpers are soldered across adjoining lugs. The final an-
tenna must be pruned for resonance.

 Loops
The top-loaded vertical antenna is almost always the best choice for an amateur LF transmitting

antenna. (In fact it is virtually the only choice in the US due to FCC regulations.) Another possible
alternative outside the US is some form of loop. However, a top-loaded vertical in a suburban backyard
will have a much higher radiation resistance than can be achieved by a loop antenna in the same space,
and the directional properties of the loop are usually more of a hindrance than a help.

INSULATION FOR TRANSMITTING ANTENNAS
High voltages are present on the antenna and feeders during LF transmission. Especially for a

loaded vertical antenna, the whole antenna system is subject to much higher voltages than in typical HF
antennas. Adequate insulators are needed at every support point on any LF transmitting antenna. Egg-
type insulators are generally not up to the task, especially when they are wet. Leakage paths across
insulators should be as long as practical.

Monofilament nylon (otherwise known as heavy duty fishing line) provides cheap and very effective
insulation for LF antennas. It is also visually unobtrusive. The length of a nylon line insulator can be as
long as is convenient, and the smooth surface is washed clean in the rain. The life of monofilament nylon
insulators is approximately five years, depending on wind conditions and ultraviolet radiation levels.

The feeder to an LF antenna will generally need to exit either the cabinet of a tuner box or go
through the shack wall, so very good feedthrough insulation should be provided. Plastic tubing can be
used to sleeve a feeder wire that passes through a feedthrough hole in a wall. Several layers of plastic
tubing can be applied by using appropriately selected diameters. If arcing is suspected, it can be moni-
tored with a nearby VHF receiver, and it should soon be obvious if arcing occurs during LF transmis-
sion. It is hard enough to radiate a small amount of power at LF, so wasting power on unwanted dis-
charges must be avoided!

Base insulators can be very simple. Some use a glass soft-drink bottle held in a hollow cinder block
on the ground. An old-fashioned “Coke” bottle makes a great insulator!

LF RECEIVING ANTENNAS
Receiving LF signals is generally much easier than transmitting LF signals.  Electrical noise from

thunderstorms travels vast distances, establishing a background atmospheric noise that greatly exceeds
the receiver thermal noise. Inefficient receiving antennas are tolerable as long as they can still hear the
background noise. Man-made radio noise is usually a more serious limitation in most suburban situa-
tions, as the electricity mains conduct “hash” around the neighborhood. Switching-mode power sup-
plies in domestic appliances such as PCs are one of the more obnoxious noise sources.

At LF, local noise is spread more by being conducted by mains electrical wiring, rather than by
radiation. An LF transmitting antenna often couples rather well to the near field of mains wiring, giv-
ing the LF band an undeserved reputation as being excessively noisy. A dramatic improvement can
result from using a small active antenna located a modest distance (20 feet or more) away from any
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Fig 66—Remote active preamplifier for
directional loop receiving antenna.

Fig 65—Remote active lowfer preamplifier. Note
that careful attention must be paid to ground
isolation for best S/N.

building supplied with mains power. The small aperture of the active antenna reduces coupling to the
mains wiring without sacrificing far-field reception, provided the very high impedance of the small
antenna is properly matched to the receiver with a low-noise-figure buffer amplifier.

It is also very important to prevent mains interference from reaching the antenna by the cable from
the receiver to the antenna by decoupling the cable using chokes and/or isolating transformers. The
active-antenna power supply should also be well decoupled from the mains. It is also very important to
detune the transmitting antenna while receiving, to prevent noise picked up by the large antenna from
coupling into the receive antenna. This coupling can occur over a surprisingly long distance.

Cable decoupling is particularly important for an active vertical antenna, Fig 65, where the buffer
amplifier is grounded directly beneath the antenna, and isolated from common-mode cable interference

by means of a transformer to isolate the signal
and a bifilar choke to isolate the power supply.
The JFET buffer amplifier used to match the very
high antenna impedance to the low cable impedance
must have a low noise figure, together with a high
second-order intermodulation threshold to prevent
interference from strong AM broadcast signals.

The type of FET used is important, the J310
being one of the more satisfactory. Two FETs in
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parallel increase the second order threshold by 6 dB. Input filtering may still be needed if the antenna
is within a few kilometers of high-power broadcast and television stations. It is not commonly appre-
ciated that the voltage induced by LF and MF signals is proportional to the average height of the
antenna above ground, rather than to the length of the antenna. Even a small antenna mounted high up
may pick up enough AM broadcast signals to overload the antenna.

A remotely tuned receiving loop having a performance limited by natural noise (external QRN) is
shown in Fig 66. A smaller loop is satisfactory for nighttime use but will not have a good enough noise
figure for daytime work, when noise levels are much lower. A larger loop with fewer turns will work
well if it is not too near mains wiring. A balanced unshielded loop is easier to construct than a shielded
loop and rejects electric fields just as well. This is important if the signals from an active loop and
active vertical are to be combined in a manner similar to that used in direction-finding, which can give
a signal-to-noise improvement of 2 dB. This does not sound impressive but can make all the difference
in whether or not a weak signal can be copied.

LF ANTENNA TEST EQUIPMENT
High permeability ferrite cores must be used at LF for current transformers and directional watt-

meters. Ferrite cores salvaged from surplus TV line output transformers are very useful. An inline RF
current monitor with the antenna feed passing through the core (equivalent to a single turn primary) is
an effective way of sampling antenna current. The secondary can be 20 to 30 turns, loaded with 27 Ω,
and a simple diode feeding a low-current meter through a suitable range resistor. The current monitor
can even be calibrated against an RF thermocouple ammeter. If the monitor is at the high-voltage end
of a vertical antenna loading coil, take care to ensure that adequate insulation is present around the
antenna feed passing through the toroidal core.

Many amateurs use even simpler instrumentation. Three NE-2 neon bulbs in series placed near the
antenna serve as a very useful indicator of tuning, although they can be a little hard to see in direct sunlight.

When a new antenna is erected it is useful to know the capacitance in the case of a vertical, or the
inductance in the case of a loop, so that matching circuits can be designed. An audio component bridge
will give an answer that is fairly close to the LF capacitance value, provided precautions are taken
against mains pickup overloading the bridge detector. Another method is to use a signal generator and
oscilloscope to find the resonant frequency with a known inductance for a vertical. This method also
enables the loss component to be estimated from the observed Q.

Comparative before-and-after tests on transmitting antenna effectiveness following a hoped-for
improvement (for example, more top loading or better earth system) can be made by measuring the
open-circuit voltage from a navigation beacon. The open-circuit voltage is directly proportional to the
effective height of the antenna, and any improvement in effective height means an improvement in
efficiency. One way of obtaining a relative open-circuit voltage measurement is to couple the antenna
to an LF receiver through a capacitor of a few picofarads. Of course, the coupling capacitor should not
be disturbed between changes to the system.

SAFETY PRECAUTIONS
While amateurs can have a lot of fun with RF experimentation at LF, there are important safety

precautions required for transmitting antennas. Most LF antennas are resonant arrangements, with
relatively high Q, and high RF voltages are present. There should be no possibility of humans or
animals coming into contact with exposed feeders or antenna wires. All insulation material should be
very good. Although the power radiated into the far field is minute, the near fields in the close vicinity
of an LF antenna can be intense enough to exceed the electromagnetic field exposure limits applying
in some countries. The antenna should not be energized if people are close to any of the conductors.
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For operation in a number of bands such as those between 3.5 and 30 MHz it would be im-
practical, for most amateurs, to put up a separate antenna for each band. But this is not
necessary; a dipole, cut for the lowest frequency band to be used, can be operated readily on

higher frequencies. To do so, one must be willing to accept the fact that such harmonic-type
operation leads to a change in the directional pattern of the antenna (see Chapter 2). The user
must also be willing to use “tuned” feeders. A center-fed single-wire antenna can be made to
accept power and radiate it with high efficiency on any frequency higher than its fundamental
resonant frequency and, with some reduction in efficiency and bandwidth, on frequencies as low
as one half the fundamental.

In fact, it is not necessary for an antenna to be a full half-wavelength long at the lowest frequency.
It has been determined that an antenna can be considerably shorter than 1/2 λ, as short as 1/4 λ, and still
be a very efficient radiator.

In addition, methods have been devised for making a single antenna structure operate on a number
of bands while still offering a good match to a transmission line, usually of the coaxial type. It should
be understood, however, that a “multiband antenna” is not necessarily one that will match a given line
on all bands on which it is intended to be used. Even a relatively short whip type of antenna can be
operated as a multiband antenna with suitable loading for each band. Such loading may be in the form
of a coil at the base of the antenna on those frequencies where loading is needed, or it may be incorpo-
rated in the tuned feeders which run from the transmitter to the base of the antenna.

This chapter describes a number of systems that can be used on two or more bands. Beam antennas
are treated separately in later chapters.

DIRECTLY FED ANTENNAS
The simplest multiband antenna is a random length of #12 or #14 wire. Power can be fed to the

wire on practically any frequency by one or the other of the methods shown in Fig 1. If the wire is made

Chapter 7

Multiband Antennas

Fig 1—A t A, a random-length wire driven directly from
the pi-network output of a transmitte r. At B, an L
network for use in cases where sufficient loading
cannot be obtained with the arrangement a t A. C1
should have about the same plate spacing as  the
final tank capacitor in a vacuum-tube type of
transmitter; a maximum capacitance of 100 pF is
sufficient if L1 is 20 to 2 5 µH. A suitable coil would
consist of 30 turns of #12 wire, 2 1/2 inches diamete r, 6
turns per inch. Bare wire should be used so the tap
can be placed as required for loading the transmitte r.
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either 67 or 135 feet long, it can also be fed through a tuned circuit, as in Fig 2. It is advantageous to
use an SWR bridge or other indicator in the coax line at the point marked “X.”

If a 28 or 50-MHz rotary beam has been installed, in many cases it will be possible to use the beam feed
line as an antenna on the lower frequencies. Connecting the two wires of the feeder together at the station
end will give a random-length wire that can be conveniently coupled to the transmitter as in Fig 1. The
rotary system at the far end will serve only to “end load” the wire and will not have much other effect.

One disadvantage of all such directly fed systems is that part of the antenna is practically within the
station, and there is a good chance that trouble with RF feedback will be encountered. The RF within the
station can often be minimized by choosing a length of wire so that a current loop  occurs at or near the
transmitter. This means using a wire length of 1/4 λ (65 feet at 3.6 MHz, 33 feet at 7.1 MHz), or an odd
multiple of 1/4 λ (3/4 λ is 195 feet at 3.6 MHz, 100 feet at 7.1 MHz). Obviously, this can be done for only one
band in the case of even harmonically related bands, since the wire length that presents a current loop at the
transmitter will present a voltage loop at two (or four) times that frequency.

When one is operating with a random-length wire antenna, as in Figs 1 and 2, it is wise to try
different types of grounds on the various bands, to see which will give the best results. In many cases
it will be satisfactory to return to the transmitter chassis for the ground, or directly to a convenient
metallic water pipe. If neither of these works well (or the metallic water pipe is not available), a length
of #12 or #14 wire (approximately 1/4 λ long) can often be used to good advantage. Connect the wire at
the point in the circuit that is shown grounded, and run it out and down the side of the house, or support
it a few feet above the ground if the station is on the first floor or in the basement. It should not be
connected to actual ground at any point.

END-FED ANTENNAS
When a straight-wire antenna is fed at one end by a two-wire line, the length of the antenna

portion becomes critical if radiation from the line is to be held to a minimum. Such an antenna
system for multiband operation is the “end-fed” or “Zepp-fed” antenna shown in Fig 3. The an-

Fig 2—If the antenna length is 135 feet, a parallel-
tuned coupling circuit can be used on each
amateur band from 3.5 through 30 MHz, with the
possible exception of the  10, 18 and 24-MHz
bands. C1 should duplicate the final tank tuning
capacitor and L1 should have the same
dimensions as the final tank inductor on the
band being used. If the wire is 67 feet long, series
tuning can be used on 3.5 MHz as shown at the
left; parallel tuning will be required on 7 MHz and
higher frequency bands. C2 and L2 will in general
duplicate the final tank tuning capacitor and
inducto r, the same as with parallel tuning. The L
network shown in Fig 1B is also suitable for
these antenna lengths.

Fig 4—A center-fed antenna system for multiband
use.

Fig 3—An end-fed Zepp antenna for multiband use.
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tenna length is made 1/2 λ long at the lowest operating frequency. The feeder length can be any-
thing that is convenient, but feeder lengths that are multiples of 1/4 λ generally give trouble with
parallel currents and radiation from the feeder portion of the system. The feeder can be an open-
wire line of #14 solid copper wire spaced 4 or 6 inches with ceramic or plastic spacers. Open-
wire TV line (not the type with a solid web of dielectric) is a convenient type to use. This type of
line is available in approximately 300 and 450-Ω characteristic impedances.

If one has room for only a 67-foot flat top and yet wants to operate in the 3.5-MHz band, the two
feeder wires can be tied together at the transmitter end and the entire system treated as a random-length
wire fed directly, as in Fig 1.

The simplest precaution against parallel currents that could cause feed-line radiation is to use a
feeder length that is not a multiple of 1/4 λ. A Transmatch can be used to provide multiband coverage
with an end-fed antenna with any length of open-wire feed line, as shown in Fig 3.

CENTER-FED ANTENNAS
The simplest and most flexible (and also least expensive) all-band antennas are those using

open-wire parallel-conductor feeders to the center of the antenna, as in Fig 4. Because each half
of the flat top is the same length, the feeder currents will be balanced at all frequencies unless, of
course, unbalance is introduced by one half of the antenna being closer to ground (or a grounded
object) than the other. For best results and to maintain feed-current balance, the feeder should run
away at right angles to the antenna, preferably for at least 1/4 λ.

Center feed is not only more desirable than end feed because of inherently better balance, but
generally also results in a lower standing wave ratio on the transmission line, provided a parallel-
conductor line having a characteristic impedance of 450 to 600 Ω is used. TV-type open-wire line is
satisfactory for all but possibly high power installations (over 500 W), where heavier wire and wider
spacing is desirable to handle the larger currents and voltages.

The length of the antenna is not critical, nor is the length of the line. As mentioned earlier,
the length of the antenna can be considerably less than 1/2 λ and still be very effective. If the
overall length is at least 1/4 λ at the lowest frequency, a quite usable system will result. The only
difficulty that may exist with this type of system is the matter of coupling the antenna-system
load to the transmitter. Most modern transmitters are designed to work into a 52-Ω coaxial load.
With this type of antenna system a coupling network (a Transmatch) is required.

Feed-Line Radiation
The preceding sections have pointed out means of reducing or eliminating feed-line radiation.

However, it should be emphasized that any radiation from a transmission line is not “lost” energy and
is not necessarily harmful. Whether or not feed-line radiation is important depends entirely on the
antenna system being used. For example, feed-line radiation is not desirable when a directive array is
being used. Such radiation can distort the desired pattern of such an array, producing responses in
unwanted directions. In other words, one wants radiation only from the directive array.

On the other hand, in the case of a multiband dipole where general coverage is desired, if the feed
line happens to radiate, such energy could actually have a desirable effect. Antenna purists may dispute
such a premise, but from a practical standpoint where one is not concerned with a directive pattern,
much time and labor can be saved by ignoring possible transmission-line radiation.

MULTIPLE-DIPOLE ANTENNAS
The antenna system shown in Fig 5 consists of a group of center-fed dipoles, all connected in

parallel at the point where the transmission line joins them.  The dipole elements are stagger tuned.
That is, they are individually cut to be 1/2 λ at dif ferent frequencies. Chapter 9 discusses the stagger
tuning of dipole antennas to attain a low SWR across a broad range of frequencies.  An extension of the
stagger tuning idea is to construct multiwire dipoles cut for different bands.
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In theory, the 4-wire antenna of Fig 5 can be used with a coaxial feeder on five bands. The four
wires are prepared as parallel-fed dipoles for 3.5, 7, 14, and 28 MHz. The 7-MHz dipole can be oper-
ated on its 3rd harmonic for 21-MHz operation  to cover the 5th band.  However, in practice it has been
found difficult to get a good match to coaxial line on all bands.  The 1/2-λ resonant length of any one
dipole in the presence of the others is not the same as for a dipole by itself, and attempts to optimize all
four lengths can become a frustrating procedure. The problem is compounded because the optimum
tuning changes in a different antenna environment, so what works for one amateur may not work for
another. Even so, many amateurs with limited antenna space are willing to accept the mismatch on
some bands just so they can operate on those frequencies.

Since this antenna system is balanced, it is desirable to use a balanced transmission line to feed it.
The most desirable type of line is 75-Ω transmitting twin-lead. However, either 52-Ω or 75-Ω coaxial
line can be used; coax line introduces some unbalance, but this is tolerable on the lower frequencies.

The separation between the dipoles for the
various frequencies does not seem to be especially
critical. One set of wires can be suspended from
the next larger set, using insulating spreaders (of
the type used for feeder spreaders) to give a sepa-
ration of a few inches.

An interesting method of construction used
successfully by Louis Richard, ON4UF, is shown
in Fig 6. The antenna has four dipoles (for 7, 14,
21 and 28 MHz) constructed from 300-Ω ribbon
transmission line. A single length of ribbon makes
two dipoles. Thus, two lengths, as shown in the
sketch, serve to make dipoles for four bands. Rib-
bon with copper-clad steel conductors (Amphenol
type 14-022) should be used because all of the
weight, including that of the feed line, must be
supported by the uppermost wire.

Two pieces of ribbon are first cut to a length
suitable for the two halves of the longest dipole.
Then one of the conductors in each piece is cut to
proper length for the next band higher in
frequency. The excess wire and insulation is
stripped away. A second pair of lengths is pre-
pared in the same manner, except that the lengths
are appropriate for the next two higher frequency
bands.

A piece of thick polystyrene sheet drilled with
holes for anchoring each wire serves as the
central insulator. The shorter pair of dipoles is
suspended the width of the ribbon below the longer
pair by clamps also made of poly sheet. Intermedi-
ate spacers are made by sawing slots in pieces of
poly sheet so they will fit the ribbon snugly.

The multiple-dipole principle can also be
applied to vertical antennas. Parallel or fanned
1/4-λ elements of wire or tubing can be worked
against ground or tuned radials from a common
feed point.

Fig 5—Multiband antenna using paralleled dipoles
all connected to a common low-impedance
transmission line. The half-wave dimensions may
be either for the centers of the various bands or
selected to fit favorite frequencies in each band.
The length of a half wave in feet is 468/frequency
in MHz, but because of interaction among the
various elements, some pruning for resonance
may be needed on each band.

Fig 6—Sketch showing how the twin-lead
multiple-dipole antenna system is assembled.
The excess wire and insulation are stripped away.
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The Open-Sleev e Antenna
Although only recently adapted for the HF and VHF amateur bands, the open-sleeve antenna has

been around since 1946.  The antenna was invented by Dr. J. T. Bolljahn, of Stanford Research Insti-
tute.  This section on sleeve antennas was written by Roger A. Cox, WBØDGF.

The basic form of the open-sleeve monopole is shown in Fig 7. The open-sleeve monopole consists of a
base-fed central monopole with two parallel closely spaced parasites, one on each side of the central element,
and grounded at each base. The lengths of the parasites are roughly one half that of the central monopole.

Impedance
The operation of the open sleeve can be divided into two modes, an antenna mode and a transmis-

sion line mode. This is shown in Fig 8.
The antenna mode impedance, ZA, is determined by the length and diameter of the central mono-

pole. For sleeve lengths less than that of the monopole, this impedance is essentially independent of the
sleeve dimensions.

The transmission line mode impedance, ZT, is determined by the characteristic impedance, end
impedance, and length of the 3-wire transmission line formed by the central monopole and the two
sleeve elements. The characteristic impedance, Zc, can be determined by the element diameters and
spacing if all element diameters are equal, and is found from

Zc = 207 log 1.59 (D/d)

where
D = spacing between the center of each sleeve

element and the center of the driven element
d = diameter of each element

This is shown graphically in Fig 9. However,
since the end impedance is usually unknown, there is

Fig 7—Diagram of an open-sleeve monopole.

Fig 8—Equivalent circuit of an open-sleeve antenna.
Fig 9—Characteristic impedance of transmission
line mode in an open-sleeve antenna.
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little need to know the characteristic impedance. The transmission line mode impedance, ZT, is usually deter-
mined by an educated guess and experimentation.

As an example, let us consider the case where the central monopole is 1/4 λ at 14 MHz. It would
have an antenna mode impedance, ZA, of approximately 52 Ω, depending upon the ground conductivity
and number of radials. If two sleeve elements were added on either side of the central monopole, with
each approximately half the height of the monopole and at a distance equal to their height, there would
be very little effect on the antenna mode impedance, ZA, at 14 MHz.

Also, ZT at 14 MHz would be the end impedance transformed through a 1/8-λ section of a very high
characteristic impedance transmission line. Therefore,
ZT would be on the order of 500-2000 Ω resistive
plus a large capacitive reactance component. This
high impedance in parallel with 52 Ω would still give
a resultant impedance close to 52 Ω.

At a frequency of 28 MHz, however, ZA is
that of an end-fed half-wave antenna, and is on
the order of 1000-5000 Ω resistive. Also, ZT at
28 MHz would be on the order of 1000-5000 Ω
resistive, since it is the end impedance of the
sleeve elements transformed through a quarter-
wave section of a very high characteristic im-
pedance 3-wire transmission line. Therefore, the
parallel combination of ZA and ZT would still
be on the order of 500-2500 Ω resistive.

If the sleeve elements were brought closer to
the central monopole such that the ratio of the spac-
ing to element diameter was less than 10:1, then
the characteristic impedance of the 3-wire trans-
mission line would drop to less than 250 Ω. At 28
MHz, ZA remains essentially unchanged, while ZT
begins to edge closer to 52 Ω as the spacing is re-
duced. At some particular spacing the characteris-
tic impedance, as determined by the D/d ratio, is
just right to transform the end impedance to ex-
actly 52 Ω at some frequency. Also, as the spacing
is decreased, the frequency where the impedance
is purely resistive gradually increases.

The actual impedance plots of a 14/28 MHz
open-sleeve monopole appear in Figs 10 and 11.
The length of the central monopole is 195.5 inches,
and of the sleeve elements 89.5 inches.  The ele-
ment diameters range from 1.25 inches at the bases
to 0.875 inch at each tip.  The measured imped-
ance of the 14 MHz monopole alone, curve A of
Fig 10, is quite high. This is probably because of a
very poor ground plane under the antenna. The
addition of the sleeve elements raises this imped-
ance slightly, curves B, C and D.

As curves A and B in Fig 11 show, an 8-inch
sleeve spacing gives a resonance near 27.8 MHz at
70 Ω, while a 6 inch spacing gives a resonance near

Fig 11—Impedance of the open-sleeve monopole
for the range 25-30 MHz.  For curves A, B and C the
spacings from the central monopole to the sleeve
elements are 8, 6 and 4 inches, respectively.

Fig 10—Impedance of an open-sleeve monopole
for the frequency range 13.5-15 MHz.  Curve A is
for a 14-MHz monopole alone.  For curves B, C
and D, the respective spacings from the central
monopole to the sleeve elements are 8, 6 and 4
inches.  See text for other dimensions.
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Fig 12—Return loss and SWR of a 10-MHz vertical
antenna .  A return loss of 0 dB represents an
SWR of infinit y.  The text contains an equation for
converting return loss to an SWR value.

Fig 13—Return loss and SWR of a 10/22 MHz
open-sleeve vertical antenna.

Fig 14—SWR response of an open-sleeve dipole
and a conventional dipole.

28.5 MHz at 42 Ω. Closer spacings give lower im-
pedances and higher resonances. The optimum spac-
ing for this particular antenna would be somewhere
between 6 and 8 inches. Once the spacing is found,
the lengths of the sleeve elements can be tweaked
slightly for a choice of resonant frequency.

In other frequency combinations such as 10/
21, 10/24, 14/21 and 14/24 MHz, spacings in the
6 to 10-inch range work very well with element
diameters in the 0.5-1.25 inch range.

Bandwidth
The open-sleeve antenna, when used as a

multiband antenna, does not exhibit broad SWR
bandwidths unless, of course, the two bands are
very close together. For example, Fig 12 shows
the return loss and SWR of a single 10-MHz ver-
tical antenna. Its 2:1 SWR bandwidth is 1.5 MHz,
from 9.8–11.3 MHz. Return loss and SWR are re-
lated as given by the following equation.

SWR
1 k
1 k= +

−
where

k 10
RL
20= −

RL = return loss, dB

When sleeve elements are added for a reso-
nance near 22 MHz, the 2:1 SWR bandwidth at 10
MHz is still nearly 1.5 MHz, as shown in Fig 13.
The total amount of spectrum under 2:1 SWR in-
creases, of course, because of the additional band,
but the individual bandwidths of each resonance
are virtually unaffected.

The open-sleeve antenna, however, can be
used as a broadband structure, if the resonances
are close enough to overlap. With the proper
choices of resonant frequencies, sleeve and driven
element diameters and sleeve spacing, the SWR
“hump” between resonances can be reduced to a
value less than 3:1. This is shown in Fig 14.

Current Distribution
According to H. B. Barkley (see Bibliography

at the end of this chapter), the total current flow-
ing into the base of the open-sleeve antenna may
be broken down into two components, that con-
tributed by the antenna mode, IA, and that con-
tributed by the transmission line mode, IT. Assum-
ing that the sleeves are approximately half the
height of the central monopole, the impedance of
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the antenna mode, ZA, is very low at the resonant
frequency of the central monopole, and the im-
pedance of the transmission line mode, ZT, is very
high. This allows almost all of the current to flow
in the antenna mode, and IA is very much greater
than IT. Therefore, the current on the central 1/4-λ
monopole assumes the standard sinusoidal varia-
tion, and the radiation and gain characteristics are
much like those of a normal 1/4-λ vertical antenna.

However, at the resonant frequency of the
sleeves, the impedance of the central monopole
is that of an end fed half-wave monopole and is
very high. Therefore IA is small. If proper ele-
ment diameters and spacings have been used to
match the transmission line mode impedance,
ZT, to 52 Ω; then IT, the transmission line mode
current, is high compared to IA.

This means that very little current flows in the
central monopole above the tops of the sleeve elements,
and the radiation is mostly from the transmission line
mode current, IT, in all three elements below the tops
of the sleeve elements. The resulting current distribu-
tion is shown in Figs 15 and 16 for this case.

Radiation Pattern and Gain
The current distribution of the open-sleeve

antenna where all three elements are nearly equal
in length is nearly that of a single monopole an-
tenna. If, at a particular frequency, the elements
are approximately 1/4 λ long, the current distribu-
tion is sinusoidal.

If, for this and other length ratios, the chosen
diameters and spacings are such that the two sleeve
elements approach an interelement spacing of 1/8

λ; the azimuthal pattern will show directivity typi-
cal of two in-phase vertical radiators, approxi-
mately 1/8 λ apart. If a bidirectional pattern is
needed, then this is one way to achieve it.

Spacings closer than this will produce nearly
circular azimuthal radiation patterns. Practical
designs in the 10-30 MHz range using 0.5-1.5 inch
diameter elements will produce azimuthal patterns
that vary less than plus or minus 1 dB.

If the ratio of the length of the central monopole
to the length of the sleeves approaches 2:1, then the
elevation pattern of the open-sleeve vertical antenna at
the resonant frequency of the sleeves becomes slightly
compressed. This is because of the in-phase contribu-
tion of radiation from the 1/2-λ central monopole.

As shown in Fig 17, the 10/21 MHz open-
sleeve vertical antenna produces a lower angle of

Fig 15—Current distribution in the transmission
line mode.  The amplitude of the current induced
in each sleeve element equals that of the current
in the central element but the phases are
opposite, as shown.

Fig 17—Vertical-plane radiation patterns of a
10/21 MHz open-sleeve vertical antenna on a
perfect ground plane.  At 10.1 MHz the maximum
gain is 5.09 dBi, and 5.75 dBi at 21.2 MHz.

Fig 16—Total current distribution with l = L/2.
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radiation at 21.2 MHz with a corresponding increase in gain of 0.66 dB over that of the 10-MHz
vertical alone.

At length ratios approaching 3:1, the antenna mode and transmission line mode impedance become
nearly equal again, and the central monopole again carries a significant portion of the antenna current. The
radiation from the top 1/2 λ combines constructively with the radiation from the 1/4-λ sleeve elements to
produce gains of up to 3 dB more than just a quarter-wave vertical element alone.

Length ratios in excess of 3.2:1 produce higher level sidelobes and less gain on the horizon, except for
narrow spots near the even ratios of 4:1, 6:1, 8:1, etc. These are where the central monopole is an even
multiple of a halfwave, and the antenna mode impedance is too high to allow much antenna mode current.

Up to this point, it has been assumed that only 1/4-λ resonance could be used on the sleeve ele-
ments. The third, fifth and seventh-order resonances of the sleeve elements and the central monopole
element can be used, but their radiation  patterns normally consist of high-elevation lobes, and the gain
on the horizon is less than that of a 1/4-λ vertical.

Practical Construction and Evaluation
The open-sleeve antenna lends itself very easily to home construction. For the open-sleeve vertical

antenna, only a feed-point insulator and a good supply of aluminum tubing are needed. No special traps or
matching networks are required. The open-sleeve vertical can produce up to 3 dB more gain than a conven-
tional 1/4-λ vertical. Further, there is no reduction in bandwidth, because there are no loading coils.

The open-sleeve design can also be adapted to horizontal dipole and beam antennas for HF,
VHF and UHF. A good example of this is Telex/Hy-Gain’s Explorer 14 triband beam which uti-
lizes an open sleeve for the 10/15 meter driven element.  The open-sleeve antenna is also very
easy to model in computer programs such as NEC and MININEC, because of the open tubular
construction and lack of traps or other intricate structures.

In conclusion, the open-sleeve antenna is an antenna experimenter’s delight. It is not difficult to
match or construct, and it makes an ideal broadband or multiband antenna.

Trap Antennas
By using tuned circuits of appropriate design strategically placed in a dipole, the antenna can be

made to show what is essentially fundamental resonance at a number of different frequencies. The
general principle is illustrated by Fig 18.

Even though a trap-antenna arrangement is a simple one, an explanation of how a trap antenna
works is elusive. For  some designs, traps are resonated in our amateur bands, and for others (espe-
cially commercially made antennas) the traps are resonant far outside any amateur band.

A trap in an antenna system can perform either of two functions, depending on whether or not it is
resonant at the operating frequency. A familiar case
is where the trap is  resonant in an amateur band. For
the moment, let us assume that dimension A in Fig 18
is 33 feet and that each L/C combination is resonant
in the 7-MHz band. Because of its resonance, the trap
presents a high impedance at that point in the antenna
system. The electrical effect at 7 MHz is that the trap
behaves as an insulator. It serves to divorce the out-
side ends, the B sections, from the antenna. The re-
sult is easy to visualize—we have an antenna system
that is resonant in the 7-MHz band. Each 33-foot sec-
tion (labeled A in the drawing) represents 1/4 λ, and
the trap behaves as an insulator. We therefore have a
full-size 7-MHz antenna.

The second function of a trap, obtained when

Fig 18—A trap dipole antenna. This antenna may
be fed with 52- Ω coaxial line. Depending on the
L/C ratio of the trap elements and the lengths
chosen for dimensions A and B, the traps may
be resonant either in an amateur band or at a
frequency far removed from an amateur band
for proper two-band antenna operation.



7-10 Chapter 7

the frequency of operation is not the resonant frequency of the trap, is one of electrical loading. If the
operating frequency is below that of trap resonance, the trap behaves as an inductor; if above, as a
capacitor. Inductive loading will electrically lengthen the antenna, and capacitive loading will electri-
cally shorten the antenna.

Let’s carry our assumption a bit further and try using the antenna we just considered at 3.5 MHz.
With the traps resonant in the 7-MHz band, they will behave as inductors when operation takes place at
3.5 MHz, electrically lengthening the antenna. This means that the total length of sections A and B
(plus the length of the inductor) may be something less than a physical 1/4 λ for resonance at 3.5 MHz.
Thus, we have a two-band antenna that is shorter than full size on the lower frequency band. But with
the electrical loading provided by the traps, the overall electrical length is 1/2 λ. The total antenna
length needed for resonance in the 3.5-MHz band will depend on the L/C ratio of the trap elements.

The key to trap operation off resonance is its L/C ratio, the ratio of the value of L to the value of C. At
resonance, however, within practical limitations the L/C ratio is immaterial as far as electrical operation
goes. For example, in the antenna we’ve been discussing, it would make no difference for 7-MHz operation
whether the inductor were 1 µH and the capacitor were 500 pF (the reactances would be just below 45 Ω at
7.1 MHz), or whether the inductor were 5 µH and the capacitor 100 pF (reactances of approximately 224 Ω
at 7.1 MHz). But the choice of these values will make a significant difference in the antenna size for reso-
nance at 3.5 MHz. In the first case, where the L/C ratio is 2000, the necessary length of section B of the
antenna for resonance at 3.75 MHz would be approximately 28.25 feet. In the second case, where the L/C
ratio is 50,000, this length need be only 24.0 feet, a difference of more than 15%.

The above example concerns a two-band antenna with trap resonance at one of the two frequencies
of operation.  On each of the two bands, each half of the dipole operates as an electrical
1/4 λ.  However, the same band coverage can be obtained with a trap resonant at, say, 5 MHz, a fre-
quency quite removed from either amateur band. With proper selection of the L/C ratio and the dimen-
sions for A and B, the trap will act to shorten the antenna electrically at 7 MHz and lengthen it electri-
cally at 3.5 MHz. Thus, an antenna that is intermediate in physical length between being full size on 3.5
MHz and full size on 7 MHz can cover both bands, even though the trap is not resonant at either
frequency. Again, the antenna operates with electrical 1/4-λ sections.

Additional traps may be added in an antenna section to cover three or more bands. Or a judicious
choice of dimensions and the L/C ratio may permit operation on three or more bands with just a pair of
identical traps in the dipole.

An important point to remember about traps is this. If the operating frequency is below that of trap
resonance, the trap behaves as an inductor; if above, as a capacitor.  The above discussion is based on
dipoles that operate electrically as 1/2-λ antennas.  This is not a requirement, however.  Elements may
be operated as electrical 3/2 λ, or even 5/2 λ, and still present a reasonable impedance to a coaxial feeder.
In trap antennas covering several HF bands, using electrical lengths that are odd multiples of 1/2 λ is
often done at the higher frequencies.

To further aid in understanding trap operation, let’s now choose trap L and C components which each
have a reactance of 20 Ω at 7 MHz. Inductive reactance is directly proportional to frequency, and capacitive
reactance is inversely proportional. When we shift operation to the 3.5-MHz band, the inductive reactance
becomes 10 Ω, and the capacitive reactance becomes 40 Ω.  At first thought, it may seem that the trap would
become capacitive at 3.5 MHz with a higher capacitive reactance, and that the extra capacitive reactance
would make the antenna electrically shorter yet. Fortunately, this is not the case. The inductor and the
capacitor are connected in parallel with each other, but the series equivalent of this parallel combination is
what affects the electrical operation of the antenna. The series equivalent of unlike reactances in parallel
may be determined from the equation

Z
X X

X X
L C

L C
= −

−
j

where j  indicates a reactive impedance component, rather than resistive. A positive result indicates
inductive reactance, and a negative result indicates capacitive. In this 3.5-MHz case, with 40 Ω of
capacitive reactance and 10 Ω of inductive, the equivalent series reactance is 13.3 Ω inductive. This
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inductive loading lengthens the antenna to an electrical 1/2 λ overall, assuming the B end sections in
Fig 18 are of the proper length.

With the above reactance values providing resonance at 7 MHz, XL equals XC, and the theo-
retical series equivalent is infinity.  This provides the insulator effect, divorcing the ends.

At 14 MHz, where XL = 40 Ω and XC = 10 Ω, the resultant series equivalent trap reactance is
13.3 Ω capacitive. If the total physical antenna length is slightly longer than 3/2 λ at 14 MHz, this trap
reactance at 14 MHz can be used to shorten the antenna to an electrical 3/2 λ. In this way, 3-band
operation is obtained for 3.5, 7 and 14 MHz with just one pair of identical traps. The design of such a
system is not straightforward, however, for any chosen L/C ratio for a given total length affects the
resonant frequency of the antenna on both the 3.5 and 14-MHz bands.

Trap Losses
Since the tuned circuits have some inherent losses, the efficiency of a trap system depends on the

Q values of the tuned circuits. Low-loss (high-Q) coils should be used, and the capacitor losses like-
wise should be kept as low as possible. With tuned circuits that are good in this respect—comparable
with the low-loss components used in transmitter tank circuits, for example—the reduction in effi-
ciency compared with the efficiency of a simple dipole is small, but tuned circuits of low unloaded Q
can lose an appreciable portion of the power supplied to the antenna.

The above commentary applies to traps assembled from conventional components. The
important function of a trap that is resonant in an amateur band is to provide a high isolating
impedance, and this impedance is directly proportional to Q. Unfortunately, high Q restricts the
antenna bandwidth, because the traps provide maximum isolation only at trap resonance. A type of trap
described by Gary O’Neil, N3GO, in October 1981 Ham Radio achieves high impedance with low Q,
effectively overcoming the bandwidth problem. Shown in Fig 19, the N3GO trap is fabricated from a
single length of coaxial cable. The cable is wound around a form as a single-layer coil, and the shield

Fig 19—Connections for the
N3GO coaxial-cable trap are
shown a t A. Construction by
R.C. Somme r, N4UU, is shown at
B and C.

(C)
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becomes the trap inductor. The capacitance between the center conductor and shield resonates the
trap. At each end of the coil the center conductor and shield are separated. At the “inside” end of
the trap, nearer the antenna feed point, the shield is connected to the outside antenna wire. At the
outside end, the center conductor is attached to the outside antenna wire. The center conductor
from the inside end is joined to the shield from the outside end to complete the trap. Constructed
in this way, the trap provides high isolation over a greater bandwidth than is possible with con-
ventional traps.

Robert C. Sommer, N4UU, in December 1984 QST described how to optimize the N3GO trap.
The analysis shows that best results are realized when the trap diameter is from 1 to 2.25 times greater
than the length.  Trap diameters toward the higher end of that range are better.

Five-Band Antenna
A trap antenna system has been worked out by C. L. Buchanan, W3DZZ, for the five pre-

WARC amateur bands from 3.5 to 30 MHz. Dimensions are given in Fig 20. Only one set of traps
is used, resonant at 7 MHz to isolate the inner (7-MHz) dipole from the outer sections, which
cause the overall system to be resonant in the 3.5-MHz band. On 14, 21 and 28 MHz the antenna
works on the capacitive-reactance principle just outlined. With a 75-Ω twin-lead feeder, the SWR
with this antenna is under 2:1 throughout the three highest frequency bands, and the SWR is
comparable with that obtained with similarly fed simple dipoles on 3.5 and 7 MHz.

Trap Construction
Traps frequently are built with coaxial aluminum tubes (usually with polystyrene tubing be-

tween them for insulation) for the capacitor,
with the coil either self-supporting or wound on
a form of larger diameter than the tubular ca-
pacitor. The coil is then mounted coaxially with
the capacitor to form a unit assembly that can
be supported at each end by the antenna wires.
In another type of trap devised by William J.
Lattin, W4JRW (see Bibliography at the end of
this chapter), the coil is supported inside an alu-
minum tube, and the trap capacitor is obtained
in the form of capacitance between the coil and
the outer tube. This type of trap is inherently
weatherproof.

A simpler type of trap, easily assembled
from readily available components, is shown in
Fig 21. A small transmitting-type ceramic ca-
pacitor is used, together with a length of com-
mercially available coil material, these being
supported by an ordinary antenna strain insula-
tor. The circuit constants and antenna dimen-
sions differ slightly from those of Fig 20, in or-
der to bring the antenna resonance points closer
to the centers of the various phone bands. Con-
struction data are given in Fig 22. If a 10-turn
length of inductor is used, a half turn from each
end may be used to slip through the anchor holes
in the insulator to act as leads.

The components used in these traps are suffi-

Fig 20—Five-band (3.5, 7, 14, 21 and 28 MHz) trap
dipole for operation with 75 -Ω feeder at low SWR
(C. L. Buchanan, W3DZZ). The balanced (parallel-
conductor) line indicated is desirable, but 75- Ω
coax can be substituted with some sacrifice of
symmetry in the system. Dimensions given are for
resonance (lowest SWR) at  3.75, 7.2, 14.15 and 29.5
MHz. Resonance is very broad on the 21-MHz band,
with SWR less than 2:1 throughout the band.

Fig 21—Easily
constructed trap for
wire antennas (A.
Greenburg, W2LH). The
ceramic insulator is 4 1/4

inches long (Birnback
688). The clamps are
small service
connectors available
from electrical supply
and hardware stores
(Burndy KS90 servits).
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ciently weatherproof in themselves so that no additional weatherproofing has been found necessary.
However, if it is desired to protect them from the accumulation of snow or ice, a plastic cover can be
made by cutting two discs of polystyrene slightly larger in diameter than the coil, drilling at the center
to pass the antenna wires, and cementing a plastic cylinder on the edges of the discs. The cylinder can
be made by wrapping two turns or so of 0.02-inch poly or Lucite sheet around the discs, if no suitable
ready-made tubing is available. Plastic drinking glasses and soft 2-liter soft-drink bottles are easily
adaptable for use as trap covers.

Four-Band Trap Dipole
In case there is not enough room available for erecting the 100-odd-foot length required for the

five-band antenna just described, Fig 23 shows a four-band dipole operating on the same principle that
requires only half the space. This antenna covers the 7, 14, 21 and 28-MHz bands.  The trap construc-
tion is the same as shown in Fig 21. With the dimensions given in Fig 23 the resonance points are 7.2,
14.1, 21.15 and 28.4 MHz. The capacitors are 27-pF transmitting type ceramic (Centralab type 857).
The inductors are 9 turns of #12 wire, 21/2 inches diameter, 6 turns per inch (B&W 3029), adjusted so
that the trap resonates at 14.1 MHz before installation in the antenna.

Vertical Antennas
There are two basic types of vertical antennas; either type can be used in multiband configurations.

The first is the ground-mounted vertical and the second, the ground plane. These antennas are de-
scribed in detail in Chapter 6.

The efficiency of any ground-mounted vertical depends a great deal on earth losses. As pointed out in
Chapter 3, these losses can be reduced or eliminated with an adequate radial system. Considerable experi-
mentation has been conducted on this subject by Jerry Sevick, W2FMI, and several important results were
obtained. It was determined that a radial system consisting of 40 to 50 radials, 0.2 λ long, would reduce the
earth losses to about 2 Ω when a 1/4-λ radiator was
being used. These radials should be on the earth’s
surface, or if buried, placed not more than an inch or
so below ground. Otherwise, the RF current would
have to travel through the lossy earth before reach-
ing the radials. In a multiband vertical system, the
radials should be 0.2 λ long for the lowest band, that
is, 55 feet long for 3.5-MHz operation. Any wire size
may be used for the radials. The radials should fan
out in a circle, radiating from the base of the antenna.
A metal plate,  such as a piece of sheet copper, can be
used at the center connection.

Fig 22—Layout of multiband antenna using traps
constructed as shown in Fig 21. The capacitors are
100 pF each, transmitting type, 5000-V dc rating
(Centralab 850SL-100N). Coils are 9 turns of #12 wire,
21/2 inches diamete r, 6 turns per inch (B&W 3029) with
end turns spread as necessary to resonate the traps to
7.2 MHz. These traps, with the wire dimensions shown,
resonate the antenna at approximately the following
frequencies on each band: 3.9, 7.25, 14.1, 21.5 and
29.9 MHz (based on measurements by W9YJH).

Fig 23—Sketch showing dimensions of a trap
dipole covering the 7, 14, 21 and 28-MHz bands
(D. P. Shafe r, K2GU).
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Fig 24—Multiband vertical antenna system using
base loading for resonating on 3.5 to 28 MHz. L1
should be wound with bare wire so it can be tapped
at every turn, using #12 wire . A convenient size is
21/2 inches diamete r, 6 turns per inch (such as B&W
3029). Number of turns required depends on
antenna and ground lead length, more turns being
required as the antenna and ground lead are made
shorte r. For a 25-foot antenna and a ground lead of
the order of 5 feet, L1 should have about 30 turns.
The use of C1 is explained in the text. The smallest
capacitance that will permit matching the coax
cable should be used; a maximum capacitance of
100 to 150 pF will be sufficient in any case.

The other common type of vertical is the ground-plane antenna. Normally, this antenna is mounted
above ground with the radials fanning out from the base of the antenna. The vertical portion of the antenna
is usually an electrical 1/4 λ, as is each of the radials. In this type of antenna, the system of radials acts
somewhat like an RF choke, to prevent RF currents from flowing in the supporting structure, so the number
of radials is not as important a factor as it is with a ground-mounted vertical system. From a practical
standpoint, the customary number of radials is four or five. In a multiband configuration, 1/4-λ radials are
required for each band of operation with the ground-plane antenna. This is not so with the ground-mounted
antenna, where the ground plane is relied on to provide an image of the radiating section. In the ground-
mounted case, as long as the ground-screen radials are approximately 0.2 λ long at the lowest frequency, the
length will be more than adequate for the higher frequency bands.

Short Vertica l Antennas
A short vertical antenna can be operated on several bands by loading it at the base, the general

arrangement being similar to Figs 1 and 2. That is, for multiband work the vertical can be handled by
the same methods that are used for random-length wires.

A vertical antenna should not be longer than about 3/4 λ at the highest frequency to be used, however, if
low-angle radiation is wanted. If the antenna is to be used on 28 MHz and lower frequencies, therefore, it
should not be more than approximately 25 feet high, and the shortest possible ground lead should be used.

Another method of feeding is shown in Fig 24. L1 is a loading coil, tapped to resonate the antenna
on the desired band. A second tap permits using the coil as a transformer for matching a coax line to the
transmitter. C1 is not strictly necessary, but may be helpful on the lower frequencies, 3.5 and 7 MHz, if
the antenna is quite short. In that case C1 makes it possible to tune the system to resonance with a coil
of reasonable dimensions at L1. C1 may also be useful on other bands as well, if the system cannot be
matched to the feed line with a coil alone.

The coil and capacitor should preferably be
installed at the base of the antenna, but if this can-
not be done a wire can be run from the antenna
base to the nearest convenient location for mount-
ing L1 and C1. The extra wire will of course be a
part of the antenna, and since it may have to run
through unfavorable surroundings it is best to
avoid its use if at all possible.

This system is best adjusted with the help of
an SWR indicator. Connect the coax line across a
few turns of L1 and take trial positions of the
shorting tap until the SWR reaches its lowest
value. Then vary the line tap similarly; this should
bring the SWR down to a low value. Small ad-
justments of both taps then should reduce the
SWR to close to 1:1. If not, try adding C1 and go
through the same procedure, varying C1 each time
a tap position is changed.

Trap Verticals
The trap principle described in Fig 18 for

center-fed dipoles also can be used for vertical
antennas. There are two principal differences.
Only one half of the dipole is used, the ground
connection taking the place of the missing half,
and the  feed-point impedance is one half the
feed-point impedance of a dipole. Thus it is in
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the vicinity of 30 Ω (plus the ground-connection resistance), so 52-Ω cable should be used since
it is the commonly available type that comes closest to matching.

As in the case of any vertical antenna, a good ground is essential, and the ground lead should be
short. Some amateurs have reported successfully using a ground plane dimensioned for the lowest
frequency to be used; for example, if the lowest frequency is 7 MHz, the ground-plane radials can be
approximately 34 feet long.

A Trap Vertical For 21 and 28 MHz
Simple antennas covering the upper HF bands can be quite compact and inexpensive. The two-

band vertical ground plane described here is highly effective for long-distance communication when
installed in the clear.

Figs 25, 26 and 27 show the important assem-
bly details. The vertical section of the antenna is
mounted on a 3/4-inch thick piece of plywood that
measures 7×10 inches. Several coats of exterior
varnish or similar material will help protect the
wood from inclement weather. Both the mast and

Fig 27—The base assembly of the 21 and 28-MHz
vertical. The SO-239 coaxial connector and hood
can be seen in the center of the aluminum L
bracket. The U bolts are TV-type antenna hardware.
The plywood should be coated with varnish or
similar material.

Fig 26—A close-up view of a trap. The coil is
3 inches in diameter.  The leads from the coaxial-
cable capacitor should be soldered directly to the
pigtails of the coil. These connections should be
coated with varnish after they have been secured
under the hose clamps.

Fig 25—Construction details of the 21 and
28-MHz dual-band antenna system.
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the radiator are mounted on the piece of wood by means of TV U-bolt hardware. The vertical is electri-
cally isolated from the wood with a piece of 1-inch diameter PVC tubing. A piece approximately 8
inches long is required, and it is of the schedule-80 variety. To prepare the tubing it must be slit along
the entire length on one side. A hacksaw will work quite well. The PVC fits rather snugly on the
aluminum tubing and will have to be “persuaded” with the aid of a hammer. The mast is mounted
directly on the wood with no insulation. An SO-239 coaxial connector and four solder lugs are mounted
on an L-shaped bracket made from a piece of aluminum sheet. A short length of test probe wire, or
inner conductor of RG-58 cable, is soldered to the inner terminal of the connector. A UG-106 connector
hood is then slid over the wire and onto the coaxial connector. The hood and connector are bolted to the
aluminum bracket. Two wood screws are used to secure the aluminum bracket to the plywood as shown
in the drawing and photograph. The free end of the wire coming from the connector is soldered to a lug
that is mounted on the bottom of the vertical radiator. Any space between the wire and where it passes
through the hood is filled with GE silicone glue and seal or similar material to keep moisture out. The
eight radials are soldered to the four lugs on the aluminum bracket. The two sections of the vertical
member are separated by a piece of clear acrylic rod. Approximately 8 inches of 7/8-inch OD material is
required. The aluminum tubing must be slit lengthwise for several inches so the acrylic rod may be
inserted. The two pieces of aluminum tubing are separated by 21/4 inches.

The trap capacitor is made from RG-8 coaxial cable and is 30.5 inches long. RG-8 cable has
29.5 pF of capacitance per foot and RG-58 has 28.5 pF per foot. RG-8 cable is recommended over
RG-58 because of its higher breakdown-voltage characteristic. The braid should be pulled back 2 inches
on one end of the cable, and the center conductor soldered to one end of the coil. Solder the braid to the
other end of the coil. Compression type hose clamps are placed over the capacitor/coil leads and put in
position at the edges of the aluminum tubing. When tightened securely, the clamps serve a two-fold
purpose—they keep the trap in contact with the vertical members and prevent the aluminum tubing
from slipping off the acrylic rod. The coaxial-cable capacitor runs upward along the top section of the
antenna. This is the side of the antenna to which the braid of the capacitor is connected. A cork or
plastic cap should be placed in the very top of the antenna to keep moisture out.

Installation and Operation
The antenna may be mounted in position using a TV-type tripod, chimney, wall or vent mount.

Alternatively, a telescoping mast or ordinary steel TV mast may be used, in which case the radials may
be used as guys for the structure. The 28-MHz radials are 8 feet 5 inches long, and the 21-MHz radials
are 11 feet 7 inches.

Any length of 52-Ω cable may be used to feed the antenna. The SWR at resonance should be on the
order of 1.2:1 to 1.5:1 on both bands. The reason the SWR is not 1 is that the feed-point resistance is
something other than 52 Ω—closer to 35 or 40 Ω.

Adapting Manufactured Trap Verticals to 10, 18 and 24 MHz
The frequency coverage of a multiband HF vertical antenna can be modified simply by altering the

lengths of the tubing sections and/or adding a trap. Several companies manufacture trap verticals covering
7, 14, 21 and 28 MHz. Many amateurs roof-mount these antennas for any of a number of reasons—because
an effective ground radial system isn’t practical, to keep children away from the antenna, or to clear metal-
frame buildings. On the three highest frequency bands, the tubing and radial lengths are convenient for
rooftop installations, but 7 MHz sometimes presents problems. Prudence dictates erecting an antenna with
the assumption that it will fall down. When the antenna falls, it and the radial system must clear any nearby
power lines. Where this consideration rules out 7-MHz operation, careful measurement may show that 10-
MHz dimensions will allow adequate safety. The antenna is resonated by pruning the tubing above the 14-
MHz trap and installing tuned radials.

Several new frequency combinations are possible. The simpler ones are 24/28, 18/21/28, and 7/10/
14/21/28 MHz.  These are shown in Fig 28 as applied to the popular ATV series of trap verticals
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manufactured by Cushcraft. Operation in the 10-
MHz band requires an additional trap—use Fig 26
as a guide for constructing this component.

       Combining Vertical and Horizontal
Conductors

The performance of vertical antennas such as
just described depends a great deal on the quality of
the ground system. If you can eliminate the ground
connection as a part of the antenna system, it simpli-
fies things. Fig 29 shows how it can be done. In-
stead of a ground, the system is completed by a
wire—preferably, but not necessarily, horizontal—
of the same length as the antenna. This makes a cen-
ter-fed system somewhat like a dipole.

It is desirable that the length of each conductor
be on the order of 30 feet, as shown in the drawing,
if the 3.5-MHz band is to be used. At 7 MHz, this
length doesn’t really represent a compromise, since
the total length is almost 1/2 λ overall on that band.
Because the shape of the antenna differs from that
of a regular 1/2-λ dipole, the radiation characteristics
will be different, but the efficiency will be high on
7 MHz and higher frequencies. Although the verti-
cal radiating part is only about 1/8 λ at 3.5 MHz, the
efficiency on this band, too, will be higher than it
would be with a grounded system. If one is not in-
terested in 3.5 MHz and can’t use the dimensions
shown, the lengths can be reduced. Fifteen feet in
both the vertical and horizontal conductors will not
do too badly on 7 MHz and will not be greatly handi-
capped, as compared with a 1/2-λ dipole, on 14 MHz
and higher.

The vertical part can be mounted in a number of
ways. However, if it can be put on the roof of your
house, the extra height will be worthwhile. Fig 30
suggests a simple base mount using a glass bottle as
an insulator. Get one with a neck diameter that will
fit into the tubing used for the vertical part of the
antenna. To help prevent possible breakage, put a

Fig 29—Vertical and horizontal conductors
combined. This system can be used on all
bands from 3.5 to 28 MHz with good results.

Fig 28—Modified dimensions for th e ATV series
Cushcraft vertical antennas for some frequency
combinations that include the WARC bands. The 10-
MHz trap inductor consists of 20 turns of #16
enameled wire close-wound on a 5/8-inch diam-eter
Plexiglas rod. The capacitor is a 29 3/4-inch length of
RG-58 cable.
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piece of some elastic material such as rubber sheet around the bottle where the tubing rests on it.
The lower wire conductor doesn’t actually have to be horizontal. It can be at practically any angle that

will let it run off in a straight line to a point where it can be secured. Use an insulator at this point, of course.
TV ladder line should be used for the feeder in this system. On most bands the standing wave ratio

will be high, and you will lose a good deal of power
in the line if you try to use coax, or even 300-Ω
twin-lead. This system can be tuned up by using
an SWR indicator in the coax line between the
transmitter and a Transmatch.

The Multee Antenna
Two-band operation may be obtained on 1.8/

3.5 MHz or on 3.5/7 MHz within the confines of
the average city lot by using the multee antenna
shown in Fig 31. Dimensions are given for either
pair of bands in the drawing.  If built for the lower
frequencies, the top portion will do little radiating
on 1.8 MHz; it acts merely as top loading for the
52-foot vertical section. On 3.5 MHz, the horizon-
tal portion radiates and the vertical section acts as
a matching stub to transform the high feed-point
impedance to the coaxial cable impedance.

Since the antenna must work against ground
on its lower frequency band, it is necessary to in-
stall a good ground system. Minimum requirements
in this regard would include 20 radials, each 55 to
60 feet long for the 1.8/3.5-MHz version, or half
that for the 3.5/7-MHz version. If not much area
is available for the radial system, wires as short as
25 feet long (12 feet for 3.5/7-MHz) may be used
if many are installed, but some reduction in effi-
ciency will result.

With suitable corrections in length to account
for the velocity factor, 300-Ω TV twin-lead may
be substituted for the open wire.  The velocity fac-
tor should be taken into account for both the verti-
cal and horizontal portions, to preserve the  im-
pedance relationships.

HARMONIC RADIATION FROM
MULTIBAND ANTENNAS

Since a multiband antenna is intentionally de-
signed for operation on a number of different
frequencies, any harmonics or spurious frequen-
cies that happen to coincide with one of the an-
tenna resonant frequencies will be radiated with
very little, if any, attenuation. Particular care
should be exercised, therefore, to prevent such har-
monics from reaching the antenna.

Multiband antennas using tuned feeders have

Fig 30—One method of mounting the vertical
section on a rooftop. The mounting base
dimensions can be adjusted to fit the pitch of the
roof. The 1 × 1 pieces should fit snugly around the
bottom of the bottle to keep it from shifting position.

Fig 31—Two-band operation in limited space may be
obtained with the multee antenna. The portion
identified as H should remain as vertical as possible,
as it does the radiating on the lower frequency band.
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Fig 32—The discone antenna is a wideband,
coaxially fed type best suited to VHF and UHF
coverage because of its cumbersome size at H F.
Dimension L is equal to a free-space quarter
wavelength at the lowest operating frequenc y.
The profile of the skirt is an equilateral triangle;
the skirt itself can be of a cage type of
construction, with adjoining wires separated by
not more than 0.0 2 λ at the bottom of the cone.
Dimension S varies from 1 to 6 inches, depending
on the low-frequency cutoff of the design.

a certain inherent amount of built-in protection against such radiation, since it is nearly always neces-
sary to use a tuned coupling circuit (Transmatch) between the transmitter and the feeder. This adds
considerable selectivity to the system and helps to discriminate against frequencies other than the de-
sired one.

Multiple dipoles and trap antennas do not have this feature, since the objective in design is to make
the antenna show as nearly as possible the same resistive impedance in all the amateur bands the
antenna is intended to cover. It is advisable to conduct tests with other amateur stations to determine
whether harmonics of the transmitting frequency can be heard at a distance of, say, a mile or so. If they
can, more selectivity should be added to the system since a harmonic that is heard locally, even if weak,
may be quite strong at a distance because of propagation conditions.

THE DISCONE ANTENNA
The discone is a vertically polarized broadband antenna which maintains an SWR of 1.5:1 or less,

over several octaves in frequency. Fig 32 shows the configuration of the antenna. Dimension L of the
equilaterally skirted bottom section is approximately equal to the free-space 1/4-wavelength at the low-
est frequency for which the antenna is built.

Below the design frequency, the SWR rises rapidly, but within its “resonant” region the antenna
provides an excellent match to the popular 52-Ω coax.

Because of its physical bulk at HF, the antenna has not enjoyed much use by amateurs working in
that part of the spectrum. However, the antenna has much to offer at VHF and UHF. If designed for
50 MHz, for example, the antenna will also work
well on 144 and 222 MHz. Construction at HF
would best be done by simulating the skirt with a
grid of wires.  On VHF and UHF there would be
no problem in fashioning a solid skirt of some eas-
ily workable metal, such as flashing copper.

The disc-like top-hat section should be insulated
from the skirt section. This is usually done with a
block of material strong enough to support the disc.
The inner conductor of the coax runs up through this
block and is attached to the disc; the shield of the
coax is connected to the skirt section.

The optimum spacing of the disc from the skirt
varies as a function of the part of the spectrum for
which the antenna is designed. At HF this spacing
may be as much as 6 inches for 14 MHz, while at
144 MHz the spacing may be only 1 inch. It does not
appear to be particularly critical.

The gain of the discone is essentially constant
across its useful frequency range. The angle of ra-
diation is very low, for the most part, rising only
slightly at some frequencies.

AN HF DISCONE ANTENNA
The problem of covering all of the existing

amateur HF allocations without complications or
compromises seems formidable. A discone (a con-
traction of disc and cone) is one possible solution.
Developed in 1945 by Armig G. Kandoian, this
antenna can provide efficient radiation and low
SWR over a decade of bandwidth. (See Bibliogra-
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Fig 33—Cross-section sketch of the discone
antenna. See text for definitions of terms.

phy.)  Thus, it should be possible to cover the 3.5 to 29.7-MHz spectrum with a single antenna and
transmission line. However, this would require a 75-foot vertical structure and a clear circular area 65
feet in diameter on the ground. These dimensions are impractical for many amateurs, but a 7 through
29.7-MHz version should be practical at most locations. John Belrose, VE2CV, described the design
presented here in July 1975 QST.

The antenna comprises a vertical cone beneath a horizontal disc (see Fig 33). For frequencies within the
range of the antenna, radiation results from a resonance between the fields caused by current flow over the
disc and over the surface of the cone, which is established by its flare angle. The apex of the cone, which is
vertical, approaches and becomes common with the outer conductor of the coaxial feeder at its extremity.
The center conductor of the coaxial feeder terminates at the center of the disc, which is perpendicular to the
axis of the cone and the feed line. The discone can be thought of as an upside-down conical monopole.

The advantages of the discone are that it can be operated remote from and independent of ground.
Furthermore, since the current maximum is at the top instead of at the bottom of the antenna, and since its
structural configuration lends itself to mounting on a pole or on top of a building, the radiation characteris-
tics of a practical discone antenna can approximate an ideal dipole antenna in free space. The change of
impedance versus frequency is, however, very much less than for any ordinary dipole, even dipoles with
rather small length to diameter ratios. The same is true for the radiation characteristics of the discone.

The antenna exhibits good impedance characteristics over a 10:1 frequency range and low-angle
radiation with little change in the radiation pattern over a 3:1 or 4:1 frequency range. At the high-
frequency end, the pattern begins to turn upward, with a resulting decrease in the radiation at low
elevation angles. The discone antenna may be visualized as a radiator intermediate between a conven-
tional dipole and a biconical horn. A biconical horn is essentially a conical dipole operated at frequen-
cies for which the physical dimensions of the antenna become large compared with a wavelength. At
the lower frequencies the antenna behaves very much like a dipole; at much higher frequencies it
becomes essentially a horn radiator.

Design Considerations
Refer to the sketch of the discone radiator in Fig 33. The following nomenclature is used:

φ = cone flare angle (total)
LS = slant height of cone
LV = vertical distance from the disc to the base

of the cone
Cmax = maximum diameter of cone
Cmin = minimum diameter of cone
D = diameter of disc
S = disc-to-cone spacing

The optimum parameters for discone antennas
are as follows:

S = 0.3 Cmin
D = 0.7 Cmax

and typically, for an optimum design

LS/Cmin > 22
φ = 60°

The performance of the antenna is not critical
in regard to the value of flare angle φ, except there
is less irregularity in the SWR versus frequency if
φ is greater than 50°, although values of φ above
90° were not investigated. Since the bandwidth is
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Fig 34—Standing-wave ratio versus
frequency for the discone antenna
designed for operation on 7 MHz and
above. The “spike” in the curve at
approximately 24 MHz is believed to be
caused by an adjacent metal structure,
as explained in the text.

inversely proportional to Cmin, that dimension must be small.  For a frequency range of 10 to 1, Ls/Cmin
should be greater than 22.

From the circuit standpoint, the discone antenna behaves essentially as a high-pass filter. It has an
effective cutoff frequency, fc, below which it becomes very inefficient, causing severe standing waves
on the coaxial feed line. Above the cutoff frequency, little mismatch exists and the radiation pattern
remains essentially the same over a wide range of frequencies (from some minimum frequency, fmin, to
some maximum frequency, fmax). The slant height of the cone, Ls, is approximately equal to a quarter
wavelength at the cutoff frequency, fc, and the vertical height (or altitude) of the cone is approximately
a  quarter wavelength at the lowest operating frequency, fmin.

The radiation from the discone can be viewed in this somewhat oversimplified way. A traveling
wave, excited by the antenna input between the apex of the cone and the disc, travels over the surface
of the cone toward the base until it reaches a  distance along the slant surface of the cone where the
vertical dimension between that point and the disc is a quarter wavelength. The wave field therefore
sees a resonant situation and is almost entirely radiated.

For fmin = 7.0 MHz and a velocity factor for propagation along the surface of the cone equal to
0.96,

L 2834
f 405 in.V

min
= =

If φ = 60°, then Ls = 468 in. and

f 2834
L 6.22 MHzC

S
= =

The disc diameter is D = 0.7 Cmax  = 0.7 × 456 = 319.2 in.

For Cmin = 13.5 in. (a practical dimension, as we shall see later),S = 0.3 Cmin = 0.3 × 13.5 = 4 in.

The ratio Ls/Cmin = 456/13.5 = 33.7.

The frequency response of a discone antenna constructed with these dimensions is shown in
Fig 34. Here we see that the SWR is 3.25:1 at fc and decreases rapidly with increasing frequency to
about 1.5:1 at fmin. The SWR is less than 1.5 over the frequency range 7 to 23 MHz.  While this ratio
increases for frequencies above 23 MHz, the SWR is less than 2.5:1 over the frequency range 6.5 to 30
MHz, except for the irregularity for frequencies 23.5 to 25.5 MHz. The SWR peak in the frequency
range 23.5 to 25.5 MHz is thought to be caused by a resonance in the metal structure of a nearby part of
the building on which the discone antenna was mounted.  During these measurements the antenna was
mounted on a flat roof, 70 feet from a penthouse that is 21.25 feet high (including the grounded metal
rail around the top). This height is a resonant λ/2 at 24.4 MHz.
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Fig 35—Construction details for the HF discone
antenna.

A—Hex-head screw, 1/4-20 × 2 in. long, 16 req’d.
B—Hex nut, 1/4-20 thread, 16 req’d.
C—Hex-head screw, 3/8-16 × 1 in. long, 8 req’d.
D—6-in. turnbuckle, 8 req’d.
E—#12 Copperweld wire, 1400 ft req’d.
F—Porcelain or ceramic insulators, 24 req’d.
G—52-Ω coaxial feed line, length as required.
   Line is secured to mast and connected at feed
   point shown in Fig 36.
1—Antenna mast with cap.
2—Insulator subassembly. See Fig 36.
3—Spreaders, made from 1-in. aluminum tubing,
   8 req’d.
4—Spreader support, 3-ft length of steel or
   aluminum pipe or tubing, flange mounted.

Fig 36—Construction details of insulator
subassembly.

A—Hex-head screw, 1/2-13 XB—Flat washers,
   1/2-in., 12 req’d.
C—RF connector, as required.
D—6-in. length of copper wire.
E—Wire lug, Emco 14-6 or equiv.
F—Round-head screw, 10-32 × 3/8 in. long.
G—Flat-head screw, 1/2-13 × 2-1/2 in. long, 4 req’d.
1—Aluminum mounting plate for disc spreaders.
2—Phenolic insulator rings.
3—Guy mounting plate.

Practical Construction
At HF, the discone can be built using closely spaced wires to simulate the surface of the cone. The

disc can be simulated by a structure consisting of eight spreaders with wires connected between them.
It is important that a skirt wire connect the bottom ends of all slant wires simulating the cone, and
another connect the outer ends of the spreaders which simulate the disc. These wires increase the
effectiveness of the wire structures to a considerable extent. An antenna constructed in this way closely
approximates the performance of a solid disc and a cone over the frequency range of the antenna.

The discone assembly and construction details are given in Fig 35. The antenna is supported by an
eight-inch triangular aluminum mast (item 1) that is 36 feet high. The insulator separating the disc and
the cone (item 2) is detailed in Fig 36.  Basically it is two metal plates separated by an insulating
section. The lower plate has a coaxial feedthrough connector mounted at its center, and the outer edge
is drilled with 24 equally spaced holes, 5/32-inch diameter, on a 13.5-inch diameter circle for the guy
wires that simulate the cone. The end of each wire is soldered to a spade lug that is attached to the plate by
a self-tapping screw. This plate is bolted to the top of the mast. Eight 1-inch diameter disc spreaders (item 3)
are bolted to the top plate. A short 3-foot rod (item 4) is flange-mounted at the center of the upper plate.
Supporting cables for the far ends of the spreaders are connected to this rod. The center conductor of the
coaxial feed line is attached to the center of the top plate, as shown in Fig 36.
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Fig 37—The completed discone antenna,
installed on the roof of a three-story building.

Fig 38—The G5RV multiband antenna covers 3.5
through 30 MHz.  Although many amateurs claim
it may be fed directly with 50- Ω coax on several
amateur bands, Louis Varney, its originator,
recommends the use of a matching network on
bands other than 14 MHz.

As shown in Fig 37, the antenna is mounted on the flat roof of a three-story building. The height of
the lower edge of the cone is 4 feet above the roof. The 24 guy wires simulating the cone are broken by
12-inch porcelain insulators (item F) at their bottom ends. As previously mentioned, the ends of each
wire are joined by a skirt, as shown in the drawing.

Performance
The discone antenna shown in the photograph has survived more than one freezing rain ice storm.

The entire antenna and all supporting wires on at least one occasion were covered with a 1/2-inch radial
thickness of ice. A three-element triband amateur beam covered with this thickness of ice also survived
the ice storm but it was unusable at the time; it was detuned too much by the ice sheath. The perfor-
mance of the discone was unaffected by the ice. In fact, at an operating frequency of about 14 MHz, the
SWR was marginally lower when the antenna was covered with ice compared to normal.

The antenna exhibits most of the usual characteristics of a vertical monopole. However, vertical mono-
pole antennas have a characteristic overhead null in
the radiation pattern, and for short-distance sky-wave
communications a horizontal dipole is generally the
better antenna. But communication has always been
possible with the discone, to distances beyond that
over which the ground wave could be received, pro-
vided of course that the ionosphere would reflect a
frequency of 7 MHz (the lowest frequency for which
the antenna could be used). While there is certainly
a null overhead, it is not a very deep one.

THE G5RV MULTIBAND ANTENNA
A multiband antenna that does not require a

lot of space, is simple to construct, and is low in
cost is the G5RV.  Designed in England by Louis
Varney, G5RV, some years ago, it has become
quite popular in the US.  The G5RV design is
shown in Fig 38.  The antenna may be used from
3.5 through 30 MHz.  Although some amateurs
claim it may be fed directly with 50-Ω coax on
several amateur bands with a low SWR, Varney
recommends the use of a matching network on
bands other than 14 MHz (see Bibliography).  In
fact, an analysis of the G5RV antenna-terminal
impedance shows there is no length of balanced
line of any characteristic impedance that will
transform the terminal impedance to the 50-75 Ω
range on all bands. In short, a matching network
is required for multiband operation. (Low SWR
indications with coax feed and no matching net-
work on bands other than 14 MHz may indicate
excessive losses in the coaxial line.)

The portion of the antenna shown as horizon-
tal in Fig 38 may be installed in an inverted-V
dipole arrangement. Or instead, up to 1/6 of the
total length of the antenna at each end may be
dropped vertically, semi-vertically, or bent at a
convenient angle to the main axis of the antenna.
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Fig 39—The Windom antenna, cut for a funda-
mental frequency of 3.75 MHz.  The single-wire
feede r, connected 14% off cente r, is brought into
the station and the system is fed against ground.
The antenna is also effective on its harmonics.

Fig 40—The off-center-fed (OCF) dipole for 3.5, 7
and 14 MHz.  A 1:4 or 1:6 step-up current balun is
used at the feed point.

THE WINDOM ANTENNA
An antenna that enjoyed popularity in the 1930s and into the 1940s was what we now call the

Windom.  It was known at the time as a “single-feeder Hertz” antenna, after being described in Septem-
ber 1929 QST  by Loren G. Windom, W8GZ (see Bibliography).

The Windom antenna, shown in Fig 39, is fed with a single wire, attached approximately 14%
off center.  The system is worked against an earth ground.  Because the feed line is brought to the
operating position, “RF in the shack” and a potential radiation hazard may be experienced with
this antenna.

OFF-CENTER-FED DIPOLES
Fig 40 shows the off-center-fed or OCF dipole. Because it is similar in appearance to the

Windom of Fig 39, this antenna is often mistakenly called a “Windom,” or sometimes a “coax-fed
Windom.” The two antennas are not the same, as the Windom is worked against its image in the
ground, while one leg is worked against the other in the OCF dipole.

It is not necessary to feed a dipole antenna at its center, although doing so will allow it to be
operated with a relatively low feed-point impedance on its fundamental and odd harmonics. (For
example, a 7-MHz center-fed half-wave dipole can also be used for 21-MHz operation.) By contrast,
the OCF dipole of Fig 40, fed 1/3 of its length from one end, may be used on its fundamental and even
harmonics. Its free-space antenna-terminal impedance at 3.5, 7 and 14 MHz is on the order of 150 to
200 Ω. A 1:4 step-up transformer at the feed point should offer a reasonably good match to 50 or 75-Ω
line, although some commercially made OCF dipoles use a 1:6 transformer.

  At the 6th harmonic, 21 MHz, the antenna is three wavelengths long and fed at a voltage loop
(maximum), instead of a current loop. The feed-point impedance at this frequency is high, a few thou-
sand ohms, so the antenna is unsuitable for use on this band.

Balun Requirement
Because the OCF dipole is not fed at the center of the radiator, the RF impedance paths of the two

wires at the feed point are unequal.  If the antenna is fed directly with coax (or a balanced line), or if a
voltage step-up transformer is used, then voltages of equal magnitude (but opposite polarity) are ap-
plied to the wires at the feed point.  Because of unequal impedances, the resulting antenna currents
flowing in the two wires will not be equal.  (This also means that antenna current can flow on the
feeder—on the outside  of the coaxial line.  How much current flows there depends on the impedance
of the RF current path down the outside of the feed line.)  This is not a desirable situation.  Rather,
equal currents are required at the feed point, with the same current flowing in and out of the short leg
as in and out of the long leg of the radiator. A current or choke type of balun provides just such opera-
tion. (Current baluns are discussed in detail in Chapter 26.)
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The gain and directivity offered by an array of elements represents a worthwhile improvement both
in transmitting and receiving. Power gain in an antenna is the same as an equivalent increase in
the transmitter power. But unlike increasing the  power of one’s own transmitter, antenna gain

works equally well on signals received from the favored direction. In addition, the directivity reduces
the strength of signals coming from the directions not favored, and so helps discriminate against a good
deal of interference.

One common method of obtaining gain and directivity is to combine the radiation from a group of
1/2-λ dipoles in such a way as to concentrate it in a desired direction. The way in which such combina-
tions affect the directivity has been explained in Chapter 2. A few words of additional explanation may
help make it clear how power gain is obtained.

In Fig. 1, imagine that the four circles, A, B, C and D, represent four dipoles so far separated from
each other that the coupling between them is negligible. Also imagine that point P is so far away from
the dipoles that the distance from P to each one is exactly the same (obviously P would have
to be much farther away than it is shown in this drawing). Under these conditions the fields from all the
dipoles will add up at P if all four are fed RF currents in the same phase.

Let us say that a certain current, I, in dipole A will produce a certain value of field strength, E, at the
distant point P. The same current in any of the other dipoles will produce the same field at P. Thus, if only
dipoles A and B are operating, each with a current I, the field at P will be 2E. With A, B and C operating, the
field will be 3E, and with all four operating with the same I, the field will be 4E. Since the power received at
P is proportional to the square of the field strength, the relative power received at P is 1, 4, 9 and 16,
depending on whether one, two, three or four dipoles are operating.

Now, since all four dipoles are alike and there is no coupling between them, the same power must
be put into each in order to cause the current I to flow. For two dipoles the relative power input is 2, for
three dipoles it is 3, for four dipoles 4, and so on. The actual gain in each case is the relative received
(or output) power divided by the relative input power. Thus we have the results shown in Table 1. The
power ratio is directly proportional to the number of elements used.

It is well to have clearly in mind the conditions under which this relationship is true:
1) The fields from the separate antenna elements must be in phase at the receiving point.
2) The elements are identical, with equal currents in all elements.

Chapter 8

Multielement Arrays

Fig 1—Fields from separate antennas combine at
a distant point, P, to produce a field strength that
exceeds the field produced by the same power in
a single antenna.

Table 1
Comparison of Dipoles with Negligible
Coupling (See Fig 1)

Relative Relative Gain
Output Input Power in

Dipoles Power Power Gain dB

A only    1   1   1 0
A and B    4   2   2 3
A, B and C    9   3   3 4.8
A, B, C and D  16   4   4 6
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3) The elements must be separated in such a way that the current induced in one by another is
negligible; that is, the radiation resistance of each element must be the same as it would be if the other
elements were not there.

Very few antenna arrays meet all these conditions exactly. However, it may be said that the power
gain of a directive array using dipole elements with optimum values of element spacing is approxi-
mately proportional to the number of elements.  Another way to say this is that a gain of approximately
3 dB will be obtained each time the number of elements is doubled, assuming the proper element
spacing is maintained.  It is possible, though, for an estimate based on this rule to be in error by a ratio
factor of two or more (gain error of 3 dB or more).

DEFINITIONS
The “element” in a multielement directive array is usually a 1/2-λ radiator or a 1/4-λ vertical element

above ground. The length is not always an exact electrical half or quarter wavelength, because in some
types of arrays it is desirable that the element show either inductive or capacitive reactance. However,
the departure in length from resonance is ordinarily small (not more than 5%, in the usual case) and so
has no appreciable effect on the radiating properties of the element.

Antenna elements in multielement arrays of the type considered in this chapter are always either paral-
lel, as at A in Fig 2, or collinear (end to end), Fig 2B. Fig 2C shows an array combining both parallel and
collinear elements. The elements can be either horizontal or vertical, depending on whether horizontal or
vertical polarization is desired. Except for space communications, there is seldom any reason for mixing
polarization, so arrays are customarily constructed with all elements similarly polarized.

A driven element is one supplied power from the transmitter, usually through a transmission line. A
parasitic element is one that obtains power solely through coupling to another element in the array
because of its proximity to such an element.

A driven array is one in which all the elements are driven elements. A  parasitic array is one in
which one or more of the elements are parasitic elements. At least one element in a parasitic array must
be a driven element, as it is necessary to introduce power into the array.

 A broadside array is one in which the principal direction of radiation is perpendicular to the axis
of the array and to the plane containing the elements, as shown in Fig 3.  The elements of a broadside
array may be collinear, as in Fig 3A, or parallel (two views in Fig 3B).

An end-fire array is one in which the principal direction of radiation is perpendicular to the axis of the
array axis. This definition is illustrated in Fig 4. An
end-fire array must consist of parallel elements. They
cannot be collinear, as 1/2-λ  elements do not radiate
straight off their ends. A bidirectional array is one
that radiates equally well in either direction along
the line of maximum radiation. A bidirectional pat-

Fig 2—Parallel (A) and collinear (B) antenna
elements. The array shown at C combines both
parallel and collinear elements.

Fig 3—Representative broadside arrays . At A,
collinear elements, with parallel elements at B.
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Fig 4—An end-fire arra y.  Practical arrays may
combine both broadside directivity ( Fig 3 ) and
end-fire directivit y, including both parallel and
collinear elements.

Fig 5—Typical bidirectional pattern (A) and
unidirectional directive pattern (B). These
drawings also illustrate the application of the
terms “major” and “minor” to the pattern lobes.

tern is shown in Fig 5A. A unidirectional array is
one that has only one principal direction of radia-
tion, as illustrated by the pattern in Fig 5B.

The major lobes of the directive pattern are those
in which the radiation is maximum. Lobes of lesser
radiation intensity are called minor lobes. The
beamwidth of a directive antenna is the width, in de-
grees, of the major lobe between the two directions
at which the relative radiated power is equal to one
half its value at the peak of the lobe. At these “half-
power points” the field intensity is equal to 0.707
times its maximum value, or down 3 dB from maxi-
mum. Fig 6 shows a lobe having a beamwidth of 30°.

Unless specified otherwise, the term “gain” as used in this section is the power gain over a 1/2-λ
dipole of the same orientation and height as the array under discussion, and having the same power
input. Gain may either be measured experimentally or determined by calculation. Experimental mea-
surement is difficult and often subject to considerable error, for two reasons.  First, errors normally
occur in measurement because the accuracy of simple RF measuring equipment is relatively poor; even
high-quality instruments suffer in accuracy compared with their low-frequency and dc counterparts).
And second, the accuracy depends considerably on conditions—the antenna site, including height,
terrain characteristics, and surroundings—under which the measurements are made. Calculations are
frequently based on the measured or theoretical directive patterns of the antenna (see Chapter 2). The
theoretical gain of an array may be determined approximately from

G 10 log 41,253
H V

= θ θ
where

G = decibel gain over a dipole in its favored direction
θH = horizontal half-power beamwidth in degrees
θV = vertical half-power beamwidth in degrees

Fig 6—The width of a beam is the angular
distance between the directions at which the
received or transmitted power is half the
maximum power (–3 dB).  Each angular division
of the pattern grid is 5 °.
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This equation, strictly speaking, applies only to lossless antennas having approximately equal and
narrow E and H-plane beamwidths—up to about 20°—and no large minor lobes. (The E and H planes
are discussed in Chapter 2.)  The error may be considerable when the formula is applied to  simple
directive antennas having relatively large beamwidths. The error is in the direction of making the
calculated gain larger than the actual gain.

Front-to-back or F/B ratio is the ratio of the power radiated in the favored direction to the power
radiated in the opposite direction.

      Phase
The term “phase” has the same meaning when used in connection with the currents flowing in

antenna elements as it does in ordinary circuit work. For example, two currents are in phase when they
reach their maximum values, flowing in the same direction, at the same instant. The direction of
current flow depends on the way in which power is applied to the element.

This is illustrated in Fig 7. Assume that by some means an identical voltage is applied to each of
the elements at the ends marked A. Assume also that the coupling between the elements is negligible,
and that the instantaneous polarity of the voltage is such that the current is flowing away from the point
at which the voltage is applied. The arrows show the assumed current directions. Then the currents in
elements 1 and 2 are in phase, since they are flowing in the same direction in space and are caused by
the same voltage. However, the current in element 3 is flowing in the opposite  direction in space
because the voltage is applied to the opposite end of the element. The current in element 3 is therefore
180° out of phase with the currents in elements 1 and 2.

The phasing of driven elements depends on the direction of the element, the phase of the applied
voltage, and the point at which the voltage is applied. In many systems used by amateurs, the voltages
applied to the elements are exactly in or exactly out of phase with each other. Also, the axes of the
elements are nearly always in the same direction, since parallel or collinear elements are invariably
used. The currents in driven elements in such systems therefore are usually either exactly in or exactly
out of phase with the currents in other elements.

It is possible to use phase differences of less than 180° in driven arrays. One important case is
where the voltage applied to one set of elements differs by 90° from the voltage applied to another set.
However, making provision for proper phasing in such systems is considerably more complex than in
the case of simple 0° or 180° phasing, as described in a later section of this chapter.

In parasitic arrays the phase of the currents
in the parasitic elements depends on the spacing
and tuning, as described later.

Ground Effects
The effect of the ground is the same with a di-

rective antenna as it is with a simple dipole antenna.
The reflection factors discussed in Chapter 3 may
therefore be applied to the vertical pattern of an ar-
ray, subject to the same modifications mentioned in
that chapter. In cases where the array elements are
not all at the same height, the reflection factor for
the mean height of the array may be used for a  close
approximation. The mean height is the average of
the heights measured from the ground to the centers
of the lowest and highest elements.

MUTUAL IMPEDANCE
Consider two 1/2-λ elements that are fairly close

to each other. Assume that power is applied to only

Fig 7—This drawing illustrates the phase of
currents in antenna elements, represented by the
arrows.  The currents in elements 1 and 2 are in
phase, while that in element 3 is 18 0° out of
phase with 1 and 2.
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one element, causing current to flow.  This creates an electromagnetic field, which induces a voltage in the
second element and causes current to flow in it as well. The current flowing in element no. 2 will in turn
induce a voltage in element no. 1, causing additional current to flow there. The total current in no. 1 is then
the sum (taking phase into account) of the original current and the induced current.

With element no. 2 present, the amplitude and phase of the resulting current in element no. 1 will be
different than if element no. 2 was not there.  This indicates that the presence of the second element has
changed the impedance of the first. This effect is called mutual coupling.  Mutual coupling results in a
mutual impedance between the two elements. The mutual impedance has both resistive and reactive compo-
nents. The actual impedance of an antenna element is the sum of its self-impedance (the impedance with no
other antennas present) and its mutual impedances with all other antennas in the vicinity.

The magnitude and nature of the feed-point impedance of the first antenna depends on the ampli-
tude of the current induced in it by the second, and on the phase relationship between the original and
induced currents. The amplitude and phase of the induced current depend on the spacing between the
antennas and whether or not the second antenna is tuned to resonance.

In the discussion of the several preceding paragraphs, it was specified that power is applied to only
one of the two elements. Do not interpret this to mean that mutual coupling exists only in parasitic
arrays!  It is important to remember that mutual coupling exists between any two conductors that are
located near one another. The mutual coupling between two given elements is the same no matter if
either, both, or neither is fed power from a transmission line.

       Amplitude of Induced Current
The induced current will be largest when the two antennas are close together and are parallel.

Under these conditions the voltage induced in the second antenna by the first, and in the first by the
second, has its greatest value and causes the  largest current flow. The coupling decreases as the paral-
lel antennas are moved farther apart.

The coupling between collinear antennas is comparatively small, and so the mutual impedance
between such antennas is likewise small. It is not negligible, however.

  Phase Relationships
When the separation between the two antennas is an appreciable fraction of a wavelength, a mea-

surable period of time elapses before the field from antenna no. 1 reaches antenna no. 2. There is a
similar time lapse before the field set up by the current in no. 2 gets back to induce a current
in no. 1. Hence the current induced in no. 1 by no. 2 will have a phase relationship with the original
current in no. 1 that depends on the spacing between the two antennas.

The induced current can range all the way from being completely in phase with the original current
to being completely out of phase with it. If the currents are in phase, the total current is larger than the
original current, and the antenna feed-point impedance is reduced. If the currents are out of phase, the
total current is smaller and the impedance is increased. At intermediate phase relationships the
impedance will be lowered or raised depending on whether the induced current is mostly in or mostly
out of phase with the original current.

Except in the special cases when the induced current is exactly in or out of phase with the original
current, the induced current causes the phase of the total current to shift with respect to the applied
voltage. Consequently, the presence of a second antenna nearby may cause the impedance of an
antenna to be reactive—that is, the antenna will be detuned from resonance—even though its self-
impedance is entirely resistive. The amount of detuning depends on the magnitude and phase of the
induced current.

    Tuning Conditions
A third factor that affects the impedance of antenna no. 1 when no. 2 is present is the tuning of no.

2. If no. 2 is not exactly resonant, the current that flows in it as a result of the induced voltage will
either lead or lag the phase it would have if the antenna were resonant. This causes an additional phase
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Fig 9—Feed-point resistance measured at the
center of one element as a function of the spacing
between the ends of two collinear self-resonant
1/2-λ antenna elements operated in phase.

Fig 8—Feed-point resistance measured at the
center of one element as a function of the spacing
between two parallel 1/2-λ self-resonant antenna
elements. For ground-mounted 1/4-λ vertical
elements, divide these resistances by two.

advance or delay that affects the phase of the current induced back in no. 1. Such a phase lag has an
effect similar to a change in the spacing between self-resonant antennas. However, a change in tuning
is not exactly equivalent to a change in spacing because the two methods do not have the same effect on
the amplitude  of the induced current.

  MUTUAL IMPEDANCE AND GAIN
The mutual coupling between antennas is important because it can have a significant effect on the

amount of current that will flow for a given amount of power supplied. And it is the amount of current
flowing that determines the field strength from the antenna. Other things being equal, if the mutual
coupling between two antennas is such that the currents are greater for the same total power than would
be the case if the two antennas were not coupled, the power gain will be greater than that shown in
Table 1. On the other hand, if the mutual coupling is such as to reduce the current, the
gain will be less than if the antennas were not coupled. The term “mutual coupling,” as used in this
paragraph, assumes that the mutual impedance between elements is taken into account, along with
added effects of propagation delay because of el-
ement spacing, and element tuning or phasing.
      The calculation of mutual impedance between
antennas is a complex problem.  Data for two
simple but important cases are graphed in Figs 8
and 9. These graphs do not show the mutual im-
pedance, but instead show a more useful quan-
tity—the feed-point resistance measured at the
center of an antenna as it is affected by the spac-
ing between two antennas.

As shown by the solid curve in Fig 8, the feed-
point resistance at the center of either antenna, when
the two are self-resonant, parallel, and operated in
phase, decreases rapidly as the spacing between them
is increased until the spacing is about 0.7 λ. This is a
broadside array. The maximum gain is achieved from
a pair of such elements when the spacing is in this
region, because the current is larger for the same
power and the fields from the two arrive in phase at
a distant point placed on a line perpendicular to the
line joining the two antennas.

The broken curve in Fig 8, representing two
antennas operated 180° out of phase (end-fire),
cannot be interpreted quite so simply. The feed-
point resistance decreases with decreasing spac-
ing in this case.  However, for the range of spac-
ings considered, only when the spacing is 1/2 λ do
the fields from the two antennas add up exactly in
phase at a distant point in the favored direction.
At smaller spacings the fields become increasingly
out of phase, so the total field is less than the
simple sum of the two. Smaller spacings thus de-
crease the gain at the same time that the reduction
in feed-point resistance is increasing it. The gain
goes through a maximum when the spacing is in
the region of 1/8 λ.
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The curve for two collinear elements in phase, Fig 9, shows that the feed-point resistance decreases and
goes through a broad minimum in the region of 0.4 to 0.6-λ spacing between the adjacent ends of the
antennas. As the minimum is not  significantly less than the feed-point resistance of an isolated antenna, the
gain will not exceed the gain calculated on the basis of uncoupled antennas. That is, the best that two
collinear elements will give, even with the optimum spacing, is a power gain of about 2 (3 dB). When the
separation between the ends is very small—the usual method of operation—the gain is reduced.

     PARASITIC ARRAYS
The foregoing information in this chapter applies to multielement arrays of both types, driven and

parasitic.  However, there are special considerations for driven arrays that do not necessarily apply to
parasitic arrays, and vice versa.  Such considerations for parasitic arrays are presented in Chapter 11.
The remainder of this chapter is devoted to driven arrays.

   Drive n Arrays
Driven arrays in general are either broadside or end-fire, and may consist of collinear elements,

parallel elements, or a combination of both. From a practical standpoint, the maximum number of
usable elements depends on the frequency and the space available for the antenna. Fairly
elaborate arrays, using as many as 16 or even 32 elements, can be installed in a rather small space when
the operating frequency is in the VHF range, and more at UHF. At lower frequencies the construction
of antennas with a large number of elements is impractical for most amateurs.

Of course the simplest of driven arrays is one with just two elements. If the elements are collinear,
they are always fed in phase. The effects of mutual coupling are not great, as illustrated in Fig 9.
Therefore, feeding power to each element in the presence of the other presents no significant problems.
This may not be the case when the elements are parallel to each other.  However, because the combina-
tion of spacing and phasing arrangements for parallel elements is infinite, the number of possible ra-
diation patterns is endless. This is illustrated in Fig 10.  When the elements are fed in phase, a broad-
side pattern always results. At spacings of less than 5/8 λ with the elements fed 180° out of phase, an
end-fire pattern always results. With intermediate amounts of phase difference, the results cannot be so
simply stated. Patterns evolve which are not symmetrical in all four quadrants.

Because of the effects of mutual coupling between the two driven elements, for a given power input
greater or lesser currents will flow in each element with changes in spacing and phasing, as described
earlier.  This, in turn, affects the gain of the array in a way that cannot be shown merely by plotting the
shapes of the patterns, as has been done in Fig 10. Therefore, supplemental gain information is also shown
in Fig 10, adjacent to the pattern plot for each combination of spacing and phasing. The gain figures shown
are referenced to a single element. For example, a pair of elements fed 90° apart at a spacing of 1/4 λ will
have a gain in the direction of maximum radiation of 3.1 dB over a single element.

Current Distribution in Phase d Arrays
In the plots of Fig 10, the two elements are assumed to be identical and self-resonant.  In addition,

currents of equal amplitude are assumed to be flowing at the feed point of each element, a condition
that most often will not exist in practice without devoting special consideration to the feeder system.
Such considerations are discussed in the next section of this chapter.

Most literature for radio amateurs concerning phased arrays is based on the assumption that if all
elements in the array are identical, the current distribution  in all the elements will be identical.  This
distribution is presumed to be that of a single, isolated element, or nearly sinusoidal. However,
information published in the professional literature as early as the 1940s indicates the existence of
dissimilar current distributions among the elements of phased arrays. (See Harrison and King refer-
ences in the Bibliography.)  Lewallen, in July 1990 QST, points out the causes and effects of dissimilar
current distributions.
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Fig 10—H-plane patterns of two identical parallel driven elements, spaced and phased as indicated
(S = spacing, φ = phasing).  The elements are aligned with the vertical (0 °-180°) axis, and the element
nearer the 0 ° direction (top of page) is of lagging phase at angles other than 0 °.  The two elements are
assumed to be thin and self-resonant, with equal-amplitude currents flowing at the feed point.  See text

      S = 1/8λ S = 1/4λ S = 3/8λ       S = 1/2λ
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regarding current distributions.  The gain figure associated with each pattern indicates that of the array
over a single element. The plots represent the horizontal or azimuth pattern at a 0 ° elevation angle of two
1/4-λ vertical elements over a perfect conductor, or the free-space vertical or elevation pattern of two
horizontal 1/2-λ elements when viewed on end, with one element above the other. (Patterns computed with
ELNEC—see bibliography.)

    S = 5/8λ    S = 3/4λ S = 7/8λ   S = 1λ
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In essence, even though the two elements in a phased array may be identical and have exactly equal
currents of the desired phase flowing at the feed point, the amplitude and phase relationships degenerate
with departure from the feed point.  This happens any time the phase relationship is not 0° or 180°.  Thus, the
field strengths produced at a distant point by the individual elements may differ.  This is because the field
from each element is determined by the distribution of the current, as well as its magnitude and phase. The
effects are minimal with shortened elements—verticals less than 1/4 λ or dipoles less than 1/2 λ long. The
effects on radiation patterns begin to show at the above resonant lengths, and become profound with longer
elements—1/2 λ or longer verticals and 1 λ or longer center-fed elements. These effects are less pronounced
with thin elements. The amplitude and phase degeneration takes place because the currents in the array
elements are not sinusoidal.  Even in two-element arrays with phasing of 0° or 180°, the currents are not
sinusoidal, but in these two special cases they do remain identical.

 The pattern plots of Fig 10 take element current distributions into account.  The visible results of
dissimilar distributions are incomplete nulls in some patterns, and the development of very small mi-
nor lobes in others.  For example, the pattern for a phased array with 90° spacing and 90°
phasing has traditionally been published in amateur literature as a cardioid with a perfect null in the
rear direction.  Fig 10, calculated for 7.15-MHz self-resonant dipoles of #12 wire in free space, shows
a minor lobe at the rear and only a 33-dB front-to-back ratio.

It is characteristic of broadside arrays that the power gain is proportional to the length of the array
but is substantially independent of the number of elements used, provided the optimum element spac-
ing is not exceeded. This means, for example, that a five-element array and a six-element array
will have the same gain, provided the elements in both are spaced so the overall array length is the
same. Although this principle is seldom used for the purpose of reducing the number of elements,
because of complications introduced in feeding power to each element in the proper phase, it does
illustrate the fact that there is nothing to be gained by increasing the number of elements if the space
occupied by the antenna is not increased proportionally.

Generally speaking, the maximum gain in the smallest linear dimensions will result when the an-
tenna combines both broadside and end-fire directivity and uses both parallel and collinear elements.
In this way the antenna is spread over a greater volume of space, which has the same effect as extend-
ing its length to a much greater extent in one linear direction.

Phased Arra y Techniques
Phased antenna arrays have become increasingly popular for amateur use, particularly on the lower

frequency bands where they provide one of the few practical methods of obtaining substantial gain and
directivity. This section on phased array techniques was written by Roy W. Lewallen, W7EL.  The operation
and limitations of phased arrays, how to design feed systems to make them work properly, and how to make
necessary tests and adjustments are discussed in the pages that follow. The examples deal primarily with
vertical HF arrays, but the principles apply to horizontal and VHF/UHF arrays as well.

The performance of a phased array is determined by several factors. Most significant among these
are the characteristics of a single element, reinforcement or cancellation of the fields from the ele-
ments, and the effects of mutual coupling. To understand the operation of phased arrays, it is first
necessary to understand the operation of a single antenna element.

      Fundamentals of Phase d Arrays
Of primary importance is the strength of the field produced by the element. Information in Chapter 2

explains that the field radiated from a linear (straight) element, such as a dipole or vertical monopole,
is proportional to the sum of the elementary currents flowing in each part of the antenna element. For
this discussion it is important to understand what determines the current in a single element.

The amount of current flowing at the base of a resonant ground mounted vertical or ground-plane
antenna is given by the familiar formula
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I P
R=    (Eq 1)

where
P is the power supplied to the antenna
R is the feed-point resistance

R consists of two parts, the loss resistance and the radiation resistance. The loss resistance, RL, in-
cludes losses in the conductor, in the matching and loading components, and dominantly (in the case of
ground-mounted verticals), in ground  losses. The power “dissipated” in the radiation resistance, RR, is
the power which is radiated, so maximizing the power “dissipated” by the radiation resistance is desir-
able. However, the power dissipated in the loss resistance truly is lost (as heat), so resistive losses
should be made as small as possible.

The radiation resistance of an element may be derived from electromagnetic field theory, being a
function of antenna length, diameter, and geometry. Graphs of radiation resistance versus antenna length
are given in Chapter 2. The radiation resistance of a thin 1/4-λ ground-mounted vertical is about 36 Ω. A
1/2-λ dipole in free space has a radiation resistance of about 73 Ω. Reducing the antenna lengths by one
half drops the radiation resistances to approximately 7 and 14 Ω, respectively.

   Radiation Efficiency
To generate a stronger field from a given radiator, it is necessary to increase the power P (the“brute

force” solution), to decrease the loss resistance RL (by putting in a more elaborate ground system for a
vertical, for instance), or to somehow decrease the radiation resistance RR so more current will flow
with a given power input. This can be seen by expanding the formula for base current as

I P
R RR L

= +    (Eq 2)

Dividing the feed-point resistance into components RR and RL easily leads to an understanding of
element efficiency. The efficiency of an element is the proportion of the total power that is actually
radiated. The roles of RR and RL in  determining efficiency can be seen by analyzing a simple equiva-
lent circuit, shown in Fig 11.

The power “dissipated” in RR (the radiated power) equals I2RR. The total power supplied to the
antenna system is

P = I2(RR + RL)   (Eq 3)

so the efficiency (the fraction of supplied power which is actually radiated) is

Eff
I R

I (R R )
R

R R

2
R

2
R L

R

R L
= + = + (Eq 4)

Efficiency is frequently expressed in percent, but
expressing it in decibels relative to a 100%-efficient
radiator gives a better idea of what to expect in the
way of signal strength. The field strength of an ele-
ment relative to a lossless but otherwise identical ele-
ment, in dB, is

FSG = 10 log 
R

R R
R

R L+         (Eq 5)

where FSG = field strength gain, dB

For example, information presented by Sevick in March
1973 QST shows that a 1/4-λ ground-mounted vertical
antenna with four 0.2-λ radials has a feed-point resis-

Fig 11—Simplified equivalent circuit for a
single-element resonant antenna. R R
represents the radiation resistance, and R L
the ohmic losses in the total antenna system.
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tance of about 65 Ω (see the bibliography at the end of this chapter). The efficiency of such a system is 36/65
= 55.4%. It is rather disheartening to think that, of 100 W fed to the antenna, only 55 W are being radiated,
with the remainder literally warming up the ground. Yet the signal will be only 10 log (36/65) = –2.57 dB
relative to the same vertical with a perfect ground system. In view of this information, trading a small reduc-
tion in signal strength for lower cost and greater simplicity may become an attractive consideration.
     So far, only the current at the base of a resonant antenna has been discussed, but the field is proportional
to the sum of currents in each tiny part of the antenna. The field is a function of not only the magnitude of
current flowing at the base, but also the distribution of current along the radiator and the length of the
radiator. However, nothing can be done at the base of the antenna to change the current distribution, so for a
given element, the field strength is proportional to the base current (or center current, in the case of a dipole).
However, changing the radiator length or loading it at some point other than the feed point will  change the
current distribution. More information on shortened or loaded radiators may be found in Chapters 2 and 6,
and in the Bibliography references of this chapter. A few other important facts follow.

1) If there is no loss, the field from even an infinitesimally short radiator is less than 1/2 dB
weaker than the field from a half-wave dipole or quarter-wave vertical. Without loss, all the supplied
power is radiated regardless of the antenna length, so the only factor influencing gain is the slight
difference in the patterns of very short and 1/2-λ antennas. The small pattern difference arises from
different current distributions. A short antenna has a very low radiation resistance, resulting in a heavy
current flow over its short length.  In the absence of loss, this generates a field strength comparable to
that of a longer antenna. Where loss is present—that is, in practical antennas—shorter radiators usually
don’t do so well, since the low radiation resistance leads to lower efficiency for a given loss resistance.
If care is taken, short antennas can achieve good efficiency.
      2) The feed-point resistance of folded antennas isn’ t the radiation resistance as the term is used
here. The act of folding an antenna only transforms the input impedance to a higher value, providing an
easier match in some cases. The higher feed-point impedance doesn’ t help the efficiency, since the
resulting smaller currents flow through more conductors, for the same net loss. In a folded vertical, the
same total current ends up flowing through the ground system, again resulting in the same loss.

3) The current flowing in an element with a given power input can be increased, or decreased, by
mutual coupling to other elements. The effect is equivalent to changing the element radiation resis-
tance. Mutual coupling is sometimes regarded as a “minor” effect, but most often it is not minor!

Field Reinforcement and Cancellation
Consider two elements which each produce a field strength of, say, exactly 1 millivolt per meter

(mV/m) at some distance many wavelengths from the array. In the direction in which the fields are in
phase, a total field of 2 mV/m results; in the direc-
tion in which they are out of phase, a zero field re-
sults. The ratio of maximum to minimum field
strength of this array is 2/0, or infinite.

Now suppose, instead, that one field is 10% high
and the other 10% low—1.1 and 0.9 mV/m, respec-
tively. In the forward direction, the field strength is
still 2 mV/m, but in the canceling direction, the field
will be 0.2 mV/m. The front-to-back ratio has dropped
from infinite to 2/0.2, or 20 dB. (Actually, slightly more
power is required to redistribute the field strengths this
way, so the forward gain is reduced—but only by a
small amount, less than 0.1 dB.) For most arrays, un-
equal fields from the elements have a minor effect on
forward gain, but a major effect on pattern nulls.

Even with perfect current balance, deep nulls
aren’ t assured. Fig 12 shows the minimum spacing

Fig 12—Minimum element spacing required for
total field reinforcement, curv e A, or total field
cancellation, curve B.  Total cancellation results
in pattern nulls in one or more directions.  Total
reinforcement does not necessarily mean there is
gain over a single element, as the effects of loss
and mutual coupling must also be considered.
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required for total field reinforcement or cancellation. If the element spacing isn’t adequate, there may
not be any direction in which the fields are completely out of phase (see curve B of Fig 12). Slight
physical and environmental differences between elements will invariably affect null depths, and null
depths will vary with elevation angle. However, a properly designed and fed array can, in practice,
produce very impressive nulls. The key to achieving good performance is being able to control the
fields from the elements. This, in turn, requires knowing how to control the currents in the elements,
since the fields are proportional to the currents.  Most phased arrays require the element currents to
be equal in magnitude and different in phase by some specific amount. Just how this can be
accomplished is explained in a subsequent section.

  MUTUAL COUPLING
Mutual coupling refers to the effects which the elements in an array have on each other. Mutual

coupling can occur intentionally or entirely unintentionally. For example, Lewallen has observed ef-
fects such as a quad coupling to an inverted-V dipole to form a single, very strange, antenna
system. The current in the “parasitic element” (nondriven antenna) was caused entirely by mutual
coupling, just as in the familiar Yagi antenna. The effects of mutual coupling are present regardless of
whether or not the elements are driven.

Suppose that two driven elements are very far from each other. Each has some voltage and current
at its feed point. For each element, the ratio of this voltage to current is the element self-impedance. If
the elements are brought close to each other, the current in each element will change in amplitude and
phase because of coupling with the field from the other element. Significant mutual coupling occurs at
spacings as great as a wavelength or more. The fields change the currents, which change the fields.
There is an equilibrium condition in which the currents in all elements (hence, their fields) are totally
interdependent. The feed-point impedances of all elements also are changed from their values when far
apart, and all are  dependent on each other. In a driven array, the changes in feed-point impedances can
cause additional changes in element currents, because the operation of many feed systems depends on
the element feed-point impedances.

Connecting the elements to a feed system to form a driven array does not eliminate the effects of
mutual coupling. In fact, in many driven arrays the mutual coupling has a greater effect on antenna
operation than the feed system does. All feed-system designs must account for the impedance changes
caused by mutual coupling if the desired current balance and phasing are to be achieved.

Several general statements can be made regarding phased-array systems.  Mutual coupling ac-
counts for these characteristics.

1) The resistances and reactances of all elements of an array generally will change substantially
from the values of an isolated element.

2) If the elements of a two-element array are identical, and have equal currents, which are in phase
or 180° out of phase, the feed-point impedances of the two elements will be equal. But they will be
different than for an isolated element. If the two elements are part of a larger array, their impedances
can be very different from each other.

3) If the elements of a two-element array have currents which are neither in phase (0°) nor out of
phase (180°), their feed-point impedances will not be equal.  The difference will be substantial in
typical amateur arrays.

4) The feed-point resistances of the elements in a closely spaced, 180° out-of-phase array will be very
low, resulting in poor efficiency unless care is taken to minimize loss. This is also true for any other closely
spaced array with significant predicted gain.

     Gain
Gain is strictly a relative measure, so the term is completely meaningless unless accompanied by a

statement of just what it is relative to. One useful measure for phased array gain is gain relative to a
single similar element. This is the increase in signal strength which would be obtained by replacing a
single element by an array made from elements just like it. All gain figures in this section are relative
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to a single similar element unless otherwise noted. In some instances, such as investigating what hap-
pens to array performance when all elements become more lossy, gain refers to a more absolute, al-
though unattainable standard; a lossless element. Uses of this standard are explicitly noted.

Why does a phased array have gain?  One way to view it is in terms of directivity. Since a given
amount of radiated power, whether radiated from one or a dozen elements, must be radiated some-
where, field strength must be increased in some directions if it is reduced in others. There is no guaran-
tee that the fields from the elements of an arbitrary array will completely reinforce or cancel in any
direction; element spacing must be adequate for either to happen (see Fig 12). If the fields reinforce or
cancel to only a single extent, causing a pattern similar to that of a single element, the gain will also be
similar to that of a single element.

To get a feel for how much gain a phased array can deliver, consider what would happen if there
were no change in element feed-point resistance from mutual coupling. This actually does occur at
some spacings and phasings, but not in commonly used systems. It is a useful example, nevertheless.

In the fictitious array the elements are identical and there are no resistance changes from mutual
coupling. The feed-point resistance, RF, equals RR + RL, the sum of radiation and loss resistances. If
power P is put into a single element, the feed-point current is

IF =
P

RF
(Eq 6)

At a given distance, the field strength is proportional to the current, so the field strength is

E = kIF = k
P

RF
  (Eq 7)

where k is the constant relating the element current to the field strength at the chosen distance.
If, instead, the power is equally split between two elements,

IF1 = IF2 =
P / 2
RF

(Eq 8)

From this,

E1 = E2 = k
P / 2
RF

(Eq 9)

If the elements are spaced far enough apart to allow full field reinforcement, the total field in the
favored direction will be

E1 + E2 = 2k
P / 2
R 2 k P

RF F
= (Eq 10)

This represents a field strength gain of

FSG = 20 log 2 = 3 dB (Eq 11)

where FSG = field strength gain, dB

The power gain in dB equals the field strength gain in dB.
The above argument leading to Eq 11 can be extended to show that the gain in dB for an array of n

elements, without resistance changes from mutual coupling and with sufficient spacing and geometry
for total field reinforcement, is

FSG = 20 log n = 10 log n (Eq 12)
That is, a five-element array satisfying these assumptions would have a power gain of 5 times, or about
7 dB. Remember, the assumption was made that equal power is fed to each element.  With equal ele-
ment resistances and no resistance changes from mutual coupling, equal currents are therefore made to
flow in all elements!

The gain of an array can be increased or decreased from 10 log n decibels by mutual coupling, but any
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loss will move the gain back toward 10 log n. This is because resistance changes from mutual coupling get
increasingly swamped by the loss as the loss increases. Arrays designed to have substantially more gain than
10 log n decibels require heavy element currents. As designed gain increases, the required currents increase
dramatically, resulting in power losses which partially or totally negate the expected gain. The net result is
a practical limit of about 20 log n for the gain in dB of an n-element array, and this gain can be achieved only
if extreme attention is paid to keeping losses very small. The majority of practical arrays, particularly arrays
of ground-mounted verticals, have gains closer to 10 log n decibels.

The foregoing comments indicate that many of the claims about the gain of various arrays are
exaggerated, if not ridiculous. But an honest 3 dB or so of gain from a two-element array can really be
appreciated if an equally honest 3 dB has been attempted by other means. Equations for calculating
array gain and examples of their use are given in a later section of this chapter.

       FEEDING PHASED ARRAYS
The previous section explains why the currents in the elements must be very close to the ratios required

by the array design. This section explains how to feed phased arrays to produce the desired current ratio and
phasing. Since the desired current ratio is 1:1 for virtually all two-element and for most larger amateur arrays,
special attention is paid to methods of assuring equal element currents. Other current ratios are also examined.

Phasing Errors
For an array to produce the desired pattern, the element currents must have the required magnitude and

the required phase relationship. On the surface, this sounds easy; just make sure that the difference in electri-
cal lengths of the feed lines to the elements equals the desired phase angle. Unfortunately, this approach
doesn’t necessarily achieve the desired result. The first problem is that the phase shift through the line is not
equal to its electrical length. The current (or, for that matter, voltage) delay in a transmission line is equal to its
electrical length in only a few special cases—cases which do not exist in most amateur arrays! The impedance
of an element in an array is frequently very different from the impedance of an isolated element, and the
impedances of all the elements in an array can be differ-
ent from each other. Consequently, the elements seldom
provide a matched load for the element feed lines. The
effect of mismatch on phase shift can be seen in Fig 13.
Observe what happens to the phase of the current and
voltage on a line terminated by a purely resistive imped-
ance which is lower than the characteristic impedance of
the line (Fig 13A). At a point 45° from the load, the cur-
rent has advanced less than 45°, and the voltage more
than 45°. At 90° from the load, both are advanced 90°. At
135°, the current has advanced more and the voltage less
than 135°. This apparent slowing down and speedingup
of the current and voltage waves is caused by interfer-
ence between the forward and reflected waves. It occurs
on any line not terminated with a pure resistance equal to
its characteristic impedance. If the load resistance is
greater than the characteristic impedance of the line, as
shown in Fig 13B, the voltage and current exchange
angles. Adding reactance to the load causes additional
phase shift. The only cases in which the current (or volt-
age) delay is equal to the electrical length of the line are

1)  when the line is “flat,” that is, terminated in a
purely resistive load equal to its characteristic impedance;

2) when the line length is an integral number of
half wavelengths;

Fig 13—Resultant voltages and currents
along a mismatched line.  At A, R less than
Z0, and at B, R greater than Z 0.
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Fig 15—The Wilkinson divide r.  Three output
ports are shown here, but the number may be
reduced to two or increased as necessar y. If (and
only if) the source and all load impedances equal
the design impedance, the power from the source
will be split equally among the loads.  The Z 0 of
the 1/4-λ sections is equal to the load impedance
times the square root of the number of loads.

R1, R2, R3—Noninductive resistors having a
value equal to the impedance of the loads.

Fig 14—The change in pattern of a 90 ° spaced array caused by deviations from 90 ° phasing (equal
currents and similar current distributions assumed) .  At A, B and C the respective phase angles are 8 0°,
90° and 100 °.  Note the minor changes in gain as well as in pattern shapes with phase angle deviations.
Gain is referenced to a single element; add 3.4 dB to the scale values shown for each plot.

3) when the line length is an odd number of quarter wavelengths and the load is purely resistive;
and

4) when other specific lengths are used for specific load impedances.
Just how much phase error can be expected if two lines are simply hooked up to form an array?  There

is no simple answer. Some casually designed feed systems might deliver satisfactory results, but most will
not.  Later examples show just what the consequences of casual feeding can be.

The effect of phasing errors is to alter the basic shape of the radiation pattern. Nulls may be re-
duced in depth, and additional lobes added. Actual patterns can be calculated by using Eq 15 in a later
section of this chapter. The effects of phasing errors on the shape of a 90° fed, 90° spaced array pattern
are shown in Fig 14.

A second problem with simply connecting feed lines of different lengths to the elements is that the
lines will change the magnitudes of the currents. The magnitude of the current (or voltage) out of a line
does not equal the magnitude in, except in cases 1,
2 and 4 above. The feed systems presented here
assure currents which are correct in both magni-
tude and phase.

 The Wilkinson Divider
The Wilkinson divider, sometimes called the

Wilkinson power divider, has been promoted in re-
cent years as a means to distribute power among
the elements of a phased array. It is therefore worth-
while to investigate just what the Wilkinson divider
does.

The Wilkinson divider is shown in Fig 15. It is
a very useful device for splitting power among sev-
eral loads, or, in reverse, combining the outputs
from several generators. If all loads are equal to
the design value (usually 50 Ω), the power from the
source is split equally among them, and no power is
dissipated in the resistors. If the impedance of one of
the loads should change, however, the power which
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was being delivered to that load becomes shared between it and the resistors. The power to the other loads is
unchanged, so they are not affected by the errant load. The network is also commonly used to combine the
outputs of several transmitters to obtain a higher power than a single transmitter can deliver. The great value
of the network becomes evident by observing what happens if one transmitter fails. The other transmitters
continue working normally, delivering their full power to the load. The Wilkinson network prevents them,
or the load, from “seeing” the failed transmitter, except as a reduction of total output power. Most other
combining techniques would result in incorrect operation or failure of the remaining transmitters.

The Wilkinson divider is a port-to-port isolation device. It does not assure equal powers or currents
in all loads.When connected to a phased array, it might make the system more broadband—by an
amount directly related to the amount of power being lost in the resistors! Amateurs feeding a “four-
square” array (reference Atchley, Steinhelfer and White—see bibliography) with this network have
reported one or more resistors getting very warm, indicating lost power that would be used to advan-
tage if radiated.

Incidentally, if the divider is to be used for its intended purpose, the source  impedance must be
correct for proper operation. Hayward and DeMaw have pointed out that amateur transmitters do not
necessarily have a well defined output impedance (see Bibliography).

In summary, if the Wilkinson divider is used for feeding a phased array, (1) it will not assure equal
element powers (which are not wanted anyway). (2) It will not assure equal element currents (which
are wanted). (3) It will waste power. The Wilkinson divider is an extremely useful device. But it
is not what is needed for feeding phased antenna arrays.

The Broadcas t Approach
Networks can be designed to transform the element base impedances to, say, 50 Ω resistive. Then

another network can be inserted at the junction of the feed lines to properly divide the power among the
elements (not necessarily equally!). And finally, additional networks must be built to correct for the
phase shifts of the other networks!  This general approach is used by the broadcast industry. Although
this technique can be used to feed any type of array, design is difficult and adjustment is tedious, as all
adjustments interact. When the relative currents and phasings are adjusted, the feed-point impedances
change, which in turn affect the element currents and phasings, and so on. A further disadvantage of
using this method is that switching the array direction is generally impossible. Information on applying
this technique to amateur arrays may be found in Paul Lee’s book.

A PREFERRED FEED METHOD
The feed method introduced here has been used in its simplest form to feed television receiving

antennas and other arrays, as presented by Jasik, pages 2-12 and 24-10. However, this feed method has
not been widely applied to amateur arrays.

The method takes advantage of an interesting property of 1/4-λ transmission lines. (All references
to lengths of lines are electrical length, and lines are assumed to have negligible loss.)  See Fig 16.  The
magnitude of the current  out of a 1/4-λ transmission line is equal to the input voltage divided by the
characteristic impedance of the line, independent of the load impedance. In addition, the phase of the

Fig 16—A useful property of 1/4-λ
transmission lines; see text.  This property
is utilized in the “current forcing” method
of feeding an array of coupled elements.
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Fig 17—Quadrature feed system.  Equations
in the text permit calculation of values for the
L network components, X ser and X sh.

output current lags the phase of the input voltage by 90°, also independent of the load impedance. This
property can be used to advantage in feeding arrays with certain phasings between elements.

If any number of loads are connected to a common driving point through 1/4-λ lines of equal imped-
ance, the currents in the loads will be forced to be equal and in phase, regardless of the load imped-
ances. So any number of in-phase elements can be correctly fed using this method. Arrays which re-
quire unequal currents can be fed through lines of unequal impedance to achieve other current ratios.

The properties of 1/2-λ lines also are useful. Since the current out of a 1/2-λ line equals the input
current shifted 180°, regardless of the load impedance, any number of half wavelengths of line may be
added to the basic 1/4 λ, and the current and phase “forcing” property will be preserved. For example, if
one element is fed through a 1/4-λ line, and another element is fed from the same point through a 3/4-λ
line of the same characteristic impedance, the currents in the two elements will be forced to be equal in
magnitude and 180° out of phase, regardless of the feed-point impedances of the elements.

If an array of two identical elements is fed in phase or 180° out of phase, both elements have the
same feed-point impedance. With these arrays, feeding the elements through equal lengths of feed line
(in phase) or lengths differing by 180° (out of phase) will lead to the correct current and phase match,
regardless of what the line length is. Unless the lines are an integral number of half wavelengths long,
the currents out of the lines will not be equal to the input currents, and the phase will not be shifted an
amount equal to the electrical lengths of the lines. But both lines will produce the same transformation
and phase shift because their load impedances are equal, resulting in a properly fed array. In practice,
however, feed-point impedances of elements frequently are different even in these arrays, because of
such things as different ground systems (for vertical elements), proximity to buildings or other anten-
nas, or different heights above ground (for horizontal elements). In many larger arrays, two or more
elements must be fed either in phase or out of phase with equal currents, but coupling to other elements
may cause their impedances to change unequally—sometimes extremely so. Using the current-forcing
method allows the feed system designer to ignore all these effects while guaranteeing equal and cor-
rectly phased currents in any combination of 0° and 180° fed elements.

    Feeding Elements in Quadrature
Many popular arrays have elements or groups of elements which are fed in quadrature (90° relative

phasing). A combination of the forcing method and a simple adjustable network can produce the cor-
rect current balance and element phasing.

Suppose that 1/4-λ lines of the same impedance are connected to two elements. The magnitudes of the
element currents equal the voltages at the feed-line inputs, divided by the characteristic impedance of the
lines. The currents are both shifted 90° relative to the input voltages. If the two input voltages can be made
equal in magnitude but 90° different in phase, the ele-
ment currents will also be equal and phased at 90°. Many
networks will accomplish the desired function, the
simplest being the L network. Either a high-pass or low-
pass network can be used. A high-pass network will give
a phase lead, and a low-pass network causes a phase
lag. The low-pass network offers dc continuity, which
can be beneficial by eliminating static buildup. Only low-
pass net-works are described here. The harmonic reduc-
tion properties of low-pass networks should not be a
consideration in choosing the network type; antenna sys-
tem matching components should not be depended upon
to achieve an acceptable level of harmonic
radiation. The quadrature feed system is shown in|
Fig 17.

For element currents of equal magnitude and 90°
relative phase, equations for designing the network are
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Xser= 
Z
R

0
2

2
       (Eq 13)

Xsh=
Z

X R
0

2

2 2−        (Eq 14)

where
Xser = the reactance of the series component
Xsh = the reactance of the shunt component
Z0 = the characteristic impedance of the 1/4-λ lines
R2 = the feed-point resistance of element 2
X2 = the feed-point reactance of element 2

R2 and X2 may be calculated from Eqs 21 and 22, presented later.  If Xser or Xsh is positive, that
component is an inductor; if negative, a capacitor. In most practical arrays, Xser is an inductor, and Xsh
is a capacitor.

Unlike the current-forcing methods, the output-to-input voltage transformation and the phase shift
of an L network do depend on the feed-point impedances of the array elements. So the impedances of
the elements, when coupled to each other and while being excited to have the proper currents,
must be known in order to design a proper L network. Methods for determining the impedance of one
element in the presence of others are presented in later sections. Suffice it to say here that the self-
impedances of the elements and their mutual impedance must be known in order to calculate the ele-
ment feed-point impedances. In practice, if simple dipoles or verticals are used, a rough estimation of
self- and mutual impedances is generally enough to provide a starting point for determining the compo-
nent values. Then the components may be adjusted for the desired array performance.

The Magic Bullet
Two elements could be fed in quadrature without the necessity to determine self- and mutual im-

pedances if a quadrature forcing network could be found. This passive network would have any one of
the following characteristics, but the condition must be independent of the network load impedance :

1) The output voltage is equal in amplitude and 90° delayed or advanced in phase relative to the
input voltage.

2) The output current is equal in amplitude and 90° delayed or advanced in phase relative to the
input current.

3) The output voltage is in phase or 180° out of phase with the input current, and the magnitude of
the output voltage is related to the magnitude of the input current by a constant.

4) The output current is in phase or 180° out of phase with the input voltage, and the magnitude of
the output current is related to the magnitude of the input voltage by a constant.

Such a network would be the “magic bullet” to extend the forcing method to quadrature feed systems.
Lewallen has looked long and hard for this magic bullet without success. Among the many unsuccessful
candidates is the 90° hybrid coupler. Like the Wilkinson divider, the hybrid coupler is a useful port-to-port
isolation device which does not accomplish the needed function for this application. The feeding of amateur
arrays could be greatly simplified by use of a suitable network. Any reader who is aware of such a network
is encouraged to publish it in amateur literature, or to contact Lewallen or the editors of this book.

PATTERN AND GAIN CALCUL ATION
The following equations are derived from those published by Brown in 1937. Findings from Brown’s

and later works are presented in concise form by Jasik. Equivalent equations may be found in other
texts, such as Antennas by Kraus. (See the Bibliography at the end of this chapter.) The equations
in this part will enable the mathematically inclined amateur armed with a calculator or computer to
determine patterns, actual gains, and front-to-back or front-to-side ratios of two-element arrays. Al-
though only two-element arrays are presented in detail in this part, the principles hold for larger arrays.
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Fig 19—Mutual impedance between two parallel
1/4 λ vertical elements. Multiply the resistance and
reactance values by two for 1/2-λ dipoles. Values for
vertical elements that are between 0.15 and 0.25 λ
high may be approximated by multiplying the given
values by R R/36, where R R is the radiation resistance
of the vertical given by tables in Chapter 6.

 The importance of equal element currents (assuming identical elements) in obtaining the best
possible nulls was explained earlier, dissimilar current distributions notwithstanding. Maximum for-
ward gain is obtained usually, if not always, for two-element arrays when the currents are equal. There-
fore, most of the equations in this part have been simplified to assume that equal element feed-point
currents are produced. Just how this can be accomplished for many common array types has already
been described briefly, and is covered in more detail later in this chapter.  Equations which include the
effects of unequal feed-point currents are also presented later in this chapter.

The equations given below are valid for horizontal or vertical arrays. However, ground-reflection ef-
fects must be taken into account when dealing with horizontal arrays, doubling the number of “elements”
which must be dealt with. In fact, the impedance and vertical radiation patterns of horizontal arrays over a
reflecting surface (such as the ground) can be derived by treating the images as additional array elements.

For two-element arrays of identical elements with equal element currents, the field strength gain at
a distant point relative to a single similar element is

 FSG 10 log
R R 1 cos S cos

R R R cos
R L 12

R L m 12

=
+( ) + +( )[ ]

+( ) +
θ φ
φ (Eq 15)

where
FSG = field strength gain, dB
RR = radiation resistance of a single isolated element
RL = loss resistance of a single element
S = element spacing in degrees
θ = direction from array (see Fig 18)
φ12 = phase angle of current in element 2 relative to element 1. φ12 is negative if element 2 is

delayed (lagging) relative to element 1.
Rm = mutual resistance between elements (see

Fig 19)

The Gain Equation
The gain value from Eq 15 is the power gain

in dB, which equals the field strength gain in dB.
Eq 15 should not be confused with equations such
as those in Chapter 2 for “relative” field strength,
which are used to calculate only the shape of the
pattern. The above equation gives not only the
shape of the pattern, but also the actual gain at
each angle, relative to a single element.

The quantity for which the logarithm is taken
in Eq 15 is composed of two major parts,

1 + cos(S cos θ + φ12) (Term 1)

which relates to field reinforcement or cancella-
tion, and

FSG 10 log
R R

R R R cos
R L

R L m

= +
+( ) + φ 12

(Term 2)

which is the gain change caused by mutual cou-
pling. It is informative to look at each of these
terms separately, to see what effect they have on
the overall gain.

If there were no mutual coupling at all, Eq 15
would reduce to

Fig 18—Definition of the angle, θ, for pattern
calculation.
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FSG = 10 log [1 + cos(S cos θ + φ12)] (Eq 16)

The term

cos(S cos θ + φ12) (Term 3)

can assume values from –1 to +1, depending on the element spacing, current phase angle, and direction
from the array. In the directions in which the term is –1, the gain becomes zero; a null occurs. Where
the term is equal to +1, a maximum gain of

FSG = 10 log 2 = 3 dB (Eq 17)

occurs. This is the same conclusion reached earlier (Eq 11). If the element spacing is insufficient, the
term will fail to reach –1 or +1 in any direction, resulting in incomplete nulls or reduced gain, or both.
Analysis of the spacing required for the term to reach –1 and +1 results in the graphs of Fig 12.

Analyzing array operation without mutual coupling is not simply an intellectual exercise, even
though mutual coupling is present in all arrays. There are some circumstances which will make the
mutual coupling portion of the gain equation equal, or very nearly equal, to one.  Term 2 above will
equal one if

Rm cos φ12 (Term 4)

is equal to zero. This will happen if Rm = 0, which does occur at an element spacing of about 0.43 λ
(see Fig 19). Arrays don’ t usually have elements spaced at 0.43 λ, but a much more common circum-
stance can cause the effect of mutual coupling on gain to be zero. Term 4 also equals zero if φ12, the
phase angle between the element currents, is +/–90°. As a result, the gain of any two-element array
with 90° phased elements is 3 dB in the favored directions, provided that the spacing is at least 1/4 λ.
The 1/4-λ minimum is dictated by the requirement for full field reinforcement. If the elements are closer
together, the gain will be less than 3 dB, as indicated in Fig 10.

Loss Resistance and Antenna Gain
A circumstance which reduces the gain effects of mutual coupling is the presence of high losses. If

the loss resistance, RL, becomes very large, the RR + RL part of Term 2 above gets much larger than the
Rm cos φ12 part.  Then Term 2, the mutual coupling part of the gain equation, becomes approximately

R R
R R 1R L

R L

+
+ =

Thus, the gain of any very lossy two-element array is 3 dB relative to a single similar element, provid-
ing that the spacing is adequate for full field reinforcement. Naturally, higher losses will always lower
the gain relative to a single lossless  element.

This principle can be used to obtain substantial gain if an inefficient antenna system is in use.  The
technique is to construct one or more additional closely spaced elements (each with its own ground system),
and feed the resulting array with all elements in phase. The array won’t have appreciable directivity, but it
will have significant gain if the original system is very inefficient.  As losses increase, the gain approaches
10 log n, where n is the number of elements—3 dB for two elements.  This gain, of course, is relative to the
original lossy element, so the system gain is unlikely to exceed that of a single lossless element.

Why does a close-spaced second element provide gain?  An intuitive way to understand it is to note
that two or more closely spaced in-phase elements behave almost like a single element, because of
mutual coupling.  However, the ground systems are not coupled, so they behave like parallel resistors.
The result is a more favorable ratio of radiation to loss resistance.  In an efficient system, which has a
favorable ratio to begin with, the improvement is not significant, but it can be very significant if the
original antenna is inefficient.

The following example illustrates the use of this technique to improve the performance of a
1.8-MHz antenna system.  Suppose the original system consists of a single 50-foot high vertical radia-
tor with a 6-inch effective diameter.  This antenna will have a radiation resistance, RR, of 3.12 Ω at
1.9 MHz. A moderate ground system on a city lot will have a loss resistance, RL, of perhaps 20 Ω.  The
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efficiency of the antenna will be 3.12/(20 + 3.12) = 13.5%, or –8.7 dB relative to a perfectly efficient
antenna.

If a second 50-foot antenna with a similar ground system is constructed just 10 feet away from the
first, the mutual resistance between elements will be 3.86 Ω.  (Calculation of mutual resistance for very
short radiators isn’ t covered in this chapter, but Brown shows that the mutual resistance between short
radiators drops approximately in proportion to the self-resistance of each element.)  Putting the appro-
priate values into Eq 15 shows an array gain of 2.34 dB relative to the original single element.

When the effects of mutual coupling are present, the gain in the favored direction can be greater or
less than 3 dB, depending on the sign of Term 4.  Analysis becomes easier if the element spacing is
assumed to be sufficient for full field reinforcement. If this is true, the gain in the favored direction is

FSG = 10 log
2(R R

(R R ) R cos
R L

R L  m

+
+ +

)
φ 12

 = 3 dB + 10 log R R
(R R ) R cos

R L

R L  m

+
+ + φ12

(Eq 18)

Note that Term 4 above appears in the denominator of Eq 18.  If maximum gain is the goal, this term
should be made as negative as possible. One of the more obvious ways is to make φ12, the phase angle, be
180°, so that cos φ12 = –1, and space the elements closely to make Rm large and positive (see Fig 19).
Unfortunately, close spacing does not permit total field reinforcement, so Eq 18 is invalid for this approach.
However, the very useful gain of just under 4 dB is still obtainable with this concept if the loss is kept very
low. The highest gains for two-element arrays (about 5.6 dB) occur at close spacings with feed angles just
under 180°. All close-spaced, moderate to high-gain arrays are very sensitive to loss, so they generally will
produce disappointing results when made with ground-mounted vertical elements.

Here are some examples which illustrate the use of Eq 15. Consider an array of two parallel, 1/4-λ
high, ground-mounted vertical elements, spaced 1/2 λ apart and fed 180° out of phase. For this array,

RR = 36 Ω
S = 180°
φ12 = 180°
Rm = –6 Ω (from Fig 19)

RL must be measured or approximated, measurements being preferred for best accuracy. Suitable meth-
ods are described later.  Alternatively, RL can be estimated from graphs of ground-system losses. Probably
the most extensive set of measurements of vertical antenna ground systems was published by Brown, et al in
their classic 1937 paper. Their data have been republished countless times since, in amateur and other litera-
ture. Unfortunately, information is sparse for systems of only a few radials because Brown’s emphasis is on
broadcast installations. More recent measurements by Sevick nicely fill this void. From his data, we find
that the typical feed-point resistance of a 1/4-λ vertical with four 0.2–0.4 λ radials is 65 Ω. (See Fig 23.) The
loss resistance is 65 – 36 = 29 Ω. This value is used for the example.

Putting the values into Eq 15 results in

FSG = 10 log
65 [1 cos (180 cos 180 )]

65 (–6 cos180 )
+ ° + °

+ °
θ

Calculating the result for various values of θ reveals the familiar two-lobed pattern with maxima at 0°
and 180°, and complete nulls at 90° and 270°. Maximum gain is calculated from Eq 15 by taking θ as 0°.

FSG = 10 log
65 1 1

65 6 2.63 dB
+( )

+ =

In this array, the mutual coupling decreases the gain slightly from the nominal 3-dB figure. The reader
can confirm that if the element losses were zero (RL = 0), the gain would be 2.34 dB relative to a similar,
lossless element. If the elements were extremely lossy, the gain would approach 3 dB relative to a single
similar and very lossy element. The efficiency of the original example elements is 36/65 = 55%, and a single
isolated element would have a signal strength of 10 log 36/65 =–2.57 dB relative to a lossless  element. As
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determined above, this phased array has a gain of 2.63 dB relative to a single 55% efficient element. Com-
paring the decibel numbers indicates the array performance in its favored directions is approximately the
same as a single lossless element.

Changing the phasing of the array to 0° rotates the pattern 90°, and changes the gain to

FSG = 10 log
65 2
65 6 3.43 dB

×
− =

A system of very lossy elements would give 3 dB gain as before, and a lossless system would show
3.80 dB (each relative to a single similar element). In this case, the mutual coupling increases the gain
above 3 dB, but the losses drop it back toward that figure. This effect can be generalized for larger
arrays:  Increasing loss in a system of n elements tends to move the gain toward 10 log n relative to a
single similar (lossy) element, provided that spacing is adequate for full field reinforcement.  If the
spacing is closer, losses can reduce gain below this value.

   MUTUAL COUPLING AND FEED-POINT IMPEDANCE
The feed-point impedances of the elements of an array are important to the design of some of the

feed systems presented here.  When elements are placed in an array, their feed-point impedances change
from the self-impedance values (impedances when isolated from other elements). The following infor-
mation shows how to find the feed-point impedances of elements in an array.

The impedance of element number 1 in a two-element array is given by Jasik as
R1 = Rs + M12(Rm cos φ12 – Xm sin φ12) (Eq 19)

X1 = Xs + M12(Xm cos φ12 + Rm sin φ12) (Eq 20)

where
R1 = the feed-point resistance of element 1
X1 = the feed-point reactance of element 1
RS = the self-resistance of a single isolated element = radiation resistance RR + loss resistance RL
XS = the self-reactance of a single isolated element
M12 = the magnitude of current in element 2 relative to that in element 1
φ12 = the phase angle of current in element 2 relative to that in element 1
Rm = the mutual resistance between elements 1 and 2
Xm = the mutual reactance between elements 1 and 2

For element 2,

R2 = RS + M21(Rm cos φ21 – Xm sin φ21) (Eq 21)

X2 = XS + M21(Xm cos φ21 + Rm sin φ21) (Eq 22)

where

       M21 =
1

M12

φ21 = –φ12

and other terms are as defined above.

Equations for the impedances of elements in larger arrays are given later.

Two Elements Fed Out of Phase
Consider the earlier example of a two-element array of 1/4-λ verticals spaced 1/2 λ apart and fed

180° out of phase. To find the element feed-point impedances, first the values of Rm and Xm are found
from Fig 19.  These are –6 and –15 Ω, respectively. Assuming that the element currents can be balanced
and that the desired 180° phasing can be obtained, the feed-point impedance of element 1 becomes

R1 = RS + 1[–6 cos 180° – (–15) sin 180° = RS + 6 Ω
X1 = XS + 1[–15 cos 180° + (–6) sin 180° = XS + 15 Ω
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Suppose that the elements, when not in an array, are resonant (XS = 0) and that they have good
ground systems so their feed-point resistances (RS) are 40 Ω. The feed-point impedance of element 1
changes from 40 + j  0 for the element by itself to 40 + 6 + j (0 + 15) = 46 + j15 Ω, because of mutual
coupling with the second element. Such a change would be quite noticeable.

The second element in this array would be affected by the same amount, as the elements “look” the
same to each other—there is no difference between 180° leading and 180° lagging. Mathematically, the
difference in the calculation for element 2 involves changing +180° to –180° in the equations, leading
to identical results. Elements fed in phase (φ12 = 0°) also “look” the same to each other. So for two-
element arrays fed in phase (0°) or out of phase (180°), the feed-point impedances of both elements
change by the same amount and in the same direction because of mutual coupling.  This is not gener-
ally true for a pair of elements which are part of a larger array, as a later example shows.

Two Elements with 90 ° Phasing
Now see what happens with two elements having a different relative phasing. Consider the popular

vertical array with two elements spaced 1/4 λ and fed with a 90° relative phase angle to obtain a cardioid
pattern. Assuming equal element  currents and 1/4-λ elements, Fig 19 shows that Rm = 20 Ω and Xm =
–15 Ω. Use Eqs 19 and 20 to calculate the feed-point impedance of the leading element, and Eqs 21 and
22 for the lagging element.

R1 = RS + 1[20 cos(–90°) – (–15) sin (–90°) = RS – 15 Ω
X1 = XS + 1[–15 cos (–90°) + 20 sin (–90°) = XS – 20 Ω
And for the lagging element,

R2 = RS + 1[20 cos 90° – (–15) sin 90°] = RS + 15 Ω
X2 = XS + 1[(–15) cos 90° + 20 sin 90°] = XS + 20 Ω

These values represent quite a change in element impedance from mutual coupling. If each ele-
ment, when isolated, is 50 Ω and resonant (50 + j0 Ω impedance), the impedances of the elements in the
array become 35 – j20 and 65 + j 20 Ω. These very different impedances can lead to current imbalance
and serious phasing errors, if a casually designed or constructed feed system is used.

Close-Spaced Elements
Another example provides a good illustration of several principles. Consider an array of two paral-

lel 1/2-λ dipoles fed 180° out of phase and spaced 0.1 λ apart. To avoid complexity in this example,
assume these dipoles are a free-space 1/2-λ long, which is about 1.4% longer than a thin, resonant
dipole.  At this spacing, from Fig 19, Rm = 67 Ω and Xm = 7 Ω. (Remember to double the values from
the graph of Fig 19 for dipole elements.)  For each element,

R1 = R2 = RS + 1(67 cos 180° – 7 sin 180°) = RS – 67 Ω
X1 = X2 = XS + 1(7 cos 180° + 67 sin 180°) = XS – 7 Ω

The feed-point impedance of an isolated, free-space 1/2-λ dipole is approximately 74 + j44 Ω. Therefore
the elements in this array will each have an impedance of about 74 – 67 + j (44 – 7) = 7 – j 37 Ω! Aside from
the obvious problem of matching the array to a feed line, there are some other consequences of such a
radical change in the feed-point impedance. Because of the very low feed-point impedance, relatively heavy
current will flow in the elements. Normally this would produce a larger field strength, but note from Fig 12
that the element spacing (36°) is far below the 180° required for total field reinforcement. What happens
here is that the fields from the elements of this array partially or totally cancel in all directions; there is no
direction in which they fully reinforce. As a result, the array produces only moderate gain. Even a few ohms
of loss resistance will dissipate a substantial amount of power, reducing the array gain.

This type of array was first described in 1940 by Dr. John Kraus, W8JK (see Bibliography). At 0.1-λ
spacing, the array will deliver just under 4 dB gain if there is no loss, and just over 3 dB if there is 1-Ω loss per
element. The gain drops to about 1.3 dB for 5 Ω of loss per element, and to zero dB at 10 Ω. These figures can
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be calculated from Eq 15 or read directly from the graphs in Kraus’s paper. The modern “8JK” array (presented
later in this chapter) is based on the array just described, but it overcomes some of the above disadvantages by
using four elements instead of two (two pairs of two half waves in phase). Doubling the size of the array
provides a theoretical 3 dB gain increase over the above values, and feeding the array as pairs of half waves in
phase increases the feed-point impedance to a more reasonable value.  However, the modern 8JK array is
sensitive to losses, as described above, because of relatively high currents flowing in the elements.

LARGER ARR AYS
As mentioned earlier, the feed-point impedance of any given element in an array of dipole or

ground-mounted vertical elements is altered from its self-impedance by coupling to other elements in
the array.  Eqs 19 through 22 may be used to calculate the resistive and reactive components of the
elements in a two-element array.  In a larger array, however, mutual coupling must be taken into ac-
count between any given element and all other elements in the array.

Element Feed-Point Impedances
The equations presented in this section may be used to calculate element feed-point impedances in

larger arrays. Jasik gives the impedance of an element in an n-element array as follows.  For element 1,

R1 = R11 + M12(R12 cos φ12 – X12 sin φ12) +
    M13(R13 cos φ13 – X13 sin φ13) + . . . +
    M1n(R1n cos φ1n – X1n sin φ1n)  (Eq 23)

X1 = X11 + M12(R12 sin φ12 + X12 cos φ12) +
    M13(R13 sin φ13 + X13 cos φ13) + . . . +
    M1n(R1n sin φ1n + X1n cos φ1n) (Eq 24)

For element p,

Rp = Rpp + Mp1(Rp1 cos φp1 – Xp1 sin φp1) +
    Mp2(Rp2 cos φp2 – Xp2 sin φp2) + . . . +
    Mpn(Rpn cos φpn – Xpn sin φpn) (Eq 25)

Xp = Xpp + Mp1(Rp1 sin φp1 + Xp1 cos φp1) +
    Mp2(Rp2 sin φp2 + Xp2 cos φp2) + . . . +
    Mpn(Rpn sin φpn + Xpn cos φpn) (Eq 26)

And for element n,

Rn = Rnn + Mn1(Rn1 cos φn1 – Xn1 sin φn1) +
    Mn2(Rn2 cos φn2 – Xn2 sin φn2) + . . . +
    Mn(n-1)(Rn(n-1) cos φn(n-1) – Xn(n-1) sin φn(n-1)) (Eq 27)

Xn = Xnn + Mn1(Rn1 sin φn1 + Xn1 cos φn1) +
    Mn2(Rn2 sin φn2 + Xn2 cos φn2) + . . . +
    Mn(n-1)(Rn(n-1) sin φn(n-1) + Xn(n-1) cos φn(n-1)) (Eq 28)

where
Rjj = self resistance of element j
Xjj  = self reactance of element j
Mjk = magnitude of current in element k relative to that in element j
Rjk = mutual resistance between elements j and k
Xjk = mutual reactance between elements j and k
φjk = phase angle of current in element k relative to that in element j

These are more general forms of Eqs 19 and 20.  Examples of using these equations appear in a later
section.
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Fig 20—The L network applied to larger arrays.
Coaxial cable shields and ground connections
for the elements have been omitted for clarity.
The text gives equations for determining the
component values of X ser , Xsh and X i.  Xi is an
optional impedance matching component.

Quadrature Fed Elements in Larger Arrays
In some arrays, groups of elements must be fed in quadrature.  Such a system is shown in Fig 20.

The current in each element in the left-hand group equals

I1 = –j
V
Z

in

0
(Eq 29)

The current in the elements in the right-hand group equals

I2 = –j 
V
Z

out

0
(Eq 30)

Thus, if Vout = –jVin, the right-hand group will have currents equal in magnitude to and 90° delayed
from the currents in the left-hand group. The feed-point resistances of the elements have nothing to do
with determining the current relationship, except that the relationship between Vout and Vin is a func-
tion of the impedance of the load presented to the L network. That load is determined by the imped-
ances of the elements in the right-hand group.

Values of network components are given by

Xser =
Z
R
0

2

2Σ (Eq 31)

Xsh = 
Z

X – R
0

2 2

2

Σ Σ (Eq 32)

where
Xser = the reactance of the series network element
Xsh = the reactance of the shunt network element (at the output side)
Z0 = the characteristic impedance of the element feed lines
ΣR2 = the sum of the feed-point resistances of all elements connected to the output side of the network
ΣX2 = the sum of the feed-point reactances of all elements connected to the output side of the network

These are more general forms of Eqs 13 and 14. If the value of Xser or Xsh is positive, that component
is an inductor; if negative, a capacitor.

Array Impedance and Array Matching
Although the impedance matching of an array to the main feed line is not covered in any depth in

this chapter, simply adding Xi to the L network, as shown in Fig 20, can improve the match of the array.
Xi is a shunt component with reactance, added at
the network input. With the proper Xi, the array
common-point impedance is made purely resis-
tive, improving the SWR or allowing Q-section
matching. Xi is determined from

Xi =
Z

X – R
0

1 2

2

Σ Σ  (Eq 33)

where
Xi  =  the reactance of the shunt network

matching element (at the input side)
ΣX1  =  the sum of the feed-point reactances

of all elements connected to the input side of the
network and other terms are as defined above

If the value of Xi is positive, the component is an
inductor; if negative, a capacitor.

With the added network element in place, the
array common-point impedance is



Multielement Arrays  8-27

Zarray =
Z

R + R
0

1 2

2

Σ Σ (Eq 34)

where
ΣR1  = the sum of the feed-point resistances of all elements connected to the input side of the

network and other terms are as described above.

Xser and Xsh should be adjusted for correct phasing and current balance as described later.  They
should not be adjusted for the best SWR. Xi, only, is adjusted for the best SWR, and has no effect on
phasing or current balance.

CURRENT IMBALANC E AND ARRAY PERFORMANCE
The result of phase error in a driven array was discussed earlier.  Changes in phase from the design

value produce pattern changes such as shown in Fig 14.  Now we turn our attention to the effects of current
amplitude imbalance in the elements. This requires the introduction of more general gain equations to take
the current ratio into account; the equations given earlier are simplified, based on equal element currents.

Gain, Nulls, and Null Depth
A more general form of Eq 15, taking the current ratios into account, is FSG = 10 log

 
(R R ) 1 M 2M cos S cos

R R 1 M 2M R cos
R L  12

2
12 12

R L  12
2

12 m 12

+ + +  +( )[ ]
+( ) +( ) +

θ φ
φ (Eq 35)

where
FSG = field strength gain relative to a single, similar element, dB
M12 = the magnitude of current in element 2 relative to the current in element 1. and other symbols

are as defined for Eq 15
Eq 35 may be used to determine the array field strength at a distant point relative to that from a

single similar element for any spacing of two array elements.
Now consider arrays where the spacing is sufficient for total field reinforcement or total field

cancellation, or both.  Fig 12 shows the spacings necessary to achieve these conditions.  The curves of
Fig 12 show spacings which will allow the term

cos(S cos θ + φ12)

to equal its maximum possible value of +1 (total field reinforcement) and minimum possible value of
–1 (total field cancellation). In reality, the fields from the two elements cannot add to zero unless this
term is –1 and the element currents and distributions are equal. For a given set of ele-
ment currents, the directions in which the term is +1 are those of maximum gain, and the directions in
which the term is –1 are those of the deepest nulls.
      The elements in many arrays are spaced at least as far apart as given by the two curves in Fig 12.
Considerable simplification results in gain calculations for unequal currents if it is assumed that the
elements are spaced to satisfy the conditions of Fig 12. Such simplified equations follow.

In the directions of maximum signal,

FSG = 10 log 
R R 1 M

R R 1 M 2M R cos
R L  12

2

R L  12
2

12 m 12

+( ) +( )
+( ) +( ) + φ (Eq 36)

This is a more general form of Eq 18, and is valid provided that the element spacing is sufficient for
total field reinforcement.

In the directions of minimum gain (nulls),

FSG at nulls = 10 log
R R 1 M

R R 1 M 2M R cos
R L  12

2

R L 12 12 m 12

+( )( )
+( ) +( ) +

–
2 φ

(Eq 37)
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Fig 21—Effect of element current imbalance
on forward gain and front-to-null ratio for
certain arrays. See text.

This equation is valid if the spacing is enough for
total field cancellation.

The “front-to-null” ratio can be calculated by
combining the above two equations.

Front-to-null ratio (dB) = 10 log
1 M
1 – M

12

2

12

+( )
2     (Eq 38)

This equation is valid if the spacing is sufficient for
total field reinforcement and cancellation.

The equation for forward gain is further simpli-
fied for those special cases where

Rm cos φ12 (Term 5)

is equal to zero.  (See the discussion of Eq 15 and
Term 4 in the earlier section, “The Gain Equation.”)

FSG = 10 log
1 M
1 M

12

2

12
2

+( )
+  (Eq 39)

This equation is valid if the element spacing is sufficient for total field reinforcement.
If an array is more closely spaced than indicated above, the gain will be less, the nulls poorer, or

front-to-null ratio worse than given by Eqs 36 through 39. Eq 35 is valid regardless of spacing.
Graphs of Eqs 38 and 39 are shown in Fig 21. Note that the “forward gain” curve applies only to

arrays for which Term 5, above, equals zero (which includes all two-element arrays phased at 90° and
spaced at least 1/4 λ). The curve is useful, however, to get a “ballpark” idea of the gain of other arrays.
The “front-to-null” curve applies to any two-element array, provided that spacing is wide enough for
both full reinforcement and cancellation. Fig 21 clearly shows that current imbalance affects the front-
to-null ratio much more strongly than it affects forward gain.

If the two elements have different loss resistances (for example, from different ground systems in
a vertical array), gain relative to a single lossless element can still be calculated

Gain = 10 log 
R 1 M 2M cos(S cos )

(R R ) M (R R ) 2M R cos
R 12 12  12

R L1 12 R L2 12 m 12

+ +  +[ ]
+ +  + +

2

2

θ φ
φ

(Eq 40)

where
the gain is relative to a lossless element
RL1 = loss resistance of element 1
RL2 = loss resistance of element 2

Current Errors with Simple Feed Systems
It has already been said that casually designed feed systems can lead to poor current balance and

improper phasing. To illustrate just how significant the errors can be, consider various arrays with
“typical” feed systems.

The first array consists of two resonant, 1/4-λ ground-mounted vertical elements, spaced  1/4 λ apart.
Each element has a feed-point resistance of 65 Ω when the other element is open circuited. This is the
approximate value when four radials per element are used.  In an attempt to obtain 90° relative phasing,
element 1 is fed with a line of electrical length L1, and element 2 is fed with a line 90 electrical degrees
longer (L2). The results appear in Table 2.

Not only is the magnitude of the current ratio off by as much as nearly 40%, but the phase angle is
incorrect by as much as 30°!  The pattern of the array fed with feed system number 1 is shown in
Fig 22, with a correctly fed array pattern for reference. Note that the example array has only a 9.0 dB
front-to-back ratio, although the forward gain is only 0.1 dB more than the correctly fed array. This
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Fig 22—Patterns of an array when correctly fed , A, and when casually fed, B.  (See text. Similar
current distributions are assumed.)  The difference in gain is about 0.1 dB.  Gain is referenced to a
single similar element; add 3.1 dB to the scale values shown.

Table 2
Two 1/4-λ Vertical Elements with 1/4-λ Spacing

Feeder system: Line lengths to elements 1 and 2 are given below as L1 and L2, respectively.  The
line length to element 2 is electrically 90° longer than to element 1.

      Feed Lines El. Feed Point Impedances        El. Current Ratio

Z0  L1  L2 Z1 Z2 Phase
No. Ω        Deg. Deg. Ω Ω Mag.    Deg.

1 50   90 180 50.8 – j 6.09 69.8 + j 40.0 0.620 –120
2 75   90 180 45.1 – j 14.0 73.3 + j 24.3 0.973 –108
3 50 180 270 45.7 – j 14.1 73.9 + j 24.6 0.956 –107
4 75 180 270 51.5 – j 11.4 79.4 + j 32.4 0.705 –103
5 50   45 135 45.2 – j 8.44 68.5 + j 28.9 0.859 –120
6 75   45 135 50.2 – j 14.9 79.4 + j 26.1 0.840   –98
7 Correctly fed 50.0 – j 20.0 80.0 + j 20.0 1.000   –90

pattern was calculated from Eq 35.  Similar current distributions in the elements are assumed.
Results will be different for arrays with different ground systems. For example, if the array fed

with feed system no. 1 had elements with an initial feed-point resistance of 40 instead of 65 Ω, the
current ratio would be almost exactly 1—but the phase angle would still be –120°, resulting in poor
nulls. The forward gain of the array is +4.0 dB, but the front-to-back ratio is only 11.5 dB.

The advantage of using the current-forcing method to feed arrays of in-phase and 180° out-of-
phase elements is shown by the following example. Suppose that the ground systems of two half-wave
spaced, 1/4-λ vertical elements are slightly different, so that one element has a feed-point resistance of
50 Ω, the other 65 Ω. (Each is measured when the other element is open circuited.) What happens in
this case is shown in Table 3.

The patterns of the nonforced arrays are only slightly distorted, with the main deficiency being
imperfect nulls. The in-phase array fed with feed system number 1 exhibits a front-to-side ratio of
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18.8 dB. The out-of-phase array fed with feed system number 6 has a front-to-side ratio of 17.0 dB.
Both these arrays have forward gains very nearly equal to that of a correctly fed array.

Even when the ground systems of the two elements are only slightly different, a substantial current
imbalance can occur in in-phase and 180° out-of-phase arrays if casually fed. Two elements with feed-point
resistances of 36 and 41 Ω (when isolated), fed with 1/2 and 1 λ of line, respectively, will have a current ratio
of 0.881. This is a significant error for a small resistance difference that may be impossible to avoid in
practice. As explained earlier, two horizontal elements of different heights, or two elements in many larger
arrays, even when fed in phase or 180° out of phase, require more than a casual feed system for correct
current balance and phasing.

Practica l Array Design Examples
This section, also written by Roy Lewallen, W7EL, presents four examples of practical arrays using the

design principles given in previous sections. All arrays are assumed to be made of 1/4 λ vertical elements.

Genera l Array Design Considerations
If the quadrature feed system (Fig 17) is used, the self-impedance of one or more elements must be

known. If the elements are common types, such as plain vertical wires or tubes, the impedance can be esti-
mated quite closely from the graphs in Chapter 2. Elements which are close to 1/4 λ high will be near reso-
nance, and calculations can be simplified by adjusting each element to exact resonance (with the other ele-
ment open-circuited at the feed point) before proceeding. If the elements are substantially less than 1/4 λ high,
they will have a large amount of capacitive reactance. This should be reduced in order to keep the SWR on the
feed lines to a value low enough to prevent large losses, possible arcing, or other problems. Any tuning or
loading done to the elements at the feed point must be in series with the elements, so as not to shunt any of the
carefully balanced current to ground. A loading coil in series with a short element is permissible, provided that
all elements have identical loading coils, but any shunt component at the element feed point must be avoided.

For the following examples, it is assumed that the elements are close to 1/4 λ high and that they
have been adjusted for resonance. The radiation resistance of each element is then close to 36 Ω, and
the self-reactance is zero because it is resonant.

In any real vertical array, there is ground loss associated with each element. The amount of loss
depends on the length and number of ground radials, and on the type and wetness of the ground under
and around the antenna. This resistance appears in series with the radiation resistance. The self-resis-

Table 3
Two 1/4-λ Vertical Elements with 1/2-λ Spacing and Different Self-Resistances

Self-resistances:  Element 1—50 Ω; Element 2—65 Ω (difference caused by different ground losses)

Feeder system: Line lengths to elements 1 and 2 are given below as L1 and L2, respectively.

Feed Lines        El. Feed Point Impedances        El. Current Ratio

Z0 L1 L2 Z1     Z2 Phase
No. Ω Deg. Deg. Ω    Ω Mag. Deg.
1 Any* 180 180 45.9 – j 12.2 56.5 – j 18.3 0.800    +3.1
2 50 135 135 43.8 – j 11.9 59.7 – j 18.6 0.834    –5.8
3 75 135 135 43.2 – j 12.5 60.3 – j 17.7 0.883    –6.8
4 Any* 270† 270† 44.0 – j 15.0 59.0 – j 15.0 1.000      0.0
5 50   45 225 53.2 + j 12.9 74.8 + j 17.1 0.820 –172
6 Any* 180 360 55.6 + j 11.0 71.1 + j 20.2 0.764 –185
7 Any*   90† 270† 56.0 + j 15.0 71.0 + j 15.0 1.000 –180

*Both lines must have the same Z0
†Current forced
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tance is the sum of the radiation resistance and the
loss resistance.  Fig 23 gives resistance values for
typical ground systems, based on measurements by
Sevick (July 1971 and March 1973 QST). The val-
ues of quadrature feed system components based
on Fig 23 will be reasonably close to correct, even
if the ground characteristics are somewhat differ-
ent than Sevick’s.

Feed systems for the design example arrays
to follow are based on the resistance values given
below.

Number of Radials      Loss Resistance,
Ω

    4 29
    8 18
  16   9
Infinite   0

The mutual impedance of the elements also
must be known in order to calculate the impedances
of the elements when in the array. The mutual im-
pedance of parallel elements of near-resonant length may be taken from Fig 19. For elements of differ-
ent lengths, or for unusual shape or orientation, the mutual impedance is best determined by measure-
ment, using measurement methods as given later.  Fig 19 suffices for the mutual impedance values in
the example arrays.

The matter of matching the array for the best SWR on the feed line to the station is not discussed
here. Many of the simpler arrays provide a match which is close to 50 or 75 Ω, so no further matching
is required. If better matching is necessary, the appropriate network should be placed in the single feed
line running to the station. Attempts to improve the match by adjustment of the phasing L network,
antenna lengths, or individual element feeder lengths will ruin the current balance of the array. Infor-
mation on impedance matching may be found in Chapters 25 and 26.

90° FED, 90° SPACED ARRAY
The feed system for a 90° fed, 90° spaced array is shown in Fig 17. The values of the inductor

and capacitor must be calculated, at least approximately. The exact values can be determined by
adjustment.

In this example the elements are assumed to be close to  1/4 λ high, and each is assumed to have been
adjusted for resonance with the other element open circuited. If each element has, say, four ground radials,
the ground loss resistance is approximately 29 Ω.  The self-resistance is 65 Ω. The self-reactance is zero, as
the elements are resonant. From Fig 19, the mutual resistance of two parallel 1/4-λ verticals spaced 1/4 λ apart
is 20 Ω, and the mutual reactance is –15 Ω. These values are used in Eqs 19 through 22 to calculate the feed-
point impedances of the elements. Element currents of equal magnitude are required, so M12 = M21 = 1. The
L network causes the current in element 2 to lag that in element 1 by 90°, so φ12 = –90° and φ21 = 90°.
Summarizing,

RS = 65 Ω
XS =  0 Ω
M12 = M21 = 1
φ12 = –90°
φ21 = 90°
Rm = 20 Ω
Xm = –15 Ω

Fig 23—Approximate feed-point resistance of a
resonant 1/4-λ ground-mounted vertical element
versus the number of radials, based on
measurements by Jerry Sevick, W2FMI.
Moderate length radials (0.2 to 0.4  λ) were used
for the measurements. The exact resistance,
especially for only a few radials, will depend on
the nature of the soil under the antenna.
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Putting these values into Eqs 19 through 22 results in the following values.
R1 = 50 Ω
X1 = –20 Ω
R2 = 80 Ω
X2 = 20 Ω

These are the actual impedances at the bases of the two elements when placed in the array and fed
properly. It is necessary only to know the impedance of element 2 in order to design the L network, but
the impedance of element 1 was calculated here to show how different the impedances are. Next, the
impedance of the feed lines is chosen. Suppose the choice is 50 Ω. For Eqs 13 and 14,

Z0 = 50 Ω
R2 = 80 Ω
X2 = 20 Ω

From Eq 13,

Xser =
50
80

2

 = 31.3 Ω

And from Eq 14,

Xsh =
50

20 – 80
2

= – 41.7 Ω

The signs show that Xser is an inductor and Xsh is a capacitor. The actual values of L and C can be
calculated for the desired frequency by rearranging and modifying the basic equations for reactance.

L =
X
2 f

L

π (Eq 41)

C = –10
2 fX

6

Cπ (Eq 42)

where
L = inductance, µH
C = capacitance, pF
f = frequency, MHz
XL and XC = reactance values, ohms

The negative sign in Eq 42 is included because capacitive reactance values are given here as
negative.

A similar process is followed to find the values of Xser and Xsh for different ground systems and
different feed-line impedances.  The results of
such calculations appear in Table 4.

To obtain correct performance, both network
components must be adjustable. If an adjustable
inductor is not convenient or available, a fixed
inductor in series with a variable capacitor will
provide the required adjustability. The equivalent
reactance should be equal to the value calculated
for Xser. For example, to use the above design at
7.15 MHz, Lser = 0.697 µH, and Csh = 534 pF.
The 0.697 µH inductor (reactance = 31.3 Ω) can
be replaced by a 1.39 µH inductor (reactance =
approximately 62.6 Ω) in series with a variable
capacitor capable of being adjusted on both sides
of 711 pF (reactance = –31.3 Ω). The reactance of

Table 4
L Network Values for Two Elements 1/4 λ
Apart, Fed 90 ° Out of Phase ( Fig 17 )
RS No. of Radials Z0 Xser Xsh
 Ω per Element Ω  Ω  Ω

65 4 50 31.3 –41.7
65 4 75 70.3 –93.8
54 8 50 36.2 –51.0
54 8 75 81.5 –114.8
45 16 50 41.7 –62.5
45 16 75 93.8 –140.6
36 ∞ 50 49.0 –80.6
36 ∞ 75 110.3 –181.5
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the series combination can then be varied on both sides of 62.6 – 31.3 = 31.3 Ω. Actually, it might be
preferable to use 75-Ω feed line instead of 50 Ω for this array. Table 4 shows that the L network
reactances are about twice as great if 75-Ω line is chosen. This means that the required capacitance
would be one half as large. Smaller adjustable capacitors are more common, and more compact.

The voltages across the network components are relatively low. Components with breakdown volt-
ages of a few hundred volts will be adequate for a few hundred watts of output power. If fixed capaci-
tors are used, they should be good quality mica or ceramic units.

A THREE-ELEMENT BINOMIA L BROADSIDE ARRAY
An array of three in-line elements spaced 1/2 λ apart and fed in phase gives a pattern which is

generally bidirectional. If the element currents are equal, the resulting pattern has a forward gain of
5.7 dB (for lossless elements) but substantial side lobes. If the currents are tapered in a binomial coef-
ficient 1:2:1 ratio (twice the current in the center element as in the two end elements), the gain drops
slightly to 5.2 dB, the main lobes widen, and the side lobes disappear.

The array is shown in Fig 24.  To obtain a 1:2:1 current ratio in the elements, each end element is fed
through a 3/4-λ line of impedance Z0. Line lengths of 3/4-λ are chosen because 1/4-λ lines will not physi-
cally reach. The center element is fed from the same point through two parallel
3/4-λ lines of the same characteristic impedance, which is equivalent to feeding it through a line of
impedance Z0/2. The currents are thus forced to be in phase and to have the correct ratio.

A FOUR-ELEMENT RECTANGULA R ARRAY
The four-element array shown with its pattern in Fig 25 has appeared numerous times in amateur

publications. However, the accompanying feed systems invariably fail to deliver currents in the proper
amounts and phases to the various elements. The array can be correctly fed using the principles dis-
cussed in this section.

Elements 1 and 2 can be forced to be in phase and to have equal currents by feeding them through

Fig 25—Pattern and layout of the four-element
rectangular arra y.  Gain is referenced to a single
similar element; add 6.8 dB to the scale values
shown.

Fig 24—Feed system for the three element 1:2:1 “binomial”
array. All feed lines are 3/4 electrical wavelength long and
have the same characteristic impedance.
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Fig 26—Feed system for the four-element
rectangular arra y. Grounds and cable shields
have been omitted for clarit y.

3/4-λ lines. (Again, 3/4-λ lines are chosen because
1/4-λ lines won’ t physically reach.)  Likewise, the
currents in elements 3 and 4 can be forced to be
equal and in phase. Elements 3 and 4 are made to
have currents of equal amplitude but of 90° phase
difference from elements 1 and 2 by use of the
quadrature feed system shown in Fig 26. The
phasing network is the type shown in Fig 17, but
Eqs 31 and 32 must be used to calculate the net-
work component values. For this array they are

Xser =
Z

R R
Z
2R

0

3 4

0

3

2 2

+ =   (Eq 43)

Xsh =
Z

X X R R
Z

2(X – R )
0

3 4 3 4

0

3 3

2 2

+ + =– (  ) (Eq 44)

The impedances of elements 3 and 4 will
change by the same amount because of mutual
coupling. If their ground systems are identical,
they will also have equal values of RL. If the
ground systems are different, an adjustment of
network values  must be made, but the currents
in all elements will be equal and correctly phased
once the network is adjusted.

Eqs 25 and 26 are used to calculate R3 and
X3. For element 3, they become

R3 = RS + M31(R31 cos φ31 – X31 sin φ31) +
   M32(R32 cos φ32 – X32 sin φ32) +
   M34(R34 cos φ34 – X34 sin φ34)

X3 = XS + M31(R31 sin φ31 + X31 cos φ31) +
   M32(R32 sin φ32 + X32 cos φ32) +
   M34(R34 sin φ34 + X34 cos φ34)

where
M31 = M32 = M34 = 1
φ31 = +90°
φ32 = +90°
φ34 = 0°
R31 = 20 Ω (from Fig 19, 0.25-λ spacing)
X31 = –15 Ω (0.25-λ spacing)
R32 = –10 Ω (0.56-λ spacing)
X32 = –10 Ω (0.56-λ spacing)
R34 = –6 Ω (0.50-λ spacing)
X34 = –15 Ω (0.50-λ spacing)

resulting in R3 = RS + 19 Ω and X3 = XS – 5.0 Ω. RS and XS are the self-resistance and self-reactance of
a single isolated element. In this example, they are assumed to be the same for all elements.  Thus,
element 4 will have the same impedance as element 3.

It is now possible to make a table of Xser and Xsh values for this array for different ground systems
and feed-line impedances.  The information appears in Table 5. Calculation of actual values of L and C
are the same as for the earlier example.

Table 5
L Network Values for the Four-Element
Rectangula r Array (Fig 26)
RS No. of Radials   Z0  Xser  Xsh
Ω per Element   Ω   Ω   Ω
65   4 50 14.9 –14.0
65   4 75 33.5 –31.6
54   8 50 17.1 –16.0
54   8 75 38.5 –36.1
45 16 50 19.5 –18.1
45 16 75 43.9 –40.8
36  ∞ 50 22.7 –20.8
36  ∞ 75 51.1 –46.9
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THE FOUR-SQUARE ARRAY
A versatile array is one having four elements

arranged in a square, commonly called the four-
square array. The array layout and its pattern are
shown in Fig 27. This array has several attractive
properties:

1) 5.5 dB forward gain over a single similar el-
ement, for any value of loss resistance;

2) 3 dB or greater forward gain over a 90° angle;
3) 20 dB or better F/B ratio maintained over a

130° angle;
4) symmetry that allows directional switching

in 90° increments.
Because of the large differences in element feed-

point impedances from mutual coupling, casual feed
systems nearly always lead to poor performance of
this array. Using the feed system described here,
performance is very good, being limited chiefly by
environmental factors. Such an array and feed sys-
tem have been in use at W7EL for several years.

Although the impedances of only two of the four elements need to be calculated to design the feed
system, all element impedances will be calculated to show the wide differences in value. This is done
by using Eqs 23 through 28, with the following values for the variables.

Mjk = 1 for all j and k
R12 = R21 = R13 = R31 = R24 = R42 = R34 = R43 = 20 Ω (from Fig 19, 0.25-λ spacing)
X12 = X21 = X13 = X31 = X24 = X42 = X34 = X43 = –15 Ω  (0.25-λ spacing)
R14 = R41 = R23 = R32 = 8 Ω (0.354-λ spacing)
X14 = X41 = X23 = X32 = –18 Ω (0.354-λ spacing)
φ12 = φ13 = φ24 = φ34 = –90°
φ21 = φ31 = φ42 = φ43 = 90°
φ14 = φ41 = ±180°
φ23 = φ32 = 0°

resulting in

R1 = RS – 38 Ω
X1 = XS – 22 Ω
R2 = R3 = RS + 8 Ω
X2 = X3 = XS – 18 Ω
R4 = RS + 22 Ω
X4 = XS + 58 Ω

where RS and XS are the resistance and reactance of a single element when isolated from the array.

If element 1 had a perfect ground system and were resonant (a self-impedance of 36 + j 0 Ω), in
the array it would have a feed-point impedance of 36 – 38 – j 22 = –2 – j 22 Ω. The negative resistance
means that it would be delivering power into the feed system. This can, and does, happen in some
phased arrays, and is a perfectly legitimate result. The power is, of course, coupled into it from the
other elements by mutual coupling. Elements having impedances of precisely zero ohms could have
the feed line short circuited at the feed point without effect; that is what a “parasitic” element is. This
is yet another illustration of the error of trying to deliver equal powers to the elements.

Fig 27—Pattern and layout of the four-square
array.  Gain is referenced to a single similar
element; add 5.5 dB to the scale values shown.
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The basic system for properly feeding the four-square array is shown in Fig 28. Foamed-dielectric
cable must be used for the 1/4-λ lines. The velocity factor of solid dielectric cable is lower, making an
electrical 1/4 λ of that type physically too short to reach. Elements 2 and 3 are forced to have equal and
in-phase currents regardless of differences in ground systems. Likewise, elements 1 and 4 are forced to
have equal, 180° out-of-phase currents, in spite of extremely  different feed-point impedances. The 90°
phasing between element pairs is accomplished, as before, by an L network.

Eqs 43 and 44 may be used directly to generate a table of network element values for this array.
For this array the values of resistance and reactance for element 3 are as calculated above.
R3 = RS + 8 Ω
X3 = XS – 18 Ω =  –18 Ω

(Because each element was resonated when isolated from the other elements, XS equals 0.)
Table 6 shows values of L-network components for various ground systems and feed-line impedances.

This array is more sensitive to adjustment than the two-element 90° fed, 90° spaced array. Adjust-
ment procedures and a method of remotely switching the direction of this array are described in the
section that follows.

         Practical Aspects of Phased Array Design
With almost any type of antenna system, there is much that can be learned from experimenting

with, testing, and using various array configurations.  In this section, Roy Lewallen, W7EL, shares the
benefit of years of his experience from actually building, adjusting, and using phased arrays. There is
much more work to be done in most of the areas covered here, and Roy encourages the reader to build
on this work.

Adjusting Phased Array Feed Systems
If a phased array is constructed only to achieve forward gain, adjusting it is seldom worthwhile.

This is because the forward gain of most arrays is quite insensitive to either the magnitude or phase of
the relative currents flowing in the elements. If, however, good rejection of unwanted signals is de-
sired, adjustment may be required.

Fig 28—Feed system for the four-square array.
Grounds and cable shields have been omitted
for clarity.

Table 6
L Network Values for the Four-Square Array
(Fig 28)

RS No. of Radials  Z0   Xser    Xsh
 Ω per Element   Ω    Ω     Ω
 65   4 50 17.1 –13.7
 65   4 75 38.5 –30.9
 54   8 50 20.2 –15.6
 54   8 75 45.4 –35.2
 45 16 50 23.6 –17.6
 45 16 75 53.1 –39.6
 36 ∞ 50 28.4 –20.2
 36 ∞ 75 63.9 –45.4
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The in-phase and 180° out-of-phase current-forcing methods supply very well-balanced and well-
phased currents to the elements without adjustment. If the pattern of an array fed using this method is
unsatisfactory, this is generally the result of environmental differences; the elements, furnished with
correct currents, do not generate correct fields. Such an array can be optimized in a single direction, but
a more general approach than the current-forcing method must be taken. Some possibilities are de-
scribed by Paul Lee and Forrest Gehrke (see Bibliography).

Unlike the current-forcing methods, the quadrature feed systems described earlier in this chapter
are dependent on the element self- and mutual impedances. The required L network component values
can be computed to a high level of precision, but the results are only as good as the knowledge
of the relevant impedances. A practical approach is to estimate the impedances or measure them with
moderate accuracy, and adjust the network for the best performance. Simple arrays, such as the two-
element 90° fed and spaced array, may be adjusted as follows.

Place a low-power signal source at a distance from the array (preferably several wavelengths), in
the direction of the null. While listening to the signal on a receiver connected to the array, alternately
adjust the two L-network components for the best rejection of the signal.

This has proved to be a very good way to adjust two-element arrays. However, variable results
were obtained when a four-square array was adjusted using this technique. The probable reason is that
more than one combination of current balance and phasing will produce a null in a given
direction. But the overall array pattern is different for each combination. So a different method must be
used for adjusting more complex arrays. This involves actually measuring the element currents one
way or another, and adjusting the network until the currents are correct.

MEASURING ELEMENT CURRENTS
The element currents can be measured two ways. One way is to measure them directly at the

element feed points, as shown in Fig 29. A dual-channel oscilloscope is required to monitor the cur-
rents. This method is the most accurate, and it provides a direct indication of the actual relative
magnitudes and phases of the element currents. The current probe is shown in Fig 30.

Instead of measuring the element currents directly, they may be indirectly monitored by measuring
the voltages on the feed lines an electrical 1/4 or 3/4 λ from the array. The voltages at these points are

Fig 30—The current probe for use in the test
setup of Fig 29.  The ferrite core is of type 72
material, and may be any size.  The coax line
must be terminated at the opposite end with a
resistor equal to its characteristic impedance.

Fig 29—One method of measuring element
currents in a phased arra y.  Details of the
current probe are given in Fig 30.  Caution: Do
not run high power to the antenna system for
this measurement, or damage to the test
equipment may result.
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Fig 31—Quadrature test circuit .  All diodes are
germanium, such as 1N34A, 1N270, or equi v.
All resistors are 1/4 or 1/2 W, 5% tolerance.
Capacitors are ceramic .  Alligator clips are
convenient for making the input and ground
connections to the arra y.

T1—7 trifilar turns on a n Amidon F T-37-72 or
   equivalent ferrite toroid core.

directly proportional to the element currents. All the example arrays presented earlier (Figs 17,
20, 24, 26 and 28) have 1/4 or 3/4 λ lines from all elements to a common location, making this measure-
ment method convenient. The voltages may be observed with a dual-channel oscilloscope, or, to adjust
for equal-magnitude currents and 90° phasing, the test circuit shown in Fig 31 may be used.
The test circuit is connected to the feed lines of two elements which are to be adjusted for 90° phasing
(such as elements 1 and 2, or 2 and 4 of the four-square array of Fig 28). Adjust the L-network compo-
nents alternately until both meters read zero. Proper operation of the test circuit may be verified by
disconnecting one of the inputs. The phase output should then remain close to zero. If not, there is an
undesirable imbalance in the circuit, which must be corrected. Another means of verification is to first
adjust the L network so the tester indicates correct phasing (zero volts at the phase output). Then
reverse the tester input connections to the elements. The phase output should remain close to zero.

DIRECTIONAL SWITCHING OF ARRAYS
One ideal directional-switching method would take the entire feed system, including the lines to

the elements, and rotate them. The smallest possible increment of rotation depends on the symmetry of
the array—the feed system would need to rotate until the array again “looks” the same to it. For ex-
ample, any two-element array can be rotated 180° (although that wouldn’t accomplish anything if the
array was bidirectional to begin with). The four-element rectangular array of Figs 25 and 26 can also be
reversed, and the four-square array of Figs 27 and 28 can be switched in 90° increments. Smaller
increment switching can be accomplished only by reconfiguring the feed system, including the phase
shift network, if used. Switching in smaller in-
crements than dictated by symmetry will create
a different pattern in some directions than in oth-
ers, and must be thoughtfully done to maintain
equal and properly phased element currents. The
methods illustrated here will deal only with
switching in increments related to the array sym-
metry, except one, a two-element broadside/end-
fire array.

In arrays containing quadrature-fed elements,
the success of directional switching depends on the
elements and ground systems being identical. Few
of us can afford the luxury of having an array many
wavelengths away from all other conductors, so an
array will nearly always perform somewhat differ-
ently in each direction. The array, then, should be
adjusted when steered in the direction requiring the
most signal rejection in the nulls. Forward gain will,
for practical purposes, be equal in all the switched
directions, since gain is much more tolerant of er-
ror than nulls are.

BASIC SWITCHING METHODS
Following is a discussion of basic switching

methods, how to power relays through the main
feed line, and other practical considerations. In
diagrams, grounds are frequently omitted to aid
clarity, but connections of the ground conduc-
tors must be carefully made. In fact, it is recom-
mended that the ground conductors be switched
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just as the center conductors are. This is explained in more detail in subsequent text. In all cases,
interconnecting lines must be very short.

A pair of elements spaced 1/2 λ apart can readily be switched between broadside and end-fire bidi-
rectional patterns, using the current-forcing properties of 1/4-λ lines. The method is shown in Fig 32.
The switching device can be a relay powered via a separate cable or by dc sent along the main feed line.

Fig 33 shows directional switching of a 90° fed, 90° spaced array. The rectangular array of Figs 25
and 26 can be switched in a similar manner, as shown in Fig 34.

Switching the direction of an array in increments of 90°, when permitted by its symmetry, requires
at least two relays. A method of 90° switching of the four-square array is shown in Fig 35.

Fig 32—Two-element broadside/end-fire
switching . All lines must have the same
characteristic impedance. Grounds and cable
shields have been omitted for clarit y.

Fig 33—90 ° fed, 90 ° phased array reversal switch
ing . All interconnections must be very short.
Grounds and cable shields have been omitted for
clarit y.

Fig 34—Directional switching of a four-element rec-
tangular arra y. All interconnections must be very
short. Grounds and cable shields have been omitted
for clarit y.

Fig 35—Directional switching of the four-square
array. All interconnections must be very short.
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Fig 36—Remote switching of relays. See text for
component information . A one-relay system is
shown a t A, and a two-relay system at B.  In B, S1
activates K1, and S2 activates K2.

Powering Relays Through Feed Lines
All of the above switching methods can be implemented without additional wires to the switch

box. A single-relay system is shown in Fig 36A, and a two-relay system in Fig 36B. Small 12 or
24-V dc power relays can be used in either system at power levels up to at least a few hundred watts.
Do not attempt to change directions while transmitting, however. Blocking capacitors C1 and C2 should
be good quality ceramic or transmitting mica units of 0.01 to 0.1 µF. No problems have been encoun-
tered using 0.1 µF, 300-V monolithic ceramic units at RF output levels up to 300 W. C2 may be omitted
if the antenna system is an open circuit at dc. C3 and C4 should be ceramic, 0.001 µF or larger.

In Fig 36B, capacitors C5 through C8 should be selected with the ratings of their counterparts in
Fig 35A, as given above.  Electrolytic capacitors across the relay coils, C9 and C10 in Fig 36B, should
be large enough to prevent the relays from buzzing, but not so large as to make relay operation too
slow.  Final values for most relays will be in the range  from 10 to 100 µF.  They should have a voltage
rating of at least double the relay coil voltage.  Some relays do not require this capacitor. All diodes are
1N4001 or similar. A rotary switch may be used in place of the two toggle switches in the two-relay
system to switch the relays in the desired sequence.

Although plastic food-storage boxes are inexpensive and durable, using them to contain the direction-
switching circuitry might lead to serious phasing errors. If the circuitry is implemented as shown in Figs 32
through 35 and the feed-line grounds are simply con-
nected together, the currents from more than one el-
ement share a single conductive path and get phase
shifted by the reactance of the wire. As much as 30°
of phase shift has been measured at 7 MHz from one
side of a plastic box to the other, a distance of only
four inches!  #12 wire was connecting the two points.
Since this experience, twice the number of relay con-
tacts have been used, and the ground conductor of
each coaxial cable has been switched right along with
the center conductor. A solid metal box might present
a path of low enough impedance to prevent the prob-
lem. If it does not, the best solution is to use a non-
conductive box, and switch the grounds as described.

MEASURING THE ELECTRICAL
LENGTH OF FEED LINES

When using the feed methods described ear-
lier, the feed lines must be very close to the cor-
rect length. For best results, they should be cor-
rect within 1% or so. This means that a line which
is intended to be, say, 1/4 λ at 7 MHz, should actu-
ally be 1/4 λ at some frequency within 70 kHz of 7
MHz. A simple but accurate method to determine
at what frequency a line is 1/4 or 1/2 λ is shown in
Fig 37A . The far end of the line is short circuited
with a very  short connection. A signal is applied
to the input, and the frequency is swept until the
impedance at the input is a minimum. This is the
frequency at which the line is 1/2 λ. Either the fre-
quency counter or the receiver may be used to
determine this frequency.  The line is, of course,
1/4 λ at one half the measured frequency. The de-
tector can be a simple diode detector, or an oscillo-
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scope may be used if available. A 6-10 dB attenu-
ator pad is included to prevent the signal genera-
tor from looking into a short circuit at the mea-
surement frequency. The signal generator output
must be free of harmonics. If there is any doubt,
an outboard low-pass filter, such as a half-wave
harmonic filter, should be used. The half-wave fil-
ter circuit is shown in Fig 37B, and must be con-
structed for the frequency band of operation.

Another satisfactory method is to use a noise
or resistance bridge at the input of the line, again
looking for a low impedance at the input while
the output is short circuited. Simple resistance
bridges are described in Chapter 27.

Dip oscillators have been found to be unsat-
isfactory. The required coupling loop has too
great an effect on measurements.

MEASURING ELEMENT
SELF-IMPEDANCE

The self-impedance of an unbalanced ele-
ment, such as a vertical monopole, can be mea-
sured directly at the feed point using an imped-
ance bridge. Commercial noise bridges are
available, and noise and RLC bridges for home
construction are described in Chapter 27.

When the measurement is being made, all
other elements must be open circuited. If the feed
point is not readily accessible, the impedance can
be measured remotely through one or more half
wavelengths of transmission line. Other line
lengths may also be used, but then an impedance
conversion becomes necessary, such as with a Smith Chart (see Chapter 28).  A balanced antenna, for
example a dipole, must be measured through a transmission line to permit insertion of the proper type
of balun (see below) unless the impedance meter can be effectively isolated from the ground and nearby
objects, including the person doing the measurement. When measuring impedance through a transmis-
sion line, the following precautions must be taken to avoid substantial errors.

1) The characteristic impedance of the transmission line should be as close as possible to the im-
pedance being measured. The closer the impedances, the less the sensitivity to feed-line loss and length.

2) Do not use any more 1/2-λ sections of line than necessary. Errors are multiplied by the number of
sections. Measurements made through lines longer than 1 λ should be suspect.

3) Use low-loss line. Lossy line will skew the measured value toward the characteristic impedance
of the line. If the line impedance is close to the impedance being measured, the effect is usually
negligible.

4) If a 1/2-λ section of line or multiple is being used, measure the line length using one of the
methods described earlier.  Do not try to make measurements at frequencies very far away from the
frequency at which the line is the correct length. The sensitivity to electrical line length is less if the
line impedance is close to the impedance being measured.

5) If the impedance of a balanced antenna such as a dipole is being measured, the correct type of
balun must be used. (See Lewallen on baluns, listed in the bibliography.)  One way to make the proper

Fig 37—A t A, the setup for measurement of the
electrical length of a transmission line.  The
receiver may be used in  place of the frequency
counter to determine the frequency of the signal
generato r.  The signal generator output must be
free of harmonics; the half-wave harmonic filter at
B may be used outboard if there is any doubt.  It
must be constructed for the frequency band of
operation.  Connect the filter between the signal
generator and the attenuator pad.

C1, C3—Value to have a capacitive reactance
   = RIN.
C2—Value to have a capacitive reactance = 1/2 RIN.
L1, L2—Value to have an inductive reactance
   = RIN.
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type of balun is to use coaxial feed line, and pass the line through a large, high permeability ferrite core
several times, near the antenna. Or a portion of the line may be wound into a flat coil of several turns,
a foot or two in diameter, near the antenna. A third method is to string a large number of ferrite cores
over the feed line, as described in Chapter 26.  The effectiveness of the balun can be tested by watching
the impedance measurement while moving the coax about, and grasping it and letting go. The measure-
ment should not change when this is done.

MEASURING MUTUAL IMPEDANCE
Various methods for determining the mutual impedance between elements have been devised.  Each

method has advantages and disadvantages. The basic dif ficulty in achieving accuracy is that the mea-
surement of a small change in a large value is required. Two methods are described here. Both require
the use of a calibrated impedance bridge. The necessary calculations require a knowledge of complex
arithmetic. If measurements are made through feed lines, instead of directly at the feed points, the
precautions listed above must be observed.

Method 1

1) Measure the self-impedance of one element with the second element open circuited at the feed
point, or with the second element connected to an open-circuited feed line that is an integral number of
1/2 λ long. This impedance is designated Z11.

2) Measure the self-impedance of the second element with the first element open circuited. This
impedance is called Z22.

3) Short circuit the feed point of the second element, directly or at the end of an integral number of
1/2 λ of feed line. Measure the impedance of the first element. This is called Z1S.

4) Calculate the mutual impedance Z12.

Z12 =± −( )Z Z Z22 11 1S (Eq 45)

where all values are complex.

Because the square root is extracted, there are two answers to this equation.  One of these answers
is correct and one is incorrect. There is no way to be sure which answer is correct except by noticing
which one is closest to a theoretical value, or by making another measurement with a different method.
This ambiguity is one disadvantage of using method 1. The other disadvantage is that the difference
between the two measured values is small unless the elements are very closely spaced.  This can cause
relatively large errors in the calculated value of Z12 if small errors are made in the measured imped-
ances. Useful results can be obtained with this method if care is taken, however. The chief advantage of
method 1 is its simplicity.

Method 2

1) As in method 1, begin by measuring the self-impedance of one element, with the second ele-
ment open circuited at the feed point, or with the second element connected to a 1/2-λ (or multiple)
open-circuited line.  Designate this impedance Z11.

2) Measure the self-impedance of the second element with the first element open circuited. Call
this impedance Z22.

3) Connect the two elements together with 1/2 λ of transmission line, and measure the impedance at
the feed point of one element. A 1/2-λ line may be added to both elements for this measurement if
necessary. That is, the line to element 1 would be 1/2 λ, and the line to element 2 a full wavelength.  Be
sure to read and observe the precautions necessary when measuring impedance through a transmission
line, enumerated earlier. This measured impedance is called Z1X.

4) Calculate the mutual impedance Z12.

Z12 = Z21 = –Z1X ± Z – Z  Z – Z1X 11 1X 22( ) ( ) (Eq 46)

where all values are complex.



Multielement Arrays  8-43

Again, there are two answers. But the correct one is generally easier to identify than when method
1 is used. For most systems, Z11 and Z22 are about the same. If they are, the wrong answer will be about
equal to –Z11 (or –Z22). The correct answer will be about equal to Z11 – 2Z1X (or Z22 – 2Z1X). The
advantages of this method are that the correct answer is easier to identify, and that there is a larger
difference between the two measured impedances. The disadvantage is that the 1/2-λ line adds another
possible source of error.

The wrong answers from methods 1 and 2 will be different, but the correct answers should be the
same. Measure with both methods, if possible.  Accuracy in these measurements will enable the builder
to determine more precisely the proper values of components for a phasing L network.  And with
precision in these measurements, the performance features of the array, such as gain and null depth,
can be determined more accurately with methods given earlier in this chapter.

Collinear Arrays
Collinear arrays are always operated with the elements in phase. (If alternate elements in such an

array are out of phase, the system simply becomes a harmonic type of antenna.) A collinear array is a
broadside radiator, the direction of maximum radiation being at right angles to the line of the antenna.

  Power Gain
Because of the nature of the mutual impedance between collinear elements, the feed-point resis-

tance is increased as shown earlier in this chapter (Fig 9). For this reason the power gain does not
increase in direct proportion to the number of elements. The gain with two elements, as the spacing
between them is varied, is shown by Fig 38. Although the gain is greatest when the end-to-end spacing
is in the region of 0.4 to 0.6 λ, the use of spacings of this order is inconvenient constructionally and
introduces problems in feeding the two elements. As a result, collinear elements are almost always
operated with their ends quite close together—in wire antennas, usually with just a strain insulator
between.

With very small spacing between the ends of adjacent elements the theoretical power gain of col-
linear arrays compared to a dipole in free space is approximately as follows:

2 collinear elements—1.6 dBd (3.8 dBi)
3 collinear elements—3.1 dBd (5.3 dBi)
4 collinear elements—4.2 dBd (6.4 dBi)

More than four elements are rarely used.

Directivity
The directivity of a collinear array, in a plane containing the axis of the array, increases with its length.

Small secondary lobes appear in the pattern when more than two elements are used, but the amplitudes of
these lobes are low enough so that they are not
important. In a plane at right angles to the array the
directive diagram is a circle, no matter what the
number of elements. Collinear operation, therefore,
affects only E-plane directivity, the plane contain-
ing the antenna. At right angles to the wire the pattern
is the same as that of the individual 1/2-λ elements of
which it is composed.

When a collinear array is mounted with the
elements vertical, the antenna radiates equally well
in all geographical directions. An array of such
“stacked” collinear elements tends to confine the
radiation to low vertical angles.

Fig 38—Gain of two collinear 1/2-λ elements as a
function of spacing between the adjacent ends.
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If a collinear array is mounted horizontally, the
directive pattern in the vertical plane at right angles
to the array is the same as the vertical pattern of a
simple 1/2-λ antenna at the same height (Chapter 3).

TWO-ELEMENT ARRAY
The simplest and most popular collinear array is

one using two elements, as shown in Fig 39. This
system is commonly known as “two half-waves in
phase.” The manner in which the desired current dis-
tribution is obtained is described in Chapter 26.  The
directive pattern in a plane containing the wire axis
is shown in Fig 40.

Depending on the conductor size, height, and
similar factors, the impedance at the feed point can
be expected to be in the range from about 4 to 6 kΩ,
for wire antennas. If the elements are made of tub-
ing having a low λ/dia (wavelength to diameter) ra-
tio, values as low as 1 kΩ are representative. The
system can be fed through an open-wire tuned line
with negligible loss for ordinary line lengths, or a
matching section may be used if desired.

THREE AND FOUR-ELEMENT ARRAYS
When more than two collinear elements are used

it is necessary to connect “phasing” stubs between
adjacent elements in order to bring the currents in
all elements in phase. In a long wire the direction of
current flow reverses in each 1/2-λ section. Conse-
quently, collinear elements cannot simply be con-
nected end to end; there must be some means for
making the current flow in the same direction in all
elements. In Fig 41A the direction of current flow is
correct in the two left-hand elements because the
transmission line is connected between them. The
phasing stub between the second and third elements makes the instantaneous current direction correct
in the third element. This stub may be looked upon simply as the alternate 1/2-λ section of a long-wire
antenna folded back on itself to cancel its radiation. In Fig 41A the part to the right of the transmission
line has a total length of three half wavelengths, the center half wave being folded back to form a 1/4-λ
phase-reversing stub. No data are available on the impedance at the feed point in this arrangement, but
various considerations indicate that it should be over 1 kΩ.

An alternative method of feeding three collinear elements is shown in Fig 41B. In this case power
is applied at the center of the middle element and phase-reversing stubs are used between this element
and both of the outer elements. The impedance at the feed point in this case is somewhat over 300 Ω
and provides a close match to 300-Ω line. The SWR will be less than 2:1 when 600-Ω line is used.
Center feed of this type is somewhat preferable to the arrangement in Fig 41A because the system as a
whole is balanced. This assures more uniform power distribution among the elements. In A, the right-
hand element is likely to receive somewhat less power than the other two because a portion of the fed
power is radiated by the middle element before it can reach the element located at the extreme right.

A four-element array is shown in Fig 41C. The system is symmetrical when fed between the two

Fig 40—Free-space E-plane directive diagram
for the two-element collinear array of Fig 39.
The axis of the elements lies along the 9 0°-
270° line. This is the horizontal pattern at low
wave angles when the array is horizontal.  The
array gain is approximately 1.6 dBd (3.8 dBi).

Fig 39—A two-element collinear array (two
half-waves in phase). The transmission line
shown would operate as a tuned line . A
matching section can be substituted and a
nonresonant line used if desired.
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Fig 41—Three and four-element collinear arrays . Alternative methods of feeding a three-element array
are shown a t A and B. These drawings also show the current distribution on the antenna elements and
phasing stubs . A matched transmission line can be substituted for the tuned line by using a suitable
matching section.

center elements as shown. As in the three-element
case, no data are available on the impedance at the
feed point. However, the SWR with a 600-Ω line
should not be much over 2:1. Fig 42 shows the di-
rective pattern of a four-element array. The sharp-
ness of the three-element pattern is intermediate
between Figs 40 and 42, with four small minor lobes
at 30° off the array axis.

Collinear arrays can be extended to more than
four elements. However, the simple two-element col-
linear array is the type most used, as it lends itself
well to multiband operation. More than two collinear
elements are seldom used because more gain can be
obtained from other types of arrays.

Adjustment
In any of the collinear systems described the

lengths of the radiating elements in feet can be found
from the formula 468/fMHz. The lengths of the phas-

Fig 42—E-plane pattern for a four-element
collinear arra y. The axis of the elements lies
along the 9 0°-270° line.  The array gain is
approximately 4.2 dBd (6.4 dBi).
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Fig 44—E-plane pattern for the extended
double Zepp of Fig 43. This is also the
horizontal directional pattern when the
elements are horizontal. The axis of the
elements lies along the 90 °-270° line.  The
array gain is approximately 3 dBd (5.2 dBi).

Fig 43—The extended double Zepp. This
system gives somewhat more gain than two
1/2-λ collinear elements.

ing stubs can be found from the equations given in Chap-
ter 26 for the type of line used. If the stub is open-wire
line (500 to 600-Ω impedance) it is satisfactory to use a
velocity factor of 0.975 in the formula for a 1/4-λ line. On-
the-ground adjustment is, in general, an unnecessary re-
finement. If desired, however, the following procedure
may be used when the system has more than two elements.

Disconnect all stubs and all elements except those
directly connected to the transmission line (in the case
of feed such as is shown in Fig 41B leave only the center
element connected to the line). Adjust the elements to
resonance, using the still-connected element. When the
proper length is determined, cut all other elements to the
same length. Make the phasing stubs slightly long and
use a shorting bar to adjust their length. Connect the el-
ements to the stubs and adjust the stubs to resonance, as
indicated by maximum current in the shorting bars or by
the SWR on the transmission line. If more than three or
four elements are used it is best to add elements two at a
time (one at each end of the array), resonating the sys-
tem each time before a new pair is added.

THE EXTENDED DOUBLE ZEPP
An expedient that may be adopted to obtain the

higher gain that goes with wider spacing in a simple sys-
tem of two collinear elements is to make the elements
somewhat longer than 1/2 λ. As shown in Fig 43, this
increases the spacing between the two in-phase 1/2-λ sec-
tions at the ends of the wires. The section in the center
carries a current of opposite phase, but if this section is
short the current will be small; it represents only the outer
ends of a 1/2-λ antenna section. Because of the small cur-
rent and short length, the radiation from the center is
small. The optimum length for each element is 0.64 λ.
At greater lengths the system tends to act as a long-wire
antenna, and the gain decreases.

This system is known as the “extended double Zepp.” The gain over a 1/2-λ dipole is approximately 3 dBd,
as compared with approximately 1.6 dBd for two collinear 1/2-λ dipoles. The directional pattern in the plane
containing the axis of the antenna is shown in Fig 44. As in the case of all other collinear arrays, the free-space
pattern in the plane at right angles to the antenna elements is the same as that of a 1/2-λ antenna—circular.

Broadside Arrays
To obtain broadside directivity with parallel elements the currents in the elements must all be in

phase. At a distant point lying on a line perpendicular to the axis of the array and also perpendicular to
the plane containing the elements, the fields from all elements add up in phase. The situation is similar
to that pictured in Fig 1 in this chapter.

Broadside arrays of this type theoretically can have any number of elements. However, practical
limitations of construction and available space usually limit the number of broadside parallel elements
to two, in the amateur bands below 30 MHz, when horizontal polarization is used. More than four such
elements seldom are used even at VHF.
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Power Gain
The power gain of a parallel-element broadside array depends on the spacing between elements as

well as on the number of elements. The way in which the gain of a two-element array varies with
spacing is shown in Fig 45. The greatest gain is
obtained when the spacing is in the vicinity of
2/3 λ.

The theoretical gains of broadside arrays having
more than two elements are approximately as
follows:

No. of dBd Gain dBd Gain
Parallel with 1/2-λ with 3/4-λ
Elements Spacing Spacing

3 5.7   7.2
4 7.1   8.5
5 8.1   9.4
6 8.9 10.4

The elements must, of course, all lie in the same plane and all must be fed in phase.

Directivity
The sharpness of the directive pattern depends on spacing between elements and on the number of

elements. Larger element spacing will sharpen the main lobe, for a given number of elements. The two-
element array has no minor lobes when the spacing is 1/2 λ, but small minor lobes appear at greater
spacings, as indicated in Fig 10 of this chapter. When three or more elements are used the pattern
always has minor lobes.

End-Fire Arrays
The term “end-fire” covers a number of different methods of operation, all having in common the

fact that the maximum radiation takes place along the array axis, and that the array consists of a num-
ber of parallel elements in one plane. End-fire arrays can be either bidirectional or uni-directional. In
the bidirectional type commonly used by amateurs there are only two elements, and these are operated
with currents 180° out of phase. Even though adjustment tends to be complicated, unidirectional end-
fire driven arrays have also seen amateur use, primarily as a pair of phased, ground-mounted 1/4-λ
vertical elements. Extensive discussion of this array is contained in earlier sections of this chapter.

Horizontally polarized unidirectional end-fire arrays see little amateur use except in logarithmic
periodic arrays (described in Chapter 10). Instead, horizontally polarized unidirectional arrays usually
have parasitic elements (described in Chapter 11).

TWO-ELEMENT ARRAY
In the two-element array with equal currents out of phase, the gain varies with the spacing between

elements as shown in Fig 46. The maximum gain occurs in the neighborhood of 0.05-λ spacing. Below
0.05-λ spacing the gain decreases rapidly, as the system is approaching the spacing used for nonradiating
transmission lines.

The feed-point resistance for either element is very low at the spacings giving the greatest gain, as
shown by Fig 8 earlier in this chapter. The spacings most frequently used are 1/8 and 1/4 λ, at which the
resistances of center-fed 1/2-λ elements are about 9 and 32 Ω, respectively. When the spacing is 1/8 λ it
is advisable to use good-sized conductors—preferably tubing—for the elements because with the feed-
point resistance so low the resistive losses in the conductor can represent an appreciable portion of the
power supplied to the antenna. Excessive conductor losses will mean that the theoretical gain cannot be
realized, as discussed in earlier sections.

Fig 45—Gain as a function of the spacing between
two parallel elements operated in phase (broadside).
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Fig 48—H-plane pattern for a three-element end-
fire array with binomial current distribution (the
current in the center element is twice that in each
end element). The elements are spaced 1/4 λ apart
along the 0 °-180° axis. The center element lags
the lower element by 90 °, while the upper element
lags the lower element by 180 ° in phase.
Dissimilar current distributions are taken into
account.  (Pattern computed with ELNEC.)

Fig 47—Representative H-plane pattern for a
two-element end-fire array with 90 ° spacing and
phasing.  The elements lie along the vertical axis,
with the uppermost element the one of lagging
phase.  Dissimilar current distributions are taken
into account.  (Pattern computed with ELNEC)

UNIDIRECTIONAL END-FIRE ARRAYS
Two parallel elements spaced 1/4 λ apart and fed equal currents 90° out of phase will have a direc-

tional pattern, in the plane at right angles to the plane of the array, as represented in Fig 47. The
maximum radiation is in the direction of the element in which the current lags. In the opposite direction
the fields from the two elements tend to cancel.

When the currents in the elements are neither in phase nor 180° out of phase, the feed-point resis-
tances of the elements are not equal. This complicates the problem of feeding equal currents to the
elements, as treated in earlier sections.

More than two elements can be used in a unidirectional end-fire array. The requirement for
unidirectivity is that there must be a progressive phase shift in the element currents equal to the spac-

ing, in electrical degrees, between the elements. The
amplitudes of the currents in the various elements
also must be properly related. This requires “bino-
mial” current distribution—that is, the ratios of the
currents in the elements must be proportional to
the coefficients of the binomial series. In the case
of three elements, this requires that the current in
the center element be twice that in the two outside
elements, for 90° (1/4-λ) spacing and element cur-
rent phasing. This antenna has an overall length of
1/2 λ. The directive diagram is shown in Fig 48.
The pattern is similar to that of Fig 47, but the three-
element binomial array has greater directivity, evi-
denced by the narrower half-power beamwidth
(146° versus 176°).  Its gain is 1.0 dB greater.

Fig 46—Gain of an end-fire array consisting of
two elements fed 180 ° out of phase, as a function
of the spacing between elements.  Maximum
radiation is in the plane of the elements and at
right angles to them at spacings up to 1/2 λ, but
the direction changes at greater spacings.
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Fig 49—A four-element array combining collinear
broadside elements and parallel end-fire
elements, popularly known as the W8JK array.

Fig 51—Vertical pattern for the four-element
antenna of Fig 49 when mounted horizontally.
Solid curve, height 1/2 λ; broken curve, height 1 λ
above a perfect conductor. Fig 50 gives the
horizontal pattern.

Fig 50—E-plane pattern for the antenna shown in
Fig 49. The elements are parallel to the 90 °-270°
line in this diagram. Less than a 1 ° change in
half-power beamwidth results when the spacing
is changed from 1/8 to 1/4 λ.

Combination Driven
Arrays

Broadside, end-fire and collinear elements can
readily be combined to increase gain and directivity,
and this is in fact usually done when more than two
elements are used in an array. Combinations of this
type give more gain, in a given amount of space, than
plain arrays of the types just described. The combi-
nations that can be worked out are almost endless,
but in this section are described only a few of the
simpler types.

The accurate calculation of the power gain of a
multielement array requires a knowledge of the mu-
tual impedances between all elements, as discussed
in earlier sections. For approximate purposes it is
sufficient to assume that each set  (collinear, broad-
side, end-fire) will have the gains as given earlier,
and then simply add up the gains for the combina-
tion. This neglects the effects of cross-coupling be-
tween sets of elements. However, the array configu-
rations are such that the mutual impedances from
cross-coupling should be relatively small, particularly
when the spacings are 1/4 λ or more, so the estimated
gain should be reasonably close to the actual gain.

FOUR-ELEMENT END-FIRE AND
COLLINEAR ARRAY

The array shown in Fig 49 combines collinear
in-phase elements with parallel out-of-phase elements
to give both broadside and end-fire directivity. It is
popularly known as a “two-section W8JK” or “two-
section flat-top beam.” The approximate gain calcu-
lated as described above is 6.2 dB with 1/8-λ spacing
and 5.7 dB with 1/4-λ spacing. Directive patterns are
given in Figs 50 and 51.

The impedance between elements at the point
where the phasing line is connected is of the order
of several thousand ohms. The SWR with an un-
matched line consequently is quite high, and this
system should be constructed with open-wire line
(500 or 600 Ω) if the line is to be resonant.  With 1/
4-λ element spacing the SWR on a 600-Ω line is
estimated to be in the vicinity of 3 or 4 to 1.

To use a matched line, a closed stub 3/16 λ long
can be connected at the transmission-line junction
shown in Fig 49, and the transmission line itself can
then be tapped on this matching section at the point
resulting in the lowest line SWR. This point can be
determined by trial.

This type of antenna can be operated on two
bands having a frequency ratio of 2 to 1, if a reso-
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Fig 52—Four-element broadside array (“lazy H”)
using collinear and parallel elements.

Fig 53—Free-space directive diagrams of the four-element antenna shown in Fig 52. At A is the E-
plane pattern, the horizontal directive pattern at low wave angles when the antenna is mounted with
the elements horizontal. The axis of the elements lies along the 90 °-270° line. At B is the free-space H-
plane pattern, viewed as if one set of elements is above the other from the ends of the elements.

Fig 54—Vertical pattern of the four-element
broadside antenna of Fig 52, when mounted with
the elements horizontal and the lower set 1/2 λ
above a perfect conductor. “Stacked” arrays of
this type give best results when the lowest
elements are at least 1/2 λ high. The gain is
reduced and the wave angle raised if the lowest
elements are close to ground.

nant feed line is used. For example, if designed for 28 MHz with 1/4-λ spacing between elements it can
be operated on 14 MHz as a simple end-fire array having 1/8-λ spacing.

FOUR-ELEMENT BROADSIDE ARRAY
The four-element array shown in Fig 52 is commonly known as the “lazy H.” It consists of a set of

two collinear elements and a set of two parallel elements, all operated in phase to give broadside
directivity. The gain and directivity will depend on the spacing, as in the case of a simple parallel-
element broadside array. The spacing may be chosen between the limits shown on the drawing, but
spacings below 3/8 λ are not worthwhile because the gain is small. Estimated gains are as follows

3/8-λ spacing—4.4 dBd (6.6 dBi)
1/2-λ spacing—5.9 dBd (8.1 dBi)

5/8-λ spacing—6.7 dBd (8.9 dBi)
3/4-λ spacing—6.6 dBd (8.8 dBi)

Half-wave spacing is generally used. Directive patterns for this spacing are given in Figs 53 and 54.
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With 1/2-λ spacing between parallel elements, the impedance at the junction of the phasing line and
transmission line is resistive and is in the vicinity of 100 Ω. With larger or smaller spacing the impedance at
this junction will be reactive as well as resistive. Matching stubs are recommended in cases where a
nonresonant line is to be used. They may be calculated and adjusted as described in Chapter 26.

The system shown in Fig 52 may be used on two bands having a 2-to-1 frequency relationship. It
should be designed for the higher of the two frequencies, using 3/4-λ spacing between parallel elements.
It will then operate on the lower frequency as a simple broadside array with 3/8-λ spacing.

An alternative method of feeding is shown in the small diagram in Fig 52. In this case the elements
and the phasing line must be adjusted exactly to an electrical half wavelength. The impedance at the
feed point will be resistive and of the order of 2 kΩ.

Other Forms of Multielement Drive n Arrays
For those who have the available room, multielement arrays based on the broadside concept have

something to offer. The antennas are large but of simple design and noncritical dimensions; they are
also very economical in terms of gain per unit of cost.

Arrays of three and four elements are shown
in Fig 55. In the three-element array with 1/2-λ
spacing at A, the array is fed at the center. This is
the most desirable point in that it tends to keep
the power distribution among the elements uni-
form. However, the transmission line could be con-
nected at either point B or C of Fig 55A, with only
slight skewing of the radiation pattern.

When the spacing is greater than 1/2 λ, the
phasing lines must be 1 λ long and are not trans-
posed between elements. This is shown at B in
Fig 55. With this arrangement, any element spac-

Fig 55—Methods of feeding three- and four-
element broadside arrays with parallel elements.

Fig 56—Free-space H-plane pattern of a four-
element broadside array using parallel elements
(Fig 55). This corresponds to the horizontal
directive pattern at low wave angles for a
vertically polarized arra y. The axis of the
elements lies along the 90 °-270° line.
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ing up to 1 λ can be used, if the phasing lines can be folded as suggested in the drawing.
The four-element array at C is fed at the center of the system to make the power distribution among

elements as uniform as possible. However, the transmission line could be connected at either point B, C, D
or E. In this case the section of phasing line between B and D must be transposed in order to make the
currents flow in the same direction in all elements. The four-element array at C and the three-element array
at B have approximately the same gain when the element spacing in the array at B is 3/4 λ.

An alternative feeding method is shown in Fig 55D. This system can also be applied to the three-
element arrays, and will result in better symmetry in any case. It is necessary only to move the phasing
line to the center of each element, making connection to both sides of the line instead of one only.

The free-space pattern for a four-element array with 1/2-λ spacing is shown in Fig 56. This is also
approximately the pattern for a three-element array with 3/4-λ spacing.

Larger arrays can be designed and constructed by following the phasing principles shown in the
drawings. No accurate figures are available for the impedances at the various feed points indicated in
Fig 55. It can be estimated to be in the vicinity of 1 kΩ when the feed point is at a junction between the
phasing line and a 1/2-λ element, becoming smaller as the number of elements in the array is increased.
When the feed point is midway between end-fed elements as in Fig 55C, the impedance of a four-
element array as seen by the transmission line is in the vicinity of 200 to 300 Ω, with 600-Ω open-wire
phasing lines. The impedance at the feed point with the antenna shown at D should be about 1.5 kΩ.

FOUR-ELEMENT BROADSIDE AND END-FIR E ARRAY
The array shown in Fig 57 combines parallel elements in broadside and end-fire directivity. Ap-

proximate gains can be calculated by adding the values from Figs 45 and 46 for the element spacings
used. The smallest array (physically)—3/8-λ spacing between broadside and 1/8-λ spacing between end-
fire elements—has an estimated gain of 6.8 dBd and the largest—3/4 and 1/4-λ spacing, respectively—
about 8.5 dBd. The optimum element spacings are 5/8 λ broadside and 1/8 λ end-fire, giving an overall
gain estimated at 9.3 dBd. Directive patterns are given in Figs 58 and 59.

Fig 57—Four-element array combining both broadside and end-fire elements.
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Fig 59—Vertical pattern of the antenna shown in
Fig 57  at a mean height of 3/4 λ (lowest elements
1/2 λ above a perfect conductor) when the antenna
is horizontally polarized. For optimum gain and
low wave angle the mean height should be at
least 3/4 λ.

Fig 58—Free-space H-plane pattern of the four-
element antenna shown in Fig 57 .

The impedance at the feed point will not be purely resistive unless the element lengths are correct
and the phasing lines are exactly a 1/2 λ long. (This requires somewhat less than 1/2-λ spacing between
broadside elements.) In this case the impedance at the junction is estimated to be over 10 kΩ. With
other element spacings the impedance at the junction will be reactive as well as resistive, but in any
event the SWR will be quite large. An open-wire line can be used as a resonant line, or a matching
section may be used for nonresonant operation.

    EIGHT-ELEMENT DRIVEN ARRAY
The array shown in Fig 60 is a combination of collinear and parallel elements in broadside and

end-fire directivity. The gain can be calculated as described earlier, using Figs 38, 45 and 46. Common
practice is to use 1/2-λ spacing for the parallel broadside elements and 1/8-λ spacing for the end-
fire elements. This gives an estimated gain of about 10 dBd. Directive patterns for an array using these
spacings are similar to those of Figs 58 and 59, being somewhat sharper.

Although even approximate figures are not available, the SWR with this arrangement will be high.
Matching stubs are recommended for making the line nonresonant. Their position and length can be
determined as described in Chapter 26.

This system can be used on two bands related
in frequency by a 2-to-1 ratio, providing it is de-
signed for the higher of the two, with 3/4-λ spac-
ing between the parallel broadside elements and
1/4-λ spacing between the end-fire elements. On
the lower frequency it will then operate as a four-
element antenna of the type shown in Fig 57, with
3/8-λ broadside spacing and 1/8-λ end-fire spac-
ing. For two-band operation a resonant transmis-
sion line must be used.

OTHER DRIVEN SYSTEMS
Two other types of driven antennas are worthy

of mention, although their use by amateurs has been
rather limited. The Sterba array, shown at A in
Fig 61, is a broadside radiator consisting of both
collinear and parallel elements with 1/2-λ spacing
between the latter. Its distinctive feature is the
method of closing the ends of the system. For direct
current and low-frequency ac, the system forms a
closed loop, which is advantageous in that heating
currents can be sent through the  wires to melt the
ice that forms in cold climates. There is compara-
tively little radiation from the vertical connecting
wires at the ends because the currents are relatively
small and are flowing in opposite directions with
respect to the center (the voltage loops are marked
with dots in this drawing).

The system obviously can be extended as far
as desired. The approximate gain is the sum of
the gains of one set of collinear elements and one
set of broadside elements, counting the two 1/4-λ
sections at the ends as one element. The antenna
shown, for example, is about equivalent to one
set of four collinear elements and one set of two
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parallel broadside elements, so
the total gain is approximately
4.3 + 4.0 = 8.3 dBd. Horizontal
polarization is the only practi-
cable type at the lower fre-
quencies, and the lower set of
elements should be at least
1/ 2 λ above ground for best
results.

When fed at the point shown,
the impedance is of the order of
600 Ω. Alternatively, this point can
be closed and the system fed be-
tween any two elements, as at X.
In this case a point near the center
should be chosen so the power dis-
tribution among the elements will
be as uniform as possible. The im-
pedance at any such point will be
1 kΩ or less in systems with six or
more elements.

The Bruce array is shown at
B in Fig 61. It consists simply of
a single wire folded so that the
vertical sections carry large cur-
rents in phase while the horizon-
tal sections carry small currents
flowing in opposite directions
with respect to the center of that
section (indicated by the dots).
The radiation consequently is
vertically polarized. The gain is
proportional to the length of the
array but is somewhat smaller,
because of the short radiating el-
ements, than is obtainable from
a broadside array of 1/2-λ paral-
lel elements of the same overall
length. The array should be two
or more wavelengths long to
achieve a worthwhile gain. The
system can be fed at any current
loop; these occur at the centers
of the vertical wires.

Another form of the Bruce
array is shown at C. Because the
radiating elements have twice the
height, the gain is increased. The
system can be fed at the center
of any of the connecting lines.

Fig 60—Eight-element driven array combining collinear and parallel
elements for broadside and end-fire directivity.

Fig 61—The Sterba array (A) and two forms of the Bruce array (B and C).
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BOBTAIL CURTAIN
The antenna system of Fig 62 uses the principles of cophased verticals to produce a broadside,

bidirectional pattern providing approximately 5.8 dB of gain over a single element. The antenna per-
forms as three in-phase top-fed vertical radiators approximately 1/4 λ in height and spaced approxi-
mately 1/2 λ. It is most effective for low-angle signals and makes an excellent long-distance antenna for
either 3.5 or 7 MHz.

The three vertical sections are the actual radiating components, but only the center element is fed
directly. The two horizontal parts, A, act as phasing lines and contribute very little to the radiation
pattern. Because the current in the center element must be divided between the end sections, the current
distribution approaches a binomial 1:2:1 ratio. The radiation pattern is shown in Fig 63.

The vertical elements should be as vertical as possible. The height for the horizontal portion should
be slightly greater than B, as shown in Fig 62.
The tuning network is resonant at the operating
frequency. The L/C ratio should be fairly low to
provide good loading characteristics. As a start-
ing point, a maximum capacitor value of 75 to 150
pF is recommended, and the inductor value is de-
termined by C and the operating frequency. The
network is first tuned to resonance and then the
tap point is adjusted for the best match. A slight
readjustment of C may be necessary. A link coil
consisting of a few turns can also be used to feed
the antenna.

THE BI-SQUARE ANTENNA
A development of the lazy H, known as the

bi-square antenna, is shown in Fig 64. The gain
of the bi-square is somewhat less than that of the

Fig 64—The bi-square array.  It has the
appearance of a loop, but is not a true loop
because the conductor is open at the top.  The
length of each side, in feet, is 480/f (MHz).

Fig 63—Calculated horizontal directive diagram
of the antenna shown in Fig 62.  The array lies
along the 90 °-270° axis.

Fig 62—The bobtail curtain is an excellent low-
angle radiator having broadside bidirectional
characteristics. Current distribution is
represented by the arrows. Dimensions A and B
(in feet, for wire antennas) can be determined
from the equations.
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lazy H, but this array is attractive because it can be supported from a single pole. It has a circumference
of 2 λ at the operating frequency, and is horizontally polarized.

Although it resembles a loop antenna, the bi-square is not a true loop by strict definition because the
ends opposite the feed point are open.  However, identical construction techniques can be used for the two
antenna types.  Indeed, with a means of remotely closing the connection at the top for lower frequency
operation, the antenna can be operated on two harmonically related bands.  As an example, an array with 17
feet per side can be operated as a bi-square at 28 MHz and as a full-wave loop at 14 MHz.  (The polarization
will also be horizontal at 14 MHz).  For two-band operation in this manner, the side length should favor the
higher frequency, using the formula in the caption of Fig 64.  The length of a closed loop is not as critical.

The bi-square antenna consists of two 1-λ radiators, fed 180° out of phase at the bottom of the array.
The radiation resistance is 300 Ω, so it should be fed with open-wire line. The gain usually claimed is 4 dBd,
but in practice a gain of 3.5 dBd is probably more realistic because of the rather close spacing of the ele-
ments. The gain may be increased by adding a reflector or director.  Two bi-square arrays can be mounted at
right angles and switched to provide omnidirectional coverage.  In this way, the antenna wires may be used
as part of the guy system.

PHASING ARROWS IN ARRAY ELEMENTS
In the antenna diagrams of preceding sections, the relative direction of current flow in the various

antenna elements and connecting lines is shown by arrows. In laying out any antenna system it is
necessary to know that the phasing lines are properly connected; otherwise the antenna may have
entirely different characteristics than anticipated. The phasing may be checked either on the basis of
current direction or polarity of voltages. There are two rules to remember:

1) In every 1/2-λ section of wire, starting from an open end, the current directions reverse. In terms
of voltage, the polarity reverses at each 1/2-λ point, starting from an open end.

2) Currents in transmission lines always must flow in opposite directions in adjacent wires. In
terms of voltage, polarities always must be opposite.

Examples of the use of current direction and voltage polarity are given at A and B, respectively, in
Fig 65. The 1/2-λ points in the system are marked by small circles. When current in one section flows toward
a circle, the current in the next section must also flow toward it, and vice versa. In the four-element antenna
shown at A, the current in the upper right-hand element cannot flow toward the transmission line, because
then the current in the right-hand section of the phasing line would have to flow upward and thus would be
flowing in the same direction as the current in the
left-hand wire. The phasing line would simply act
like two wires in parallel in such a case.  Of course
all arrows in the drawing could be reversed, and the
net effect would be unchanged.

C shows the effect of transposing the phasing
line. This transposition reverses the direction of
current flow in the lower pair of elements, as com-
pared with A, and thus changes the array from a
combination collinear and end-fire arrangement
into a collinear-broadside array.

The drawing at D shows what happens when
the transmission line is connected at the center of
a section of phasing line. Viewed from the main
transmission line, the two parts of the phasing line
are simply in parallel, so the half wavelength is
measured from the antenna element along the up-
per section of phasing line and thence along the
tranmission line. The distance from the lower ele-

Fig 65—Methods of checking the phase of
currents in elements and phasing lines.
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ments is measured in the same way. Obviously the two sections of phasing line should be the same
length. If they are not, the current distribution becomes quite complicated; the element currents are
neither in phase nor 180° out of phase, and the elements at opposite ends of the lines do not receive the
same power. To change the element current phasing at D into the phasing at A, simply transpose the
wires in one section of the phasing line; this reverses the direction of current flow in the antenna
elements connected to that section of phasing line.
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A ntennas that provide a good impedance match over a wide frequency range have been a
topic of interest to hams for many years. The advantages of a broadband antenna are obvi-
ous—fewer adjustments during tune-up. For some of the new broadband transceivers and

amplifiers, a broadband antenna means no tune-up at all; after setting the band and frequency,
one is “in business.”

Bandwidth Factor
The traditional measure of antenna bandwidth in terms of impedance is the standing wave ratio or

SWR in the feed line.  Most modern amateur equipment is designed to work into a 52-Ω load with an
SWR of better than 2:1. Therefore, the frequency range within which the SWR in 52-Ω line is less than
2:1 is often used for antenna bandwidth comparisons.  However, any SWR range and any line imped-
ance may be used for comparison, as long as they are clearly specified and are used consistently for the
antennas being compared.

In making bandwidth comparisons with SWR, the operating frequency must also be taken into
account, for a specified frequency bandwidth range in one amateur band will not apply if the antenna is
scaled to another band.  For instance, if a dipole antenna has a 2:1-SWR bandwidth of 500 kHz when
cut for 14 MHz, it will not have a 500-kHz bandwidth when scaled for 3.5 MHz.

Expressing the 2:1-SWR bandwidth as a percentage is convenient, using the following relation-
ship.

SWR bandwidth
f2 f1

f 100%
C

= − ×   (Eq 1)

where
f1 is the lower frequency, above which the SWR is less than the specified limit
f2 is the upper frequency, below which the SWR is less than the specified limit
fc is the center frequency, determined from

f f1 f2c = ×               (Eq 2)

For example, the solid-line curve of Fig 1 shows the SWR versus frequency plot for a theoretical
3.75-MHz single-wire dipole in free space, fed with a 52-Ω line. The 2:1-SWR frequencies are 3.665
and 3.825 MHz. The 2:1-SWR bandwidth of this antenna is

Bandwidth factor
3.825 3.665
3.825 3.665

100 4.3%= − =
×

×

The bandwidth factor calculated in this way can be used if the antenna is scaled to another band
and the same impedance feeder is used.  If this 3.75-MHz dipole is scaled to operate at 14.2 MHz, the
2:1-SWR frequency range in that band should be 14.2 × 4.3% = 0.611 MHz or 611 kHz.

It is important to note that the bandwidth percentage factor will not be the same if a different type
of feeder is used. The broken-line curve of Fig 1 shows the SWR response of the very same antenna,
but with a 75-Ω feeder. The reason for the different SWR response is that, while the antenna
impedance is unchanged for each individual frequency, the degree of mismatch does change with an-

Chapter 9
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other feeder impedance. In this case, the 2:1-SWR
bandwidth factor becomes 5.5%.

The curves of Fig 1 and the information in
the preceding paragraphs should not be interpreted
to mean that 75-Ω line will necessarily provide a
better match or broader SWR bandwidth with
a dipole than 52-Ω line.  A dipole near the earth
will not have the same impedance as one in free
space, and the curves indicate only that the free
space impedance is nearer 75 Ω than 52 Ω.  The
only conclusion that should be drawn from this
presentation is that the SWR bandwidth of an an-
tenna is dependent upon the type of feeder em-
ployed.  Thus, comparison of bandwidths with
different feed lines can be misleading.

Antenna Q
Another measure of antenna bandwidth is its

Q.  The method of determining antenna Q is dis-
cussed in Chapter 2.  Briefly, however, the method requires knowing the values of antenna resistance
and reactance at a known frequency percentage away from resonance.  The Q of the dipole in the above
example is approximately 13.

Antenna Q is independent of the feeder impedance and the band of operation.  However, determining
the Q of an antenna is somewhat nebulous, as the radiation resistance changes with frequency (but at a
slower rate than the reactance changes).  Calculating the Q from measurements at a frequency, say, 2%
above resonance will generally not produce the same value as from a frequency 2% below resonance.

 Another more serious difficulty arises in determining the Q of antenna systems which include
some broadbanding schemes, such as those with resonating stubs or lumped LC constants at the an-
tenna feed point.  When such matching networks are used, the antenna may be resonant at more than
one frequency within an amateur band. (Resonance is defined as the frequency or frequencies where
the reactance at the feed point goes through zero.)   With resonance ambiguities, departure from reso-
nance by a specific frequency percentage becomes meaningless.

THE CAGE DIPOLE
The bandwidth of a single-wire dipole may be increased by using a thick radiator, one with a large

diameter.  The radiator does not necessarily have to be solid; open construction such as shown in Fig 2
may be used.

Fig 2—Construction of a cage dipole, which has some resemblance to a round birdcage.
The spreaders need not be of conductive material, and should be lightweight.  Between adjacent
conductors, the spacing should be 0.02 λ or less.  The number of spreaders and their spacing should
be sufficient to maintain a relatively constant separation of the radiator wires.

Fig 1—The SWR versus frequency plots for a
hypothetical 3.75-MHz single-wire dipole in free
space for 52 and 75 -Ω feed lines. The 2:1-SWR
bandwidth is 4.3% with a 52 -Ω feeder and 5.5%
with a 75 -Ω feede r.  These bandwidths will change
as the antenna is brought near the earth.
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Fig 3—Theoretical SWR versus frequency
response for a cage dipole of length 122 feet
6 inches and a spreader diameter of 6 inches,
fed with 52- Ω line.  The 2:1-SWR bandwidth
frequencies are 3.610 and 3.897 MHz, with a
resulting bandwidth factor of 7.7%.

The theoretical SWR response of a cage dipole having a 6-inch diameter is shown in Fig 3.
The bandwidth factor of this antenna with 52-Ω line is 7.7%, and the Q is approximately 8.  Its
2:1-SWR frequency range is 1.79 times broader than the antenna of Fig 1.

There are also other means of obtaining a thick radiator, thereby gaining greater bandwidth.  The bow-
tie and fan dipole make use of the same Q-lowering principle as the cage to obtain increased bandwidth.

Efficiency Factor
The bandwidth factor as calculated in the pre-

ceding section does not include any indication of
radiation efficiency.  The efficiency factor is an-
other very important consideration when it comes
to broadbanded antenna systems.  Unfortunately,
most broadbanding schemes involve some loss of
radiation efficiency.

Typically with broadbanding schemes, the effi-
ciency falls off at the band edges as the SWR increases.
Losses occur not only in the matching-system compo-
nents, but also the losses increase in the transmission
line as the SWR rises.  These losses can amount to sev-
eral dB.  So in addition to the SWR versus frequency
response, attention should be given to the efficiency
versus frequency characteristic of any broadbanded
antenna.  Trade-offs must generally be made between
SWR bandwidth and efficiency at the band edges.

QST for October 1986 contains an article by
Frank Witt, AI1H, disclosing the results of com-
puterized calculations of dipole bandwidth versus
efficiency for various broadbanding schemes.  (See
the bibliography at the end of this chapter.)  Infor-
mation in this section is based on that article.

When the SWR at the antenna end of the trans-
mission line is less than 2:1, the transmission-line
losses are virtually the same as those from the length
of a matched line. Thus, for the part of the band over
which the SWR is less than 2:1, one need consider
only losses in the matching network when comput-
ing efficiency.

Efficiency is related to resistive or ohmic losses
in the matching network. The lower the losses, the
higher the efficiency. However, ohmic losses in the
matching network will broaden the response of a di-
pole system beyond that possible with a lossless or
ideal matching network. Users must decide whether
they are willing to accept the lower efficiency in trade
for the increased bandwidth.

An extreme degree of bandwidth broadening
is illustrated in Fig 4. The broadening is accom-
plished by adding resistive losses. One may resort
to network theory and derive the RLC (resistor,
inductor, capacitor) matching network shown. The

Fig 4—Matching the dipole with a complementary
RLC network greatly improves the SWR
characteristics, nearly 1:1 across the 3.5-MHz
band. Howeve r, the relative loss at the band
edges is greater than 5 dB.
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network provides the complement of the antenna impedance. Note that the SWR is virtually 1:1 over
the entire band, but the efficiency falls off dramatically away from resonance.

The efficiency loss may be converted to decibels from:

 dB loss 10 log
Efficiency

100( ) = −  (Eq 3)

From this, the band-edge efficiency of 25 or 30% shown in Fig 4 means that the antenna has about 5 dB
of loss relative to an ideal dipole. Also note that at the band edges, 70 to 75% of the power delivered down
the transmission line from the transmitter is heating up the matching-network resistor. For a 1-kW output

level, the resistor must have a power rating of at least
750 W!  Use of an RLC complementary network for
broadbanding is not recommended, but it does illus-
trate how resistance (or losses) in the matching net-
work can significantly increase the apparent antenna
SWR bandwidth.

Resonators as Matching Networks
The most practical broadbanding network for

a dipole is the parallel LC tuned circuit connected
directly across the antenna terminals. This circuit
may be constructed either with lumped constants,
by placing a coil in parallel with a capacitor at the
feed point, or by using one or more coaxial reso-
nator stubs at the feed point.

THE DOUBLE BAZOOKA
The response of the somewhat controversial

double bazooka antenna is shown in Fig 5. This an-
tenna actually consists of a dipole with two quarter-
wave coaxial resonator stubs connected in series.

Not much bandwidth enhancement is provided
by this resonator connection because the imped-
ance of the matching network is too high. With a
72-Ω feeder, this antenna offers a 2:1-SWR band-
width frequency range that is only 1.14 times that
of a simple dipole with the same feeder.

THE CROSSED DOUBLE BAZOOKA
A modified version of the double-bazooka an-

tenna is shown in Fig 6. In this case, the imped-
ance of the matching network is reduced to one-
fourth of the impedance of the standard double-
bazooka network. The lower impedance provides
more reactance correction, and hence increases the
bandwidth frequency range noticeably, to 1.55
times that of a simple dipole. Notice, however, that
the efficiency of the antenna drops to about 80%
at the 2:1-SWR points. This amounts to a loss of
approximately 1 dB.  The broadbanding, in part, is
caused by the resistive losses in the coaxial resonator
stubs, which have a remarkably low Q (only 20).

Fig 6—The crossed double bazooka yields band-
width improvement by using two quarter-wave
resonators, parallel connected, as a matching
network.

Fig 5—The double bazooka, sometimes called a
coaxial dipole. The antenna is self-resonant at
3.75 MHz.  The resonator stubs are 43.23-foot
lengths of RG-58A coax.
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The Q of Coaxial Resonators
The Q that can be acquired when resonators

are made from coaxial cable is a parameter of in-
terest. Table 1 summarizes the resonator Q that
can be obtained from different types of coax at
1.9 and 3.75 MHz. If the cable loss is known, the
Q of the resonator may be determined from

Q
278 f

A VF
C= ×                                                 (Eq 4)

where
fc = dipole resonant frequency, MHz
A = line attenuation per 100 feet, dB
VF = velocity factor of line

For example, RG-8 foam coax has a velocity
factor of 80% and an attenuation of 0.3 dB at
3.75 MHz.  The Q is calculated as

Q
2.78 3.75

0.3 80 43.4= =×
×

 CHEBYSHEV MATCHING
It is possible to widen the bandwidth further by

again resorting to network theory. However, in con-
trast to matching with a complementary network
(Fig 4), no resistors are used. The matching network
parameters are chosen to yield a Chebyshev (often
called equi-ripple) approximation. The simplest way
to make use of this theory for broadbanding the di-
pole is to deliberately mismatch the dipole at the
center of the band by adding a transformer to the
matching network. This transformer must provide a
voltage step-up between the transmission line and
the antenna. The result is a W-shaped SWR charac-
teristic. Low SWR is sacrificed at the band center to
obtain greater bandwidth.

A broadband dipole using a Chebyshev
matching network with a step-up transformer is
shown in Fig 7. The transformer can also serve as
a balun. The SWR is better than 1.8:1 over the entire 3.5-MHz band—not bad for about 43 feet of RG-
58 coax and a slightly modified balun.

Can this be true?  Are we getting something for nothing?  Not really. Notice that the efficiency in
Fig 7 falls to only 45% and 52% at the 3.5-MHz band edges. Only half of the available power is
radiated. This low efficiency is directly attributable to the low Q of the coaxial resonator.

LC MATCHING NETWORK
Efficiency can be improved by using lower-loss coax or by using a matching network made up of

a high-Q inductor-capacitor parallel-tuned circuit.  The SWR response and efficiency offered by a
network of lumped constants is shown in Fig 8.  The 2:1-SWR bandwidth with 52-Ω line is 460 kHz,
not quite great as that provided by the coaxial resonator in Fig 7.  The LC network uses deliberate
mismatching at band center, resulting in the W-shaped SWR characteristic.  The network also functions

Table 1
Resonator Q for Various Types of Coaxial Cable
Cable Type            Resonator Q

3.75 MHz       1.9 MHz
RG-174   6.5             4.5
RG-58A 20.0           15.1
RG-141 22.5           16.1
RG-8 41.0           30.6
1/2-in. Hardline 75.5           53.9
3/4-in. Hardline               109.1           77.1

Fig 7—Chebyshev matching provides greater
broadbanding by trading midband matching
for increased bandwidth. The feed arrangement
is 52-Ω line and a 1.91:1 step-up transformer
balun.  Different lengths of RG-58A resonator
stubs are used, one of 30.75 feet and one of
12.49 feet.  Note that the longer stub is left open
at the outer end.  (Design by Frank Witt , AI1H)
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as a balun.  The capacitor is connected across the entire coil in order to obtain practical element values.
The efficiency at the band edges for the antenna system shown in Fig 8 is 90%, compared to 45%

and 52% for that of Fig 7. However, the increase in efficiency is obtained at the expense of bandwidth,
as noted above.  Unfortunately, the very low im-
pedance required cannot be easily realized with
practical inductor-capacitor values. It is for this
reason that a form of impedance transformation is
used.

A practical circuit for the LC matching net-
work is shown in Fig 9, and Fig 10 shows a method
of construction. The taps on L1 serve to reduce the
impedance of the matching network, while still per-
mitting the use of practical element values.  L1 is
resonated at midband with C1.

The selection of a capacitor for this applica-
tion must be made carefully, especially if high
power is to be used. For the capacitor described in
the caption of Fig 9, the allowable peak power
(limited by the breakdown voltage) is 2450 W.
However, the allowable average power (limited by
the RF current rating) is only 88 W!  These limits
apply at the 1.75:1 SWR points.

Another Version

With slight alteration, the antenna system of
Fig 8 can provide the performance indicated in Fig
11.  Dubbed the 80-meter DXer’s delight, this an-
tenna has SWR minima near 3.5 and 3.8 MHz.  A
single antenna permits operation with a near-per-
fect match in the DX portions of the band, both
CW and phone.

The modifications involve resonating the an-
tenna and the LC network at a lower frequency,

Fig 11—The 80-meter DXe r ’s delight permits
operation with a near-perfect match in the DX
portions of the band, both CW and phone.  See
text for alterations required from the antenna
system of Figs 8 and 9.

Fig 9—A practical LC
matching network which
provides reactance
compensation, impedance
transformation and balun
action.
C1—400 pF transmitting

mica rated at 3000 V,
4 A (RF).

L1—4.5 µH, 81/2 turns of
B&W coil stock, type
3029 (6 turns per in,
21/2-inch dia, #12 wire).
The primary and secon-
dary portions of the coil
have 1 3/4 and 3 turns,
respectivel y.

Fig 10—A method of
constructing th e AI1H
LC matching network.
See Figs 8 and 9.
Components must be
chosen for a high Q and
must have adequate
voltage and current
ratings. The network is
designed for use at the
antenna feed point, and
should be housed in a
weatherproof package.

Fig 8—Efficient broadbanding with an LC
matching network.  The feeder is 52 -Ω coax, and
the matching network provides a step-up ratio of
2.8:1.  See Fig 9 for details of the matching
network .  (Design by Frank Witt , AI1H)
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3.67 MHz instead of 3.75.  This requires 4.7 µH
of inductance, rather than 4.5.  In addition, the
impedance step-up ratio is altered from 2.8:1 to 2:1.
This is accomplished by setting the dipole taps on
L1 for 21/2 turns, rather than 3.

Bandwidth Versus Efficiency Trade-Off
As is apparent in the preceding section, there

is clearly a trade-off between bandwidth enhance-
ment and efficiency. This is true because the
broadbanding results from two causes: reactance
compensation and resistive loading. Pure reactance
compensation would be achieved with resonators
having infinite Q. The resistive loading caused by
nonideal resonators further increases the band-
width, but the price paid is that some of the out-
put power heats up the resonator, leading to a loss
in efficiency.

The best one can do with 100% efficiency is
to double the bandwidth. Larger improvements are accompanied by efficiency loss. For example, a
tripling of the bandwidth would be obtained with an efficiency of only 38% at the 2:1 SWR points.

THE SNYDER ANTENNA
A commercially manufactured antenna utilizing the principles described in the preceding section is

the Snyder dipole.  Patented by Richard D. Snyder in late 1984 (see Bibliography), it immediately
received much public attention through articles that Snyder published.  Snyder’s claimed performance
for the antenna is a 2:1 SWR bandwidth of 20% with high efficiency.

The configuration of the Snyder antenna is like that of Fig 6, with 25-Ω line used for the resona-
tors.  The antenna is fed with 52-Ω line through a 2:1 balun, and exhibits a W-shaped SWR character-
istic like that of Fig 7. The SWR at band center, based on information in the patent document, is 1.7 to
1. There is some controversy in professional circles regarding the claims for the Snyder antenna.

STAGGER TUNED DIPOLES
A single-wire dipole exhibits a relatively narrow bandwidth in terms of coverage for the

3.5-MHz band.  A technique that has been used for years to cover the entire band is to have two dipoles,
one cut for the CW portion and one for the phone portion.  Of course separate antennas with separate
feed lines may be used, but it is more convenient to connect the dipoles in parallel at the feed point and
use a single feeder.  This technique is known as stagger tuning.

Fig 12 shows the theoretical SWR response of a pair of stagger tuned dipoles fed with 52-Ω line.
No mutual coupling between the wires is assumed, a condition that would exist if the two antennas
were at right angles to one another.  As Fig 12 shows, the SWR response is less than 1.9 to 1 across the
entire band.

A difficulty with crossed dipoles is that four supports are required if the antennas are to be horizon-
tal.  A more common arrangement is to use inverted-V dipoles with just one support, at the apex of each
element.  The radiator wires can also act as guy lines for the supporting mast.

When the dipoles are crossed at something other than a right angle, mutual coupling between them
comes into play.  This causes interaction between the two elements—tuning of one by length adjust-
ment will affect the tuning of the other.  The interaction becomes most critical when the two dipoles are
run parallel to each other, suspended by the same supports, and the wires are close together.  Finding
the optimum length for each dipole for total band coverage can become a tedious and frustrating
process.

Fig 12—Theoretical SWR response of two
stagger tuned dipoles.  They are connected in
parallel at the feed point and fed with 52 -Ω line.
The dipoles are of wire such as #12 or #14, with
total lengths of 119 and 132 feet.
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Fig 14—SWR curves for dipoles.  Curv e A, the
theoretical curve with 50- Ω stubs and a λ/4, 75-Ω
matching transforme r.  Curve B, measured
response of the same antenna, built with RG-58
stubs and an RG-59 transforme r. Curve C,
measurements from a dipole without broad-
banding.  Measurements were made at W2CQH
with the dipole horizontal at 30 feet.

Fig 15—Adjust the stub length by coupling a dip
meter to a loop at one end of the coax, and trim the
other end until a sharp dip is observed at 3.75 MHz.

A Simple, Broadband 3.5-MHz Dipol e Antenna
The following has been condensed from an article by Reed E. Fisher, W2CQH, that appeared in The

ARRL Antenna Compendium, Volume 2.  This antenna is shown in Fig 6, and Fig 13 shows construction
details.  Note that the half-wave flat-top is con-
structed of sections of RG-58 or RG-59 coaxial
cable.  These sections of coaxial cable serve as quar-
ter-wave shunt stubs which are essentially connected
in parallel at the feed point.  (Even though the cen-
ter conductors and shields of the stubs connect to
opposite feed-point terminals, the connection can
be described as parallel.)  At an electrical quarter
wavelength (43 feet—inside the coax) from each side
of the feed point X-Y, the center conductor is shorted
to the braid of the coaxial cable.

The parallel stubs provide reactance compen-
sation.  Stated briefly, this scheme provides a com-
pensating reactance of opposite sign which tends to
cancel the off-resonance antenna reactance.  For ex-
ample, at the band center of 3.75 MHz the antenna/
stub combination of Fig 13 looks like a pure resis-
tance of approximately 73 Ω.  At the band edges of
3.5 and 4.0 MHz, the reactance provided by the par-
allel stubs will again make the combination look like
a pure resistance which now has been transformed
to approximately 190 Ω.  Suppose the reference re-
sistance (at feed point X-Y) is changed to the geo-
metric mean value of the band center and band edge
resistances which is 73 190×  = 118 Ω.  Then the
antenna will exhibit an SWR of 118/73 = 1.61 at 3.75
MHz, and 190/118 = 1.61 at both 3.5 and 4.0 MHz.
In order to achieve this three-frequency compensa-
tion, the X-Y feed-point resistance must be near 118
Ω, not 50 Ω.  In Fig 13, the quarter-wave transformer,
constructed of the 50-foot section of 75-Ω coaxial
cable (RG-59) which feeds the balun, provides the
required resistance transformation.  Such a broad-
band antenna is never perfectly matched, but the SWR
is always less than 2.  See Fig 14.

The antenna at W2CQH is straight and nearly
horizontal with an average height of about 30 feet.
The antenna feed point rests over the center of a
one-story ranch house.

Adjustment
First, the stubs must be a quarter wave long

at the band center of 3.75 MHz.  Good-quality
RG-58 or RG-59, with a velocity factor of 0.66,
should be cut a bit longer than the expected 43
feet.  Remember, cheap coax or foam coax may
have a different velocity factor.  Fig 15 illustrates

Fig 13—Details of the broadband 3.5-MHz dipole.
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how the stubs may be resonated by inserting the coil of a dip meter into a small single-turn loop at the
shorted end of the stub.  Cut the stub until a sharp dip is obtained at 3.75 MHz.

Next, the balun/quarter-wave transformer combination should be checked. Connect a
120-Ω, 2-W carbon (noninductive) resistor to the 1:1 balun output terminals.  Connect one end of a
55-foot section of RG-59 coax to the balun input.  Connect the other end to a sensitive SWR indicator,
then drive the indicator with less than 2 W of transmitter power at 3.75 MHz. Prune the cable length
until the lowest SWR is obtained. The shunt (magnetizing) inductance of some commercial 1:1 baluns
requires that the cable length be longer than a quarter wavelength (43 feet) for an input match to be
obtained. The shunt inductance will also raise the transformed resistance to about 120 Ω instead of the
752/50 = 113 Ω which would be obtained from the quarter-wave cable alone.  This is a desirable condi-
tion. The W2AU balun is satisfactory and requires a cable length of about 50 feet.

Adjust the center frequency of the antenna flat-top to 3.75 MHz without stubs and quarter-wave
transformer.  To do this, first disconnect the center conductors of the stubs from feed points X-Y in
Fig 13.  Leave the coax braids attached.  Then connect a length of 50-Ω coax from balun to transmitter
and raise the antenna to its final height.  Find the frequency where the SWR is lowest, then adjust the
outer ends of the antenna (beyond the shorted stub section) until lowest SWR is obtained at 3.75 MHz.
At W2CQH the total flat-top length is 122 feet—or 3 feet short of the textbook 468/f value of 125 feet.

Finally, connect the antenna system as shown in Fig 13.  An SWR curve similar to curve A in
Fig 14 should be observed.

LOWER Q VERSION
The antenna shown in Fig 13 was erected by Gil Gray, KE6HU, as an inverted-V dipole with the 110°

apex at 60 feet and the center over a one-story ranch house.  The results were disappointing.  Curve A of
Fig 16 shows that although the flat frequency response remains, the SWR seldom falls below 2.  Measure-
ments made on the dipole alone, fed with 50-Ω coax and stubs disconnected, showed that the SWR reached
1 at 3.75 MHz.  This indicated that 50 Ω (not 73 Ω) was the resonant resistance.

The simplest method of lowering the SWR to 1.5 at band center is to drive this 50-Ω antenna with
a 75-Ω (not 118-Ω) source.  This was done by building a 1.5:1 matching transformer consisting of a
19-foot section of RG-59 coax shunted by a 220-pF transmitting mica capacitor at the antenna.  See
Fig 17.  A simple balun was built by coiling the coax into a 6-inch diameter, 12-turn roll.  The antenna
shown in Fig 13 was driven with the 1.5:1 transformer; curve B of Fig 16 shows the SWR results.

Fig 16—SWR curves for antennas at KE6HU.
Curv e A, the antenna shown in Fig 13 ; curve B,
an antenna with two 50- Ω stubs and a 1.5:1 RG-59
transformer (see Fig 17).  Curve C, an antenna
with four 50 -Ω stubs (see Fig 18 ) and a 1.5:1
RG-59 transforme r. Curve D, an antenna with
four 50 -Ω stubs and a direct 50 -Ω feed.

Fig 17—Details of a 1.5:1 transformer and balun for
3.5 MHz.
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Fig 19—Computed values of additional loss
using two stubs and a λ/4 matching transforme r.
At A, RG-58 stubs and RG-59 transformer; at B,
RG-59 stubs and RG-59 transformer; at C, RG-8
stubs and RG- 11 transforme r.

Note that the band-center SWR is now 1.5 as expected, but the band-edge SWR exceeds 2.  This
high band-edge SWR results from the rise in antenna Q as the radiation resistance is lowered.  This
condition can be improved by constructing the antenna with four legs (stubs) as shown in Fig 18.  Bill
Mumford, W2CU, used such a four-stub antenna for several years, in the same inverted-V dipole con-
figuration, with broadband performance.  The antenna of Fig 18 was built of sections of RG-58 coax
with four cross-connected stubs.  The legs were hung as double catenaries with about a 4-foot spacing
between the catenary centers.

When this lower Q four-stub antenna was driven with the 1.5:1 transformer/balun, the response of
curve C, Fig 16, was obtained. This antenna, though bulky, easily meets the SWR criterion. When the
same four-stub antenna is driven directly with 50-Ω coax and a 1:1 balun (no transformer), the results
are as shown in Fig 16, curve D.  This is the configuration at W2CU, which also satisfies the SWR
requirement.  Thus, it appears that for inverted-V or other “bent” configurations, the four-stub antenna
is required for acceptable SWR.

Additional Topics
The shunt stubs and quarter-wave matching section introduce some additional loss into this an-

tenna system which is plotted in Fig 19.  Note that a minimum loss of about 1 dB is achieved at 3750
kHz where the shunt stubs are in resonance.  Curve C of Fig 19 shows that reduced loss results if the
shunt stubs (flat-top) are constructed of RG-8 or RG-213 and the quarter-wave matching section is
made of RG-11.

Both the W2CQH and KE6HU versions of this antenna seem to withstand 1 kW PEP in SSB operation
with no ill effects.  At 1 kW, approximately 300 V RMS exists across the antenna and shunt stubs, well
within the voltage rating of solid polyethylene dielectric RG-58.  At this power the current flowing in the
center conductor of the quarter-wave transformer and the center conductor of the shunt stubs (near the short
circuits) is nearly 6 A, so some heating occurs in these regions.  If doubt exists about the power-handling
capability, build the flat-top from RG-213 and the transformer from RG-11 coaxial cable.

Fig 18—Details of the four-stub antenna.
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The Coaxial Resonator Match
and the Broadband Dipole
This material has been condensed from an ar-

ticle by Frank Witt, AI1H, that appeared in April
1989 QST. A full technical description appears in
The ARRL Antenna Compendium, Volume 2.

Fig 20 shows the detailed dimensions of the 3.5-
MHz coaxial resonator match broadband dipole.
Notice that the coax is an electrical quarter wave-
length, has a short at one end, an open at the other
end, a strategically placed crossover, and is fed at a
T junction.  (The crossover is made by connecting
the shield of one coax segment to the center conduc-
tor of the adjacent segment and by connecting the
remaining center conductor and shield in a similar
way.) At AI1H, the antenna is constructed as an in-
verted-V dipole with a 110°included angle and an
apex at 60 feet. The measured SWR versus frequency
is shown in Fig 21. Also in Fig 21 is theSWR char-
acteristic for an uncompensated inverted-V dipole
made from the same materials and positioned ex-
actly as was the broadband version.

The antenna is made from RG-8 coaxial cable
and #14 AWG wire, and is fed with 50-Ω coax.  The
coax should be cut so that the stub lengths of Fig 20
are within 1/2 inch of the specified values.  PVC plas-
tic pipe couplings and SO-239 UHF chassis connec-
tors can be used to make the T and crossover con-
nections, as shown in Fig 22 at A and B. Alterna-
tively, a standard UHF T connector and coupler can
be used for the T, and the crossover may be a sol-
dered connection (Fig 22C). Witt used RG-8 because
of its ready availability, physical strength, power
handling capability, and moderate loss.

Cut the wire ends of the dipole about three
feet longer than the lengths given in Fig 20.  If
there is a tilt in the SWR-frequency curve when
the antenna is first built, it may be “flattened” to
look like the shape given in Fig 21 by increasing
or decreasing the wire length.  Each end should
be lengthened or shortened by the same amount.

A word of caution: If the coaxial cable cho-
sen is not RG-8 or equivalent, the dimensions will
have to be modified. The following cable types
have about the same characteristic impedance, loss
and velocity factor as RG-8 and could be substi-
tuted: RG-8A, RG-10, RG-10A, RG-213 and RG-
215. If the Q of the dipole is particularly high or
the radiation resistance is unusually low because
of different ground characteristics, antenna height,

Fig 22—T and crossover construction.  At A, a
2-inch PVC pipe coupling can be used for the T, and
at B, a 1-inch coupling for the crossover.  These
sizes are the nominal inside diameters of the PVC
pipe which is normally used with the couplings.
The T could be made from standard UHF hardware
(an M-358 T and a PL-258 coupler).  An alternative
construction for the crossover is shown at C,
where a direct solder connection is made.

Fig 21—The measured performance of the antenna of
Fig 20, curve A.  Also shown for comparison is the SWR
of the same dipole without compensation, curve B.

Fig 20—Coaxial resonator match broadband dipole
for 3.5 MHz.  The coax segment lengths total to one
quarter-wavelength.  The overall length is the same
as that of a conventional inverted-V dipole.
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surrounding objects and so on, then different seg-
ment lengths will be required.  In fact, if the di-
pole Q is too high, broadbanding is possible, but
an SWR under 2:1 over the whole band cannot be
achieved.

What is the performance of this broadband an-
tenna relative to that of a conventional inverted-
V dipole?  Aside from the slight loss (about 1 dB
at band edges, less elsewhere) because of the
nonideal matching network, the broadband version
will behave essentially the same as a dipole cut
for the frequency of interest.  That is, the radia-
tion patterns for the two cases will be virtually
the same.  In reality, the dipole itself is not “broad-
band,” but the coaxial resonator match provides a
broadband match between the transmission line
and the dipole antenna.  This match is a remark-
ably simple way to broaden the SWR response of
a dipole.

THE COAXIAL RESONATOR MATCH
The coaxial resonator match performs the same

function as the T match and the gamma match, that
is, matching a transmission line to a resonant dipole.
These familiar matching devices as well as the co-
axial resonator match are shown in Fig 23.  The co-
axial resonator match has some similarity to the
gamma match in that it allows connection of the
shield of the coaxial feed line to the center of the
dipole, and it feeds the dipole off center.  The co-
axial resonator match has a further advantage: It can
be used to broadband the antenna system while it is
providing an impedance match.

The coaxial resonator match is a resonant trans-
former made from a quarter-wave long piece of co-
axial cable.  It is based on a technique used at VHF
and UHF to realize a low-loss impedance transfor-
mation.

THE COAXIAL RESONATOR MATCH
BROADBAND DIPOLE

Fig 24 shows the evolution of the broadband
dipole.  Now it becomes clear why coaxial cable
is used for the quarter-wave resonator/transformer;
interaction between the dipole and the matching
network is minimized. The effective dipole feed
point is located at the crossover.  In effect, the
match is physically located “inside” the dipole.
Currents flowing on the inside of the shield of the
coax are associated with the resonator; currents
flowing on the outside of the shield of the coax

Fig 23—Dipole matching methods.  At A, the T
match; at B, the gamma match; at C, the coaxial
resonator match.

Fig 24—Evolution of the coaxial-resonator-match
broadband dipole.  At A, the resonant transformer
is used to match the feed line to the off-center-fed
dipole.  The match and dipole are made collinear
at B.  At C, the balanced transmission-line
resonator/transformer of A and B is replaced by a
coaxial version.  Because the shield of the coax
can serve as a part of the dipole radiator, the wire
adjacent to the coax match may be eliminated, D.
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Fig 26—Dimensions for the 3.5-MHz DX Special,
an antenna optimized for the phone and CW DX
portions of the 3.5-MHz band.

Fig 25—Measured SWR performance of the
3.5-MHz DX Special, curv e A.  Note the sub-
stantial broadbanding relative to a conventional
uncompensated dipole, curve B.

are the usual dipole currents. Skin effect provides a degree of isolation and allows the coax to perform
its dual function.  The wire extensions at each end make up the remainder of the dipole, making the
overall length equal to one half-wavelength.

A useful feature of an antenna using the coaxial resonator match is that the entire antenna is at the
same dc potential as the feed-line potential, thereby avoiding charge buildup on the antenna. Hence,
noise and the potential of lightning damage are reduced.

A Model for DXers
The design of Fig 20 may be modified to yield a “3.5-MHz DX Special.”  In this case the band

extends from 3.5 MHz to 3.85 MHz.  Over that band the SWR is better than 1.6:1 and the matching
network loss is less than 0.75 dB. See Fig 25 for measured performance of a 3.5-MHz DX Special built
and used by Ed Parsons, K1TR.  Design dimensions for the DX Special are given in Fig 26.
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Alog periodic antenna is a system of driven elements, designed to be operated over a wide range of
frequencies.  Its advantage is that it exhibits essentially constant characteristics over the frequency
range—the same radiation resistance (and therefore the same SWR), and the same pattern character-

istics (approximately the same gain and the same front-to-back ratio).  Not all elements in the system are
active on a single frequency of operation; the design of the array is such that the active region shifts among
the elements with changes in operating frequency.  R. H. DuHamel and D. E. Isbell published the first
information on log periodic arrays in professional literature in the late 1950s.  The first log-periodic antenna
article to be published in amateur literature appeared in November 1959 QST, and was written by Carl T.
Milner, W1FVY. (See the Bibliography at the end of this chapter.)

Several varieties of log periodic antenna systems exist, such as the zig-zag, planar, trapezoidal,
slot, V, and the dipole.  The type favored by amateurs is the log-periodic dipole array, often abbreviated
LPDA. The LPDA, shown in Fig 1, was invented by D. E. Isbell at the University of Illinois in 1958.
Similar to a Yagi antenna in construction and appearance, a log-periodic dipole array may be built as a
rotatable system for all the upper HF bands, such as 18 to 30 MHz.  The longest element, at the rear of
the array, is a half wavelength at the lower design frequency.

Depending on its design parameters, the LPDA can be operated over a range of frequencies having a
ratio of 2:1 or higher.  Over this range its electrical characteristics—gain, feed-point impedance, front-to-
back ratio, and so forth—remain more or less constant. This is not true of any other type of antenna dis-
cussed in this book.  With a Yagi or quad antenna,
for example, either the gain factor or the front-to-
back ratio, or both, deteriorate rapidly as the fre-
quency of operation departs from the optimum de-
sign frequency of the array.  And because those an-
tennas are based on resonant elements, off-reso-
nance operation introduces reactance which causes
the SWR in the feeder system to increase.  Even
terminated antennas such as a rhombic exhibit sig-
nificant changes in gain over a 2:1 frequency ratio.

As may be seen in Fig 1, the log periodic ar-
ray consists of several dipole elements which are
each of different lengths and different relative
spacings. A distributive type of feeder system is
used to excite the individual elements. The ele-
ment lengths and relative spacings, beginning
from the feed point for the array, are seen to in-
crease smoothly in dimension, being greater for
each element than for the previous element in the

Chapter 10

Log Periodi c Arrays

Fig 1—A log periodic dipole arra y.  All elements
are driven, as shown.  The forward direction of
the array as drawn here is to the right.
Sometimes the elements are sloped forward,
and sometimes parasitic elements are used to
enhance the gain and  front-to-back ratio.
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array. It is this feature upon which the design of the LPDA is based, and which permits changes in
frequency to be made without greatly affecting the electrical operation. With changes in operating
frequency, there is a smooth transition along the array of the elements which comprise the active re-
gion. The following information is based on a November 1973 QST article by Peter Rhodes, K4EWG.

A good LPDA may be designed for any single amateur band or for adjacent bands, HF to UHF, and can
be built to meet the amateur’s requirements at nominal cost: high forward gain, good front-to-back ratio,
low SWR, and a boom length equivalent to a full-sized 3-element Yagi. The LPDA exhibits a relatively low
SWR (usually not greater than 2:1) over a wide band of frequencies. A well-designed LPDA can yield a
1.3:1 SWR over a 1.8-to-1 frequency range with a typical gain of 7.0 dB over an isotropic radiator (dBi)
assuming a lossless system.  This equates to approximately 4.9 dB gain over a half-wave dipole (dBd).

BASIC THEORY
The LPDA is frequency independent in that the electrical properties vary periodically with the

logarithm of the frequency. As the frequency, f1, is shifted to another frequency, f2, within the pass-
band of the antenna, the relationship is

f2 = f1/τ  (Eq 1)

where

τ = a design parameter, a constant; τ < 1.0. Also,
f3 = f1/τ2

f4 = f1/τ3

  .
  .
  .

fn = f1/τn –1

n = 1, 2, 3, . . . n
f1 = lowest frequency
fn = highest frequency

The design parameter τ is a geometric con-
stant near 1.0 that is used to determine the ele-
ment lengths,  l , and element spacings, d, as
shown in Fig 2. That is,

  l2 = τ  l1
  l3 = τ  l2
  .
  .
  .

  ln = τ  l (n–1)   (Eq 2)

where

  ln = shortest element length, and
d23 = τd12
d34 = τd23

.

.

.
dn –1,n = τdn – 2,n – 1 (Eq 3)

where d23 = spacing between elements 2 and 3.

Fig 2—Schematic diagram of log periodic dipole
array, with some of the design parameters
indicated. Design factors are:

τ =

  

l

l
n

n – 1

n,n – 1

n – 2,n – 1

d

d
=

σ =

where
  l  = element length
d = element spacing
τ = design constant
σ = relative spacing constant
S = feeder spacing
Z0 = characteristic impedance of antenna feeder

  

d

2
n,n – 1

n –1l
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Each element is driven with a phase shift of 180° by switching or alternating element connections,
as shown in Fig 2. At a median frequency the dipoles near the input, being nearly out of phase and close
together, nearly cancel each other’s radiation. As the element spacing, d, increases along
the array, there comes a point where the phase delay in the transmission line combined with the 180°
switch gives a total of 360°. This puts the radiated fields from the two dipoles in phase in a direction
toward the apex. Hence, a lobe coming off the apex results.

This phase relationship exists in a set of dipoles known as the “active region.” If we assume that an
LPDA is designed for a given frequency range, then that design must include an active region of di-
poles for the highest and lowest design frequency. It has a bandwidth which we shall call Bar, band-
width of the active region.

Assume for the moment that we have a 12-element LPDA. Currents flowing in the elements are both
real and imaginary, the real current flowing in the resistive component of the impedance of a particular
dipole, and the imaginary flowing in the reactive component.  Assume that the operating frequency is such
that element number 6 is near to being half-wave resonant. The imaginary parts of the currents in shorter
elements 7 to 12 are capacitive, while those in longer elements 1 to 5 are inductive. The capacitive current
components in shorter elements 9 and 10 exceed the conductive components; hence, these elements receive
little power from the feeder and act as parasitic directors. The inductive current components in longer ele-
ments 4 and 5 are dominant and they act as parasitic reflectors. Elements 6, 7 and 8 receive most of their
power from the feeder and act as driven elements.  The amplitudes of the currents in the remaining elements
are small and they may be ignored as primary contributors to the radiation field. Hence, we have a general-
ized Yagi array with seven elements comprising the active region. It should be noted that this active region
is for a specific set of design parameters (τ = 0.93, σ = 0.175). The number of elements making up the active
region varies with τ and σ. Adding more elements on either side of the active region cannot significantly
modify the circuit or field properties of the array.

This active region determines the basic design parameters for the array, and sets the bandwidth for
the structure, Bs. That is, for a design-frequency coverage of bandwidth B, there exists an associated
bandwidth of the active region such that

Bs = B × Bar (Eq 4)

where

B = operating bandwidth  =
f
f1

n (Eq 5)
f1 = lowest frequency, MHz
fn = highest frequency, MHz

Bar varies with τ and α as shown in Fig 3. Element lengths which fall outside Bar play an insignifi-

Fig 3—Design graph showing the
relationships among α, τ and the
bandwidth of the active region, B ar.
(After Carrel)
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cant role in the operation of the array. The gain
of an LPDA is directly related to its directivity,
and is determined by the design  parameter τ and
the relative element spacing constant σ.  Fig 4
shows the relationship between these parameters.
For each value of τ in the range 0.8 ≤ τ < 1.0,
there exists an optimum value for σ we shall call
σopt, for which the gain is maximum.  However,
the increase in gain obtained by using σopt and τ
near 1.0 (such as τ = 0.98) is only 3 dB when
compared with the minimum σ (sigmamin = 0.05)
and τ = 0.98, as may be seen in Fig 4.

An increase in τ means more elements, and
optimum σ means a long boom. A high-gain (6.8
dBi) LPDA can be designed in the HF region with
τ = 0.9 and σ = 0.05. The relationship of τ, σ
and α is as follows:

σ = (1/4)(1 – τ) cot α   (Eq 6)

where

α = 1/2 the apex angle
τ = design constant
σ = relative spacing constant

Also  σ =
  

d
2

n,n – 1

n –1l
              (Eq 7)

σopt = 0.243τ – 0.051    (Eq 8)

FEEDING THE LPDA
The method of feeding the antenna is rather simple. As shown in Fig 2, a balanced feeder is re-

quired for each element, and all adjacent elements are fed with a 180° phase shift by alternating ele-
ment connections. In this section the term antenna feeder is defined as that line which connects each
adjacent element. The feed line is that line between antenna and transmitter.

The input resistance of the LPDA, R0, varies with frequency, exhibiting a periodic characteristic.
The range of the feed-point resistance depends primarily on Z0, the characteristic impedance of the
antenna feeder. R0 may therefore be selected to some degree by choosing Z0, that is, by choosing the
conductor size and the spacing of the antenna feeder conductors. Other factors that affect R0 are the
average characteristic impedance of a dipole, Zav, and the mean spacing factor, σ′.  As an approxima-
tion (to within about 10%), the relationship is as follows:

R
Z

1
Z

4 Z

0
0

0

av

=
+ ′σ

(Eq 9)

where
R0 = mean radiation resistance level of the LPDA input impedance
Z0 = characteristic impedance of antenna feeder

Fig 4—LPDA directivity (gain over isotropic,
assuming no losses) as a function o f τ and σ, for a
length to diameter ratio of 125 for the element at
the feed point.  For each doubling of   l /diam, the
directivity decreases by about 0.2 dB for
  l /diam values in the range 50 to 10000.  Gain
relative to a dipole may be obtained by subtracting
2.14 dB from the values indicated. (After Carrel,
followed up by Butson and Thompson)
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Zav = average characteristic impedance of a dipole

  
= 











120 In d – 2.25n

n

l
(Eq 10)

  ln/diamn = length to diameter ratio of nth element

σ′ = mean spacing factor =
σ
τ (Eq 11)

The mean spacing factor, σ′, is a function of τ and α (Eqs 6 and 11).  For a fixed value of Z0, R0
decreases with increasing τ and increasing α.

If all element diameters are identical, then the element l/diam ratios will increase along the array.
Ideally the ratios should remain constant, but from a practical standpoint the SWR performance of a single-
band LPDA will not be noticeably degraded if all elements are of the same diameter.  But to minimize SWR
variations for multiband designs, the LPDA may be constructed with progressively increasing element di-
ameters from the front to the back of the array.  This approach also offers structural advantages for self-
supporting elements, as larger conductors will be in place for the longer elements.

The standing-wave ratio varies periodically with frequency. The mean value of SWR, with respect to
R0, has a minimum of about 1.1:1 at σopt (Eq 8), and rises to a value of 1.8:1 at σ = 0.05. In other words, the
periodic SWR variation (with frequency changes) swings over a wider range of SWR values with lower
values of σ.  These SWR ranges are acceptable when using standard 52 and 72-Ω coax for the feed line.
However, a 1:1 SWR match can be obtained at the transmitter end by using a coax-to-coax Transmatch. A
Transmatch enables the transmitter low-pass filter to see a 52-Ω load on each frequency within the array
passband. The Transmatch also eliminates possible harmonic radiation caused by the frequency-indepen-
dent nature of the array.

R0 should be chosen for the intended balun and feed-line characteristics.  For HF arrays, a value of
208 Ω for R0 usually works well with a 4:1 balun and 52-Ω coax.  Direct 52-Ω feed is usually not
possible. (Attempts may result in smaller conductor spacing for the antenna feeder than the conductor
diameter, a physical impossibility.)

For VHF and UHF designs, the antenna feeder may also serve as the boom.  With this technique,
element halves are supported by feeder conductors of tubing that are closely spaced.  If R0 is selected
as 72 Ω, direct feed with 72-Ω cable is possible. An ef fective balun exists if the coax is
passed through one of the feeder conductors from the rear of the array to the feed point.  Fig 5 shows
such a feed-point arrangement.

If the design bandwidth of the array is fairly small (single band), another possible approach is to
design the array for a 100-Ω R0 and use a 1/4-wave matching section of 72-Ω coax between the feed
point and 52-Ω feed line. In any case, select the element feeder diameters based on mechanical
considerations. The required feeder spacing may then be calculated.

The antenna feeder termination, Zt, is a short circuit at a distance of λmax/8 or less behind element no. 1,
the longest element.  In his 1961 paper on LPDAs, Dr Robert L. Carrel reported satisfactory results in some
cases by using a short circuit at the terminals of el-
ement no. 1. If this is done, the shorted element acts
as a passive reflector at the lowest frequencies.
Some constructors indicate that Zt may be elimi-
nated altogether without significant effect on the
results. The terminating stub impedance tends to
increase the front-to-back ratio for the lowest fre-
quencies. If used, its length may be adjusted for the
best results, but in any case it should be no longer
than λmax/8. For HF-band operation a 6-inch short-
ing jumper wire may be used for Zt.

It might also be noted that one could increase
the front-to-back ratio on the lowest frequency by

Fig 5—A method of feeding the LPDA for VHF
and UHF designs.
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moving the passive reflector (element no. 1) a distance of 0.15 to 0.25 λ behind element no. 2, as would be
done in the case of an ordinary Yagi parasitic reflector. This of course would necessitate lengthening the
boom. The front-to-back ratio increases somewhat as the frequency increases. This is because more of the
shorter inside elements form the active region, and the longer elements become additional reflectors.

DESIGN PROCEDURE
The preceding section provides information on the fundamentals of a log periodic dipole array. From

that discussion, some insights may be gained into the effects of changing the various design parameters.
However, a thorough understanding of LPDA basic theory is not necessary in order to design your own
array.  A systematic step-by-step design procedure of the LPDA is presented in this section, with design
examples.  There are necessarily some mathematical calculations to be performed, but these may be accom-
plished with a 4-function electronic calculator that additionally handles square-root and logarithmic func-
tions.  The procedure that follows may be used for designing any LPDA for any desired bandwidth.

1) Decide on an operating bandwidth B, between f1, lowest frequency and fn, highest frequency,
using Eq 5.

2) Choose τ and σ to give a desired gain (Fig 4).
0.8 ≤ τ ≤ 0.98
0.05 ≤ σ ≤  σopt
The value of σopt may be determined from Fig 4 or from Eq 8.

3) Determine the value for the cotangent of the apex half-angle α from

cot α = 4
1 –

σ
τ (Eq 12)

Note: α, the apex half angle itself, need not be determined as a part of this design procedure, but
the value for cot α is used frequently in the steps that follow.

4) Determine the bandwidth of the active region Bar either from Fig 3 or from

Bar = 1.1 + 7.7(1 – τ)2cot α (Eq 13)

5) Determine the structure (array) bandwidth Bs from Eq 4.
6) Determine the boom length L, number of elements N, and longest element length l1.

Lft = 1 4 1 – 1
B cot

S
max/ 











α λ (Eq 14)

N =1
log B

log 1 1
ln B

ln 1
S S+ = +

τ τ
(Eq 15)

  l1ft =
492
f1 (Eq 16)

where λmax = longest free-space wavelength = 984/f1.  Usually the calculated value for N will not be an
integral number of elements.  If the fractional value is significant, more than about 0.3, increase the value to
the next higher integer.  Doing this will also increase the actual value of L over that obtained from Eq 14.

Examine L, N and   l1 to determine whether or not the array size is acceptable for your needs. If the
array is too large, increase f1 or decrease σ or τ and repeat steps 2 through 6.  (Increasing f1 will
decrease all dimensions.  Decreasing σ will decrease primarily the boom length.  Decreasing τ will
decrease both the boom length and the number of elements.)

7) Determine the terminating stub, Zt. (Note: For HF arrays, short out the longest element with a 6-
inch jumper. For VHF and UHF arrays use:

Zτ = λmax/8 (Eq 17)

8) Solve for the remaining element lengths from Eq 2.
9) Determine the element spacing, d12 ,from
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d12 = 1/2 (  l1 –   l2) cot α (Eq 18)

and the remaining element-to-element spacings from Eq 3.
10) Choose R0, the desired feed-point resistance, to give the lowest SWR for the intended balun

ratio and feed-line impedance. From the following equation, determine the necessary antenna feeder
impedance, Z0, using the definitions of terms for Eq 9.

Z
R

8 ' Z R
R

8 ' Z 10
0

2

av
0

0

av

2

= + 



 +σ σ (Eq 19)

11) Once Z0 has been determined, select a combination of conductor size and spacing to provide
that impedance from

S =
diam

2 10Z /2760( ) × (Eq 20)

where
S = center-to-center distance between conductors
diam = outer diameter of conductor (in same units as S)
Z0 = intended characteristic impedance for antenna feeder

Note:  This equation assumes round feeder conductors.

If an impractical spacing results for the antenna feeder, select a different conductor diameter and
repeat step 11.  In severe cases it may be necessary to select a different R0 and repeat steps 10 and 11.
Once a satisfactory feeder arrangement is found, the LPDA design is completed.

Design Example—Short Four-Ban d Array
Suppose we wish to design a log periodic dipole array to cover the frequency range 18.06 to

29.7 MHz.  Such an array will offer operation on any frequency in the 17, 15, 12 and 10-meter amateur
bands.  In addition, we desire for this to be a short array, constructed on a boom of no more than
10 feet in length.

To follow through this example, it is suggested that you write the parameter names and their values
as they are calculated, in columns, on your worksheet.  This will provide a ready reference for the
values needed in subsequent calculations.

We begin the design procedure with step 1 and determine the operating bandwidth from Eq 5: f1 =
18.06, fn = 29.7, and B = 29.7/18.06 = 1.6445.  (Note: Because log periodics have reduced gain at the
low-frequency end, some designers lower f1 by several percent to assure satisfactory gain at the lower
operating frequencies.  Increasing fn, the design frequency at the high end, however, appears to offer no
advantage other than extended frequency coverage.)  Because we wish to have a compact design, we
choose not to extend the lower frequency range.

Next, step 2, we examine Fig 4 and choose values for τ, σ and gain.  Knowing from the basic
theory section that larger values of σ call for a longer boom, we choose the not-too-large value of 0.06.
Also knowing that a compact array will not exhibit high gain, we choose a modest gain, 8.0 dBi.  For
these values of σ and gain, Fig 4 shows the required τ to be 0.885.

From step 3 and Eq 12, we determine the value for cot α to be 4 × 0.06/(1 – 0.885) = 2.0870. We need
not determine α, the apex half angle, but if we wish to go to the trouble we can use the relationship

α = arc cot 2.0870 = arc tan (1/2.0870) = 25.6°

This means the angle at the apex of the array will be 2 × 25.6 = 51.2°.
From step 4 and Eq 13, we calculate the value for Bar as 1.1 + 7.7(1 – 0.885)2 × 2.097 = 1.3125.
Next, from step 5 and Eq 4, we determine the structure bandwidth Bs to be 1.6445 × 1.3125 = 2.1584.
From step 6 and the associated equations we determine the boom length, number of elements, and
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longest element length.

L = 1/4 1 – 1
2.1584 2.0870 984

18.06 15.26 ft( )





=×

N =1
log 2.1584

log 1/0.885
1 0.3341

0.05306 7.30+ ( ) = +  =

(Because a ratio of logarithmic values is determined here, either common or natural logarithms
may be used in the equation, as long as both the numerator and the denominator are the same type; the
results are identical.)

  l1 = 492/18.06 = 27.243 ft

The 15.26-foot boom length is greater than the 10-foot limit we desired, so some change in the
design is necessary.  The 7.30 elements should be increased to 8 elements if we chose to proceed with
this design, adding still more to the boom length.  The longest element length is a function solely of the
lowest operating frequency, so we do not wish to change that.

Decreasing either σ or τ will yield a shorter boom.  Because σ is already close to the minimum
value of 0.05, we decide to retain the value of 0.06 and decrease the value of τ.  Let’s try τ = 0.8.
Repeating steps 2 through 6 with these values, we calculate the following.

Gain = 5.3 dBi? (outside curves of graph)
cot α = 1.2000
Bar = 1.4696
Bs = 2.4168
L = 9.58 ft
N = 4.95

  l1 = 27.243 ft

These results nicely meet our requirement for a boom length not to exceed 10 feet.  The 4.95 elements
obviously must be increased to 5.  The 5.3 dBi gain (3.2 dBd) is nothing spectacular, but the array should
have a reasonable front-to-back ratio.  For four-band coverage with a short boom, we decide this gain and
array dimensions are acceptable, and we choose to go ahead with the design. The variables summarized on
our worksheet now should be those shown in the first portion of Table 1.

Continuing at step 7, we make plans to use a
6-inch shorted jumper for the terminating stub,
Zt.

From step 8 and Eq 2 we determine the ele-
ment lengths:

  l2 = τ  l1 = 0.8 × 27.243 = 21.794 ft
  l3 = 0.8 × 21.794 = 17.436 ft
  l4 = 0.8 × 17.436 = 13.948 ft
  l5 = 0.8 × 13.948 = 11.159 ft

From step 9 and Eq 18 we calculate the ele-
ment spacing d12 as 1/2 (27.243 – 21.794) × 1.2 =
3.269 ft.  Then from Eq 3 we determine the re-
maining element spacings:

d23 = 0.8 × 3.269 = 2.616 ft
d34 = 0.8 × 2.616 = 2.092 ft
d45 = 0.8 × 2.092 = 1.674 ft

This completes the calculations of the array
dimensions.  The work remaining is to design the

Table 1
Design Parameters for the 4-Band LPDA

Element lengths:
     l1 = 27.243 ft
     l2 = 21.794 ft
     l3 = 17.436 ft
     l4 = 13.948 ft
     l5 = 11.159 ft
Element spacings:
   d12 = 3.269 ft
   d23 = 2.616 ft
   d34 = 2.092 ft
   d45 = 1.674 ft
Element diameters:
   diam5 = 1/2 in.;
        l5/diam5 = 267.8
   diam4 = 5/8 in.;
        l4/diam4 = 267.8
   diam3 = 3/4 in.;
        l3/diam3 = 279.0
   diam2 = 1 in.;
        l2/diam2 = 261.5
   diam1 = 11/4 in.;
        l1/diam1 = 261.5

f1 = 18.06 MHz
fn = 29.7 MHz
B = 1.6445
τ = 0.8
σ = 0.06
Gain = 5.3 dBi = 3.2 dBd
cot α = 1.2000
Bar = 1.4696
Bs = 2.4168
L = 9.58 ft
N = 4.95 elements (in-
  crease to 5)
Zt = 6-in. shorted jumper
Ro = 208 Ω
Zav = 400.8 Ω
σ′ = 0.06708
Z0 = 490.5 Ω
Antenna feeder:
  #12 wire spaced 2.4 in.
Balun: 4 to 1
Feed line: 52-Ω coax

1/4
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antenna feeder.  From step 10, we wish to feed the LPDA with 52-Ω line and a 4:1 balun, so we select
R0 as 4 × 52 = 208 Ω.

Before we calculate Z0 from Eq 19 we must first determine Zav from Eq 10.  At this point we must
assign a diameter to element no. 5.  We wish to make the array rotatable with self-supporting elements,
so we shall use aluminum tubing for all elements.  For element no. 5, the shortest element, we plan to
use tubing of 1/2-inch OD.  We calculate the length to diameter ratio by first converting the length to
inches:

  l5/diam5 = 11.159 × 12/0.5 = 267.8

At this point in the design process we may also assign diameters to the other elements.  To maintain
an essentially constant   l /diam ratio along the array, we shall use larger tubing for the longer elements.
(From a practical standpoint for large values of τ, 2 or 3 adjacent elements could have the same diam-
eter.  For a single-band design, they could all have the same diameter.)  From data in Chapter 21 we see
that, above 1/2 inch, aluminum tubing is available in diameter steps of 1/8 inch.  We assign additional
element diameters and determine   l /diam ratios as follows:

diam4 = 5/8 in.;   l4/diam4 = 13.948 × 12/0.625 = 267.8
diam3 = 3/4 in.;   l3/diam3 = 17.436 × 12/0.75 = 279.0
diam2 = 1 in.;   l2/diam2 = 21.794 × 12/1 = 261.5
diam1 = 11/4 in.;   l1/diam1= 27.243 × 12/1.25 = 261.5

Tapered elements with telescoping tubing at the ends may certainly be used.  From a matching
standpoint, the difference from cylindrical elements is of minor consequence.  (Performance at the
low-frequency end may suffer slightly, as tapered elements are electrically shorter than their cylindri-
cal counterparts having a diameter equal to the average of the tapered sections. See Chapter 2.)

In Eq 10 the required length to diameter ratio is that for element no. 5, or 267.8.  Now we may
determine Zav as

Zav = 120 [ln 267.8 – 2.25] = 120 [5.590 – 2.25] = 400.8

Additionally, before solving for Z0 from Eq 19, we must determine σ′ from Eq 11.

σ′ =
0.06

0.8
0.06708=

And now we use Eq 19 to calculate Z0.

Z0 =
208

8 0.06708 400.8
2

× ×   +208 208
8 0.06708 400.8 1

2

× ×




 +

= 201 1 + 208 × 1 935 = 490 5 Ω. . .

From step 11, we are to determine the conductor size and spacing for a Z0 of 490.5 Ω for the
antenna feeder.  We elect to use #12 wire, and from data in Chapter 20 learn that its diameter is 80.8
mils or 0.0808 inch.  We determine the spacing from Eq 20 as

S 0.0808
2 10 0.0808

2 10

0.0808
2 59.865 2.42 in.

490.5/276 1.777= ( ) =

= =

× ×

×

 An open-wire line of #12 wire with 2.4-inch spacers may be used for the feeder.  This completes the
design of the four-band LPDA.  The design data are summarized in Table 1.
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Wire Log-Periodic Dipole Arrays for 3.5 or 7 MHz
These log-periodic dipole arrays are simple and easy to build.  They are designed to have reason-

able gain, be inexpensive and lightweight, and they may be assembled with stock items found in large
hardware stores. They are also strong—they can withstand a hurricane!  These antennas were first
described by John J. Uhl, KV5E, in QST for August 1986. Fig 6 shows one method of installation. You
can use the information presented here as a guide and point of reference for building similar LPDAs.

If space is available, the antennas can be “rotated” or repositioned in azimuth after they are com-
pleted.  A 75-foot tower and a clear turning radius of 120 feet around the base of the tower are needed.
The task is simplified if only three anchor points are used, instead of the five shown in Fig 6.  Omit the
two anchor points on the forward element, and extend the two nylon strings used for element stays all
the way to the forward stay line.

DESIGN OF THE LOG-PERIODIC
DIPOLE ARRAYS

Design constants for the two arrays are listed
in Tables 2 and 3.  The preceding sections of this
chapter contain a more precise design procedure
than that presented in earlier editions of The ARRL
Antenna Book, resulting in slightly different feeder
design values than those appearing in QST.

The process for determining the values in Tables
2 and 3 is identical to that given in the preceding
example. The primary differences are the narrower
frequency ranges and the use of wire, rather than
tubing, for the elements. As additional design ex-
amples for the LPDA, you may wish to work through
the step-by-step procedure and check your results
against the values in Tables 2 and 3.

Fig 6—Typical 4-element log-periodic dipole
array erected on a tower.

Element lengths:
     l1 = 149.091 ft
     l2 = 125.982 ft
     l3 = 106.455 ft
     l4 = 89.954 ft
Element spacings:
   d12 = 17.891 ft
   d23 = 15.118 ft
   d34 = 12.775 ft
Element diameters:
    All = 0.0641 in.
  l /diam ratios:
      l4/diam4 = 16840
      l3/diam3 = 19929
      l2/diam2 = 23585
      l1/diam1 = 27911

f1 = 3.3 MHz
fn = 4.1 MHz
B = 1.2424
τ = 0.845
σ = 0.06
Gain = 5.9 dBi = 3.8 dBd
cot α = 1.5484
Bar = 1.3864
Bs = 1.7225
L = 48.42 ft
N = 4.23 elements (decrease
  to 4)
Zt = 6-in. shorted jumper
Ro = 208 Ω
Zav = 897.8 Ω
σ′ = 0.06527
Z0 = 319.8 Ω
Antenna feeder:
  #12 wire spaced 0.58 in.
Balun: 4 to 1
Feed line: 52-Ω coax

Table 2
Design Parameters for the 3.5-MHz
Single-Band LPDA

f1 = 6.9 MHz
fn = 7.5 MHz
B = 1.0870
τ = 0.845
σ = 0.06
Gain = 5.9 dBi = 3.8 dBd
cot α = 1.5484
Bar = 1.3864
Bs = 1.5070
L = 18.57 ft
N = 3.44 elements (increase
  to 4)
Zt = 6-in. shorted jumper
Ro = 208 Ω
Zav = 809.3 Ω
σ′ = 0.06527
Z0 = 334.2 Ω
Antenna feeder:
   #12 wire spaced 0.66 in.
Balun: 4 to 1
Feed line: 52-Ω coax

Element lengths:
     l1 = 71.304 ft
     l2 = 60.252 ft
     l3 = 50.913 ft
     l4 = 43.022 ft
Element spacings:
   d12 = 8.557 ft
   d23 = 7.230 ft
   d34 = 6.110 ft
Element diameters:
    All = 0.0641 in.
  l /diam ratios:
      l4/diam4 = 8054
      l3/diam3 = 9531
      l2/diam2 = 11280
      l1/diam1 = 13349

Table 3
Design Parameters for the 7-MHz
Single-Band LPDA
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Fig 7—Pieces to be fabricated for the LPDA .  At A, the forward connecto r, made from 1/2-in. Lexan .  At B,
the rear connecto r, also made from 1/2-in. Lexan .  At C is the pattern for the feed-line spacers, made from
1/4-in. Plexiglas.  Two of these spacers are required.

From the design procedure, the feeder spacings for the two arrays are slightly different, 0.58 inch
for the 3.5-MHz array and 0.66 inch for the 7-MHz version.  As a compromise toward the use of
common spacers for both bands, a spacing of 5/8 inch is quite satisfactory.  Surprisingly, the feeder
spacing is not at all critical here from a matching standpoint, as may be verified from Z0 = 276 log (2S/
diam) and from Eq 9.  Increasing the spacing to as much as 3/4 inch results in an R0 SWR of less than 1.1
to 1 on both bands.

Constructing th e Arrays
The construction techniques are the same for both the 3.5 and the 7-MHz versions of the array.  Once

the designs are completed, the next step is to fabricate the fittings; see Fig 7 for details.  Cut the wire
elements and feed lines to the proper sizes and mark them for identification.  After the wires are cut and
placed aside, it will be difficult to remember which is which unless they are marked.  When you have
finished fabricating the connectors and cutting all of the wires, the antenna can be assembled.  Use your
ingenuity when building one of these antennas; it isn’t necessary to duplicate these LPDAs exactly.

The elements are made of standard #14 stranded copper wire.  The two parallel feed lines are made
of #12 solid copper-coated steel wire, such as Copperweld.  This will not stretch when placed under
tension.  The front and rear connectors are cut from 1/2-inch thick Lexan sheeting, and the feed-line
spacers from 1/4-inch Plexiglas sheeting.

Study the drawings carefully and be familiar with the way the wire elements are connected to the
two feed lines, through the front, rear and spacer connectors.  Details are sketched in Figs 8 and 9.
Connections made this way prevent the wire from breaking.  All of the rope, string and connectors must
be made of materials that can withstand the effects of tension and weathering.  Use nylon rope and
strings, the type that yachtsmen use.  Fig 6 shows the front stay rope coming down to ground level at a
point 120 feet from the base of a 75-foot tower.  It may not be possible to do this in all cases. An
alternative installation technique is to put a pulley 40 feet up in a tree and run the front stay rope
through the pulley and down to ground level at the base of the tree.  The front stay rope will have to be
tightened with a block and tackle at ground level.
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Putting an LPDA together is not difficult if it is assembled in an orderly manner.  It is easier to
connect the elements to the feeder lines when the feed-line assembly is stretched between two points.
Use the tower and a block and tackle. Attaching the rear connector to the tower and assembling the
LPDA at the base of the tower makes raising the antenna into place a much simpler task.  Tie the rear
connector securely to the base of the tower and attach the two feeder lines to it.  Then thread the two
feed-line spacers onto the feed line. The spacers will be loose at this time, but will be positioned
properly when the elements are connected. Now connect the front connector to the feed lines. A word
of caution: Measure accurately and carefully!  Double-check all measurements before you make per-
manent connections.

Connect the elements to the feeder lines through their respective plastic connectors, beginning
with element 1, then element 2, and so on.  Keep all of the element wires securely coiled.  If they
unravel, you will have a tangled mess of kinked  wire.  Check that the element-to-feeder connections
have been made properly.  (See Figs 8 and 9.)  Once you have completed all of the element connec-
tions, attach the 4:1 balun to the underside of the front connector.  Connect the feeder lines and  the
coaxial cable to the balun.

You will need a separate piece of rope and a pulley to raise the completed LPDA into position.
First secure the eight element ends with nylon string, referring to Figs 6 and 8.  The string must be long
enough to reach the tie-down points. Connect the front stay rope to the front connector, and the com-

Fig 8—Typical layout for the LPDA.  Use a 4:1
balun at the point indicated.  See Tables 2 and 3
for dimensions.

Fig 9—Details of electrical and mechanical
connections of the elements to the feed line.
Knots in the nylon stay lines are not shown.
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pleted LPDA is now ready to be raised into position. While raising the antenna, uncoil the element
wires to prevent their getting away and tangling up into a mess.  Use care!  Raise the rear connector to
the proper height and attach it securely to the tower, then pull the front stay rope tight and secure
it.  Move the elements so they form a 60-degree angle with the feed lines, in the direction of the front,
and space them properly relative to one another.  By adjusting the end positions of the elements as you
walk back and forth, you will be able to align all the elements properly.  Now it is time to hook your rig
to the system and make some contacts.

Performance
The reports received from these LPDAs were compared with an inverted-V dipole.  All of the

antennas are fixed; the LPDAs radiate to the northeast, and the dipole to the northeast and southwest.
The apex of the dipole is at 70 feet, and the 40 and 80-meter LPDAs are at 60 and 50 feet, respectively.
The gain of the LPDAs is several dB over the dipole.  This was apparent from many of the reports
received.  During pileups, it was possible to break in with a few tries on the LPDAs, yet it was impos-
sible to break in the same pileups using the dipole.

During the CQ WW DX Contest some big pileups were broken after a few calls with the LPDAs.
Switching to the dipole, it was found impossible to break in after many, many calls.  Then, after switch-
ing back to the LPDA, it was easy to break into the same pileup and make the contact.

Think of the possibilities that these wire LPDA systems offer hams worldwide.  They are easy to
design and to construct, real advantages in countries where commercially built antennas and parts are
not available at reasonable cost.  The wire needed can be obtained in all parts of the world, and cost of
construction is low!  If damaged, the LPDAs can be repaired easily with pliers and solder.  For those
who travel on DXpeditions where space and weight are large considerations, LPDAs are lightweight
but sturdy, and they perform well.

5-Band Log Periodic Dipole Array
A rotatable log periodic array designed to cover the frequency range from 13 to 30 MHz is pictured

in Fig 10. This is a large array having a gain of 6.7 dBi or 4.6 dBd (approximately the same gain one
would expect with a full-size two-element Yagi array). This antenna system was originally
described by Peter D. Rhodes, WA4JVE, in November 1973 QST. The radiation pattern, measured at
14 MHz, is shown in Fig 11.

The characteristics of the array are:
1) Half-power beamwidth, 43° (14 MHz)
2) Design parameter τ = 0.9

Fig 10—The 13-30 MHz log periodic dipole array.

Fig 11—Measured
radiation pattern
of the 13-30 MHz
LPDA at 14 MHz.
The front-to-back
ratio is 14.4 dB at
14 MHz, and
increases to
21 dB at 28 MHz.
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Table 4
13-30 MHz Array Dimensions, Feet
El.        Nearest
No.   Length   dn – 1,n(spacing)    Resonant
  1    37′ 10.2″ —
  2    34′ 0.7″ 3′ 9.4″ = d12 14 MHz
  3 30′ 7.9″ 3′ 4.9″ = d23
  4 27′ 7.1″ 3′ 0.8″ = d34
  5 24′ 10.0″ 2′ 9.1″ = d45 18 MHz
  6 22′ 4.2″ 2′ 5.8″ = d56 21 MHz
  7 20′ 1.4″ 2′ 2.8″ = d67
  8 18′ 1.2″ 2′ 0.1″ = d78 24.9 MHz
  9 16′ 3.5″ 1′ 9.7″ = d89 28 MHz
10 14′ 7.9″ 1′ 7.5″ = d9,10
11 13′ 2.4″ 1′ 5.6″ = d10,11
12 11′ 10.5″ 1′ 3.8″ = d11,12

Table 5
Materials List, 13-30 MHz Log Periodic Dipole
Array
Material Description      Quantity
1)     Aluminum tubing—0.047″ wall thickness

1″—12′ or 6′ lengths 126 lineal feet
7/8″—12′ lengths 96 lineal feet
7/8″—6′ or 12′ lengths 66 lineal feet
3/4″—8′ lengths 16 lineal feet

2) Stainless-steel hose clamps—2″ max 48 ea
3) Stainless-steel hose clamps—11/4″ max 26 ea
4) TV type U bolts 14 ea
5) U bolts, galv. type

5/16″ × 11/2″ 4 ea
1/4″ × 1″ 2 ea

6) 1″ ID polyethylene water-service pipe—
160 lb/in.2 test, approx. 11/4″ OD 20 lineal feet
A) 11/4″ × 11/4″ × 1/8″ aluminum
     angle—6′ lengths 30 lineal feet
B) 1″ × 1/4″ aluminum bar—6′ lengths 12 lineal feet

7) 11/4″ top rail of chain-link fence 26 lineal feet
8) 1:1 toroid balun 1 ea
9) 6-32 × 1″ stainless steel screws 24 ea

6-32 stainless steel nuts 48 ea
No. 6 solder lugs 24 ea

10) #12 copper feeder wire 60 lineal feet
11A) 12″ × 8″ × 1/4″ aluminum plate 1 ea
    B) 6″ × 4″ × 1/4″ aluminum plate 1 ea
12A) 3/4″ galv. pipe 3 lineal feet
    B) 1″ galv. pipe—mast 5 lineal feet
13) Galv. guy wire 50 lineal feet
14) 1/4″ × 2″ turnbuckles 4 ea
15) 1/4″ × 11/2″ eye bolts 2 ea
16) TV guy clamps and eye bolts 2 ea

Table 6
Element Material Requirements, 13-30 MHz LPDA

1″ 7/8″ 3/4″ 11/4″ 1″    1″ 7/8″ 3/4″ 11/4″ 1″
El tubing tubing tubing angle bar        El    tubing  tubing  tubing    angle     bar
No.   Lth Qty  Lth  Qty  Lth   Qty     Lth Lth    No. Lth   Qty Lth  Qty   Lth   Qty  Lth     Lth
1 6′ 2       6′ 2 8′ 2 3′ 1′     7   6′    2     5′   2  —  —   2′     1′
2 6′ 2      12′ 2 — — 3′  1′     8   6′    2    3.5′  2  —  —   2′     1′
3 6′ 2      12′ 2 — — 3′  1′     9   6′    2    2.5′  2  —  —   2′     1′
4 6′ 2      8.5′ 2 — — 3′  1′   10   3′    2     5′   2  —  —   2′     1′
5 6′ 2       7′ 2 — — 3′  1′   11   3′    2     4′   2  —  —   2′      1′
6 6′ 2       6′ 2 — — 3′  1′   12   3′    2     4′   2  —  —   2′      1′

3) Relative element spacing constant σ = 0.05
4) Boom length, L = 26 ft
5) Longest element l1 = 37 ft 10 in. (a tabulation of element lengths and spacings is given in Table 4)
6) Total weight, 116 pounds
7) Wind-load area, 10.7 sq ft
8) Required input impedance (mean resistance), R0 = 72 Ω, Zt = 6-inch jumper #18 wire
9) Average characteristic dipole impedance, Zav: 337.8 Ω
10) Impedance of the feeder, Z0: 117.1 Ω
11) Feeder: #12 wire, close spaced
12) With a 1:1 toroid balun at the input termi-

nals and a 72- Ω coax feed line, the maximum SWR
is 1.4:1.

The mechanical assembly uses materials
readily available from most local hardware stores
or aluminum supply houses. The materials needed
are given in Table 5. In the construction diagram,
Fig 12, the materials are referenced by their re-
spective material list number. The photograph
shows the overall construction, and the drawings
show the details. Table 6 gives the required tubing
lengths to construct the elements.
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Fig 12—Construction diagram of the 13-30 MHz log periodic array. At B and C are shown the method
of making electrical connection to each half element, and at D is shown how the boom sections are
joined.
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The Telerana
The Telerana (Spanish for “spider web”) is a rotatable log periodic antenna that is lightweight,

easy to construct and relatively inexpensive to build. Designed to cover 12.1 to 30 MHz, it was co-
designed by George Smith, W4AEO, and Ansyl Eckols, YV5DLT, and first described by Eckols in QST
for July 1981.  Some of the design parameters are as follows.

1) τ = 0.9
2) σ = 0.05
3) Gain = 6.7 dBi (4.6 dBd)
4) Feed arrangement: 400-Ω feeder line with 4:1 balun, fed with 52-Ω coax.  The SWR is 1.5:1 or

less in all amateur bands.
The array consists of 13 dipole elements, properly spaced and transposed, along an open-wire feeder

having an impedance of approximately 400 Ω. See Figs 13 and 14. The array is fed at the forward (smallest)
end with a 4:1 balun and RG-8 cable placed inside the front arm and leading to the transmitter. An alterna-
tive feed method is to use open wire or ordinary TV ribbon and a tuner, eliminating the balun.

The frame that supports the array (Fig 15) consists of four 15-foot fiberglass vaulting poles slipped
over short nipples at the hub, appearing like wheel spokes (Fig 16). Instead of being mounted directly
into the fiberglass, short metal tubing sleeves are inserted into the outer ends of the arm and the neces-
sary holes are drilled to receive the wires and nylon.

A shopping list is provided in Table 7. The center hub is made from a 11/4-inch galvanized four-
outlet cross or X and four 8-inch nipples (Fig 16). A 1-inch diameter X may be used alternatively,
depending on the diameter of the fiberglass. A hole is drilled in the bottom of the hub to allow the cable
to be passed through after welding the hub to the rotator mounting stub.

All four arms of the array must be 15 feet long. They should be strong and springy for maintaining the
tautness of the array. If vaulting poles are used, try to obtain all of them with identical strength ratings.

The front spreader should be approximately 14.8 feet long. It can be much lighter than the four
main arms, but must be strong enough to keep the lines rigid. If tapered, the spreader should have the
same measurements from the center to each end.  Do not use metal for this spreader.

Building the frame for the array is the first construction step. Once that is prepared, then everything else
can be built onto it. Begin by assembling the hub and the four arms, letting them lie flat on the ground with the
rotator stub inserted into a hole in the ground. The
tip-to-tip length should be about 31.5 feet each way.
A hose clamp is used at each end of the arms to pre-
vent splitting. Insert the metal inserts at the outer
ends of the arms, with 1 inch protruding. The mount-
ing holes should have been drilled at this point. If
the egg insulators and nylon cords are mounted to
these tube inserts, the whole antenna can be disas-
sembled simply by bending up the arms and pulling
out the inserts with everything still attached.

Choose the arm to be at the front end. Mount
two egg insulators at the front and rear to accom-
modate the inter-element feeder. These insulators
should be as close as possible to the ends.

At each end of the cross-arm on top, install a
small pulley and string nylon cord across and
back. Tighten the cord until the upward bow
reaches 3 feet above the hub. All cords will re-
quire retightening after the first few days because
of stretching. The cross-arm can be laid on its side
while preparing the feeder line. For the front-to-rear

Table 7
Shopping List for the Telerana

1—11/4-inch galvanized, 4-outlet cross or X.
4—8-inch nipples.
4—15-ft long arms. Vaulting poles suggested.
     These must be strong and all of the same strength
     (150 lb) or better.
1—Spreader, 14.8 ft long (must not be metal).
1—4:1 balun unless open-wire or TV cable is used.
12—Feed-line insulators made from Plexiglas or
     fiberglass.
36—Small egg insulators.
328 ft copper wire for elements; flexible 7/22 is
      suggested.
65.6 ft (20 m) #14 Copperweld wire for interelement
      feed line.
164 ft (50 m) strong 1/8-inch dia cord.
1—Roll of nylon monofilament fishing line, 50 lb test
     or better.
4—Metal tubing inserts go into the ends of the fiber
     glass arms.
2—Fiberglass fishing-rod blanks.
4—Hose clamps.
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Fig 13—Configuration of the spider web antenna. Nylon monofilament line is used from the ends of
the elements to the nylon cords. Solder all metal-to-metal connections. Use nylon line to tie every
point where lines cross. The forward fiberglass feeder lies on the feeder line and is tied to it. Note that
both metric and English measurements are shown except for the illustration of the feed-line insulator.
Use soft-drawn copper or stranded wire for elements 2 through 12. Element 1 should have #7/22
flexible wire or #14 Copperweld.
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Fig 14—The frame construction for the spider web antenna. Two different hub arrangements are
illustrated.
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Fig 17—The elements, balun, transmission line
and main bow of the spider web antenna.

Fig 15—The spider web antenna, as shown in
this somewhat deceptive photo, might bring to
mind a rotatable clothesline. Of course it is
much larger than a clothesline, as indicated by
Figs 13 and 14. It can be lifted by hand.

Fig 16—The simple arrangement of the hub of
the spider web. See Fig 13  and the text  for
details.

bowstring it is important to use a wire that will not
stretch, such as #14 Copperweld. This bowstring is ac-
tually the inter-element transmission line. See Fig 17.

Secure the rear ends of the feeder to the two
rear insulators, soldering the wrap. Before secur-
ing the fronts, slip the 12 insulators onto the two
feed lines. A rope can be used temporarily to form
the bow and to aid in mounting the feeder line. The
end-to-end length of the feeder should be 30.24 feet.

Now lift both bows to their upright position
and tie the feeder line and the cross-arm bowstring
together where they cross, directly over and ap-
proximately 3 feet above the hub.

The next step is to install the no. 1 rear element
from the rear egg insulators to the right and left cross-
arms using other egg insulators to provide the proper
element length. Be sure to solder the element halves
to the transmission line. Complete this portion of the
construction by installing the nylon cord catenaries
from the front arm to the cross-arm tips. Use egg insu-
lators where needed to prevent cutting the nylon cords.

In preparing the fiberglass front spreader, keep
in mind that it should be 14.75 feet long before
bowing and is approximately 13.75 feet when
bowed. Secure the center of the bowstring to the
end of the front arm. Lay the spreader on top of the
feed line, then tie the feeder to the spreader with
nylon fish line. String the catenary from the
spreader tips to the cross-arm tips.

At this point of assembly, antenna elements 2
through 13 should be prepared. There will be two
segments for each element. At the outer tip make a
small loop and solder the wrap. This will be for the
nylon leader. Measure the length plus 0.4 inch for
wrapping and soldering the element segment to the
feeder. Seven-strand #22 antenna wire is suggested
for use here. Slide the feed-line insulators to their
proper position and secure them temporarily.

The drawings show the necessary transposition
scheme. Each element half of elements 1, 3, 5, 7, 9,
11 and 13 is connected to its own side of the feeder,
while elements 2, 4, 6, 8, 10 and 12 cross over to the
opposite side of the transmission line.

There are four holes in each of the transmis-
sion-line insulators (see Fig 13). The inner holes
are for the transmission line, and the outer ones
are for the elements. Since the array elements are
slanted forward, they should pass through the in-
sulator from front to back, then back over the insu-
lator to the front side and be soldered to the trans-
mission line. The small drawings of Fig 13 show
the details of the element transpositions.
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Fig 18—The 144-MHz Pounder.  The boom
extension running out of the picture is a 40-in.
length of slotted PVC tubing, 7/8-in. OD.  This
tubing may be clamped to the side of a tower or
attached to a mast with a small boom-to-mast
plate.  Rotating the  tubing appropriately
at the clamp will provide for either vertical or
horizontal polarization.

Fig 19—One end of each half element is tapped
to fasten onto boom-mounted screws.  Thus,
disassembly of the array consists of merely
unscrewing 8 half elements from the boom, and
the entire array can be packaged in a small
bundle of only 21 inches in length.

Each place where lines cross, they are tied together with nylon line, whether copper/nylon or ny-
lon/nylon. This makes the array much more rigid. All elements should be mounted loosely before you
try to align the whole thing. Tightening any line or element affects all the others. There will be plenty
of walking back and forth before the array is aligned properly. Do not expect it to be extremely taut.

The Pounder—A Single-Band 144-MHz LPDA
The 4-element Pounder LPDA pictured in Fig 18 was developed by Jerry Hall, K1TD, for the 144-148

MHz band.  Because it started as an experimental antenna, it utilizes some unusual construction techniques.
However, it gives a very good account of itself, exhibiting a theoretical gain of 7.2 dBi and a front-to-back
ratio of 20 dB or better.  The Pounder is small and light.  It weighs just 1 pound, and hence its name.  In
addition, as may be seen in Fig 19, it can be disassembled and reassembled quickly, making it an excellent
antenna for portable use.  This array also serves well
as a fixed station antenna, and may be changed eas-
ily to either vertical or horizontal polarization.

The antenna feeder consists of two lengths of
1/2 × 1/2 × 1/16-inch angle aluminum.  The feeder
also serves as the boom for the Pounder.  In the
first experimental model the array contained only
two elements with a spacing of 1 foot, so a boom
length of 1 foot was the primary design require-
ment for the 4-element version.  Table 8 gives the
design data for the 4-element array.

f1 = 143 MHz
fn = 148 MHz
B = 1.0350
τ = 0.92
σ = 0.053
Gain = 7.2 dBi = 5.1 dBd
cot α = 2.6500
Bar = 1.2306
Bs = 1.2736
L = 0.98 ft
N = 3.90 elements (increase
   to 4)
Zt = none
Ro = 52 Ω
Zav = 312.8 Ω
σ′ = 0.05526
Z0 = 75.1 Ω
Antenna feeder:
   1/2 × 1/2 × 1/16″ angle aluminum
    spaced 1/4”
Balun: 1:1 (see text)
Feed line: 52-Ω coax (see text)

Element lengths:
   l1 = 3.441 ft
   l2 = 3.165 ft
   l3 = 2.912 ft
   l4 = 2.679 ft
Element spacings:
   d12 = 0.365 ft
   d23 = 0.336 ft
   d34 = 0.309 ft
Element diameters:
    All = 0.25 in.
l/diam ratios:
     l4/diam4 = 128.6
     l3/diam3 = 139.8
     l2/diam2 = 151.9
     l1/diam1 = 165.1

Table 8
Design Parameters for the 144-MHz Pounder
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Fig 20—A close-up look at the boom, showing
an alternative mounting scheme for the
Pounde r.  This photo shows an earlier 2-element
array, but the boom construction is unchanged
with added elements.  See text for details.

Fig 21—The feed
arrangement .  A
right-angle
chassis-mount
BNC connecto r,
modified by
removing a portion
of the flange,
provides for ready
connection of a
coax feed line.
A short length of
bus wire connects
the center pin to
the opposite
feeder conducto r.

Construction
The general construction approach for the Pounder may be seen in the photographs.  Drilled and tapped

pieces of Plexiglas sheet, 1/4-inch thick, serve as insulating spacers for the angle aluminum feeder.  Two
spacers are used, one near the front and one near the rear of the array.  Four no. 6-32 × 1/4-inch pan head screws
secure each aluminum angle section to the Plexiglas spacers, Figs 20 and 21. Use flat washers with each screw
to prevent it from touching the angle stock on the opposite side of the spacer.  Be sure the screws are not so
long as to short out the feeder!  A clearance of about 1/16 inch has been found sufficient.  If you have doubts
about the screw lengths, check the assembled boom for a short with your ohmmeter on a megohms range.

Either of two mounting techniques may be used for the Pounder.  As shown in Figs 18 and 19, the
rear spacer measures 10 × 21/2 inches, with 45° corners to avoid sharp points.  This spacer also accom-
modates a boom extension of PVC tubing, which is attached with two no. 10-32 × 1-inch screws.  This
tubing provides for side mounting the Pounder away from a mast or tower.

An alternative support arrangement is shown in Fig 20.  Two  1/2 × 3-inch Plexiglas spacers are used at the
front and rear of the array.  Each spacer has four holes drilled 5/8 inch apart and tapped with no. 6-32 threads.
Two screws enter each spacer from either side to make a tight aluminum-Plexiglas-aluminum sandwich.  At
the center of the boom, secured with only two screws, is a 2 × 18-inch strip of 1/4-inch Plexiglas.  This strip is
slotted about 2 inches from each end to accept hose clamps for mounting the Pounder atop a mast. As shown,
the strip is attached for vertical polarization.  Alternate mounting holes, visible on the now-horizontal lip of

the angle stock, provide for horizontal polarization. Al-
though sufficient, this mounting arrangement is not as
sturdy as that shown in Fig 18.

The elements are lengths of thick-wall aluminum
tubing, 1/4-inch OD.  The inside wall conveniently
accepts a no. 10-32 tap.  The threads should penetrate
the tubing to a depth of at least 1 inch.  Eight no. 10-
32 × 1-inch screws are attached to the boom at the
proper element spacings and held in place with no.
10-32 nuts, Fig 19.  For assembly, the elements are
then simply screwed into place.

Note that with this construction arrangement, the
two halves of any individual element are not precisely
collinear; their axes are offset by about 3/4 inch.  This
offset does not seem to affect performance.
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The Feed Arrangement
Use care in initially mounting and cutting the elements to length. To obtain the 180° crossover feed arrange-

ment, the element halves from a single section of the feeder/boom must alternate directions.  That is, the halves
of elements 1 and 3 will point to one side, and of elements 2 and 4 to the other.  This arrangement may be seen
by observing the element mounting screws in Fig 19.  Because of this mounting scheme, the length of tubing for
an element “half” is not simply half of the length given in Table 8.  After final assembly, halves for elements
2 and 4 will have a slight overlap, while elements 1 and 3 are extended somewhat by the boom thickness.  The
best procedure is to cut each assembled element to its final length by measuring from tip to tip.

The Pounder may be fed with RG-58 or RG-59 coax and a BNC connector.  A modified right-angle
chassis-mount BNC connector is attached to one side of the feeder/boom assembly for cable connec-
tion, Fig 21.  The modification consists of cutting away part of the mounting flange that would other-
wise protrude from the boom assembly.  This leaves only two mounting-flange holes, but these are
sufficient.  A short length of small bus wire connects the center pin to the opposite side of the feeder,
where it is secured under the mounting-screw nut for the shortest element.

For operation, the coax may be secured to the PVC boom extension or to the mast with electrical
tape.  It is also advisable to use a balun, especially if the Pounder is operated with vertical elements.  A
choke type of balun is satisfactory, formed by taping 6 turns of the coax into a coil of 3 inches diameter,
but a bead balun is perferred (see Chapter 26).  The balun should be placed at the point where the coax
is brought away from the boom.  If the mounting arrangement of Fig 20 is used with vertical polariza-
tion, a second balun should be located approximately 1/4 wavelength down the coax line from the first.
This will place it at about the level of the lower tips of the elements.  For long runs of coax to the
transmitter, a transition from RG-58 to RG-8 or from RG-59 to RG-9 is suggested, to reduce line
losses.  Make this transition at some convenient point near the array.

No shorting feeder termination is used with the array described here.  In the basic theory section of
this chapter, it is stated that direct feed of an LPDA is usually not possible with 52-Ω coax if a good
match is to be obtained.  The feeder Z0 of this array is in the neighborhood of 120 Ω, and with this
value, Eq 9 indicates R0 to be 72.6 Ω. Thus, the theoretical mean SWR with 52-Ω line is 72.6/52 or 1.4
to 1.  Upon array completion, the measured SWR (52-Ω line) was found to be relatively constant across
the band, with a value of about 1.7 to 1.  The Pounder offers a better match to 72-Ω coax.

Being an all-driven array, the Pounder is more immune to changes in feed-point impedance caused by
nearby objects than is a parasitic array.  This became obvious during portable use when the array was
operated near trees and other objects . . . the SWR did not change noticeably with antenna rotation toward
and away from those objects.  This indicates the Pounder should behave well in a restricted environment,
such as an attic.  For weighing just one pound, this array indeed does give a good account of itself.

The Log Periodic V Array
The log periodic resonant V array is a modification of the LPDA, as shown in Fig 22. Dr Paul E. Mayes

and Dr Robert L. Carrel published a report on the log periodic V array (LPVA) in the IRE Wescon Conven-
tion Record  in 1961.  (See the Bibliography listing at the end of this chapter.)  At the antenna laboratory of
the University of Illinois, they found that by simply
tilting the elements toward the apex, the array could
be operated in higher resonance modes with an in-
crease in gain (9 to 13 dBd total gain), yielding a
pattern with negligible side lobes.  The information
presented here is based on an October 1979 QST ar-
ticle by Peter D. Rhodes, K4EWG.

A higher resonance mode is defined as a fre-
quency that is an odd multiple of the fundamental
array frequency.  For example, the higher resonance
modes of 7 MHz are 21 MHz, 35 MHz, 49 MHz and
so on.  The fundamental mode is called the λ/2 (half- Fig 22—LP VA schematic diagram and definition of terms.
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wavelength) mode, and each odd multiple as  follows: 3λ/2, 5λ/2, 7λ/2, and so forth, to the (2n – 1)λ/2 mode.
The usefulness of such an array becomes obvious when one considers an LPVA with a fundamental frequency

design of 7 to 14 MHz that can also operate in the 3λ/2 mode at 21 to 42 MHz.  A six-band array can easily be
developed to yield 7 dBd gain at 7, 10 and 14 MHz, and 10 dBd gain at 21, 24.9 and 28 MHz, without traps.  Also,
using proper design parameters, the same array can be employed in the 5λ/2 mode to cover the 35 to 70-MHz range.

A 7-30 MHz LPVA with minimum design param-
eters (fewest elements and shortest boom) is shown in
Fig 23.  This array was designed and built to test the
LPVA theory under the most extreme minimum design
parameters, and the results confirmed the theory.

Theory of Operation
The basic concepts of the LPDA also apply to the

LPV array.  That is, a series of interconnected “cells”
or elements are constructed so that each adjacent cell
or element differs by the design or scaling factor, τ
(Fig 24).  If l1 is the length of the longest element in
the array and ln the length of the shortest, the relation-
ship to adjacent elements is as follows:

l1 = 492
f1 (Eq 1)

l2 = τl1
l3 = τl2
l4 = τl3, and so on, to
ln = τln – 1 (Eq 2)

where
f1 = lowest desired frequency and
n = total number of elements

Assume d12 is the spacing between elements
l1 and l2.  Then dn – 1 is the spacing between the
last or shortest elements ln – 1 and ln, where n is
equal to the total number of elements.  The rela-
tionship to adjacent element spacings is as follows:
d12 = 1/2 (l1 – l2) cot α
d23 = τd12
d34 = τd23
d45 = τd34

.

.

.
dn – 1,n = τdn – 2,n – 1        (Eq 3)

where
α = 1/2 the apex angle

σ = 1/4(1 – τ) cot α        (Eq 4)

The above information is no different than was
presented earlier in this chapter for the LPDA.  It be-
comes obvious that the elements, cells of elements
and their associated spacings, differ by the design
parameter τ. Each band of frequencies between any f
and τf corresponds to one period of the structure. In
order to be frequency independent (or nearly so), the

Fig 23—A pedestrian’s view of the 5-element
7-30 MHz log periodic V array showing one of
the capacitance hats on the rear element.

Fig 24—An interconnection of a geometric
progression of cells.

Fig 25—Average directive gain above isotropic
(dBi). Subtract 2.1 from gain values to obtain
gain above a dipole (dBd).
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variation in performance (impedance, gain, front-to-back ratio, pattern, and so forth) across a frequency
period must be negligible.

The active region is defined as the radiating portion or cell within the array which is being excited
at a given frequency, f, within the array passband.  As the frequency decreases, the active cell moves
toward the longer elements, and as the frequency increases, the active cell moves toward the shorter
elements.  With variations of the design constant, τ, the apex half angle α (or relative spacing constant
σ), and the element-to-element feeder spacing, S, the following trends are found:

1) The gain increases as τ increases (more elements for a given f) and α decreases (wider element spacing).
2) The average input impedance decreases with increasing α (smaller element spacing) and in-

creasing τ (more elements for a given f).
3) The average input impedance decreases with decreasing S, and increasing conductor size of the

element-to-element feeder.
As described earlier, the LPVA operates at higher order resonance points.  That is, energy is readily

accepted from the feeder by those elements which are near any of the odd-multiple resonances (λ/2,
3λ/2, 5λ/2, and so on).  The higher order modes of the LPVA are higher order space harmonics (see
Mayes, Deschamps and Patton Bibliography listing). Hence, when an LPVA is operated at a frequency
whose half-wavelength is shorter than the smallest element, the energy on the feeder will propagate to
the vicinity of the 3λ/2 element and be radiated.

The elements are tilted toward the apex of the array by an angle, ψ, shown in Fig 22.  The tilt angle, ψ,
determines the radiation pattern and subsequent gain in the various modes.  For each mode there is a differ-
ent tilt angle that produces maximum gain.  Mayes and Carrel did extensive experimental work with an
LPVA of 25 elements with τ = 0.95 and σ = 0.0268.  The tilt angle, ψ, was varied from 0° to 65° and radiation
patterns were plotted in the λ/2 through 7λ/2 modes.  Gain data are plotted in Fig 25. Operation in the higher
modes is improved by increasing τ (more elements) and decreasing σ (closer element spacing).

When considering any single mode, the characteristic impedance is comparable with that of the
LPDA; it is predominantly real and clustered around a central value, R0. The central value,
R0, for each mode increases with Z0 (feeder impedance).  Thus, as with the LPDA, control of the LPVA
input impedance can be accomplished by controlling Z0.

When multimode operation is desired, a compromise must be made in order to determine a fixed imped-
ance level.  The multimode array impedance is defined as the weighted mean resistance level, Rwm.  Also, it
can be shown that Rwm lies between the R0 central values of two adjacent modes.  For example,

R R Rwm0 01 2  3 2/ /
< <             (Eq 5)

where
 R01 2/

= λ/2 mode impedance, center value

 R0 3 2/ = 3λ/2 mode impedance, center value

and where

R0 = R Rmax min×         (Eq 6)

SWR =
R
R

max

min
        (Eq 7)

The weighted mean resistance level between the λ/2 and 3λ/2 modes is defined by

Rwm = R R
SWR
SWR0 0

3/2

1/2
1/2 1/2         (Eq 8)

where
SWR1/2 = SWR in λ/2 mode

SWR3/2 = SWR in 3λ/2 mode
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Once Z0 and ψ have been chosen, Fig 26 can be used to estimate the Rwm value for a given LPVA.
Notice the dominant role that Z0 (feeder impedance) plays in the array impedance.

It is apparent from the preceding data that the LPVA is useful for covering a number of different bands
spread over a wide range of the spectrum.  It is fortunate that most of the amateur bands are harmonically
related.  By choosing a large design parameter, τ = 0.9, a small relative spacing constant, σ = 0.02, and a tilt
angle of ψ = 40°, an LPVA could easily cover the amateur bands from 7 through 54 MHz!

DESIGN PROCEDURE
A step-by-step design procedure for the log periodic V array follows.
1) Determine the operational bandwidth, B,

in the λ/2 (fundamental) mode:

B =
f
f1

n (Eq 9)

where

f1 = lowest frequency, MHz
fn = highest frequency, MHz

2) Determine τ for a desired number of elements,
n, using Fig 27.
3) Determine element lengths l1 to ln using Eqs
1 and 2 of this section.
4) Choose the highest operating mode desired and
determine σ and ψ from Fig 28.
5) Determine cell boom length, L, from

L =
  

2 –
1 –

nσ l l1( )
τ (Eq 10)

Note: If more than one LPVA cell is to be driven
by a common feeder, the spacing between cells
can be determined from
D12 =  2 1 n1σ l  (Eq 11)

Fig 26—Weighted mean resistance level, R wm,
versus characteristic impedance of the feede r, Z0,
for variou s ψ angles.

Fig 27—Design paramete r, τ, versus number of elements, n, for various operational bandwidths, B.
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Fig 30—A shot of the rearmost elements looking at
an angle to the boom.  The linear loading line may be seen
supported at various points along the boom and
at the rear element by pieces of polystyrene.

Fig 28—Optimum σ and ψ for an LP VA when the
highest operating mode has been chosen.

Fig 29—The element-to-boom detail is depicted here.
Aluminum angle brackets, U bolts, and sections of
PVC tubing are shown securing each element to the
boom at two points.  The 300 -Ω twin-lead, threaded
through a piece of polystyrene and attached to the
foremost element, may be seen entering the picture
at the top left.  The end of the linear loading line fo r l1
is visible near the bottom.

where
D12 = element spacing between cell 1 (lower

frequency cell) and cell 2 (higher frequency cell).
σ1 = relative spacing constant for cell 1
ln1 = shortest or last element within cell 1

6) Determine the mean resistance level, Rwm,
using Fig 26.

7) Determine the element spacings using Eqs
3 and 4 of this section.

Construction Considerations
The 7-30 MHz LPVA shown in the photographs

gives good results.  The structural details can be seen
in Figs 29 and 30, and additional data is presented
in Tables 1 and 2.  Although it performs well, it is
likely that a more conservative design (two additional
elements) would yield a narrower half-power (3 dB)
beamwidth on 7 and 14 MHz.

It may be of interest to note that both linear
and capacitive loading were used on l1.  The rela-
tionship in the next section may be used to esti-
mate linear loading stub length and/or capacitance

Table 1
Design Dimensions for the LP VA

Element Element Design
Lengths, ft Spacings, ft Parameters

l1 = 56.22* d12 = 9.15 τ = 0.8
l2 = 56.22 d23 = 7.32 σ = 0.05
l3 = 45.00 d34 = 5.86 α = 38.2°
l4 = 36.00 d45 = 4.67 L = 27 ft**
l5 = 28.79 ψ = 45°
*l1 is a shortened element; the full-size dimension is 70.28 ft.

** The total physical boom length is L plus the distance to the l5 cross
bracing. The cross braces are 3 ft. long, and ψ = 45°; hence, the
total boom length is 27 ft + 1.5 ft = 28.5 ft.

Table 2
Basic Materials for the LP VA

Elements 11/2″, 6061-T6, 0.047″ wall
   aluminum tubing

Bracing 11/4″ × 11/4″ × 1/8″ aluminum angle
Boom 21/2″ OD, 0.107″ wall aluminum

   tubing
U bolts 1/4″ squared at loop to accommo

   date tilt angle ψ
Feeder #12, solid copper wire
Cap. hat for l1 #10 aluminum wire, 24″ diam
Linear loading 4′ loop, 3″ spacing each half of l1
   for l1
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hat size if construction constraints prohibit a full-sized array.  However, performance in higher mode
operations was less than optimum when shortened elements were used.

Linear Loading Stub Design
The following linear loading stub design equation may be used for approximating the stub length

(one half of element, two stubs required).

Ls =
2.734

f arctan
33.9 In 24h

d – 1 1 – fh
234

fh log b
a

2[ ] ( )





( )


















(Eq 12)

where

Ls = linear loading stub length in feet required for each half element
h = element half length in feet
f = element resonant frequency in MHz
b = loading stub spacing in inches
a = radius (not diameter) of loading stub conductors in inches
d = average element diam in inches

Note: The resonant frequency, f, of an individual element of length,  l , can be found from:

f =
  
468
l

(Eq 13)

The capacitance hat dimensions for each half element can be found from data in Chapter 2.

Log Periodic-Yagi Arrays
Several possibilities exist for constructing high-gain arrays that use the log periodic dipole as a

basis.  Tilting the elements toward the apex, for example, increases the gain by 3 to 5 dB on harmonic-
resonance modes, as discussed in the previous section of this chapter.  Another technique is to add
parasitic elements to the LPDA to increase both the gain and the front-to-back ratio for a specific
frequency within the passband. The LPDA-Yagi combination is simple in concept.  It utilizes an LPDA
group of driven elements, along with parasitic elements at normal Yagi spacings from the end elements
of the LPDA.

The LPDA-Yagi combinations are endless.  An example of a single-band high-gain design is a
2 or 3-element LPDA for 21.0 to 21.45 MHz with the addition of two or three parasitic directors and
one parasitic reflector. The name Log-Yag array has  been coined for these combination antennas.  The
LPDA portion of the array is of the usual design to cover the desired bandwidth, and standard Yagi
design procedures are used for the parasitic elements. Information in this section is based on a Decem-
ber 1976 QST article by P. D. Rhodes, K4EWG, and J. R. Palmer, W4BBP, “The Log-Yag Array.”

THE LOG-YAG ARRAY
The Log-Yag array provides higher gain and greater directivity than would be realized with either

the LPDA or Yagi array alone. The Yagi array requires a long boom and wide element spacing for wide
bandwidth and high gain. This is because the Q of the Yagi system increases as the number of elements
is increased and/or as the spacing between adjacent elements is decreased. An increase in the Q of the
Yagi array means that the total bandwidth of that array is decreased, and optimum gain,  front-to-back
ratio and side-lobe rejection are obtainable only over small portions of the band.
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The Log-Yag system overcomes this difficulty by using a multiple driven element “cell” designed
in accordance with the principles of the log periodic dipole array. Since this log cell exhibits both gain
and directivity by itself, it is a more effective radiator than a simple dipole driven element. The front-
to-back ratio and gain of the log cell can be im-
proved with the addition of a parasitic reflector
and director.

It is not necessary for the parasitic element
spacings to be large with respect to wavelength,
as in the Yagi array, since the log cell is the deter-
mining factor in the array bandwidth. In fact, the
element spacings within the log cell may be small
with respect to a wavelength without appreciable
deterioration of the cell gain. For example, de-
creasing the relative spacing constant (σ) from 0.1
to 0.05 will decrease the gain by less than 1 dB.

A Practical Example
The photographs and figures show a Log-Yag

array for the 14-MHz amateur band.  The array de-
sign takes the form of a 4-element log cell, a para-
sitic reflector spaced at 0.085 λmax, and a parasitic
director spaced at 0.15 λmax (where λmax is the long-
est free-space wavelength within the array passband).
It has been found that array gain is almost unaffected
with reflector spacings from 0.08 λ to 0.25 λ, and
the increase in boom length is not justified. The func-
tion of the reflector is to improve the front-to-back
ratio of the log cell while the director sharpens the
forward lobe and decreases the half-power
beamwidth. As the spacing between the parasitic el-
ements and the log cell decreases, the parasitic ele-
ments must increase in length.

The log cell is designed to meet upper and
lower band limits with σ = 0.05. The design pa-
rameter τ is dependent on the structure bandwidth,
Bs. When the log periodic design parameters have
been found, the element length and spacings can
be determined.

Array layout and construction details can be
seen in Figs 31 through 34. Characteristics of the
array are given in Table 1.

The method of feeding the antenna is identical
to that of feeding the log periodic dipole array with-
out the parasitic elements. As shown in Fig 31, a
balanced feeder is required for each log-cell element,
and all adjacent elements are fed with a 180° phase
shift by alternating connections. Since the Log-Yag
array will be covering a relatively small bandwidth,
the radiation resistance of the narrow-band log cell
will vary from 80 to 90 Ω (tubing elements) depend-
ing on the operating bandwidth. The addition of para-

Fig 31—Layout of the Log- Yag arra y.

Table 1
Log- Yag Arra y Characteristics

1) Frequency range 14-14.35 MHz
2) Operating bandwidth B = 1.025
3) Design parameter τ = 0.946657
4) Apex half angle α = 14.92°; cot α = 3.753
5) Half-power beam width 42° (14-14.35 MHz)
6) Bandwidth of structure Bs = 1.17875
7) Free-space wavelength lmax = 70.28 ft
8) Log-cell boom length L = 10.0 ft
9) Longest log element l1 = 35.14 ft (a tabulation of

  element lengths and spac-
   ings is given in Table 2)

10) Forward gain (free space) 8.7 dBi
11) Front-to-back ratio 32 dB (theoretical)
12) Front-to-side ratio 45 dB (theoretical)
13) Input impedance Z0 = 37 Ω
14) SWR 1.3 to 1 (14-14.35 MHz)
15) Total weight 96 pounds
16) Wind-load area 8.5 sq ft
17) Feed-point impedance Z0 = 37 Ω
18) Reflector length 36.4 ft at 6.0 ft spacing
19) Director length 32.2 ft at 10.5 ft spacing
20) Total boom length 26.5 ft
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Fig 32—Assembly details. The numbered components refer to Table 4 .

Fig 33—The attachment of the elements to the
boom.

Fig 34—Looking from the front to the back of the
Log- Yag arra y. A truss provides lateral and
vertical support.

Table 2
Log- Yag Arra y Dimensions

Length Spacing
Element Feet Feet

Reflector 36.40 6.00 (Ref. to   l1)

  l1 35.14 3.51 (d12)

  l2 33.27 3.32 (d23)

  l3 31.49 3.14 (d34)

  l4 29.81 10.57 (  l4 to dir)
Director 32.20

Table 3
Element Material Requirements,
Log- Yag Array

1-in. 7/8-in. 3/4-in. 1/4-in. 1 ×1/4-in.
Tubing Tubing Tubing Angle  Bar

    Lth Lth  Lth Lth Lth
   Ft Qty     Ft  Qty     Ft    Qty    Ft Ft

Reflector 12   1 6 2 8 2     None   None

  l1 6   2 6 2 8 2 3 1

  l2 6   2 6 2 8 2 3 1

  l3 6   2 6 2 6 2 3 1

  l4 6   2 6 2 6 2 3 1
Director  12   1 6 2 6 2     None   None
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Table 4
Materials List, Log- Yag Array

  1) Aluminum tubing—0.047 in. wall thickness
1 in.—12 ft lengths, 24 lin. ft.
1 in.—12 ft or 6 ft lengths, 48 lin. ft
7/8 in.—12 ft or 6 ft lengths, 72 lin. ft
3/4 in.—8 ft lengths, 48 lin. ft
3/4 in.—6 ft lengths, 36 lin. ft

  2) Stainless steel hose clamps—2 in. max, 8 ea
  3) Stainless steel hose clamps—11/4 in. max, 24 ea
  4) TV-type U bolts—11/2 in., 6 ea
  5) U bolts, galv. type: 5/16 in. × 11/2 in., 6 ea
5A) U bolts, galv. type: 1/4 in. × 1 in., 2 ea
  6) 1 in. ID water-service polyethylene pipe 160 lb/in.2 test, approx. 13/8 in. OD 7 lin. ft
  7) 11/4 in. × 11/4 in. × 1/8 in. aluminum angle—6 ft lengths, 12 lin. ft
  8) 1 in. × 1/4 in. aluminum bar—6 ft lengths, 6 lin. ft
  9) 11/4 in. top rail of chain-link fence, 26.5 lin. ft
10) 1:1 toroid balun, 1 ea
11) No. 6-32 × 1 in. stainless steel screws, 8 ea

No. 6-32 stainless steel nuts, 16 ea
No. 6 solder lugs, 8 ea

12) No. 12 copper feed wire, 22 lin. ft
13) 12 in. × 6 in. × 1/4 in. aluminum plate, 1 ea
14) 6 in. × 4 in. × 1/4 in. aluminum plate, 1 ea
15) 3/4 in. galv. pipe, 3 lin. ft
16) 1 in. galv. pipe—mast, 5 lin. ft
17) Galv. guy wire, 50 lin. ft
18) 1/4 in. × 2 in. turnbuckles, 4 ea
19) 1/4 in. × 11/2 in. eye bolts, 2 ea
20) TV guy clamps and eyebolts, 2 ea

sitic elements lowers the log-cell radiation resistance. Hence, it is recommended that a 1-to-1 balun be
connected at the log-cell input terminals and 50-Ω coaxial cable be used for the feed line. The measured
radiation resistance of the 14-MHz Log-Yag is 37 Ω, 14.0 to 14.35 MHz. It is assumed that tubing elements
will be used. However, if a wire array is used then the radiation resistance, Ro, and antenna-feeder input
impedance, Zo, must be calculated so that the proper balun and coax may be used. The procedure is outlined
in detail in the early part of this chapter.

Table 2 has array dimensions. Tables 3 and 4 contain lists of the materials necessary to build the
Log-Yag array.
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Chapter 11

HF Yagi Arrays

Along with the dipole and the quarter-wave vertical, radio amateurs throughout the world make
extensive use of the Yagi array. The Yagi was invented in the 1920s by Hidetsugu Yagi and
Shintaro Uda, two Japanese university professors. Uda did much of the developmental work,

while Yagi introduced the array to the world outside Japan through his writings in English. Although
the antenna should properly be called a Yagi-Uda array, it is commonly referred to simply as a Yagi.

The Yagi is a type of endfire multielement array. At the minimum, it consists of a single driven
element and a single parasitic element. These elements are placed parallel to each other, on a support-
ing boom spacing them apart. This arrangement is known as a 2-element Yagi. The parasitic element is
termed a reflector when it is placed behind the driven element, opposite to the direction of maximum
radiation, and is called a director when it is placed ahead of the driven element. See Fig 1. In the VHF
and UHF spectrum, Yagis employing 30 or more elements are not uncommon, with a single reflector
and multiple directors. See Chapter 18 for details on VHF and UHF Yagis. Large HF arrays may em-
ploy 10 or more elements, and will be covered in this chapter.

The gain and directional pattern of a Yagi array is determined by the relative amplitudes and phases
of the currents induced into all the parasitic elements. Unlike the directly driven multielement arrays
considered in Chapter 8, where the designer must compensate for mutual coupling between elements,
proper Yagi operation relies on mutual coupling. The current in each parasitic element is determined by
its spacing from both the driven element and other
parasitic elements, and by the tuning of the ele-
ment itself. Both length and diameter affect ele-
ment tuning.

For about 50 years amateurs and profession-
als created Yagi array designs largely by “cut and
try” experimental techniques. In the early 1980s,
Jim Lawson, W2PV, described in detail for the
amateur audience the fundamental mathematics in-
volved in modeling Yagis. His book Yagi Antenna
Design is highly recommended for serious antenna
designers. The advent of powerful microcomput-
ers and sophisticated computer antenna modeling
software in the mid 1980s revolutionized the field
of Yagi design for the radio amateur. In a matter
of minutes, a computer can try 100,000 or more
different combinations of element lengths and
spacings to create a Yagi design tailored to meet a
particular set of high-performance parameters. To
explore this number of combinations experimen-
tally, a human experimenter would take an unimag-
inable amount of time and dedication, and the pro-
cess would no doubt suffer from considerable

Fig 1—Two-elemen t Yagi systems using a single
parasitic element. At A the parasitic element acts
as a directo r, and at B as a reflecto r. The arrows
show the direction in which maximum radiation
takes place.
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measurement errors. With the computer tools available today, an antenna can be designed, constructed
and then put up in the air, with little or no tuning or pruning required.

Yagi Performance Parameters
There are three main parameters used to characterize the performance of a particular Yagi—for-

ward gain, pattern and drive impedance/SWR. Another important consideration is mechanical strength.
It is very important to recognize that each of the three electrical parameters should be characterized
over the frequency band of interest in order to be meaningful. Neither the gain, SWR or pattern mea-
sured at a single frequency gives very much insight into the overall performance of a particular Yagi.
Poor designs have been known to reverse their directionality over a frequency band, while other de-
signs have excessively narrow SWR bandwidths, or overly “peaky” gain response.

Finally, an antenna’s ability to survive the wind and ice conditions expected in one’s geographical
location is an important consideration in any design. Much of this chapter will be devoted to describing
detailed Yagi designs which are optimized for a good balance between gain, pattern and SWR over
various amateur bands, and which are designed to survive strong winds and icing.

YAGI GAIN
Like any other antenna, the gain of a Yagi must be stated in comparison to some standard of refer-

ence. Designers of phased vertical arrays often state gain referenced to a single, isolated vertical ele-
ment. See the section on “Phased Array Techniques”  in Chapter 8.

Many antenna designers prefer to compare gain to that of an isotropic radiator in free space. This
is a theoretical antenna that radiates equally well in all directions, and by definition, it has a gain of
0 dBi (dB isotropic). Many radio amateurs, however, are comfortable using a dipole as a standard
reference antenna, mainly because it is not a theoretical antenna.

In free space, a dipole does not radiate equally well in all directions—it has a “figure-eight” azi-
muth pattern, with deep nulls off the ends of the wire. In its favored directions, a free-space dipole has
2.15 dB gain compared to the isotropic radiator. You may see the term dBd in amateur literature, mean-
ing gain referenced to a dipole in free space. Subtract 2.15 dB from gain in dBi to convert to gain
in dBd.

Assume for a moment that we take a dipole out of “free space,” and place it one wavelength over
the ocean, whose saltwater makes an almost perfect ground. At an elevation angle of 15°, where sea
water-reflected radiation adds in phase with direct radiation, the dipole has a gain of about 6 dB, com-
pared to its gain when it was in free space, isolated from any reflections. See Chapter 3, “The Effects of
the Earth.”

It is perfectly legitimate to say that this dipole has a gain of 6 dBd, although the term “dBd” (mean-
ing “dB dipole”) makes it sound as though the dipole somehow has gain over itself! Always remember
that gain expressed in dBd (or dBi) refers to the counterpart antenna in free space. The gain of the
dipole over saltwater in this example can be rated at either 6 dBd (over a dipole in free space), or as
8.15 dBi (over an isotropic radiator in free space). Each frame of reference is valid, as long as it is used
consistently and clearly. In this chapter we will often switch between Yagis in free space and Yagis over
ground. To prevent any confusion, gains will be stated in dBi.

Yagi free-space gain ranges from about 5 dBi for a small 2-element design to about 20 dBi for a
31-element long-boom UHF design. The length of the boom is the main factor determining the gain a
Yagi can deliver. Gain as a function of boom length will be discussed in detail after the sections below
defining antenna response patterns and SWR characteristics.

RESPONSE PATTERNS—FRONT-TO-REAR RATIO
As discussed in Chapter 2, for an antenna to have gain, it must concentrate energy radiated in a

particular direction, at the expense of energy radiated in other directions. Gain is thus closely related to
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Fig 2—E-plane (electric field) and H-plane (magnetic
field) response patterns for 3-element 20-meter Yagi
in free space. At A the E-plane pattern for a typical
3-element Yagi is compared with a dipole and an
isotropic radiator. At B the H-plane patterns are
compared for the same antennas. The Yagi has an
E-plane half-power beamwidth of 66 °, and an H-
plane half-power beamwidth of about 120 °. The Yagi
has 7.28 dBi (5.13 dBd) of gain.  The front-to-back
ratio, which compares the response at 0 ° and at
180°, is about 35 dB for this Yagi. The front-to-rear
ratio, which compares the response at 0 ° to the
largest lobe in the rearward 180 ° arc behind the
antenna, is 24 dB, due to the lobes at 120 ° and 240 °.

an antenna’s directivity pattern, and also to the
losses in the antenna. Fig 2 shows the E-plane
(also called E-field, for electric field) and H-plane
(also called H-field, for magnetic field) pattern of
a 3-element Yagi in free space, compared to a di-
pole, and an isotropic radiator. These patterns were
generated using the computer program NEC,
which is highly regarded by antenna profession-
als for its accuracy and flexibility.

In free space there is no Earth reference to
determine whether the antenna polarization is
horizontal or vertical, and so its response patterns
are labeled as E-field (electric) or H-field (mag-
netic). For a Yagi mounted over ground rather than
in free space, if the E-field is parallel to the earth
(that is, the elements are parallel to the earth) then
the antenna polarization is horizontal, and its E-
field response is then usually referred to as its
azimuth pattern. Its H-field response is then re-
ferred to as its elevation pattern.

Fig 2A demonstrates how this 3-element Yagi
in free space exhibits 7.28 dBi of gain (referenced
to isotropic), and has 5.13 dB gain over a free-
space dipole. The gain is in the forward direction
on the graph at 0° azimuth, and the forward part
of the lobe is called the main lobe. For this par-
ticular antenna, the angular width of the E-plane
main lobe at the half power, or 3 dB points com-
pared to the peak, is about 66°. This performance
characteristic is called the antenna’s azimuthal
half-power beamwidth.

Again as seen in Fig 2A, this antenna’s re-
sponse in the reverse direction at 180° azimuth is
34 dB less than in the forward direction. This char-
acteristic is called the antenna’s front-to-back ra-
tio, and it describes the ability of an antenna to
discriminate, for example, against interfering sig-
nals coming directly from the rear, when the an-
tenna is being used for reception. In Fig 2A there
are two sidelobes, at 120° and at 240° azimuth,
which are about 24 dB down from the peak re-
sponse at 0°. Since interference can come from
any direction, not only directly off the back of an
antenna, these kinds of sidelobes limit the ability
to discriminate against rearward signals. The term
worst-case front-to-rear ratio is used to describe
the worst-case rearward lobe in the 180°-wide
sector behind the antenna’s main lobe. In this case,
the worst-case front-to-rear ratio is 24 dB.
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In the rest of this chapter the worst-case front-to-rear ratio will be used as a performance param-
eter, and will be abbreviated as “F/R.” For a dipole or an isotropic radiator, Fig 2A demonstrates that F/
R is 0 dB. Fig 2B depicts the H-field response for the same 3-element Yagi in free space, again com-
pared to a dipole and an isotropic radiator in free space. Unlike the E-field pattern, the H-field pattern
for a Yagi does not have a null at 90°, directly over the top of the Yagi. For this 3-element design, the H-
field half-power beamwidth is approximately 120°.

Fig 3 compares the azimuth and elevation patterns for a horizontally polarized 6-element 14-MHz
Yagi, with a 60-foot boom mounted one wavelength over ground, to a dipole at the same height. As
with any horizontally polarized antenna, the height
above ground is the main factor determining the
peaks and nulls in the elevation pattern of each
antenna. Fig 3A shows the E-field pattern, which
has now been labeled as the Azimuth pattern. This
antenna has a half-power azimuthal beamwidth of
about 50°, and at an elevation angle of 12° it ex-
hibits a forward gain of 16.02 dBi, including about
5 dB of ground reflection gain over relatively poor
ground, with a dielectric constant of 13 and con-
ductivity of 5 mS/m. In free space this Yagi has a
gain of 10.97 dBi.

The H-field elevation response of the 6-ele-
ment Yagi has a half-power beamwidth of about
60° in free space, but as shown in Fig 3B, the
first lobe (centered at 12° in elevation) has a half-
power beamwidth of only 13° when the antenna
is mounted one wavelength over ground. The di-
pole at the same height has a very slightly larger
first-lobe half-power elevation beamwidth of 14°,
since its free-space H-field response is omnidi-
rectional. Note that the free-space H-field direc-
tivity of the Yagi suppresses its second lobe over
ground (at an elevation angle of about 40°) to
8 dBi, while the dipole’s response at its second
lobe peak (at about 48°) is at a level of 9 dBi.

The shape of the azimuthal pattern for a Yagi
operated over real ground will change slightly as
the Yagi is placed closer and closer to earth. Gen-
erally, however, the azimuth pattern doesn’t de-
part significantly from the free-space pattern un-
til the antenna is less than 0.5 λ high. This is just
over 17 feet high at 28.4 MHz, and just under 35
feet at 14.2 MHz, heights that are not difficult to
achieve for most amateurs. Some advanced com-
puter programs can optimize Yagis at the exact
installation height.

DRIVE IMPEDANCE AND SWR
The impedance at the driven element in a Yagi

is affected not only by the tuning of the driven
element itself, but also by the spacing and tuning
of nearby parasitic elements, and to a lesser ex-

Fig 3—Azimuth pattern for 6-element 20-meter
Yagi on 60-foot long boom, mounted 69 feet over
ground . At A, the azimuth pattern at 12 ° elevation
angle is shown, compared to a dipole at the
same height. Peak gain of th e Yagi is 16.04 dBi,
or just over 8 dB compared to the dipole . At B,
the elevation pattern for the same two antennas
is shown. Note that the peak elevation pattern of
the Yagi is compressed slightly lower compared
to the dipole, even though they are both at the
same height over ground. This is most noticeable
for th e Yagi ’s second lobe, which peaks at about
40°, while the dipole ’s second lobe peaks at
about 48 °. This is due to the greater free-space
directionality of the Yagi at higher angles.
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Fig 4—SWR over the 28.0 to 28.8-MHz portion of
the 10-meter band for two different 3-element
Yagi designs. One is designed strictly for
maximum gain, while the second is optimized for
F/R pattern and SWR over the frequency band. A
Yagi designed only for maximum gain usually
suffers from a very narrow SWR bandwidth.

tent by the presence of ground. In some designs
which have been tuned solely for maximum gain,
the driven-element impedance can fall to very low
levels, sometimes less than 5Ω. This can lead to
excessive losses due to conductor resistance, es-
pecially at VHF and UHF. In a Yagi that has been
optimized solely for gain, conductor losses are
usually compounded by large excursions in im-
pedance levels with relatively small changes in
frequency. The SWR can thus change dramatically
over a band and can create additional losses in
the feed cable. Fig 4 illustrates the SWR over the
28 to 28.8 MHz portion of the 10-meter amateur
band for a 5-element Yagi on a 24-foot boom,
which has been tuned for maximum forward gain
at a spot frequency of 28.4 MHz. Its SWR curve
is contrasted to that of a Yagi designed for a good
compromise of gain, SWR and F/R.

Even professional antenna designers have dif-
ficulty accurately measuring forward gain. On the

other hand, SWR can easily be measured by professional and amateur alike. Few manufacturers would
probably want to advertise an antenna with the narrow-band SWR curve shown in Fig 4!

Yagi Performance Optimization

DESIGN GOALS
The previous section discussing driven-element impedance and SWR hinted at possible design

trade-offs among gain, pattern and SWR, especially when each parameter is considered over a fre-
quency band rather than at a spot frequency. Trade-offs in Yagi design parameters can be a matter of
personal taste and operating style. For example, one operator might exclusively operate the CW por-
tions of the HF bands, while another might only be interested in the Phone portions. Another operator
may want a good pattern in order to discriminate against signals coming from a particular direction;
someone else may want the most forward gain possible, and may not care about responses in other
directions.

Extensive computer modeling of Yagis indicates that the parameter that must be compromised
most to achieve wide bandwidths for front-to-rear ratio and SWR is forward gain. However, not much
gain must be sacrificed for good F/R and SWR coverage, especially on long-boom Yagis.

Although 10 and 7-MHz Yagis are not rare, the HF bands from 14 to 30 MHz are where Yagis are
most often found, mainly due to the mechanical difficulties involved with making sturdy antennas for
lower frequencies. The highest HF band, 28.0 to 29.7 MHz, represents the largest percentage band-
width of the upper HF bands, at almost 6%. It is difficult to try to optimize in one design the main
performance parameters of gain, worst-case F/R ratio and SWR over this large a band. Many commer-
cial designs thus split up their 10-meter designs into antennas covering one of two bands: 28.0 to 28.8
MHz, and 28.8 to 29.7 MHz. For the amateur bands below 10 meters, optimal designs that cover the
entire band are more easily achieved.

DESIGN VARIABLES
There are only a few variables available when one is designing a Yagi to meet certain design goals.

The variables are:

1. The physical length of the boom
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2. The number of elements on the boom
3. The spacing of each element along the boom
4. The tuning of each element
5. The type of matching network used to feed the array.

GAIN AND BOOM LENGTH
As pointed out earlier, the gain of a Yagi is largely a function of the length of the boom. As the boom is

made longer, the maximum gain potential rises. For a given boom length, the number of elements populat-
ing that boom can be varied, while still maintaining the antenna’s gain, provided of course that the elements
are tuned properly. In general, putting more elements on a boom gives the designer added flexibility to
achieve desired design goals, especially to spread the response out over a frequency band.

Fig 5A is an example illustrating gain versus frequency for three different types of 3-element
Yagis on 8-foot booms. The three antennas were designed for the lower end of the 10-meter band, 28.0
to 28.8 MHz, based on the following different design goals:

Antenna 1: Maximum mid-band gain, regardless of F/R or SWR across the band
Antenna 2: SWR less than 2:1 over the frequency band; best compromise gain, with no special consid-

    eration for F/R over the band.
Antenna 3: “Optimal” case: F/R greater than 20 dB, SWR less than 2:1 over the frequency band; best

    compromise gain.

Fig 5—Comparisons of three different 3-element
10-meter Yagi designs using 8-foot booms. At A, gain
comparisons are shown. The Yagi designed for the
best compromise of gain and SWR sacrifices an
average of about 0.5 dB compared to the antenna
designed for maximum gain. The Yagi designed for
optimal F/R, gain and SWR sacrifices an average of
1.0 dB compared to the maximum-gain case, and
about 0.4 dB compared to the compromise gain and
SWR case. At B, the front-to-rear ratio is shown for
the three different designs. The antenna designed for
optimal combination of gain, F/R and SWR maintains
a F/R higher than 20 dB across the entire frequency
range, while the antenna designed strictly for gain
has a F/R of 3 dB at the high end of the band. At C,
the three antenna designs are compared for SWR
bandwidth. At the high end of the band, the antenna
designed strictly for gain has a very high SWR.

(A)

(C)

(B)
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Fig 6—Comparisons of three different designs
for 5-element 10-mete r Yagis on 20-foot
booms . At A, the gain of three different
5-element 10-mete r Yagi designs are graphed.
The difference in gain between the three
antennas narrows because the elements can
be stagger-tuned to spread the response out
better over the desired frequency band. The
average gain reduction for the fully optimized
antenna design is about 0. 5 dB. At B, the
optimal antenna displays better than 2 2 dB
F/R over the band, while th e Yagi designed for
gain and SWR displays on average 1 0 dB less
F/R throughout the band . At C, the SWR
bandwidth is compared for the thre e Yagis.
The antenna designed strictly for forward gain
has a poor SWR bandwidth and a high peak
SWR of 6:1 at 28. 8 MHz.

(A)

Fig 5B shows the F/R over the frequency band for these three designs, and Fig 5C shows the SWR
curves over the frequency band. Antenna 1, the design which strives strictly for maximum gain, has a
poor SWR response over the band, as might be expected after the previous section discussing SWR.
The SWR is 10:1 at 28.8 MHz and rises to 22:1 at 29 MHz. At 28 MHz, at the low end of the band, the
SWR of the maximum-gain design is more than 6:1. Clearly, designing for maximum gain alone pro-
duces an unacceptable design in terms of SWR bandwidth. The F/R for Antenna 1 reaches a high point
of about 20 dB at the low-frequency end of the band, but falls to only 3 dB at the high-frequency end.

Antenna2, designed for the best compromise of gain while the SWR across the band is held to less than 2:1,
achieves this goal, but at an average gain sacrifice of 0.7 dB compared to the maximum gain case. The F/R for
this design is just under 15 dB over the band. This design is fairly typical of many amateur Yagi designs before
the advent of computer modeling and optimization programs. SWR can easily be measured, and experimental
optimization for forward gain is a fairly straightforward procedure. By contrast, overall pattern optimization is
not a trivial thing to achieve experimentally, particularly for antennas with more than four or five elements.

Antenna 3, designed for an optimum combination of F/R, SWR and gain, compromises forward
gain an average of 1.0 dB compared to the maximum gain case, and about 0.4 dB compared to the
compromise gain/SWR case. It achieves its design objectives of more than 20 dB F/R over the 28.0 to
28.8 MHz portion of the band, with an SWR less than 2:1 over that range.

Fig 6A shows the free-space gain versus frequency for the same three types of designs, but for a
bigger 5-element 10-meter Yagi on a 20-foot boom. Fig 6B shows the variation in F/R, and Fig 6C

(C)

(B)
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shows the SWR curves versus frequency. Once again, the design which concentrates solely on maxi-
mum gain has a poor SWR curve over the band, reaching just over 6:1 toward the high end of the band.
The difference in gain between the maximum gain case and the optimum design case has narrowed for
this size of boom to an average of under 0.5 dB. This comes about because the designer has access to
more variables in a 5-element design than he does in a 3-element design, and he can stagger-tune the
various elements to spread the response out over the whole band.

Fig 7A, B and C show the same three types of designs, but for a 6-element Yagi on a 36-foot boom.
The SWR bandwidth of the antenna designed for maximum gain has improved compared to the previ-
ous two shorter-boom examples, but the SWR still rises to more than 4:1 at 28.8 MHz, while the F/R
ratio is pretty constant over the band, at a mediocre 11 dB average level. While the antenna designed
for gain and SWR does hold the SWR below 2:1 over the band, it also has the same mediocre level of
F/R performance as does the maximum-gain design.

The optimized 36-foot boom antenna achieves an excellent F/R of more than 22 dB over the whole
28.0 to 28.8 MHz band. Again, the availability of more elements and more space on the 36-foot long
boom gives the designer more flexibility in broadbanding the response over the whole band, while
sacrificing only 0.3 dB of gain compared to the maximum-gain design.

Fig 7—Comparisons of three different 6-element
10-meter Yagi designs on 36-foot booms. At A, gain is
shown over the band. With more elements and a
longer boom, the tuning can be staggered even more
to make the antenna gain more uniform over the band.
This narrows the gain differential between the antenna
designed strictly for maximum gain and the antenna
designed for an optimal combination of F/R, SWR and
gain. The average difference in gain is about 0.2 dB
throughout the band. At B, the F/R performance over
the band is shown for the three antenna designs. The
antenna designed for optimal performance maintains
an average of almost 15 dB better F/R over the whole
band compared to the other designs. At C, the SWR
bandwidth is compared. Again, the antenna designed
strictly for maximum gain exhibits a high SWR of 4:1
at 28.8 MHz, and rises to more than 14:1 at 29.0 MHz.

(C)

(A) (B)
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Fig 8—Comparisons of three different
8-element 10-meter Yagi designs using 60-foot
booms. At A, gain is shown over the frequency
band. With even more freedom to stagger-tune
elements and a very long boom on which to
place them, the average antenna gain
differential over the band is now less than
0.3 dB between the three design cases. At B,
an excellent 24 dB F/R for the optimal design
is maintained over the whole band, compared
to the average of about 12 dB for the other two
designs. At C, the SWR differential over the
band is narrowed between the three designs,
again because there are more variables
available to broaden the bandwidth.

(A)

Fig 8A, B, and C show the same three types of 10-meter designs, but now for a 60-foot boom,
populated with eight elements. With eight elements and a very long boom on which to space them out,
the antenna designed solely for maximum gain can achieve a much better SWR response across the
band, although the SWR does rise to more than 7:1 at the very high end of the band. The SWR remains
less than 2:1 from 28.0 to 28.7 MHz, much better than for shorter-boom designs. The worst-case F/R
ratio is never better than 19 dB, however, and remains around 10 dB over much of the band. The
antenna designed for the best compromise gain and SWR loses only about 0.1 dB of gain compared to
the maximum-gain design, but does little better in terms of F/R across the band.

Contrasted to these two designs, the antenna optimized for F/R, SWR and gain has an outstanding
pattern, exhibiting an F/R of more than 24 dB across the entire band, while keeping the SWR below 2:1
from 28.0 to 28.9 MHz. It must sacrifice an average of only 0.4 dB compared to the maximum gain
design at the low end of the band, and actually has more gain than the maximum gain and gain/SWR
designs at the high-frequency end of the band.

The conclusion drawn from these and many other detailed comparisons is that designing strictly
for maximum mid-band gain yields an inferior design when the antenna is examined over an entire
frequency band, especially in terms of SWR. Designing a Yagi for both gain and SWR will yield anten-

(C)

(B)
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nas which have mediocre rearward patterns, but which lose relatively little gain compared to the maxi-
mum gain case, at least for designs with more than three elements.

However, designing a Yagi for a optimal combination of F/R, SWR and gain results in a loss of
gain less than 0.5 dB compared to designs designed only for gain and SWR. Fig 9 summarizes the
forward gain achieved for the three different design types versus boom length, as expressed in wave-
length. Unless otherwise stated, the Yagis described in the rest of this chapter have the following design
goals over a desired frequency band:

1. Front-to-rear ratio over the frequency band of more than 20 dB
2. SWR over the frequency band less than 2:1
3. Maximum gain consistent with points 1 and 2 above

Just for fun, Fig 10 shows the gain versus boom length for theoretical 20-meter Yagis that have
been designed to meet the three design goals above. The 31-element design for 14 MHz would be
wondrous to behold. Sadly, it is unlikely that anyone will build one, considering that the boom would
be 724 feet long! However, such a design does become practical when scaled to 432 MHz. In fact, a
K1FO 22-element and a K1FO 31-element Yagi are the prototypes for the theoretical 14-MHz long-
boom designs. See Chapter 18 for VHF and UHF Yagis.

OPTIMUM DESIGNS AND ELEMENT SPACING
One of the more interesting results of computer modeling and optimization of high-performance Yagis

with four or more elements is that a distinct pattern in the element spacings along the boom shows up
consistently. This pattern is relatively independent of boom length, once the boom is longer than about 0.3 λ.
The reflector, driven element and first director of these optimal designs are typically bunched rather closely
together, occupying together only about 0.15 to 0.20 λ of the boom. This pattern contrasts sharply with older
designs, where the amount of boom taken up by the reflector, driven element and first director was typically

Fig 9—Gain versus boom length for three
different 10-meter design goals. The goals are:
(1) designed for maximum gain across band, (2)
designed for a compromise of gain and SWR,
and (3) designed for optimal F/R, SWR and gain
across the 28.0 to 28.8 MHz portion of the
10-meter band. The gain difference is less than
0.5 dB for booms longer than approximately
0.5 λ.

Fig 10—Theoretical gain versus boom length for
20-mete r Yagis designed for optimal combination
of F/R, SWR and gain across the entire 14.0 to
14.35 MHz band. The theoretical gain approaches
20 dBi for a gigantic 724-foot boom, populated
with 31 elements. Such a design on 2 0 meters is
not too practical, of course, but can readily be
achieved on a 24-foot boom on 43 2 MHz.
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Fig 11—Tapering spacing versus constant element
spacing . At A, illustration of how the spacing of the
reflecto r, driven element and first director (over the
first 0.1 9 λ of the boom) of an optimally designed
Yagi is bunched together compared to th e Yagi at B,
which uses constant 0.1 5 λ spacing between all
elements. The optimally designed antenna has more
than 2 2 dB F/R and an SWR less than 1.5:1 over the
frequency band from 28.0 to 28. 8 MHz.

more than 0.3 λ. Fig 11 shows the element spacings
for an optimized 6-element, 36-foot boom, 10-meter
design, compared to a W2PV 6-element design with
constant spacing of 0.15 λ between all elements.

A problem arises with such a bunching of el-
ements toward the reflector end of the boom—
the wind loading of the antenna is not equal along
the boom. Unless properly compensated, such
new-generation Yagis will act like windvanes,
punishing, and often breaking, the rotators trying
to turn, or hold, them in the wind. One successful
solution to windvaning has been to employ
“dummy elements” made of PVC piping. These
nonconducting elements are placed on the boom
close to the last director so the windload is equal-
ized at the mast-to-boom bracket. In addition, it
may be necessary to insert a small amount of lead
weight at one end of the boom in order to balance
the antenna weight.

Despite the relatively close spacing of the re-
flector, driven element and first director, modern
optimal Yagi designs are not overly sensitive to small
changes in either element length or spacing. In fact,
these antennas can be constructed from design tables
without excessive concern about close dimensional
tolerances. In the HF range up to 30 MHz, building
the antennas to the nearest 1/8 inch results in perfor-
mance remarkably consistent with the computations,

without any “tweaking” or fine-tuning when the Yagi is on the tower.

ELEMENT TUNING
Element tuning (or self-impedance) is a complex function of the effective electrical length of each

element and the effective diameter of the element. In turn, the effective length and diameter of each
element is related to the taper schedule (if telescoping aluminum tubing is used, the most common
method of construction), the length of each telescoping section, the type and size of mounting bracket
used to secure the element to or through the boom, and the size of the Yagi boom itself. See the section
entitled “Antenna Frequency Scaling,” and “Tapered Elements” in Chapter 2 of this book for details
about element tuning as a function of tapering and element diameter. Note especially that Yagis con-
structed using wire elements will perform very differently compared to the same antenna constructed
with elements made of telescoping aluminum tubing.

The process by which a modern Yagi is designed usually starts out with the selection of the longest
boom possible for a given installation. A suitable number of elements of a given taper schedule are then
placed on this boom, and the gain, pattern and SWR are calculated over the entire frequency band of
interest to the operator. Once an electrical design is chosen, the designer must then ensure the mechani-
cal integrity of the antenna design. This involves verifying the integrity of the boom and each element
in the face of the wind and ice loading expected for a particular location. The section entitled “Con-
struction with Aluminum Tubing” in Chapter 20 of this book shows details of tapered telescoping
aluminum elements for the upper HF bands. In addition, the ARRL book Physical Design of Yagi
Antennas, by Dave Leeson, W6QHS, describes the mechanical design process for all portions of a Yagi
antenna very thoroughly, and is highly recommended for serious Yagi builders.
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Specific Yagi Designs
The detailed Yagi design tables which follow are for two taper schedules for Yagis covering the 14

through 30-MHz amateur bands. The heavy-duty elements are designed to survive at least 120-mph
winds without icing, or 85-mph winds with 1/4-inch radial ice. The medium-duty elements are designed
to survive winds greater than 80 mph, or 60-mph winds with 1/4-inch radial ice.

For 10.1 MHz, the elements shown are capable of surviving 105-mph winds, or 93-mph winds
with 1/4-inch radial ice. For 7.1 MHz the elements shown can survive 93-mph winds, or 69-mph winds
with 1/4-inch radial ice. For these two lower frequency bands, the elements and the booms needed are
very large and heavy. Mounting, turning and keeping such antennas in the air is not a trivial task.

Each element is mounted above the boom with a heavy rectangular aluminum plate, by means of
U-bolts with saddles, as shown in Fig 27 of Chapter 18, and as described in the ARRL book Yagi
Antenna Design. This method of element mounting is rugged and stable, and because the element is
mounted away from the boom, the amount of element detuning due to the presence of the boom is
minimal. The element dimensions given in each table already take into account any element detuning
due to the boom-to-element mounting plate. For each element, the tuning is determined by the length
of the tip, since the inner tubes are fixed in diameter and length.

Note: Each design shows the dimensions for one-half of each element, mounted on one side of the
boom. The other half of each element is the same, mounted on the other side of the boom. The use of a
tubing sleeve inside the center portion of the element is recommended, so that the element is not crushed by
the mounting U-bolts. Unless otherwise noted, each section of tubing is made of 6061-T6 aluminum tubing,
with a 0.058-inch wall thickness. This wall thickness ensures that the next standard size of tubing can
telescope with it. Each telescoping section is inserted 3 inches into the larger tubing, and is secured by one
of the methods shown in Fig 11 in Chapter 20 of this book. Each antenna is designed with a driven-element
length appropriate for a gamma type of matching network. The driven-element’s length may require slight
readjustment for best match, particularly if a different matching network is used. Do not change either the
lengths or the telescoping tubing schedule of the parasitic elements—they have been optimized for best
performance and will not be affected by tuning of the driven element!

10-METER YAGIS
Fig 12 describes the electrical performance of seven optimized 10-meter Yagis with boom lengths be-

tween 8 to 60 feet. The end of each boom includes 3 inches of space for the reflector and last-director mount-
ing plates. Fig 12A shows the free-space gain versus frequency for each antenna; 12B shows the front-to-rear
ratio, and 12C shows the SWR versus frequency. Each antenna was designed to cover the lower half of the
10-meter band from 28.0 to 28.8 MHz, with SWR less than 2:1 and F/R better than 20 dB over that range.

Fig 12D shows the taper schedule for two types of 10-meter elements. The heavy-duty design can
survive 125-mph winds with no icing, and 88-mph winds with 1/4 inch of radial ice. The medium-duty
design can handle 96-mph winds with no icing, and 68-mph winds with 1/4 inch of radial ice. The element-
to-boom mounting plate for these Yagis is a 0.250-inch thick flat aluminum plate, 4 inches wide by 4 inches
long. Each element is centered on the plate, held by two galvanized U-bolts with saddles. Another set of U-
bolts with saddles is used to secure the mounting plate to the boom. Electrically each mounting plate is
equivalent to a cylinder, with an effective diameter of 2.405 inches for the heavy-duty element, and 2.310
inches for the medium-duty element. The equivalent length on each side of the boom is 2 inches. These
dimensions are used in the computer modeling program to simulate the effect of the mounting plate.

The second column in Table1 shows the spacing of each element relative to the next element in line on
the boom, starting at the reflector, which itself is defined as being at the 0.000-inch reference point on the
boom. The boom for antennas less than 30 feet long can be constructed of 2-inch OD tubing with 0.065-inch
wall thickness. Designs larger than 30 feet long should use 3-inch OD heavy-wall tubing for the boom. Be-
cause each boom has 3 inches extra space at each end, the reflector is actually placed 3 inches from the end of
the boom. For example, in the 310-08.YAG design (3 elements on an 8-foot boom), the driven element is
placed 36 inches ahead of the reflector, and the director is placed 54 inches ahead of the driven element.
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Fig 12—Gain, F/R and SWR performance versus frequency for optimized 10-meter Yagis. At A, gain is
shown versus frequency for seven 10-meter Yagis whose booms range from 8 feet to 60 feet long, and
which have been optimized for better than 20 dB F/R and less than 2:1 SWR over the frequency range from
28.0 to 28.8 MHz. At B, front-to-rear ratio for these antennas is shown versus frequency, and at C, SWR is
shown over the frequency range. At D, the taper schedule is shown for heavy-duty and for medium-duty
10-meter elements. The heavy-duty elements can withstand 125-mph winds without icing, and 88-mph
winds with 1/4-inch radial ice. The medium-duty elements can survive 96-mph winds without icing, and
68-mph winds with 1/4-inch radial ice. The wall thickness for each telescoping section of 6061-T6 aluminum
tubing is 0.058 inches, and the overlap at each telescoping junction is 3 inches.

The next columns give the lengths for the variable tips for the heavy-duty and then the medium-
duty elements. In the example above for the 310-08.YAG, the heavy-duty reflector tip, made out of
1/2-inch OD tubing, sticks out 66.750 inches from the 5/8-inch OD tubing. Note that each telescoping
piece of tubing overlaps 3 inches inside the piece into which it fits, so the overall length of 1/8-inch OD
tubing is 69.750 inches long for the reflector. The medium-duty reflector tip has 71.875 inches protrud-
ing from the 5/8-inch OD tube, and is 74.875 inches long overall. As previously stated, the dimensions
are not extremely critical, although measurement accuracy to 1/8 inch is desirable.

The last column in each variable tip columns shows the length of one-half of the “dummy element”
torque compensator used to correct for uneven wind loading along the boom. This compensator is
made from 2.5 inches OD PVC water pipe mounted to an element-to-boom plate like those used for
each element. The compensator is mounted 12 inches behind the last director, the first director in the
case of the 3-element 310-08.YAG antenna. Note that the heavy-duty elements require a correspond-
ingly longer torque compensator than do the medium-duty elements.

(A)

(B)

(C)

(D)
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Table 1
Optimized 10-Mete r Yagi Designs

Three-element 10-mete r Yagi, 8-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 310-08H.YAG 310-08M.YAG
Reflector 0.000" 66.750" 71.875"
Driven Element 36.000" 57.625" 62.875"
Director 1 54.000" 53.125" 58.500"
Compensator 12" behind Dir. 1 19.000' 18.125"
Four-element 10-mete r Yagi, 14-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 410-14H.YAG 410-14M.YAG
Reflector 0.000" 64.875" 70.000"
Driven Element 36.000" 58.625" 63.875"
Director 1 36.000" 57.000" 62.250"
Director 2 90.000" 47.750" 53.125"
Compensator 12" behind Dir. 2 22.000" 20.500"
Five-element 10-mete r Yagi, 24-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 510-24H.YAG 510-24M.YAG
Reflector 0.000" 65.625" 70.750"
Driven Element 36.000" 58.000" 63.250"
Director 1 36.000" 57.125" 62.375"
Director 2 99.000" 55.000" 60.250"
Director 3 111.000" 50.750" 56.125"
Compensator 12" behind Dir. 3 28.750" 26.750"
Six-element 10-mete r Yagi, 36-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 610-36H.YAG 610-36M.YAG
Reflector 0.000" 65.750" 70.875"
Driven Element 37.000" 57.625" 62.875"
Director 1 43.000" 57.125" 62.375"
Director 2 98.000" 54.875" 60.125"
Director 3 127.000" 53.875" 59.250"
Director 4 121.000" 49.875" 55.250"
Compensator 12" behind Dir. 4 32.000" 29.750"
Seven-element 10-meter Yagi, 48-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 710-48H.YAG 710-48M.YAG
Reflector 0.000" 65.375" 70.500"
Driven Element 37.000" 58.125" 63.375"
Director 1 37.000" 57.500" 62.750"
Director 2 96.000" 54.875" 60.125"
Director 3 130.000" 52.250" 57.625"
Director 4 154.000" 52.625" 58.000"
Director 5 116.000" 49.875" 55.250"
Compensator 12" behind Dir. 5 35.750" 33.750"
Eight-element 10-mete r Yagi, 60-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 810-60H.YAG 810-60M.YAG
Reflector 0.000" 65.000" 70.125"
Driven Element 42.000" 57.375" 62.625"
Director 1 37.000" 57.125" 62.375"
Director 2 87.000" 55.375" 60.625"
Director 3 126.000" 53.250" 58.625"
Director 4 141.000" 51.875" 57.250"
Director 5 157.000" 52.500" 57.875"
Director 6 121.000" 50.125" 55.500"
Compensator 12" behind Dir. 6 59.375" 55.125"

These 10-meter Yagi designs are optimized for > 20 dB F/R, and SWR < 2:1 over frequency range from 28.000 to 28.800 MHz, for
heavy-duty elements (125-mph wind survival) and for medium-duty (96-mph wind survival). For coverage from 28.8 to 29.7 MHz,
subtract 2.000 inches from end of each element, but leave element spacings the same as shown here. Only element tip dimensions are
shown, and all dimensions are in inches. See Fig 12D for element telescoping tubing schedule. Torque compensator element is made of
2.5" OD PVC water pipe placed 12 inches behind last director. Dimensions shown for compensators are one-half of total length,
centered on boom.
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Table 2
Optimized 12-Mete r Yagi Designs
Three-element 12-mete r Yagi, 10-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 312-10H.YAG 312-10M.YAG
Reflector 0.000" 69.000" 73.875"
Driven Element 40.000" 59.125" 64.250"
Director 1 74.000" 54.000" 59.125"
Compensator 12" behind Dir. 1 13.625" 12.000"

Four-element 12-mete r Yagi, 14-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 412-14H.YAG 412-14M.YAG
Reflector 0.000" 66.875" 71.875"
Driven Element 46.000" 60.625" 65.625"
Director 1 46.000" 58.625" 63.750"
Director 2 82.000" 50.875" 56.125"
Compensator 12" behind Dir. 2 16.375" 14.500"

Five-element 12-mete r Yagi, 20-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 512-20H.YAG 512-20M.YAG
Reflector 0.000" 69.750" 74.625"
Driven Element 46.000" 61.750" 66.750"
Director 1 46.000" 60.500" 65.500"
Director 2 48.000" 55.500" 60.625"
Director 3 94.000" 54.625" 59.750"
Compensator 12" behind Dir. 3 22.125" 19.625"

Six-element 12-mete r Yagi, 30-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 612-30H.YAG 612-30M.YAG
Reflector 0.000" 68.125" 73.000"
Driven Element 46.000" 61.750" 66.750"
Director 1 46.000" 60.250" 65.250"
Director 2 72.000" 52.375" 57.625"
Director 3 75.000" 57.625" 62.750"
Director 4 114.000" 53.625" 58.750"
Compensator 12" behind Dir. 4 30.000" 26.250"

Six-element 12-mete r Yagi, 40-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 612-40H.YAG 612-40M.YAG
Reflector 0.000" 67.000" 71.875"
Driven Element 46.000" 60.125" 65.125"
Director 1 46.000" 57.375" 62.500"
Director 2 91.000" 57.375" 62.500"
Director 3 157.000" 57.000" 62.125"
Director 4 134.000" 54.375" 59.500"
Compensator 12" behind Dir. 4 36.500" 31.625"

Seven-element 12-meter Yagi, 54-foot boom
Element Spacing, inches Heavy-Duty Tip Medium-Duty Tip
File Name 712-54H.YAG 712-54M.YAG
Reflector 0.000" 67.125" 72.000"
Driven Element 46.000" 60.500" 65.500"
Director 1 46.000" 56.750" 61.875"
Director 2 75.000" 58.000" 63.125"
Director 3 161.000" 55.625" 60.750"
Director 4 174.000" 56.000" 61.125"
Director 5 140.000" 53.125" 58.375"
Compensator 12" behind Dir. 5 43.125" 37.500"

These 12-meter Yagi designs were optimized for > 20 dB F/R, and SWR < 2:1 over frequency range from 24.890 to 24.990 MHz, for
heavy-duty elements (123-mph wind survival) and for medium-duty (85-mph wind survival). Only element tip dimensions are shown, and
all dimensions are in inches. See Fig 13D for element telescoping tubing schedule. Torque compensator element is made of 2.5" OD
PVC water pipe placed 12" behind the last director. Dimensions shown for compensators are one-half of total length, centered on boom.
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12-METER YAGIS
Fig 13 describes the electrical performance of six optimized 12-meter Yagis with boom lengths be-

tween 10 to 54 feet. The end of each boom includes 3 inches of space for the reflector and last director
mounting plates. The narrow frequency width of the 12-meter band allows the performance to be optimized
easily. Fig 13A shows the free-space gain versus frequency for each antenna; 13B shows the front-to-rear
ratio, and 13C shows the SWR versus frequency. Each antenna was designed to cover the narrow 12-meter
band from 24.89 to 24.99 MHz, with SWR less than 2:1 and F/R better than 20 dB over that range.

Fig 13D shows the taper schedule for two types of 12-meter elements. The heavy-duty design can survive
123-mph winds with no icing, and 87-mph winds with 1/4 inch of radial ice. The medium-duty design can
handle 85-mph winds with no icing, and 61-mph winds with 1/4 inch of radial ice. The element-to-boom
mounting plate for these Yagis is a 0.375 inches thick flat aluminum plate, 5 inches wide by 6 inches long.
Electrically, each mounting plate is equivalent to a cylinder, with an effective diameter of 2.9447 inches for
the heavy-duty element, and 2.8568 inches for the medium-duty element. The equivalent length on each side
of the boom is 3 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

Fig 13—Gain, F/R and SWR performance versus frequency for optimized 12-meter Yagis. At A, gain is
shown versus frequency for six 12-meter Yagis whose booms range from 10 feet to 54 feet long, and
which have been optimized for better than 20 dB F/R and less than 2:1 SWR over the narrow 12-meter
band from 24.89 to 24.99 MHz. At B, front-to-rear ratio for these antennas is shown versus frequency, and
at C, SWR over the frequency range is shown. At D, the taper schedule for heavy-duty and for medium-
duty 12-meter elements is shown. The heavy-duty elements can withstand 123-mph winds without icing,
and 87-mph winds with 1/4-inch radial ice. The medium-duty elements can survive 85-mph winds without
icing, and 61-mph winds with 1/4-inch radial ice. The wall thickness for each telescoping section of
6061-T6 aluminum tubing is 0.058 inches, and the overlap at each telescoping junction is 3 inches.

(A)
(B)

 (C)
 (D)
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15-METER YAGIS
Fig 14 describes the electrical performance of seven optimized 15-meter Yagis with boom lengths

between 12 feet to a spectacular 80 feet. The end of each boom includes 3 inches of space for the
reflector and last-director mounting plates. Fig 14A shows the free-space gain versus frequency for
each antenna; 14B shows the worst-case front-to-rear ratio, and 14C shows the SWR versus frequency.
Each antenna was designed to cover the full 15-meter band from 21.000 to 21.450 MHz, with SWR less
than 2:1 and F/R ratio better than 20 dB over that range.

Fig 14D shows the taper schedule for two types of 15-meter elements. The heavy-duty design can survive
124-mph winds with no icing, and 90-mph winds with 1/4 inch of radial ice. The medium-duty design can
handle 86-mph winds with no icing, and 61-mph winds with 1/4 inch of radial ice. The element-to-boom
mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 5 inches wide by 6 inches long.
Electrically, each mounting plate is equivalent to a cylinder, with an effective diameter of 3.0362 inches for
the heavy-duty element, and 2.9447 inches for the medium-duty element. The equivalent length on each side
of the boom is 3 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

(A)

(D)

Fig 14—Gain, F/R and SWR performance versus
frequency for optimized 15-meter Yagis. At A, gain
versus frequency is shown for seven 15-meter Yagis
whose booms range from 12 feet to 80 feet long, and
which have been optimized for better than 20 dB F/R
and less than 2:1 SWR over the frequency range from
21.0 to 21.45 MHz. At B, front-to-rear ratio for these
antennas is shown versus frequency, and at C, SWR
over the frequency range is shown. At D, the taper
schedule for heavy-duty and for medium-duty
15-meter elements is shown. The heavy-duty elements
can withstand 124-mph winds without icing, and
90-mph winds with 1/4-inch radial ice. The medium-
duty elements can survive 86-mph winds without
icing, and 61-mph winds with 1/4-inch radial ice. The

wall thickness for
each telescoping
section of 6061-T6
aluminum tubing is
0.058 inches, and the
overlap at each
telescoping junction
is 3 inches.

 (B)

(C)
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Table 3
Optimized 15-Mete r Yagi Designs
Three-element 15-mete r Yagi, 12-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 12' boom 315-12H.YAG 315-12M.YAG
Reflector 0.000" 61.375" 83.750"
Driven Element 48.000" 49.625" 72.625"
Director 1 92.000" 43.500" 66.750"
Compensator 12" behind Dir. 1 34.750" 37.625"
Four-element 15-mete r Yagi, 18-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 415-18H.YAG 415-18M.YAG
Reflector 0.000" 59.750" 82.250"
Driven Element 56.000" 50.875" 73.875"
Director 1 56.000" 48.000" 71.125"
Director 2 98.000" 36.625" 60.250"
Compensator 12" behind Dir. 2 20.875" 18.625"
Five-element 15-mete r Yagi, 24-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 515-24H.YAG 515-24M.YAG
Reflector 0.000" 62.000" 84.375"
Driven Element 48.000" 52.375" 75.250"
Director 1 48.000" 47.875" 71.000"
Director 2 52.000" 47.000" 70.125"
Director 3 134.000" 41.000" 64.375"
Compensator 12" behind Dir. 3 40.250" 35.125"
Six-element 15-mete r Yagi, 36-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 615-36H.YAG 615-36M.YAG
Reflector 0.000" 61.000" 83.375"
Driven Element 53.000" 51.375" 74.250"
Director 1 56.000" 49.125" 72.125"
Director 2 59.000" 45.125" 68.375"
Director 3 116.000" 47.875" 71.000"
Director 4 142.000" 42.000" 65.375"
Compensator 12" behind Dir. 4 45.500" 39.750"
Six-element 15-mete r Yagi, 48-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 615-48H.YAG 615-48M.YAG
Reflector 0.000" 60.500" 83.000"
Driven Element 48.000" 50.875" 72.875"
Director 1 48.000" 51.250" 74.125"
Director 2 125.000" 48.000" 71.125"
Director 3 190.000" 45.500" 68.750"
Director 4 161.000" 42.000" 65.375"
Compensator 12" behind Dir. 4 51.500" 45.375"
Seven-element 15-meter Yagi, 60-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 715-60H.YAG 715-60M.YAG
Reflector 0.000" 59.750" 82.250"
Driven Element 48.000" 51.375" 74.250"
Director 1 48.000" 52.000" 74.875"
Director 2 93.000" 49.500" 72.500"
Director 3 173.000" 44.125" 67.375"
Director 4 197.000" 45.500" 68.750"
Director 5 155.000" 41.750" 65.125"
Compensator 12" behind Dir. 5 58.500" 51.000"
Eight-element 15-mete r Yagi, 80-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 815-80H.YAG 815-80M.YAG
Reflector 0.000" 60.625" 83.125"
Driven Element 56.000" 51.250" 74.125"
Director 1 48.000" 51.500" 74.375"
Director 2 115.000" 48.375" 71.500"
Director 3 164.000" 45.750" 69.000"
Director 4 202.000" 43.125" 66.500"
Director 5 206.000" 44.750" 68.000"
Director 6 163.000" 40.875" 64.250"
Compensator 12" behind Dir. 6 95.000" 83.375"
These 15-meter Yagi designs are optimized for > 20 dB F/R, and SWR < 2:1 over entire frequency range from 21.000 to 21.450 MHz, for
heavy-duty elements (124-mph wind survival) and for medium-duty (86-mph wind survival). Only element tip dimensions are shown. See
Fig 14D for element telescoping tubing schedule. All dimensions are in inches. Torque compensator element is made of 2.5" OD PVC
water pipe placed 12" behind last director, and dimensions shown for compensators are one-half of total length, centered on boom.
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17-METER YAGIS
Fig 15 describes the electrical performance of five optimized 17-meter Yagis with boom lengths

between 14 to a heroic 60 feet. As usual, the end of each boom includes 3 inches of space for the
reflector and last director mounting plates. Fig 15A shows the free-space gain versus frequency for
each antenna; 15B shows the worst-case front-to-rear ratio, and 15C shows the SWR versus frequency.
Each antenna was designed to cover the narrow 17-meter band from 18.068 to 18.168 MHz, with SWR
less than 2:1 and F/R ratio better than 20 dB over that range.

Fig 15—Gain, F/R and SWR performance versus
frequency for optimized 17-meter Yagis. At A, gain
versus frequency is shown for five 17-meter Yagis
whose booms range from 14 feet to 60 feet long, and
which have been optimized for better than 20 dB F/R
and less than 2:1 SWR over the narrow 17-meter band
from 18.068 to 18.168 MHz. At B, front-to-rear ratio for
these antennas is shown versus frequency, and at C,
SWR over the frequency range is shown. At D, the
taper schedule for heavy-duty and for medium-duty
17-meter elements is shown. The heavy-duty elements
can withstand 123-mph winds without icing, and
89-mph winds with 1/4-inch radial ice. The medium-duty
elements can survive 83-mph winds without icing, and
59-mph winds with 1/4-inch radial ice. The wall
thickness for each telescoping section of 6061-T6
aluminum tubing is 0.058 inches, and the overlap at
each telescoping junction is 3 inches.

(A)

(B) (C)

(D)
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Fig 15D shows the taper schedule for two types of 17-meter elements. The heavy-duty design can
survive 123-mph winds with no icing, and 83-mph winds with 1/4 inch of radial ice. The medium-duty
design can handle 83-mph winds with no icing, and 59-mph winds with 1/4 inch of radial ice.
The element-to-boom mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 6 inches
wide by 8 inches long. Electrically, each mounting plate is equivalent to a cylinder, with an effective
diameter of 3.5122 inches for the heavy-duty element, and 3.3299 inches for the medium-duty element.
The equivalent length on each side of the boom is 4 inches. As usual, the torque compensator is mounted
12 inches behind the last director.

Table 4
Optimized 17-mete r Yagi Designs

Three-element 17-mete r Yagi, 14-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 317-14H.YAG 317-14M.YAG
Reflector 0.000" 60.125" 88.250
Driven Element 65.000" 56.625" 81.125
Director 1 97.000" 48.500" 77.250"
Compensator 12" behind Dir. 1 12.625" 10.750

Four-element 17-mete r Yagi, 20-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 417-20H.YAG 417-20M.YAG
Reflector 0.000" 61.500" 89.500"
Driven Element 48.000" 54.250" 82.625"
Director 1 48.000" 52.625" 81.125"
Director 2 138.000" 40.500" 69.625"
Compensator 12" behind Dir. 2 42.500" 36.250"

Five-element 17-mete r Yagi, 30-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 517-30H.YAG 517-30M.YAG
Reflector 0.000" 61.875" 89.875"
Driven Element 48.000" 52.625" 81.125"
Director 1 52.000" 49.625" 78.250"
Director 2 93.000" 49.875" 78.500"
Director 3 161.000" 42.500" 72.500"
Compensator 12" behind Dir. 3 54.375" 45.875"

Six-element 17-mete r Yagi, 48-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 617-48H.YAG 617-48M.YAG
Reflector 0.000" 62.250" 90.250"
Driven Element 52.000" 52.625" 81.125"
Director 1 51.000" 45.500" 74.375"
Director 2 87.000" 47.875" 76.625"
Director 3 204.000" 47.000" 75.875"
Director 4 176.000" 42.000" 71.125"
Compensator 12" behind Dir. 4 68.250" 57.500"

Six-element 17-mete r Yagi, 60-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 617-60H.YAG 617-60M.YAG
Reflector 0.000" 61.250" 89.250"
Driven Element 54.000" 54.750" 83.125"
Director 1 54.000" 52.250" 80.750"
Director 2 180.000" 46.000" 74.875"
Director 3 235.000" 44.625" 73.625"
Director 4 191.000" 41.500" 70.625"
Compensator 12" behind Dir. 4 62.875" 53.000"

These 17-meter Yagi designs are optimized for > 20 dB F/R, and SWR < 2:1 over entire frequency range from 18.068 to 18.168 MHz, for
heavy-duty elements (123-mph wind survival) and for medium-duty (83-mph wind survival). Only element tip dimensions are shown. All
dimensions are in inches. Torque compensator element is made of 2.5" OD PVC water pipe placed 12" behind last director, and
dimensions shown for compensators are one-half of total length, centered on boom.



HF Yagi Arrays 11-21

Fig 16—Gain, F/R and SWR performance versus frequency
for optimized 20-meter Yagis. At A, gain versus frequency
is shown for seven 20-meter Yagis whose booms range
from 16 feet to 80 feet long, and which have been optimized
for better than 20 dB F/R and less than 2:1 SWR over the
frequency range from 14.0 to 14.35 MHz. At B, front-to-rear
ratio for these antennas is shown versus frequency, and at
C, SWR over the frequency range is shown. At D, the taper
schedule for heavy-duty and for medium-duty 20-meter
elements is shown. The heavy-duty elements can withstand
122-mph winds without icing, and 89-mph winds with
1/4-inch radial ice. The medium-duty elements can survive
82-mph winds without icing, and 60-mph winds with 1/4-inch
radial ice. The wall thickness for each telescoping section

of 6061-T6
aluminum
tubing is 0.058
inches, and
the overlap at
each tele-
scoping
junction is
3 inches.

20-METER YAGIS
Fig 16 describes the electrical performance of seven optimized 20-meter Yagis with boom lengths between

16 to a giant 80 feet. As usual, the end of each boom includes 3 inches of space for the reflector and last director
mounting plates. Fig 16A shows the free-space gain versus frequency for each antenna; 16B shows the front-to-
rear ratio, and 16C shows the SWR versus frequency. Each antenna was designed to cover the complete 20-meter
band from 14.000 to 14.350 MHz, with SWR less than 2:1 and F/R ratio better than 20 dB over that range.

Fig 16D shows the taper schedule for two types of 20-meter elements. The heavy-duty design can survive
122-mph winds with no icing, and 89-mph winds with 1/4 inch of radial ice. The medium-duty design can
handle 82-mph winds with no icing, and 60-mph winds with 1/4 inch of radial ice. The element-to-boom
mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 6 inches wide by 8 inches long.
Electrically, each mounting plate is equivalent to a cylinder, with an effective diameter of 3.7063 inches for
the heavy-duty element, and 3.4194 inches for the medium-duty element. The equivalent length on each side
of the boom is 4 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

(A)

(D)

(B)

(C)
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Table  5
Optimized 20-Mete r Yagi Designs

Three-element 20-mete r Yagi, 16-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 320-16H.YAG 320-16M.YAG
Reflector 0.000" 69.625" 81.625"
Driven Element 80.000" 51.250" 64.500"
Director 1 106.000" 42.625" 56.375"
Compensator 12" behind Dir. 1 33.375" 38.250"

Four-element 20-mete r Yagi, 26-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 420-26H.YAG 420-26M.YAG
Reflector 0.000" 65.625" 76.875"
Driven Element 72.000" 53.375" 65.375"
Director 1 60.000" 51.750" 63.875"
Director 2 174.000" 38.625" 51.500"
Compensator 12" behind Dir. 2 54.250" 44.250"

Five-element 20-mete r Yagi, 34-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 520-34H.YAG 520-34M.YAG
Reflector 0.000" 68.625" 80.750"
Driven Element 72.000" 52.250" 65.375"
Director 1 71.000" 45.875" 59.375"
Director 2 68.000" 45.875" 59.375"
Director 3 191.000" 37.000" 51.000"
Compensator 12" behind Dir. 3 69.250" 56.250"

Five-element 20-mete r Yagi, 40-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 520-40H.YAG 520-40M.YAG
Reflector 0.000" 68.375" 80.500"
Driven Element 72.000" 53.500" 66.625"
Director 1 72.000" 51.500" 64.625"
Director 2 139.000" 48.375" 61.750"
Director 3 191.000" 38.000" 52.000"
Compensator 12" behind Dir. 3 69.750" 56.750"

Five-element 20-mete r Yagi, 48-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 520-48H.YAG 520-48M.YAG
Reflector 0.000" 66.250" 78.500"
Driven Element 72.000" 52.375" 65.500"
Director 1 88.000" 50.500" 63.750"
Director 2 199.000" 47.375" 60.875"
Director 3 211.000" 39.750" 53.625"
Compensator 12" behind Dir. 3 70.325" 57.325"

Six-element 20-mete r Yagi, 60-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 620-60H.YAG 620-60M.YAG
Reflector 0.000" 67.000" 79.250"
Driven Element 84.000" 52.375" 65.500"
Director 1 91.000" 45.125" 58.750"
Director 2 130.000" 41.375" 55.125"
Director 3 210.000" 46.875" 60.375"
Director 4 199.000" 39.125" 53.000"
Compensator 12" behind Dir. 4 72.875" 59.250"

Six-element 20-mete r Yagi, 80-foot boom
Element Spacing Heavy-Duty Tip Medium-Duty Tip
File Name 620-80H.YAG 620-80M.YAG
Reflector 0.000" 66.125" 78.375"
Driven Element 72.000" 52.375" 65.500"
Director 1 122.000" 49.125" 62.500"
Director 2 229.000" 44.500" 58.125"
Director 3 291.000" 42.625" 56.375"
Director 4 240.000" 38.750" 52.625"
Compensator 12" behind Dir. 4 78.750" 64.125"
These 20-meter Yagi designs are optimized for > 20 dB F/R, and SWR < 2:1 over entire frequency range from 14.000 to 14.350 MHz, for
heavy-duty elements (122-mph wind survival) and for medium-duty (82-mph wind survival). Only element tips are shown. See Fig 16D
for element telescoping tubing schedule. All dimensions are in inches. Torque compensator element is made of 2.5" OD PVC water pipe
placed 12" behind last director, and dimensions shown for compensators are one-half of total length, centered on boom.
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30-METER YAGIS
Fig 17 describes the electrical performance of three optimized 30-meter Yagis with boom lengths between 15

to 34 feet. Because of the size and weight of the elements alone for Yagis on this band, only 2-element and 3-element
designs are described. The front-to-rear ratio requirement for the 2-element antenna is relaxed to be greater than
10 dB over the band from 10.100 to 10.150 MHz, while that for the 3-element designs is kept at greater than 20 dB
over that frequency range.

As usual, the end of each boom includes 3 inches of space for the reflector and last director mounting
plates. Fig 17A shows the free-space gain versus frequency for each antenna; 17B shows the worst-case
front-to-rear ratio, and 17C shows the SWR versus frequency.

Fig 17D shows the taper schedule for the 30-meter elements. Note that the wall thickness of the first two
sections of tubing is 0.083 inches, rather than 0.058 inches. This heavy-duty element design can survive 107-mph
winds with no icing, and 93-mph winds with 1/4 inch of radial ice. The element-to-boom mounting plate for
these Yagis is a 0.500-inch thick flat aluminum plate, 6 inches wide by 24 inches long. Electrically, each mount-
ing plate is equivalent to a cylinder, with an effective diameter of 4.684 inches. The equivalent length on each
side of the boom is 12 inches. These designs require no torque compensator.

Fig 17—Gain, F/R and SWR performance versus
frequency for optimized 30-meter Yagis. At A, gain versus
frequency is shown for three 30-meter Yagis whose
booms range from 15 feet to 34 feet long, and which have
been optimized for better than 10 dB F/R and less than
2:1 SWR over the frequency range from 10.1 to
10.15 MHz. At B, front-to-rear ratio for these antennas is
shown versus frequency, and at C, SWR over the
frequency range is shown. At D, the taper schedule is
shown for heavy-duty 30-meter elements, which can
withstand 107-mph winds without icing, and 93-mph
winds with 1/4-inch radial ice. Except for the 2 1/4-inch and
2-inch sections, which have 0.083-inch thick walls, the
wall thickness for the other telescoping sections of 6061-
T6 aluminum tubing is 0.058 inches, and the overlap at

the 1-inch telescoping
junction with the
7/8-inch section is
3 inches. The 2-inch
section utilizes two
machined aluminum
reducers to accom-
modate the 1-inch
tubing.

(A) (B)

(C)

(D)
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40-METER YAGIS
Fig 18 describes the electrical performance of three optimized 40-meter Yagis with boom lengths

between 20 to 48 feet. Like the 30-meter antennas, because of the size and weight of the elements for
a 40-meter Yagi, only 2-element and 3-element designs are described. The front-to-rear ratio require-
ment for the 2-element antenna is relaxed to be greater than 10 dB over the band from 7.000 to
7.300 MHz, while the goal for the 3-element designs is 20 dB over the frequency range of 7.000 to
7.200 MHz. It is exceedingly difficult to hold the F/R greater than 20 dB over the entire 40-meter band
without sacrificing excessive gain with a 3-element design.

As usual, the end of each boom includes 3 inches of space for the reflector and last director mount-
ing plates. Fig 18A shows the free-space gain versus frequency for each antenna; 18B shows the front-
to-rear ratio, and 18C shows the SWR versus frequency.

Fig 18—Gain, F/R and SWR performance versus
frequency for optimized 40-meter Yagis. At A, gain
versus frequency is shown for three 40-meter Yagis
whose booms range from 20 feet to 48 feet long, and
which have been optimized for better than 10 dB F/R
and less than 2:1 SWR over the frequency range from
7.0 to 7.2 MHz. At B, front-to-rear ratio for these
antennas is shown versus frequency, and at C, SWR
over the frequency range is shown. At D, the taper
schedule is shown for heavy-duty 40-meter elements,
which can withstand 93-mph winds without icing, and
69-mph winds with 1/4-inch radial ice. Except for the
21/4-inch and 2-inch sections, which have 0.083-nch
thick walls, the wall thickness for the other
telescoping sections of 6061-T6 aluminum tubing is
0.058 inches, and the overlap at telescoping junctions
is 3 inches. The 2-inch section utilizes two machined
aluminum reducers to accommodate the 1-inch tubing.

(B)
(A)

(C)

(D)
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Fig 18D shows the taper schedule for the 40-meter elements. Note that the wall thickness of the
first two sections of tubing is 0.083 inches, rather than 0.058 inches. This element design can survive
93-mph winds with no icing, and 69-mph winds with 1/4 inch of radial ice. The element-to-boom mounting
plate for these Yagis is a 0.500-inch thick flat aluminum plate, 6 inches wide by 24 inches long. Elec-
trically each mounting plate is equivalent to a cylinder, with an effective diameter of 4.684 inches. The
equivalent length on each side of the boom is 12 inches. These designs require no torque compensator.

Modifying Hy-Gai n Yagis
Enterprising amateurs have long used the Telex Communications Hy-Gain “Long John” series of

HF monobanders as a source of top-quality aluminum and hardware for customized Yagis. Often-modi-
fied older models include the 105BA for 10 meters, the 155BA for 15 meters, and the 204BA and
205BA for 20 meters. Newer Hy-Gain designs, the 105CA, 155CA and 205CA, have been redesigned
by computer for better performance.

Hy-Gain antennas have historically had an excellent reputation for superior mechanical design,
and Hy-Gain proudly points out that many of their monobanders are still working after more than 30
years. In the older designs the elements were purposely spaced along the boom to achieve good weight
balance at the mast-to-boom bracket, with electrical performance as a secondary goal. Thus, the elec-
trical performance was not necessarily optimum, particularly over an entire amateur band. Newer Hy-
Gain designs are electrically superior to the older ones, but because of their strong concern for weight-
balance are still not optimal by the definitions used in this chapter. With the addition of wind torque-
compensation dummy elements, and with extra lead weights, where necessary, at the director end of
the boom for weight-balance, the electrical performance can be enhanced, using the same proven me-
chanical parts.

Table 7
Optimized 40-Mete r Yagi Designs

Two-element 40-mete r Yagi, 20-foot boom
Element Spacing Heavy-Duty Tip
File Name 240-20.YAG
Reflector 0.000" 85.000"
Driven Element 240.000" 25.500"

Three-element 40-mete r Yagi, 32-foot boom
Element Spacing Heavy-Duty Tip
File Name 340-32.YAG
Reflector 0.000" 90.750"
Driven Element 196.000" 55.875"
Director 1 182.000" 33.875"

Three-element 40-mete r Yagi, 48-foot boom
Element Spacing Heavy-Duty Tip
File Name 340-48.YAG
Reflector 0.000" 79.375"
Driven Element 300.000" 50.625"
Director 1 270.000" 27.500"

These 40-m Yagi designs are optimized for > 10 dB F/R, and
SWR < 2:1 over low-end of frequency range from 7.000 to 7.200
MHz, for heavy-duty elements (95-mph wind survival). Only
element tip dimensions are shown. See Fig 18D for element
telescoping tubing schedule. All dimensions are in inches. No
wind torque compensator is required.

Table 6
Optimized 30-Mete r Yagi Designs
Two-element 30-mete r Yagi, 15-foot boom
Element Spacing Heavy-Duty Tip
File Name 230-150.YAG
Reflector 0.000" 50.250"
Driven Element 174.000" 14.875"

3-element 30-mete r Yagi, 22-foot boom
Element Spacing Heavy-Duty Tip
File Name 330-22.YAG
Reflector 0.000 59.375
Driven Element 135.000 30.375
Director 1 123.000 19.625

Three-element 30-mete r Yagi, 34-foot boom
Element Spacing Heavy-Duty Tip
File Name 330-34.YAG
Reflector 0.000" 53.750"
Driven Element 212" 26.625"
Director 1 190" 14.500"

These 30-m Yagi designs are optimized for > 10 dB F/R, and
SWR < 2:1 over entire frequency range from 10.100 to 10.150
MHz for heavy-duty elements (105-mph wind survival). Only
element tip dimensions are shown. See Fig 17D for element
telescoping tubing schedule. All dimensions are in inches. No
torque compensator element is required.
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Fig 19 shows the computed gain, F/R ratio and
SWR for a 24-foot boom, 10-meter optimized Yagi
(modified 105BA) using Hy-Gain hardware.
Fig 20 shows the same for a 26-foot boom
15-meter Yagi (modified 155BA), and Fig 21
shows the same for a 34-foot boom (modified
205BA) 20-meter Yagi. Tables 8 through 10 show
dimensions for these designs. The original Hy-
Gain taper schedule is used for each element. Only
the length of the end tip (and the spacing along
the boom) is changed for each element.

Table 8
Optimized Hy-Gain 20-Meter Yagi Designs

Optimized 204BA, Four-element 20-mete r Yagi, 26-foot
boom
Element Spacing Element Tip
File Name BV204CA.YAG
Reflector             0.000" 54.500"
Driven Element 85.000" 50.125"
Director 1          72.000" 61.500"
Director 2        149.000" 50.125"

Optimized 205CA, Five-element 20-meter Yagi, 34-foot
boom
Element Spacing Element Tip
File Name BV205CA.YAG
Reflector             0.000" 58.500"
Driven Element 72.000" 52.000"
Director 1          72.000" 62.250"
Director 2          74.000" 61.875"
Director 3        190.000" 54.750"
See disk file for torque compensator information.

Table 10
Optimized Hy-Gain 10-Meter Yagi Designs

Optimized 105BA, Five-element 10-meter Yagi, 24-foot
boom
Element      Spacing, inches Element Tip
File Name BV105CA.YAG
Reflector             0.000" 44.250"
Driven Element 40.000" 53.625"
Director 1         40.000" 52.500"
Director 2         89.500" 50.500"
Director 3       122.250" 44.750"
See disk file for torque compensator information.

Table 9
Optimized Hy-Gain 15-Meter Yagi Designs

Optimized 155BA, Five-element 15-meter Yagi, 24-foot
boom
Element Spacing Element Tip
File Name BV155CA.YAG
Reflector            0.000" 62.625"
Driven Element 48.000" 64.875"
Director 1         48.000" 63.875"
Director 2          82.750" 61.625"
Director 3        127.250" 55.000"
See disk file for torque compensator information. Fig 20—Gain, F/R and SWR over the 21.0 to

21.45 MHz band for original and optimize d Yagis
using Hy-Gain hardware. Original 155BA design
provided excellent weight balance at boom-to-
mast bracket, but compromised the electrical
performance somewhat because of non-optimum
spacing of elements. Optimized design requires
wind torque-balancing compensator element, and
compensating weight at director end of boom to
rebalance weight. The F/R ratio over the
frequency range for the optimized design is more
than 2 2 dB. Each element uses the original Hy-
Gain taper schedule and element-to-boom clamp,
but the length of the tip is changed per Table 9.

Fig 19—Gain, F/R and SWR over the 28.0 to
28.8 MHz range for original and optimize d Yagis
using Hy-Gain hardware. Original 105BA design
provided excellent weight balance at boom-to-
mast bracket, but compromised the electrical
performance somewhat because of non-optimum
spacing of elements. Optimized design requires
wind torque-balancing compensator element, and
compensating weight at director end of boom to
rebalance weight. The F/R ratio over the
frequency range for the optimized design is more
than 2 3 dB. Each element uses the original Hy-
Gain taper schedule and element-to-boom clamp,
but the length of the tip is changed per Table 10.
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Fig 21—Gain, F/R and SWR over the 14.0 to
14.35 MHz band for original and optimize d Yagis
using Hy-Gain hardware. Original 205BA design
provided good weight balance at boom-to-mast
bracket, but compromised the electrical
performance because of non-optimum spacing of
elements. Optimized design requires a wind torque-
balancing compensator element, and compensating
weight at director end of boom to rebalance weight.
The F/R ratio over the frequency range for the
optimized design is more than 2 3 dB, while the
original design never went beyond 1 7 dB of F/R.
Each element uses the original Hy-Gain taper
schedule and element-to-boom clamp, but the
length of the tip is changed per Table 8.

Stacked Yagis
Parasitic arrays are commonly stacked either in

broadside or collinear fashion to produce additional
directivity and gain. In HF amateur work, the most
common broadside stack is a vertical stack of identi-
cal Yagis on a single tower. This arrangement is com-
monly called a vertical stack. At VHF and UHF, ama-
teurs often employ collinear stacks, where identical
Yagis are stacked side-by-side at the same height. This
arrangement is called a horizontal stack, and is not
usually found at HF, because of the severe mechani-
cal difficulties involved with large, rotatable side-by-
side arrays. Fig 22 illustrates the two different stack-
ing arrangements. In either case, the individual Yagis
making up the stack are generally fed in phase. There
are times, however, when individual antennas in
a stacked array are fed out of phase in order to
emphasize a particular elevation pattern. See Fig 4
in Chapter 17 for such a case where elevation pattern
steering is implemented for a repeater station.

The following material on stacking Yagis has
been condensed from an article in February 1994 QST
by R. Dean Straw, N6BV, and Fred Hopengarten,
K1VR, where they described their two different stacks
of triband Yagis.

STACKS AN D WIDE
ELEVATION FOOTPRINTS

Detailed studies using sophisticated computer
models of the ionosphere have revealed that cover-
age of a wide range of elevation angles is necessary
to ensure consistent DX or contest coverage on the

Fig 22—Stacking arrangements. At A, two Yagis are
stacked vertically (broadside) on the same mast . At
B, tw o Yagis are stacked horizontally (collinear) side-
by-side . At HF the vertical stack is more common
because of mechanical difficulties involved with
large HF antennas stacked side-by-side, whereas at
VHF and UHF the horizontal stack is common.
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HF bands. These studies have been conducted over
all phases of the 11-year solar cycle, and for numer-
ous transmitting and receiving QTHs throughout the
world. Table 11 is an example of such a study using a
program called IONCAP for the path from New En-
gland to both Western and Eastern Europe. It lists the
statistical range of elevation angles covering 99% of
the time that signals arrive. This is for the whole
11-year solar cycle. Different tables are required to
describe paths from New England to other parts of
the world, and to describe the paths from other trans-
mitting sites to various parts of the world. [See
Chapter 23, “Radio Wave Propagation,” for additional
elevation angle information for other parts of the
world.]

Fig 23 shows the computed elevation response for
various combinations of Hy-Gain TH7DX triband
Yagis on 10 meters, calculated using the MNC version
of the MININEC computer program. The highest curve
is for a stack of three TH7DXs at heights of 90, 60 and
30 feet, placed on one tower above flat ground with an
average conductivity and dielectric constant. Overlaid
on the same graph are the elevation patterns for a single
TH7DX at 70 feet, representing a fairly common sta-
tion setup. Also shown is the pattern for a single
TH7DX at 40 feet, the pattern for a stack of two
TH7DX tribanders at 70 feet and 40 feet on one tower
and the pattern for a single 90-foot high dipole.

At 10 meters, the stack of three triband Yagis at
90, 60 and 30 feet has good coverage for low eleva-
tion angles, and good coverage out to about 11° el-
evation, where its pattern crosses that of the single
40-foot-high antenna. At an elevation of 2°, the stack
of three has 8 dB more gain than the single 40-foot-
high antenna, but only 2 dB of gain over the stack of
two antennas at 70 and 40 feet. For the range of angles
needed to cover Western and Eastern Europe, the race
between the stack of three and the shorter stack of
two is pretty close. A single TH7DX on 10 meters at
90 feet suffers dramatically whenever the elevation
angles are higher than approximately 9°, as com-
monly occurs into Western Europe during the stron-
gest part of the 10-meter opening from New England.

Both of the stacks illustrated here give a wider
elevation footprint than any single antenna, so that
all the angles can be covered automatically with-
out having to switch from higher to lower anten-
nas manually. This is perhaps the major benefit of
using stacks, but not the only one.

Fig 24 compares the 15-meter elevation re-
sponses for tribanders at the same heights as for

Fig 24 —Comparison of elevation patterns for 15-meter
TH7DX tribander combinations mounted over flat
ground. The stack at 90, 60 and 30 feet yields an
excellent footprint over the range of 4° to 14° at its half-
power points, with a peak gain of 17.1 dBi. The stack at
70 and 40 feet has a peak gain of 16. 0 dBi at 11°, with
coverage from 5° to 17° at its half-power points. Like
the 10-meter stack of three, the stack of two TH7DXs is
very close in overall performance, except for lower gain
at very low angles, where the higher top antenna
comes into play in the stack of three.

Fig 23—Comparison of elevation patterns for
10-meter TH7DX tribander combinations mounted over
flat ground. The 10-meter stack of three at 90, 60 and
30 feet has an elevation footprint between 3.5 ° to 11° at
its half-power points, and a peak gain of 17.8 dBi. The
stack at 70 and 40 feet has a peak gain of 16.7 dBi at
8°, with coverage from 4 ° to 12.5° at its half-power
points . A dipole at 90 feet might seem like a practical
reference antenna for the stack of thre e Yagis . At 7°
elevation, the 17.8 dBi gain of the stack of three is
almost 10 dB greater than the gain of the 90-foot
dipole. Howeve r, at 11°, where the dipole is in a null,
the 14.6 dBi gain of the three-stack is 32 dB stronger
than the dipole—this would be a gain of 32 dB! Clearl y,
it is difficult to measure a stack o f Yagis directly
against a singl e dipole. It would be fai r, howeve r, to
use a stack of dipoles for comparison, or to compare
the stack ’s gain to a free-space dipole. By definition,
the use of dBi compares the stack ’s gain to that of a
single free-space isotropic radiato r.
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Fig 25—Comparison of elevation patterns for
20-meter TH7DX tribander combinations. The peak
gain for the 90, 60 and 30-foot stack is 15.7 dBi at
13° elevation. The 3 dB elevation coverage is from
6.5° to 21.5°. The peak gain for the stack of two at 70
and 40 feet is 14.7 dBi at 16 °, and the 3-dB elevation
coverage is from 7.5 ° to 25°. The stack of three has
proven to be an extremely effective antenna.

Table 11
Range of Elevation Angles from New
England to Europe
Band Elevation Angles Elevation Angles

for W. Europe for E. Europe
80 meters 16° - 33° 12° - 30°
40 meters 5° - 21°   3° - 17°
20 meters 3° - 17°   1° - 13°
15 meters 3° - 13°   1° - 12°
10 meters 4° - 13°   1° - 12°

10 meters. Here, the best system is also the stack of
three at 90, 60 and 30 feet, followed by the stack of
two at 70 and 40 feet. For most of the time, the single
Yagi at 70 feet is down from the stacks by at least 3
dB. The stack of three at an elevation of 8° has a gain
of about 7 dB over the single tribander at 40 feet.
Again, either 15-meter stack gives a wider elevation
footprint than any single antenna does.

Fig 25 shows the 20-meter elevation response
for the same triband antennas. The edge in favor of the bigger stack narrows somewhat compared to the
other antennas, mainly because the 30-foot spacing (0.43 λ) between antennas in the stack is more of a
compromise for gain on 20 meters than for the upper bands. However, the stack of three still gives a
gain of 6 dB over the single 40-foot-high tribander at a 10° elevation angle, and has a wider elevation
footprint than any single antenna.

STACKS AND COMPRESSION OF THE FORWARD AND REARWARD ELEVATION LOBES
The basic principle of a stacked array is that it concentrates energy from higher angle lobes (which don’t

contribute much to communications anyway) into the main elevation lobe. The stack squeezes down the
main elevation lobe, while maintaining the frontal lobe azimuth pattern of a single Yagi. This is the reason
why many state-of-the-art contest stations are stacking arrays of relatively short-boom antennas, rather than
stacking long-boom, higher-gain Yagis. A long-boom HF Yagi narrows both the azimuthal pattern and the
elevation pattern, making pointing of the antenna more critical, and making it more difficult to spread a
signal over a wide azimuthal area, such as all of Europe and Asiatic Russia at one time.

The compression of the higher angle lobes has another desirable effect, beyond that of creating more gain. It
reduces QRM from high-angle signals arriving from the direction in which the antenna is pointed, and from high-angle
signals coming from other directions, such as local QRM. A stack also squeezes down the elevation response of the
rearward lobe, just like the forward lobe. On the negative side, however, the front-to-rear ratio of a stack is often
degraded compared to that of a single, optimized Yagi, although this is not usually a severe problem.

Fig 26—The effect of stacking distance on elevation
patterns for 15-meter TH7DXs. The stack at 93.2 and
46.8 feet (one wavelength spacing) has a lower peak
elevation angle (because of the top antenna’s height)
and just slightly more stacking gain than does the
stack at 70 and 46.8 feet. The exact distance between
practical HF Yagis is not critical to obtain the
benefits of stacking. For a stack of tribanders at 90,
60 and 30 feet, the distance in wavelengths between
individual antennas is 0.87 λ at 28.5 MHz, 0.65 λ at
21.2 MHz, and 0.43 λ at
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By definition, a stack of triband Yagis has a constant vertical spacing between antennas in terms of
feet or meters, but not in terms of wavelength. There is a great deal of folklore and superstition among
amateurs about stacking distances. There is nothing magical about stacking distances for practical HF
Yagis. The gain gradually increases as spacing in terms of wavelength is increased between individual
Yagis in a stack, and then decreases slowly once the spacing is greater than about 1.0 λ. The difference
in gain between spacings of 0.5 λ and 1.0 λ for a TH7DX Yagi amounts to only a fraction of a decibel.

Fig 26 shows the elevation patterns for two 15-meter TH7DXs stacked at 70 and 46.8 feet (half-wave-
length spacing), and at 93.2 and 46.8 feet (one-wavelength spacing). The elevation footprint for the higher
stack has slightly more gain at lower angles, as expected, and the peak gain is just slightly higher, but the
stack with the smaller spacing still has a good gain and a desirable pattern. The situation is different on VHF,
where truly long-boom, high-gain designs are practical and desirable, and where stack spacing is corre-
spondingly more critical because of complex mutual coupling and interaction between the antennas.

STACKS AN D FADING
Both K1VR and N6BV have solicited a number of reports from stations, mainly in Europe, to

compare various combinations of antennas in stacks and as single antennas. The peak gain of the stack
is usually just a little bit higher than that for the best of the single antennas, which is not surprising.
Even a large stack has no more than about 6 dB of gain over a single Yagi at a height favoring the
prevailing elevation angle. Fading on the European path can easily be 20 dB or more, so it is very
confusing to try to make definitive comparisons. They have noticed over many tests that the stacks are
much less susceptible to fading compared to single Yagis. Even within the confines of a typical SSB
bandwidth, frequency-selective fading occasionally causes the tonal quality of a voice to change on
both receive and transmit, often dramatically becoming fuller on the stacks, and tinnier on the single
antennas. This doesn’t happen all the time, but is often seen. They have also observed often that the
depth of a fading is less, and the period of fading is longer, on the stacks compared to single antennas.

Exactly why stacks exhibit less fading is a fascinating subject, for which there exist a number of
speculative ideas, but little hard evidence. Some maintain that stacks outperform single antennas be-
cause they can afford space diversity effects, where by virtue of the difference in physical placement
one antenna will randomly pick up signals that another one in another physical location might not hear.
This argument is difficult to argue with, and equally difficult to prove scientifically.

A more plausible explanation about why stacked Yagis exhibit superior fading performance is that
their narrower frontal elevation lobes can discriminate against undesired propagation modes. Even
when band conditions favor, for example, a very low 3° elevation angle on 10 or 15 meters from New
England to Western Europe, there are signals, albeit weaker ones, which arrive at higher elevation
angles. These higher-angle signals have traveled longer distances on their journey through the iono-
sphere, and thus their signal levels and their phase angles are different from the signals traversing the
primary propagation mode. When combined with the dominant mode, the net effect is that there is
destructive and constructive fading. If the elevation response of a stacked antenna can discriminate
against signals arriving at higher elevation angles, then in theory the fading will be reduced.

STACKS AND PRECIPITATION STATIC
The top antenna in a stack is often much more affected by rain or snow precipitation static than is the lower

antenna. N6BV and K1VR have observed this phenomenon, where signals on the lower antenna by itself are
perfectly readable, while S9+ rain static is rendering reception impossible on the higher antenna or on the stack.
This means that the ability to select individual antennas in a stack can sometimes be extremely important.

STACKS AN D AZIMUTHAL DIVERSITY
Azimuthal diversity is a term coined to describe the situation where one of the antennas in a stack is

purposely pointed in a direction different from the main direction of the stack. During most of the time in a
DX contest from the East Coast, the lower antennas in a stack are pointed into Europe, while the top antenna
is often rotated toward the Caribbean or Japan. In a stack of three identical Yagis, the first-order effect of
pointing one antenna in a different direction is that one-third of the transmitter power is diverted from the
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main target area. This means that the peak gain is reduced by 1.8 dB, not a very large amount considering
that signals are often 10 to 20 dB over S9 anyway when the band is open from New England to Europe.

THE N6BV/1 ANTENNA SYSTEM—BRUTE FORCE FEEDING
The N6BV/1 system in Windham, New Hampshire, is located on the crest of a small hill about 40 miles

from Boston, and could be characterized as a good, but not dominant, contesting station. There is a single
120-foot high Rohn 45 tower, guyed at 30-foot intervals, with a 100-foot horizontal spread from tower base
to each guy point so there is sufficient room for rotation of individual Yagis on the tower. Each set of guy
wires employs heavy-duty insulators at 57-foot intervals, to avoid resonances in the 80 through 10-meter
amateur bands. There are five Yagis on the tower. A heavy-duty 12-foot long steel mast with 0.25-inch walls
is at the top of the tower, turned by an Orion 2800 rotator. Two thrust bearings are used above the rotator, one
at the top plate of the tower itself, and the other about 2 feet down in the tower on a modified rotator shelf
plate. The two thrust bearings allow the rotator to be removed for service.

At the top of the mast, 130 feet high, is a 5-element, computer-optimized 10-meter Yagi, which is
a modified Create design on a 24-foot boom. The element tuning has been modified from the stock
antenna in order to achieve higher gain and a better pattern over the band. At the top of the tower
(120-foot level) is mounted a Create 714X-3 triband Yagi. This is a large tribander, with a 32-foot
boom and five elements. Three elements are active on 40 meters, four are active on 20 meters and four
are active on 15 meters. The 40-meter elements are loaded with coils, traps and capacitance hats, and
are approximately 46 feet long. A triband 20/15/10-meter Hy-Gain TH7DX tribander is fixed into
Europe at the 90-foot level on the tower, just above the third set of guys.

At the 60-foot level on the tower, just above the second set of guys, there is a “swinging-gate” side-
mount bracket, made by DX Engineering of Oregon. A Hy-Gain Tailtwister rotator turns a TH7DX on
this side mount. (Note that both the side mount and the element spacings of the TH7DX itself prevent
full rotation around the tower—about 280° of rotation is achieved with this system.) At the 30-foot
level, just above the first set of guys, is located the third TH7DX, also fixed on Europe.

All five Yagis are fed with equal lengths of Belden 9913 low-loss coaxial cable, each measured
with a noise bridge to ensure equal electrical characteristics. At each feed point a ferrite-bead choke
balun (using seven large beads) is placed on the coax. All five coaxial cables go to a relay switch box
mounted at the 85-foot level on the tower. Fig 27 shows the schematic for the switch box, which is fed
with 250 feet of 75-Ω, 0.75-inch OD Hardline coaxial cable.

Fig 27 —N6BV/1 switch-box system. This uses a modified DX Engineering remote switch box, with
relay K6 added to allow selection of either of the two top antennas (5-element 10-meter Yagi or 40/20/
15-meter triband 714X-3) as a “multiplier” antenna. There is no special provision for SWR equalization
when any or all of the Yagis are connected in parallel as a stack fed by the Main coaxial cable. Each of
the five Yagis is fed with equal lengths of flexible Belden 9913 coax, so phasing can be maintained on
any band. The Main and “Multiplier” coaxes going to the shack are 0.75 inch OD 75- Ω Hardline cables.
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The stock DX Engineering remote switch box has been modified by adding relay K6, so that either the
130-foot or the 120-foot rotating antenna can be selected through a second length of 0.75-inch Hardline
going to the shack. This creates a Multiplier antenna, independent of the Main antennas. A second band can
be monitored in this fashion while calling CQ using the main antennas on another band. Band-pass filters
are required at the multiplier receiver to prevent overload from the main transmitter.

The 0.75-inch Hardline has very low losses, even when presented with a significant amount of
SWR at the switch-box end. This is important, because unlike K1VR’s system, no attempt is made at
N6BV to maintain a constant SWR when relays K1 through K5 are switched in or out. This seemingly
cavalier attitude comes about because of several factors. First, there are many different combinations
of antennas which can be used together in this system. Each relay coil is independently controlled by a
toggle switch in the shack. N6BV could not manage to devise a matching system that did not become
incredibly complex because of the numerous impedance combinations used over all the three bands.

Second, the worst-case additional transmission line loss due to a 4:1 SWR mismatch when four
antennas are connected in parallel on 10 meters is only 0.5 dB. It is true that a linear amplifier must be
retuned slightly when combinations of antennas are switched in and out, but this is a small penalty to
pay for the reduced complexity of the switching and matching networks. The 90/60/30-foot stack is
used for about 95% of the time during DX contests, so the small amount of amplifier retuning for other
antenna combinations is considered only a minor irritation.

WHY TRIBANDERS?
Without a doubt, the most common question K1VR and N6BV are asked is: “Why did you pick

tribanders for your stacks?” Triband antennas were chosen with full recognition that they are com-
promise antennas. Other enterprising amateurs have built stacked tribander arrays. Bob Mitchell, N5RM,
is a prominent example, with his so-called TH28DX array of four TH7DX tribanders on a 145-foot-
high rotating tower. Mitchell employed a rather complex system of relay-selected tuned networks to
choose either the upper stacked pair, the lower stacked pair or all four antennas in stack. Others in
Texas have also had good results with their tribander stacks. Contester Danny Eskenazi, K7SS, has
very successfully used a pair of stacked KT-34XA tribanders for years.

A major reason why tribanders were used is that over the years both authors have had good results
using TH6DXX or TH7DX antennas. They are ruggedly built, mechanically and electrically. They are
able to withstand New England winters without a whimper, and their 24-foot long booms are long
enough to produce significant gain, despite trap-loss compromises. Amateurs speculating about trap
losses in tribanders freely bandy about numbers between 0.5 and 2 dB. Both N6BV and K1VR are
comfortable with the lower figure, as are the Hy-Gain engineers.

Consider this: If 1500 W of transmitter power is going into an antenna, a loss of 0.5 dB amounts to
163 W. This would create a significant amount of heat in the six traps that are on average in use on a
TH6DXX, amounting to 27 W per trap. If the loss were as high as 1 dB, this would be 300 W total, or
50 W per trap. Common sense says that if the overall loss were greater than about 0.5 dB, the traps
would act more like big firecrackers than resonant circuits! A long-boom tribander like the TH6DXX
or TH7DX also has enough space to employ elements dedicated to different bands, so the compromises
in element spacing usually found on short-boom 3 or 4-element tribanders can be avoided.

Another factor in the conscious choice of tribanders was first-hand frustration with the serious interac-
tion that can result from stacking monoband antennas closely together on one mast in a Christmas Tree
configuration. N6BV’s worst experience was with the ambitious 10 through 40-meter Christmas Tree at
W6OWQ in the early 1980s. This installation used a Tri-Ex SkyNeedle tubular crankup tower with a rotat-
ing 10-foot long heavy-wall mast. The antenna suffering the greatest degradation was the 5-element 15-meter
Yagi, sandwiched 5 feet below the 5-element 10-meter Yagi at the top of the mast, and 5 feet above the full-
sized 3-element 40-meter Yagi, which also had five 20-meter elements interlaced on its 50-foot boom.

The front-to-back ratio on 15 meters was at best about 12 dB, down from the 25+ dB measured
with the bottom 40/20-meter Yagi removed. No amount of fiddling with element spacing, element
tuning or even orientation of the 15-meter boom with respect to the other booms (at 90° or 180°, for
example) improved its performance. Further, the 20-meter elements had to be lengthened by almost a
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foot on each end of each element in order to compensate for the effect of the interlaced 40-meter
elements. It was a lucky thing that the tower was a motorized crankup, because it went up and down
hundreds of times as various experiments were attempted!

Interaction due to close proximity to other antennas in a short Christmas Tree can definitely destroy
carefully optimized patterns of individual Yagis. Nowadays, interaction can be modeled using a computer
program such as MN or MININEC or NEC. A gain reduction of as much as 2 to 3 dB can easily result due to
close vertical spacing of monobanders, compared to the gain of a single monoband antenna mounted in the
clear. Curiously enough, at times such a reduction in gain can be found even when the front-to-back ratio is
not drastically degraded, or when the front-to-back occasionally is actually improved.

Dave Leeson, W6QHS, mentions that the 10-meter Yagi in his closely stacked Christmas Tree
(15 meters at the top, 10 meters in the middle, and 20 meters at the bottom of the rotating mast) loses “substan-
tial gain” because of serious interaction with the 20-meter antenna. (We calculated that the free-space gain in
the W6QHS stack drops to 5 dBi, compared to about 9 dBi with no surrounding antennas.) Monobanders are
definitely not universally superior to tribanders in multiband installations! In private conversations, W6QHS
has indicated that he would not repeat this kind of short Christmas Tree installation again.

Finally, in the N6BV/1 installation, triband antennas were chosen because the system is meant to be as
simple as possible, given a certain desired level of performance, of course. Triband antennas make for less
mechanical complexity than do an equivalent number of monobanders. There are five Yagis on the N6BV/
1 tower, yielding gain from 40 to 10 meters, as opposed to using 12 or 13 monobanders on the tower.

THE K1VR ARRAY: A MORE ELEGANT APPROACH TO MATCHING
The K1VR stacked array is on a 100-foot high Rohn 25 tower, with sets of guy wires at 30, 60 and 90

feet, made of nonconducting Phillystran. Phillystran is a nonmetallic Kevlar rope covered by black polyeth-
ylene to protect against the harmful effects of the sun’s ultraviolet rays. A caution about Phillystran: Don’t
allow tree branches to rub against it. It is designed to
work in tension, but unlike steel guy wire, it does not
tolerate abrasion well.

Both antennas are Hy-Gain TH6DXX tri-banders,
with the top one at 97 feet and the bottom one at 61 feet.
The lower antenna is rotated by a Telex Ham-M rotator
on a homemade “swinging-gate” side mount, which al-
lows it to be rotated 300° around the tower without hit-
ting any guy wires or having an element swing into the
tower. At the 90-foot point on the tower, a 2-element
40-meter Cushcraft Yagi has been mounted on a
RingRotor so it can be rotated 360° around the tower.

After several fruitless attempts trying to match the
TH6DXX antennas so that either could be used by it-
self or together in a stack, K1VR settled on using a
relay-selected broadband toroidal matching trans-
former. When both triband antennas are fed together
in parallel as a stack, it transforms the resulting 25-Ω
impedance to 50 Ω. The transformer is wound on a
T-200-A powdered-iron core, available from Amidon,
Palomar Engineering, Ocean State Electronics or
RadioKit. Two lengths of twin RG-59 coax (sometimes
called Siamese or WangNet), four turns each, are
wound on the core. Two separate RG-59 cables could
be used, but the Siamese-twin cable makes the assem-
bly look much more tidy. The shields of the RG-59
cables are connected in series, and the center conduc-
tors are connected in parallel. See Fig 28 for details.

Fig 28—Diagram for matching transformer for
K1VR stacked tribander system. The core is
powdered-iron core T-200A, with four turns of two
RG-59A or “Siamese” coax cables. Center
conductors are connected in parallel and shields
are connected in series to yield 0.667:1 turns
ratio, close to desired 25 to 50- Ω transformation.
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Fig 29—Relay switch box for K1VR stacked tribander
system. Equal lengths of 50- Ω Hardline (with equal
lengths of flexible 50- Ω cable at each antenna to
allow rotation) go to the switch box in the shack. The
SWR on all three bands for Upper, Lower or Both
switch positions is very close to constant.

Fig 29 shows the schematic of the K1VR
switch box, which is located in the shack. Equal
electrical lengths of 50-Ω Hardline are brought
from the antennas into the shack and then to the
switch box. Inside the box, the relay contacts were
soldered directly to the SO-239 chassis connectors
to keep the wire lengths down to the absolute mini-
mum. K1VR used a metal box which was larger
than might appear necessary because he wanted to
mount the toroidal transformer with plenty of clear-
ance between it and the box walls. The toroid is
held in place with a piece of insulation foam board.

Before placing the switch box in service, the system was tested using two 50-Ω dummy loads, with equal
lengths of cable connected in parallel to yield 25 Ω. The maximum SWR measured was 1.25:1 at 14 MHz, 1.3:1
at 21 MHz and 1.15:1 at 28 MHz, and the core remained cold with 80 W of continuous output power.

One key to the system performance is that K1VR made the electrical lengths of the two Hardlines
the same (within 1 inch) by using a borrowed TDR (time domain reflectometer). Almost as good as
Hardline, K1VR points out, would be to cut exactly the same length of cable from the same 500-foot
roll of RG-213. This eliminates manufacturing tolerances between different rolls of cable.

K1VR’s experience over the last 10 years has been that at the beginning of the 10 or 15-meter
morning opening to Europe the upper antenna is better. Once the band is wide open, both antennas are
fed in phase to cast a bigger shadow, or footprint, on Europe. By mid-morning, the lower antenna is
better for most Europeans, although he continues to use the stack in case someone is hearing him over
a really long distance path throughout Europe. He reports that it is always very pleasant to be called by
a 4S7 or HSØ or VU2 when he is working Europeans at a fast clip!

SOME SUGGESTIONS FOR STACKING TRIBANDERS
It is unlikely that many amateurs will try to duplicate exactly K1VR’s or N6BV’s contest setups.

However, many hams already have a tribander on top of a moderately tall tower, typically at a height of

Fig 30 —Simple feed system for 70/40-foot stack of
tribanders. Each tribander is fed with equal lengths
of 0.5-inch 75- Ω Hardline cables (with equal lengths
of flexible coax at the antennas to allow rotation),
and can be selected singly or in parallel at the
operator’s position in the shack. Again, no special
provision is made in this system to equalize SWR
for any of the combinations.
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about 70 feet. It is not terribly difficult to add another, identical tribander at about the 40-foot level on
such a tower. The second tribander can be pointed in a fixed direction of particular interest (such as
Europe or Japan), or it can be rotated around the tower on a side mount or a Ring Rotor. If guy wires get
in the way of rotation, the antenna can usually be arranged so that it is fixed in a single direction.
Insulate the guy wires at intervals to ensure that they don’ t shroud the lower antenna electrically. A
simple feed system consists of equal-length runs of surplus 0.5-inch 75-Ω Hardline (or more expensive
50-Ω Hardline, if you are really obsessed by SWR) from the shack up the tower to each antenna. Each
tribander is connected to its respective Hardline feeder by means of an equal length of flexible coaxial
cable, with a ferrite choke balun, so that the antenna can be rotated.

Down in the shack, the two Hardlines can simply be switched in and out of parallel to select the
upper antenna only, the lower antenna only, or the two antennas as a stack. See Fig 30. Any impedance
differences can be handled as stated previously, simply by retuning the linear amplifier, or by means of
the internal antenna tuner (included in most modern transceivers) when the transceiver is run barefoot.
The extra performance experienced in such a system will be far greater than the extra decibel or two
that modeling calculates.
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I n the previous chapter it was assumed that the various antenna arrays were assemblies of linear
half-wave (or approximately half-wave) dipole elements. However, other element forms may be
used according to the same basic principles. For example, loops of various types may be combined

into directive arrays. A popular type of parasitic array using loops is the quad antenna, in which loops having
a perimeter of one wavelength are used in much the same way as dipole elements in the Yagi antenna.

The quad antenna was designed by Clarence Moore, W9LZX, in the late 1940s. Since its inception,
there has been extensive controversy whether the quad is a better performer than a Yagi. This argument
continues, but over the years several facts have become apparent. For example, J. Lindsay, W7ZQ, has
made many comparisons between quads and Yagis. His data show that the quad has a gain of approxi-
mately 2 dB over a Yagi for the same array length. Another argument that has existed is that for a given
array height, the quad has a lower angle of radiation than a Yagi. Even among authorities there is
disagreement on this point. However, the H-plane pattern of a quad is slightly broader than that of a
Yagi at the half-power points. This means that the quad covers a wider area in the vertical plane.

The full-wave loop was discussed in Chapter 5. Two such loops, one as a driven element and one as
a reflector, are shown in Fig 1. This is the original version of the quad; in subsequent development,
loops tuned as directors have been added in front of the driven element. The square loops may
be mounted either with the corners lying on horizontal and vertical lines, as shown at the left, or with
two sides horizontal and two vertical (right). The feed points shown for these two cases will result in
horizontal polarization, which is commonly used.

The parasitic element is tuned in much the same way as the parasitic element in a Yagi antenna.
That is, the parasitic loop is tuned to a lower frequency than the driven element when the parasitic is to
act as a reflector, and to a higher frequency when
it is to act as a director. Fig 1 shows the parasitic
element with an adjustable tuning stub, a conve-
nient method of tuning since the resonant fre-
quency can be changed simply by changing the
position of the shorting bar on the stub. In prac-
tice, it has been found that the length around the
loop should be approximately 3% greater than the
self-resonant length if the element is a reflector,
and about 3% shorter than the self-resonant length
if the parasitic element is a director. Approximate
formulas for the loop lengths in feet are

Driven element = 1005
f MHz( )

Reflector = 1030
f MHz( )

Director = 975
f MHz( )

Chapter 12

Quad Arrays

Fig 1—The basic two-element quad antenna, with
driven loop and reflector loop. The driven loops are
electrically one wavelength in circumference ( 1/4
wavelength on a side); the reflectors are slightly
longe r. Both configurations shown give horizontal
polarization; for vertical polarization, the driven
element should be fed at one of the side corners in
the arrangement at the left, or at the center of a
vertical side in the “square” quad at the right.
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for quad antennas intended for operation below 30 MHz. At VHF, where the ratio of loop circumference to
conductor diameter is usually relatively small, the circumference must be increased in comparison to the
wavelength. For example, a one-wavelength loop constructed of 1/4-inch tubing for 144 MHz should have a
circumference about 2% greater than in the above equation for the driven element.

In any case, on-the-ground adjustment is required if optimum results are to be achieved, especially
with respect to front-to-back ratio.

Element spacings on the order of 0.14 to 0.2 wavelength are generally used. The smaller spacings
are usually employed in antennas with more than two elements, where the structural support for ele-
ments with larger spacings tends to become difficult. The feed-point impedances of antennas
having element spacings on this order have been found to be in the 40- to 60-Ω range, so the driven
element can be fed directly with coaxial cable at only a small mismatch. For spacings on the order of
0.25 wavelength (physically feasible for two elements, or for several elements at 28 MHz) the imped-
ance more closely approximates the impedance of a driven loop alone (see Chapter 5)—that is, 80 to
100 Ω. The feed methods described in Chapter 26 can be used, just as in the case of the Yagi.

      Directive Patterns and Gain
The small gain of a one-wavelength loop over a half-wave dipole also appears in arrays of loop

elements. That is, if a quad parasitic array and a Yagi with the same boom length are compared, the
quad will have approximately 2 dB more gain than  the Yagi, as mentioned earlier. This assumes that
both antennas have the optimum number of elements for the antenna length; the number of elements is
not necessarily the same in both when the antennas are long.

     CONSTRUCTION OF QUADS
The sturdiness of a quad is directly proportional to the quality of the material used and the care

with which it is constructed. The size and type of wire selected for use with a quad antenna is important
because it will determine the capability of the spreaders to withstand high winds and ice. One of the
more common problems confronting the quad owner is that of broken wires. A solid conductor is more
apt to break than stranded wire under constant flexing conditions. For this reason, stranded copper wire
is recommended. For 14, 21 or 28-MHz operation, #14 or #12 wire is a good choice. Soldering of the
stranded wire at points where flexing is likely to occur should be avoided.

Connecting the wires to the spreader arms may be accomplished in many ways. The simplest method
is to drill holes through the fiberglass at the approximate points on the arms and route the wires through
the holes. Soldering a wire loop across the spreader, as shown later, is recommended. However, care
should be taken to prevent solder from flowing to the corner point where flexing could break it.

Dimensions for quad elements and spacing have been given in texts and QST over the years.
Table 1 is a collection of dimensions that will suit almost every amateur need for a quad system.

A boom diameter of 2 inches is recommended for systems having two or three elements for 14, 21
and 28 MHz. When the boom length reaches 20 feet or longer, as encountered in four- and five-element
antennas, a 3-inch diameter boom is highly recommended. Wind creates two forces on the boom, ver-
tical and horizontal. The vertical load on the boom can be reduced with a guy-wire truss cable. The
horizontal forces on the boom are more difficult to relieve, so 3-inch diameter tubing is desirable.

Generally speaking, there are three grades of material which can be used for quad spreaders. The
least expensive material is bamboo. Bamboo, however, is also the weakest material normally used for
quad construction. It has a short life, typically only a few years, and will not withstand a harsh climate
very well. Also, bamboo is heavy in contrast to fiberglass, which weighs only about a pound per
13-foot length. Fiberglass is the most popular type of spreader material, and will withstand normal
winter climates. One step beyond the conventional fiberglass arm is the pole-vaulting arm. For quads
designed to be used on 7 MHz, surplus “rejected” pole-vaulting poles are highly recommended.
Their ability to withstand large amounts of bending is very desirable. The cost of these poles is high,
and they are difficult to obtain. See Chapter 21 for dealers and manufacturers of spreaders.
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Table 1
Quad Dimensions

Two-element quad (W7ZQ). Spacing given below; boom length given below.
7 MHz 14 MHz 21 MHz 28 MHz

Reflector 144′111/2″ 72′4″ 48′8″ 35′7″
Driven Element 140′111/2″ 70′2″ 47′4″ 34′7″
Spacing 30′ 13′ 10′ 6′6″
Boom Length 30′ 13′ 10′ 6′6″
Feed Method Directly with 23′ Directly with 11′7″ Directly with 7′81/2″ Directly with 5′8″

RG-11, then any RG-11, then any RG-11, then any RG-11, then any
length of RG-8 coax. length RG-8 coax. length RG-8 coax. length RG-8 coax.

(Note that a spider or boomless quad arrangement could be used for the 14/21/28-MHz parts of the above dimensions, yielding a
   triband antenna.)

Four-element quad* (W ØAIW (14 MHz)/W7ZQ** KØKKU/K ØEZH/W6FXB). Spacing: equal, 10 ft; Boom
length: 30 ft.

14 MHz 14 MHz
Phone CW 21 MHz 28 MHz

Reflector 72′11/2″ 72′5″ 48′8″ 35′81/2″
Driven Element 70′11/2″ 70′5″ 47′4″ 34′81/2″
Director 1 69′1″ 69′1″ 46′4″ 33′71/4″
Director 2 69′1″ 69′1″ 46′4″ 33′71/4″
Feed Method Directly with Directly with Directly with Directly with

52-Ω coax. 52-Ω coax. 52-Ω coax. 5′9″ RG-11, then
any length RG-8
coax.

*Common boom used to form a triband array.

**The two-element 7-MHz quad given above is added to form a four-band quad array.

Four-element quad (W7ZQ/K8DYZ*/K8YIB*/W7EPA*). Spacing: equal, 13 ′4″; Boom length: 40 ft.
14 MHz 21 MHz 28 MHz

Reflector 72′5″ 48′4″ 35′81/2″
Driven Element 70′5″ 47′0″ 34′81/2″*
Director 1 69′1″ 46′1″ (Directors 1-3 all 33′7″)*
Director 2 69′1″ 46′1″
Feed Method Directly with Directly with 7′9″ Directly with

52-Ω coax. RG-11, then any 52-Ω coax.
length 52-Ω coax.

*For the 28-MHz band, the driven element is placed between the 14/21-MHz reflector and 14/21-MHz driven element. The 28-MHz
reflector is placed on the same frame as the 14/21-MHz reflectors and the remaining 28-MHz directors are placed on the remaining
14/21-MHz frames. The 28-MHz portion is then a 5-element quad.

Six-element quad (W ØYDM, W7UMJ). Spacing: equal, 12 ft; Boom length: 60 ft.
14 MHz

Reflector 72′11/2″
Driven Element 70′11/2″
Directors 1, 2 and 3 69′1″
Director 4 69′4″
Feed Method Directly with 52-Ω coax.
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A Three-Band Qua d Antenna System
Quads have been popular with amateurs during the past few decades because of their light weight,

relatively small turning radius, and their unique ability to provide good DX performance even when
mounted close to the ground. A two-element, three-band quad, for instance, with the elements mounted
only 35 feet above ground, will give good performance.  Fig 2 shows a large quad antenna which can
be used as a design basis for either smaller or larger arrays.

Five sets of element spreaders are used to support the three-element 14-MHz, four-element
21-MHz, and five-element 28-MHz wire-loop system. The spacing between elements has been chosen to
provide optimum performance consistent with boom length  and mechanical construction.
Each of the parasitic loops is closed (ends soldered together) and requires no tuning. All of the loop sizes are
listed in Table 2, and are designed for center frequencies of 14.1, 21.1 and 28.3 MHz. Because quads are
rather broadband antennas, excellent performance is obtained in both the CW and SSB
band segments of each band (with the possible exception of frequencies above 29 MHz). Changing the
dimensions to favor a frequency 200 kHz higher in each band to create a “phone” antenna is not necessary.

The most obvious problem related to quad antennas is the ability to build a structurally sound
system. If high winds or heavy ice are a normal part of the environment, special precautions are neces-
sary if the antenna is to survive a winter season. Another stumbling block for would-be quad builders is
the installation of a three-dimensional system (assuming a Yagi has only two important dimensions) on
top of a tower—especially if the tower needs guy wires for support. With proper planning, however,
many of these obstacles can be overcome.  For example, a tram system may be used.

An X or a + Frame?
One question which comes up quite often is whether to mount the loops in a diamond or a square

configuration. In other words, should one spreader be horizontal to the earth, or should the wire be
horizontal to the ground (spreaders mounted in the fashion of an X)? From the electrical point
of view, it is probably a trade-off. Some authorities indicate that separation of the current points in the
diamond system gives slightly more gain than is possible with a square layout. It should be pointed out,
however, that there has not been any substantial proof in favor of one or the other, electrically.

From the mechanical point of view there is no question which version is better. The diamond quad,
with the associated horizontal and vertical spreader arms, is capable of holding an ice load much better
than a system where no vertical support exists to hold the wire loops upright. Put another way, the
vertical poles of a diamond array, if sufficiently strong, will hold the rest of the system erect. When
water droplets are accumulating and forming into ice, it is very reassuring to see water running down
the wires to a corner and dripping off, rather than just sitting there on the wires and freezing. The wires
of a loop (or several loops, in the case of a multiband antenna) help support the horizontal spreaders
under a load of ice. A square quad will droop severely under heavy ice conditions because there is
nothing to hold it up straight.

Table 2
Three-Band Quad Loop Dimensions

Driven First Second Third
Band Reflector Element Director Director Director

14 MHz (A) 72′8″ (B) 71′3″ (C) 69′6″ — —
21 MHz (D) 48′61/2″ (E) 47′71/2″ (F) 46′5″ (G) 46′5″ —
28 MHz (H) 36′21/2″ (I) 35′6″ (J) 34′7″ (K) 34′7″ (L) 34′7″

Letters indicate loops identified in Fig 3. Fig 2—The three-band quad
antenna.
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Fig 3—Dimensions of the three-band quad, not drawn to scale. See Table 2  for dimensions of lettered
wires.

Fig 4—Details of one of two
assemblies for a spreader frame.
The two assemblies are jointed to
form an X with a muffler clamp
mounted at the position shown.

Another consideration enters into the selection of a design for
a quad. The support itself, if guyed, will require a diamond quad to
be mounted a short distance higher on the mast or tower than an
equivalent square array if the guy wires are not to interfere with
rotation.

The quad array shown in Fig 2 and Fig 3 uses fiberglass spread-
ers (see Chapter 21 for suppliers). Bamboo is a suitable substitute
(if economy is of great importance). However, the additional weight
of the bamboo spreaders over fiberglass is an important consider-
ation. A typical 12-foot bamboo pole weighs about 2 pounds; the
fiberglass type weighs less than a pound. By multiplying the differ-
ence times 8 for a two-element array, times 12 for a three-element
antenna, and so on, it quickly becomes apparent that fiberglass is
worth the investment if weight is an important factor. Properly
treated, bamboo has a useful life of three or four years, while fiber-
glass life is probably 10 times longer.

Spreader supports (sometimes called spiders) are available from
many different manufacturers. If the builder is keeping the cost at a mini-
mum, he should consider building his own. The expense is about half
that of a commercially manufactured equivalent and, according to some
authorities, the homemade arm supports described below are less likely
to rotate on the boom as a result of wind pressure.

A 3-foot length of steel angle stock, 1 inch per side, is used to
interconnect the pairs of spreader arms. The steel is drilled at the center to accept a muffler clamp of
sufficient size to clamp the assembly to the boom. The fiberglass is attached to the steel angle stock
with automotive hose clamps, two per pole. Each quad-loop spreader frame consists of two assemblies
of the type shown in Fig 4.

Connecting the wires to the fiberglass can be done in a number of different ways. Holes can be drilled at
the proper places on the spreader arms and the wires run through them. A separate wrap wire should be
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included at the entry/exit point to  prevent the loop
from slipping. Details are presented in Fig 5. Some
amateurs have experienced cracking of the fiberglass,
which might be a result of drilling holes through the
material. However, this seems to be the exception
rather than the rule. The model described here has
no holes in the spreader arms; the wires are attached
to each arm with a few layers of plastic electrical
tape and then wrapped approximately 20 times in a
criss-cross fashion with 1/8-inch diameter nylon
string, as shown in Fig 6. The wire loops are left
open at the bottom of each driven element where the
coaxial cable is attached. See Fig 7. All of the para-
sitic elements are continuous loops of wire; the sol-
der joint is at the base of the diamond.

A triband system requires that each driven ele-
ment be fed separately. Two methods are possible. First,
three individual sections of coaxial cable may be used.
Quarter-wave transformers of 75-Ω line are recom-
mended for this service. Second, a relay box may be
installed at the center of the boom. A three-wire con-
trol system may be used to apply power to the proper
relay for the purpose of changing bands. The circuit
diagram of a typical configuration is presented in Fig
8 and its installation is shown in Fig 9. An alternative
method of supplying a control signal to the remote
switch is to make use of the feed line itself. Several
articles on this subject have been published (see the
Bibliography at the end of this chapter).

Fig 7—Assembly details of the driven element of a
quad loop.

Fig 8—Suitable circuit for relay switching of bands for
the three-band quad. A three-wire control cable is
required. K1, K2—any type of relay suitable for RF
switching, coaxial type not required (Potter and Brumfeld
MR11A acceptable; although this type has double-pole
contacts, mechanical arrangements of most single-pole
relays make them unacceptable for switching of RF).

Fig 6—An alternative method of assembling the wire
of a quad loop to the spreader arm.

Fig 5—A method of assembling a corner of the wire
loop of a quad element to the spreader arm.
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Fig 10—Installation of quarter-wave 75- Ω
transformer section. The coax lengths
indicated are based on a 66% velocity factor.Fig 9—The relay box is mounted on the boom near the

center. Each of the spreader-arm fiberglass poles is
attached to steel angle stock with hose clamps.

The quarter-wave transformers mentioned above are necessary to provide a match between the wire
loop and a 52-Ω transmission line. This is simply a section of 75-Ω coax cable placed in series between the
52-Ω line and the antenna feed point, as shown in Fig 10. A pair of PL-259 connectors and a barrel connector
may be used to splice the cables together. The connectors and the barrel should be wrapped well with plastic
tape and then sprayed with acrylic for protection against the weather.

Every effort must be placed upon proper construction if freedom from mechanical problems is to be
expected. Hardware must be secure or vibrations created by the wind may cause separation of assemblies.
Solder joints should be clamped in place to keep them from flexing, which might fracture a connection point.

A 28-MHz Swiss Quad
The Swiss Quad is a two-element array with

both elements driven. One element is longer than
the other and is called the “reflector,” while the
shorter one is called the “director.” Spacing be-
tween elements is usually 0.1 wavelength. The im-
pedance of the antenna, using the 0.1-wavelength
dimensions, is approximately 50 Ω.

Fig 11 is a drawing of the components of the
beam. In its usual form, lengths of aluminum or
copper tubing are bent to form the horizontal mem-
bers. The element perimeters are completed with
vertical wires. At the crossover points (X, Fig 11),
which are connected together, voltage nodes occur.

The equations for the element sizes are based on the square (perimeter) and not  the lengths of the
wires. For the reflector the perimeter is equal to 1.148 × wavelength, and for the director 1.092 ×
wavelength, or

Perimeter (inches) = 984
f MHz

12 1.148 reflector( ) ( )× ×

Fig 11—General arrangement for the Swiss Quad.
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For example:

Perimeter for 28.1 MHz =984
28.1 12 1.148 = 482 in. reflector× × ( )

These equations apply only to the use of horizontal members of aluminum or copper tubing. Using
PVC tubing and wire elements, the overall lengths of the perimeters are different and the correct lengths
given later were determined experimentally.

One of the advantages of this antenna over the more conventional quad type is that plumber’s
delight type construction can be used. This means that both elements, at the top and bottom of the
beam, can be grounded to the supporting mast. The structure is lightweight but strong, and an inexpen-
sive TV rotator carries it nicely. Another feature is the small turning radius, which is less than half that
of a three-element Yagi.

The antenna described here is made entirely of
wire that is supported by two insulating frames con-
structed from rigid plastic water pipe. Rigid PVC
water pipe is readily available from plumbing supply
houses and from the large mail-order firms. The stan-
dard 10-foot lengths are just right for building the
28-MHz Swiss Quad. You can cut and drill PVC pipe
with wood-working tools. PVC plastic sheds water,
an advantage where winter icing is a problem. Heat
from the intense summer sun has not softened or de-
formed the original quad structure.

To build the wire version of the Swiss Quad you
will need the materials listed in Table 3 plus some wood
screws and U bolts. Also required are a few scraps of
wood dowel rod and some old toothbrushes.

Cut the PVC pipe to the lengths shown in Fig
12. Also cut several short lengths of dowel rod for
reinforcement at the points indicated. These are held
in place by means of epoxy cement. The bond is im-
proved if the PVC surface is roughened with  sand-
paper and wiped clean before the cement is applied.
A tack inserted through a tiny hole in the pipe will
hold each dowel in place while the epoxy cures.

Reasonable care is required in forming the boom
end joints so the two sections of 3/4-inch pipe are par-
allel. The joining method used at WØERZ is illus-
trated in Fig 13. Parallel depressions were filed near
each end of each boom with a half-round rasp. These
cradles are about 0.4 inch deep and their centers are
41.3 inches apart. Holes are drilled for the U bolts
and the joints are completed with the U bolts and the
epoxy cement. Draw the bolts snug, but not so tight
as to damage the PVC pipe. Final assembly of the
insulating frames should be done on a level surface.
Chalk an outline of the frame on the work surface so
any misalignment will be easy to detect and correct.
If the 1/2-inch pipe sections fit too loosely into the
lateral members, shim them with two bands of mask-
ing tape before applying the epoxy cement. Fig 13—Boom end-joint detail.

Fig 12—Dimensions and layout of the insulating
frame.

Table 3
Materials List, Swiss Quad

Four 10-ft lengths 1/2-in. rigid PVC pipe.
Two 10-ft lengths 3/4-in. rigid PVC pipe.
One 10-ft length 1-in. rigid PVC pipe.
Twelve feet 11/8-in. or larger steel or aluminum tubing.
Epoxy cement (equal parts of resin and
   hardener).
100 ft hard-drawn copper wire, 14 or 16 gauge.
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Supports for the gamma-matching section can be made from old toothbrush handles or other scraps of
plastic. Space the supports about 10 inches apart so that they support the gamma wire 2.5 inches on top of
the lower PVC pipe. Attach the spacers with epoxy cement. Strips of masking tape can be used to hold the
spacers in place while the epoxy is curing.

There are several ways to attach the frames to the vertical mast. The mounting hardware designed
for the larger TV antennas should be quite satisfactory. Metal plates about 5 inches square can be
drilled to accept four U bolts. Two U bolts should be used around the boom and two around the
mast. A piece of wooden dowel inside the center of the boom prevents crushing the PVC pipe when the
U bolts are tightened. The plates should not interfere with the element wires that must cross at the exact
center of the frame. A 12-foot length of metal tubing serves as the vertical support. The galvanized
steel tubing used as a top rail in chain link fences would be satisfactory.

When the epoxy resin has fully cured, you are ready to add the wire elements to produce the
configuration shown in Fig 11. Start on the top side of the upper frame. Cut two pieces of copper wire
(#14 or larger) at least 30.5 feet long and mark their centers. Thread the ends downward through holes
spaced as shown in Fig 12 so that the wires cross at the top of the upper frame. Following the detail in
Fig 14, drill pilot holes through the PVC pipe and drive four screws into the dowels. The screws must
be 41.3 inches apart and equidistant from the center of the frame. With the centers of the two wires
together, bend the wires 45° around each screw and anchor with a short wrap of wire. Now pull the
wires through the holes at the ends of the pipes until taut. A soldered wire wrap just below each hole
prevents the element wires from sliding back through the holes.

Attach the wired upper frame about 2 feet below the top of the vertical mast. Make a bridle from
stout nylon cord (or fiberglass-reinforced plastic clothesline), tying it from the top of the mast to each
of four points on the upper frame to reduce sagging.

Now cut two 11.5-foot lengths of wire and attach them to the bottom of the lower frame. Also cut
a 9-foot length for the gamma-matching section. If insulated wire is used, bare 6 inches at each end of
the gamma wire. Details of the double gamma match are shown in Fig 15. Attach the wired lower frame
to the mast about 9 feet below the upper frame and parallel to it. The ultimate spacing between the
upper and lower frames, determined during the tuning process, will result in moderate tension in the
vertical wires. Join the vertical wires to complete the elements of your Swiss Quad. All vertical wires
must be of equal length. Do not solder the wire joints until you have tuned the elements.

Tune-Up
For tuning and impedance matching you will need a dip meter, an SWR indicator, and the station

receiver and exciter. Stand the Swiss Quad vertically in a clear space with the lower frame at least 2
feet above ground. Using the dipper as a resonance indicator, prune a piece of 52-Ω coaxial cable
to an integral multiple of a half-wavelength at the desired frequency. RG-8 and RG-58 with polyethyl-
ene insulation have a velocity factor of 0.66. At 28.6 MHz, a half-wavelength section (made from the
above cables) is approximately 11.35 feet long. (Coaxial cable using polyfoam insulation has a veloc-
ity factor of approximately 0.80; consult the manufacturer’s data.) Connect one end to the midpoint of
the gamma section and the other to a 2-turn link. Couple the dipper to the link. You may observe

Fig 14—Details of the frame and wire assembl y. Fig 15—Details of the double gamma match.
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several dips. Look for two pronounced dips, near 26 MHz and 31.4 MHz. Measure the frequencies at
which these dips occur using your receiver to double-check the dip meter. Then multiply the frequen-
cies and take the square root of this product; that is f1 f2× . If the result is less than 28.6, shorten the
vertical wires equally and repeat the process until f1 f2×  lies between 28.6 MHz and 28.8 MHz. Your
Swiss Quad is now tuned for the 28-MHz band.

Remove the link and connect the SWR bridge in its place. Connect your exciter to the input terminals of
the bridge, tune to 28.6 MHz, and apply just enough power to obtain a full-scale forward power indication.
Measure the SWR. Now slide the two shorting wires of the matching section to new positions, equidistant
from the center of the wire elements, and measure the SWR. Continue adjusting the shorting wires until
minimum SWR is obtained. Insert a 100-pF variable capacitor between the center conductor of the coaxial
cable feeder and the midpoint of the gamma wire. Adjust the capacitor for minimum SWR indication. It may
be necessary to readjust both the shorting wires and the capacitor to obtain a satisfactory impedance match.
With patience, a perfect match (SWR = 1:1) can be achieved. Solder the shorting wires.

The variable capacitor may be replaced with a short length of RG-59 coaxial cable. Each foot
of this cable has a capacitance of approximately 20 pF. Measure or estimate the value to which
the variable capacitor was finally set, add 10%, and cut a corresponding length of RG-59. Solder
the shield braid to the midpoint of the gamma wire and the center wire to the center conductor of
the 52-Ω transmission line, leaving the other end of the coaxial-cable capacitor open. You will
probably observe that the SWR has increased. Snip short lengths from the open end of the capaci-
tor until the original low SWR is obtained. When the antenna is raised to 40 feet the SWR should
be less than 1.5:1 over the entire 28-MHz band.

Tape the capacitor to the PVC pipe boom, then wrap a few bands of tape around the sections where
the wires run along the sides of the pipes. Check the solder joints and mechanical connections. Coat the
solder joints and the cable ends with a weatherproof sealing compound (such as silicone bathtub caulk
or RTV sealant) and hoist the Swiss Quad up the support.

Multiband Spider-Delta Loop
The following is a description of a no-compromise, full-wave loop antenna that can be constructed for

operation at 7, 10, 14, 18, 21, 24 or 28 MHz. The 14, 18, 21, 24 or 28-MHz versions are manageable enough
that they can be positioned on a tower by two people, one on the tower, and one on the ground. (The second
person is required mainly for safety reasons.) The four-band version (14 MHz and up, excluding 18 MHz)
weighs about 50 pounds and is easily rotated with a Ham-M or equivalent rotator. This antenna was de-
signed by Rich Guski, KC2MK, who has coined it the Spider-Delta Loop.

Measurements indicate that the gain and front-to-back ratio of this antenna are about the same as the
conventional two-element quad. Depending on materials used and the number of bands covered, the cost of
constructing this antenna should be far less than purchasing a comparable commercial antenna. The only
complexity involved in building this antenna is the welding of steel angle stock for the spreaders.

The Spider-Delta Loop antenna is a hybrid of two familiar loop antenna designs, the two-element
quad and the delta loop. Both antennas consist of two elements, one approximately 1-λ loop, used as a
driven element, and another loop used as a reflector. The principal difference between the Spider-Delta
Loop and a conventional quad is that the Spider uses triangular loops.

The traditional rotatable delta-loop antenna, which has a good reputation for DX performance, uses so-
called plumber’s delight construction. Two sides of the triangle loops consist of rigid material such as alumi-
num tubing. The apex formed by the two rigid sides is attached to a boom, which establishes the spacing
between the loops. The third side of the triangle is made of wire. The triangles are normally oriented so the wire
side is highest and parallel to the ground. The disadvantages of the delta- loop configuration are that the an-
tenna is top-heavy, and it can be built for only one band. The Spider-Delta Loop overcomes these difficulties.

The loops of a quad antenna are usually made of wire, suspended by two sets of four arms (spread-
ers) made of rigid nonconducting material. The spreaders of a conventional quad are attached to a
boom that, like the delta loop, establishes the spacing between the loops.
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Additional sets of loops can be added to the spreaders for multiband operation, but in the conventional
quad all such loops must have the same spacing, resulting in optimum element spacing for only one band.
The gain, front-to-back ratio and radiation resistance of a two-element loop antenna are largely dependent
on the spacing (in wavelengths) of the loops along the boom. The result, for the multiband conventional
quad (with a boom) is a compromise for all but one of the bands covered by the antenna.

Another variation on the basic multielement loop antenna is the boomless quad, which offers an
improvement over the conventional design. Instead of being supported by a boom, the spreaders are
mounted at the center of the array and radiate outward. When viewed from the side of the array, the
spreaders form two cones positioned point to point with the support mast between the points.

In a multiband boomless quad, the two longest elements (the elements for the lowest frequency of
operation) are attached to the spreaders at the far ends. This positioning establishes the spacing of the
two loops for that band. As the additional 1-λ loops for the other bands are attached to the spreaders,
they will fit closer to the center of the array. The spacing of each of the shorter pairs of loops will be
less than the spacing of the pair of longer loops. In this way it is possible to design a multiband two-
element wire loop antenna for which all pairs of loops have the optimum spacing (in wavelengths), and
still share the same spreaders.

The Spider-Delta Loop is a boomless design similar to the one described above, so the weight and
wind-loading problems associated with a conventional antenna are reduced. Three spreaders per loop
array are used here, rather than the four used  in a conventional design. Two less spreaders are needed
for the entire antenna when compared to the conventional quad.

The two-element loop antenna system described here has approximately 0.12-λ spacing for all
bands. This spacing provides good front-to-back ratio and gain, and a feed-point impedance close to
50 Ω at resonance.

Dimensions
The Spider-Delta Loop lengths and spacing are derived from the standard quad-loop length equations

presented earlier in this chapter. Spacing between the loops is 0.12 times the free-space wavelength in use.
The spreader length is calculated by using the results of the above calculations as the starting point. The

spreader length is the distance between the center of the array and the loop apexes when the loops are in the
shape of an equilateral triangle, in parallel planes, and spaced 0.12 λ apart. The array is balanced, so the
junction of the spreaders is the mechanical center of mass of the antenna. This is shown in Fig 16.

All spreaders are the same length. The actual spreader length required for this antenna is that which is
required to support the longest set of loops. This is a function of the lowest frequency band on which the
antenna is designed to operate.

Table 4 contains the results of the above calculations for se-
lected design frequencies within the 7, 10, 14, 18, 21, 24, and 28-
MHz bands. If you prefer to design your antenna for different cen-
ter frequencies, the dimensions can be scaled easily based on the
information given in Table 4. As mentioned earlier, however, quad
antennas are inherently broad.

All the driven loops share the same three spreader poles. Simi-

Fig 16—The Spider-Delta Loop
in place on the tower at KC2MK.

Table 4
Loop and Spreader Lengths for Two-element Spider-Delta Loops
All dimensions are in feet.

Frequency (MHz)     7.175   10.125 14.175 18.100 21.250 24.930 28.600
Driven 140.07   99.26 70.90 55.52 47.29 40.31 35.14
Reflector 143.55 101.73 72.66 56.91 48.47 41.32 36.01
Spacing   16.50   11.70   8.36   6.54   5.58   4.75   4.14
Spreaders   28.83   20.43 14.59 11.43   9.74   8.30   7.23
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larly, all the reflector loops for the array share the same three spreader poles. These conditions hold
true regardless of the number of bands covered. For example, using the data in Table 4, the construc-
tion of a 5-band Spider-Delta Loop covering 14 through 29.7 MHz requires six spreaders, each ap-
proximately 141/2 feet long.

Feed System
The two-element Spider-Delta Loop has a feed-point impedance of about 55 Ω at resonance. This

provides a good match to common coaxial cable such as RG-8, RG-8X, or RG-58. The antenna may be
fed directly by running separate cables to each driven element.

An alternative that offers a better directional pattern and improved front-to-back ratio is to use a
separate balun for each of the driven-element feed points. The two-element triband version shown in
Fig 16 uses this feed system. The baluns are homemade air-core transformers and are visible in the
photographs. Refer to Chapter 26 for information on the construction and uses of balun transformers.

Materials
The mast used for the antenna shown in Fig 16 is a 2-inch steel pipe, 3 feet long, with the array attach-

ments (described below) welded about 2 inches down from the top. Use the largest diameter steel mast that
fits in your tower and rotator, to minimize the possibility of mast failure.

The two spider-to-mast attachments consist of steel angle stock 2 inches wide (on each side), and
7 inches long. These are welded directly to the mast as attachment points for the two spider halves. Two
3/8 × 1-inch steel bolts are also required for each of the two array attachments.

The two spider halves are each made of six pieces of steel angle stock. One of these, which forms the
base of a spider half, is 2 inches wide and 17 inches long. The other five are all 11/2 inches wide. Three of
these, which will become the spreader mounts, are 20 inches long. Another piece, used to brace the two
lower spreader mounts, is 17 inches long. The upper spreader mount brace is 5 inches long.

Two 3/8-inch diameter steel rods (or bolts), 5 inches long, are required to complete each of the
spiders. They are needed to brace the lower spreaders.

The 14, 21 and 28-MHz Spider-Delta Loop shown in Fig 16 uses pole-vaulting poles for the spread-
ers. This antenna has survived years of ice and wind in the northeast. Although pole-vaulting poles or
equivalent supports are required for a 7 or 10-MHz antenna, they are probably overkill for a
14 MHz or smaller antenna. Fiberglass poles suitable for use as spreaders are available from several
companies (see Chapter 21).

The spreaders are attached to the spreader mounts on the spider with adjustable stainless-steel hose
clamps. Three hose clamps are used to attach each of the six spreaders.

The loops are #14 copper-clad steel wire. The lengths of the loops can be adjusted and locked using
electrician’s copper wire clamps. Table 5 lists the materials required to build a multiband Spider-Delta Loop
antenna.

Table 5
Materials Required for Construction of the Spider-Delta Loop

Quantity/Material Application
48 in. of 2 in. × 2 in. steel angle stock Two 7-in. lengths for spider-to-mast attachment,

   two 17-in. lengths for spider half-bases.
164 in. of 11/2 × 11/2 in. steel angle stock Six 20-in. lengths for spreader mounts,

   two 17-in. lengths for lower spreader braces,
   two 5-in. lengths for upper spreader braces.

Four 3/8-in. diam × 1-in. steel bolts Spider-to-mast attachments.
Four 3/8-in. diam × 5-in. steel bolts or rods Lower spreader braces.
18 stainless-steel hose clamps Spreader to spreader-mount attachments.
Six fiberglass poles (see Table 4 for length) Spreaders.
Copper-clad steel wire (see Table 4 for length) Elements.
Several electrician’s copper wire clamps Element length adjustment. (Two per band required.)
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Construction
The spider attachments are welded to the mast as shown in the diagram of Fig 17. A 7-inch piece of

steel angle stock as described in the materials list is used to construct each of the two spider attach-
ments. Four 3/8-inch diameter steel bolts are permanently pinned between the angle stock and the mast with
the bolt shafts facing outward through holes drilled in the angle stock. Carefully position the angle stock on
the mast so the faces with the bolt holes are exactly opposite and parallel to each other. Be sure that you
position the attachments high enough on the mast so the antenna will clear the tower when rotated. Weld
each of the two pieces of angle stock to the mast along the entire length of the angle stock.

Center Spider Assembly

The center spider is constructed in two halves, one for the driven loop side and the other for the
reflector side. This scheme permits raising the antenna one half at a time.

The two center spider halves are the structural heart of the antenna. Their construction is the most
critical part of the project because they establish the shape and structural integrity of the antenna. They
are made of steel angle stock and steel rods that are welded together to form the attachment points for
the spreaders and the mast. Refer to Fig 18 for the layout of the spider halves.

A 17-inch long piece of 2-inch wide angle stock
is used as the base of each of the spiders. Two holes
are drilled in the base of this piece to receive the
3/8-inch bolts that are attached to the mast.

Refer to Fig 19. The upper spreader mount (as
viewed from the favored direction of the antenna)
is welded to the base immediately above the upper
bolt hole. Be sure to leave enough room for the nut
to clear the brace. The upper spreader mount is
braced by a 5-inch piece of angle stock that is
welded to the top of the spider base and to the
spreader mount. The angle between the spider base
and the spreader mount is 16.5°. This angle is im-
portant because it establishes the spacing for each

Fig 17—Diagram showing spider-mount
attachments to the mast.

Fig 18—Layout of one of the two spider halves
before attachment to the mast and spreader arms
(not to scale).

Fig 19—Photograph of one of the spider halves.
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Fig 20—Close-up of one of the loop-length adjust-
ing clamps used to tune the Spider-Delta Loop.

Fig 21—Diagram showing the placement of the
loop-length adjusting clamps. Spider details are
omitted for clarit y. A triband version of the
antenna is represented here.

of the multiband loops which will be attached to the spreaders.
The lower spreader mounts are welded to the spider at a point immediately below the bolt holes. They

are positioned so that they form an angle of 120° with the upper spreader mount and each other (as viewed
from the favored direction of the  antenna). A 17-inch long piece of steel angle stock is used as a brace for the
lower spreader mounts. The center of this piece is welded to the lower end of the spider base, parallel to the
plane of the loops and at a 90° angle to the spider base. The 5-inch steel rods are welded to the ends of the
brace, perpendicular to it and away from the spider. The other ends of the 5-inch rods are welded to the two
lower spreader mounts. The lower spreader mounts, like the upper spreader mounts, must be angled out at
16.5° from a plane containing the mast and perpendicular to the favored direction of the antenna.

It is a good idea to spot-weld the parts together first. Take time to test fit everything together. Bolt
the spider halves to the mast and check all angles to make sure the antenna will have the proper shape
and dimensions before completing the welding.

Attaching the Spreaders

Now attach three spreaders to the spider. The poles rest in each of the three spreader mounts and
are fastened with steel hose clamps. Short pieces of pipe with the same outside diameter as the inside
diameter of the fiberglass poles should be slipped inside the poles where they meet the mounts. (This is
to prevent crushing of the poles with the hose clamps, and to add strength.)

Should it become necessary to replace a wire loop or access a feed point after the antenna has been
installed, it is a simple matter to loosen the hose clamps holding the spreaders to their mounts, and pull
the spreaders and wires close to the tower for service and adjustment. The antenna need be taken off the
tower only for major servicing.

Cutting and Mounting the Wire Loops

With at least one half of the spiders and spread-
ers together, the wires for that side can be cut and
fitted to the spreaders. The largest loop is attached
to the poles first. Drill small holes through the poles
to accept the wires. Depending on the poles used,
you may want to use an alternative method of wire
attachment, such as discussed earlier, especially if
you are building a 7-MHz antenna and can make
no compromises in structural strength.

Use the dimensions given in Table 4 to judge
where on the spreaders to attach the wires. Cut each
of the wires about 6 inches longer than the length
shown in the table. This is to allow for tuning, which
is done by adjusting the loop length where the wire
ends meet and locking it with electrician’s copper wire
clamps. Refer to Fig 20. The wire clamps are located
at the middle of the lower side of each of the loops.
This makes the clamps accessible from the tower when
the antenna is in place, as shown in Fig 21.

Feed Lines

Attach the feed lines to the driven loops where
they attach to the upper spreader. The use of a balun
at each feed point is optional. Each of the feed lines
should be long enough to reach the center spider,
with about 3 feet of excess. Terminate each cable
with a PL-259.
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The use of a remote antenna switch is optional.
If used, it should be permanently attached to the
spider of the driven half. The feed-line switch box
is visible in Fig 16.

Raising the Antenna

Place the mast with the spider attachments on
the tower first. Insert the mast in the rotator and
then align the rotator direction indicator. Raise the
antenna one half at a time. If your antenna is for
14 MHz or higher, one person on the tower can
pull one side up at a time and lift it into place on
the mast to spider attachment points. Tighten the
bolts and install the other half of the antenna the
same way. If you are raising a larger version, you
will need a gin pole or a heavy-duty pulley at-
tached to the mast.

Tuning

The Spider-Delta Loop is tuned by lengthening or shortening the loops. Concentrating on one band
at a time, adjust the driven loop for minimum SWR at the design frequency. Then adjust the reflector
for the best SWR across the band. Alternatively, the reflector could be tuned for best gain or front-to-
back ratio. The SWR curve of the Spider-Delta Loop is similar to that of the conventional quad an-
tenna. Fig 22 shows typical SWR curves for the version described here.

Future Considerations

One modification to this design that may be valuable is the construction of a feed system that
allows switching of the physical location of the feed point from the apex to one of the lower corners.
Feeding the antenna at a lower corner changes the polarization of the antenna from horizontal to diago-
nal, almost vertical.
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Fig 22—Typical SWR curves for the Spider-Delta
Loop.
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The power gain and directive characteristics of the harmonic wires (which are “long” in terms of
wavelength) described in Chapter 2 make them useful for long-distance transmission and recep-
tion on the higher frequencies. In addition, long wires can be combined to form antennas of

various shapes that will increase the gain and directivity over a single wire. The term “long wire,” as
used in this chapter, means any such configuration, not just a straight-wire antenna.

Long Wires Versus Multielemen t Arrays
In general, the gain obtained with long-wire antennas is not as great, when the space available for

the antenna is limited, as can be obtained from the multielement arrays in Chapter 8. However, the
long-wire antenna has advantages of its own that tends to compensate for this deficiency. The
construction of long-wire antennas is simple both electrically and mechanically, and there are no espe-
cially critical dimensions or adjustments.The long-wire antenna will work well and give satisfactory
gain and directivity over a 2-to-1 frequency range; in addition, it will accept power and radiate well on
any frequency for which its overall length is not less than about a half wavelength. Since a wire is not
“long,” even at 28 MHz, unless its length is equal to at least a half wavelength on 3.5 MHz, any long-
wire can be used on all amateur bands that are useful for long-distance communication.

Between two directive antennas having the same theoretical gain, one a multielement array and the
other a long-wire antenna, many amateurs have found that the long-wire antenna seems more effective
in reception. One possible explanation is that there is a diversity effect with a long-wire antenna be-
cause it is spread out over a large distance, rather than being concentrated in a small space. This may
raise the average level of received energy for ionospheric-propagated signals. Another factor is that
long-wire antennas have directive patterns that are sharp in both the horizontal and vertical planes, and
tend to concentrate the radiation at the low vertical angles that are most useful at the higher
frequencies. This is an advantage that some types of multi-element arrays do not have.

General Characteristics of Long-Wire Antennas
Whether the long-wire antenna is a single wire running in one direction, or is formed into a V,

rhombic or some other configuration, there are certain general principles that apply and some perfor-
mance features that are common to all types. The first of these is that the power gain of a long-wire
antenna as compared with a half-wave dipole is not considerable until the antenna is really long (its
length measured in wavelengths rather than in a specific number of feet). The reason for this
is that the fields radiated by elementary lengths of wire along the antenna do not combine, at a distance,
in as simple a fashion as the fields from half-wave dipoles used as described in Chapter 8. There is no
point in space, for example, where the distant fields from all points along the wire are exactly
in phase (as they are, in the optimum direction, in the case of two or more collinear or broadside
dipoles when fed with in-phase currents). Consequently, the field strength at a distance is always less
than would be obtained if the same length of wire were cut up into properly phased and separately
driven dipoles. As the wire is made longer, the fields combine to form an increasingly intense main

Chapter 13

Long Wire and
Traveling Wave Antennas
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lobe, but this lobe does not de-
velop appreciably until the wire is
several wavelengths long. This is
indicated by the curve showing
gain in Fig 1. The longer the an-
tenna, the sharper the lobe be-
comes, and since it is really a hol-
low cone of radiation about the
wire in free space, it becomes
sharper in all planes. Also, the
greater the length, the smaller the
angle with the wire at which the
maximum radiation occurs.

Directivity
Because many points along

a long wire are carrying currents
in different phase (usually with
different current amplitude as well), the field pattern at a distance becomes more complex as the wire
is made longer. This complexity is manifested in a series of minor lobes, the number of which increases
with the wire length. The intensity of radiation from the minor lobes is frequently as great as, and
sometimes greater than, the radiation from a half-wave dipole. The energy radiated in the minor lobes
is not available to improve the gain in the major lobe, which is another reason why a long-wire antenna
must be long to give appreciable gain in the desired direction.

Driven and parasitic arrays of the simple types described in Chapter  8 do not have minor lobes of
any great consequence. For that reason they frequently seem to have much better directivity than long-
wire antennas, because their responses in undesired directions are well down from their response in the
desired direction. This is the case even if a multielement array and a long-wire antenna have the same
actual gain in the favored direction. For amateur work, particularly with directive antennas that cannot
be rotated, the minor lobes of a long-wire antenna have some advantages. In most directions the an-
tenna will be as good as a half-wave dipole, and in addition will give high gain in the most favored
direction. Thus, a long-wire antenna (depending on the design) frequently is a good all-around radiator
in addition to being a good directive antenna.

In the discussion of directive patterns of long-wire antennas in this chapter, keep in mind that the
radiation patterns of resonant long wires are based on the assumption that each half-wave section of
wire carries a current of the same amplitude. This is not exactly true, since energy is radiated as it
travels along the wire. For this reason it is to be anticipated that, although the theoretical pattern is
bidirectional and identical in both directions, actually the radiation (and reception) will be best in one
direction. This effect becomes more marked as the antenna is made longer.

Wave Angles
The wave angle at which maximum radiation takes place from a long-wire antenna depends largely

on the same factors that determine the wave angles of simple dipoles and multielement antennas. That
is, the directive pattern in the presence of ground is found by adding the free-space vertical-plane
pattern of the antenna to the ground-reflection factors for the particular antenna height used. These
factors are discussed in Chapter 3.

As mentioned earlier, the free-space radiation pattern of a long-wire antenna has a major lobe that
forms a hollow cone around the wire. The angle at which maximum radiation takes place becomes
smaller, with respect to the wire, as the wire length is increased. This is shown by the broken curve in
Fig 1. For this reason a long-wire antenna is primarily a low-angle radiator when installed horizontally
above the ground. Its performance in this respect is improved by selecting a height that also tends to

Fig 1—Theoretical gain of a long-wire antenna over a dipole in free
space as a function of wire length. The angle, with respect to the
wire, at which the radiation intensity is maximum also is shown.
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Fig 2—Angles at which radiation
from long wires is maximum (solid
curves) and zero (broken curves).
The major lobe, no. 1, has the
power gains given by Fig 1 .
Secondary lobes have smaller
amplitude, but the maxima may
exceed the radiation intensity
from a half-wave dipole.

concentrate the radiation at low wave angles (at least 1/2 λ for the
lowest frequency). This is also discussed in Chapter 3.

Antenna  systems formed from ordinary horizontal dipoles (that
are not stacked) in most cases have a rather broad vertical pattern;
the wave angle at which the radiation is maximum therefore de-
pends chiefly on the antenna height. With a long-wire antenna, how-
ever, the wave angle at which the major lobe is maximum can never
be higher than the angle at which the first null occurs (see Fig 2).
This is true even if the antenna height is very low. (The efficiency
may be less at very low heights, partly because the pattern is af-
fected in such a way as to put a greater proportion of the total power
into the minor lobes.) The result is that when considering radiation
at wave angles below 15 or 20°, a long-wire antenna is less sensi-
tive to height than are multielement arrays or simple dipoles. To
assure good results, however, the antenna should have a height
equivalent to at least a half wavelength at 14 MHz—that is, a mini-
mum height of about 35 feet. Greater heights will give a worthwhile
improvement at wave angles below 10°.

With an antenna of fixed physical length and height, both length
and height (in terms of wavelength) increase as the frequency is
increased. The overall effect is that both the antenna and the ground
reflections tend to keep the system operating effectively throughout the frequency range. At low
frequencies the wave angle is raised, but high wave angles are useful at 3.5 and 7 MHz. At high fre-
quencies the inverse is true. Good all-around performance usually results on all bands when the
antenna is designed for optimum performance in the 14-MHz band.

     Calculating Length
In this chapter, lengths are always discussed in terms of wavelengths. There is nothing very critical

about wire lengths in an antenna system that will work over a frequency range including several amateur
bands. The antenna characteristics change very slowly with length, except when the wires are short (around
one wavelength, for instance). There is no need to try to establish exact resonance at a particular frequency
for proper antenna operation.

The formula for harmonic wires is satisfactory for determining the lengths of any of the antenna
systems to be described. For convenience, the formula is repeated here in slightly different form:

Length (feet) =
984 N – 0.025

f MHz
( )
( )

where N is the antenna length in wavelengths. In cases where precise resonance is desired for some
reason (for obtaining a resistive load for a transmission line at a particular frequency, for example) it is
best established by trimming the wire length until the standing-wave ratio on the line is
minimum.

LONG SINGLE WIRES
In Fig 1 the solid curve shows that the gain in decibels of a long wire increases almost linearly with

the length of the antenna. The gain does not become appreciable until the antenna is about four wave-
lengths long, where it is equivalent to doubling the transmitter power (3 dB). The actual gain over a
half-wave dipole when the antenna is at a practical height above ground will depend on the way in
which the radiation resistance of the long-wire antenna and the comparison dipole are affected by the
height. The exact way in which the radiation resistance of a long wire varies with height depends on its
length. In general, the percentage change in resistance is not as great as in a half-wave antenna. This is
particularly true at heights greater than one-half wavelength.
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The nulls bounding the lobes in the directive pattern of a long wire are fairly sharp and are fre-
quently somewhat obscured, in practice, by irregularities in the pattern. The locations of nulls and
maxima for antennas up to eight wave-lengths long are shown in Fig 2.

Orientation
The broken curve of Fig 1 shows the angle with the wire at which the radiation intensity is maxi-

mum. There are two main lobes to the directive patterns of long-wire antennas; each makes the same
angle with respect to the wire. The solid pattern, considered in free space, is the hollow cone formed by
rotating the wire on its axis.

When the antenna is mounted horizontally above the ground, the situation depicted in Fig 3 exists.
Only one of the two lobes is considered in this drawing, and its lower half is cut off by the ground. The
maximum intensity of radiation in the remaining half occurs through the broken-line semicircle; that
is, the angle B (between the wire direction and the line marked wave direction) is the angle given by
Fig 1 for the particular antenna length used.

In the practical case, there will be some wave angle (A) that is optimum for the frequency and the
distance between the transmitter and receiver. Then, for that wave angle, the wire direction and the
optimum geographical direction of transmission are related by the angle C. If the wave angle is very
low, B and C will be practically equal. But as the wave angle becomes higher the angle C becomes
smaller. In other words, the best direction of transmission and the direction of the wire more nearly
coincide. They coincide exactly when C is zero; that is, when the wave angle is the same as the angle
given by Fig 1.

The maximum radiation from the antenna can be aligned with a particular geographical direction at
a given wave angle by means of the following formula.

cos C =
cos B
cos A

In most amateur work the chief requirement is that the wave angle should be as low as possible, par-
ticularly at 14 MHz and above. In this case it is usually satisfactory to make angle C the same as that
given by Fig 1.

It should be borne in mind that only the maximum point of the lobe is represented in Fig 3. Radia-
tion at higher and lower wave angles in any given direction will be proportional to the way in which the
actual pattern shows the field strength to vary as compared with the maximum point of the lobe.

Tilted Wires

Fig 3—This drawing shows
how the hollow cone of
radiated energy from a long
wire (broken-line arc) results
in different wave angles (A)
for various angles between
the direction of the wire and
the direction to the distant
point (B).
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Fig 4—Alignment of lobes for horizontal
transmission by tilting a long wire in the vertical
plane.

Fig 5—Methods of feeding long single-wire
antennas.

Fig 3 shows that when the wave angle is equal to the angle which the maximum intensity of the
lobe makes with the wire, the best transmitting or receiving direction is that of the wire itself. If the
wave angle is less than the lobe angle, the best direction can be made to coincide with the direction of
the wire by tilting the wire enough to make the lobe and wave angle coincide. This is shown in Fig 4,
for the case of a one-wavelength antenna tilted so that the maximum radiation from one lobe is hori-
zontal to the left, and from the other is horizontal to the right (zero wave angle). The solid pattern
can be visualized by imagining the plane diagram rotating about the antenna as an axis.

Since the antenna is neither vertical nor horizontal in this case, the radiation is part horizontally
polarized and part vertically polarized. In computing the effect of the ground, the horizontal and verti-
cal components must be handled separately. In general, the directive pattern at any given wave angle
becomes unsymmetrical when the antenna is tilted. For small amounts of tilt (less than the amount that
directs the lobe angle horizontally), and for low wave angles, the effect is to shift the optimum direc-
tion closer to the line of the antenna. This is true in the direction in which the antenna slopes down-
ward. In the opposite direction the low-angle radiation is reduced.

 Feeding Long Wires
It is pointed out in Chapter 26 that a harmonic antenna can be fed only at the end or at a current

loop. Since a current loop changes to a node when the antenna is operated at any even multiple of the
frequency for which it is designed, a long-wire antenna will operate as a true long wire on all bands
only when it is fed at the end.

A common method of feeding is to use a resonant open-wire line, as described in Chapter 26. This
system will work on all bands down to the one, if any, at which the antenna is only a half wave long.
Any convenient line length can be used if the transmitter is matched to the line input impedance by the
methods described in Chapter 25.

Two arrangements for using nonresonant lines are given in Fig 5. The one at A is useful for one
band only since the matching section must be a quarter wave long, approximately, unless a different
matching section is used for each band. In B, the Q-section impedance should be adjusted to match the
antenna to the line as described in Chapter 26, using the value of radiation resistance given in Chapter
2. This method is best suited to working with a 600-Ω transmission line. Although it will work as
designed on only one band, the antenna can be used on other bands by treating the line and matching
transformer as a resonant line. In this case, as mentioned earlier, the antenna will not radiate as a true
long wire on even multiples of the frequency for which the matching system is designed.
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The end-fed arrangement, although the most convenient when tuned feeders are used, suffers the disad-
vantage that there is likely to be a considerable antenna current on the line, as described in Chapter 26. In
addition, the antenna reactance changes rapidly with frequency for the reasons outlined in Chapter 2. Con-
sequently, when the wire is several wavelengths long, a relatively small change in frequency—a fraction of
the width of a band—may require major changes in the adjustment of the transmitter-to-line coupling appa-
ratus. Also, the line becomes unbalanced at all frequencies between those at which the antenna is exactly
resonant. This leads to a considerable amount of radiation from the line. The unbalance can be overcome by
using two long wires in one of the arrangements described in succeeding sections.

COMBINATIONS OF RESONANT LONG WIRES
The directivity and gain of long wires may be increased by using two wires placed in relation to

each other such that the fields from both combine to produce the greatest possible field strength at a
distant point. The principle is similar to that used in designing the multielement arrays described in
Chapter 8. However, the maximum radiation from a long wire occurs at an angle of less than 90° with
respect to the wire, so different physical relationships must be used.

Parallel Wires
One possible method of using two (or more) long wires is to place them in parallel, with a spacing

of 1/2 wavelength or so, and feed the two in phase. In the direction of the wires the fields will add in
phase. However, since the wave angle is greatest in the direction of the wire, as shown by Fig 3, this
method will result in rather high-angle radiation unless the wires are several wavelengths long. The
wave angle can be lowered, for a given antenna length, by tilting the wires as described earlier. With a
parallel arrangement of this sort the gain should be about 3 dB over a single wire of the same
length, at spacings in the vicinity of 1/2 wavelength.

      THE V ANTENNA
Instead of using two long wires parallel to each other, they may be placed in the form of a horizontal V,

with the angle between the wires equal to twice the angle given by Fig 1 for the particular length of wire
used. The currents in the two wires should be out of phase. Under these conditions the plane directive
patterns of the individual wires combine as shown in Fig 6. Along a line in the plane of the antenna and
bisecting the V, the fields from the individual wires reinforce each other at a distant point. The other pair of
lobes in the plane pattern is more or less eliminated, so the pattern becomes essentially bidirectional.

The directional pattern of an antenna of this type is sharper in both the horizontal and vertical planes
than the patterns of the individual wires composing it. Maximum radiation in both planes is along the line
bisecting the V. There are minor lobes in both the horizontal and vertical patterns, but if the legs are long in

terms of wavelength the amplitude
of the minor lobes is small. When
the antenna is mounted horizon-
tally above the ground, the wave
angle at which the radiation from
the major lobe is maximum is de-
termined by the height, but cannot
exceed the angle values shown in
Fig 1 for the leg length used. Only
the minor lobes give high-angle ra-
diation.

The gain and directivity of a V
depend on the length of the legs. An
approximate idea of the gain for the
V antenna may be obtained by add-
ing 3 dB to the gain value from Fig

Fig 6—Two long wires and their respective patterns are shown at
the left. If these two wires are combined to form a V with an angle
that is twice that of the major lobes of the wires and with the wires
excited out of phase, the radiation along the bisector of the V adds
and the radiation in the other directions tends to cancel.
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1 for the corresponding leg length. The actual gain will be affected by the mutual impedance between the sides of
the V, and will be somewhat higher than indicated by the values determined as above, especially at longer leg
lengths. With 8-wavelength legs, the gain is approximately 4 dB greater than that indicated for a single wire in
Fig 1.

Lobe Alignment
It is possible to align the lobes from the individual wires with a particular wave angle by the

method described in connection with Fig 3. At very low wave angles the required change in the apex
angle is extremely small; for example, if the desired wave angle is 5° the apex angles of twice the value
given in Fig 1 will not need to be reduced more than a degree or so, even at the longest leg lengths
which might be used.

When the legs are long, alignment does not necessarily mean that the greatest signal strength will be
obtained at the wave angle for which the apex angle is chosen. Keep in mind that the polarization of the
radiated field is the same as that of a plane containing the wire. As illustrated by the diagram
of Fig 3, at any wave angle other than zero, the plane containing the wire and passing through the desired
wave angle is not horizontal. In the limiting case where the wave angle and the angle of maximum radiation
from the wire are the same, the plane is vertical, and the radiation at that wave angle is vertically polarized.
At in-between angles the polarization consists of both horizontal and vertical components.

When two wires are combined into a V, the polarization planes have opposite slopes. In the plane
bisecting the V, this makes the horizontally polarized components of the two fields add together numeri-
cally, but the vertically polarized components are out of phase and cancel completely. As the
wave angle is increased, the horizontally polarized components become smaller, so the intensity of horizon-
tally polarized radiation decreases. On the other hand, the vertically polarized components become more
intense but always cancel each other. The overall result is that although alignment for a given wave angle
will increase the useful radiation at that angle, the wave angle at which maximum radiation occurs (in the
direction of the line bisecting the V) is always below the wave angle for which the wires are aligned. As
shown by Fig 7, the difference between the apex angles required for optimum alignment of the lobes at wave
angles of 0° and 15° is rather small, even when the legs are many wavelengths long.

For long-distance transmission and reception, the lowest possible wave angle usually is the best.
Consequently, it is good practice to choose an apex angle between the limits represented by the two
curves in Fig 7. The actual wave angle at which the radiation is maximum will depend on the shape of
the vertical pattern and the height of the antenna above ground.

When the leg length is small, there is some advantage in reducing the apex angle of the V because

Fig 7—Apex angle of V
antenna for alignment
of main lobe at
different wave angles,
as a function of leg
length in wavelengths.
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this changes the mutual impedance in such a way as to increase the gain of the antenna. For example,
the optimum apex angle in the case of 1-λ legs is 90°.

Multiband Design
When a V antenna is used over a range of frequencies—such as 14 to 28 MHz—its characteristics over

the frequency range will not change greatly if the legs are sufficiently long at the lowest frequency. The apex
angle, at zero wave angle, for a 5-wavelength V (each leg approximately 350 feet long at 14 MHz) is 44°. At
21 MHz, where the legs are 7.5 wavelengths long, the optimum angle is 36°, and at 28 MHz where the leg
length is 10 wavelengths it is 32°. Such an antenna will operate well on all three frequencies if the apex
angle is about 35°. From Fig 7, a 35° apex angle with a 5-wavelength V will align the lobes at a wave angle
of something over 15°, but this is not too high when it is kept in mind that the maximum radiation actually
will be at a lower angle. At 28 MHz the apex angle is a little large, but the chief effect will be a small
reduction in gain and a slight broadening of the horizontal pattern, together with a tendency to reduce the
wave angle at which the radiation is maximum. The same antenna can be used at 3.5 and 7 MHz, and on
these bands the fact that the wave angle is raised is of less consequence, as high wave angles are useful. The
gain will be small, however, because the legs are not very long at these frequencies.

 Other V Combinations
A gain increase of about 3 dB can be had by stacking two Vs one above the other, a half wavelength

apart, and feeding them with in-phase currents. This will result in a lowered angle of radiation. The
bottom V should be at least a quarter wavelength above the ground, and preferably a half wavelength.

Two V antennas can be broadsided to form a W, giving an additional 3-dB gain. However, two
transmission lines are required and this, plus the fact that five poles are needed to support the system,
renders it impractical for the average amateur.

The V antenna can be made unidirectional by using a second Vplaced an odd multiple of a quarter
wavelength in back of the first and exciting the two with a phase difference of 90°. The system will be
unidirectional in the direction of the antenna with the lagging current. However, the V reflector is not
normally employed by amateurs at low frequencies because it restricts the use to one band and requires
a fairly elaborate supporting structure. Stacked Vs with driven reflectors could, however, be built for
the 200 to 500-MHz region without much difficulty. The overall gain for such an antenna (two stacked
Vs, each with a V reflector) is about 9 dB greater than the gains given in Fig 1.

 Feeding the V
The V antenna is most conveniently fed with tuned feeders, since they permit multiband operation.

Although the length of the wires in a V beam is not at all critical, it is important that both wires be of the
same electrical length. If the use of a nonresonant line is desired, probably the most appropriate matching
system is that using a stub or quarter-wave matching section. The adjustment of such a system is described
in Chapter 26.

THE RESONANT RHOMBIC ANTENNA
The diamond-shaped or rhombic antenna shown

in Fig 8 can be looked upon as two acute-angle Vs
placed end-to-end. This arrangement is called a reso-
nant rhombic, and has two ad-vantages over the
simple V that have caused it to be favored by
amateurs. For the same total wire length it gives
somewhat greater gain than the V. A rhombic 4 wave-
lengths on a leg, for example, has better than 1 dB
gain over a V antenna with 8 wavelengths on a leg.
And the directional pattern of the rhombic is less
frequency sensitive than the V when the antenna is
used over a wide frequency range. This is because a

Fig 8—The resonant rhombic or diamond-shaped
antenna. All legs are the same length, and
opposite angles of the diamond are equal. Length
l is an integral number of half wavelengths.
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change in frequency causes the major lobe from one leg to shift in one direction while the lobe from the
opposite leg shifts the other way. This tends to make the optimum direction stay the same over a consider-
able frequency range. The leg lengths of the rhombic must be an integral number of half wavelengths in
order to avoid reactance at its feed point. It is for this reason that the antenna bears the name resonant
rhombic. The disadvantage of the rhombic as compared with the V is that one additional support is required.

The same factors that govern the design of the V antenna apply in the case of the resonant rhombic.
The angle A in Fig 8 is the same as that for a V having a leg length equal to l, Fig 8. If it is desired to
align the lobes from individual wires with the wave angle, the curves of Fig 7 may be used, again using
the length of one leg in taking the data from the curves. The diamond-shaped antenna also can be
operated as a terminated antenna, as described later in this chapter, and much of the discussion in that
section applies to the resonant rhombic as well.

The direction of maximum radiation with a resonant rhombic is given by the broken-line arrows in
Fig 8; that is, the antenna is bidirectional. There are minor lobes in other directions, their number and
intensity depending on the leg length. When used at frequencies below the VHF region, the rhombic
antenna is always mounted with the plane containing the wires horizontal. The polarization in this
plane, and also in the perpendicular plane that bisects the rhombic, is horizontal. At 144 MHz and
above, the dimensions are such that the antenna can be mounted with the plane containing
the wires vertical if vertical polarization is desired.

When the rhombic antenna is to be used on several HF amateur bands, it is advisable to choose the
apex angle, A, on the basis of the leg length in wavelengths at 14 MHz. This point is covered in more
detail in connection with both the V and the terminated rhombic. Although the gain on higher fre-
quency bands will not be quite as favorable as if the antenna had been designed for the higher frequen-
cies, the system will radiate well at the low angles that are necessary at such frequencies. At frequencies
below the design frequency, the greater apex angle of the rhombic (as compared with a V of the same
total length) is more favorable to good radiation than in the case of the V.

The resonant rhombic antenna can be fed in the same way as the V. Resonant feeders are necessary
if the antenna is to be used in several amateur bands.

TERMINATED LONG-WIRE ANTENNAS
All the antenna systems considered so far in this chapter have been based on operation with stand-

ing waves of current and voltage along the wire. Although most antenna designs are based on using
resonant wires, resonance is by no means a necessary condition for the wire to radiate and intercept
electromagnetic waves efficiently. The result of
using nonresonant wires is reactance at the feed
point, unless the antenna is terminated.

In Fig 9, let us suppose that the wire is parallel
with the ground (horizontal) and is terminated by a
load Z equal to its characteristic impedance, Z0. The
load Z can represent a receiver matched to the line.
The resistor R is also equal to the Z0 of the wire. A
wave coming from direction X will strike the wire
first at its far end and sweep across the wire at some
angle until it reaches the end at which Z is connected.
In so doing, it will induce voltages in the antenna,
and currents will flow as a result. The current flow-
ing toward Z is the useful output of the antenna,
while the current flowing toward R will be absorbed
in R. The same thing is true of a wave coming from
the direction X′. In such an antenna there are no
standing waves, because all received power is ab-
sorbed at either end. Fig 9—Terminated long-wire antenna.
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The greatest possible power will be delivered to the load
Z when the individual currents induced as the wave sweeps
across the wire all combine properly on reaching the load.
The currents will reach Z in optimum phase when the time
required for a current to flow from the far end of the antenna
to Z is exactly one-half cycle longer than the time taken by
the wave to sweep over the antenna. A half cycle is equivalent
to a half wavelength greater than the distance traversed by the
wave from the instant it strikes the far end of the antenna to
the instant that it reaches the near end. This is shown by the
small drawing, where AC represents the antenna, BC is a line
perpendicular to the wave direction, and AB is the distance
traveled by the wave in sweeping past AC. AB must be one-
half wavelength shorter than AC. Similarly, AB′ must be the
same length as AB for a wave arriving from X ′.

A wave arriving at the antenna from the opposite di-
rection Y (or Y′), will similarly result in the largest possible
current at the far end. However, since the far end is termi-
nated in R, which is equal to Z, all the power delivered to R
by the wave arriving from Y will be absorbed in R. The
current traveling to Z will produce a signal in Z in propor-
tion to its amplitude. If the antenna length is such that all
the individual currents arrive at Z in such phase as to add
up to zero, there will be no current through Z. At other
lengths the resultant current may reach appreciable values.
The lengths that give zero amplitude are those which are
odd multiples of 1/4 wavelength, beginning at 3/4 wavelength.
The response from the Y direction is greatest when the an-
tenna is any even multiple of 1/2 wavelength long; the higher
the multiple, the smaller the response.

Directional Characteristics
The explanation above considers the phase but not the

relative amplitudes of the individual currents reaching the
load. When the appropriate correction is made, the angle with
the wire at which radiation or response is maximum is given
by the curve of Fig 10. The response drops off gradually on
either side of the maximum point, resulting in lobes in the
directive pattern much like those for harmonic antennas,
except that the system is essentially unidirectional. Typical
patterns are shown in Fig 11. When the antenna length is 3/
2 λ or greater, there are also angles at which secondary
maxima (minor lobes) occur; these secondary maxima have
peaks approximately at angles for which the length AB, Fig
9, is less than AC by any odd multiple of one-half wave-
length. When AB is shorter than AC by an even multiple of
a half wavelength, the induced currents cancel each other
completely at Z, and in such cases there is a null for waves
arriving in the direction perpendicular to BC.

The antenna of Fig 9 responds to horizontally polar-
ized signals when mounted horizontally. If the wire lies in
a plane that is vertical with respect to the earth, it responds

Fig 10—Angle with respect to wire axis at
which the radiation from a terminated
long-wire antenna is maximum.

Fig 11—Typical radiation patterns (cross
section of solid figure) for terminated long
wires . At A, the length is two wavelengths, at
B, four wavelengths, both for an idealized
case in which there is no decrease of current
along the wire. In practice, the pattern is
somewhat distorted by wire attenuation.
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to vertically polarized signals. By reciprocity, the directive characteristics for transmitting are the same as
for receiving. For average conductor diameters and heights above ground, 20 or 30 feet, the Z0 of the
antenna is of the order of 500 to 600 Ω.

It is apparent that an antenna operating in this way has much the same characteristics as a transmission line.
When it is properly terminated at both ends there are traveling waves—but no standing waves—on the wire.
Consequently the current is essentially the same all along the wire over any given period of time. Actually, it
decreases slightly in the direction in which the current is flowing because of energy loss by radiation as well as
by ohmic loss in the wire and the ground. The antenna can be looked upon as a transmission line terminated in
its characteristic impedance, but having such wide spacing between conductors (the second conductor in this
case is the image of the antenna in the ground) that radiation losses are by no means inconsequential.

A wire terminated in its characteristic imped- ance will work on any frequency, but its dir- ectional
characteristics change with frequency as shown by Fig 10. To give any appreciable gain over a dipole, the
wire must be at least a few wavelengths along. The angle at which maximum response occurs can be in any
plane that contains the wire axis, so in free space the major lobe will be a hollow cone. In the presence of
ground, the discussion given in connection with Fig 3 applies, with the modification that the angles of best
radiation or response are those given in Fig 10, rather than by Figs 1 or 2. As comparison of the curves will
show, the difference in the optimum angle between resonant and terminated wires is quite small.

The Sloping V
The sloping V antenna, illustrated in Fig 12, is a terminated system. Even though it is simple to con-

struct and offers multiband operation, it has not seen much
use by amateurs. Only a single support is required, and the
antenna should provide several decibels of gain over a fre-
quency ratio of 3 to 1 or greater.

For satisfactory performance, the leg length, l, should be
a minimum of one wavelength at the lowest operating
frequency. The height of the support may be 1/2 to 3/4 of the leg
length.The feed-point impedance of the sloping V is on the
order of 600 Ω. Therefore, open-wire line may be used for the
feeder or, alternatively, a coaxial transmission line and a step-
up transformer balun at the apex of the V may be used.

The terminating resistors should each be noninductive
with a value of 300 Ω and a dissipation rating equal to one-
half the transmitter output power. The grounded end of the
resistors should be connected to a good RF ground, such as a
radial system extending beneath the wires of the V. A single
ground stake at each termination point will likely be insuffi-
cient; a pair of wires, one running from each termination point
to the base of the support will probably prove superior.

By using the data presented earlier in this chapter, it
should be possible to calculate the apex angle and support
height for optimum lobe alignment from the two wires at a
given frequency. Ground reflections will complicate the cal-
culations, however, as both vertical and horizontal polariza-
tion components are present. Dimensions that have proved
useful for point-to-point communications work on frequen-
cies from 14 to 30 MHz are a support height of 60 feet, a leg
length of 100 feet, and an apex angle of 36°.

THE TERMINATED RHOMBIC ANTENNA
The highest development of the long-wire antenna is

the terminated rhombic, shown schematically in Fig 13. It

Fig 12—The sloping V antenna.

Fig 13—The terminated rhombic antenna.
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consists of four conductors joined to form a diamond, or rhombus. All sides of the antenna have the same
length and the opposite corner angles are equal. The antenna can be considered as being made up of two V
antennas placed end to end and terminated by a noninductive resistor to produce a unidirectional pattern.
The terminating resistor is connected between the far ends of the two sides, and is made approximately
equal to the characteristic impedance of the antenna as a unit. The rhombic may be constructed either hori-
zontally or vertically, but is practically always constructed horizontally at frequencies below 54 MHz, since
the pole height required is considerably less. Also, horizontal polarization is equally, if not more, satisfac-
tory at these frequencies.

The basic principle of combining lobes of maximum radiation from the four individual wires constitut-
ing the rhombus or diamond is the same in either the terminated type shown in Fig 13, or the resonant type
described earlier in this chapter. The included angles should differ slightly because of the differences be-
tween resonant and terminated wires, as just described, but the differences are almost negligible.

Tilt Angle
In dealing with the terminated rhombic, it is a matter of custom to talk about the “tilt angle” (φ in

Fig 13), rather than the angle of maximum radiation with respect to an individual wire. The tilt angle is
simply 90° minus the angle of maximum radiation. In the case of a rhombic antenna designed for zero
wave angle, the tilt angle is 90° minus the values given in Fig 10.

Fig 14 shows the tilt angle as a function of the antenna leg length. The curve marked “0°” is used for a
wave angle of 0°; that is, maximum radiation in the plane of the antenna. The other curves show the proper
tilt angles to use when aligning the major lobe with a desired wave angle. For a wave angle of 5° the
difference in tilt angle is less than 1° for the range of lengths shown. Just as in the case of the resonant V and
resonant rhombic, alignment of the wave angle
and lobes always results in still greater radiation
at a lower wave angle, and for the same reason,
but also results in the greatest possible radiation
at the desired wave angle.

The broken curve marked “optimum length”
shows the leg length at which maximum gain is
obtained at any given wave angle. Increasing the
leg length beyond the optimum will result in less-
ened gain, and for that reason the curves do not
extend beyond the optimum length. Note that the
optimum length becomes greater as the desired
wave angle decreases. Leg lengths over 6 λ are
not recommended because the directive pattern
becomes so sharp that the antenna performance
is highly variable with small changes in the angle,
both horizontal and vertical, at which an incom-
ing wave reaches the antenna. Since these angles
vary to some extent in ionospheric propagation,
it does not pay to attempt to use too great a de-
gree of directivity.

Multiband Design
When a rhombic antenna is to be used over

a considerable frequency range, it is worth
paying some attention to the effect of the tilt
angle on the gain and directive pattern at
various frequencies. For example, suppose the
antenna is to be used at frequencies up to and

Fig 14—Rhombic-antenna design chart. For any
given leg length, the curves show the proper tilt
angle to give maximum radiation at the selected
wave angle. The broken curve marked “optimum
length” shows the leg length that gives the
maximum possible output at the selected wave
angle. The optimum length as given by the curves
should be multiplied by 0.74 to obtain the leg length
for which the wave angle and main lobe are aligned
(see text, “Alignment of Lobes”).
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Fig 15—These drawings show the effect of tilt
angle on the free-space vertical pattern of a
terminated rhombic antenna having a leg length
of three wavelengths at one frequency and six
wavelengths at twice the frequenc y. These
patterns apply only in the direction of the antenna
axis. Minor lobes above 3 0° are not shown.

Fig 16—Rhombic antenna dimensions for a
compromise design between 14 and 28-MHz
requirements, as discussed in the text. The
leg length is 6 λ at 28 MHz, 3 λ at 14 MHz.

Fig 17—Theoretical gain of a terminated
rhombic antenna over a half-wave dipole in
free space. This curve includes an allowance
of 3 dB for loss in the terminating resisto r.

including the 28-MHz band, and that the leg length is
to be 6 λ on that band. For zero wave angle, the opti-
mum tilt angle is 68°, and the calculated free-space
directive pattern in the vertical plane bisecting the an-
tenna is shown in Fig 15, at B. At 14 MHz, this same
antenna has a leg length of three wavelengths, which
calls for a tilt angle of 58.5° for maximum radiation
at zero wave angle. The calculated patterns for tilt
angles of 58.5 and 68° are shown at A in Fig 15. These
show that if the optimum tilt for 28-MHz operation is
used, the gain will be reduced and the wave angle
raised at 14 MHz. In an attempt at a compromise, we
might select a wave angle of 15°, rather than zero, for
14 MHz. As shown by Fig 14, the tilt angle here is
larger and thus more nearly coincides with the tilt
angle for zero wave angle on 28 MHz. From the chart,
the tilt angle for three wavelengths on a leg and a 15°
wave angle is 61.5°. The patterns with this tilt angle
are shown in Fig 15 for both the 14 and 28-MHz cases.
The effect at 28 MHz is to decrease the gain at zero
wave angle by more than 6 dB and to split the radia-
tion in the vertical plane into two lobes, one of which
is at a wave angle too high to be useful at this frequency.

Inasmuch as the gain increases with the leg length in
wavelengths, it is probably better to favor the lower
frequency in choosing the tilt angle. In the present ex-
ample, the best compromise probably would be to split
the difference between the optimum tilt angle for the 15°
wave angle at 14 MHz and that for zero wave angle at 28
MHz; that is, use a tilt angle of about 64°. Design dimen-
sions for such an antenna are given in Fig 16.

The patterns of Fig 15 are in the vertical plane
through the center of the antenna only. In vertical
planes making an angle with the antenna axis, the pat-
terns may differ considerably. The effect of a tilt angle
that is smaller than the optimum is to broaden the
horizontal pattern, so at 28 MHz the antenna in the
example would be less directive in the horizontal plane
than would be the case if it were designed for opti-
mum performance at that frequency. It should also be
noted that the patterns given in Fig 15 are free-space
patterns and must be multiplied by the ground-reflec-
tion factors for the actual antenna height used, if the
actual vertical patterns are to be determined. (Also
see later discussion on lobe alignment.)

Power Gain
The theoretical power gain of a terminated rhom-

bic antenna over a dipole (both in free space) is given
by the curve of  Fig 17. This curve is for zero wave
angle and includes an allowance of 3 dB for power
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dissipated in the terminating resistor. The actual gain of an antenna mounted horizontally above the
ground, as compared with a dipole at the same height, can be expected to vary a bit either way from
the figures given by the curve. The power lost in the terminating resistor is probably less than 3 dB in
the average installation, since more than half of the input power is radiated before the end of the
antenna is reached. However, there is also more power loss in the wire and in the ground under the
antenna than in the case of a simple dipole, so the 3 dB figure is probably a representative estimate of
overall loss.

Termination
Although there is no marked difference in the gain obtainable with resonant and terminated rhombics of

comparable design, the terminated antenna has the advantage that over a wide frequency range it presents an
essentially resistive and constant load to the transmitter. In addition, terminated operation makes the antenna
essentially unidirectional, while the unterminated or resonant rhombic is always bidirectional (although not
symmetrically so). In a sense, the power dissipated in the terminating resistor can be considered power that
would have been radiated in the other direction had the resistor not been there. Therefore, the fact that some
of the power (about one-third) is used up in heating the resistor does not mean an actual loss in the desired
direction.

The characteristic impedance of an ordinary rhombic antenna, looking into the input end, is in the
order of 700 to 800 Ω when properly terminated in a resistance at the far end. The terminating resis-
tance required to bring about the matching condition usually is slightly higher than the input impedance
because of the loss of energy through radiation by the time the far end is reached. The correct value
usually will be found to be of the order of 800 Ω, and should be determined experimentally if the
flattest possible antenna is desired. However, for average work a noninductive resistance of 800 Ω can
be used with the assurance that the operation will not be far from optimum.

The terminating resistor must be practically a pure resistance at the operating frequencies; that
is, its inductance and capacitance should be negligible. Ordinary wire-wound resistors are not suit-
able because they have far too much inductance and distributed capacitance. Small carbon resistors
have satisfactory electrical characteristics but will not dissipate more than a few watts and so cannot
be used, except when the transmitter power does not exceed 10 or 20 W or when the antenna is to be
used for reception only. The special resistors designed either for use as “dummy” antennas or for
terminating rhombic antennas should be used in other cases. To allow a factor of safety, the total
rated power dissipation of the resistor or resistors should be equal to half the power output of the
transmitter.

To reduce the effects of stray capacitance it is desirable to use several units, say three, in series
even when one alone will safely dissipate the power. The two end units should be identical and each
should have 1/4 to 1/3 the total resistance, with the center unit making up the difference. The units should
be installed in a weatherproof housing at the end of the antenna to protect them and to permit mounting
without mechanical strain. The connecting leads should be short so that little extraneous inductance is
introduced.

Alternatively, the terminating resistance may be placed at the end of an 800-Ω line connected to
the end of the antenna. This will permit placing the resistors and their housing at a point convenient for
adjustment rather than at the top of the pole. Resistance wire may be used for this line, so that a portion
of the power will be dissipated before it reaches the resistive termination, thus permitting the use of
lower-wattage lumped resistors. The line length is not critical, since it operates without standing waves.

Multiwire Rhombics
The input impedance of a rhombic antenna constructed as in Fig 13 is not quite constant as the

frequency is varied. This is because the varying separation between the wires causes the characteristic
impedance of the antenna to vary along its length. The variation in Z0 can be minimized by a conductor
arrangement that increases the capacitance per unit length in proportion to the separation between the
wires.
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The method of accomplishing this is shown in
Fig 18. Three conductors are used, joined together
at the ends but with increasing separation as the junc-
tion between legs is approached. For HF work the
spacing between the wires at the center is 3 to 4
feet, which is similar to that used in commercial
installations using legs several wavelengths long.
Since all three wires should have the same length,
the top and bottom wires should be slightly farther
from the support than the middle wire. Using three
wires in this way reduces the Z0 of the antenna to
approximately 600 Ω, thus providing a better match
for practical open-wire line, in addition to smooth-
ing out the impedance variation over the frequency
range.

A similar effect (although not quite as favor-
able) is obtained by using two wires instead of
three. The three-wire system has been found to
increase the gain of the antenna by about 1 dB
over that of a single-conductor version.

Front-to-Back Ratio
It is theoretically possible to obtain an infinite front-to-back ratio with a terminated rhombic an-

tenna, and in practice very large values can be had. However, when the antenna is terminated in its
characteristic impedance the infinite front-to-back ratio can be obtained only at frequencies for which
the leg length is an odd multiple of a quarter wavelength, as described in the section on terminated long
wires. The front-to-back ratio is smallest at frequencies for which the leg length is a multiple of a half
wavelength.

When the leg length is not an odd multiple of a quarter wave at the frequency under consideration,
the front-to-back ratio can be made very high by decreasing the value of terminating resistance slightly.
This permits a small reflection from the far end of the antenna, which cancels out the residual response
at the input end. With large antennas, the front-to-back ratio may be made very large over the whole
frequency range by experimental adjustment of the terminating resistance. Modification of the termi-
nating resistance can result in a splitting of the back null into two nulls, one on either side of a small
lobe in the back direction. Changes in the value of terminating resistance thus permit “steering” the
back null over a small horizontal range so that signals coming from a particular spot not exactly to the
rear of the antenna may be minimized.

Ground Effects
Reflections from the ground play exactly the same part in determining the vertical directive pattern

of a horizontal rhombic antenna that they play with other horizontal antennas. Consequently, if a low
wave angle is desired, it is necessary to make the height great enough to bring the wave angle into the
desired range of values given by the charts in Chapter 23.

Alignment of Lobes, Wave Angle and Ground Reflections
When maximum antenna response is desired at a particular wave angle (or maximum radiation is

desired at that angle), the major lobe of the antenna can be aligned not only with the wave angle as
previously described, but also with a maximum in the ground-reflection factor. When this is done it is
no longer possible to consider the antenna height independently of other aspects of rhombic design.
The wave angle, leg length, and height become mutually dependent.

This method of design is of particular value when the antenna is built to be used over fixed transmis-

Fig 18—Three-wire rhombic antenna. Use of
multiple wires improves the impedance
characteristic of a terminated rhombic and
increases the gain somewhat.
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Fig 19—Antenna height to be used for maximum
radiation at a desired wave angle. This curve
applies to any type of horizontal antenna.

sion distances for which the optimum wave angle
is known. It has had wide application in com-
mercial work with terminated rhombic antennas,
but seems less desirable for amateur use where,
for the long-distance work for which rhombic
antennas are built, the lowest wave angle that can
be obtained is the most desirable. Alignment of
all three factors is limited in application because
it leads to impractical heights and leg lengths for
small wave angles. Consequently, when a fairly
broad range of low wave angles is the objective,
it is more satisfactory to design for a low wave
angle and simply make the antenna as high as
possible.

Fig 19 shows the lowest height at which
ground reflections make the radiation maximum
at a desired wave angle. It can be used in con-
junction with Fig 14 for complete alignment of
the antenna. For example, if the desired wave
angle is 20°, Fig 19 shows that the height must
be 0.75 λ. From Fig 14, the optimum leg length is 4.2 λ and the tilt angle is just under 70°. A rhombic
antenna designed this way will have the maximum possible output that can be obtained at a wave angle
of 20°; no other set of dimensions will be as good. However, it will have still greater output at some
angle lower than 20°, for the reasons given earlier. When it is desired to make the maximum output of
the antenna occur at the 20° wave angle, it may be accomplished by using the same height and
tilt angle, but with the leg length reduced by 26%. Thus for such alignment, the leg length should
be 4.2 × 0.74 = 3.1 λ. The output at the 20° wave angle will be smaller than with 4.2 λ legs, however,
despite the fact that the smaller antenna has itsmaximum radiation at 20°. The reduction in gain is
about 1.5 dB.

Methods of Feed
If the broad frequency characteristic of the rhombic antenna is to be utilized fully, the feeder sys-

tem must be similarly broad. Open-wire transmission line of the same characteristic impedance as that
shown at the antenna input terminals (approximately 700 to 800 Ω) may be used. Data for the construc-
tion of such lines is given in Chapter 24. While the usual matching stub can be used to provide an
impedance transformation to more satisfactory line impedances, this limits the operation of the antenna
to a comparatively narrow range of frequencies centering about that for which the stub is adjusted.
Probably a more satisfactory arrangement would be to use a coaxial transmission line and a broadband
transformer balun at the antenna feed point.

Wave Antennas
Perhaps the best known type of wave antenna is the Beverage. Many 160-meter enthusiasts

have used Beverage antennas to enhance the signal-to-noise ratio while attempting to extract
weak signals from the often high levels of atmospheric noise and interference on the low bands.
Alternative antenna systems have been developed and used over the years, such as loops and long
spans of unterminated wire on or slightly above the ground, but the Beverage antenna seems to be
the best for 160-meter weak-signal reception.  The information in this section was prepared by
Rus Healy, NJ2L.
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THE BEVERAGE ANTENNA
A Beverage is simply a wire antenna, at least one wavelength long, supported along its length at a

fairly low height and terminated at the far end in its characteristic impedance. This antenna is shown in
Fig 20A.

Improved HF reception with Beverage antennas may result from propagation conditions at a given
time. However, because the incoming sky waves above medium frequency arrive at moderate and high
angles, and because their polarization changes at random during reflection from the ionosphere, these
waves do not excite a Beverage in the same way as MF signals. The wave antenna is responsive mostly
to very low angle incoming waves that maintain a constant (vertical) polarization. These conditions are
nearly always satisfied on 160 meters, and most of the time on 80 meters. As the frequency is in-
creased, however, the polarization and arrival angles are less and less constant and favorable, making
Beverages less effective at these frequencies. Many amateurs have, however, reported consistently
excellent performance from Beverage antennas at frequencies as high as 10 MHz.

Beverage Theory
The Beverage antenna acts like a long transmission line with one lossy conductor (the earth), and

one good conductor (the wire). Beverages have excellent directivity if erected properly, but they are
quite inefficient. Therefore, they are not suitable
for use as transmitting antennas.

Because the Beverage is a traveling-wave an-
tenna, it has no standing waves resulting from ra-
dio signals. After a wave strikes the end of the Bev-
erage from the desired direction, the wave induces
voltages along the antenna and continues in space
as well. Fig 20B shows part of a wave on the an-
tenna resulting from a desired signal. This diagram
also shows the tilt of the wave. The signal induces
equal voltages in both directions. The resulting cur-
rents are equal and travel in both directions; the
component traveling toward the termination end
moves against the wave and thus builds down to a
very low level at the termination end. Any residual
signal resulting from this direction of current flow
will be absorbed in the termination (if the termi-
nation is equal to the antenna impedance). The
component of the signal flowing in the other di-
rection, as we will see, becomes a key part of the
received signal.

As the wave travels along the wire, the wave
in space travels at approximately the same veloc-
ity. (There is some phase delay in the wire, as we
shall see.) At any given point in time, the wave
traveling along in space induces a voltage
in the wire in addition to the wave already travel-
ing on the wire (voltages already induced by the
wave). Because these two waves are nearly in
phase, the voltages add and build toward a maxi-
mum at the receiver end of the antenna.

This process can be likened to a series of sig-
nal generators lined up on the wire, with phase dif-

Fig 20—At A, a simple one-wire Beverage antenna
with a variable termination impedance and a
matching transformer for the receiver impedance.
At B, a portion of a wave from the desired
direction is shown traveling down the antenna
wire. Its tilt angle and effective wave angle are
also shown. At C, a situation analogous to the
action of a Beverage on an incoming wave is
shown. See text for discussion.
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Fig 22—This curve shows phase shift (per
wavelength) as a function of velocity factor on a
Beverage antenna. Once the phase shift for the
antenna goes beyond 9 0°, the gain drops off from
its peak value, and any increase in antenna
length will decrease gain.

Fig 21—Signal velocity on a Beverage increases
with height above ground, and reaches a practical
maximum at about 10 feet. Improvement is
minimal above this height.  (The velocity of light
is 100%.)

ferences corresponding to their respective spacings on the wire (Fig 20C). At the receiver end, a maxi-
mum voltage is produced by these voltages adding in phase. For example, the wave component in-
duced at the receiver end of the antenna will be in phase (at the receiver end) with a component of the
same wave induced, say, 270° (or any other distance) down the antenna, after it travels to the receiver
end.

In practice, there is some phase shift of the wave on the wire with respect to the wave in space. This
phase shift results from the velocity factor of the antenna. (As with any transmission line, the signal
velocity on the Beverage is somewhat less than in free space.) Velocity of propagation on a Beverage is
typically between 85 and 98% of that in free space. As antenna height is increased to a certain optimum
height (which is about 10 feet for 160 meters), the velocity factor increases. Beyond this height, only
minimal improvement is afforded, as shown in Fig 21. These curves are the result of experimental
work done in 1922 by RCA, and reported in a QST article (November 1922) entitled “The Wave An-
tenna for 200-Meter Reception,” by H.H. Beverage. The curve for 160 meters was extrapolated from
the other curves.

Phase shift (per wavelength) is shown as a function of velocity factor in Fig 22, and is given by

θ =360 100
k – 1( )

where k = velocity factor of the antenna in percent.
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The signals present on and around a Bever-
age antenna are shown graphically in A through D
of Fig 23. These curves show relative voltage lev-
els over a number of periods of the wave in space
and their relative effects in terms of the total sig-
nal at the receiver end of the antenna.

Termination and Performance
in Other Directions

The performance of a Beverage antenna in di-
rections other than the favored one is quite different
than previously discussed. Take, for instance, the case
of a signal arriving perpendicular to the wire (90°
either side of the favored direction). In this case, the
wave induces voltages along the wire that are essen-
tially in phase, so they arrive at the receiver end more
or less out of phase, and thus cancel. (This can be
likened to a series of signal generators lined up along
the antenna as before, but having no progressive
phase differences.)

 As a result of this cancellation, Beverages ex-
hibit deep nulls off the sides. Some minor sidelobes
will exist, as with other horizontal antennas, and will
increase in number with the length of the antenna.

In the case of a signal arriving from the rear
of theantenna, the behavior of the antenna is very
similar to its performance in the favored direc-
tion. The major difference is that the signal from
the rear adds in phase at the termination end and
is absorbed by the termination impedance.

For proper operation, the Beverage must be ter-
minated at both ends in an impedance equal to the Z0
of the antenna. This consists of matching the receiver
impedance to the antenna at one end and terminating
the other end in a resistor of the correct value.
If the termination impedance is not equal to the
characteristic impedance of the antenna, some part
of the signal from the rear will be reflected back
toward the receiver end of the antenna. If the ter-
mination impedance is merely an open circuit (no
terminating resistor), total reflection will result and
the antenna will exhibit a bidirectional pattern (still
with very deep nulls of f the sides). An
unterminated Beverage will not have the same re-
sponse to signals in the rearward direction as it
exhibits to signals in the forward direction because
of attenuation and reradiation of part of the re-
flected wave as it travels back toward the receiver
end. The difference in response is typically on the
order of 3 dB for a 1-λ single-wire Beverage (see
Figs 24 and 25).

Fig 23—These curves show the voltages that appear in a
Beverage antenna over a period of several cycles of the
wave. Signal strength (a t A) is constant over the length
of the antenna during this period, as is voltage induced
per unit length in the wire (at B). (The voltage induced in
any section of the antenna is the same as the voltage
induced in any other section of the same size, over the
same period of time.) At C, the voltages induced by an
undesired signal from the rearward direction add in
phase and build to a maximum at the termination end,
where they are dissipated in the termination (if Z term  =
Z0). The voltages resulting from a desired signal are
shown at D. The wave on the wire travels closely with the
wave in space, and the voltages resulting add in phase
to a maximum at the receiver end of the antenna.

Fig 24—Directive pattern of a one-wavelength long
unterminated Beverage antenna.
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Fig 25—Directive pattern of a one-wavelength
Beverage that is terminated in its characteristic
impedance.

Fig 26—A two-wire
Beverage antenna
which has provisions
for direction switching
and null steering.
Performance improves
with height to a point,
and is optimum for
1.8-MHz operation at
about 10 to 12 feet.
Parts identifications
are for text reference.

If the termination is between the extremes (open circuit and perfect termination in Z0), the peak
direction and intensity of signals off the rear of the Beverage will change. As a result, an adjustable
reactive termination can be employed to “steer” the nulls to the rear of the antenna (see Fig 26). This
can be of great help in eliminating an interfering signal from a rearward direction (typically 30-40°
either side of the back direction).

To determine the appropriate value for a terminating resistor, it is necessary to know the character-
istic impedance (surge impedance), Z0, of the Beverage. It is interesting to note that Z0 is not a function
of the length of the Beverage, but only the wire size and height above ground. Characteristic imped-
ance can be found empirically by choosing some resistive value within the typical range of 400-600 Ω
and then adjusting it for optimum rejection of rearward  signals. This method takes time, patience and
(frequently) a second person to execute. It is far easier to start with a value that you know is close. The
surge impedance of a single-wire Beverage is given by:

Z0 = 138 × log 4h
d( )

where
Z0 = characteristic impedance of the Beverage
h = wire height above ground
d = wire diameter (in the same units as h)

Another important aspect of terminating the
Beverage is the assurance of a good RF ground
for the termination. This is most easily accom-
plished by laying radial wires on the ground at
the termination end. This is important, as the ef-
fective impedance of the termination will approach
the Z0 of the wire only if the RF ground at the
termination is nearly ideal. This presents some-
thing of a problem for the Beverage builder, be-
cause, as mentioned earlier, the maximum signal
will be induced into the antenna when the ground
under the antenna is poor. Some have quipped that
the best location at which to erect a Beverage is in
a desert with a salt marsh at the termination end.

As with many other antennas, improved direc-
tivity and gain can be achieved by lengthening the
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antenna and by arranging several antennas into an array. One item that must be kept in mind is that (as
mentioned earlier) by virtue of the velocity factor of the antenna, there is some phase shift of
the wave on the antenna with respect to the wave in space. Because of this phase shift, although the directiv-
ity will continue to sharpen with increased length, there will be some optimum length at which the gain of
the antenna will peak. Beyond this length, the current increments arriving at the receiver end of the antenna
will no longer be in phase, and will not add to produce a maximum signal at the receiver end. This optimum
length is a function of velocity factor and frequency (it is also dependent on the number of wires—see later
text), and is given by:

L = λ
4 100

k – 1( )
where

L = maximum effective length
λ = signal wavelength in free space (same units as L)
k = velocity factor of the antenna in percent

Because velocity factor increases with height (to a point, as mentioned earlier), optimum length is
somewhat longer if the antenna height is increased. The maximum effective length also increases with
the number of wires in the antenna system. For example, for a two-wire Beverage like the bidirectional
version shown in Fig 26, the maximum effective length is about 20% longer than the single-wire ver-
sion. A typical length for a single-wire1.8-MHz Beverage (made of #16 wire and erected 10 feet above
ground) is about 1200 feet.

The Two-Wire Beverage
The antenna shown in Fig 26 has the major advantage of having signals from both directions avail-

able at the receiver simultaneously. Also, because there are two wires in the system (equal amounts of
signal voltage are induced in both wires), greater signal voltages will be produced.

Refer to Fig 26. A signal from the left direction induces equal voltages in both wires, and equal in-
phase currents flow as a result. The reflection transformer (at the right-hand end of the antenna) then
inverts the phase of these signals and reflects them back down the antenna toward the receiver, using
the antenna wires as a balanced open-wire transmission line. This signal is transformed at T1 and is
available at J1.

Signals traveling from right to left also induce equal voltages in each wire, and they travel in phase
toward the receiver end, through T1, and into T2. Signals from thisdirection are available at J2.

Another convenient feature of the two-wire Beverage is the ability to steer the nulls off either end of the
antenna while receiving in the opposite direction. For instance, if the series RLC network shown at J2 is
adjusted while the receiver is connected to J1, signals can be received from the left direction while interfer-
ence coming from the right can be partially or completely nulled. The nulls can be steered over a 60° (or
more) area off the right-hand end of the antenna. The same null-steering capability exists in the opposite
direction with the receiver connected at J2 and the termination connected at J1.

The two-wire Beverage is typically erected at the same height as a single-wire version. The two
wires are at the same height and are spaced uniformly (12 to 18 inches apart). The impedance of the
antenna depends on the wire size, spacing and height, and is given by

Z0 = 69 × log 4h
d 1

2h
S

2

+ ( )











where
Z0 = Beverage impedance
S = wire spacing
h = height above ground
d = wire diameter (in same units as S and h)
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Fig 27—The fishbone antenna provides higher gain per acre than does a rhombic. It is essentially a
wave antenna which evolved from the Beverage.

For proper operation, transformers T1, T2 and T3 must be carefully wound. Small toroidal ferrite
cores are best for this application, with those of high permeability (µi = 125 to 5000) being the easiest
to wind (fewest turns) and having the best high-frequency response. Trifilar-wound coils are most
convenient. These principles also apply to single-wire Beverages. See Chapters 25 and 26 and The
ARRL Handbook for information on winding toroidal transformers.

It should be mentioned that, even though Beverage antennas have excellent directive patterns if
terminated properly, gain never exceeds about –3 dBi in most practical installations. However, the
directivity that the Beverage provides results in a much higher signal-to-noise ratio for signals in the
desired direction than almost any other antenna that can be used practically at low frequencies. The
result of this is that instead of listening to an S9 signal with 20-dB over S9 noise and interference on a
vertical, a Beverage will typically allow you to copy the same signal at S5 with only S1 (or lower)
noise and interference, everything else being equal. This is certainly a worthwhile improvement!

Practical Considerations

There are a few basic principles that must be kept in mind when erecting Beverage antennas if
optimum performance is to be realized.

1) Plan the installation thoroughly, including choosing an antenna length consistent with the opti-
mum length values discussed earlier.

2) Keep the antenna as straight and as nearly level as possible over its entire run. Avoid following
the terrain under the antenna too closely—keep the antenna level with the average terrain, avoiding
changes in height over gullies, ditches, etc.

3) Use the largest wire practical and avoid joining multiple pieces of wire together to form the span
if the antenna is to be permanent. The use of larger wire will keep losses, undesired phase shift, and
fragility to a minimum. Joints in wire are subject to corrosion over time.
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Fig 28—The English HAD fishbone
antenna is a simplified version of the
standard fishbone. It may be used as
a single-bay antenna fed with 600- Ω
open-wire line.

4) Minimize the lengths of vertical downleads at the ends of the antenna. Their effect is detrimen-
tal to the directive pattern of the antenna.  It is best to slope the antenna wire from ground level to its
final height (over a distance of 50 feet or so) at the feed-point end. Similar action should be taken at the
termination end. Be sure to seal the transformers against weather.

5) Use a noninductive resistor for terminating a single-wire Beverage.
6) Use high-quality insulators for the Beverage wire where it comes into contact with the supports.
7) Keep the Beverage away from parallel conductors such as electric power and telephone lines

for a distance of at least 200 feet. Perpendicular conductors may be crossed with relatively little inter-
action, but do not cross any conductors that may pose a safety hazard.

FISHBONE ANTENNAS
Another type of wave antenna is the fishbone, which, unlike the Beverage, is well suited to use at

HF. A simple fishbone antenna is illustrated in Fig 27. Its impedance is approximately 400 Ω. The
antenna is formed of closely spaced elements that are lightly coupled (capacitively) to a long, terminated
transmission line. The capacitors are chosen to have a value that will keep the velocity of propagation
of RF on the line more than 90% of that in air. The elements are usually spaced approximately
0.1 wavelength (or slightly more) so that an average of seven or more elements are used for each full
wavelength of transmission-line length. This antenna obtains low-angle response primarily as a func-
tion of its height, and therefore, is generally installed 60 to 120 feet above ground. If the antenna is to be
used for transmission (for which it is well suited because of its excellent gain and broadband nature), trans-
mitting-type capacitors must be used, since they will be required to handle substantial current.

The English HAD fishbone antenna, shown in its two-bay form in Fig 28, is less complicated than
the one of Fig 27. It may be used singly, of course, and may be fed with 600-Ω open-wire line. Instal-
lation and operational characteristics are similar to the standard fishbone antenna.
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The use of radio for direction-finding purposes (RDF) is almost as old as its application for com-
munications.  Radio amateurs have learned RDF techniques and found much satisfaction by par-
ticipating in hidden transmitter hunts.  Other hams have discovered RDF through an interest in

boating or aviation where radio direction finding is used for navigation and emergency location
systems.

In many countries of the world, the hunting of hidden amateur transmitters takes on the atmo-
sphere of a sport, as participants wearing jogging togs or track suits dash toward the area where they
believe the transmitter is located. The sport is  variously known as fox hunting, bunny hunting, ARDF
(Amateur Radio direction finding) or simply transmitter hunting. In North America, most hunting of
hidden transmitters is conducted from automobiles, although hunts on foot are gaining popularity.

There are less pleasant RDF applications as well, such as tracking down noise sources or illegal
operators from unidentified stations.  Jammers of repeaters, traffic nets and other amateur operations
can be located with RDF equipment.  Or sometimes a stolen amateur rig will be placed into operation
by a person who is not familiar with Amateur Radio, and by being lured into making repeated transmis-
sions, the operator unsuspectingly permits himself to be located with RDF equipment. The ability of
certain RDF antennas to reject signals from selected directions has also been used to advantage in
reducing noise and interference.  Although not directly related to Amateur Radio, radio navigation is
one application of RDF. The locating of downed aircraft is another, and one in which amateurs often
lend their skills. Indeed, there are many useful applications for RDF.

Although sophisticated and complex equipment pushing the state of the art has been developed for
use by governments and commercial enterprises, relatively simple equipment can be built at home to
offer the radio amateur an opportunity to RDF.  This chapter deals with antennas which are suited
for that purpose.

RDF by Triangulation
It is impossible, using amateur techniques, to pinpoint the whereabouts of a transmitter from a

single receiving location.  With a directional antenna you can determine the direction of a signal source,
but not how far away it is.  To find the distance, you can then travel in the determined direction until
you discover the transmitter location.  However, that technique does not normally work very well.

A preferred technique is to take at least one additional direction measurement from a second re-
ceiving location.  Then use a map of the area and plot the bearing or direction measurements as straight
lines from points on the map representing the two locations.  The approximate location of the transmit-
ter will be indicated by the point where the two bearing lines cross.  Even better results can be obtained
by taking direction measurements from three locations and using the mapping technique just described.
Because absolutely precise bearing measurements are difficult to obtain in practice, the three lines will
almost always cross to form a triangle on the map, rather than at a single point.  The transmitter will
usually be located inside the area represented by the triangle.  Additional information on the technique
of triangulation may be found in recent editions of The ARRL Handbook.

Direction Finding Antennas

Chapter 14
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DIRECTION FINDING SYSTEMS
Required for any RDF system are a directive antenna and a device for detecting the radio signal. In

amateur applications the signal detector is usually a receiver; for convenience it will have a meter to
indicate signal strength. Unmodified, commercially available portable or mobile receivers are
generally quite satisfactory for signal detectors.  At very close ranges a simple diode detector and dc
microammeter may suffice for the detector.

On the other hand, antennas used for RDF techniques are not generally the types used for normal
two-way communication. Directivity is a prime requirement, and here the word directivity takes on a
somewhat different meaning than is commonly applied to antennas. Normally we associate
directivity with gain, and we think of the ideal antenna pattern as one having a long, thin main lobe.
Such a pattern may be of value for coarse measurements in RDF work, but precise bearing measure-
ments are not possible. There is always a spread of a few (or perhaps many) degrees on the “nose” of
the lobe, where a shift of antenna bearing produces no detectable change in signal strength. In RDF
measurements, it is desirable to correlate an exact bearing or compass direction with the position of the
antenna. In order to do this as accurately as possible, an antenna exhibiting a null in its pattern is used.
A null can be very sharp in directivity, to within a half degree or less.

Loop Antennas
A simple antenna for RDF work is a small loop tuned to resonance with a capacitor. Several factors

must be considered in the design of an RDF loop. The loop must be small compared with the wave-
length. In a single-turn loop, the conductor should be less than 0.08 wavelength long. For 28 MHz, this
represents a length of less than 34 inches (diameter of approximately 10 inches). Maximum response
from the loop antenna is in the plane of the loop, with nulls exhibited at right angles to that plane.

To obtain the most accurate bearings, the loop must be balanced electrostatically with respect to
ground. Otherwise, the loop will exhibit two modes of operation. One is the mode of a true loop, while
the other is that of an essentially nondirectional vertical antenna of small dimensions.  This second
mode is called the “antenna effect.”  The voltages introduced by the two modes are seldom in phase and
may add or subtract, depending upon the direction from which the wave is coming.

The theoretical true loop pattern is illustrated in Fig 1A. When properly balanced, the loop exhibits
two nulls that are 180° apart. Thus, a single nullreading with a small loop antenna will not indicate the
exact direction toward the transmitter—only the line along which the transmitter lies. Ways to over-
come this ambiguity are discussed later.

When the antenna effect is appreciable and the loop is tuned to resonance, the loop may exhibit
little directivity, as shown in Fig 1B. However, by detuning the loop so as to shift the phasing, a pattern
similar to 1C may be obtained. Although this pattern is not symmetrical, it does exhibit a null. Even so,
the null may not be as sharp as that obtained with a loop that is well balanced, and it may not be at exact
right angles to the plane of the loop.

By suitable detuning, the unidirectional cardioid pattern of Fig 1D may be approached. This adjustment
is sometimes used in RDF work to obtain a unidirectional bearing, although there is no complete null in the

Fig 1—Small-loop field patterns with
varying amounts of antenna effect—the
undesired response of the loop acting
merely as a mass of metal connected to the
receiver antenna terminals. The heavy lines
show the plane of the loop.
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Fig 3—Small loop consisting of several turns of
wire. The total conductor length is very much less
than a wavelength. Maximum response is in
the plane of the loop.

Fig 2—Shielded loop for direction finding. The
ends of the shielding turn are not connected, to
prevent shielding the loop from magnetic fields.
The shield is effective against electric fields.

pattern.  A cardioid pattern can also be obtained with a small loop antenna by adding a sensing element.
Sensing elements are discussed in a later section of this chapter.

An electrostatic balance can be obtained by shielding the loop, as shown in Fig 2. The shield is
represented by the broken lines in the drawing, and eliminates the antenna effect. The response of a
well constructed shielded loop is quite close to the ideal pattern of Fig 1A.

For the low-frequency amateur bands, single-turn loops of convenient physical size for portability
are generally found to be unsatisfactory for RDF work. Therefore, multiturn loops are generally used
instead. Such a loop is shown in Fig 3. This loop may also be shielded, and if the total conductor length
remains below 0.08 wavelength, the directional pattern is that of Fig 1A.  A sensing element may also
be used with a multiturn loop.

Loop Circuits and Criteria
No single word describes a direction-finding loop of high performance better than “symmetry.”  To

obtain an undistorted response pattern from this type of antenna, it must be built in the most symmetri-
cal manner possible.  The next key word is “balance.” The better the electrical balance, the deeper the
loop null and the sharper the maxima.

The physical size of the loop for 7 MHz and below is not of major consequence.  A 4-foot loop will
exhibit the same electrical characteristics as one which is only an inch or two in diameter.  The smaller
the loop, however, the lower its efficiency.  This is because its aperture samples a smaller section of the
wave front.  Thus, if loops that are very small in terms of a wavelength are used, preamplifiers are
needed to compensate for the reduced efficiency.

An important point to keep in mind about a small loop antenna oriented in a vertical plane is that it
is vertically polarized.  It should be fed at the bottom for the best null response.  Feeding it at one side,
rather than at the bottom, will not alter the polarization and will only degrade performance.  To obtain
horizontal polarization from a small loop, it must be oriented in a horizontal plane, parallel to the earth.
In this position the loop response is essentially omnidirectional.

The earliest loop antennas were of the “frame antenna” variety.  These were unshielded antennas
which were built on a wooden frame in a rectangular format.  The loop conductor could be a single turn
of wire (on the larger units) or several turns if the frame was small.  Later, shielded versions of the
frame antenna became popular, providing electrostatic shielding—an aid to noise reduction from such
sources as precipitation static.
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Ferrite Rod Antennas
With advances in technology, magnetic-core loop antennas later came into use.  Their advantage

was reduced size, and this appealed to the designers of aircraft and portable radios.  Most of these
antennas contain ferrite bars or cylinders, which provide high inductance and Q with a small number of
coil turns.

Magnetic-core antennas consist essentially of many turns of wire around a ferrite rod. They are
also known as loop-stick antennas.  Probably the best-known example of this type of antenna is that
used in small portable AM broadcast receivers.  Because of their reduced-size advantage, ferrite-rod
antennas are used almost exclusively for portable work at frequencies below 150 MHz.

As implied in the earlier discussion of shielded loops in this chapter, the true loop antenna re-
sponds to the magnetic field of the radio wave, and not to the electrical field. The voltage delivered by
the loop is proportional to the amount of  magnetic flux passing through the coil, and to the number of
turns in the coil. The action is much the same as in the secondary winding of a transformer. For a given
size of loop, the output voltage can be increased by increasing the flux density, and this is done with a
ferrite core of high permeability. A 1/2-inch diameter, 7-inch rod of Q2 ferrite (µi = 125) is suitable for
a loop core from the broadcast band through 10 MHz. For increased output, the turns may be wound on
two rods that are taped together, as shown in Fig 4. Loopstick antennas for construction are described
later in this chapter.

Maximum response of the loopstick antenna is broadside to the axis of the rod as shown in Fig 5,
whereas maximum response of the ordinary loop is in a direction at right angles to the plane of the
loop. Otherwise the performances of the ferrite-rod antenna and of the ordinary loop are similar. The
loopstick may also be shielded to eliminate the antenna effect, such as with a U-shaped or C-shaped
channel of aluminum or other form of “trough.” The length of the shield should equal or slightly ex-
ceed the length of the rod.

  Sensing Antennas
Because there are two nulls that are 180° apart in the directional pattern of a loop or a loopstick, an

ambiguity exists as to which one indicates the true direction of the station being tracked. For example,
assume you take a bearing measurement and the result indicates the transmitter is somewhere on
a line running approximately east and west from your position. With this single reading, you have no
way of knowing for sure if the transmitter is east of you or west of you.

If there is more than one receiving station taking bearings on a single transmitter, or if a single
receiving station takes bearings from more than one position on the transmitter, the ambiguity may be
worked out by triangulation, as described  earlier.  However, it is sometimes desirable to have a pattern

Fig 5—Field
pattern for a
ferrite rod
antenna. The
dark bar repre-
sents the rod on
which the loop
turns are wound.

Fig 4—A ferrite-rod or loopstick antenna. Turns of
wire may be wound on a single rod, or to increase
the output from the loop, the core may be two
rods taped together, as shown here. The type of
core material must be selected for the intended
frequency range of the loop. To avoid bulky
windings, fine wire such as #28 or #30 is often
used, with larger wire for the leads.
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Fig 6—At A, the directivity pattern of a loop
antenna with sensing element. At B is a circuit
for combining the signals from the two
elements. C1 is adjusted for resonance with T1
at the operating frequency.

with only one null, so there is no question about whether the transmitter in the above example would be
east or west from your position.

A loop or loopstick antenna may be made to have a single null if a second antenna element is
added. The element is called a sensing antenna, because it gives an added sense of direction to the loop
pattern. The second element must be omnidirectional, such as a short vertical. When the signals from
the loop and the vertical element are combined with a 90° phase shift between the two, a cardioid
pattern results. The development of the pattern is shown in Fig 6A.

Fig 6B shows a circuit for adding a sensing antenna to a loop or loopstick. R1 is an internal adjust-
ment and is used to set the level of the signal from the sensing antenna. For the best null in the compos-
ite pattern, the signals from the loop and the sensing antenna must be of equal amplitude, so R1 is
adjusted experimentally during setup. In practice, the null of the cardioid is not as sharp as that of the
loop, so the usual measurement procedure is to
first use the loop alone to obtain a precise bear-
ing reading, and then to add the sensing antenna
and take another reading to resolve the ambigu-
ity. (The null of the cardioid is 90° away from
the nulls of the loop.) For this reason, provisions
are usually made for switching the sensing ele-
ment in and out of operation.

PHASED ARRAYS
Phased arrays are also used in amateur RDF

work. Two general classifications of phased ar-
rays are end-fire and broadside configurations.
Depending on the spacing and phasing of the el-
ements, end-fire patterns may exhibit a null
in one direction along the axis of the elements.
At the same time, the response is maximum off
the other end of the axis, in the opposite direc-
tion from the null. A familiar arrangement is two
elements spaced 1/4 wavelength apart and fed 90°
out of phase. The resultant pattern is a cardioid,
with the null in the direction of the leading
element. Other arrangements of spacing and
phasing for an end-fire array are also suitable for
RDF work. One of the best known is the Adcock
array, discussed in the next section.

Broadside arrays are inherently bidirectional,
which means there are always at least two nulls
in the pattern. Ambiguity therefore exists in the
true direction of the transmitter, but depending
on the application, this may be no handicap.
Broadside arrays are seldom used for amateur
RDF applications.

The Adcock Antenna
Loops are adequate in RDF applications where

only the ground wave is present.  The performance
of an RDF system for sky-wave reception can be
improved by the use of an Adcock antenna, one of
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the most popular types of end-fire phased arrays. A basic version is shown in Fig 7.
This system was invented by F. Adcock and patented in 1919. The array consists of two vertical elements

fed 180° apart, and mounted so the system may be rotated. Element spacing is not critical, and may be in the
range from 1/10 to 3/4 wavelength. The two elements must be of identical lengths, but need not be self-resonant.
Elements that are shorter than resonant are commonly used. Because neither the element spacing nor the
length is critical in terms of wavelengths, an Adcock array may be operated over more than one amateur band.

The response of the Adcock array to vertically polarized waves is similar to a conventional loop, and the
directive pattern is essentially the same.  Response of the array to a horizontally polarized wave is consider-
ably different from that of a loop, however.  The currents induced in the horizontal members tend to balance
out regardless of the orientation of the antenna.  This effect has been verified in practice when good nulls
were obtained with an experimental Adcock under sky-wave  conditions.  The same circumstances pro-
duced poor nulls with small loops (both conventional and ferrite-loop models).  Generally speaking, the
Adcock antenna has attractive properties for amateur RDF applications. Unfortunately, its portability leaves
something to be desired, making it more suitable to fixed or semi-portable applications.  While a metal
support for the mast and boom could be used, wood, PVC or fiberglass are preferable because they are
nonconductors and would therefore cause less pattern distortion.

Since the array is balanced, a coupler is required to match the unbalanced input of a typical re-
ceiver.  Fig 8 shows a suitable link-coupled network.  C2 and C3 are null-clearing capacitors.  A low-
power signal source is placed some distance from the Adcock antenna and broadside to it.  C2 and C3
are then adjusted until the deepest null is obtained.  The coupler can be placed below the wiring-
harness junction on the boom.  Connection can be made by means of a short length of 300-Ω twin-lead.

The radiation pattern of the Adcock is shown in Fig 9A. The nulls are in directions broadside to the
array, and become sharper with greater element spacings. However, with an element spacing greater

Fig 9—At A, the pattern of the
Adcock array with an element
spacing of 1/2 wavelength. In
these plots the elements are
aligned with the horizontal
axis. As the element spacing is
increased beyond 3/4 wave-
length, additional nulls
develop off the ends of the
array, and at a spacing of
1 wavelength the pattern at B
exists. This pattern is
unsuitable for RDF work.

Fig 8—A suitable coupler for use with the Adcock
antenna.Fig 7—A simple Adcock antenna.
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than 3/4 wavelength, the pattern begins to take on additional nulls in the directions off the ends of the
array axis. At a spacing of 1 wavelength the pattern is that of Fig 9B, and the array is unsuitable for
RDF applications.

Short vertical monopoles are often used in what is sometimes called the U-Adcock, so named
because the elements with their feeders take on the shape of the letter U. In this arrangement the ele-
ments are worked against the earth as a ground or counterpoise. If the array is used only for
reception, earth losses are of no great consequence. Short, elevated vertical dipoles are also used in
what is sometimes called the H-Adcock.

The Adcock array, with two nulls in its pattern, has the same ambiguity as the loop and the loopstick.
Adding a sensing element to the Adcock array has not met with great success. Difficulties arise from
mutual coupling between the array elements and the sensing element, among other things. Because
Adcock arrays are used primarily for fixed-station applications, the ambiguity presents no serious prob-
lem. The fixed station is usually one of a group of stations in an RDF network.

LOOPS VERSUS PHASED ARRAYS
Although loops can be made smaller than suitable phased arrays for the same frequency of opera-

tion, the phased arrays are preferred by some for a variety of reasons. In general, sharper nulls can be
obtained with phased arrays, but this is also a function of the care used in constructing and feeding
the individual antennas, as well as of the size of the phased array in terms of wavelengths. The primary
constructional consideration is the shielding and balancing of the feed line against unwanted signal
pickup, and the balancing of the antenna for a symmetrical pattern.

Loops are not as useful for skywave RDF work because of random polarization of the received
signal. Phased arrays are somewhat less sensitive to propagation effects, probably because they are
larger for the same frequency of operation and therefore offer some space diversity. In general, loops
and loopsticks are used for mobile and portable operation, while phased arrays are used for fixed-
station operation. However, phased arrays are used successfully above 144 MHz for portable and mo-
bile RDF work. Practical examples of both types of antennas are presented later in this chapter.

THE GONIOMETER
Most fixed RDF stations for government and commercial work use antenna arrays of stationary

elements, rather than mechanically rotatable arrays. This has been true since the earliest days of radio.
The early-day device that permits finding directions without moving the elements is called a
radiogoniometer, or simply a goniometer . Various
types of goniometers are still used today in many
installations, and offer the amateur many possi-
bilities.

The early style of goniometer is a special form
of RF transformer, as shown in Fig 10. It consists
of two fixed coils mounted at right angles to one
another. Inside the fixed coils is a movable coil,
not shown in Fig 10 to avoid cluttering the  dia-
gram. The pairs of connections marked A and B
are connected respectively to two elements in an
array, and the output to the detector or receiver is
taken from the movable coil. As the inner coil is
rotated, the coupling to one fixed coil increases
while that to the other decreases. Both the ampli-
tude and the phase of the signal coupled into the
pickup winding are altered with rotation in a way

Fig 10—An early type of goniometer that is still
used today in some RDF applications. This
device is a special type of RF transformer that
permits a movable coil in the center (not shown
here) to be rotated and determine directions even
though the  elements are stationar y.
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Fig 11—This diagram illustrates one technique
used in electronic beam forming. By delaying
the signal from element A by an amount equal to
the propagation delay, the two signals may be
summed precisely in phase, even though the
signal is not in the broadside direction. Because
this time delay is identical for all frequencies,
the system is not frequency sensitive.

that corresponds to actually rotating the array itself. Therefore, the rotation of the inner coil can be
calibrated in degrees to correspond to bearing angles from the station location.

In the early days of radio, the type of goniometer just described saw frequent use with fixed Adcock
arrays. A refinement of that system employed four Adcock elements, two arrays at right angles to each
other. With a goniometer arrangement, RDF measurements could be taken in all compass directions, as
opposed to none off the ends of a two-element fixed array. However, resolution of the four-element
system was not as good as with a single pair of elements, probably because of mutual coupling among
the elements. To overcome this difficulty a few systems of eight elements were installed.

Various other types of goniometers have been developed over the years, such as commutator switching
to various elements in the array. A later development is the diode switching of capacitors to provide a
commutator effect. As mechanical action has gradually been replaced with electronics to “rotate” stationary
elements, the word goniometer is used less frequently these days. However, it still appears in many engi-
neering reference texts. The more complex electronic systems of today are called beam-forming networks.

Electronic Antenna Rotation
With an array of many fixed elements, beam rotation can be performed electronically by sampling and

combining signals from various individual elements in the array. Contingent upon the total number of ele-
ments in the system and their physical arrangement, almost any desired antenna pattern can be formed by
summing the sampled signals in appropriate amplitude and phase relationships. Delay networks are used for
some of the elements before the summation is performed. In addition, attenuators may be used for some
elements to develop patterns such as from an array with binomial current distribution.

One system using these techniques is the Wullenweber antenna, employed primarily in government
and military installations. The Wullenweber consists of a very large number of elements arranged in a
circle, usually outside of (or in front of) a circular reflecting screen. Depending on the installation, the
circle may be anywhere from a few hundred feet to more than a quarter of a mile in diameter. Although
the Wullenweber is not one that would be constructed by an amateur, some of the techniques it uses
may certainly be applied to Amateur Radio.

For the moment, consider just two elements of a Wullenweber antenna, shown as A and B in
Fig 11. Also shown is the wavefront of a radio signal arriving from a distant transmitter. As drawn, the
wavefront strikes element A first, and must travel somewhat farther before it strikes element B. There
is a finite time delay before the wavefront reaches element B.

The propagation delay may be measured by delaying the signal received at element A before summing
it with that from element B. If the two signals are combined directly, the amplitude of the resultant signal
will be maximum when the delay for element A exactly equals the propagation delay. This results in an in-
phase condition at the summation point. Or if one of the signals is inverted and the two are summed, a null
will exist when the element-A delay equals the propagation delay; the signals will combine in a 180° out-of-
phase relationship. Either way, once the time delay is known, it may be converted to distance. Then the
direction from which the wave is arriving may be determined by trigonometry.

By altering the delay in small increments, the peak of the antenna lobe (or the null) can be steered
in azimuth. This is true without regard to the frequency of the incoming wave. Thus, as long as the
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delay is less than the period of one RF cycle, the system is not frequency sensitive, other than for the
frequency range that may be covered satisfactorily by the array elements themselves. Surface acoustic
wave (SAW) devices or lumped-constant networks can be used for delay lines in such systems if the
system is used only for receiving. Rolls of coaxial cable of various lengths are used in installations for
transmitting. In this case, the lines are considered for the time delay they provide, rather than as simple
phasing lines. The difference is that a phasing line is ordinarily designed for a single frequency (or for
an amateur band), while a delay line offers essentially the same time delay at all frequencies.

By combining signals from other Wullenweber elements appropriately, the broad beamwidth of the
pattern from the two elements can be narrowed, and unwanted sidelobes can be suppressed. Then, by
electronically switching the delays and attenuations to the various elements, the beam so formed can be
rotated around the compass. The package of electronics designed to do this, including delay lines and
electronically switched attenuators, is the beam-forming network. However, the Wullenweber system
is not restricted to forming a single beam. With an isolation amplifier provided for each element of the
array, several beam-forming networks can be operated independently. Imagine having an antenna sys-
tem that offers a dipole pattern, a rhombic pattern, and a Yagi beam pattern, all simultaneously and
without frequency sensitivity. One or more may be rotating while another is held in a particular direc-
tion. The Wullenweber was designed to fulfill this type of  requirement.

One feature of the Wullenweber antenna is that it can operate at 360° around the compass. In many
government installations, there is no need for such coverage, as the areas of interest lie in an azimuth
sector. In such cases an in-line array of elements with a backscreen or curtain reflector may be installed
broadside to the center of the sector. By using the same techniques as the Wullenweber, the beams
formed from this array may be slewed left and right across the sector. The maximum sector width
available will depend on the installation, but beyond 70 to 80° the patterns begin to deteriorate to the
point that they are unsatisfactory for precise RDF work.

USING RDF ANTENNAS FOR COMMUNICATIONS
Because of their directional characteristics, RDF antennas would seem to be useful for two-way com-

munications.  It has not been mentioned earlier that the efficiency of receiving loops is poor. The radiation
resistance is very low, on the order of 1 Ω, and the resistance of wire conductors by comparison is signifi-
cant. For this reason it is common to use some type of preamplifier with receiving loops. Small receiving
loops can often be used to advantage in a fixed station, to null out either a noise source or unwanted signals.

A loop that is small in terms of a wavelength may also be used for transmitting, but a different
construction technique is necessary. A thick conductor is needed at HF, an inch or more in diameter.
The reason for this is to decrease the ohmic losses in the loop. Special methods are also required to
couple power into a small loop, such as links or a gamma match. A small loop is highly inductive, and
the inductance may be canceled by inserting a capacitor in series with the loop itself. The capacitor
must be able to withstand the high RF currents that flow during transmissions.  Construction informa-
tion for a small transmitting loop is contained in Chapter 5.

On the other hand, the Adcock antenna and other phased arrays have been used extensively for
transmitting. In this application maximum response is off the ends of the Adcock, which is 90° away
from the null direction used for RDF work.

RDF SYSTEM CALIBR ATION AND USE
Once an RDF system is initially assembled, it should be “calibrated” or checked out before actu-

ally being put into use. Of primary concern is the balance or symmetry of the antenna pattern. A lop-
sided figure-8 pattern with a loop, for example, is undesirable; the nulls are not 180° apart nor are they
at exact right angles to the plane of the loop. If this fact was not known in actual RDF work, measure-
ment accuracy would suffer.

Initial checkout can be performed with a low-powered transmitter at a distance of a few hundred
feet. It should be within visual range and must be operating into a vertical antenna. (A quarter-wave
vertical or a loaded whip is quite suitable.)  The site must be reasonably clear of obstructions, espe-
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Fig 12—A multiturn frame antenna is shown at A.
L2 is the coupling loop.  The drawing at B shows
how L2 is connected to a preamplifier.

cially steel and concrete or brick buildings, large metal objects, nearby power lines, and so on. If the
system operates above 30 MHz, trees and large bushes should also be avoided. An open field makes an
excellent site.

The procedure is to “find” the transmitter with the RDF equipment as if its position were not
known, and compare the RDF null indication with the visual path to the transmitter. For antennas
having more than one null, each null should be checked.

If imbalance is found in the antenna system, there are two options available. One is to correct the
imbalance. Toward this end, pay particular attention to the feed line. Using a coaxial feeder for a balanced
antenna invites an asymmetrical pattern, unless an effective balun is used. A balun is not necessary if the
loop is shielded, but an asymmetrical pattern can result with misplacement of the break in the shield itself.
The builder may also find that the presence of a sensing antenna upsets the balance slightly. Experimenting
with its position with respect to the main antenna may lead to correcting the error. You will also note that the
position of the null shifts by 90° as the sensing element is switched in and out, and the null is not as deep.
This is of little concern, however, as the intent of the sensing antenna is only to resolve ambiguities. The
sensing element should be switched out when accuracy is desired.

The second option is to accept the imbalance of the antenna and use some kind of indicator to show
the true directions of the nulls. Small pointers, painted marks on the mast, or an optical sighting system
might be used. Sometimes the end result of the calibration procedure will be a compromise between
these two options, as a perfect electrical balance may be difficult or impossible to attain.

The discussion above is oriented toward calibrating portable RDF systems. The same general sugges-
tions apply if the RDF array is fixed, such as an Adcock. However, it won’t be possible to move it to an open

field. Instead, the array is calibrated in its intended
operating position through the use of a portable or
mobile transmitter. Because of nearby obstructions
or reflecting objects, the null in the pattern may not
appear to indicate the precise direction of the trans-
mitter. Do not confuse this with imbalance in the
RDF array. Check for imbalance by rotating the ar-
ray 180° and comparing readings.

Once the balance is satisfactory, you should
make a table of bearing errors noted in different com-
pass directions. These error values should be applied
as corrections when actual measurements are made.
The mobile or portable transmitter should be at a
distance of two or three miles for these measure-
ments, and should be in as clear an area as possible
during transmissions. The idea is to avoid conduc-
tion of the signal along power lines and other over-
head wiring from the transmitter to the RDF site. Of
course the position of the transmitter must be known
accurately for each transmission.

FRAME LOOPS
It was mentioned earlier that the earliest style

of receiving loops was the frame antenna.  If care-
fully constructed, such an antenna performs well
and can be built at low cost.  Fig 12 illustrates the
details of a practical frame type of loop  antenna.
This antenna was designed by Doug DeMaw,
W1FB, and described in QST for July 1977. (See
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the Bibliography at the end of this chapter.) The
circuit at A is a five-turn system which is tuned to
resonance by C1. If the layout is symmetrical,
good balance should be obtainable. L2 helps to
achieve this objective by eliminating the need for
direct coupling to the feed terminals of L1. If the
loop feed was attached in parallel with C1, which
is common practice, the chance for imbalance
would be considerable.

L2 can be situated just inside or slightly out-
side of L1; a 1-inch separation works nicely.  The
receiver or preamplifier can be connected to ter-
minals A and B of L2, as shown at B of Fig 12.
C2 controls the amount of coupling between the
loop and the preamplifier.  The lighter the cou-
pling, the higher is the loop Q, the narrower is the
frequency response, and the greater is the gain
requirement from the preamplifier.  It should be
noted that no attempt is being made to match the
loop impedance to the preamplifier.  The charac-
teristic impedance of small loops is very low—on
the order of 1 Ω or less.

A supporting frame for the loop of Fig 12 can
be constructed of wood, as shown in Fig 13.  The
dimensions given are for a 1.8-MHz frame an-
tenna.  For use on 75 or 40 meters, L1 of Fig 12A
will require fewer turns, or the size of the wooden
frame should be made somewhat smaller than that
of  Fig 13.

SHIELDED FRAME LOOPS
If electrostatic shielding is desired, the for-

mat shown in Fig 14 can be adopted.  In this ex-
ample, the loop conductor and the single-turn cou-
pling loop are made from RG-58 coaxial cable.
The number of loop turns should be sufficient to
resonate with the tuning capacitor at the operat-
ing frequency.  Antenna resonance can be checked
by first connecting C1 (Fig 12A) and setting it at
midrange.  Then connect a small three-turn coil to
the loop feed terminals, and couple to it with a
dip meter remember that the pickup coil will act
to lower the frequency slightly from actual reso-
nance.

In the antenna photographed for Fig 14, the
one-turn coupling loop was made of #22 plastic-
insulated wire.  However, electrostatic noise
pickup occurs on such a coupling loop, noise of
the same nature that the shield on the main loop
prevents. This can be avoided by using RG-58
for the coupling loop. The shield of the coupling

Fig 14—An assembled table-top version of the
electrostatically shielded loop.  RG-58 cable is
used in its construction.

Fig 13—A wooden frame can be used to contain
the wire of the loop shown in Fig 12 .
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Fig 16—A t A, the diagram of a ferrite loop.  C1 is
a dual-section air-variable capacito r.  The circuit
at B shows a rod loop contained in an electro-
static shield channel (see text) .  A suitable low-
noise preamplifier is shown in Fig 19 .

loop should be opened for about one inch at the
top, and each end of the shield grounded to the
shield of the main loop.

Larger single-turn frame loops can be fash-
ioned from aluminum-jacketed Hardline, if that
style of coax is available.  In either case, the
shield conductor must be opened at the electrical
center of the loop, as shown in Fig 15 at A and
B. The design example is based on 1.8-MHz op-
eration.

In order to realize the best performance from
an electrostatically shielded loop antenna, it must
be operated near to and directly above an effec-
tive ground plane.  An automobile roof (metal)
qualifies nicely for small shielded loops.  For
fixed-station use, a chicken-wire ground screen
can be placed below the antenna at a distance of
1 to 6 feet.

FERRITE-CORE LOOPS
Fig 16 contains a diagram for a rod loop

(loopstick antenna).  This antenna was also de-
signed by Doug DeMaw, W1FB, and described
in QST for July 1977.  The winding (L1) has the
appropriate number of turns to permit resonance
with C1 at the operating frequency.  L1 should
be spread over approximately 1/3 of the core cen-
ter.  Litz wire will yield the best Q, but Formvar
magnet wire can be used if desired.  A layer of
3M Company glass tape (or Mylar tape) is rec-
ommended as a covering for the core before add-
ing the wire.  Masking tape can be used if noth-
ing else is available.

L2 functions as a coupling link over the ex-
act center of L1.  C1 is a dual-section variable
capacitor, although a differential capacitor might
be better toward obtaining optimum balance (not
tried).  The loop Q is controlled by means of C2,
which is a mica compression trimmer.

Electrostatic shielding of rod loops can be
effected by centering the rod in a U-shaped
aluminum, brass or copper channel which extends
slightly beyond the ends of the rod loop (1 inch is
suitable). The open side (top) of the channel can’t
be closed, as that would constitute a shorted-turn
condition and render the antenna useless.  This can
be proved by shorting across the center of the chan-
nel with a screwdriver blade when the loop is tuned
to an incoming signal.  The shield-braid gap in the
coaxial loop of Fig 15 is maintained for the same
reason.

Fig 15—Components and assembly details of the
shielded loop shown in Fig 14 .
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Fig 17 shows the shielded rod loop assembly.
This antenna was developed experimentally for
160 meters and uses two 7-inch ferrite rods which
were glued end-to-end with epoxy cement.  The
longer core resulted in improved sensitivity dur-
ing weak-signal reception.  The other items in the
photograph were used during the evaluation tests
and are not pertinent to this discussion.  This loop
and the frame loop discussed in the previous sec-
tion have bidirectional nulls, as shown in Fig 1A.

Obtaining a Cardioid Pattern
Although the bidirectional pattern of loop an-

tennas can be used effectively in tracking down
signal sources by means of triangulation, an es-
sentially unidirectional loop response will help to
reduce the time spent when on a “hunting” trip.
Adding a sensing antenna to the loop is simple to
do, and it will provide the desired cardioid re-
sponse.  The theoretical pattern for this combina-
tion is shown in Fig 1D.

Fig 18 shows how a sensing element can be
added to a loop or loopstick antenna. The link from
the loop is connected via coaxial cable to the primary of T1, which is a tuned toroidal transformer with
a split secondary winding.  C3 is adjusted for peak signal response at the frequency of interest (as is
C4), then R1 is adjusted for minimum back response of the loop.  It will be necessary to readjust C3
and R1 several times to compensate for the interaction of these controls.  The adjustments are repeated

Fig 18—Schematic diagram of a rod-loop antenna with a cardioid response.  The sensing antenna,
phasing network and a preamplifier are shown also.  The secondary of T1 and the primary of T2 are
tuned to resonance at the operating frequency of the loop.  T-68-2 to T-68-6 Amidon toroid cores are
suitable for both transformers .  Amidon also sells ferrite rods for this type of antenna.

Fig 17—The assembly at the top of the picture is
a shielded ferrite-rod loop for 160 meters.  Two
rods have been glued end to end (see text).  The
other units in the picture are a low-pass filter
(lower left), broadband preamplifier (lower
center) and a Tektronix step attenuator (lower
right).  These were part of the test setup used
when the antenna was evaluated.
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until no further null depth can be obtained.  Tests
at ARRL HQ showed that null depths as great as
40 dB could be obtained with the circuit of Fig 18
on 75 meters.  A near-field weak-signal source was
used during the tests.

The greater the null depth, the lower the signal
output from the system, so plan to include a pream-
plifier with 25 to 40 dB of gain.  Q1, as shown in Fig
18, will deliver approximately 15 dB of gain.  The
circuit of Fig 19 can be used following T2 to obtain
an additional 24 dB of gain. In the interest of main-
taining a good noise figure, even at 1.8 MHz, Q1
should be a low-noise device. The sensing antenna
can be mounted 6 to 15 inches from the loop.  The
vertical whip need not be more than 12 to 20 inches
long.  Some experimenting may be necessary in or-
der to obtain the best results.  Optimization will also
change with the operating frequency of the antenna.

A SHIELDED LOOP WITH SENSING
ANTENNA FOR 28 MHz

Fig 20 shows the construction and mounting
of a simple shielded 10-meter loop. The loop was
designed by Loren Norberg, W9PYG, and de-
scribed in QST for April 1954. (See the Bibliogra-
phy at the end of this chapter.) It is made from an
18-inch length of RG-11 coax (solid or foam di-
electric) secured to an aluminum box of any con-
venient size, with two coaxial cable hoods
(Amphenol 83-1HP). The outer shield must be bro-
ken at the exact center. C1 is a 25-pF variable

Fig 20—Sketch showing the constructional
details of the 28-MHz RDF loop. The outer braid of
the coax loop is broken at the center of the loop.
The gap is covered  with waterproof tape, and the
entire assembly is given a coat of acrylic spra y.

Fig 19—Schematic
diagram of a two-stage
broadband amplifier
patterned after a
design by Wes
Hayward, W7ZOI.  T1
and T2 have a 4:1
impedance ratio and
are wound on
FT-50-61 toroid cores
(Amidon) which have a
µi  of 125.  They contain
12 turns of #24 enam
wire, bifilar wound.  The
capacitors are disc
ceramic.  This amplifier
should be built on
double-sided circuit
board for best stabilit y.
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Fig 21—The box
containing the detector
and amplifier is also the
“handle” for the Snoop
Loop.  The loop is
mounted with a coax T as
a support, a convenience
but not an essential part
of the loop assembl y.
The loop tuning
capacitor is screwdriver
adjusted.  The on-off
switch and the meter
sensitivity control may
be mounted on the
bottom.

capacitor, and is connected in parallel with a 33-pF mica padder capacitor, C3. C1 must be tuned to the
desired frequency while the loop is connected to the receiver in the same way as it will be used for
RDF. C2 is a small differential capacitor used to provide electrical symmetry. The lead-in to the re-
ceiver is 67 inches of RG-59 cable (82 inches if the cable has foamed dielectric).

The loop can be mounted on the roof of the car with a rubber suction cup. The builder might also
fabricate some kind of bracket assembly to mount the loop temporarily in the window
opening of the automobile, allowing for loop rotation. Reasonably true bearings may be obtained through
the windshield when the car is pointed in the direction of the hidden transmitter. More accurate bearings
may be obtained with the loop held out the window and the signal coming toward that side of the car.

Sometimes the car broadcast antenna may interfere with accurate bearings. Disconnecting the an-
tenna from the broadcast receiver may eliminate this trouble.

Sensing Antenna
A sensing antenna can be added to Norberg’s loop to check on which of the two directions indi-

cated by the loop is the correct one. Add a phono jack to the top of the aluminum case shown in Fig 20.
The insulated center terminal of the jack should be connected to the side of the tuning capacitors that is
common to the center conductor of the RG-59 coax feed line. The jack then takes a short vertical
antenna rod of a diameter to fit the jack, or a piece of #12 or #14 solid wire may be soldered to the
center pin of a phono plug for insertion in the jack. The sensing antenna can be plugged in as needed.
Starting with a length of about four times the loop diameter, the length of the sensing antenna should be
pruned until the pattern is similar to that of Fig 1D.

THE SNOOP LOOP—FOR CLOSE-RANGE RDF
Picture yourself on a hunt for a hidden 28-MHz transmitter.  The night is dark, very dark.  After

you take off at the start of the hunt, heading in the right direction, the signal gets stronger and stronger.
Your excitement increases with each additional S unit on the meter.  You follow your loop closely, and
it is working perfectly.  You’re getting out of town and into the countryside.  The roads are unfamiliar.
Now the null is beginning to swing rather rapidly, showing that you are getting close.

Suddenly the null shifts to give a direction at right angles to the car.  With your flashlight you look
carefully across the deep ditch beside the road and into the dark field where you know the transmitter
is hidden.  There are no roads into the field as far as you can see in either direction.  You dare not waste
miles driving up and down the road looking for an entrance, for each tenth of a mile counts.  But what
to do—your radio equipment is mobile, and requires power from the car battery.

In a brief moment your decision is made.  You park beside the road, take your flashlight, and plunge into
the veldt in the direction your loop null clearly indicated.  But after taking a few steps, you’re up to your
armpits in brush and can’t see anything forward or
backward.  You stumble on in hopes of running into
the hidden transmitter—you’re probably not more
than a few hundred feet from it.  But away from your
car and radio equipment, it’s like the proverbial hunt
for the needle in the haystack.  What you really need
is a portable setup for hunting at close range, and
you may prefer something that is inexpensive.  The
Snoop Loop was designed for just these requirements
by Claude Maer, Jr, WØIC, and was described in QST
for February 1957.  (See the Bibliography at the end
of this chapter.)

The Snoop Loop is pictured in Fig 21.  The
loop itself is made from a length of RG-8 coax,
with the shield broken at the top.  A coax T con-
nector is used for convenience and ease of mount-
ing.  One end of the coax loop is connected to a
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male plug in the conventional way, but the center
conductor of the other end is shorted to the shield
so the male connector at that end has no connec-
tion to the center prong.  This results in an unbal-
anced circuit, but seems to give good bidirectional
null readings as well as an easily detectable maxi-
mum reading when the grounded end of the loop
is pointed in the direction of the transmitter.  Care-
ful tuning with C1 will improve this maximum
reading.  Don’ t forget to remove one inch of
shielding from the top of the loop.  You won’ t get
much signal unless you do.

The detector and amplifier circuit for the Snoop
Loop is shown in Fig 22.  The model photographed
does not include the meter, as it was built for use
only with high-impedance headphones.  The com-
ponents are housed in an aluminum box.  Almost
any size box of sufficient size to contain the meter
can be used.  At very close ranges, reduction of sen-
sitivity with R2 will prevent pegging the meter.

The Snoop Loop is not limited to the 10-meter
band or to a built-in loop.  Fig 23 shows an alter-
native circuit for other bands and for plugging in
a separate loop connected by a low-impedance
transmission line.  Select coil and capacitor com-
binations that will tune to the desired frequencies.
Plug-in coils could be used.  It is a good idea to
have the RF end of the unit fairly well shielded,
to eliminate signal pickup except through the loop.
This little unit should certainly help you on those
dark nights in the country.  (Tip to the hidden-
transmitter operator—if you want to foul up some
of your pals using these loops, just hide near the
antenna of a 50-kW broadcast transmitter.)

A LOOPSTICK FOR 3.5 MHz
Figs 24 through 26 show an RDF loop suit-

able for the 3.5-MHz band. It uses a construction

Fig 23—Input circuit for lower frequency bands.
Point s A and B are connected to corresponding
points in the circuit of Fig 22, substituting for the
loop and C1 in that circuit.  L1-C1 should resonate
within the desired amateur band, but the L/C ratio is
not critical .  After construction is completed, adjust
the position of the tap on L1 for maximum signal
strength.  Instead of connecting the RDF loop
directly to the tap on L1, a length of low impedance
line may be used between the loop and the tuned
circuit, L1-C1.

Fig 24—Unidirectional
3.5-MHz RDF using
ferrite-core loop with
sensing antenna.
Adjustable components
of the circuit are
mounted in the
aluminum chassis
supported by a short
length of tubing.

Fig 22—The Snoop Loop circuit for 28-MHz
operation.  The loop is a single turn of RG-8 inner
conducto r, the outer conductor being used as a
shield.  Note the gap in the shielding; about a
1-inch section of the outer conductor should be cut
out.  Refer to Fig 23 for alternative connection at
point s A and B for other frequencies of operation.

BT1—Two penlight cells.
C1—25-pF midget air padde r.
D1—Small-signal germanium diode such as 1N34A

or equi v.
DS1—Optional 2-cell penlight lamp for meter
   illumination, such as no. 222.
Q1—PNP transistor such as ECG102 or equi v.
R1—100-kΩ potentiomete r, linear tape r.  May be

PC-mount style.
R2—50-kΩ potentiomete r, linear tape r.
S1—SPST toggle.
S2—Optional momentary push for illuminating mete r.
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Fig 26—Components of the 3.5-MHz RDF are
mounted on the top and sides of a Channel-lock
type box. In this view R1 is on the left wall at the
upper left and C1 is at the lower left. L1, S1 and
the output connector are on the right wall. The
loopstick and whip mount on the outside.

Fig 25—Circuit of the 3.5-MHz direction finde r.
C1—140 pF variable (125-pF ceramic trimmer in

parallel with 15-pF ceramic fixed.
L1—Approx. 140 µH adjustable (Miller No. 4512 or

equivalent).
R1—1-kΩ carbon potentiomete r.
S1—SPST toggle.
Loopstick—App. 1 5 µH (Miller 705-A, with original

winding removed and wound with 20 turns of
#22 enam.)  Link is two turns at cente r. Wind-
ing ends secured with Scotch electrical tape.

technique that has had considerable application in low-frequency marine direction finders. The loop is
a coil wound on a ferrite rod from a broadcast-antenna loopstick. The loop was designed by John Isaacs,
W6PZV, and described in QST for June 1958. Because it is possible to make a coil of high Q with the
ferrite core, the sensitivity of such a loop is comparable to a conventional loop that is a foot or so in
diameter. The output of the vertical-rod sensing antenna, when properly combined with that of the loop,
gives the system the cardioid pattern shown in Fig 1D.

To make the loop, remove the original winding on the ferrite core and wind a new coil as shown in
Fig 25. Other types of cores than the one specified may be substituted; use the largest coil available and
adjust the winding so that the circuit resonates in the 3.5-MHz band within the range of C1. The tuning
range of the loop may be checked with a dip meter.

The sensing system consists of a 15-inch whip
and an adjustable inductance that will resonate the
whip as a quarter-wave antenna. It also contains a
potentiometer to control the output of the antenna.
S1 is used to switch the sensing antenna in and
out of the circuit.

The whip, the loopstick, the inductance, L1,
the capacitor, C1, the potentiometer, R1, and
the switch, S1, are all mounted on a 4×5×3-inch
box chassis as shown in Fig 26. The loopstick
may be mounted and protected inside a piece
of 1/2-inch PVC pipe. A section of 1/2-inch elec-
trical conduit is attached to the bottom of the
chassis box and this supports the instrument.

To produce an output having only one null
there must be a 90° phase difference between the
outputs of the loop and sensing antennas, and the
signal strength from each must be the same. The
phase shift is obtained by tuning the sensing an-
tenna slightly off frequency by means of the slug
in L1. Since the sensitivity of the whip antenna is
greater than that of the loop, its output is reduced
by adjusting R1.

Adjustment
To adjust the system, enlist the aid of a friend

with a mobile transmitter and find a clear spot where
the transmitter and RDF receiver can be separated
by several hundred feet. Use as little power as pos-
sible at the transmitter. (Remove your own trans-
mitter antenna before trying to make any loop ad-
justments and remember to leave it off during trans-
mitter hunts.)  With the test transmitter operating on
the proper frequency, disconnect the sensing antenna
with S1, and peak the loopstick using C1, while
watching the S meter on the receiver. Once the
loopstick is peaked, no further adjustment of C1 will
be necessary. Next, connect the sensing antenna and
turn R1 to minimum resistance. Then vary the ad-
justable slug of L1 until a maximum reading of the
S meter is again obtained. It may be necessary to
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turn the unit a bit during this adjustment to obtain a larger reading than with the loopstick alone. The last turn
of the slug is quite critical, and some hand-capacitance effect may be noted.

Now turn the instrument so that one side (not an end) of the loopstick is pointed toward the test
transmitter. Turn R1 a complete revolution and if the proper side was chosen a definite null should be
observed on the S meter for one particular  position of R1. If not, turn the RDF 180° and try again. This
time leave R1 at the setting which produces the minimum reading. Now adjust L1 very slowly until the
S meter reading is reduced still further. Repeat this several times, first R1, and then L1, until the best
minimum is obtained.

Finally, as a check, have the test transmitter move around the RDF and follow it by turning the
RDF. If the tuning has been done properly the null will always be broadside to the loopstick. Make a
note of the proper side of the RDF for the null, and the job is finished.

 A 144-MHz ANTENNA FOR RDF
Although there may be any number of different antennas that will produce a cardioid pattern, the sim-

plest design is depicted in Fig 27. Two 1/4-wavelength vertical elements are spaced one 1/4-wavelength apart
and are fed 90° out of phase. Each radiator is shown with two radials approximately 5% shorter than the
radiators.  This array was designed by Pete O’Dell, KB1N, and described in QST for March 1981.

During the design phase of this project a personal computer was used to predict the impact on the
antenna pattern of slight alterations in its size, spacing and phasing of the elements. The results suggest
that this system is a little touchy and that the most significant change comes at the null. Very slight
alterations in the dimensions caused the notch to become much more shallow and, hence, less usable
for RDF. Early experience in building a working model bore this out.

This means that if you build this antenna, you will find it advantageous to spend a few minutes to tune
it carefully for the deepest null. If it is built using the techniques presented here, then this should prove to be
a small task which is well worth the extra effort. Tuning is accomplished by adjusting the length of the
vertical radiators, the spacing between them and, if necessary, the lengths of the phasing harness that con-
nects them. Tune for the deepest null on your S meter when using a signal source such as a moderately
strong repeater. This should be done outside, away from buildings and large metal objects. Initial indoor
tuning on this project was tried in the kitchen, which revealed that reflections off the appliances were pro-
ducing spurious readings. Beware too of distant water towers, radio towers, and large office or apartment
buildings. They can reflect the signal and give false indications.

Construction is simple and straightforward. Fig 27B shows a female BNC connector (Radio Shack
278-105) that has been mounted on a small piece of PC-board material. The BNC connector is held

“upside down,” and the vertical radiator is soldered
to the center solder lug. A 12-inch piece of brass
tubing provides a snug fit over the solder lug. A
second piece of tubing, slightly smaller in diam-
eter, is telescoped inside the first. The outer tub-
ing is crimped slightly at the top after the inner
tubing is installed. This provides positive contact
between the two tubes. For 146 MHz the length of
the radiators is calculated to be about 19 inches.
You should be able to find small brass tubing at a
hobby store. If none is available in your area, con-
sider brazing rods. These are often available in
hardware sections of discount stores. It will prob-
ably be necessary to solder a short piece to the top
since these come in 18-inch sections. Also, tuning
will not be quite as convenient. Two 18-inch radi-
als are added to each element by soldering them to
the board. Two 36-inch pieces of heavy brazing
rod were used in this project.

Fig 27—At A is a simple configuration that can
produce a cardioid pattern. At B is a convenient
way of fabricating a sturdy mount for the radiator
using BNC connectors.
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The Phasing Harness
As shown in Fig 28, a T connector is used with

two different lengths of coaxial line to form the
phasing harness. This method of feeding the an-
tenna is superior over other simple systems toward
obtaining equal currents in the two radiators. Un-
equal currents tend to reduce the depth of the
null in the pattern, all other factors being equal.

The 1/2-wavelength section can be made from ei-
ther RG-58 or RG-59 because it should act as a
1-to-1 transformer.  With no radials or with two radi-
als perpendicular to the vertical element, it was found
that a 1/4-wavelength section made of RG-59 75-Ω
coax produced a deeper notch than a 1/4-wavelength
section made of RG-58 50-Ω line. However, with the
two radials bent downward somewhat, the RG-58
section seemed to outperform the RG-59. Because of
minor differences in assembly techniques from one
antenna to another, it will probably be worth your
time and effort to try both types of coax and deter-
mine which works best for your antenna. You may
also want to try bending the radials down at slightly
different angles for the  best null performance.

The most important thing about the coax for the
harness is that it be of the highest quality (well shielded
and with a polyethylene dielectric). The reason for
avoiding foam dielectric is that the velocity factor can
vary from one roll to the next—some say that it varies
from one foot to the next. Of course, it can be used if
you have test equipment available that will allow you
to determine its electrical length. Assuming that you
do not want to or cannot go to that trouble, stay with
coax having a solid polyethylene dielectric.  Avoid
coax that is designed for the CB market or do-it-your-
self cable-TV market. (A good choice is Belden 8240
for the RG-58 or Belden 8241 for the RG-59.)

Both RG-58 and RG-59 with polyethylene di-
electric have a velocity factor of 0.66. Therefore,
for 146 MHz a quarter wavelength of transmission
line will be 20.2 inches × 0.66 = 13.3 inches. A
half-wavelength section will be twice this length
or 26.7 inches. One thing you must take into ac-
count is that the transmission line is the total length
of the cable and the connectors. Depending on the
type of construction and the type of connectors that you choose, the actual length of the coax by itself
will vary somewhat. You will have to determine that for yourself.

Y connectors that mate with RCA phono plugs are widely available and the phono plugs are easy to
work with. Avoid the temptation to substitute these for the T and BNC connectors. Phono plugs and a Y
connector were tried. The results with that system were not satisfactory. The performance seemed to change
from day to day and the notch was never as deep as it should have been. Although they are more difficult to
find, BNC T connectors will provide superior performance and are well worth the extra cost.  If you must
make substitutions, it would be preferable to use UHF connectors (type PL-259).

Fig 29 shows a simple support for the antenna. PVC tubing is used throughout. Additionally, you will

Fig 28—The phasing harness for the phased
144-MHz RDF array. The phasing sections must
be measured from the center of the T connector to the
point that the vertical radiator emerges from the
shielded portion of the upside-down BNC female. Don’t
forget to take the length of the connectors into account
when constructing the harness. If care is taken and
coax with polyethylene dielectric is used, you should
not have to prune the phasing line. With this phasing
system, the null will be in a direction that runs along
the boom, on the side of the 1/4-wavelength section.

Fig 29–A
simple
mechanical
support for
the DF
antenna,
made of PVC
pipe and
fittings.
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Fig 30—At the left, A T represents the antenna of
the hidden transmitter, T.  At the right, rapid
switching between antennas A 1 and A 2 at the
receiver samples the phase at each antenna,
creating a pseudo-Doppler effect.  An FM
detector detects this as phase modulation.

Fig 31—If both receiving antennas are an equal
distance (D) from the transmitting antenna, there
will be no difference in the phase angles of the
signals in the receiving antennas.  Therefore, the
detector will not detect any phase modulation,
and  the audio tone will disappear from the
output of the detector.

need a T fitting, two end caps, and possibly some cement. (By not cementing the PVC fittings together, you
will have the option of disassembly for transportation.)  Cut the PVC for the dimensions shown, using a saw
or a tubing cutter.  A tubing cutter is preferred because it produces smooth, straight edges without making a
mess. Drill a small hole through the PC board near the female BNC of each element assembly. Measure the
20-inch distance horizontally along the boom and mark the two end points. Drill a small hole vertically
through the boom at each mark. Use a small nut and bolt to attach each element assembly to the boom.

Tuning
The dimensions given throughout this section are those for approximately 146 MHz. If the signal

you will be hunting is above that frequency, then the measurements should be a bit shorter. If you are to
operate below that frequency, then they will need to be somewhat longer. Once you have built the
antenna to the rough size, the fun begins. You will need a signal source near the frequency that you will
be using for your RDF work. Adjust the length of
the radiators and the spacing between them for the
deepest null on your S meter. Make changes in in-
crements of 1/4 inch or less. If you must adjust the
phasing line, make sure that the 1/4-wavelength
section is exactly one-half the length of the half-
wavelength section. Keep tuning until you have a
satisfactorily deep null on your S meter.

THE DOUBLE-DUCKY
DIRECTION FINDER

For direction finding, most amateurs use anten-
nas having pronounced directional effects, either a
null or a peak in signal strength.  FM receivers are
designed to eliminate the effects of amplitude varia-
tions, and so they are difficult to use for direction
finding without looking at an S meter.  Most modern
portable transceivers do not have S meters.

This “Double-Ducky” direction finder
(DDDF) was designed by David Geiser, WA2ANU,
and described in QST  for July 1981.  It works on
the principle of switching between two
nondirectional antennas, as shown in Fig 30.  This
creates phase modulation on the incoming signal
that is heard easily on the FM receiver.  When the
two antennas are exactly the same distance (phase)
from the transmitter, Fig 31, the tone disappears.

In theory the antennas may be very close to
each other, but in practice the amount of phase
modulation increases directly with the spacing, up
to spacings of a half wavelength.  While a half-
wavelength separation on 2 meters (40 inches) is
pretty large for a mobile array, a quarter wave-
length gives entirely satisfactory results, and even
an eighth wavelength (10 inches) is acceptable.

Think in terms of two antenna elements with
fixed spacing. Mount them on a ground plane and
rotate that ground plane.  The ground plane held
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Fig 32—Schematic
diagram of the DDDF
circuit.  Construc-
tion and layout are
not critical. Com-
ponents inside the
broken lines should
be housed inside a
shielded enclosure.
Most of the com-
ponents are avail-
able from Radio
Shack, except D1,
D2, the antennas
and RFC1-RFC3.
These components
are discussed in the
text.

above the hiker’s head or car roof reduces the needed height of the array and the directional-distorting
effects of the searcher’s body or other conducting objects.

The DDDF is bidirectional and, as described, its tone null points both toward and away from the
signal origin.  An L-shaped search path would be needed to resolve the ambiguity.  Use the techniques
of triangulation described earlier in this chapter.

Specific Design
It is not possible to find a long-life mechanical switch operable at a fairly high audio rate, such as

1000 Hz.  Yet we want an audible tone, and the 400 to 1000-Hz range is perhaps most suitable consid-
ering audio amplifiers and average hearing.  Also, if we wish to use the transmit function of a trans-
ceiver, we need a switch that will carry perhaps 10 W without much problem.

A solid-state switch, the PIN (positive-intrinsic-negative) diode, has been developed within the
last several years.  The intrinsic region of this type of diode is ordinarily bare of current carriers and,
with a bit of reverse bias, looks like a low-capacitance open space.  A bit of forward bias (20 to
50 mA) will load the intrinsic region with current carriers that are happy to dance back and forth at a
148-MHz rate, looking like a resistance of an ohm or so.  In a 10-W circuit, the diodes do not dissipate
enough power to damage them.

Because only two antennas are used, the obvious approach is to connect one diode “forward” to
one antenna, to connect the other “reverse” to the second antenna and to drive the pair with square-
wave audio-frequency ac.  Fig 32 shows the necessary circuitry.  RF chokes (Ohmite Z144, J. W. Miller
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Fig 33—Ground-plane layout and detail of parts at
the antenna connectors.

Fig 34—Typical on-channel responses.  See text
for discussion of the meaning of the patterns.

RFC-144 or similar VHF units) are used to let the audio through to bias the diodes while blocking RF.
Of course, the reverse bias on one diode is only equal to the forward bias on the other, but in practice
this seems sufficient.

A number of PIN diodes were tried in the particular setup built.  These were the Hewlett-Packard
HP5082-3077, the Alpha LE-5407-4, the KSW KS-3542 and the Microwave Associates M/A-COM 47120.
All worked well, but the HP diodes were used because they provided a slightly lower SWR (about 3:1).

A type 567 IC is used as the square-wave generator.  The output does have a dc bias that is removed
with a nonpolarized coupling capacitor.  This minor inconvenience is more than rewarded by the ability
of the IC to work well with between 7 and 15 V (a nominal 9-V minimum is recommended).

The nonpolarized capacitor is also used for dc blocking when the function switch is set to XMIT.
D3, a light-emitting diode (LED), is wired in series with the transmit bias to indicate selection of the
XMIT mode.  In that mode there is a high battery current drain (20 mA or so).

S1 should be a center-off locking type toggle switch.  An ordinary center-off switch may be used
but beware. If the switch is left on XMIT you will soon have dead batteries.

Cables going from the antenna to the coaxial T connector were cut to an electrical 1/2 wavelength to help
the open circuit, represented by the reverse-biased
diode, look open at the coaxial T.  (The length of the
line within the T was included  in the calculation.)

The length of the line from the T to the con-
trol unit is not particularly critical.  If possible,
keep the total of the cable length from the T to the
control unit to the transceiver under 8 feet, because
the capacitance of the cable does shunt the square-
wave generator output.

Ground-plane dimensions are not critical.  See
Fig 33.  Slightly better results may be obtained with
a larger ground plane than shown.  Increasing the
spacing between the pickup antennas will give the
greatest improvement.  Every doubling (up to a half
wavelength) will cut the width of the null in half.  A
1° wide null can be obtained with 20-inch spacing.

DDDF Operation
Switch the control unit to DF and advance the

drive potentiometer until a tone is heard on the de-
sired signal.  Do not advance the drive high enough
to distort or “hash up” the voice.  Rotate the antenna
for a null in the fundamental tone.  Note that a tone
an octave higher may appear.  The cause of the ef-
fect is shown in Fig 34.  In Fig 34A, an oscilloscope
synchronized to the “90° audio” shows the receiver
output with the antenna aimed to one side of the null
(on a well-tuned receiver).  Fig 34B shows the null
condition and a twice-frequency (one octave higher)
set of pips, while C shows the output with the an-
tenna aimed to the other side of the null.

If the incoming signal is quite out of the re-
ceiver linear region (10 kHz or so off frequency),
the off-null antenna aim may present a fairly sym-
metrical AF output to one side, Fig 35A.  It may
also show instability at a sharp null position, indi-Fig 35—Representative off-channel responses.  See

text for discussion of the meaning of the patterns.
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cated by the broken line on the display in Fig 35B.  Aimed to the other side of a null, it will give a
greatly increased AF output, Fig 35C.  This is caused by the different parts of the receiver FM detector
curve used.  The sudden tone change is the tip-off that the antenna null position is being passed.

The user should practice with the DDDF to become acquainted with how it behaves under known situa-
tions of signal direction, power and frequency.  Even in difficult nulling situations where a lot of second-
harmonic AF exists, rotating the antenna through the null position causes a very distinctive tone change.  With
the same frequencies and amplitudes present, the quality of the tone (timbre) changes.  It is as if a note were
first played by a violin, and then the same note played by a trumpet.  (A good part of this is the change of phase
of the fundamental and odd harmonics with respect to the even harmonics.)  The listener can recognize differ-
ences (passing through the null) that would give an electronic analyzer indigestion.

DIRECTION FINDING WITH AN INTERFEROMETER
In New Mexico, an interferometer RDF system is used by the National ELT Location Team to aid

in locating downed aircraft.  The method can be used for other VHF RDF activities as well.  With a
little practice, you can take long-distance bearings that are accurate to within one degree.  That’s an
error of less than 2000 feet from 20 miles away.  The interferometer isn’ t complicated.  It consists of a
receiver, two antennas, and two lengths of coaxial
cable. The system and techniques described here
were developed by Robert E. Cowan, K5QIN, and
Thomas A. Beery, WD5CAW, and were described
in QST for November 1985.

Interferometer Basics
The theory of interferometer operation is

simple. Signals from two antennas are combined
out of phase to give a sharp null in signal strength
when the antennas are located on a line of con-
stant phase.  Fig 36 shows that if you know the
location of two points on a line of constant phase,
you can get an accurate fix on the transmitter.

Most DF bearings are taken several miles from
the transmitter.  At these distances, the equal-phase
circles appear as straight lines.  As shown in Fig 37A,
if you put the antennas at points A and B on a line of

Fig 36—The transmitter is at a right angle to the center
of the line that joins two points of equal phase.

Fig 37—At A, placing two antennas on a line of equal phase and connecting them to a receiver with equal
lengths of transmission line causes the signals to add.  If the two antennas are placed a half wavelength
apart in the direction of the transmitte r, as shown at B,  the signals cancel to form a null.
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Fig 39—Typical field setup of an interferomete r.
One antenna is mounted on a stand while the
second is moved to find the null locations .  A
compass bearing is taken down the line of nulls
that is marked with surveyo r ’s flags.

equal phase and connect them to a receiver with equal
lengths of transmission line, the signals from the two
antennas will add.  By moving either one of the an-
tennas back and forth across the equal-phase line, you
will notice a broad peak in signal strength.  Now if
antenna B is  moved halfway between two lines of
equal phase, as shown in Fig 37B, the signals arriv-
ing at the receiver will be exactly out of phase; they
will cancel each other completely.  A sharp null in
signal strength will be noted when either antenna is
moved even slightly.  This null is very easy to find
just by listening to the receiver.

It is this sharp null that you always look for when
using the interferometer.  However, the setup shown
in Fig 37B doesn’t put us on a line of equal phase.  To
do that, you must make the signals at the receiver 180°
out of phase.  This can be done by having one feed line
a half wavelength shorter than the other, as shown in
Fig 38A.  Now you will get a sharp null when the two
antennas are on a line of equal phase.  Another way of
getting the phase reversal is shown in Fig 38B.  If the
gamma arms of the antennas are reversed (one point-
ing up, the other pointing down) and equal lengths of
feed line are used, the signals will cancel.

After you have located two or more points of
equal phase, you can draw a straight line through
them. The transmitter will be 90° from this line.  By
locating an equal-phase line that is 30 to 50 feet long,
you can take an accurate compass bearing down the
line.  This long base line is the secret of the interferometer’s accuracy.  Other DF systems have a much
narrower aperture, and their accuracy is poorer than the interferometer.  (Going much beyond 50 feet doesn’t
improve accuracy unless you have a transit for taking the bearing.)  Fig 39 shows a typical interferometer
setup in the field.

Fig 38—A t A, placing two antennas on a line of equal phase and connecting them to a receiver with
feed lines that differ in length by an odd multiple of half wavelengths causes the signals to cancel.
Another way to obtain signal cancellation, shown at B, is to use equal-length feeders and invert the
gamma arm on one of the antennas.
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Using the Interferometer
To use the interferometer, first connect a receiver to one directional antenna.  Rotate it for maximum signal

strength to get an approximate bearing to the transmitter.  Then add the second antenna to the system using a T
connector. Its feed line must be a half wavelength shorter (or longer) than the one connected to the first, unless
one of the gamma arms is inverted as shown in Fig 38B. Set up the second antenna about a wavelength away
from the first one. The base of the second antenna mast should be at a right angle to the direction in which the
first antenna is pointing.  Now move the second antenna back and forth in the direction of the transmitter you
are hunting, always keeping the mast vertical.  As you do this, you will notice a sharp drop in signal strength
from the receiver.  Find the spot where the signal is weakest and mark its position on the ground.

Now move the second antenna a few steps farther from the first one, and on a line with the first null. Find the
null again and mark its position.  Continue “walking out the nulls” for 30 to 50 feet.  Next take a compass
bearing between the two antenna masts or down the line of nulls.  The hidden transmitter will be on a line exactly
90° from the bearing.  Now move to another location a few miles away and take another interferometer bearing.
Plot your locations and bearings on a map.  The point where the bearings cross is the transmitter location.

Equipment for the Interferometer
Having an S meter on the interferometer receiver is handy, but by no means necessary.  The nulls

are a little easier to find if you have a meter to watch.You should have some way of adjusting the
receiver sensitivity.  An RF or IF gain control is convenient, but an RF attenuator in the feed line also
works well. The sensitivity should be adjusted so the maximum incoming signal is about 20 to 30 dB
above the noise. If the signal in the receiver is too strong, you may have trouble finding the first null. If
it is too weak, the null will be broad and you will find it difficult to position the antenna precisely on
the line of constant phase.

Almost any kind of antenna can be used to make an interferometer. Simple dipoles will give the correct null,
but because you need to first get an approximate bearing to the transmitter, some sort of directional antenna is
preferred. A two or three-element Yagi has adequate directivity, yet is small enough to be carried to the field. It
is important that both antennas be constructed alike.  In this way their phase centers are the same and you may
take a compass bearing between any two similar features on the antennas—the masts, for example.

Reflected signals can cause problems when you are trying to find a good null.  Having the interfer-
ometer antennas 10 feet or more above the ground helps eliminate reflections from nearby objects such
as rocks, cars and people.

Unless you use your antennas with one of the gamma arms inverted, the feed lines that connect the
antennas to the receiver must differ in length by an odd multiple of half wavelengths.  Don’t forget to
include the velocity factor of the cable in your calculations.  You may want to set your receiver on the
ground halfway between the two antennas, as shown in Fig 39.  In this case the feeder lengths need be
only a half wavelength different.

It is sometimes more convenient to mount your receiver on the mast of the second antenna.  In this case
one feed line will be only a few feet long and the other may be 40 feet long.  This is fine as long as the
difference in feed-line length is an odd multiple of half wavelengths.  Having one feeder longer than the
other creates some amplitude imbalance, but this will not affect your bearing.  It is not necessary to be
extremely precise when cutting your cables to give a length difference of an odd multiple of half wave-
lengths.  At 146 MHz, a cutting error of a few inches will result in a bearing error of less than one degree.

The two feed lines are connected to the receiver input terminal with a coaxial T connector.  Purists
will argue that you need an impedance-matching device at this junction.  Experiments with both resis-
tive power combiners and Wilkinson hybrids  indicate that neither works better than a T connector.

To take full advantage of the interferometer’s accuracy, you must be able to take reliable compass
bearings.  Sighting compasses are the best compromise between hand-held transits and inexpensively
priced lensatic compasses. With a moderately  priced sighting compass you can take bearings that
are accurate to within one degree. Don’t forget to account for the magnetic declination of your area
when plotting the bearings on a map. If you are unfamiliar with map and compass techniques, consult
your local library or bookstore for references on the subject.



14-26 Chapter 14

Some Fine Points on Interferometer Use
With a little practice, you will find that the interferometer is very easy to use.  There are a few

things to watch out for, though.  Here are some that are based on experience.
Pick your DF site carefully.  Although the interferometer works extremely well when reflected

signals are present, you can get fooled.  The best DF sites are in open terrain and well away from
reflecting objects such as buildings, cars, fences and power lines.

Mark your null points on the ground as you find them.  Use surveyor’s flags, rocks, or other mark-
ers to indicate the null points.  When you are done, look at this line of nulls.  The markers should be in
a straight line.  Take your compass bearing down this line, and the accuracy will be better than sighting
between the antenna masts.  This is because you will be averaging several null readings when you take
a bearing on the line, whereas a sighting between the masts gives you only a single null reading.  Take
compass bearings from both directions and average them for best accuracy.  If the line has
a periodic wiggle to it, this means that you have some reflections at your site.  This is discussed later,
but the correct sighting line will be down the center of the wiggles.

Beware of DFing pure reflections!  Sometimes the only signal to be heard will be a reflection from
a mountain or a building.  Take two (or more) bearings, go to the area where they cross, and take more
bearings to confirm the location. If you are in a critical situation such as locating a downed aircraft,
don’t commit all your resources until you know for sure that you are not DFing a pure reflection.

The most important thing to remember is that you must get a definite null at each point along the
phase front. “Null all the way—okay,” is a good rule.  If you can’ t find a null, that means a strong
reflection is entering the system.  Inevitably it will give you bad information.  The best recourse is to
pack up the interferometer and move it to a new location.  You may need to go a few hundred yards or
perhaps a mile, but you will get a good bearing for your efforts. Remember—good nulls give good
bearings, and good bearings will locate the transmitter.

Interferometer Radiation Patterns
At this point you have enough information to assemble and operate an interferometer, but some

additional information may provide an insight into how it works.  When you connect two antennas to a
receiver (or transmitter), the two antennas and an out-of-phase feed line combine to form unique radia-
tion patterns. These change dramatically as the two antennas are moved apart.  There is always one null
that faces the incoming signal.  Other nulls are also present, and their location depends on the distance
between the antennas.  From page 2-16 of Jasik (see Bibliography at the end of this chapter), the
equation that is used to calculate the antenna pattern is as follows:

E = |cos(180 d cos θ + φ/2)| (Eq 1)

where
E is the relative field strength
d is the spacing between antennas, wavelengths
θ is the angle at which the field strength is calculated, degrees
φ is the difference in phase between the two antennas, electrical degrees

Fig 40 shows the relationship of the terms in Eq 1.
Antenna patterns for an interferometer using

vertical dipole antennas are shown in Fig 41. Note
that one null always faces the incoming signal, in-
dicated by 0° azimuth on the plots. This null be-
comes sharper as the antenna spacing is increased.
The pattern also contains lobes and other nulls.  In
a field setup, the lobes and nulls change position as
the antenna spacing is varied.  Interfering signals
that arrive at an angle from the main signal will be
attenuated differently as these lobes and nulls
change position with different antenna spacings.  If

Fig 40—The relationship of the terms used in
Eq 1 to calculate interferometer patterns. θ
is expressed in degrees, d in wavelengths.
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Fig 41—Interferometer radiation patterns with vertical dipole antennas spaced 1/2 to 6 wavelengths
apart.  The antennas are placed on the horizontal axis.
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directional antennas are used in the interferometer,
the pattern will be modified by the pattern of the
individual antennas.

Effect of Reflected Signals
on the Interferometer

All RDF systems are affected by multipath sig-
nals.  The interferometer works better in multipath
situations than any other system tried. Two effects
are noticed when reflected signals are present.  The
first is a periodic curvature, or wiggle, of the appar-
ent phase front.  The second is a change in the depth
of the nulls that are encountered. These two effects
are caused by vector addition of the main signal and
a reflected signal in the interferometer system.

If the amplitude of the reflected signal is low,
you will be able to find the nulls and mark their po-
sitions on the ground.  This is shown in Fig 42. The
nulls are marked with surveyor’s flags, and a com-
pass bearing is being taken down the center of the
wiggles.  Surveyor’s tape is used to mark the exact
line of bearing.  A drawing of the null locations ob-
tained with multipath signals is shown in Fig 43.
Notice, as indicated in Fig 43, that at some points
you will obtain deep nulls, while only shallow nulls
can be obtained at other points.

If you can successfully find all of the nulls in a
multipath situation, you can easily determine the di-
rection from which the reflected signal is arriving.
To do this, first measure the period of the wiggle
with a tape measure (the value of P as shown in Fig
43). The angle of the reflected signal with respect to
the main signal can then be calculated from the equa-
tion

θ = arcsin P/λ (Eq 2)

where
θ is the angle of reflected signal with respect

to main signal, degrees
P is the period of the wiggles, feet
λ is the length of 1 wavelength at the fre-

quency you are using, feet, from the equation
λ = 984/frequency (MHz)

Eq 2 doesn’t tell you whether the reflected
signal is to the right or left of the main signal.
Generally, though, you can resolve this because
your directional antenna will point somewhere be-
tween the two signals.

If you try to use the interferometer in a location
where the reflected signal is very strong, there will

Fig 42—Null locations obtained with a reflected
signal are marked with flags.  A compass bearing
is being taken on a line through the center of the
wiggles, marked with a surveyor’s tape.

Fig 43—The interferometer pattern of the null
markers, obtained in the presence of a direct
signal and a reflected signal.
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Fig 44—A simple Adcock antenna and suitable
coupler (see text).

be certain antenna spacings where you just can’t find a null, yet at other spacings the nulls will be quite deep.
If you take lots of time, you might be able to figure out the proper bearing in the case of severe multipath, but
generally it’s not worth the effort.  Moving the interferometer a short distance may allow you to find a “null
all the way” and to take a good bearing.

DF Strategy Using the Interferometer
Locating transmitters with the interferometer is best done as a team effort.  Several two-person teams can

take bearings and send their data to one location where plotting is done.  The person doing the map plotting
can then direct the teams to the area where the bearings cross.  This point will usually be within a half mile or
less of the transmitter location.  You can then home in on the transmitter using signal-strength techniques or
hand-held DF units.  The interferometer is a very useful tool to add to your collection of DF techniques. With
a little practice, it can provide long-distance bearings that will quickly lead you to the hidden transmitter.

AN ADCOCK ANTENNA
Information in this section is condensed from an August 1975 QST article by Tony Dorbuck, K1FM, ex-

W1YNC.  Earlier in this chapter it was mentioned that loops are adequate in applications where only the ground
wave is present.  But the question arises, what can be done to improve the performance of an RDF system for sky-
wave reception? One type of antenna that has been used successfully for this purpose is the Adcock antenna.
There are many possible variations, but the basic configuration is shown in Fig 44.

The operation of the antenna when a vertically polarized wave is present is very similar to a conven-
tional loop. As can be seen from Fig 44, currents I1 and I2 will be induced in the vertical members by the
passing wave. The output current in the transmission line will be equal to their difference. Consequently, the
directional pattern will be identical to the loop with a null broadside to the plane of the elements and with
maximum gain occurring in end-fire fashion. The magnitude of the difference current will be proportional to
the spacing, d, and the length of the elements. Spacing and length are not critical, but somewhat more gain
will occur for larger dimensions than for smaller ones.
In an experimental model, the spacing was 21 feet
(approximately 0.15 wavelength at 7 MHz) and the
element length was 12 feet.

Response of the Adcock antenna to a horizon-
tally polarized wave is considerably different from
that of a loop. The currents induced in the horizontal
members (dotted arrows in Fig 44) tend to balance
out regardless of the orientation of the antenna. This
effect is borne out in practice, since good nulls can
be obtained under sky-wave conditions that produce
only poor nulls with small loops, either conventional
or ferrite-loop models. Generally speaking, the
Adcock antenna has very attractive properties for
fixed-station RDF work or for semi-portable appli-
cations.  Wood, PVC tubing or pipe, or other non-
conducting material is preferable for the mast and
boom.  Distortion of the pattern may result from metal
supports.

Since a balanced feed system is used, a coupler
is needed to match the unbalanced input of the re-
ceiver. It consists of T1, which is an air-wound coil
with a two-turn link wrapped around the middle. The
combination is then resonated to the operating fre-
quency with C1. C2 and C3 are null-clearing capaci-
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tors. A low-power signal source is placed some distance from the Adcock antenna and broadside to it. C2
and C3 are then adjusted until the deepest null is obtained. The coupler can be placed on the ground below
the wiring-harness junction on the boom and connected by means of a short length of 300-Ω twin-lead. A
length of PVC tubing used as a mast facilitates rotation and provides a means of attaching a compass card
for obtaining bearings.

Tips on tuning and adjusting a fixed-location RDF array are presented earlier in this chapter.  See
the section, “RDF System Calibration and Use.”
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For many amateurs, the phrase “portable antennas” may conjure visions of antenna assemblies
that can be broken down and carried in a backpack, suitcase, golf bag, or what-have-you, for
transportation to some out-of-the way place where they will be used.  Or the vision could be of

larger arrays that can be disassembled and moved by pickup truck to a Field Day site, and then erected
quickly on temporary supports.  Portable antennas come in a wide variety of sizes and shapes, and can
be used on any amateur frequency.

Strictly speaking, the phrase “portable antenna” really means transportable antenna—one that is
moved to some (usually temporary) operating position for use. As such, portable antennas are not
placed into service when they are being transported. This puts them in a different class from mobile
antennas, which are intended to be used while in motion. Of course this does not mean that mobile
antennas cannot be used during portable operation. Rather, true portable antennas are designed to be
packed up and moved, usually with quick reassembly being one of the design requisites. This chapter
describes antennas that are designed for portability. However, many of these antennas can also be used
in more permanent installations.

Any of several schemes can be employed to support an antenna during portable operation.  For HF
antennas made of wire, probably the most common support is a conveniently located tree at the operat-
ing site.  Temporary, lightweight masts are also used.  An aluminum extension ladder, properly guyed,
can serve as a mast for Field Day operation.  Such supports are discussed in Chapter 22.

A SIMPLE TWIN-LEA D ANTENNA FOR HF PORTABLE OPER ATION
The typical portable HF antenna is a random-length wire flung over a tree and end-fed through a

Transmatch. Low power Transmatches can be made quite compact, but each additional piece of necessary
equipment makes portable operation less attractive. The
station can be simplified by using resonant impedance-
matched antennas for the bands of interest. Perhaps the
simplest antenna of this type is the half-wave dipole,
center-fed with 50 or 75-Ω coax. Unfortunately, RG-58,
RG-59 or RG-8 cable is quite heavy and bulky for back-
packing, and the miniature cables such as RG-174 are
too lossy.

A practical solution to the coax problem, developed
by Jay Rusgrove, W1VD, and Jerry Hall, K1TD, is to use
folded dipoles made from lightweight TV twin-lead. The
characteristic impedance of this type of dipole is near
300 Ω, but this can easily be transformed to a 50-Ω im-
pedance. The transformation is obtained by placing a
lumped capacitive reactance at a strategic distance from
the input end of the line. Fig 1 illustrates the construction
method and gives important dimensions for the twin-lead
dipole.  The twin-lead is shorted at each end of the dipole.

Portable Antennas
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Fig 1—A twin-lead folded dipole makes an
excellent portable antenna that is easily
matched to 50- Ω equipment.  See text and
Table 1  for details.
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A silver-mica capacitor is shown for the re-
active element, but an open-end stub of twin-lead
can serve as well, provided it is dressed at right
angles to the transmission line for some distance.
The stub method has the advantage of easy ad-
justment of the system resonant frequency.

The dimensions and capacitor values for
twin-lead dipoles for the HF bands are given in
Table 1. To preserve the balance of the feeder, a
1:1 balun must be used at the end of the feed
line. In most applications the balance is not criti-
cal, and the twin-lead can be connected directly
to a coaxial output jack—one lead to the center
contact, and one lead to the shell.

Because of the transmission-line effect of the
shorted radiator sections, a folded dipole exhib-
its a wider bandwidth than a single-conductor
type. The antennas described here are not as
broad as a standard folded dipole because the
impedance-transformation mechanism is fre-
quency selective. However, the bandwidth should
be adequate. An antenna cut for 14.175 MHz, for
example, will present an SWR of less than 2:1
over the entire 14-MHz band.

ZIP-CORD ANTENNAS
Zip cord is readily available at hardware and

department stores, and it’s not expensive. The nick-
name, zip cord, refers to that parallel-wire electri-
cal cord with brown or white insulation used for
lamps and many small appliances. The conductors
are usually #18 stranded copper wire, although
larger sizes may also be found. Zip cord is light in
weight and easy to work with.

For these reasons, zip cord can be pressed
into service as both the transmission line and the
radiator section for an emergency dipole antenna
system.  This information by Jerry Hall, K1TD,
appeared in QST for March 1979. The radiator section of a zip-cord antenna is obtained simply by
“unzipping” or pulling the two conductors apart for the length needed to establish resonance for the
operating frequency band. The initial dipole length can be determined from the equation l = 468/f,
where l is the length in feet and f is the frequency in megahertz. (It would be necessary to unzip only
half the length found from the formula, since each of the two wires becomes half of the dipole.) The
insulation left on the wire will have some loading effect, so a bit of length trimming may be needed for
exact resonance at the desired frequency.

For installation, you may want to use the electrician’s knot shown in Fig 2 at the dipole feed point.
This is a “balanced” knot that will keep the transmission-line part of the system from unzipping itself
under the tension of dipole suspension. This way, if zip cord of sufficient length for both the radiator
and the feed line is obtained, a solder-free installation can be made right down to the input end of the
line. (Purists may argue that knots at the feed point will create an impedance mismatch or other compli-
cations, but as will become evident in the next section, this is not a major consideration.) Granny knots

Fig 2—This electrician’s knot, often used inside
lamp bases and appliances in lieu of a plastic
grip, can also serve to prevent the transmission-
line section of a zip-cord antenna from unzipping
itself under the tension of dipole suspension. To
tie the knot, first use the right-hand conductor to
form a loop, passing the wire behind the
unseparated zip cord and off to the left. Then
pass the left-hand wire of the pair behind the wire
extending off to the left, in front of the
unseparated pair, and thread it through the loop
already formed. Adjust the knot for symmetry
while pulling on the two dipole wires.

Table 1
Twin-Lead Dipole Dimensions and Capacitor Values

Frequency Length A Length C CS Stub Length
 3.75 MHz 124′ 91/2″ 13′ 0″ 289 pF 37′ 4″
 7.15 65′ 51/2″  6′ 10″ 151 pF 19′ 7″
10.125 46′ 21/2″ 4′ 10″ 107 pF 13′ 10″
14.175 33′ 0″ 3′ 51/2″   76 pF 9′ 101/2″
18.118 25′ 10″ 2′ 81/2″   60 pF 7′ 9″
21.225 22′ 1/2″ 2′ 31/2″   51 pF 6′ 7″
24.94 18′ 9″ 1′ 111/2″   43 pF 5′ 71/2″
28.5 16′ 5″ 1′ 81/2″   38 pF 4′ 11″



Portable Antennas 15-3

Fig 3—Attenuation of zip cord in decibels per
hundred feet when used as a transmission line at
radio frequencies. Measurements were made only
at the three frequencies where plot points are
shown, but the curve has been extrapolated to
cover all high-frequency amateur bands.

(or any other variety) can be used at the dipole ends with cotton cord to suspend the system. You end up
with a light-weight, low-cost antenna system that can serve for portable or emergency use.

But just how efficient is a zip-cord antenna system? Since it is easy to locate the materials and
simple to install, how about using such for a more permanent installation? On casual examination, zip
cord looks about like 72-Ω balanced feed line. Does it work as well?

Zip Cord as a Transmission Line
In order to determine the electrical characteristics of zip cord as a radio-frequency transmission

line, a 100-foot roll was subjected to tests in the ARRL laboratory with an RF impedance bridge. Zip
cord is properly called parallel power cord. The variety tested was manufactured for GC Elec-tronics,
Rockford, IL, being 18 gauge, brown, plastic-insulated type SPT-1, GC cat. no. 14-118-2G42. Un-
doubtedly, minor variations in the electrical characteristics will occur among similar cords from differ-
ent manufacturers, but the results presented here are probably typical.

The characteristic impedance was determined to be 107 Ω at 10 MHz, dropping in value to 105 Ω at 15
MHz and to a slightly lower value at 29 MHz. The nominal value is 105 Ω at HF. The velocity factor of the
line was determined to be 69.5%.

Who needs a 105-Ω line, especially to feed a dipole? A dipole in free space exhibits a feed-point
resistance of 73 Ω, and at heights above ground of less than 1/4 wavelength the resistance can be even
lower. An 80-meter dipole at 35 feet over average soil, for example, will exhibit a feed-point resistance
of about 35 Ω. Thus, for a resonant antenna, the SWR in the zip-cord transmission line can be 105/35 or
3:1, and maybe even higher in some installations. Depending on the type of transmitter in use, the rig
may not like working into the load presented by the zip-cord antenna system.

But the really bad news is still to come—line loss! Fig 3 is a plot of line attenuation in decibels per
hundred feet of line versus frequency. Chart values are based on the assumption that the line is per-
fectly matched (sees a 105-Ω load as its terminating impedance).

In a feed line, losses up to about 1 dB or so can be tolerated, because at the receiver a 1-dB difference in
signal strength is just barely detectable. But for losses above about 1 dB, beware. Remember that if the total
losses are 3 dB, half of your power will be used just to heat the transmission line. Additional losses over
those charted in Fig 3 will occur when standing waves
are present. (See Chapter 24.) The trouble is, you can’t
accurately use a 50 or 75-Ω SWR instrument to mea-
sure the SWR in zip-cord line .

Based on this information, we can see that a
hundred feet or so of zip-cord transmission line on
80 meters might be acceptable, as might 50 feet on
40 meters. But for longer lengths and higher fre-
quencies, the losses become appreciable.

Zip Cord Wire as the Radiator
For years, amateurs have been using ordinary

copper house wire as the radiator section of an an-
tenna, erecting it without bothering to strip the plas-
tic insulation. Other than the loading effects of the
insulation mentioned earlier, no noticeable change in
performance has been noted with the insulation
present. And the insulation does offer a measure of
protection against the weather. These same statements
can be applied to single conductors of zip cord.

The situation in a radiating wire covered with
insulation is not quite the same as in two parallel
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conductors, where there may be a leaky dielectric path between the two conductors. In the parallel line,
it is the current leakage that contributes to line losses. This leakage current is set up by the voltage
potential that exists on the two adjacent wires.  The current flowing through the insulation on a single
radiating wire is quite small by comparison, and so as a radiator the efficiency is high.

In short, communication can certainly be established with a zip-cord antenna in a pinch on 160, 80,
40, 30 and perhaps 20 meters. For higher frequencies, especially with long line lengths for the feeder,
the efficiency of the system is so low that its value becomes questionable.

 A TREE-MOUNTED HF GROUNDPLANE ANTENNA
A tree-mounted, vertically polarized antenna may sound silly.  But is it, really?  Perhaps engineer-

ing references do not recommend it, but such an antenna does not cost much, is inconspicuous, and it
works.  This idea was described by Chuck Hutchinson, K8CH, in QST for September 1984.

The antenna itself is simple, as shown in Fig 4.  A piece of RG-58 cable runs to the feed point of the
antenna, and is attached to a porcelain insulator. Two radial wires are soldered to the coax-line braid at
this point.  Another piece of wire forms the radiator.  The top of the radiator section is suspended from
a tree limb or other convenient support, and in turn supports the rest of the antenna.

The dimensions for the antenna are given in Fig 5. All three wires of the antenna are 1/4 wavelength
long.  This generally limits the usefulness of the antenna for portable operation to 7 MHz and higher
bands, as temporary supports higher than 35 or 40 feet are difficult to come by.  Satisfactory operation
might be had on 3.5 MHz with an inverted-L configuration of the radiator, if you can overcome the
accompanying difficulty of “erecting” the antenna at the operating site.

The tree-mounted vertical idea can also be used for fixed-station installations to make
an “invisible” antenna.  Shallow trenches can be slit for burying the coax feeder and the radial wires.
The radiator itself is difficult to see unless you are standing right next to the tree.

A TWO-BAND TRAP VERTICAL ANTENNA FOR THE TRAVELING HAM
This antenna can be built to cover two amateur bands in the following pairs: 10 and 14 MHz, 14

and 21 MHz, or 21 and 28 MHz.  The original version was designed for 14 and 21 MHz by Doug
DeMaw, W1FB, for operation from an RV camper or on a DXpedition.  The antenna was described in
QST  for October, 1980.

Fig 5—Dimensions and construction of the tree-
mounted groundplane antenna.

Fig 4—The feed point of the tree-mounted
groundplane antenna.  The opposite ends of the
two radial wires may be connected to stakes or
other convenient anchor points.
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Fig 6—Breakdown view of the PVC trap for the
two-band vertical. The hose clamps used over
the ends of the PVC coil form are not shown.

Short lengths of aluminum tubing that telescope into one another are used to fabricate the antenna.
A 2-inch ID piece of aluminum tubing or a heavy-duty cardboard mailing tube will serve nicely as a
container for shipping or carrying. Iron-pipe thread protectors can be used as plugs for the ends of the
carrying tube. The antenna trap, mounting plate and coaxial feed line should fit easily into a suitcase
with the operator’s personal effects.

Six lengths of aluminum tubing are used in the construction of the antenna.  The ends of these
tubing sections are cut with a hacksaw to permit securing the joints by means of stainless steel hose
clamps. The trap is constructed on a form of PVC tubing.  It is held in place by two hose clamps that
compress the PVC coil form and the 1/2-inch aluminum tubing sections onto 1/2-inch dowel-rod plugs.
See Fig 6.

Strips of flashing copper (parts identified as G in Fig 6) slide inside sections B and C of the verti-
cal. The opposite ends of the strips are placed under the hose clamps, which compress the PVC coil
form. This provides an electrical contact between the trap coil and the tubing sections. The ends of the
coil winding are soldered to the copper strips. Silicone grease should be put on the ends of strips G
where they enter tubing sections B and C. This will retard corrosion. Grease can be applied to all
mating surfaces of the telescoping sections for the same reason.

A suitable length of 50 or 75-Ω coaxial cable can be used as a trap capacitor. RG-58 or RG-59
cable is suggested for RF power levels below 150 W. RG-8 or RG-11 will handle a few hundred watts
without arcing or overheating. The advantage of using coaxial line as the trap capacitor
is that the trap can be adjusted to resonance by
selecting a length of cable that is too long, then
trimming it until the trap is resonant. This is
possible because each type of coax exhibits a spe-
cific amount of capacitance between the conduc-
tors. (See Chapter 24 for a table that lists coaxial
cable characteristics.)

The trap (after final adjustment) should be
protected against weather conditions. A plastic
drinking glass can be inverted and mounted above
the trap, or several coats of high-dielectric glue
(Polystyrene Q-Dope) can be applied to the coil
winding. If a coaxial-cable trap capacitor is used,
it should be sealed at each end by applying non-
corrosive RTV compound.

Tune the trap to resonance prior to installing
it in the antenna. It should be resonant in the cen-
ter of the desired operating range, that is, at 21.05
MHz if you prefer to operate from 21 to 21.1 MHz.
Tuning can be done while using an accurately cali-
brated dip meter. If the dial isn’ t accurate, locate
the dipper signal using a calibrated receiver while
the dipper is coupled to the coil and is set for the
dip.

A word of caution is in order here. Once the
trap is installed in the antenna, it will not yield a
dip at the same frequency as before. This is be-
cause it becomes absorbed in the overall antenna
system and will appear to have shifted much lower
in frequency. For this two-band vertical, the ap-
parent resonance will drop some 5 MHz. Ignore
this condition and proceed with the installation.
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 The Tubing Sections
The assembled two-band vertical is shown in Fig 7, and dimensions for the tubing lengths appear in

Table 2.  The tubing diameters indicated in Fig 7 are suitable for 14 and 21-MHz use. The longer the overall
antenna, the larger should be the tubing diameter to ensure adequate strength.

A short length of test-lead wire is used at the base of the antenna to join it to the coaxial connector on the
mounting plate, as shown in Fig 7. A banana plug is attached to the end of the wire to permit connection to

a UHF style of bulkhead  connector. This method
aids in easy breakdown of the antenna. A piece of
PVC tubing slips over the bottom of section F to
serve as an insulator between the antenna and the
mounting plate.

If portable operation isn’t planned, you may use
fewer tubing sections.  Only two sections are needed
below the trap, and two sections will be sufficient
above the trap. Two telescoping sections are neces-
sary in each half of the antenna to permit resonating
the system during final adjustment.

Other Bands
One additional band can be accommodated by

using a top resonator, that is, a coil and a capacitance
hat at the top of the antenna. This is equivalent to
“top loading” the vertical antenna. Assume you have
completed the antenna for two bands but also want to
use the system on 7 MHz.  One way to do this is to
construct a 7-MHz loading coil that can be installed
as shown in Fig 8. A number of commercial trap verti-

Fig 7—Assembly details for the two-band trap
vertical. The coaxial-cable trap capacitor is taped to
the lower end of section B.  The aluminum tubing
diameters shown here are suitable for
14 and 21-MHz use (see text).

Fig 8—The assembled trap vertical, showing how a
resonator can be placed at the top of the radiator to
provide operation on an additional band.

Table 2
Tubing Length in Inches for Various
Frequency Pairings, Two-Band Trap Vertical

Bands Tubing Section      C1         L1
(MHz)  A B C D   E   F  (pF) (Approx µH)

10 & 14 42 42 54 54 54 49 39 3.25
14 & 21 38 33 37 37 37 33 25 2.25
21 & 28 25 16 25 25 25 33 18 1.70

Note: Tubing sections are identified in Fig 7.



Portable Antennas  15-7

Fig 9—Details for building a resonator—a
homemade top-loading coil and capacitance hat.
The completed resonator should be protected
against the weather to prevent detuning and
deterioration.

cals use this technique.  Another technique is to use
a short rod of stiff, solid wire above the loading coil,
rather than the capacitance hat, following the idea
of commercial mobile-antenna resonators.

The loading assembly is called a “resonator” be-
cause it makes the complete antenna resonant at the
lowest chosen operating frequency (7 MHz in this
example). The coil turns must be adjusted while the
antenna is assembled and installed in
its final location. The remainder of the antenna must
be adjusted for proper operation on all of the bands
before the resonator is trimmed for 7-MHz resonance.

If you use capacitance-hat wires and they
are short (approximately 12 inches), you can
assume a capacitance of roughly 10 pF, which
gives us an XC of 2275 Ω. Therefore, the reso-
nator will also have an XL of 2275 Ω. This be-
comes 51 µH for operation at 7.1 MHz, since
LµH = XL/2πf . The resonator coil should be
wound for roughly 10% more inductance than
needed, to allow some leeway for trimming it
to resonance. Alternatively, the resonator can
be wound for 51 µH and the capacitance-hat
wires shortened or lengthened until resonance
in the selected part of the 7-MHz band is ob-
tained.  If you use a vertical rod above the coil
instead of the capacitance hat, you can prune
either the number of coil turns or the rod length
(or both) for resonance.

As was true of the traps, the resonator coil
should be wound on a low-loss form. The largest
conductor size practical should be used to minimize losses and elevate the power-handling capability
of the coil. Details of how a homemade resonator might be built are provided in Fig 9. The drawing in
Fig 8 shows how the antenna would look with the resonator in place.

Ground System
There is nothing as rewarding as a big ground system. That is, the more radials the better, up

to the point of diminishing returns. Some manufacturers of multiband trap verticals specify two
radial wires for each band of operation. Admittedly, an impedance match can be had that way, and
performance will be reasonably good. So during temporary operations where space for radial
wires is at a premium, use two wires for each band. Four wires for each band will provide greatly
improved operation. The slope of the wires will affect the feed-point impedance. The greater the
downward slope, the higher the impedance. This can be used to advantage when adjusting for the
lowest SWR.

A DELUXE RV 5-BAND ANTENNA
This antenna was designed to be mounted on a 31-foot Airstream travel trailer. With minor

changes it can be used with any other recreational vehicle (RV). Perhaps the best feature of this
antenna is that it requires no radials or ground system  other than the RV itself.  This section
contains information by Charles Schecter, W8UCG, and was published in QST for October 1980.

The installation involves the use of a Hustler 4BTV vertical with the normal installation dimen-
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sions radically changed. See Figs 10 and 11. The modified antenna is mounted on a special mast that is
hinged near the top to allow it to rest on the RV roof during travel.

The secret of the neat appearance of this installation is the unusual mast material used to support
the antenna. Commonly known as Unistrut, it is often used by electrical contractors to build switching
and control panels for industrial and commercial installations. The
size selected is 15/8 inch square 12-gauge U channel. The open edges
of the U are folded in for greater strength; the material is an ex-
tremely tough steel that resists bending (as well as drilling and cut-
ting!). The U channel is available with a zinc-plated, galvanized or
painted finish to prevent rust and corrosion; it may be repainted to
match any RV color scheme.

The supporting mast is secured to the rear frame or bumper of
the RV by means of 3/8-inch diameter bolts. A  3/4-inch wrap-around
strap was attached at the RV center trim line. Any brackets mounted
higher detract from the neat appearance and will necessitate a com-
plete change of dimensions for proper tuning. Install the antenna
on the curb side of the vehicle to hide the lowered antenna behind
the awning and provide greater safety to the person raising the an-
tenna. This precaution is primarily for safety when stopping along-
side a highway to meet a schedule. (Caution—beware of overhead
power lines!)

Mounting the Hustler
The 4BTV base is U bolted to a 19-inch piece of

15/16 inch OD galvanized steel
pipe (1-inch water pipe). This
is inserted into and welded
along the edges of a short
piece of Unistrut, which is at-
tached to the lower portion of
the mast by means of a heavy
duty, welded-on hinge. It is
not feasible to bolt these
pieces together, as the inside
of the pipe must be com-
pletely clear to accept the end
of a 54-inch piece of 1/2-inch
water pipe (7/8 inch OD) that
is used as a removable rais-
ing fixture and handle. This
handle is wrapped with vinyl
tape at the top end and also
about 12 inches back.  The
tape forms a loose-fitting
shim that provides a better fit
inside the 1-inch water pipe.
At 15 inches from the top end,
a thicker wrap of tape acts as
a stop to allow the handle to
be inserted the same distance

Fig 11—The dimensions of the
modified Hustler 4BTV antenna.
Refer to the text concerning the
SWR bandwidth of the antenna
on 3.8 MHz.

Fig 10—Ready to go! The W8UCG
deluxe RV antenna is shown
mounted at the rear of a 31-foot
Airstream.
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into the base support pipe in every instance.
A short projecting bolt near the bottom end of
the handle provides a means of lifting it off
the lock pin (a bolt) which is mounted inside
the Unistrut on an L-shaped bracket. See
Figs 12 and 13.

The top-hat spider rods should be installed
only on one side of the antenna so as not to
poke holes in the top of the trailer. No effect
on antenna performance will be noted. Bring
the coaxial cable into the trailer at a point close
to the antenna. This is preferable to running it
beneath the trailer, where it can be more eas-
ily damaged and where ground-loop paths for
RF current may be created. Be sure to use drip
loops at both the antenna and at the point of
entry into the RV. Silicone rubber sealant
should be used at the outside connector end
and at the RV entry hole. Clear acrylic spray
will provide corrosion protection for any hard-
ware used. Lock washers and locknuts should
be used on all bolts; good workmanship will
result in first-class appearance and long,
trouble-free service.

To ensure optimum results, great care
should be taken to obtain a good ground re-
turn from the antenna all the way back to the
transceiver. Clean, tight connections, together
with heavy duty tinned copper braid, should be used across the mast hinge, the mast-to-RV frame and
to bond the frame to the equipment chassis. This is absolutely necessary if the vertical quarter-wave
antenna is to work properly.

Antenna Pruning and Tuning
The antenna must be carefully tuned to resonance on each band starting with 28 MHz. The most

radical departure from the manufacturer’s antenna dimensions (for home use) takes place with the 28-
MHz section. There, a 30-inch length of tubing is cut off. Only 3 inches need be removed from the 21-
MHz section. The 7-MHz (top) section must be lengthened, however, because of the radical shortening
of the 28-MHz section. The easiest way to do this, short of buying a longer piece of 11/4 inch OD
aluminum tubing, is merely to lengthen one of the top-hat spider rods. A 151/2 inch length of 1/2-inch
diameter aluminum tubing (with one end flattened and properly drilled) can be held in place under the
RM-75S resonator. It is a good idea to start with a longer piece of tubing and trim as necessary to obtain
resonance at 7.15 MHz.

Installing, grounding and tuning of the antenna as described here resulted in an SWR of 1.0:1 at
resonance on the 3.8, 7, 14, and 21-MHz bands. At the lower end of the 28-MHz band, the SWR is
1.05:1. These low SWR values remain exactly the same regardless of whether or not the RV is grounded
externally.

Exclusive of 10, 18 and 24 MHz, this system design also provides full band coverage on the 7
through 28-MHz bands with an SWR of less than 2:1. Band coverage on 3.8 MHz is limited to approxi-
mately 100 kHz because of the short overall length of the resonator coil and whip. The tip rod is
adjustable to enable you to select your favorite 100-kHz band segment.

Fig 13—In this photo the
open edges of the
Unistrut channel are
facing the viewer. The
locking pin is visible in
the middle of the channel.

Fig 12—The handle and
raising fixture, seated on
the lock pin.



15-10 Chapter 15

Fig 14—The basic portable quad assembl y. An
element spacing of 16 inches is used so the quad
spacers will fold neatly between the hubs.

A PORTABLE QUAD FOR 144 M Hz
Figs 14 and 15 show a portable quad for home

construction. This collapsible design was the prod-
uct of Bob Decesari, WA9GDZ, and was described
in QST for September 1980 and June 1981.

Both the driven and reflector elements of this array fold back on top of each other, resulting
in a package about 17 inches long. When collapsed, the wire loop elements may be held in place
around the boom with an elastic band. To support the antenna once it has been erected, the con-
tainer is used as a stand. To provide more stability, four small removable struts slip into holes in
the base of the container. Both the support rods and the struts fit inside the container when the
antenna is disassembled.

Figs 16 and 17 show a method of attaching the spreaders to the boom. A mechanical stop is ma-
chined into the hub, and elastic bands are used to hold the spacers erect. The bands are attached to an
additional strut to hold the spacers open. When not in use, the strut pulls out and sits across the hub,
and the spacers can be folded back. Details are shown in Fig 17.

Fig 15—The portable quad stowed and ready for
travel.  Two long dowels are used as support rods.
Four smaller dowels are used to stabilize the
container when it is erected as a support stand.

Fig 16—This version of the portable quad uses
mechanical stops machined into the hub;
elastic bands hold the spacers open.
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Fig 17—At A, details of the spacer hub with spacer lengths for the director and reflector. The hub is
made from 1/4-inch plastic or hardwood material. The center-hole diameter can be whatever is
necessary to match the diameter of your boom. B shows details of the mechanical stops.

   Building Materials
The portable quad antenna may be fabricated from any one of several plastic or wood materials.

The most inexpensive method is to use wood doweling, available at most hardware stores. Wood is
inexpensive and easily worked with hand tools; 1/4-inch doweling may be used for the quad spacers,
and 3/8 or 1/2-inch doweling for the boom and support elements. A hardwood is recommended for the
hub assembly, since a softwood may tend to crack along its grain if the hub is impacted or dropped.
Plastics will also work well, but the cost will rise sharply if the material is purchased from a supplier.
Plexiglas is an excellent choice for the hub. Fiber-
glass or phenolic rods are also excellent for the
quad elements and support.

The loops are made with #18 AWG copper
wire. If no insulation is used on the wire and wood
doweling is used for the spacers, a coat of spar
varnish in and around the spacer hole through
which the wire runs is recommended. The loop
wire is terminated at one element by attaching it
to heavy gauge copper-wire posts inserted into
tightly fitting holes in the element. For the driven
element, three posts are used to allow the RG-58
feed-line braid, center conductor and matching ca-
pacitor to be attached. A single post is used on the
reflector to complete the loop circuitry.

Fig 18 shows how to calculate the quad loop

Fig 18—Quad loop dimensions. Dimension X is
the distance from the center of the hub to the
hole drilled in each spacer for the loop wire. At
146 MHz, dimension X for the driven element is
1.216 feet (14.6 inches), and dimension X for the
reflector is 1.276 feet (15.3 inches).



15-12 Chapter 15

Fig 19—Matching system for the portable quad.
The stub may be taped to the element.

dimensions. The boom is 16 inches long. The
feed-point matching system is detailed in
Fig 19. The matching system uses a 31/2 inch
length of 300-Ω twin-lead as a shorted stub. Ad-
justment of the  match is made at the 9 to 35-pF
variable capacitor that is connected in series with
the coaxial feed line.

The storage container shown in the photo-
graphs was made from a heavy cardboard tube
originally used to store roll paper. Any rigid cy-
lindrical housing of the proper dimensions may
be used. Two wood end pieces were fabricated
to cap the cardboard cylinder. The bottom end
piece is cemented in place and has four holes
drilled at 90° angles around the circumference.
These holes hold the 4-inch struts that provide additional support when the antenna is erected. The top
end piece is snug fitting and removable. It is of sufficient thickness (about 5/8 inch) to provide sufficient
support for the antenna-supporting elements. A mounting hole for the supporting elements is drilled in
the center of the top end piece. This hole is drilled only about three-quarters of the way through the end
piece and should provide a snug fit for the antenna support. One or more antenna support elements may
be used, depending on the height the builder wishes to have. Keep in mind, however, that the structure
will be more prone to blowing over at greater heights above the ground! Doweling and snug-fitting
holes are used to mate the support elements and the antenna boom.
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Mobile antennas are those designed for use while they are in motion. At the mention of mobile
antennas, most amateurs think of a whip mounted on an automobile or other highway
vehicle, perhaps on a recreational vehicle (RV) or maybe on an off-road vehicle. While it is

true that most mobile antennas are vertical whips, mobile antennas can also be found in other places.
For example, antennas mounted aboard a boat or ship are mobile, and are usually called maritime
antennas. Fig 1 shows yet another type of mobile antenna—those for use on hand-held transceivers.
Because they may be used while in motion, even these antennas are mobile by literal definition.

Pictured in Fig 1 is a telescoping full-size quarter-wave antenna for 144 MHz, and beside it a
“stubby” antenna for the same band. The stubby is a helically wound radiator, made of stiff copper wire
enclosed in a protective covering of rubber-like material. The inductance of the helical windings pro-
vides electrical loading for the antenna. For frequencies above 28 MHz, most mobile installations
permit the use of a full-size antenna, but sometimes smaller, loaded antennas are used for convenience.
The stubby, for example, is convenient for short-range communication, avoiding the problems of a
lengthier, cumbersome antenna attached to a hand-held radio.

Below 28 MHz, physical size becomes a problem with full-size whips, and some form of electrical
loading (as with the stubby) is usually employed. Commonly used loading techniques are to place a
coil at the base of the whip (base loading), or at the center of the whip (center loading). These and other
techniques are discussed in this chapter.

Few amateurs construct their own antennas for HF mobile and maritime use, since safety reasons
dictate very sound mechanical construction. However, construction projects are included in this chap-
ter for those who may wish to build their own mobile antenna. Even if commercially made antennas are
installed, most require some adjustment for the particular installation and type of operation desired,
and the information given here may provide a better understanding of the optimization requirements.

Mobile and Maritime Antennas

Chapter 16

Fig 1—Two mobile antennas—mobile
because they may be used while in motion.
Shown here are a telescoping 1/4-λ antenna
and a “stubby” antenna, both designed for
use at 144 MHz. The 1/4-λ antenna is 19 in.
long, while the stubby antenna is only 3 1/2

in. long. (Both dimensions exclude the
length of the BNC connectors. The stubby is
a helically wound radiator.
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HF-MOBILE FUNDAMENTALS
Fig 2 shows a typical bumper-mounted cen-

ter-loaded whip suitable for operation in the HF
range. The antenna could also be mounted on the
car body itself (such as a fender), and mounts are
available for this purpose. The base spring acts
as a shock absorber for the bottom of the whip,
as the continual flexing while in motion would
otherwise weaken the antenna. A short heavy mast
section is mounted between the base spring and
loading coil. Some models have a mechanism
which allows the antenna to be tipped over for
adjustment or for fastening to the roof of the car
when not in use. It is also advisable to extend a
couple of guy lines from the base of the loading
coil to clips or hooks fastened to the roof gutter on the car. Nylon fishing line (about 40-pound test) is
suitable for this purpose. The guy lines act as safety cords and also reduce the swaying motion of the
antenna considerably. The feed line to the transmitter is connected to the bumper and base of the an-
tenna. Good low-resistance connections are important here.

Tune-up of the antenna is usually accomplished by changing the height of the adjustable whip
section above the precut loading coil. First, tune the receiver and try to determine where the signals
seem to peak up. Once this frequency is found, check the SWR with the transmitter on, and find the
frequency where the SWR is lowest. Shortening the adjustable section will increase the resonant fre-
quency, and making it longer will lower the frequency. It is important that the antenna be away from
surrounding objects such as overhead wires by 10 feet or more, as considerable detuning can occur.
Once the setting is found where the SWR is lowest at the center of the desired frequency range, the
length of the adjustable section should be recorded.

Propagation conditions and ignition noise are usually the limiting factors for mobile operation on
10 through 28 MHz. Antenna size restrictions affect operation somewhat on 7 MHz and much more on
3.5 and 1.8 MHz. From this standpoint, perhaps the optimum band for HF-mobile operation is
7 MHz. The popularity of the regional mobile nets on 7 MHz is perhaps the best indication of its
suitability. For local work, 28 MHz is also useful, as antenna efficiency is high and relatively simple
antennas without loading coils are easy to build.

As the frequency of operation is lowered, an antenna of fixed length looks (at its feed point) like a
decreasing resistance in series with an increasing capacitive reactance. The capacitive reactance must
be tuned out, which necessitates the use of an equivalent series inductive reactance or loading coil. The
amount of inductance required will be determined by the placement of the coil in the antenna system.

Base loading requires the lowest value of inductance for a fixed-length antenna, and as the coil
is placed farther up the whip, the necessary value increases. This is because the capacitance of the
shorter antenna section (above the coil) to the car body is now lower (higher capacitive reactance),
requiring more inductance to tune the antenna to resonance. The advantage is that the current distribu-
tion on the whip is improved, which increases the radiation resistance. The disadvantage is that
requirement of a larger coil also means the coil size and losses increase. Center loading has been
generally accepted as a good compromise with minimal construction problems. Placing the coil 2/3 the
distance up the whip seems to be about the optimum position.

For typical antenna lengths used in mobile work, the difficulty in constructing suitable loading
coils increases as the frequency of operation is lowered. Since the required resonating inductance gets
larger and the radiation resistance decreases at lower frequencies, most of the power is dissipated in the
coil resistance and in other ohmic losses. This is one reason why it is advisable to buy a commercially
made loading coil with the highest power rating possible, even if only low-power operation is planned.

Fig 2—A typical bumper-mounted HF mobile
antenna. Note the nylon guy lines.
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Coil losses in the higher-power loading coils are usually less (percentage-wise), with subsequent im-
provement in radiation efficiency, regardless of the power level used. Of course, the above philosophy also
applies to homemade loading coils, and design considerations will be considered in a later section.

Once the antenna is tuned to resonance, the input impedance at the antenna terminals will look like a
pure resistance. Neglecting losses, this value drops from nearly 15 Ω at 21 MHz to 0.1 Ω at 1.8 MHz for an
8-foot whip. When coil and other losses are included, the input resistance increases to approximately 20 Ω
at 1.8 MHz and 16 Ω at 21 MHz. These values are for relatively high-efficiency systems. From this it can be
seen that the radiation efficiency is much poorer at 1.8 MHz than at 21 MHz under typical conditions.

Since most modern gear is designed to operate with a 52-Ω transmission line, a matching network
may be necessary with the high-efficiency antennas previously mentioned. This can take the form of
either a broad-band transformer, a tapped coil, or an LC matching network. With homemade or modi-
fied designs, the tapped-coil arrangement is perhaps the easiest one to build, while the broad-band
transformer requires no adjustment. As the losses go up, so does the input resistance, and in less effi-
cient systems the matching network may be eliminated.

The Equivalent Circuit of a Typical Mobile Antenna
In the previous section, some of the general considerations were discussed, and these will now be taken

up in more detail. It is customary in solving problems involving electric and magnetic fields (such as an-
tenna systems) to try to find an equivalent network with which to replace the antenna for analysis reasons. In
many cases, the network may be an accurate representation over only a limited frequency range. However,
this is often a valuable method in matching the antenna to the transmission line.

Antenna resonance is defined as the frequency at which the input impedance at the antenna termi-
nals is purely resistive. The shortest length at which this occurs for a vertical antenna over a ground
plane is when the antenna is an electrical quarter wavelength at the aoperating frequency; the imped-
ance value for this length (neglecting losses) is about 36 Ω. The idea of resonance can be extended to
antennas shorter (or longer) than a quarter wave, and means only that the input impedance is purely
resistive. As pointed out previously, when the frequency is lowered, the antenna looks like a series RC
circuit, as shown in Fig 3. For the average 8-foot whip, the reactance of CA may range from about
150 Ω at 21 MHz to as high as 8000 Ω at 1.8 MHz, while the radiation resistance RR varies from about
15 Ω at 21 MHz to as low as 0.1 Ω at 1.8 MHz.

For an antenna less than 0.1 wavelength long, the approximate radiation resistance may be deter-
mined from the following:

RR =  273 f 102 –8× ×l( )
where l is the length of the whip in inches, and f is the frequency in megahertz.

Since the resistance is low, considerable current must flow in the circuit if any appreciable power
is to be dissipated in the form of radiation in RR. Yet it is apparent that little current can be made to flow
in the circuit as long as the comparatively high series reactance remains.

Antenna Capacitance
Capacitive reactance can be canceled by connecting an equivalent inductive reactance (coil LL) in

series, as shown in Fig 4, thus tuning the system to resonance.

Fig 3—At frequencies
below resonance, the
whip antenna will show
capacitive reactance as
well as resistance. R R is
the radiation resistance,
and C A represents the
capacitive reactance.

Fig 4—The capacitive reactance
at frequencies below the
resonant frequency of the whip
can be canceled by adding an
equivalent inductive reactance
in the form of a loading coil in
series with the antenna.
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The capacitance of a vertical antenna shorter than a quarter wavelength is given by:
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where
CA = capacitance of antenna in pF
l = antenna height in feet
D = diameter of radiator in inches
f = operating frequency in MHz
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Fig 5 shows the approximate capacitance of whip antennas of various average diameters and lengths.
For 1.8, 4 and 7 MHz, the loading coil inductance required (when the loading coil is at the base) will be
approximately the inductance required to resonate in the desired band (with the whip capacitance taken
from the graph). For 10 through 21 MHz, this rough calculation will give more than the required inductance,
but it will serve as a starting point for the final experimental adjustment that must always be made.

LOADING COIL DESIGN
To minimize loading coil loss, the coil should have a high ratio of reactance to resistance (that is,

a high Q). A 4-MHz loading coil wound with small wire on a small-diameter solid form of poor quality,
and enclosed in a metal protector, may have a Q as low as 50, with a resistance of 50 Ω or more. High-
Q coils require a large conductor, air-wound construction, large spacing between turns, and the best
insulating material available. A diameter not less than half the length of the coil (not always mechani-
cally feasible) and a minimum of metal in the field of the coil are also necessities for optimum effi-
ciency. Such a coil for 4 MHz may show a Q of 300 or more, with a resistance of 12 Ω or less.

The coil could then be placed in series with the feed line at the base of the antenna to tune out the
unwanted capacitive reactance, as shown in Fig 4. Such a method is often referred to as base loading,
and many practical mobile antenna systems have been built using this scheme.

Over the years, the question has come up as to whether or not more efficient designs are possible
compared with simple base loading. While many ideas have been tried with varying degrees of success,
only a few have been generally accepted and incorporated into actual systems. These are center load-
ing, continuous loading, and combinations of the latter with more conventional antennas.

Base Loading and Center Loading
If a whip antenna is short compared to a

wavelength and the current is uniform along the
length l, the electric field strength E, at a dis-
tance d, away from the antenna is approximately:

E =
  

120 I
d

π
λ

l

where
I is the antenna current in amperes
λ is the wavelength in the same units as d and l
A uniform current flowing along the length of

the whip is an idealized situation, however, since
the current is greatest at the base of the antenna and
goes to a minimum at the top. In practice, the field
strength will be less than that given by the above
equation, because it is a function of the current dis-
tribution on the whip.

Fig 5—Graph showing the approximate
capacitance of short vertical antennas for various
diameters and lengths. These values should be
approximately halved for a center-loaded antenna.
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Fig 6—A circuit approximation of a simple whip over a
perfectly conducting ground plane. The shunt capaci-
tance per unit length gets smaller as the height in-
creases, and the series inductance per unit length gets
large r. Consequentl y, most of the antenna current
returns to the ground plane near the base of the antenna,
giving the current distribution shown at the right.

Fig 7—Improved current dis-
tribution resulting from
center loading.

Table 1
Approximate Values for 8-ft Mobile Whip

Loading RC(Q50) RC(Q300) RR Feed R* Matching
 f(MHz) L µH Ω Ω Ω Ω L µH
Base Loading
  1.8 345 77 13   0.1 23 3
  3.8   77 37   6.1   0.35 16 1.2
  7.2   20 18   3   1.35 15 0.6
10.1    9.5 12   2   2.8 12 0.4
14.2    4.5  7.7   1.3   5.7 12 0.28
18.1    3.0  5.0   1.0 10.0 14 0.28
21.25    1.25  3.4   0.5 14.8 16 0.28
24.9    0.9  2.6   — 20.0 22 0.25
29.0    —  —   — — 36 0.23

Center Loading
  1.8 700 158 23  0.2 34 3.7
  3.8 150   72 12  0.8 22 1.4
  7.2   40   36   6  3.0 19 0.7
10.1   20   22   4.2  5.8 18 0.5
14.2    8.6   15   2.5 11.0 19 0.35
18.1    4.4    9.2   1.5 19.0 22 0.31
21.25    2.5    6.6   1.1 27.0 29 0.29

RC = loading coil resistance; RR = radiation resistance.

*Assuming loading coil Q = 300, and including estimated ground-loss resistance.

The reason that the current is not uniform on a whip antenna can be seen from the circuit approximation
shown in Fig 6. A whip antenna over a ground plane is similar in many respects to a tapered coaxial cable
where the center conductor remains the same diameter along its length, but with an increasing diameter outer
conductor. The inductance per unit length of such a cable would increase along the line, while the capacitance
per unit length would decrease. In Fig 6 the antenna is represented by a series of LC circuits in which C1 is

greater than C2, which is greater than C3, and so on.
L1 is less than L2, which is less than succeeding in-
ductances. The net result is that most of the antenna
current returns to ground near the base of the antenna,
and very little near the top.

Two things can be done to improve this distribu-
tion and make the current more uniform. One would
be to increase the capacitance of the top of the an-
tenna to ground through the use of top loading or a
capacitance hat, as discussed in Chapter 6. Unfortu-
nately, the wind resistance of the hat makes it some-
what unwieldy for mobile use. The other method is
to place the loading coil farther up the whip, as shown
in Fig 7, rather than at the base. If the coil is resonant
(or nearly so) with the capacitance to ground of the
section above the coil, the current distribution is im-
proved as also shown in Fig 7. The result with both
top loading and center loading is that the radiation
resistance is increased, offsetting the effect of losses
and making matching easier.

Table 1 shows the approximate loading coil
inductance for the various amateur bands. Also

shown in the table are approxi-
mate values of radiation resis-
tance to be expected with an 8-
foot whip, and the resistances of
loading coils—one group having
a Q of 50, the other a Q of 300. A
comparison of radiation and coil
resistances will show the impor-
tance of reducing the coil resis-
tance to a minimum, especially on
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the three lower frequency bands. Table 2 shows suggested loading-coil dimensions for the inductance
values given in Table 1.

OPTIMUM DESIGN OF SHORT COIL-LOADED HF MOBIL E ANTENNAS
Optimum design of short HF mobile antennas results from a careful balance of the appropriate loading

coil Q-factor, loading coil position in the antenna, ground loss resistance, and the length to diameter ratio of
the antenna. The optimum balance of these parameters can be realized only through a thorough understand-
ing of how they interact. This section presents a mathematical approach to designing mobile antennas for
maximum radiation efficiency. This approach was first presented by Bruce Brown, W6TWW, in The ARRL
Antenna Compendium, Vol. 1. (See the Bibliography at the end of this chapter.)

The optimum location for a loading coil in an antenna can be found experimentally, but it requires
many hours of designing and constructing models and making measurements to ensure the validity of
the design. A faster and more reliable way of determining optimum coil location is through the use of a
personal computer. This approach allows the variation of any single variable while observing the cu-
mulative effects on the system. When plotted graphically, the data reveals that the placement of the
loading coil is critical if maximum radiation efficiency is to be realized.

Radiation Resistance
The determination of radiation efficiency requires the knowledge of resistive power losses and radia-

tion losses. Radiation loss is expressed in terms of radiation resistance. Radiation resistance is defined as the
resistance that would dissipate the same amount of power that is radiated by the antenna. The variables used
in the equations that follow are defined once in the text, and are summarized in Table 3. Radiation resistance
of vertical antennas shorter than 45 electrical degrees (1/8 wavelength) is approximately

RR = h
312

2
(Eq 1)

where
RR = radiation resistance in ohms
h = antenna length in electrical degrees

Table 2
Suggested Loading Coil Dimensions
Req’d Wire Dia Length
L(µH) Turns Size Inch Inch

700 190 22 3 10
345 135 18 3 10
150 100 16 21/2 10
 77   75 14 21/2 10
 77   29 12 5   41/4

 40   28 16 21/2   2
 40   34 12 21/2   41/4

 20   17 16 21/2   11/4

 20   22 12 21/2   23/4

  8.6   16 14 2   2
  8.6   15 12 21/2   3
  4.5   10 14 2   11/4

  4.5   12 12 21/2   4
  2.5     8 12 2   2
  2.5    8   6 23/8   41/2

  1.25    6 12 13/4   2
  1.25    6   6 23/8   41/2

Table 3
Variables used in Eqs 1 through 17
A = area in degree-amperes
a = antenna radius in English or metric units
dB = signal loss in decibels
E = efficiency in percent
f(MHz) = frequency in megahertz
H = height in English or metric units
h = height in electrical degrees
h1 = height of base section in electrical degrees
h2 = height of top section in electrical degrees
I = Ibase = 1 ampere base current
K = 0.0128
Km = mean characteristic impedance
Km1 = mean characteristic impedance of base section
Km2 = mean characteristic impedance of top section
L = length or height of the antenna in feet
PI = power fed to the antenna
PR = power radiated
Q = coil figure of merit
RC = coil loss resistance in ohms
RG = ground loss resistance in ohms
RR = radiation resistance in ohms
XL = loading-coil inductive reactance
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Antenna height in electrical degrees is expressed by

h =
  

l
984 f MHz 360× ×( )   (Eq 2)

where
l = antenna length in feet
f(MHz) = operating frequency in megahertz

End effect is purposely omitted to ensure that an antenna is electrically long. This is so that resonance
at the design frequency can be obtained easily by removing a turn or two from the loading coil.
Eq 1 is valid only for antennas having a sinusoidal current distribution and no reactive loading. How-
ever, it can be used as a starting point for deriving an equation that is useful for shortened antennas
with other than sinusoidal current distributions.
Refer to Fig 8. The current distribution on an antenna 90° long electrically (1/4 wavelength) varies with
the cosine of the length in electrical degrees. The current distribution of the top 30° of the antenna is
essentially linear. It is this linearity that allows for derivation of a simpler, more useful equation for
radiation resistance.
The radiation resistance of an electrically short base-loaded vertical antenna can be conveniently de-
fined in terms of a geometric figure, a triangle, as shown in Fig 9. The radiation resistance is given by

RR =KA2 (Eq 3)

where
K is a constant (to be derived shortly)
A = area of the triangular current distribution in degree-amperes.

Degree-ampere area is expressed by

A =  1
2 h Ibase× (Eq 4)

Fig 8—Relative current distribution on a vertical
antenna of height h = 90 electrical degrees.

Fig 9—Relative current distribution on a base-
loaded vertical antenna of height h = 30 elec-
trical degrees (linearized) . A base loading coil
is omitted.
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By combining Eqs 1 and 3 and solving for K, we get

K =  h
312 A

2

2× (Eq 5)

By substituting the values from Fig 9 into Eq 5 we get

K = 30
312 0.5 30 1

0.0128
2

2× × ×( )
=

and by substituting the derived value of K into Eq 3 we get

RR = 0.0128 × A2  (Eq 6)

Eq 6 is useful for determining the radiation resistance of coil-loaded vertical antennas less than
30° in length. The derived constant differs slightly from that presented by Laport (see Bibliography),
as he used a different equation for radiation resistance (Eq 1).

When the loading coil is moved up an antenna (away from the feed point), the current distribution
is modified as shown in Fig 10. The current varies with the cosine of the height in electrical degrees at
any point in the base section. Therefore, the current flowing into the bottom of the loading coil is less
than the current flowing at the base of the antenna.

But what about the current in the top section of the antenna? The loading coil acts as the lumped
constant that it is, and disregarding losses and coil radiation, maintains the same current flow through-
out. As a result, the current at the top of a high-Q coil is essentially the same as that at the bottom of the
coil. This is easily verified by installing RF ammeters immediately above and below the loading coil in
a test antenna. Thus, the coil “forces” much more current into the top section than would flow in the
equivalent section of a full 90° long antenna. This occurs as a result of the extremely high voltage that
appears at the top of the loading coil. This higher current flow results in more radiation than would
occur from the equivalent section of a quarter-wave antenna. (This is true for conventional coils. How-
ever, radiation from long thin coils allows coil current to decrease, as in helically wound antennas.)

The cross-hatched area in Fig 10 shows the
current that would flow in the equivalent part of a
90° high antenna, and reveals that the degree-am-
pere area of the whip section of the short antenna
is greatly increased as a result of the modified cur-
rent distribution. The current flow in the top sec-
tion decreases almost linearly to zero at the top.
This can be seen in Fig 10.

The degree-ampere area of Fig 10 is the sum
of the triangular area represented by the current
distribution in the top section, and the nearly trap-
ezoidal current distribution in the base section. Ra-
diation from the coil is not included in the degree-
ampere area because it is small and difficult to de-
fine. Any radiation from the coil can be consid-
ered a bonus.

The degree-ampere area is expressed by

A 1
2 h 1 cos h h cos h1 1 2 1= +( ) + ( )[ ]×  (Eq 7)

where
h1 = electrical length in degrees of the base section

h2 = electrical height in degrees of the top section.

The degree-ampere area (calculated by substi-
tuting Eq 7 into Eq 6) can be used to determine the

Fig 10—Relative current distribution on a center-
loaded antenna with base and top sections each
equal to 15 electrical degrees in length. The
cross-hatched area shows the current distri-
bution that would exist in the top 15 ° of a
90°-high vertical fed with 1 ampere at the base.
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radiation resistance when the loading coil is at any
position other than the base of the antenna. Radia-
tion resistance has been calculated with these equa-
tions and plotted against loading coil position at three
different frequencies for 8 and 11-foot antennas,
Fig 11. Eight feet is a typical length for commercial
antennas, and 11-foot antennas are about the maximum
practical length that can be installed on a vehicle.

In Fig 11, the curves reveal that the radiation
resistance rises almost linearly as the loading
coil is moved up the antenna. They also show that
the radiation resistance rises rapidly as the frequency
is increased. If the analysis were stopped at this point,
one might conclude that the loading coil should be
placed at the top of the antenna. This is not so, and
will become apparent shortly.

Required Loading Inductance
Calculation of the loading coil inductance

needed to resonate a short antenna can be done eas-
ily and accurately by using the antenna transmission-
line analog described by Boyer in Ham Radio. For a
base-loaded antenna, Fig 9, the loading coil reactance
required to resonate the antenna is given by

XL = –j Km cot h (Eq 8)

where
XL = inductive reactance required
Km = mean characteristic impedance (defined in Eq 9)

The –j term indicates that the antenna presents capacitive reactance at the feed point. This reactance
must be canceled by a loading coil.
The mean characteristic impedance of an antenna is expressed by

K 60 ln 2h
a – 1m = ( )





× (Eq 9)

where
h = physical antenna height (excluding the length of the loading coil)
a = radius of the antenna in the same units as h.
From Eq 9 it can be seen that decreasing the height-to-diameter ratio of an antenna by increasing the radius

results in a decrease in Km. With reference to Eq 8, a decrease in Km decreases the inductive reactance required
to resonate an antenna. As will be shown later, this will increase radiation efficiency. In mobile applications, we
quickly run into wind-loading problems if we attempt to use an antenna that is physically large in diameter.

If the loading coil is moved away from the base of the antenna, the antenna is divided into a base
and top section, as depicted in Fig 10. The loading coil reactance required to resonate the antenna when
the coil is away from the base is given by

XL = jKm2 (cot h2) – j Km1 (tan h1) (Eq 10)

In mobile-antenna design and construction, the top section is usually a whip with a much smaller
diameter than the base section. Because of this, it is necessary to compute separate values of Km for the
top and base sections. Km1 and Km2 are the mean characteristic impedances of the base and top sec-
tions, respectively.

Fig 11—Radiation resistance plotted as a function
of loading coil position.



16-10 Chapter 16

Loading coil reactance curves for the 3.8-
MHz antennas of Fig 11 have been calculated and
plotted in Fig 12. These curves show the influ-
ence of the loading coil position on the reactance
required for resonance. The curves in Fig 12 show
that the required reactance decreases with longer
antennas. The curves also reveal that the required
loading coil reactance grows at an increasingly
rapid rate after the coil passes the center of the
antenna. Because the highest possible loading coil
Q factor is needed, and because optimum Q is
attained when the loading coil diameter is twice
the loading coil length, the coil would grow like
a smoke ring above the center of the antenna, and
would quickly reach an impractical size. It is for
this reason that the highest loading coil position
is limited to one foot from the top of the antenna
in all computations.

Loading Coil Resistance
Loading coil resistance constitutes one of the

losses that consumes power that could otherwise
be radiated by the antenna. Heat loss in the load-
ing coil is not of any benefit, so it should be mini-
mized by using the highest possible loading coil
Q. Loading coil loss resistance is a function of
the coil Q and is given by

RC =
X
Q

L (Eq 11)

where
RC = loading coil loss resistance in ohms
XL = loading coil reactance
Q = coil figure of merit

Inspection of Eq 11 reveals that, for a given value of inductive reactance, loss resistance will be
lower for higher Q coils. Measurements made with a Q meter show that typical, commercially manu-
factured coil stock produces a Q between 150 and 160 in the 3.8-MHz band.

Higher Q values can be obtained by using larger diameter coils having a diameter to length ratio of two,
by using larger diameter wire, by using more spacing between turns, and by using low-loss polystyrene
supporting and enclosure materials. Loading coil turns should not be shorted for tuning purposes because
shorted turns degrade Q. Pruning to resonance should be done only by removing turns from the coil.

Radiation Efficiency
The ratio of power radiated to power fed to an antenna determines the radiation efficiency. It is given by

E = 
P
P 100%R

I
× (Eq 12)

where
E = radiation efficiency in percent
PR = power radiated
PI = power fed to the antenna at the feed point

Fig 12—Loading coil reactance required for
resonance, plotted as a function of coil height
above the antenna base. The resonant frequency
is 3.9 MHz.
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In a short, coil-loaded mobile antenna, a large portion of the power fed to the antenna is dissipated in
ground and coil resistances. A relatively insignificant amount of power is also dissipated in
the antenna conductor resistance and in the leakage resistance of the base insulator. Because these last two
losses are both very small and difficult to estimate, they are neglected in calculating radiation efficiency.

Another loss worth noting is matching network loss. Because we are concerned only with power
fed to the antenna in the determination of radiation efficiency, matching network loss is not considered
in any of the equations. Suffice it to say that matching networks should be designed for minimum loss
in order to maximize the transmitter power available at the antenna.

The radiation efficiency equation may be rewritten and expanded as follows:

E = 
I R 100

I R I R I cos h R

2
R

2
R

2
G 1

2

C

× ×

× ×+ + ( )
(Eq 13)

where
I = antenna base current in amperes
RG = ground loss resistance in ohms
RC = coil loss resistance in ohms

Each term of Eq 13 represents the power dissipated in its associated resistance. All the current terms
cancel, simplifying this equation to

E = R

R R R cos h
R

R G C+ + ( )× 2
1

(Eq 14)

For base-loaded antennas the term cos2 h1 drops to unity and may be omitted.

Ground Loss
Eq 14 shows that the total resistive losses in the antenna system are:

RT = RR + RG + RC × cos2 h1 (Eq 15)

where RT is the total resistive loss. Ground loss resistance can be determined by rearranging Eq 15 as
follows:

RG = RT + RR – RC × cos2 h1  (Eq 16)

RT may be measured in a test antenna installation on a vehicle using an R-X noise bridge. RR and
RC can then be calculated.

Ground loss is a function of vehicle size, placement of the antenna on the vehicle, and conductivity
of the ground over which the vehicle is traveling. Only the first two variables can be feasibly con-
trolled. Larger vehicles provide better ground planes than smaller ones. The vehicle ground plane is
only partial, so the result is considerable RF current flow (and ground loss) in the ground around and
under the vehicle.

By raising the antenna base as high as possible on the vehicle, the ground losses are decreased.
This results from a decrease in antenna capacitance to ground, which increases the capacitive reactance
to ground. This, in turn, reduces ground currents and ground losses.

This effect has been verified by installing the same antenna at three different locations on two
different vehicles, and by determining the ground loss from Eq 16. In the first test, the antenna was
mounted 6 inches below the top of a large station wagon, just behind the left rear window. This placed
the antenna base 4 feet 2 inches above the ground, and resulted in a measured ground loss resistance of
2.5 Ω. The second test used the same antenna mounted on the left rear fender of a mid-sized sedan, just
to the left of the trunk lid. In this test, the measured ground loss resistance was 4 Ω. The third test used
the same mid-sized car, but the antenna was mounted on the rear bumper. In this last test,
the measured ground loss resistance was 6 Ω.

The same antenna therefore sees three different ground loss resistances as a direct result of the antenna
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mounting location and size of the vehicle. It is im-
portant to note that the measured ground loss in-
creases as the antenna base nears the ground. The
importance of minimizing ground losses in mobile
antenna installations cannot be overemphasized.

Efficiency Curves
With the equations defined previously, a com-

puter was used to calculate the radiation efficiency
curves depicted in Figs 13 through 16. These curves
were calculated for 3.8 and 7-MHz antennas of 8
and 11-foot lengths. Several values of loading coil
Q were used, for both 2 and 10 Ω of ground loss
resistance. For the calculations, the base section is 1/
2-inch diameter electrical EMT, which has an out-
side diameter of 11/16 inch. The top section is fiber-
glass bicycle-whip material covered with Belden
braid. These are readily available materials which
can be used by the average amateur to construct an
inexpensive but rugged antenna.

Upon inspection, these radiation-efficiency
curves reveal some significant information:

1) Higher coil Q produces higher radiation
efficiencies,

Fig 15—Radiation efficiency of 8-foot antennas at
7.225 MHz.

Fig 13—Radiation efficiency of 8-foot antennas at
3.9 MHz.

Fig 14—Radiation efficiency of 11-foot antennas
at 3.9 MHz.
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Fig 16—Radiation efficiency of 11-foot antennas
at 7.225 MHz.

2) longer antennas produce higher radiation
efficiencies,

3) higher frequencies produce higher radia-
tion efficiencies,

4) lower ground loss resistances produce
higher radiation efficiencies,

5) higher ground loss resistances force the
loading coil above the antenna center to reach a
crest in  the radiation-efficiency curve, and

6) higher coil Q sharpens the radiation-effi-
ciency curves, resulting in the coil position being
more critical for optimum radiation efficiency.

Note that the radiation efficiency curves reach
a peak and then begin to decline as the loading
coil is raised farther up the antenna. This is be-
cause of the rapid increase in loading coil reac-
tance required above the antenna center. Refer to
Fig 12. The rapid increase in coil size required
for resonance results in the coil loss resistance
increasing much more rapidly than the radiation
resistance. This results in decreased radiation ef-
ficiency, as shown in Fig 11.

A slight reverse curvature exists in the curves
between the base-loaded position and the one-foot
coil-height position. This is caused by a shift in
the curve resulting from insertion of a base sec-
tion of larger diameter than the whip when the
coil is above the base.

The curves in Figs 13 through 16 were calcu-
lated with constant (but not equal) diameter base and
whip sections. Because of wind loading, it is not
desirable to increase the diameter of the whip sec-
tion. However, the base-section diameter can be in-
creased within reason to further improve radiation
efficiency. Fig 17 was calculated for base-section
diameters ranging from 11/16 inch to three inches. The
curves reveal that a small increase in radiation effi-
ciency results from larger diameter base sections.

The curves in Figs 13 through 16 show that
radiation efficiencies can be quite low in the 3.8-
MHz band compared to the 7-MHz band. They
are lower yet in the 1.8-MHz band. To gain some
perspective on what these low efficiencies mean
in terms of signal strength, Fig 18 was calculated
using the following equation:

dB = log100
E (Eq 17)

where
dB = signal loss in decibels
E = efficiency in percent

Fig 17—Radiation efficiency plotted as a function
of base- section diamete r. Frequency = 3.9 MHz,
ground loss resistance = 2 Ω, and whip section
= 1/4-inch diamete r.



16-14 Chapter 16

The curve in Fig 18 reveals that an antenna hav-
ing 25% efficiency has a signal loss of 6 dB (approxi-
mately one S unit) below a quarter-wave vertical an-
tenna over perfect ground. An antenna efficiency in
the neighborhood of 6% will produce a signal strength
on the order of two S units or about 12 dB below the
same quarter-wave reference vertical. By careful op-
timization of mobile-antenna design, signal strengths
from mobiles can be made fairly competitive with
those from fixed stations using comparable power.

Impedance Matching
The input impedance of short, high-Q coil-

loaded antennas is quite low. For example, an 8-
foot antenna optimized for 3.9 MHz with a coil Q
of 300 and a ground loss resistance of 2 Ω has a
base input impedance of about 13 Ω. This low im-
pedance value causes a standing wave ratio of 4:1
on a 52-Ω coaxial line at resonance. This high
SWR is not compatible with the requirements of
solid-state transmitters. Also, the bandwidth of
shortened vertical antennas is very narrow. This
severely limits the capability to maintain transmitter loading over even a small frequency range.

Impedance matching can be accomplished by means of L networks or impedance-matching trans-
formers, but the narrow bandwidth limitation remains. A more elegant solution to the impedance matching
and narrow bandwidth problem is to install an automatic tuner at the antenna base. Such a device
matches the antenna and coaxial line automatically, and permits operation over a wide frequency range.
Another option is a device such as the KØYEH “Dollar Special” discussed later in this chapter.

In summary, mathematical modeling with a personal computer reveals that loading coil Q factor and ground
loss resistance greatly influence the optimum loading coil position in a short vertical antenna. It also shows that
longer antennas, higher coil Q, and higher operating frequencies produce higher radiation efficiencies.

The tools are now available to tailor a mobile antenna design to produce maximum radiation effi-
ciency. One of the missing elements is the availability of very high-Q commercial coils.

End effect has not been included in any of the equations to assure that the loading coil will be slightly
larger than necessary. Pruning the antenna to resonance should be done only by removing coil turns, rather than
by shorting turns or shortening the whip section. Shortening the whip section reduces radiation efficiency, by
both shortening the antenna and moving the optimum coil position. Shorting turns degrades the coil Q factor.

Shortened Dipoles
The mathematical modeling technique can be applied to shortened dipoles by using zero ground

loss resistance and by doubling the computed values of radiation resistance and feed-point impedance.
Radiation efficiency, however, does not double. Rather, it remains unchanged, because a second load-
ing coil is required in the other leg of the dipole. The addition of the second coil offsets the gain in
efficiency that occurs when the feed-point impedance and radiation resistance are doubled. There is a
gain in radiation efficiency over a vertical antenna worked against ground, though, because the dipole
configuration allows ground loss resistance to be eliminated from the calculations.

CONTINUOUSLY LOADED ANTENNAS
The design of high-Q air core inductors for RF work is complicated by the number of parameters

which must be optimized simultaneously. One of these factors which affects coil Q adversely is radia-
tion. Therefore, the possibility of cutting down the other losses while incorporating the coil radiation
into that from the rest of the antenna system is an attractive one.

Fig 18—Mobile antenna signal loss as a function
of radiation efficienc y, compared to a quarter-
wave vertical antenna over perfect ground.
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The general approach has been to use a coil made from heavy wire (#14 or larger), with length to
diameter ratios as high as 21. British experimenters have reported good results with 8-foot overall
lengths on the 1.8 and 3.5-MHz bands. The idea of making the entire antenna out of one section of coil
has also been tried with some success. This technique is referred to as linear loading. Further informa-
tion on linear-loaded antennas can be found in Chapter 6.

While going to extremes in trying to find a perfect loading arrangement may not improve antenna
performance very much, a poor system with lossy coils and high-resistance connections must be avoided
if a reasonable signal is to be radiated.

MATCHING TO THE TRANSMITTER
Most modern transmitters require a 52-Ω output load, and because the feed-point impedance of a mo-

bile whip is quite low, a matching network is usually necessary. Although calculations are helpful in the
initial design, considerable experimenting is often necessary in final tune-up. This is
particularly true for the lower bands, where the antenna is electrically short compared with a quarter-wave
whip. The reason is that the loading coil is required to tune out a very large capacitive reactance, and even
small changes in component values result in large reactance variations. Since the feed-point resistance is
low to begin with, the problem is even more aggravated. This is one reason why it is advisable to guy the
antenna and to make sure that no conductors such as overhead wires are near the whip during tune-up.

Transforming the low resistance of the whip to
a value suitable for a 52-Ω system can be accom-
plished with an RF transformer or with a shunt-feed
arrangement, such as an L network. The latter may
only require one extra component at the base of the
whip, since the circuit of the antenna itself may be
used as part of the network. The following example
illustrates the calculations involved.

Assume that a center-loaded whip antenna, 8.5 feet
in overall length, is to be used on 7.2 MHz. From Table
1, earlier in this chapter, we see that the feed-point re-
sistance of the antenna will be approximately 19 Ω,
and from Fig 5 that the capacitance of the whip, as
seen at its base, is approximately 24 pF. Since the an-
tenna is to be center loaded, the capacitance value of
the section above the coil will be cut approximately in
half, to 12 pF. From this, it may be calculated that a
center- loading inductor of 40.7 µH is required to reso-
nate the antenna, that is, to cancel out the capacitive
reactance. (This figure agrees with the approximate
value of 40 µH shown in Table 1. The resulting feed-
point impedance would then be 19 + j0 Ω—a good
match, if one happens to have a supply of 19-Ω coax.

Solution: The antenna can be matched to a 52-Ω
line by tuning it either above or below resonance and
then canceling out the undesired component with an
appropriate shunt element, inductive or capacitive.
The way in which the impedance is transformed up
can be seen by plotting the admittance of the series
RLC circuit made up of the loading coil, antenna ca-
pacitance, and feed-point resistance. Such a plot is
shown in Fig 19 for a constant feed-point resistance
of 19 Ω. There are two points of interest, P1 and P2,
where the input conductance is 19.2 millisiemens,

Fig 19—Admittance diagram of the RLC circuit
consisting of the whip capacitance, radiation resistance
and loading coil discussed in text. The horizontal axis
represents conductance, and the vertical axis
susceptance. The point P 0 is the input admittance with
no whip loading inductance. Points P 1 and P 2 are
described in the text. The conductance equals the
reciprocal of the resistance, if no reactive components
are present. For a series RX circuit, the conductance is
given by

G =
R

R X2 2+

and the susceptance is given by

B =
– X

R X2 2+
Consequentl y, a parallel equivalent GB circuit of the
series RX one can be found which makes computations
easier. This is because conductances and susceptances
add in parallel the same way resistances and reactances
add in series.
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which corresponds to 52 Ω. The undesired susceptance is shown as 1/Xp and –1/Xp, which must be canceled
with a shunt element of the opposite sign, but with the same magnitude. The value of the canceling shunt
reactance, Xp, may be found from the formula:

X
R Z

R Z – R
p

f 0

f 0 f

=
( )

where Xp is the reactance in ohms, Rf is the feed-point resistance, and Z0 is the feed-line impedance.
For Z0 = 52 Ω and Rf = 19 Ω, Xp = ±39.5 Ω. A coil or good quality mica capacitor may be used as the
shunt element. With the tune-up procedure described later, the value is not critical, and a fixed-value-
component may be used.

To arrive at point P1, the value of the center loading-coil inductance would be less than that re-
quired for resonance. The feed-point impedance would then appear capacitive, and an inductive shunt
matching element would then be required. To arrive at point P2, the center loading coil should be more
inductive than required for resonance, and the shunt element would need to be capacitive.

The value of the center loading coil required for the shunt-matched and resonated condition may
be determined from the equation:

L = 10
4 f C

X
2 f

6

2 2
s

π π±

where addition is performed if a capacitive shunt is to be used, or subtraction performed if the shunt is
inductive, and where L is in µH, f is the frequency in MHz, C is the capacitance of the antenna section
being matched in pF, and

Xs = R Z – Rf 0 f( )
For the example given, where Z0 = 52 Ω, Rf = 19 Ω, f = 7.2 MHz, and C = 12 pF, Xs is found to be

25.0 Ω. The required loading inductance is either 40.2 µH or 41.3 µH, depending on the type of shunt.
The various matching configurations for this example are shown in Fig 20. At A, the antenna is shown
as tuned to resonance with LL, a 40.7 µH coil, but with no provisions included for matching the result-
ing 19-Ω impedance to the 52-Ω line. At B, LL has been reduced to 40.2 µH to make the antenna appear
capacitive, and LM, having a reactance of 39.5 Ω, is added in shunt to cancel the capacitive reactance
and transform the feed-point impedance to 52 Ω. The arrangement at C is similar to that at B except that
LL has been increased to 41.3 µH, and CM (a shunt capacitor having a reactance of 39.5 Ω) is added,
which also results in a 52-Ω nonreactive termination for the feed line.

The values determined for the loading coil in the above example point out an important consider-
ation concerning the matching of short antennas—that relatively small changes in values of the loading
components will have a greatly magnified effect on the matching requirements. A change of less than
3% in the loading coil inductance value necessitates a completely different matching network! Like-
wise, calculations show that a 3% change in antenna capacitance will give similar results, and the value
of the precautions mentioned earlier becomes clear. The sensitivity of the circuit with regard to fre-

Fig 20—At A, a whip antenna which is resonated with a center
loading coil. At B and C, the value of the loading coil has
been altered slightly to make the feed-point impedance
appear reactive, and a matching component is added in shunt
to cancel the reactance. This provides an impedance
transformation to match the Z 0 of the feed line. An equally
acceptable procedure, rather than altering the loading coil
inductance, is to adjust the length of the top section above
the loading coil for the best match, as described in the tune-
up section of the text.
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quency variations is also quite critical, and an ex-
cursion around practically the entire circle in Fig
19 may represent only 600 kHz, centered around
7.2 MHz, for the above example. This is why tun-
ing up a mobile antenna can be very frustrating
unless a systematic procedure is followed.

Tune-Up
Assume that inductive shunt matching is to

be used with the antenna in the previous example,
Fig 20B, where 39.5 Ω is needed for LM. This
means that at 7.2 MHz, a coil of 0.87 µH will be
needed across the whip terminals to ground. With
a 40-µH loading coil in place, the adjustable whip
section above the loading coil should be set for
minimum height. Signals in the receiver will sound
weak and the whip should be lengthened a bit at a
time until signals start to peak. Turn the transmit-
ter on and check the SWR at a few frequencies to
find where a minimum occurs. If it is below the
desired frequency, shorten the whip slightly and
check again. It should be moved approximately
1/4 inch at a time until the SWR is minimum at the
center of the desired range. If the frequency where
the minimum SWR occurs is above the desired
frequency, repeat the above, but lengthen the whip
only slightly.

If a shunt capacitance is to be used, as in Fig
20C, a value of 560 pF would correspond to the
required 39.5 Ω of reactance at 7.2 MHz. With a
capacitive shunt, start with the whip in its longest
position and shorten it until signals peak up.

TOP-LOADING CA PACITANCE
Because the coil resistance varies with the in-

ductance of the loading coil, the resistance can be
reduced by removing turns from the coil. This can
be compensated by adding capacitance to the por-
tion of the mobile antenna that is above the load-
ing coil (Fig 21). To achieve resonance, the in-
ductance of the coil is reduced proportionally. Ca-
pacitance hats, as they are called, can consist of a single stiff wire, two wires or more, or a disc made up
of several wires like the spokes of a wheel. A solid metal disc can also be used, but is less practical for
mobile work. The larger the capacitance hat (physically), the greater is the capacitance. The greater the
capacitance, the less is the inductance required for resonance at a given frequency.

Capacitance-hat loading is applicable in either base-loaded or center-loaded systems. Since more
inductance is required for center-loaded whips to make them resonant at a given frequency, capaci-
tance hats are particularly useful in improving their efficiency.

TAPPED-COIL MATCHING NETWORK
Some of the drawbacks of the previous circuits can be eliminated by the use of the tapped-coil

Fig 21—A capacitance hat can be used to
improve the performance of base- or center-
loaded whips. A solid metal disc can be used in
place of the skeleton disc shown here.
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arrangement shown in Fig 22. While tune-up is still critical, a smaller loading coil is required, reducing
the coil losses. Coil L2 can be inside the car body, at the base of the antenna, or at the base of the whip.
As L2 helps determine the resonance of the antenna, L1 should be tuned to resonance in the desired
part of the band with L2 in the circuit. The top section of the whip can be telescoped until a field-
strength maximum is found. The tap on L2 is then adjusted for the lowest reflected power. Repeat these
two adjustments until no further increase in field strength can be obtained; this point should coincide
with the lowest SWR. The number of turns needed for L2 will have to be determined experimentally.
The construction project that follows uses this technique.

 MOBILE IMPEDANCE-MATCHING COIL
This shunt-feed impedance-matching arrangement for HF mobile antennas was designed by Bob Hawk,

KØYEH, and has been dubbed the KØYEH Dollar Special. Its primary purpose is to provide a very efficient
match to 52-Ω coax line, and not to base-load the antenna. The antenna itself should already be resonated for
the band of operation, such as with base loading, center loading, or a resonator. See Fig 23. (A resonator
provides a form of near-center loading, but uses a loading assembly that consists of a coil and a short
radiator section.)  Of these methods, base loading is the least efficient. Center loading and 2/3 loading (coil 2/
3 the distance from the base to the tip) are more efficient, and the latter is recommended.

The Dollar Special is a great performer, fun to build, and costs only about $1 for parts. If you have a junk
box, you probably already have just about everything you’ll need. With the matcher properly installed and ad-
justed, you will be able to get on any of the HF bands (3.5 through 29.7 MHz) for which your antenna is designed,
with a 1:1 SWR. You will be able to work stations with better mobile signal reports (both transmitted and re-
ceived) than you’ve had before—especially if you have not used good impedance matching at the feed point in
the past. KØYEH has consistently received flattering signal reports since he began using this matching method.

Fig 23—Bob Hawk showing off his mobile antenna,
which uses the K ØYEH Dollar Special matching unit.

Fig 22—A mobile antenna using shunt-feed
matching. Overall antenna resonance is determined
by the combination of L1 and L2. Antenna
resonance is set by pruning the turns of L1, or
adjusting the top section of the whip, while
observing the field-strength meter or SWR indicator.
Then adjust the tap on L2 for the lowest SWR.
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The matching unit is shown in Fig 24. It adapts easily to passenger cars, pickup trucks, vans, trailers and
RVs, as long as there is a metal body for a ground. Body mounts are better than bumper mounts for a number of
reasons. The matcher can, however, be bumper mounted, and will perform well in this configuration.

The coil is easy and efficient to use. After having made a prior tune-up and adjustment with the alligator
clip for the best coil-turn position for each band, the turn position may be marked with fingernail polish.
Band changing may then be done easily, usually within no more than three or four minutes (depending on
the length of time you need to adjust your antenna or
change resonators).

Design Philosophy
It has been well documented that the 52-Ω out-

put of an HF transmitter (or transceiver) looks at a
huge mismatch at the feed point of a mobile antenna.
For example, a 3.5-MHz mobile whip, resonated as
an electrical quarter-wave antenna, typically presents
a load impedance of about 8 Ω, which represents a
mismatch of more than 6 to 1! Similar mismatches
(but of lesser magnitudes as frequency is increased)
occur on the higher bands as well.

Partial (apparent or false) matches may be
achieved by detuning the resonator from the true quar-
ter-wave resonance position, but this results in a badly
altered radiation pattern, with significant high-angle
radiation and poor transmitted and received signals.

With the Dollar Special and resonator properly
adjusted, a 1:1 match may be accomplished, result-
ing in the antenna being tuned for optimum perfor-
mance as a true quarter wave. The same 1:1 match
and the same optimum results are attainable on all
the bands for which your antenna is designed to work.

Construction
Fig 25 shows a drilling template for the match-

ing-coil assembly, and Fig 26 shows details of the
insulation standoff block. Table 4 contains a list
of materials needed for the Dollar Special.

Fig 24—The assembled Dollar
Special, ready for mounting.

Fig 25—Drilling template for the base plate of the
Dollar Special.

Table 4
Materials Needed to Construct the Dollar Special
1) Aluminum or brass sheet 33/4 in. wide, 73/4 in. long, and about 0.040 to 0.050

in. thick.
2) One 91/2 foot length of #10 solid copper wire.
3) Flexible braid about 5/16 to 3/8 in. wide: one length 71/2 in. long with a terminal

for a #10 metal bolt on one end and a no. 30c Mueller clip (small copper
alligator clip) soldered to the other end. The second piece of braid should be
33/8 in. long with a terminal for a #8 screw   soldered to one end.

4) One piece of dielectric (insulating) material about  1/2 to 5/8 in. square and about
2 in. long. This can be plastic such as nylon, Teflon, polyethylene or phenolic, or
dry wood (if wood, preferably painted or boiled in paraffin).

5) One no. 10-32 × 3/4 in. bolt, three star washers,  two flat washers, and one
lock washer.

6) Two no. 5 sheet-metal screws, 3/8-in. long, to mount the dielectric standoff at
points X and Y.

Fig 26—Insulated standoff (to support the coil).
Mount on the base at holes E and F with two
small (no. 5) sheet-metal screws. Trim the top
center, as shown, to about 1/8 to 1/4 in. wide. The
insulation block is about 1/2 in. square × 13/4 in.
Drill a 1/8-inch hole at J (for fishing line) to tie to
the bottom of one coil turn.
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Carefully lay out the reference lines on the base plate, using a needle-point scribe and a ruler. Mark
and drill all holes. The large 1.34-inch diameter hole may be cut out with a nibbling tool or a chassis
punch, or you can drill several holes in the area and file them out. After drilling and cutting all holes,
make a 90° bend at bend-line Z.

To form the loading coil, find a piece of 11/4-inch diameter tubing or pipe that is at least a foot long. Use
it as a core, and wind the #10 copper wire tightly around it. About 201/2 turns make up the coil. After
winding, carefully spread the coil turns as evenly as possible so that the coil is 5 inches long with 20 turns.
On one end of the coil, fashion a loop to fit snugly around the 3/16-inch bolt. (This bolt will be attached at
point D, shown at the left in Fig 25.)

Bend the extra 1/2 turn at the feed-point end of the coil at a 45° angle (about 1/2 inch from the end of the
20th turn) and cut off the excess. Attach the end of the 23/8 inch length of braid at this point and solder.
Wrapping the joint with fine solid copper wire (about #24) before soldering makes the soldering job easier.

Fabricate the standoff insulator as shown in Fig 26. With a file or knife, remove material at the top
center, as shown, to avoid sharp edges against the coil tie-down material. Next mount the dielectric
standoff to the base at points E and F using two no. 5 screws. In mounting the dielectric piece, make
sure that hole J is parallel to the base plate and to the axis of the mounted coil.

Secure the ground end of the coil and the terminal end of the 7-inch length of braid at hole D with
the 3/16-inch bolt assembly. Connect the one bottom turn of the coil to the standoff with a 2 or 3-foot
piece of cord or string (fishing line works well) through hole J.

Your Dollar Special should now be complete and ready for mounting. The secret of the outstanding
performance of an antenna equipped with the Dollar Special is good grounding. Be sure to observe the
precautions given in the next section about removing paint from the vehicle body.

Mounting the Matcher
The Dollar Special is easily mounted. If you have a standard (preferably heavy duty) swivel mount on your

vehicle, remove two of the (usually 3) bolts from the mount and slip the base of the matcher underneath the
heavy ring plate (approximately 4-inch diameter). Connect the “hot” (feed-point) end of the coil, with attached
terminal, to the same feed-point connector as the center conductor of the coax. Make sure the shield of the coax
is grounded to the large mounting ring with a short length of the shield braid (two inches long or less).

Make sure the hole in the matcher base (about 1.34 inches) is properly centered so it does not touch
and short out the center bolt assembly of the antenna. It is a good idea to make sure you have at least
about 1/8 to 3/16 inch of clearance here.

It is a good idea to remove the antenna mount completely and remove all the paint and primer from
at least a 1-inch diameter area around each of the bolt holes on the inner side of the mount. It is
important to obtain the best possible ground to the vehicle body. “No ground—no work!” is an axiom
KØYEH has stressed to the dozens of amateurs he has helped install the Dollar Special. Star washers
should be used between all contacting surfaces, and the hardware must be tightened well.

If you do not have a standard mount, make the appropriate connections to the antenna you are
using based on these instructions. Mounting may take a little creativity, but the Dollar Special can be
made to work with virtually any kind of mobile antenna.

Tune-Up
Place an SWR meter in the transmission line at the output of the transceiver. To avoid possible

damage to the final amplifier and to prevent any unnecessary interference, tune-up should be done with
the SWR meter at maximum sensitivity and the RF drive adjustments at no more than necessary to get
an accurate SWR indication. Because 7 MHz is one of the most popular mobile bands, it is best to
begin the tune-up procedure there. (Adjustment of each of the other bands is similar.)

First, move the alligator clip on the matching coil to the eighth turn from the feed-point end of the coil.
Make a few spot SWR checks and determine where the SWR is lowest. If the SWR improves as you move
toward the top of the band (7.3 MHz), you’ll need to lengthen the resonator whip a small amount or use
more inductance in your center loading coil. Conversely, if you find the SWR best at the bottom of the band,
you will need to shorten the whip or use less center-loading inductance. You will also need to move the
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alligator clip on the Dollar Special coil (check the
SWR while you do this) a turn or half-turn at a time
until you eventually find the coil-tap position that
yields the best match.

After you have completed the tuning, the SWR
should be at (or near) 1:1 at the desired frequency.
On the 7-MHz band you should be able to move 10
to 15 kHz either way from this frequency with less
than a 1.5:1 SWR. On 14 MHz and higher bands,
you should be able to work the entire SSB subband
with less than a 1.5:1 SWR. (These figures will vary
somewhat depending on the antenna that you are us-
ing, but these numbers are typical for a Hustler an-
tenna.) Measured SWR curves are shown in Fig 27.

Once you have found the best tap position
on the matching coil for 7 MHz, mark it with red
enamel or fingernail polish. This single tap posi-
tion on the matching coil should be usable across
the entire 7-MHz band. Frequency excursions of
more than 15 or 20 kHz from the center of the
desired frequency range will require changing the
length of the whip top section accordingly.

The other bands are tuned in a similar manner. Approximate tap positions on the matching coil for
the other bands (counting from the feed-point end of the coil) are as follows.

3.5 MHz—15 turns
7 MHz—8 turns
14 MHz—41/2 turns
21 MHz—3 turns
28 MHz—2 turns

Once you have the Dollar Special installed and tuned properly, you can expect good success in your HF
mobile activities.

Most commercially made masts (Hustler, for example) are 4.5 feet long, and are made of approxi-
mately 1/2-inch OD tubing with 3/8-inch × 24 threaded fittings. If you are fortunate enough to find the
material and have the capability, make a 11/2 foot extension to add to the top of your mast,
or else use a 6-foot mast. Your reward will be significantly improved operation on the 3.5 through
21-MHz bands. Fig 23 shows one of these masts ready for use.

TWO-BAND HF ANTENNA WITH AUTOMATIC BAND SWITCHING
A popular HF mobile antenna is a center-loaded whip consisting of a loading coil mounted 2 to 4

feet from the base, with a whip atop the coil. A shorting-tap wire is provided to short out turns at the
bottom end of the coil, bringing the antenna to resonance. Another popular scheme uses a resonator,
consisting of a coil and a short top section, mounted on the short mast.

It is obvious that to change bands with these HF antennas, the operator must stop the car, get out, and change
the coil tap or resonator. Further, if a matching arrangement is used in the trunk of the vehicle at the antenna
mount (such as a shunt L or shunt C), the matching reactance must also be changed. The antenna described in
this section was developed by William T. Schrader, K2TNO, as a means of providing instant band changing.

One approach to instant band changing is to install a pair of relays, one to switch the loading-coil tap and
one to switch the matching reactance.  (Of course, this is not practical with an antenna resonator.) In addition
to the problem of running relay lines through the passenger compartment, this approach is a poor one because
the coil-tap changing relay would need to be at the coil, adding weight and wind load to an already cumber-
some antenna. Furthermore, that relay would need to be sealed, as it would be exposed to the weather.

The solution to be applied here allows automatic band changing, depending on only the frequency

Fig 27—Typical SWR curves for the 7 and
14-MHz amateur bands . At 14 MHz, with
adjustment centered on 14.25 MHz, the entire
voice band is covered with an SWR of less than
1.2 to 1. Operation is similar at 21 and 28 MHz.
At 7 MHz, the bandwidth is narrowe r, which is
also true for 3.5 MHz . A match may be obtained
after significant frequency shifts in these bands
by adjusting the antenna resonato r.
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Fig 29—Close-up of the mounting arrangement of
the 14-MHz LC network on the main tuning coil.
(The antenna was pulled to a nearly horizontal
position and the camera tilted slightly for this
photograph.)

Fig 28—Details of the 7 and 14-MHz mobile antenna.
C1—Ceramic doorknob capacitor.  See text.
C2—14 MHz matching. See text for determining
   value. May be made up of two or three parallel-
   connected 1000-V silver mica capacitors to
   obtain the required value.
C3—7 MHz matching, parallel-connected 1000-V
   silver mica capacitors or air variable. See text.
L1—Multiband center loading coil for mobile
   antenna.
L2—81/2 turn coil (B & W no. 3046), 1 1/4 inch
   diameter, 6 turns per inch.

of the signal applied to the antenna. The antenna described here provides gratifying results; it shows an
SWR of less than 1.2:1 at both the 7 and 14-MHz design frequencies.  The chosen method employs two
resonant circuits, one that switches the matching capacitance in and out, and one that either shorts or
opens turns of the coil, depending on the excitation frequency. See Fig 28.

Coil-Tap Switching
A series LC circuit looks electrically like a dead short at its resonant frequency. Below that fre-

quency it presents a capacitive reactance; above resonance it looks inductive. A series resonant net-
work, L2-C1, is resonant at the 14-MHz design frequency.  One end of C1 is connected to the 14-MHz
tap point on the coil, and the other end is connected to the bottom of the coil. On 14 MHz, the network
looks like a short circuit and shorts out the unwanted turns at the bottom end of the coil. At 7 MHz
the network is not a short, and therefore opens the bottom turns (but adds some reactance to the
antenna).

A coil-tapping clip is soldered to the stud at one end of C1. The other end of C1 is connected to L2.  A dip
meter is used to prune L2 until the L2-C1 network is resonant somewhere in the 14-MHz CW band. The
design of the plastic supports on L2 limits pruning of the coil to 1/4-turn increments. One lead of L2 should be
cut close to the plastic and the short pigtail attached with a machine screw to the capacitor stud. The far end of

L2 should have a long pigtail (about 5 to 6 inches) to
secure the lower end of the network to the bottom of
the antenna loading coil, L1. While resonating the
network, the long pigtail can be bent around to clip to
the top of the capacitor.

Any doorknob capacitor between about 25 and
100 pF could be used for C1. The lower the value
of C, the larger the coil inductance will need to
be. A 1000-V silver mica capacitor would also
work, but the doorknob is preferred because of the
mechanical stability it provides.

The LC network should be mounted to the main
coil, with the lower coil pigtail extended down
roughly parallel to the main coil. Some turns adjust-
ment will be required, so this pigtail should not be
tight. The mounting details are visible in Fig 29.
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Tuning the Antenna
Once the LC network is attached, the antenna must be tuned for the 7 and 14-MHz bands. This job

requires the use of an impedance-measuring device such as an R-X noise bridge (home-built or com-
mercial, either is fine). As with many antenna projects, you’re just wasting your time if you try to do
the job with an SWR meter alone. Prepare a length of coax feed line which is an electrical half wave-
length at the 7-MHz design frequency. Do not attempt to use the vehicle coax feed line unless you want
to do a lot of Smith Chart calculations.

Once the special feed line is attached, install the impedance bridge and begin the tuning as follows.
The antenna must first be resonated to each band by adjusting the taps on L1 first for 7 and then 14
MHz.  Mark these two tap locations on the coil. Then using the steps that follow, perform tuning for the
14-MHz design frequency.

1) Move the 7-MHz tap wire up the coil to a new position that leaves about 60% of the original
turns unshorted.

2) Listen at 14 MHz and adjust the impedance bridge for a null. The reactance dial should show
capacitive reactance. Move the LC-network tap point down the coil about 1/4 turn at a time until the
bridge indicates pure resistance.

3) Switch to 7 MHz and follow the same procedure. On this band, move the shorting wire about 1/
2 turn at a time. Do not be surprised if it takes some hunting to find resonance; tuning is very critical on
7 MHz.

4) The two adjustments interact; repeat steps 2 and 3 of this section for both bands until the mea-
sured impedance is purely resistive at both design frequencies.

5) Remove the impedance bridge and install an SWR meter. Determine the SWR on both bands.
The minimum SWR should be about 1.5:1 on 14 MHz and about 2.2:1 on 7 MHz. Shift the VFO
frequency about 10 kHz above and below the design frequencies on both bands to verify that the mini-
mum SWR occurs at the design frequencies. Do not expect the minimum SWR to be 1:1, because the
antenna is not yet matched to the line. Alternate bands and adjust the two taps slightly for minimum
SWR at the desired frequencies for both bands.

6) Record the SWR and tap points for both bands. This completes the adjustments for the resonat-
ing work.

Designing the Matching Networks
Since the feed-point impedance is not 52 Ω on either band, a matching network is needed for each.

The simple approach is to ignore the mismatch and let ’er rip with an amplifier! This strategy is known
as the “watts are simpler than brains” approach.

Matching can be done easily with an L network, as described in Chapter 25.  This network consists
of a shunt capacitor from the antenna feed point to ground and a compensating increase in the coil
inductance of L1, obtained by moving the tap slightly. The value of the matching capacitor is calcu-
lated by knowing RA, the antenna feed-point resistance at resonance, Z0, the impedance of the coax
feed line, and f, the operating frequency in kHz.

1) Calculate the antenna feed-point resistance from the relationship SWR = Z0/RA. Do this calcu-
lation for both bands. For the antenna Schrader constructed, values of RA were 33.3 Ω on 14 MHz and
21.4 Ω on 7 MHz.

2) Calculate the value for C2, the 14-MHz matching capacitor. This is the value obtained for CM from

CM =
R Z – R
2 f Z R 10A 0 A

0 A

6
( )

π × (Eq 1)

where
CM is the matching capacitance in pF
RA and Z0 are in Ω
f is in MHz
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Using Schrader’s value of RA as an example, the capacitance is calculated as follows.

CM =
33.3 52 – 33.3

2 14.06 52 33.3 10 163 pF6
( )

=π ×  ×  × ×

This is the value for C2. A practical value is 160 pF.
3) From Eq 1, calculate the total matching capacitance required for 7 MHz.  Again using Schrader’s

value,

CM =
2 52 – 2

2 7.06 52 2 10 518 pF6
1 4  1 4

1 4
. .

.
( )

=π ×  ×  × ×

4) Because C2 is present in the matching circuit at both 7 and 14 MHz, the value of C3 is not the
CM value just calculated.  Calculate the value of C3 from

C3 = CM – C2

where CM is the value calculated in step 3 of this section.
In this example, C3 = 518 – 163 = 355 pF.

Final Tuning of th e Antenna
Install C2 from the antenna feed point to ground. Now readjust the tap point of the 14-MHz LC

network to add just enough additional inductance to give a 52-Ω feed-point resistance. The tap point
will be moved down (more turns in use) as the match is approached.

1) Attach the SWR meter and apply RF at 14 MHz (10 W or so). Note that the SWR is higher than
it was before C2 was added.

2) Move the tap point down the coil about 1/8 turn at a time. Eventually the SWR will begin to fall,
and there will be a point where it approaches 1:1. For the antenna in the photos, almost a full additional
coil turn was necessary on 14 MHz.

3) Verify (by shifting the VFO) that the minimum SWR occurs at the 14-MHz design frequency.
Adjust the tap point until this condition is met. Note: If the SWR never falls to nearly 1:1, either CM
was miscalculated, the SWR was not measured correctly, the antenna was not resonant, or the coax
feed line was not actually 1/2 wavelength long on 7 MHz.

4) Add C3 in parallel with C2.  Repeat steps 2 and 3 of this section at 7 MHz, moving the 7-MHz
tap wire.

5) Recheck 14 and 7 MHz.  Both bands should now show a low SWR (less than 1.2:1) at the design
frequencies. Note: The grounded end of C3 must be lifted when you recheck 14 MHz and reconnected
for 7 MHz.

Now the antenna is resonant and properly matched on both bands, but C3 must be manually grounded
and ungrounded to change bands. This problem may be solved as described below.

Matching Capacitor Switching
A length of coaxial cable (any impedance) that is exactly one-quarter wavelength long at a given fre-

quency and is open- circuited at its far end will be resonant at that frequency. At this frequency, the input end
of the coax appears as a dead short. If a signal of twice the frequency is applied, the line is 1/2 λ long at that
frequency, and the input terminals of the line are not shorted, but rather present a very high impedance (an
open circuit, in theory). This property of quarter- and half-wavelength transmission lines can be used as a
switch in this antenna, because the two frequencies in use are harmonically related.

Cut a length of RG-58 to resonate at the 7-MHz design frequency (about 22 feet), and leave the far end
open. High RF voltages exist at this end, so it is a good idea to insulate it. Strip back the braid about 3/16 inch
and tape the end of the cable.  This length of coax acts as a switch to either ground or lift the low side of C3.
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Connect one lead of C3 to the antenna feed point, and the other end to the center conductor of the coax
stub, as shown in the diagram of Fig 28. Ground the braid of the coax at the base of the antenna. This circuit
grounds the low end of the capacitor on 7.060 MHz, but opens it on 14.060 MHz automatically, depending
on the frequency of the signal applied to it. Details of the matching network are shown in Fig 30.

Coil the coax stub and place it out of the way
(in the trunk or wherever is convenient). Coiling
does not affect stub tuning at all.

Operation of th e Antenna
With antenna adjustments completed, remove

the 1/2-wavelength feed line and reinstall the regu-
lar feed line. The antenna should now be operable
on either band with a very low SWR. Because of
the high Q of the open-wire coil and the antenna,
bandwidth is limited on 7 MHz. A Transmatch
can be used to allow wide frequency excursions.
If only a small segment of the 7-MHz band is to
be used, no Transmatch is necessary.

The L2-C1 network should be positioned be-
hind the main coil for minimum wind buffeting.
As its attachment point is dictated by the electri-
cal requirements, the network can be rotated be-
hind the coil by installing a washer on the 3/8-inch
× 24 stud where the bottom of the coil is attached
to the lower mast. The antenna is shown installed
on a vehicle in Fig 31.

Orientation of the tap wire and the LC bot-
tom tap wire have a large effect on tuning. Be sure
to orient these leads during tuning in the same way
that you will when using the antenna.

SWR measurements have been made with
various tap positions of both the 14-MHz LC tap
and the 7-MHz tap wire. The results are summa-
rized in Table 5. With the matching and switch-
ing system installed as described, the antenna
showed an SWR of 1:1 at the transmitter on both

Table 5
Coil Tap Positions for the Two-Band Mobil e Antenna

     Unshorted Turns1      Resonant Frequency (MHz)2

14-MHz LC  7-MHz Tap 14-MHz Band      7-MHz Band

   61/4 111/2   14.190            7.267
113/4                 14.170            7.144
12   14.160            7.104
121/4                   —                 7.034

   61/2 12                   14.085             7.207
121/4                14.070             7.080
121/2                14.020             7.005

1 Turns in use (measured from the top of the coil).
2 Frequency at which SWR is 1:1.

Fig 30—Details of the matching network located
at the base of the antenna inside the vehicle. The
mica capacitors are visible at the cente r. The
coaxial stub used to switch them in and out of
the circuit comes in from the left, and the feed
line exits toward the bottom of the photo.

Fig 31—This photo shows the antenna mounted
on the trunk of a ca r. The structure is somewhat
cumbersome, so it is guyed appropriatel y.
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Fig 34—Effect of tap positions on resonant frequency
in the 7 MHz band. The 14-MHz LC tap was set at 6 1/4

turns from the top . At A, each circled dot shows the
resonant frequency at which the SWR is 1:1. Bars
about each point show the frequency limits at which
the SWR is 2:1. The measurements were repeated with
the 14-MHz LC tap set at 6 1/2 turns, yielding the circled
points on curve B.

Fig 32—SWR curves for the antenna in the
14-MHz band. The 7-MHz tap was 12 turns from the
top. Curves are shown for the 14-MHz LC tap
positioned at 6 1/2 turns (A) and at 6 1/4 turns (B). In
the last case, moving the 7-MHz tap to 111/2 turns
altered the resonant frequency as shown at C.

Fig 33—SWR curves for the antenna in the 7-MHz
band. The 14-MHz LC tap was 6 1/4 turns from the
top. The 7-MHz tap for curv e A was set at 11 1/2 turns,
113/4 turns for B, 12 turns for C, and 12 1/4 turns for D.

bands. The 2:1 SWR bandwidth was about 40 kHz
on 7 MHz, and over 350 kHz on 14 MHz.

Table 5 includes typical coil-tap settings for
changing the resonant frequency on both bands.
Exact tap positions will depend upon the geom-
etry of the antenna, its position on the vehicle and
the arrangement of the leads themselves. The table
also shows how the two band adjustments inter-
act. For example, with the 14-MHz LC tap at 61/4

turns, changing the 7-MHz tap from 111/2 to 12
turns moved the 7-MHz resonance point from
7.267 to 7.104 MHz. There was also a 30-kHz
change in the 14-MHz resonance point, from
14.190 to 14.160 MHz. The inverse ef fect was
even more pronounced. With 12 turns in use for
the 7-MHz tap, moving the 14-MHz LC tap from
61/4 to 61/2 turns altered the 14-MHz frequency
from 14.160 to 14.085 MHz. Simultaneously the
7-MHz resonant frequency shifted from 7.104 to
7.207 MHz. Thus, both settings interact strongly.

Since the bandwidth on 14 MHz is nearly suf-
ficient to cover the entire amateur band without
adjustment, the settings of the 14-MHz LC net-
work are not very critical. However, as Table 5
shows, slight readjustments of either tap will have
marked effects on 7-MHz performance.

Typical SWR curves for the two bands are shown
in Figs 32 and 33. Fig 32 shows that moving the 14-
MHz LC tap point from 61/2 to 61/4 turns raised the
resonant frequency from 14.040 to 14.168 MHz. The
7-MHz tap was set at 12 turns for these measure-
ments. When the 7-MHz tap was moved to 111/2

turns, the 14-MHz resonant frequency was raised to
14.190 MHz. The 14-MHz LC tap was kept con-
stant for the measurements shown in Fig 33, and the
difference in resonant frequency that results from
moving the 7-MHz tap is shown.

The matching network, L2-C1, is quite
broadbanded. Once the feed-point matching capaci-
tors (CM) and the retuned coil were adjusted, the
minimum SWR was 1:1 at all tap settings on both
bands. Thus, the matching arrangement does not re-
quire adjustment. If a compromise setting is chosen
for the 14-MHz LC tap position to allow both CW
and SSB operation on that band, only adjustment of
the 7-MHz tap will be required during routine op-
eration. To this end, the plots shown in Fig 34 were
obtained. The curves show the 7-MHz resonant fre-
quency as a function of tap position. Also included
is a plot showing the effect at 7 MHz of altering the
14-MHz LC tap point.
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Other Considerations
There is no reason why the strategy described here could not be applied to any two bands, as long as

the desired operating frequencies are harmonically related. Other likely candidates would be 3.5-MHz
CW/7-MHz CW using a 3.5-MHz coil, 14 MHz/28 MHz using a 14-MHz coil, and 7-MHz SSB/14-MHz
SSB. A combination that would probably not work is 3.8-MHz SSB/7-MHz SSB, but it might be worth a try.

The antenna performs very well on the design frequencies. It is too big for routine city use, but it
sure makes a great open-highway antenna.

A MOBILE J ANTENNA FOR 144 MHz
The J antenna is a mechanically modified version of the Zepp (Zeppelin) antenna. It consists of a half-

wavelength radiator fed by a quarter-wave matching stub. This antenna exhibits an omnidirectional pattern with
little high angle radiation, but does not require the ground plane that 1/4-wave and 5/8-wave antennas do to work
properly. The material in this section was prepared by Domenic Mallozzi, N1DM, and Allan White, W1EYI.

Fig 35 shows two common configurations of the J antenna. Fig 35A shows the shorted-stub
version that is usually fed with 200 to 600-Ω open-wire line. Some have attempted to feed this antenna directly
with coax, which leads to less than optimum results. Among the problems with this configuration are a lack of
reproducibility and heavy coupling with nearby objects. To eliminate these problems, many amateurs have used
a 4:1 half-wave balun between the feed point and a coaxial feed line. This simple addition results in an antenna
that can be easily reproduced and that does not interact so heavily with surrounding objects. The bottom of the
stub may be grounded (for mechanical or other reasons) without impairing the performance of the antenna.

The open-stub-fed J antenna shown in Fig 35B can be connected directly to low-impedance coax
lines with good results. The lack of a movable balun (which allows some impedance adjustment) may
make this antenna a bit more difficult to adjust for minimum SWR, however.

The Length Factor
Dr. John S. Belrose, VE2CV, noted in The Canadian Amateur that the diameter of the radiating element

is important to two characteristics of the antenna—its bandwidth and its physical length. (See Bibliography
at the end of this chapter.)  As the element diameter is increased, the usable bandwidth increases, while the
physical length of the radiating element decreases with respect to the free space half-wavelength. The in-
creased diameter makes the end effect more pronounced, and also slows the velocity of propagation on the
element. These two effects are related to resonant antenna lengths by a factor, “k.” This factor is expressed
as a decimal fraction giving the equivalent velocity of propagation on the antenna wire as a function of the
ratio of the element diameter to a wavelength. The k factor is discussed at length in Chapter 2.

The length of the radiating element is given by l =
5904 k

f
where

l = length in inches
f = frequency in MHz
k = k factor

The k factor can have a significant effect. For
example, if you use a 5/8-inch diameter piece of tub-
ing for the radiator at 144 MHz, the k value is 0.907
(9.3% shorter than a free-space half wavelength).

The J antenna gives excellent results for both
mobile and portable work. The mobile described here
is similar to an antenna described by W. B. Freely,
K6HMS, in April 1977 QST. This design uses
mechanical components that are easier to obtain. As
necessary with all mobile antennas, significant at-
tention has been paid to a strong, reliable, mechani-Fig 35—Two configurations of the J antenna.
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cal design. It has survived not only three New En-
gland winters, but also two summers of 370-mile
weekend commutes. During this time, it has main-
tained consistent electrical performance with no no-
ticeable deterioration.

The mechanical mount to the bumper is a 2 × 2-
inch stainless steel angle iron, 10 inches long. It is
secured to the bumper with stainless steel hardware,
as shown in Fig 36. A stainless steel 1/2-inch pipe
coupling is welded to the left side of the bracket,
and an SO-239 connector is mounted at the right side
of the bracket. The bracket is mounted to the bumper
so a vertical pipe inserted in the coupling will allow
the hatchback of the vehicle to be opened with the
antenna installed, Fig 37.

A 1/2-inch galvanized iron pipe supports the an-
tenna so the radiating portion of the J is above the
vehicle roof line. This pipe goes into a bakelite insu-
lator block, visible in Fig 37. The insulator block
also holds the bottom of the stub. This block was
first drilled and then split with a band saw, as shown
in Fig 38. After splitting, the two portions are weath-
erproofed with varnish and rejoined with 10-32 stain-
less hardware. The corners of the insulator are cut to
clear the L sections at the shorted end of the stub.

The quarter-wave matching section is made
of  1/4-inch type L copper tubing (5/16 inch ID, 3/8

inch OD). The short at the bottom of the stub is
made from two copper L-shaped sections and a
short length of 1/4-inch tubing. Drill a 1/8-inch hole

Fig 38—Details of the insulated mounting block. The
material is bakelite.

Fig 36—The mount for the mobile J is made from
stainless steel angle stock and secured to the bumper
with stainless steel hardware. Note the 1/2-inch pipe
plug and a PL-259 (with a copper disc soldered in its
unthreaded end). These protect the mount and
connector threads when the antenna is not in use.

Fig 37—The J antenna, ready for use. Note the
bakelite insulator and the method of feed. Tie wraps
are used to attach the balun to the mounting block
and to hold the coax to the support pipe. Clamps
made of flashing copper are used to connect the
balun to the J antenna just above the insulating block.
The ends of the balun should be weatherproofed.
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Fig 39—Measured SWR of the mobile J antenna.

Fig 40—Schematic
representation of the
Super-J maritime
antenna. The radiating
section is two half
waves in phase.

in the bottom of this piece of tubing to drain any water that may enter or condense in the stub.
A 5/16-inch diameter brass rod, 11/2 to 2 inches long, is partially threaded with a 5/16 × 24 thread to

accept a Larsen whip connector. This rod is then sweated into one of the legs of the quarter-wave
matching section. A 40-inch whip is then inserted into the Larsen connector.

The antenna is fed with 52-Ω coaxial line and a coaxial 4:1 half-wave balun. This balun is de-
scribed in Chapter 26. As with any VHF antenna, use high quality coax for the balun. Seal all open
cable ends and the rear of the SO-239 connector on the mount with RTV sealant.

Adjustment is not complicated. Set the whip so that its tip is 41 inches above the open end of the stub, and
adjust the balun position for lowest SWR. Then adjust the height of the whip for the lowest SWR at the center
frequency you desire. Fig 39 shows the measured SWR of the antenna after adjustments are completed.

THE SUPER-J MARITIME ANTENNA
This 144-MHz vertical antenna doesn’ t have stringent grounding requirements and can be made

from easy to find parts. The material in this section was prepared by Steve Cerwin, WA5FRF, who
developed the Super-J for use on his boat.

Antennas for maritime use must overcome difficulties that other kinds of mobile antennas nor-
mally do not encounter. For instance, the transom
of a boat is the logical place to mount an antenna.
But the transoms of many boats are composed
mostly of fiberglass, and they ride some distance
out of the water—from several inches to a few feet,
depending on the size of the vessel. Because the
next best thing to a ground plane (the water sur-
face) is more than an appreciable fraction of a
wavelength away at 144 MHz, none of the popu-
lar gain-producing antenna designs requiring a
counterpoise are suitable. Also, since a water sur-
face does a good job of assuming the earth’s low-
est mean elevation (at least on a calm day), any-
thing that can be done to get the radiating part of
the antenna up in the air is helpful.

One answer is the venerable J-pole, with an
extra in-phase half-wave section added on top . . .
the Super-J antenna. The two vertical half waves
fed in phase give outstanding omnidirectional per-
formance for a portable antenna. Also, the “J” feed
arrangement provides the desired insensitivity to
height above ground (or water) plus added overall
antenna height. Best of all, a 1/4-wave CB whip
provides enough material to build the whole driven
element of the antenna, with a few inches to spare.
The antenna has enough bandwidth to cover the
entire 144-MHz band, and affords a measure of
lightning protection by being a “grounded” design.

Antenna Operation
The antenna is represented schematically in

Fig 40. The classic J-pole antenna is the lower por-
tion shown between points A and C. The half-wave
section between points B and C does most of the
radiating. The added half-wave section of the Su-
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per-J version is shown between points C and E. The side-by-side quarter-wave elements between points
A and B comprise the J feed arrangement.

At first glance, counterproductive currents in the J section between points A and B may seem a
waste of element material, but it is through this arrangement that the antenna is able to perform well in
the absence of a good ground. The two halves of the J feed arrangement, side by side, provide a loading
mechanism regardless of whether or not a ground plane is present.

The radiation resistance of any antenna fluctuates as a function of height above ground, but the magni-
tude of this effect is small compared to the wildly changing impedance encountered when the distance from
a ground plane element to its counterpoise is varied. Also, the J section adds 1/4 wavelength of antenna
height, reducing the effect of ground-height variations even further. Reducing ground-height sensitivity is
particularly useful in maritime operation on those days when the water is rough.

The gain afforded by doubling the aperture of a J-pole with the extra half-wave section can be
realized only if the added section is excited in phase with the half-wave element B-C. This is accom-
plished in the Super-J in a conventional manner, through the use of the quarter-wave phasing stub
shown between C and D.

Construction an d Adjustment
The completed Super-J is shown in Fig 41. Details of the individual parts are given in Fig 42. The

driven element can be liberated from a quarter-wave CB whip antenna and cut to the dimensions shown.
All other metal stock can be obtained from metal supply houses or machine shops. Metal may even be
scrounged for little or nothing as scraps or remnants, as were the parts for
the antenna shown here.

The center insulator and the two J stub spacers are made of 1/2-inch fi-
berglass and stainless steel stock, and the end caps are bonded to the insula-
tor sections with epoxy. If you don’ t have access to a lathe to make the end
caps, a simpler one-piece insulator design of wood or fiberglass could be
used. However, keep in mind that good electrical connections must be main-
tained at all joints, and strength is a consideration for the center insulator.

The quarter-wave phasing stub is made of 1/8-inch stainless steel tubing,
Fig 43. The line comprising this stub is bent in a semicircular arc to narrow
the vertical profile and to keep the weight distribution balanced. This makes
for an attractive appearance and keeps the antenna from leaning to one side.

The bottom shorting bar and base mounting plate are of 1/4-inch stain-
less steel plate, shown in Fig 44. The J stub is made of 3/16-inch stainless
steel rod stock. The RF connector may be mounted on the shorting bar as
shown, and connected to the adjustable slider with a short section of coaxial
cable. RTV sealant should be used at the cable ends to keep out moisture.
The all-stainless construction looks nice and weathers well in maritime mo-
bile applications.

The antenna should work well over the whole 144-MHz band if cut to
the dimensions shown. The only tuning required is adjustment of the sliding
feed point for minimum SWR in the center of the band segment you use
most. Setting the slider 213/16 inch above the top of the shorting bar gave the
best match for this antenna and may be used for a starting point.

Performance
Initial tests of the Super-J were performed in portable use and were sat-

isfactory, if not exciting. Fig 45 shows the Super-J mounted on a wooden
mast at a portable site. Simplex communication with a station 40 miles away
with a 10-W mobile rig was full quieting both ways. Stations were worked
through distant repeaters that were thought inaccessible from this location.

Fig 41—Andy and the
assembled Super-J
antenna.
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Fig 42—Details of parts used in the construction of the 144-MHz Super-J. Not to scale.
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Fig 43—A close-up look at the 1/4-λ phasing section of
the Super-J. The insulator fitting is made of stainless
steel end caps and fiberglass rod.

Fig 45—The Super-J in
portable use at a field
site.

Fig 44—The bottom
shorting bar and base
mounting plate assembl y.

Comparative tests between the Super-J and a commercial 5/8-wave antenna mounted on the car
showed the Super-J to give superior performance, even when the Super-J was lowered to the same
height as the car roof. The mast shown in Fig 45 was made from two 8-foot lengths of 1 × 2-inch pine.
(The two mast sections and the Super-J can be easily transported in most vehicles.)

The Super-J offers a gain of about 6 dB over a quarter-wave whip and around 3 dB over a 5/8-wave
antenna. Actual performance, especially under less-than-ideal or variable ground conditions, is sub-
stantially better than other vertical antennas operated under the same conditions. The freedom from
ground-plane radials proves to be a real benefit in maritime mobile operation, especially for those
passengers in the back of the boat with sensitive ribs!

A TOP-LOADED 144-MHz MOBILE ANTENNA
Earlier in this chapter, the merits of various loading schemes for shortened whip antennas were

discussed. Quite naturally, one might be considering HF mobile operation for the application of those
techniques. But the principles may be applied at any frequency. Fig 46 shows a 144-MHz antenna that
is both top and center loaded. This antenna is suitable for both mobile and portable operation, being
intended for use on a hand-held transceiver. This antenna was devised by Don Johnson, W6AAQ, and
Bruce Brown, W6TWW.

A combination of top and center loading offers improved efficiency over continuously loaded an-
tennas such as the “stubby” pictured at the beginning of this chapter. This antenna also offers low
construction cost. The only materials needed are a
length of stiff wire and a scrap of circuit-board ma-
terial, in addition to the appropriate connector.

Construction
The entire whip section with above-center

loading coil is made of one continuous length of
material. An 18-inch length of brazing rod or #14
Copperweld wire is suitable.
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In the antenna pictured in Fig 46, the top loading disc was cut from a
scrap of circuit-board material, but flashing copper or sheet brass stock
could be used instead. Aluminum is not recommended.

The dimensions of the antenna are given in Fig 47. First wind the cen-
ter loading coil. Use a 1/2-inch bolt, wood dowel, or other cylindrical object
for a coil form. Begin winding at a point 3 inches from one end of the wire,
and wrap the wire tightly around the coil form. Wind 51/2 turns, with just
enough space between turns so they don’t touch.

Remove the coil from the form. Next, determine the length necessary
to insert the wire into the connector you’ll be using. Cut the long end of the
wire to this length plus 4 inches, measured from the center of the coil.
Solder the wire to the center pin and assemble the connector. A tight-fitting
sleeve made of Teflon or Plexiglas rod may be used to support and insulate
the antenna wire inside the shell. An alternative is to fill the shell with
epoxy cement, and allow the cement to set while the wire is held centered
in the shell.

The top loading disc may be circular, cut with a hole saw. A circu-
lar disc is not required, however—it may be of any shape. Just remem-
ber that with a larger disc, less coil inductance will be required, and
vice versa. Drill a hole at the center of the disc for mounting it to the
wire. For a more rugged antenna, reinforce the hole with a brass eye-
let. Solder the disc in place at the top of the antenna, and construction
is completed.

Tune-Up
Adjustment consists of spreading the coil turns for the correct amount

of inductance. Do this at the center frequency of the range you’ll normally
be using. Optimum inductance is determined with the aid of a field-strength
meter at a distance of 10 or 15 feet.

Attach the antenna to a hand-held transceiver operating on low
power, and take a field-strength reading. With the transmitter turned
off, spread the coil turns slightly, and then take another reading. By
experiment, spread or compress the coil turns for the maximum field-
strength reading. Very little adjustment should be required. There is
one precaution, however. You must keep your body, arms, legs, and
head in the same relative position for each field-strength measurement.
It is suggested that the transceiver be placed on a nonmetal table and
operated at arm’s length for these checks.

Once the maximum field-strength reading is obtained, adjustments are
completed. With this antenna in operation, you’ll likely find it possible to
access repeaters that are difficult to reach with other shortened antennas.
W6AAQ reports that in distant areas his antenna even outperforms a 5/8-λ
vertical.

VHF QUARTER-WAVELENGTH VERTICAL
Ideally, a VHF vertical antenna should be installed over a perfectly

flat reflector to assure uniform omnidirectional radiation. This
suggests that the center of the automobile roof is the best place to mount
it for mobile use. Alternatively, the flat portion of the trunk deck can
be used, but will result in a directional pattern because of car-body
obstruction.

Fig 47—Dimensions for
the top-loaded 144-MHz
antenna. See text
regarding coil length.

Fig 46—This 144-MHz
antenna uses a com-
bination of top and center
loading. It offers low
construction cost and
improved efficiency over
continuously
loaded antennas.
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Fig 49—At A, a photograph of the 5/8-
wavelength vertical base section. The
matching coil is affixed to an aluminum
bracket that screws onto the inner lip of the
car trunk. At B, the completed assembly. The
coil has been wrapped with vinyl electrical
tape to keep out dirt and moisture.

(A)

(B)

Fig 48—At A and B, an illustration of how a quarter-
wavelength vertical antenna can be mounted on a
car roof. The whip section should be soldered into
the cap portion of the connector and then screwed
into the base socket. This arrangement allows for
the removal of the antenna when desired. Epoxy
cement should be used at the two mounting screws
to prevent the entry of moisture through the screw
holes. Diagram C is discussed in the text.

Fig 48 illustrates how a Millen high-voltage connector can be used as a roof mount for a VHF
whip. The hole in the roof can be made over the dome light, thus providing accessibility through the
upholstery. RG-59 and the 1/4-wave matching section, L (Fig 48C), can be routed between the car roof
and the ceiling upholstery and brought into the trunk compartment, or down to the dashboard of the
car. Instead of a Millen connector, some operators install an SO-239 coax connector on the roof for
mounting the whip. The method is similar to that shown in Fig 48.

It has been established that in general, 1/4-λ vertical antennas for mobile repeater work are not as effective
as 5/8-λ verticals are. With a 5/8-λ antenna, more of the transmitted signal is directed at a low wave angle, toward
the horizon, offering a gain of about 3 dB over the 1/4-λ vertical. However, in areas where the repeater is located
nearby on a very high hill or a mountain top, the 1/4-λ antenna will usually offer more reliable performance than
a 5/8-λ antenna. This is because there is more power in the lobe of the 1/4-λ vertical at higher angles.

144-MHz 5/8-WAVELENGTH VERTICAL
Perhaps the most popular antenna for 144-MHz FM

mobile and fixed-station use is the 5/8-wavelength vertical.
As compared to a 1/4-wavelength vertical, it has 3 dB gain.

This antenna is suitable for mobile or fixed-station
use because it is small, omnidirectional, and can be used
with radials or a solid-plane ground (such as a car body).
If radials are used, they need be only 1/4 wavelength long.

Construction
The antenna shown here is made from low-cost mate-

rials. Fig 49 shows the base coil and aluminum mounting
plate. The coil form is a piece of low-loss solid rod, such as
Plexiglas or phenolic. The dimensions for this and other parts
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of the antenna are given in Fig 50. A length of braz-
ing rod is used as the whip section.

The whip should be 47 inches long. However,
brazing rod comes in standard 36-inch lengths, so
if used, it is necessary to solder an 11-inch exten-
sion to the top of the whip. A piece of #10 copper
wire will suffice. Alternatively, a stainless-steel
rod can be purchased to make a 47-inch whip.
Shops that sell CB antennas should have such rods
for replacement purposes on base-loaded anten-
nas. The limitation one can expect with brazing
rod is the relative fragility of the material, espe-
cially when the threads are cut for screwing the
rod into the base coil form. Excessive stress can
cause the rod to break where it enters the form.
The problem is complicated somewhat in this de-
sign because a spring is not used at the antenna
mounting point. Builders of this antenna can find
all kinds of solutions to the problems just outlined
by changing the physical design and using differ-
ent materials when constructing the antenna. The
main purpose of this description is to provide di-
mensions and tune-up information.

The aluminum mounting bracket must be shaped
to fit the car with which it will be used. The bracket
can be used to effect a no-holes mount with respect
to the exterior portion of the car body. The inner lip
of the vehicle trunk (or hood) can be the point where
the bracket is attached by means of no. 6 or no. 8
sheet-metal screws. The remainder of the bracket is
bent so that when the trunk lid or car hood is raised
and lowered, there is no contact between the bracket
and the moving part. Details of the mounting unit
are given in Fig 50B. A 14-gauge metal (or thicker)
is recommended for rigidity.

Wind 101/2 turns of #10 or #12 copper wire
on the 3/4-inch diameter coil form. The tap on L1
is placed approximately four turns below the whip
end. A secure solder joint is imperative.

Tune-Up
After the antenna has been mounted on the ve-

hicle, connect an SWR indicator in the 52-Ω trans-
mission line. Key the 144-MHz transmitter and ex-
periment with the coil tap placement. If the whip
section is 47 inches long, an SWR of 1:1 can be ob-
tained when the tap is at the right location. As an
alternative method of adjustment, place the tap at
four turns from the top of L1, make the whip 50
inches long, and trim the whip length until an SWR
of 1:1 occurs. Keep the antenna well away from other
objects during tune-up, as they may detune the an-
tenna and yield false adjustments for a match.

Fig 50—Structural details for the 2-meter 5/8-λ
antenna are provided at A. The mounting bracket is
shown at B and the equivalent circuit is given at C.
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Fig 52—Diagram of the 220-MHz mobile antenna.

Fig 51—The 220-MHz 5/8- λ mobile antenna. The coil
turns are spaced over a distance of 1 inch, and the
bottom end of the coil is soldered to the coax connector.

A 5/8-WAVELENGTH 220-MHz MOBILE ANTENNA
The antenna shown in Figs 51 and 52 was developed to fill the gap between a homemade 1/4-λ

mobile antenna and a commercially made 5/8-λ model. While antennas can be made by modifying CB
models, that presents the problem of cost in acquiring the original antenna. The major cost in this setup
is the whip portion. This can be any tempered rod that will spring easily.

Construction
The base insulator portion is made of 1/2-inch Plexiglas rod. A few minutes’ work on a lathe is sufficient

to shape and drill the rod. (The innovative builder can use an electric drill and a file for the “lathe” work.)
The bottom 1/2 inch of the rod is turned down to a diameter of 3/8 inch. This portion will now fit into a PL-259
UHF connector. A 1/8-inch diameter hole is drilled through the center of the rod. This hole will hold the wires
that make the connections between the center conductor of the connector and the coil tap. The connection
between the whip and the top of the coil is also run through this opening. A stud is force-fitted into the top of
the Plexiglas rod. This allows for removal of the whip from the insulator.

The coil should be initially wound on a form slightly smaller than the base insulator. When the coil is
transferred to the Plexiglas rod, it will keep its shape and will not readily move. After the tap point has been
determined, a longitudinal hole is drilled into the center of the rod. A #22 wire can then be inserted through the
center of the insulator into the connector. This method is also used to attach the whip to the top of the coil.
After the whip has been fully assembled, a coating of epoxy cement is applied. This seals the entire assembly
and provides some additional strength. During a full winter’s use there was no sign of cracking or other
mechanical failure. The adjustment procedure is the same as for the 144-MHz version described previously.

BIBLIOGRAPHY
     Source material and more extended discussions of topics covered in this chapter can be found in the
references given below and in the textbooks listed at the end of Chapter 2.

J. S. Belrose, “Short Antennas for Mobile Operation,” QST, Sep 1953.
J. S. Belrose, “Vertical J Antenna for 2 Meters,” The Canadian Amateur, Jul/Aug 1979, pp 23-26.
J. M. Boyer, “Antenna-Transmission Line Analog,” Ham Radio, May 1977.
B. F. Brown, “Tennamatic: An Auto-Tuning Mobile Antenna System,” 73, Jul 1979.
B. F. Brown, “Optimum Design of Short Coil-Loaded High-Frequency Mobile Antennas,” ARRL
Antenna Compendium, Vol 1 (Newington: ARRL, 1985), p 108.
W. B. Freely, “A Two-Meter J Antenna,” QST, Apr 1977, pp 35-36.
E. A. Laport, Radio Antenna Engineering (New York: McGraw-Hill Book Co., 1952), p 23.
C. E. Smith and E. M. Johnson, “Performance of Short Antennas,” Proceedings of the IRE, Oct 1947.
F. E. Terman, Radio Engineering Handbook, 3rd edition (New York: McGraw-Hill Book Co., 1947), p 74.



Mobile and Maritime Antennas 16-37

HF ANTENNAS FOR SAILBOATS
This section was written by Rudy Severns, N6LF.

Many of the antenna ideas appearing earlier in this chapter can be applied to sailboats. However,
the presence of the mast and the rigging, plus the prevalence of non-conducting fiberglass hulls com-
plicate the issue. There are many possibilities for antennas aboard sailboats. This includes both perma-
nently installed antennas and antennas that can be hoisted for temporary use at anchor:

1. Permanent

Commercial or home-brew automobile-type verticals
Backstay verticals and slopers
Shunt feed of uninsulated rigging

2. Temporary

Sloping dipoles
Inverted Vs
Yagis

You should remember some basic facts of life on a sailboat:

1. On most boats the spars, standing rigging and some running rigging will be conductors. Stainless
steel wire is usually used for the rigging and aluminum for the spars.

2. Topping lifts, running backstays and jackstays all may be made of conducting materials and may
often change position while the boat is underway. This changes the configuration of the rigging and
may affect radiation patterns and feed-point impedances.

3. Shipboard antennas will always be close to the mast and rigging, in terms of electrical wavelength.
Some antennas may in fact be part of the rigging.

4. The feed-point impedance and radiation pattern can be strongly influenced by the presence of the
rigging.

5. Because of the close proximity, the rigging is an integral part of the antenna and should be viewed as such.
6. The behavior of a given antenna will depend on the details of the rigging on a particular vessel. The

performance of a given antenna can vary widely on different boats, due to differences in dimensions
and arrangement of the rigging.

7. Even though you may be floating on a sea of salt water, grounding still requires careful attention!

ANTENNA MODELING
Because of the strong interaction between the rigging and the antenna, accurate prediction of ra-

diation patterns and a reasonable guess at expected feed-point impedance requires that you model both
the antenna and the rigging. Unless you do accurately model the system, considerable cut-and-try may
be needed. This can be expensive when it has to be done in 1×19 stainless steel wire with $300 swaged
insulator fittings!

In fact, when your antenna is going to be part of standing rigging, it’s a very good idea to try your
designs out at the dock. You could temporarily use copperweld wire and inexpensive insulators in place
of the stainless rigging wire and the expensive insulators. This approach can save a good deal of money
and aggravation.

A wide variety of modeling programs are available and can be very helpful in designing a new
antenna but they have to be used with some caution:

1. The rigging will have many small intersection angles and radically different conductor diameters,
this can cause problems for NEC and MININEC programs.

2. You must usually taper the segment lengths near the junctions. This is done automatically in pro-
grams like ELNEC and EZNEC.
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3. It is usually necessary to use one wire size for the mast, spars and rigging. Some improvement in
accuracy can be obtained by modeling the mast as a cage of 3 or 4 wires.

The predicted radiation patterns will be quite good but the feed-point impedance predictions should be
viewed as preliminary. Some final adjustment will usually be required. Because of the wide variation be-
tween boats, even those of the same class, each new installation is unique and should be analyzed separately.

A SAFETY NOTE
Ungrounded rigging endpoints near deck level can have high RF potentials on them when you transmit.

For example, the shrouds on a fiberglass boat connect to chainplates that are bolted to the hull, but are not
grounded. These can inflict painful RF burns on the unwary, even while operating at low power! As a
general rule all rigging, spars and lifelines near deck level should be grounded. This also makes good sense
for lightning protection. For a backstay antenna with its feed point near deck level, a sleeve of heavy wall
PVC pipe can be placed over the lower end of the stay as a protective shield.

TRANSOM AND MASTHEAD MOUNTED VERTICALS
A very common antenna for boats is a vertical, either a short mobile antenna or a full λ/4, placed on the

transom, as shown in Fig 53. Note that in this example the antenna is mounted off to one side—it could also
be mounted in the center of the transom. The 20-meter radiation pattern for this antenna is shown in Fig 54.
Unlike a free standing vertical, this antenna doesn’t have an omnidirectional pattern. It is asymmetrical,
with a front-to-back ratio of about 13 dB. Further,
the angle for maximum gain is offset in the direction
the antenna is placed on the transom.

This is a very good example of the profound
effect the rigging can have on any antenna used
on board a sailboat. Not only is the pattern affected
but the feed-point impedance will be reduced from
a nominal 36 Ω to 25 to 30 Ω.

Fig 53—An example of a 20-meter λ/4 whip
mounted on the transom. A local ground
system must also be provided, as described
in the section on grounding.

Fig 54—Typical radiation pattern for the λ/4
transom-mounted whip in Fig 53.
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The directive gain can be useful—if you point the boat in the right direction! Usually, however, a more
uniform omnidirectional pattern is desirable. It is tempting to suggest putting the vertical at the masthead,
perhaps using a 6-foot loaded automobile whip, with the mast and rigging acting as a ground plane. Fig 55
shows such a system. Unfortunately, this usually doesn’t work very well because the overall height of the
mast and antenna will very likely be > 5/8 λ. This will result in high-angle lobes, as shown in Fig 56.
Depending on the mast height, this idea may work reasonably well on 40 or 80 meters, but you will still be
faced with severe mechanical stress due to magnified motion at the masthead in rough seas. The masthead is
usually reserved for VHF antennas, with their own radial ground plane.

THE BACKSTAY VERTICAL
A portion of the backstay can be insulated and

used as a vertical as shown in Fig 57. The length of
the insulated section will be λ/4 on the lowest band
of interest. Typically, due to the loading effect of the
rest of the rigging, the resonant length of the insu-
lated section will be shorter than the classic
234/f(MHz) relation, although it can in some cases
actually be longer. Either modeling or trial adjust-
ment can be used to determine the actual length
needed. On a typical 35 to 40-foot sailboat, the lowest

Fig 55—A whip mounted at the masthead. The
feed line is fed back down the mast either inside
or outside. The base of the mast and the rigging
is assumed to be properly grounded.

Fig 56—Typical radiation pattern for a masthead-
mounted vertical. The multiple vertical lobes are
due to the fact the antenna is higher than λ/2.

Fig 57—An example of a backstay vertical. A
local ground point must be established on the
transom next to the base of the backstay.
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band for λ/4 resonance will be 40 meters due to the limited length of the backstay. Examples of the radiation
patterns on several bands for such an antenna are given in Figs 58 through 60.

The pattern is again quite directional due to the presence of the mast and rigging. On 15 meters, where

Fig 58—Typical radiation patterns on 40 meters
for the backstay vertical in Fig 57 .

Fig 59—Typical radiation patterns on 20 meters
for the backstay vertical in Fig 57 .

Fig 60—Typical radiation patterns on 15 meters
for the backstay vertical in Fig 57 .
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the antenna is approximately 3λ/4, higher-angle lobes appear. On 40 and 15 meters, the feed point is near a
current maximum and is in the range of 30 to 50 Ω. On 20 meters, however, the feed point is a very high
impedance because the antenna is near λ/2 resonance. One way to get around this problem for multiband use
is to make the antenna longer than λ/4 on the lowest band. If the lowest band is 40 meters then on 20 meters
the feed-point impedance will be much lower. This antenna is nonresonant on any of the bands but can be
conveniently fed with a tuner because the feed-point impedances are within the range of commonly avail-
able commercial tuners. Tuners specifically intended for marine applications frequently can accommodate
very high input impedances, but they tend to be quite expensive.

The sensitivity of the radiation pattern to small details of the mast and rigging is illustrated in
Fig 61. This is the same antenna as shown in Fig 57 with the exception that the forestay is assumed to
be ungrounded. In this particular example, ungrounding the forestay drastically increases the  front-to-
back ratio. With slightly different dimensions, however, the pattern could have changed in other ways.

High quality insulators for rigging wire can be quite expensive and represent a potential weak
point—if they fail the mast may come down. It is not absolutely necessary to use two insulators in a
backstay vertical. As shown in Fig 62, the upper insulator may be omitted. The radiation patterns are

Fig 61—The effect of ungrounding the forestay on
the radiation pattern. This is for 40-meter
operation.

Fig 62—Feeding the backstay without an insulator
at the top. The feed-point may be moved along the
antenna to find a point with a better match on a
particular band or to provide a better range of
impedances for the tuner to match. The coaxial
feedl-ine is taped to the lower portion of the
backsta y. Again, a good local ground is needed at
the base of the backsta y.
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Fig 64—Typical 20-meter radiation pattern in
Fig 62 .

Fig 63—Typical 40-meter radiation pattern in
Fig 62 .

shown in Figs 63 and 64. In this case the pattern is actually more symmetrical than it was with an upper
insulator— but this may not hold true for other rigging dimensions. The feed point does not have to be
at the bottom of the backstay. As indicated in Fig 62, the feed point can be moved up into the backstay
to achieve a better match or a more desirable feed-point impedance variation with frequency. In that
case, the center of the coaxial feed line is connected to the upper section and the shield to the lower
section. The cable is then taped to the lower portion of the backstay.

If single-band operation is all you want, even the lower insulator can be omitted by using shunt
feed. A gamma match would be quite effective for this purpose, as discussed in Chapter 6, when driv-
ing a grounded tower.

A 40-METER BACKS TAY HALF SLOPER
A half-sloper antenna can be incorporated into the backstay, as shown in Fig 65. This will behave

very much the same as the slopers described in Chapter 6. The advantage of this antenna for a sailboat
installation is that you don’t need to create a good ground connection at the stern, as you would have to
do for a transom-mounted vertical or the backstay vertical just described. This may be more conve-
nient. The mast, shrouds and stays must still be grounded for the half-sloper but the arrangement is
somewhat simpler.
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Fig 65—A 40-meter half-sloper fed at the masthead.

Fig 66—A dipole can be taped to a wood or
bamboo pole and hoisted to the masthead with
the main halyard while at anchor. It is possible
to make this a multiband dipole.

Fig 68—The flag halyard can be used to hoist the
center of an inverted V to the spreaders, or
alternatively, the main halyard can be used to hoist
the center of the antenna to the masthead. Inter-
action between the rigging and the antenna will be
very pronounced and the length of the antenna will
have to be adjusted on a cut-and-try basis.

Fig 67—One end of dipole can be attached to the
main halyard and pulled up to the masthead. The
bottom end of the dipole should be poled out away
from the rigging as much as possible to reduce the
impact of the rigging on the impedance.

TEMPORARY ANTENNAS
Not everyone needs permanent antennas. A variety of temporary antennas can be arranged. A few of these

are shown in Figs 66 through 68. Of all of these the rigid dipole (Fig 66) will provide the best operation and will
have a pattern close to that expected from a freestand-
ing dipole. The other two examples will be strongly
affected by their close proximity to the rigging.
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Fig 69—A typical sailboat grounding scheme.

GROUNDING SYSTEMS
You may be sitting in the middle of a thousand miles of saltwater. This is great for propagation but

you will still have to connect to that ground if you want to use a vertical. There are many possibilities,
but the scheme shown in Fig 69 is representative. First a bonding wire, or better yet a copper strap (it
can be very thin!), is connected from bow-to-stern on each side, connecting the forestay, lifeline stan-
chions, chainplates, bow and stern pulpits and the backstay. Other bonding wires are run from the bow,
stern and chainplates on both sides to a common connection at the base of the mast. The fore-and-aft
bonding can be attached to the engine and to the keel bolts. The question arises: “What about electroly-
sis between the keel and propeller if you bond them together?” This has to be dealt with on a case-by-
case basis. If your protective zincs are depleting more rapidly after you install a bonding scheme,
change it by disconnecting something, the engine-shaft-propeller, for example.

Grounding will vary in every installation and has to be customized to each vessel. However, just as on
shore, the better the ground system, the better the performance of the vertical!

Antennas for Power Boats
Powerboaters are not usually faced with the problems and opportunities created by the mast and

rigging on a sailboat. A powerboat may have a small mast, but usually not on the same scale as a
sailboat. Antennas for power boats have much more in common with automotive mobile operation, but
with some important exceptions:

1. In an automobile, the body is usually metal and it provides a ground plane or counterpoise for a whip
antenna. Most modern powerboats, however, have fiberglass hulls. These are basically insulators,
and will not work as counterpoises. (On the other hand, metal-hulled power boats can provide
nearly ideal grounding!)

2. A height restriction on automotive mobile whips is imposed by clearance limits on highway over-
passes and also by the need to sustain wind speeds of up to 80 miles per hour on the highway.

3. In general, powerboats can have much taller antennas that can be lowered for the occasional low
bridge.

4. The motion on a powerboat, especially in rough seas, can be quite severe. This places additional
mechanical strain on the antennas.

5. On both powerboats and sailboats, operation in a salt-water marine environment is common. This
means that a careful choice of materials must be made for the antennas to prevent corrosion and
premature failure.

The problem of a ground plane for vertical antennas can be handled in much the same manner as
shown in Fig 69 for sailboats. Since there most likely will not be a large keel structure to connect to and
provide a large surface area, additional copper foil can be added inside the hull to increase the counter-
poise area. Because of the small area of the propeller, it may be better not to connect to the engine, but
to rely instead on increasing the area of the counterpoise and operate it as a true counterpoise—that is,

isolated from ground. Sometimes a number of ra-
dial wires are used for a vertical, much like that
for a ground-plane antenna. This is not a very good
idea unless the “wires” are actually wide copper-
foil strips that can lower the Q substantially.

The problem is the high voltage present at the
ends of normal ground-plane antenna radials. For
a boat these radials are likely to be in close prox-
imity to the cabin, which in turn contains both
people and electronic equipment. The high poten-
tial at the ends of the radials is both a safety haz-
ard and can result in RF coupling back into the
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Fig 70—At A, a rigid dipole made from aluminum
tubing, fiberglass poles or a combination of
these. At B, a pair of mobile whips used as a
dipole.

equipment, including ham gear, navigational in-
struments and entertainment devices. The cook is
not likely to be happy if he or she gets an RF burn
after touching the galley stove! Decoupling the
counterpoise from the transmission line, as dis-
cussed in Chapter 6, can be very helpful to keep
RF out of other equipment.

One way to avoid many of the problems as-
sociated with grounding is to use a rigid dipole
antenna. On 20 meters and higher, a rigid dipole
made up from aluminum tubing, fiberglass poles
or some combination of these, can be effective.
As shown in Fig 70A the halves of the dipole can
be slanted upward like rabbit ears to reduce the
wingspan and increase the feed-point impedance
for a better match to common coax lines. On the
lower bands a pair of mobile whips can be used,
as shown in Fig 70B. Home-brew coils could also
be used.

For short-range communication, a relatively low
dipole over saltwater can be effective. However, if long-range communication is needed, then a well-de-
signed vertical, operating over seawater, will work much better. For these to work, of course, you must solve
the ground problems associated with a vertical.

It is not uncommon for large powerboats to have a two or three-element multiband Yagi installed
on a short mast. While these can be effective, if they are not mounted high(> λ/2) they may be disap-
pointing for longer-range communication. Over saltwater, vertical polarization is very effective for
longer distances. A simpler, but well-designed, vertical system on a boat may outperform a low Yagi.

The combination of a good ground system and one of the high-quality, motor-tuned multiband
mobile whips now available commercially can also be very effective.
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There is an old adage in Amateur Radio that goes “If your antenna did not fall down last winter, it
wasn’t big enough.” This adage might apply to antennas for MF and HF work, but at VHF things
are a bit different, at least as far as antenna size is concerned. VHF antennas are smaller than their

HF counterparts, but yet the theory is the same; a dipole is a dipole, and a Yagi is a Yagi, regardless
of frequency. A 144-MHz Yagi may pass as a TV antenna, but most neighbors can easily detect a radio
hobbyist if a 14-MHz Yagi looms over his property.

Repeater antennas are discussed in this chapter.  Because the fundamental operation of these an-
tennas is no different than presented in Chapter 2, there is no need to delve into any exotic theory.
Certain considerations must be made and certain precautions must be observed, however, as most
repeater operations—amateur and commercial—take place at VHF and UHF.

Basic Concepts
The antenna is a vital part of any repeater installation. Because the function of a repeater is to

extend the range of communications between mobile and portable stations, the repeater antenna should
be installed in the best possible location to provide the desired coverage. This usually means getting
the antenna as high above average terrain as possible. In some instances, a repeater may need to have
coverage only in a limited area or direction. When this is the case, antenna installation requirements
will be completely different, with certain limits being set on height, gain and power.

Horizontal and Vertical Polarization

Until the upsurge in FM repeater activity several years ago, most antennas used in amateur VHF
work were horizontally polarized. These days, very few repeater groups use horizontal polarization.
(One of the major reasons for using horizontal polarization is to allow separate repeaters to share the
same input and/or output frequencies with closer than normal geographical spacing.) The vast majority
of VHF and UHF repeaters use vertically polarized antennas, and all the antennas discussed in this
chapter are of that type.

Transmission Lines

Repeaters provide the first venture into VHF and UHF work for many amateurs. The uninitiated
may not be aware that the transmission lines used at VHF become very important because feed-line
losses increase with frequency.

The characteristics of feed lines commonly used at VHF are discussed in Chapter 24. Although
information is provided for RG-58 and RG-59, these should not be used except for very short feed lines
(25 feet or less). These cables are very lossy at VHF. In addition, the losses can be much higher if the
fittings and connections are not carefully installed.

The differences in loss between solid polyethylene dielectric types (RG-8 and RG-11) and those
using foam polyethylene (FM8 and FM11) are significant. If you can afford the line with the least loss,
buy it.

If coaxial cable must be buried, check with the cable manufacturer before doing so. Many popular
varieties of coaxial cable should not be buried, as the dielectric can become contaminated from mois-
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ture and soil chemicals. Some coaxial cables are labeled as non-contaminating. Such a label is the best
way to be sure your cable can be buried without damage.

Matching
Losses are lowest in transmission lines that are matched to their characteristic impedances. If there

is a mismatch at the end of the line, the losses increase.
The only way to reduce the SWR on a transmission line is by matching the line at the antenna. Changing

the length of a transmission line does not reduce the SWR. The SWR is established by the impedance of the
line and the impedance of the antenna, so matching must be done at the antenna end of the line.

The importance of matching, as far as feed-line losses are concerned, is sometimes overstressed.
But under some conditions, it is necessary to minimize feed-line losses related to SWR if repeater
performance is to be consistent. It is important to keep in mind that most VHF/UHF equipment
is designed to operate into a 50-Ω load. The output circuitry will not be loaded properly if connected to
a mismatched line. This leads to a loss of power, and in some cases, damage to the transmitter.

Repeater Antenna System Design
Choosing a repeater or remote-base antenna system is as close as most amateurs come to designing

a commercial-grade antenna system. The term system is used because most repeaters utilize not only
an antenna and a transmission line, but also include duplexers, cavity filters, circulators or isolators in
some configuration. Assembling the proper combination of these items in constructing a reliable sys-
tem is both an art and a science. In this section prepared by Domenic Mallozzi, N1DM, the functions of
each component in a repeater antenna system and their successful integration are discussed. While
every possible complication in constructing a re-
peater is not foreseeable at the outset, this discus-
sion should serve to steer you along the right lines
in solving any problems encountered.

The Repeater Antenna
The most important part of the system is the

antenna itself. As with any antenna, it must radi-
ate and collect RF energy as efficiently as pos-
sible. Many repeaters use omnidirectional anten-
nas, but this is not always the best choice. For ex-
ample, suppose a group wishes to set up a repeater
to cover towns A and B and the interconnecting
state highway shown in Fig 1. The X shows the
available repeater site on the map. No coverage is
required to the west or south, or over the ocean. If
an omnidirectional antenna is used in this case, a
significant amount of the radiated signal goes in
undesired directions. By using an antenna with a
cardioid pattern, as shown in Fig 1, the coverage
is concentrated in the desired directions. The re-
peater will be more effective in these locations,
and signals from low-power portables and mobiles
will be more reliable.

In many cases, antennas with special patterns
are more expensive than omnidirectional models.
This is an obvious consideration in designing a
repeater antenna system.

Fig 1—There are many situations where equal
repeater coverage is not desired in all directions
from the “machine.” One such situation is shown
here, where the repeater is needed to cover only
towns A and B and the interconnecting highway. An
omnidirectional antenna would provide coverage in
undesired directions, such as over the ocean. The
broken line shows the radiation pattern of an
antenna that is better suited to this circumstance.



Repeater Antenna Systems  17-3

Fig 3—Vertical-beam downtilt is another form of
radiation-pattern distortion useful for improving
repeater coverage. This technique can be
employed in situations where the repeater station
is at a greater elevation than the desired
coverage area, when a high-gain omnidirectional
antenna is used. Patter n A shows the normal
vertical-plane radiation pattern of a high-gain
omnidirectional antenna with respect to the
desired coverage area (the town). Pattern B
shows the pattern tilted down, and the coverage
improvement is evident.

Fig 2—The “keyhole” horizontal radiation pattern
at A is generated by the combination of phased
Yagis and vertical elements shown at B. Such a
pattern is useful in overcoming coverage
blockages resulting from local terrain features.
(Based on a design by Decibel Products, Inc)

Over terrain where coverage may be difficult in some direction from the repeater site, it may be desir-
able to skew the antenna pattern in that direction. This can be accomplished by using a phased-vertical array
or a combination of a Yagi and a phased vertical to produce a “keyhole” pattern. See Fig 2.

As repeaters are established on 440 MHz and above, many groups are investing in high-gain omni-
directional antennas. A consequence of getting high gain from an omnidirectional antenna is vertical
beamwidth reduction. In most cases, these antennas are designed to radiate their peak gain at the hori-
zon, resulting in optimum coverage when the antenna is located at a moderate height over normal
terrain. Unfortunately, in cases where the antenna is located at a very high site (overlooking the cover-
age area) this is not the most desirable pattern. In a case like this, the vertical pattern of the antenna can
be tilted downward to facilitate coverage of the desired area. This is called vertical-beam downtilt.

An example of such a situation is shown in
Fig 3. The repeater site overlooks a town in a val-
ley. A 450-MHz repeater is needed to serve low
power portable and mobile stations. Constraints
on the repeater dictate the use of an antenna with
a gain of 11 dBi. (An omnidirectional antenna with
this gain has a vertical beamwidth of approxi-
mately 6°.) If the repeater antenna has its peak
gain at the horizon, a major portion of the trans-
mitted signal and the best area from which to ac-
cess the repeater exists above the town. By tilting
the pattern down 3°, the peak radiation will occur
in the town.

Vertical-beam downtilt is generally produced
by feeding the elements of a collinear vertical
array slightly out of phase with each other. Lee
Barrett, K7NM, showed such an array in Ham
Radio. (See the Bibliography at the end of this
chapter.) Barrett gives the geometry and design
of a four-pole array with progressive phase delay,
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and a computer program to model it. The technique is shown in Fig 4.
Commercial antennas are sometimes available (at extra cost) with built-in downtilt characteristics.

Before ordering such a commercial antenna, make sure that you really require it; they generally are
special order items and are not returnable.

There are disadvantages to improving coverage by means of vertical-beam downtilt. When com-
pared to a standard collinear array, an antenna using vertical-beam downtilt will have somewhat greater
extraneous lobes in the vertical pattern, resulting in reduced gain (usually less than 1 dB). Bandwidth is
also slightly reduced. The reduction in gain, when combined with the downtilt characteristic, results in
a reduction in total coverage area. These trade-offs, as well as the increased cost of a commercial
antenna with downtilt, must be compared to the improvement in total performance in a situation where
vertical-beam downtilt is required.

Top Mounting and Side Mounting
Amateur repeaters often share towers with commercial and public service users. In many of these cases,

other antennas are at the top of the tower, so the amateur antenna must be side mounted. A consequence of
this arrangement is that the free-space pattern of the repeater antenna is distorted by the tower. This effect is
especially noticeable when an omnidirectional antenna is side mounted on a structure.

The effects of supporting structures are most pronounced at close antenna spacings to the tower
and with large support dimensions. The result is a measurable increase in gain in one direction and a
partial null in the other direction (sometimes 15 dB deep). The shape of the supporting structure also
influences pattern distortion. Many antenna manufacturers publish radiation patterns showing the ef-
fect of side mounting antennas in their catalogs.

Fig 4—Vertical-beam downtilt can be facilitated by inserting 52- Ω delay lines in series with the 75- Ω feed
lines to the collinear elements of an omnidirectional antenna. The delay lines to each element are progres-
sively longer so the phase shift between elements is uniform. Odd 1/4-λ coaxial transformers are used in the
main (75- Ω) feed system to match the dipole impedances to the driving point. Tilting the vertical beam in this
way often produces minor lobes in the vertical pattern that do not exist when the elements are fed in phase.
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Fig 5—Various arrangements of exposed dipole
elements.  At A is the basic collinear array of four
elements.  B shows the same elements mounted
on the side of a mast, and C shows the elements
in a side-mounted arrangement around the mast
for omnidirectional coverage.  See text and Figs 6
through 8 for radiation pattern information.

Fig 6—Calculated vertical-plane pattern of the
array of Fig 5A, assuming a nonconducting mast
support and complete decoupling of the feeder.
In azimuth the array is omnidirectional.  The
calculated gain of the array is 8.6 dBi at 0 °
elevation; the –3 dB point is at 6.5 °.

Side mounting is not always a disadvantage. In cases where more (or less) coverage is desired in one
direction, the supporting structure can be used to advantage. If pattern distortion is not acceptable, a solution
is to mount antennas around the perimeter of the structure and feed them with the proper phasing to synthe-
size an omnidirectional pattern. Many manufacturers make antennas to accommodate such situations.

The effects of different mounting locations and arrangements can be illustrated with an array of exposed
dipoles, Fig 5. Such an array is a very versatile antenna because, with simple rearrangement of the elements, it
can develop either an omnidirectional pattern or an offset pattern.  Drawing A of Fig 5 shows a basic collinear
array of four vertical 1/2-λ elements. The vertical spacing between adjacent elements is 1 λ. All elements are fed

in phase. If this array is placed in the clear and sup-
ported by a nonconducting mast, the calculated radia-
tion resistance of each dipole element is on the order
of 63 Ω.  If the feed line is completely decoupled, the
resulting azimuth pattern is omnidirectional.  The ver-
tical-plane pattern is shown in Fig 6.

Fig 5B shows the same array in a side mounting
arrangement, at a spacing of 1/4 λ from a conducting
mast. In this mounting arrangement, the mast takes on
the role of a reflector, producing an F/B ratio on the
order of 5.7 dB. The azimuth pattern is shown in Fig 7.
The vertical pattern is not significantly different from
that of Fig 6, except the four small minor lobes (two
on either side of the vertical axis) tend to become dis-
torted. They are not as “clean,” tending to merge into
one minor lobe at some mast heights. This apparently
is a function of currents in the supporting mast.  The
proximity of the mast also alters the feed-point imped-
ance. For elements that are resonant in the configura-
tion of Fig 5A, the calculated impedance in the arrange-
ment of Fig 5B is in the order of 72 + j10 Ω.

Fig 7—Calculated azimuth pattern of the side-
mounted array of Fig 5B, assuming 1/4-λ spacing
from a 4-inch mast.  The calculated gain in the
favored direction, away from the mast and
through the elements, is 10.6 dBi.
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If side mounting is the only possibility and an omnidirectional pattern is required, the arrangement
of Fig 5C may be used.  The calculated azimuth pattern takes on a slight cloverleaf shape, but is within
1.5 dB of being circular.  However, gain performance suffers, and the idealized vertical pattern of Fig
6 is not achieved. See Fig 8.  Spacings other than 1/4 λ from the mast were not investigated.

One very important consideration in side mounting an antenna is mechanical integrity. As with all
repeater components, reliability is of great importance. An antenna hanging by the feed line and bang-
ing against the tower provides far from optimum performance and reliability. Use a mount that is
appropriately secured to the tower and the antenna. Also use good hardware, preferably stainless steel
(or bronze). If your local hardware store does not carry stainless steel hardware, try a boating supplier.

Be certain that the feed line is properly supported along its length. Long lengths of cable are sub-
ject to contraction and expansion with temperature from season to season, so it is important that the
cable not be so tight that contraction causes it to stress the connection at the antenna. This can cause the
connection to become intermittent (and noisy) or, at worst, an open circuit. This is far from a pleasant
situation if the antenna connection is 300 feet up a tower, and it happens to be the middle of the winter!

Effects of Other Conductors
Feed-line proximity and tower-access ladders or cages also have an effect on the radiation patterns

of side-mounted antennas. This subject was studied by Connolly and Blevins, and their findings are
given in IEEE Conference Proceedings (see the Bibliography at the end of this chapter). Those
considering mounting antennas on air conditioning evaporators or maintenance penthouses on com-
mercial buildings should consult this article. It gives considerable information on the effects of these
structures on both unidirectional and omnidirectional antennas.

Metallic guy wires also affect antenna radiation patterns. Yang and Willis  studied this and reported
the results in IRE Transactions on Vehicular Communications. As expected, the closer the antenna is to
the guy wires, the greater the effect on the radiation patterns. If the antennas are near the point
where the guy wires meet the tower, the effect of the guy wires can be minimized by breaking them up
with insulators every 0.75 λ for 2.25 λ to 3.0 λ.

ISOLATION REQUIREMENTS IN REPEATER ANTENNA SYSTEMS
Because repeaters generally operate in full duplex (the transmitter and receiver operate simulta-

neously), the antenna system must act as a filter to keep the transmitter from blocking the receiver. The
degree to which the transmitter and receiver must be isolated is a complex problem. It is quite depen-
dent on the equipment used and the difference in transmitter and receiver frequencies (offset). Instead
of going into great detail, a simplified example can be used for illustration.

Consider the design of a 144-MHz repeater with a 600-kHz offset. The transmitter has an RF output
power of 10 W, and the receiver has a squelch sensitivity of 0.1 µV. This means there must be at least 1.9 ×
10-16 W at the 52-Ω receiver-antenna terminals to detect a signal. If both the transmitter and receiver were
on the same frequency, the isolation (attenuation)
required between the transmitter and receiver an-
tenna jacks to keep the transmitter from activating
the receiver would be

Isolation = 10 log
10 watts

1.9 10 watts
167 dB–16× =

Obviously there is no need for this much attenua-
tion, because the repeater does not transmit and
receive on the same frequency.

If the 10-W transmitter has noise 600 kHz
away from the carrier frequency that is 45 dB be-
low the carrier power, that 45 dB can be subtracted
from the isolation requirement. Similarly, if the
receiver can detect a 0.1 µV on-frequency signal

Fig 8—Calculated vertical pattern of the array of
Fig 5C, assuming 1/4-λ element spacing from a
4-inch mast.  The azimuth pattern is circular
within 1.5 dB, and the calculated gain is 4.4 dBi.
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Fig 9—Typical isolation requirements for repeater
transmitters and receivers operating in the 132-
174 MHz band (Curve A), and the 400-512 MHz
band (Curve B). Required isolation in dB is
plotted against frequency separation in MHz.
These curves were developed for a 100-W
transmitter. For other power levels, the isolation
requirements will differ by the change in decibels
relative to 100 W. Isolation requirements will vary
with receiver sensitivity. (The values plotted were
calculated for transmitter-carrier and receiver-
noise suppression necessary to prevent more
than 1 dB degradation in receiver 12-dB SINAD
sensitivity.)

Fig 10—At A, the amount of attenuation
(isolation) provided by horizontal separation of
vertical dipole antennas. At B, isolation afforded
by vertical separation of vertical dipoles.

in the presence of a signal 600 kHz away that is
40 dB greater than 0.1 µV, this 40 dB can also be
subtracted from the isolation requirement. There-
fore, the isolation requirement is

167 dB – 45 dB – 40 dB = 82 dB

Other factors enter into the isolation require-
ments as well. For example, if the transmitter
power is increased by 10 dB (from 10 to 100 W),
this 10 dB must be added to the isolation require-
ment. Typical requirements for 144 and 440-MHz
repeaters are shown in Fig 9.

Obtaining the required isolation is the first
problem to be considered in constructing a re-
peater antenna system. There are three common
ways to obtain this isolation:

1) Physically separate the receiving and trans-
mitting antennas so the combination of path loss
for the spacing and the antenna radiation patterns
results in the required isolation.

2) Use a combination of separate antennas
and high-Q filters to develop the required isola-
tion. (The high-Q filters serve to reduce the physi-
cal distance required between antennas.)

3) Use a combination filter and combiner sys-
tem to allow the transmitter and receiver to share
one antenna. Such a filter and combiner is called
a duplexer.

Repeaters operating on 28 and 50 MHz gen-
erally use separate antennas to obtain the required
isolation. This is largely because duplexers in this
frequency range are both large and very expen-
sive. It is generally less expensive to buy two an-
tennas and link the sites by a committed phone
line or an RF link than to purchase a duplexer. At
144 MHz and higher, duplexers are more com-
monly used. Duplexers are discussed in greater
detail in a later section.

Separate Antennas
Receiver desensing (gain limiting caused by

the presence of a strong off-frequency signal) can
be reduced, and often eliminated, by separation
of the transmitting and receiving antennas. Ob-
taining the 55 to 90 dB of isolation required for a
repeater antenna system requires separate anten-
nas to be spaced a considerable distance apart (in
wavelengths).

Fig 10 shows the distances required to obtain
specific values of isolation for vertical dipoles
having horizontal separation (at A) and vertical
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Fig 11—A relative representation of the isolation
advantage afforded by separating antennas
horizontally (A) and vertically (B) is shown . A
great deal of isolation is provided by vertical
separation, but horizontal separation requires
two supports and much greater distance to be as
effective. Separate-site repeaters (those with
transmitter and receiver at different locations)
benefit much more from horizontal separation
than do single-site installations.

Fig 12—Coverage disparity is a major problem
for separate-site repeater antennas. The
transmitter and receiver coverage areas overlap,
but are not entirely mutually inclusive. Solving
this problem requires a great deal of
experimentation, as many factors are involved.
Among these factors are terrain features and
distortion of the antenna radiation patterns from
supports.

separation (at B). The isolation gained by using separate antennas is subtracted from the total isolation
requirement of the system. For example, if the transmitter and receiver antennas for a 450-MHz re-
peater are separated horizontally by 400 feet, the total isolation requirement in the system is reduced
by about 64 dB.

Note from Fig 10B that a vertical separation of only about 25 feet also provides 64 dB of isolation.
Vertical separation yields much more isolation than does horizontal separation. Vertical separation is
also more practical than horizontal, as only a single support is required.

An explanation of the significant difference between the two graphs is in order. The vertical spac-
ing requirement for 60 dB attenuation (isolation) at 150 MHz is about 43 feet. The horizontal spacing
for the same isolation level is on the order of 700 feet. Fig 11 shows why this difference exists. The
radiation patterns of the antennas at A overlap; each antenna has gain in the direction of the other.  The
path loss between the antennas is given by

Path loss (dB) = 20 log4 dπ
λ

where
d = distance between antennas
λ = wavelength, in the same units as d

The isolation between the antennas in Fig 11A
is the path loss less the antenna gains.  Conversely,
the antennas at B share pattern nulls, so the isolation
is the path loss added to the depth of these nulls. This
significantly reduces the spacing requirement for
vertical separation. Because the depth of the pattern
nulls is not infinite, some spacing is required. Com-
bined horizontal and vertical spacing is much more
difficult to quantify because the results are depen-
dent on both radiation patterns and the positions of
the antennas relative to each other.

Separate antennas have one major disadvantage:
They create disparity in transmitter and receiver cov-
erage. For example, say a 50-MHz repeater is in-
stalled over average terrain with the transmitter and
repeater separated by 2 miles. If both antennas had
perfect omnidirectional coverage, the situation de-
picted in Fig 12 would exist. In this case, stations
able to hear the repeater may not be able to access it,
and vice versa. In practice, the situation can be con-
siderably worse. This is especially true if the pat-
terns of both antennas are not omnidirectional. If this
disparity in coverage cannot be tolerated, the solu-
tion involves skewing the patterns of the antennas
until their coverage areas are essentially the same.

Cavity Resonators
As just discussed, receiver desensing can be

reduced by separating the transmitter and receiver
antennas. But the amount of transmitted energy that
reaches the receiver input must often be decreased
even farther. Other nearby transmitters can cause
desensing as well. A cavity resonator (cavity fil-
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Fig 13—A coaxial
cavity filter of the
type used in many
amateur and
commercial repeater
installations. Center-
conductor length
(and thus resonant
frequency) is varied
by adjustment of the
knob (top).

ter) can be helpful in solving these problems.
When properly designed and constructed, this type
of resonator has very high Q. A commercially
made cavity is shown in Fig 13.

A cavity resonator placed in series with a
transmission line acts as a band-pass filter. For a
resonator to operate in series, it must have input
and output coupling loops (or probes).

A cavity resonator can also be connected
across (in parallel with) a transmission line. The
cavity then acts as a band-reject (notch) filter,
greatly attenuating energy at the frequency to
which it is tuned. Only one coupling loop or probe
is required for this method of filtering. This type
of cavity could be used in the receiver line to
“notch” the transmitter signal.  Several cavities
can be connected in series or parallel to increase
the attenuation in a given configuration. The
graphs of Fig 14 show the attenuation of a single
cavity (A) and a pair of cavities (B).

Fig 14—Frequency response curves for a single cavity (A) and two cavities cascaded (B). These
curves are for cavities with coupling loops, each having an insertion loss of 0.5 dB. (The total
insertion loss is indicated in the body of each graph.) Selectivity will be greater if lighter coupling
(greater insertion loss) can be tolerated.
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Fig 15—Cutaway view of a typical cavit y. Note the
relative locations of the coupling loops to each
other and to the center conductor of the cavit y.
A locknut is used to prevent movement of the
tuning rod after adjustment.

The only situation in which cavity filters would not help is the case where the off-frequency noise
of the transmitter was right on the receiver frequency.  With cavity resonators, an important point to
remember is that addition of a cavity across a transmission line may change the impedance of the
system. This change can be compensated by adding tuning stubs along the transmission line.

Duplexers
The material in this section was prepared by Domenic Mallozzi, N1DM.  Most amateur repeaters

in the 144, 220 and 440-MHz bands use duplexers to obtain the necessary transmitter to receiver isola-
tion. Duplexers have been commonly used in commercial repeaters for many years. The duplexer con-
sists of two high-Q filters. One filter is used in the feed line from the transmitter to the antenna, and
another between the antenna and the receiver. These filters must have low loss at the frequency to
which they are tuned while having very high attenuation at the surrounding frequencies. To meet the
high attenuation requirements at frequencies within as little as 0.4% of the frequency to which they are
tuned, the filters usually take the  form of cascaded transmission-line cavity filters. These are either
band-pass filters, or band-pass filters with a rejection notch. (The rejection notch is tuned to the
center frequency of the other filter.)  The number of cascaded filter sections is determined by the
frequency separation and the ultimate attenuation requirements.

Duplexers for the amateur bands represent a significant technical challenge, because in most cases
amateur repeaters operate with significantly less frequency separation than their commercial counter-
parts. Information on home construction of duplexers is presented in a later section of this chapter.
Many manufacturers market high quality duplexers for the amateur frequencies.

Duplexers consist of very high Q cavities whose resonant frequencies are determined by mechanical
components, in particular the tuning rod. Fig 15 shows the cutaway view of a typical duplexer cavity. The
rod is usually made of a material which has a limited thermal expansion coefficient (such as Invar). Detuning
of the cavity by environmental changes introduces unwanted losses in the antenna system. An article by
Arnold in Mobile Radio Technology considered the causes of drift in the cavity (see the Bibliography at the
end of this chapter). These can be broken into four major categories.

1) Ambient temperature variation (which leads to mechanical variations related to the thermal expansion
coefficients of the materials used in the cavity).

2)  Humidity (dielectric constant) variation.
3) Localized heating from the power dissi-

pated in the cavity (resulting from its insertion
loss).

4) Mechanical variations resulting from other
factors (vibration, etc).

In addition, because of the high Q nature of
these cavities, the insertion loss of the duplexer
increases when the signal is not at the peak of the
filter response. This means, in practical terms, less
power is radiated for a given transmitter output
power. Also, the drift in cavities in the receiver
line results in increased system noise figure, re-
ducing the sensitivity of the repeater.

As the frequency separation between the re-
ceiver and the transmitter decreases, the insertion
loss of the duplexer reaches certain practical lim-
its. At 144 MHz, the minimum insertion loss for
600 kHz spacing is 1.5 dB per filter.

Testing and using duplexers requires some
special considerations (especially as frequency in-
creases). Because duplexers are very high Q de-
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vices, they are very sensitive to the termination impedances at their ports. A high SWR on any port is a
serious problem, because the apparent insertion loss of the duplexer will increase, and the isolation
may appear to decrease. Some have found that, when duplexers are used at the limits of their isolation
capabilities, a small change in antenna SWR is enough to cause receiver desensitization. This occurs
most often under ice-loading conditions on antennas with open-wire phasing sections.

The choice of connectors in the duplexer system is important. BNC connectors are good for use below
300 MHz. Above 300 MHz, their use is discouraged because even though many types of BNC connectors
work well up to 1 GHz, older style standard BNC connectors are inadequate at UHF and above. Type N
connectors should be used above 300 MHz. It is false economy to use marginal quality connectors. Some
commercial users have reported deteriorated isolation in commercial UHF repeaters when using such connec-
tors. The location of a bad connector in a system is a complicated and frustrating process. Despite all these
considerations, the duplexer is still the best method for obtaining isolation in the 144 to 925-MHz range.

ADVANCED TECHNIQUES
As the number of available antenna sites decreases and the cost of various peripheral items (such as

coaxial cable) increases, amateur repeater groups are required to devise advanced techniques if repeaters are
to remain effective. Some of the techniques discussed here have been applied in commercial services for
many years, but until recently have not been economically justified for amateur use.

One technique worth consideration is the use of cross-band couplers. To illustrate a situation where
a cross-band coupler would be useful, consider the following example. A repeater group plans to install
144 and 902-MHz repeaters on the same tower.
The group intends to erect both antennas on a hori-
zontal cross-arm at the 325-foot level. A 325-foot
run of 7/8-inch Heliax costs approximately $1400.
If both antennas are to be mounted at the top of
the tower, the logical approach would require two
separate feed lines. A better solution involves the
use of a single feed line for both repeaters, along
with a cross-band coupler at each end of the line.

The use of the cross-band coupler is shown in
Fig 16. As the term implies, the coupler allows
two signals on different bands to share a common
transmission line. Such couplers cost approxi-
mately $200 each. In our hypothetical example,
this represents a saving of $1000 over the cost of
using separate feed lines. But, as with all compro-
mises, there are disadvantages. Cross-band cou-
plers have a loss of about 0.5 dB per unit. There-
fore, the pair required represents a loss of 1.0 dB
in each transmission path. If this loss can be tol-
erated, the cross-band coupler is a good solution.

Cross-band couplers do not allow two repeat-
ers on the same band to share a single antenna
and feed line. As repeater sites and tower space
become more scarce, it may be desirable to have
two repeaters on the same band share the same
antenna. The solution to this problem is the use of
a transmitter multicoupler. The multicoupler is re-
lated to the duplexers discussed earlier. It is a cav-
ity filter and combiner which allows multiple
transmitters and receivers to share the same an-

Fig 16—Block diagram of a system using cross-
band couplers to allow the use of a single feed
line for two repeaters. If the feeder to the antenna
location is long (more than 200 feet or so), cross-
band couplers may provide a significant saving
over separate feed lines, especially at the higher
amateur repeater frequencies. Cross-band
couplers cannot be used with two repeaters on
the same band.



17-12 Chapter 17

tenna. This is a common commercial practice. A block diagram of a multicoupler system is shown in
Fig 17.

The multicoupler, however, is a very expensive device, and has the disadvantage of even greater
loss per transmission path than the standard duplexer. For example, a well-designed duplexer for 600
kHz spacing at 146 MHz has a loss per transmission path of approximately 1.5 dB. A four-channel
multicoupler (the requirement for two repeaters) has an insertion loss per transmission path on the
order of 2.5 dB or more. Another constraint of such a system is that the antenna must present a good
match to the transmission line at all frequencies on which it will be used (both transmitting and receiv-
ing). This becomes difficult for the system with two repeaters operating at opposite ends of a band.

If you elect to purchase a commercial base station antenna that requires you to specify a frequency to
which the antenna must be tuned, be sure to indicate to the manufacturer the intended use of the antenna and
the frequency extremes. In some  cases, the only way the manufacturer can accommodate your request is to
provide an antenna with some vertical-beam uptilt at one end of the band and some downtilt at the other end
of the band. In the case of antennas with very high gain, this in itself may become a serious problem. Careful
analysis of the situation is necessary before assembling such a system.

Diversity Techniques for Repeaters
Mobile flutter, “dead spots” and similar problems are a real problem for the mobile operator. The

popularity of hand-held transceivers using low power and mediocre antennas causes similar problems.
A solution to these difficulties is the use of some form of diversity reception. Diversity reception works
because signals do not fade at the same rate when received by antennas at different locations (space
diversity) or of different polarizations (polarization diversity).

Repeaters with large transmitter coverage areas often have difficulty “hearing” low power stations in
peripheral areas or in dead spots. Space diversity is especially useful in such a situation.  Space diversity
utilizes separate receivers at different locations that are linked to the repeater. The repeater uses a circuit
called a voter that determines which receiver has the best signal, and then selects the appropriate receiver
from which to feed the repeater transmitter. This technique is helpful in urban areas where shadowing from
large buildings and bridges causes problems. Space-diversity receiving, when properly executed, can give
excellent results. But with the improvement come
some disadvantages: added initial cost, maintenance
costs, and the possibility of failure created by the
extra equipment required. If installed and main-
tained carefully, problems are generally minimal.

A second improvement technique is the use
of circularly polarized repeater antennas. This
technique has been used in the FM broadcast field
for many years, and has been considered for use
in the mobile telephone service as well. Some ex-
periments by amateurs have proved very promis-
ing, as discussed by Pasternak and Morris (see
the Bibliography at the end of this chapter).

The improvement afforded by circular polar-
ization is primarily a reduction in mobile flutter.
The flutter on a mobile signal is caused by re-
flections from large buildings (in urban settings)
or other terrain features. These reflections cause
measurable polarization shifts, sometimes to the
point where a vertically polarized signal at the
transmitting site may appear to be primarily hori-
zontally polarized after reflection.

A similar situation results from multipath propa-

Fig 17—Block diagram of a system using a
transmitter multicoupler to allow a single feed
line and antenna to be used by two repeaters on
one band. The antenna must be designed to
operate at all frequencies that the repeaters
utilize. More than two repeaters can be operated
this way by using a multicoupler with the
appropriate number of input ports.
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gation, where one or more reflected signals combine with the direct signal at the repeater, having varying
effects on the signal. The multipath signal is subjected to large amplitude and phase variations at a relatively
rapid rate.

In both of the situations described here, circular polarization can offer considerable improvement.
This is because circularly polarized antennas respond equally to all linearly polarized signals, regard-
less of the plane of polarization. At this writing, there are no known sources of commercial circularly
polarized omnidirectional antennas for the amateur bands. Pasternak and Morris describe a circularly
polarized antenna made by modifying two commercial four-pole arrays.

EFFECTIVE ISOTROPIC RADIATED POWER (EIRP)
It is useful to know effective isotropic radiated power (EIRP) in calculating the coverage area of a

repeater. The FCC formerly required EIRP to be entered in the log of every amateur repeater station.
Although logging EIRP is no longer required, it is still useful to have this information on hand
for repeater coordination purposes and so system performance can be monitored periodically.

Calculation of EIRP is straightforward. The PEP output of the transmitter is simply multiplied by
the gains and losses in the transmitting antenna system. (These gains and losses are best added or
subtracted in decibels and then converted to a  multiplying factor.) The following worksheet and ex-
ample illustrates the calculations.

Feed-line loss _____  dB

Duplexer loss _____  dB

Isolator loss _____  dB

Cross-band coupler loss _____  dB

Cavity filter loss _____  dB

                                       _____________

Total losses (L) _____  dB

G (dB) = antenna gain (dBi) – L

where G = antenna system gain. (If antenna gain is specified in dBd, add 2.14 dB to obtain the gain in
dBi.)

M = 10G/10

where M = multiplying factor

EIRP (watts) = transmitter output (PEP) × M

Example

A repeater transmitter has a power output of 50 W PEP (50-W FM transmitter). The transmission line
has 1.8 dB loss. The duplexer used has a loss of 1.5 dB, and a circulator on the transmitter port has a loss of
0.3 dB. There are no cavity filters or cross-band couplers in the system. Antenna gain is 5.6 dBi.

Feed-line loss 1.8 dB
Duplexer loss 1.5 dB
Isolator loss 0.3 dB
Cross-band coupler loss   0 dB
Cavity filter loss   0 dB
                                   _____________
Total losses (L)       3.6 dB
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Antenna system gain in dB = G = antenna gain (dBi) – L

G = 5.6 dBi – 3.6 dB = 2 dB

Multiplying factor = M = 10G/10

M = 102/10 = 1.585

EIRP (watts) = transmitter output (PEP) × M

EIRP = 50 W × 1.585 = 79.25 W

If the antenna system is lossier than this example, G may be negative, resulting in a multiplying
factor less than 1. The result is an EIRP that is less than the transmitter output power. This situation can
occur in practice, but for obvious reasons is not desirable.

Assembling a Repeate r Antenna System
This section will aid you in planning and assembling your repeater antenna system.  The material

was prepared by Domenic Mallozzi, N1DM. Consult Chapter 23 for information on propagation for the
band of your interest.

First, a repeater antenna selection checklist such as this will help you in evaluating the antenna
system for your needs.

Gain needed ________ dBi
Pattern required ________  Omnidirectional

________ Offset
________  Cardioidal
________ Bidirectional
________  Special pattern

       (specify)
_______________

Mounting ________  Top of tower
________ Side of tower
(Determine effects of tower
on pattern. Is the result
consistent with the pattern
required?)

Is downtilt required? ________  Yes
________ No

Type of RF ________  UHF
   connector ________ N

________  BNC
________ Other (specify)

Size (length) ________
Weight ________

Maximum cost $_______



Repeater Antenna Systems  17-15

Table 1
Product Matrix Showing Repeater Equipment and Manufacturer by Frequency Band

Abbreviated names above are for the following manufacturers:  Austin Antenna, Celwave RF Inc, Cushcraft Corp, Decibel Products Inc,
RF Parts, Sinclair Radio Laboratories Inc, TX/RX Systems Inc and Wacom Inc. A manufacturers’ contact list appears in Chapter 21.

Key to codes used:
C = in-stock catalog item
S = available special order

Note: Coaxial cable is not listed, because most manufacturers sell only to dealers.

Table 1 has been compiled to provide general information on commercial components available
for repeater and remote-base antenna systems. The various components are listed in a matrix format by
manufacturer, for equipment designed to operate in the various amateur bands.  See Chapter 21 for
supplier information for these components.  Although every effort has been made to make this data
complete, the ARRL is not responsible for omissions or errors. The listing of a product in Table 1 does
not constitute an endorsement by the ARRL. Manufacturers are urged to contact the editors with updat-
ing information.

Even though almost any antenna can be used for a repeater, the companies indicated in the Anten-
nas column in Table 1 are known to have produced heavy-duty antennas to commercial standards for
repeater service. Many of these companies offer their antennas with special features for repeater ser-
vice (such as vertical-beam downtilt). It is best to obtain catalogs of current products from the manu-
facturers listed, both for general information and to determine which special options are available on
their products.
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A 144 MHz Duplexer
Obtaining sufficient isolation between the transmitter and receiver of a repeater can be difficult. Many of

the solutions to this problem compromise receiver sensitivity or transmitter power output. Other solutions
create an imbalance between receiver and transmitter coverage areas. When a duplexer is used, insertion loss
is the compromise. But a small amount of insertion loss is more than offset by the use of one antenna for both
the transmitter and receiver. Using one antenna assures equal antenna patterns for both transmitting and
receiving, and reduces cost, maintenance and mechanical complexity.

As mentioned earlier in this chapter, duplexers may be built in the home workshop. Bob Shriner,
WAØUZO, presented a small, mechanically simple duplexer for low-power applications in April 1979
QST. Shriner’s design is unique, as the duplexer cavities are constructed of circuit board material. Low
cost and simplicity are the result, but with a trade-off in performance. A silver-plated version of Shriner’s
design has an insertion loss of approximately 5 dB at 146 MHz. The loss is greater if the copper is not
plated, and increases as the inner walls of the cavity tarnish.

This duplexer construction project by John Bilodeau, W1GAN, represents an effective duplexer.
The information originally appeared in July 1972 QST. It is a time proven project used by many re-
peater groups, and can be duplicated relatively easily. Its insertion loss is just 1.5 dB.

Fig 18 will help you visualize the requirements for a duplexer, which can be summed up as fol-
lows.  The duplexer must attenuate the transmitter carrier to avoid overloading the receiver and thereby
reducing its sensitivity.  It must also attenuate any noise or spurious frequencies from the transmitter
on or near the receiver frequency.  In addition, a
duplexer must provide a proper impedance match
between transmitter, antenna, and receiver.

As shown in Fig 18, transmitter output on
146.94 MHz going from point C to D should not
be attenuated.  However, the transmitter energy
should be greatly attenuated between points B and
A.  Duplexer section 2 should attenuate any noise
or signals that are on or near the receiver input
frequency of 146.34 MHz.  For good reception
the noise and spurious signal level must be less
than –130 dBm (0 dBm = 1 milliwatt into 50 Ω).
Typical transmitter noise 600 kHz away from the
carrier frequency is 80 dB below the transmitter
power output.  For 60 W of output (+48 dBm),
the noise level is –32 dBm.  The duplexer must
make up the difference between –32 dBm and –
130 dBm, or 98 dB.

The received signal must go from point B to
A with a minimum of attenuation.  Section 1 of
the duplexer must also provide enough attenua-
tion of the transmitter energy to prevent receiver
overload.  For an average receiver, the transmit-
ter signal must be less than –30 dBm to meet this
requirement.  The difference between the trans-
mitter output of +48 dBm and the receiver over-
load point of –30 dBm, 78 dB, must be made up
by duplexer section 1.

THE CIRCUIT
Fig 19 shows the completed six-cavity du-

Fig 19—A six-cavity
duplexer for use
with a 144-MHz
repeater.  The cav-
ities are fastened to
a plywood base for
mechanical stability.
Short lengths of
double-shielded
cable are used for
conn- ections
between individual
cavities.  An
insertion loss of
less than 1.5 dB is
possible with this
design.

Fig 18—Duplexers permit using one antenna for both
transmitting and receiving in a repeater system.
Section 1 prevents energy at the transmitter
frequency from interfering with the receiver, while
section 2 attenuates any off-frequency transmitter
energy that is at or near the receiver frequency.
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plexer, and Fig 20 shows the assembly of an individual cavity.  A 1/4-λ resonator was selected for this
duplexer design. The length of the center conductor is adjusted by turning a threaded rod, which changes
the resonant frequency of the cavity. Energy is coupled into and out of the tuned circuit by the coupling
loops extending through the top plate.

The cavity functions as a series resonant circuit. When a reactance is connected across a series
resonant circuit, an anti-resonant notch is produced, and the resonant frequency is shifted. If a capaci-
tor is added, the notch appears below the resonant frequency. Adding inductance instead of capacitance
makes the notch appear above the resonant frequency. The value of the added component determines
the spacing between the notch and the resonant frequency of the cavity.

Fig 21 shows the measured band-pass characteristics of the cavity with shunt elements. With the
cavity tuned to 146.94 MHz and a shunt capacitor connected from input to output, a 146.34-MHz
signal is attenuated by 35 dB. If an inductance is placed across the cavity and the cavity is tuned to
146.34 MHz, the attenuation at 146.94 MHz is 35 dB. Insertion loss in both cases is 0.4 dB. Three
cavities with shunt capacitors are tuned to 146.94 MHz and connected together in cascade with short
lengths of coaxial cable. The attenuation at 146.34 MHz is more than 100 dB, and insertion loss at

Fig 20—The assembly of an individual cavit y.  A Bud Minibox is mounted on the top plate with three
screws .  A clamping sleeve made of brass pipe is used to prevent crushing the box when the locknut
is tightened on the tuning shaft.  Note that the positions of both C1 and L1 are shown, but that three
cavities will have C1 installed and three will have L1 in place.
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Fig 22—Frequency response of the six-cavity duplexe r. One set of three cavities is tuned to pass
146.34 MHz and notch 146.94 MHz (the receiver leg). The remaining set of three cavities is tuned to
pass 146.94 MHz and notch 146.34 MHz. This duplexer provides approximately 100 dB of isolation
between the transmitter and receiver when properly tuned.

Fig 21—Typical frequency response of a single
cavity of the type used in the duplexe r. The dotted
line represents the passband characteristics of
the cavity alone; the solid line for the cavity with
a shunt capacitor connected between input and
output . An inductance connected in the same
manner will cause the rejection notch to be above
the frequency to which the cavity is tuned.

146.94 MHz is 1.5 dB. Response curves for a six-cavity duplexer are given in Fig 22.

Construction
The schematic diagram for the duplexer is shown in Fig 23. Three parts for the duplexer must be

machined; all others can be made with hand tools. A small lathe can be used to machine the brass top
plate, the threaded tuning plunger bushing, and the Teflon insulator bushing. The dimensions
of these parts are given in Fig 24.

Type DWV copper tubing is used for the outer conductor of the cavities. The wall thickness is
0.058 inch, with an outside diameter of 41/8 inches.
You will need a tubing cutter large enough to
handle this size (perhaps borrowed or rented). The
wheel of the cutter should be tight and sharp. Make
slow, careful cuts so the ends will be square. The
outer conductor is 221/2 inches long.

The inner conductor is made from type M cop-
per tubing having an outside diameter of
13/8 inches. A 6-inch length of 1-inch OD brass tub-
ing is used to make the tuning plunger.

The tubing types mentioned above are desig-
nations used in the plumbing and steam-fitting in-
dustry. Other types may be used in the construc-
tion of a duplexer, but you should check the sizes
carefully to assure that the parts will fit each other.
Tubing with a greater wall thickness will make the
assembly heavier, and the expense will increase
accordingly.

Soft solder is used throughout the assembly. Un-
less you have experience with silver solder, do not
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Fig 23—Diagram of the six-cavity duplexer. Coaxial cable lengths between cavities are critical and must be
followed closely. Double shielded cable and high quality connectors should be used throughout. The sizes
and shapes of the coupling loops, L1, and the straps for connecting C1 should be observed.
C1—1.7-11 pF circuit-board mount, E. F. Johnson 189-5-5 or equiv.  Set at 3/4 closed for initial
   alignment.

Fig 24—Dimensions for the three parts that require machining. A small metal-working lathe should be
used for making these parts.
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Fig 25—Two of the center conductor and top
plate assemblies.  In the assembly at the left, C1
is visible just below the tuning shaft, mounted by
short straps made from sheet copper.  The
assembly on the right has L1 in place between
the BNC connectors.  The Miniboxes are fastened
to the top plate by a single large nut in these
units.  Using screws through the Minibox into the
top plate, as described in the text, is preferred.

Fig 26—The duplexer can be tuned by either of the
two methods shown here, although the method
depicted at A is preferred. The signal generator
should be modulated by a 1-kHz tone. If the setup
shown at B is used, the transmitter should not be
modulated, and should have a minimum of noise
and spurious signals. The cavities to be aligned are
inserted between X and Y in the setup at A, and
between P and Q in B.

use it. Eutectic type 157 solder with paste or acid
flux makes very good joints. This type has a slightly
higher melting temperature than ordinary tin-lead al-
loy, but has considerably greater strength.

First solder the inner conductor to the top plate
(Fig 25). The finger stock can then be soldered
inside the lower end of the inner conductor, while
temporarily held in place with a plug made of alu-
minum or stainless steel. While soldering, do not
allow the flame from the torch to overheat the fin-
ger stock. The plunger bushing is soldered into
the tuning plunger and a 20-inch length of threaded
rod is soldered into the bushing.

Cut six slots in the top of the outer conductor.
They should be 5/8 inch deep and equally spaced
around the tubing. The bottom end of the 4-inch tub-
ing is soldered to the square bottom plate. The bot-
tom plates have holes in the corners so they can be
fastened to a plywood base by means of wood screws.
Because the center conductor has no support at one
end, the cavities must be mounted vertically.

The size and position of the coupling loops
are critical. Follow the given dimensions closely.
Both loops should be 1/8 inch away from the cen-
ter conductor on opposite sides. Connect a solder
lug to the ground end of the loop, then fasten the
lug to the top plate with a screw. The free end of
the loop is insulated by Teflon bushings where it
passes through the top plate for connection to the
BNC fittings.

Before final assembly of the parts, clean them
thoroughly. Soap-filled steel wool pads and hot
water work well for this. Be sure the finger stock
makes firm contact with the tuning plunger. The
top plate should fit snugly in the top of the outer
conductor—a large hose clamp tightened around
the outer conductor will keep the top plate in place.

ADJUSTMENT
After the cavities have been checked for band-

pass characteristics and insertion loss, install the
anti-resonant elements, C1 and L1. (See Fig 21.)
It is preferable to use laboratory test equipment
when tuning the duplexer. An option is to use a
low power transmitter with an RF probe and an
electronic voltmeter. Both methods are shown in
Fig 26.

With the test equipment connected as shown
in Fig 26A, adjust the signal generator frequency
to the desired repeater input frequency. Connect a
calibrated step attenuator between points X and
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Y. With no attenuation, adjust the HP-415 for 0 on the 20-dB scale. You can check the calibration of the
415 by switching in different amounts of attenuation and noting the meter reading. You may note a
small error at either high or very low signal levels.

Next, remove the step attenuator and replace it with a cavity that has the shunt inductor, L1, in
place. Adjust the tuning screw for maximum reading on the 415 meter. Remove the cavity and connect
points X and Y. Set the signal generator to the repeater output frequency and adjust the 415 for a
0 reading on the 20-dB scale.

Reinsert the cavity between X and Y and adjust the cavity tuning for minimum reading on the 415.
The notch should be sharp and have a depth of at least 35 dB. It is important to maintain the minimum
reading on the meter while tightening the locknut on the tuning shaft.

To check the insertion loss of the cavity, the output from the signal generator should be reduced,
and the calibration of the 415 meter checked on the 50-dB expanded scale. Use a fixed 1-dB attenuator
to make certain the error is less than 0.1 dB. Replace the attenuator with the cavity and read the loss.
The insertion loss should be 0.5 dB or less. The procedure is the same for tuning all six cavities, except
that the frequencies are reversed for those having the shunt capacitor installed.

Adjustment with Minimum Equipment
A transmitter with a minimum of spurious output should be used for this method of adjustment.

Most modern transmitters meet this requirement.  The voltmeter in use should be capable of reading
0.5 V (or less), full scale. The RF probe used should be rated to 150 MHz or higher. Sections of RG-58
cable are used as attenuators, as shown in Fig 26B. The loss in these 140-foot lengths is nearly 10 dB,
and helps to isolate the transmitter in case of mismatch during tuning.

Set the transmitter to the repeater input frequency and connect P and Q. Obtain a reading
between 1 and 3 V on the voltmeter. Insert a cavity with shunt capacitors in place between P and Q and
adjust the cavity tuning for a minimum reading on the voltmeter. (This reading should be
between 0.01 and 0.05 V.) The rejection in dB can be calculated by

dB = 20 log (V1/V2)

This should be at least 35 dB. Check the insertion loss by putting the receiver on the repeater output
frequency and noting the voltmeter reading with the cavity out of the circuit.

A 0.5-dB attenuator can be made from a 7-foot length of RG-58. This 7-foot cable can be used to
check the calibration of the detector probe and the voltmeter.

Cavities with shunt inductance can be tuned the same way, but with the frequencies reversed. If
two or more cavities are tuned while connected together, transmitter noise can cause the rejection
readings to be low. In other words, there will be less attenuation.

Results
The duplexer is conservatively rated at 150 W input, but, if constructed carefully, should be able to

handle as much as 300 W. Silver plating the interior surfaces of the cavities is recommended if input
power is to be greater than 150 W. A duplexer of this type with silver plated cavities has an
insertion loss of less than 1 dB, and a rejection of more than 100 dB. Unplated cavities should be
disassembled at least every two years, cleaned thoroughly, and then retuned.

Miscellaneous Notes
1) Double-shielded cable and high-quality connectors are required throughout the system
2) The SWR of the antenna should not exceed 1.2:1 for proper duplexer performance.
3) Good shielding of the transmitter and receiver at the repeater is essential.
4) The antenna should have four or more wavelengths of vertical separation from the repeater.
5) Conductors in the near field of the antenna should be well bonded and grounded to eliminate

 noise.
6) The feed line should be electrically bonded and mechanically secured to the tower or mast.
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7) Feed lines and other antennas in the near field of the repeater antenna should be well bonded
 and as far from the repeater antenna as possible.

8) Individual cavities can be used to improve the performance of separate antenna or separate site
 repeaters.

9) Individual cavities can be used to help solve intermodulation problems.
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Chapter 18

VHF and UHF Antenna Systems

Agood antenna system is one of the most valuable assets available to the VHF/UHF enthusiast.
Compared to an antenna of lesser quality, an antenna that is well designed, is built of good
quality materials, and is well maintained, will increase transmitting range, enhance reception

of weak signals, and reduce interference problems. The work itself is by no means the least attractive
part of the job. Even with high gain antennas, experimentation is greatly simplified at VHF and UHF
because the antennas are a physically manageable size. Setting up a home antenna range is within the
means of most amateurs, and much can be learned about the nature and adjustment of antennas. No
large investment in test equipment is necessary.

The Basics
Selecting the best VHF or UHF antenna for a given installation involves much more than scanning

gain figures and prices in a manufacturer’s catalog. There is no one “best” VHF or UHF antenna design
for all purposes. The first step in choosing an antenna is figuring out what you want it to do.

Gain
At VHF and UHF, it is possible to build Yagi antennas with very high gain—15 to 20 dB—on a physi-

cally manageable boom. Such antennas can be combined in arrays of two, four, six, eight, or more antennas.
These arrays are attractive for EME, tropospheric scatter or other weak-signal communication modes.

Radiation Patterns
Antenna radiation can be made omnidirectional, bidirectional, practically unidirectional, or any-

thing between these conditions. A VHF net operator may find an omnidirectional system almost a
necessity, but it may be a poor choice otherwise. Noise pickup and other interference problems tend to
be greater with such omnidirectional antennas, and such antennas having some gain are especially bad
in these respects. Maximum gain and low radiation angle are usually prime interests of the weak signal
DX aspirant. A clean pattern, with lowest possible pickup and radiation off the sides and back, may be
important in high activity areas, or where the noise level is high.

Frequency Response
The ability to work over an entire VHF band may be important in some types of work. Modern

Yagis can achieve performance over a remarkably wide frequency range, providing that the boom length
is long enough and enough elements are used to populate the boom. Modern Yagi designs in fact are
competitive with directly driven collinear arrays of similar size and complexity. The primary perfor-
mance parameters of gain, front-to-rear ratio and SWR can be optimized over all the VHF or UHF
amateur bands readily, with the exception of the full 6-meter band from 50.0 to 54.0 MHz, which is an
8% wide bandwidth. A Yagi can be easily designed to cover any 2.0-MHz portion of the 6-meter band
with superb performance.
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Height Gain
In general, the higher the better in VHF and UHF antenna installations. If raising the antenna clears

its view over nearby obstructions, it may make dramatic improvements in coverage. Within reason,
greater height is almost always worth its cost, but height gain (see Chapter 23) must be balanced against
increased transmission-line loss. This loss can be considerable, and it increases with frequency. The
best available line may not be very good if the run is long in terms of wavelengths. Line loss consider-
ations (shown in table form in Chapter 24) are important in antenna planning.

Physical Size
A given antenna design for 432 MHz has the same gain as the same design for 144 MHz, but being

only one-third as large intercepts only one-ninth as much energy in receiving. In other words, the
antenna has less pickup efficiency at 432 MHz. To be equal in communication effectiveness, the
432-MHz array should be at least equal in size to the 144-MHz antenna, which requires roughly three
times as many elements. With all the extra difficulties involved in using the higher frequencies effec-
tively, it is best to keep antennas as large as possible for these bands.

DESIGN FACTORS
With the objectives sorted out in a general way, decisions on specifics, such as polarization, type of

transmission line, matching methods and mechanical design must be made.

Polarization
Whether to position antenna elements vertically or horizontally has been widely questioned since

early VHF pioneering. Tests have shown little evidence as to which polarization sense is most desir-
able. On long paths, there is no consistent advantage either way. Shorter paths tend to yield higher
signal levels with horizontally polarized antennas over some kinds of terrain. Man-made noise, espe-
cially ignition interference, also tends to be lower with horizontal antennas. These factors make hori-
zontal polarization somewhat more desirable for weak-signal communications. On the other hand, ver-
tically polarized antennas are much simpler to use in omnidirectional systems and in mobile work.

Vertical polarization was widely used in early VHF work, but horizontal polarization gained favor
when directional arrays started to become widely used. The major trend to FM and repeaters, particu-
larly in the 144-MHz band, has tipped the balance in favor of vertical antennas in mobile and repeater
use. Horizontal polarization predominates in other communication on 50 MHz and higher frequencies.
Additional loss of 20 dB or more can be expected when cross-polarized antennas are used.

TRANSMISSION LINES
Transmission line principles are covered in detail in Chapter 24. Techniques that apply to VHF and

UHF operation are dealt with in greater detail here. The principles of carrying RF from one location to
another via a feed line are the same for all radio frequencies. As at HF, RF is carried principally via
open-wire lines and coaxial cables at VHF/UHF. Certain aspects of these lines characterize them as
good or bad for use above 50 MHz.

Properly built open-wire line can operate with very low loss in VHF and UHF installations. A total line loss
under 2 dB per 100 feet at 432 MHz can easily be obtained. A line made of #12 wire, spaced 3/4 inch or more
with Teflon spreaders and run essentially straight from antenna to station, can be better than anything but the
most expensive coax. Such line can be home-made or purchased at a fraction of the cost of coaxial cables, with
comparable loss characteristics. Careful attention must be paid to efficient impedance matching if the benefits
of this system are to be realized. A similar system for 144 MHz can easily provide a line loss under 1 dB.

Small coax such as RG-58 or RG-59 should never be used in VHF work if the run is more than a
few feet. Lines of 1/2-inch diameter (RG-8 or RG-11) work fairly well at 50 MHz, and are acceptable
for 144-MHz runs of 50 feet or less. These lines are somewhat better if they employ foam instead of
ordinary PE dielectric material. Aluminum-jacket “Hardline” coaxial cables with large inner conduc-
tors and foam insulation are well worth their cost, and can sometimes be obtained for free from local
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cable TV operators as “end runs”—pieces at the end of a roll. The most common CATV cable is
1/2-inch OD 75-Ω Hardline. Matched-line loss for this cable is about 1.0 dB/100 feet at 146 MHz and
2.0 dB/100 feet at 432 MHz. Less commonly available from CATV companies is the 3/4-inch 75-Ω
Hardline, sometimes with a black self-healing hard plastic covering. This line has 0.8 dB of loss per
100 feet at 146 MHz, and 1.6 dB loss per 100 feet at 432 MHz. There will be small additional losses
for either line if 75 to 50-Ω transformers are used at each end.

Commercial connectors for Hardline are expensive but provide reliable connections with full
waterproofing. Enterprising amateurs have “home-brewed” low-cost connectors. If they are properly
waterproofed, connectors and Hardline can last almost indefinitely. Hardline must not be bent too
sharply, because it will kink.

Beware of any “bargains” in coax for VHF or UHF use. Feed-line loss can be compensated to some extent
by increasing transmitter power, but once lost, a weak signal can never be recovered in the receiver. Effects of
weather on transmission lines should not be ignored. Well constructed open-wire line works optimally in
nearly any weather, and it stands up well. Twin-lead is almost useless in heavy rain, wet snow or icing. The best
grades of coax are completely impervious to weather; they can be run underground, fastened to metal towers
without insulation, and bent into any convenient position with no adverse effects on performance.

G-Line
Conventional two-conductor transmission lines and most coaxial cables are quite lossy in the up-

per UHF and microwave ranges. If the station and antenna are separated by more than 100 feet, com-
mon coaxial cables (such as RG-8) are almost useless for serious work. Unless the very best rigid coax
with the proper fittings can be obtained, it is worthwhile to explore alternative methods of carrying RF
energy between the station and antenna.

There is a single-conductor transmission line, invented by Georg Goubau (called “G-Line” in his
honor), that can be effectively used in this frequency range. Papers by the inventor appeared some
years ago, in which seemingly fantastic claims for line loss were made—under 1 dB per 100 feet in the
microwave region, for example. (See the Bibliography at the end of this chapter.) Especially attractive
was the statement that the matching device was broadband in nature, making it appear that a single G-
Line installation might be made to serve on, say, 432, 903 and 1296 MHz.

The basic idea is that a single conductor can be an almost lossless transmission line at UHF, if a
suitable “launching device” is used. A similar “launcher” is placed at the other end. Basically, the
launcher is a cone-shaped device that is a flared extension of the coaxial cable shield. In effect, the
cone begins to carry the RF as the outer conductor is gradually “removed.” These launch cones should
be at least 3 λ long. The line should be large and heavily insulated, such as #14, vinyl covered.

Propagation along a G-Line is similar to “ground wave,” or “surface wave” propagation over
perfectly conducting earth. The dielectric material confines the energy to the vicinity of the wire,
preventing radiation. The major drawback of G-Line is that it is very sensitive to deviation from straight
lines. If any bends must be made, they should be in the form of a large radius arc. This is preferable to
even an obtuse angle change in the direction of the run. The line must be kept several inches away from
metal objects and should be supported with as few insulators as possible.

WAVEGUIDES
Above 2 GHz, coaxial cable is a losing proposition for communication work. Fortunately, at this fre-

quency the wavelength is short enough to allow practical, efficient energy transfer by an entirely different
means. A waveguide is a conducting tube through which energy is transmitted in the form of electromag-
netic waves. The tube is not considered as carrying a current in the same sense that the wires of a two-
conductor line do, but rather as a boundary that confines the waves in the enclosed space. Skin effect
prevents any electromagnetic effects from being evident outside the guide. The energy is injected at one
end, either through capacitive or inductive coupling or by radiation, and is removed from the other end in a
like manner. Waveguide merely confines the energy of the fields, which are propagated through it to the
receiving end by means of reflections against its inner walls.
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Fig 1—Field distribution in a rectangular wave-
guide. The TE 10 mode of propagation is depicted.

Table 1
Waveguide Dimensions
                                          Rectangular Circular

Cutoff wavelength 2X 3.41r
Longest wavelength trans-
mitted with little attenuation 1.6X 3.2r

Shortest wavelength before
next mode becomes possible 1.1X 2.8r

Analysis of waveguide operation is based on
the assumption that the guide material is a perfect
conductor of electricity. Typical distributions of
electric and magnetic fields in a rectangular guide
are shown in Fig 1. The intensity of the electric
field is greatest (as indicated by closer spacing of
the lines of force) at the center along the X di-
mension (Fig 1C), diminishing to zero at the end
walls. The fields must diminish in this manner, be-
cause the existence of any electric field parallel to
the walls at the surface would cause an infinite
current to flow in a perfect conductor. Waveguides,
of course, cannot carry RF in this fashion.

Modes of Propagation
Fig 1 represents the most basic distribution of

the electric and magnetic fields in a waveguide.
There are an infinite number of ways in which the
fields can arrange themselves in a waveguide (for
frequencies above the low cutoff frequency of the
guide in use). Each of these field configurations
is called a mode.

The modes may be separated into two general
groups. One group, designated TM (transverse
magnetic), has the magnetic field entirely trans-
verse to the direction of propagation, but has a
component of the electric field in that direction.
The other type, designated TE (transverse electric)
has the electric field entirely transverse, but has a
component of magnetic field in the direction of
propagation. TM waves are sometimes called E
waves, and TE waves are sometimes called H
waves, but the TM and TE designations are pre-
ferred.

The mode of propagation is identified by the
group letters followed by two subscript numerals.
For example, TE10, TM11, etc. The number of pos-
sible modes increases with frequency for a given
size of guide, and there is only one possible mode
(called the dominant mode) for the lowest fre-
quency that can be transmitted. The dominant
mode is the one generally used in amateur work.

Waveguide Dimensions
In rectangular guide the critical dimension is X in Fig 1. This dimension must be more than 1/2 λ at

the lowest frequency to be transmitted. In practice, the Y dimension usually is made about equal to 1/2

X to avoid the possibility of operation in other than the dominant mode.
Cross-sectional shapes other than the rectangle can be used, the most important being the circular

pipe. Much the same considerations apply as in the rectangular case.
Wavelength dimensions for rectangular and circular guides are given in Table 1, where X is the width of

a rectangular guide and r is the radius of a circular guide. All figures apply to the dominant mode.
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Fig 2—Coupling coaxial line to
waveguide and resonators.

Fig 3—At its cutoff frequency a rectangular waveguide can be
thought of as a parallel two-conductor transmission line sup-
ported from top and bottom by an infinite number of 1/4-λ stubs.

Coupling to Waveguides
Energy may be introduced into or extracted from a waveguide or resonator by means of either the

electric or magnetic field. The energy transfer frequently is through a coaxial line. Two methods for
coupling to coaxial line are shown in Fig 2. The probe shown at A is simply a short extension of the
inner conductor of the coaxial line, oriented so that it is parallel to the electric lines of force. The loop
shown at B is arranged so that it encloses some of the magnetic lines of force. The point at which
maximum coupling is obtained depends on the mode of propagation in the guide or cavity. Coupling is
maximum when the coupling device is in the most intense field.

Coupling can be varied by turning the probe or loop through a 90° angle. When the probe is per-
pendicular to the electric lines the coupling is minimum; similarly, when the plane of the loop is paral-
lel to the magnetic lines the coupling is minimum.

If a waveguide is left open at one end it will radiate energy. This radiation can be greatly enhanced
by flaring the waveguide to form a pyramidal horn antenna. The horn acts as a transition between the
confines of the waveguide and free space. To effect the proper impedance transformation the horn must
be at least 1/2 λ on a side. A horn of this dimension (cutoff) has a unidirectional radiation pattern with a
null toward the waveguide transition. The gain at the cutoff frequency is 3 dB, increasing 6 dB with
each doubling of frequency. Horns are used extensively in microwave work, both as primary radiators
and as feed elements for elaborate focusing systems. Details for constructing 10-GHz horn antennas
are given later in this chapter.

Evolution of a Waveguide
Suppose an open wire line is used to carry RF energy from a generator to a load. If the line has any

appreciable length it must be mechanically supported. The line must be well insulated from the sup-
ports if high losses are to be avoided. Because high quality insulators are difficult to construct at
microwave frequencies, the logical alternative is to support the transmission line with 1/4-λ stubs, shorted
at the end opposite the feed line. The open end of such a stub presents an infinite impedance to the
transmission line, provided the shorted stub is nonreactive. However, the shorting link has a finite
length, and therefore some inductance. The effect of this inductance can be removed by making the RF
current flow on the surface of a plate rather than a thin wire. If the plate is large enough, it will prevent
the magnetic lines of force from encircling the RF current.

An infinite number of these 1/4-λ stubs may be connected in parallel without affecting the standing
waves of voltage and current. The transmission line may be supported from the top as well as the
bottom, and when an infinite number of supports are added, they form the walls of a waveguide at its
cutoff frequency. Fig 3 illustrates how a rectangular waveguide evolves from a two-wire parallel trans-
mission line as described. This simplified analysis also shows why the cutoff dimension is 1/2 λ.
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While the operation of waveguides is usually described in terms of fields, current does flow on the
inside walls, just as on the conductors of a two-wire transmission line. At the waveguide cutoff fre-
quency, the current is concentrated in the center of the walls, and disperses toward the floor and ceiling
as the frequency increases.

IMPEDANCE MATCHING
Impedance matching is covered in detail in Chapters 25 and 26, and the theory is the same for

frequencies above 50 MHz. Practical aspects are similar, but physical size can be a major factor in the
choice of methods. Only the matching devices used in practical construction examples later in this
chapter are discussed in detail here. This should not rule out consideration of other methods, however,
and a reading of relevant portions of both Chapters 25 and 26 is recommended.

Universal Stub
As its name implies, the double adjustment

stub of Fig 4A is useful for many matching pur-
poses. The stub length is varied to resonate the
system, and the transmission line attachment point
is varied until the transmission line and stub im-
pedances are equal. In practice this involves mov-
ing both the sliding short and the point of line
connection for zero reflected power, as indicated
on an SWR bridge connected in the line.

The universal stub allows for tuning out any
small reactance present in the driven part of the
system. It permits matching the antenna to the line
without knowledge of the actual impedances in-
volved. The position of the short yielding the best
match gives some indication of the amount of re-
actance present. With little or no reactive com-
ponent to be tuned out, the stub must be approxi-
mately 1/2 λ  from load toward the short.

The stub should be made of stiff bare wire or
rod, spaced no more than 1/20 λ apart. Preferably it
should be mounted rigidly, on insulators. Once the
position of the short is determined, the center of the
short can be grounded, if desired, and the portion of
the stub no longer needed can be removed.

It is not necessary that the stub be connected
directly to the driven element. It can be made part
of an open wire line, as a device to match coaxial
cable to the line. The stub can be connected to
the lower end of a delta match or placed at the
feed point of a phased array. Examples of these
uses are given later.

Delta Match
Probably the most basic impedance matching

device is the delta match, fanned ends of an open
wire line tapped onto a 1/2-λ antenna at the point of
most efficient power transfer. This is shown in
Fig 4B. Both the side length and the points of con-

Fig 4—Matching methods commonly used at VH F.
The universal stub , A, combines tuning and
matching. The adjustable short on the stub and
the points of connection of the transmission line
are adjusted for minimum reflected power on the
line. In the delta match, B and C, the line is
fanned out and connected to the dipole at the
point of optimum impedance match. Impedances
need not be known i n A, B or C. The gamma
match, D, is for direct connection of coax. C1
tunes out inductance in the arm . A folded dipole
of uniform conductor size, E, steps up antenna
impedance by a factor of fou r. Using a larger
conductor in the unbroken portion of the folded
dipole, F, gives higher orders of impedance
transformation.
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nection either side of the center of the element must be adjusted for minimum reflected power on the line,
but as with the universal stub, the impedances need not be known. The delta match makes no provision for
tuning out reactance, so the universal stub is often used as a termination for it, to this end.

At one time, the delta match was thought to be inferior for VHF applications because of its ten-
dency to radiate if improperly adjusted. The delta has come back into favor now that accurate methods
are available for measuring the effects of matching. It is very handy for phasing multiple bay arrays
with open wire lines, and its dimensions in this use are not particularly critical. It should be checked
out carefully in applications like that of Fig 4C, where no tuning device is used.

Gamma and T Matches
An application of the same principle allowing direct connection of coax is the gamma match,

Fig 4D. Because the RF voltage at the center of a 1/2-λ dipole is zero, the outer conductor of the coax is
connected to the element at this point. This may also be the junction with a metallic or wooden boom.
The inner conductor, carrying the RF current, is tapped out on the element at the matching point.
Inductance of the arm is tuned out by means of C1, resulting in electrical balance. Both the point of
contact with the element and the setting of the capacitor are adjusted for zero reflected power, with a
bridge connected in the coaxial line.

The capacitance can be varied until the required value is found, and the variable capacitor replaced
with a fixed unit of that value. C1 can be mounted in a waterproof box. The maximum required value
should be about 100 pF for 50 MHz and 35 to 50 pF for 144 MHz.

The capacitor and arm can be combined in one coaxial assembly with the arm connected to the
driven element by means of a sliding clamp, and the inner end of the arm sliding inside a sleeve con-
nected to the center conductor of the coax. An assembly of this type can be constructed from concentric
pieces of tubing, insulated by plastic or heat-shrink sleeving. RF voltage across the capacitor is low
when the match is adjusted properly, so with a good dielectric, insulation presents no great problem.
The initial adjustment should be made with low power. A clean, permanent high conductivity bond
between arm and element is important, as the RF current is high at this point.

Because it is inherently somewhat unbalanced, the gamma match can sometimes introduce pattern
distortion, particularly on long-boom, highly directive Yagi arrays. The T match, essentially two gamma
matches in series creating a balanced feed system, has become popular for this reason. A coaxial balun
like that shown in Fig 5 is used from the 200-Ω balanced T match to the unbalanced 50-Ω coaxial line
going to the transmitter. See K1FO Yagi designs later in this chapter for details.

Folded Dipole
The impedance of a 1/2-λ antenna broken at its center is about 70 Ω. If a single conductor of uniform size

is folded to make a 1/2-λ dipole as shown in Fig 4E, the impedance is stepped up four times. Such a folded
dipole can be fed directly with 300-Ω line with no appreciable mismatch. If a 4:1 balun is used, the antenna
can be fed with 75-Ω coaxial cable. (See balun information presented below.) Higher step-up impedance
transformation can be obtained if the unbroken portion is made larger in cross-section than the fed portion,
as shown in Fig 4F.

Fig 5—Conversion from unbalanced coax to
a balanced load can be done with a 1/2-λ
coaxial balun a t A. Electrical length of the
looped section should be checked with a dip
mete r, with the ends shorted, as at B. The 1/2-
λ  balun gives a 4:1 impedance step-up.
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Hairpin Match
The feed-point resistance of most multi-element Yagi arrays is less than 50 Ω. If the driven ele-

ment is split and fed at the center, it may be shortened from its resonant length to add capacitive
reactance at the feed point. Then, shunting the feed point with a wire loop resembling a hairpin causes
a step-up of the feed-point resistance. The hairpin match is used together with a 4:1 coaxial balun in the
50-MHz arrays described later in this chapter.

BALUNS AN D TRANSMATCHES
Conversion from balanced loads to unbalanced lines (or vice versa) can be performed with electri-

cal circuits, or their equivalents made of coaxial cable. A balun made from flexible coax is shown in
Fig 5A. The looped portion is an electrical 1/2 λ. The physical length depends on the velocity factor of
the line used, so it is important to check its resonant frequency as shown in Fig 5B. The two ends are
shorted, and the loop at one end is coupled to a dip meter coil. This type of balun gives an impedance
step-up of 4:1 (typically 50 to 200 Ω, or 75 to 300 Ω).

Coaxial baluns that yield 1:1 impedance transformations are shown in Fig 6. The coaxial sleeve,
open at the top and connected to the outer conductor of the line at the lower end (A) is the preferred
type. At B, a conductor of approximately the same size as the line is used with the outer conductor to
form a 1/4-λ stub. Another piece of coax, using only the outer conductor, will serve this purpose. Both
baluns are intended to present an infinite impedance to any RF current that might otherwise flow on the
outer conductor of the coax.

The functions of the balun and the impedance transformer can be handled by various tuned circuits.
Such a device, commonly called an antenna tuner or Transmatch, can provide a wide range of impedance
transformations. Additional selectivity inherent in the Transmatch can reduce RFI problems.

THE YAGI AT VHF AND UHF
Without doubt, the Yagi is king of home-station antennas these days. Today’s best designs are computer

optimized. For years amateurs as well as professionals designed Yagi arrays experimentally. Now we have
powerful (and inexpensive) personal computers and sophisticated software for antenna modeling. These
have brought us antennas with improved performance, with little or no element pruning required. The chap-
ter on HF Yagis in this handbook describes the parameters associated with Yagi-Uda arrays. Except for
somewhat tighter dimensional tolerances needed at VHF and UHF, the properties that  make a good Yagi at
HF also are needed on the higher frequencies. See the end of this chapter for practical Yagi designs.

STACKING YAGIS
Where suitable provision can be made for sup-

porting them, two Yagis mounted one above the
other and fed in phase can provide better perfor-
mance than one long Yagi with the same theoreti-
cal or measured gain. The pair occupies a much
smaller turning space for the same gain, and their
lower radiation angle can provide excellent re-
sults. The wider azimuthal coverage for a verti-
cal stack often results in QSOs that might be
missed with a single narrow-beam long-boom
Yagi pointed in a different direction. On long iono-
spheric paths, a stacked pair occasionally may
show an apparent gain much greater than the mea-
sured 2 to 3 dB of stacking gain.

Optimum vertical spacing for Yagis with boom
longer than 1 λ or more is about 1 λ (984/50.1 =

Fig 6—The balun conversion function, with no
impedance transformation, can be accomplished
with 1/4-λ lines, open at the top and connected to
the coax outer conductor at the bottom. The
coaxial sleeve a t A is preferred.
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19.64 feet), but this may be too much for many builders of 50-MHz antennas to handle. Worthwhile results
can be obtained with as little as 1/2 λ (10 feet), but 5/8 λ (12 feet) is markedly better. The difference between
12 and 20 feet may not be worth the added structural problems involved in the wider spacing, at least at
50 MHz. The closer spacings give lower measured gain, but the antenna patterns are cleaner in both azimuth
and elevation than with 1 λ spacing. Extra gain with wider spacings is usually the objective on 144 MHz and
the higher frequency bands, where the structural problems are not as severe.

Yagis can also be stacked in the same plane (collinear elements) for sharper azimuthal directivity.
A spacing of 5/8 λ between the ends of the inner elements yields the maximum gain within the main
lobe of the array.

If individual antennas of a stacked array are properly designed, they look like noninductive resis-
tors to the phasing system that connects them. The impedances involved can thus be treated the same as
resistances in parallel.

Three sets of stacked dipoles are shown in Fig 7. Whether these are merely dipoles or the driven
elements of Yagi arrays makes no dif ference for the purpose of these examples. Two 300-Ω antennas at
A are 1 λ apart, resulting in a feed-point impedance of approximately 150 Ω at the center. (Actually it
is slightly less than 150 Ω because of coupling between bays, but this can be neglected for illustrative
purposes.) This value remains the same regardless of the impedance of the phasing line. Thus, any
convenient line can be used for phasing, as long as the electrical length of each line is the same.

The velocity factor of the line must be taken into account as well. As with coax, this is subject to so
much variation that it is important to make a resonance check on the actual line used. The method for
doing this is shown in Fig 5B. A 1/2-λ line is resonant both open and shorted, but the shorted condition
(both ends) is usually the more convenient test condition.

The impedance transforming property of a 1/4-λ line section can be used in combination matching and
phasing lines, as shown in Fig 7B and C. At B, two bays spaced 1/2 λ  apart are phased and matched by a 400-
Ω line, acting as a double Q section, so that a 300 Ω main transmission line is matched to two 300-Ω bays.
The two halves of this phasing line could also be 3/4 λ or 5/4 λ long, if such lengths serve a useful mechanical
purpose. (An example is the stacking of two Yagis where the desirable spacing is more than 1/2 λ.)

A double Q section of coaxial line is illustrated in Fig 7C. This is useful for feeding stacked bays
that were designed for 50-Ω feed. A spacing of 5/8 λ is useful for small Yagis, and this is the equivalent
of a full electrical wavelength of solid-dielectric coax such as RG-11.

If one phasing line is electrically 1/4 λ and 3/4 λ on the other, the connection to one driven element
should be reversed with respect to the other to keep the RF currents in the elements in phase—the
gamma match is located on opposite sides of the driven elements in Fig 7C. If the number of 1/4-λ
lengths is the same on either side of the feed point, the two connections should be in the same position,
and not reversed. Practically speaking, however, you can ensure proper phasing by using exactly equal
lengths of line from the same roll of coax. This ensures that the velocity factor for each line is identical.

Fig 7—Three methods of
feeding stacked VHF arrays . A
and B are for bays having
balanced driven elements,
where a balanced phasing line
is desired . Array C has an all-
coaxial matching and phasing
system. If the lower section is
also 3/4 λ no transposition of
line connections is needed.
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One marked advantage of coaxial phasing lines is that they can be wrapped around the vertical
support, taped or grounded to it, or arranged in any way that is mechanically convenient. The spacing
between bays can be set at the most desirable value, and the phasing lines placed anywhere necessary.

In stacking horizontal Yagis one above the other on a single support, certain considerations apply
whether the bays are for different bands or for the same band. As a rule of thumb, the minimum desir-
able spacing is half the boom length for two bays on the same band, or half the boom length of the
higher frequency array where two bands are involved.

Assume the stacked two-band array of Fig 8 is for 50 and 144 MHz. The 50-MHz, 4-element Yagi
is going to tend to look like “ground” to the 7-element 144-MHz Yagi above it, if it has any effect at all.
It is well known that the impedance of an antenna varies with height above ground, passing through the
free-space value at 1/4 λ and multiples thereof. At 1/4 λ and at the odd multiples thereof, ground also acts
like a reflector, causing considerable radiation straight up. This effect is least at the 1/2-λ points, where
the impedance also passes through the free-space value. Preferably, then, the spacing S should be 1/2 λ,
or multiple thereof, at the frequency of the smaller antenna. The “half the boom length” rule gives
about the same answer in this example. For this size 144-MHz antenna, 40 inches is the minimum
desirable spacing, but 80 inches would be better.

The effect of spacing on the larger (lower frequency) array is usually negligible. If spacing closer
than half the boom length or 1/2 λ must be used, the principal concern is variation in feed impedance of
the higher frequency antenna. If this antenna has an adjustable matching device, closer spacings can be
used in a pinch, if the matching is adjusted for best SWR. Very close spacing and interlacing of ele-
ments should be avoided unless the builder is prepared to go through an extensive program of adjust-
ments of both matching and element lengths.

QUADS FOR VHF
The quad antenna can be built of very inexpensive materials, yet its performance is comparable to

other arrays of its size. Adjustment for resonance and impedance matching can be accomplished readily.
Quads can be stacked horizontally and vertically to provide high gain, without sharply limiting fre-
quency response. Construction of quad antennas for VHF use is covered later in this chapter.

Stacking Quads
Quads can be mounted side by side or one above the other, or both, in the same general way as other

antennas. Sets of driven elements can also be mounted in front of a screen reflector. The recommended
spacing between adjacent element sides is 1/2 λ. Phasing and feed methods are similar to those employed
with other antennas described in this chapter.

Adding Directors
Parasitic elements ahead of the driven element work in a manner similar to those in a Yagi array.

Closed loops can be used for directors by making them 5% shorter than the driven element. Spacings

Fig 8—In stackin g Yagi arrays one above the othe r,
the minimum spacing between bays (S) should be
about half the boom length of the smaller arra y.
Wider spacing is desirable, in which case it should
be 1/2 λ, or some multiple thereof, at the frequency of
the smaller arra y. If the beams shown are for 50 and
144 MHz, S should be at least 40 inches, but 80
inches is preferred. Similar conditions apply for
stacking antennas for a single band.
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are similar to those for conventional Yagis. In an experimental model the reflector was spaced 0.25 λ
and the director 0.15 λ. A square array using four 3-element bays worked extremely well.

VHF AND UHF QUAGIS
At higher frequencies, especially 420 MHz and above, Yagi arrays using dipole-driven elements

are difficult to feed and match, unless special care is taken to keep the feed-point impedance relatively
high by proper element spacing and tuning. The cubical quad described earlier overcomes the feed
problems to some extent. When many parasitic elements are used, however, the loops are not nearly as
convenient to assemble and tune as are straight cylindrical ones used in conventional Yagis. The Quagi,
designed and popularized by Wayne Overbeck, N6NB, is an antenna having a full-wave loop driven
element and reflector, and Yagi type straight rod directors. Construction details and examples are given
in the projects later in this chapter.

COLLINEAR ANTENNAS
The information given earlier in this chapter pertains mainly to parasitic arrays, but the collinear

array is worthy of consideration in VHF/UHF operations. This array tends to be tolerant of construc-
tion tolerances, making it easy to build and adjust for VHF applications. The use of many collinear
driven elements was once popular in very large phased arrays, such as those required in moonbounce
(EME) communication, but the advent of computer-optimized Yagis has changed this in recent years.

Large Collinea r Arrays
Bidirectional curtain arrays of four, six, and eight half waves in phase are shown in Fig 9. Usually

reflector elements are added, normally at about 0.2 λ behind each driven element, for more gain and a
unidirectional pattern. Such parasitic elements are omitted from the sketch in the interest of clarity.

The feed-point impedance of two half waves in phase is high, typically 1000 Ω or more. When
they are combined in parallel and parasitic elements are added, the feed impedance is low enough for
direct connection to open wire line or twin-lead, connected at the points indicated by black dots. With
coaxial line and a balun, it is suggested that the universal stub match, Fig 4A, be used at the feed point.
All elements should be mounted at their electrical centers, as indicated by open circles in Fig 9. The
framework can be metal or insulating material. The metal supporting structure is entirely behind the
plane of the reflector elements. Sheet-metal clamps can be cut from scraps of aluminum for this kind of
assembly. Collinear elements of this type should be mounted at their centers (where the RF voltage is
zero), rather than at their ends, where the voltage is high and insulation losses and detuning can be
harmful.

Collinear arrays of 32, 48, 64 and even 128 elements can give outstanding performance. Any col-
linear array should be fed at the center of the system, to ensure balanced current distribution. This is
very important in large arrays, where sets of six or eight driven elements are treated as “sub arrays,”

Fig 9—Element arrangements for 8, 12 and 16-
element collinear arrays. Elements are 1/2 λ long
and spaced 1/2 λ. Parasitic reflectors, omitted here
for clarit y, are 5% longer and 0. 2 λ behind the
driven elements. Feed points are indicated by
black dots. Open circles show recommended
support points. The elements can run through
wood or metal booms, without insulation, if
supported at their centers in this wa y. Insulators
at the element ends (points of high RF voltage)
detune and unbalance the system.
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Fig 10—Large collinear arrays should be fed as sets of no more than eight driven elements each, inter-
connected by phasing lines. This 48-element array for 43 2 MHz (A) is treated as if it were four 12-element
collinear antennas. Reflector elements are omitted for clarit y. The phasing harness is shown at B.

and are fed through a balanced harness. The sections of the harness are resonant lengths, usually of
open wire line. The 48-element collinear array for 432 MHz in Fig 10 illustrates this principle.

A reflecting plane, which may be sheet metal, wire mesh, or even closely spaced elements of
tubing or wire, can be used in place of parasitic reflectors. To be effective, the plane reflector must
extend on all sides to at least 1/4 λ beyond the area occupied by the driven elements. The plane reflector
provides high F/B ratio, a clean pattern, and somewhat more gain than parasitic elements, but large
physical size limits it to use above 420 MHz. An interesting space-saving possibility lies in using a
single plane reflector with elements for two different bands mounted on opposite sides. Reflector
spacing from the driven element is not critical. About 0.2 λ is common.

THE CORNER REFLECTOR
When a single driven element is used, the reflector screen may be bent to form an angle, giving an

improvement in the radiation pattern and gain. At 222 and 420 MHz its size assumes practical propor-
tions, and at 902 MHz and higher, practical reflectors can approach ideal dimensions (very large in
terms of wavelengths), resulting in more gain and sharper patterns. The corner reflector can be used at
144 MHz, though usually at much less than optimum size. For a given aperture, the corner reflector
does not equal a parabola in gain, but it is simple to construct, broadbanded, and offers gains from
about 10 to 15 dB, depending on the angle and size. This section was written by Paul M. Wilson,
W4HHK.

The corner angle can be 90, 60 or 45°, but the side length must be increased as the angle is
narrowed. For a 90° corner, the driven element spacing can be anything from 0.25 to 0.7 λ, 0.35 to
0.75 λ for 60°, and 0.5 to 0.8 λ for 45°. In each case the gain variation over the range of spacings given
is about 1.5 dB. Because the spacing is not very critical to gain, it may be varied for impedance
matching purposes. Closer spacings yield lower feed-point impedances, but a folded dipole radiator
could be used to raise this to a more convenient level.

Radiation resistance is shown as a function of spacing in Fig 11. The maximum gain obtained with
minimum spacing is the primary mode (the one generally used at 144, 222 and 432 MHz to maintain
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Fig 12—Construction of a corner reflector arra y. The frame can be wood or metal. Reflector elements
are stiff wire or tubing. Dimensions for several bands are given in Table 2. Reflector element spacing,
G, is the maximum that should be used for the frequency; closer spacings are optional. The hinge
permits folding for portable use.

Fig 11—Radiation resistance of the driven
element in a corner reflector array for corner
angles of 180 ° (flat sheet), 90 °, 60° and 45 ° as a
function of spacing D, as shown in Fi g 12.

reasonable side lengths). A 90° corner, for example,
should have a minimum side length (S, Fig 12)
equal to twice the dipole spacing, or 1 λ long for
0.5-λ spacing. A side length greater than 2 λ is ideal.
Gain with a 60° or 90° corner reflector with 1 λ
sides is about 10 dB. A 60° corner with 2 λ sides
has about 12 dB gain, and a 45° corner with 3 λ
sides has about 13 dB gain.

Reflector length (L, Fig 12) should be a mini-
mum of 0.6 λ. Less than that spacing causes ra-
diation to increase to the sides and rear, and de-
creases gain.

Spacing between reflector rods (G, Fig 12)
should not exceed 0.06 λ for best results. A spac-
ing of 0.06 λ results in a rear lobe that is about
6% of the forward lobe (down 12 dB). A small
mesh screen or solid sheet is preferable at the
higher frequencies to obtain maximum efficiency
and highest F/B ratio, and to simplify construc-
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tion. A spacing of 0.06 λ at 1296 MHz,
for example, requires mounting reflector
rods about every 1/2-inch along the sides.
Rods or spines may be used to reduce
wind loading. The support used for
mounting the reflector rods may be of in-
sulating or conductive material. Rods or
mesh weave should be parallel to the ra-
diator.

A suggested arrangement for a cor-
ner reflector is shown in Fig 12. The
frame may be made of wood or metal,
with a hinge at the corner to facilitate
portable work or assembly atop a tower.
A hinged corner is also useful in experi-
menting with different angles. Table 2
gives the principal dimensions for cor-
ner reflector arrays for 144 to 2300 MHz.
The arrays for 144, 222 and 420 MHz
have side lengths of twice to four times
the driven element spacing. The
915-MHz corner reflectors use side
lengths of three times the element spac-
ing, 1296-MHz corners use side lengths
of four times the spacing, and 2304-MHz
corners employ side lengths of six times
the spacing. Reflector lengths of 2, 3, and
4 wavelengths are used on the 915, 1296
and 2304-MHz reflectors, respectively. A
4 × 6-λ reflector closely approximates a
sheet of infinite dimensions.

A corner reflector may be used for sev-
eral bands, or for UHF television reception,
as well as amateur UHF work. For opera-
tion on more than one frequency, side
length and reflector length should be se-
lected for the lowest frequency, and reflec-
tor spacing for the highest frequency. The
type of driven element plays a part in de-
termining bandwidth, as does the spacing
to the corner. A fat cylindrical element
(small λ/dia ratio) or triangular dipole (bow
tie) gives more bandwidth than a thin driven element. Wider spacings between driven element and corner
give greater bandwidths. A small increase in gain can be obtained for any corner reflector by mounting
collinear elements in a reflector of sufficient size, but the simple feed of a dipole is lost if more than two
elements are used.

A dipole radiator is usually employed with a corner reflector. This requires a balun between
the coaxial line and the balanced feed-point impedance of the antenna. Baluns are easily con-
structed of coaxial line on the lower VHF bands, but become more difficult at the higher frequen-
cies. This problem may be overcome by using a ground-plane corner reflector, which can be used

Table 2
Dimensions of Corner Reflecto r Arrays for VHF
and UHF

Side Dipole   Reflector Reflector Corner Radiation
Freq, Length toVertex  Length Spacing Angle, Resistance,
MHz S, in. D, in. L, in. G, in. V° Ω
144* 65 271/2 48 73/4 90 70
144 80 40 48 4 90 150
222* 42 18 30 5 90 70
222 52 25 30 3 90 150
222 100 25 30 Screen 60 70
420 27 83/4 161/4 25/8 90 70
420 54 131/2 161/4 Screen 60 70
915 20 61/2 253/4 0.65 90 70
915 51 163/4 253/4 Screen 60 65
915 78 253/4 253/4 Screen 45 70
1296 18 41/2 271/2

1/2 90 70
1296 48 113/4 271/2 Screen 60 65
1296 72 181/4 271/2 Screen 45 70
2304 151/2 21/2 201/2

1/4 90 70
2304 40 63/4 201/2 Screen 60 65
2304 61 101/4 201/2 Screen 45 70

*Side length and number of reflector elements somewhat below
optimum—slight reduction in gain.

Notes:
915 MHz
Wavelength is 12.9 in.
Side length S is 3 × D, dipole to vertex distance
Reflector length L is 2.0 λ
Reflector spacing G is 0.05 λ

1296 MHz
Wavelength is 9.11 in.
Side length S is 4 × D, dipole to vertex distance
Reflector length L is 3.0 λ
Reflector spacing G is 0.05 λ

2304 MHz
Wavelength is 5.12 in.
Side length S is 6 × D, dipole to vertex distance
Reflector length L is 4.0 λ
Reflector spacing G is 0.05 λ
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Fig 14—The trough reflecto r. This is
a useful modification of the corner
reflecto r. The vertex has been cut off
and replaced by a simple plane
section. The tabulated data shows
the gain obtainable for greater
values of S than those covered in
Table 2 , assuming that the reflector
is of adequate size.

Angle Value of S for Gain Value of
   α maximum gain T
  90° 1.5 λ 13 dB 1λ-1.25 λ
  60° 1.75 λ 15 dB   1.0 λ
  45° 2.0 λ 17 dB   1.9 λ

Fig 13—A ground-plane corner reflector antenna for vertical polarization, such as FM communications
or packet radio. The dimension 1/2 L in the front view refers to data in Table 2 .

for vertical polarization. A ground-plane corner with monopole driven element is shown in Fig 13.
The corner reflector and a 1/4-λ radiator are mounted on the ground plane, permitting direct con-
nection to a coaxial line if the proper spacing is used. The effective aperture is reduced, but at the
higher frequencies, second or third-mode radiator spacing and larger reflectors can be employed
to obtain more gain and offset the loss in effective aperture. A J antenna could be used to main-
tain the aperture area and provide a match to a coaxial line.

For vertical polarization work, four 90° corner reflectors built back-to-back (with common reflectors)
could be used for scanning 360° of horizon with modest gain. Feed-line switching could be used to select the
desired sector.

TROUGH REFLECTORS
To reduce the overall dimensions of a large corner reflector the vertex can be cut off and replaced

with a plane reflector. Such an arrangement is known as a trough reflector . See Fig 14. Performance
similar to that of the large corner reflector can thereby be had, provided that the dimensions of S and T
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Fig 16—
Matching
system used
to test the
horn. Better
performance
would be
realized with
open wire line.
See text.

Fig 15—An experimental two-sided pyramidal horn
constructed in th e ARRL laborator y. A pair of muffler
clamps allows mounting the antenna on a mast. This
model has sheet-aluminum sides, although window
screen would work as well. Temporary elements
could be made from cardboard covered with
aluminum foil. The horizontal spreaders are
Plexiglas rod. Oriented as shown here, the antenna
radiates horizontally polarized waves.

as shown in Fig 14 do not exceed the limits indicated in the figure. This antenna provides performance
very similar to the corner reflector, and presents fewer mechanical problems because the plane center
portion is relatively easy to mount on the mast. The sides are considerably shorter, as well.

The gain of both corner reflectors and trough reflectors may be increased by stacking two or more
and arranging them to radiate in phase, or alternatively by adding further collinear dipoles (fed in
phase) within a wider reflector. Not more than two or three radiating units should be used, because the
great virtue of the simple feeder arrangement would then be lost.

HORN ANTENNAS FOR THE MICROWAVE BANDS
Horn antennas were briefly introduced in the section on coupling energy into and out of waveguides.

For amateur purposes, horns begin to show usable gain with practical dimensions in the 902-MHz
band.

It isn’t necessary to feed a horn with
waveguide. If only two sides of a pyramidal horn
are constructed, the antenna may be fed at the apex
with a two-conductor transmission line. The im-
pedance of this arrangement is on the order of 300
to 400 Ω. A 60° two-sided pyramidal horn with
18-inch sides is shown in Fig 15. This antenna has
a theoretical gain of 15 dBi at 1296 MHz, although
the feed system detailed in Fig 16 probably de-
grades this value somewhat. A 1/4 λ, 150-Ω match-
ing section made from two parallel lengths of twin-
lead connects to a bazooka balun made from RG-
58 cable and a brass tube. This matching system
was assembled strictly for the purpose of demon-
strating the two-sided horn in a 50-Ω system. In a
practical installation the horn would be fed with
open wire line and matched to 50 Ω at the station
equipment.

PARABOLIC ANTENNAS
When an antenna is located at the focus of a

parabolic reflector (dish), it is possible to obtain
considerable gain. Furthermore, the beamwidth of
the radiated energy will be very narrow, provided
all the energy from the driven element is directed
toward the reflector. This section was written by
Paul M. Wilson, W4HHK.

Gain is a function of parabolic reflector diam-
eter, surface accuracy and proper illumination of
the reflector by the feed. Gain may be found from

G 10 log k
D 2

= 





π
λ  (Eq 1)

where
   G = gain over an isotropic antenna, dB (subtract
2.15 dB for gain over a dipole)
   k = efficiency factor, usually about 55%
   D = dish diameter in feet
   λ  = wavelength in feet
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Fig 17—Details of the parabolic curve, Y 2 = 4SX. This
curve is the locus of points which are equidistant
from a fixed point, the focus (F), and a fixed line (AB)
which is called the directrix. Hence, FP = PC. The
focus (F) is located at coordinates S,0.

Table 3
Gain, Parabolic Antennas*

Dish Diameter (Feet)
Frequency 2 4 6 10 15 20 30
420 MHz 6.0 12.0 15.5 20.0 23.5 26.0 29.5
902 12.5 18.5 22.0 26.5 30.0 32.5 36.0
1215 15.0 21.0 24.5 29.0 32.5 35.0 38.5
2300 20.5 26.5 30.0 34.5 38.0 40.5 44.0
3300 24.0 30.0 33.5 37.5 41.5 43.5 47.5
5650 28.5 34.5 38.0 42.5 46.0 48.5 52.0
10 GHz 33.5 39.5 43.0 47.5 51.0 53.5 57.0
*Gain over an isotropic antenna (subtract 2.1 dB for gain over a

dipole antenna). Reflector efficiency of 55% assumed.

See Table 3 for parabolic antenna gain for the
bands 420 MHz through 10 GHz and diameters of
2 to 30 feet.

A close approximation of beamwidth may be
found from

ψ λ= 70
D

(Eq 2)

where
ψ = beamwidth in degrees at half-power

points (3 dB down)
D = dish diameter in feet
λ = wavelength in feet

At 420 MHz and higher, the parabolic dish becomes
a practical antenna. A simple, single feed point elimi-
nates phasing harnesses and balun requirements. Gain is
dependent on good surface accuracy, which is more dif-
ficult to achieve with increasing frequency. Surface er-
rors should not exceed 1/8 λ in amateur work. At 430 MHz
1/8 λ is 3.4 inches, but at 10 GHz it is 0.1476 inch! Mesh
can be used for the reflector surface to reduce weight
and wind loading, but hole size should be less than
1/12 λ. At 430 MHz the use of 2-inch hole diameter poul-
try netting (chicken wire) is acceptable. Fine mesh alu-
minum screening works well as high as 10 GHz.

A support form may be fashioned to provide the
proper parabolic shape by plotting a curve (Fig 17) from
Y2 = 4SX  as shown in the figure.

Optimum illumination occurs when power at
the reflector edge is 10 dB less than that at the cen-
ter. A circular waveguide feed of correct diameter
and length for the frequency and correct beamwidth
for the dish focal length to diameter (f/D) ratio pro-
vides optimum illumination at 902 MHz and higher.
This, however, is impractical at 432 MHz, where a
dipole and plane reflector are often used. An f/D
ratio between 0.4 and 0.6 is considered ideal for
maximum gain and simple feeds.

The focal length of a dish may be found from

f D
16d

2

= (Eq 3)

where
f = focal length
D = diameter
d = depth distance from plane at mouth of dish

to vertex (see Fig 17)
The units of focal length f are the same as those
used to measure the depth and diameter.

Table 4 gives the subtended angle at focus for
dish f/D ratios from 0.2 to 1.0. A dish, for example,

Table 4
f/D Versus Subtended Angle at Focus of a
Parabolic Reflector Antenna

Subtended Subtended
f/D Angle (Deg.) f/D Angle (Deg.)

0.20 203 0.65 80
0.25 181 0.70 75
0.30 161 0.75 69
0.35 145 0.80 64
0.40 130 0.85 60
0.45 117 0.90 57
0.50 106 0.95 55
0.55   97 1.00 52
0.60   88

Taken from graph “f/D vs Subtended Angle at Focus,” page
170 of the 1966 Microwave Engineers’ Handbook and
Buyers Guide. Graph courtesy of K. S. Kelleher, Aero Geo
Astro Corp, Alexandria, Virginia.
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Fig 19—Details of a circular waveguide feed.

with a typical f/D of 0.4 requires a 10-dB
beamwidth of 130°. A circular waveguide feed with
a diameter of approximately 0.7 λ provides nearly
optimum illumination, but does not uniformly il-
luminate the reflector in both the magnetic (TM)
and electric (TE) planes. Fig 18 shows data for
plotting radiation patterns from circular guides.
The waveguide feed aperture can be modified to
change the beamwidth.

One approach used successfully by some ex-
perimenters is the use of a disc at a short distance
behind the aperture as shown in Fig 19. As the dis-
tance between the aperture and disc is changed,
the TM plane patterns become alternately broader and narrower than with an unmodified aperture. A
disc about 2 λ in diameter appears to be as effective as a much larger one. Some experimenters have
noted a 1 to 2 dB increase in dish gain with this modified feed. Rectangular waveguide feeds can also
be used, but dish illumination is not as uniform as with round guide feeds.

The circular feed can be made of copper, brass, aluminum or even tin in the form of a coffee or
juice can, but the latter must be painted on the outside to prevent rust or corrosion. The circular feed

Fig 18—This graph can be used in conjunction with Table 4 for selecting the proper diameter
waveguide to illuminate a parabolic reflecto r.
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Table 5
Circular Waveguide Dish Feeds

Inside Diameter
Freq Circular Waveguide

(MHz) Range (in.)

915 8.52-9.84
1296 6.02-6.94
2304 3.39-3.91
3400 2.29-2.65
5800 1.34-1.55

10,250 0.76-0.88

must be within a proper size (diameter) range for the frequency being used. This feed operates in the
dominant circular waveguide mode known as the TE11 mode. The guide must be large enough to pass
the TE11 mode with no attenuation, but smaller than the diameter that permits the next higher TM01
mode to propagate. To support the desirable TE11 mode in circular waveguide, the cutoff frequency,
FC, is given by

F (TE ) 6917.26
d(inches)C 11 =   (Eq 4)

where
fC = cutoff frequency in MHz for TE11 mode
d = waveguide inner diameter

A circular waveguide will support the TM01 mode having a cutoff frequency

F (TM ) 9034.85
d(inches)C 01 =   (Eq 5)

The wavelength in a waveguide always exceeds the free-space wavelength and is called guide wave-
length, λg. It is related to the cutoff frequency and operating frequency by the equation

λg

0 C

11802.85

f – f2 2
=   (Eq 6)

where
λg = guide wavelength, inches
f0 = operating frequency, MHz
fC = TE11 waveguide cutoff frequency, MHz

An inside diameter range of about 0.66 to 0.76λ is suggested. The lower frequency limit (longer
dimension) is dictated by proximity to the cutoff frequency. The higher frequency limit (shorter dimen-
sion) is dictated by higher order waves. See Table 5 for recommended inside diameter dimensions for
the 902 to 10,000-MHz amateur bands.

The probe that excites the waveguide and makes the transition from coaxial cable to waveguide is
1/4 λ long and spaced from the closed end of the guide by 1/4 guide wavelength. The length of the feed
should be two to three guide wavelengths. The latter is preferred if a second probe is to be mounted for
polarization change or for polaplexer work where duplex communication (simultaneous transmission
and reception) is possible because of the isolation between two properly located and oriented probes.
The second probe for polarization switching or polaplexer work should be spaced 3/4 guide wavelength
from the closed end and mounted at right angles to the first probe.

The feed aperture is located at the focal point
of the dish and aimed at the center of the reflec-
tor. The feed mounts should permit adjustment of
the aperture either side of the focal point and
should present a minimum of blockage to the re-
flector. Correct distance to the dish center places
the focal point about 1 inch inside the feed aper-
ture. The use of a nonmetallic support minimizes
blockage. PVC pipe, fiberglass and Plexiglas are
commonly used materials. A simple test by plac-
ing a material in a microwave oven reveals if it is
satisfactory up to 2450 MHz. PVC pipe has tested
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Fig 21—Aluminum framework for a 23-foot dish
under construction by ZL1BJQ.

Fig 22—Detailed look at the hub assembly for the
ZL1BJQ dish. Most of the structural members are
made from 3/4-inch T section.

Fig 20—
Coffee-can
2304-MHz feed
described
in text and
Fig 19
mounted on
a 4-foot dish.

satisfactorily and appears to work well at 2300 MHz. A simple, clean looking mount for a 4-foot dish
with 18 inches focal length, for example, can be made by mounting a length of 4-inch PVC pipe using
a PVC flange at the center of the dish. At 2304 MHz the circular feed is approximately 4 inches ID,
making a snug fit with the PVC pipe. Precautions should be taken to keep rain and small birds from
entering the feed.

Never look into the open end of a waveguide
when power is applied, or stand directly in front
of a dish while transmitting. Tests and adjustments
in these areas should be done while receiving or
at extremely low levels of transmitter power (less
than 0.1 W). The US Government has set a limit
of 10 mW/cm2 averaged over a 6-minute period
as the safe maximum. Other authorities believe
even lower levels should be used. Destructive ther-
mal heating of body tissue results from excessive
exposure. This heating effect is especially danger-
ous to the eyes. The accepted safe level of 10 mW/
cm2 is reached in the near field of a parabolic an-
tenna if the level at 2D2/λ is 0.242 mW/cm2. The
equation for power density is

Power density 3 P
64D

158.4 P
D mW / cm2 2

2= =λ

(Eq 7)

where
P = average power in kilowatts
D = antenna diameter in feet
λ = wavelength in feet

New commercial dishes are expensive, but
surplus ones can often be purchased at low cost.
Some amateurs build theirs, while others modify
UHF TV dishes or circular metal snow sleds for
the amateur bands. Fig 20 shows a dish using the
homemade feed just described. Photos showing a
highly ambitious dish project under construction
by ZL1BJQ appear in Figs 21 and 22. Practical
details for constructing this type of antenna are
given in Chapter 19. Dick Knadle, K2RIW, de-
scribed modern UHF antenna test procedures in
February 1976 QST (see Bibliography).

OMNIDIRECTIONAL ANTENNAS
FOR VHF AND UHF

Local work with mobile stations requires an
antenna with wide coverage capabilities. Most
mobile work is on FM, and the polarization used
with this mode is generally vertical. Some simple
vertical systems are described below. Additional
material on antennas of this type is presented in
Chapter 16.
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Fig 23—These drawings illustrate the dimensions for the 144-MHz ground-plane antenna.

Ground-plan e Antennas for 144, 222 and 44 0 MHz
For the FM operator living in the primary coverage area of a repeater, the ease of construction and

low cost of a 1/4-λ ground-plane antenna make it an ideal choice. Three different types of construction
are detailed in Figs 23 through 26; the choice of construction method depends on the materials at hand
and the desired style of antenna mounting.

The 144-MHz model shown in Fig 23 uses a flat piece of sheet aluminum, to which radials are
connected with machine screws. A 45° bend is made in each of the radials. This bend can be made with
an ordinary bench vise. An SO-239 chassis connector is mounted at the center of the aluminum plate
with the threaded part of the connector facing down. The vertical portion of the antenna is made of #12
copper wire soldered directly to the center pin of the SO-239 connector.

Fig 24—Dimensional information for the 222-MHz ground-plane antenna. Lengths fo r A, B, C and D are
the total distances measured from the center of the SO-239 connecto r. The corners of the aluminum
plate are bent down at a 4 5° angle rather than bending the  aluminum rod as in the 144-MHz model.
Either method is suitable for these antennas.
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Fig 25—Simple ground-plane antenna for the 144,
222 and 440-MHz bands. The vertical element and
radials are 3/32 or 1/16-inch brass welding rod.
Although 3/32-inch rod is preferred for the 144-MHz
antenna, #10 or #12 copper wire can also be used.

Fig 26—A 440-MHz
ground-plane
constructed using
only an SO-239
connector, #4-40
hardware and
1/16-inch brass
welding rod.

The 222-MHz version, Fig 24, uses a slightly
different technique for mounting and sloping the
radials. In this case the corners of the aluminum plate
are bent down at a 45° angle with respect to the re-
mainder of the plate. The four radials are held to the
plate with machine screws, lock washers and nuts.
A mounting tab is included in the design of this an-
tenna as part of the aluminum base. A compression
type of hose clamp could be used to secure the an-
tenna to a mast. As with the 144-MHz version, the
vertical portion of the antenna is soldered directly
to the SO-239 connector.

A very simple method of construction, shown in
Figs 25 and 26, requires nothing more than an SO-
239 connector and some #4-40 hardware. A small loop
formed at the inside end of each radial is used to at-
tach the radial directly to the mounting holes of the
coaxial connector. After the radial is fastened to the
SO-239 with #4-40 hardware, a large soldering iron
or propane torch is used to solder the radial and the
mounting hardware to the coaxial connector. The ra-
dials are bent to a 45° angle and the vertical portion
is soldered to the center pin to complete the antenna.
The antenna can be mounted by passing the feed line
through a mast of 3/4-inch ID plastic or aluminum tub-
ing. A compression hose clamp can be used to secure
the PL-259 connector, attached to the feed line, in
the end of the mast. Dimensions for the 144, 222 and
440-MHz bands are given in Fig 25.

If these antennas are to be mounted outside it is
wise to apply a small amount of RTV sealant or simi-
lar material around the areas of the center pin of the
connector to prevent the entry of water into the con-
nector and coax line.

Practical 6-Mete r Yagis
Boom length often proves to be the deciding fac-

tor when one selects a Yagi design. Table6 shows
three 6-meter Yagis designed for convenient boom
lengths (6, 12 and 22 feet). The 3-element, 6-foot
boom design has 8 dBi gain in free space; the 12-foot
boom, 5-element version has 10 dBi gain, and the 22-
foot, 7-element Yagi has a gain of 11.4 dBi. All an-
tennas exhibit better than 22 dB front-to-rear ratio and
cover 50 to 51 MHz with better than 1.6:1 SWR.

Element half lengths and spacings are given in
the table. Elements can be mounted to the boom as
shown in Fig 27. Two muffler clamps hold each alu-
minum plate to the boom, and two U bolts fasten each

Fig 27—The element
to boom clamp. U
bolts are used to hold
the element to the
plate, and 2-inch
galvanized muffler
clamps hold the
plates to the boom.
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Fig 28—This shows how the driven element and feed system are attached to the boom. The phasing line is
coiled and taped to the boom. The center of the hairpin loop may be connected to the boom electrically and
mechanically if desired.
Phasing-line lengths:
For cable with 0.80 velocity factor—7 feet, 10 3/8 inches
For cable with 0.66 velocity factor—6 feet, 5 3/4 inches

Table 6
Optimized 6-Meter Yagi Designs

Spacing Seg 1 Seg 2 Midband
Between OD* OD* Gain
Elements Length Length F/R
inches inches inches

306-06
OD 0.750 0.625
Refl.   0 36 22.500 8.1 dBi
D.E. 24 36 16.000 28.3 dB
Dir. 1 42 36 15.500

506-12
OD 0.750 0.625
Refl.   0 36 23.625 10.0 dBi
D.E. 24 36 17.125 26.8 dB
Dir. 1 12 36 19.375
Dir. 2 44 36 18.250
Dir. 3 58 36 15.375

706-22
OD 0.750 0.625
Refl.   0 36 24.750 11.4 dBi
D.E. 27 36 15.625 24.3 dB
Dir. 1 16 36 17.250
Dir. 2 51 36 15.250
Dir. 3 54 36 15.500
Dir. 4 53 36 15.750
Dir. 5 58 36 12.750
* See pages 20-6 to 20-10 for telescoping aluminum tubing details.

element to the plate, which is 0.25 inches thick and 4
× 4 inches square. Stainless steel is the best choice
for hardware; however, galvanized hardware can be
substituted. Automotive muffler clamps do not work
well in this application, because they are not galva-
nized and quickly rust once exposed to the weather.

The driven element is mounted to the boom on a
Bakelite or G-10 fiberglass plate of similar dimension
to the other mounting plates. A 12-inch piece of
Plexiglas rod is inserted into the driven element halves.
The Plexiglas allows the use of a single clamp on each
side of the element and also seals the center of the
elements against moisture. Self-tapping screws are
used for electrical connection to the driven element.

Refer to Fig 28 for driven element and hairpin
match details. A bracket made from a piece of alu-
minum is used to mount the three SO-239 connec-
tors to the driven element plate. A 4:1 transmission-
line balun connects the two element halves, trans-
forming the 200-Ω resistance at the hairpin match
to 50Ω at the center connector. Note that the elec-
trical length of the balun is λ/2, but the physical
length will be shorter due to the velocity factor of
the particular coaxial cable used. The hairpin is
connected directly across the element halves. The
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exact center of the hairpin is electrically neutral and should be fastened to the boom. This has the
advantage of placing the driven element at dc ground potential.

The hairpin match requires no adjustment as such. However, you may have to change the length of
the driven element slightly to obtain the best match in your preferred portion of the band. Changing the
driven-element length will not adversely affect antenna performance. Do not adjust the lengths or
spacings of the other elements—they are optimized already. If you decide to use a gamma match, add
3 inches to each side of the driven element lengths given in the table for all antennas.

High-Performanc e Yagis for 144, 222 and 432 MHz
This construction information is presented as an introduction to the three high-performance VHF/

UHF Yagis that follow. All were designed and built by Steve Powlishen, K1FO.
For years the design of long Yagi antennas seemed to be a mystical black art. The problem of

simultaneously optimizing 20 or more element spacings and element lengths presented an almost un-
solvable set of simultaneous equations. With the unprecedented increase in computer power and wide-
spread availability of antenna analysis software, we are now able to quickly examine many Yagi de-
signs and determine which approaches work and which designs to avoid.

At 144 MHz and above, most operators desire Yagi antennas two or more wavelengths in length.
This length (2 λ) is where most classical designs start to fall apart in terms of gain per boom length,
bandwidth and pattern quality. Extensive computer and antenna range analysis has proven that the best
possible design is a Yagi that has both varying element spacings and varying element lengths.

This design approach starts with closely spaced directors. The director spacings gradually increase
until a constant spacing of about 0.4 λ is reached. Conversely, the director lengths start out longest
with the first director and decrease in length in a decreasing rate of change until they are virtually
constant in length. This method of construction results in a wide gain bandwidth. A bandwidth of 7% of
the center frequency at the –1 dB forward-gain points is typical for these Yagis even when they are
longer than 10 λ. The log-taper design also reduces the rate of change in driven-element impedance vs
frequency. This allows the use of simple dipole driven elements while still obtaining acceptable driven-
element SWR over a wide frequency range. Another benefit is that the resonant frequency of the Yagi
changes very little as the boom length is increased. The driven-element impedance also changes mod-
erately with boom length. The tapered approach creates a Yagi with a very clean radiation pattern.
Typically, first side lobe levels of –17 dB in the E plane, –15 dB in the H plane, and all other lobes at
–20 dB or more are possible on designs from 2 λ to more than 14 λ.

The actual rate of change in element lengths is determined by the diameter of the elements (in
wavelengths). The spacings can be optimized for an individual boom length or chosen as a best com-
promise for most boom lengths.

The gain of long Yagis has been the subject of much debate. Recent measurements and computer
analysis by both amateurs and professionals indicates that given an optimum design, doubling a Yagi’s
boom length will result in a maximum theoretical gain increase of about 2.6 dB. In practice, the real
gain increase may be less because of escalating resistive losses and the greater possibility of construc-
tion error. Fig 29 shows the maximum possible gain per boom length expressed in decibels, referenced
to an isotropic radiator. The actual number of directors does not play an important part in determining
the gain vs boom length as long as a reasonable number of directors are used. The use of more directors
per boom length will normally give a wider gain bandwidth, however, a point exists where too many
directors will adversely affect all performance aspects.

While short antennas (< 1.5 λ) may show increased gain with the use of quad or loop elements,
long Yagis (> 2 λ) will not exhibit measurably greater forward gain or pattern integrity with loop-type
elements. Similarly, loops used as driven elements and reflectors will not significantly change the
properties of a long log-taper Yagi. Multiple-dipole driven-element assemblies will also not result in
any significant gain increase per given boom length when compared to single-dipole feeds.

Once a long-Yagi director string is properly tuned, the reflector becomes relatively noncritical.
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Fig 29—This chart shows maximum gain per boom length for
optimally designed long Yagi antennas.

Fig 30—Front and side views of
a plane-reflector antenna.

Reflector spacings between 0.15 λ and 0.2 λ are preferred. The spacing can be chosen for best pattern
and driven element impedance. Multiple-reflector arrangements will not significantly increase the for-
ward gain of a Yagi which has its directors properly optimized for forward gain. Many multiple-reflec-
tor schemes such as tri-reflectors and corner reflectors have the disadvantage of lowering the driven
element impedance compared to a single optimum-length reflector. The plane or grid reflector, shown
in Fig 30, may however reduce the intensity of unwanted rear lobes. This can be used to reduce noise
pickup on EME or satellite arrays. This type of reflector will usually increase the driven-element im-
pedance compared to a single reflector. This sometimes makes driven-element matching easier. Keep
in mind that even for EME, a plane reflector will add considerable wind load and weight for only a few
tenths of a decibel of receive signal-to-noise improvement.

Yagi Construction
Normally, aluminum tubing or rod is used for Yagi elements. Hard-drawn enamel-covered copper

wire can also be used on Yagis above 420 MHz. Resistive losses are inversely proportional to the square
of the element diameter and the square root of its conductivity.

Element diameters of less than 3/16 inch or 4 mm should not be used on any band. The size should
be chosen for reasonable strength. Half-inch diameter is suitable for 50 MHz, 3/16 to 3/8 inch for 144 MHz
and 3/16 inch is recommended for the higher bands. Steel, including stainless steel and unprotected brass
or copper wire, should not be used for elements.

Boom material may be aluminum tubing, either square or round. High-strength aluminum alloys
such as 6061-T6 or 6063-T651 offer the best strength-to-weight advantages. Fiberglass poles have
been used (where available as surplus). Wood is a popular low-cost boom material. The wood should be
well seasoned and free from knots. Clear pine, spruce and Douglas fir are often used. The wood should
be well treated to avoid water absorption and warping.

Elements may be mounted insulated or uninsulated, above or through the boom. Mounting
uninsulated elements through a metal boom is the least desirable method unless the elements are welded
in place. The Yagi elements will oscillate, even in moderate winds. Over several years this element
oscillation will work open the boom holes. This will allow the elements to move in the boom. This will
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Fig 31—Yagi element correction vs boom diameter. Curve A is for
elements mounted through a round or square conductive boom, with
the elements in mechanical contact with the boom. Curve B is for
insulated elements mounted through a conductive boom, and for
elements mounted on top of a conductive boom (elements make
electrical contact with the boom). The patterns were corrected to
computer simulations to determine Yagi tuning. The amount of
element correction is not affected by element diameter.

Fig 32—Measured E-plane pattern
for the 22-element Yagi. Note: This
antenna pattern is drawn on a
linear dB grid, rather than on the
standard ARRL log-periodic grid,
to emphasize low sidelobes.

create noise (in your receiver)
when the wind blows, as the el-
ement contact changes. Eventu-
ally the element-to-boom junc-
tion will corrode (aluminum ox-
ide is a good insulator). This loss
of electrical contact between the
boom and element will reduce
the boom’s effect and change the
resonant frequency of the Yagi.

Noninsulated elements
mounted above the boom will
perform fine as long as a good
mechanical connection is made.
Insulating blocks mounted
above the boom will also work,
but they require additional fab-
rication. One of the most popu-
lar construction methods is to
mount the elements through the
boom using insulating shoulder
washers. This method is light-
weight and durable. Its main dis-
advantage is difficult disassem-
bly, making this method of lim-
ited use for portable arrays.

If a conductive boom is used, element lengths must be corrected
for the mounting method used. The amount of correction is dependent
on the boom diameter in wavelengths. See Fig 31. Elements mounted
through the boom and not insulated require the greatest correction.
Mounting on top of the boom or through the boom on insulated shoul-
der washers requires about half of the through-the-boom correction.
Insulated elements mounted at least one element diameter above the
boom require no correction over the free-space length.

The three following antennas have been optimized for typical
boom lengths on each band.

A HIGH-PERFORMANCE 432-MHz YAGI
This 22-element, 6.1-λ, 432-MHz Yagi was originally designed

for use in a 12-Yagi EME array built by K1FO. A lengthy evaluation
and development process preceded its construction. Many designs were
considered and then analyzed on the computer. Next, test models were
constructed and evaluated on a homemade antenna range. The result-
ing design is based on W1EJ’s computer-optimized spacings.

The attention paid to the design process has been worth the ef-
fort. The 22-element Yagi not only has exceptional forward gain
(17.9 dBi), but has an unusually “clean” radiation pattern. The measured E-plane pattern is shown in
Fig 32. Note that a 1-dB-per-division axis is used to show pattern detail. A complete description of the
design process and construction methods appears in December 1987 and January 1988 QST.

Like other log-taper Yagi designs, this one can easily be adapted to other boom lengths. Versions of this Yagi
have been built by many amateurs. Boom lengths ranged between 5.3 λ (20 elements) and 12.2 λ (37 elements).
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Table 7
Specifications for 432-MHz Family

FB DE Beamwidth Stacking
No. Boom  Gain ratio impd E/H E/H
of El length (λ)    (dBi)* (dB) (Ω) (°) (inches)

15 3.4 15.67 21 23 30 / 32 53 / 49
16 3.8 16.05 19 23 29 / 31 55 / 51
17 4.2 16.45 20 27 28 / 30 56 / 53
18 4.6 16.8 25 32 27 / 29 58 / 55
19 4.9 17.1 25 30 26 / 28 61 / 57
20 5.3 17.4 21 24 25.5 / 27 62 / 59
21 5.7 17.65 20 22 25 / 26.5 63 / 60
22 6.1 17.9 22 25 24 / 26 65 / 62
23 6.5 18.15 27 30 23.5 / 25 67 / 64
24 6.9 18.35 29 29 23 / 24 69 / 66
25 7.3 18.55 23 25 22.5 / 23.5 71 / 68
26 7.7 18.8 22 22 22 / 23 73 / 70
27 8.1 19.0 22 21 21.5 / 22.5 75 / 72
28 8.5 19.20 25 25 21 / 22 77 / 75
29 8.9 19.4 25 25 20.5 / 21.5 79 / 77
30 9.3 19.55 26 27 20 / 21 80 / 78
31 9.7 19.7 24 25 19.6 / 20.5 81 / 79
32 10.2 19.8 23 22 19.3 / 20 82 / 80
33 10.6 19.9 23 23 19 / 19.5 83 / 81
34 11.0 20.05 25 22 18.8 / 19.2 84 / 82
35 11.4 20.2 27 25 18.5 / 19.0 85 / 83
36 11.8 20.3 27 26 18.3 / 18.8 86 / 84
37 12.2 20.4 26 26 18.1 / 18.6 87 / 85
38 12.7 20.5 25 25 18.9 / 18.4 88 / 86
39 13.1 20.6 25 23 18.7 / 18.2 89 / 87
40 13.5 20.8 26 21 17.5 / 18 90 / 88

*Gain is approximate real gain based on gain measurements made on six different-length Yagis.

*Element correction is the amount to shorten or
lengthen all elements when building a Yagi of

  that length.

Table 8
Free-Space Dimensions for
432-MHz Yagi Family
Element lengths are for 3/16-inch-
diameter material.

El    Element    Element  Element
No.  Position    Length    Correction*
        (mm from  (mm)
        rear of
        boom)
REF 0 340
DE 104 334
D1 146 315
D2 224 306
D3 332 299
D4 466 295
D5 622 291
D6 798 289
D7 990 287
D8 1196 285
D9 1414 283
D10 1642 281 –2
D11 1879 279 –2
D12 2122 278 –2
D13 2373 277 –2
D14 2629 276 –2
D15 2890 275 –1
D16 3154 274 –1
D17 3422 273 –1
D18 3693 272   0
D19 3967 271   0
D20 4242 270   0
D21 4520 269   0
D22 4798 269   0
D23 5079 268   0
D24 5360 268  +1
D25 5642 267  +1
D26 5925 267  +1
D27 6209 266  +1
D28 6494 266  +1
D29 6779 265  +2
D30 7064 265  +2
D31 7350 264  +2
D32 7636 264  +2
D33 7922 263  +2
D34 8209 263  +2
D35 8496 262  +2
D36 8783 262  +2
D37 9070 261  +3
D38 9359 261  +3

The size of the original Yagi (169 inches long, 6.1 λ) was cho-
sen so the antenna could be built from small-diameter boom mate-
rial (7/8 inch and 1 inch round 6061-T6 aluminum) and still survive
high winds and ice loading. The 22-element Yagi weighs about 3.5
pounds and has a wind load of approximately 0.8 square feet. This
allows a high-gain EME array to be built with manageable wind
load and weight. This same low wind load and weight lets the tropo
operator add a high-performance 432-MHz array to an existing tower
without sacrificing antennas on other bands.

Table 7 lists the gain and stacking specifications for the various
length Yagis. The basic Yagi dimensions are shown in Table 8. These
are free-space element lengths for 3/16-inch-diameter elements. Boom
corrections for the element mounting method must be added in. The
element-length correction column gives the length that must be added
to keep the Yagi’s center frequency optimized for use at 432 MHz. This
correction is required to use the same spacing pattern over a wide range
of boom lengths. Although any length Yagi will work well, this design
is at its best when made with 18 elements or more (4.6 λ). Element
material of less than 3/16-inch diameter is not recommended because
resistive losses will reduce the gain by about 0.1 dB, and wet-weather
performance will be worse.
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Fig 35—Several views of the driven element and
T match.

(A) (B)

Fig 34—Element-
mounting detail.
Elements are
mounted through the
boom using plastic
insulators. Stainless
steel push-nut
retaining rings hold
the element in place.

Fig 33—SWR performance of the 22-element Yagi
in dry weather.

Quarter-inch-diameter elements could be used if all elements are shortened by 3 mm. The element
lengths are intended for use with a slight chamfer (0.5 mm) cut into the element ends. The gain peak of
the array is centered at 437 MHz. This allows acceptable wet-weather performance, while reducing the
gain at 432 MHz by only 0.05 dB. The gain bandwidth of the 22-element Yagi is 31 MHz (at the –1 dB
points). The SWR of the Yagi is less than l.4:l between 420 and 440 MHz. Fig 33 is a network analyzer
plot of the driven-element SWR vs frequency. These numbers indicate just how wide the frequency
response of a log-taper Yagi can be, even with a simple dipole driven element. In fact, at one antenna
gain contest, some ATV operators conducted gain vs frequency measurements from 420 to 440 MHz.
The 22-element Yagi beat all entrants including those with so-called broadband feeds.

To peak the Yagi for use on 435 MHz (for satellite use), you may want to shorten all the elements by
2 mm. To peak it for use on 438 MHz (for ATV applications), shorten all elements by 4 mm. If you want to
use the Yagi on FM between 440 MHz and 450 MHz, shorten all the elements by 10 mm. This will provide
17.6 dBi gain at 440 MHz, and 18.0 dBi gain at
450 MHz. The driven element may have to be ad-
justed if the element lengths are shortened.

Although this Yagi design is relatively broad-
band, it is suggested that close attention be paid
to copying the design exactly as built. Metric di-
mensions are used because they are convenient
for a Yagi sized for 432 MHz. Element holes
should be drilled within ±2 mm. Element lengths
should be kept within ±0.5 mm. Elements can be
accurately constructed if they are first rough cut
with a hacksaw and then held in a vise and filed
to the exact length.

The larger the array, the more attention you
should pay to making all Yagis identical. Elements
are mounted on shoulder insulators and run through
the boom (see Fig 34). The element retainers are
stainless steel push nuts. These are made by several
companies, including Industrial Retaining Ring Co
in Irvington, New Jersey, and AuVeco in Ft Mitchell,
Kentucky. Local industrial hardware distributors can
usually order them for you. The element insulators
are not critical. Teflon or black polyethylene are prob-
ably the best materials. The Yagi in the photographs
is made with black Delryn insulators, available from
Rutland Arrays in New Cumberland, Pennsylvania.

The driven element uses a UG-58A/U con-
nector mounted on a small bracket. The UG-58A/
U should be the type with the press-in center pin.
UG-58s with center pins held in by “C” clips will
usually leak water. Some connectors use steel
retaining clips, which will rust and leave a
conductive stripe across the insulator. The
T-match wires are supported by the UT-141 balun.
RG-303/U or RG-142/U Teflon-insulated cable
could be used if UT-141 cannot be obtained.
Fig 35A and Fig 35B show details of the driven-
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Fig 36—Details of the driven element and T match for the
22-element Yagi. Lengths are given in millimeters to allow
precise duplication of the antenna. See text.

Fig 37—Boom-construction information for the  22-element Yagi. Lengths are given in millimeters to
allow precise duplication of the antenna. See text.

element construction. Driven element dimensions are given in Fig 36.
Dimensions for the 22-element Yagi are listed in Table 9. Fig 37 details the Yagi’s boom layout.

Element material can be either 3/16-inch 6061-T6 aluminum rod or hard aluminum welding rod.
A 24-foot-long, 10.6-λ, 33-element Yagi was also built. The construction methods used were the same

as the 22-element Yagi. Telescop-
ing round boom sections of 1, 11/
8, and 11/4 inches in diameter were

Table 9
Dimensions for the 22-
Element 432-MHz Yagi
Element   Element  Element  Boom
Number   Position   Length    Diam

  (mm from  (mm)       (in)
   rear of
   boom)

REF 30 346
DE 134 340
D1 176 321
D2 254 311             7/8

D3 362 305
D4 496 301
D5 652 297
D6 828 295
D7 1020 293
D8 1226 291
D9 1444 289
D10 1672 288
D11           1909 286
D12 2152 285 1
D13 2403 284
D14 2659 283
D15 2920 281
D16 3184 280
D17 3452 279            7/8

D18 3723 278
D19 3997 277
D20 4272 276
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Fig 39—Details of the driven element and T match for the 33-element
Yagi. Lengths are given in millimeters to allow precise duplication of
the antenna.

Fig 40—E-plane pattern for the
33-element Yagi. This pattern is
drawn on a linear dB grid scale,
rather than the standard ARRL
log-periodic grid, to emphasize
low sidelobes.

Fig 38—Boom-construction information for the 33-element Yagi.
Lengths are given in millimeters to allow precise duplication of the
antenna.

Table 10
Dimensions for the
33-Element 432-MHz Yagi

Element  Element  Element  Boom
Number  Position   Length    Diam

  (mm from  (mm)      (in)
  rear of
  boom

REF 30 348
DE 134 342
D1 176 323
D2 254 313
D3 362 307
D4 496 303
D5 652 299
D6 828 297
D7 1020 295
D8 1226 293
D9 1444 291
D10 1672 290
D11 1909 288
D12 2152 287
D13 2403 286
D14 2659 285
D15 2920 284
D16 3184 284
D17 3452 283
D18 3723 282
D19 3997 281
D20 4272 280
D21 4550 278
D22 4828 278
D23 5109 277
D24 5390 277
D25 5672 276
D26 5956 275
D27 6239 274
D28 6524 274
D29 6809 273
D30 7094 273
D31 7380 272

1

1

11/8

11/8

11/4

used. A boom support is required to keep boom sag acceptable. At
432 MHz, if boom sag is much more than two or three inches, H-plane
pattern distortion will occur. Greater amounts of boom sag will reduce
the gain of a Yagi. Table 10 lists the proper dimensions for the antenna
when built with the previously given boom diameters. The boom lay-
out is shown in Fig 38, and the driven element is described in Fig 39.
The 33-element Yagi exhibits the same clean pattern traits as the 22-
element Yagi (see Fig 40). Measured gain of the 33-element Yagi is
19.9 dBi at 432 MHz. A measured gain sweep of the 33-element Yagi
gave a –1 dB gain bandwidth of 14 MHz with the –1 dB points at
424.5 MHz and 438.5 MHz.

A HIGH-PERFORMANCE 144-MHz YAGI
This 144-MHz Yagi design uses the latest log-tapered element spac-

ings and lengths. It offers near-theoretical gain per boom length, an
extremely clean pattern and wide bandwidth. The design is based on
the spacings used in a 4.5-λ 432-MHz computer-developed design by
W1EJ. It is quite similar to the 432-MHz Yagi described elsewhere in
this chapter. Refer to that project for additional construction diagrams
and photographs.

Mathematical models do not always directly translate into real
working examples. Although the computer design provided a good start-
ing point, the author, Steve Powlishen, K1FO, built several test models
before the final working Yagi was obtained. This hands-on tuning in-
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Table 11
Specifications for the 144-MHz Family

                 Beamwidth   Stacking
No. of Boom Gain   DE impd FB Ratio     E/H               E/H
El Length (λ)   (dBd)    (Ω)      (dB)       (°)   (°)

10 1.8 11.4 27 17 39 / 42 10.2 / 9.5
11 2.2 12.0 38 19 36 / 40 11.0 / 10.0
12 2.5 12.5 28 23 34 / 37 11.7 / 10.8
13 2.9 13.0 23 20 32 / 35 12.5 / 11.4
14 3.2 13.4 27 18 31 / 33 12.8 / 12.0
15 3.6 13.8 35 20 30 / 32 13.2 / 12.4
16 4.0 14.2 32 24 29 / 30 13.7 / 13.2
17 4.4 14.5 25 23 28 / 29 14.1 / 13.6
18 4.8 14.8 25 21 27 / 28.5 14.6 / 13.9
19 5.2 15.0 30 22 26 / 27.5 15.2 / 14.4

Table 12
Free-Space Dimensions for
the 144-MHz  Yagi Family
Element diameter is 1/4 inch.
El Element Element
No. Position (mm Length

from rear of boom)
REF 0 1038
DE 312 955
D1 447 956
D2 699 932
D3 1050 916
D4 1482 906
D5 1986 897
D6 2553 891
D7 3168 887
D8 3831 883
D9 4527 879
D10 5259 875
D11 6015 870
D12 6786 865
D13 7566 861
D14 8352 857
D15 9144 853
D16 9942 849
D17 10744 845

cluded changing the element-taper rate in order to obtain the flexibility that allows the Yagi to be built with
different boom lengths.

The design is suitable for use from 1.8 λ (10 elements) to 5.1 λ (19 elements). When elements are
added to a Yagi, the center frequency, feed impedance and front-to-back ratio will range up and down. A
modern tapered design will minimize this effect and allow the builder to select any desired boom length.
This Yagi’s design capabilities per boom length are listed in Table 11.

The gain of any Yagi built around this design will be within 0.1 to 0.2 dB of the maximum theoreti-
cal gain at the design frequency of 144.2 MHz. The design is intentionally peaked high in frequency
(calculated gain peak is about 144.7 MHz). It has been found that by doing this, the SWR bandwidth
and pattern at 144.0 to 144.3 MHz will be better, the Yagi will be less affected by weather and its
performance in arrays will be more predictable. This design starts to drop off in performance if built
with fewer than 10 elements. At less than 2 λ, more traditional designs perform well.

Table 12 gives free-space element lengths for 1/4-inch-diameter elements. The use of metric nota-
tion allows for much easier dimensional changes during the design stage. Once you become familiar
with the metric system, you’ll probably find that construction is easier without the burden of cumber-
some English fractional units. For 3/16-inch-diameter elements, lengthen all parasitic elements by 3 mm.
If 3/8-inch-diameter elements are used, shorten all of the directors and the reflector by 6 mm. The driven
element will have to be adjusted for the individual Yagi if the 12-element design is not adhered to.

For the 12-element Yagi, 1/4-inch-diameter elements were selected because smaller-diameter ele-
ments become rather flimsy at 2 meters. Other diameter elements can be used as described previously.
The 2.5-λ boom was chosen because it has an excellent size and wind load vs gain and pattern trade-
off. The size is also convenient; three 6-foot-long pieces of aluminum tubing can be used without any
waste. The relatively large-diameter boom sizes (11/4 and 13/8  inches) were chosen, as they provide an
extremely rugged Yagi that does not require a boom support. The 12-element 17-foot-long design has
a calculated wind survival of close to 120 mi/h! The absence of a boom support also makes vertical
polarization possible.

Longer versions could be made by telescoping smaller-size boom sections into the last section.
Some sort of boom support will be required on versions longer than
22 feet. The elements are mounted on shoulder insulators and
mounted through the boom. However, elements may be mounted,
insulated or uninsulated, above or through the boom, as long as ap-
propriate element length corrections are made. Proper tuning can be
verified by checking the depth of the nulls between the main lobe
and first side lobes. The nulls should be 5 to 10 dB below the first
side-lobe level at the primary operating frequency. The boom layout
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Fig 41—Boom layout for the 12-element 144-MH z Yagi. Lengths are
given in millimeters to allow precise duplication.

Table 13
Dimensions for the
12-Element 2.5- λ Yagi
Element Element Element Boom
Number Position Length Diam

(mm from  (mm) (in)
rear of
boom)

REF 0 1044
DE 312 955
D1 447 962
D2 699 938
D3 1050 922
D4 1482 912
D5 1986 904
D6 2553 898
D7 3168 894
D8 3831 889
D9 4527 885
D10 5259 882

11/4

11/4

13/8

Fig 43—H and E-plane
pattern for the 12-element
144-MHz Yagi.

for the 12-element model is shown in Fig 41. The actual corrected element dimensions for the 12-
element 2.5-λ Yagi are shown in Table 13.

The design may also be cut for use at 147 MHz. There is no need to change element spacings. The
element lengths should be shortened by 17 mm for best operation between 146 and 148 MHz. Again,
the driven element will have to be adjusted as required.

The driven-element size (1/2-inch diameter) was chosen to allow easy impedance matching. Any reason-
ably sized driven element could be used, as long as appropriate length and T-match adjustments are made.
Different driven-element dimensions are required if you change the boom length. The calculated natural
driven-element impedance is given as a guideline. A balanced T-match was chosen because it’s easy to adjust
for best SWR and provides a balanced radiation pattern. A 4:1 half-wave coaxial balun is used, although
impedance-transforming quarter-wave sleeve baluns could also be used. The calculated natural impedance
will be useful in determining what impedance transformation will be required at the 200-Ω balanced feed
point. The ARRL Antenna Book contains information on calculating folded-dipole and T-match driven-ele-
ment parameters. A balanced feed is important for best operation on this antenna. Gamma matches can se-
verely distort the pattern balance. Other useful driven-element arrangements are the Delta match and the
folded dipole, if you’re willing to sacrifice some flexibility. Fig 42 details the driven-element dimensions.

A noninsulated driven element was chosen for mounting convenience. An insulated driven element may
also be used. A grounded driven element may be less affected by static build-up. On the other hand, an
insulated driven element allows the operator to easily check his feed lines for water or other contamination by
the use of an ohmmeter from the shack.

Fig 43 shows computer-predicted E and H-plane radiation patterns for the 12-element Yagi. The patterns
are plotted on a l-dB-per-division
linear scale instead of the usual
ARRL polar-plot graph. This ex-
panded scale plot is used to show
greater pattern detail. The pattern
for the 12-element Yagi is so clean
that a plot done in the standard
ARRL format would be almost fea-
tureless, except for the main lobe
and first sidelobes.
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Fig 42—Driven-element detail for the 12-element 144-MH z Yagi. Lengths are given in millimeters to
allow precise duplication.

The excellent performance of the 12-element Yagi is demonstrated by the reception of Moon echoes
from several of the larger 144-MHz EME stations with only one 12-element Yagi. Four of the 12-element
Yagis will make an excellent starter EME array, capable of working many EME QSOs while being rela-
tively small in size. The advanced antenna builder can use the information in Table11 to design a “dream”
array of virtually any size.
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Table 15
Specifications for the 222-MHz Family

FB DE Beamwidth Stacking
No. of Boom Gain Ratio Impd E/H E/H
El Length(λ) (dBd) (dB) (Ω) (°) (feet)
12 2.4 12.3 22 23 37 / 39 7.1 / 6.7
13 2.8 12.8 19 28 33 / 36 7.8 / 7.2
14 3.1 13.2 20 34 32 / 34 8.1 / 7.6
15 3.5 13.6 24 30 30 / 33 8.6 / 7.8
16 3.9 14.0 23 23 29 / 31 8.9 / 8.3
17 4.3 14.35 20 24 28 / 30.5 9.3 / 8.5
18 4.6 14.7 20 29 27 / 29 9.6 / 8.9
19 5.0 15.0 22 33 26 / 28 9.9 / 9.3
20 5.4 15.3 24 29 25 / 27 10.3 / 9.6
21 5.8 15.55 23 24 24.5 / 26.5 10.5 / 9.8
22 6.2 15.8 21 23 24 / 26 10.7 / 10.2

Fig 44—Boom layout for the 16-element 222-MHz Yagi. Lengths are
given in millimeters to allow precise duplication.

A HIGH-PERFORMANCE 222-MHz YAGI
Modern tapered Yagi designs are easily applied to 222 MHz. This design uses a spacing progression that is

in between the 12-element 144-MHz design, and the 22-element 432-MHz design presented elsewhere in this
chapter. The result is a design with maximum gain per boom length, a clean, symmetrical radiation pattern, and
wide bandwidth. Although it was designed for weak-signal work (tropospheric scatter and EME), the design is
suited to all modes of 222-MHz operation, such as packet radio, FM repeater operation and control links.

The spacings were chosen as the best compromise for a 3.9-λ 16-element Yagi. The 3.9-λ design was chosen,
like the 12-element 144-MHz design, because it fits perfectly on a boom made from three 6-foot-long aluminum
tubing sections. The design is quite extensible, and models from 12 elements (2.4 λ) to 22 elements (6.2 λ) can be
built from the dimensions given in Table 14. Note that free-space lengths are given. They must be corrected for
the element mounting method. Specifications for various boom lengths are shown in Table 15.

Construction
Large-diameter (11/4 and 13/8-inch diameter) boom construction is used, eliminating the need for boom

supports. The Yagi can also be used vertically polarized. Three-sixteenths-inch-diameter aluminum ele-
ments are used. The exact alloy is not critical; 6061-T6 was used, but hard aluminum welding rod is also
suitable. Quarter-inch-diameter elements could also be used if all elements are shortened by 3 mm. Three-
eighths-inch-diameter elements would require 10 mm shorter lengths. Elements smaller than3/16-inch-di-
ameter are not recommended. The elements are insulated and run through the boom. Plastic shoulder
washers and stainless steel retainers are used to hold the elements in place. The various pieces needed to
build the Yagi may be obtained
from Rutland Arrays in New
Cumberland, Pennsylvania. Fig 44

Table 14
Free-Space Dimensions for
the 222-MHz Yagi Family
Element diameter is 3/16 inch.
El Element Element
No. Position Length

(mm from rear (mm)
of boom)

REF 0 676
DE 204 647
D1 292 623
D2 450 608
D3 668 594
D4 938 597
D5 1251 581
D6 1602 576
D7 1985 573
D8 2395 569
D9 2829 565
D10 3283 562
D11 3755 558
D12 4243 556
D13 4745 554
D14 5259 553
D15 5783 552
D16 6315 551
D17 6853 550
D18 7395 549
D19 7939 548
D20 8483 547
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Table 16
Dimensions for 16-Element
3.9-λ 222-MHz Yagi
Element Element Element Boom
Number Position Length Diam

(mm from   (mm) (in)
rear of
boom)

REF 683
DE 204 664
D1 292 630
D2 450 615
D3 668 601
D4 938 594
D5 1251 588
D6 1602 583
D7 1985 580
D8 2395 576
D9 2829 572
D10 3283 569
D11 3755 565
D12 4243 563
D13 4745 561
D14 5259 560

11/4

11/4

13/8

Fig 46—H and E-plane patterns
for the 16-element  222-MHz Yagi
at A. The driven-element T-match
dimensions were chosen for the
best SWR compromise between
wet and dry weather conditions.
The SWR vs frequency curve
shown at B demonstrates the
broad frequency response of the
Yagi design.

Fig 45—Driven-element detail for the 16-element 222-MHz Yagi.
Lengths are given in millimeters to allow precise duplication.

details the boom layout for the 16-
element Yagi. Table 16 gives the
dimensions for the 16-element
Yagi as built. The driven element
is fed with a T match and a 4:1
balun. See Fig 45 for construction
details. See the 432-MHz Yagi

project elsewhere in this chapter for additional photographs and con-
struction diagrams.

The Yagi has a relatively broad gain and SWR curve, as is typi-
cal of a tapered design, making it usable over a wide frequency range.
The example dimensions are intended for use at 222.0 to 222.5 MHz.
The 16-element Yagi is quite usable to more than 223 MHz. The
best compromise for covering the entire band is to shorten all para-
sitic elements by 4 mm. The driven element will have to be adjusted
in length for best match. The position of the T-wire shorting straps
may also have to be moved.

The aluminum boom provides superior strength, is lightweight,
and has a low wind-load cross section. Aluminum is doubly attrac-
tive, as it will long outlast wood and fiberglass. Using state-of-the-
art designs, it is unlikely that significant performance increases will
be achieved in the next few years. Therefore, it’s in your best inter-
est to build an antenna that will last many years. If suitable wood or
fiberglass poles are readily available, they may be used without any
performance degradation, at least when the wood is new and dry.
Use the free-space element lengths given in Table 16 for insulated-
boom construction.

The pattern of the 16-element Yagi is shown in Fig 46. Like the
144-MHz Yagi, a l-dB-per-division plot is used to detail the pattern
accurately. This 16-element design makes a good building block for
EME or tropo DX arrays. Old-style narrow-band Yagis often per-
form unpredictably when used in arrays. The theoretical 3.0-dB stack-
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ing gain is rarely observed. The 16-element Yagi (and other versions of the design) reliably provides
stacking gains of nearly 3 dB. (The spacing dimensions listed in Table 15 show just over 2.9 dB stack-
ing gain.) This has been found to be the best compromise between gain, pattern integrity and array size.
Any phasing line losses will subtract from the possible stacking gain. Mechanical misalignment will
also degrade the performance of an array.

A 144-MHz 2-Element Quad
The basic 2-element quad array for 144 MHz is shown in Fig 47. The supporting frame is 1 × 1-inch

wood, of any kind suitable for outdoor use. Elements are #8 aluminum wire. The driven element is 1 λ
(83 inches) long, and the reflector 5% longer (87 inches). Dimensions are not critical, as the quad is rela-
tively broad in frequency response.

The driven element is open at the bottom, its ends fastened to a plastic block. The block is mounted
at the bottom of the forward vertical support. The top portion of the element runs through the support
and is held firmly by a screw running into the wood and then bearing on the aluminum wire. Feed is by
means of 50-Ω coax, connected to the driven-element loop.

The reflector is a closed loop, its top and bottom portions running through the rear vertical support.
It is held in position with screws at the top and bottom. The loop can be closed by fitting a length of
tubing over the element ends, or by hammering them flat and bolting them together as shown in the
sketch.

The elements in this model are not adjustable, though this can easily be done by the use of stubs. It
would then be desirable to make the loops slightly smaller to compensate for the wire in the adjusting
stubs. The driven element stub would be trimmed for length and the point of connection for the coax
would be adjustable for best match. The reflector stub can be adjusted for maximum gain or maximum
F/B ratio, depending on the builder’s requirements.

In the model shown only the spacing is adjusted, and this is not particularly critical. If the wooden
supports are made as shown, the spacing between the elements can be adjusted for best match, as
indicated by an SWR meter connected in the coaxial line. The spacing has little effect on the gain (from
0.15 to 0.25 λ), so the variation in impedance with spacing can be used for matching. This also permits
use of either 50 or 75-Ω coax for the transmission line.

Fig 47—Mechanical details of a 2-
element quad for 14 4 MHz. The driven
element, L1, is one wavelength long;
reflector L2 is 5% longe r. With the
transmission line connected as shown
here, the resulting radiation is
horizontally polarized. Sets of elements
of this type can be stacked horizontally
and vertically for high gain with broad
frequency response. Recommended bay
spacing is 1/2 λ  between adjacent
element sides. The example shown may
be fed directly with 50 -Ω coax.
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A Portable 144-MHz 4-Element Quad
Element spacing for quad antennas found in the literature ranges from 0.14λ to 0.25λ. Factors

such as the number of elements in the array and the parameters to be optimized (F/B ratio, forward
gain, bandwidth, etc), determine the optimum element spacing within this range. The 4-element quad
antenna described here was designed for portable use, so a compromise between these factors was
chosen. This antenna, pictured in Fig 48, was designed and built by Philip D’Agostino, W1KSC.

Based on several experimentally determined correction factors related to the frequency of opera-
tion and the wire size, optimum design dimensions were found to be as follows.

Reflector length ft 1046.8
fMHz

( ) = (Eq  8)

Driven element (ft) 985.5
fMHz

=  (Eq 9)

Directors ft 973.3
fMHz

( ) = (Eq 10)

Cutting the loops for 146 MHz provides satisfac-
tory performance across the entire 144-MHz band.

Materials
The quad was designed for quick and easy as-

sembly and disassembly, as illustrated in Fig 49.
Wood (clear trim pine) was chosen as the princi-
pal building material because of its light weight,
low cost, and ready availability. Pine is used for
the boom and element supporting arms. Round
wood clothes-closet poles comprise the mast ma-
terial. Strips connecting the mast sections are made

Fig 49—The complete portable quad, broken
down for travel. Visible in the foreground is the
driven element. The pine box in the background
is a carrying case for equipment and access-
ories. A hole in the lid accepts the mast, so the
box doubles as a base for a short mast during
portable operation. (W1MPO photo)

Fig 48—The 4-element 144-MHz portable quad,
assembled and ready for operation. Sections of
clothes-closet poles joined with pine strips make
up the mast. (Photo by Adwin Rusczek, W1MPO)
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Fig 50—Dimensions for the pine element
spreaders for the 144-MHz 4-element quad.

Fig 51—Illustration showing how the aluminum
element wires are bent. The adjustment clamp
and its location are also shown.

Table 17
Parts List for the 144-MHz 4-element Quad
Boom: 3/4 × 3/4 48-in. pine
Driven element support (spreader): 1/2 × 3/4 × 211/4 in.
     pine
Driven element feed-point strut: 1/2 × 3/4 × 71/2 in. pine
Reflector support (spreader): 1/2 × 3/4 × 221/2 in. pine
Director supports (spreaders): 1/2 × 3/4 × 201/4 in.
     pine, 2 req’d
Mast brackets: 3/4 × 11/2 × 12 in. heavy pine trim, 4 req’d
Boom to mast bracket: 1/2 × 15/8 × 5 in. pine
Element wire: Aluminum ground wire (Radio Shack
     no. 15-035)
Wire clamps: 1/4-in. electrician’s copper or zinc
     plated steel clamps, 3 req’d
Boom hardware:
     6 no. 8-32 × 11/2 in. stainless steel machine screws
     6 no. 8-32 stainless steel wing nuts
     12 no. 8 stainless steel washers
Mast hardware:
     8 hex bolts, 1/4-20 × 31/2 in.
     8 hex nuts, 1/4-20
     16 flat washers
Mast material: 15/16 in. × 6 ft wood clothes-closet
     poles, 3 req’d
Feed-point support plate: 31/2 × 21/2 in. Plexiglas sheet
Wood preparation materials: Sandpaper, clear
     polyurethane, wax
Feed line: 52Ω RG-8 or RG-58 cable
Feed-line terminals: Solder lugs for no. 8 or larger
     hardware, 2 req’d
Miscellaneous hardware:

4 small machine screws, nuts, washers; 2 flat-
head wood screws

of heavier pine trim. Elements are made of #8 alu-
minum wire. Plexiglas is used to support the feed
point. Table 17 lists the hardware and other parts
needed to duplicate the quad.

Construction
The elements of the quad are assembled first.

The mounting holes in the boom should be drilled
to accommodate 11/2 inch no. 8 hardware. Mea-
sure and mark the locations where the holes are to
be drilled in the element spreaders, Fig 50. Drill
the holes in the spreaders just large enough to ac-
cept the #8 wire elements. It is important to drill
all the holes straight so the elements line up when
the antenn£Ãis assembled.

Construction of the wire elements is easiest if
the directors are made first. A handy jig for bend-
ing the elements can be made from a piece of
2 × 3-inch wood cut to the side length of the di-
rectors. It is best to start with about 82 inches of
wire for each director. The excess can be cut off
when the elements are completed. (The total length
of each director is 77 inches.) Two bends should
initially be made so the directors can be slipped
into the spreaders before the remaining corners
are bent. See Fig 51. Electrician’s copper-wire
clamps can be used to join the wires after the
final bends are made, and they facilitate adjust-
ment of element length. The reflector is made the
same way as the directors, but the total length is
86 inches.

The driven element, total length 81 inches,
requires special attention, as the feed attachment
point needs to be adequately supported. An extra
hole is drilled in the driven element spreader to
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Fig 54—Boom-to-mast plate for the 144-MHz
quad. The screw hole in the center of the plate
should be countersunk so the wood screw
attaching it to the mast does not interfere with
the fit of the boom.

Fig 53—Detail of the boom showing hole center
locations and boom-to-mast connection points.

Fig 52—Layout of the driven element of the
144-MHz quad. The leads of the coaxial cable
should be stripped to 1/2 inch and solder lugs
attached for easy connection and disconnection.
See text regarding impedance at loop support
points.

support the feed-point strut, as shown in Fig 52.
A Plexiglas plate is used at the feed point to sup-
port the feed-point hardware and the feed line.
The feed-point support strut should be epoxied to
the spreader, and a wood screw used for extra me-
chanical strength.

For vertical polarization, locate the feed point
in the center of one side of the driven element, as
shown in Fig 52. Although this arrangement
places the spreader supports at voltage maxima
points on the four loop conductors, D’Agostino
reports no adverse effects during operation. How-
ever, if the antenna is to be left exposed to the
weather, the builder may wish to modify the de-
sign to provide support for the loops at current
maxima points, such as shown in Fig 52. (The el-
ements of Fig 52 should be rotated 90° for verti-
cal polarization.)

Orient the driven element spreader so that it
mounts properly on the boom when the antenna
is assembled. Bend the driven element the same
way as the reflector and directors, but do not leave
any overlap at the feed point. The ends of the wires
should be 3/4 inch apart where they mount on the
Plexiglas plate. Leave enough excess that small
loops can be bent in the wire for attachment to
the coaxial feed line with stainless steel hardware.

Drill the boom as shown in Fig 53. It is a good
idea to use hardware with wing nuts to secure the
element spreaders to the boom. After the boom is
drilled, clean all the wood parts with denatured
alcohol, sand them, and give them two coats of
glossy polyurethane. After the polyurethane dries,
wax all the wooden parts.

The boom to mast attachment is made next.
Square the ends of a 6-foot section of clothes
closet pole (a miter box is useful for this). Drill
the center holes in both the boom attachment piece
and one end of the mast section (Fig 54). Make
certain that the mast hole is smaller than the flat-
head screw to be used to ensure a snug fit. Accu-
rately drill the holes for attachment to the boom
as shown in Fig 54.

Countersink the hole for the flat-head screw
to provide a smooth surface for attachment to the
boom. Apply epoxy cement to the surfaces and
screw the boom attachment piece securely to the
mast section. One 6-foot mast is used for attach-
ment to the other mast sections.

Two additional 6-foot mast sections are pre-
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Table 18
Dimensions, 8-Element Quagi
Element Frequency
Lengths 144.5 MHz 147 MHz 222 MHz 432 MHz 446 MHz

Reflector1 865/8" 85" 563/8" 28" 271/8"
Driven2 82" 80" 531/2" 265/8" 257/8"
Directors 3515/16" 355/16" to 233/8" to 113/4" to 113/8" to

to 35" in 343/8" in 223/4" in 117/16" in 111/16" in
3/16" steps 3/16" steps 1/8" steps 1/16" steps 1/16" steps

Spacing
R-DE 21" 201/2" 135/8" 7" 6.8"
DE-D1 153/4" 153/8" 101/4" 51/4" 5.1"
D1-D2 33" 321/2" 211/2" 11" 10.7"
D2-D3 171/2" 171/8" 113/8" 5.85" 5.68"
D3-D4 26.1" 255/8" 17" 8.73" 8.46"
D4-D5 26.1" 255/8" 17" 8.73" 8.46"
D5-D6 26.1" 255/8" 17" 8.73" 8.46"

Stacking Distance Between Bays
11" 10'10" 7'11/2" 3'7" 3'55/8"

1 All #12 TW (electrical) wire, closed loops.
2 All #12 TW wire loops, fed at bottom.

Fig 56—Typical SWR curve for the 144-MHz
portable quad. The large wire diameter and the
quad design provide excellent bandwidth.

Fig 55—Mast coupling connector details for the
portable quad. The plates should be drilled two
at a time to ensure the holes line up.

pared next. This brings the total mast height to 18 feet. It is important to square the ends of each pole so
the mast stands straight when assembled. Mast-section connectors are made of pine as shown in Fig 55.
Using 31/2 × 1/4-inch hex bolts, washers, and nuts, sections may be attached as needed, for a total height
of 6, 12 or 18 feet. Drill the holes in two connectors at a time. This ensures good alignment of the holes.
A drill press is ideal for this job, but with care a hand drill can be used if necessary.

Line up two mast sections end to end, being careful that they are perfectly straight. Use the pre-
drilled connectors to maintain pole straightness, and drill through the poles, one at a time. If good
alignment is maintained, a straight 18-foot mast section can be made. Label the connectors and poles
immediately so they are always assembled in the same order.

When assembling the antenna, install all the elements on the boom before attaching the feed line.
Connect the coax to the screw connections on the driven-element support plate and run the cable along

the strut to the boom. From there, the
cable should be routed directly to the
mast and down. Assemble the mast
sections to the desired height. The
antenna provides good performance,
and has a reasonable SWR curve over
the entire 144-MHz band (Fig 56).

Building Quagi
Antennas

The Quagi antenna was designed
by Wayne Overbeck, N6NB. He first
published information on this antenna
in 1977 (see Bibliography). There are
a few tricks to Quagi building, but
nothing very difficult or complicated
is involved. In fact, Overbeck mass
produced as many as 16 in one day.
Tables 18 and 19 give the dimensions
for Quagis for various frequencies up
to 446 MHz.

For the designs of Tables 18 and
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Fig 57—A close-up view of the
feed method used on a 432-MHz
Quagi. This arrangement
produces a low SWR and gain
in excess of 13 dBi with a 4-foot
10-inch boom! The same basic
arrangement is used on lower
frequencies, but wood may be
substituted for the Plexiglas
spreaders. The boom is 1/2-inch
exterior plywood.

Table 19
432-MHz, 15-Element, Long Boom Quagi Construction Data
Element Lengths, Interelement Spacing,
Inches Inches

R—28 R-DE7
DE—265/8 DE-D1—51/4

D1—113/4 D1-D2—11
D211—11/16 D2-D3—57/8

D3—115/8 D3-D4—83/4

D4—119/16 D4-D5—83/4

D5—111/2 D5-D6—83/4

D6—117/16 D6-D7—12
D7—113/8 D7-D8—12
D8—115/16 D8-D9—113/4

D9—115/16 D9-D10—111/2

D10—113/4 D10-D11—93/16

D11—113/16 D11-D12—123/8

D12—111/8 D12-D13—133/4

D13—111/16

Boom: 1 × 2-in. × 12-ft Douglas fir, tapered to 5/8 in. at both ends.
Driven element: #12 TW copper wire loop in square configuration, fed at

bottom center with type N connector and 52-Ω coax.
Reflector: #12 TW copper wire loop, closed at bottom.
Directors: 1/8 in. rod passing through boom.

19, the boom is wood or any
other nonconductor (such as, fi-
berglass or Plexiglas). If a metal
boom is used, a new design and
new element lengths will be re-
quired. Many VHF antenna
builders go wrong by failing to
follow this rule: If the original
uses a metal boom, use the same
size and shape metal boom when
you duplicate it. If it calls for a
wood boom, use a nonconduc-
tor. Many amateurs dislike wood
booms, but in a salt air environ-
ment they outlast aluminum
(and surely cost less). Varnish
the boom for added protection.

The 144-MHz version is usu-
ally built on a 14-foot, 1× 3-inch
boom, with the boom tapered to
1 inch at both ends. Clear pine is
best because of its light weight,
but construction grade Douglas fir
works well. At 222 MHz the
boom is under 10 feet long, and most builders use 1× 2 or (preferably)
3/4 × 11/4-inch pine molding stock. At 432 MHz, except for long-boom
versions, the boom should be 1/2-inch thick or less. Most builders use
strips of 1/2-inch exterior plywood for 432 MHz.

The quad elements are supported at the current maxima (the
top and bottom, the latter beside the feed point) with Plexiglas or
small strips of wood. See Fig 57. The quad elements are made of
#12 copper wire, commonly used in house wiring. Some builders
may elect to use #10 wire on 144 MHz and #14 on 432 MHz, al-
though this changes the resonant frequency slightly. Solder a type
N connector (an SO-239 is often used at 144 MHz) at the midpoint
of the driven element bottom side, and close the reflector loop.

The directors are mounted through the boom. They can be made
of almost any metal rod or wire of about 1/8-inch diameter. Welding rod
or aluminum clothesline wire works well if straight. (The designer uses
1/8-inch stainless steel rod obtained from an aircraft surplus store.)

A TV type U bolt mounts the antenna on a mast. A single ma-
chine screw, washers and a nut are used to secure the spreaders to
the boom so the antenna can be quickly “flattened” for travel. In
permanent installations two screws are recommended.

Construction Reminders
Based on the experiences of Quagi builders, the following hints are offered. First, remember that

at 432 MHz even a 1/8-inch measurement error results in performance deterioration. Cut the loops and
elements as carefully as possible. No precision tools are needed, but accuracy is necessary. Also make
sure to get the elements in the right order. The longest director goes closest to the driven element.
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Table 20
Dimensions, 1296-MHz Quag i Antennas
Note: All lengths are gross lengths. See text and
photos for construction technique and recommended
overlap at loop junctions. All loops are made of #18
AWG solid-covered copper bell wire. The Yagi type
directors are 1/16-in. brass brazing rod. See text for a
discussion of director taper.

Feed: Direct with 52-Ω coaxial cable to UG-290 con-
nector at driven element; run coax symmetrically to
mast at rear of antenna.

Boom: 1/4-in. thick Plexiglas, 30 in. long for 10-element
quad or Quagi and 48 in. long for 15-element Quagi;
84 in. for 25-element Quagi.

10-Element Quagi for 129 6 MHz
Length,                 Interelement

Element Inches Construction Element Spacing, In.

Reflector 9.5625 Loop R-DE 2.375
Driven 9.25 Loop DE-D1 2.0
Director 1 3.91 Brass rod D1-D2 3.67
Director 2 3.88 Brass rod D2-D3 1.96
Director 3 3.86 Brass rod D3-D4 2.92
Director 4 3.83 Brass rod D4-D5 2.92
Director 5 3.80 Brass rod D5-D6 2.92
Director 6 3.78 Brass rod D6-D7 4.75
Director 7 3.75 Brass rod D7-D8 3.94
Director 8 3.72 Brass rod

15-Element Quagi for 129 6 MHz
The first 10 elements are the same lengths as above,
but the spacing from D6 to D7 is 4.0 in.; D7 to D8 is
also 4.0 in.

Director 9 3.70 D8-D9 3.75
Director 10 3.67 D9-D10 3.83
Director 11 3.64 D10-D11 3.06
Director 12 3.62 D11-D12 4.125
Director 13 3.59 D12-D13 4.58

25-Element Quagi for 129 6 MHz
The first 15 elements use the same element lengths
and spacings as the 15-element model. The additional
directors are evenly spaced at 3.0-in. intervals and
taper in length successively by 0.02 in. per element.
Thus, D23 is 3.39 in.

Fig 58—A view of the
10-element version of the
1296-MHz Quagi. It is
mounted on a 30-inch
Plexiglas boom with a
3 × 3-inch square of
Plexiglas to support the
driven element and reflecto r.
Note how the driven element
is attached to a standard
UG-290 BNC connecto r. The
elements are held in place
with silicone sealing
compound.

Finally, remember that a balanced antenna is being fed with an unbalanced line. Every balun the
designer tried introduced more trouble in terms of losses than the feed imbalance caused. Some build-
ers have tightly coiled several turns of the feed line near the feed point to limit line radiation. In any
case, the feed line should be kept at right angles to the antenna. Run it from the driven element directly
to the supporting mast and then up or down perpendicularly for best results.

QUAGIS FOR 1296 MHz
The Quagi principle has recently been extended to the 1296-MHz band, where good performance

is extremely difficult to obtain from homemade conventional Yagis. Fig 58 shows the construction and
Table 20 gives the design information for antennas with 10, 15 and 25 elements.

At 1296 MHz, even slight variations in design or building materials can cause substantial changes in
performance. The 1296-MHz antennas described
here work every time—but only if the same materi-
als are used and the antennas are built exactly as
described. This is not to discourage experimenta-
tion, but if modifications to these 1296-MHz antenna
designs are contemplated, consider building one an-
tenna as described here, so a reference is available
against which variations can be compared.

The Quagis (and the cubical quad) are built on
1/4-inch thick Plexiglas booms. The driven element
and reflector (and also the directors in the case of
the cubical quad) are made of insulated #18 AWG
solid copper bell wire, available at hardware and
electrical supply stores. Other types and sizes of wire
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work equally well, but the dimensions vary with the
wire diameter. Even removing the insulation usually
necessitates changing the loop lengths.

Quad loops are approximately square (Fig 59),
although the shape is relatively noncritical. The ele-
ment lengths, however, are critical. At 1296 MHz,
variations of 1/16 inch alter the performance measur-
ably, and a 1/8-inch departure can cost several deci-
bels of gain. The loop lengths given are gross lengths.
Cut the wire to these lengths and then solder the two
ends together. There is a 1/8-inch overlap where the
two ends of the reflector (and director) loops are
joined, as shown in Fig 59.

The driven element is the most important of
all. The #18 wire loop is soldered to a standard UG-
290 chassis-mount BNC connector as shown in the
photographs. This exact type of connector must be
used to ensure uniformity in construction. Any substitution may alter the driven element electrical length.
One end of the 91/4-inch driven loop is pushed as far as it can go into the center pin, and is soldered in that
position. The loop is then shaped and threaded through small holes drilled in the Plexiglas support.
Finally, the other end is fed into one of the four mounting holes on the BNC connector and soldered. In
most cases, the best SWR is obtained if the end of the wire just passes through the hole so it is flush with
the opposite side of the connector flange.

Loop Yagis for 1296 MHz
Described here are loop Yagis for the 1296-MHz band. The loop Yagi fits into the quad family of

antennas, as each element is a closed loop with a length of approximately 1λ. Several versions are
described, so the builder can choose the boom length and frequency coverage desired for the task at
hand. Mike Walters, G3JVL, brought the original loop Yagi design to the amateur community in the
1970s. Since then, many versions have been developed with different loop and boom dimensions. Chip
Angle, N6CA, developed the antennas shown here.

Three sets of dimensions are given. Good performance can be expected if the dimensions are
carefully followed. Check all dimensions before cutting or drilling anything. The 1296-MHz version is
intended for weak-signal operation, while the 1270-MHz version is optimized for FM and mode L
satellite work. The 1283-MHz antenna provides acceptable performance from 1280 to 1300 MHz.

These antennas have been built on 6 and 12-foot booms. Results of gain tests at VHF conferences
and by individuals around the country show the gain of the 6-foot model to be about 18 dBi, while the
12-foot version provides about 20.5 dBi. Swept measurements indicate that gain is about 2 dB down
from maximum gain at ±30 MHz from the design frequency. The SWR, however, deteriorates within a
few megahertz on the low side of the design center frequency.

The Boom
The dimensions given here apply only to a 3/4-inch OD boom. If a different boom size is used, the

dimensions must be scaled accordingly. Many hardware stores carry aluminum tubing in 6 and 8-foot
lengths, and that tubing is suitable for a short Yagi. If a 12-foot antenna is planned, find a piece of more
rugged boom material, such as 6061-T6 grade aluminum. Do not use anodized tubing. The 12-foot
antenna must have additional boom support to minimize boom sag. The 6-foot version can be rear
mounted. For rear mounting, allow 41/2 inches of boom behind the last reflector to eliminate SWR
effects from the support.

The antenna is attached to the mast with a gusset plate. This plate mounts at the boom center. See

Fig 59—These photos show the construction
method used for the 1296-MHz quad type
parasitic elements. The two ends of the #18 bell
wire are brought together with an overlap of 1/8

inch and soldered.
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Fig 61—Boom drilling dimensions. These dimensions must be carefully followed and the same materials used
if performance is to be optimum. Element spacings are the same for all directors after D6—use as many as
necessary to fill the boom.

Fig 60—Loop Yagi boom-to-mast plate details are given at A. At B, the mounting of the antenna to the
mast is detailed. A boom support for long antennas is shown at C. The arrangement shown in D and E
may be used to rear-mount antennas up to 6 or 7 feet long.

Fig 60. Drill the plate mounting holes perpendicular to the element mounting holes (assuming the
antenna polarization is to be horizontal).

Elements are mounted to the boom with #4-40 machine screws, so a series of #33 (0.113-inch)
holes must be drilled along the center of the boom to accommodate this hardware. Fig 61 shows the
element spacings for different parts of the band. Dimensions should be followed as closely as possible.
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Fig 62—Parasitic elements for the loop Yagi are made
from aluminum sheet, the driven element from
copper sheet. The dimensions given are for 1/4-inch
wide by 0.0325-inch thick elements only. Lengths
specified are hole to hole distances;
the holes are located 1/8 inch from each element end.

Fig 63—Element-to-boom mounting details.

Parasitic Elements
The reflectors and directors are cut from

0.032-inch thick aluminum sheet and are 1/4 inch
wide. Fig 62 indicates the lengths for the various
elements. These lengths apply only to elements cut
from the specified material. For best results, the el-
ement strips should be cut with a shear. If the edges
are left sharp, birds won’t sit on the elements.

Drill the mounting holes as shown in Fig 62
after carefully marking their locations. After the
holes are drilled, form each strap into a circle. This
is easily done by wrapping the element around a
round form. (A small juice can works well.)

Mount the loops to the boom with #4-40 × 1-inch
machine screws, lock washers and nuts. See Fig 63.
It is best to use only stainless steel or plated brass
hardware. Although the initial cost is higher than for
ordinary plated steel hardware, stainless or brass hard-
ware will not rust and need replacement after a few
years. Unless the antenna is painted, the hardware
will definitely deteriorate.

Driven Element
The driven element is cut from 0.032-inch cop-

per sheet and is 1/4 inch wide. Drill three holes in the
strap as detailed in Fig 62. Trim the ends as shown
and form the strap into a loop similar to the other
elements. This antenna is like a quad; if the loop is
fed at the top or bottom, it is horizontally polarized.

Driven element mounting details are shown in
Fig 64. A mounting fixture is made from a 1/4-20 × 11/
4-inch brass bolt. File the bolt head to a thickness of 1/
8 inch. Bore a 0.144-inch (#27 drill) hole lengthwise
through the center of the bolt. A piece of 0.141-inch
semi-rigid Hardline (UT-141 or equivalent) mounts
through this hole and is soldered to the driven loop
feed point. The point at which the UT-141 passes
through the copper loop and brass mounting fixture
should be left unsoldered at this time to allow for
matching adjustments when the antenna is completed,
although the range of adjustment is not very large.

The UT-141 can be any convenient length. At-
tach the connector of your choice (preferably type
N). Use a short piece of low-loss RG-8 size cable
(or 1/2-inch Hardline) for the run down the boom
and mast to the main feed line. For best results,
the main feed line should be the lowest loss 50-Ω
cable obtainable. Good 7/8-inch Hardline has
1.5 dB of loss per 100 feet and virtually elimi-
nates the need for remote mounting of the trans-
mit converter or amplifier.

Fig 64—Driven element details. See Fig 62 and
the text for additional information.
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Fig 65—Practical construction information for trough reflector
antennas for 432 and 1296 MHz.

Tuning the Driven Element
If the antenna is built carefully to the dimensions given, the SWR should be close to 1:1. Just to be sure,

check the SWR if you have access to test equipment. Be sure the signal source is clean, however; wattmeters
respond to “dirty” signals and can give erroneous readings. If problems are encountered, recheck all dimen-
sions. If they look good, a minor improvement may be realized by changing the shape of the driven element.
Slight bending of reflector 2 may also improve the SWR. When the desired match has been obtained, solder
the point where the UT-141 jacket passes through the loop and brass bolt.

Tips for 1296-MHz Antenna Installations
Construction practices that are common on lower frequencies cannot be used on 1296 MHz. This is the

most important reason why all who venture to these frequencies are not equally successful. First, when a
proven design is used, copy it exactly—don’t change anything. This is especially true for antennas.

Use the best feed line you can get. Here are some realistic measurements of common coaxial
cables at 1296 MHz (loss per 100 feet).

RG-8, 213, 214: 11 dB 1/2-inch foam/copper Hardline: 4 dB
7/8-inch foam/copper Hardline: 1.5 dB

Mount the antennas to keep
feed-line losses to an absolute
minimum. Antenna height is less
important than keeping the line
losses low. Do not allow the mast
to pass through the elements, as
is common on antennas for lower
frequencies. Cut all U bolts to the
minimum length needed; 1/4 λ at
1296 MHz is only a little over
2 inches. Avoid any unnecessary
metal around the antenna.

Trough
Reflectors for

432 and
1296 MHz

Dimensions are given in
Fig 65 for 432 and 1296-MHz
trough reflectors. The gain to be
expected is 15 dB and 17 dB, re-
spectively. A very convenient ar-
rangement, especially for por-
table work, is to use a metal
hinge at each angle of the reflec-
tor. This permits the reflector to
be folded flat for transit. It also
permits experiments to be carried
out with different apex angles.

A housing is required at the
dipole center to prevent the en-



VHF and UHF Antenna Systems 18-47

Fig 67—The path-length (phase) difference between
the center and edge of a horn antenna is ∆.

Fig 66—10-GHz antennas are usually fed with
waveguide. See text for a discussion of
waveguide propagation characteristics.

try of moisture and, in the case of the 432-MHz antenna, to support the dipole elements. The dipole
may be moved in and out of the reflector to get either minimum SWR or, if this cannot be measured,
maximum gain. If a two-stub tuner or other matching device is used, the dipole may be placed to give
optimum gain and the matching device adjusted to give optimum match. In the case of the 1296-MHz
antenna, the dipole length can be adjusted by means of the brass screws at the ends of the elements.
Locking nuts are essential.

The reflector should be made of sheet aluminum for 1296 MHz, but can be constructed of wire
mesh (with twists parallel to the dipole) for 432 MHz. To increase the gain by 3 dB, a pair of these
arrays can be stacked so the reflectors are barely separated (to prevent the formation of a slot radiator by the
edges). The radiating dipoles must then be fed in phase, and suitable feeding and matching must be ar-
ranged. A two-stub tuner can be used for matching either a single or double-reflector system.

A Horn Antenna for 10 GHz
The horn antenna is the easiest antenna for the beginner on 10 GHz to construct. It can be made out

of readily available flat sheet brass. Because it is inherently a broadband structure, minor construc-
tional errors can be tolerated. The one drawback is that horn antennas become physically cumbersome
at gains over about 25 dB, but for most line-of-sight work this much gain is rarely necessary. This
antenna was designed by Bob Atkins, KA1GT, and appeared in QST for April and May 1987.

Horn antennas are usually fed by waveguide. When operating in its normal frequency range, waveguide
propagation is in the TE10 mode. This means that the electric (E) field is across the short dimension of the
guide and the magnetic (H) field is across the wide
dimension. This is the reason for the E plane and H-
plane terminology shown in Fig 66.

There are many varieties of horn antennas. If
the waveguide is flared out only in the H-plane,
the horn is called an H-plane sectoral horn. Simi-
larly, if the flare is only in the E-plane, an E-plane
sectoral horn results. If the flare is in both planes,
the antenna is called a pyramidal horn.

For a horn of any given aperture, directivity (gain
along the axis) is maximum when the field distribu-
tion across the aperture is uniform in magnitude and
phase. When the fields are not uniform, side lobes
that reduce the directivity of the antenna are formed.
To obtain a uniform distribution, the horn should be
as long as possible with minimum flare angle. From
a practical point of view, however, the horn should
be as short as possible, so there is an obvious conflict
between performance and convenience.

Fig 67 illustrates this problem. For a given
flare angle and a given side length, there is a path-
length difference from the apex of the horn to the
center of the aperture (L), and from the apex of
the horn to the edge of the aperture (L'). This
causes a phase difference in the field across the
aperture, which in turn causes formation of side
lobes, degrading directivity (gain along the axis)
of the antenna. If L is large this difference is small,
and the field is almost uniform. As L decreases,
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Fig 68—This pyramidal horn has 18.5 dBi gain at
10 GHz. Construction details are given in the text.

Fig 69—Dimensions of the brass pieces used to
make the 10-GHz horn antenna. Construction
requires two of each of the triangular pieces
(side A and side B).

however, the phase difference increases and direc-
tivity suffers. An optimum (shortest possible) horn
is constructed so that this phase difference is the
maximum allowable before side lobes become ex-
cessive and axial gain markedly decreases.

The magnitude of this permissible phase dif-
ference is different for E  and H-plane horns. For
the E-plane horn, the field intensity is quite con-
stant across the aperture. For the H-plane horn,
the field tapers to zero at the edge. Consequently,
the phase difference at the edge of the aperture in
the E-plane horn is more critical and should be
held to less than 90° (1/4 λ). In an H-plane horn,
the allowable phase difference is 144° (0.4λ). If
the aperture of a pyramidal horn exceeds one
wavelength in both planes, the E and H-plane pat-
terns are essentially independent and can be ana-
lyzed separately.

The usual direction for orienting the waveguide
feed is with the broad face horizontal, giving verti-
cal polarization. If this is the case, the H-plane
sectoral horn has a narrow horizontal beamwidth and
a very wide vertical beam-width. This is not a very
useful beam pattern for most amateur applications.
The E-plane sectoral horn has a narrow vertical
beamwidth and a wide horizontal beamwidth. Such
a radiation pattern could be useful in a beacon sys-
tem where wide coverage is desired.

The most useful form of the horn for general
applications is the optimum pyramidal horn. In
this configuration the two beamwidths are almost
the same. The E-plane (vertical) beamwidth is
slightly less than the H-plane (horizontal), and also
has greater side lobe intensity.

Building the Antenna
A 10-GHz pyramidal horn with 18.5 dBi gain

is shown in Fig 68. The first design parameter is usu-
ally the required gain, or the maximum antenna size.
These are of course related, and the relationships
can be approximated by the following:

L = H-plane length (λ) = 0.0654 × gain    (Eq 1)

A = H-plane aperture (λ) = 0.0443 × gain
(Eq 2)

B = E-plane aperture (λ) = 0.81 A    (Eq 3)

where
gain is expressed as a ratio; 20 dB gain = 100
L, A and B are dimensions shown in Fig 69
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Fig 70—Assembly of the 10-GHz horn antenna.

From these equations, the dimensions for a 20-dB gain horn for 10.368 GHz can be determined.
One wavelength at 10.368 GHz is 1.138 inches. The length (L) of such a horn is 0.0654 × 100 = 6.54 λ.
At 10.368 GHz, this is 7.44 inches. The corresponding H-plane aperture (A) is 4.43 λ (5.04 inches),
and the E-plane aperture (B), 4.08 inches.

The easiest way to make such a horn is to cut pieces from brass sheet stock and solder them together.
Fig 69 shows the dimensions of the triangular pieces for the sides and a square piece for the waveguide
flange. (A standard commercial waveguide flange could also be used.) Because the E plane and H-plane
apertures are different, the horn opening is not square. Sheet thickness is unimportant; 0.02 to 0.03 inch
works well. Brass sheet is often available from hardware or hobby shops.

Note that the triangular pieces are trimmed at the apex to fit the waveguide aperture (0.9 × 0.4 inch). This
necessitates that the length, from base to apex, of the smaller triangle (side B) is shorter than that of the larger
(side A). Note that the length, S, of the two different sides of the horn must be the same if the horn is to fit
together! For such a simple looking object, getting the parts to fit together properly requires careful fabrication.

The dimensions of the sides can be calculated with simple geometry, but it is easier to draw out
templates on a sheet of cardboard first. The templates can be used to build a mock antenna to make sure
everything fits together properly before cutting the sheet brass.

First, mark out the larger triangle (side A) on cardboard. Determine at what point its width is
0.9 inch and draw a line parallel to the base as shown in Fig 69. Measure the length of the side S; this
is also the length of the sides of the smaller (side B) pieces.

Mark out the shape of the smaller pieces by first drawing a line of length B and then constructing
a second line of length S. One end of line S is an end of line B, and the other is 0.2 inch above a line
perpendicular to the center of line B as shown in Fig 69. (This procedure is much more easily followed
than described.) These smaller pieces are made slightly oversize (shaded area in Fig 69) so you can
construct the horn with solder seams on the outside of the horn during assembly.

Cut out two cardboard pieces for side A and two for side B and tape them together in the shape of
the horn. The aperture at the waveguide end should measure 0.9 × 0.4 inch and the aperture at the other
end should measure 5.04 × 4.08 inches.

If these dimensions are correct, use the cardboard templates to mark out pieces of brass sheet. The
brass sheet should be cut with a bench shear if
one is available, because scissors type shears tend
to bend the metal. Jig the pieces together and sol-
der them on the outside of the seams. It is impor-
tant to keep both solder and rosin from contami-
nating the inside of the horn; they can absorb RF
and reduce gain at these frequencies.

Assembly is shown in Fig 70. When the horn
is completed, it can be soldered to a standard
waveguide flange, or one cut out of sheet metal
as shown in Fig 69. The transition between the
flange and the horn must be smooth. This antenna
provides an excellent performance-to-cost ratio
(about 20 dB gain for about $5 in parts).

Periscope Antenna
Systems

One problem common to all who use micro-
waves is that of mounting an antenna at the maxi-
mum possible height while trying to minimize
feed-line losses. The higher the frequency, the
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Fig 72—Gain of a periscope antenna using a plane elliptical reflector (after Jasik—see Bibliography).

more severe this problem becomes, as feeder losses increase with frequency. Because parabolic dish
reflectors are most often used on the higher bands, there is also the difficulty of waterproofing feeds
(particularly waveguide feeds). Inaccessibility of the dish is also a problem when changing bands.
Unless the tower is climbed every time and the
feed changed, there must be a feed for each band
mounted on the dish. One way around these prob-
lems is to use a periscope antenna system (some-
times called a “flyswatter antenna”).

The material in this section was prepared by Bob
Atkins, KA1GT, and appeared in QST for January
and February 1984. Fig 71 shows a schematic rep-
resentation of a periscope antenna system. A plane
reflector is mounted at the top of a rotating tower at
an angle of 45°. This reflector can be elliptical with
a major-to-minor axis ratio of 1.41, or rectangular.
At the base of the tower is mounted a dish or other
type of antenna such as a Yagi, pointing straight up.
The advantage of such a system is that the feed an-
tenna can be changed and worked on easily. Addi-
tionally, with a correct choice of reflector size, dish
size, and dish-to-reflector spacing, feed losses can
be made small, increasing the effective system gain.
In fact, for some particular system configurations,
the gain of the overall system can be greater than
that of the feed antenna alone.

Gain of a Periscope System
Fig 72 shows the relationship between the ef-

fective gain of the antenna system and the distance
Fig 71—The basic periscope antenna. This
design makes it easy to adjust the feed antenna.
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Fig 73—
Commercial
periscope
antennas, such
as this one, are
often used for
point-to-point
communication.

Table 21
Radiation Patterns of Periscope Antenna
Systems

Elliptical Rectangular
Reflector Reflector

3-dB beamwidth, degr 60 λ/2R 52 λ/b
6-dB beamwidth, degr 82 λ/2R 68 λ/b
First minimum, degr 73 λ/2R 58 λ/b
   from axis
First maximum, degr 95 λ/2R 84 λ/b
   from axis
Second minimum, degr 130 λ/2R 116 λ/b
   from axis
Second maximum, degr 156 λ/2R 142 λ/b
   from axis
Third minimum, degr 185 λ/2R 174 λ/b
   from axis

between the reflector and feed antenna for an elliptical reflector. At first sight, it is not at all obvious
how the antenna system can have a higher gain than the feed alone. The reason lies in the fact that,
depending on the feed-to-reflector spacing, the reflector may be in the near field (Fresnel) region of the
antenna, the far field (Fraunhoffer) region, or the transition region between the two.

In the far field region, the gain is proportional to the reflector area and inversely proportional
to the distance between the feed and reflector. In the near field region, seemingly strange things can
happen, such as decreasing gain with decreasing feed-to-reflector separation. The reason for this gain
decrease is that, although the reflector is intercepting more of the energy radiated by the feed, it does
not all contribute in phase at a distant point, and so the gain decreases.

In practice, rectangular reflectors are more common than elliptical. A rectangular reflector with sides
equal in length to the major and minor axes of the ellipse will, in fact, normally give a slight gain increase. In
the far field region, the gain will be proportional to the area of the reflector. To use Fig 72 with a rectangular
reflector, R2 may be replaced by A/π, where A is the projected area of the reflector. The antenna pattern
depends in a complicated way on the system parameters (spacing and size of the elements), but Table 21 gives
an approximation of what to expect. R is the radius of the projected circular area of the elliptical reflector
(equal to the minor axis radius), and b is the length of the side of the projected square area of the rectangular
reflector (equal to the length of the short side of the rectangle).

For those wishing a rigorous mathematical
analysis of this type of antenna system, several ref-
erences are given in the Bibliography at the end of
this chapter.

Mechanical Considerations
There are some problems with the physical con-

struction of a periscope antenna system. Since the
antenna gain of a microwave system is high and,
hence, its beamwidth narrow, the reflector must be
accurately aligned. If the reflector does not produce a
beam that is horizontal, the useful gain of the system
will be reduced. From the geometry of the system, an
angular misalignment of the reflector of X degrees in
the vertical plane will result in an angular misalign-
ment of 2X degrees in the vertical alignment of the
antenna system pattern. Thus, for a dish pointing
straight up (the usual case), the reflector must be at
an angle of 45° to the vertical and should not fluctu-
ate from factors such as wind loading.

The reflector itself should be flat to better than
1/10 λ for the frequency in use. It may be made of
mesh, provided that the holes in the mesh are also
less than 1/10 λ in diameter. A second problem is
getting the support mast to rotate about a truly ver-
tical axis. If the mast is not vertical, the resulting
beam will swing up and down from the horizontal
as the system is rotated, and the effective gain at
the horizon will fluctuate. Despite these problems,
amateurs have used periscope antennas successfully
on the bands through 10 GHz. Periscope antennas
are used frequently in commercial service, though
usually for point-to-point transmission. Such a com-
mercial system is shown in Fig 73.
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Circular polarization is not often used for terrestrial work, but if it is used with a periscope system
there is an important point to remember. The circularity sense changes when the signal is reflected.
Thus, for right hand circularity with a periscope antenna system, the feed arrangement on the ground
should produce left hand circularity. It should also be mentioned that it is possible (though more diffi-
cult for amateurs) to construct a periscope antenna system using a parabolically curved reflector. The
antenna system can then be regarded as an offset fed parabola. More gain is available from such a
system at the added complexity of constructing a parabolically curved reflector, accurate to 1/10 λ.
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There are two basic modes of space communications: satellite and earth-moon-earth (EME—also
referred to as moonbounce). Both require consideration of the effects of polarization and eleva-
tion angle, along with the azimuth directions of transmitted and received signals.

Signal polarization is generally of little concern on the HF bands, as the original polarization direction
is lost after the signal passes through the ionosphere. Vertical antennas
receive sky-wave signals emanating from horizontal antennas, and vice
versa. It is not beneficial to provide a means of varying the elevation
angle in this case, because at HF the takeoff angle is not significantly
affected. With satellite communications, however, because of polariza-
tion changes, a signal that would disappear into the noise on one an-
tenna may be S9 on one that is not sensitive to polarization direction.
Elevation angle is also important from the standpoint of tracking and
avoiding indiscriminate ground reflections that may cause nulls in sig-
nal strength.

These are the characteristics common to both satellite and EME
communications. There are also characteristics unique to each mode,
and these cause the antenna requirements to differ in several ways—
some subtle, others profound. Each mode is dealt with separately in
this chapter after some basic information pertaining to all space com-
munications is presented.

Antenna Positioning
Where high-gain antennas are required in space communica-

tions, precise and accurate azimuth and elevation control and indi-
cation are necessary. High gain implies narrow beamwidth in at least
one plane. Low orbit satellites such as FO-12 move through the win-
dow very quickly, so azimuth and elevation tracking are essential if
high gain antennas are used.

These satellites are fairly easy to access with moderate power
and broad coverage antennas. The low power, high-gain approach is
more sophisticated, but the high power, low-gain solution may be
more practical and economical.

Some EME arrays are fixed, but these are limited to narrow time
windows for communication. The az-el positioning systems described in
the following sections are adaptable to either satellite or modest EME
arrays. Figs 1 and 2 illustrate one of  the more ambitious ventures in
positioning a large EME array.

Chapter 19

Antenna Systems for
Space Communications

Fig 1—An aggressive approach to
steering a giant EME antenna—a
5-inch gun turret from a destroyer.

Fig 2—The gun mount of Fig 1 with
its “warhead” attached—a home-
made 42-foot parabolic dish. This
is part of the arsenal of Ken
Kucera, KA ØY.
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AN AZ-EL MOUNT FOR CROSSED YAGIS
The mounting system of Figs 3, 4 and 5 was originally described by Katashi Nose, KH6IJ, in June 1973

QST. (See the Bibliography at the end of this chapter.) The basic criteria in the design of this system were
low cost and ease of assembly. The choice of a crossed Yagi system was influenced by the ready availability
of Yagi antennas from dealers. Methods of feeding such arrays are discussed later in this chapter.

Fig 3 shows the assembled array. The antennas are eight-element Yagis. Fig 4 is a head-on view of the
array, showing the antennas mounted at 90° with respect to each other and 45° with respect to the cross arm.
Coupling between the two Yagis is minimal at 90°.
By setting the angle at 45° with respect to the cross
arm, coupling is reduced (but not eliminated).

Determine length d in Fig 4 by pointing the
array straight up and rotating it. Length d should
be the minimum distance necessary for the ele-
ments to clear the tripod base when this is done. In
the array shown in Fig 3, a 5-foot section of TV
mast serves the purpose.

The Mounting Tripod
A mounting tripod can be made of aluminum

railing, called “NuRail,” of which all manner of swiv-
els, crosses and T fittings are available. The least ex-
pensive method, however, is to purchase a TV-an-
tenna tripod. These tripods sell for such low prices

Fig 4—An end-on view of the crossed Yagi
antennas shows that they are mounted at 90 ° to
each other, and at 45 ° to the cross boom.

Fig 5—The method of mounting two rotators
together. A pair of PM-2 rotators may also be
used. The adapter plate (B) may be fabricated
from 1/4-inch thick aluminum stock, or a ready
made plate is available from Blonder-Tongue.

Fig 3—A crossed Yagi antenna system can be
assembled using off-the-shelf components such
as Hy-Gain Yagis, Cornell-Dubilier or Blonder-
Tongue rotators and a commercially made tripod.
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that there is little point in constructing your own.
Spread the legs of the tripod more than usual to as-
sure greater support, and be sure that the elements of
the antenna clear the base in the straight-up position.

Elevation an d Azimuth Rotators
Any medium-duty rotator can be used for azi-

muth rotation in this system. The elevation rotator
should be one that allows the cross arm of the array
to be rotated on its axis when supported at the center.

Fig 5 shows the mounting of the two rotators.
The flat portion of the Cornell-Dubilier AR-20 ro-
tator makes an ideal mounting surface for the el-
evation rotator. If commercially fabricated com-
ponents are to be used throughout, a mounting plate
similar to that shown in Fig 5B can be purchased.
The adapter plate may be used to fasten two rota-
tors together.

ELEVATION CONTROL USING
SYNCHROS

Many amateurs have adapted TV rotators such
as the Alliance U-100 and U-110 for use as eleva-
tion rotators. For small OSCAR antennas with wide
beamwidths, these rotators perform satisfactorily.
Unfortunately, however, the elevation of antennas
with the stock U-100 and U-110 rotators is limited
to increments of 10°. This limitation, combined
with the possibility of the control box losing syn-
chronization with the motor, can cause the actual
antenna elevation to differ from that desired by as
much as 30° or 40° at times. With high gain, nar-
row beamwidth arrays, such as those needed for
EME work and for high altitude satellites (Phase
III), this large a discrepancy is unsuitable. (Rota-
tors designed specifically for use in the horizontal
position should be used for EME antennas. The el-
evation readout system described here will provide
superior accuracy when used with most rotators.)

This indication system uses a pair of synchro
transformers to provide an accurate, continuous read-
out of the elevation angle of the antenna array. The
Alliance rotator control unit is modified so that the
motor can be operated to provide a continuously vari-
able angle of antenna elevation. Jim Bartlett, K1TX,
described this system in June 1979 QST.

The synchro or Selsyn is a specialized trans-
former. See Fig 6A . It can be best described as a
transformer having three secondary windings and
a single rotating primary winding. Synchros are
sometimes called “one-by-threes” for this reason.

Fig 6—A t A, a schematic diagram of the synchro
or Selsyn transforme r. Connection of two
synchros in a repeater loop is shown at B. The
drawing at C shows the instantaneous forces in
the repeater loop with the rotor shafts at different
positions. The “TX” and “TR” notations stand for
torque transmitter an d torque receive r ,
respectivel y. Synchros are sometimes listed in
catalogs by these “type” symbols.
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When two synchros are connected together as in Fig 6B and power is applied to their primary wind-
ings, the shaft attached to the rotating primary in one synchro will track the position of the shaft and
winding in the other. When two synchros are used together in such an arrangement, the system is called
a synchro repeater loop.

In repeater loops, one synchro transformer is usually designated as the one where motion is initiated,
and the other repeats this motion. When two synchro transformers are used in such a repeater loop, the
individual units can be thought of as “transmitter” and “receiver,” or synchro generator and synchro motor,
respectively. In this application (where one unit is located at the antenna array and another is used as an
indicator), the antenna unit is referred to as the generator and the indicator unit the motor.

The synchro generator is so named because it electrically transmits a rotational force to the syn-
chro motor. The motor, also sometimes called the receiver, follower or repeater, receives this energy
from the generator, and its shaft turns accordingly.

Physical Characteristics
Synchro transformers, both generator and motor types, resemble small electric motors, with only

minor differences. Generator and motor synchros are identical in design for all practical purposes. The
only difference between them is the presence of an inertia damper—a special flywheel—on units spe-
cifically designated as synchro motors. For antenna use, the inertia damper is not a necessity.

Fig 6A shows the synchro transformer schematically. In each synchro, there are two elements: the
fixed secondary windings, called the stator, and the rotatable primary, called the rotor. The rotor wind-
ing is connected to a source of alternating current, and the shaft is coupled to a controlling shaft or
load—in this case, the antenna array or elevation readout pointer. An alternating field is set up by the
rotor winding as a result of the ac voltage applied to it. This causes voltages to be induced in the stator
windings. These voltages are representative of the angular position of the rotor.

The stator consists of many coils of wire placed in slots around the inside of a laminated field
structure, much like that in an electric motor. The stator coils are divided into three groups spaced 120°
around the inside of the field with some overlap to provide a uniform magnitude of attractive force on
the rotor. The leads from the rotor and stator windings are attached to insulated terminal strips, usually
located at the rear of the motor or generator housing. The rotor connections are labeled R1 and R2, and
the stator connections S1, S2 and S3. These are shown in Fig 6A. These rotor and stator designations
are standard identifications.

Synchro Transforme r Action
Synchros operate much like transformers. The main difference between them is that in a synchro,

the primary winding (rotor) can be rotated through 360°.
The ac applied to the synchro rotor coil varies, but the most common ratings are 115 V/60 Hz, 115

V/400 Hz, and 26 V/400 Hz. The 400-Hz varieties are easier to find on the surplus market,
but are more difficult to use, as a 400-Hz supply must be built. Bartlett, K1TX, used 90-V/60-Hz
synchros for this project, and the 90 V required was obtained by using two surplus transformers back to
back (one 6.3 V and one 5 V). Regardless of the voltage or line frequency used, synchros should be
fused, and isolated from the ac mains by a transformer. This is important to ensure a safe installation.

The voltages induced in the stator windings are determined by the position of the rotor. As the rotor
changes position and different values are induced, the direction of the resultant fields changes.

When a second synchro transformer is connected to the first, forming a generator/motor pair or
repeater loop, the voltages induced in the three generator stator coils are also induced into the respec-
tive motor stator coils. As long as the two rotor shafts are in the same position, the voltages induced in
the stator windings of the generator and motor units are equal. These voltages are of opposite polarity,
however, because of the way the two units are connected together. This results in a zero potential
difference between the stators in the two synchro units, and no current flows in either set of stator coils.

With the absence of current flow, no magnetic field is set up by the stator windings, and the system
is in mechanical equilibrium. (There are no unbalanced forces acting on either rotor.) This situation
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exists whenever the two rotors are aligned in
identical angular positions, regardless of the
specific angle of displacement from the zero point
(S2).

The repeater action of the two-synchro sys-
tem occurs when one rotor is moved, causing the
voltages in the system to become unbalanced.
When this happens, current flows through the sta-
tor coils, setting up magnetic fields that tend to
pull the rotors together so that the static (equilib-
rium) condition again exists. A torque results from
the magnetic fields set up in both units, causing
the two rotors to turn in opposite directions until
they align themselves.

The generator shaft, however, is usually attached
to a control shaft or large load (relative to that at-
tached to the motor shaft) so that it cannot freely
rotate. Thus, as long as the motor rotor is free to
move, it will remain in alignment with the generator
rotor. Fig 6C shows the instantaneous forces present
in a repeater loop when one rotor is turned.

Selecting the Synchros
Synchro operating voltages are not critical.

Most units will function with voltages as much as
20% above or 30% below their nominal ratings.
Make sure the transformer(s) you use will handle
the necessary current. Fig 7A shows how to con-
nect two transformers to obtain 90 V for the units
used in this project.

Synchro transformers normally found in sur-
plus catalogs and at flea markets may not be suit-
able for this application. Some of the types you
should not buy are ones marked differential gen-
erator, differential synchro or resolver synchro.
These synchros are designed for different uses.

Most catalogs list synchro transformers with
their ratings and prices. Look for the least expen-
sive set of synchros that will operate at the required
voltage and line frequency. When comparing
specifications, look for synchros that have a high
torque gradient  (accuracy). It is possible to ob-
tain accuracy as good as ±1° with a properly in-
stalled synchro readout system.

When the synchros have been obtained and a
power supply designed, begin construction of the el-
evation system. Check the synchros by connecting
the two units as shown in Fig 6B. Verify proper op-
eration. Set the synchros aside and begin modifica-
tion of the Alliance rotator-control unit (if you have
decided to use an Alliance rotator).

Fig 7—Shown a t A are the circuits for the modi-
=fied control unit and the synchro power suppl y.
T1, DS1 and C1 are from the stock U-100 or U- 110
control box. See text . At B, the mounting method
used to secure the synchro motor is shown.
Details of the synchro generator mounting are
shown at C. See text for description of materials.

F1, F2—1 A, 250 V fuse.
S1—DPDT momentary contact, center off toggle
   switch.
S2—SPST toggle switch.
T2, T3—Transformers selected for proper voltage
   to synchro roto r.
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The Alliance Rotator-Control Unit
Remove the transformer, capacitor and pilot light

from the control unit and discard the rest. Mount the
transformer and capacitor in a small, shallow enclo-
sure, like the one shown in Fig 8. The synchro power
supply will also be mounted in this box.

Wire the rotator control circuit as shown in Fig
7A. The transformer, pilot light and capacitor shown
are the ones removed from the Alliance control unit.
Add a fuse at the point shown. The 120-V input to
this circuit can be tied to that of the power supply
circuit if desired. This allows for a common fuse and
power switch. The rating of the fuse depends on the
current drain of the synchros used, but a 1-A fuse
should be ample to handle the control and power
supply circuits. Note that there are four wires in the
Alliance control system. Only three are needed here;
the fourth wire is not used.

Test the control unit before mounting the rotator
on the mast. Connect the motor to the modified con-
trol unit and check to see that it rotates properly in
both directions when S1 is activated. This switch
should be a DPDT, momentary on, center off toggle
switch. Next install the synchro power supply inside
the rotator-control enclosure. Some type of
multiconnector plug and jack combination should be
used at the rear of the cabinet so the rotator and syn-
chro control wires can be easily disconnected from
the control box. Eight wires are used between the con-
trol unit and the synchro and rotator mounted at the
antenna array. An 8-pin, octal connector set and stan-
dard 8-wire rotator cable were used in this project. A
suitable alternative connector set is Calectro F3-248
(male cord) and F3-268 (female chassis).

Mechanical Details
The synchro motor providing the elevation read-

out is mounted inside a cube-shaped chassis. (Any suitable chassis will do.) Two aluminum brackets sup-
port the motor inside the box, as shown in Fig 7B. The motor is positioned to allow the shaft to protrude
through the front panel of the enclosure. The pointer is fashioned from a scrap of copper sheet, and soldered
to the edge of a washer. This is secured to the shaft between two nuts. A large protractor that fits the front of
the enclosure serves as the dial face.

Mounting and Calibration
The synchro generator mounting is shown in Fig 7C. An aluminum plate is drilled and fitted with standard

hardware. Cut two slots between the clamps, and insert a large stainless steel hose clamp through the slots and
around the generator casing. After positioning the synchro, tighten the clamp. The generator is mounted close
to the rotator and directly behind the elevation mast when the antennas are pointed at the horizon.

The elevation and azimuth rotators are mounted in the normal fashion, as shown in Fig 9. Elevation of the
antennas causes generator shaft rotation through a weighted rod fastened to the synchro shaft, as shown in Fig 7C.

As the antenna array is elevated, the synchro generator moves through an arc starting behind the
elevation mast, through a position directly below the mast, to one in front of it. During the swing

Fig 9—Close-up photo of the synchro transformer
mounting method. The weighted arm is kept short
to minimize wind effects on elevation readout.

Fig 8—The completed control/readout unit for
antenna elevation. The dial face was made from
a plastic protracto r.
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through this arc, gravity keeps the weighted rod perpendicular to the ground, and the synchro shaft
turns in proportion to the elevation angle. (If high winds are common in your area, keep the “plumb-
line” swing arm short so gusts of wind won’t cause fluctuations in the elevation readout.)

The easiest way to calibrate the system is to attach the antennas and synchro to the mast when the
elevation rotator is at the end of rotation (at a stop). Do this so any movement must be in the direction that
will elevate the array with respect to the horizon. With the antennas pointing at the horizon, set the synchro
motor pointer to 0° at one end of the protractor scale. The proper “zero” end depends on the specific mount-
ing scheme used at the antenna.

If the generator is mounted as shown in Fig 7C and all connections are properly made, the elevation
needle should swing from right to left as the anten-
nas move from zero through 90 to 180°. If not, re-
move power from the system and interchange the
S1 and S3 wires at the indicator motor.

A RADIO-COMPASS ELEVATION
READOUT SYSTEM

As described by Jim Bartlett, K1TX, in Sep-
tember 1979 QST, an MN-98 Canadian radio com-
pass and a Sperry R5663642 synchro transmitter
combine to make a highly precise elevation indi-
cator. These components, displayed in Fig 10, may
be available from Fair Radio Sales Co., PO Box
1105, Lima, OH 45802. The AY-201 transmitter
is not suitable for this project.

Place the MN-98 indicator face down on a soft
cloth on a flat surface and remove the rear cover of
the indicator unit. Disconnect the four wires that go
to the glass-metal feedthrough located on the back
panel. This frees the rear cover. Remove the rear
cover and put it aside. Drill a small hole in the rear
of the case, next to the edge of the feedthrough. (See
Fig 11A.) Do this carefully, making sure that the drill

Fig 11—The rear of the MN-98 Canadian radio
compass is shown a t A. The drawing at B shows
the interconnecting method used between the
MN-98 and the Sperry synchro transmitte r. The
schematic diagram at C shows the power supply
used with this indicator system. T1 can be Radio
Shack 273-1384 or any junk-box 6.3-V transforme r.

Fig 10—The MN-98 Canadian radio compass and
Sperry R5663642 synchro transmitte r. Note the small
knob at the upper right-hand corner of the indicator
face. This can be used to calibrate the system with-
out making any changes at the antenna end. By turn-
ing this knob, you can rotate the degree markings
around the outside of the dial face so that any de-
sired heading can be placed in line with the pointe r.
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bit doesn’t push through into the inside of the indicator shell and get tangled in the wiring. When the bit
breaks through the metal casing, the pressurized seal will be broken.

Using a small screwdriver and a hammer, tap each of the individual glass feedthrough inserts,
cracking them. Try to keep the screwdriver from pushing the broken pieces of glass down into the
enclosure where they could get lodged in the dial mechanism. Attempt to shake all the pieces of glass
out of the case. The remaining part of the feedthrough can be removed by heating with a soldering iron
and prying with a screwdriver or needle-nosed pliers.

After the feedthrough has been removed, gently pull the ends of the wires out through the hole left
by the feedthrough. Clip off the feedthrough terminal pins. There are five wires—a group of three and
two others. The group of three will probably be blue, yellow and black. The other two wires twisted
together should be red and black. Fig 11B shows how these are connected to the terminals on the
synchro transmitter in a five-wire system.

Construction of the System
Fig 11C shows the schematic diagram of a simple 6.3-V ac power supply for the indicator system.

Because the synchro and indicator were originally designed to operate from 26 V at 400 Hz, a 6.3-V
transformer is acceptable for use at 60 Hz. A 22-Ω resistor is wired in series with the synchros to limit
current and thus eliminate an annoying buzzing sound in the indicator unit at certain pointer positions.

The indicator, along with the power supply, can be mounted in a small metal enclosure. Include a fuse,
ON-OFF switch, and three-wire line cord. At the synchro transmitter end (at the antenna), provide some
kind of shield to keep weather from affecting the system.

A small weight, cut in the
shape of a large pie section and
drilled to fit the synchro transmit-
ter shaft, can be mounted on the
shaft and shielded with a small
margarine tub which is taped or
glued to the outside of the synchro
casing. This arrangement should
allow free movement of the
weight, yet keep high winds or
heavy icing from affecting the in-
dicator. The synchro transmitter
should be mounted to the mast in
such a way that it will rotate with
the antennas, causing the weight to
turn the shaft.

Antennas for
Satellite Work

This section contains a num-
ber of antenna systems that are
practical for satellite communica-
tions. Some of the simpler ones
bring space communications into
the range of any amateur’s budget.

RECEIVING ANTENNAS
FOR 29.4 MHz

Fig 12 shows three antennas
suitable for satellite downlink recep-

Fig 12—Any one of three 29-MHz antennas—a turnstile (A), rotary
dipole (B), or horizontal loop (C)—may be selected for OSCAR
downlink reception.
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tion at 29 MHz. At A is a turnstile, an antenna that is omnidirectional in the azimuth plane. The vertical pattern
depends on the height above ground. (This subject is treated in detail in Chapter 3.) The circular polarization of
the turnstile at high elevation angles reduces signal fading from satellite rotation and ionospheric effects.

The antenna at B is a simple rotatable dipole for use when a satellite is near the horizon and some
directivity is helpful.When horizontally mounted, the full-wave loop at C gives good omnidirectional recep-
tion for elevation angles above 30°. It should be mounted at least 1/8 λ above ground. It is difficult to predict
which antenna will deliver the best signal under any circumstances. All are inexpensive, and the most effec-
tive amateur satellite stations have all three, with a means of selecting the best one for the existing condi-
tions. For low-altitude satellites, conditions should be expected to change in the matter of a few minutes.

A 146-MHz TURNSTILE ANTENNA
The 146-MHz antenna of Fig 13 is simple and effective for use with OSCAR Modes A, B and J.

The antenna, called a turnstile-reflector array, can be built very inexpensively and put into operation
without the need for test equipment. The information contained here is based on a September 1974 QST
article by Martin Davidoff, K2UBC.

Experience with several amateur satellites has shown that rapid fading is a severe problem in sat-
ellite work. Fortunately, the ground station has control over two important parameters affecting fading:
cross polarization between the ground-station antenna and OSCAR antenna, and nulls in the ground-
station antenna pattern. Fading that results from cross polarization can be reduced by using a circularly
polarized ground-station antenna. Fading caused by radiation pattern nulls can be overcome by (1)
using a rotatable, tiltable array and continuously tracking the satellite or (2) using an antenna with a
broad, null-free pattern. The turnstile-reflector array solves these problems, as it is circularly polarized
at high elevation angles and has a balloon-like high-angle directivity pattern. At lower elevation angles
the polarization is elliptical.  (Circular and elliptical polarizations are discussed later in this chapter.)

Construction
The mast used to support the two dipoles is made of wood, being 2 inches square and 8 feet long.

The dipoles may be made of #12 copper wire, aluminum rod, or tubing. The reflecting screen is
20 gauge hexagonal poultry netting, 1-inch mesh,
stapled to a 4-foot square frame made of furring
strips. Hardware cloth can be used in place of the
poultry netting. Corner bracing of the reflector
screen provides increased mechanical stability.
Spar varnish applied to the wooden members will
extend the service life of the assembly.

Dimensions for the two dipole antennas and
the phasing network are shown in Fig 14. Spacing
between the dipole antennas and the reflecting

Fig 13—The
turnstile-reflector
(TR) array
consists of
crossed dipoles
above a 4-foot
square screen
reflecto r.

Fig 14—Dimensions and connections for the turnstile
antenna. The phasing line is 13.3 inches of RG-59 coax
(velocity factor = 0.66) . A similar length of RG-58 cable
is used as a matching section between the turnstile
and the feed line.  The phasing line length should be
corrected for lines with other velocity factors.
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screen affects the antenna radiation pattern. Choose the spacing for the pattern that best suits your
needs from data in Chapter 3, and construct the antenna accordingly. A spacing of 3/8 λ (30 inches) is
suggested. This distance provides a theoretical pattern response of ±1.5 dB at all angles above 15°.
Spacings greater than 30 inches will increase the response at elevation angles lower than 15°, but at the
expense of nulls in the pattern at higher angles.  The feed-point impedance of the array will vary
somewhat, depending on the spacing between the dipole elements and the reflecting screen.

Circular Polarization
 The ideal antenna for random polarization is one with a circularly polarized radiation pattern.

There are two commonly used methods for obtaining circular polarization. One is with crossed linear
elements such as dipoles or Yagis. An array of crossed Yagis is shown in Fig 15. The second common
method is with the helical antenna, described later in this chapter. Other methods also exist, such as
with the quadrifilar helix (see Maxwell Bibliography listing at the end of this chapter).

 Polarization sense is a critical factor, especially in EME work or if the satellite uses a circularly polar-
ized antenna. In physics, clockwise rotation of an approaching wave is called “right circular polarization,”
but the IEEE standard uses the term “clockwise circular polarization,” for a receding wave. Amateur tech-
nology follows the IEEE standard, calling clockwise polarization for a receding wave as right-hand. Either
clockwise or a counter-clockwise sense can be selected by reversing the phasing harness of a crossed Yagi
antenna. The sense of a helical antenna is fixed, determined by its physical construction

In working through a satellite with a circularly polarized antenna, it is necessary to have the capability
of switching the polarization sense. This is because the sense of the received signal reverses when the
satellite passes its nearest point to you.  If the received signal has right hand circular polarization as the
satellite approaches, it will have left hand circularity as the satellite recedes.  There is a sense reversal in
EME work, as well, because of a phase reversal of the signal as it is reflected from the surface of the moon.
A signal transmitted with right-hand circularity will be returned to the Earth with left-hand circularity.

Mathematically, linear and circular polarization are special cases of elliptical polarization. Consider
two electric-field vectors at right angles to each other. The frequencies are the same, but the magnitudes and
phase angles vary. If either one or the other of the magnitudes is zero, linear polarization results. If the
magnitudes are the same and the phase angle between the two vectors (in time) is 90°, circular polarization
results. Any combination between these two limits gives elliptical polarization.

Crossed Linea r Antennas
Dipoles radiate linearly polarized signals, and the polarization direction depends on the orientation of

the antenna. Fig 16 shows the electric-field or E-plane patterns of horizontal and vertical dipoles at A and B.
If the two outputs are combined with the correct phase difference (90°), a circularly polarized wave results,

Fig 15—This VHF
crossed Yagi
antenna design by
KH6IJ was presented
in January 197 3 QST.
Placement of the
phasing harness and
T connector is
shown in the lower
half of the photo-
graph. Note that the
gamma match is
mounted somewhat
off element center
for better balance of
RF voltages on
elements. Fig 16—Radiation patterns looking head-on at

dipoles.
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and the resulting electric-field pattern is shown in Fig 16C. Note that because the electric fields are identical
in magnitude, the power from the transmitter must be equally divided between the two fields.  Another way
of looking at this is to consider the power as being divided between the two antennas; hence the gain of each
is decreased by 3 dB when taken alone in the plane of its orientation.

As previously mentioned, a 90° phase shift must exist between the two antennas. The simplest way
to obtain the shift is to use two feed lines with one section that is 1/4 λ longer than the other, as shown
in Fig 17A. These separate feed lines are then paralleled to a common transmission line to the
transmitter or receiver. Therein lies one of the headaches of this system—assuming negligible coupling
between the crossed antennas, the impedance presented to the common transmission line by the paral-
lel combination is one half that of either section alone. (This is not true when there is mutual
coupling between the antennas, as in phased arrays.)  A practical construction method for implement-
ing the system of Fig 17A is given in Fig 18.

Fig 18—
Construction
details of a
crossed
Yagi
antenna.

Fig 17—Evolution of the
circularly polarize d Yagi.
The simplest form of
crossed Yagi , A, is made to
radiate circularly by feeding
the two driven elements 9 0°
out of phase. Antenna B
uses the same line length
for both feeds, but has the
elements of one bay 1/4 λ
forward from those in the
othe r. Antenna C offers
polarization diversity with
elliptical polarization.  With
separate booms, the
elements in one set are
perpendicular to those in
the othe r. The set on the
right has its elements 1/4 λ
forward of those on the left.
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Fig 20—The polarization sense of the antenna is con-
trolled by coaxial relays and phasing lines. The 146
and 435-MHz systems are controlled independentl y.

Fig 19—An elliptically polarized antenna system for
satellite communications on 146 and 435 MHz. The
array is assembled from KLM log periodi c Yagis.

Another factor to consider is the attenuation of the cables used in the harness, along with the
connectors. Good low-loss coaxial line should be used. Type N or BNC connectors are preferable to the
UHF variety.

Another method of obtaining circular polarization is to use equal length feed lines and place one an-
tenna 1/4 λ ahead of the other. This method is shown
at B of Fig 17. The advantage of equal-length feed
lines is that identical load impedances will be pre-
sented to the common feeder. With the phasing-line
method, any mismatch at one antenna will be mag-
nified by the extra 1/4 λ of transmission line. This
upsets the current balance between the two anten-
nas, resulting in a loss of polarization circularity.

Fig 17C shows a popular method of mounting
off-the-shelf Yagi arrays—at right angles to each
other.  The two arrays may be physically offset by
1/4 λ and fed in parallel, as shown, or they may be
mounted with no offset and fed 90° out of phase.
Neither of these arrangements produces true cir-
cular polarization.  Instead, polarization diversity
is obtained with elliptical polarization from such
a system.

ELLIPTICAL LY POLARIZED ANTENNAS
FOR 144 AND 432-MHz SATELLITE WORK

The antenna system described here offers po-
larization diversity, with switchable right-hand or
left- hand elliptical polarization.  The array can
be positioned in both azimuth and elevation. This
system makes use of commercially available an-
tennas (KLM 9-element 145-MHz and KLM 14-
element 435-MHz antennas), rotators (Alliance U-
110 and Telex/Hy-Gain Ham series or Tailtwister)
and coaxial relays which are combined in a way
that offers total flexibility.

This setup is suited for Mode B or Mode J
satellite operation. As shown in Figs 19 and 20,
the whole assembly is built on a heavy-duty TV
tripod so that it can be roof-mounted. The idea for
this system came from Clarke Greene, K1JX.

System Outline
The antennas shown in the photographs are ac-

tually two totally separate systems sharing the same
azimuth and elevation positioning systems. Each
system is identical in the way it performs—one sys-
tem for 145 MHz and one for 435 MHz. Individual
control lines allow independent control of the polar-
ization sense for each system. This is mandatory, as
often a different polarization sense is required for
the uplink and downlink. Also, throughout any given
pass of a satellite, the required sense may change.
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Mechanical Details
The azimuth rotator is mounted inside the tripod by means of a Rohn 25 type of rotator plate.

See Fig 20. U bolts around the tripod legs secure the plate to the tripod. A length of 1-inch galva-
nized water pipe (the mast) extends from the top of the rotator through a homemade aluminum
bearing at the top of the tripod. Because a relatively small diameter mast is used, several pieces
of shim material are required between it and the body of the rotator to assure that the mast will be
aligned in the bearing through 360° of rotation. This is covered in detail in the Telex/Hy-Gain
rotator instruction sheets.

The Alliance U-110 elevation rotator is mounted to the 1-inch water pipe mast by means of a 1/8-
inch aluminum plate. TV U-bolt hardware provides a good fit for this mast material. The cross arm that
supports the antennas is a piece of 11/4-inch-thick fiberglass rod, 6 feet in length. Other materials can be
used, but the strength of fiberglass makes it desirable as a cross arm. This should be a consideration if
you live in an area that is frequented by ice storms. Although it is relatively expensive (about $3 to $4
per foot), one piece should last a lifetime.

Electrical Details
As the antenna systems are identical, this description applies to both. As mentioned earlier, it

is possible to obtain polarization diversity with two separate antennas mounted apart from each
other as shown in the photographs. One advantage of this system is that the weight distribution
on each side of the elevation rotator is equal. As long as the separation between antennas is small,
performance should be nearly as good as when both sets of elements are on a single boom.  There
is no operational difference between true circular polarization and the polarization diversity pro-
vided by this antenna system.

Because of mutual coupling between the arrays, the two feed-point impedances will not be identi-
cal, but from a practical standpoint the differences are almost insignificant.  One antenna must be fed
90° out of phase with respect to the other. For switchable right-hand and left-hand polarization, some
means must be included to shift a 90° phasing line in series with either antenna. Such a scheme is
shown in Fig 21. Since two antennas are essentially connected in parallel, the feed impedance will be

half that of either antenna alone. The antennas used
in this system have a 52-Ω feed-point impedance.
RG-133 (95-Ω coax) proves difficult to locate. RG-
63 (125-Ω impedance) may be used with a slightly
higher mismatch. As can be seen in the drawing,
the phasing line is always in series with the sys-
tem feed point and one of the antennas. As shown,
the antenna on the left receives energy 90° ahead
of the one on the right. When the relay is switched,
the opposite is true.

It is not necessary to use single quarter wave-
lengths of line. For example, the 75-Ω impedance-
transforming lines between each antenna and the
relay can be any odd multiple of 1/4 λ, such as 3/4,
5/4, 7/4 λ, etc. The same is true for the 95 or 125-Ω
phasing line.

Keep track of phasing-line lengths. This is es-
pecially important when determining which posi-
tion of the relay will yield right or left-hand po-
larization. You will probably find it necessary to
use a number of quarter wavelengths, because a
single quarter wavelength of line is extremely short

Fig 21—Electrical diagram of the switchable
polarization antenna system, complete with cable
specifications. When calculating the lengths of
individual cables, be sure to include the proper
velocity factor of the cable used.
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(when the velocity factor is taken into consideration). The lengths used in this system are shown in Fig
22. Try to use the shortest practical lengths, because the SWR bandwidth of the array decreases as the
number of quarter wavelengths of line is increased.

Antenna Systems for EME Communications
The tremendous path loss incurred over an EME circuit places stringent requirements on Earth station

performance. Low-noise receiving equipment, maximum legal power and large antenna arrays are required
for successful EME operation. Although it is possible to copy some of the better-equipped stations with a

single Yagi antenna, it is unlikely that such an an-
tenna can provide reliable two-way communication.
Antenna gain of at least 20 dB is required for rea-
sonable success. Generally speaking, more antenna
gain yields the most noticeable improvement in sta-
tion performance, as the increased gain improves
both the received and transmitted signals.

Several types of antennas have become popular
among EME enthusiasts. Perhaps the most popular
antenna for 144-MHz work is an array of either 4 or
8 long boom (14 to 15 dB gain) Yagis. The 4-Yagi
array provides approximately 20 dB gain, and the 8-
antenna system gives an approximate 3 dB increase
over the 4-antenna array. At 432 MHz, 8 or 16 long
boom Yagis are often used. Yagi antennas are com-
mercially available, and can be constructed from
readily available materials. Information on maxi-
mum gain Yagi antennas is presented in Chapter 18.

A moderately sized Yagi array has the advan-
tage that it is relatively easy to construct, and can
be positioned in azimuth and elevation with com-
mercially available equipment. Matching and
phasing lines present few problems. The main dis-
advantage of Yagi arrays is that the polarization
plane of the individual Yagis cannot be conve-
niently changed. One way around this is to use
cross polarized Yagis and a relay switching sys-
tem to select the desired polarization, as described
in the previous section. This represents a consid-
erable increase in system complexity to select the
desired polarization. Some amateurs have gone as
far as building complicated chain driven systems
to allow constant polarization adjustment of all
the Yagis in a large array. Polarization shift of
EME signals at 144 MHz is fairly slow, and the
added complexity of the cross-polarized antenna
system or a sophisticated chain-driven polarity ad-
justment scheme may not be worth the effort. At
432 MHz, where the polarization shifts at a some-
what faster rate, an adjustable polarization sys-
tem offers a definite advantage over a fixed one.

The Yagi antenna system used by Ed Stallman,
N5BLZ, is shown in Fig 23. The system is com-

Fig 23—The EME antenna system used at N5BLZ
consists of twelve 17-element, long boom 144-MHz
Yagis. The tractor, lower left, really puts this array
into perspective!

Fig 22—The basic antenna system for switchable right
or left-hand elliptical polarization. Lines A and B step
the 52-Ω antenna impedance up to 100 Ω. The phasing
line is made from 95- Ω coaxial cable to provide a good
match to the 100- Ω system. See text for a detailed
description of the system. The shorter lengths are for
435.15 MHz and the longer lengths are for 145.925 MHz.
The line lengths shown are for a 66% velocity factor.
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Fig 24—The Yagi array used for EME at OH6NU/OH6NM.

Fig 25—K1FO uses this system for serious
moonbounce work.

prised of 12 144-MHz long boom 17-element Yagi
antennas. The Yagi arrays of Timo Korhonen,
OH6NU, and Steve Powlishen, K1FO, are shown
in Figs 24 and 25, respectively.

Quagi antennas (made from both quad and Yagi
elements) are also popular for EME work. Slightly
more gain per unit boom length is possible as com-
pared to the conventional Yagi. Additional informa-
tion on the Quagi is presented in Chapter 18.

The collinear array is another popular type of
antenna for EME work. A 40-element collinear ar-
ray has approximately the same frontal area as an
array of four Yagis, but produces approximately 1
to 2 dB less gain. One attraction to a collinear ar-
ray is that the depth dimension is considerably less
than the long boom Yagis. An 80-element collinear
is marginal for EME communications, providing
approximately 19 dB gain. Many operators using
collinear arrays use 160-element or larger systems.

As with Yagi and Quagi antennas, the collinear
cannot be adjusted easily for polarity changes.
From a constructional standpoint, there is little dif-
ference in complexity and material costs between
the collinear and Yagi arrays.

The parabolic dish is another antenna that is used
extensively for EME work. Unlike the other anten-
nas described, the major problems associated with
dish antennas are mechanical ones. Dishes approach-
ing 20 feet in diameter are required for successful
EME operation on 432 MHz. Structures of this size
with wind and ice loading place a severe strain on
the mounting and positioning system. Extremely rug-
ged mounts are required for large dish antennas, es-
pecially when used in windy locations.

Several aspects of parabolic dish antennas make
the extra mechanical problems worth the trouble,
however. For example, the dish antenna is inherently
broadbanded, and may be used on several different
bands by simply changing the feed. An antenna that
is suitable for 432 MHz work is also usable for each
of the higher amateur bands. Increased gain is avail-
able as the frequency of operation is increased.

Another advantage of this antenna is in the
feed system. Th polarization of the feed, and there-
fore the polarization of the antenna, can be ad-
justed with little difficulty. It is a relatively easy
matter to devise a system whereby the feed can be
rotated remotely from the shack. Changes in
polarization of the signal can thereby be compen-
sated for at the operating position.
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Fig 28—A 12-foot stressed parabolic dish set up for
reception o f Apollo or Skylab signals near 2280 MHz.
A preamplifier is shown taped below the feed horn.
The dish was designed by K2RI W, standing at the
right. From QS T, August 1972.

Fig 27—This 20-foot stressed parabolic dish is used
for EME work at F2TU on 432 and 1296 MHz.

Fig 26—The 1/2-inch wire mesh is about all that is needed
to complete this 7-meter diameter dish at ZL1BJQ.

Because polarization changes can account for
as much as 30 dB of signal attenuation, the rotatable
feed can make the difference between consistent
communications and no communications at all. A
parabolic dish under construction by Dave Wardley,
ZL1BJQ, is shown in Fig 26. The 20-foot stressed
parabolic dish used at F2TU is shown in Fig 27. More
information on parabolic dish antennas is given later
in this chapter and in Chapter 18.

Antennas suitable for EME work are by no means
limited to the types described thus far. Rhombics, quad
arrays, helicals and others can also be used. These an-
tennas have not gained the popularity of the Yagi,
Quagi, collinear and parabolic dish, however.

A 12-Foot Stressed
Parabolic Dish

Very few antennas evoke as much interest
among UHF amateurs as the parabolic dish, and
for good reason. First, the parabola and its cous-
ins—Cassegrain, hog horn and Gregorian—are
probably the ultimate in high gain antennas. One
of the highest gain antenna in the world (148 dB)
is a parabola. This is the 200-inch Mt. Palomar
telescope. (The very short wavelength of light rays
causes such a high gain to be realizable.) Second,
the efficiency of the parabola does not change as
size increases. With collinear arrays, the loss of
the phasing harness increases as the size increases.
The corresponding component of the parabola is
lossless air between the feed horn and the reflect-
ing surface. If there are few surface errors, the
efficiency of the system stays constant regardless
of antenna size. This project was presented by Ri-
chard Knadle, K2RIW, in August 1972 QST.

Some amateurs reject parabolic antennas be-
cause of the belief that they are all heavy, hard to
construct, have large wind loading surfaces, and
require precise surface accuracy. However, with
modern construction techniques, a prudent choice
of  materials, and an understanding of accuracy
requirements, these disadvantages can be largely
overcome. A parabola may be constructed with a
0.6 f/d (focal length/diameter) ratio, producing a
rather flat dish, which makes it easy to surface
and allows the use of recent advances in high effi-
ciency feed horns. This results in greater gain for
a given dish size over conventional designs.

Such an antenna is shown in Fig 28. This para-
bolic dish is lightweight, portable, easy to build,
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Fig 29—Center plate details. Two center plates
are bolted together to hold the spokes in place.

Table 1
Materials List for the 12-Foot Stressed
Parabolic Dish
1) Aluminum tubing, 12 ft × 1/2 in. OD × 0.049-in.

wall,
6061-T6 alloy, 9 required to make 18 spokes.

2) Octagonal mounting plates 12 × 12 × 1/8 in.,
2024-T3 alloy, 2 required.

3) 11/4 in. ID pipe flange with setscrews.
4) 11/4 in. × 8 ft TV mast tubing, 2 required.
5) Aluminum window screening, 4 × 50 ft.
6) 130-pound test Dacron trolling line (available

from
Finney Sports, 2910 Glansman Rd, Toledo, OH
43614.)

7) 38 ft #9 galvanized fence wire (perimeter).
8) Two hose clamps, 11/2 in.; two U bolts; 1/2 × 14 in.

Bakelite rod or dowel; water-pipe grounding
clamp; 18 eye bolts; 18 S hooks.

and can be used for 432 and 1296-MHz mountaintopping, as well as on 2300, 3450 and 5760 MHz.
Disassembled, it fits into the trunk of a car, and can be assembled in 45 minutes.

The usually heavy structure that supports the surface of most parabolic dish antennas has been
replaced in this design by aluminum spokes bent into a near parabolic shape by string. These strings
serve the triple function of guying the focal point, bending the spokes, and reducing the error at the
dish perimeter (as well as at the center) to nearly zero. By contrast, in conventional designs, the dish
perimeter (which has a greater surface area than the center) is farthest from the supporting center hub.
For these reasons, it often has the greatest error. This error becomes more severe when the wind blows.
Here, each of the spokes is basically a cantilevered beam with end loading. The equations of beam
bending predict a near perfect parabolic curve for extremely small deflections. Unfortunately the de-
flections in this dish are not that small, and the loading is not perpendicular. For these reasons, math-
ematical prediction of the resultant curve is quite difficult. A much better solution is to measure the
surface error with a template and make the necessary correction by bending each of the spokes to fit.
This procedure is discussed in a later section.

The uncorrected surface is accurate enough for 432 and 1296-MHz use. Trophies taken by this parabola
in antenna gain contests were won using a completely natural surface with no error correction.

By placing the transmission line inside the central pipe that supports the feed horn, the area of the
shadows or blockages on the reflector surface is much smaller than in other feeding and supporting
systems, thus increasing gain. For 1296 MHz, a backfire feed horn may be constructed to take full
advantage of this feature. At 432 MHz, a dipole and reflector assembly produces 1.5 dB additional gain
over a corner reflector feed system. Because the preamplifier is located right at the horn on 2300 MHz,
a conventional feed horn may be used.

Construction
Table 1 is a list of materials required for construction. Care must be exercised when drilling holes in the

connecting center plates so assembly problems will not be experienced later. See Fig 29. A notch in each
plate allows them to be assembled in the same relative positions. The two plates should be clamped together
and drilled at the same time. Each of the 181/2-inch
diameter aluminum spokes has two no. 28 holes
drilled at the base to accept no. 6-32 machine screws
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that go through the center plates. The 6-foot long spokes are cut from standard 12-feet lengths of tubing. A
fixture built from a block of aluminum assures that the holes are drilled in exactly the same position in each
spoke. The front and back center plates constitute an I-beam type of structure that gives the dish center
considerable rigidity.

A side view of the complete antenna is shown in Fig 30. Aluminum alloy (6061-T6) is used for the
spokes, while 2024-T3 aluminum alloy sheet, 1/8 inch thick, is used for the center plates. (Aluminum
has approximately three times the strength-to-weight ratio of wood, and aluminum cannot warp or
become water logged.)  The end of each of the 18 spokes has an eyebolt facing the dish focal point,
which serves a dual purpose:

1) To accept the #9 galvanized fence wire that is routed through the screw eyes to define the dish
perimeter, and

2) To facilitate rapid assembly by accepting the S hooks which are tied to the end of each of the
lengths of 130-pound test Dacron fishing string.

The string bends the spokes into a parabolic curve; the dish may be adapted for many focal lengths
by tightening or slackening the strings. Dacron was chosen because it has the same chemical formula
as Mylar. This is a low-stretch material that keeps the dish from changing shape. The galvanized perim-
eter wire has a 5-inch overlap area that is bound together with baling wire after the spokes have been
hooked to the strings.

The aluminum window screening is bent over the perimeter wire to hold it in place on the back of the
spokes. Originally, there was concern that the surface perturbations (the spokes) in front of the screening
might decrease the gain. The total spoke area is so small, however, that this fear proved unfounded.

Placing the aluminum screening in front of the spokes requires the use of 200 pieces of baling wire
to hold the screening in place. This procedure increases the assembly time by at least an hour. For
contest and mountaintop operation (when the  screening is on the back of the spokes) no fastening
technique is required other than bending the screen to overlap the wire perimeter.

Fig 30—Side view of the stressed parabolic dish.
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The Parabolic Surface
A 4-foot wide roll of aluminum screening 50 feet long is cut into appropriate lengths and laid parallel

with a 3-inch overlap between the top of the unbent spokes and hub assembly. The overlap seams are sewn
together on one half of the dish using heavy Dacron thread and a sailmaker’s curved needle. Every seam is
sewn twice; once on each edge of the overlapped area. The seams on the other half are left open to accom-
modate the increased overlap that occurs when the spokes are bent into a  parabola. The perimeter of the
screening is then trimmed. Notches are cut in the 3-inch overlap to accept the screw eyes and S hooks.

The first time the dish is assembled, the screening strips are anchored to the inside surface of the
dish and the seams sewn in this position. It is easier to fabricate the surface by placing the screen on the
back of the dish frame with the structure inverted. The spokes are sufficiently strong to support the
complete weight of the dish when the perimeter is resting on the ground.

The 4-foot wide strips of aluminum screening conform to the compound bend of the parabolic
shape very easily. If the seams are placed parallel to the E-field polarization of the feed horn, minimum
feedthrough will occur. This feedthrough, even if the seams are placed perpendicular to the E field, is
so small that it is negligible. Some constructors may be tempted to cut the screening into pie shaped
sections. This procedure will increase the seam area and construction time considerably. The dish sur-
face appears most pleasing from the front when the screening perimeter is slipped between the spokes
and the perimeter wire, and is then folded back over the perimeter wire. In disassembly, the screening
is removed in one piece, folded in half, and rolled.

The Horn and Support Structure
The feed horn is supported by 11/4-inch aluminum television mast. The Hardline that is inserted

into this tubing is connected first to the front of the feed horn, which then slides back into the tubing for
support. A setscrew assures that no further movement of the feed horn occurs. During antenna gain
competition the setscrew is omitted, allowing the 1/2-inch semirigid CATV transmission line to move in
or out while adjusting the focal length for maximum gain. The TV mast is held firmly at the center
plates by two setscrews in the pipe flange that is mounted on the rear plate. At 2300 MHz, the dish is
focused for best gain by loosening these setscrews on the pipe flange and sliding the dish along the
TV mast tubing. (The dish is moved instead of the feed horn.)

The fishing strings are held in place by attaching them to a hose clamp that is permanently connected to
the TV tubing. A piece of rubber sheet under the hose clamp prevents slippage and keeps the hose clamp from
cutting the fishing string. A second hose clamp is mounted below the first as extra protection against slippage.

The high efficiency 1296-MHz dual mode feed horn, detailed in Fig 31, weighs 53/4 pounds. This

Fig 31—Backfire type 1296-MHz feed horn, linear polarization only. The small can is a Quaker State oil container;
the large can is a 50-pound shortening container (obtained from a restaurant, Gold Crisp brand). Brass tubing, 1/2-
inch OD, extends from UG-23 connector to dipole. Center conductor and dielectric are obtained from 3/8-inch
Alumafoam coaxial cable. The dipole is made from 3/32-inch copper rod. The septum and 30 ° section are made from
galvanized sheet metal. Styrofoam is used to hold the septum in position. The primary gain is 12.2 dBi.
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weight causes some bending of the mast tubing, but this is corrected by a 1/2-inch diameter bakelite
support, as shown in Fig 30. This support is mounted to a pipe grounding clamp with a no. 8-32 screw
inserted in the end of the rod. The bakelite rod and grounding clamp are mounted midway between the
hose clamp and the center plates on the mast. A double run of fishing string slipped over the notched
upper end of the bakelite rod counteracts bending.

The success of high efficiency parabolic antennas is primarily determined by feed horn effectiveness.
The multiple diameter of this feedhorn may seem unusual. This patented dual mode feed, designed by Dick
Turrin, W2IMU, achieves efficiency by launching two different kinds of waveguide modes simultaneously.
This causes the dish illumination to be more constant than conventional designs.

Illumination drops off rapidly at the perimeter, reducing spillover. The feed backlobes are reduced
by at least 35 dB because the current at the feed perimeter is almost zero; the phase center of the feed
system stays constant across the angles of the dish reflector. The larger diameter section is a phase
corrector and should not be changed in length. In theory, almost no increase in dish efficiency can be
achieved without increasing the feed size in a way that would increase complexity, as well as blockage.

The feed is optimized for a 0.6 f/d dish. The dimensions of the feeds are slightly modified from the
original design in order to accommodate the cans. Either feed type can be constructed for other fre-
quencies by changing the scale of all dimensions.

Multiband Use
Many amateurs construct multiband antenna arrays by putting two dishes back to back on the same

tower. This is cost inefficient. The parabolic reflector is a completely frequency independent surface,
and studies have shown that a 0.6 f/d surface can be steered seven beamwidths by moving the feed horn
from side to side before the gain diminishes by 1 dB. Therefore, the best dual band antenna can be built
by mounting separate horns side by side. At worst, the antenna may have to be moved a few degrees
(usually less than a beamwidth) when switching between horns, and the unused horn increases the
shadow area slightly. In fact, the same surface can function simultaneously on multiple frequencies,
making crossband duplex operation possible with the same dish.

Order o f Assembly
1) A single spoke is held upright behind the rear center plate with the screw eye facing forward.

Two 6-32 machine screws are pushed through the holes in the rear center plate, through the two holes
of the spoke, and into the corresponding holes of the front center plate. Lock washers and nuts are
placed on the machine screws and hand tightened.

2) The remaining spokes are placed between the machine screw holes. Make sure that each screw
eye faces forward. Machine screws, lock washers, and nuts are used to mount all 18 spokes.

3) The no. 6-32 nuts are tightened using a nut driver.
4) The mast tubing is attached to the spoke assembly, positioned properly, and locked down with

the setscrews on the pipe flange at the rear center plate. The S hooks of the 18 Dacron strings are
attached to the screw eyes of the spokes.

5) The ends of two pieces of fishing string (which go over the bakelite rod support) are tied to a
screw eye at the forward center plate.

6) The dish is laid on the ground in an upright position and #9 galvanized wire is threaded through
the eyebolts. The overlapping ends are lashed together with baling wire.

7) The dish is placed on the ground in an inverted position with the focus downward. The screen-
ing is placed on the back of the dish and the screening perimeter is fastened as previously described.

8) The extension mast tubing (with counterweight) is connected to the center plate with U bolts.
9) The dish is mounted on a support and the transmission line is routed through the tubing and

attached to the horn.

Parabola Gain Versus Errors
How accurate must a parabolic surface be? This is a frequently asked question. According to the

Rayleigh limit for telescopes, little gain increase is realized by making the mirror accuracy greater than
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Fig 32—Gain deterioration versus reflector erro r. Basic information obtained from J. Ruze, British IEE.

±λ/8 peak error. John Ruze of the MIT Lincoln Laboratory, among others, has derived an equation for
parabolic antennas and built models to verify it. The tests show that the tolerance loss can be predicted
within a fraction of a decibel, and less than 1 dB of gain is sacrificed with a surface error of ±λ/8. (A
λ/8 is 3.4 inches at 432 MHz, 1.1 inches at 1296 MHz and 0.64 inch at 2300 MHz.)

Some confusion about requirements of greater than 1/8-λ accuracy may be the result of technical
literature describing highly accurate surfaces. Low sidelobe levels are the primary interest in such
designs. Forward gain is a much greater concern than low sidelobe levels in amateur work; therefore,
these stringent requirements do not apply.

When a template is held up against a surface, positive and negative (±) peak errors can be mea-
sured. The graphs of dish accuracy requirements are frequently plotted in terms of RMS error, which is
a mathematically derived function much smaller than ± peak error (typically 1/3). These small RMS
accuracy requirements have discouraged many constructors who confuse them with ± peak errors.

Fig 32 may be used to predict the resultant gain of various dish sizes with typical errors. There are
a couple of surprises, as shown in Fig 33. As the frequency is increased for a given dish, the gain
increases 6 dB per octave until the tolerance errors become significant. Gain deterioration then in-
creases rapidly. Maximum gain is realized at the frequency where the tolerance loss is 4.3 dB. Notice
that at 2304 MHz, a 24-foot dish with ±2-inch peak errors has the same gain as a 6-foot dish with
±1-inch peak errors. Quite startling, when it is realized that a 24-foot dish has 16 times the area of a
6-foot dish. Each time the diameter or frequency is doubled or halved, the gain changes by 6 dB. Each
time all the errors are halved, the frequency of maximum gain is doubled. With this information, the
gain of other dish sizes with other tolerances can be predicted.
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These curves are adequate for predicting gain, assuming a high efficiency feed horn is used (as
described earlier) which realizes 60% aperture efficiency. At frequencies below 1296 MHz where the
horn is large and causes considerable blockage, the curves are somewhat optimistic. A properly built
dipole and splasher feed will have about 1.5 dB less gain when used with a 0.6 f/d dish than the dual
mode feed system described.

The worst kind of surface distortion is where the surface curve in the radial direction is not para-
bolic but gradually departs in a smooth manner from a perfect parabola. The decrease in gain can be
severe, because a large area is involved. If the surface is checked with a template, and if reasonable
construction techniques are employed, deviations are controlled and the curves represent an upper
limit to the gain that can be realized.

If a 24-foot dish with ±2-inch peak errors is being used with 432 and 1296-MHz multiple feed
horns, the constructor might be discouraged from trying a 2300-MHz feed because there is 15 dB of
gain degradation. The dish will still have 29 dB of gain on 2300 MHz, however, making it worthy of
consideration.

The near-field range of this 12-foot stressed dish (actually 12 feet 3inches) is 703 feet at
2300 MHz. By using the sun as a noise source and observing receiver noise power, it was found that the
antenna had two main lobes about 4° apart. The template showed a surface error (insufficient spoke
bending at 3/4 radius), and a correction was made. A recheck showed one main lobe, and the solar noise
was almost 3 dB stronger.

Fig 33—Parabolic-antenna gain versus size, frequency, and surface errors. All curves assume 60%
aperture efficiency and 10-dB power taper. Reference: J. Ruze, British IEE.
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Fig 34—Surfacing material quality.

Other Surfacing Materials
The choice of surface materials is a compromise between RF reflecting properties and wind

loading. Aluminum screening, with its very fine mesh (and weight of 4.3 pounds per 100 square
feet) is useful beyond 10 GHz because of its very close spacing. This screening is easy to roll up
and is therefore ideal for a portable dish. This close spacing causes the screen to be a 34% filled
aperture, bringing the wind force at 60 mi/h to more than 400 pounds on this 12-foot dish.
Those considering a permanent installation of this dish should investigate other surfacing
materials.

Hexagonal 1-inch poultry netting (chicken wire), which is an 8% filled aperture, is nearly ideal for
432-MHz operation. It weighs 10 pounds per 100 square feet, and exhibits only 81 pounds of force
with 60 mi/h winds. Measurement on a large piece reveals 6 dB of feedthrough at 1296 MHz, however.
Therefore, on 1296 MHz, one fourth of the power will feed through the surface material. This will
cause a loss of only 1.3 dB of forward gain. Since the low wind loading material will provide a 30-dB
gain potential, it is a very good trade-off.

Poultry netting is very poor material for 2300 MHz and above, because the hole dimensions ap-
proach 1/2 λ. As with all surfacing materials, minimum feedthrough occurs when the E-field polariza-
tion is parallel to the longest dimension of the surfacing holes.

Hardware cloth with 1/2-inch mesh weighs 20 pounds per 100 square feet and has a wind loading
characteristic of 162 pounds with 60 mi/h winds. The filled aperture is 16%, and this material is useful
to 2300 MHz.

A rather interesting material worthy of investigation is 1/4-inch reinforced plastic. It weighs only 4
pounds per 100 square feet. The plastic melts with many universal solvents such as lacquer thinner. If
a careful plastic-melting job is done, what remains is the 1/4-inch spaced aluminum wires with a small
blob of plastic at each junction to hold the matrix together.

There are some general considerations to be made in selecting surface materials:
1) Joints of screening do not have to make electrical contact. The horizontal wires reflect the

horizontal wave. Skew polarizations are merely a combination of horizontal and vertical components
which are thus reflected by the corresponding wires of the screening. To a horizontally
polarized wave, the spacing and diameter of only the horizontal wires determine the reflection coeffi-
cient (see Fig 34). Many amateurs have the mistaken impression that screening materials that do not
make electrical contact at their junctions are poor reflectors.

2) By measuring wire diameter and spacings between the wires, a calculation of percentage of
aperture that is filled can be made. This will be one of the major determining factors of wind pressure
when the surfacing material is dry. Under ice and snow conditions, smaller aperture materials may
become clogged, causing the surfacing material
to act as a solid “sail.” Ice and snow have a rather
minor effect on the reflecting properties of the sur-
face, however.

3) Amateurs who live in areas where ice and
snow are prevalent should consider a de-icing
scheme such as weaving enameled wire through
the screening and passing a current through it, fas-
tening water-pipe heating tape behind the screen-
ing, or soldering heavy leads to the screening pe-
rimeter and passing current through the screen-
ing itself.

A Parabolic Template
At and above 2300 MHz (where high surface

accuracy is required), a parabolic template should be
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constructed to measure surface errors. A simple tem-
plate may be constructed (see Fig 35) by taking a 12-
foot 3-inch length of 4-foot wide tar paper and draw-
ing a parabolic shape on it with chalk. The points for
the parabolic shape are calculated at 6-inch intervals
and these points are connected with a smooth curve.

For those who wish to use the template with
the surface material installed, the template should
be cut along the chalk line and stiffened by card-
board or a wood lattice frame. Surface error mea-
surements should take place with all spokes in-
stalled and deflected by the fishing lines, as some
bending of the center plates does take place.

Variations
All the possibilities of the stressed parabolic

antenna have not been explored. For instance, a
set of fishing lines or guy wires can be set up be-
hind the dish for error correction, as long as this
does not cause permanent bending of the aluminum spokes. This technique also protects the dish against
wind loading from the rear. An extended piece of TV mast is an ideal place to hang a counterweight and
attach the rear guys. This strengthens the structure considerably.

The Helica l Antenna
The axial-mode helical antenna was introduced by Dr John Kraus, W8JK, in the 1940s. The mate-

rial in this section was prepared by Domenic Mallozzi, N1DM.
This antenna has two characteristics that make it especially interesting and useful in many applica-

tions. First, the helix is circularly polarized. As discussed earlier, circular polarization is simply linear
polarization that continually rotates as it travels through space. In the case of a helical array, the rota-
tion is about the axis of the antenna. This can be pictured as the second hand of a watch moving at the
same rate as the applied frequency, where the position of the second hand can be thought of as the
instantaneous polarization of the signal.

The second interesting property of the helical antenna is its predictable pattern, gain and imped-
ance characteristics over a wide frequency range. This is one of the few antennas that has both broad
bandwidth and high gain. The benefit of this property is that, when used for narrow-band appli-
cations, the helical antenna is very forgiving of mechanical inaccuracies.

Probably the most common amateur use of the helical antenna is in satellite communications,
where the spinning of the satellite antenna system (relative to the earth) and the effects of Faraday
rotation cause the polarization of the satellite signal to be unpredictable. Using a linearly polarized
antenna in this situation results in deep fading, but with the helical antenna (which responds equally to
linearly polarized signals), fading is essentially eliminated.

This same characteristic makes helical antennas useful in polarization diversity systems. The ad-
vantages of circular polarization have been demonstrated by Bill Sykes, G2HCG, on VHF voice sched-
ules over nonoptical paths, in cases where linearly polarized beams did not perform satisfactorily. (See
Bibliography.)  An array of linear antennas was used to develop a circularly polarized radiation pattern
in this case. The helix is also a good antenna for long-haul commercial TV reception.

Another use for the helical antenna is the transmission of color ATV signals. Many beam antennas
(when adjusted for maximum gain) have far less bandwidth than the required 6 MHz, or have nonuni-
form gain over this frequency range. The result is  significant distortion of the transmitted and received

Fig 35—Parabolic template for 12-foot, 3-inch dish.
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Cλ = 0.75 to 1.33 λ
Sλ = 0.2126 Cλ to 0.2867 C λ
G = 0.8 to 1.1 λ
g = 0.12 to 0.13 λ

AR (axial ratio) =
2n 1

2n

+

Sλ = axial length of one turn
Dλ = diameter of winding
G = ground plane diameter (or side length)
g = ground plane to first turn distance
Cλ = π Dλ = circumference of winding
n = number of turns
Gain (dBi) = 11.8 + 10 log (C λ

2nSλ)

Half power beamwidth (HPBW) = 52

C nSλ λ

 degrees

Beamwidth to first nulls =
115

C nSλ λ
 degrees

Input impedance = 140 C λ ohms
Lλ = length of conductor in one turn

    = π λD( ) +
2 2

Sλ

Fig 36—The basic helical antenna and design
equations.

Fig 37—A helical antenna with an axial ratio of
1.0 produces pure circular polar-ization. See
text.

signals, affecting color reproduction and other fea-
tures. This problem becomes more aggravated over
nonoptical paths. The helix exhibits maximum
gain (within 1 dB) over at least 6 MHz anywhere
above 420 MHz.

The helical antenna can be used to advantage
with multimode rigs, especially above 420 MHz. Not
only does the helix give high gain over an entire
amateur band, but it also allows operation on FM,
SSB and CW without the need for separate verti-
cally and horizontally polarized antennas.

HELICAL ANTENNA BASICS
The helical antenna is an unusual specimen

in the antenna world, in that its physical configu-
ration gives a hint to its electrical performance. A
helix looks like a large air-wound coil with one of
its ends fed against a ground plane, as shown in
Fig 36. The ground plane is a screen of 0.8 λ to
1.1 λ diameter (or on a side for a square ground
plane). The circumference (Cλ) of the coil form
must be between 0.75 λ and 1.33 λ for the an-
tenna to radiate in the axial mode. The coil should
have at least three turns to radiate in this mode.
(It is possible, through special techniques, to make
axial-mode helicals with as little as one turn.) The
ratio of the spacing between turns (in wave-
lengths), Sλ to Cλ, should be in the range of 0.2126
to 0.2867. This ratio range results from the require-
ment that the pitch angle, α, of the helix be be-
tween 12° and 16°, where

α = arctan
S
C

λ

λ

These constraints result in a single main lobe
along the axis of the coil. This is easily visualized
from Fig 37.  Assume the winding of the helix
comes out of the page with a clockwise winding
direction. (The winding can also be a counter-
clockwise—this results in the opposite polariza-
tion sense.)

A helix with a Cλ of 1 λ has a wave propagat-
ing from one end of the coil (at the ground plane).
The “peak” (+) of the wave appears opposite the
“valley” (–) of the wave. This corresponds to a
dipole “across” the helix—with the same polar-
ization as the instantaneous polarization of the
helix at time T.

At a later time (T′), the “peak” and “valley”
of the wave are at a slightly different angle rela-
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tive to the original dipole. The polarization of the dipole antenna at this instant is slightly dif ferent. At
an instant of time later yet (T″), the dipole has again “moved,” changing the polarization slightly again.

The electrical rotation of this dipole produces circularly polarized radiation. Because the wave is
moving along the helix conductor at nearly the speed of light, the rotation of the electrical dipole is at
a very high rate. True circular polarization results.

Physicists and engineers formerly had opposite terms for the same sense of polarization. Recently,
the definition of polarization sense used by the Institute of Electrical and Electronic Engineers (IEEE)
has become the standard. The IEEE definition, in simple terms, is that when viewing the antenna from
the feed-point end, a clockwise wind results in right-hand circular polarization, and a counterclockwise
wind results in left-hand circular polarization. This is important, because when  two stations use helical
antennas over a nonreflective path, both must use antennas with the same polarization sense. If anten-
nas of opposite sense are used, a signal loss of at least 30 dB results from the cross polarization alone.

As mentioned previously, circularly polarized antennas can be used in communications with any
linearly polarized antenna (horizontal or vertical), because circularly polarized antennas respond equally
to all linearly polarized signals. The gain of a helix is 3 dB less than the theoretical gain in this case,
because the linearly polarized antenna does not respond to linear signal components that are orthogo-
nally polarized relative to it.

The response of a helix to all polarizations is indicated by a term called axial ratio, also known as
circularity. Axial ratio is the ratio of amplitude of the polarization that gives maximum response to the
amplitude of the polarization that gives minimum response. An ideal circularly polarized
antenna has an axial ratio of 1.0. A well-designed practical helix exhibits an axial ratio of 1.0 to 1.1.
The axial ratio of a helix is

AR =
2n 1

2n
+

where
AR = axial ratio
   n = the number of turns in the helix

Axial ratio can be measured in two ways. The first is to excite the helix and use a linearly polarized
antenna with an amplitude detector to measure the axial ratio directly. This is done by rotating the
linearly polarized antenna in a plane perpendicular to the axis of the helix and comparing the maximum
and minimum amplitude values. The ratio of maximum to minimum is the axial ratio.

Another method of measuring axial ratio was presented in 73 by A. Bridges, WB4VXP. (See the
Bibliography at the end of this chapter.) The linear antenna is replaced by two circularly polarized
antennas of equal gain but opposite polarization sense. Taking the amplitude measurement with first
one and then the other, the following equation is used to calculate axial ratio:

AR =
E E

E – E
r l

r l

cp cp

cp cp

+

where
Ercp is the voltage measured with the right-hand circularly polarized test antenna
Elcp is the voltage measured with the left-hand circularly polarized test antenna

This equation gives not only the axial ratio, but also indicates the polarization sense. If the result is
greater than zero, the antenna being excited is right-hand circularly polarized, and left-hand if nega-
tive. This method is useful to those measuring other types of elliptically polarized antennas with polar-
ization senses that are not easily determined.

The impedance of the helix is easily predictable. The terminal impedance of a helix is unbalanced,
and is defined by

Z = 140 × Cλ
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Fig 38—Narrow-band matching technique using a
1/4-λ series transformer.  In the length equation,
VF = velocity factor of the cable; f = frequency, MHz.

Fig 39—The dual series quarter-wave transformer
is another means of matching 52- Ω coaxial cable
to a helical antenna.

where Z is the impedance of the helix in ohms.
The gain of a helical antenna is determined by its physical characteristics. Gain can be calculated

from

Gain (dBi) = 11.8 + 10 log (Cλ2nSλ)

The beamwidth of the helical antenna (in degrees) at the half-power points is

BW = 52
C nSλ λ

The diameter of the helical antenna conductor should be between 0.006 λ and 0.05 λ, but smaller
diameters have been used successfully at 144 MHz. The previously noted diameter of the ground plane
(0.8 to 1.1 λ) should not be exceeded if a clean radiation pattern is desired. As the ground plane size is
increased, the sidelobe levels also increase. (The ground plane need not be solid; it can be in the form
of a spoked wheel or a frame covered with hardware cloth or poultry netting.)

MATCHING SYSTEMS
Because helical antennas present impedances on the order of 110 to 180 Ω, the antenna must be

matched for use with a 52-Ω transmission line. Matching systems for helical antennas are classified
two ways: narrow band and wide band. Narrow band is generally recognized to represent bandwidths
less than 25%. Narrow-band matching techniques are relatively straightforward; matching systems
useful over the full frequency range of a helix are a bit more involved.

Many matching techniques are available. Some of the proven methods are discussed here.  For
narrow-band use, the simplest impedance-matching technique is the use of a 1/4-λ series transformer. A
1-λ circumference helix has a feed-point impedance of approximately 140 Ω, so the transformer must
be 1/4 λ of 84-Ω transmission line. This line can be fabricated in microstrip form, or a piece of air-
dielectric coax can be built, as shown by Doug DeMaw in November 1965 QST. (See Bibliography.)
       Another solution is to design the helix so that its feed-point impedance allows the use of a standard
impedance line for the matching transformer. This method was shown by D. Mallozzi in the March
1978 AMSAT Newsletter. This helix was designed with a circumference of 0.8 λ, resulting
in an input impedance of 112 Ω. Standard 75-Ω
coaxial cable can be used for the 1/4-λ matching
transformer in this case, as shown in Fig 38. Yet
another matching method is to use a series sec-
tion.  For example, a 125-Ω helix may be matched
to 52-Ω line by inserting 0.125 λ of RG-133 (95-
Ω impedance) in the 52-Ω line at a distance of
0.0556 λ from the antenna feed point. Series sec-
tion matching is discussed in Chapter 26.

The physical construction of a 1/4-λ trans-
former or a series section at UHF is a project re-
quiring careful measurement and assembly. For
narrow bandwidths at relatively low frequencies
(below 148 MHz), the familiar pi network can be
used for impedance matching to helical antennas.
Other matching methods are discussed in the ref-
erences listed in the Bibliography at the end of
this chapter.

Two series transformers can be used to allow
operation of a helical antenna over its entire band-
width (see Fig 39). This method is in use in a num-
ber of helical antenna installations and provides
good performance.
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SPECIAL CONFIGURATIONS
Many special helical antenna configurations have been developed. These special configurations

usually address improvements in one or more of four areas:
1) Easing mechanical construction.
2) “Cleaning up” the radiation pattern (reducing sidelobes and backlobes), and increasing gain.
3) Maximizing bandwidth.
4) Improving terminal characteristics.
Increasing the bandwidth of a helical antenna

is not usually required in amateur applications.
Many of the professional journals listed in the
Bibliography have published articles discussing
this subject, however. The other improvements
listed  all have applications in amateur work.

For example, the mechanical difficulty of
making a helical antenna of the required diameter
with the required conductor diameter is formidable
at and below 148 MHz. Square or triangular wind-
ing forms are simpler than round forms at these
frequencies. These configurations offer more me-
chanical stability under icing and wind conditions.
Measurements indicate that if the perimeter of the
form remains constant, it makes little difference
in helical antenna characteristics if the cross-sec-
tional shape is circular, square or triangular.

Helical Antenna Variations
“Cleaning up” the radiation pattern (minimizing

extraneous minor lobes) and increasing the gain of
the helix can be done in a number of ways. The most
common method of doing this is to mount
three or four helical radiators on a single reflector and
feed them in phase. This results in high gain with a
cleaner radiation pattern than can be obtained with a
single helical radiator having enough turns to obtain
the same gain. Four 6-turn helicals mounted as shown
in Fig 40 exhibit essentially the same gain as a single
24-turn helix. The turning radius of the quad array of
helicals is smaller than the turning radius of a single
helix of equal gain. The four elements are fed in par-
allel, using the feed method shown in Fig 41.

Another method of reducing extraneous lobes
is to use the helix to excite a conical horn. This
method is somewhat cumbersome mechanically,
but is useful in situations where very clean radia-
tion patterns are required.

Combining two “good” antennas can sometimes
result in a single “better” antenna. This is the case
when a helix is used to feed a parabolic dish. The high
gain inherent in the dish and the circular polarization
afforded by the helix combine to make an excellent
antenna for satellite and EME communications.

Fig 41—A diagram
of one of the four
tapered lines shown
in Fig 40.  This feed
arrangement allows
an array of four
helicals to be fed
directly with a 52- Ω
line.

Fig 40—An array of four helicals on a common
ground screen can provide as much gain as a
single helix with four times as many turns as the
individual helicals in the array.  The benefits of
this design include a cleaner radiation pattern
and much smaller turning radius than a single
long helix.  See Fig 41 for detail of taper section.
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Fig 42—Right-hand circular polarization , A. Left-
hand circular polarization, B.

Table 2
Parts List for the Helix Mounting Detail
Shown in Fig 43

 Piece
No. Description Comments
1 U bolt, TV type Use to bolt antenna to

  elevation boom
2 U bolt spacer As above
3 U bolt nut with As above

  with lock washer
4 Reflector mounting Rivet through reflector

  plate (see Fig 44)    to boom brackets
5 Type N coaxial Rivet to mounting plate

  receptacle
6 1 × 2-inch heavy gauge Reflector, cut approx.

  wire mesh   22 inches square
7 Helix boom-to-reflector Rivet through reflector to

   brackets    mounting plate
8 No. 8-32 bolts with nuts Bolt boom brackets to

  and washers   boom
9 Boom, approx. 1×1-inch 2 pieces, 6 ft long.

   tomato stake
10 Boom spacer, 1×1-inch Boom to bolt; cut to give

   9-inch spacing
11 No. 8 wood screws with Attach spacers to boom

  washers (three places)
Notes:
1)Mount reflector mounting plate to boom brackets, leaving 9-in.

clearance for boom.
2)Wire mesh may be bent to provide clearance for U bolts.
3)When positioning the reflector mounting plate, try to center the

coaxial receptacle in the wire mesh screen.

Such an antenna was built and tested at 465 MHz. The bandwidth was measured at more than
60 MHz. The antenna produces circular polarization with a sense opposite that of the feed helix. (The sense is
reversed in reflection of the wave front from the parabolic surface.) This antenna is much easier to build than
other types of circularly polarized dishes, because the mechanical construction of the feed is simpler.

This feed system is attractive to those who wish to use any of the common TVRO dishes that are
available at reasonable cost. The gain of this combination at a given frequency is based on the illumi-
nation efficiency and size of the dish used.

When using short helical antennas in a quad array for reception, wiring a series resistor of
155 Ω 1/4 λ from the open end of each helix improves the array performance. The sidelobe levels decrease,
and matching and circularity (axial ratio) increase as a result of this modification. This performance im-
provement has been attributed to resistor dissipation of the unradiated energy reflected back toward the feed
from the open end of the windings.

Publications such as IEEE Transactions on Propagation and Antennas and similar professional
journals are a good source of information on the uses of helical antennas. University libraries often
have these publications available for reference.

A Switchable Sense Helica l Antenna
Constructing a pair of helix antennas for the 435-MHz band is quite simple. One antenna is wound for

RHCP, and the other for LHCP, as shown in Fig 42.  A good UHF relay and some Hardline are all that is
needed to complete the system. Inexpensive, readily available materials are used for construction, and the
dimensions of the helicals are not critical. Fig 36 shows the helix formulas and dimensions.

This antenna has a 70% bandwidth, and is ideal for a high gain, broad beamwidth satellite tracking
antenna. This switchable antenna system and 50 to
100 W of RF output yield respectable signals on the
Phase III satellites.

A detail of the complicated portion of the helix
is shown in Fig 43. Table 2 contains a keyed list of
parts for the array.  A good starting point for con-
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struction is the reflector, which is made of heavy wire mesh. This wire mesh is used in most UHF TV
“bow tie” antennas. Wire companies and many hardware stores supply this material in 4-foot widths. It
is 14-gauge galvanized steel, and sells for approximately $1.60 to $2 per lineal foot. A piece of mesh 2
× 4 feet is required to build two antennas. Trim the mesh so that no sharp ends stick out.

The next step is to make the reflector mounting plates and boom brackets. Follow the dimensions
shown in Fig 44. Heavy aluminum material is recommended; 0.060 inch is the minimum recommended
thickness. Thicker material is more difficult to bend, but two bends of 45° spaced about 1/4 inch apart
will work fine for the brackets in this case. The measurements shown are for TV type 13/4 inch U bolts.
If you use another size, change the dimensions appropriately. Drill the four holes in the reflector mounting
plate and mount the coax receptacle, using pop rivets or stainless steel hardware.

Fig 44—A t A, the helix reflector mounting plate (part no. 4 in Table 2 ). At B, the boom brackets (part
no. 7 in Table 2).

Fig 43—The details of the helix mounting arrangement. See Table 2  for a number-keyed parts list.



Antenna Systems for Space Communications  19-31

Check the clearance between the coax receptacle and the elevation boom before final assembly.
The thickness of the U-bolt spacers will affect this clearance. Mount a short piece of pipe (the same
size as the elevation boom you will be using) to the U bolts, wire mesh reflector, reflector mounting
plate and boom brackets. The elevation boom is shown in Fig 43. Position the plate in the center of the
wire mesh reflector. (It may be necessary to bend some of the mesh to clear the U bolts.) Finger tighten
the U bolts so the plate can be adjusted to fit the mesh.

The wood boom assembly shown in Fig 43 consists of two 6-foot wooden tomato stakes joined by
spacers in three places. Mount one spacer in the center and the other spacers 1 foot from each end.
Notch the ends of the boom to fit into the mesh. When the correct alignment is obtained, clamp the
assembly together and drill holes for rivets or bolts through the reflector mounting plate, brackets and
wood boom assembly. When drilling the boom holes, place the reflector flat on the floor and use a
square so the boom is perpendicular to the reflector. Mark the boom through the holes in the boom
bracket. When the assembly is complete, coat the wood boom with marine varnish.

The most unusual aspect of this antenna is its use of coaxial cable for the helix conductor. Coax is
readily available, inexpensive, lightweight, and easy to shape into the coil required for the helix. Nine
turns requires about 22 feet of cable, but start with 25 feet and trim off any excess. The antenna of
Fig 45 uses FM-8 coaxial cable, but any coax that is near the 1/2-inch diameter required can be used.
(The cable used must have a center conductor and shield that can be soldered together.)

Strip about 4 inches off one end of the cable down to the center conductor, but leave enough braid to
solder to the center conductor. Solder the braid to the center conductor at this point. Measure the exposed
center conductor 3.3 inches from the short and cut off the excess. (This is dimension g in
Fig 36.)

Wind the 25-foot length of coax in a coil about 10 inches in diameter. Fig 42 shows which way to wind
the coil for RHCP or LHCP. Slip the coil over the boom and move the stripped end of the cable toward the
coax receptacle, which is the starting point of the nine turns. Solder the center conductor to the coax recep-
tacle, and start the first turn 3.3 inches from the point of connection at the coax receptacle.

Use tie wraps to fasten the coax to the wood boom. Mark the boom using dimension Sλ in
Fig 36. The first tie wrap is only half this distance when it first comes in contact with the boom; each
successive turn on that side of the boom will be
spaced by dimension Sλ. Use two tie wraps so they
form an X around the boom and coax. Once the first
wrap is secure, wind each turn and fasten the cable
one point at a time. Before each turn is tightened,
make sure the dimensions are correct.

When all nine turns are wound, check all di-
mensions again. Cut the coax at the ninth turn,
strip the end, and solder the braid to the center
conductor. The exposed solder connections at each
end of the coax conductor should be sealed to
weatherproof them.

A coaxial 75-Ω 1/4-λ matching section as
shown in Fig 38 is connected in series with the
feed line at the antenna feed point. The length of
this cable (including connectors) is 4.5 inches if
the cable used has a velocity factor of 0.66.
Lengths for other types of cable can be calculated
from the equation in the drawing.

The impedance of the helix is approximately
140 Ω. To match the 52-Ω transmission line, a
transformer of 85.3 Ω is required. The 75-Ω cable

Fig 45—A close-up view of the 435-MHz helical
antenna, designed and built by Bernie
Glassmeye r, W9KDR.
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Fig 47—Wrong and right ways to attach helix to a
type N connector for 52- Ω feed.

used here is close enough to this value for a good match.The transformer should be connected directly
to the female connector mounted on the reflector mounting plate. Use a double female adapter to con-
nect the feed line to the matching transformer. Weatherproof the connectors appropriately.

To mount these antennas on an elevation boom, a counterbalance is required. The best way to
do this is to mount an arm about 2 feet long to the elevation boom, at some point that is clear of
the rotator, mast and other antennas. Point the arm away from the direction the helicals are point-
ing, and add weight to the end of the arm until balance is obtained. The completed antenna is
shown in Fig 45.

Do not run long lengths of coax to this antenna, unless you use Hardline. Even short runs of good
RG-8 coax are quite lossy; 50 feet of foam dielectric RG-8 has a loss of 2 dB at 430 MHz. There are
other options if you must make long runs and can’t use Hardline. Some amateurs mount the converters,
transverters, amplifiers and filters at the antenna. This can be easily done with the helix antenna; the
units can be mounted behind the reflector. (This also adds counterweight.) If this approach is used,
check local electrical codes before running any power lines to the antenna.

52-Ω HELIX FEED
Joe Cadwallader, K6ZMW, presented this feed method in June 1981 QST. Terminate the helix in an

N connector mounted on the ground screen at the periphery of the helix (Fig 46). Connect the helix
conductor to the N connector as close to the ground screen as possible (Fig 47). Then adjust the first
turn of the helix to maintain uniform spacing of the turns.

This modification goes a long way toward curing a deficiency of the helix—the 140-Ω nominal
feed-point impedance. The traditional 1/4-λ matching section has proved difficult to fabricate and main-
tain. But if the helix is fed at the periphery, the first half turn of the helix conductor (leaving the N
connector) acts much like a transmission line—a single conductor over a perfectly conducting ground
plane. The impedance of such a transmission line is

Z0 = 138 log4h
d

where
Z0 = line impedance in ohms
h  = height of the center of the conductor

above the ground plane
d  = conductor diameter (in the same units as

h).

The impedance of the helix is 140 Ω a turn or
two away from the feed point. But as the helix
conductor swoops down toward the feed connec-
tor (and the ground plane), h gets smaller, so the
impedance decreases. The 140-Ω nominal imped-
ance of the helix is transformed to a lower value.
For any particular conductor diameter, an optimum
height can be found that will produce a feed-point
impedance equal to 52 Ω. The height should be
kept very small, and the diameter should be large.
Apply power to the helix and measure the SWR
at the operating frequency. Adjust the height for
an optimum match.

Typically, the conductor diameter may not
be large enough to yield a 52-Ω match at prac-
tical (small) values of h. In this case, a strip of
thin brass shim stock or flashing copper can be

Fig 46—End view and side view of peripherally
fed helix.
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Fig 49—The
portable 435-MHz
helix, assembled
and ready for
operation. (W ØCY
photo)

Fig 48—End view and side view of peripherally
fed helix with metal strip added to improve
transformer action.

soldered to the first quarter turn of the helix
conductor (Fig 48). This effectively increases
the conductor diameter, which causes the im-
pedance to decrease further yet. The edges of
this strip can be slit every 1/2 inch or so, and
the strip bent up or down (toward or away from
the ground plane) to tune the line for an opti-
mum match.

This approach yields a perfect match to
nearly any coax. The usually wide bandwidth
of the helix (70% for less than 2:1 SWR) will
be reduced slightly (to about 40%) for the same
conditions. This reduction is not enough to be
of any consequence for most amateur work. The
improvements in performance, ease of assembly
and adjustment are well worth the effort in
making the helix more practical to build and
tune.

Portable Helix for
435 MHz

Helicals for 435 MHz are excellent uplink
antennas for Mode B satellite communications.
The true circular polarization afforded by the
helix minimizes signal “spin fading” that is so
predominant in these operations. The antenna
shown in Fig 49 fills the need for an effective
portable uplink antenna for OSCAR operation.
Speedy assembly and disassembly and light
weight are among the benefits of this array.
This antenna was designed by Jim McKim,
WØCY.

As mentioned previously, the helix is about
the most tolerant of any antenna in terms of di-
mensions. The dimensions given here should be
followed as closely as possible, however. Most
of the materials specified are available in any
well supplied “do it yourself” hardware or
building supply store. The materials required
to construct the portable helix are listed in
Table 3.

The portable helix consists of eight turns of
1/4-inch soft copper tubing spaced around a 1-inch
fiberglass tube or maple dowel rod 4 feet 7 inches
long. Surplus aluminum jacket Hardline can be
used in lieu of the copper tubing if necessary. The
turns of the helix are supported by 5-inch lengths
of 1/4-inch maple dowel that are mounted through
the 1-inch rod in the center of the antenna.

Table 3
Parts List for the Portable 435-MHz Helix
Qty Item
1 Type N female chassis mount connector
18 ft 1/4-in. soft copper tubing
4 ft 1-in. ID galvanized steel pipe
1 5 ft × 1-in. fiberglass tube or maple dowel
14 5-in. pieces of 1/4-in. maple dowel (6 ft total)
1 1/8-in. aluminum plate, 10 in. diameter
3 2 × 3/4-in. steel angle brackets
1 30 × 30-in. (round or square) aluminum screen

  or hardware cloth
8 ft 1/2 × 1/2 × 1/2-in. aluminum channel stock or old

  TV antenna element stock
3 Small scraps of Teflon or polystyrene rod

 (spacers for first half turn of helix)
1 1/8 × 5 × 5-in. aluminum plate (boom to mast plate)
4 11/2-in. U bolts (boom to mast mounting)
3 ft #22 bare copper wire (helix turns to maple

   spacers)

Assorted hardware for mounting connector, aluminum
plate and screen, etc.
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Fig 50A shows the overall dimensions of the an-
tenna. Each of these support dowels has a V
shaped notch in the end to locate the tubing (see
Fig 50B).

The rod in the center of the antenna termi-
nates at the feed-point end in a 4-foot piece of 1-
inch ID galvanized steel pipe. The pipe serves as
a counterweight for the heavier end of the an-
tenna (that with the helical winding). The 1-inch
rod material that is inside the helix must be non-
conductive. Near the point where the nonconduc-
tive rod and the steel pipe are joined, a piece of
aluminum screen or hardware cloth is used as a
reflector screen.

If you have trouble locating the 1/4-inch soft
copper tubing, try a refrigeration supply house.
The perforated aluminum screening can be cut
easily with tin snips. This material is usually sup-
plied in 30 × 30-inch sheets, making this size con-
venient for a reflector screen. Galvanized 1/4-inch
hardware cloth or copper screen could also be
used for the screen, but aluminum is lighter and
easier to work with.

A 1/8-inch thick aluminum sheet is used as the
support plate for the helix and the reflector screen.
Surplus rack panels provide a good source of this
material. Fig 51 shows the layout of this plate.

Fig 52 shows how aluminum channel stock
is used to support the reflector screen. (Alumi-
num tubing also works well for this. Discarded
TV antennas provide plenty of this material if the

Fig 51—The ground plane and feed-point support
assembly.  The circular piece is a 10-inch diameter,
1/8-inch thick piece of aluminum sheet. (A square
plate may be used instead.)  Three 2 × 3/4-inch angle
brackets are bolted through this plate to the back
side of the reflector screen to support the screen on
the pipe. The type N female chassis connector is
mounted in the plate four inches from the 1-inch
diameter center hole.

Fig 50—At A, the layout of the portable 435-MHz helix is shown. Spacing between the first 5-inch
winding-support dowel and the ground plane is 1/2 inch; all other dowels are spaced 3 inches apart.
At B, the detail of notching the winding-support dowels to accept the tubing.  As indicated, drill a
1/16-inch hole below the notch for a piece of small wire to hold the tubing in place.

Fig 52—The method of
reinforcing the reflector
screen with aluminum
channel stock.  In this
version of the antenna,
the three angle brackets
of Fig 51 have been
replaced with a surplus
aluminum flange
assembly.  (W ØCY photo)



Antenna Systems for Space Communications  19-35

Fig 53—Close-up view of the dowel-splicing
method. One dowel is notched, and the other is
cut in a wedge shape to fit into the notch. Before
this is done, both ends are drilled to accept a
small piece of dowel ( 1/4 inch), which is glued into
one of the ends. The large dowels should both be
weatherproofed before splicing.

Fig 54—Side view of the helix feed-point
assembl y. The first half turn of the helix should be
kept between 1/4 and 1/2 inch above the ground
screen during winding. The height above the
screen is adjusted for optimum match to a 52 -Ω
transmission line after the antenna is completed.

channel stock is not available.) The screen is mounted on the bottom of the 10-inch aluminum center
plate. The center plate, reflector screen and channel stock are connected together with plated hardware
or pop rivets. This support structure is very sturdy.

Fiberglass tubing is the best choice for the center rod material. Maple dowel can be used, but is
generally not available in lengths over 3 feet. If maple must be used, the dowels can be spliced together
by drilling holes in the center of each end and inserting a short length of smaller dowel into one of
them. One of the large dowel ends should be notched, and the end of the other cut in a chisel shape so
that they fit together. The small dowel can then be epoxied into both ends when they are fitted together.
Fig 53 illustrates this method of splicing dowels. The splice in the dowels should be placed as far from
the center plate as possible to minimize stress on the connection.

Mount the type N connector on the bottom of the center plate with the appropriate hardware. The
center pin should be exposed enough to allow a flattened end of the copper tubing to be soldered to it.
Tin the end of the tubing after it is flattened so that no moisture can enter it. If the helix
is to be removable from the ground-plane screen, do not solder the copper tubing to the connector.
Instead, prepare a small block of brass, drilled and tapped at one side for a no. 6-32 screw. Drill another
hole in the brass block to accept the center pin of the type N connector, and solder this connection. Now
the connection to the copper tubing helix can be made in the field with a no. 6-32 screw instead of with
a soldering iron.

Refer to Fig 50A. Drill the fiberglass or
maple rod at the positions indicated to accept
the 5-inch lengths of 1/2-inch dowel. (If maple
doweling is used, the wood must be weather-
proofed as described below before drilling.)
Drill a 1/16-inch hole near the notch of each
5-inch dowel to accept a piece of #22 bare
copper wire. (The wire is used to keep the copper
tubing in place in the notch.) Sand the ends of
the 5-inch dowels so the glue will adhere prop-
erly, and epoxy them into the main support rod.

Begin winding the tubing in a clockwise di-
rection from the reflector screen end. First drill a
hole in the flattened end of the tubing to fit over
the center pin of the type N connector.  Solder it
to the connector, or put the screw into the brass
block described earlier. Carefully proceed to bend
the tubing in a circular winding from one support
to the next.

Fig 54 shows how the first half turn of the
helix tubing must be positioned about 1/4 inch
above the reflector assembly. It is important to
maintain this spacing, as extra capacitance be-
tween the tubing and ground is required for im-
pedance-matching purposes.

Insert a piece of #22 copper wire in the hole
in each support as you go. Twist the wire around
the tubing and the support dowel. Solder the wire
to the tubing and to itself to keep the tubing in the
notches. Continue in this way until all eight turns
have been wound. After winding the helix, pinch
the far end of the tubing together and solder it
closed.
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Weatherproofing the Wood
A word about preparing the maple doweling is in order. Wood parts must be protected against the

weather to ensure long service life. A good way to protect wood is to boil it in paraffin for about half an
hour. Any holes to be drilled in the wooden parts should be drilled after the paraffin is applied, as
epoxy does not adhere well to wood after it has been coated with paraffin. The small dowels can be
boiled in a saucepan. Caution must be exercised here—the wood can be scorched if the paraffin is too
hot. Paraffin is sold for canning purposes at most grocery stores.

The center maple dowel is too long to put in a pan for boiling. A hair drier can be used to heat the
long dowel, and paraffin can then be rubbed onto it. Heat the wood again to impregnate the surface
with paraffin. This process should be repeated several times to ensure proper weatherproofing. Wood
parts can also be protected with three or four coats of spar varnish. Each coat must be allowed to dry
fully before another coat is applied.

The fiberglass tube or wood dowel must fit snugly with the steel pipe. The dowel can be sanded or
turned down to the appropriate diameter on a lathe. If fiberglass is used, it can be coupled to the pipe
with a piece of wood dowel that fits snugly inside
the pipe and the tubing. Epoxy the dowel splice
into the pipe for a permanent connection.

Drill two holes through the pipe and dowel and
bolt them together. The pipe provides a solid mount
to the boom of the rotator, as well as most of the
weight needed to counter-balance the antenna. More
weight can be added to the pipe if the assembly is
“front-heavy.” (Cut off some of the pipe if the bal-
ance is off in the other direction.)

The helix has a nominal impedance of about
105 Ω in this configuration. By varying the spac-
ing of the first half turn of tubing, a good match to
52-Ω coax should be obtainable. If the SWR can-
not be brought below about 1.5:1, a 6-inch length of
copper flashing material can be added to the first half
turn of the helix, as shown in Fig 55. The flashing
material should be added as close to the coaxial cable
connector as possible.

When the spacing has been established for the
first half turn to provide a good match, add pieces
of polystyrene or Teflon rod stock between the tub-
ing and the reflector assembly to maintain the spac-
ing. These can be held in place on the reflector
assembly with silicone sealant. Be sure to seal the
type N connector with the same material.
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This chapter contains information on materials amateurs use to construct antennas—what types
of material to look for in a particular application, tips on working with and using various mate-
rials. Chapter 21 contains information on where to purchase these materials.

Basically, antennas for MF, HF, VHF and the lower UHF range consist simply of one or more conduc-
tors that radiate (or receive) electromagnetic waves.  However, an antenna system must also include some
means to support those conductors and maintain their relative positions—the boom for a Yagi antenna and
the halyards for a wire dipole, for example. In this chapter we’ll look at materials for those applications, too.
Structural supports such as towers, masts, poles, etc are discussed in Chapter 22.

There are two main types of material used for antenna conductors, wire and tubing. Wire antennas
are generally simple and therefore easier to construct, although some arrays of wire elements can be-
come rather complex.  When tubing is required,  aluminum tubing is used most often because of its
light weight.  Aluminum tubing is discussed in a subsequent section of this chapter.

Wire Antennas
Although wire antennas are relatively simple, they can constitute a potential hazard unless prop-

erly constructed.  Antennas should never be run under or over public utility (telephone or power) lines.
Several amateurs have lost their lives by failing to observe this precaution.

The National Electrical Code of the National Fire Protection Association contains a section on amateur
stations in which a number of recommendations are made concerning minimum size of antenna wire and the
manner of bringing the transmission line into the station. Chapter 1 contains more information about this
code.  The code in itself does not have the force of law, but it is frequently made a part of local building
regulations, which are enforceable. The provisions of the code may also be written into, or referred to, in fire
and liability insurance documents.

The RF resistance of copper wire increases as the size of the wire decreases. However, in most
types of antennas that are commonly constructed of wire (even quite small wire), the radiation resis-
tance will be much higher than the RF resistance, and the efficiency of the antenna will still be ad-
equate. Wire sizes as small as #30, or even smaller, have been used quite successfully in the construc-
tion of “invisible” antennas in areas where more conventional antennas cannot be erected. In most
cases, the selection of wire for an antenna will be based primarily on the physical properties of the
wire, since the suspension of wire from elevated supports places a strain on the wire.

WIRE TYPES
Wire having an enamel coating is preferable to bare wire, since the coating resists oxidation and

corrosion. Several types of wire having this type of coating are available, depending on the strength
needed. “Soft-drawn” or annealed copper wire is easiest to handle; unfortunately, it stretches con-
siderably under stress. Soft-drawn wire should be avoided, except for applications where the wire will
be under little or no tension, or where some change in length can be tolerated. (For example, the length
of a horizontal antenna fed at the center with open-wire line is not critical, although a change in length
may require some readjustment of coupling to the transmitter.)

“Hard-drawn” copper wire or copper-clad steel wire (also known as Copperweld) is harder to handle,

Chapter 20
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because it has a tendency to spiral when it is unrolled. These types of wire are ideal for applications where
significant stretch cannot be tolerated. Care should be exercised in using this wire to make sure that kinks do
not develop—the wire will have a far greater tendency to break at a kink. After the coil has been unwound,
suspend the wire a few feet above ground for a day or two before using it. The wire should not be recoiled
before it is installed.

Several factors influence the choice of wire type and size. Most important to consider are the length of
the unsupported span, the amount of sag that can be tolerated, the stability of the supports under wind
pressure, and whether or not an unsupported transmission line is to be suspended from the span. Table 1
shows the wire diameter, current-carrying capacity and resistance of various sizes of copper wire. Table 2

Table 1
Copper-Wire Table

          Turns
Wire per Feet Ohms Cont.-duty
Size Dia Linear per per current2
AWG in Dia Inch Pound 1000 ft Single Wire
(B&S) Mils1 in mm Enamel Bare 25°C in Open Air

1 289.3 7.348 —     3.947 0.1264 —
2 257.6 6.544 —     4.977 0.1593 —
3 229.4 5.827 —     6.276 0.2009 —
4 204.3 5.189 —     7.914 0.2533 —
5 181.9 4.621 —     9.980 0.3195 —
6 162.0 4.115 —   12.58 0.4028 —
7 144.3 3.665 —   15.87 0.5080 —
8 128.5 3.264 7.6   20.01 0.6405 73
9 114.4 2.906 8.6   25.23 0.8077 —
10 101.9 2.588 9.6   31.82 1.018 55
11 90.7 2.305 10.7   40.12 1.284 —
12 80.8 2.053 12.0   50.59 1.619 41
13 72.0 1.828 13.5   63.80 2.042 —
14 64.1 1.628 15.0   80.44 2.575 32
15 57.1 1.450 16.8 101.4 3.247 —
16 50.8 1.291 18.9 127.9 4.094 22
17 45.3 1.150 21.2 161.3 5.163 —
18 40.3 1.024 23.6 203.4 6.510 16
19 35.9 0.912 26.4 256.5 8.210 —
20 32.0 0.812 29.4 323.4     10.35       11

21 28.5 0.723  33.1    407.8   13.05 —
22 25.3 0.644  37.0    514.2   16.46 —
23 22.6 0.573  41.3    648.4   20.76 —
24 20.1 0.511  46.3    817.7   26.17 —
25 17.9 0.455  51.7   1031   33.00 —
26 15.9 0.405  58.0   1300   41.62 —
27 14.2 0.361  64.9   1639   52.48 —
28 12.6 0.321  72.7   2067   66.17 —
29 11.3 0.286  81.6   2607   83.44 —
30 10.0 0.255  90.5   3287 105.2 —
31 8.9 0.227 101   4145 132.7 —
32 8.0 0.202 113   5227 167.3 —
33 7.1 0.180 127   6591 211.0 —
34 6.3 0.160 143   8310 266.0 —
35 5.6 0.143 158 10480 335 —
36 5.0 0.127 175 13210 423 —
37 4.5 0.113 198 16660 533 —
38 4.0 0.101 224 21010 673 —
39 3.5 0.090 248 26500 848 —
40 3.1 0.080 282 33410   1070 —

          Turns
Wire per Feet Ohms Cont.-duty
Size Dia Linear per per current2
AWG in Dia Inch Pound 1000 ft Single Wire
(B&S) Mils1 in mm Enamel Bare 25°C in Open Air

1 A mil is 0.001 inch.
2 Max wire temp of 212° F and max ambient temp of 135° F.

Table 2
Stressed Antenna Wire

American Recommended Tension 1 (pounds) Weight (pounds per 1000 feet)
Wire Gauge
                                  Copper-clad       Hard-drawn Copper-clad   Hard-drawn

      steel 2                copper steel 2      copper
  4 495 214 115.8 126.0
  6 310 130  72.9   79.5
  8 195   84  45.5   50.0
10 120   52  28.8   31.4
12   75   32  18.1   19.8
14   50   20  11.4   12.4
16   31   13   7.1     7.8
18   19     8   4.5     4.9
20   12     5   2.8     3.1
1 Approximately one-tenth the breaking load.  Might be increased 50% if end supports are firm and there is no danger of ice loading.
2 Copperweld, 40% copper.
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Fig 1—The span and sag of a long-wire antenna.

Fig 2—Nomograph for determining wire sag.
(John Elengo, J r, K1AFR)

shows the maximum rated working tensions of hard-
drawn and copper-clad steel wire of various sizes.
These two tables can be used to select the appropri-
ate wire size for an antenna.

Wire Tension
If the tension on a wire can be adjusted to a

known value, the expected sag of the wire (Fig 1)
may be determined before installation using Table
2 and the nomograph of Fig 2. Even though there
may be no convenient method to determine the ten-
sion in pounds, calculation of the expected sag for
practicable working tensions is often desirable. If
the calculated sag is greater than allowable it may
be reduced by any one or a combination of the fol-
lowing:

1) Providing additional supports, thereby de-
creasing the span

2) Increasing the tension in the wire if less
than recommended

3) Decreasing the size of the wire

Instructions for Using the Nomograph

1) From Table 2, find the weight (pounds/1000
feet) for the particular wire size and material to be
used.

2) Draw a line from the value obtained above,
plotted on the weight axis, to the desired span (feet)
on the span axis, Fig 2.  Note in Fig 1 that the span
is one half the distance between the
supports.

3) Choose an operating tension level (in
pounds) consistent with the values presented in
Table 2 (preferably less than the recommended
wire tension).

4) Draw a line from the tension value chosen
(plotted on the tension axis) through the point
where the work axis crosses the original line con-
structed in step 2, and continue this new line to
the sag axis.

5) Read the sag in feet on the sag axis.
Example:

Weight = 11 pounds/1000 feet
Span = 210 feet
Tension = 50 pounds
Answer: Sag = 4.7 feet

These calculations do not take into account the weight of a feed line supported by the antenna wire.

Wire Splicing
Wire antennas should preferably be made with unbroken lengths of wire. In instances where this is
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not feasible, wire sections should be spliced as
shown in Fig 3. The enamel insulation should be
removed for a distance of about 6 inches from the
end of each section by scraping with a knife or
rubbing with sandpaper until the copper underneath
is bright. The turns of wire should be brought up
tight around the standing part of the wire by twist-
ing with broad-nose pliers.

The crevices formed by the wire should be
completely filled with rosin-core solder. An ordi-
nary soldering iron or gun may not provide suffi-
cient heat to melt solder outdoors; a propane torch
is desirable. The joint should be heated sufficiently
so the solder flows freely into the joint when the
source of heat is removed momentarily. After the joint has cooled completely, it should be wiped clean
with a cloth, and then sprayed generously with acrylic to prevent corrosion.

ANTENNA INSULATION
To prevent loss of RF power, the antenna should be well insulated from ground, unless of course it

is a shunt-fed system. This is particularly important at the outer end or ends of wire antennas, since
these points are always at a comparatively high RF potential. If an antenna is to be installed indoors (in
an attic, for instance) the antenna may be suspended directly from the wood rafters without additional
insulation, if the wood is permanently dry. Much greater care should be given to the selection of proper
insulators when the antenna is located outside where it is exposed to wet weather.

Insulator Leakage
Antenna insulators should be made of material that will not absorb moisture. The best insulators for

antenna use are made of glass or glazed porcelain.  Depending on the type of material, plastic insulators may
be suitable.  The length of an insulator relative to its surface area is indicative of its comparative insulating
ability. A long thin insulator will have less leakage than a short thick insulator. Some antenna insulators are
deeply ribbed to increase the surface leakage path without increasing the physical length of the insulator.
Shorter insulators can be used at low-potential points, such as at the center of a dipole. If such an antenna is to
be fed with open-wire line and used on several bands, however, the center insulator should be the same as
those used at the ends, because high RF potential may exist across the center insulator on some bands.

Insulator Stress
As with the antenna wire, the insulator must have sufficient physical strength to support the stress

of the antenna without danger of breakage. Long elastic bands or lengths of nylon fishing line provide
long leakage paths and make satisfactory insulators within their limits to resist mechanical strain. They
are often used in antennas of the “invisible” type mentioned earlier.

For low-power work with short antennas not subject to appreciable stress, almost any small glass
or glazed-porcelain insulator will do. Homemade insulators of Lucite rod or sheet will also be satisfac-
tory. More care is required in the selection of insulators for longer spans and higher transmitter power.

For a given material, the breaking tension of an insulator will be proportional to its cross-sectional
area. It should be remembered, however, that the wire hole at the end of the insulator decreases the
effective cross-sectional area. For this reason, insulators designed to carry heavy strains are fitted with
heavy metal end caps, the eyes being formed in the metal cap, rather than in the insulating material
itself. The following stress ratings of antenna insulators are typical:
5/8 inch square by 4 inches long—400 lb
1 inch diameter by 7 or 12 inches long—800 lb
11/2 inch diameter by 8, 12 or 20 inches long, with special metal end caps—5000 lb

Fig 3—Correct method of splicing antenna wire.
Solder should be flowed into the wraps after the
connection is completed.  After cooling, the joint
should be sprayed with acrylic to prevent
oxidation and corrosion.
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Fig 5—Conventional manner of fastening wire to
a strain insulator. This method decreases the
leakage path and increases capacitance, as
discussed in the text.

Fig 4—When fastening antenna wire to an
insulator, do not make the wire loop too snug.
After the connection is complete, flow solder into
the turns.  Then when the joint has cooled
completely, spray it with acrylic.

These are rated breaking tensions. The actual work-
ing tensions should be limited to not more than
25% of the breaking rating.

The antenna wire should be attached to the in-
sulators as shown in Fig 4. Care should be taken to
avoid sharp angular bends in the wire when it is
looped through the insulator eye. The loop should be
generous enough in size that it will not bind the end
of the insulator tightly. If the length of the
antenna is critical, the length should be measured to
the outward end of the loop, where it passes through
the eye of the insulator. The soldering should be done
as described earlier for the wire splice.

Strain Insulators
Strain insulators have their holes at right angles,

since they are designed to be connected as shown in
Fig 5. It can be seen that this arrangement places the
insulating material under compression, rather than
tension. An insulator connected this way can with-
stand much greater stress. Furthermore, the wire will
not collapse if the insulator breaks, since the two wire
loops are interlocked. Because the wire is wrapped
around the insulator, however, the leakage path is reduced drastically, and the capacitance between the wire
loops provides an additional leakage path. For this reason, the use of the stain insulator is usually confined
to such applications as breaking up resonances in guy wires, where high levels of stress prevail, and where
the RF insulation is of less importance. Such insulators might be suitable for use at low-potential points on
an antenna, such as at the center of a dipole. These insulators may also be fastened in the conventional
manner if the wire will not be under sufficient tension to break the eyes out.

Insulators for Ribbon-Line Antennas
Fig 6A shows the sketch of an insulator designed to be used at the ends of a folded dipole or a multiple

dipole made of ribbon line. It should be made approximately as shown, out of Lucite or bakelite material

Fig 6—At A, an insulator for the ends of folded dipoles, or multiple dipoles made of 300- Ω ribbon. At
B, a method of suspending one ribbon dipole from another in a multiband dipole system.
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about 1/4 inch thick. The advantage of this arrangement is that the strain of the antenna is shared by the
conductors and the plastic webbing of the ribbon, which adds considerable strength. After soldering, the
screw should be sprayed with acrylic.

Fig 6B shows a similar arrangement for suspending one dipole from another in a stagger-tuned dipole
system. If better insulation is desired, these insulators can be wired to a conventional insulator.

PULLEYS AND HA LYARDS
Pulleys and halyards commonly used to raise and lower a wire antenna must also be capable of

taking the same strain as the antenna wire and insulators. Unfortunately, little specific information on
the stress ratings of most pulleys is available. Several types of pulleys are readily available at
almost any hardware store. Among these are small galvanized pulleys designed for awnings and sev-
eral styles and sizes of clothesline pulleys. Heavier and stronger pulleys are those used in marine work.
The factors that determine how much stress a pulley will handle include the diameter of the shaft, how
securely the shaft is fitted into the sheath and the size and material that the frame is made of.

Another important factor to be considered in the selection of a pulley is its ability to resist corro-
sion. Galvanized awning pulleys are probably the most susceptible to corrosion. While the frame or
sheath usually stands up well, these pulleys usually fail at the shaft. The shaft rusts out, allowing the
grooved wheel to break away under tension.

Most good-quality clothesline pulleys are made of alloys which do not corrode readily. Since they
are designed to carry at least 50 feet of line loaded with wet clothing in stiff winds, they should be
adequate for normal spans of 100 to 150 feet between stable supports. One type of clothesline pulley
has a 4-inch diameter plastic wheel with a 1/4-inch shaft running in bronze bearings. The sheath is made
of cast or forged corrosion-proof alloy. Some look-alike low-cost pulleys of this type have an alumi-
num shaft with no bearings.  For antenna work, these cheap pulleys are of little long-term value.

Marine pulleys have good weather-resisting qualities, since they are usually made of bronze, but they are
comparatively expensive and are not designed to carry
heavy loads. For extremely long spans, the wood-
sheathed pulleys used in “block and tackle” devices
and for sail hoisting should work well.

Halyards
Table 3 shows the recommended maximum

tensions for various sizes and types of line and
rope suitable for hoisting halyards. Probably the
best type for general amateur use for spans up to
150 or 200 feet is 1/4-inch nylon rope. Nylon is
somewhat more expensive than ordinary rope of
the same size, but it weathers much better. Nylon
also has a certain amount of elasticity to accom-
modate gusts of wind, and is particularly recom-
mended for antennas using trees as supports.  A
disadvantage of new nylon rope is that it stretches
by a significant percentage. After an installation
with new rope, it will be necessary to repeatedly
take up the slack created by stretching. This pro-
cess will continue over a period of several weeks,
at which time most of the stretching will have
taken place.  Even a year after installation, how-
ever, some slack may still arise from stretching.

Most types of synthetic rope are slippery, and
some types of knots ordinarily used for rope will

Table 3
Approximate Safe Working Tension for
Various Halyard Materials

Dia, Tension,
Material In. Lb

Manila hemp rope 1/4 120
3/8 270
1/2 530
5/8 800

Polypropylene rope 1/4 270
3/8 530
1/2 840

Nylon rope 1/4 300
3/8 660
1/2 1140

7×11 galvanized 1/16 30
   sash cord 1/8 125

3/16 250
1/4 450

High-strength stranded 1/8 400
  galvanized steel guy 3/16 700
  wire 1/4 1200

Rayon-filled plastic 7/32 60 to 70
  clothesline
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Fig 7—This is one type of knot that will hold with
smooth rope, such as nylon. Shown at A, the knot for
splicing two ends. B shows the use of a similar knot
in forming a loop, as might be needed for attaching
an insulator to a halyard. Knot A is first formed
loosely 10 or 12 inches from the end of the rope; then
the end is passed through the eye of the insulator
and knot A. Knot B is then formed and both knots
pulled tight. (Richard Carruthers, K7HDB)

not hold well. Fig 7 shows a knot that should hold well, even in nylon rope or plastic line.
For exceptionally long spans, stranded galvanized steel sash cord makes a suitable support. Cable

advertised as “wire rope” usually does not weather well. A boat winch, sold at marinas and at Sears, is
a great convenience in antenna hoisting (and usually a necessity with metal halyards).

Antennas of Aluminum Tubing
Aluminum is a malleable, ductile metal with a mass density of 2.70 grams per cubic centimeter. The

density of aluminum is approximately 35% that of iron and 30% that of copper. Aluminum can be polished
to a high brightness, and it will retain this polish in dry air. In the presence of moisture, aluminum forms an
oxide coating (Al2O3) that protects the metal from further corrosion. Direct contact with certain metals,
however (especially ferrous metals such as iron or steel), in an outdoor environment can bring about gal-
vanic corrosion of aluminum and its alloys. Some protective coating should be applied to any point of
contact between two dissimilar metals. Much of this information about aluminum and aluminum tubing was
prepared by Ralph Shaw, K5CAV.

Aluminum is non-toxic; it is used in cooking utensils and to hold and cover “TV dinners” and other frozen
foods, so it is certainly safe to work with. The ease with which it can be drilled or sawed makes it a pleasure to
work with. Aluminum products lend themselves to
many and varied applications.

Aluminum alloys can be used to build amateur
antennas, as well as for towers and supports. Light
weight and high conductivity make aluminum ideal for
these applications. Alloying lowers the conductivity
ratings, but the tensile strength can be  increased by
alloying aluminum with one or more metals such as
manganese, silicon, copper, magnesium or zinc. Cold
rolling can be employed to further increase the strength.

A four-digit system is used to identify alumi-
num alloys, such as 6061. Aluminum alloys start-
ing with a 6 contain di-magnesium silicide
(Mg2Si). The second digit indicates modifications
of the original alloy or impurity limits. The last
two digits designate different aluminum alloys
within the category indicated by the first digit.

In the 6000 series, the 6061 alloy is commonly
used for antenna applications.  Type 6061 has good
resistance to corrosion and has medium strength. A
further designation like T-6 denotes thermal treat-
ment (heat tempering). More information on the
available aluminum alloys can be found in Table 4.

Table 4
Aluminum Numbers for Amateur Use
Common Alloy Numbers
Type Characteristic
2024 Good formability, high strength
5052 Excellent surface finish, excellent corrosion

resistance, normally not heat treatable
for high strength

6061 Good machinability, good weldability, can be
brittle at high tempers

7075 Good formability, high strength

Common Tempers
Type  Characteristics
T0 Special soft condition
T3 Hard
T6 Very hard, possibly brittle
TXXX Three digit tempers—usually specialized

high strength heat treatments, similar to T6

General Uses
Type Uses
 2024-T3 Chassis boxes, antennas, anything that will
7075-T3    be bent or flexed repeatedly
6061-T6 Mounting plates, welded assemblies or

   machined parts
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Table 5
Aluminum Tubing Sizes

6061-T6 (61S-T6) Round Aluminum Tube In 12-Foot Lengths
Wall Thickness      Approximate Weight

11/8 in 0.035 (No. 20) 1.055 0.139   1.668
0.058 (No. 17) 1.009 0.228   2.736

11/4 in. 0.035 (No. 20) 1.180 0.155   1.860
0.049 (No. 18) 1.152 0.210   2.520
0.058 (No. 17) 1.134 0.256   3.072
0.065 (No. 16) 1.120 0.284   3.408
0.083 (No. 14) 1.084 0.357   4.284

13/8 in. 0.035 (No. 20) 1.305 0.173   2.076
0.058 (No. 17) 1.259 0.282   3.384

11/2 in. 0.035 (No. 20) 1.430 0.180   2.160
0.049 (No. 18) 1.402 0.260   3.120
0.058 (No. 17) 1.384 0.309   3.708
0.065 (No. 16) 1.370 0.344   4.128
0.083 (No. 14) 1.334 0.434   5.208

             *0.125 1/8 in. 1.250 0.630   7.416
             *0.250 1/4 in. 1.000 1.150 14.832

15/8 in. 0.035 (No. 20) 1.555 0.206   2.472
0.058 (No. 17) 1.509 0.336   4.032

13/4 in. 0.058 (No. 17) 1.634 0.363   4.356
0.083 (No. 14) 1.584 0.510   6.120

17/8 in. 0.058 (No. 17) 1.759 0.389   4.668

2 in. 0.049 (No. 18) 1.902 0.350   4.200
0.065 (No. 16) 1.870 0.450   5.400
0.083 (No. 14) 1.834 0.590   7.080

             *0.125 1/8 in. 1.750 0.870   9.960
             *0.250 1/4 in. 1.500 1.620 19.920

21/4 in. 0.049 (No. 18) 2.152 0.398   4.776
0.065 (No. 16) 2.120 0.520   6.240
0.083 (No. 14) 2.084 0.660   7.920

21/2 in. 0.065 (No. 16) 2.370 0.587   7.044
0.083 (No. 14) 2.334 0.740   8.880
*0.125 1/8 in. 2.250 1.100 12.720
*0.250 1/4 in. 2.000 2.080 25.440

3 in. 0.065 (No. 16) 2.870 0.710   8.520
*0.125 1/8 in. 2.700 1.330 15.600
*0.250 1/4 in. 2.500 2.540 31.200

*These sizes are extruded. All other sizes are drawn tubes.

Wall Thickness       Approximate Weight
Tubing   ID, Pounds Pounds
Diameter Inches Stubs Ga. Inches Per Foot Per Lngth

Tubing   ID, Pounds Pounds
Diameter Inches Stubs Ga. Inches Per Foot Per Length
3/16 in. 0.035 (No. 20) 0.117 0.019 0.228

0.049 (No. 18) 0.089 0.025 0.330
1/4 in. 0.035 (No. 20) 0.180 0.027 0.324

0.049 (No. 18) 0.152 0.036 0.432
0.058 (No. 17) 0.134 0.041 0.492

5/16 in. 0.035 (No. 20) 0.242 0.036 0.432
0.049 (No. 18) 0.214 0.047 0.564
0.058 (No. 17) 0.196 0.055 0.660

3/8 in. 0.035 (No. 20) 0.305 0.043 0.516
0.049 (No. 18) 0.277 0.060 0.720
0.058 (No. 17) 0.259 0.068 0.816
0.065 (No. 16) 0.245 0.074 0.888

7/16 in. 0.035 (No. 20) 0.367 0.051 0.612
0.049 (No. 18) 0.339 0.070 0.840
0.065 (No. 16) 0.307 0.089 1.068

1/2 in. 0.028 (No. 22) 0.444 0.049 0.588
0.035 (No. 20) 0.430 0.059 0.708
0.049 (No. 18) 0.402 0.082 0.984
0.058 (No. 17) 0.384 0.095 1.040
0.065 (No. 16) 0.370 0.107 1.284

5/8 in. 0.028 (No. 22) 0.569 0.061 0.732
0.035 (No. 20) 0.555 0.075 0.900
0.049 (No. 18) 0.527 0.106 1.272
0.058 (No. 17) 0.509 0.121 1.452
0.065 (No. 16) 0.495 0.137 1.644

3/4 in. 0.035 (No. 20) 0.680 0.091 1.092
0.049 (No. 18) 0.652 0.125 1.500
0.058 (No. 17) 0.634 0.148 1.776
0.065 (No. 16) 0.620 0.160 1.920
0.083 (No. 14) 0.584 0.204 2.448

7/8 in. 0.035 (No. 20) 0.805 0.108 1.308
0.049 (No. 18) 0.777 0.151 1.810
0.058 (No. 17) 0.759 0.175 2.100
0.065 (No. 16) 0.745 0.199 2.399

1 in. 0.035 (No. 20) 0.930 0.123   1.476
0.049 (No. 18) 0.902 0.170   2.040
0.058 (No. 17) 0.884 0.202   2.424
0.065 (No. 16) 0.870 0.220   2.640
0.083 (No. 14) 0.834 0.281   3.372

SELECTING ALUMINUM TUBING
Table 5 shows the standard sizes of aluminum tubing that are stocked by most aluminum suppliers or

distributors in the United States and Canada. Note that all tubing comes in 12-foot lengths (local hardware
stores sometimes stock 6 and 8-foot lengths). Note also that any diameter tubing will fit snugly into the next
larger size, if the larger size has a 0.058-inch wall thickness. For example, 5/8-inch tubing has an outside
diameter of 0.625 inch. This will fit into 3/4-inch tubing with a 0.058-inch wall, which has an inside diameter
of 0.634 inch. A clearance of 0.009 inch is just right for a slip fit or for slotting the tubing and then using hose
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clamps. Always get the next larger size and specify a 0.058-inch wall to obtain the 0.009-inch clearance.
A little figuring with Table 5 will give you all the information you need to build a beam, including

what the antenna will weigh. The 6061-T6 type of aluminum has a relatively high strength and has
good workability. It is highly resistant to corrosion and will bend without taking a “set.”

SOURCES FOR ALUMINUM
Aluminum can be purchased new, and suppliers are listed in Chapter 21.  But don’t overlook the local

metal scrap yard.  The price varies, but between 35 and 60 cents per pound is typical for scrap aluminum.
Some aluminum items to look for include aluminum vaulting poles, tent poles, tubing and fittings from
scrapped citizen’s band antennas, and aluminum angle stock. The scrap yard may even have a section or two
of triangular aluminum tower.

Aluminum vaulting poles are 12 or 14 feet long and range in diameter from 11/2 to 13/4 inches.
These poles are suitable for the center-element sections of large 14-MHz beams or as booms for smaller
antennas. Tent poles range in length from 21/2 to 4 feet. The tent poles are usually tapered; they can be
split on the larger end and then mated with the smaller end of another pole of the same diameter. A
small stainless-steel hose clamp (sometimes also available at scrap yards!) can be used to fasten the
poles at this junction. A 14 or 21-MHz element can be constructed from several tent poles in this
fashion. If a longer continuous piece of tubing is available, it can be used for the center section to
decrease the number of junctions and clamps.

Other aluminum scrap is sometimes available, such as US Army aluminum mast sections desig-
nated AB-85/GRA-4 (J&H Smith Mfg). These are 3 foot sections with a 15/8 inch diameter.  The ends
are swaged so they can be assembled one into another.  These are ideal for making a portable mast for
a 144-MHz beam or for Field Day applications.

CONSTRUCTION WITH ALUMINUM TUBING
Most antennas built for frequencies of 14 MHz and above are made to be rotated.  Constructing a

rotatable antenna requires materials that are strong, lightweight and easy to obtain.  The materials
required to build a suitable antenna will vary, depending on many factors. Perhaps the most important
factor that determines the type of hardware needed is the weather conditions normally encountered.
High winds usually don’t cause as much damage to an antenna as does ice, especially ice along
with high winds. Aluminum element and boom sizes should be selected so the various sections of
tubing will telescope to provide the necessary
total length.

The boom size for a rotatable Yagi or quad
should be selected to provide stability to the en-
tire system. The best diameter for the boom de-
pends on several factors; most important are the
element weight, number of elements and overall
length. Tubing of 11/4-inch diameter can easily
support 3-element 28-MHz arrays and perhaps a
2-element 21-MHz system. A 2-inch diameter
boom will be adequate for larger 28-MHz anten-
nas or for harsh weather conditions, and for an-
tennas up to three elements on 14 MHz or four
elements on 21 MHz. It is not recommended that
2-inch diameter booms be made any longer than
24 feet unless additional support is given to re-
duce both vertical and horizontal bending forces.
Suitable reinforcement for a long 2-inch boom can
consist of a truss or a truss and lateral support, as
shown in Fig 8.

Fig 8—A long boom needs both vertical and
horizontal support. The cross bar mounted above
the boom can support a double truss to help
keep the antenna in position.
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A boom length of 24 feet is about the point where
a 3-inch diameter begins to be very worthwhile. This
dimension provides a considerable improvement in
overall mechanical stability as well as increased
clamping surface area for element hardware. Clamp-
ing surface area is extremely important if heavy ic-
ing is common and rotation of elements around the
boom is to be avoided. Pinning an element to the
boom with a large bolt helps in this regard. On smaller
diameter booms, however, the elements sometimes
work loose and tend to elongate the pinning holes in
both the element and the boom. After some time the
elements shift their positions slightly (sometimes
from day to day!) and give a rather ragged appear-
ance to the system, even though this doesn’ t gener-
ally harm the electrical performance.

A 3-inch diameter boom with a wall thickness
of 0.065 inch is satisfactory for antennas up to
about a 5-element, 14-MHz array that is spaced
on a 40-foot long boom. A truss is recommended
for any boom longer than 24 feet.

There is no RF voltage at the center of a para-
sitic element, so no insulation is required in mount-
ing elements that are centered on the boom (driven
elements excepted).  This is true whether the boom
is metal or a nonconducting material.  Metal booms
have a small “shortening effect” on elements that run
through them. With materials sizes commonly em-
ployed, this is not more than 1% of the element length,
and may not be noticeable in many applications. It is
just perceptible with 1/2-inch tubing booms used on
432 MHz, for example. Design-formula lengths can
be used as given, if the matching is adjusted in the
frequency range one expects to use. The center fre-
quency of an all-metal array will tend to be 0.5 to 1% higher than a similar system built of wooden support-
ing members.

Element Assembly
While the maximum safe length of an antenna element depends to some extent on its diameter, the

only laws that specify the minimum diameter of an element are the laws of nature. That is, the element
must be rugged enough to survive whatever weather conditions it will encounter.

Fig 9 shows tapered Yagi element designs that will survive winds in excess of 80 mi/h.  With a
1/4-inch thickness of radial ice, these designs will withstand winds up to approximately 60 mi/h.  (Ice in-
creases the wind area but does not increase the strength of the element.)  More rugged designs are shown in
Fig 10. With no ice loading, these elements will survive in 120-mi/h winds, and in winds exceeding 85 mi/
h with 1/4 inch of radial ice.  If you lose an antenna made with elements like these, you’ll have plenty of
company among your neighbors with commercially made antennas!

Figs 9 and 10 show only half elements.  When the element is assembled, the largest size tubing for each
element should be double the length shown in the drawing, with its center being the point of attachment to
the boom.  These designs are somewhat conservative, in that they are self-resonant slightly below the fre-
quency indicated for each design. Telescoping the outside end sections to shorter lengths for resonance will

Fig 9—Half-element designs fo r Yagi antennas.  The
other side of the element is identical, and the center
section should be a single piece twice as long as the
length shown here for the largest diameter section.
Use 0.058-inch-wall aluminum tubing throughout.
Broken lines indicate double tubing thickness, where
one tube is inserted into anothe r.  The overlap
insertion depth into a tube two sizes large r, where
shown, should be at least two inches.  Maximum
survival wind speeds without ice are shown adjacent
to each design; values enclosed in parentheses are
survival speeds for 1/4 inch of radial ice.
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Fig 11—Methods of connecting telescoping
tubing sections to build beam elements. See text
for a discussion of each method.

Fig 10—A more rugged schedule of taper proportions fo r Yagi half-elements than Fig 9 .  See the Fig 9
caption for details.  Table 5  gives details of aluminum tubing sizes.

Table 6
Hose-Clamp Diameters

Clamp Diameter
(In.)

Size No. Min Max
   06 7/16 7/8

   08 7/16 1
   10 – 11/8
   12 5/8 11/4
   16 – 11/2
   20 7/8 13/4

   24 11/8 2
   28 13/8 21/4

   32 15/8 21/2

   36 17/8 23/4

   40 21/8 3

increase the survival wind speeds. Conversely, lengthening the outside end sections will reduce the survival
wind speeds.  [See Bibliography listing for David Leeson, W6QHS (now W6NL), at the end of this chapter.]

Fig 11 shows several methods of fastening antenna element sections together. The slot and hose
clamp method shown in Fig 11A is probably the best for joints where adjustments are required. Gener-
ally, one adjustable joint per element half is sufficient to tune the antenna. Stainless-steel hose clamps
(beware—some “stainless steel” models do not have a stainless screw and will rust) are recommended
for longest antenna life. Table 6 shows available hose-clamp sizes.

Figs 11B, 11C and 11D show possible fastening methods for joints that do not require adjustment. At B,
machine screws and nuts hold the elements in place.
At C, sheet metal screws are used. At D, rivets secure
the tubing. If the antenna is to be assembled perma-

Clamp Diameter
(In.)
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nently, rivets are the best choice. Once in place, they are permanent. They will never work free, regardless of
vibration or wind. If aluminum rivets with aluminum mandrels are used, they will never rust. In addition,
there is no danger of dissimilar-metal corrosion with aluminum rivets and aluminum antenna elements. If
the antenna is to be disassembled and moved periodically, either B or C will work. If machine screws are
used, however, take all possible precautions to keep the nuts from vibrating free. Use lock washers, lock
nuts and flexible sealant such as silicone bathtub sealant to keep the hardware in place.

Very strong elements can be made by using a double thickness of tubing, made by telescoping one
size inside another for the total length. This is usually done at the center of an element where more
element strength is desired at the boom support point, as in the 14-MHz element in Fig 10.  Other
materials can be used as well, such as wood dowels, fiberglass rods, and so forth.

In each case where a smaller diameter length of tubing is telescoped inside a larger diameter one, it’s a
good idea to coat the inside of the joint with Penetrox or a similar substance to ensure a good electrical bond.
Antenna elements have a tendency to vibrate when they are mounted on a tower, and one way to dampen the
vibrations is by running a piece of clothesline rope through the length of the element. Cap or tape the end of
the element to secure the clothesline. If mechanical requirements dictate (a U-bolt going through the center
of the element, for instance), the clothesline may be cut into two pieces.

Antennas for 50 MHz need not have elements larger than 1/2-inch diameter, although up to 1 inch is
used occasionally. At 144 and 220 MHz the elements are usually 1/8 to 1/4 inch in diameter. For 420
MHz, elements as small as 1/16-inch diameter work well, if made of stiff rod. Aluminum welding rod of
3/32 to 1/8-inch diameter is fine for 420-MHz arrays, and 1/8 inch or larger is good for the 220-MHz band.
Aluminum rod or hard-drawn wire works well at 144 MHz.

Tubing sizes recommended in the paragraph above are usable with most formula dimensions for VHF/
UHF antennas. Larger diameters broaden the frequency response; smaller ones sharpen it. Much smaller
diameters than those recommended will require longer elements, especially in 50-MHz arrays.

Element Taper and Electrical Length
The builder should be aware of one important aspect of telescoping or tapered elements.  When the element

diameters are tapered, as shown in Figs 9 and 10, the electrical length is not the same as it would be for a
cylindrical element of the same total length.  Length corrections for tapered elements are discussed in Chapter 2.

Other Materials fo r Antenna Construction
Wood is very useful in antenna work. It is available in a great variety of

shapes and sizes. Rug poles of wood or bamboo make fine booms.  Bamboo is
quite satisfactory for spreaders in quad antennas.

Round wood stock (doweling) is found in many hardware stores in sizes
suitable for small arrays. Wood is good for the framework of multibay arrays
for the higher bands, as it keeps down the amount of metal in the active area
of the array. Square or rectangular boom and frame materials can be cut to
order in most lumber yards if they are not available from the racks in suitable
lengths.

Wood used for antenna construction should be well seasoned and free of
knots or damage. Available materials vary, depending on local sources. Your
lumber dealer can help you better than anyone else in choosing suitable ma-
terials. Joining wood members at right angles can be done with gusset plates,
as shown in Fig 12. These can be made of thin outdoor-grade plywood or
Masonite. Round materials can be handled in ways similar to those used
with metal components, with U clamps and with other hardware.

In the early days of Amateur Radio, hardwood was used as insulating mate-
rial for antennas, such as at the center and ends of dipoles, or for the center

Fig 12—Wood
members can be
joined at right angles
using gusset plates.
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Fig 13—Plastic plumbing parts can be used as
antenna center and end insulators.

Fig 14—A mobile-antenna loading coil wound on
a polystyrene rod.

insulator of a driven element made of tubing.  Wood
dowels cut to length were the most common source.
To drive out moisture and prevent the subsequent
absorption of moisture into the wood, it was treated
before use by boiling it in paraffin.  Of course today’s
technology has produced superior materials for in-
sulators in terms of both strength and insulating quali-
ties.  However, the technique is worth consideration
in an emergency situation or if low cost is a prime
requirement.  “Baking” the wood in an oven for a
short period at 200°F should drive out any moisture.
Then treatment as described in the next paragraph
should prevent moisture absorption.  The use of wood
insulators should be avoided at high-voltage points
if high power is being used.

All wood used in outdoor installations should
be protected from the weather with varnish or paint.
A good grade of marine spar varnish or polyurethane
varnish will offer protection for years in mild cli-
mates, and one or more seasons in harsh climates.
Epoxy-based paints also offer good protection.

Plastics
Plastic tubing and rods of various sizes are

available from many building-supplies stores. The
uses for the available plastic materials are limited
only by your imagination. Some amateurs have
built beam antennas for VHF using wire elements
run inside thin PVC plumbing pipe. The pipe gives
the elements a certain amount of physical strength.
Other hams have built temporary antennas by wrap-
ping plastic pipe with aluminum foil or other con-
ductive material. Plastic plumbing pipe fittings can
also be used to enclose baluns and as the center insu-
lator or end insulators of a dipole, as shown in Fig
13. Plastic or Teflon rod can be used as the core of a
loading coil for a mobile antenna (Fig 14) but the material for this use should be selected carefully. Some
plastics become quite warm in the presence of a strong RF field, and the loading-coil core might melt or
catch fire!

Fiberglass
Fiberglass poles are the preferred material for spreaders for quad antennas.  They are lightweight, they

withstand harsh weather well, and their insulating qualities are excellent.  One disadvantage of fiberglass
poles is that they may be crushed rather easily.  Fracturing occurs at the point where the pole is crushed,
causing it to lose its strength.  A crushed pole is next to worthless.  Some amateurs have repaired crushed
poles with fiberglass cloth and epoxy, but the original strength is nearly impossible to regain.

Fiberglass poles can also be used to construct other types of antennas. Examples are helically
wound Yagi elements or verticals, where a wire is wound around the pole.

CONCLUSION
The antenna should be put together with good quality hardware. Stainless steel is best for long life. Rust
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will quickly attack plated steel hardware, making nuts difficult, if not impossible, to remove. If stainless-
steel muffler clamps and hose clamps are not available, the next best thing is to have them plated. If you
can’t have them plated, at least paint them with a good zinc-chromate primer and a finish coat or two.

Galvanized steel generally has a longer life than plated steel, but this depends on the thickness of
the galvanizing coat.  Even so, in harsh climates rust will usually develop on galvanized fittings in a
few years. For the ultimate in long-term protection, galvanized steel should be further protected with
zinc-chromate primer and then paint or enamel before exposing it to the weather.

Good quality hardware is expensive initially, but if you do it right the first time, you won’t have to take
the antenna down in a few years and replace the hardware. When the time does come to repair or modify the
antenna, nothing is more frustrating than fighting rusty hardware at the top of the tower.

Basically any conductive material can be used as the radiating element of an antenna. Almost any
insulating material can be used as an antenna insulator. The materials used for antenna construction are
limited mainly by physical considerations (required strength and resistance to outdoor exposure) and
by the availability of materials. Don’t be afraid to experiment with radiating materials and insulators.

BIBLIOGRAPHY
      Source material and more extended discussion of topics covered in this chapter can be found in
the references given below.
J. J. Elengo, Jr., “Predicting Sag in Long Wire Antennas,” QST, Jan 1966, pp 57-58.
D. B. Leeson, Physical Design of Yagi Antennas (Newington, CT: ARRL); 1992.
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Chapter 21

Antenna Products Suppliers

Antenna Manufacturers Products
Finding parts can be the most difficult aspect of an antenna project. Suppliers of aluminum exist in

most major metropolitan areas. They can be found in the Yellow Pages of the phone book. Some careful
searching of the Yellow Pages may also reveal sources of other materials and accessories. If you live
away from a metropolitan area, try using telephone books for the nearest large metropolitan area; they
may be available in the reference section of your local library.

Many dealers and distributors will ship their products by freight or by mail. The listings of Tables
1 through 7 list several categories of antenna products and some suppliers of them. Company names
have been abbreviated where necessary. Table 8 is an address list arranged alphabetically by company
name.

Product lines change often; we recommend that you request current catalogs from those manufac-
turers who interest you. In addition, all indications of sales policies and prices for catalogs are given
for general information only and are subject to change without notice.

Antenna products for repeaters are listed separately, in Chapter 17.
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Table 4
Suppliers of Quad Antenna Parts

Fiberglass and Bamboo Poles for Spreaders
Company Material Size

Advanced Composites 11/4 and 11/2-in. OD, 12 and
20 foot lengths

dB+ Enterprises 11/16-in. diameter, 13-ft
lengths. Severe-duty cubical
quads and accessories.

Lightning Bolt Custom made fiberglass spreaders,
any length

Sky-Pole Manufacturing, Inc Vaulting poles and tubing of
various sizes and lengths.
1 to 15/8-in. tubing in odd lengths.

Tropical Accents Bamboo poles

Table 5
Towers, Masts and Accessories

Towers
Aluma
Create Design
Glen Martin Engineering
Heights Tower
National Tower
Radio Shack (masts only)
Rohn
Telex/Hy-Gain
Texas Tower
Tri-Ex
Trylon
Universal Manufacturing
US Tower

Climbing and Safety Equipment
ONV
RADIOKIT

Rotators
C.A.T.S. (repair)
Create Design
Mosley
Ocean State Electronics
Radio Shack
Telex/Hy-Gain
Yaesu

Stacking Frames
(Unless otherwise noted these frames are for use in stacking the
manufacturer’s own antennas in pairs or quads. These stacking
kits are for VHF or UHF antennas only.)

Cushcraft
Down East
IIX
Mosley
Rutland Arrays
Spectrum International

Combiners, Power Dividers and Phasing Harnesses
(These devices are usually made by a manufacturer for use
when stacking his antennas in pairs or quads)

Byers (Not specific to particular antennas, kits only for
144-1250 MHz)

Cushcraft
Down East
Spectrum International
Tonna

Table 6
Transmission Lines
Major manufacturers of cable usually do not sell direct to
amateurs. Almost all ham distributors sell coax cables. The
companies listed below specialize in selling RF connectors and
transmission lines.

Source Coax Hardline Ladder Line
AGW ✓
Belden ✓ ✓
Cable X-Perts ✓ ✓ ✓
International Wire & Cable ✓
Nemal ✓ ✓
RADKIOKIT ✓
The Radio Works ✓ ✓
W1JC ✓
W9INN ✓
The Wireman ✓ ✓ ✓
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Table 7
Transmission Line Instruments an d Accessories

Matching Networks
Ameritron
Barker & Williamson
ICOM (mobile & fixed)
Kenwood
MFJ
Nye
Ocean State Electronics
Ten-Tec
Texas Radio (mobile only)
Vectronics

Ferrite Cores and Rods
Amidon
Palomar
RADIOKIT

Filters—TVI (Low Pass and High Pass)
Antennas Etc
K-Com
Tucker Electronics

Lightning Arresters
Alpha Delta
Ameritron
Comet
Cushcraft
Industrial Communication Engineers
Lightning and Noise Protectors
MFJ
Polyphaser
Radioware
Rohn
Telex/Hy-Gain
The Wireman
Zero Surge Inc

Switches (Manual, Coax)
Alpha Delta
Barker & Williamson
MFJ

Switches (Remote, Coax)
Ameritron
Antennas Etc

SWR and Wattmeters
AEA (SWR analyzer)
Autek
Bird
Coaxial Dynamics
Dielectric Communications
MFJ (SWR analyzer)
Nye (including audible version for the
visually impaired)
Palomar
RF Parts
Texas Radio

Table 8
Suppliers Addresses
We have made every effort to ensure that this list is complete and accurate as of December 1997. The American
Radio Relay League takes no responsibility for errors or omissions. Similarly, a listing here does not represent an
endorsement of a manufacturer or products by the ARRL. Refer to the product reviews in QST for descriptions of
particular products that interest you. To the best of our knowledge the suppliers listed are willing to sell products to
amateurs by mail unless indicated otherwise. This listing will be updated with each edition of The Antenna Book
and The ARRL Handbook in the TISFIND manufacturer database. Check ads in QST and other Amateur Radio
publications for any changes to this information. Suppliers who wish to be listed or update their information are
urged to contact the editors.

Key to symbols used:
N = No direct sales, sells through  distributors only
D = Direct sales only
K = Product available in kit formonly (most beam antennas require some assembly but are not listed as kits)
U = Sells used parts/equipment

Advanced Composites, PO Box 65323, Salt Lake City, UT 84165

AEA–Div. Tempo Research Corporation, 1221 Liberty Way, Vista, CA 92083, 760-598-9677, 800-258-7805, fax: 760-598-4898

AGW Enterprises, Inc (D), RD #10, Rte 206, Vincentown, NJ 08088

Alexander Aeroplane Co, PO Box 909, Griffin, GA 30224, 800-831-2949, 404-229-2329

Alpha Delta Communications , PO Box 620 , Manchester, KY 40962, 606-598-2029, fax: 606-598-4413

Aluma Tower Co, Inc , PO Box 2806-AL , Vero Beach, FL 32961-2806, 561-567-3423, fax: 561-567-3432,
e-mail: aluma-t@iu.net

Amateur Electronic Supply, 5710 W Good Hope Rd, Milwaukee, WI 53223, 800-558-0411, http://www.aesham.com/

Ameritron Division , 921 Louisville Rd, Starkville, MS 39759, 601-323-9715, 601-323-6551,
e-mail: 76206.1763@compuserve.com

Amidon Inc., 3122 Alpine Ave, Santa Ana, CA 92799, 714-850-4660, fax: 714-850-1163

Antennaco Inc (K), 102 Armory Road, PO Box 218, Milford, NH 03055-0218, 603-673-3153, fax: 603-673-4347

Antennas West, PO Box 50062Q, Provo, UT 84605, 801-373-8425, fax: 801-375-8426

mailto:76206.1763@compuserve.com
http://www.aesham.com/
mailto:aluma-t@iu.net
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Antenna Specialists Co (N) , Div of Allen TeleCom Group, 30500 Bruce Industrial Pkwy , Cleveland, OH 44139-3996,
216-349-8400, fax: 216-349-8407

ASA Antenna Sales, PO Box 3461, Myrtle Beach, SC 29578, 800-772-2681

Associated Radio Communications, 8012 Conser, Overland Park, KS 66204, 913-381-5900, 800-497-1457,
fax: 913-648-3020, e-mail: assocrad@tfs.net

Austin Amateur Radio Supply, 5310 Cammeron Road, Austin, TX 78723, 800-423-2604, 512-454-2994, fax: 512-454-3069

Austin Antenna, Ltd, 10 Main St , Gonic, NH 03839, 603-336-6339, fax: 603-335-1756

Autek Research, PO Box 8772, Madeira Beach, FL 33738, 813-886-9515

Aztec RF, PO Box 1625, Valley Center, CA 92082, 619-751-8610

Barker & Williamson Co , 10 Canal St , Bristol, PA 19007 , 215-788-5581, fax: 215-788-9577

Barry Electronics Corp, 540 Broadway, New York, NY 10012, 212-925-7000, fax: 212-925-7001

Belden Wire & Cable, PO Box 1980, Richmond, IN 47374, 317-983-5257, fax: 317-983-5257

Bird Electronic Corp (N), 30303 Aurora Rd , Cleveland, OH 44139, 216-248-1200, fax: 216-248-5426

Brian Beezley, K6STI, 3532 Linda Vista Dr, San Marcos, CA 92069, 619-599-4962, e-mail: k6sti@n2.net

Brownville Sales Company, Route 2, Box 104, Stanley, WI 54768-9418, 715-644-2112, fax: 715-644-2621

Burghardt Amateur Center, Inc, 182 North Maple, PO Box 73, Watertown, SD 57201, 800-927-4261, 605-886-7314 (Service),
fax: 605-886-3444 , http://www.daknet.com/~burghart/

Butternut Electronics Co (N) , 831 North Central Ave, Wood Dale, IL 60191, 708-238-1854, fax: 708-238-1186

Byers Chassis Kit (D,K), 5120 Harmony Grove Rd , Dover, PA 17315 , 717-292-4901

Cable X-Perts Inc, 416 Diens Drive, Wheeling, IL 60090, 847-520-3003, fax: 847-520-3444,
e-mail: cxp@ix.netcom.com, http://www.hightec.com/cxp/

Cardwell Condenser Corp, 80 East Montauk Hwy, Lindenhurst, Long Island, NY 11757, 516-957-7200, fax: 516-957-7203

C.A.T.S. (D,U), 7368 SR 105, Pemberville, OH 43450, 419-352-4465, fax: 419-353-2287

C-Comm, 6115 15th NW, Seattle, WA 98107, 206-784-7337, 800-426-6528, fax: 206-784-0541

Centurion International, PO Box 82846, Lincoln, NE 68501-2846, 402-467-4491, fax: 800-848-3825

Coaxial Dynamics Inc , 15210 Industrial Pkwy , Cleveland, OH 44135, 216-267-2233, fax: 216-267-3142,
email: coaxial@apk.net, http://www.coaxial.com

Comet, sold by NCG

Comm-Pute, Inc, 7946 State Street, Midvale, UT 84047, 800-942-8873, 801-567-9494

Communication Headquarters Inc, 3832 Oleander Dr, Wilmington, NC 28403, 910-791-8885, fax: 910-452-3891,
http://www.chq-inc.com/

Communications Data Corp, 1051 Main St, St Joseph, MI 49085, 616-982-0404, fax: 619-982-0433, e-mail: did@gtm.net

Comtelco Industries Inc, 501 Mitchell Rd, Glendale Heights, IL 60139, 800-634-4622, 708-7790-9894, fax: 708-798-9799

Create Design or Creative Design, sold by EDCO

Cubex Corp , 2761 Saturn Street, E, Brea, CA 92621, 714-577-9009, fax: 714-577-9124,\
e-mail: ebuchannan@gnn.com, http://www.cubex.com/

Cushcraft Corp , 48 Perimeter Rd , Manchester, NH 03103, 603-627-7877, fax: 603-627-1764 , e-mail: sales@cushcraft.com,
http://www.cushcraft.com

Daiwa, sold by EDCO

Davis RF Co, PO Box 730, Carlisle, MA 01741, 508-71-1356, fax: 508-369-3484,
e-mail: davisrfinc@aol.com, http://www.cqinternet.com/davisrf/

dB+ Enterprises (D), PO Box 262, Horseheads, NY 14845

mailto:davisrfinc@aol.com
http://www.cqinternet.com/davisrf/
mailto:sales@cushcraft.com
http://www.cushcraft.com/
mailto:ebuchannan@gnn.com
http://www.cubex.com/
mailto:did@gtm.net
http://www.chq-inc.com/
mailto:coaxial@apk.net
http://www.coaxial.com/
mailto:cxp@ix.netcom.com
http://www.hightec.com/cxp/
http://www.daknet.com/~burghart/
mailto:k6sti@n2.net
mailto:assocrad@tfs.net
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Diamond Antennas, sold by RF Parts

Down East Microwave , 954 Rt 519, Frenchtown, NJ 08825, 908-996-3584,
fax: 908-946-3072, http://downeastmicrowave.com/

Dressler Hochfrequenztechnik GMBH , Werther Strasse 14-16 , W-5190 Stolberg , Germany

EDCO Electronics Distributors (Create Design), 325 Mill St, Vienna, VA 22180, 703-938-8105, fax: 703-939-6911

Electronic Equipment Bank, 323 Mill St, NE, Vienna, VA 22180, 703-938-3350, fax: 703-938-6911,
e-mail: eeb@access.digex.net, http://www.access.digex.net/~eeb/eeb.html

Eur-AM, PO Box 990, Meredith, NH 03253-0990, 603-279-1393, fax: 603-279-1394

Flytecraft, PO Box 3141, Simi Valley, CA 93093, 805-583-8173

Force 12 Antennas and Systems, 3015-B Copper Rd, Santa Clara, CA 95051-0701, 408-720-9073, fax: 408-720-9055

GAP Antenna Products, 6010 N Old Dixie Hwy, Bldg B , Vero Beach, FL 32967, 407-778-3728

Gem Quad Products Ltd (D) , PO Box 291 , Boissevain, MB  R0K 0E0 , Canada  , 204-534-6184,
e-mail: gemquad@docker.com, http://www.docker.com/~gemquad/

GLA Systems, PO Box 425, Caddo Mills, TX 75135, 903-527-4163, 800-588-2841, fax: 214-381-2895

Grove Enterprises , PO Box 98 , Brasstown, NC 28902 , 704-837-9200 (BBS), 704-837-2216,
e-mail: nada@grove.net, http://www.grove.net/

Ham Radio Outlet, 1702 W. Camelback Rd, Phoenix, AZ 85015, http://www.hamradio.com/, 800-444-4799
Mid Atlantic, 800-444-9476
Mountain, 800-444-0047
New England , 800-644-4476
Northeast, 800-444-7927
Southeast, 800-854-6046 West

Ham Station, 220 N Fulton Ave, PO Box 6522, Evansville, IN 47719-0522, 812-422-0231,
fax: 812-422-4253, e-mail: hamstat@evansville.net, http://www.evansville.net/~hamstat/

Hamtronics, Inc (D) , 65-Q Moul Rd , Hilton, NY 14468, 716-392-9430, fax: 716-392-9420

High Sierra Antennas, PO Box 2389, Nevada City, CA 95959, 916-273-3415, fax: 916-273-7561,
e-mail: cobbler@hsantennas.com, http://www.hsantennas.com/info/

Hustler/Newtronics Antenna Corp (N) , 1 Newtronics Place, Mineral Wells, TX 76067 , 817-325-1386, fax: 817-328-1409

Hy-Gain ,see Telex Communications Inc

Industrial Communications Engineers (ICE), PO Box 18495, Indianapolis, IN 46218-0495, 317-545-5412,
800-423-2666, fax: 317-545-9645

IIX Equipment Ltd, PO Box 9, Oak Lawn, IL 60454, 708-423-0605, fax: 708-423-1691, http://www5.interaccess.com/iixeqpt/

International Radio, 13620 Tyee Road, Umpqua, OR 97486, 541-459-5623, fax: 541-459-5632,
e-mail: inrad@rosenet.net, web: www.qth.com/inrad/

Jade Products, PO Box 368, East Hampstead, NH 03826-0368, 800-523-3776, 603-329-6995, fax: 603-329-4499, e-mail:
jadepro@jadeprod.com, http://www.jadeprod.com

Kilo-Tec (D) , PO Box 10 , Oakview, CA 93022 , 805-646-9645,

K-COM, PO Box 82, Randolph, OH 44265, 330-325-2110, fax: 330-325-2525

KLM Antennas, PO Box 694, Monroe, WA 98272, 360-794-2923, fax: 360-794-0294, e-mail: klm_antennas@msn.com

Lakeview Co Inc, Rte 7, Box 258, Anderson, SC 29624, 803-226-6990, fax: 803-225-4565

Larsen Electronics, Inc (N), PO Box 1799, Vancouver, WA 98668-1799, 800-426-1656, 360-944-7551

Lentini Communications, 21 Garfield St, Newington, CT 06111, 860-666-6227, fax: 860-667-3561,
e-mail: 102200.1047@compuserve.com

Lewallen, Roy, W7EL, PO Box 6658, Beaverton, OR 97007, 503-646-2885, fax: 503-671-9046, e-mail: w7el@teleport.com

Lightning Bolt Antennas (D), RD #2, Rte 19, Volant, PA 16156, 412-530-7396, fax: 412-530-6796

mailto:w7el@teleport.com
mailto:102200.1047@compuserve.com
mailto:klm_antennas@msn.com
mailto:jadepro@jadeprod.com
http://www.jadeprod.com/
mailto:inrad@rosenet.net
http://www.qth.com/inrad/
http://www5.interaccess.com/iixeqpt/
mailto:cobbler@hsantennas.com
http://www.hsantennas.com/info/
mailto:hamstat@evansville.net
http://www.evansville.net/~hamstat/
http://www.hamradio.com/
mailto:nada@grove.net
http://www.grove.net/
mailto:gemquad@docker.com
http://www.docker.com/~gemquad/
mailto:eeb@access.digex.net
http://www.access.digex.net/~eeb/eeb.html
http://downeastmicrowave.com/


21-8 Chapter 21

LTA Industries (D), See Radio Bookstore/Radioware

M2 Enterprises (D), 7560 N Del Mar Ave, Fresno, CA 93711, 209-432-8873, fax: 209-432-3059

M/A-COM, Inc (an AMP Company), 1011 Pawtucket Blvd, PO Box 3295, Lowell, MA 01853-3295, 508-442-4500, fax: 508-
442-4436, e-mail: sales@macom.com, http://www.amp.com

Maldol USA, 4711 NE 50th St, Seattle, WA 98105, Answerfax: 206-525-1896, fax: 206-524-7826,
email: transtec@cyberquest.com

Glen Martin Engineering , RR 3, Box 322 , Boonville, MO 65233, 816-882-2734, fax: 816-882-7200

Maryland Radio Center, 8576 Laureldale Dr, Laurel, MD 20707, 800-447-7489, 301-725-1212, fax: 301-725-1198, e-mail:
weather@weathernode.com

MCM Electronics, 650 Congress Park Dr, Centerville, OH 45459-4072, 800-543-4330, fax: 513-434-6959

Memphis Amateur Electronics, 1465 Wells Station Rd, Memphis, TN 38108, 901-683-9125, 800-238-6168, fax: 901-682-7165

Metal & Cable Corp, Inc (D) , 9241 Ravenna Road, Unit C-10, PO Box 117 , Twinsburg, OH 44087, 216-425-8455,
fax: 216-425-3504

MFJ Enterprises, Inc , PO Box 494 , Mississippi State, MS 39762, 601-323-0549, fax: 601-323-6551,
e-mail: 76206.1763@compuserve.com

Michigan Radio, 23040 Schoenherr, Warren, MI 48089, 810-771-4711, fax: 810-771-6546

Mirage Communications, 116 Willow Road, Starkville, MS 39759, 601-323-8287, fax: 601-323-6551

James Millen Electronics Mfg, PO Box 4215BV, Andover, MA 01810-4215, 508-975-2711, fax: 508-474-8949

Mosley Electronics, Inc , 10812 Ambassador Blvd, St Louis, MO 63132, 314-994-7872 , fax: 314-994-7873

Multi-Band Antennas (Spider Antennas), 7131 Owensworth Ave, Suite 63C, Canoga Park, CA 91303, 818-341-5460

National Tower Co, PO Box 15417, Shawnee Mission, KS 66285, 800-762-5049, 913-888-8864

NCG Companies—Comet Antenna, 1275 North Grove St , Anaheim, CA 92806, 714-630-4541, 800-962-2611,
fax: 714-630-7024

Nemal Electronics International, Inc (D) , 12240 NE 14th Ave, North Miami, FL 33161, 305-893-3924 , 800-522-2253,
fax: 305-895-8178, e-mail: nemal@mcimail.com, http://www.nemal.com

William M. Nye Co , PO Box 1877, Priest River, ID 83856, 208-448-1762, fax: 208-448-1832

Ocean State Electronics, PO Box 1458, 6 Industrial Dr, Westerly, RI 02891, 401-596-3080, 800-866-6626, fax: 401-596-3590

ONV Safety Belt, PO Box 404, Ramsey, NJ 07446, 800-345-5634, fax: 201-327-2462

Orion, now sold by M2

Outbacker Antenna Sales, 330 Cedar Glen Circle, Chattanooga, TN 37412, 615-899-3390, fax: 615-899-6536

Palomar Engineers , PO Box 462222, Escondido, CA 92046 , 619-747-3343, fax: 619-747-3346,
e-mail: 75353.2175@compuserve.com

Phillystran, Inc, 151 Commerce Dr , Montgomeryville, PA 18936 , 215-368-6611, fax: 215-362-7956

PolyPhaser Corp, 2225 Park Place, PO Box 9000, Minden, NV 89423-9000, 702-782-2511, fax: 702-782-4476, e-mail:
info@polyphaser.com, http://www.greatbasin.net/~poly/

Radio Center USA, 1242 Howell, N. Kansas City, MO 64116, 816-459-8832, 800-821-7323

Radio City, 2663 County Rd I, Mounds View, MN 55112, 612-786-4475, 800-426-2891, fax: 612-786-6513,
http://www.radioinc.com

Radio Engineers, 7969 Engineer Road, Suite 102, San Diego, CA 92111, 619-565-1319, fax: 619-571-5909

Radiokit (D) , PO Box 973 , Pelham, NH 03076, 603-635-2235, fax: 603-635-2943

Radio Shack , (Contact your local store)

Radio Switch Corp, 64 South Main St, PO Box 159, Marlboro, NJ 07746-0159, 908-462-6100

http://www.radioinc.com/
http://www.greatbasin.net/~poly/
mailto:75353.2175@compuserve.com
http://www.nemal.com/
mailto:76206.1763@compuserve.com
mailto:weather@weathernode.com
mailto:transtec@cyberquest.com
mailto:sales@macom.com
http://www.amp.com/
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Radio Bookstore/Radioware, PO Box 209, Rindge, NH 03461, 800-457-7373, fax: 603-899-6826, e-mail:
nx1g@top.monad.net, web: www.radiobooks.com

Radio Works (D) , PO Box 6159 , Portsmouth, VA 23703, 804-484-0140 , fax: 804-483-1873

RF Parts Co, 435 South Pacific St, San Marcos, CA 92069, 619-744-0700, fax: 619-744-1943

Roadrunner Resonator, 1850 Swanson, #A20, Lake Havasu, AZ 86403, 520-453-7211

Rohn , PO Box 2000 , Peoria, IL 61656, 309-697-4400 , fax: 309-697-5612, e-mail: mail@rohnnet.com

Ross Distributing Co, 78 South State St, Preston, ID 83263, 208-852-0830, fax: 208-852-0833

Sky-Pole Manufacturing, Inc, 1922 Placentia Ave, Costa Mesa, CA 92627,

Sommer Antennas (D) , PO Box 710, Geneva, FL 32732, 407-349-9114, fax: 407-349-2485,
e-mail: sommer1@ix.netcom.com, http://www.sommerantennas.com

Spectrum International, Inc (D) , PO Box 1084 , Concord, MA 01742 , 508-263-2145, fax: 508-263-7008

Spi-Ro Manufacturing, Inc , PO Box 2800 , Hendersonville, NC 28793, 704-693-1001

Surplus Sales of Nebraska (U), 1502 Jones St, Omaha, NE 68102-3112, 402-346-4750, fax: 402-346-2939

Telex Communications, Inc (N), Hy-Gain, 8601 East Cornhusker Hwy, Lincoln, NE 68505, 402-467-5321, 402-465-7021
(parts and service), fax: 402-467-3279

Tennadyne, HC81, Box 347A, Junction, TX 76849, 915-446-4510

Texas Radio Products , 5 E Upshaw , Temple, TX 76501, 817-771-1188

Texas Towers, 1108 Summit Ave, Suite 4, Plano, TX 75074, 800-272-3467, 972-422-7306, fax: 972-881-0776

TIC General, PO Box 1 - 1110 Airport Road, Thief River Falls, MN 56701, 218-681-1119, fax: 218-681-8509

Tri-Ex Tower, 7182 Rasmussen Ave, Visalia, CA 93291, 209-651-7850 ext 352 or 353, fax: 209-651-5157

Tropical Accents, 1015 Wilder Way, PO Box 6493, Tyler, TX 75711

Tucker Electronics and Computers, 1717 Reserve St., PO Box 551419, Garland, TX 75355-1419

USA, 800-527-4642 (Test equipment and catalog requests), 800-559-7388 (Radio orders),
fax: 214-340-5460, web: http://www.tucker.com/

Unadilla Antenna , PO Box 4215 , Andover, MA 01810-4215 , 508-975-2711, fax: 508-474-8949

Universal Manufacturing Co, 43900 Groesbeck Hwy, Clinton Township, MI 48036, 810-463-2560, fax: 810-463-2964

US Tower Corp , 1220 Marcin St , Visalia, CA 93291, 209-733-2438, fax: 209-733-7194

Valor Enterprises, 1711 Commerce Dr, PO Box 601, Piqua, OH 45346-0601, 513-778-0074, 800-543-2197, fax: 513-778-8259

Van Gorden Engineering , PO Box 21305 , South Euclid, OH 44121

Van Valzah Co, 38 W 111 Horseshoe Dr, Batavia, IL 60515-9730, 708-406-9210

Vectronics, See Ham Radio Outlet

W1JC—TV Evans, 113 Stratton Brook Rd, Simsbury, CT 06070

W9INN Antennas (D), PO Box 393 , Mt Prospect, IL 60056 , 847-394-3414

Wacom Products, PO Box 21145, Waco, TX 76702, 817-848-4435, fax: 817-848-4209

The Wireman Inc, 261 Pittman Rd, Landrum, SC 29356-9544, 864-895-4195 (technical), fax: 803-895-5811,
800-727-9473 Orders only, e-mail: cqwire@juno.com, n8ug@juno.com, http://www.thewireman.com

Yaesu USA (N), 17210 Edwards Rd, Cerritos, CA 90703, 310-404-2700, fax: 310-404-1210, http://www.yaesu.com/

http://www.yaesu.com/
http://www.thewireman.com/
http://www.tucker.com/
http://www.sommerantennas.com/
mailto:nx1g@top.monad.net
http://www.radiobooks.com/
mailto:mail@rohnnet.com
mailto:cqwire@juno.com
mailto:n8ug@juno.com
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prime consideration in the selection of a support for an antenna is that of structural safety.
Building regulations in many localities require that a permit be obtained in advance of the erec-
tion of certain structures, often including antenna poles or towers. In general, localities having such

requirements also have building safety codes that must be observed. Such regulations may govern the method
and materials used in construction of, for example, a self-supporting tower. Checking with your local gov-
ernment building department before putting up a tower may save a good deal of difficulty later, because a
tower would have to be taken down or modified if not approved by the building inspector on safety grounds.

Municipalities have the right and duty to enforce any reasonable regulations having to do with the safety
of life or property. The courts generally have recognized, however, that municipal authority does not extend to
aesthetic questions. The fact that someone may object to the mere presence of a pole, tower or other antenna
structure because in his opinion it detracts from the beauty of the neighborhood, is not grounds for refusing to
issue a permit for a safe structure to be erected. Since the introduction of PRB-1 (federal preemption of
unnecessarily restrictive antenna ordinances), this principle has been borne out in many courts. Permission for
erecting amateur towers is more easily obtained than in the recent past because of this legislation.

Even where local regulations do not exist or are not enforced, the amateur should be careful to
select a location and a type of support that contribute as much safety as possible to the installation. If
collapse occurs, the chances of personal  injury or property damage should be minimized by careful
choice of design and erection methods. A single injury can be far more costly than the price of a more
rugged support, in terms of both monetary loss and damage to the respect with which Amateur Radio is
viewed by the public.

TREES AS ANTENNA SUPPORTS
From the beginning of Amateur Radio, trees have

been used widely for supporting wire antennas. Trees
cost nothing to use, and often provide a means of
supporting a wire antenna at considerable height. As
antenna supports, trees are unstable in  the presence
of wind, except in the case of very large trees used to
support antennas well down from the top branches.
As a result, tree supported antennas must be con-
structed much more sturdily than is necessary with
stable supports. Even with rugged construction, it is
unlikely that an antenna suspended from a tree, or
between trees, will stand up indefinitely. Occasional
repair or replacement usually must be expected.

There are two general methods of securing a
pulley to a tree. If the tree can be climbed safely to
the desired level, a pulley can be attached to the trunk
of the tree, as shown in Fig 1. To clear the branches
of the tree, the antenna end of the halyard can be
tied temporarily to the tree at the pulley level.  Then

Chapter 22
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Fig 1—A method of counterweighting to minimize
antenna movement and avoid its breaking from tree
movement in the wind. The antenna may be lowered
without climbing the tree by removing the counter-
weight and tying additional rope at the bottom end of
the halyard.  Excess rope may be left at the counter-
weight for this purpose, as the knot at the lower end
of the halyard will not pass through the pulley.

A
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the remainder of the halyard is coiled up, and the coil thrown out horizontally from this level, in the direction
in which the antenna runs. It may help to have the antenna end of the halyard weighted.

After attaching the antenna to the halyard, the other end is untied from the tree, passed through the
pulley, and brought to ground along the tree trunk in as straight a line as possible. The halyard need
only be long enough to reach the ground after the antenna has been hauled up. (Additional rope can be
tied to the halyard when it becomes necessary to lower the antenna.)

The other method consists of passing a line over the tree from ground level, and using this line to
haul a pulley up into the tree and hold it there. Several ingenious methods have been used to accom-
plish this. The simplest method employs a weighted pilot line, such as fishing line or mason’s chalk
line. By grasping the line about two feet from the weight, the weight is swung back and forth, pendu-
lum style, and then heaved with an underhand motion in the direction of the tree top.

Several trials may be necessary to determine the optimum size of the weight for the line selected,
the distance between the weight and the hand before throwing, and the point in the arc of the swing
where the line released. The weight, however, must be sufficiently large to carry the pilot line back to
ground after passing over the tree. Flipping the end of the line up and down so as to put a traveling
wave on the line often helps to induce the weight to drop down if the weight is marginal. The higher the
tree, the lighter the weight and the pilot line must be. A glove should be worn on the throwing hand,
because a line running swiftly through the bare hand can cause a severe burn.

If there is a clear line of sight between ground and a particularly desirable crotch in the tree, it may
eventually be possible to hit the crotch after a sufficient number of tries. Otherwise, it is best to try to
heave the pilot line completely over the tree, as close to the center line of the tree as possible. If it is
necessary to retrieve the line and start over again, the line should be drawn back very slowly; otherwise
the swinging weight may wrap the line around a small limb, making retrieval impossible.

Stretching the line out straight on the ground before throwing may help to keep the line from snarling, but
it places extra drag on the line, and the line may snag on obstructions overhanging the line when it is thrown.
Another method is to make a stationary reel by driving eight nails, arranged in a circle, through a 1-inch board.
After winding the line around the circle formed by the nails, the line should reel off readily when the weighted
end of the line is thrown. The board should be tilted at approximately right angles to the path of the throw.

Other devices that have been used successfully to pass a pilot line over a tree are the bow and
arrow with heavy thread tied to the arrow, and the short casting rod and spinning reel used by fisher-
men. The Wrist Rocket slingshot made from surgical rubber tubing and a metal frame has
proved highly effective as an antenna launching device. Still another method that has been used where
sufficient space is available is flying a kite to sufficient altitude, walking around the tree until the kite
string lines up with the center of the tree, and paying out string until the kite falls to the earth.
This method can be used to pass a line over a patch of woods between two higher supports, which may
be impossible using any other method.

The pilot line can be used to pull successively heavier lines over the tree until one of adequate size to
take the strain of the antenna has been reached. This line is then used to haul a pulley up into the tree after the
antenna halyard has been threaded through the pul-
ley. The line that holds the pulley must be capable of
withstanding considerable chafing where it passes
through the crotch, and at points where lower
branches may rub against the standing part. For this
reason, it may be advisable to use galvanized sash
cord or stranded guy wire for raising the pulley.

Larger lines or cables require special atten-
tion when they must be spliced to smaller lines. A
splice that minimizes the chances of coming un-
done when coaxed through the tree crotch must
be used. One type of splice is shown in Fig 2.

Fig 2—In connecting the halyard to the pilot line,
a large knot that might snag in the crotch of a
tree should be avoided, as shown.
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Fig 3—A weighted line thrown over the antenna can be
used to pull the antenna to one side of over-hanging
obstructions, such as tree branches, as the antenna is
pulled up. When the obstruction has been cleared, the
line can be removed by releasing one end.

Fig 4—The
cleat
eliminates the
need to untie a
knot that may
be weather
hardened.

The crotch in which the line first comes to
rest may not be sufficiently strong to stand up
under the tension of the antenna. If, however, the
line has been passed over (or close to) the center
line of the tree, it will usually break through the
lighter crotches and come to rest in a stronger one
lower in the tree.

Needless to say, any of the suggested methods
should be used with due respect to persons or prop-
erty in the immediate vicinity. A child’s sponge-rub-
ber ball (baseball size) makes a safe weight for heav-
ing a heavy thread line or fishing line.

If the antenna wire snags in the lower branches
of the tree when the wire is pulled up, or if other
trees interfere with raising the antenna, a weighted
line thrown over the antenna and slid to the appro-
priate point is often helpful in pulling the antenna
wire to one side to clear the interference as the an-
tenna is being raised. This is shown in Fig 3.

Wind Compensation
The movement of an antenna suspended be-

tween supports that are not stable in the wind can
be reduced by the use of heavy springs, such as
screen-door springs under tension, or by a coun-
terweight at the end of one halyard. This is shown
in Fig 1. The weight, which may be made up of
junk-yard metal, window sash weights, or a gal-
vanized pail filled with sand or stone, should be
adjusted experimentally for best results under ex-
isting conditions. Fig 4 shows a convenient way
of fastening the counterweight to the halyard. It
eliminates the necessity for untying a knot in the
halyard which may have hardened under tension
and exposure to the weather.

TREES AS SUPPORTS FOR
VERTICAL WIRE ANTENNAS

Trees can often be used to support vertical as
well as horizontal antennas. If the tree is tall and
has overhanging branches, the scheme of Fig 5
may be used. The top end of the antenna is se-
cured to a halyard passed over the limb, brought
back to ground level, and fastened to the trunk of
the tree.

MAST MATERIALS
Where suitable trees are not available, or a

more stable support is desired, masts are suitable
for wire antennas of reasonable span length. At
one time, most amateur masts were constructed

Fig 5—
Counterweight
for a vertical
antenna
suspended
from an
overhanging
tree branch.
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of lumber, but the TV industry has brought out metal masts that are inexpensive and much more du-
rable than wood. However, there are some applications where wood is necessary or desirable.

A Ladder Mast
A temporary antenna support is sometimes needed for an antenna system for antenna testing, site

selection, emergency exercises or Field Day. Ordinary aluminum extension ladders are ideal candi-
dates for this service. They are strong, light, extendable, weatherproof and easily transported. Addi-
tionally, they are readily available and can be returned to normal use once the project is concluded. A
ladder tower will support a lightweight triband beam and rotator.

With patience and ingenuity one person can erect this assembly. One of the biggest problems is
holding the base down while “walking” the ladder to a vertical position. The ladder can be guyed with
1/4-inch polypropylene rope. Rope guys are arranged in the standard fashion with three at each level. If
help is available, the ladder can be walked up in its retracted position and extended after the antenna
and rotator are attached. The lightweight pulley system on most extension ladders is not strong enough
to lift the ladder extension. This mechanism must be replaced (or augmented) with a heavy-
duty pulley and rope. Make sure when attaching the guy ropes that they do not foul the operation of the
sliding upper section of the ladder.

There is one hazard in this system that must be avoided: Do not climb or stand on the ladder when
it is being extended—even as much as one rung. Never stand on the ladder and attempt to raise or lower
the upper section. Do all the extending and retracting with the heavy-duty rope and pulley.

If the ladder is to be raised by one person, use the following guidelines.  First, make sure the rung-
latching mechanism operates properly before beginning. The base must be hinged so that it does not
slip along the ground during erection. The guy ropes should be tied and positioned in such
a way that they serve as safety constraints in the event that control of the assembly is lost. Have avail-
able a device (such as another ladder) for supporting the ladder during rest periods. (See Fig 6.)

After the ladder is erect and the lower section guys tied and tightened, raise the upper portion one
rung at a time. Do not raise the upper section higher than it is designed to go; safety is far more
important than a few extra feet of height.

For a temporary installation, finding suitable guy anchors can be an exercise in creativity. Fence posts,
trees, and heavy pipes are all possibilities. If nothing of sufficient strength is available, anchor posts or pipes
can be driven into the soil. Sandy soil is the most difficult to work with because it does a very poor job of
holding anchors. A discarded car axle can be driven into the ground as an anchor, if its mass and strength are
substantial. A chain and car-bumper jack can be used to remove the axle when the operation is done.

Above all else, keep the tower and antenna
away from power lines. Make sure that nothing
can touch the lines if the assembly falls. Disas-
semble by reversing the process. Ladder towers
are handy for “quickie” antenna supports, but as
with any improvisation of support materials, care
must be taken to ensure safe construction.

The A-Fram e Mast
A light and relatively inexpensive mast is

shown in Fig 7. In lengths up to 40 feet it is very
easy to erect and will stand the pull of ordinary
wire antenna systems. The lumber used is 2 × 2-
inch straight-grained pine (which many lumber
yards know as hemlock) or even fir stock. The up-
rights can be as long as 22 feet each (for a mast
slightly over 40 feet high) and the cross pieces are
cut to fit. Four pieces of 2 × 2 lumber, each 22 feet

Fig 6—Walking the ladder up to its vertical
position. Keith, VE2AQU, supports the mast with
a second ladder while Chris, VE2FRJ, checks the
ropes . (Photo by Keith Bake r, VE2XL)
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Fig 7—The A-frame mast is lightweight and easily
constructed and erected.

Fig 8—Method of assembling the A-frame mast
on sawhorses.

long, provides more than enough. The only other
materials required are five 1/4-inch carriage bolts
51/2 inches long, a few spikes, about 300 feet of
stranded or solid galvanized wire for guying,
enough glazed porcelain compression (“egg”) in-
sulators to break  up the guys into sections, and
the usual pulley and halyard rope. If the strain in-
sulators are put in every 20 feet, approximately
15 of them will be enough.

After selecting and purchasing the lumber—
which should be straight-grained and knot-free—
sawhorses or boxes should be set up and the mast
assembled as shown in Fig 8. At this stage it is
wise to give the mast a coat of primer and a coat
of outside white latex paint.

After the coat of paint is dry, attach the guys
and rig the pulley for the antenna halyard. The pul-
ley anchor should be at the point where the top stays
are attached so the back stay will assume the greater
part of the load tension. It is better to use wire
wrapped around the mast with a small through-bolt
to prevent sliding down than to use eye bolts.

If the mast is to stand on the ground, a couple
of stakes should be driven to keep the bottom from
slipping. At this point the mast may be “walked
up” by a helper. If it is to go on a roof, first stand
it up against the side of the building and then hoist
it, from the roof, keeping it vertical. The whole
assembly is light enough for two men to perform
the complete operation—lifting the mast, carry-
ing it to its permanent berth, and fastening the guys
with the mast vertical all the while. It is therefore
entirely practicable to put up this kind of mast on
a small flat area of roof that would prohibit the
erection of one that had to be raised to the verti-
cal in its final location.

TV Mast Material
TV mast is available in 5 and 10-foot lengths,

11/4 inches diameter, in both steel and aluminum.
These sections are crimped at one end to permit sec-
tions to be joined together. A form that is usually
more convenient is the telescoping mast available from many electronic supply houses. The masts may be
obtained with three, four or five 10-foot sections, and come complete with guying rings and a means of
locking the sections in place after they have been extended. These masts are stronger than the nontelescoping
type because the diameters of the sections increase toward the bottom of the mast. For instance, the top
section of a 50-foot mast is 11/4 inches diameter, and the bottom section is 21/2 inches diameter.

Guy rings are provided at 10-foot intervals, but guys may not be required at every point. Guying is
essential at the top and at least one other place near the center of the mast. If the mast has any tendency
to whip in the wind, or to bow under the stress of the antenna, additional guys should be added at the
appropriate points.
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MAST GUYING
Three guy wires in each set are usually adequate for a mast. These should be spaced equally around

the mast. The required number of sets of guys depends on the height of the mast, its natural sturdiness,
and the required antenna tension. A 30-foot mast usually requires two sets of guys, and a 50-foot mast
needs at least three sets. One guy of the top set should be anchored to a point directly opposite the
direction in which the antenna runs. The other two guys of the same set should be spaced 120° with
respect to the first, as shown in Fig 7.

Generally, the top guys should be anchored at distances from the base of the mast of at least 60% of
the mast height. At the 60% distance, the stress on the guy wire opposite the antenna is approximately
twice the tension on the antenna. As the distance between the guy anchor and the base of the mast is
decreased, the tension on the rear guy in proportion to the tension on the antenna rises rapidly. The
extra tension results in additional compression on the mast, increasing the tendency for the mast to
buckle.

Additional sets of guys serve to correct for any tendency that the mast may have to buckle under
the compression imposed by the top guys. To eliminate possible mechanical resonance in the mast that
might cause the mast to vibrate, the sets of guys should not be spaced equally on the mast.
A second set of guys should be placed at approximately 60% of the distance between the ground and
the top of the mast. A third set should be placed at about 60% of the distance between the ground and
the second set of guys.

The additional set of guys should be anchored at distances from the base of the mast equal to at
least 60% of the distance between the ground and the points of attachment on the mast. In practice, the
same anchors are usually used for all sets of guys, automatically meeting this requirement if the top set
has been anchored at the correct distance.

Electrical resonances that might cause distortion of the radiation pattern of the antenna can be
eliminated by breaking each guy into nonresonant lengths by the insertion of strain insulators (see
Figs 9 and 10).  This subject is covered in detail
later in this chapter.

Guy Material
Within their stress ratings, any of the hal-

yard materials listed in Chapter 20 may be used
for the construction of guys. Nonmetallic ma-
terials have the advantage that there is no need
to break them up into sections to avoid reso-
nances. All of these materials are subject to
stretching, however, which causes mechanical
problems in permanent installations. At rated
working load tension, dry manila rope stretches
about 5%, while nylon rope stretches about
20%.

Antenna wire is also suitable for guys,
particularly the copper-clad steel types. Solid
galvanized steel wire is also widely used for
guying. This wire has approximately twice the
tension ratings of similar sizes of copper-clad
wire, but it is  more susceptible to corrosion.
Stranded galvanized wire sold for guying TV
masts is also suitable for light-duty applica-
tions, but is also susceptible to corrosion.

Fig 9—Simple lever for twisting solid guy wires
when attaching strain insulators.

Fig 10—Stranded guy wire should be attached to
strain insulators by means of standard cable
clamps made to fit the size of wire used.



Antenna Supports 22-7

Fig 12—Buried “dead-man” guy anchor (see text).

Fig 11—Driven guy anchors. One pipe is usually
sufficient for a small mast. For added strength, a
second pipe may be added, as shown.

Guy Anchors
Figs 11 and 12 show two different kinds of guy anchors. In Fig 11, one or more pipes are driven into the

ground at right angles to the guy wire. If a single pipe proves to be inadequate, another
pipe can be added in tandem, as shown. Steel fence posts may be used in the same manner. Fig 12
shows a “dead-man” type of anchor. The buried anchor may consist of one or more pipes 5 or
6 feet long, or scrap automobile parts, such as bumpers or wheels. The anchors should be buried 3 or 4 feet
in the ground. Some tower manufacturers make
heavy auger-type anchors that screw into the earth.
These anchors are usually heavier than required for
guying a mast, although they may be more conve-
nient to install. Trees and buildings may also be used
as guy anchors if they are located appropriately. Care
should be exercised, however, to make sure that the
tree is of adequate size, and that the fastening to a
building can be made sufficiently secure.

Guy Tension
Most troubles encountered in mast guying are a

result of pulling the guy wires too tight. Guy-wire
tension should never be more than necessary to cor-
rect for obvious bowing or movement under wind
pressure. In most cases, the tension needed does not
require the use of turnbuckles, with the possible ex-
ception of the guy opposite the antenna. If any great
difficulty is experienced in eliminating bowing from
the mast, the guy tension should be reduced.

 ERECTING A MAST
OR OTHER SUPPORT

Masts less than 30 feet high usually can be
simply “walked” up after blocking the bottom end
securely. Blocking must be done so that the base
can neither slip along the ground or upend when
the mast is raised. An assistant should be stationed
at each guy wire, and may help by pulling the proper
guy wire as the mast nears the vertical position.
Halyards can be used in the same manner.

As the mast is raised, it may be helpful to fol-
low the underside of the mast with a scissors rest
(Fig 13), should a pause in the hoisting become
necessary. The rest may also be used to assist in
the raising, if each leg is manned by an assistant.

As the mast nears the vertical position, those
holding the guy wires should be ready to tempo-
rarily fasten the guys to prevent the mast from
falling. The guys can then be adjusted until the
mast is perfectly straight.

For masts over 30 feet long, a “gin” of some
form may be required, as shown in Fig 13. Several
turns of rope are wound around a point on the mast
above center. The ends of the rope are then brought
together and passed over a tree limb. The rope should

Fig 13—Pulling on a gin line fastened slightly above
the center point of the mast and on the halyards can
assist in erecting a tall mast. The tensions should
be just enough to keep the mast in as straight a line
as possible. The “scissors” may be used to push on
the under side and to serve as a rest if a pause in
raising becomes necessary.
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be pulled as the mast is walked up to keep the mast from bending at the center. If a tree is not available, a
post, such as a 2 × 4, temporarily erected and guyed, can be used. After the mast has been erected, the
assisting rope can be removed by walking one end around the mast (inside the guy wires).

Telephone poles and towers are much sturdier supports. Such supports may require no guying, but
they are not often used solely for the support of wire antennas because of their relatively high cost. For
antenna heights in excess of 50 feet, however, they are usually the most practical form of support.

Tower Selection and Installation
The selection of a tower, its height, and the type of antenna and rotator to be used may seem like a

complicated matter, particularly for the newcomer. These aspects of an antenna system are interrelated,
and one should consider the overall system before making any decisions as to a specific component.
Perhaps the most important consideration for
many amateurs is the effect of the antenna sys-
tem on the surrounding environment. If plenty of
space is available for a tower installation and there
is little chance of the antenna causing aesthetic
distress on the part of other family members or
the neighbors, the amateur is indeed fortunate. The
limitations in this case are mostly financial. For
most, however, the size of the property, the effect
of the system on others, local ordinances, and the
proximity of power lines and poles influence the
selection of antenna components considerably.

The amateur must consider the practical limi-
tations for installation. Some points for consider-
ation are given below:

1) A tower should not be installed in a position
where it could fall onto a neighbor’s property.

2) The antenna must be located in such a po-
sition that it cannot possibly tangle with power
lines, either during normal operation or if the
structure fell.

3) Sufficient yard space must be available to
position a guyed tower properly. The guy anchors
should be between 60% and 80% of the tower
height in distance from the base of the tower.

4) Provisions must be made to keep children
from climbing the support. (Poultry netting around
the tower base will serve this need.)

5) Local ordinances should be checked to de-
termine if any legal restrictions affect the proposed
installation.

Other important considerations are (1) the to-
tal dollar amount to be invested, (2) the size and
weight of the antenna desired, (3) the climate, and
(4) the ability of the owner to climb a fixed tower.

The selection of a tower support usually is
dictated more by circumstances than by desire.
The most economical system, in terms of feet per
dollar investment, is a guyed tower.

Fig 14—The proper method of installation of a
guyed tower.
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Once a decision has been tentatively made, the next step is to write to the manufacturer (several are
listed in Chapter 21) and request specifications for the equipment that may be needed. Locate and mark guy
anchor points to ensure that they fit on the available property. The specification sheet for the tower should
give a wind-load capability; antennas can then be chosen based on the ratings of the structure.

It is often very helpful to the novice tower installer to visit other local amateurs who have installed
towers. Look over their hardware and ask questions. If possible, have a few local experienced amateurs
look over your plans—before you commit yourself. They may be able to offer a great deal of help. If
someone in your area is planning to install a tower and antenna system, be sure to offer your assistance.
There is no substitute for experience when it comes to tower work, and your experience there may
prove invaluable to you later.

THE TOWER
The most common variety of tower is the guyed tower made of stacked identical sections. The informa-

tion in Fig 14 is based on data taken from the Unarco-Rohn catalog. Rohn calls for a maximum vertical
separation of 35 feet between sets of guy wires. At A, the tower is 70 feet high, and there are two sets of
evenly spaced guy wires. At B, the tower is 80 feet high, and there are three sets of evenly spaced guy wires.
Exceeding the vertical spacing requirements (under-guying) could result in the tower buckling.

This may not seem to be a likely occurrence unless the function of guy wires is well understood.
Guy wires restrain the tower against the force of the wind. They translate the lateral force of the wind
into a downward compression that forces the tower down onto the base. Manufacturers usually specify
the initial tension in the guy wires. This is another
force that is translated into the downward com-
pression on the tower. If there are not enough guys
and if they are not properly spaced, a heavy gust
of wind may over-stress the structure, causing the
tower to buckle at a weak point.

An overhead view of a guyed tower is given
in Fig 14C. Manufacturers usually call for equal
angular spacing between guy wires. If it is neces-
sary to deviate from this spacing, the engineering
staff of the tower manufacturer or a civil engineer
should be contacted for advice.

Unguyed Towers
Some towers are not normally guyed—these

are usually referred to as free-standing or self-sup-
porting towers. The principles involved are the
same regardless of the term the manufacturers use
to describe them. The wind blowing against the
side of the tower creates an overturning movement
that would topple the tower if it were not for the
anchoring at the base. Fig 15 details the action and
reaction involved. The tower is restrained by the
base. As the wind blows against one side of the
tower, the opposite side is compressed downward
much as in the guyed installation.

Because there are no guys to restrain the top,
the side on which the wind is blowing is simulta-
neously pulled up (uplift). The force of the wind
creates a moment that tends to pivot about a point
at the base of the tower. The base of the guyed

Fig 15—Typical
free-standing
(unguyed) towe r.
Arrows indicate
the directions of
the forces acting
upon the
structure. See text
for discussion.
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tower simply must hold the tower up, but the base of the free-standing tower must simultaneously hold
one side of the tower up and the other side down! For this reason, manufacturers often call for a great
deal more concrete in the base of free-standing towers than they do in the base of guyed towers.

Fig 16 shows two variations of another popular type of tower, the crank-up. In regular guyed or
free-standing towers, each section is bolted atop the next lower section. The height of the tower is the
sum of the heights of the sections (minus any overlap). Crank-up towers use a different system. The
outer diameter of each section is smaller than the inner diameter of the next lower section. Instead of

bolting together, the sections are attached with a
set of cables and pulleys. The overall height of
the tower is adjusted by using the pulleys and
cables to “telescope” the sections together or apart.

Depending on the design, the manufacturer may
or may not require guy wires. The primary advantage
of the crank-up tower is that antenna work can be done
near the ground. A second advantage is that the tower
can be kept retracted except during use, which reduces
the guying needs. (Presumably, the tower would not
be extended during periods of high wind.) The disad-
vantages include mechanical complexity and (usually)
cost. NEVER climb on an extended crank-up tower,
even if it is extended only a small amount. Serious
injury could result if the hoisting system fails.

Some towers have another convenience fea-
ture—a hinged section that permits the owner to
fold over all or a portion of the tower. The pri-
mary benefit is in allowing antenna work to be
done close to ground level, without the necessity
of removing the antenna and lowering it for ser-
vice. Fig 17 shows a hinged base; of course, the
hinged section can be designed for portions of the
tower other than the base. Also, a hinge feature
can be added to some crank-up towers.

Fig 16—Two examples of “crank-up” towers.

Fig 17—Fold-over or tilting base. There are several
different kinds of hinged sections permitting
different types of installation. Great care should be
exercised when raising or lowering a tilting tower.
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Fig 18—Plans for installing concrete base for
Wilson ST-77B tower. Although the instructions
and dimensions vary from tower to tower, this is
representative of the type of concrete base
specified by most manufacturers.

Fig 19—Another example of a concrete base
(Tri-Ex LM-470).

Misuse of hinged sections during tower erec-
tion is a dangerously common practice among ra-
dio amateurs. Unfortunately, these episodes often
end in accidents. If you do not have a good grasp
of the fundamentals of physics, It might be wise
to avoid hinged towers or to consult an expert if
there are any questions about safely installing and
using such a tower. It is often far easier (and safer)
to erect a regular guyed tower or self-supporting
tower with gin pole and climbing belt than it is to
try to “walk up” an unwieldy hinged tower.

TOWER BASES
Tower manufacturers can provide customers

with detailed plans for properly constructing tower
bases. Fig 18 is an example of one such plan. This
plan calls for a hole that is 31/2 × 31/2 × 6 feet. Steel
reinforcement bars are lashed together and placed in
the hole. The bars are positioned so that they will be
completely embedded in the concrete, yet will not
contact any metallic object in the base itself. This is
done to minimize the possibility of a direct discharge
path for lightning through the base. Should such a
discharge occur, the concrete base would likely ex-
plode and bring about the collapse of the tower.

A strong wooden form is constructed around the
top of the hole. The hole and the wooden form are
filled with concrete so that the resultant block will
be 4 inches above grade. The anchor bolts are em-
bedded in the concrete before it hardens. Usually it
is easier to ensure that the base is level and properly
aligned by attaching the mounting base and the first
section of the tower to the concrete anchor bolts.
Manufacturers can provide specific, detailed instruc-
tions for the proper mounting procedure. Fig 19
shows a slightly different design for a tower base.

The one assumption so far is that “normal”
soil is predominant in the area in which the tower
is to be installed. “Normal soil” is a mixture of
clay, loam, sand and small rocks. More conserva-
tive design parameters for the tower base should
be adopted (usually, more concrete) if the soil is
sandy, swampy or extremely rocky. If there are
any doubts about the soil, the local agricultural
extension office can usually provide specific tech-
nical information about the soil in a given area.
When this information is in hand, contact the en-
gineering department of the tower manufacturer
or a civil engineer for specific recommendations
with regard to compensating for any special soil
characteristics.
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TOWER INSTALL ATION
The installation of a tower is not difficult when the proper techniques are used. A guyed tower, in

particular, is not hard to erect, because each of the individual sections are relatively lightweight and
can be handled with only a few helpers and some good quality rope. A gin pole is a handy device for
working with tower sections. The gin pole shown in Fig 20 is designed to fit around the leg of a Rohn
25 tower and clamp in place. The tubing, which is about 12 feet long, has a pulley on one end. A rope
is routed through the tubing and over the pulley. When the gin pole is attached to the tower and the
tubing is extended into place and locked, the rope can be used to haul tower sections and the antenna
into place.

One of the most important aspects of any tower installation project is the safety of all persons
involved. Chapter 1 details several safety points to be observed.  Basically, the use of hard hats
is highly recommended for all assistants helping from the ground. Helpers should always
stand clear of the tower base to prevent being hit by a dropped tool or hardware. A good climber’s
safety belt should be used by each person working on the tower. When climbing the tower, if more than
one person is involved, one should climb into position before the other begins climbing. The same
procedure is required for climbing down a tower after the job is completed. The purpose is to have the
nonclimbing person stand relatively still so as not to drop any tools or objects on the climbing person,
or unintentionally obstruct his movements. When two persons are working on top of a tower, only one
should change position (unbelt and move) at a time.

For most installations, a good-quality 1/2-inch diameter manila hemp rope can adequately handle
the work load for the hoisting tasks. The rope must be periodically inspected to assure that no tearing or
chafing has developed, and if the rope should get wet from rain, it should be hung out to dry at the first
opportunity. Safety knots should be used to assure that the rope stays tied during the hoisting of a tower
section or antenna.

ATTACHING GUY WIRES
In typical Amateur Radio installations, guy wires may experience loads in excess of 1000 pounds.

Under such circumstances, the wires cannot merely be twisted together and expected to hold. Figs 21,
22 and 23 depict the traditional method for fixing the end of a guy wire. A thimble is used to prevent the

Fig 21—Proper tension can be placed on the guy
wires with the aid of a block-and-tackle system.
(Photo by K1 WA)

Fig 20—A gin pole
is helpful in
positioning
antennas and
tower sections.
The weight of the
as-sembly is held
by the ground
crew via a heavy
rope, making
tower work safer
and less tiring.
(Photo by Dave
Pietraszewski,
K1WA)
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wire from breaking because of a sharp bend at the
point of intersection. Three cable clamps follow
to hold the wire securely. As a final backup mea-
sure, the individual strands of the free end are
unraveled and wrapped around the guy wire. It is
a lot of work, but it is necessary to ensure a safe
and permanent connection.

Fig 24 shows the use of a device that replaces
the clamps and twisted strands of wire. These de-
vices are known as dead ends. They are far more
convenient to use than are clamps. The guy wires
must be cut to the proper length. The dead end of
each wire is installed into the object to which the
guy wire is being attached (use a thimble, if
needed). One side of the dead end is then wrapped
around the guy wire. The other side of the dead
end follows. The savings in time and trouble more
than make up for the slightly higher cost.

As indicated in Chapter 20, guy wire comes
in different sizes, strengths and types. Typically,
3/16-inch EHS guy wire is adequate for moderate
tower installations at most amateur stations. Some
amateurs prefer to use 5/32-inch “aircraft” cable.
Although this cable is somewhat more flexible
than 3/16-inch EHS, it is only about 70% as strong.
Standard guy wire at least 3/16-inch EHS is the saf-
est bet in tower guying.

Fig 25 shows two different methods for at-
taching guy wires to towers. At A, the guy wire is
simply looped around the tower leg and terminated

Fig 23—Traditional method for securing the end
of a guy wire. Note that the base of the clip bears
against the live end of the wire rope.

Fig 24—Alternative method for attaching guy
wires using dead ends. The dead end on the
right is completely assembled (the end of the
guy wire extends beyond the grip for illustrative
pur-poses). On the left, one side of the dead end
is partially attached to the guy wire. In front, a
thimble is used where a sharp bend might cause
the guy wire or dead end to break.

Fig 25—Two methods of attaching guy wires to
tower. See text for discussion.

Fig 22—A length of guy cable is used to assure that
the turnbuckles remain in place after they are
tightened. This procedure is an absolute require-
ment in guyed tower systems. (Photo by K1WA)
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Fig 27—Variety of means available for attaching
guy wires and turnbuckles to anchors.

Fig 26—Two standard types of guy anchors.
The earth screw shown at A is easy to install
and widely available, but may not be suitable
for use in certain soils. The concrete anchor
is more difficult to install properly, but it is
suitable for use with a wide variety of soil
conditions and will satisfy most building code
requirements.

in the usual manner. At B, a “torque bracket” has been added. There is not much difference in perfor-
mance for wind forces that tend to “push the tower over.” If more loading area (antennas, feed lines,
etc.) is present on one side of the tower than the other, the force of the wind causes the tower to “twist”
into the ground. The torque bracket is far more effective in resisting this twisting motion than the
simpler installation. The trade-off is in terms of initial cost.

There are two types of commonly used guy anchors. Fig 26A depicts an earth screw. These are usually
4 to 6 feet long. The screw blade at the bottom typically measures 6 to 8 inches diameter.
Fig 26B illustrates two people installing the anchor. The shaft is tilted so that it will be in line with
the guy wires. Earth screws are suitable for use in “normal” soil where permitted by local building codes.

The alternative to earth screws is the concrete block anchor. Fig 26C shows the installation of this
type of anchor; it is suitable for any soil condition, with the possible exception of a bed of lava rock or
coral. Consult the instructions from the manufacturer for the precise method of installation.

Turnbuckles and associated hardware are used to attach guy wires to anchors and to provide a
convenient method of adjusting tension on the guy wires. Fig 27A shows a turnbuckle of a single guy
wire attached to the eye of the anchor. Turnbuckles are usually fitted with either two eyes, or one eye
and one jaw. The eyes are the oval ends, while the jaws are U-shaped with a bolt through each tip. Fig
27B depicts two turnbuckles attached to the eye of an anchor. The procedure for installation is to
remove the bolt from the jaw, pass the jaw over the eye of the anchor and reinstall the bolt through the
jaw, through the eye of the anchor, and through the other side of the jaw.

If two or more guy wires are attached to one anchor, equalizer plates should be installed
(Fig 27C). In addition to providing a convenient point to attach the turnbuckles, the plates pivot slightly
and equalize the tension on the guy wires. Once the installation is complete, a safety wire should be
passed through the turnbuckles in a “figure-eight” fashion to prevent the turnbuckles from turning
under load.
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Resonance in Guy Wires
If guy wires are resonant at or near the operating frequency, they can receive and reradiate RF

energy.  By behaving as parasitic elements, the guy wires may alter and thereby distort the radiation
pattern of a nearby antenna. For low frequencies where a dipole or other simple antenna is used, this is
generally of little or no consequence.  But at the higher frequencies where a unidirectional antenna is
installed, it is desirable to avoid pattern distortion if at all possible. The symptoms of reradiating guy
wires are usually a lower front to back ratio and a lower front to side ratio than the antenna
is capable of producing. The gain of the antenna and the feed-point impedance will usually not be
significantly affected, although sometimes changes in SWR can be noted as the antenna is rotated.  (Of
course other conductors in the vicinity of the antenna can also produce these same symptoms.)

The amount of reradiation from a guy wire depends on two factors—its resonant frequency, and
the degree of coupling to the antenna.  Resonant guy wires near the antenna will have a greater effect
on performance than those which are farther away.  Therefore, the upper portion of the top level of guy
wires should warrant the most attention with horizontally polarized arrays.  The lower guy wires are
usually closer to horizontal than the top level, but by virtue of their increased distance from the an-
tenna, are not coupled as tightly to the antenna.

To avoid resonance, the guys should be broken up by means of egg or strain insulators. Fig 28
shows wire lengths that fall within 10% of 1/2-λ resonance (or a multiple of 1/2-λ) for all the HF amateur
bands. Unfortunately, no single length greater than about 14 feet avoids resonance in all bands. If
you operate just a few bands, you can locate greater lengths from Fig 28 that will avoid resonance. For
example, if you operate only the 14, 21 and 24-MHz bands, guy wire lengths of 27 feet or 51 feet would
be suitable, along with any length less than 16 feet.

ANTENNA INSTALLATION
All antenna installations are different in some respects. Therefore, thorough planning is the most

important first step in installing any antenna. Before anyone climbs the tower, the whole process should

Fig 28—The black bars indicate ungrounded guy wire lengths to avoid for the eight HF amateur
bands.  This chart is based on resonance within 10% of any frequency in the band.  Grounded wires
will exhibit resonance at odd multiples of a quarter wavelength.  (By Jerry Hall, K1TD)
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be discussed to be sure each crew member understands what is to be done. Consider what tools and
parts must be assembled and what items must be taken up the tower, and plan alternative actions for
possible trouble spots. Extra trips up and down the tower can be avoided by careful planning.

Raising a beam antenna requires planning. If done properly, the actual work of getting the antenna
into position can be executed quite easily with only one person at the top of the tower. The ground crew
should do all the heavy work and leave the person on the tower free to guide the antenna into position.
Because the ground crew does all the lifting, a large pulley, preferably on a gin pole placed at the top of
the tower, is essential. Local radio clubs often have gin poles available for use by their members. Stores
that sell tower materials frequently rent gin poles as well.

A gin pole should be placed along the side of the tower so the pulley is no more than 2 feet above the top
of the tower (or the point at which the antenna is to be placed). Normally this height is sufficient to allow the
antenna to be positioned easily. An important reason that the pulley is placed at this level, however, is that
there can be considerable strain on the pole when the antenna is maneuvered past the guy wires.

The rope (halyard) through the pulley must be somewhat longer than twice the tower height so the
ground crew can raise the antenna from ground level. The rope should be 1/2 or 5/8 inch diameter for
both strength and ease of handling. Smaller diameter rope is less easily manipulated; it has a tendency
to jump out of the pulley track and foul pulley operation.

The first person to climb the tower should carry an end of the halyard so that the gin pole can be lifted
and secured to the tower. Those climbing the tower must have safety belts. Belts provide safety and conve-
nience; it is simply impossible to work effectively while hanging onto the tower with one hand.

Once positioned, the gin pole and pulley allow parts and tools to be sent quickly up the tower. A
useful trick for sending up small items like bolts and pliers is for a ground crew member to slide them
through the rope strands where they are held by the rope for the trip to the top of the tower. Items that
might be dislodged by contact with the tower should either be taped or tied to the halyard.

Remember, once someone is on the tower, no one should be allowed to stand near the base of the
tower! Ever present is the hazard of falling tools or hardware. It is foolish to stand near a tower when
someone is working above. Hard-hats should be worn by ground-crew members as extra insurance.

Raising th e Antenna
A technique that can save much effort in raising the antenna is outlined here. First, the halyard is

passed through the gin-pole pulley, and the leading end of the rope is returned to the ground crew
where it is tied to the antenna. The assembled antenna should be placed in a clear area of the yard (or
the roof) so the boom points toward the tower. The halyard is then passed under  the front elements of
the beam to a position past the midpoint of the antenna, where it is securely tied to the boom (Fig 29A).

Note that once the antenna is installed, the tower worker must be able to reach and untie the hal-
yard from the boom; the rope must be tied less than an arm’s length along the boom from the mounting
point. If necessary, a large loop may be placed around the first element located beyond the midpoint
of the boom, with the knot tied near the center of the antenna. The rope may then be untied easily after
completion of the installation. The halyard should be tied to the boom at the front of the antenna by
means of a short piece of light rope or twine.

While the antenna is being raised, the ground crew does all the pulling. As soon as the front of the
antenna reaches the top of the mast, the person atop the tower unties the light rope and prevents the
front of the antenna from falling, as the ground crew continues to lift the antenna (Fig 29B). When the
center of the antenna is even with the top of the tower, the tower worker puts one bolt through the mast
and the antenna mounting bracket on the boom. The single bolt acts as a pivot point and the ground
crew continues to lift the back of the antenna with the halyard (Fig 29C). After the antenna
is horizontal, the tower worker secures the rest of the mounting bolts and unties the halyard. By using
this technique, the tower worker performs no heavy lifting.

Avoiding Guy Wires
Although the same basic methods of installing a Yagi apply to any tower, guyed towers pose a special

problem. Steps must be taken to avoid snagging the antenna on the guy wires. With proper precautions,



Antenna Supports 22-17

however, even large antennas can be pulled to the top of a tower, even if the mast is guyed at several levels.
Sometimes one of the top guys can provide a track to support the antenna as it is pulled upward. Insula-

tors in the guys, however, may obstruct the movement of the antenna. A better track made with rope is an
alternative. One end of the rope is secured outside the guy anchors. The other end is passed over the top of
the tower and back down to an anchor near the first anchor. So arranged, the rope forms a narrow V track
strung outside the guy wires. Once the V track is secured, the antenna may simply be pulled up the track.

Another method is to tie a rope to the back of the antenna (but within reach of the center). The
ground crews then pull the antenna out away from the guys as the antenna is raised. With this method,
some crew members are pulling up the antenna to raise it while others are pulling down and out to keep
the beam clear of the guys. Obviously, the opposing crews must act in coordination to avoid damaging
the antenna. The beam is especially vulnerable when it begins to tip into the horizontal position. If the
crew continues to pull out and down against the antenna, the boom can be broken. Another problem
with this approach is that the antenna may rotate on the axis of the boom as it is raised. To prevent such
rotation, long lengths of twine may be tied to outer elements, one piece on each side of the boom.
Ground personnel may then use these “tag lines” to stabilize the antenna. Where this is done, provi-
sions must be made for untying the twine once the antenna is in place.

A third method is to tie the halyard to the center of the antenna. A crew member, wearing a safety
belt, walks the antenna up the tower as the crew on the ground raises it. Because the halyard is tied at

Fig 29—Raising a Yagi antenna to the top of a tower. At A the Yagi is placed in a clear area, with the
boom pointing toward the tower. The halyard is passed under the elements, then secured to the boom
beyond the midpoint. B shows the antenna approaching the top of the mast. The person on the tower
guides it after the lifting rope has been untied from the front of the antenna. At C the antenna is pulled
into a horizontal position by the ground crew. The tower worker inserts the pivot bolt and secures it.
Note: A short piece of rope is tied around the halyard and the boom at the front of the antenna. It is
removed by the tower worker when the antenna reaches the top.
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Fig 32—Working at
the 70-foot level . A
gin pole makes
pulling up and
mounting the boom
to the boom plate a
safe and easy
procedure.

Fig 30—The PVRC mount, boom plate, mast and
rotator ready to go. The mast and rotator are
installed on the tower first.

Fig 31—Close-up of the PVRC mount. The long pipe
(horizontal in this photo) is the rotating mast.  The
U bolts in the vertical plate at the left are ready to
accept the antenna boom.  The heads of two locking
pins (bolts) are visible at the midline of the boom
plate. The other two pins help secure the horizontal
pipe to the large steel mast plate.  (The head of the
bolt nearest the camera blends in with the right
hand leg of the U bolt behind it.

the balance point, the tower worker can rotate the
elements around the guys. A tag line can be tied to
the bottom end of the boom so that a ground worker
can help move the antenna around the guys. The tag
line must be removed while the antenna is still verti-
cal.

THE PVRC MOUNT
The methods described earlier in this chapter for

hoisting antennas are sometimes not satisfactory for
large arrays. The best way to handle large Yagis is to
assemble them on top of the tower. One way to do
this easily is by using the “PVRC mount.” Many
members of the Potomac Valley Radio Club have suc-
cessfully used this method to install large antennas.
Simple and ingenious, the idea involves offsetting the
boom from the mast to permit the boom to tilt 360°
and rotate axially 360°. This permits the entire length
of the boom to be brought alongside the tower, al-
lowing the elements to be attached one by one. (It
also allows any part of the antenna to be brought

alongside the tower for antenna maintenance.)
See Figs 30 through 34. The mount itself consists of a short length of pipe of the same diameter as the

rotating mast (or greater), a steel plate, eight U bolts and four pinning bolts.  The steel plate is the larger,
horizontal one shown in Fig 31. Four U bolts attach the plate to the rotating mast, and four attach the
horizontal pipe to the plate. The horizontal pipe provides the offset between the antenna boom and the tower.
The antenna boom-to-mast plate is mounted at the outer end of the short pipe. Four bolts are used to ensure
that the antenna ends up parallel to the ground, two pinning each plate to the short pipe. When the mast plate
pinning bolts are removed and the four U bolts loosened, the short pipe and boom plate can be rotated
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through 360°, allowing either half of the boom to
come alongside the tower.

First assemble the antenna on the ground.  Care-
fully mark all critical dimensions, and then remove
the antenna elements from the boom. Once the rota-
tor and mast have been installed on the tower, a gin
pole is used to bring the mast plate and short pipe to
the top of the tower. There, the “top crew” unpins
the horizontal pipe and tilts the antenna boom plate
to place it in the vertical plane. The boom is attached
to the boom plate at the balance point of the as-
sembled antenna. It is important that the boom be
rotated axially so the bottom side of the boom is clos-
est to the tower. This will allow the boom to be tilted
without the elements striking the tower.

During installation it may be necessary to re-
move one guy wire temporarily to allow for tilting
of the boom. As a safety precaution, a temporary guy
should be attached to the same leg of the tower just
low enough so the assembled antenna will clear it.

The elements are assembled on the boom,
starting with those closest to the center of the
boom, working out alternately to the farthest di-
rector and reflector. This procedure must be fol-
lowed. If all the elements are put first on one half
of the boom, it will be dangerous (if not impos-
sible) to put on the remaining elements. By start-
ing at the middle and working outward, the bal-
ance point of the partly assembled antenna will
never be so far removed from the tower that tilt-
ing of the boom becomes impossible.

When the last element is attached, the boom is
brought parallel to the ground, the horizontal pipe is
pinned to the mast plate, and the mast plate U bolts
tightened. At this point, all the antenna elements will
be positioned vertically. Next, loosen the U bolts that
hold the boom and rotate the boom axially 90°, bring-
ing the elements parallel to the ground. Tighten the
boom bolts and double check all the hardware.

Many long boom Yagis employ a truss to pre-
vent boom sag. With the PVRC mount, the truss
must be attached to a pipe that is independent of
the rotating mast. A short length of pipe is attached
to the boom as close as possible to the balance
point. The truss then moves with the boom when-
ever the boom is tilted or twisted.

THE TOWER ALTERNATIVE
A cost saving alternative to the ground-

mounted tower is the roof-mounted tripod. Units
suitable for small HF or VHF antennas are com-
mercially available. Perhaps the biggest problem

Fig 34—The U bolts securing the short pipe to
the mast plate are loosened and the boom is
turned to a horizontal position. This puts the
elements in a vertical plane. Then the pipe U
bolts are tightened and pinning bolts secured.
The boom U bolts are then loosened and the
boom turned axially 90 °.

Fig 33—Mounting the last element prior to
positioning the boom in a horizontal plane.
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with a tripod is determining how to fasten it securely to the roof.
One method of mounting a tripod on a roof is to nail 2 × 6 boards to the undersides of the rafters.

Bolts can be extended from the leg mounts through the roof and the 2 × 6s. To avoid exerting too much
pressure on the area of the roof between rafters, place another set of 2 × 6s on top of the roof (a mirror
image of the ones in the attic). Installation details are shown in Figs 35 through 38.

The 2 × 6s are cut 4 inches longer than the outside distance between two rafters. Bolts are cut from
a length of 1/4-inch threaded rod. Nails are used to hold the boards in place during installation, and
roofing tar is used to seal the area to prevent leaks.

Find a location on the roof that will allow the antenna to turn without obstruction from such things
as trees, TV antennas and chim-
neys. Determine the rafter loca-
tions. (Chimneys and vent pipes
make good reference points.)
Now the tower is set in place atop
three 2 × 6s. A plumb line run
from the top center of the tower
can be used to center it on the

Fig 38—The strengthened
anchoring for the tripod. Bolts are
placed through two 2 × 6s on the
underside of the roof and through
the 2 × 6 on the top of the roof as
shown in Fig 37.

Fig 37—Three lengths of 2 × 6
wood mounted on the outside of
the roof and reinforced under the
roof by three identical lengths
provide a durable method for
anchoring the tripod. A thick coat
of roofing tar protects against
weathering and leaks.

Fig 35—This tripod tower
supports a rotary beam antenna.
In addition to saving yard space,
a roof-mounted tower can be
more economical than a ground-
mounted tower. A ground lead
fastened to the lower part of the
frame is for lightning protection.
The rotator control cable and the
coaxial line are dressed along
two of the legs. (Photo courtesy
of Jane Wolfert)

Fig 36—This cutaway view illustrates how the tripod tower is secured to
the roof rafters. The leg to be secured to the cross piece is placed on the
outside of the roof. Another cross member is fastened to the underside of
the rafters. Bolts, inserted through the roof and the two cross pieces,
hold the inner cross member in place because of pressure applied. The
inner cross piece can be nailed to the rafter for added strength.
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peak of the roof. Holes for the mounting bolts can now be drilled through the roof.
Before proceeding, the bottom of the 2 × 6s and the area of the roof under them should be given a

coat of roofing tar. Leave about 1/8 inch of clear area around the holes to ensure easy passage of the
bolts. Put the tower back in place and insert the bolts and tighten them. Apply tar to the bottom of the
legs and the wooden supports, including the bolts. For added security the tripod can be guyed. Guys
should be anchored to the frame of the house.

If a rotator is to be mounted above the tripod, pressure will be applied to the bearings. Wind load
on the antenna will be translated into a “pinching” of one side of the bearings. Make sure that the
rotator is capable of handling this additional stress.

ROTATOR SYSTEMS
There are not many choices when it comes to antenna rotators for the amateur antenna system. However,

making the correct decision as to how much capacity the rotator must have is very important if trouble free
operation is desired. There are basically four grades of rotators available to the amateur. The lightest duty
rotator is the type typically used to turn TV antennas. Without much difficulty, these rotators will handle a
small three-element tribander array (14, 21 and 28 MHz) or a  single 21 or 28-MHz monoband three-element
antenna. The important consideration with a TV rotator is that it lacks braking or holding capability. High
winds turn the rotator motor via the gear train in a reverse fashion. Broken gears sometimes result.

The next grade up from the TV class of rotator usually includes a braking arrangement whereby the antenna
is held in place when power is not applied to the rotator. Generally speaking, the brake prevents gear damage on
windy days. If adequate precautions are taken, this group of rotators is capable of holding and turning stacked
monoband arrays, or up to a five-element 14-MHz system. The next step up in rotator strength is more expen-
sive. This class of rotator will turn just about anything the most demanding amateur might want to install.

A description of antenna rotators would not be complete without the mention of the prop pitch
class. The prop pitch rotator system consists of a surplus aircraft propeller blade pitch motor coupled
to an indicator system and a power supply. There are mechanical problems of installation,
however, resulting mostly from the size and weight of these motors. It has been said that a prop pitch
rotator system, properly installed, is capable of turning a house. Perhaps in the same class as the prop
pitch motor (but with somewhat less capability) is the electric motor of the type used for opening
garage doors. These have been used successfully in turning large arrays.

Proper installation of the antenna rotator can provide many years of trouble free service; sloppy
installation can cause problems such as a burned out motor, slippage, binding and casting breakage.
Most rotators are capable of accepting mast sizes of different diameters, and suitable precautions
must be taken to shim an undersized mast to assure dead center rotation. It is very desirable to mount
the rotator inside and as far below the top of the tower as possible. The mast absorbs the torsion devel-
oped by the antenna during high winds, as well as during starting and stopping.

Some amateurs have used a long mast from the top to the base of the tower. Rotator installation and
service can be accomplished at ground level. A mast length of 10 feet or more between the rotator and
the antenna will add greatly to the longevity of the entire system. Another benefit of mounting the
rotator 10 feet or more below the antenna is that any misalignment among the rotator, mast and the top
of the tower is less significant. A tube at the top of the tower (a sleeve bearing) through which the mast
protrudes almost completely eliminates any lateral forces on the rotator casing. All the rotator must do
is support the downward weight of the antenna system and turn the array.

While the normal weight of the antenna and the mast is usually not more than a couple of hundred
pounds, even with a large system, one can ease this strain on the rotator by installing a thrust bearing at
the top of the tower. The bearing is then the component that holds the weight of the antenna system, and
the rotator need perform only the rotating task.

Indicator Alignment
A problem often encountered in amateur installations is that of misalignment between the direction

indicator in the rotator control box and the heading of the antenna. With a light duty rotator, this hap-
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pens frequently when the wind blows the antenna to a different heading. With no brake, the gear train
and motor of the rotator are moved by the wind force, while the indicator remains fixed.  Such rotator
systems have a mechanical stop to prevent continuous rotation during operation, and provision is usu-
ally included to realign the indicator against the mechanical stop from inside the shack.  During instal-
lation, the antenna must be oriented correctly for the mechanical stop position, which is usually north.

In larger rotator systems with an adequate brake, indicator misalignment is caused by mechanical slip-
page in the antenna boom-to-mast hardware. Many texts suggest that the boom be pinned to the mast with a
heavy duty bolt and the rotator be similarly pinned to the mast. There is a trade-off here.  If there is sufficient
wind to cause slippage in the couplings without pins, with pins the wind could break a rotator casting.  The
slippage will act as a clutch release, which may prevent serious damage to the rotator On the other hand, the
amateur might not like to climb the tower and realign the system after each heavy windstorm.

Delayed-Action Braking for the Ham-M Rotator
On most rotators equipped with braking capabilities, the brake is applied almost instantly after

power is removed from the rotator motor to stop the array from rotating and hold it at a chosen bearing.
Because of inertia, however, the array itself does not stop rotating instantly. The larger and heavier the
antenna, the more it tends to continue its travel, in which case the mast may absorb the torsion, the
entire tower may twist back and forth, or the brake of the rotator may shear or jam. A more suitable
system involves removing power from the rotator motor during rotation before the desired bearing is
reached, allowing the beam to coast to a slower speed or to a complete stop before the brake is applied.
Delayed action braking may be added to the Ham-M rotator system by adding a couple of components
inside the control head case. Fig 39 is a partial schematic diagram showing the necessary changes.

Circuit Operation
The 5-kΩ relay is energized by the operating switch and held closed after release for approximately 13/

4 seconds by means of the 500-µF capacitor. The relay contacts supply 120 V to the primary of the main
transformer, which continues to hold the brake off after rotation power is removed.

Note the addition of the 200-µF capacitor in parallel with the original 30-µF filter. This is required

Fig 39—Partial schematic
diagram for delayed braking in
a Ham-M rotator.  See text.
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because the 500-µF capacitor across the relay coil increases the control voltage, thereby causing ap-
proximately a 15° error between readings. The additional 200-µF capacitor increases the control volt-
age such that identical readings are obtained during rotation or at rest. This modification also causes
the unit to read position whenever it is plugged in.  An ON-OFF switch is easily added.

To increase the indicator lamp life, change the lamps to 28-V types. The relay is approximately
1/2 × 5/8 inch and fits nicely near the left front just above the screwdriver-adjust calibrtation control. The
capacitors are fitted easily near the rear of the meter.

A Delayed Brake Release for the Ham-II
Not only is it wise to delay braking in a rotator system, but it is even more important that rotation

in the opposite direction is not initiated until the system is at rest. The circuit presented in Fig 40 offers

Fig 40—The circuit for a brake-delay system for protection of the Ham-II rotator and antenna.

D1, D2—Light-emitting diode, Motorola type
MLED600 or equiv.

D3-D6, incl.—Silicon signal diode, 1N914 or equiv.
K3-K5, incl.—Switching relay, 12 V dc, 1200 Ω,

10 mA; contact rating 1A; 125 V ac; Radio
Shack 275-003 or equiv.

Q1-Q5, incl.—Silicon NPN transistor, 2N3904 or equiv.

RV1—Varistor, GE 750 or equiv.
U1, U2, U5—CMOS quad NAND-gate IC RCA

CD-4011A or equiv.
U3—CMOS quad NOR-gate IC, RCA CD-4001A, or

equiv.
U4—Timer IC, 555 or equiv.
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Fig 41—Regulated power supply
for the delayed brake release
system.
T1—Power transformer; pri. 120

V; sec. 12 V, 300 mA; Radio
Shack 273-1385 or equi v.

U1—Bridge rectifie r, 50 PIV, 1.5 A;
Radio Shack 267- 1151 or equi v.

U2—Monolithic three-terminal
positive-voltage regulato r,
9 V, 500 mA; Fairchild 7809 or
equi v.

the protection of delayed braking, and it also disables the direction selector switches. In this manner,
the antenna system coasts to a stop before rotation may begin in the opposite direction. The automatic
delay prevents damage to the antenna system and rotator, even during a contest when the operator’s
attention is not on the rotator control.

In the circuit of Fig 40, S3, S4 and S5 are the existing Ham-II control unit brake release and
direction switches. S4 selects clockwise (cw) rotation and S5 selects counter-clockwise (ccw) rotation.
These switches are replaced by K3, K4 and K5, respectively, in the modified control unit.

A pair of NAND gates in U1 form a debouncing circuit for each direction switch to prevent false
triggering of the brake from contact bounce. Pressing S4 causes pin 3 of U2 to go high (+VDD), or to a
logical 1, which forces pin 3 of U3 low (near 0 V), pin 11 of U5 high, and energizes both the brake-
release relay K3 and the BRAKE RELEASED LED, D1. In addition, pressing only S4 forces pin 10 of U2
low and pin 11 of U3 high, energizing K4, the cw rotation control relay. When S4 is released, a short
pulse appears at pin 2 of U4, triggering the monostable multivibrator While pin 3 of U4
is high, the brake remains released, and the selection switches are disabled by the logical 1 on pins 9
and 13 of U3. In a similar fashion, pressing S5 energizes the brake-release relay K3, LED D1, and the
cw rotation control relay, K5. Whenever one of the direction control relays is energized, the ROTATE

LED, D2, illuminates to indicate the rotator is turning.
The circuit has been designed to detect the simultaneous selection of both rotation directions using

a NAND gate in U2. If both are pressed, a transition to 0 at pin 4 of U2 triggers the monostable
multivibrator, forcing a brake delay period. In this way, the rapid rocking of the antenna back and forth
is eliminated. After the end of the delay cycle, if both direction switches are still pressed, neither
control relay is energized, because both pins 8 and 12 of U3 are high, keeping Q4 and Q5 off.

If a longer delay is desired, the brake can be released manually with S3. D1 signals when the
brake-release is energized, but no delay cycle is initiated.

U4, the delay timer (NE555) is connected in a monostable multivibrator configuration. The com-
ponents R and C at pins 6 and 7 determine the length of the delay. The values shown provide a delay
period of about 3 seconds. An alternative is to use a potentiometer for R as shown in Fig 40A to yield
a variable delay of 2 to 8 seconds.

Construction
CMOS integrated circuits were used in this design because of their high noise margin, low power

dissipation, and tolerance of varying supply voltage. CMOS units operate with a VDD ranging from 3 to
15 V, although the 10-V regulator shown in Fig 41 is used in this unit. TTL circuits may be substituted,
but some RF immunity is sacrificed and, of course, the pin connections of the devices are different.

The transistor drivers Q1 through Q5 are necessary, as the CMOS devices cannot sink enough
current to energize either the relays or the LEDs. The 0.01-µF capacitor on the base of each transistor
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Fig 42—Modification of the Ham-II control unit
showing the Vector circuit board and
components.

Fig 43—The Ham-II circuit modifications. T1 is the power supply transformer shown in Fig 41 .

is included to eliminate false keying of the relays by stray RF. An added precaution is the transient
suppressor shown across the contacts of K3. The brake-release relay connects the line voltage to the
primary of the brake and rotation power transformer. Without the suppressor, the contacts of K3 would
pit badly because of arcing when the relay con-
tacts open.

The circuit as shown in Fig 42 is constructed
on a Vector IC circuit breadboard using IC sock-
ets and standard wire-wrap techniques. Homemade
printed-circuit boards or other fabrication techniques
could also be used, as the layout is not critical.

Fig 43 illustrates the Ham-II circuit modifi-
cations. Relays K3, K4 and K5 replace S3, S4 and
S5 in the original diagram, and the primary of a
small 12-V power transformer is connected to the
control unit ac power switch.

There is more than enough room beneath the
Ham-II chassis to mount the delay-circuit card. It
may be necessary to relocate the phasing capacitor,
C2, above the chassis. The wires that were originally
connected to S3, S4 and S5 are relocated, connect-
ing them to the corresponding relay contacts. The
switches are connected to the delay circuit inputs.
These are single-pole double-throw microswitches
with the contact configuration shown in Fig 40B.
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The LEDs are mounted below the switches in the
front panel, as pictured in Fig 44.

Operation
The modified rotator control unit is used in

the same manner as always, except that the op-
eration of S3 (the brake release) is now automatic.
Both LEDs, D1 and D2, are illuminated during
rotation and D1 (BRAKE RELEASED) remains on
through the brake delay cycle after rotation. Be-
cause an average size antenna coasts approxi-
mately 10°, the operator must release the rotation
switch about 10° before the antenna reaches the
desired heading. With practice, the early release
becomes natural.
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Fig 44—A view of the control panel of the Ham-II
rotator.
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Chapter 23

Radio Wave Propagation

Because radio communication is carried on by means of electromagnetic waves traveling through
the Earth’s atmosphere, it is important to understand the nature of these waves and their behavior
in the propagation medium. Most antennas will radiate the power applied to them efficiently, but

no antenna can do all things equally well, under all circumstances. Whether you design and build your
own antennas, or buy them and have them put up by a professional, you’ll need propagation know-how
for best results, both during the planning stages and while operating your station.

For station planning, this chapter contains detailed new information on elevation angles from transmit-
ting locations throughout the world to important areas throughout the world. With this information in hand,
you can design your own antenna installation for optimum capabilities possible within your budget.

The Nature of Radio Waves
You probably have some familiarity with the concept of electric and magnetic fields. A radio wave is a

combination of both, with the energy divided equally between them. If the wave could originate at a point
source in free space, it would spread out in an ever-growing sphere, with the source at the center. No antenna
can be designed to do this, but the theoretical isotropic antenna is useful in explaining and measuring the
performance of practical antennas we can build. It is,
in fact, the basis for any discussion or evaluation of
antenna performance.

Our theoretical spheres of radiated energy would
expand very rapidly at the same speed as the propa-
gation of light, approximately 186,000 miles or
300,000,000 meters per second. These values are close
enough for practical purposes, and are used elsewhere
in this book. If one wishes to be more precise, light
propagates in a vacuum at the speed of 299.7925
meters per microsecond, and slightly slower in air.

The path of a ray traced from its source to any point
on a spherical surface is considered to be a straight line—
a radius of the sphere. An observer on the surface of the
sphere would think of it as being flat, just as the Earth
seems flat to us. A radio wave far enough from its source
to appear flat is called a plane wave. From here on, we
will be discussing primarily plane waves.

It helps to understand the radiation of electro-
magnetic energy if we visualize a plane wave as be-
ing made up of electric and magnetic forces, as shown
in Fig 1. The nature of wave propagation is such that
the electric and magnetic lines of force are always
perpendicular. The plane containing the sets of
crossed lines represents the wave front. The direc-
tion of travel is always perpendicular to the wave

Fig 1—Representation of the magnetic and electric
fields of a vertically polarized plane wave traveling
along the ground. The arrows indicate instan-
taneous directions of the fields for a wave traveling
perpendicularly out of the page toward the reader.
Reversal of the direction of one set of lines
reverses the direction of travel. There is no change
in direction when both sets are reversed. Such a
dual reversal occurs in fact once each half cycle.
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front; “forward” or “backward” is determined by the relative directions of the electric and magnetic forces.
The speed of travel of a wave through anything but a vacuum is always less than 300,000,000

meters per second. How much less depends on the medium. If it is air, the reduction in propagation
speed can be ignored in most discussions of propagation at frequencies below 30 MHz. In the VHF
range and higher, temperature and moisture content of the medium have increasing effects on the
communication range, as will be discussed later. In solid insulating materials the speed is considerably
less. In distilled water (a good insulator) the speed is 1/9 that in free space. In good conductors the speed
is so low that the opposing fields set up by the wave front occupy practically the same space as the
wave itself, and thus cancel it out. This is the reason for “skin effect” in conductors at high frequencies,
making metal enclosures good shields for electrical circuits working at radio frequencies.

Phase and Wavelength
Because the velocity of wave propagation is so great, we tend to ignore it. Only 1/7 of a second is needed

for a radio wave to travel around the world—but in working with antennas the time factor is extremely
important. The wave concept evolved because an alternating current flowing in a wire (antenna) sets up
moving electric and magnetic fields. We can hardly discuss antenna theory or performance at all without
involving travel time, consciously or otherwise.

Waves used in radio communication may have frequencies from about 10,000 to several billion Hz.
Suppose the frequency is 30 MHz. One cycle, or period, is completed in1/30,000,000 second. The wave is
traveling at 300,000,000 meters per second, so it will move only 10 meters during the time that the current
is going through one complete period of alternation. The electromagnetic field 10 meters away from the
antenna is caused by the current that was flowing one period earlier in time. The field 20 meters away is
caused by the current that was flowing two periods earlier, and so on.

If each period of the current is simply a repetition of the one before it, the currents at corresponding
instants in each period will be identical. The fields caused by those currents will also be identical. As the fields
move outward from the antenna they become more thinly spread over larger and larger surfaces. Their ampli-
tudes decrease with distance from the antenna but they do not lose their identity with respect to the instant of
the period at which they were generated. They are, and they remain, in phase. In the example above, at intervals
of 10 meters measured outward from the antenna, the phase of the waves at any given instant is identical.

From this information we can define both “wave front” and “wavelength.” Consider the wave front as
an imaginary surface. On every part of this surface, the wave is in the same phase. The wavelength is the
distance between two wave fronts having the same phase at any given instant. This distance must be mea-
sured perpendicular to the wave fronts along the line that represents the direction of travel. The abbreviation
for wavelength is the Greek letter lambda, λ, which is used throughout this book.

The wavelength will be in the same length units as the velocity when the frequency is expressed in the
same time units as the velocity. For waves traveling in free space (and near enough for waves traveling
through air) the wavelength is

λmeters
299.7825
F (MHz)=  (Eq 1)

There will be few pages in this book where
phase, wavelength and frequency do not come into
the discussion. It is essential to have a clear un-
derstanding of their meaning in order to under-
stand the design, installation, adjustment or use
of antennas, matching systems or transmission
lines in detail. In essence, “phase” means “time.”
When something goes through periodic variations,
as an alternating current does, corresponding in-
stants in succeeding periods are in phase.

The points A, B and C in Fig 2 are all in phase.
They are corresponding instants in the current flow,

Fig 2—The instantaneous amplitude of both
fields (electric and magnetic) varies sinusoidally
with time as shown in this graph. Since the fields
travel at constant velocity, the graph also
represents the instantaneous distribution of field
intensity along the wave path. The distance
between two points of equal phase such as A-B
and B-C is the length of the wave.
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at 1-λ intervals. This is a conventional view of a sine-wave alternating current, with time progressing to the
right. It also represents a “snapshot” of the intensity of the traveling fields, if distance is substituted for time
in the horizontal axis. The distance between A and B or between B and C is one wavelength. The field-
intensity distribution follows the sine curve, in both amplitude and polarity, corresponding exactly to the
time variations in the current that produced the fields. Remember that this is an instantaneous picture—the
wave moves outward, much as a wave created by a rock thrown into water does.

Polarization
A wave like that in Fig 1 is said to be polarized in the direction of the electric lines of force. The

polarization here is vertical, because the electric lines are perpendicular to the surface of the Earth. It is
one of the laws of electromagnetics that electric lines touching the surface of a perfect conductor must
do so perpendicularly, or else they would have to generate infinite currents in the conductor, an obvi-
ous impossibility. Most ground is a rather good conductor at frequencies below about 10 MHz, so
waves at these frequencies, traveling close to good ground, are mainly vertically polarized. Over par-
tially conducting ground there may be a forward tilt to the wave front; the tilt in the electric lines of
force increases as the energy loss in the ground becomes greater.

Waves traveling in contact with the surface of the Earth, called surface waves, are of little practical
use in amateur communication. This is because as the frequency is raised, the distance over which they
will travel without excessive energy loss becomes smaller and smaller. The surface wave is most useful
at low frequencies and through the standard AM broadcast band. The surface wave will be covered
later. At high frequencies a wave reaching a receiving antenna has had little contact with the ground,
and its polarization is not necessarily vertical.

If the electric lines of force are horizontal, the wave is said to be horizontally polarized. Horizon-
tally and vertically polarized waves may be classified generally under linear polarization. Linear po-
larization can be anything between horizontal and vertical. In free space, “horizontal” and “vertical”
have no meaning, since the reference of the seemingly horizontal surface of the Earth has been lost.

In many cases the polarization of waves is not fixed, but rotates continually, somewhat at random.
When this occurs the wave is said to be elliptically polarized. A gradual shift in polarization in a medium is
known as Faraday rotation. For space communication, circular polarization is commonly used to overcome
the effects of Faraday rotation. A circularly polarized wave rotates its polarization through 360° as it travels
a distance of one wavelength in the propagation medium. The direction of rotation as viewed from the
transmitting antenna defines the direction of circularity—right-hand (clockwise) or left-hand (counterclock-
wise). Linear and circular polarization may be considered as special cases of elliptical polarization.

Field Intensity
The energy from a propagated wave decreases with distance from the source. This decrease in

strength is caused by the spreading of the wave energy over ever-larger spheres as the distance from the
source increases.

A measurement of the strength of the wave at a distance from the transmitting antenna is its field
intensity, which is synonymous with field strength. The strength of a wave is measured as the voltage
between two points lying on an electric line of force in the plane of the wave front. The standard of
measure for field intensity is the voltage developed in a wire that is 1 meter long, expressed as volts per
meter. (If the wire were 2 meters long, the voltage developed would be divided by two to determine the
field strength in volts per meter.)

The voltage in a wave is usually low, so the measurement is made in millivolts or microvolts per
meter. The voltage goes through time variations like those of the current that caused the wave. It is
measured like any other ac voltage—in terms of the effective value or, sometimes, the peak value. It is
fortunate that in amateur work it is not necessary to measure actual field strength, as the equipment
required is elaborate. We need to know only if an adjustment has been beneficial, so relative measure-
ments are satisfactory. These can be made easily, with homebuilt equipment.
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Wave Attenuation
In free space, the field intensity of the wave varies inversely with the distance from the source,

once you are in the radiating far field of the antenna. If the field strength at 1 mile from the source is
100 millivolts per meter, it will be 50 millivolts per meter at 2 miles, and so on. The relationship
between field intensity and power density is similar to that for voltage and power in ordinary circuits.
They are related by the impedance of free space, which is approximately 377 Ω. A field intensity of
1 volt per meter is therefore equivalent to a power density of

P E
Z

1 (volt/m)
377 2.65 mW/m

2 2
2= = Ω =    (Eq 2)

Because of the relationship between voltage and power, the power density therefore varies with the
square root of the field intensity, or inversely with the square of the distance. If the power density at
1 mile is 4 mW per square meter, then at a distance of 2 miles it will be 1 mW per square meter.

It is important to remember this spreading loss when antenna performance is being considered.
Gain can come only from narrowing the radiation pattern of an antenna, to concentrate the radiated
energy in the desired direction. There is no “antenna magic” by which the total energy radiated can be
increased.

In practice, attenuation of the wave energy may be much greater than the “inverse-distance” law
would indicate. The wave does not travel in a vacuum, and the receiving antenna seldom is situated so
there is a clear line of sight. The Earth is spherical and the waves do not penetrate its surface apprecia-
bly, so communication beyond visual distances must be by some means that will bend the waves around
the curvature of the Earth. These means involve additional energy losses that increase the path attenu-
ation with distance, above that for the theoretical spreading loss in a vacuum.

Bending of Radio Waves
Radio waves and light waves are both propagated as electromagnetic energy. Their major differ-

ence is in wavelength, though radio-reflecting surfaces are usually much smaller in terms of wave-
length than those for light. In material of a given electrical conductivity, long waves penetrate deeper
than short ones, and so require a thicker mass for good reflection. Thin metal however is a good reflec-
tor of even long-wavelength radio waves. With poorer conductors, such as the Earth’s crust, long waves
may penetrate quite a few feet below the surface.

Reflection occurs at any boundary between materials of differing dielectric constant. Familiar ex-
amples with light are reflections from water surfaces and window panes. Both water and glass are
transparent for light, but their dielectric constants are very different from that of air. Light waves, being
very short, seem to “bounce off” both surfaces. Radio waves, being much longer, are practically unaf-
fected by glass, but their behavior upon encountering water may vary, depending on the purity of that
medium. Distilled water is a good insulator; salt water is a relatively good conductor.

Depending on their wavelength (and thus their frequency), radio waves may be reflected by build-
ings, trees, vehicles, the ground, water, ionized layers in the upper atmosphere, or at boundaries be-
tween air masses having different temperatures and moisture content. Ionospheric and atmospheric
conditions are important in practically all communication beyond purely local ranges.

Refraction is the bending of a ray as it passes from one medium to another at an angle. The appearance
of bending of a straight stick, where it enters water at an angle, is an example of light refraction known to us
all. The degree of bending of radio waves at boundaries between air masses increases with the radio fre-
quency. There is slight atmospheric bending in our HF bands. It becomes noticeable at 28 MHz, more so at
50 MHz, and it is much more of a factor in the higher VHF range and in UHF and microwave propagation.

Diffraction of light over a solid wall prevents total darkness on the far side from the light source.
This is caused largely by the spreading of waves around the top of the wall, due to the interference of
one part of the beam with another. The dielectric constant of the surface of the obstruction may affect
what happens to our radio waves when they encounter terrestrial obstructions—but the radio “shadow
area” is never totally “dark.”
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The three terms, reflection, refraction and diffraction, were in use long before the radio age began.
Radio propagation is nearly always a mix of these phenomena, and it may not be easy to identify or separate
them while they are happening when we are on the air. This book tends to rely on the words bending and
scattering in its discussions, with appropriate modifiers as needed. The important thing to remember is that
any alteration of the path taken by energy as it is radiated from an antenna is almost certain to affect on-the-
air results—which is why this chapter on propagation is included in an antenna book.

The Ground Wave
As we have already seen, radio waves are affected in many ways by the media through which they

travel. This has led to some confusion of terms in earlier literature concerning wave propagation.
Waves travel close to the ground in several ways, some of which involve relatively little contact with
the ground itself. The term ground wave has had several meanings in antenna literature, but it has come
to be applied to any wave that stays close to the Earth, reaching the receiving point without leaving the
Earth’s lower atmosphere. This distinguishes the ground wave from a sky wave, which utilizes the
ionosphere for propagation between the transmitting and receiving antennas.

The ground wave could be traveling in actual contact with the ground, as in Fig 1, where it is called
the surface wave. Or it could travel directly between the transmitting and receiving antennas, when they
are high enough so they can “see” each other—this is commonly called the direct wave. The ground wave
also travels between the transmitting and receiving antennas by reflections or diffractions off intervening
terrain between them. The ground-influenced wave may interact with the direct wave to create a vector-
summed resultant at the receiver antenna.

In the generic term ground wave, we also will include ones that are made to follow the Earth’s
curvature by bending in the Earth’s lower atmo-
sphere, or troposphere, usually no more than a few
miles above the ground. Often called tropospheric
bending, this propagation mode is a major factor
in amateur communications above 50 MHz.

THE SURFACE WAVE
The surface wave travels in contact with the

Earth’s surface. It can provide coverage up to about
100 miles in the standard AM broadcast band dur-
ing the daytime, but attenuation is high. As can be
seen from Fig 3, the attenuation increases with fre-
quency. The surface wave is of little value in ama-
teur communication, except possibly at 1.8 MHz.
Vertically polarized antennas must be used, which
tends to limit amateur surface-wave communication
to where large vertical systems can be erected.

THE SPACE WAVE
Propagation between two antennas situated

within line of sight of each other is shown in
Fig 4. Energy traveling directly between the an-
tennas is attenuated to about the same degree as
in free space. Unless the antennas are very high
or quite close together, an appreciable portion of
the energy is reflected from the ground. This re-
flected wave combines with direct radiation to
affect the actual signal received.

Fig 3—Typical HF ground-wave range as a function
of frequenc y.

Fig 4—The ray traveling directly from the transmitting
antenna to the receiving antenna combines with a ray
reflected from the ground to form the space wave. For
a horizontally polarized signal a reflection as shown
here reverses the phase of the ground-reflected ra y.
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In most communication between two stations on the ground, the angle at which the wave strikes
the ground will be small. For a horizontally polarized signal, such a reflection reverses the phase of the
wave. If the distances traveled by both parts of the wave were the same, the two parts would arrive out
of phase, and would therefore cancel each other. The ground-reflected ray in Fig 4 must travel a little
further, so the phase difference between the two depends on the lengths of the paths, measured in
wavelengths. The wavelength in use is important in determining the useful signal strength in this type
of communication.

If the difference in path length is 3 meters, the phase difference with 160-meter waves would be
only 360° × 3/160 = 6.8°. This is a negligible difference from the 180° shift caused by the reflection, so
the effective signal strength over the path would still be very small because of cancellation of the two
waves. But with 6-meter radio waves the phase length would be 360° × 3/6 = 180°. With the additional
180° shift on reflection, the two rays would add. Thus, the space wave is a negligible factor at low
frequencies, but it can be increasingly useful as the frequency is raised. It is a dominant factor in local
amateur communication at 50 MHz and higher.

Interaction between the direct and reflected waves is the principle cause of “mobile flutter”
observed in local VHF communication between fixed and mobile stations. The flutter effect
decreases once the stations are separated enough so that the reflected ray becomes inconsequen-
tial. The reflected energy can also confuse the results of field-strength measurements during tests
on VHF antennas.

As with most propagation explanations, the space-wave picture presented here is simplified, and
practical considerations dictate modifications. There is always some energy loss when the wave is
reflected from the ground. Further, the phase of the ground-reflected wave is not shifted exactly 180°,
so the waves never cancel completely. At UHF, ground-reflection losses can be greatly reduced or
eliminated by using highly directive antennas. By confining the antenna pattern to something approaching
a flashlight beam, nearly all the energy is in the direct wave. The resulting energy loss is low enough
that microwave relays, for example, can operate with moderate power levels over hundreds or even
thousands of miles. Thus we see that, while the space wave is inconsequential below about 20 MHz, it
can be a prime asset in the VHF realm and higher.

VHF Propagation Beyond Line of Sight
From Fig 4 it appears that use of the space wave depends on direct line of sight between the

antennas of the communicating stations. This is not literally true, although that belief was common in
the early days of amateur communication on frequencies above 30 MHz. When equipment became
available that operated efficiently and after antenna techniques were improved, it soon became clear
that VHF waves were actually being bent or scattered in several ways, permitting reliable communica-
tion beyond visual distances between the two stations. This was found true even with low power and
simple antennas. The average communication range can be approximated by assuming the waves travel
in straight lines, but with the Earth’s radius in-
creased by one-third. The distance to the “radio
horizon” is then given as

D 1.415 Hmiles feet= (Eq 3)

or

D 4.124 Hkm meters= (Eq 4)

where H is the height of the transmitting antenna, as
shown in Fig 5. The formula assumes that the Earth
is smooth out to the horizon, so any obstructions along
the path must be taken into consideration. For an el-
evated receiving antenna the communication distance
is equal to D + D1, that is, the sum of the distances to

Fig 5—The distance D to the horizon from an
antenna of height H is given by equations in
the text. The maximum line-of-sight distance
between two elevated antennas is equal to the
sum of their distances to the horizon as
indicated here.
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Fig 6—Distance to the horizon from an antenna
of given height. The solid curve includes the
effect of atmospheric retraction. The optical line-
of-sight distance is given by the broken curve.

the horizon of both antennas. Radio horizon dis-
tances are given in graphic form in Fig 6. Two sta-
tions on a flat plain, one with its antenna 60 feet
above ground and the other 40 feet, could be up to
about 20 miles apart for strong-signal line-of-sight
communication (11 + 9 mi). The terrain is almost
never completely flat, and variations along the way
may add to or subtract from the distance for reliable
communication. Remember that energy is absorbed,
reflected or scattered in many ways in nearly all
communication situations. The formula or the chart
will be a good guide for estimating the potential
radius of coverage for a VHF FM repeater, as-
suming the users are mobile or portable with
simple, omnidirectional antennas. Coverage with
optimum home-station equipment, high-gain di-
rectional arrays, and SSB or CW is quite a dif-
ferent matter. A much more detailed method for
estimating coverage on frequencies above 50
MHz is given later in this chapter.

For maximum use of the ordinary space wave
it is important to have the antenna as high as pos-
sible above nearby buildings, trees, wires and sur-
rounding terrain. A hill that rises above the rest of
the countryside is a good location for an amateur
station of any kind, and particularly so for exten-
sive coverage on the frequencies above 50 MHz.
The highest point on such an eminence is not nec-
essarily the best location for the antenna. In the
example shown in Fig 7, the hilltop would be a
good site in all directions. But if maximum per-
formance to the right is the objective, a point just
below the crest might do better. This would in-
volve a trade-off with reduced coverage in the
opposite direction. Conversely, an antenna situated
on the left side, lower down the hill, might do well
to the left, but almost certainly would be inferior
in performance to the right.

Selection of a home site for its radio poten-
tial is a complex business, at best. A VHF enthu-
siast dreams of the highest hill. The DX-minded
ham may be more attracted by a dry spot near a
salt marsh. A wide saltwater horizon, especially
from a high cliff, just smells of DX. In shopping
for ham radio real estate, a mobile or portable rig for the frequencies you’re most interested in can
provide useful clues.

Antenna Polarization
If effective communication over long distances were the only consideration, we might be con-

cerned mainly with radiation of energy at the lowest possible angle above the horizon. However, being

Fig 7—Propagation conditions are generally
best when the antenna is located slightly below
the top of a hill on the side facing the distant
station. Communication is poor when there is a
sharp rise immediately in front of the antenna in
the direction of communication.
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engaged in a residential avocation often imposes practical restrictions on our antenna projects. As an
example, our 1.8 and 3.5-MHz bands are used primarily for short-distance communication because
they serve that purpose with antennas that are not difficult or expensive to put up. Out to a few hundred
miles, simple wire antennas for these bands do well, even though their radiation is mostly at high
angles above the horizon. Vertical systems might be better for long-distance use, but they require ex-
tensive ground systems for good performance.

Horizontal antennas that radiate well at low angles are most easily erected for 7 MHz and higher
frequencies—horizontal wires and arrays are almost standard practice for work on 7 through 29.7 MHz.
Vertical antennas are also used in this frequency range, such as a single omnidirectional antenna of
multiband design. An antenna of this type may be a good solution to the space problem for a city
dweller on a small lot, or even for the resident of an apartment building.

High-gain antennas are almost always used at 50 MHz and higher frequencies, and most of them
are horizontal. The principal exception is mobile communication with FM through repeaters, discussed
in Chapter 17. The height question is answered easily for VHF enthusiasts—the higher the better.

The theoretical and practical effects of height above ground at HF are treated in detail in Chapter 3.
Note that it is the height in wavelengths that is important—a good reason to think in the metric system,
rather than in feet and inches.

In working locally on any amateur frequency band, best results will be obtained with the same polar-
ization at both stations, except on rare occasions when polarization shift is caused by terrain obstructions
or reflections from buildings. Where such a shift is observed, mostly above 100 MHz or so, horizontal
polarization tends to work better than vertical. This condition is found primarily on short paths, so it is
not too important. Polarization shift may occur on long paths where tropospheric bending is a factor, but
here the effect tends to be random. Long-distance communication by way of the ionosphere produces
random polarization effects routinely, so polarization matching is of little or no importance. This is
fortunate for the HF mobile enthusiast, who will find that even his short, inductively loaded whips work
very well at all distances other than local.

Because it responds to all plane polarizations equally, circular polarization may pay off on circuits
where the arriving polarization is random, but it exacts a 3-dB penalty when used with a single-plane
polarization of any kind. Circular systems find greatest use in work with orbiting satellites. It should be
remembered that “horizontal” and “vertical” are meaningless terms in space, where the plane-Earth
reference is lost.

Polarization Factors Above 50 MHz
In most VHF communication over short distances, the polarization of the space wave tends to remain

constant. Polarization discrimination is high, usually in excess of 20 dB, so the same polarization should be
used at both ends of the circuit. Horizontal, vertical and circular polarization all have certain advantages
above 50 MHz, so there has never been complete standardization on any one of them.

Horizontal systems are popular, in part because they tend to reject man-made noise, much of which
is vertically polarized. There is some evidence that vertical polarization shifts to horizontal in hilly
terrain, more readily than horizontal shifts to vertical. With large arrays, horizontal systems may be
easier to erect, and they tend to give higher signal strengths over irregular terrain, if any difference is
observed.

Practically all work with VHF mobiles is now handled with vertical systems. For use in a VHF repeater
system, the vertical antenna can be designed to have gain without losing the desired omnidirectional quality.
In the mobile station a small vertical whip has obvious aesthetic advantages. Often a telescoping whip used
for broadcast reception can be pressed into service for the 144-MHz FM rig. A car-top mount is preferable,
but the broadcast whip is a practical compromise. Tests with at least one experimental repeater have shown
that horizontal polarization can give a slightly larger service area, but mechanical advantages of vertical
systems have made them the almost unanimous choice in VHF FM communication. Except for the repeater
field, horizontal is the standard VHF system almost everywhere.

In communication over the Earth-Moon-Earth (EME) route the polarization picture is blurred, as
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might be expected with such a diverse medium. If
the moon were a flat target we could expect a 180°
phase shift from the moon reflection process. But
it is not flat. This plus the moon’s libration, and
the fact that waves must travel both ways through
the Earth’s entire atmosphere and magnetic field,
provide other variables that confuse the phase and
polarization issue. Building a huge array that will
track the moon, and give gains in excess of
20 dB, is enough of a task that most EME enthu-
siasts tend to take their chances with phase and
polarization problems. Where rotation of the ele-
ment plane has been tried it has helped to stabi-
lize signal levels, but it is not widely employed.

TROPOSPHERIC PROPAGATION
OF VHF WAVES

The effects of changes in the dielectric con-
stant of the propagation medium were discussed
earlier. Varied weather patterns over most of the
Earth’s surface can give rise to boundaries be-
tween air masses of very different temperature and
humidity characteristics. These boundaries can be
anything from local anomalies to air-circulation
patterns of continental proportions.

Under stable weather conditions, large air
masses can retain their characteristics for hours
or even days at a time. See Fig 8. Stratified warm
dry air over cool moist air, flowing slowly across
the Great Lakes region to the Atlantic Seaboard,
can provide the medium for east-west communi-
cation on 144 MHz and higher amateur frequen-
cies over as much as 1200 miles. More common,
however, are communication distances of 400 to
600 miles under such conditions.

A similar inversion along the Atlantic Sea-
board as a result of a tropical storm air-circula-
tion pattern may bring VHF and UHF openings
extending from the Maritime Provinces of Canada
to the Carolinas. Propagation across the Gulf of
Mexico, sometimes with very high signal levels,
enlivens the VHF scene in coastal areas from
Florida to Texas. The California coast, from be-
low the San Francisco Bay Area to Mexico, is
blessed with a similar propagation aid during the
warmer months. Tropical storms moving west, across the Pacific below the Hawaiian Islands, may
provide a transpacific long-distance VHF medium. This was first exploited by amateurs on 144, 220
and 432 MHz, in 1957. It has been used fairly often in the summer months since, although not yearly.

The examples of long-haul work cited above may occur infrequently, but lesser extensions of the
minimum operating range are available almost daily. Under minimum conditions there may be little
more than increased signal strength over paths that are workable at any time.

Fig 8—Upper air conditions that produce extended-
range communication on the VHF bands. At the top
is shown the US Standard Atmosphere temperature
curve. The humidity curve (dotted) is what would
result if the relative humidity were 70%, from
ground level to 12,000 feet elevation. There is only
slight refraction under this standard condition. At
the bottom is shown a sounding that is typical of
marked refraction of VHF waves. Figures in
parentheses are the “mixing ratio”—grams of water
vapor per kilogram of dry air. Note the sharp break
in both curves at about 3500 feet.
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There is a diurnal effect in temperate climates. At sunrise the air aloft is warmed more rapidly than
that near the Earth’s surface, and as the Sun goes lower late in the day the upper air is kept warm, while
the ground cools. In fair, calm weather the sunrise and sunset temperature inversions can improve
signal strength over paths beyond line of sight as much as 20 dB over levels prevailing during the hours
of high sun. The diurnal inversion may also extend the operating range for a given strength by some 20
to 50%. If you would be happy with a new VHF antenna, try it first around sunrise!

There are other short-range effects of local atmospheric and topographical conditions. Known as
subsidence, the flow of cool air down into the bottom of a valley, leaving warm air aloft, is a familiar
summer-evening pleasure. The daily inshore-offshore wind shift along a seacoast in summer sets up
daily inversions that make coastal areas highly favored as VHF sites. Ask any jealous 144-MHz opera-
tor who lives more than a few miles inland!

Tropospheric effects can show up at any time, in any season. Late spring and early fall are the most
favored periods, although a winter warming trend can produce strong and stable inversions that work
VHF magic almost equal to that of the more familiar spring and fall events.

Regions where the climate is influenced by large bodies of water enjoy the greatest degree of
tropospheric bending. Hot, dry desert areas see little of it, at least in the forms described above.

Tropospheric Ducting
Tropospheric propagation of VHF and UHF waves can influence signal levels at all distances from

purely local to something beyond 4000 km (2500 miles). The outer limits are not well known. At the
risk of over simplification, we will divide the modes into two classes—extended local and long dis-
tance. This concept must be modified depending on the frequency under consideration, but in the VHF
range the extended-local effect gives way to a form of propagation much like that of microwaves in a
waveguide, called ducting. The transition distance is ordinarily somewhere around 200 miles. The
difference lies in whether the atmospheric condition producing the bending is localized or continental
in scope. Remember, we’re concerned here with frequencies in the VHF range, and perhaps up to
500 MHz. At 10 GHz, for example, the scale is much smaller.

In VHF propagation beyond a few hundred miles, more than one weather front is probably involved,
but the wave is propagated between the inversion layers and ground, in the main. On long paths over the
ocean (two notable examples are California to Hawaii and Ascension Island to Brazil), propagation is
likely to be between two atmospheric layers. On such circuits the communicating station antennas must
be in the duct, or capable of propagating strongly into it. Here again, we see that the positions and
radiation angles of the antennas are important. As with microwaves in a waveguide, the low-frequency
limit for the duct is critical. In long-distance ducting it is also very variable. Airborne equipment has
shown that duct capability exists well down into the HF region in the stable atmosphere west of Ascen-
sion Island. Some contacts between Hawaii and Southern California on 50 MHz are believed to have
been by way of tropospheric ducts. Probably all contact over these paths on 144 MHz and higher bands
is because of duct propagation.

Amateurs have played a major part in the discovery and eventual explanation of tropospheric propa-
gation. In recent years they have shown that, contrary to beliefs widely held in earlier times, long-
distance communication using tropospheric modes is possible to some degree on all amateur frequen-
cies from 50 to at least 10,000 MHz.

RELIABLE VHF COVERAGE
In the preceding sections we discussed means by which amateur bands above 50 MHz may be used

intermittently for communication far beyond the visual horizon. In emphasizing distance we should not
neglect a prime asset of the VHF band: reliable communication over relatively short distances. The VHF
region is far less subject to disruption of local communication than are frequencies below 30 MHz. Since
much amateur communication is essentially local in nature, our VHF assignments can carry a great load,
and such use of the VHF bands helps solve interference problems on lower frequencies.

Because of age-old ideas, misconceptions about the coverage obtainable in our VHF bands persist.
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This reflects the thoughts that VHF waves travel only in straight lines, except when the DX modes
described above happen to be present. However, let us survey the picture in the light of modern wave-
propagation knowledge and see what the bands above 50 MHz are good for on a day-to-day basis,
ignoring the anomalies that may result in extensions of normal coverage.

It is possible to predict with fair accuracy how far you should be able to work consistently on any
VHF or UHF band, provided a few simple facts are known. The factors affecting operating range can be
reduced to graph form, as described in this section. The information was originally published in No-
vember 1961 QST by D. W. Bray, K2LMG (see the Bibliography at the end of this chapter).

To estimate your station’s capabilities, two basic numbers must be determined: station gain and path
loss. Station gain is made up of seven factors: receiver sensitivity, transmitted power, receiving antenna
gain, receiving antenna height gain, transmitting antenna gain, transmitting antenna height gain and re-
quired signal-to-noise ratio. This looks complicated but it really boils down to an easily made evaluation
of receiver, transmitter, and antenna performance. The other number, path loss, is readily determined
from the nomogram, Fig 9. This gives path loss over smooth Earth, for 99% reliability.

For 50 MHz, lay a straightedge from the distance between stations (left side) to the appropriate distance
at the right side. For 1296 MHz, use the full scale, right center. For 144, 222 and 432, use the dot in the circle,
square or triangle, respectively. Example: At 300 miles the path loss for 144 MHz is 214 dB.

To be meaningful, the losses determined from this nomograph are necessarily greater than simple
free-space path losses. As described in an earlier section, communication beyond line-of-sight dis-
tances involves propagation modes that increase the path attenuation with distance.

Fig 9—Nomogram for finding the capabilities of stations on amateur bands from 50 to 1300 MHz.
Either the path loss for a given distance or vice versa may be found if one of the two factors is
known.
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Fig 10—Nomogram for finding effective receiver sensitivit y.

VHF/UHF Station Gain
The largest of the eight factors involved in station design is receiver sensitivity. This is obtainable

from Fig 10, if you know the approximate receiver noise figure and transmission-line loss. If you can’ t
measure noise figure, assume 3 dB for 50 MHz, 5 for 144 or 222, 8 for 432 and 10 for 1296 MHz, if you
know your equipment is working moderately well. These noise figures are well on the conservative
side for modern solid-state receivers.

Line loss can be taken from information in Chapter 24 for the line in use, if the antenna system is fed
properly. Lay a straightedge between the appropriate points at either side of Fig 10, to find effective receiver
sensitivity in decibels below 1 watt (dBW). Use the narrowest bandwidth that is practical for the emission
intended, with the receiver you will be using. For CW, an average value for effective work is about 500 Hz.
Phone bandwidth can be taken from the receiver instruction manual, but it usually falls between 2.1 to 2.7 kHz.

Antenna gain is next in importance. Gains of amateur antennas are often exaggerated. For well-designed
Yagis they run close to 10 times the boom length in wavelengths. (Example: A 24-foot Yagi on 144 MHz is
3.6 wavelengths long; 3.6 × 10 = 36, or about 151/2 dB.) Add 3 dB for stacking, where used properly. Add 4 dB
more for ground reflection gain. This varies in amateur work, but averages out near this figure.

We have one more plus factor—antenna height gain, obtained from Fig 11. Note that this is greatest for
short distances. The left edge of the horizontal center scale is for 0 to 10 miles, the right edge for 100 to
500 miles. Height gain for 10 to 30 feet is assumed to be zero. It will be seen that for 50 feet the height gain is
4 dB at 10 miles, 3 dB at 50 miles, and 2 dB at 100 miles. At 80 feet the height gains are roughly 8, 6 and 4 dB
for these distances. Beyond 100 miles the height gain is nearly uniform for a given height, regardless of distance.

Transmitter power output must be stated in decibels above 1 W. If you have 500 W output, add
10 log (500/1), or 27 dB, to your station gain. The transmission-line loss must be subtracted from the station
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gain. So must the required signal-to-noise ratio. The information is based on CW work, so the additional signal
needed for other modes must be subtracted. Use a figure of 3 dB for SSB. Fading losses must be accounted for
also. It has been shown that for distances beyond 100 miles, the signal will vary plus or minus about 7 dB from
the average level, so 7 dB must be subtracted from the station gain for high reliability. For distances under 100
miles, fading diminishes almost linearly with distance. For 50 miles, use –3.5 dB for fading.

What I t All Means
Add all the plus and minus factors to get the station gain. Use the final value to find the distance over

which you can expect to work reliably, from the nomogram, Fig 9. Or work it the other way around: Find
the path loss for the distance you want to cover from the nomogram and then figure out what station
changes will be needed to overcome it.

The significance of all this becomes more obvious when we see path loss plotted against frequency
for the various bands, as in Fig 12. At the left this is done for 50% reliability. At the right is the same
information for 99% reliability. For near-perfect reliability, a path loss of 195 dB (easily encountered
at 50 or 144 MHz) is involved in 100-mile communication. But look at the 50% reliability curve: The

Fig 11—Nomogram for determining antenna-height gain.

Fig 12—Path loss versus distance for amateur frequencies above 50 MHz . At A are curves for 50% of
the time; at B, for 99%. The curves a t A are more representative o f Amateur Radio requirements.
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same path loss takes us out to well over 250 miles. Few amateurs demand near-perfect reliability. By
choosing our times, and by accepting the necessity for some repeats or occasional loss of signal, we
can maintain communication out to distances far beyond those usually covered by VHF stations.

Working out a few typical amateur VHF station setups with these curves will show why an understand-
ing of these factors is important to any user of the VHF spectrum. Note that path loss rises very steeply in the
first 100 miles or so. This is no news to VHF operators; locals are very strong, but stations 50 or 75 miles
away are much weaker. What happens beyond 100 miles is not so well known to many of us.

From the curves of Fig 12, we see that path loss levels off markedly at what is the approximate
limit of working range for average VHF stations using wideband modulation modes. Work out the
station gain for a 50-W station with an average receiver and antenna, and you’ll find that it comes out
around 180 dB. This means you’d have about a 100-mile working radius in average terrain, for good
but not perfect reliability. Another 10 dB may extend the range to as much as 250 miles. Just changing
from AM phone to SSB and CW makes a major improvement in daily coverage on the VHF bands.

A bigger antenna, a higher one if your present beam is not at least 50 feet up, an increase in power to
500 W from 50, an improvement in receiver noise figure if it is presently poor—any of these things can make
a big improvement in reliable coverage. Achieve all of them, and you will have very likely tripled your sphere
of influence, thanks to that hump in the path-loss curves. This goes a long way toward explaining why using
a 10-W packaged station with a small antenna, fun though it may be, does not begin to show what the VHF
bands are really good for.

Terrain at VHF/UHF
The coverage figures derived from the above procedure are for average terrain. What of stations in moun-

tainous country? Although an open horizon is generally desirable for the VHF station site, mountain country
should not be considered hopeless. Help for the valley dweller often lies in the optical phenomenon known as
knife-edge diffraction. A flashlight beam pointed at the edge of a partition does not cut off sharply at the
partition edge, but is diffracted around it, partially illuminating the shadow area. A similar effect is observed
with VHF waves passing over ridges; there is a shadow effect, but not a complete blackout. If the signal is
strong where it strikes the mountain range, it will be heard well in the bottom of a valley on the far side.

This is familiar to all users of VHF communications equipment who operate in hilly terrain. Where only one
ridge lies in the way, signals on the far side may be almost as good as on the near side. Under ideal conditions (a
very high and sharp-edged obstruction near the midpoint of a long-enough path so that signals would be weak over
average terrain), knife-edge diffraction may yield signals even stronger than would be possible with an open path.

The obstruction must project into the radiation patterns of the antennas used. Often mountains that look
formidable to the viewer are not high enough to have an appreciable effect, one way or the other. Since the
normal radiation from a VHF array is several degrees above the horizontal, mountains that are less than about
three degrees above the horizon, as seen from the antenna, are missed by the radiation from the array. Moving
the mountains out of the way would have substantially no effect on VHF signal strength in such cases.

Rolling terrain, where obstructions are not sharp enough to produce knife-edge diffraction, still
does not exhibit a complete shadow effect. There is no complete barrier to VHF propagation—only
attenuation, which varies widely as the result of many factors. Thus, even valley locations are usable
for VHF communication. Good antenna systems, preferably as high as possible, the best available
equipment, and above all, the willingness and ability to work with weak signals may make outstanding
VHF work possible, even in sites that show little promise by casual inspection.

Sky-Wave Propagation
As described earlier, the term “ground wave” is commonly applied to propagation that is confined to the

Earth’s lower atmosphere. Now we will use the term “sky wave” to describe modes of propagation that use
the Earth’s ionosphere. First, however, we must examine how the Earth’s ionosphere is affected by the Sun.

THE ROLE OF THE SUN
Everything that happens in radio propagation, as with all life on Earth, is the result of radiation from the
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Sun. The variable nature of radio propagation here on Earth reflects the ever-changing intensity of ultravio-
let and X-ray radiation, the primary ionizing agents in solar energy. Every day, solar nuclear reactions are
turning hydrogen into helium, releasing an unimaginable blast of energy into space in the process. The total
power radiated by the Sun is estimated at 4×1023 kW—that is, the number four followed by 23 zeroes. At its
surface, the Sun creates about 60 megawatts per square meter. That is a very potent transmitter!

The Solar Wind
The Sun is constantly ejecting material from its surface in all directions into space, making up the

so-called solar wind. Under relatively quiet solar conditions the solar wind blows around 200 miles per
second—675,000 miles per hour—taking away about two million tons of solar material each second
from the Sun. You needn’t worry—the Sun is not going to shrivel up anytime soon. It’s big enough that
it will take many billions of years before that happens.

A 675,000 mile/hour wind sounds like a pretty stiff breeze, doesn’t it? Lucky for us, the density of
the material in the solar wind is very small by the time it has been spread out into interplanetary space.
Scientists calculate that the density of the particles in the solar wind is less than that of the best vacuum
they’ve ever achieved on Earth. Despite the low density of the material in the solar wind, the effect on
the Earth, especially its magnetic field, is very significant.

Before the advent of sophisticated satellite sensors, the Earth’s magnetic field was considered to be fairly
simple, modeled as if the Earth were a large bar magnet. The axis of this hypothetical bar magnet is oriented
about 11° away from the geographic north-south pole. We now know that the solar wind alters the shape of the
Earth’s magnetic field significantly, compressing it on the side facing the Sun and elongating it on the other
side—in the same manner as the tail of a comet is stretched out radially in its orientation from the Sun. In fact,
the solar wind is also responsible for the shape of a
comet’s tail.

Partly because of the very nature of the nuclear re-
actions going on at the Sun itself, but also because of
variations in the speed and direction of the solar wind,
the interactions between the Sun and our Earth are in-
credibly complex. Even scientists who have studied the
subject for years do not completely understand every-
thing that happens on the Sun. Later in this chapter, we’ll
investigate the effects of the solar wind when conditions
on the Sun are not “quiet.” As far as amateur HF skywave
propagation is concerned, the results of disturbed con-
ditions on the Sun are not generally beneficial!

Sunspots
The most readily observed characteristic of the Sun,

other than its blinding brilliance, is its tendency to have
grayish black blemishes, seemingly at random times and
at random places, on its fiery surface. (See Fig 13.)
There are written records of naked-eye sight-ings of
sunspots in the Orient back to more than 2000 years
ago. As far as is known, the first indication that sun-
spots were recognized as part of the Sun was the result
of observations by Galileo in the early 1600s, not long
after he developed one of the first practical telescopes.

Galileo also developed the projection method
for observing the Sun safely, but probably not be-
fore he had suffered severe eye damage by trying to
look at the Sun directly. (He was blind in his last

Fig 13—Much more than sunspots can be seen
when the sun is viewed through selective optical
filters. This photo was taken through a
hydrogen-alpha filter that passes a narrow light
segment at 6562 angstroms. The bright patches
are active areas around and often between
sunspots. Dark irregular lines are filaments of
activity having no central core. Faint magnetic
field lines are visible around a large sunspot
group near the disc center. (Photo courtesy of
Sacramento Peak Observatory, Sunspot, New
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Fig 14—Yearly means of sunspot numbers from data for 1700 through
1986. This plot clearly shows that sunspot activity takes place in cycles
of approximately 11 years duration. Cycle 1, the first complete cycle to be
examined by systematic observa-tion, began in 1755.

years.) His drawings of sunspots, indicating their variable nature and position, are the earliest such record
known to have been made. His reward for this brilliant work was immediate condemnation by church
authorities of the time, which probably set back progress in learning more about the Sun for generations.

The systematic study of solar activity began about 1750, so a fairly reliable record of sunspot numbers goes
back that far. (There are some gaps in the early data.) The record shows clearly that the Sun is always in a state of
change. It never looks exactly the same from one day to the next. The most obvious daily change is the movement
of visible activity centers (sunspots or groups thereof) across the solar disc, from east to west, at a constant rate.
This movement was soon found to be the result of the rotation of the Sun, at a rate of approximately four weeks
for a complete round. The average is about 27.5 days, the Sun’s synodic rotation speed, viewed from the perspec-
tive of the Earth, which is also moving around the Sun in the same direction as the Sun’s rotation.

Sunspot Numbers
Since the earliest days of systematic observation, our traditional measure of solar activity has been

based on a count of sunspots. In these hundreds of years we have learned that the average number of spots
goes up and down in cycles very roughly approximating a sine wave. In 1848, a method was introduced for
the daily measurement of sunspot numbers. That method, which is still used today, was devised by the Swiss
astronomer Johann Rudolph Wolf. The observer counts the total number of spots visible on the face of the
Sun and the number of groups into which they are clustered, because neither quantity alone provides a
satisfactory measure of sunspot activity. The observer’s sunspot number for that day is computed by multi-
plying the number of groups seen by 10, and then adding to this value the number of individual spots. Where
possible, sunspot data collected prior to 1848 have been converted to this system.

As can readily be understood, results from one observer to another can vary greatly, since measurement
depends on the capability of the equipment in use and on the stability of the Earth’s atmosphere at the time
of observation, as well as on the experience of the observer. A number of observatories around the world
cooperate in measuring solar activity. A weighted average of the data is used to determine the International
Sunspot Number or ISN for each day. (Amateur astronomers can approximate the determination of ISN
values by multiplying their values by a correction factor determined empirically.)

A major step forward was made with the development of various methods for observing narrow por-
tions of the Sun’s spectrum. Narrowband light filters that can be used with any good telescope perform a
visual function very similar to the aural function of a sharp filter added to a communications receiver. This
enables the observer to see the actual area of the Sun doing the radiating of the ionizing energy, in addition
to the sunspots, which are more a by-product than a cause. The photo of Fig 13 was made through such a
filter. Studies of the ionosphere with instrumented probes, and later with satellites, manned and unmanned,
have added greatly to our knowledge of the effects of the Sun on radio communication.

Daily sunspot counts are recorded, and monthly and yearly averages determined. The averages are
used to see trends and observe patterns. Sunspot records were formerly kept in Zurich, Switzerland,
and the values were known as Zurich Sunspot Numbers. They were also known as Wolf sunspot num-
bers. The official international
sunspot numbers are now com-
piled at the Sunspot Index Data
Center in Bruxelles, Belgium.

The yearly means (averages) of
sunspot numbers from 1700
through 1986 are plotted in Fig 14.
The cyclic nature of solar activity
becomes readily apparent from this
graph. The duration of the cycles
varies from 9.0 to 12.7 years, but
averages approximately 11.1 years,
usually referred to as the 11-year
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solar cycle. The first complete cycle to be observed systematically began in 1755, and is numbered Cycle 1.
Solar cycle numbers thereafter are consecutive. Cycle 22 began in 1987.

The “Quiet” Sun
For more than 50 years it has been well known that radio propagation phenomena vary with the

number and size of sunspots, and also with the position of sunspots on the surface of the Sun. There are
daily and seasonal variations in the Earth’s ionized layers resulting from changes in the amount of
ultraviolet light received from the Sun. The 11-year sunspot cycle affects propagation conditions be-
cause there is a direct correlation between sunspot activity and ionization.

Activity on the surface of the Sun is changing continually. In this section we want to describe the activity
of the so-called quiet Sun, meaning those times when the Sun is not doing anything more spectacular than
acting like a “normal” thermonuclear ball of flaming gases! The Sun and its effects on Earthly propagation can
be described in “statistical” terms—that’s what the 11-year solar cycle does. You may experience vastly dif-
ferent conditions on any particular day compared to what a long-term average would suggest.

An analogy may be in order here. Have you ever gazed into a relatively calm campfire and been
surprised when suddenly a flaming ember or a large spark was ejected in your direction? The Sun can
also do unexpected and sometimes very dramatic things. Disturbances of propagation conditions here
on Earth are caused by disturbed conditions on the Sun. More on this later.

Individual sunspots may vary in size and appearance, or even disappear totally, within a single day. In
general, larger active areas persist through several rotations of the Sun. Some active areas have been identi-
fied over periods up to about a year. Because of these continual changes in solar activity, there are continual
changes in the state of the Earth’s ionosphere and resulting changes in propagation conditions. A short-term
burst of solar activity may trigger unusual propagation conditions here on Earth lasting for less than an hour.

Smoothed Sunspot Numbers (SSN)
Sunspot data are averaged or smoothed to remove the effects of short-term changes. The sunspot

values used most often for correlating propagation conditions are Smoothed Sunspot Numbers (SSN),
often called 12-month running average values. Data for 13 consecutive months are required to deter-
mine a smoothed sunspot number.

Long-time users have found that the upper HF bands are reliably open for propagation only when the
average number of sunspots is above certain minimum levels. For example, between mid 1988 to mid 1992
during Cycle 22, the SSN stayed higher than 100. The 10-meter band was open then almost all day, every
day, to some part of the world. However, by mid 1996, few if any sunspots showed up on the Sun and the
10-meter band consequently was rarely open. Even 15 meters, normally a workhorse DX band when solar
activity is high, was closed most of the time during the low point in Cycle 22. So far as propagation on the
HF bands is concerned, the higher the sunspot number, the better the conditions.

Each smoothed number is an average of 13 monthly means, centered on the month of concern. The 1st and
13th months are given a weight of 0.5. A monthly mean is simply the sum of the daily ISN values for a calendar
month, divided by the number of days in that month. We would commonly call this value a monthly average.

This may all sound very complicated, but an example should clarify the procedure. Suppose we
wished to calculate the smoothed sunspot number for June 1986. We would require monthly mean
values for six months prior and six months after this month, or from December 1985 through December
1986. The monthly mean ISN values for these months are

Dec 85 17.3 Jul 86 18.1
Jan 86 2.5 Aug 86 7.4
Feb 86 23.2 Sep 86 3.8
Mar 86 15.1 Oct 86 35.4
Apr 86 18.5 Nov 86 15.2
May 86 13.7 Dec 86 6.8
Jun 86 1.1
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Fig 15—Scatter diagram or X-Y plot of monthly
mean sunspot numbers and monthly mean
2800-MHz solar flux values. Data values are from
February 1947 through February 1987. Each “+”
mark represents the intersection of data for a
given month. If the correlation between sunspot
number and flux values were consistent, all the
marks would align to form a smooth curve.

First we find the sum of the values, but using only one-half the amounts indicated for the first and
13th months in the listing. This value is 166.05. Then we determine the srnoothed value by dividing the
sum by 12; 166.05/12 = 13.8. (Values beyond the first decimal place are not warranted.) Thus, 13.8 is the
smoothed sunspot number for June 1986. From this example, you can see that the smoothed sunspot
number for a particular month cannot be determined until six months afterwards.

Generally the plots we see of sunspot numbers are averaged data. As already mentioned, smoothed
numbers make it easier to observe trends and see patterns, but sometimes this data can be misleading.
The plots tend to imply that solar activity varies smoothly, indicating, for example, that at the onset of
a new cycle the activity just gradually increases. But this is definitely not so! On any one day, signifi-
cant changes in solar activity can take place within hours, causing sudden band openings at frequen-
cies well above the MUF values predicted from smoothed sunspot number curves. The durations of
such openings may be brief, or they may recur for several days running, depending on the nature of the
solar activity.

Solar Flux
Since the late 1940s an additional method of determining solar activity has been put to use—the mea-

surement of solar radio flux. The quiet Sun emits radio energy across a broad frequency spectrum, with a
slowly varying intensity. Solar flux is a measure of energy received per unit time, per unit area, per unit
frequency interval. These radio fluxes, which originate from atmospheric layers high in the Sun’s chromo-
sphere and low in its corona, change gradually from day to day, in response to the activity causing sunspots.
Thus, there is a degree of correlation between solar flux values and sunspot numbers.

One solar flux unit equals 10–22 joules per second per square meter per hertz. Solar flux values
are measured daily at 2800 MHz (10.7 cm) at The Dominion Radio Astrophysical Observatory,
Penticton, British Columbia, where daily data have been collected since 1991. (Prior to June 1991,
the Algonquin Radio Observatory, Ontario, made the measurements.) Measurements are also made
at other observatories around the world, at several frequencies. With some variation, the daily mea-
sured flux values increase with increasing frequency of measurement, to at least 15.4 GHz. The daily
2800-MHz Penticton value is sent to Boulder, Colorado, where it is incorporated into WWV propa-
gation bulletins (see later section). Daily solar flux information is of value in determining current
propagation conditions, as sunspot numbers on a given day do not relate directly to maximum usable
frequency. Solar flux values are much more re-
liable for this purpose.

Correlating Sunspot Numbers and
Solar Flux Values

Based on historical data, an exact mathemati-
cal relationship does not exist to correlate sun-
spot data and solar flux values. Comparing daily
values yields almost no correlation. Comparing
monthly mean values (often called monthly av-
erages) produces a degree of correlation, but the
spread in data is still significant. This is indicated
in Fig 15, a scatter diagram plot of monthly mean
sunspot numbers versus the monthly means of
solar flux values adjusted to one astronomical
unit. (This adjustment applies a correction for dif-
ferences in distance between the Sun and the
Earth at different times of the year.)

A closer correlation exists when smoothed
(12-month running average) sunspot numbers are
compared with smoothed (12-month running av-
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erage) solar flux values adjusted to one astronomical unit. A scatter diagram for smoothed data appears in
Fig 16. Note how the plot points establish a better defined pattern in Fig 16. The correlation is still no better
than a few percent, for records indicate a given smoothed sunspot number does not always correspond with
the same smoothed solar flux value, and vice versa. Table 1 illustrates some of the inconsistencies that exist
in the historical data. Smoothed or 12-month running average values are shown.

Even though there is no precise mathematical relationship between sunspot numbers and solar flux
values, it is helpful to have some way to convert from one to the other. The primary reason is that
sunspot numbers are valuable as a long-term link with the past, but the great usefulness of solar flux
values are their immediacy, and their direct bearing on our field of interest. (Remember, a smoothed
sunspot number will not be calculated until six months after the fact.)

The following mathematical approximation has been derived to convert a smoothed sunspot num-
ber to a solar flux value.

F = 63.75 + 0.728 S + 0.00089 S2   (Eq 5)

where
F = solar flux number
S = smoothed sunspot number

A graphic representation of this equation is
given in Fig 17. Use this chart to make conver-
sions graphically, rather than by calculations. With
the graph, solar flux and sunspot number conver-
sions can be made either way. The equation has
been found to yield errors as great as 10% when
historical data was examined. (Look at the August
1981 data in Table 1.) Therefore, conversions
should be rounded to the nearest whole number,
as additional decimal places are unwarranted. To
make conversions from flux to sunspot number,

Fig 16—Scatter diagram of smoothed, or
12-month running averages, sunspot numbers
versus 2800-MHz solar flux values. The
correlation of smoothed values is better than for
monthly means, shown in Fig 15 .

Table 1
Selected Historical Data Showing Inconsis-
tent Correlation Between Sunspot Number
and Solar Flux

Month Smoothed Smoothed
Sunspot Number Solar Flux

Value
May 1953 17.4 75.6
Sept 1965 17.4 78.5
Jul 1985 17.4 74.7
Jun 1969 106.1 151.4
Jul 1969 105.9 151.4
Dec 1982 94.6 151.4
Aug 1948 141.1 180.5
Oct 1959 141.1 192.3
Apr 1979 141.1 180.4
Aug 1981 141.1 203.3

Fig 17—Chart for conversions between
smoothed International Sunspot Numbers and
smoothed 2800-MHz solar flux. This curve is
based on the mathematical approximation
given in the text.
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the following approximation may be used.

S 33.52 85.12 F – 408.99= +   (Eq 6)

THE UNDISTURBED IONOSPHERE
There will be inevitable “gray areas” in our discussion of the Earth’s atmosphere and the changes wrought

in it by the Sun and by associated changes in the Earth’s magnetic field. This is not a story that can be told in neat
equations, or values carried out to a satisfying number of decimal places. The story must be told, and under-
stood—with its well-known limitations—if we are to put up good antennas and make them serve us well.

Thus far in this chapter we have been concerned with what might be called our above-ground living
space—that portion of the total atmosphere wherein we can survive without artificial breathing aids, or up
to about 6 km (4 miles). The boundary area is a broad one, but life (and radio propagation) undergo basic
changes beyond this zone. Somewhat farther out, but still technically within the Earth’s atmosphere, the role
of the Sun in the wave-propagation picture is a dominant one.

This is the ionosphere—a region where the air pressure is so low that free electrons and ions can move
about for some time without getting close enough to recombine into neutral atoms. A radio wave entering
this rarefied atmosphere, a region of relatively many free electrons, is affected in the same way as in enter-
ing a medium of different dielectric constant—its direction of travel is altered.

Ultraviolet (UV) radiation from the Sun is the primary cause of ionization in the outer regions of the
atmosphere, the ones most important for HF propagation. However, there are other forms of solar radiation
as well, including both hard and soft x-rays, gamma rays and extreme ultraviolet (EUV). The radiated
energy breaks up, or photoionizes, molecules of atmospheric gases into electrons and positively charged
ions. The degree of ionization does not increase uniformly with distance from the Earth’s surface. Instead
there are relatively dense regions (layers) of ionization, each quite thick and more or less parallel to the
Earth’s surface, at fairly well-defined intervals outward from about 40 to 300 km (25 to 200 miles). These
distinct layers are formed due to complex photochemical reactions of the various types of solar radiation
with oxygen, ozone, nitrogen and nitrous oxide in the rarefied upper atmosphere.

Ionization is not constant within each layer, but tapers off gradually on either side of the maximum at the
center of the layer. The total ionizing energy from the Sun reaching a given point, at a given time, is never
constant, so the height and intensity of the ionization in the various regions will also vary. Thus, the practical effect
on long-distance communication is an almost continuous variation in signal level, related to the time of day, the
season of the year, the distance between the Earth and the Sun, and both short-term and long-term variations in
solar activity. It would seem from all this that only the very wise or the very foolish would attempt to predict radio
propagation conditions, but it is now possible to do so with a fair chance of success. It is possible to plan antenna
designs, particularly the choosing of antenna heights, to exploit known propagation characteristics.

Layer Characteristics
The lowest known ionized region, called the D layer, lies between 60 and 92 km (37 to 57 miles) above

the Earth. In this relatively low and dense part of the atmosphere, atoms broken up into ions by sunlight
recombine quickly, so the ionization level is directly related to sunlight. It begins at sunrise, peaks at local
noon and disappears at sundown. When electrons in this dense medium are set in motion by a passing wave,
collisions between particles are so frequent that a major portion of their energy may be used up as heat, as
the electrons and disassociated ions recombine.

The probability of collisions depends on the distance an electron travels under the influence of the
wave—in other words, on the wavelength. Thus, our 1.8 and 3.5-MHz bands, having the longest wave-
lengths, suffer the highest daytime absorption loss, particularly for waves that enter the medium at the
lowest angles. At times of high solar activity (peak years of the solar cycle) even waves entering the D layer
vertically suffer almost total energy absorption around midday, making these bands almost useless for com-
munication over appreciable distances during the hours of high sun. They “go dead” quickly in the morning,
but come alive again the same way in late afternoon. The diurnal D-region effect is less at 7 MHz (though
still marked), slight at 14 MHz and inconsequential on higher amateur frequencies.

The D layer is ineffective in bending HF waves back to Earth, so its role in long-distance communica-
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tion by amateurs is largely a negative one. It is the principal reason why our frequencies up through the 7-
MHz band are useful mainly for short-distance communication during the high-sun hours.

The lowest portion of the ionosphere useful for long-distance communication by amateurs is the
E region or E layer about 100 to 115 km (62 to 71 miles) above the Earth. In the E layer, at intermediate
atmospheric density, ionization varies with the Sun angle above the horizon, but solar ultraviolet radiation is
not the sole ionizing agent. Solar X-rays and meteors entering this portion of the Earth’s atmosphere also
play a part. Ionization increases rapidly after sunrise, reaches maximum around noon local time, and drops
off quickly after sundown. The minimum is after midnight, local time. As with the D region, the E layer
absorbs wave energy in the lower frequency amateur bands when the Sun angle is high, around mid-day.
The other varied effects of E-region ionization will be discussed later.

Most of our long-distance communication capability stems from the tenuous outer reaches of the Earth’s
atmosphere known as the F region or F layer. At heights above 100 miles, ions and electrons recombine
more slowly, so the observable effects of the Sun develop more slowly. Also, the region holds its ability to
reflect wave energy back to Earth well into the night. The maximum usable frequency (MUF) for F-layer
propagation on east-west paths thus peaks just after noon at the midpoint, and the minimum occurs after
midnight. We’ll examine the subject of MUF in more detail later.

Using the F region effectively is by no means that simple, however. The layer height may be from 160
to more than 500 km (100 to over 310 miles), depending on the season of the year, the latitudes, the time of
day and, most capricious of all, what the Sun has been doing in the last few minutes and in perhaps the last
three days before the attempt is made. The MUF between Eastern US and Europe, for example, has been
anything from 7 to 70 MHz, depending on the conditions mentioned above, plus the point in the long-term
solar activity cycle at which the check is made.

Easy-to-use prediction charts appear in QST. Propagation information tailored to amateur needs is trans-
mitted in all information bulletin periods by the ARRL Headquarters station, W1AW. Finally, solar and
geomagnetic field data, transmitted hourly and updated eight times daily, are given in brief bulletins carried
by the US Time Standard stations, WWV and WWVH. But more on these services later.

During the day the F region may split into two layers. The lower and weaker Fl layer, about 160 km
(100 miles) up, has only a minor role, acting more like the E than the F2 region. At night the Fl layer
disappears and the F2 layer height drops somewhat.

Bending in the Ionosphere
The degree of bending of a wave path in an ionized layer depends on the density of the ionization and the

length of the wave (inversely related to its frequency).
The bending at any given frequency or wavelength
will increase with increased ionization density. For a
given ionization density, bending increases with wave-
length (that is, decreases with frequency). Two ex-
tremes are thus possible. If the intensity of the ioniza-
tion is sufficient and the frequency low enough, even
a wave entering the layer perpendicularly will be re-
flected back to Earth. Conversely, if the frequency is
high enough or the ionization decreases to a low
enough density, a condition is reached where the wave
angle is not affected enough by the ionosphere to cause
a useful portion of the wave energy to return to the
Earth. This basic principle has been used for many
years to “sound” the ionosphere to determine its com-
munication potential at various wave angles and fre-
quencies.

A simplified example, showing only one layer,
is given in Fig 18. The effects of additional layers

Fig 18—Behavior of waves encountering the
ionosphere. Rays entering the ionized region at angles
above the critical angle are not bent enough to be
returned to Earth, and are lost to space. Waves
entering at angles below the critical angle reach the
Earth at increasingly greater distances as the launch
angle approaches the horizontal. The maximum
distance that may normally be covered in a single hop
is 4000 km. Greater distances are covered with
multiple hops.
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Fig 19—Typical daytime propagation of high
frequencies (14 to 28 MHz). The waves are
partially bent going through the E and F 1 layers,
but not enough to be returned to Earth. The
actual reflection is from the F 2 laye r.

are shown in Fig 19. The simple case in Fig 18
illustrates several important facts about antenna
design for long-distance communication. At the left
we see three waves that will do us no good—they
all take off at angles high enough that they pass
through the layer and are lost in space. Note that
as the angle of radiation decreases (that is, the wave
is launched closer to the horizon) the amount of
bending needed for sky-wave communication also
decreases. The fourth wave from the left takes off
at what is called the critical angle—the highest that
will return the wave to Earth at a given density of
ionization in the layer for the frequency under con-
sideration.

We can communicate with point A at this fre-
quency, but not any closer to our transmitter site. Under this set of conditions of layer height, layer
density and wave angle, we cannot communicate much farther than point A. But suppose we install an
antenna that radiates at a lower angle, as with the fifth wave from the left. This will bring our signals
down to Earth appreciably farther away than the higher (critical) angle did. Perhaps we can accomplish
even more if we can achieve a very low radiation angle. Our sixth wave, with its radiation angle lower
still, comes back to Earth much farther away, at point B.

The lowest wave drawn in Fig 18 reaches the Earth at a still greater distance, beyond point B. If the
radio wave leaves the Earth at a radiation angle of zero degrees, just at the horizon, the maximum
distance that may be reached under usual ionospheric conditions is about 4000 km (2500 miles).

The Earth itself acts as a reflector of radio waves. Often a radio signal will be reflected from the
reception point on the Earth into the ionosphere again, reaching the Earth a second time at a still more
distant point. This effect is also illustrated in Fig 18, where the critical-angle wave travels from the trans-
mitter via the ionosphere to point A, in the center of the drawing. The signal reflected from point A travels
by the ionosphere again to point B, at the right. Signal travel from the Earth through the ionosphere and
back to the Earth is called a hop. Signal hopping is covered in more detail in a subsequent section.

In each case in Fig 18, the distance at which a ray reaches the Earth in a single hop depends on the
launch elevation angle at which it left the transmitting antenna, and this comes into play throughout this
book. An amateur has some control of the launch angle by adjusting the height of the antennas he uses.

Skip Distance
When the critical angle is less than 90° there will always be a region around the transmitting site

where the ionospherically propagated signal cannot be heard, or is heard weakly. This area lies be-
tween the outer limit of the ground-wave range and the inner edge of energy return from the iono-
sphere. It is called the skip zone, and the distance between the originating site and the beginning of the
ionospheric return is called the skip distance. This terminology should not to be confused with ham
jargon such as “the skip is in,” referring to the fact that a band is open for sky-wave propagation.

The signal may often be heard to some extent within the skip zone, through various forms of
scattering, but it will ordinarily be marginal in strength. When the skip distance is short, both ground-
wave and sky-wave signals may be received near the transmitter. In such instances the sky wave fre-
quently is stronger than the ground wave, even as close as a few miles from the transmitter. The iono-
sphere is an efficient communication medium under favorable conditions. Comparatively, the ground
wave is not.

MULTIHOP PROPAGATION
In the interest of explanation and example, the information in Fig 18 is greatly simplified. On

actual communication paths the picture is complicated by many factors. One is that the transmitted
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Fig 20—Studies have shown that under some
conditions, rays entering the layer at
intermediate angles will propagate further than
those entering at lower angles. The higher-angle
wave is known as the Pedersen ra y.

energy spreads over a considerable area after it leaves the antenna. Even with an antenna array having
the sharpest practical beam pattern, there is what might be described as a cone of radiation centered on
the wave lines (rays) shown in the drawing. The “reflection” in the ionosphere is also varied, and is the
cause of considerable spreading and scattering.

As already mentioned, a radio signal will often be reflected from the reception point on the Earth into
the ionosphere again, reaching the Earth a second time at a still more distant point. As in the case of light
waves, the angle of reflection is the same as the angle of incidence, so a wave striking the surface of the
Earth at an angle of, say, 15° is reflected upward from the surface at approximately the same angle. Thus, the
distance to the second point of reception will be about twice the distance of the first, that is, the distance
from the transmitter to point A versus to point B in Fig 18. Under some conditions it is possible for as many
as four or five signal hops to occur over a radio path, but no more than two or three hops is the norm. In this
way, HF communication can be conducted over thousands of miles.

An important point should be recognized with regard to signal hopping. A significant loss of signal
occurs with each hop. The D and E layers of the ionosphere absorb energy from the signals as they pass
through, and the ionosphere tends to scatter the radio energy in various directions, rather than confining it in
a tight bundle. The roughness of the Earth’s surface also scatters the energy at a reflection point.

Assuming that both waves do reach point B in Fig 18, the low-angle wave will contain more en-
ergy at point B. This wave passes through the lower layers just twice, compared to the higher-angle
route, which must pass through these layers four times, plus encountering an Earth reflection. Mea-
surements indicate that although there can be great variation in the relative strengths of the two sig-
nals—the one-hop signal will generally be from 7 to 10 dB stronger. The nature of the terrain at the
mid-path reflection point for the two-hop wave, the angle at which the wave is reflected from the Earth,
and the condition of the ionosphere in the vicinity of all the refraction points are the primary factors in
determining the signal-strength ratio.

The loss per hop becomes significant at greater distances. It is because of these losses that no more
than four or five propagation hops are useful; the received signal becomes too weak to be usable over
more hops. Although modes other than signal hopping also account for the propagation of radio waves
over thousands of miles, backscatter studies of actual radio propagation have displayed signals with as
many as 5 hops. So the hopping mode is one distinct possibility for long-distance communication.

Present propagation theory holds that for communication distances of many thousands of kilome-
ters, signals do not always hop in relatively short increments from ionosphere-to-Earth-to-ionosphere
and so forth along the entire path. Instead, the wave is thought to propagate inside the ionosphere
throughout some portion of the path length, tending to be ducted in the ionized layer. This theory is
supported by the results of propagation studies that
show that a medium-angle ray sometimes reaches
the Earth at a greater distance from the transmitter
than a low-angle ray, as shown in Fig 20. This
higher-angle ray, named the Pedersen ray, pen-
etrates the layer farther than lower-angle rays. In
the less densely ionized upper edge of the layer,
the amount of refraction is less, nearly equaling
the curvature of the layer itself as it encircles the
Earth. This nonhopping theory is further supported
by studies of propagation times for signals that
travel completely around the world. The time re-
quired is significantly less than would be neces-
sary to hop between the Earth and the ionosphere
10 or more times while circling the Earth.

Propagation between two points thousands of
kilometers apart may consist of a combination of
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Fig 21—The virtual height of the
refracting layer is measured by
sending a wave vertically to the layer
and measuring the time it takes to
come back to the receive r, as though
it were actually reflected rather than
refracted. The refraction height is
somewhat less because of the time
required for the wave to “turn
around” in the ionized region.

ducting and hopping. Whatever the exact mechanics of long-distance wave propagation may be, the
signal must first enter the ionosphere at some point. The amateur wanting to work great distances
should strive to put up antennas that emphasize the lowest possible launch angles, for years of amateur
experience have shown this to be a decided advantage under all usual conditions. Despite all the com-
plex factors involved, most long-distance propagation can be seen to follow certain general rules. Thus,
much commercial and military point-to-point communication over long distances employs antennas
designed to make maximum use of known radiation angles and layer heights, even on paths where
multihop propagation is assumed.

In amateur work we usually try for the lowest practical radiation angle, hoping to keep reflection
losses to a minimum. The geometry of propagation by means of the F2 layer limits our maximum
distance along the Earth’s surface to about 4000 km (2500 miles) for a single hop. For higher radiation
angles, this same distance may require two or more hops (with higher reflection loss). Fewer hops are
better, in most cases. If you have a nearby neighbor who consistently outperforms you on the longer
paths, a radiation angle difference in his favor is probably the reason.

Virtual Height and Critical Frequency
Ionospheric sounding devices have been in service at enough points over the world’s surface that a

continuous record of ionospheric propagation conditions going back many years is available for cur-
rent use, or for study. The sounding principle is similar to that of radar, making use of travel time to
measure distance. The sounding is made at vertical incidence, to measure the useful heights of the
ionospheric layers. This can be done at any one frequency, but the sounding usually is done over a
frequency range wider than the expected return-frequency spread, so information related to the maxi-
mum usable frequency (MUF) is also obtained.

The distance so measured, called the virtual height, is that from which a pure reflection would have
the same effect as the rather diffused refraction that actually happens. The method is illustrated in Fig 21.
Some time is consumed in the refraction process, so the virtual height is slightly higher than the actual.

The sounding procedure involves pulses of energy at progressively higher frequencies, or trans-
mitters with the output frequency swept at many kilohertz per second. As the frequency rises, the
returns show an area where the virtual height seems to increase rapidly, and then cease. The highest
frequency returned is known as the vertical incidence critical frequency. The critical frequency can be
used to determine the maximum usable frequency for long-distance communication by way of the
layer, at that time. As shown in Fig 18, the amount of bending required decreases as the launch angle
decreases. At the lowest practical angle the range for a single hop reaches the 4000-km limit.
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MAXIMUM USABLE FREQUENCY
The vertical incidence critical frequency is the maximum usable frequency for local sky-wave commu-

nication. It is also useful in the selection of optimum working frequencies and the determination of the
maximum usable frequency for distant points at a given time. The abbreviation MUF will be used hereafter.

The critical frequency ranges between about 1 and 4 MHz for the E layer, and between 2 and
13 MHz for the F2 layer. The lowest figures are for nighttime conditions in the lowest years of the solar
cycle. The highest are for the daytime hours in the years of high solar activity. These are average figures.
Critical frequencies have reached as high as 20 MHz briefly during exceptionally high solar activity.

The MUF for a 4000-km distance is about 3.5 times the critical frequency existing at the path
midpoint. For one-hop signals, if a uniform ionosphere is assumed, the MUF decreases with shorter
distances along the path. This is true because the higher-frequency waves must be launched at higher
elevation angles for shorter ranges, and at these launch angles they are not bent sufficiently to reach the
Earth. Thus, a lower frequency (where more bending occurs) must be used.

Precisely speaking, a maximum usable frequency or MUF is defined for communication between two
specific points on the Earth’s surface, for the conditions existing at the time, including the minimum eleva-
tion angle that the station can launch at the frequency in use. At the same time and for the same conditions,
the MUF from either of these two points to a third point may be different. Therefore, the MUF cannot be
expressed broadly as a single frequency, even for any given location at a particular time. The ionosphere is
never uniform, and in fact at a given time and for a fixed distance, the MUF changes significantly with
changes in compass direction for almost any point on the Earth. Under usual conditions, the MUF will
always be highest in the direction toward the Sun—to the east in the morning, to the south at noon (from
northern latitudes), and to the west in the afternoon and evening.

For the strongest signals at the greatest distance, especially where the limited power levels of the
Amateur Radio Service are concerned, it is important to work fairly near the MUF. It is at these fre-
quencies where signals suffer the least loss. The MUFs can be estimated with sufficient accuracy by
using the prediction charts that appear in QST or by using a computer prediction program. (See section
on Propagation Prediction later in this chapter.) MUFs can also be observed, with the use of a continuous
coverage communications receiver. Frequencies up to the MUFs are in round-the-clock use today. When
you “run out of signals” while tuning upward in
frequency from your favorite ham band, you have
a pretty good clue as to which band is going to
work well, right then. Of course it helps to know
the direction to the transmitters whose signals you
are hearing. Shortwave broadcasters know what
frequencies to use, and you can hear them any-
where, if conditions are good. Time-and-frequency
stations are also excellent indicators, since they
operate around the clock. See Table 2. WWV is
also a reliable source of propagation data, hourly,
as discussed in more detail later in this chapter.

The value of working near the MUF is two-
fold. Under undisturbed conditions, the absorp-
tion loss decreases with higher frequency. Perhaps
more important, the hop distance is considerably
greater as the MUF is approached. A transconti-
nental contact is much more likely to be made on
a single hop on 28 MHz than on 14 MHz, so the
higher frequency will give the stronger signal most
of the time The strong-signal reputation of the 28-
MHz band is founded on this fact.

Table 2
Time and Frequency Stations Useful for
Propagation Monitoring
Call Frequency (MHz) Location
WWV 2.5, 5, 10, 15, 20 Ft Collins,

  Colorado
WWVH Same as WWV but no 20 Kekaha, Kauai,

  Hawaii
CHU 3.330, 7.335, 14.670 Ottawa, Ontario,

  Canada
RID 5.004, 10.004, 15.004 Irkutsk, USSR*
RWM 4.996, 9.996, 14.996 Novosibirsk,

  USSR
VNG 2.5, 5, 8.634, 12.984, 16 Lyndhurst,

  Australia
BPM 5, 5.43, 9.351, 10, 15 Xiang, China
JJY 2.5, 5, 8, 10, 15 Tokyo, Japan
LOL 5, 10, 15 Buenos Aires,

  Argentina
*The call, taken from an international table, may not be that used

during actual transmission. Locations and frequencies appear
to be as given.
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LOWEST USABLE FREQUENCY
There is also a lower limit to the range of frequencies that provide useful communication between

two given points by way of the ionosphere. Lowest usable frequency is abbreviated LUF. If it were
possible to start near the MUF and work gradually lower in frequency, the signal would decrease in
strength and eventually would disappear into the ever-present “background noise.” This happens be-
cause the absorption increases at lower frequencies. The frequency nearest the point where reception
became unusable would be the LUF. It is not likely that you would want to work at the LUF, although
reception could be improved if the station could increase power by a considerable amount, or if larger
antennas could be used at both ends of the path.

When solar activity is very high at the peak of a solar cycle, the LUF often rises higher than
14 MHz on the morning US-to-Europe path on 20 meters. Just before sunrise in the US, the
20-meter band will be first to open to Europe, followed shortly by 15 meters, and then 10 meters as the
Sun rises further. By mid-morning, however, when 10 and 15 meters are both wide open, 20 meters
will become very marginal to Europe, even when both sides are running maximum legal power levels.
By contrast, stations on 10 meters can be worked readily with a transmitter power of only 1 or 2 W,
indicating the wide range between the LUF and the MUF.

Frequently, the “window” between the LUF and the MUF for two fixed points is very narrow, and there
may be no amateur frequencies available inside the window. On occasion the LUF may be higher than the
MUF between two points. This means that, for the highest possible frequency that will propagate through
the ionosphere for that path, the absorption is so great as to make even that frequency unusable. Under these
conditions it is impossible to establish amateur sky-wave communication between those two points, no
matter what frequency is used. (It would normally be possible, however, to communicate between either
point and other points on some frequency under the existing conditions.) Conditions when amateur sky-
wave communication is impossible between two fixed points occur commonly for long distances where the
total path is in darkness, and for very great distances in the daytime during periods of low solar activity.

Fig 22 shows a typical propagation prediction from the “How’s DX?” column in QST. In this
instance, the MUF and the LUF lines blurred to-
gether at about 10 UTC, meaning that the
statistical likelihood of any amateur frequency be-
ing open for that particular path at that particular
time was not very good. Later on, after about 11
UTC, the gap between the MUF and LUF in-
creased, indicating that the higher bands would
be open on that path.

DISTURBED IONOSPHERIC
CONDITIONS

So far, we have discussed the Earth’s iono-
sphere when conditions at the Sun are undis-
turbed. There are three general types of major dis-
turbances on the Sun that can affect radio propa-
gation. On the air, you may hear people grousing
about Solar Flares, Coronal Holes or Sudden Dis-
appearing Filaments, especially when propaga-
tion conditions are not good. Each of these dis-
turbances causes both electromagnetic radiation
and ejection of material from the Sun.

Solar Flares
Solar flares are cataclysmic eruptions that

Fig 22—Propagation prediction chart for East
Coast of US to Europe. This appeared in
December 1994 QST, where an average 2800-MHz
(10.7-cm) solar flux of 83 was assumed for the
mid-December to mid-January period. On 10% of
these days, the highest frequency propagated
was predicted at least as high as the uppermost
curve (the Highest Possible Frequency, or HPF,
approximately 21 MHz), and for 50% of the days
as high as the middle curve, the MUF. The broken
lines show the Lowest Usable Frequency (LUF)
for a 1500-W CW transmitter.
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suddenly release huge amounts of energy, including sustained, high-energy bursts of radiation from
VLF to X-ray frequencies and vast amounts of solar material. Most solar flares occur around the peak
of the 11-year solar cycle.

The first Earthly indication of a huge flare is often a visible brightness near a sunspot group,
along with increases in UV, X-ray radiation and VHF radio noise. If the geometry between the
Sun and Earth is right, intense X-ray radiation takes eight minutes, traveling the 93 million miles
to Earth at the speed of light. The sudden increase in X-ray energy can immediately increase RF
absorption in the Earth’s lowest ionospheric layers, causing a phenomenon known as a Sudden
Ionospheric Disturbance (SID).

An SID affects all HF communications on the sunlit side of the Earth. Signals in the 2 to 30-MHz
range may disappear entirely, and even most background noise may cease in extreme cases. When you
experience a big SID, your first inclination may be to look outside to see if your antenna fell down!
SIDs may last up to an hour before ionospheric conditions temporarily return to normal.

Between 45 minutes and 2 hours after an SID begins, particles from the flare begin to arrive. These
high-energy particles are mainly protons and they can penetrate the ionosphere at the Earth’s magnetic
poles, where intense ionization can occur, with attendant absorption of HF signals propagating through
the polar regions. This is called a Polar Cap Absorption (PCA) event and it may last for several days.
A PCA results in spectacular auroral displays at high latitudes.

Coronal Holes

A second major solar disturbance is a so-called “coronal hole” in the Sun’s outer layer (the
corona). Temperatures in the corona can be more than four million °C over an active sunspot
region but more typically are about two million °C. A coronal hole is an area of somewhat lower
temperature. Solar-terrestrial scientists have a number of competing theories about how coronal
holes are formed.

Matter ejected through this “hole” takes the form of a plasma, a highly ionized gas made up of
electrons, protons and neutral particles, traveling at speeds up to 300 miles per second. The plasma
becomes part of the solar wind and can affect the Earth’s magnetic field, but only if the Sun-Earth
geometry is right. A plasma has a very interesting and somewhat bizarre ability. It can lock-in the
orientation of the magnetic field where it originates and carry it outward into space. However, unless
the locked-in magnetic field orientation is aligned properly with the Earth’s magnetic field, even a
large plasma mass may not severely disrupt our ionosphere. Presently, we don’t have the ability to
predict very well when a particular event on the Sun will result in propagation problems, although new
satellites now being built should help us in the future.

Statistically, coronal holes tend to occur most often during the declining phase of the 11-year
solar cycle and they can last for a number of solar rotations. This means that a coronal hole can be a
“recurring coronal hole,” disrupting communications for several days about the same time each month
for as long as a year, or even more.

Sudden Disappearing Filaments

A sudden disappearing filament (SDF) is the third major category of solar disturbance that can
affect propagation. SDFs take their names from the manner in which they suddenly arch upward from
the Sun’s surface, spewing huge amounts of matter as plasma out into space in the solar wind. They
tend to occur mostly during the rising phase of the 11-year solar cycle.

When the conditions are right, a flare, coronal hole or an SDF can launch a plasma cloud into the
solar wind, resulting in an ionospheric storm here on Earth. Unlike a hurricane or a winter Nor’easter
storm in New England, an ionospheric storm is not something we can see with our eyes or feel on our
skins. We can’t easily measure things occurring in the ionosphere some 200 miles overhead. However,
we can see the indirect effects of an ionospheric storm on magnetic instruments located on the Earth’s
surface, because disturbances in the ionosphere are closely related to the Earth’s magnetic field. The
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term Geomagnetic Storm (“Geo” means “Earth”
in Greek) is used almost synonymously with iono-
spheric storm.

During a geomagnetic storm, we may expe-
rience extraordinary radio noise and interference,
especially at HF. You may hear solar radio emis-
sions as increases of noise at VHF. A geomag-
netic storm generally adds noise and weakens or
disrupts ionospheric propagation for several days.
Transpolar signals at 14 MHz or higher may be
particularly weak, with a peculiar hollow sound
or f lu t ter—even more than normal  for
transpolar signals.

What can we do about the solar distur-
bances and related disturbed ionospheric
propagation on Earth? The truth is that we are
powerless faced with the truly awesome forces
of solar disturbances like flares, coronal holes
or sudden disappearing filaments. Perhaps
there is some comfort, however, in under-
standing what has happened to cause our HF
bands to be so poor. And as a definite con-
solation, conditions on the VHF bands are
often exceptionally good just when HF propa-
gation is remarkably poor due to solar dis-
turbances.

ELEVATION ANGLES FOR HF COMMUNICATION
It was shown in connection with Fig 18 that the distance at which a ray returns to Earth depends on the

elevation angle at which it left the Earth (also known by other names: takeoff, launch or wave angle).
Chapter 3 in this book deals with the effects of local terrain, describing how the elevation angle of a horizon-
tally polarized antenna is determined mainly by its height above the ground.

Although it is not shown specifically in Fig 18, propagation distance also depends on the layer
height at the time, as well as the elevation angle. As you can probably imagine, the layer height is a
very complex function of the state of the ionosphere and the Earth’s geomagnetic field. There is a large
difference in the distance covered in a single hop, depending on the height of the E or the F2 layer. The
maximum single-hop distance by the E layer is about 2000 km (1250 miles) or about half the maximum
distance via the F2 layer. Practical communicating distances for single-hop E or F layer work at various
wave angles are shown in graphic form in Fig 23.

Actual communication experience usually does not fit the simple patterns shown in Fig 18. Propa-
gation by means of the ionosphere is an enormously complicated business (which makes it all the more
intriguing and challenging to radio amateurs, of course), even when the Sun is not in a disturbed state.
Until the appearance of sophisticated computer models of the ionosphere, there was little definitive
information available to guide the radio amateur in the design of his antenna systems for optimal per-
formance over all portions of the 11-year solar cycle. Elevation angle information that had appeared
for many years in the ARRL Antenna Book was measured for only one transmitting path, during the
lowest portion of Solar Cycle 17 in 1934.

The IONCAP Computer Propagation Model
Since the 1960s several agencies of the US government have been working on a detailed computer

program that models the complex workings of the ionosphere. The program has been dubbed IONCAP,

Fig 23—Distance plotted against wave angle (one-
hop transmission) for the nominal range of heights
for the E and F 2 layers, and for the F 1 layer.
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Table 3
W1, Newington, CT to Europe

80m 40m 30m 20m 17m 15m 12m 10m
100% 16-33 2-21 2-17 3-29 1-13 3-13 2-12 2-13
90% 17-24 6-19 5-14 4-13 3-10 4-13 4-11 3-11
Peak Angs 0,17 15,6 11,8 11,4 4,7 5,11 5,8 9,6
Peak Pcts 24,5 19,7 23,9 18,11 10,13 18,10 21,11 20,17

short for Ionospheric Communications Analysis and Prediction Program. IONCAP was originally
written for a mainframe computer, but later versions have been rewritten to allow them to be run by
high-performance personal computers. IONCAP incorporates a detailed database covering almost three
complete solar cycles. The program allows the operator to specify a wide range of parameters, includ-
ing detailed antenna models for multiple frequency ranges, noise models tailored to specific local
environments (from low-noise rural to noisy residential QTHs), minimum elevation angles suitable for
a particular location and antenna system, different months and UTC times, maximum levels of multipath
distortion, and finally solar activity levels, to name the most significant of a bewildering array of
options.

While IONCAP has a well-justified reputation for being very “unfriendly” to use, due to its
mainframe, non-interactive background, it is also the one ionospheric model most highly regarded
for its accuracy and flexibility, both by amateurs and professionals alike. It is the program used
for many years to produce the long-term MUF charts in the “How’s DX?” column of QST.

IONCAP is not well suited for short-term forecasts of propagation conditions based on the latest
solar indices received from WWV. It is an excellent tool, however, for long-range, detailed planning of
antenna systems and shortwave transmitter installations, such as that for the Voice of America, or for
radio amateurs. See the section later in this chapter describing other computer programs that can be
used for short-term, interactive propagation predictions.

Definitions and IONCAP Parameters
The elevation angle information contained in this section was compiled from thousands of IONCAP

runs. These were done for a number of different transmitting locations throughout North America to
important DX locations throughout the world.

Some assumptions were needed for important IONCAP parameters. Since a wide variety of typical
amateur installations are covered, the transmitting and receiving sites were all assumed to be located
on flat ground, with “average” ground conductivity and dielectric constant. Each site was assumed to
have a “clear shot” to the horizon, with a minimum elevation angle less than or equal to 1°. Electrical
noise at each receiving location was also assumed to be very low.

Transmitting and receiving antennas for the 3.5 to 10.5-MHz frequency range were specified
to be inverted-V dipoles, at an apex height of 100 feet, and with free-space gains of 1 dBi. For the
frequency range from 10.5 to 20.0 MHz, antennas were three-element monoband Yagis, 100 feet
high, with free-space gains of 8 dBi. From 20.0 to 30 MHz, antennas were four-element monoband
Yagis, at 60 feet, with free-space gains of 9 dBi. Obviously, many amateurs do not have the space
or resources to erect antennas like the ones assumed in these computations. However, the anten-
nas chosen represent an excellent, all-band station, capable of illuminating a wide range of eleva-
tion angles. Such a station can give a good picture of the possible range of angles needed for
worldwide DX coverage.

Table 3 shows elevation information for the path from ARRL HQ in Newington, CT to Europe.
The data incorporated into Table 3 covers all HF bands from 80 meters to 10 meters, over all portions
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of the 11-year solar cycle. It is an abbreviated
portion of Table 4, which lists elevation informa-
tion for six receiving QTHs throughout the world
from Newington.

The somewhat cryptic meaning for each
row in Table 3 is best illustrated by referring to Fig 24,
which depicts the same information as the “20m” col-
umn in Table 3, but in the form of a bar graph. This
plots the percentage of total openings versus elevation
angle for the 20-meter path from Newington to Europe.

The “100%” label on Fig 24 shows the full
range of elevation angles required, from a low of
3°, to a surprisingly high elevation of 29°. The
latter occurs rarely, at less than 0.5% of the total
number of openings on this path. The definition
of a “band opening” in these IONCAP computa-
tions is that the signal level at the receiver site be
greater than or equal to 0 dBµV. For a typical re-
ceiver, 34 dBµV represents 50 µV, or “S9.”

The “90%” label in Fig 24 shows the range of
angles, in this case from 4° to 13°, occurring for 90%
of the predicted openings on this path. The “Peak 1”
label points to the highest percentage of openings,

Fig 24—Explanation of terminology used in
following elevation-angle tables. The range of
angles from 3° to 29° covers 100% of the
openings computed for all months and all levels
of solar activity from W1 (Newington, CT) to
Europe. The range of angles from 4° to 13°
covers 90% of all these openings. “Peak 1”
describes the angle of 11°, where the largest
percentage of openings occu r, at 18%. “Peak 2”
describes the angle of 4 °, where the next highest
percentage of openings occu r, at 11%.

Table 4
W1, Newington, CT to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 16-33 2-21 2-17 3-29 1-13 3-13 2-12 2-13

90% 17-24 6-19 5-14 4-13 3-10 4-13 4-11 3-11
Peak Angs 20,17 15,6 11,8 11,4 4,7 5,11 5,8 9,6
Peak Pcts 24,5 19,7 23,9 18,11 30,13 18,10 21,11 20,17

Far East 100% 10-18 10-15 2-18 1-16 2-18 2-16 2-14 2-9
90% 10-18 10-14 4-14 3-12 3-12 3-14 3-14 2-9
Peak Angs 12,18 12 10,14 5,10 5,12 10,3 4,12 3,6
Peak Pcts 38,23 60 22,15 23,19 19,14 21,12 23,11 29,18

South 100% 10-21 5-14 1-13 1-14 1-12 1-13 1-12 1-12
America 90% 12-17 8-13 5-12 2-11 2-9 3-10 3-10 2-11

Peak Angs 15 10 6,9 8,5 4,7 5,9 5,9 6,3
Peak Pcts 34 32 19,16 17,12 29,7 25,9 24,8 16,9

Oceania 100% 6-7 4-10 2-10 1-10 2-10 1-10 3-10 2-10
90% 6-7 5-10 5-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 6 10 10 5 10,3 10 10 10,5
Peak Pcts 50 84 58 38 26,12 46 44 24,20

Southern 100% 10-18 8-18 2-18 1-16 1-12 1-16 1-14 1-12
Africa 90% 12-18 10-14 7-14 2-14 2-12 3-12 3-12 3-12

Peak Angs 18,12 12 12,8 10,5 10,3 10,5 10,5 12,5
Peak Pcts 43,39 49 30,11 24,18 28,10 30,8 23,15 18,15

South 100% 10-18 10-18 2-18 1-17 1-12 2-18 2-14 2-12
Asia 90% 10-18 10-14 4-14 3-14 3-12 3-16 3-14 2-12

Peak Angs 10,18 10 10,14 10,5 3,10 10,5 5,10 5,2
Peak Pcts 40,40 48 36,12 28,16 31,13 20,10 12,12 27,13
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Fig 26—October 20-meter signals and
elevation angles for the full range of solar
activit y, from W1 to England. The elevation
angle does not closely follow the level of solar
activit y. What is important in designing a
station capable of covering all levels of solar
activity is to have flexibility in antenna
elevation pattern response — to cover a wide
range of possible angles.

Fig 25—Overlay of signals and elevation angles,
together with hop-mode information. This is for
one month, Octobe r, at one level of solar activit y,
SSN=70. The mode of propagation does not
closely follow the elevation angle. From 15 to 19
UTC the mode is 3F 2 hops, and the elevation
angle is approximately 12 °. The same elevation
angle is required from 23 to 03 UTC, but here the
mode is 2F 2 hops.

18%, occurring at a takeoff elevation angle of 11°. The label “Peak 2” points to 4° as the second biggest peak
elevation angle, for 11% of all the openings that do occur.

Looking at the Data—Some Cautions
The presence of two distinct peaks in the plot in Fig 24 illustrates the “bi-modality” of this 20-

meter path from New England. In fact, this path supports two different multihop modes most of the
time—a two-hop F2 and a three-hop F2 mode. It is tempting to think that the two-hop signals always
occur at lower elevation launch angles, while the three-hop signals require higher elevation angles.

As was stated previously, however, the workings of the ionosphere are enormously complicated. Fig 25
is an example of a combined plot of predicted signal strengths and elevation angles versus UTC time. This
is for the month of October, from Newington, CT to London, England, for a period of moderate solar
activity, represented by an SSN (12-month Smoothed Sunspot Number) of 70. The dominant F2-layer hop
mode is placed over the elevation angle for each hour the signal is greater than 0 dBµV.

From 22 UTC to 03 UTC, the elevation angles are higher than 11° for two F2-hops. During much of the
morning and early afternoon in Newington (from 11 to 13 UTC, and from 15 to 19 UTC), the angles are also
higher than 11°. However, three F2-hops are involved during this period of time. The number of hops is not
directly related to the elevation angles needed—changing layer heights account for this.

Note that starting around 15 UTC, the mid-morning 20-meter “slump” (down some 10 dB from peak
signal level) is caused by high levels of D- and E-layer absorption when the Sun is high overhead. This
condition favors higher elevation angles, since signals launched at lower angles must travel for a longer
time through the lossy lower layers. Fig 26 overlays predicted signals and elevation angles for three levels
of solar activity in October, again for the Newington-London path. Fig 26 shows the mid-morning “slump”
dramatically when the solar activity is at a high level, represented by SSN = 160. At 15 UTC, the signal
level drops 35 dB from peak level, and the elevation angle rises all the way to 24°. By the way, as a
percentage of all possible openings, the 24° angle occurs only rarely. It doesn’t even show up as a visible
“blip” on Fig 24. Elevation angles are not closely related to the level of solar activity either.

IONCAP does demonstrate that elevation angles do not follow neat, easily identified patterns,
even over a 24-hour period—much less over all portions of the solar cycle. Merely looking at the
percentage of all openings versus elevation angle, as shown in Fig 24, does not tell the whole story,
although it is probably the most statistically valid approach to station design, and possibly the most
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emotionally satisfying approach too! Neither is the whole story revealed by looking only at a “snap-
shot” of elevation angles versus time for one particular month, or for one solar activity level.

What is important to recognize is that the most effective antenna system will be one that can cover the
full range of elevation angles, over the whole spectrum of solar activity, even if the actual angle in use at any
one moment in time may not be easy to determine. For this particular path, from New England to all of
Europe, an ideal antenna would have equal response over the full range of angles from 3° to 29°. Unfortu-
nately, real antennas have a tough time covering such a wide range of elevation angles equally well.

Antenna Elevation Patterns
Figs 27 through 31 show overlays of the same sort of elevation angle information depicted in Fig 24, to-

gether with the elevation response patterns for typical antennas for the HF amateur bands 80, 40, 20, 15 and 10
meters. For example, Fig 29 shows an overlay for 20 meters, with three different types of 20-meter antennas.
These are a four-element Yagi at  90 feet, a four-element Yagi at 120 feet and a large stack of four Yagis located
at 120, 90, 60 and 30 feet. Each antenna is assumed to be mounted over flat ground. Placement on a hill with a
long slope in the direction of interest will lower the required elevation angle by the amount of the hill’s slope. For
example, if a 10° launch angle is desired, and the antenna is placed on a hill with a slope of 5°, the antenna itself

Fig 29—20-meter graph of the percentage of all
openings from New England to Europe versus
elevation angles, together with overlay of
elevation patterns over flat ground for three
20-meter antenna systems.

Fig 30—40-meter graph of the percentage of all
openings from New England to Europe versus
elevation angles, together with overlay of
elevation pattern over flat ground for a 100-foot
high dipole.

Fig 27—10-meter graph of the percentage of all
openings versus elevation angles, together with
overlay of elevation patterns over flat ground for
three 10-meter antenna systems. Stacked antennas
have wider “footprints” in elevation angle coverage
for this example from New England to Europe.

Fig 28—15-meter graph of the percentage of all
openings versus elevation angles, together with
overlay of elevation patterns over flat ground for two
15-meter antenna systems . Again, stacked antennas
have wider “footprints” in elevation angle coverage
for this example from New England to Europe.
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Table 5
W2, Buffalo, N Y to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 15-31 2-22 2-17 2-27 3-12 3-13 3-12 3-12

90% 16-25 5-20 5-15 3-13 3-10 4-12 3-12 3-10
Peak Angs 19,16 14,5 10,7 11,6 4,10 5,10 4,10 4,9
Peak Pcts 21,6 19,8 16,11 21,9 21,17 20,19 20,12 29,16

Far East 100% 10-18 10-15 2-18 2-17 1-18 2-16 2-14 3-12
90% 10-18 12-14 4-15 3-12 3-12 3-14 3-14 3-12
Peak Angs 14,18 12 14,10 10,5 10,6 10,5 5,12 5
Peak Pcts 33,27 54 21,17 22,21 18,13 27,15 33,14 57

South 100% 8-16 5-13 4-12 1-14 1-11 1-13 1-12 1-12
America 90% 9-16 7-12 5-11 2-10 2-9 1-11 3-11 2-11

Peak Angs 15,12 10 10,6 7,4 4,7 5,9 5,8 5,2
Peak Pcts 29,6 37 19,16 19,12 24,11 22,11 26,8 18,7

Oceania 100% 6-10 5-10 2-10 2-10 1-10 2-10 2-10 3-10
90% 6-10 5-10 4-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 10 10 10 5 10,3 10 10 10,5
Peak Pcts 67 81 53 50 19,17 42 57 37,25

Southern 100% 10-12 8-14 1-14 2-14 1-12 1-14 2-14 2-12
Africa 90% 10-12 10-12 5-14 5-14 2-12 2-12 3-14 3-12

Peak Angs 10 12 10 10,5 10,5 10,4 10,5 10,5
Peak Pcts 59 54 40 32,28 24,19 27,10 27,17 28,18

South 100% 0-0 10-18 2-17 2-17 1-18 2-18 2-16 3-8
Asia 90% 0-0 10-14 6-14 3-14 3-12 3-16 3-14 3-8

Peak Angs 0,0 10 12 5,10 3,6 12,5 4,12 4,7
Peak Pcts 0,0 46 40 27,18 36,15 14,12 16,16 29,12

should be designed for a height that would optimize the response at 15° over flat ground—one wavelength high.
Back to Fig 29, the large stack of four Yagis over flat ground comes closest to being “ideal,” but

even this large array will not work well for that very small percentage of time when the angle needed is
higher than about 20°. Some hams might conclude that the tiny percentage of time when the angles are
very high doesn’ t justify an antenna tailored for that response. However, when that new DX country
pops up on a band, or when a rare multiplier shows up in a contest, doesn’ t it always seem that the

desired signal only comes in at some angle your
antenna doesn’ t cover well? What do you do then,
if your only antenna happens to be a large stack?

The answer to this, perhaps unique, high-angle
problem lies in switching to using only the top an-
tenna in the stack. In this example, the second eleva-
tion peak of the 120-foot high antenna would cover
the angles from 20° to 30° well, much better than the
stack does. Note that the top antenna by itself would
not be ideal for all conditions. It is simply too high
much of the time when the elevation angles are higher
than about 12°. The experience of many amateurs on
the US East Coast with high 20-meter antennas bears
this out—they find that 60 to 90-foot high antennas
are far more consistent performers into Europe.

Detailed Tables of Elevatio n Angle
Information

Now that we have given all the cautions and
all the caveats, we present Tables 4 through 13.

Fig 31—80-meter graph of the percentage of all
openings from New England to Europe versus
elevation angles, together with overlay of
elevation patterns over flat ground for dipoles at
two different heights. The 200-foot-high dipole
clearly covers the necessary elevation angles
better than does the 100-foot-high dipole.
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Table 7
W4, Atlanta, GA to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 13-32 2-18 1-15 1-15 1-10 1-13 1-11 1-11

90% 13-27 3-17 3-13 3-10 1-9 2-10 1-10 1-10
Peak Angs 15,25 17,12 12,5 7 7,2 7,2 9,2 2,9
Peak Pcts 21,3 14,11 16,10 34 23,11 24,8 16,15 25,13

Far East 100% 10-18 10-17 1-18 1-14 1-12 2-16 2-14 3-12
90% 12-18 10-15 3-16 3-13 3-12 2-15 3-12 3-12
Peak Angs 14,18 12 12,3 10,5 10,3 10 12,5 5,12
Peak Pcts 36,27 53 23,14 27,23 31,11 38 38,21 35,23

South 100% 9-21 6-18 1-13 1-15 1-26 1-13 1-14 1-13
America 90% 11-17 8-14 3-12 2-11 2-10 2-13 2-11 2-9

Peak Angs 15,10 11,14 11,7 7,11 5,8 5,9 4,7 5,8
Peak Pcts 27,4 27,5 23,13 16,8 18,8 18,9 18,17 23,11

Oceania 100% 10-10 5-10 4-10 1-10 2-10 1-10 2-10 2-10
90% 10-10 5-10 6-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 10 10 10 5,10 5,8 10,3 10 10
Peak Pcts 100 66 76 38,17 27,19 28,18 50 49

Southern 100% 10-14 8-14 5-14 1-14 2-12 2-14 1-14 1-13
Africa 90% 10-12 8-12 8-12 5-14 4-12 3-12 2-12 3-12

Peak Angs 10 10 10 10,5 8,5 10,6 10,5 10,5
Peak Pcts 77 67 47 20,19 26,13 25,12 23,9 27,13

South 100% 0-0 8-12 3-12 2-14 1-12 2-14 2-14 3-11
Asia 90% 0-0 10-11 5-12 3-13 2-11 2-14 3-13 3-11

Peak Angs 0,0 10 10 10,5 3,6 10,3 3,8 3,7
Peak Pcts 0,0 88 66 32,22 26,15 18,15 20,15 35,15

Table 6
W3, Washington, DC to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 14-35 3-21 1-17 1-16 2-12 3-13 2-11 3-10

90% 16-28 4-20 5-15 3-12 3-11 3-12 3-11 3-10
Peak Angs 18,15 13,16 10,6 10,5 9,4 9,4 4,11 3,7
Peak Pcts 19,2 16,8 15,11 26,9 20,16 17,13 21,12 25,17

Far East 100% 10-18 9-15 1-18 1-16 2-13 4-17 3-16 2-12
90% 10-18 10-14 3-15 3-12 2-12 4-15 4-14 3-11
Peak Angs 14,18 12 14,3 10,5 10,5 10,5 5,12 5,8
Peak Pcts 37,26 59 24,14 25,23 18,17 34,9 34,20 31,9

South 100% 11-19 6-15 1-13 1-15 1-12 1-13 1-13 1-13
America 90% 12-17 9-13 5-12 2-11 1-10 2-11 2-12 2-10

Peak Angs 15 11 11,7 9,5 4,8 5,8 6,11 4,7
Peak Pcts 33 29 21,13 14,14 22,9 19,10 23,7 21,18

Oceania 100% 10-10 4-10 4-10 2-10 1-10 1-10 2-10 2-10
90% 10-10 5-10 6-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 10 10 10 5 8,5 10,3 10 10,3
Peak Pcts 100 73 66 48 20,17 37,15 60 38,22

Southern 100% 10-12 8-14 4-14 2-14 1-12 2-14 1-14 2-13
Africa 90% 10-12 10-12 7-12 5-14 2-10 2-12 2-12 4-12

Peak Angs 10 10 12 10,5 10,5 10,5 8,12 10,5
Peak Pcts 73 51 37 26,21 24,21 25,11 20,19 24,14

South 100% 0-0 8-12 3-14 2-14 1-12 3-14 3-14 2-10
Asia 90% 0-0 10-12 6-12 3-14 3-10 3-14 3-14 3-8

Peak Angs 0,0 10 10 10,5 3 10,3 12,5 3,7
Peak Pcts 0,0 73 48 27,19 42 19,17 21,13 38,19
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Table 9
W6, San Francisco, CA to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 8-18 2-17 3-13 1-14 2-9 1-11 3-11 2-10

90% 8-18 4-16 4-11 1-11 3-8 3-10 3-10 2-10
Peak Angs 9,16 11,5 7,4 7,4 4 4,7 5,10 2,10
Peak Pcts 33,17 23,10 27,6 15,14 38 24,14 19,19 29,29

Far East 100% 11-27 5-20 1-15 1-14 2-11 2-12 3-11 2-10
90% 13-25 10-19 5-14 1-11 3-9 4-11 4-11 3-10
Peak Angs 14,17 11,17 7,13 8,3 4,8 9,5 5,11 5,8
Peak Pcts 25,5 18,12 14,10 21,11 23,19 22,11 23,18 20,14

South 100% 10-12 5-15 2-11 1-12 1-9 1-14 1-14 1-13
America 90% 10-12 7-12 3-10 3-10 2-8 3-11 1-11 2-11

Peak Angs 10 10 7,10 5,8 4,7 5,8 6,1 5,8
Peak Pcts 40 37 29,6 15,12 29,8 28,7 18,10 23,12

Oceania 100% 10-14 8-14 2-14 2-14 2-13 2-14 1-14 2-12
90% 10-14 10-14 8-12 5-12 3-12 3-12 3-13 2-12
Peak Angs 10 10 10 10,5 8,12 8,12 10 10,5
Peak Pcts 60 80 60 21,18 32,10 30,8 35 30,11

Southern 100% 0-0 5-10 2-10 2-10 2-10 2-10 2-10 1-10
Africa 90% 0-0 5-10 4-10 3-10 3-10 3-10 3-10 3-10

Peak Angs 0,0 10 10 10,5 10,6 10 10 5,10
Peak Pcts 0,0 68 59 35,26 34,19 56 54 40,26

South 100% 10-11 7-14 3-14 2-14 2-12 1-14 2-14 2-9
Asia 90% 10-11 8-14 3-14 3-12 2-12 3-14 3-13 2-9

Peak Angs 10 14,10 10,7 10,5 10,3 10,3 12,5 3,6
Peak Pcts 67 40,32 26,10 27,15 27,15 31,15 22,16 17,17

Table 8
W5, Dallas, TX to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 11-28 3-16 1-13 1-15 1-11 1-11 1-13 1-11

90% 11-27 7-15 2-12 2-10 2-9 2-10 1-11 1-9
Peak Angs 11,14 14,7 9,5 5 5,1 5,8 6,1 7,2
Peak Pcts 15,11 22,9 27,6 32 27,5 29,8 20,13 18,16

Far East 100% 10-18 10-17 1-18 1-15 2-18 1-18 3-14 3-13
90% 12-18 10-14 3-16 3-12 3-12 2-14 4-14 3-12
Peak Angs 18,12 12 12,8 10,5 10,5 10 12,5 5,12
Peak Pcts 29,27 49 19,8 21,16 31,9 43 30,21 31,24

South 100% 8-15 5-16 3-15 1-13 1-12 1-13 1-13 1-12
America 90% 9-15 7-13 5-11 3-11 2-11 2-12 1-12 2-8

Peak Angs 14,9 9 9,5 6,9 3,7 4,9 3,6 4,7
Peak Pcts 29,7 36 20,12 15,9 19,11 14,13 20,8 29,7

Oceania 100% 5-10 4-10 4-10 2-10 2-10 1-10 2-10 3-10
90% 5-10 6-10 6-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 8,5 10 10 5,10 5,8 8,5 10,5 10,5
Peak Pcts 38,13 64 76 27,26 20,20 31,12 40,24 45,25

Southern 100% 6-10 5-10 4-10 2-10 2-10 2-10 1-10 2-10
Africa 90% 6-10 6-10 6-10 3-10 3-10 3-10 2-10 3-10

Peak Angs 10 10 10 5,10 10,5 10,5 10,5 5,10
Peak Pcts 70 78 60 31,21 26,25 32,18 35,22 34,32

South 100% 0-0 8-14 2-14 1-14 1-12 2-14 3-14 5-10
Asia 90% 0-0 8-12 5-12 3-12 2-12 3-14 3-14 5-10

Peak Angs 0,0 10 10 10,5 3,6 12,3 3,7 7
Peak Pcts 0,0 62 70 27,16 29,13 19,13 21,17 40
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Table 11
W8, Cincinnati, OH to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 14-33 3-20 2-16 1-28 1-12 2-12 2-11 2-11

90% 14-27 3-19 4-14 3-12 2-10 3-11 2-10 2-9
Peak Angs 15,18 12,18 13,9 8,3 8,4 8,3 2,9 3,8
Peak Pcts 20,13 13,9 15,13 26,6 20,12 20,13 17,14 20,12

Far East 100% 10-18 9-16 2-18 1-16 2-12 2-16 1-16 3-12
90% 12-18 10-15 4-15 3-12 3-12 3-14 3-14 3-12
Peak Angs 14,18 12 14,10 10,5 10,6 10 5,12 5,12
Peak Pcts 29,29 54 21,14 25,21 24,13 36 29,18 34,15

South 100% 12-18 5-15 1-16 1-13 1-12 1-13 1-13 1-11
America 90% 12-16 8-13 5-12 2-11 2-10 2-11 3-12 2-8

Peak Angs 14 10,13 11,7 9,6 4,8 10,5 5,8 4,7
Peak Pcts 37 34,9 24,13 16,14 24,11 16,15 24,12 20,16

Oceania 100% 5-10 5-10 4-10 1-10 2-10 2-10 2-10 1-10
90% 5-10 5-10 5-10 2-10 2-10 3-10 4-10 3-10
Peak Angs 10 10 10 5 8,3 10,3 10 10
Peak Pcts 60 73 74 58 20,17 35,13 61 49

Southern 100% 10-12 8-14 1-14 4-14 2-12 1-14 1-14 2-12
Africa 90% 10-12 10-12 5-12 5-14 3-12 3-12 2-12 5-12

Peak Angs 10 10 12,8 10,5 10,5 10,5 10,5 10,5
Peak Pcts 81 48 35,12 27,24 24,16 25,11 23,10 30,18

South 100% 0-0 8-12 3-13 2-14 1-12 2-14 2-14 2-12
Asia 90% 0-0 10-12 6-12 3-12 2-10 3-14 3-14 2-12

Peak Angs 0,0 10 10 10,5 3 12,3 12,3 3,8
Peak Pcts 0,0 92 48 22,21 37 24,20 18,15 29,24

Table 10
W7, Seattle, WA to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 8-15 2-16 2-13 1-12 1-12 1-11 1-12 1-6

90% 8-15 6-15 5-11 2-10 1-9 1-11 1-11 1-6
Peak Angs 12 13,9 9,5 5,2 6,3 7,1 5,1 4
Peak Pcts 36 25,12 22,11 21,9 32,9 21,13 28,17 43

Far East 100% 12-33 5-19 1-17 1-16 1-11 1-13 1-12 1-11
90% 13-28 7-18 2-14 2-11 2-9 2-12 2-11 2-10
Peak Angs 15,18 14,7 10,13 9,5 5,8 6,10 6,9 6,2
Peak Pcts 16,9 16,9 12,12 18,13 25,14 21,11 27,13 19,9

South 100% 10-18 8-18 5-18 3-16 2-12 1-16 1-14 2-14
America 90% 12-18 10-16 8-14 3-12 3-12 3-12 3-12 2-12

Peak Angs 18,12 10 10,14 10,5 10,6 10,5 10,5 10,5
Peak Pcts 45,24 62 29,10 23,22 27,15 32,8 31,10 24,12

Oceania 100% 8-12 10-14 3-14 2-14 2-13 2-14 1-14 3-13
90% 10-12 10-12 6-14 3-12 3-12 3-12 3-12 4-12
Peak Angs 10 10 10,14 5,10 10,6 10 10,5 10,5
Peak Pcts 70 61 31,17 31,18 24,16 38 30,10 31,20

Southern 100% 0-0 5-10 3-10 2-10 2-10 2-10 2-10 2-10
Africa 90% 0-0 5-10 4-10 3-10 2-10 3-10 3-10 3-9

Peak Angs 0,0 10 10 10,5 10,5 10 5 5
Peak Pcts 0,0 72 72 38,22 34,20 67 45 53

South 100% 12-15 10-18 2-18 1-17 1-13 3-16 3-12 3-11
Asia 90% 12-15 11-16 3-16 3-14 2-12 3-16 3-10 3-11

Peak Angs 12,15 14 10,14 10,5 3,12 10,14 3,10 3,10
Peak Pcts 33,33 57 22,11 21,18 23,18 19,15 28,13 30,10
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Table 13
WØ, Fargo, ND to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 10-33 2-19 3-15 1-15 2-11 1-12 1-11 1-9

90% 13-30 7-17 3-13 2-10 2-10 2-10 2-11 2-8
Peak Angs 14,23 17,11 12,9 8,4 4,7 9,2 7,2 3,6
Peak Pcts 21,7 15,14 17,13 22,8 18,14 15,14 18,14 19,19

Far East 100% 11-27 4-18 3-13 1-12 1-9 3-10 2-9 3-9
90% 11-26 4-16 4-12 2-10 2-8 3-10 3-9 3-8
Peak Angs 12,15 11,15 6,10 7,3 7,4 9,4 5,8 5,8
Peak Pcts 16,9 17,9 18,13 25,7 23,16 26,14 29,14 24,14

South 100% 8-17 5-19 4-15 2-14 1-12 1-13 1-11 1-11
America 90% 9-15 7-11 4-11 3-10 2-9 3-11 3-11 2-9

Peak Angs 13 9 10,6 7,4 3,7 7,4 4,8 4,7
Peak Pcts 31 40 27,11 21,8 22,17 17,15 21,14 22,10

Oceania 100% 5-10 5-10 4-10 2-10 1-10 2-10 3-10 2-10
90% 5-10 5-10 5-10 2-10 3-10 3-10 3-10 3-10
Peak Angs 10 10 10 5 5,10 10 10 10,5
Peak Pcts 47 85 50 41 19,19 43 58 39,32

Southern 100% 6-10 5-10 2-10 2-10 1-10 2-10 2-10 3-10
Africa 90% 6-10 6-10 3-10 2-10 3-10 3-10 3-10 4-10

Peak Angs 10 10 10 5,10 10,6 10 10,5 5,10
Peak Pcts 75 84 67 37,24 25,20 53 38,37 33,21

South 100% 0-0 8-18 2-18 2-16 2-17 2-18 3-16 3-6
Asia 90% 0-0 10-16 5-14 3-14 3-11 3-15 3-14 3-6

Peak Angs 0,0 10 10,14 5,12 3 5,14 5,8 4
Peak Pcts 0,0 38 34,10 24,16 40 20,11 30,9 50

Table 12
W9, Chicago, IL to World

80m 40m 30m 20m 17m 15m 12m 10m
Europe 100% 14-34 3-19 2-16 1-16 2-11 2-13 2-12 2-10

90% 15-28 3-18 4-14 2-11 2-10 2-11 2-11 2-10
Peak Angs 15,18 12,15 9,5 9,4 8,3 8,3 3,9 3,6
Peak Pcts 21,13 16,9 13,12 28,8 17,13 17,13 22,15 18,16

Far East 100% 12-18 9-18 4-18 2-17 2-12 3-18 2-15 3-12
90% 12-18 11-15 5-16 4-12 3-12 3-14 3-14 3-10
Peak Angs 14,18 12 14,10 10,5 10,6 10,14 5,12 5
Peak Pcts 34,29 48 21,17 27,16 28,18 33,10 36,22 44

South 100% 8-16 5-14 3-14 1-12 1-12 1-13 2-12 1-12
America 90% 8-16 7-12 4-11 3-10 2-9 3-10 3-10 2-10

Peak Angs 13,9 9 10,7 8,5 3,8 4,7 4,8 5,2
Peak Pcts 25,14 41 22,12 21,12 23,15 17,16 25,13 22,10

Oceania 100% 5-10 5-10 4-10 1-10 1-10 2-10 2-10 1-10
90% 5-10 5-10 5-10 2-10 2-10 3-10 3-10 3-10
Peak Angs 10 10 10 5 5,10 10 10 10
Peak Pcts 57 82 60 48 20,18 46 63 47

Southern 100% 10-12 8-12 1-14 3-14 2-12 1-14 2-14 3-13
Africa 90% 10-12 10-12 4-14 5-14 3-12 2-12 3-13 3-12

Peak Angs 10 12 10 10,5 10,6 10,6 10,5 10,5
Peak Pcts 73 51 34 33,28 21,17 26,11 24,15 25,20

South 100% 0-0 10-18 4-17 2-16 1-12 2-18 2-14 2-10
Asia 90% 0-0 10-14 8-12 3-14 3-12 3-17 3-12 2-10

Peak Angs 0,0 10 10 5,10 3 12,3 3,10 3,6
Peak Pcts 0,0 63 45 25,19 43 15,12 18,15 27,9
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These contain detailed elevation angle information covering all levels of solar activity from all US call
areas to six important areas throughout the world: Europe (represented by both England and Ukraine),
the Far East (centered on Japan), South America (Paraguay), Oceania (Melbourne, Australia), South-
ern Africa (Zambia) and South Asia (New Delhi, India).

The US transmitting sites are W1 (centered on Newington, CT), W2 (Buffalo, NY), W3 (Washington,
DC), W4 (Atlanta, GA), W5 (Dallas, TX), W6 (San Francisco, CA), W7 (Seattle, WA), W8 (Cincinnati,
OH), W9 (Chicago, IL) and WØ (Fargo, ND). Each transmitting or receiving location covers a wide geo-
graphic area, where IONCAP computations vary by only a small amount. The reader should pick the trans-
mitting site closest to his or her actual location to determine the best antenna heights on all the HF bands.

In addition to the abbreviated information in these printed tables, the accompanying computer diskette contains
the complete data set for each transmitting location, including a number of other USA and some non-USA transmit-
ter sites in Europe, South America, Africa, Asia and Oceania. The elevation-angle statistical data is in ASCII form,
so that it can be “imported” into a spreadsheet program for further manipulation, or for graphing. The data is also
used by the YT program included on the CD-ROM. See Chapter 3 for details on YT.

ONE-WAY PROPAGATION
On occasion a signal may be started on the way back toward the Earth by reflection from the F layer, only to

come down into the top of the E region and be reflected back up again. This set of conditions is one explanation
for the often-reported phenomenon called one-way skip. The reverse path may not necessarily have the same
multilayer characteristic, and the effect is more often a difference in the signal strengths, rather than a complete
lack of signal in one direction. It is important to remember this possibility, when a long-distance test with a new
antenna system yields apparently conflicting evidence. Even many tests, on paths of different lengths and head-
ings, may provide data that are difficult to understand. Communication by way of the ionosphere is not always a
source of consistent answers to antenna questions!

SHORT OR LONG PATH?
Propagation between any two points on the

Earth’s surface is usually by the shortest direct
route—the great-circle path found by stretching
a string tightly between the two points on a globe.
If an elastic band going completely around the
globe in a straight line is substituted for the string,
it will show another great-circle path, going “the
long way around.” The long path may serve for
communication over the desired circuit when con-
ditions are favorable along the longer route. There
may be times when communication is possible
over the long path but not possible at all over the
short path. Especially if there is knowledge of this
potential at both ends of the circuit, long-path
communication may work very well. Cooperation
is almost essential, because both the aiming of di-
rectional antennas and the timing of the attempts
must be right for any worthwhile result. The
IONCAP computations in the preceding tables
were made for short-path azimuths only.

Sunlight is a required element in long-haul com-
munication via the F layer above about 10 MHz.
This fact tends to define long-path timing and an-
tenna aiming. Both are essentially the reverse of the
“normal” for a given circuit. We know also that salt-
water paths work better than overland ones. This
can be significant in long-path work.

Fig 32—N5KR ’s computer-generated azimuthal-
equidistant projection centered on Newington,
Connecticut. (See bibliography for ordering infor-
mation.) Shading of the land masses and information
showing long paths to Perth and Tokyo have been
added. Notice that the paths in both cases lie almost
entirely over wate r, rather than over land masses.
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We can better understand several aspects of long-path propagation if we become accustomed to think-
ing of the Earth as a ball. This is easy if we use a globe frequently. A flat map of the world, of the azimuthal-
equidistant projection type, is a useful substitute. The ARRL World Map is one, centered on Wichita, Kan-
sas. A similar world map prepared by N5KR (now K5ZI) and centered on Newington, Connecticut, is shown
in Fig 32. These help to clarify paths involving those areas of the world.

Long-Path Examples
There are numerous long-path routes well known to DX-minded amateurs. Two long paths that

work frequently and well when 28 MHz is open from the northeastern US are New England to Perth,
Australia, and New England to Tokyo. Although they represent different beam headings and distances,
they share some favorable conditions. By long path, Perth is close to halfway around the world; Tokyo
is about three-quarters of the way. On 28 MHz, both areas come through in the early daylight hours,
Eastern Time, but not necessarily on the same days. Both paths are at their best around the equinoxes.
(The sunlight is more uniformly distributed over transequatorial paths at these times.) Probably the
factor that most favors both is the nature of the first part of the trip at the US end. To work Perth by way
of long path, northeastern US antennas are aimed southeast, out over salt water for thousands of miles—
the best low-loss start a signal could have. It is salt water essentially all the way, and the distance, about
13,000 miles, is not too much greater than the “short” path.

The long path to Japan is more toward the south, but still with no major land mass at the early
reflection points. It is much longer, however, than that to Western Australia. Japanese signals are more
limited in number on the long path than on the short, and signals on the average somewhat weaker,
probably because of the greater distance.

On the short path, an amateur in the Perth area is looking at the worst conditions—away from the
ocean, and out across a huge land mass unlikely to provide strong ground reflections. The short paths to
both Japan and Western Australia, from most of the eastern half of North America, are hardly favor-
able. The first hop comes down in various western areas likely to be desert or mountains, or both, and
not favored as reflection points.

A word of caution: Don’t count on the long-path signals always coming in on the same beam heading. There
can be notable differences in the line of propagation via the ionosphere on even relatively short distances. There
can be more variations on long path, especially on circuits close to halfway around the world. Remember, for a
point exactly halfway around, all directions of the compass represent great-circle paths.

FADING
When all the variable factors in long-distance communication are taken in account, it is not surprising

that signals vary in strength during almost every contact beyond the local range. In VHF communication we
can encounter some fading, at distances greater than just to the visible horizon. These are mainly the result
of changes in the temperature and moisture content of the air in the first few thousand feet above the ground.

On paths covered by ionospheric modes, the causes of fading are very complex—constantly changing
layer height and density, random polarization shift, portions of the signal arriving out of phase, and so on.
The energy arriving at the receiving antenna has components that have been acted upon differently by the
ionosphere. Often the fading is very different for small changes in frequency. With a signal of a wideband
nature, such as high-quality FM, or even double-sideband AM, the sidebands may have different fading
rates from each other, or from the carrier. This causes severe distortion, resulting in what is termed selective
fading. The effects are greatly reduced (but still present to some extent) when single-sideband (SSB) is used.
Some immunity from fading during reception (but not to the distortion induced by selective fading) can be
had by using two or more receivers on separate antennas, preferably with different polarizations, and com-
bining the receiver outputs in what is known as a diversity receiving system.

OTHER PROPAGATION MODES
In propagation literature there is a tendency to treat the various propagation modes as if they were

separate and distinct phenomena. This they may be at times, but often there is a shifting from one to another,



23-40 Chapter 23

or a mixture of two or more kinds of propagation affecting communication at one time. In the upper part of
the usual frequency range for F-layer work, for example, there may be enough tropospheric bending at one
end (or both ends) to have an appreciable effect on the usable path length. There is the frequent combination
of E and F-layer propagation in long-distance work. And in the case of the E layer, there are various causes
of ionization that have very different effects on communication. Finally, there are weak-signal variations of
both tropospheric and ionospheric modes, lumped under the term “scatter.” We look at these phenomena
separately here, but in practice we have to deal with them in combination, more often than not.

Sporadic E (E s)
First, note that this is E-subscript-s, a usefully descriptive term, wrongly written “Es” so often that

it is sometimes called “ease,” which is certainly not descriptive. Sporadic E is ionization at E-layer
height, but of different origin and communication potential from the E layer that affects mainly our
lower amateur frequencies.

The formative mechanism for sporadic E is believed to be wind shear. This explains ambient
ionization being distributed and compressed into a ledge of high density, without the need for produc-
tion of extra ionization. Neutral winds of high velocity, flowing in opposite directions at slightly dif-
ferent altitudes, produce shears. In the presence of the Earth’s magnetic field, the ions are collected at
a particular altitude, forming a thin, overdense layer. Data from rockets entering Es regions confirm
the electron density, wind velocities and height parameters.

The ionization is formed in clouds of high density, lasting only a few hours at a time and distributed
randomly. They vary in density and, in the middle latitudes in the Northern Hemisphere, move rapidly from
southeast to northwest. Although Es can develop at any time, it is most prevalent in the Northern Hemisphere
between May and August, with a minor season about half as long beginning in December (the summer and
winter solstices). The seasons and distribution in the Southern Hemisphere are not so well known. Australia and
New Zealand seem to have conditions much like those in the US, but with the length of the seasons reversed, of
course. Much of what is known about Es came as the result of amateur pioneering in the VHF range.

Correlation of Es openings with observed natural phenomena, including sunspot activity, is not readily
apparent, although there is a meteorological tie-in with high-altitude winds. There is also a form of Es,
mainly in the northern part of the north temperate zone, that is associated with auroral phenomena.

At the peak of the long Es season, most commonly in late June and early July, ionization becomes
extremely dense and widespread. This extends the usable range from the more common “single-hop” maxi-
mum of about 1400 miles to “double-hop” distances, mostly 1400 to 2500 miles. With 50-MHz techniques
and interest improving in recent years, it has been shown that distances considerably beyond 2500 miles can
be covered. There is also an Es “link-up” possibility with other modes, believed to be involved in some 50-
MHz work between antipodal points, or even long-path communication beyond 12,500 miles.

The MUF for Es is not known precisely. It was long thought to be around 100 MHz, but in the last
25 years or so there have been thousands of 144-MHz contacts during the summer Es season. Presum-
ably, the possibility also exists at 222 MHz. The skip distance at 144 MHz does average much longer
than at 50 MHz, and the openings are usually brief and extremely variable.

The terms “single” and “double” hop may not be accurate technically, since it is likely that cloud-to-
cloud paths are involved. There may also be “no-hop” Es. At times the very high ionization density
produces critical frequencies up to the 50-MHz region, with no skip distance at all. It is often said that
the Es mode is a great equalizer. With the reflecting region practically overhead, even a simple dipole
close to the ground may do as well over a few hundred miles as a large stacked antenna array designed
for low-angle radiation. It’s a great mode for low power and simple antennas on 28 and  50 MHz.

Scatter Modes
The term “skip zone” (where no signals are heard) should not be taken too literally. Two stations

communicating over a single ionospheric hop can be heard to some degree at almost any point along
the way, unless they are running low power and using simple antennas. Some of the wave energy is
scattered in all directions, including back to the starting point and farther. The wave energy of VHF
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stations is not gone after it reaches the radio horizon, described early in this chapter. It is scattered, but
it can be heard to some degree for hundreds of miles. Everything on Earth, and in the regions of space
up to at least 100 miles, is a potential scattering agent.

Tropospheric scatter is always with us. Its effects are often hidden, masked by more effective
propagation modes on the lower frequencies. But beginning in the VHF range, scatter from the lower
atmosphere extends the reliable range markedly if we make use of it. Called “tropo scatter,” this is
what produces that nearly flat portion of the curves given in an earlier section on reliable VHF cover-
age. We are not out of business at somewhere between 50 and 100 miles, on the VHF and even UHF
bands, especially if we don’t mind weak signals and something less than 99% reliability. As long ago as
the early 1950s, VHF enthusiasts found that VHF contests could be won with high power, big antennas
and a good ear for signals deep in the noise. They still can.

Ionospheric scatter works much the same as the tropo version, except that the scattering medium is
the E region of the ionosphere, with some help from the D and F layers too. Ionospheric scatter is
useful mainly above the MUF, so its useful frequency range depends on geography, time of day, sea-
son, and the state of the Sun. With near maximum legal power, good antennas and quiet locations,
ionospheric scatter can fill in the skip zone with marginally readable signals scattered from ionized
trails of meteors, small areas of random ionization, cosmic dust, satellites and whatever may come into
the antenna patterns at 50 to 150 miles or so above the Earth. It’s mostly an E-layer business, so it
works all E-layer distances. Good antennas and keen ears help.

Backscatter is a sort of ionospheric radar. Because it involves mainly scattering from the Earth at
the point where the strong ionospherically propagated signal comes down, it is a part of long-distance
radar techniques. It is also a great “filler-inner” of the skip zone, particularly in work near the MUF,
where propagation is best. It was proved by amateurs using sounding techniques that you can tell to
what part of the world a band is usable (single-hop F) by probing the backscatter with a directive
antenna, even when the Earth contact point is open ocean. In fact, that’s where the mode is at its best.

Backscatter is very useful on 28 MHz, particularly when that band seems dead simply because
nobody is active in the right places. The mode keeps the 10-meter band lively in the low years of the
solar cycle, thanks to the never-say-die attitude of some users. The mode is also an invaluable tool of
50-MHz DX aspirants, in the high years of the sunspot cycle, for the same reasons. On a high-MUF
morning, hundreds of 6-meter beams may zero in on a hot spot somewhere in the Caribbean or South
Atlantic, where there is no land, let alone other 6-meter stations—keeping in contact while they wait
for the band to open to a place where there is somebody.

Sidescatter is similar to backscatter, except the ground scatter zone is merely somewhat off the direct
line between participants. A typical example, often observed during the lowest years of the solar cycle, is
communication on 28 MHz between the eastern US (and adjacent areas of Canada) and much of the Euro-
pean continent. Often, this may start as “backscatter chatter” between Europeans whose antennas are turned
toward the Azores. Then suddenly the North Americans join the fun, perhaps for only a few minutes, but
sometimes much longer, with beams also pointed toward the Azores. Duration of the game can be extended,
at times, by careful reorientation of antennas at both ends, as with backscatter. The secret, of course, is to
keep hitting the highest-MUF area of the ionosphere and the most favorable ground-reflection points.

The favorable route is usually, but not always, south of the great-circle heading (for stations in the
Northern Hemisphere). There can also be sidescatter from the auroral regions. Sidescatter signals are
stronger than backscatter signals using the same general area of ground scattering.

Sidescatter signals have been observed frequently on the l4-MHz band, and can take place on any
band where there is a large window between the MUF and the LUF. For sidescatter communications to
occur, the thing to look for is a common area to which the band is open from both ends of the path (the
Azores, in the above example), when there is no direct-path opening. It helps if the common area is in
the open ocean, where there is less scattering loss than over land.

Transequatorial scatter (TE) was an amateur 50-MHz discovery in the years 1946-1947. It was turned up
almost simultaneously on three separate north-south paths, by amateurs of all continents. These amateurs
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tried to communicate at 50 MHz, even though the predicted MUF was around 40 MHz for the favorable
daylight hours. The first success came at night, when the MUF was thought to be even lower. A remarkable
research program inaugurated by amateurs in Europe, Cyprus, Southern Rhodesia (now Zimbabwe) and
South Africa eventually provided technically sound theories to explain the then-unknown mode.

It has been known for years that the MUF is higher and less seasonally variable on transequatorial
circuits, but the full extent of the difference was not learned until amateur work brought it to light. Briefly,
the ionosphere over equatorial regions is higher, thicker and more dense than elsewhere. Because of its more
constant exposure to solar radiation, the equatorial belt has high nighttime-MUF possibilities. It is now
known that the TE mode can often work marginally at 144 MHz, and even at 432 MHz on occasion. The
potential MUF varies with solar activity, but not to the extent that conventional F-layer propagation does. It
is a late-in-the-day mode, taking over about when normal F-layer propagation goes out.

The TE range is usually within about 4000 km (2500 miles) either side of the geomagnetic equator. The
Earth’s magnetic axis is tilted with respect to the geographical axis, so the TE belt appears as a curving band on
conventional flat maps of the world. See Fig 33. As a result, TE has a different latitude coverage in the Americas
from that shown in the drawing. The TE belt just reaches into the southern US. Stations in Puerto Rico, Mexico
and even the northern parts of South America encounter the mode more often than those in favorable US areas.
It is no accident that TE was discovered as a result of 50-MHz work in Mexico City and Buenos Aires.

Within its optimum regions of the world, the TE mode extends the usefulness of the 50-MHz band
far beyond that of conventional F-layer propagation, since the practical TE MUF runs around 1.5 times
that of normal F2. Both its seasonal and diurnal characteristics are extensions of what is considered
normal for 50-MHz propagation. In that part of the Americas south of about 20° North latitude, the
existence of TE affects the whole character of band usage, especially in years of high solar activity.

Auroral Propagation
Sudden bursts of solar activity are accompanied by the ejection of charged particles from the Sun. These

particles travel in various directions, and some may enter the Earth’s atmosphere, usually 24 to 36 hours after
the event. Here they may react with the Earth’s magnetic field to produce a visible or radio aurora, visible if
their time of entry is after dark. Some information on major solar outbursts is obtainable from WWV propaga-
tion bulletins, discussed later in this chapter. (From WWV information, the possibility of auroral activity can
be known in advance.)

The visible aurora is, in effect, fluorescence at E-layer height—a curtain of ions capable of refracting
radio waves in the frequency range above about 20
MHz. D-region absorption increases on lower fre-
quencies during auroras. The exact frequency ranges
depend on many factors: time, season, position with
relation to the Earth’s auroral regions, and the level
of solar activity at the time, to name a few.

The auroral effect on VHF waves is another ama-
teur discovery, this one dating back to the 1930s. The
discovery came coincidentally with improved trans-
mitting and receiving techniques. The returning sig-
nal is diffused in frequency by the diversity of the
auroral curtain as a refracting (scattering) medium.
The result is a modulation of a CW signal, from just a
slight burbling sound to what is best described as a
“keyed roar.” Before SSB took over in VHF work,
voice was all but useless for auroral paths. A side-
band signal suffers, too, but its narrower bandwidth
helps to retain some degree of understandability. Dis-
tortion induced by a given set of auroral conditions
increases with the frequency in use. 50-MHz signals

Fig 33—Main and occasional zones of trans-
equatorial 50-MHz propagation show Limassol,
Cyprus, and Salisbury, Zimbabwe, to be almost
ideally positioned with respect to the curving
geomagnetic equator. Windhoek, Namibia, is also in
a favorable spot; Johannesburg somewhat less so.
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are much more intelligible than those on 144 MHz on the same path at the same time. On 144 MHz, CW is
almost mandatory for effective auroral communication.

The number of auroras that can be expected per year varies with the geomagnetic latitude. Drawn
with respect to the Earth’s magnetic poles instead of the geographical ones, these latitude lines in the
US tilt upward to the northwest. For example, Portland, Oregon, is 2° farther north (geographic lati-
tude) than Portland, Maine. The Maine city’s geomagnetic latitude line crosses the Canadian border
before it gets as far west as its Oregon namesake. In terms of auroras intense enough to produce VHF
propagation results, Portland, Maine, is likely to see about 10 times as many per year. Oregon’s au-
roral prospects are more like those of southern New Jersey or central Pennsylvania.

The antenna requirements for auroral work are mixed. High gain helps, but the area of the aurora yield-
ing the best returns sometimes varies rapidly; sharp directivity can be a disadvantage. So could a very low
radiation angle, or a beam pattern very sharp in the vertical plane. Experience indicates that few amateur
antennas are sharp enough in either plane to present a real handicap. The beam heading for maximum signal
can change, however, so a bit of scanning in azimuth may turn up some interesting results. A very large array,
such as is commonly used for moonbounce (with azimuth-elevation control), should be worthwhile.

The incidence of auroras, their average intensity, and their geographical distribution as to visual sightings
and VHF propagation effects all vary to some extent with solar activity. There is some indication that the
peak period for auroras lags the sunspot-cycle peak by a year or two. Like sporadic E, an unusual auroral
opening can come at any season. There is a marked diurnal swing in the number of auroras. Favored times
are late afternoon and early evening, late evening through  early morning, and early afternoon, in about that
order. Major auroras often start in early afternoon and carry through to early morning the next day.

GRAY-LINE PROPAGATION
The gray line, sometimes called the twilight zone, is a band around the Earth between the sunlit portion and

darkness. Astronomers call this the terminator. The terminator is a somewhat diffused region because the Earth’s
atmosphere tends to scatter the light into the darkness. Fig 34 illustrates the gray line. Notice that on one side of
the Earth, the gray line is coming into daylight (sunrise), and on the other side it is coming into darkness (sunset).

Propagation along the gray line is very efficient, so greater distances can be covered than might be
expected for the frequency in use. One major reason for this is that the D layer, which absorbs HF signals,
disappears rapidly on the sunset side of the gray line, and has not yet built up on the sunrise side.

The gray line runs generally north and south, but varies as much as 23° either side of the north-south
line. This variation is caused by the tilt of the Earth’s axis relative to its orbital plane around the Sun. The
gray line will be exactly north and south at the equinoxes (March 21 and September 21). On the first day of
Northern Hemisphere summer, June 21, it is tilted to the maximum of 23° one way, and on December 21,
the first day of winter, it is tilted 23° the other way.

To an observer on the Earth, the direction of the terminator is always at right angles to the direction of the
Sun at sunrise or sunset. It is important to note that, except at the equinoxes, the gray-line direction will be
different at sunrise from that at sunset. This means you can work different areas of the world in the evening
than you worked in the morning.

It isn’t necessary to be located inside the twi-
light zone in order to take advantage of gray-line
propagation. The effects can be used to advantage
before sunrise and after sunset. This is because the
Sun “rises” earlier and “sets” later on the ionospheric
layers than it does on the Earth below.

Propagation Predictions
Very reliable methods of determining the

MUF for any given radio path have been devel-
oped over the last 50 years.These methods are all

Fig 34—The gray line or terminator is a
transition region between daylight and
darkness. One side of the Earth is coming into
sunrise, and the other is just past sunset.
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Table 14
Features and Attributes of Propagation Prediction Programs

ASAPS VOACAP IONSOUND HFx MINIPROP CAPMAN
V. 2.2 Windows PRO 1.06 PLUS 2.5

User Friendliness Good Good Fair/Good Excellent Good Good
Review data Yes Yes No Yes Yes Yes
User library of QTHs Yes Yes Yes Yes Yes Yes
Bearings, distances Yes Yes Yes Yes Yes Yes
MUF calculation Yes Yes Yes Yes Yes Yes
LUF calculation Yes Yes Yes Yes No Yes
Wave angle calculation Yes Yes Yes Yes Yes Yes
Vary minimum wave Yes Yes Yes Yes Yes Yes
  angle
Path regions and hops Yes Yes Yes Yes Yes Yes
Multipath effects No Yes Yes Yes No Yes
Path probability Yes Yes Yes Yes Yes Yes
Signal strengths Yes Yes Yes Yes Yes Yes
S/N ratios Yes Yes Yes Yes No Yes
Long path calculation Yes Yes Yes Yes Yes Yes
Antenna selection Yes Yes Yes Yes Indirectly Yes
Vary antenna height Indirectly Yes No Yes Indirectly Yes
Vary ground Indirectly Yes No No No Yes
  characteristics
Vary transmit power Yes Yes Yes Yes Indirectly Yes
Graphic displays Yes Yes Yes Yes Yes Yes
UT-day graphs Yes Yes Yes Yes Yes Yes
Color monitor support Yes Yes Yes Yes Yes Yes
Hard disk required Yes Yes No Yes No Yes
Save data to disk Yes Yes No Yes No Yes
Area Mapping No Yes No Yes Yes Yes
Documentation 48 p Online Yes Online Yes Yes
Price class $275 free† $75* $129 $60 $89
“Review data” indicates ability to review previous program display screens.
Price classes are for early 1997 and subject to change.
*STD version, with reduced features, available for $35. Version tailored for “How’s DX?” column from QST for $5.
†Available on the World Wide Web on Internet: http://elbert.its.bldrdoc.gov/hf.html

based on the smoothed sunspot number as the measure of solar activity. It is for this reason that smoothed
sunspot numbers hold so much meaning for radio amateurs and others concerned with radio-wave
propagation—they are the link to past (and future) propagation conditions.

Early on, the prediction of propagation conditions required tedious work with numerous graphs,
along with charts of frequency contours overlaid, or overprinted, on world maps. The basic materials
were available from an agency of the US government. Monthly publications provided the frequency-
contour data a few months in advance. Only rarely did amateurs try their hand at predicting propaga-
tion conditions using these hard-to-use methods.

Today’s powerful PCs have given the amateur wonderful tools to make quick and easy HF propa-
gation predictions, whether for a contest or a DXpedition. There are two categories of programs avail-
able for the ham serious about propagation prediction. Programs falling into the first category are
designed for long-range station planning. As previously described, IONCAP is probably the best-known
program in this first category. Organizations such as the Voice of America use a version of IONCAP to
plan their massive installations. Unfortunately, the program can best be characterized as being “pon-
derous” to use. Results must be analyzed thoroughly to gain useful information from the huge mass of
data produced.

The second category of prediction programs is probably most interesting to amateurs. These pro-
grams are designed for quick-and-easy predictions of MUF and band openings. See Table 14. The

http://elbert.its.bldrdoc.gov/hf.html
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Fig 35—Smoothed sunspot numbe r, with
predictions, from 1940 to 2040. This was
extrapolated based on data from 1840 to 1983.
Cycle 22 actually peaked in Nov 1989, at a
monthly smoothed sunspot number of 158.
Propagation on the higher frequencies
throughout the peak of Cycle 22 was good to
excellent, since the monthly smoothed sunspot
number stayed at 100 or above from July 1988
through May 1992. (Courtesy of Naval Ocean
Systems Cente r, San Diego.)

basic information required by such programs is
the smoothed sunspot number (SSN), the date
(month and day), and the latitudes and longitudes
at the two ends of the radio path. The latitude and
longitude, of course, are used to determine the
great-circle radio path. The date is used to deter-
mine the latitude of the Sun, and this, with the
sunspot number, is used to determine the proper-
ties of the ionosphere at critical points on the path.
Some programs accept a solar flux value, such as
is broadcast on WWV, and convert it to its sun-
spot-number equivalent.

Just because a computer program predicts that
a band will be open on a particular path, it doesn’t
follow that the Sun and the ionosphere will al-
ways cooperate! A sudden solar flare can result in
a major geomagnetic storm, taking out HF com-
munication anywhere from hours to days. There
is still art, as well as a lot of science, in predicting
propagation. In times of quiet geomagnetic activ-
ity, however, the prediction programs are good at
forecasting band openings and closings.

Obtaining Sunspot Number/Solar Flux Data
After one has chosen and then set up a computer program, there is still one more necessary ingredient—

a knowledge (or an estimation)—of the sunspot number or solar flux level for the period in question. A caution
must be stated here—for best accuracy and consistency, use the average of solar flux values taken from
WWV/WWVH over the previous three or four days. Solar flux numbers can vary dramatically from day to
day, but the Earth’s ionosphere is relatively slow to respond to instantaneous changes in solar radiation. This
caveat also holds for sunspot numbers derived, using Fig 17, from WWV/WWVH solar flux numbers.

Fig 35 shows a graph done in the early 1980s of smoothed sunspot numbers for Solar Cycles 17
through 21, and predictions for Cycles 22 through 26. The graph covers a period of 100 years, from
1940 to 2040, and may be used for making long-term or historical calculations. Just remember that the
graph shows smoothed numbers. The solar activity at any given time can be significantly lower or
significantly higher than the graph indicates. In fact, Cycle 22 peaked at the end of 1989, as predicted,
but with a monthly smoothed sunspot level of 158, quite a bit higher than predicted.

WWV PROPAGATION DATA
For the most current data on what the Sun is doing, National Institute of Standards and Technol-

ogy stations WWV and WWVH broadcast information on solar activity. At 18 and 45 minutes past
each hour, respectively, WWV and WWVH propagation bulletins give the solar flux, geomagnetic A-
Index, Boulder K-Index, and a brief statement of solar and geomagnetic activity in the past and com-
ing 24-hour periods, in that order. The solar flux and A-Index are changed daily with the 2118 UT
bulletin, the rest every three hours—0018, 0318, 0618 UT and so on.

The NIST in Boulder also provides a telephone voice recording of the WWV/WWVH propagation
message at 303-497-3235. There’s also a continuous audio rebroadcast at 303-499-7111 (Colorado)
and 808-335-4363 (Hawaii).

Radio amateurs are probably the largest audience for this service from WWV. Their use of the data
runs from an occasional check of “the numbers” to round-the-clock recording and detailed record keeping
and charting of the data. Charts of the data are useful for correlating propagation effects and predicting
recurring activity with each 271/2 day rotational period of the Sun.
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The A-Index
The WWV/WWVH A-Index is a daily figure for the state of activity of the Earth’s magnetic field.

It is updated with the 2118/2145 UT bulletin. The A-Index tells you mainly how yesterday was, but it is
very revealing when charted regularly, because geomagnetic disturbances nearly always recur at four-
week intervals

The K-Index
The K-Index (new every three hours) reflects Boulder readings of the Earth’s geomagnetic field in the

hours just preceding the bulletin data changes. It is the nearest thing to current data on radio propagation
available. With new data every three hours, K-Index trend is important. Rising is bad news; falling is good,
especially related to propagation on paths involving latitudes above 30° north. Because this is a Boulder,
Colorado, reading of geomagnetic activity, it may not correlate closely with conditions in other areas.

The K-Index is also a timely clue to aurora possibilities. Values of 3, and rising, warn that condi-
tions associated with auroras and degraded HF propagation are present in the Boulder area at the time
of the bulletin’s preparation.

Other Data
The time when a major solar flare has occurred is announced on WWV/WWVH, usually in the

next bulletin period, and the flare is given a rating. Some hours later, if the particles are intercepted by
our geostationary satellites that are designed for that purpose, a proton event is announced. Around 12
to 24 hours later the solar particles enter the Earth’s atmosphere.

Since auroras are related to solar flares and the periods of increased geomagnetic activity that
follows them, we have an aurora-alert system of sorts in the WWV/WWVH propagation bulletins.
Major flares don’t always produce major geomagnetic disturbances and major auroras, but they are a
good warning that an aurora is likely, usually 14 to 36 hours after the flare.

OTHER PROPAGATION DATA SOURCES
Propagation bulletins are transmitted from W1AW several times a day. These bulletins contain

information on solar and geomagnetic activity. New bulletins are normally prepared each Tuesday, but
they can be revised at any time if their content does not match current conditions. The propagation
information is part of the regular W1AW bulletin service, on all suitable modes. See QST for W1AW
summer and winter schedules. Weekly sunspot information is also included in W1AW propagation
bulletins.

For those who have a computer and modem, NOAA provides the WWV solar-terrestrial data by
several on-line services: Gopher service is available by telephone bulletin board (303-497-7788; up to
28.8 kbps; login: gopher), telnet (telnet gopher.sel.noaa.gov; login: gopher) and by the World Wide
Web (http//:ww w.sel.noaa.gov). Files are available by FTP at ftp.sel.noaa.gov

You may also access propagation information on your local PacketCluster. Use the command SH/
WWV/n, where n is the number of spots you wish to see (five is the default).

On the CD-ROM in the Propagat subdirectory is a series of detailed propagation tables, customized
for many transmitting sites throughout the World to all portions of the DX world.

Another very useful source of monthly propagation information is the column by George Jacobs,
W3ASK, in CQ magazine.

http://www.sel.noaa.gov/
telnet://gopher.sel.noaa.gov
ftp://ftp.sel.noaa.gov
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Chapter 24

Transmission Lines

T
Basic Theory of Transmission Lines

he desirability of installing an antenna in a clear space, not too near buildings or power and
telephone lines, cannot be stressed too strongly. On the other hand, the transmitter that generates
the RF power for driving the antenna is usually, as a matter of necessity, located some distance

from the antenna terminals. The connecting link between the two is the RF transmission line, feeder or
feed line. Its sole purpose is to carry RF power from one place to another, and to do it as efficiently as
possible. That is, the ratio of the power transferred by the line to the power lost in it should be as large
as the circumstances permit.

At radio frequencies, every conductor that has appreciable length compared with the wavelength in
use radiates powerevery conductor is an antenna. Special care must be used, therefore, to minimize
radiation from the conductors used in RF transmission lines. Without such care, the power radiated by
the line may be much larger than that which is lost in the resistance of conductors and dielectrics
(insulating materials). Power loss in resistance is inescapable, at least to a degree, but loss by radiation
is largely avoidable.

Radiation loss from transmission lines can be prevented by using two conductors arranged and
operated so the electromagnetic field from one is balanced everywhere by an equal and opposite field
from the other. In such a case, the resultant field is zero everywhere in spacethere is no radiation
from the line.

For example, Fig 1A shows two parallel conductors having currents I1 and I2 flowing in opposite
directions. If the current I1 at point Y on the upper conductor has the same amplitude as the current I2
at the corresponding point X on the lower conductor, the fields set up by the two currents are equal in
magnitude. Because the two currents are flowing in opposite directions, the field from I1 at Y is 180°
out of phase with the field from I2 at X. However, it takes a measurable interval of time for the field
from X to travel to Y. If I1 and I2 are alternating currents, the phase of the field from I1 at Y changes in
such a time interval, so at the instant the field from X reaches Y, the two fields at Y are not exactly 180°
out of phase. The two fields are exactly 180° out of phase at every point in space only when the two
conductors occupy the same spacean obviously
impossible condition if they are to remain sepa-
rate conductors.

The best that can be done is to make the two
fields cancel each other as completely as possible.
This can be achieved by keeping the distance d
between the two conductors small enough so the
time interval during which the field from X is
moving to Y is a very small part of a cycle. When
this is the case, the phase difference between the
two fields at any given point is so close to 180°
that cancellation is nearly complete.

Practical values of d (the separation betweenFig 1—Two basic types of transmission lines.
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the two conductors) are determined by the physical limitations of line construction. A separation that
meets the condition of being “very small” at one frequency may be quite large at another. For example,
if d is 6 inches, the phase difference between the two fields at Y is only a fraction of a degree if the
frequency is 3.5 MHz. This is because a distance of 6 inches is such a small fraction of a wavelength
(1 λ = 281 feet) at 3.5 MHz. But at 144 MHz, the phase difference is 26°, and at 420 MHz, it is 77°. In
neither of these cases could the two fields be considered to “cancel” each other. Conductor separation
must be very small in comparison with the wavelength used; it should never exceed 1% of the wave-
length, and smaller separations are desirable. Transmission lines consisting of two parallel conductors
as in Fig 1A are called open-wire lines, parallel-conductor lines or two-wire lines.

A second general type of line construction is shown in Fig 1B. In this case, one of the conductors is
tube-shaped and encloses the other conductor. This is called a coaxial line (“coax,” pronounced “co-ax”) or
concentric line. The current flowing on the inner conductor is balanced by an equal
current flowing in the opposite direction on the inside surface of the outer conductor. Because of skin effect,
the current on the inner surface of the outer conductor does not penetrate far enough to appear on the outside
surface. In fact, the total electromagnetic field outside the coaxial line (as a result of currents flowing on the
conductors inside) is always zero, because the outer conductor acts as a shield at radio frequencies. The
separation between the inner conductor and the outer
conductor is therefore unimportant from the stand-
point of reducing radiation.

A third general type of transmission line is
the waveguide. Waveguides are discussed in de-
tail in Chapter 18.

CURRENT FLOW IN LONG LINES
In Fig 2, imagine that the connection between

the battery and the two wires is made instantaneously
and then broken. During the time the wires are in
contact with the battery terminals, electrons in wire
1 will be attracted to the positive battery terminal
and an equal number of electrons in wire 2 will be
repelled from the negative terminal. This happens
only near the battery terminals at first, because elec-
tromagnetic waves do not travel at infinite speed.
Some time does elapse before the currents flow at
the more extreme parts of the wires. By ordinary stan-
dards, the elapsed time is very short. Because the
speed of wave travel along the wires may approach
the speed of light at 300,000,000 meters per second,
it becomes necessary to measure time in millionths
of a second (microseconds).

For example, suppose that the contact with the
battery is so short that it can be measured in a very
small fraction of a microsecond. Then the “pulse”
of current that flows at the battery terminals
during this time can be represented by the vertical
line in Fig 3. At the speed of light this pulse trav-
els 30 meters along the line in 0.1 microsecond,
60 meters in 0.2 microsecond, 90 meters in 0.3
microsecond, and so on, as far as the line reaches.

The current does not exist all along the wires;
it is only present at the point that the pulse has

Fig 2—A representation of current flow on a long
transmission line.

Fig 3—A current pulse traveling along a
transmission line at the speed of light would
reach the successive positions shown at
intervals of 0.1 microsecond.
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Fig 4—Instantaneous current along a
transmission line at successive time intervals.
The frequency is 10 MHz; the time for each
complete cycle is 0.1 microsecond.

reached in its travel. At this point it is present in
both wires, with the electrons moving in one di-
rection in one wire and in the other direction in
the other wire. If the line is infinitely long and has
no resistance (or other cause of energy loss), the
pulse will travel undiminished forever.

By extending the example of Fig 3, it is not hard
to see that if, instead of one pulse, a whole series of
them were started on the line at equal time intervals,
the pulses would travel along the line with the same
time and distance spacing between them, each pulse
independent of the others. In fact, each pulse could
even have a different amplitude if the battery voltage
were varied between pulses. Furthermore, the pulses
could be so closely spaced that they touched each
other, in which case current would be present every-
where along the line simultaneously.

It follows from this that an alternating voltage
applied to the line would give rise to the sort of cur-
rent flow shown in Fig 4. If the frequency of the ac
voltage is 10,000,000 Hertz or 10 MHz, each cycle
occupies 0.1 µsecond, so a complete cycle of cur-
rent will be present along each 30 meters of line.
This is a distance of one wavelength. Any currents
at points B and D on the two conductors occur one
cycle later in time than the currents at A and C. Put
another way, the currents initiated at A and C do not
appear at B and D, one wavelength away, until the
applied voltage has gone through a complete cycle.

Because the applied voltage is always changing,
the currents at A and C change in proportion. The cur-
rent a short distance away from A and C—for instance,
at X and Y—is not the same as the current at A and C.
This is because the current at X and Y was caused by
a value of voltage that occurred slightly earlier in the
cycle. This situation holds true all along the line; at
any instant the current anywhere along the line from
A to B and C to D is different from the current at any other point on that section of the line.

The remaining series of drawings in Fig 4 shows how the instantaneous currents might be distrib-
uted if we could take snapshots of them at intervals of 1/4 cycle. The current travels out from the input
end of the line in waves. At any given point on the line, the current goes through its complete range of
ac values in one cycle, just as it does at the input end. Therefore (if there are no losses) an ammeter
inserted in either conductor reads exactly the same current at any point along the line, because the
ammeter averages the current over a whole cycle. (The phases of the currents at any two separate
points is different, but the ammeter cannot show phase.)

VELOCITY OF PROPAGATION
In the example above it was assumed that energy travels along the line at the velocity of light. The

actual velocity is very close to that of light only in lines in which the insulation between conductors is
air. The presence of dielectrics other than air reduces the velocity.

Current flows at the speed of light in any medium only in a vacuum, although the speed in air is
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close to that in a vacuum. Therefore, the time required for a signal of a given frequency to travel down
a length of practical transmission line is longer than the time required for the same signal to travel the
same distance in free space. Because of this propagation delay, 360º of a given wave exists in a physi-
cally shorter distance on a given transmission line than in free space. The exact delay for a given
transmission line is a function of the properties of the line, mainly the dielectric constant of the insulat-
ing material between the conductors. This delay is expressed in terms of the speed of light (either as a
percentage or a decimal fraction), and is referred to as velocity factor (VF). The velocity factor is
related to the dielectric constant (ε) by

VF =  1
ε

  (Eq 1)

The wavelength in a practical line is always shorter than the wavelength in free space, which has a
dielectric constant  ε = 1.0. Whenever reference is made to a line as being a “half wavelength” or
“quarter wavelength” long (λ/2 or λ/4), it is understood that what is meant by this is the electrical
length of the line. The physical length corresponding to an electrical wavelength on a given line is
given by

λ(feet) =  983.6
f   VF×   (Eq 2)

where
f = frequency in MHz
VF = velocity factor

Values of VF for several common types of lines are given later in this chapter. The actual VF of a
given cable varies slightly from one production run or manufacturer to another, even though the cables
may have exactly the same specifications.

As we shall see later, a quarter-wavelength line is frequently used as an impedance transformer,
and so it is convenient to calculate the length of a quarter-wave line directly by

λ/4  245.9
f   VF= × (Eq 2A)

CHARACTERISTIC IMPEDANCE
If the line could be “perfect”—having no resistive losses—a question might arise: What is the

amplitude of the current in a pulse applied to this line? Will a larger voltage result in a larger current, or
is the current theoretically infinite for an applied voltage, as we would expect from applying Ohm’s
Law to a circuit without resistance? The answer is that the current does depend directly on the voltage,
just as though resistance were present.

The reason for this is that the current flowing in the line is something like the charging current that
flows when a battery is connected to a capacitor. That is, the line has capacitance. However, it also has
inductance. Both of these are “distributed” properties. We may think of the line as being composed of a
whole series of small inductors and capacitors, connected as in Fig 5, where each coil is the inductance of an
extremely small section of wire, and the capacitance
is that existing between the same two sections. Each
series inductor acts to limit the rate at which current
can charge the following shunt capacitor, and in so
doing establishes a very important property of a
transmission line: its surge impedance, more com-
monly known as its characteristic impedance. This
is abbreviated by convention as Z0.

TERMINATED LINES
The value of the characteristic impedance is

equal to   L/C  in a perfect linethat is, one in

Fig 5—Equivalent of an ideal (lossless) transmission
line in terms of ordinary circuit elements (lumped
constants). The values of inductance and
capacitance depend on the line construction.
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Fig 6—A transmission line terminated in a
resistive load equal to the characteristic
impedance of the line.

which the conductors have no resistance and there is no leakage between them—where L and C are the
inductance and capacitance, respectively, per unit length of line. The inductance decreases with in-
creasing conductor diameter, and the capacitance decreases with increasing spacing between the con-
ductors. Hence a line with closely spaced large conductors has a relatively low characteristic imped-
ance, while one with widely spaced thin conductors has a high impedance. Practical values of Z0 for
parallel-conductor lines range from about 200 to 800 Ω. Typical coaxial lines have characteristic im-
pedances from 30 to 100 Ω. Physical constraints on practical wire diameters and spacings limit Z0
values to these ranges.

In the earlier discussion of current traveling along a transmission line, we assumed that the line was
infinitely long. Practical lines have a definite length, and they are terminated in a load at the “output” end
(the end to which the power is delivered). In Fig 6, if the load is a pure resistance of a value equal to the
characteristic impedance of a perfect, lossless line, the current traveling along the line to the load finds that
the load simply “looks like” more transmission line of the same characteristic impedance.

The reason for this can be more easily understood by considering it from another viewpoint. Along a
transmission line, power is transferred successively from one elementary section in Fig 5 to the next. When
the line is infinitely long, this power transfer goes on in one directionaway from the source of power.

From the standpoint of section B, Fig 5, for instance, the power transferred to section C has simply
disappeared in C. As far as section B is concerned, it makes no difference whether C has absorbed the
power itself or has transferred it along to more transmission line. Consequently, if we substitute a load
for section C that has the same electrical characteristics as the transmission line, section B will transfer
power into it just as if it were more transmission line. A pure resistance equal to the characteristic
impedance of C, which is also the characteristic
impedance of the line, meets this condition. It ab-
sorbs all the power just as the infinitely long line
absorbs all the power transferred by section B.

Matched Lines
A line terminated in a load equal to the com-

plex characteristic line impedance is said to be
matched. In a matched transmission line, power is
transferred outward along the line from the source
until it reaches the load, where it is completely
absorbed. Thus with either the infinitely long line
or its matched counterpart, the impedance pre-
sented to the source of power (the line-input im-
pedance) is the same regardless of the line length.
It is simply equal to the characteristic impedance
of the line. The current in such a line is equal to
the applied voltage divided by the characteristic
impedance, and the power put into it is E2/Z0 or
I2Z0, by Ohm’s Law.

Mismatched Lines
Now take the case where the terminating load

is not equal to Z0, as in Fig 7. The load no longer
“looks like” more line to the section of line imme-
diately adjacent. Such a line is said to be mis-
matched. The more that the load impedance dif-
fers from Z0, the greater the mismatch. The power
reaching the load is not totally absorbed, as it was
when the load was equal to Z0, because the load

Fig 7—Mismatched lines; extreme cases . At A,
termination not equal to Z 0; at B, short-circuited
line ; At C, open-circuited line.
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requires a voltage to current ratio that is different from the one traveling along the line. The result is
that the load absorbs only part of the power reaching it (the incident power); the remainder acts as
though it had bounced off a wall and starts back along the line toward the source. This is known as
reflected power, and the greater the mismatch, the larger is the percentage of the incident power that is
reflected. In the extreme case where the load is zero (a short circuit) or infinity (an open circuit), all of
the power reaching the end of the line is reflected back toward the source.

Whenever there is a mismatch, power is transferred in both directions along the line. The voltage
to current ratio is the same for the reflected power as for the incident power, because this ratio is
determined by the Z0 of the line. The voltage and current travel along the line in both directions in the
same wave motion shown in Fig 4. If the source of power is an ac generator, the incident (outgoing)
voltage and the reflected (returning) voltage are simultaneously present all along the line. The actual
voltage at any point along the line is the vector sum of the two components, taking into account the
phases of each component. The same is true of the current.

The effect of the incident and reflected components on the behavior of the line can be understood
more readily by considering first the two limiting cases—the short-circuited line and the open-cir-
cuited line. If the line is short-circuited as in Fig 7B, the voltage at the end must be zero. Thus the
incident voltage must disappear suddenly at the short. It can do this only if the reflected voltage is

opposite in phase and of the same amplitude. This
is shown by the vectors in Fig 8. The current, how-
ever, does not disappear in the short circuit; in
fact, the incident current flows through the short
and there is in addition the reflected component
in phase with it and of the same amplitude.

The reflected voltage and current must have
the same amplitudes as the incident voltage and
current, because no power is dissipated in the short
circuit; all the power starts back toward the source.
Reversing the phase of either the current or volt-
age (but not both) reverses the direction of power
flow. In the short-circuited case the phase of the
voltage is reversed on reflection, but the phase of
the current is not.

If the line is open-circuited (Fig 7C) the cur-
rent must be zero at the end of the line. In this
case the reflected current is 180° out of phase with
the incident current and has the same amplitude.
By reasoning similar to that used in the short-cir-
cuited case, the reflected voltage must be in phase
with the incident voltage, and must have the same
amplitude. Vectors for the open-circuited case are
shown in Fig 9.

Where there is a finite value of resistance (or a
combination of resistance and reactance) at the end
of the line, as in Fig 7A, only part of the power reach-
ing the end of the line is reflected. That is, the re-
flected voltage and current are smaller than the inci-
dent voltage and current. If R is less than Z0, the
reflected and incident voltage are 180° out of phase,
just as in the case of the short-circuited line, but the
amplitudes are not equal because all of the voltage

Fig 8—Voltage and current at the short circuit on a
short-circuited line. These vectors show how the
outgoing voltage and current (A) combine with the
reflected voltage and current (B) to result  in high
current and very low voltage in the short circuit (C).

Fig 9—Voltage and current at the end of an open-
circuited line . At A, outgoing voltage and current;
At B, reflected voltage and current ; At C, resultant.
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does not disappear at R. Similarly, if R is greater than
Z0, the reflected and incident currents are 180° out
of phase (as they were in the open-circuited line),
but all of the current does not appear in R. The am-
plitudes of the two components are therefore not
equal. These two cases are shown in Fig 10. Note
that the resultant current and voltage are in phase in
R, because R is a pure resistance.

Nonresistive Terminations
In most of the preceding discussions, we con-

sidered loads containing only resistance. Further-
more, our transmission line was considered to be
lossless. Such a resistive load will consume some, if
not all, of the power that has been transferred along
the line. However, a nonresistive load such as a pure
reactance can also terminate a length of line. Such
terminations, of course, will consume no power, but
will reflect all of the energy arriving at the end of the
line. In this case the theoretical SWR in the line will
be infinite, but in practice, losses in the line will limit
the SWR to some finite value at line positions back
toward the source.

At first you might think there is little or no point
in terminating a line with a nonresistive load. In a
later section we shall examine this in more detail, but the value of input impedance depends on the value of
the load impedance, on the length of the line, the losses in a practical line, and on the characteristic imped-
ance of the line. There are times when a line terminated in a nonresistive load can be used to advantage, such
as in phasing or matching applications. Remote switching of reactive terminations on sections of line can be
used to reverse the beam heading of an antenna array, for example. The point of this brief discussion is that
a line need not always be terminated in a load that will consume power.

Losses in Practical Transmission Lines
ATTENUATION

Every practical line will have some inherent loss, partly because of the resistance of the conduc-
tors, partly because power is consumed in the dielectric used for insulating the conductors, and partly
because in many cases a small amount of power escapes from the line by radiation. We shall consider
here in detail the losses associated with conductor and dielectric losses.

Matched-Line Losses
Power lost in a transmission line is not directly proportional to the line length, but varies logarith-

mically with the length. That is, if 10% of the input power is lost in a section of line of certain length,
10% of the remaining power will be lost in the next section of the same length, and so on. For this
reason it is customary to express line losses in terms of decibels per unit length, since the decibel is a
logarithmic unit. Calculations are very simple because the total loss in a line is found by multiplying
the decibel loss per unit length by the total length of the line.

The power lost in a matched line (that is, where the load is equal to the characteristic impedance of
the line) is called matched-line loss. Matched-line loss is usually expressed in decibels per 100 feet. It
is necessary to specify the frequency for which the loss applies, because the loss does vary with frequency.

Conductor and dielectric loss both increase as the operating frequency is increased, but not in the

Fig 10—Incident and reflected components of
voltage and current when the line is terminated
in a pure resistance not equal to Z 0. In the case
shown, the reflected components have half the
amplitude of the incident components. At A, R
less than Z 0; at B, R greater than Z 0.
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same way. This, together with the fact that the relative amount of each type of loss depends on the
actual construction of the line, makes it impossible to give a specific relationship between loss and
frequency that will apply to all types of lines. Each line must be considered individually. Actual loss
values for practical lines are given in a later section of this chapter.

One effect of matched-line loss in a real transmission line is that the characteristic impedance, Z0,
becomes complex, with a non-zero reactive component X0. Thus,

Z0 = R0 – j X0    (Eq 3)

X –R  0 0= α
β    (Eq 4)

where

      α =  
Attenuation (dB/100 feet)  0.1151 (nepers/dB)

100 feet
×

,

       the attenuation constant, in nepers per unit length

β π
λ

 =  
2

, the phase constant in radians/unit length.

The reactive portion of the complex characteristic impedance is always capacitive (that is, its sign
is negative) and the value of X0 is usually small compared to the resistive portion R0.

REFLECTION COEFFICIENT
The ratio of the reflected voltage at a given point on a transmission line to the incident voltage is

called the voltage reflection coefficient. The voltage reflection coefficient is also equal to the ratio of
the incident and reflected currents. Thus

ρ =  
E
E  =  

I
I

r

f

r

f
   (Eq 5)

where
ρ = reflection coefficient
Er = reflected voltage
Ef = forward (incident) voltage
Ir  = reflected current
If   = forward (incident) current

The reflection coefficient is determined by the relationship between the line Z0 and the actual load
at the terminated end of the line. In most cases, the actual load is not entirely resistive—that is, the load
is a complex impedance, consisting of a resistance in series with a reactance, as is the complex charac-
teristic impedance of the transmission line.

The reflection coefficient is thus a complex quantity, having both amplitude and phase, and is
generally designated by the Greek letter ρ (rho), or sometimes in the professional literature as Γ (Gamma).
The relationship between Ra (the load resistance), Xa (the load reactance), Z0 (the complex line charac-
teristic impedance, whose real part is R0 and whose reactive part is X0) and the complex reflection
coefficient ρ is

  

ρ = + =
±( ) ( )
±( ) + ±( )

Z – Z
Z Z

R X – R X

R X R X
a 0

a 0

a a 0 0

a a 0 0

* j j

j j

m
   (Eq 6)

Note that the sign for the X0 term in the numerator of Eq 6 is inverted from that for the denomina-
tor, meaning that the complex conjugate of Z0 is actually used in the numerator.

For high-quality, low-loss transmission lines at low frequencies, the characteristic impedance Z0 is
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almost completely resistive, meaning that Z0 ≅ R0 and X0 ≅ 0. The magnitude of the complex reflection
coefficient in Eq 6 then simplifies to:

ρ =
( ) +

( ) +

R – R  X

R + R  X

a 0

2
a
2

a 0

2
a
2    (Eq 7)

For example, if the characteristic impedance of a coaxial line at a low operating frequency is 50 Ω
and the load impedance is 140 Ω in series with a capacitive reactance of –190 Ω, the magnitude of the
reflection coefficient is

ρ = ( ) + ( )
+( ) + ( )

=
50 –140 –190

50 140 –190
0.782

2 2

2 2

Note that the vertical bars on each side of ρ mean the magnitude of rho. If Ra in Eq 7 is equal to R0 and if
Xa is 0, the reflection coefficient, ρ, also is 0. This represents a matched condition, where all the energy in the
incident wave is transferred to the load. On the other hand, if Ra is 0, meaning that the load has no real resistive
part, the reflection coefficient is 1.0, regardless of the value of R0. This means that all the forward power is
reflected, since the load is completely reactive. As we shall see later on, the concept of reflection coefficient is
a very useful one to evaluate the impedance seen looking into the input of a mismatched transmission line.

STANDING WAVES
As might be expected, reflection cannot occur at the load without some effect on the voltages and

currents all along the line. To keep things simple for a while longer, let us continue to consider only
resistive loads, without any reactance. The conclusions we shall reach are valid for transmission lines
terminated in complex impedances as well.

The effects are most simply shown by vector diagrams. Fig 11 is an example where the terminating
resistance R is less than Z0. The voltage and current vectors at R are shown in the reference position;
they correspond with the vectors in Fig 10A, turned
90°. Back along the line from R toward the power
source, the incident vectors, E1 and I1, lead the
vectors at the load according to their position along
the line measured in electrical degrees. (The cor-
responding distances in fractions of a wavelength
are also shown.) The vectors representing reflected
voltage and current, E2 and I2, successively lag
the same vectors at the load.

This lag is the natural consequence of the di-
rection in which the incident and reflected com-
ponents are traveling, together with the fact that it
takes time for power to be transferred along the
line. The resultant voltage E and current I at each
of these positions are shown as dotted arrows. Al-
though the incident and reflected components
maintain their respective amplitudes (the reflected
component is shown at half the incident-compo-
nent amplitude in this drawing), their phase rela-
tionships vary with position along the line. The
phase shifts cause both the amplitude and phase
of the resultants to vary with position on the line.

Fig 11—Incident and reflected components at
various positions along the transmission line,
together with resultant voltages and currents at
the same positions. The case shown is for R less
than Z 0.
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If the amplitude variations (disregarding phase) of the resultant voltage and current are plotted
against position along the line, graphs like those of Fig 12A will result. If we could go along the line
with a voltmeter and ammeter measuring the current and voltage at each point, plotting the collected
data would give curves like these. In contrast, if the load matched the Z0 of the line, similar measure-
ments along the line would show that the voltage is the same everywhere (and similarly for the cur-
rent). The mismatch between load and line is responsible for the variations in amplitude which, be-
cause of their stationary, wave-like appearance, are called standing waves.

Some general conclusions can be drawn from inspection of the standing-wave curves: At a position
180° (λ/2) from the load, the voltage and current have the same values they do at the load. At a position 90°
from the load, the voltage and current are “inverted.” That is, if the voltage is lowest and current highest at
the load (when R is less than Z0), then 90° from the load the voltage reaches its highest value. The current
reaches its lowest value at the same point. In the case
where R is greater than Z0, so the voltage is highest
and the current lowest at the load, the voltage is low-
est and the current is highest 90° from the load.

Note that the conditions at the 90° point also
exist at the 270° point (3λ/4). If the graph were
continued on toward the source of power it would
be found that this duplication occurs at every point
that is an odd multiple of 90º (odd multiple of λ/4)
from the load. Similarly, the voltage and current
are the same at every point that is a multiple of
180° (any multiple of λ/2) away from the load.

Standing-Wave Ratio
The ratio of the maximum voltage (resulting

from the interaction of incident and reflected volt-
ages along the line) to the minimum voltage—that
is, the ratio of Emax to Emin in Fig 12A, is defined
as the voltage standing-wave ratio (VSWR) or sim-
ply standing-wave ratio (SWR).

SWR
E
E

I
I

max

min

max

min
= =  (Eq 8)

The ratio of the maximum current to the mini-
mum current is the same as the VSWR, so either
current or voltage can be measured to determine
the standing-wave ratio. The standing-wave ratio
is an index of many of the properties of a mis-
matched line. It can be measured with fairly simple
equipment, so it is a convenient quantity to use in
making calculations on line performance.

The SWR is related to the magnitude of the com-
plex reflection coefficient by

SWR =  
1+
1 –

ρ
ρ

(Eq 9)

and conversely the reflection coefficient magnitude
may be defined from a measurement of SWR as

ρ  =  SWR – 1
SWR 1+

(Eq 10)

Fig 12—Standing waves of current and voltage
along the line for R less than Z 0. At A, resultant
voltages and currents along a mismatched line
are shown at B and C. At B, R less than Z 0; At C,
R greater than Z 0.
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We may also express the reflection coefficient in terms of forward and reflected power, quantities which
can be easily measured using a directional RF wattmeter. The reflection coefficient may be computed as

ρ = P
P

r

f
 (Eq 11)

where
Pr =  power in the reflected wave
Pf =  power in the forward wave.
From Eq 10, SWR is related to the forward and reflected power by

SWR =  
1 +  
1 –  

 =  
1 +  P /P

1 –  P /P
r f

r f

ρ
ρ

 (Eq 12)

Fig 13 converts Eq 12 into a convenient nomograph. In the simple case where the load contains no
reactance, the SWR is numerically equal to the ratio between the load resistance R and the characteris-
tic impedance of the line. When R is greater than Z0,

SWR =  
R
Z0

(Eq 13)

When R is less than Z0,

SWR =  
Z
R

0 (Eq 14)

(The smaller quantity is always used in the denominator of the fraction so the ratio will be a num-
ber greater than 1.)

Flat Lines
As discussed earlier, all the power that is transferred along a transmission line is absorbed in the

load if that load is a resistance value equal to the Z0 of the line. In this case, the line is said to be
perfectly matched. None of the power is reflected back toward the source. As a result, no standing
waves of current or voltage will be developed along the line. For a line operating in this condition, the
waveforms drawn in Fig 12A become straight lines, representing the voltage and current delivered by

Fig 13—SWR as a function of forward and reflected powe r.
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the source. The voltage along the line is constant, so the minimum value is the same as the maximum
value. The voltage standing-wave ratio is therefore 1:1. Because a plot of the voltage standing wave is
a straight line, the matched line is also said to be flat.

ADDITIONAL POWER LOSS DUE TO SWR
The power lost in a given line is least when the line is terminated in a resistance equal to its characteristic

impedance, and as stated previously, that is called the matched-line loss. There is however an additional loss
that increases with an increase in the SWR. This is because the effective values of both current and voltage
become greater on lines with standing waves. The increase in effective current raises the ohmic losses (I2R) in
the conductors, and the increase in effective voltage increases the losses in the dielectric (E2/R).

The increased loss caused by an SWR greater than 1:1 may or may not be serious. If the SWR at the load is
not greater than 2:1, the additional loss caused by the standing waves, as compared with the loss when the line is
perfectly matched, does not amount to more than about 1/2 dB, even on very long lines. One-half dB is an unde-
tectable change in signal strength. Therefore, it can be said that, from a practical standpoint in the HF bands, an
SWR of 2:1 or less is every bit as good as a perfect match, so far as additional losses due to SWR are concerned.

However, above 30 MHz, in the VHF and especially the UHF range, where low receiver noise figures
are essential for effective weak-signal work, matched-line losses for commonly available types of coax can
be relatively high. This means that even a slight mismatch may become a concern regarding overall trans-
mission line losses. At UHF one-half dB of additional loss may be considered intolerable!

The total loss in a line, including matched-line and the additional loss due to standing waves may be
calculated from Eq 15 below.

Total Loss (dB) =  10 log 
a –  

a 1 –  

2 2

2

ρ
ρ( )











 (Eq 15)

where

 a =  10 
ML

10  = matched-line loss ratio

ρ  =  SWR –  1
SWR +  1 =  magnitude of reflection coefficient

where
ML = the matched-line loss for particular length of line, in dB
SWR = SWR at load end of line

Thus, the additional loss caused by the standing waves is calculated from:

Additonal loss (dB) = Total Loss – ML  (Eq 16)

For example, RG-213 coax at 14.2 MHz is rated at 0.795 dB of matched-line loss per 100 feet.
A 150 foot length of RG-213 would have an overall matched-line loss of

(0.795/100) × 150 = 1.193 dB

Thus, if the SWR at the load end of the RG-213 is 4:1,

α

ρ

 =  10  =  1.316

 =  4 –  1
4 +  1 =  0.600

and the total line loss = 10 log1.316 – 0.600
1.316 1 – 0.600

= 2.12 dB.

1.193/10

2 2

2( )






The additional loss due to the SWR of 4:1 is 2.12 – 1.19 = 0.93 dB.
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LINE VOLTAGES AND CURRENTS
It is often desirable to know the voltages and currents that are developed in a line operating  with

standing waves. The voltage maximum may be calculated from Eq 17 below, and the other values
determined from the result.

E P Z SWRmax 0= × ×  (Eq 17)

where
Emax = voltage maximum along the line in the presence of standing waves
P = power delivered by the source to the line input, watts
Z0 = characteristic impedance of the line, ohms
SWR = SWR at the load

If 100 W of power is applied to a 50 Ω line with an SWR at the load of 10:1, Emax
= 100  600  10× ×   = 774.6 V. Based on Eq 8, Emin, the minimum voltage along the line equals
Emax/SWR = 774.6/10 = 77.5 V. The maximum current may be found by using Ohm’s Law. Imax =
Emax/Z0 =774.6/600 = 1.29 A. The minimum current equals Imax/SWR = 1.29/10 = 0.129 A.

The voltage determined from Eq 17 is the RMS value—that is, the voltage that would be measured with
an ordinary RF voltmeter. If voltage breakdown is a consideration, the value from Eq 17 should be con-
verted to an instantaneous peak voltage. Do this by multiplying times 2 (assuming the RF waveform is a
sine wave). Thus, the maximum instantaneous peak voltage in the above example is 774.6 × 2  = 1095.4 V.

Strictly speaking, the values obtained as above apply only near the load in the case of lines with appre-
ciable losses. However, the resultant values are the maximum possible that can exist along the line, whether
there are line losses or not. For this reason they are useful in determining whether or not a particular line can
operate safely with a given SWR. Voltage ratings for various cable types are given in a later section.

Fig 14 shows the ratio of current or voltage at a loop, in the presence of standing waves, to the current or
voltage that would exist with the same power in a perfectly matched line. As with Eq 17 and related calcula-
tions, the curve literally applies only near the load.

Input Impedance
The effects of incident and reflected voltage and

current along a mismatched transmission line can
be difficult to envision, particularly when the load
at the end of the transmission line is not purely re-
sistive, and when the line is not perfectly lossless.

If we can put aside for a moment all the com-
plexities of reflections, SWR and line losses, a trans-
mission line can simply be considered to be an im-
pedance transformer. A certain value of  load im-
pedance, consisting of a resistance and reactance,
at the end of a particular transmission line is trans-
formed into another value of impedance at the in-
put of the line. The amount of transformation is de-
termined by the electrical length of the line, its char-
acteristic impedance, and by the losses inherent in
the line. The input impedance of a real, lossy trans-
mission line is computed using the following equa-
tion, called the Transmission Line Equation

  
Z Z

Z cosh Z sinh
Z sinh Z coshin 0

L 0

L 0

= × ( ) +  ( )
( ) +  ( )

γ γ
γ γ
l l

l l
(Eq 18)

Fig 14—Increase in maximum value of current or
voltage on a line with standing waves, as referred
to the current or voltage on a perfectly matched
line, for the same power delivered to the load.
Voltage and current at minimum points are given by
the reciprocals of the values along the vertical axis.
The curve is plotted from the relationship, current
(or voltage) ratio = the square root of SWR.
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Fig 15—Input impedance of a line terminated in a
resistance. This impedance can be represented
by either a resistance and reactance in series, or
a resistance and reactance in parallel, at a single
frequenc y. The relationships between the R and X
values in the series and parallel equivalents are
given by the equations shown. X may be either
inductive or capacitive, depending on the line
length, Z 0 and the load impedance, which need
not be purely resistive.

where
Zin= complex impedance at input of line
ZL = complex load impedance at end of line = Ra ± j Xa
Z0 = characteristic impedance of line = R0 ± j X0
l = physical length of line
γ = complex loss coefficient = α + j β
α = matched-line loss attenuation constant, in nepers/unit length (1 neper = 8.688 dB; cables are

    rated in dB/100 ft)
β = phase constant of line in radians/unit length (related to physical length of line l by the fact that

  2π radians = one wavelength, and by Eq 2)

  
= × 2

VF  983.6/f (MHz)
,  for  in feetπ l

VF = velocity factor
l = electrical length of line in same units of length measurement (feet) as α or β above
For example, assume that a halfwave dipole terminates a 50-foot long piece of RG-213 coax. This

dipole is assumed to have an impedance of 43 + j 30 Ω at 7.15 MHz, and its velocity factor is 0.66. The
matched-line loss at 7.15 MHz is 0.27 dB and the characteristic impedance Z0 for this type of cable is
50 − j 0.44 Ω. Using Eq 18, we compute the impedance at the input of the line as 65.8 + j 32.1 Ω.

Solving this equation manually is quite tedious, but it may be solved using a traditional paper Smith
Chart or a computer program. Chapter 28 details the use of the Smith Chart. ARRL MicroSmith, a sophisti-
cated graphical Smith Chart program written for the IBM PC, is available through the ARRL. TLA (Trans-
mission Line, Advanced) is another ARRL program
that performs this transformation, but without Smith
Chart graphics. TLA.EXE is on the diskette accom-
panying this edition of The ARRL Antenna Book.

One caution should be noted when using any
of these computational tools to calculate the im-
pedance at the input of a mismatched transmis-
sion linethe velocity factor of practical trans-
mission lines can vary significantly between
manufacturing runs of the same type of cable. For
highest accuracy, you should measure the veloc-
ity factor of a particular length of cable before
using it to compute the impedance at the end of
the cable. See Chapter 27 for details on measure-
ments of line characteristics.

Series and Parallel Equivalent Circuits
Once the series-form impedance Rs ± j Xs at

the input of a particular line has been determined,
either by measurement or by computation, you
may wish to determine the equivalent parallel cir-
cuit, which is equivalent to the series form only at
a single frequency. The equivalent parallel circuit
is often useful when designing a matching circuit
(such as an antenna tuner, for example) to trans-
form the impedance at the input of the cable to
another impedance. The following equations are
used to make the transformation from series to
parallel and from parallel to series. See Fig 15.
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and
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+ (Eq 20A)

X
R X

R Xs
p

2
p

p p
2 2=

+ (Eq 20B)

The individual values in the parallel circuit are not the same as those in the series circuit (although the
overall result is the same, but only at one frequency), but are related to the series-circuit values by these
equations. For example, let us continue the example in the section above, where the impedance at the input
of the 50 feet of RG-213 at 7.15 MHz is 65.8 + j 32.1 Ω. The equivalent parallel circuit at 7.15 MHz is

R
65.8 32.1

65.8 81.46

X
65.8 32.1

31.2 169.97

p

p

2 2

2 2

= + =

= + =

Ω

Ω

If we were to put 100 W of power into this parallel equivalent circuit, the voltage across the parallel
components would be
Since

 P = E
R

2
, E = P R 100 81.46 90.26 V× = × =

Thus, the current through the inductive part of the parallel circuit would be

I E
X

90.26
169.97 0.53 A.

p
= = =

Highly Reactive Loads
When highly reactive loads are used with practical transmission lines, especially coax lines, the overall

loss can reach staggering levels. For example, a popular multiband antenna is a 100-foot long center-fed
dipole located some 50 feet over average ground. At 1.83 MHz, such an antenna will exhibit a feed-point
impedance of 4.5 − j 1673 Ω, according to the mainframe analysis program NEC2. The high value of capaci-
tive reactance indicates that the antenna is extremely short electrically  after all, a halfwave dipole at 1.83
MHz is almost 270 feet long, compared to this 100-foot long antenna. If an amateur attempts to feed such a
multiband antenna directly with 100 feet of RG-213 50-Ω coaxial cable, the SWR at the antenna terminals
would be (using the TLA program) 1828:1. An SWR of more than 1800 to 1 is a very high level of SWR
indeed! At 1.83 MHz the matched-line loss of 100 feet of the RG-213 coax by itself is only 0.24 dB. How-
ever, the total line loss due to this extreme level of SWR is 26 dB.

This means that if 100 W is fed into the input of this line, the amount of power at the antenna is
reduced to only 0.25 W! Admittedly, this is an extreme case. It is more likely that an amateur would
feed such a multiband antenna with open-wire “ladder” or “window” line than coaxial cable. The matched-
line loss characteristics for 450-Ω “window” open-wire line are far better than coax, but the SWR at the
end of this line is still 397:1, resulting in an overall loss of 12.1 dB. Even for low-loss open-wire line,
the total loss is significant because of the extreme SWR.
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This means that only about 6% of the power from the transmitter is getting to the antenna, and
although this is not very desirable, it is a lot better than the losses in coax cable feeding the same
antenna! However, at a transmitter power level of 1500 W, the maximum voltage at an antenna tuner
used to match this line impedance is almost 7600 V with the open-wire line, a level which will certainly
cause arcing or burning inside! (As a small compensation for all the loss in coax under this extreme
condition, so much power is lost that the voltages present in the antenna tuner are not excessive.) Keep
in mind also that an antenna tuner can lose significant power in internal losses for very high impedance
levels, even if it has sufficient range to match such impedances in the first place.

Clearly, it would be far better to use a longer antenna at this 160-meter frequency. Another alterna-
tive would be to resonate a short antenna with loading coils (at the antenna). Either strategy would help
avoid excessive feed line loss, even with low-loss line.

SPECIAL CASES
Beside the primary purpose of transporting power from one point to another, transmission lines

have properties that are useful in a variety of ways. One such special case is a line an exact multiple of
λ/4 (90°) long. As shown earlier, such a line will have a purely resistive input impedance when the
termination is a pure resistance. Also, short-circuited or open-circuited lines can be used in place of
conventional inductors and capacitors since such lines have an input impedance that is substantially a
pure reactance when the line losses are low.

The Half- Wavelength Line
When the line length is an even multiple of 90° (that is, a multiple of λ/2), the input resistance is equal to

the load resistance, regardless of the line Z0. As a matter of fact, a line an exact multiple of
λ/2 in length (disregarding line losses) simply repeats, at its input or sending end, whatever impedance exists
at its output or receiving end. It does not matter whether the impedance at the receiving end is resistive,
reactive, or a combination of both. Sections of line having such length can be added or removed without
changing any of the operating conditions, at least when the losses in the line itself are negligible.

Impedance Transformation with Quarter- Wave Lines
The input impedance of a line an odd multiple of  λ/2 long is

Z
Z
Zi

0
2

L
= (Eq 21)

where Zi is the input impedance and ZL is the load impedance. If ZL is a pure resistance, Zi will also be
a pure resistance. Rearranging this equation gives

Z Z Z0 i L=  (Eq 22)

This means that if we have two values of impedance that we wish to “match,” we can do so if we
connect them together by a λ/4 transmission line having a characteristic impedance equal to the square
root of their product.

A λ/4 line is, in effect, a transformer, and in fact is often referred to as a quarter-wave transformer.
It is frequently used as such in antenna work when it is desired, for example, to transform the imped-
ance of an antenna to a new value that will match a given transmission line. This subject is considered
in greater detail in a later chapter.

Lines as Circuit Elements
Two types of nonresistive line terminations are quite usefulæshort and open circuits. The imped-

ance of the short-circuit termination is 0 + j 0, and the impedance of the open-circuit termination is
infinite. Such terminations are used in stub matching. (See Chapters 26 and 28.) An open or short-
circuited line does not deliver any power to a load, and for that reason is not, strictly speaking a “trans-
mission” line. However, the fact that a line of the proper length has inductive reactance makes it
possible to substitute the line for a coil in an ordinary circuit. Likewise, another line of appropriate
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Fig 16—Lumped-constant circuit equivalents of
open and short-circuited transmission lines.

length having capacitive reactance can be substi-
tuted for a capacitor.

Sections of lines used as circuit elements are
usually λ/4 or less long. The desired type of reac-
tance (inductive or capacitive) or the desired type
of resonance (series or parallel) is obtained by
shorting or opening the far end of the line. The
circuit equivalents of various types of line sec-
tions are shown in Fig 16.

When a line section is used as a reactance, the
amount of reactance is determined by the character-
istic impedance and the electrical length of the line.
The type of reactance exhibited at the input termi-
nals of a line of given length depends on whether it
is open- or short-circuited at the far end.

The equivalent “lumped” value for any “in-
ductor” or “capacitor” may be determined with the
aid of the Smith Chart or Eq 18. Line losses may
be taken into account if desired, as explained for
Eq 18. In the case of a line having no losses, and
to a close approximation when the losses are small,
the inductive reactance of a short-circuited line
less than λ/4 in length is

X
L
 (ohms) = Z

0
 tan l  (Eq 23)

where l is the length of the line in electrical degrees and Z0 is the characteristic impedance of the line.
The capacitive reactance of an open-circuited line less than l/4 in length is

X
C
 (ohms) =  Z

0
 cot l (Eq 24)

Lengths of line that are exact multiples of λ/4 have the properties of resonant circuits. With an
open-circuit termination, the input impedance of the line acts like a series-resonant circuit. With a
short-circuit termination, the line input simulates a parallel-resonant circuit. The effective Q of such
linear resonant circuits is very high if the line losses, both in resistance and by radiation, are kept
down. This can be done without much difficulty, particularly in coaxial lines, if air insulation is used
between the conductors. Ai r-insulated open-wire lines are likewise very good at frequencies for which
the conductor spacing is very small in terms of wavelength.

Applications of line sections as circuit elements in connection with antenna and transmission-line
systems are discussed in later chapters.

Line Construction and Operating Characteristics
The two basic types of transmission lines, parallel conductor and coaxial, can be constructed in a

variety of forms. Both types can be divided into two classes, (1) those in which the majority of the insulation
between the conductors is air, where only the minimum of solid dielectric necessary for mechanical support is
used, and (2) those in which the conductors are embedded in and separated by a solid dielectric. The
first variety (air insulated) has the lowest loss per unit length, because there is no power loss in dry air if the
voltage between conductors is below the value at which corona forms. At the maximum power permitted in
amateur transmitters, it is seldom necessary to consider corona unless the SWR on the line is very high.

AIR-INSULATED LINES
A typical construction technique used for parallel conductor or “two wire” air-insulated transmis-
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Fig 18—Characteristic impedance as a function of con-
ductor spacing and size for parallel conductor lines.

sion lines is shown in Fig 17. The two wires are supported a fixed distance apart by means of insulating
rods called spacers. Spacers may be made from material such as Teflon, Plexiglas, phenolic, polysty-
rene, plastic clothespins or plastic hair curlers. Materials commonly used in high quality spacers are
isolantite, Lucite and polystyrene. (Teflon is generally not used because of its higher cost.) The spacer
length varies from 2 to 6 inches. The smaller spacings are desirable at the higher frequencies (28 MHz)
so radiation from the transmission line is minimized.

Spacers must be used at small enough intervals along the line to keep the two wires from moving
appreciably with respect to each other. For amateur purposes, lines using this construction ordinarily
have #12 or #14 conductors, and the characteristic impedance is between 500 to 600 Ω. Although once
used nearly exclusively, such homemade lines are enjoying a renaissance of sorts because of their high
efficiency and low cost.

Where an air insulated line with still lower characteristic impedance is needed, metal tubing from
1/4 to 1/2-inch diameter is frequently used. With the
larger conductor diameter and relatively close
spacing, it is possible to build a line having a
characteristic impedance as low as about 200 Ω.
This construction technique is principally used for
λ/4 matching transformers at the higher frequencies.

The characteristic impedance of an air-insu-
lated parallel conductor line, neglecting the effect
of the spacers, is given by

Z0 276=  log 
2S
d

(Eq 25)

where
Z

0
 = characteristic impedance in ohms

S = center-to-center distance between
    conductors
d = outer diameter of conductor (in the same

           units as S)
Impedances for common sizes of conductors

over a range of spacings are given in Fig 18.

Four-Wire Lines
Another parallel conductor line that is useful in

some applications is the four-wire line
(Fig 19C). In cross section, the conductors of the
four-wire line are at the corners of a square. Spac-
ings are on the same order as those used in two-wire
lines. The conductors at opposite corners of the
square are connected to operate in parallel. This type
of line has a lower characteristic impedance than the
simple two-wire type. Also, because of the more sym-
metrical construction, it has better electrical balance
to ground and other objects that are close to the line.
The spacers for a four-wire line may be discs of in-
sulating material, X-shaped members, etc.

Air-Insulated Coaxial Lines
In air-insulated coaxial lines (Fig 19D), a con-

siderable proportion of the insulation between con-
ductors may actually be a solid dielectric, because

Fig 17—Typical open-wire line construction. The
spacers may be held in place by beads of solder or
epoxy cement. Wire wraps can also be used, as shown.
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the separation between the inner and outer conductors must be constant. This is particularly likely to be true
in small diameter lines. The inner conductor, usually a solid copper wire, is supported at the center of the
copper tubing outer conductor by insulating beads or a helically wound strip of insulating material. The
beads usually are isolantite, and the wire is gener-
ally crimped on each side of each bead to prevent
the beads from sliding. The material of which the
beads are made, and the number of beads per unit
length of line, will affect the characteristic imped-
ance of the line. The greater the number of beads in
a given length, the lower the characteristic imped-
ance compared with the value obtained with air in-
sulation only. Teflon is ordinarily used as a helically
wound support for the center conductor. A tighter
helical winding lowers the characteristic impedance.

The presence of the solid dielectric also increases
the losses in the line. On the whole, however, a co-
axial line of this type tends to have lower actual loss,
at frequencies up to about 100 MHz, than any other
line construction, provided the air inside the line can
be kept dry. This usually means that air- tight seals
must be used at the ends of the line and at every joint.

The characteristic impedance of an air-insu-
lated coaxial line is given by

Z0 138=  log 
D
d

(Eq 26)

where
Z0 = characteristic impedance in ohms
D = inside diameter of outer conductor
d = outside diameter of inner conductor
      (in same units as D)
Values for typical conductor sizes are graphed

in Fig 20. The equation and the graph for coaxial
lines are approximately correct for lines in which
bead spacers are used, provided the beads are not
too closely spaced.

FLEXIBLE LINES
Transmission lines in which the conductors are

separated by a flexible dielectric have a number of
advantages over the air-insulated type. They are less
bulky, weigh less in comparable types and maintain
more uniform spacing between conductors. They are
also generally easier to install, and are neater in ap-
pearance. Both parallel conductor and coaxial lines
are available with flexible insulation.

The chief disadvantage of such lines is that the
power loss per unit length is greater than in air-insu-
lated lines. Power is lost in heating of the dielectric,
and if the heating is great enough (as it may be with
high power and a high SWR), the line may break
down mechanically and electrically.

Fig 19—Construction of air-insulated
transmission lines.

Fig 20—Characteristic impedance of typical air-
insulated coaxial lines.
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Fig 21—Construction of flexible parallel
conductor and coaxial lines with solid dielectric.
A common variation of the double shielded
design at D has the braids in continuous
electrical contact.

Parallel-Conductor Lines
The construction of a number of types of flexible

line is shown in Fig 21. In the most common 300-Ω
type (twin-lead), the conductors are stranded wire
equivalent to #20 in cross-sectional area, and are
molded in the edges of a polyethylene ribbon about
1/2 inch wide that keeps the wires spaced away a con-
stant amount from each other. The effective dielectric
is partly solid and partly air, and the presence of the
solid dielectric lowers the characteristic impedance
of the line as compared with the same conductors in
air. The resulting impedance is approximately 300 Ω.

Because part of the field between the conduc-
tors exists outside the solid dielectric, dirt and
moisture on the surface of the ribbon tend to
change the characteristic impedance of the line.
The operation of the line is therefore affected by
weather conditions. The effect will not be very
serious in a line terminated in its characteristic
impedance, but if there is a considerable mismatch,
a small change in Z0 may cause wide fluctuations
of the input impedance. Weather effects can be
minimized by cleaning the line occasionally and
giving it a thin coating of a water repellent mate-
rial such as silicone grease or car wax.

To overcome the effects of weather on the char-
acteristic impedance and attenuation of ribbon type
line, another type of twin-lead is made using an oval
polyethylene tube with an air core or a foamed di-
electric core. The conductors are molded diametri-
cally opposite each other in the walls. This increases
the leakage path across the dielectric surface. Also,
much of the electric field between the conductors is
in the hollow (or foam-filled) center of the tube. This
type of line is fairly impervious to weather effects.
Care should be used when installing it, however, so
any moisture that condenses on the inside with
changes in temperature and humidity can drain out
at the bottom end of the tube and not be trapped in
one section. This type of line is made in two con-
ductor sizes (with different tube diameters), one for
receiving applications and the other for transmitting.

Transmitting type 75-Ω twin-lead uses stranded
conductors nearly equivalent to solid #12 wire, with
quite close spacing between conductors. Because of
the close spacing, most of the field is confined to the
solid dielectric, with very little existing in the sur-
rounding air. This makes the 75-Ω line much less sus-
ceptible to weather effects than the 300-Ω ribbon type.

A third type of commercial parallel-line is so-
called window line, illustrated in Fig 21C. This is a
variation of twin-lead construction, except that “win-
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dows” are cut in the polyethylene insulation at regular intervals. This holds down on the weight of the line,
and also breaks up the amount of surface area where dirt, dust and moisture can accumulate. Such “window”
line is commonly available with a nominal characteristic impedance of 450 Ω, although 300-Ω line can be
found also. A conductor spacing of about 1 inch is used in the 450-Ω line and 1/2 inch in the 300-Ω line. The
conductor size is usually about #18. The impedances of such lines are somewhat lower than given by Fig 18
for the same conductor size and spacing, because of the effect of the dielectric constant of the spacer material
used. The attenuation is quite low and lines of this type are entirely satisfactory for transmitting applications
at amateur power levels.

COAXIAL CABLES
Coaxial cable is available in flexible and semiflexible varieties. The fundamental design is the

same in all types, as shown in Fig 21. The outer diameter varies from 0.06 inch to over 5 inches. Power-
handling capability and cable size are directly proportional, as larger dielectric thickness and larger
conductor sizes can handle higher voltages and currents. Generally, losses decrease as cable diameter
increases. The extent to which this is true is dependent on the properties of the insulating material.

Some coaxial cables have stranded wire center conductors while others use a solid copper conduc-
tor. Similarly, the outer conductor (shield) may be a single layer of copper braid, a double layer of braid
(more effective shielding), solid aluminum (Hardline), aluminum foil, or a combination of these.

Losses and Deterioration
The power-handling capability and loss characteristics of coaxial cable depend largely on the dielectric

material between the conductors. The commonly used cables and some of their properties are listed in
Table 1. Fig 22 is a graph of the attenuation characteristics versus frequency for the most popular lines. The

Fig 22—Nominal matched-line attenuation in decibels per 100 feet of various common transmission lines.
Total attenuation is directly proportional to length . Attenuation will vary somewhat in actual cable
samples, and generally increases with age in coaxial cables having a type I jacket. Cables grouped
together in the above chart have approximately the same attenuation. Types having foam polyethylene
dielectric have slightly lower loss than equivalent solid types, when not specifically shown above.
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Table 1
Characteristics of Commonly Used Transmission Lines

pF Max. RMS
Z0 VF per OD Dielectric Operating

Type of line Ω % foot inches Material Volts
(Belden No.)
RG-6 (1152A) 75.0 75 16.5 0.266 Foam PE   300
RG-8X (9258) 50.0 78 26.0 0.242 Foam PE   300
RG-8 (8237) 52.0 66 29.5 0.405 PE 3700
RG-8 (8214) 50.0 78 26.0 0.405 Foam PE 600
RG-8A (9251) 52.0 66 29.5 0.405 PE 3700
RG-9 (8242) 51.0 66 30.0 0.420 PE 3700
RG-9A 51.0 66 30.0 0.420 PE 3700
RG-9B 50.0 66 30.8 0.420 PE 3700
RG-11 (8238) 75.0 66 20.5 0.405 PE 3700
RG-11 (8213) 75.0 78 17.4 0.405 Foam PE 600
RG-11A (8261) 75.0 66 20.5 0.405 PE 3700
RG-12 75.0 66 20.6 0.475 PE 3700
RG-12A 75.0 66 20.6 0.475 PE 3700
RG-17 52.0 66 29.5 0.870 PE 11000
RG-17A 52.0 66 29.5 0.870 PE 11000
RG-55 53.5 66 28.5 0.216 PE 1900
RG-55A 50.0 66 30.8 0.216 PE 1900
RG-55B 53.5 66 28.5 0.216 PE 1900
RG-58 (8240) 53.5 66 28.5 0.195 PE 1400
RG-58A (8259) 50.0 66 30.8 0.195 PE 1400
RG-58A (8219) 50.0 78 26.0 0.195 Foam PE  300
RG-58B 53.5 66 28.5 0.195 PE 1400
RG-58C (8262) 50.0 66 30.8 0.195 PE 1400
RG-59 (8241) 75.0 66 20.5 0.242 PE 1700
RG-59 (8212) 75.0 79 16.9 0.242 Foam PE 300
RG-59B (8263) 75.0 66 20.5 0.242 PE 1700
RG-62 (8254) 93.0 86 13.5 0.242 Air-spaced PE 750
RG-62 foam 95.0 79 13.4 0.242 Foam PE 300
RG-62A (9228) 93.0 86 13.5 0.242 Air-spaced PE 750
RG-62B (8255) 93.0 86 13.5 0.242 Air-spaced PE 750
RG-133A 95.0 66 16.2 0.405 PE 4000
RG-141 50.0 70 29.0 0.190 PTFE 1400
RG-141A (83241) 50.0 70 29.0 0.190 PTFE 1400
RG-142 (84142) 50.0 70 29.0 0.206 PTFE 1400
RG-142A 50.0 70 29.0 0.206 PTFE 1400
RG-142B (83242) 50.0 70 29.0 0.195 PTFE 1400
RG-174 (8216) 50.0 66 30.8 0.100 PE 1100
RG-213 (8267) 50.0 66 30.8 0.405 PE 3700
RG-214* (8268) 50.0 66 30.8 0.425 PE 3700
RG-215 50.0 66 30.8 0.475 PE 3700
RG-216 (9850) 75.0 66 20.5 0.425 PE 3700
RG-218 (ex RG-17) 52.0 66 29.5 0.870 PE 11000
RG-223* (9273) 50.0 66 30.8 0.212 PE 1700
9913 (Belden)* 50.0 89 24.0 0.405 Air-spaced PE 600
9914 (Belden)* 50.0 78 26.0 0.405 Foam PE 600

Aluminum Jacket, Foam Dielectric
1/2 inch 50.0 81 25.0 0.500 2500
3/4 inch 50.0 81 25.0 0.750 4000
7/8 inch 50.0 81 25.0 0.875 4500
1/2 inch 75.0 81 16.7 0.500 2500
3/4 inch 75.0 81 16.7 0.750 3500
7/8 inch 75.0 81 16.7 0.875 4000

Open wire — 97 —  — —
75-Ω transmitting
 twin lead 75.0 67 19.0 — —
300-Ω twin lead 300.0 82 5.8 — —
300-Ω tubular 300.0 80 4.6 — —

Open Wire Line, “Window” Type (#18 conductors)
1/2 inch 300.0 95 — — —
1 inch 450.0 95 — — —

Dielectric Name Temperature Limits
Designation
PE Polyethylene –65° to +80° C
Foam PE Foamed polyethylene –65° to +80° C
PTFE Polytetrafluoroethylene –250° to +250° C

(Teflon)
*Double shield
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Table 2
Coaxial Cable Equations
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where
A = atten in dB/100 ft
d = OD of inner conductor
D = ID of outer conductor
S = max voltage gradient of insulation in

     volts/mil
e = dielectric constant
K = safety factor
K1 = strand factor
K2 = braid factor
f = freq in MHz
PF = power factor

Note: Obtain K1 and K2 data from manufacturer.

(Eq A)

(Eq B)

(Eq C)

(Eq D)

(Eq E)

(Eq F)

(Eq G)

(Eq H)

(Eq I)

(Eq J)

outer insulating jacket of the cable (usually PVC) is
used solely as protection from dirt, moisture and
chemicals. It has no electrical function. Exposure
of the inner insulating material to moisture and
chemicals over time contaminates the dielectric and
increases cable losses. Foam dielectric cables are
less prone to contamination than are solid-polyeth-
ylene insulated cables.

Impregnated cables, such as Decibel Products
VB-8 and Times Wire & Cable Co. Imperveon,
are immune to water and chemical damage, and
may be buried if desired. They also have a self-
healing property that is valuable when rodents
chew into the line. Cable loss should be checked
at least every two years if the cable has been out-
doors or buried. See the earlier section on testing
transmission lines.

The pertinent characteristics of unmarked
coaxial cables can be determined from the equations
in Table 2. The most common impedance values
are 52, 75 and 95 Ω. However, impedances from
25 to 125 Ω are available in special types of manu-
factured line. The 25-Ω cable (miniature) is used ex-
tensively in magnetic-core broadband transformers.

Cable Capacitance
The capacitance between the conductors of

coaxial cable varies with the impedance and di-
electric constant of the line. Therefore, the lower
the impedance, the higher the capacitance per foot,
because the conductor spacing is decreased. Ca-
pacitance also increases with dielectric constant.

Voltage and Power Ratings
Selection of the correct coaxial cable for a par-

ticular application is not a casual matter. Not only is
the attenuation loss of significance, but breakdown
and heating (voltage and power) also need to be
considered. If a cable were lossless, the power-handling capability would be limited only by the breakdown
voltage. RG-58, for example, can withstand an operating potential of 1400 V RMS. In a 52-Ω system this
equates to more than 37 kW, but the current corresponding to this power level is 27 amperes, which would
obviously melt the conductors in RG-58. In practical coaxial cables, the copper and dielectric losses, rather
than breakdown voltage, limit the maximum power that can be accommodated. If 1000 W is applied to a
cable having a loss of 3 dB, only 500 W is delivered to the load. The remaining 500 W must be dissipated in
the cable. The dielectric and outer jacket are good thermal insulators, which prevent the conductors from
efficiently transferring the heat to free air.

As the operating frequency increases, the power-handling capability of a cable decreases because
of increasing conductor loss (skin effect) and dielectric loss. RG-58 with foam dielectric has a break-
down rating of only 300 V, yet it can handle substantially more power than its ordinary solid dielectric
counterpart because of the lower losses. Normally, the loss is inconsequential (except as it affects
power-handling capability) below 10 MHz in amateur applications. This is true unless extremely long
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runs of cable are used. In general, full legal amateur power can be safely applied to inexpensive RG-58
coax in the bands below 10 MHz. Cables of the RG-8 family can withstand full amateur power through
the VHF spectrum, but connectors must be carefully chosen in these applications. Connector choice is
discussed in a later section.

Excessive RF operating voltage in a coaxial cable can cause noise generation, dielectric damage
and eventual breakdown between the conductors.

Shielded Parallel Lines
Shielded balanced lines have several advantages over open-wire lines. Since there is no noise pickup on

long runs, they can be buried and they can be routed through metal buildings or inside metal piping. Shielded
balanced lines having impedances of 140 or 100 Ω can be constructed from two equal lengths of 70-Ω or 50-Ω
cable (RG-59 or RG-58 would be satisfactory for amateur power levels). Paralleled RG-63 (125-Ω) cable would
make a balanced transmission line more in accord with traditional 300-Ω twin-lead feed line (Z0 = 250 Ω).

The shields are connected together (see Fig 23A), and the two inner conductors constitute the balanced
line. At the input, the coaxial shields should be connected to chassis ground; at the output (the antenna side),

they are joined but left floating.
A high power, low-loss, low-impedance 70-Ω

(or 50-Ω) balanced line can be constructed from four
coaxial cables. See Fig 23B. Again, the shields are
all connected together. The center conductors of the
two sets of coaxial cables that are connected in par-
allel provide the balanced feed.

Coaxial Fittings
There is a wide variety of fittings and connec-

tors designed to go with various sizes and types of
solid-dielectric coaxial line. The “UHF” series of
fittings is by far the most widely used type in the
amateur field, largely because they are widely avail-
able and are inexpensive. These fittings, typified by
the PL-259 plug and SO-239 chassis fitting (mili-
tary designations) are quite adequate for VHF and

Fig 24—The PL-259 or UHF connector is almost universal for amateur HF work and is popular for
equipment operating up through the VHF range. Steps for assembly are given in detail in the text.

Fig 23—Shielded balanced transmission lines
utilizing standard small-size coaxial cable, such
as RG-58 or RG-59. These balanced lines may be
routed inside metal conduit or near large metal
objects without adverse effects.
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Fig 25—Crimp-on connectors and adapters for use with standard PL-259 connectors are popular for
connecting to RG-58 and RG-59 coax. (This material courtesy of Amphenol Electronic Components,
RF Division, Bunker Ramo Corp.)

Fig 26—Assembly of the 83 series (SO-239) with hoods. Complete electrical shield integrity in the UHF
female connector requires that the shield be attached to the connector flange by means of a hood.

lower frequency applications, but are not weatherproof. Neither do they exhibit a 52-Ω impedance.
Type N series fittings are designed to maintain constant impedance at cable joints. They are a bit harder to

assemble than the “UHF” type, but are better for frequencies above 300 MHz or so. These fittings are weath-
erproof.

The BNC fittings are for small cable such as RG-58, RG-59 and RG-62. They feature a bayonet-
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Fig 27—BNC connectors are common on VHF and UHF equipment at low power levels. (Courtesy of
Amphenol Electronic Components, RF Division, Bunker Ramo Corp.)

locking arrangement for quick connect and disconnect, and are weatherproof. They exhibit a constant
impedance.

Methods of assembling connectors on the cable are shown in Figs 24 through 28. The most com-
mon or longest established connector in each series is illustrated. Several variations of each type exist.
Assembly instructions for coaxial fittings not shown here are available from the manufacturers.

PL-259 Assembly
Fig 24 shows how to install the solder type of PL-259 connector on RG-8 type cable. Proper prepa-

ration of the cable end is the key to success. Follow these simple steps.

1) Measure back 3/4 inch from the cable end and slightly score the outer jacket around its
circumference.
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Fig 28—Type N connectors are required for high-power operation at VHF and UHF. (Courtesy of
Amphenol Electronic Components, RF Division, Bunker Ramo Corp.)

2) With a sharp knife, cut along the score line through the outer jacket, through the braid, and through
the dielectric material, right down to the center conductor. Be careful not to score the center con-
ductor. Cutting through all outer layers at once keeps the braid from separating.

3) Pull the severed outer jacket, braid and dielectric off the end of the cable as one piece. Inspect the
area around the cut, looking for any strands of braid hanging loose. If there are any, snip them off.
There won’t be any if your knife was sharp enough.
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4) Next, score the outer jacket 5/16 inch back from the first cut. Cut through the jacket lightly; do not
score the braid. This step takes practice. If you score the braid, start again.

5) Remove the outer jacket. Tin the exposed braid and center conductor, but apply the solder sparingly.
Avoid melting the dielectric.

6) Slide the coupling ring onto the cable. (Don’t forget this important step!)
7) Screw the connector body onto the cable. If you prepared the cable to the right dimensions, the

center conductor will protrude through the center pin, the braid will show through the solder holes,
and the body will actually thread itself onto the outer cable jacket.

8) With a large soldering iron, solder the braid through each of the four solder holes. Use enough heat to
flow the solder onto the connector body, but not so much as to melt the dielectric. Poor connection to the
braid is the most common form of PL-259 failure. This connection is just as important as that between
the center conductor and the connector. With some practice you’ll learn how much heat to use.

9) Allow the connector body to cool somewhat, and then solder the center connector to the center pin.
The solder should flow on the inside, not the outside of the pin. Trim the center conductor to be even
with the end of the center pin. Use a small file to round the end, removing any solder that may have
built up on the outer surface of the center pin. Use a sharp knife, very fine sandpaper, or steel wool
to remove any solder flux from the outer surface of the center pin.

10) Screw the coupling onto the body, and the job is finished.

Fig 25 shows two options for using RG-58 or RG-59 cable with PL-259 connectors. The crimp-on
connectors manufactured for the smaller cable work well if installed correctly. The alternative method
involves using adapters for the smaller cable with standard PL-259 connectors made for RG-8. Prepare
the cable as shown in Fig 24. Once the braid is prepared, screw the adapter into the PL-259 shell and
finish the job as you would with RG-8 cable.

Fig 26 shows how to assemble female SO-239 connectors onto coaxial cable. Figs 27 and 28
respectively show the assembly of BNC and type N connectors.

SINGLE WIRE LINE
There is one type of line, in addition to those already described, that deserves mention because it is still

used to a limited extent. This is the single wire line, consisting simply of a single conductor running from the
transmitter to the antenna. The “return” circuit for such a line is the earth; in fact, the second conductor of the
line can be considered to be the image of the actual conductor in the same way that an antenna strung above
the earth has an image (see Chapter 3). The characteristic impedance of the single wire line depends on the
conductor size and the height of the wire above ground, ranging from 500 to 600 Ω for #12 or #14 conduc-
tors at heights of 10 to 30 feet. The characteristic impedance may be calculated from

Z = 138 log 
4h
d0 (Eq 27)

where
Z0 = characteristic impedance of the single wire line
h = antenna height
d = wire diameter, in same units as h
By connecting the line to the antenna at a point that represents a resistive impedance of 500 to

600 Ω, the line can be matched and operated without standing waves.
Although the single wire line is very simple to install, it has at least two outstanding disadvan-

tages. First, because the return circuit is through the earth, the behavior of the system depends on the
kind of ground over which the antenna and transmission lines are erected. In practice, it may not be
possible to get the necessary good connection to actual ground that is required at the transmitter. Sec-
ond, the line always radiates, because there is no nearby second conductor to cancel the fields. Radia-
tion is minimum when the line is properly terminated, because the line current is lowest under these
conditions. The line is, however, always a part of the radiating antenna system, to some extent.
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LINE INSTALL ATION

Installing Coax Line
One great advantage of coaxial line, particularly the flexible dielectric type, is that it can be in-

stalled with almost no regard for its surroundings. It requires no insulation, can be run on or in the
ground or in piping, can be bent around corners with a reasonable radius, and can be “snaked” through
places such as the space between walls where it would be impractical to use other types of lines.
However, coaxial lines should always be operated in systems that permit a low SWR, and precautions
must be taken to prevent RF currents from flowing on the outside of the line. This is discussed in
Chapter 26. Additional information on line installation is given in Chapter 4.

Installing Parallel-Wire Lines
In installing a parallel-wire line, care must be used to prevent it from being affected by moisture,

snow and ice. In home construction, only spacers that are impervious to moisture and are unaffected by
sunlight and weather should be used on air-insulated lines. Steatite spacers meet this requirement ad-
equately, although they are somewhat heavy. The wider the line spacing, the longer the leakage path
across the spacers, but this cannot be carried too far without running into line radiation, particularly at
the higher frequencies. Where an open-wire line must be anchored to a building or other structure,
standoff insulators of a height comparable with the line spacing should be used if mounted in a spot
that is open to the weather. Lead-in bushings for bringing the line into a building also should have a
long leakage path.

The line should be kept away from other conductors, including downspouts, metal window frames,
flashing, etc, by a distance of two or three times the line spacing. Conductors that are very close to the
line will be coupled to it to some degree, and the effect is that of placing an additional load across the
line at the point where the coupling occurs. Reflections take place from this coupled “load,” raising the
SWR. The effect is at its worst when one wire is closer than the other to the external conductor. In such
a case one wire carries a heavier load than the other, with the result that the line currents are no longer
equal. The line then becomes unbalanced.

Solid dielectric, two-wire lines have a relatively small external field because of the small spacing,
and can be mounted within a few inches of other conductors without much danger of coupling between
the line and such conductors. Standoff insulators are available for supporting lines of this type when
run along walls or similar structures.

Sharp bends should be avoided in any type of transmission line, because such bends cause a change
in the characteristic impedance. The result is that reflections take place from each bend. This is of less
importance when the SWR is high than when an attempt is being made to match the load to the line Z0.
It may be impossible to get the SWR to the desired figure until bends in the line are made very gradual.

TESTING TRANSMISSION LINES
Coaxial cable loss should be checked at least every two years if the cable is installed outdoors or

buried. (See later section on losses and deterioration.)  Testing of any type of line can be done using the
technique illustrated in Fig 29. If the measured loss in watts equates to more than 1 dB over the rated

Fig 29—Method for determining losses in
transmission lines. The impedance of the
dummy load must equal the Z 0 of the line for
accurate results.
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loss per 100 feet, the line should be replaced. The matched-line loss in dB can be determined from

dB = l0 log 
P
P

i

2
(Eq 28)

where
Pi is the power at the transmitter output
P2 is the power measured at RL of Fig 29.
Yet other methods of determining line losses may be used. If the line input impedances can be

measured accurately with a short and then an open-circuit termination, the electrical line length (deter-
mined by velocity factor) and the matched-line loss may be calculated for the frequency of measure-
ment. The procedure is described in Chapter 28.

Determining line characteristics as just mentioned requires the use of a laboratory style of imped-
ance bridge, or at least an impedance or noise bridge calibrated to a high degree of accuracy. But useful
information about a transmission line can also be learned with just an SWR indicator, if it offers
reliable readings at high SWR values.

A lossless line theoretically exhibits an infinite SWR when terminated in an open or a short circuit. A
practical line will have losses, and therefore will limit the SWR at the line input to some finite value.
Provided the signal source can operate safely into a severe mismatch, an SWR indicator can be used to
determine the line loss. The instruments available to most amateurs lose accuracy at SWR values greater
than about 5:1, so this method is useful principally as a go/no-go check on lines that are fairly long. For
short, low-loss cables, only significant deterioration can be detected by the open-circuit SWR test.

First, either open or short circuit one end of the line. It makes no difference which termination is used,
as the terminating SWR is theoretically infinite in either case. Then measure the SWR at the other end of the
line. The matched-line loss for the frequency of measurement may then be determined from

Lm = 10 log 
SWR +1
SWR – 1

(Eq 29)

where SWR = the SWR value measured at the line input
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Chapter 25

Coupling the Transmitter
to the Line

How many times have you heard someone on the air saying how he just spent hours and hours
pruning his antenna to achieve a 1:1 SWR? Indeed, have you ever wondered whether all that
effort was worthwhile? Now don’t get the wrong impression: a 1:1 SWR is not a bad thing!

Feed-line loss is minimized when the SWR is kept within reasonable bounds. The power for which a
particular transmission line is rated is for a matched load.

Modern amateur transceivers use broadband, untuned solid-state final amplifiers, designed to op-
erate into 50 Ω. Such a transmitter is able to deliver its rated output power—at its rated level of distor-
tion—only when it is operated into the load for which it was designed. An SSB transmitter that is
“splattering” is often being driven hard into the wrong load impedance.

Further, modern radios often employ protection circuitry to reduce output power automatically if
the SWR rises to more than about 2:1. Protective circuits are needed because solid-state devices can
almost instantly destroy themselves trying to deliver power into the wrong load impedance. Modern
solid-state transceivers often include built-in antenna tuners (often at extra cost) to match impedances
when the SWR isn’t 1:1.

Older vacuum-tube amplifiers were a lot more forgiving than solid-state devices—they could sur-
vive momentary overloads without being instantly destroyed. The pi-networks used to tune and load
old-fashioned vacuum-tube amplifiers were able to match a fairly wide range of impedances.

MATCHING THE LINE TO THE TRANSMITTER
As shown in Chapter 24, the impedance at the input of a transmission line is uniquely determined

by a number of factors: the frequency, the characteristic impedance Z0 of the line, the physical length,
velocity factor and the matched-line loss of the line, plus the impedance of the load (the antenna) at the
output end of the line. If the impedance at the input of the transmission line connected to the transmit-
ter differs appreciably from the load resistance into which the transmitter output circuit is designed to
operate, an impedance-matching network must be inserted between the transmitter and the line input
terminals.

In older ARRL publications, such an impedance-matching network was often called a Transmatch.
This is a coined word, referring to a “Transmitter Matching” network. Nowadays, radio amateurs com-
monly call such a device an antenna tuner.

The function of an antenna tuner is to transform the impedance at the input end of the transmission
line—whatever it may be—to the 50 Ω needed to keep the transmitter loaded properly. An antenna
tuner does not alter the SWR on the transmission line going to the antenna. It only ensures that the
transmitter sees the 50-Ω load for which it was designed.
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Column one of Tables 1 and 2 lists the computed impedance at the center of two dipoles mounted
over average ground (with a conductivity of 5 mS/m and a dielectric constant of 13). The dipole in
Table 1 is 100 feet long, and is mounted as a “flat top,” 50 feet high. The dipole in Table 2 is 66 feet
long overall, mounted as an inverted-V, whose apex is 50 feet high and whose legs have an included
angle of 120°. The second column in Tables 1 and 2 shows the computed impedance at the transmitter
end of a 100-foot long transmission line using 450-Ω “window” open-wire line. Please recognize that
there is nothing special or “magic” about these antennas—they are merely representative of typical

antennas used by real-world amateurs.
The impedance at the input of the transmis-

sion line varies over an extremely wide range
when antennas like these are used over the entire
range of amateur bands from 160 to 10 meters.
The impedance at the input of the line (that is, at
the antenna tuner’s output terminals) will be dif-
ferent if the length of the line is changed. It should
be obvious that an antenna tuner used with such a
system must be very flexible to match the wide
range of impedances it will encounter—and it
must do so without arcing or blowing up!

The Matching System
Over the years, radio amateurs have devised

a number of circuits for use as antenna tuners. At
one time, when open-wire transmission line was
more widely used, link-coupled tuned circuits
were in vogue. With the increasing popularity of
coaxial cable used as feed lines, other circuits have
become more prevalent. The most common form
of antenna tuner in recent years is some variation
of a T-network configuration.

The basic system of a transmitter, matching
circuit, transmission line and antenna is shown in
Fig 1. As usual, we assume that the transmitter is
designed to deliver its rated power into a load of
50 Ω. The problem is one of designing a match-
ing circuit that will transform the actual line im-
pedance at the input of the transmission line into
a resistance of 50 Ω. This resistance will be un-
balanced; that is, one side will be grounded, since
modern transmitters universally ground one side
of the output connector to the chassis. The line to
the antenna, however, may be unbalanced (coaxial
cable) or balanced (parallel-conductor line), de-
pending on whether the antenna itself is unbal-
anced or balanced.

Harmonic Attenuation in
an Antenna Tuner

This is a good place to bring up the topic of
harmonic attenuation, as it is related to antenna
tuners. One potentially desirable characteristic of

Fig 1—Essentials of a coupling system between
transmitter and transmission line.

Table 1
Impedance of Center-Fed 100' Flat-top
Dipole, 50' High Over Average Ground
Frequency  Antenna Feed-        Impedance at Input of
MHz           Point Impedance,   100' 450-Ω Line,

         Ω Ω
1.83 4.5 – j 1673 5.0 – j 35
3.8 39 – j 362 311 – j 1365
7.1 481 + j 964 86 – j 138

10.1 2584 – j 3292 115 – j 654
14.1 85 – j 123 91 – j 96
18.1 2097 + j 1552 285 + j 743
21.1 345 – j 1073 69 + j 196
24.9 202 + j 367 1068 – j 729
28.4 2493 – j 1375 575 – j 1061

Table 2
Impedance of Center–Fed 66' Inv.–V Dipole,
50' at Apex, 120 ° Included Angle Over
Average Ground
Frequency  Antenna Feed-     Impedance at Input of
MHz           Point Impedance, 100' 450-Ω Line,

         Ω Ω
1.83 1.6 – j 2257 4.4 – j 65
3.8 10 – j 879 645 + j 3855
7.1 65 – j 41 2769 + j 497

10.1 22 + j 648 1324 + j 4156
14.1 5287 – j 1310 2859 – j 2203
18.1 198 – j 820 2543 – j 1793
21.1 103 – j 181 621 + j 873
24.9 269 + j 570 474 – j 739
28.4 3089 + j 774 1041 – j 1314
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an antenna tuner is the degree of extra harmonic attenuation it can provide. While this is desirable in
theory, it is not always achieved in practice. For example, if an antenna tuner is used with a single,
fixed-length antenna on multiple bands, the impedances presented to the tuner at the fundamental
frequency and at the harmonics will often be radically different. The amount of harmonic attenuation
for a particular network will thus be dramatically variable also. See Table 1. For example, at 7.1 MHz,
the impedance seen by the antenna tuner for the 100-foot flat top dipole is 481 + j 964 Ω. At 14.1 MHz,
roughly the second harmonic, the impedance is 85 − j 123 Ω.

Trapped Antennas

There are some situations in Amateur Radio where the impedance at the second harmonic is essen-
tially the same as that for the fundamental. This often involves “trapped” antenna systems or wideband
log-periodic designs. For example, a system used by many amateurs is a “tribander” Yagi that works
on 20, 15 and 10 meters. The second harmonic of a 20-meter transmitter feeding such a tribander can
be objectionably strong for nearby amateurs operating on 10 meters. This is despite the approximately
60 dB of attenuation of the second harmonic provided by the low-pass filters built into modern solid-
state transceivers. A linear amplifier can exacerbate the problem, since its second harmonic may be
suppressed only about 46 dB by the typical pi-network output circuit used in most amplifiers.

Even in a trapped antenna system, most amateur antenna tuners will not attenuate the 10-meter
harmonic much at all, especially if the tuner uses a high-pass T-network. This is the most common
network used commercially because of the wide range of impedances it will match. Some T-network
designs have attempted to improve the harmonic attenuation using parallel inductors and capacitors
instead of a single inductor for the center part of the T. Unfortunately, this often leads to more loss and
more critical tuning at the fundamental, while providing little, if any, additional harmonic suppression
in actual installations.

Harmonics and Pi-Network Tuners

In a trapped antenna system, if a different network is used for an antenna tuner (such as a  low-
pass Pi network), there will be additional attenuation of harmonics, perhaps as much as 30 dB for a
loaded Q of 3. The exact degree of harmonic attenuation, however, is often limited due to the stray
inductance and capacity present in most tuners at harmonic frequencies. Further, the matching range
for a Pi-network tuner is fairly limited because of the range of input and output capacitance needed for
widely varying loads.

Harmonics and Stubs

Far more reliable suppression of harmonics can be achieved using shorted quarter-wave transmis-
sion-line stubs at the transmitter output. A typical 20-meter λ/4 shorted stub (which looks like an open
circuit at 20 meters, but a short circuit at 10 meters) will provide about 25 dB of attenuation to the second
harmonic. It will handle full legal amateur power too. See Chapter 26 for more details on stubs. In short,
an antenna tuner that is capable of matching a wide range of impedances should not be relied on to give
additional harmonic suppression.

MATCHING WITH INDUCTIVE COUPLING
Inductively coupled matching circuits are shown in basic form in Fig 2. R1 is the actual load resis-

tance to which the power is to be delivered, and R2 is the resistance seen by the power source. The
objective is to make it R2 = 50 Ω. L1 and C1 form a resonant circuit capable of being tuned to the
operating frequency. The coupling between L1 and L2 is adjustable.

The circuit formed by C1, L1 and L2 is equivalent to a transformer having a primary-to-secondary
impedance ratio adjustable over wide limits. The resistance coupled into L2 from L1 depends on the
effective Q of the circuit L1-C1-R1, the reactance of L2 at the operating frequency, and the coefficient
of coupling, k, between the two coils. The approximate relationship is (assuming C1 is properly tuned)

R2 = k2XL2Q    (Eq 1)
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where XL2 is the reactance of L2 at the operating
frequency. The value of L2 is optimum when XL2
= R2, in which case the desired value of R2 is
obtained when

k =  1
Q

   (Eq 2)

This means that the desired value of R2
may be obtained by adjust ing either the
coupling, k, between the two coils, or by
changing the Q of the circuit L1-C1-R1, or by
doing both. If the coupling is fixed, as is of-
ten the case, Q must be adjusted to attain a
match. Note that increasing the value of Q is
equivalent to tightening the coupling, and vice
versa.

If L2 does not have the optimum value, the
match may still be obtained by adjusting k and
Q, but one or the other—or both—must have a
larger value than is needed when XL2 is equal to

R2. In general, it is desirable to use as low a value of loaded Q as is practical. Low Q values mean that
the circuit requires little or no readjustment when shifting frequency within a band (provided the an-
tenna R1 does not vary appreciably with frequency). A low value of loaded Q also means that less loss
occurs in the matching network itself.

Circuit Q
In Fig 2A, where a parallel-tuned network is used, QP is equal to

Q  =  R1
XP

C1
  (Eq 3)

This assumes L1-C1 is tuned to the operating frequency. This circuit is suitable for comparatively
high values of R1—from several hundred to several thousand ohms.

In Fig 2C, which is a series-tuned network, Q is equal to

Q  =  
X
R1S

C1   (Eq 4)

Again, we assume that L1-C1 is tuned to the operating frequency. This circuit is suitable for low
values of R1—from a few ohms up to a hundred or so ohms. In Fig 2B the Q depends on the placement
of the taps on L1 as well as on the reactance of C1. This circuit is suitable for matching all values of R1
likely to be encountered in practice.

Note that to change Q in either A or C, Fig 2, it is necessary to change the reactance of C1. Since
the circuit is tuned essentially to resonance at the operating frequency, this means that the L/C ratio
must be varied in order to change Q. In Fig 2B a fixed L/C ratio may be used, since Q can be varied by
changing the tap positions. The Q will increase as the taps are moved closer together, and will decrease
as they are moved farther apart on L1.

Reactive Loads—Series and Parallel Coupling
More often than not, the load represented by the input impedance of the transmission line is reac-

tive as well as resistive. In such a case the load cannot be represented by a simple resistance, such as
R1 in Fig 2. As stated in Chapter 24, for any one frequency we have the option of considering the load
to be a resistance in parallel with a reactance, or as a resistance in series with a reactance. In Fig 2, at
A and B, it is convenient to use the parallel equivalent of the line input impedance. The series equiva-
lent is more suitable for Fig 2C.

Fig 2—Circuit arrangements for inductively
coupled impedance-matching circuit. A and B
use a parallel-tuned coupling tank; B is
equivalent to A when the taps are at the ends of
L1. The series-tuned circuit at C is useful for very
low values of load resistance, R1.
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Fig 3—Line input impedances containing both
resistance and reactance can be represented as
shown enclosed in dotted lines, for capacitive
reactance. If the reactance is inductive, a coil is
substituted for the capacitance C.

Thus, in Fig 3A and 3B the load might be
represented by R1 in parallel with the capacitive
reactance C, and in Fig 3C by R1 in series with a
capacitive reactance C. In Fig 3A, the capacitance
C is in parallel with C1 and so the total capaci-
tance is the sum of the two. This is the effective
capacitance that, with L1, tunes to the operating
frequency. Obviously the setting of C1 will be at
a lower value of capacitance with such a load than
it would with a purely resistive load such as in
Fig 2A.

In Fig 3B the capacitance of C also in-
creases the total capacitance effective in tuning
the circuit. However, in this case the increase
in effective tuning capacitance depends on the
positions of the taps. If the taps are close to-
gether the effect of C on the tuning is relatively
small, but it increases as the taps are moved
farther apart.

In Fig 3C, the capacitance C is in series with
C1 and so the total capacitance is less than either.
Hence the capacitance of C1 must be increased in
order to resonate the circuit, as compared with the
purely resistive load shown in Fig 2C.

If the reactive component of the load imped-
ance is inductive, similar considerations apply. In
such case an inductance would be substituted for the capacitance C shown in Fig 3. The effect in Fig 3A and
3B would be to decrease the effective inductance in the circuit, so C1 would require a larger value of
capacitance in order to resonate the circuit at the operating frequency. In Fig 3C the effective inductance
would be increased, thus making it necessary to set C1 at a lower value of capacitance for resonating the
circuit.

Effect of Line Reactance on Circuit Q
The presence of reactance in the line input impedance presented to the matching network can

affect the Q of the matching circuit. If the reactance is capacitive, the Q will not change if resonance
can be maintained by adjustment of C1 without changing either the value of L1 or the position of the
taps in Fig 3B (as compared with the Q when the load is purely resistive and has the same value of
resistance, R1). If the load reactance is inductive the L/C ratio changes because the effective induc-
tance in the circuit is changed and, in the ordinary case, L1 is not adjustable. This increases the Q in all
three circuits of Fig 3.

When the load has appreciable reactance it is not always possible to adjust the circuit to resonance
by readjusting C1, as compared with the setting it would have with a purely resistive load. Such a
situation may occur when the load reactance is low compared with the resistance in the parallel-equivalent
circuit, or when the reactance is high compared with the resistance in the series-equivalent circuit. The
very considerable detuning of the circuit that results is often accompanied by an increase in Q, some-
times to values that lead to excessively high circulating currents in the circuit. This causes the effi-
ciency to suffer. (Ordinarily the power loss in matching circuits of this type is inconsequential, if the
loaded Q is below 10 and a good coil is used.) An unfavorable ratio of reactance to resistance in the
input impedance of the line can exist if the SWR is high and the line length is near an odd multiple of
λ/8 (45°).
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Q of Line Input Impedance
The ratio between reactance and resistance in the equivalent input circuit—that is, the Q of the

impedance at the line’s input—is a function of line length and SWR. There is no specific value of this
Q of which it can be said that lower values are satisfactory while higher values are not. In part, the
maximum tolerable value depends on the tuning range available in the matching circuit. If the tuning
range is restricted (as it will be if the variable capacitor has relatively low maximum capacitance),
compensating for the line input reactance by absorbing it in the matching circuit—that is, by retuning
C1 in Fig 3—may not be possible. Also, if the Q of the matching circuit is low, the effect of the line
input reactance will be greater than it will when the matching-circuit Q is high.

As stated earlier, the optimum matching-circuit design is one in which the Q is low, that is, a low
reactance-to-resistance ratio.

Compensating for Input Reactance
When the reactance/resistance ratio in the line input impedance is unfavorable, it is advisable to take

special steps to compensate for it. This can be done as shown in Fig 4. Compensation consists of supplying
external reactance of the same numerical value as the line reactance, but of the opposite kind. Thus in Fig
4A, where the line input impedance is represented by resistance and capacitance in parallel, an inductance L
having the same numerical value of reactance as C can be connected across the line terminals to “cancel out”
the line reactance. (This is actually the same thing as tuning the line to resonance at the operating fre-
quency.) Since the parallel combination of L and C is equivalent to an extremely high resistance at reso-
nance, the input impedance of the line becomes a pure resistance having essentially the same resistance as
R1 alone.

The case of an inductive line impedance is
shown in Fig 4B. In this case the external reac-
tance required is capacitive, of the same numeri-
cal value as the reactance of L. Where the series
equivalent of the line input impedance is used,
the external reactance is connected in series, as
shown at C and D in Fig 4.

In general, these methods are not needed un-
less the matching circuit has insufficient range of
adjustment to provide compensation for the line
reactance as described earlier, or when such a
large readjustment is required that the matching-
circuit Q becomes undesirably high. The latter
condition usually is accompanied by heating of
the coil used in the matching network.

Methods for Variable Coupling
The coupling between L1 and L2, Figs 2 and

3, preferably should be adjustable. If the coupling
is fixed, such as with a fixed-position link, the
placement of the taps on L1 for proper matching
becomes rather critical. The additional matching
adjustment afforded by adjustable coupling be-
tween the coils facilitates the matching procedure
considerably. L2 should be coupled to the center
of L1 for the sake of maintaining balance, since
the circuit is used with balanced lines.

If adjustable inductive coupling such as a
swinging link is not feasible for mechanical rea-

Fig 4—Compensating for reactance present in
the line input impedance.
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Fig 5—Using a variable capacitance, C2, as an
alternative to variable mutual inductance
between L1 and L2.

Fig 6—Adjustment setup
using SWR indicator.
A—RF ammeters (see
text).

sons, an alternative is to use a variable capacitor in series with L2. This is shown in Fig 5. Varying C2
changes the total reactance of the circuit formed by L2-C2, with much the same effect as varying the
actual mutual inductance between L1 and L2. The capacitance of C2 should resonate with L2 at the
lowest frequency in the band of operation. This calls for a fairly large value of capacitance at low
frequencies (about 1000 pF at 3.5 MHz for 50-Ω line) if the reactance of L2 is equal to the line Z0. To
utilize a capacitor of more convenient size—maximum capacitance of perhaps 250-300 pF—a value of
inductance may be used for L2 that will resonate at the lowest frequency with the maximum capaci-
tance available.

On the higher frequency bands the problem of variable capacitors does not arise since a reactance
of 50 to 75 Ω is within the range of conventional components.

Circuit Balance
Fig 5 shows C1 as a balanced or split-stator capacitor. This type of capacitor is desirable in a

practical matching circuit to be used with a balanced line, since the two sections are symmetrical. The
rotor assembly of the balanced capacitor may be grounded, if desired, or it may be left “floating” and
the center of L1 may be grounded; or both may “float.” Which method to use depends on consider-
ations discussed later in connection with antenna currents on transmission lines. As an alternative to
using a split-stator type of capacitor, a single-section capacitor may be used.

Measurement of Line Input Current
The RF ammeters shown in Fig 6 are not essential to the adjustment procedure but they, or some

other form of output indicator, are useful accessories. In most cases the circuit adjustments that lead to
a match as shown by the SWR indicator will also result in the most efficient power transfer to the
transmission line. However, it is possible that a good match will be accompanied by excessive loss in
the matching circuit. This is unlikely to happen if the steps described for obtaining a low Q are taken.
If the settings are highly critical or it is impossible to obtain a match, the use of additional reactance
compensation as described earlier is indicated.

RF ammeters are useful for showing the comparative output obtained with various matching-net-
work settings, and also for showing the improvement in output resulting from the use of reactance
compensation when it seems to be required. Providing no basic circuit changes (such as grounding or
ungrounding some part of the matching circuit) are made during such comparisons, the current shown
by the ammeters will increase whenever the power put into the line is increased. Thus, the highest
reading indicates the greatest transfer efficiency,
assuming that the power input to the transmitter
is kept constant.

Two ammeters, one in each line conductor,
are shown in Fig 6. The use of two instruments
gives a check on the line balance, since the cur-
rents should be the same. However, a single meter
can be switched from one conductor to the other.
If only one instrument is used, it is preferably left
out of the circuit except when adjustments are
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being made, since it will add capacitance to the side in which it is inserted and thus cause some unbal-
ance. This is particularly important when the instrument is mounted on a metal panel.

Since the resistive component of the input impedance of a line operating with an appreciable SWR
is seldom known accurately (and since the impedance varies with frequency), the RF current is of little
value as a check on the exact power input to such a line. However, it shows in a relative way the
efficiency of the system as a whole. The set of coupling adjustments that results in the largest line
current with the least final-amplifier input power is the most desirable—and most efficient. Just re-
member that the amount of current into a multiband wire may vary dramatically from one frequency
band to the next, since the impedance at the input of the line varies greatly. See Chapter 2.

For adjustment purposes, it is possible to substitute small flashlight lamps, shunted across a few
inches of the line wires, for the RF ammeters. Their relative brightness shows when the current in-
creases or decreases. They have the advantage of being inexpensive and of such small physical size
that they do not unbalance the circuit. Another method to measure RF current is to use a toroidal core
with a single-turn primary. See the section at the end of this chapter on “lowfer” antenna techniques.

THE L-NETWORK
A comparatively simple but very useful matching circuit for unbalanced loads is the L-network, as

shown in Fig 7A. L-network antenna tuners are normally used for only a single band of operation,
although multiband versions with switched or variable coil taps exist. To determine the range of circuit
values for a matched condition, the input and load
impedance values must be known or assumed.
Otherwise a match may be found by trial.

In Fig 7A, L1 is shown as the series reactance,
XS, and C1 as the shunt or parallel reactance, XP.
However, a capacitor may be used for the series
reactance and an inductor for the shunt reactance,
to satisfy mechanical or other considerations.

The ratio of the series reactance to the se-
ries resistance, XS/RS, is defined as the network
Q. The four variables, RS, RP, XS and XP, for
lossless components are related as given in the
equations below. When any two values are
known, the other two may be calculated.
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The reactance of loads that are not purely
resistive may be taken into account and absorbed
or compensated for in the reactances of the
matching network. Inductive and capacitive re-
actance values may be converted to inductor and

Fig 7—A t A, the L-matching network, consisting of
L1 and C2, to match Z1 and Z2. The lower of the
two impedances to be matched, Z1, must always be
connected to the series-arm side of the network
and the higher impedance, Z2, to the shunt-arm
side. The positions of the inductor and capacitor
may be interchanged in the network . At B, the Pi-
network tune r, matching R1 to R2. The Pi provides
more flexibility than the L as an antenna-tuner
circuit. See equations in the text for calculating
component values . At C, the T-network tune r. This
has more flexibility in that components with practi-
cal values can match a wide variety of loads. The
drawback is that this network can be inefficient,
particularly when the output capacitor is small.
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capacitor values for the operating frequency with standard reactance equations.
It is important to recognize that Eq 5 through 9 are for lossless components. When real components

with real unloaded Qs are used, the transformation changes and you must compensate for the losses.
Real coils are represented by a perfect inductor in series with a loss resistance, and real capacitors by a
perfect capacitor in parallel with a loss resistance. At HF, a physical coil will have an unloaded QU
between 100 and 400, with an average value of about 200 for a high-quality airwound coil mounted in
a spacious metal enclosure. A variable capacitor used in an antenna tuner will have an unloaded QU of
about 1000 for a typical air-variable capacitor with wiper contacts. An expensive vacuum-variable
capacitor can have an unloaded QU as high as 5000.

The power loss in coils is generally larger than in variable capacitors used in practical antenna
tuners. The circulating RF current in both coils and capacitors can also cause severe heating. The
ARRL Laboratory has had to extinguish fires inside antenna tuners pushed to their extreme limits
during product testing! The RF voltages developed across the capacitors can be pretty spectacular at
times, leading to severe arcing.

The ARRL program TLA (“Transmission
Line, Advanced”) on the diskette included with
this book does calculations for transmission
lines and antenna tuners. TLA evaluates four
dif ferent networks: a low-pass L-network, a
high-pass L-network, a Pi-network, and a T-
network. Not only does it compute the exact
values for network components, but also the
full effects of voltage, current and power dis-
sipation for each component. Depending on the
load impedance presented to the antenna tuner,
the internal losses in an antenna tuner can of-
ten be disastrous. See the documentation file
TLA.TXT for further details on the use of TLA,
which some call the “Swiss Army Knife” of
transmission-line software.

THE PI-NETWORK
The impedances at the feed point of an an-

tenna used on multiple HF bands varies over a
very wide range, particularly if thin wire is used.
This was described in detail in Chapter 2. The
transmission line feeding the antenna transforms
the wide range of impedances at the antenna’s feed
point to another wide range of impedances at the
transmission line’s input. This often mandates the
use of a more flexible antenna tuner than an L-
network.

The Pi-network, shown in Fig 8B, offers more
flexibility than the L-network, since there are three
variables instead of two. The only limitation on
the circuit values that may be used is that the re-
actance of the series arm, the inductor L in the
figure, must not be greater than the square root of
the product of the two values of resistive imped-
ance to be matched. The following equations are
for lossless components in a Pi-network.

Fig 8—Computed values for real components
(QU = 200 for coil, Q U = 1000 for capacitor) to
match 5- Ω load resistance to 50 -Ω line . At A, low-
pass L-network, with shunt input capacito r, series
inducto r. At B, high-pass L-network, with shunt
input inducto r, series capacito r. Note how large the
capacity is for these L networks . At C, low-pass Pi-
network and at D, high-pass T-network. The
component values for the T- network are practical,
although the loss is highest for this particular
network, at 22.4% of the input powe r.
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For R1 > R2

X R1
QC1 = (Eq 10)

X R2 R1/R2
Q 1 – R1/R2C2 2= + (Eq 11)

X
Q R1 R1 R2

X
Q 1L

C2
2=

× + ×

+ (Eq 12)

The Pi-network may be used to match a low impedance to a rather high one, such as 50 to several
thousand ohms. Conversely, it may be used to match 50 Ω to a quite low value, such as 1 Ω or less. For
antenna-tuner applications, C1 and C2 may be independently variable. L may be a roller inductor or a coil
with switchable taps.

Alternatively, a lead fitted with a suitable clip may be used to short out turns of a fixed inductor. In this
way, a match may be obtained through trial. It will be possible to match two values of impedances with
several different settings of L, C1 and C2. This results because the Q of the network is being changed. If a
match is maintained with other adjustments, the Q of the circuit rises with increased capacitance at C1.

Of course, the load usually has a reactive component along with resistance. The effect of these
reactive components can be compensated for by changing one of the reactive elements in the matching
network. For example, if some reactance was shunted across R2, the setting of C2 could be changed to
compensate, whether that shunt reactance be inductive or capacitive.

As with the L network, the effects of real-world unloaded Q for each component must be taken into
account in the Pi-network to evaluate real-world losses.

THE T-NETWORK
Both the Pi-network and the L-network often require unwieldy values of capacitance—that is, large

capacitances are often required at the lower frequencies—to make the desired transformation to 50 Ω. Often,
the range of capacitance from minimum to maximum must be quite wide when the impedance at the output
of the network varies radically with frequency, as is common for multiband, single-wire antennas.

The T-network shown in Fig 7C is capable of matching a wide range of load impedances and uses
practical values for the components. However, as in almost everything in radio, there is a price to be
paid for this flexibility. The T-network can be very lossy compared to other network types. This is
particularly true at the lower frequencies, whenever the load resistance is low. Loss can be severe if the
maximum capacitance of the output capacitor C3 in Fig 7C is low.

For example, Fig 8 shows the computed values for the components at 1.8 MHz for four types of
networks into a load of 5 + j 0 Ω. In each case, the unloaded Q of the inductor used is assumed to be
200, and the unloaded Q of the capacitor(s) used is 1000. The component values were computed using
the program TLA.

Fig 8A is a low-pass L-network; Fig 8B is a high-pass L-network and Fig 8C is a Pi-network. At
more than 5200 pF, the capacitance values are pretty unwieldy for the first three networks. The loaded
QL for all three is only 3.0, indicating that the network loss is small. In fact, the loss is only 1.8% for all
three because the loaded QL is much smaller than the unloaded QU of the components used.

The T-network in Fig 8D uses more practical, realizable component values. Note that the output
capacitor C3 has been set to 500 pF and that dictates the values for the other two components. The
drawback is that the loaded Q in this configuration has risen to 34.2, with an attendant loss of 22.4% of
the power delivered to the input of the network. For the legal limit of 1500 W, the loss in the network
is 335 W. Of this, 280 W ends up in the inductor, which will probably melt! Even if the inductor doesn’t
burn up, the output capacitor C3 might well arc over, since it has more than 3800 V peak across it at
1500 W into the network.

Due to the losses in the components in a T-network, it is quite possible to “load it up into itself,”
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causing real damage inside. For example, see
Fig 9, where a T-network is loaded up into a short
circuit at 1.8 MHz. The component values look
quite reasonable, but unfortunately all  the power
is dissipated in the network itself. The current
through the output capacitor C3 at 1500 W input
to the antenna tuner would be 35 A, creating a
peak voltage of more than 8700 V across C3. Ei-
ther C1 (also at more than 8700 V peak) or C3
will probably arc over before the power loss is
sufficient to destroy the coil. However, the loud
arcing might frighten the operator pretty badly!

The point you should remember is that the T-
network is indeed very flexible in terms of match-
ing to a wide variety of loads. However, it must
be used judiciously, lest it burn itself up. Even if
it doesn’t fry itself, it can waste that precious RF
power you’d rather put into your antenna.

THE AAT (ANALYZE ANTENNA TUNER) PROGRAM
As you might expect, the limitations imposed by practical components used in actual antenna

tuners depends on the individual component ratings, as well as on the range of impedances presented to
the tuner for matching. ARRL has developed a program called AAT, standing for “Analyze Antenna
Tuner,” to map the range over which a particular design can achieve a match without exceeding certain
operator-selected limits. AAT is included with the software on the diskette in the back of this book.

Let’s assume that you want to evaluate a T-network on the ham bands between 1.8 to 29.7 MHz.
First, you select suitable variable capacitors for C1 and C3. You decide to try the popular Johnson
154-16-1, which is rated for a minimum to maximum range from 32 to 241 pF, at 4500 V peak. Stray
capacity in the circuit is estimated at 10 pF, making the actual range from 42 to 251 pF, with an un-
loaded Q of 1000. This is typical for an air-variable capacitor with wiping contacts. Next, you choose
a variable inductor with a maximum inductance of 28 µH, and an unloaded Q of 200. You set a power-
loss limit of 20%, equivalent to a power loss of about 1 dB. Then you let AAT do its computations.

AAT tests matching capability over a very wide range of load impedances, in octave steps of both
resistance and reactance. For example, it starts out with 3.125 − j 3200 Ω, and checks whether a match
is possible. It then proceeds to 3.125 −j 1600 Ω, 3.125 −j 800 Ω, etc, down to 3.125 + j 0 Ω. Then AAT
checks matching with positive reactances: 3.125 + j 3.125, 3.125 + j 6.25, 3.125 + j 12.5, etc on up to
3.125 + j 3200 Ω. Then it repeats the same process, over the same range of negative and positive
reactances, for a series resistance of 6.25 Ω. It continues this process in octave steps of resistance, all
the way up to 3200 Ω resistive. A total of 253 impedances are thus checked for each frequency, giving
a total of 2277 combinations for all nine amateur bands from 1.8 to 29.7 MHz.

If the program determines that the chosen network can match a particular impedance value, while
staying within the limits of voltage, component values and power loss imposed by the operator, it
stores the lost-power percentage in memory and proceeds to the next impedance. If ATT determines
that a match is possible, but some parameter is violated (for example, the voltage limit is exceeded), it
stores the out-of-specification problem to memory and tries the next impedance.

For the Pi-network and the T-network, which have three variable components, the program varies the
output capacitor in discreet steps of capacitance. It is possible for AAT to miss very critical matching combi-
nations because of the size of the steps necessary to hold execution time down. You can sometimes find such
critical matching points manually using the TLA program, which uses the same algorithms to determine
matching conditions. On a 100-MHz Pentium, AAT takes almost four minutes to evaluate all 2277 combina-
tions for the default component values. On a 33-MHz ’486DX machine it really seems to crawl. Because of

Fig 9—Screen print of TL A program for a
T-network antenna tuner with short at output
terminals. The tuner has been “loaded up into
itself,” dissipating all input power internally!
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Loss percentage for Tee-network, series cap., shunt inductor, series cap.
Freq:  3.5 MHz, Z0:  50,  1500W, Vmax: 4500 V, Qu:  200 , Qc:  1000
Var. Cap:  42 to  251 pF with switched 160/80 m output cap.:    0 pF
    Xa   3.125 6.25 12.5   25   50  100  200  400  800 1600 3200   Ra
- 3200     L+   L+   L+   L+        L+   L+   L+   L+   V    7.2
- 1600     L+   L+   L+   L+        L+   V    V    6.7  5.4  5.6
-  800     L+   L+   C-   C-   V    V    8.1  5.5  4.3  4.2  5.0
-  400     C-   C-   C-   V   12.0  7.6  5.0  3.6  3.2  3.7  4.8
-  200     C-   C-   P   13.3  8.2  5.2  3.5  2.7  2.8  3.5  4.7
-  100     C-   C-  16.7 10.2  6.3  3.9  3.1  2.9  2.6  3.4  4.7
-   50     C-   C-  14.3  8.6  5.2  3.6  3.3  2.9  2.6  3.4  4.7
-   25     C-   C-  13.1  7.8  4.7  3.6  3.1  2.8  2.5  3.4  4.7
- 12.5     C-   C-  12.4  7.4  4.5  3.9  3.5  2.8  2.5  3.4  4.7
- 6.25     C-   C-  12.1  7.2  4.4  3.8  3.5  2.7  2.5  3.4  4.7
-3.125     C-  19.8 11.9  7.1  4.7  3.8  3.5  2.7  2.5  3.4  4.7
     0     C-  19.6 11.8  7.0  4.7  3.7  3.4  2.7  2.5  3.4  4.7
 3.125     C-  19.3 11.6  6.9  4.6  3.7  3.4  2.7  2.5  3.4  4.7
  6.25     C-  19.1 11.4  6.8  4.5  3.7  3.4  2.9  2.5  3.4  4.7
  12.5     C-  18.6 11.1  6.6  4.4  4.2  3.3  2.9  2.5  3.4  4.7
    25     C-  17.6 10.4  6.2  4.7  4.0  3.2  2.8  2.5  3.4  4.7
    50     C-  15.5  9.1  6.1  4.9  3.7  3.4  2.7  2.4  3.3  4.7
   100     P   11.0  7.6  6.5  4.9  3.9  3.4  2.9  2.4  3.3  4.7
   200     V    V    8.3  7.0  5.3  3.9  3.6  2.8  2.3  3.3  4.7
   400     P    V    V    V    V    5.4  3.6  3.5  2.3  3.3  4.6
   800     P    P    P    V    V    V    2.3  2.3  2.6  3.4  4.7
  1600                              L+   2.5  3.6  3.9  4.0  4.9
  3200                              L+   L+   L+   L+   5.5  5.9
Loss percentage for Tee-network, series cap., shunt inductor, series cap.
Freq: 29.7 MHz, Z0:  50,  1500W, Vmax: 4500 V, Qu:  200 , Qc:  1000
Var. Cap:  42 to  251 pF with switched 160/80 m output cap.:    0 pF
    Xa   3.125 6.25 12.5   25   50  100  200  400  800 1600 3200   Ra
- 3200     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C-
- 1600     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C-
-  800     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C-
-  400     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C-
-  200     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C-
-  100     C-   C-   C-   C-   2.7  1.8  1.6  C-   C-   C-   C-
-   50     C-   C-   C-   2.6  1.6  1.2  1.3  C-   C-   C-   C-
-   25     C-   5.3  2.9  1.7  1.1  1.0  1.2  C-   C-   C-   C-
- 12.5     7.1  3.9  2.1  1.1  0.8  0.9  1.1  C-   C-   C-   C-
- 6.25     6.0  3.2  1.7  1.0  0.6  0.8  1.1  C-   C-   C-   C-
-3.125     5.4  2.8  1.4  1.0  0.6  0.8  1.1  C-   C-   C-   C-
     0     4.7  2.5  1.6  1.0  0.6  0.8  1.1  C-   C-   C-   C-
 3.125     4.1  2.4  1.7  1.1  0.6  0.7  1.1  C-   C-   C-   C-
  6.25     3.4  2.4  1.5  1.0  0.6  0.7  1.1  C-   C-   C-   C-
  12.5     3.4  2.9  2.0  1.1  0.6  0.7  1.1  C-   C-   C-   C-
    25     4.6  3.2  2.0  1.3  0.6  0.6  1.0  C-   C-   C-   C-
    50     5.2  3.9  2.0  1.6  0.7  0.5  1.0  C-   C-   C-   C-
   100     8.9  4.8  2.5  C+   0.9  0.5  1.0  C-   C-   C-   C-
   200                              0.7  1.1  C-   C-   C-   C-
   400                              C-   C-   C-   C-   C-   C-
   800                              C-   C-   C-   C-   C-   C-
  1600                              C-   C-   C-   C-   C-   C-
  3200                              L+   C-   C-   C-   C-   C-

Fig 10—Sample printout from the AAT program, showing 3.5 and 29.7-MHz simulations for a
T-network antenna tuner using 42-251 pF variable tuning capacitors (including 10 pF of stray), with
voltage rating of 4500 V and 28 µH roller inductor. The load varies from 3.125 − j 3200 Ω to 3200 +
j 3200 Ω in geometric steps. Symbol “L+” indicates that a match is impossible because more
inductance is needed. “C −” indicates that the minimum capacity is too large. “V” indicates that the
voltage rating of a capacitor has been exceeded. “P” indicates that the power rating limit set by the
operator to 20% has been exceeded. A blank indicates that matching is not possible at all, probably
for a variety of simultaneous reasons.
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Loss percentage for Tee-network, series cap., shunt inductor, series cap.Freq:  3.5 MHz, Z0:  50,  1500W, Vmax: 3000 V, Qu:  200 , Qc:  1000Var. Cap:  25 to  402 pF with switched 160/80 m output cap.:  400 pF    Xa   3.125 6.25 12.5   25   50  100  200  400  800 1600 3200   Ra- 3200     L+   L+   L+   L+        L+   L+   L+   L+   V    V- 1600     L+   L+   L+   L+        L+   V    V    V    V    V-  800     C-   L+   L+   L+   V    V    V    4.9  3.9  4.0  V-  400     C-   L+   L+   V    V    6.0  4.0  3.0  2.9  3.6  V-  200     C-   L+   V    9.0  5.5  3.5  2.5  2.2  2.6  3.4  V-  100     C-   V    9.6  5.7  3.5  2.3  1.8  1.9  2.4  3.4  V-   50    19.7 11.7  6.8  4.0  2.6  2.2  1.8  1.8  2.4  3.3  V-   25    16.1  9.3  5.4  3.3  2.7  2.3  1.8  1.7  2.4  3.3  V- 12.5    14.1  8.1  4.6  3.4  2.9  2.4  1.9  1.7  2.4  3.3  V- 6.25    13.1  7.5  4.2  3.5  2.8  2.4  1.9  1.7  2.3  3.3  V-3.125    12.6  7.2  4.3  3.3  2.7  2.3  1.8  1.7  2.3  3.3  V     0    12.1  6.9  4.4  3.6  3.0  2.3  1.8  1.7  2.3  3.3  V 3.125    11.6  6.5  4.6  3.4  3.0  2.3  2.0  1.7  2.3  3.3  V  6.25    11.0  6.2  4.4  3.7  2.9  2.6  2.0  1.7  2.3  3.3  V  12.5    10.0  6.0  4.4  3.5  2.8  2.5  1.9  1.7  2.3  3.3  V    25     8.5  5.8  4.7  3.6  3.0  2.4  1.9  1.6  2.3  3.3  V    50     8.6  6.9  4.7  4.2  3.2  2.3  1.8  1.6  2.3  3.3  V   100     V    V    6.3  4.4  3.2  2.5  1.9  1.5  2.3  3.3  V   200     V    V    V    V    4.2  2.6  2.0  1.5  2.3  3.3  V   400     P    V    V    V    V    1.1  1.5  1.7  2.3  3.3  V   800     P    P    P    V    V    V    2.3  2.6  2.7  3.4  V  1600     P    P    P    V    V    V    V    V    V    4.1  V  3200                              L+   L+   L+   V    V    VLoss percentage for Tee-network, series cap., shunt inductor, series cap.Freq: 29.7 MHz, Z0:  50,  1500W, Vmax: 3000 V, Qu:  200 , Qc:  1000Var. Cap:  25 to  402 pF with switched 160/80 m output cap.:  400 pF    Xa   3.125 6.25 12.5   25   50  100  200  400  800 1600 3200   Ra- 3200     C-   C-   C-   C-        C-   C-   C-   C-   C-   C-- 1600     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C--  800     C-   C-   C-   C-   C-   C-   C-   C-   C-   C-   C--  400     C-   C-   C-   C-   C-   C-   C-   2.8  C-   C-   C--  200     C-   C-   C-   C-   4.6  2.9  2.2  2.1  2.5  C-   C--  100     C-   C-   C-   4.1  2.5  1.7  1.5  1.8  2.4  C-   C--   50     C-   6.9  3.9  2.3  1.4  1.1  1.3  1.7  2.3  C-   C--   25     7.7  4.3  2.4  1.3  0.9  0.9  1.2  1.6  2.3  C-   C-- 12.5     5.4  2.9  1.5  0.8  0.6  0.8  1.1  1.6  2.3  C-   C-- 6.25     4.1  2.1  1.3  0.8  0.5  0.7  1.1  1.6  2.3  C-   C--3.125     3.5  1.9  1.4  0.8  0.4  0.7  1.1  1.6  2.3  C-   C-     0     2.8  1.9  1.4  1.0  0.4  0.7  1.1  1.6  2.3  C-   C- 3.125     3.2  2.0  1.4  0.9  0.4  0.7  1.1  1.6  2.3  C-   C-  6.25     3.4  1.9  1.5  1.0  0.4  0.6  1.1  1.6  2.3  C-   C-  12.5     3.4  2.1  1.4  1.1  0.4  0.6  1.0  1.6  2.3  C-   C-    25     4.6  2.3  1.5  1.0  0.5  0.6  1.0  1.6  2.3  C-   C-    50     5.2  3.9  2.0  1.6  0.5  0.5  1.0  1.5  2.3  C-   C-   100     V    5.6  3.0  1.6  1.0  0.5  0.9  1.5  2.3  C-   C-   200     V                   0.7  0.8  1.1  1.5  2.2  C-   C-   400                              1.2  1.6  1.8  2.3  C-   C-   800                              C-   C-   C-   C-   C-   C-  1600                              C-   C-   C-   C-   C-   C-
  3200                              L+   C-   C-   C-   C-   C-

Fig 11—Another sample A AT program printout, using a dual-section variable capacitor whose overall
tuning range when in parallel varies from 25 to 402 p F, but with a 3000-V rating. The same 28 µH roller
is used, but an auxiliary 400 pF fixed capacitor can now be manually switched across the output
variable capacito r. Note that the overall matching range has in effect been shifted over to the left from
that in Fig 10  for the lower frequency because the maximum output capacitance is highe r. The range
has been extended on the highest frequency because the minimum capacitance is smalle r.
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such execution-time considerations, AAT does an extensive search, but not an exhaustive one.
Once all impedance points have been tried, AAT writes the results to two disk files—one is a summary

file (TEENET.SUM, in this example) and the other is a detailed log (TEENET.LOG) of successful matches,
and matches that came close except for exceeding a voltage rating. Fig 10 is a sample printout of part of the
summary AAT output for the 3.5 MHz band and one for the 29.7 MHz band. (The printouts for 1.8 MHz, and
the bands from 7.1 to 24.9 MHz are not shown here.) This is for a T-network whose variable capacitors C1
and C3 (including 10-pF stray) range from 42 to 251 pF, each with a voltage rating of 4500 V. The coil is
assumed to go up to 28 µH and has an unloaded Q of 200.

The numbers in the “matching map” grid represent the power loss percentage for each impedance
where a match is indeed possible. Where a “C−” appears, AAT is saying that a match can’t be made
because the minimum capacity of one or the other variable capacitors is too large. This often happens
on the higher frequency bands, but can occur on the lower bands when the power loss is greater than the
specified limit and AAT continues to try to find a condition where the power loss is lower. It does this
until it runs into the minimum-capacitance limit of the input capacitor C1.

Similarly, where a “C+” appears, a match can’ t be made because the maximum capacity of one or
the other variable capacitors is too small. Where an “L+” is placed in the grid, the match fails because
more inductance is needed. Where a “V” is shown, the voltage limit for some component has been
exceeded. It may be possible in such a circumstance to reduce the power to eliminate arcing. Where “P”
is shown, the power limit has been exceeded, meaning that the loss would be excessive. Where a blank
occurs, no combination of matching components resulted in a match.

It should be clear that with this particular set of capacitors, the T-network suffers large losses when
the load resistance is less than about 12.5 Ω at 3.5 MHz. For example, for  a load impedance of
12.5 − j 100 Ω the loss is 16.7%. At  1500 W into the tuner, 250 W would be burned up inside, mainly in
the coil. It should also be clear that as the reactance increases, the power loss increases, particularly for
capacitive reactance. This occurs because the series capacitive reactance of the load adds to the series
reactance of C3, and losses rise accordingly.

For most loads, a larger value for the output capacitor C3 decreases losses. Typically, there is a trade-
off between the range of minimum-to-maximum capacity and the voltage rating for the variable capacitors
that determines the effective impedance-matching range. See Fig 11, which  assumes that capacitors C1
and C3 have a larger range between minimum to maximum capacity, but with a lower peak voltage rating.
Each tuning capacitor is representative of a Johnson 154-507-1 dual-section capacitor, which has a range
from 15 to 196 pF in each section, at a peak voltage rating of 3000 V. The two sections are placed in parallel
for the lower frequencies. Again, a stray capacitance of 10 pF is assumed for each variable capacitor.

The result at 3.5 MHz in Fig 11 is in a shift of the matching map toward the left. This means that lower
values of series load resistance can be matched with lower power loss. However, it also means that the
highest value of load resistance, 3200 Ω, now runs into the limitation of the voltage rating of the output
capacitor, something that did not happen when the
4500-V capacitors were used in Fig 10.

Now, compare Fig 10 and Fig 11 at 29.7 MHz.
The smaller minimum capacity (25 pF) of the capaci-
tors in Fig 11 allows for a wider range of matching
impedance, compared with the circuit of Fig 10, where
the minimum capacity is 42 pF. This circuit can’ t
match loads with resistances greater than 200 Ω.

Note that AAT also allows the operator to specify
a switchable fixed-value capacitor across the output
capacitor C3 to aid in matching low-resistance loads
on the lower frequency bands. In Fig 11, a 400 pF
fixed capacitor C4 was assumed to be switched across
C3 for the 1.8 and 3.5-MHz bands. Fig 12 shows the
schematic for such a T-network antenna tuner.

Fig 12—Schematic for the T-network antenna
tuner whose tuning range is shown in Fig 11.
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The power loss in Fig 11 on 3.5 MHz at a load of 6.25 – j 3.125 Ω is 7.2%, while in Fig 10 the loss
is 19.7%. On the other hand, the voltage rating of one (or both) capacitors is exceeded for a load with
a 3200-Ω resistance. By the way, it isn’t exceeded by very much: the computed voltage is 3003 V at
1500 W input, just barely exceeding the 3000-V rating for the capacitor. This is, after all, a strictly
literal computer program! Turning down the power just a small amount would stop any arcing.

AAT produces similar tables for Pi-network and L-network configurations, mapping the matching
capabilities for the component combinations chosen. All computations are, of course, only as accurate
as the assumed values for unloaded QU in the components. The unloaded QU of variable inductors can
vary quite a bit over the full amateur MF and HF frequency range. Computations produced by AAT
have been compared to measured results on real antenna tuners and they correlate well when measured
values for unloaded inductor QU are plugged into AAT. Individual antenna tuners may well vary, de-
pending on what sort of stray inductance or capacitance is introduced during construction.

A Low-Power Link-Couple d Antenna Tuner
Link coupling offers many advantages over other types of systems where a direct connection be-

tween the transmitter and antenna is required, using a balanced type of transmission line. This is par-
ticularly true at 3.5 MHz, where commercial broadcast stations often induce sufficient voltage to cause
either rectification or front-end overload. Transceivers and receivers that show this tendency can usu-
ally be cured by using only magnetic coupling
between the transceiver and antenna system. There
is no direct connection, and better isolation results,
along with the inherent band-pass characteristics
of magnetically coupled tuned circuits.

Although link coupling can be used with either
single-ended or balanced antenna systems, its most com-
mon application is with balanced feed. The model shown
here is designed for 3.5 through 28-MHz operation.

The Circuit
The antenna tuner network shown in Figs 13

through 15 is a band-switched link coupler. L2 is
the link and C1 is used to adjust the coupling. S1B

Fig 13—Exterior view of the band-switched link
couple r. Alligator clips are used to select the
proper tap positions of the coil.

Fig 14—Schematic diagram of the link couple r.
The connections marked as “to balanced feed
line” are steatite feedthrough insulators. The
arrows on the other ends of these connections
are alligator clips.
C1—350 pF maximum, 0.0435-inch plate spacing

or greate r.
C2—100 pF maximum, 0.0435-inch plate spacing

or greate r.
J1—Coaxial connecto r.
L1, L2, L3—B&W 3026 Miniductor stock, 2-inch

diamete r, 8 turns per inch, #14 wire. Coils
assembly consists o f 48 turns, L1 and L3 are
each 17 turns tapped at 8 and 11 turns from
outside ends. L2 is 14 turns tapped at 8 and 12
turns from C1 end. See text for additional details.

S1—3-pole, 5-position ceramic rotary switch.
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Fig 15—Interior view of the link-
coupled tuner, showing the basic
positions of the major components.
Component placement is not
critical, but the unit should be laid
out for minimum lead lengths.

selects the proper amount of link inductance for each band. L1 and L3 are located on each side of the
link and are the coils to which the antenna is connected. Alligator clips are used to connect the antenna
to the coil because antennas of different impedances must be connected at different points (taps) along
the coil. Also, with most antennas it will be necessary to change taps for different bands of operation.
C2 tunes L1 and L3 to resonance at the operating frequency.

Switch sections S1A and S1C select the amount of inductance necessary for each of the HF bands.
The inductance of each of the coils has been optimized for antennas in the impedance range of roughly
20 to 600 Ω. Antennas that exhibit impedances well outside this range may require that some of the
fixed connections to L1 and L3 be changed. Should this be necessary, remember that the L1 and L3
sections must be kept symmetrical—the same number of turns on each coil.

Construction
The unit is housed in a homemade aluminum enclosure that measures 9× 8 × 31/2 inches. As can

be seen from the schematic, C2 must be isolated from ground. This can be accomplished by mounting
the capacitor on steatite cones or other suitable insulating material. Make sure that the hole through the
front panel for the shaft of C2 is large enough so the shaft does not make contact with the chassis.

Tune-Up
The transmitter should be connected to the input of the antenna tuner through some sort of instrument

that will indicate SWR. Set S1 to the band of operation, and connect the balanced line to the insulators on
the rear panel of the coupler. Attach alligator clips to the mid points of coils L1 and L3, and apply power.
Adjust C1 and C2 for minimum reflected power. If a good match is not obtained, move the antenna tap
points either closer to the ends or center of the coils. Again apply power and tune C1 and C2 until the best
possible match is obtained. Continue moving the antenna taps until a 1:1 match is obtained.

The circuit described here is intended for power levels up to roughly 200 W. Balance was checked
by means of two RF ammeters, one in each leg of the feed line. Results showed the balance to be well
within 1 dB.
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Fig 16—Schematic diagram of the
ARRL Antenna Tuner.
C1, C3—15-196 pF dual-section

transmitting variable with
voltage rating of 3000 V peak.
E. F. Johnson 154-507-1 used
here.

C4—Home-made 400 pF
capacitor; more than 10 kV
voltage breakdown. Made from
plate glass, sandwiched
in between two aluminum
plates mounted on standoff
insulators.

L2—Rotary inductor, 28 µH
inductance, E. F. Johnson 229-
203, with ceramic coil form.

High-Power ARRL Antenna Tuner
for Unbalanced Lines

As stated previously, most modern transmitters are designed to operate into unbalanced loads of 50 Ω.
An antenna tuner is often needed to match impedances that deviate from this value. An example is a 3.5-
MHz dipole antenna, cut for resonance at 3.6 MHz and fed with RG-213 coaxial cable. If this antenna is
used in the upper part of the 3.8-MHz phone band, the SWR is fairly high, probably about 6:1.

An antenna tuner will not correct the actual SWR condition on the above-mentioned line. How-
ever, it will resonate the antenna system and allow the transmitter to deliver full power to the load.
Although there will be a small additional loss caused by the SWR on the line, it will be almost negli-
gible at this frequency and this level of SWR.

The ARRL Antenna Tuner circuit of Fig 16 operates from 1.8 to 30 MHz into unbalanced, coax-fed
loads. Great care has been taken to minimizing loss through this antenna tuner over a wide range of
loads, as discussed earlier in this chapter in the section describing the AAT computer program.

Construction
The cabinet for the prototype antenna tuner was made out of wood. The main concern building the

prototype was to keep the components boxed up so that nobody could accidentally come in contact
with them. However, we do recommend that you build your tuner inside an aluminum cabinet, with lots
of clearance between components and the chassis itself to prevent arcing and stray capacity to ground.

The conductors joining the components should be of heavy gauge material to minimize stray in-
ductance and heating. The shield braid from RG-59 coax was used in the prototype for the wiring
between the switch and the related components. Quarter-inch wide strips of flashing copper are also
suitable for the conductor straps.

All leads should be kept as short as possible to help prevent degradation of the circuit Q. The stators
of C1 and C3 should face toward the cabinet cover to minimize the stray capacitance between the capaci-
tor plates and the bottom of the cabinet (important at the upper end of the tuner’s frequency range when a
metal cabinet is used). Insulated ceramic shaft couplings are used between the reduction drives and C1
and C3.

S1 is attached to the cabinet with two metal standoff posts. S1 is a special high-voltage RF switch
from Radio Switch Corporation, with four poles and three positions. It is not inexpensive! A more
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frugal ham might want to substitute two more common DPDT switches for S1. One would bypass the
network when the operator desires to do that. The other would switch the additional 400 pF fixed
capacitor across variable C3 and also parallel both sections of C1 together for the lower frequencies.
Both switches would have to be capable of handling high RF voltages, of course.

The 400 pF fixed capacitor C4 that is switched across variable output capacitor C3 is a home-brew
unit, made out of aluminum plate sandwiching a piece of plate glass. This makes a high-voltage capacitor
that is also stable for temperature changes.

Operation
The ARRL Antenna Tuner shown here is designed to handle the output from transmitters that

operate up to 1.5 kW. An SWR indicator is used between the transmitter and the antenna tuner to show
when a matched condition is attained. The builder may want to integrate an SWR meter in the tuner
circuit between J1 and the arm of S1A (Fig 16).

Never “hot switch” an antenna tuner, as this can damage both transmitter and tuner. For initial
setting below 10 MHz, set S1 to position 2 and C1 at midrange, C3 at full mesh. With a few watts of
RF, adjust L1 for a decrease in reflected power. Then adjust C1 and L2 alternately for the lowest
possible SWR, adjusting C3 if necessary too. If a satisfactory SWR cannot be achieved, try S1 at
position 3 and repeat the steps above. Finally, increase the transmitter power to maximum and touch
up the tuner’s controls if necessary. When tuning, keep your transmissions brief and identify your
station.

For operation above 10 MHz, again initially use S1 set to position 2, and if SWR cannot be lowered
properly, try S1 set to position 3. This will probably be necessary for 24 or 28-MHz operation. In general,
you want to set C3 for as much capacitance as possible, especially on the lower frequencies. This will
result in the least amount of loss through the antenna tuner. The first position of S1 permits switched-
through operation direct to the antenna when the antenna tuner is not needed.

Further Comment s About the
ARRL Antenn a Tuner

Surplus coils and capacitors are suitable for use in this circuit. L1 should have at least 25 µH of
inductance, and the tuning capacitors need to have 400 pF or more of capacitance per section at a break-
down voltage of at least 3000 V. Insertion loss through this Transmatch was a bit dif ficult to measure,
since it was low. The worst-case load tested was four 50-Ω dummy loads in parallel to make a 12.5-Ω
load at 1.8 MHz. Running 1000 W keydown for a minute produced definite heating in the variable
inductor, but not so much that you couldn’ t keep your hand on the coil without burning yourself. At
higher frequencies and at a 50-Ω load at 1.8 MHz, the coil was barely warm to the touch at 1000 W
keydown for a minute.
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Chapter 26

Coupling the Line to the
Antenna

C hapter 25 looked at system design from the point of view of the transmitter, examining what
could be done to ensure that the transmitter works into 50 Ω, its design load. In many systems it
was desirable—or necessary—to place an antenna tuner between the transmitter and the trans-

mission line going to the antenna. This is particularly true for a single-wire antenna used on multiple
amateur bands.

In this chapter, we will look at system design from the point of view of the transmission line. We
will examine what should be done to ensure that the transmission line operates at best efficiency, once
a particular antenna is chosen to do a particular job.

Choosing a Transmission Line
Until you get into the microwave region, where waveguides become practical, there are only two

practical choices for transmission lines: coaxial cable (usually called coax) and parallel-conductor
lines (often called open-wire lines).

The shielding of coaxial cable offers advantages in incidental radiation and routing flexibility.
Coax can be tied or taped to the legs of a metal tower without problem, for example. Some varieties of
coax can even be buried underground. Coaxial cable can perform acceptably even with significant
SWR. (Refer to information in Chapter 24.) A 100-foot length of RG-8 coax has 1.2 dB matched-line
loss at 30 MHz. If this line were used with a load of 250 + j 0 Ω (an SWR of 5:1), the total line loss
would be 2.5 dB. This represents about a half S unit on most receivers.

On the other hand, open-wire line has the advantage of  both lower loss and lower cost compared to
coax. 600-Ω open-wire line at 30 MHz has a matched loss of only 0.1 dB. If you use such open-wire
line with the same 5:1 SWR, the total loss would still be less than 0.3 dB. In fact, even if the SWR rose
to 20:1, the total loss would be less than 1 dB. Typical open-wire line sells for about 1/3 the cost of good
quality coax cable.

Open-wire line is enjoying a renaissance of sorts with amateurs wishing to cover multiple HF
bands with a single-wire antenna. This is particularly true since the bands at 30, 17 and 12 meters
became available in the early 1980s. The 102-foot long “G5RV dipole,” fed with open-wire ladder line
into an antenna tuner, has become popular as a simple all-band antenna. The simple 130-foot long flat-
top dipole, fed with open-wire 450-Ω “window” ladder-line, is also very popular among all-band
enthusiasts.

Despite their inherently low-loss characteristics, open-wire lines are not often employed above
about 100 MHz. This is because the physical spacing between the two wires begins to become an
appreciable fraction of a wavelength, leading to undesirable radiation by the line itself. Some form of
coaxial cable is almost universally used in the VHF and UHF amateur bands.

So, apart from concerns about convenience and the matter of cost, how do you go about choosing
a transmission line for a particular antenna? Let’s start with some simple cases.
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FEEDING A SINGLE-BAND ANTENNA
If the system is for a single frequency band, and if the impedance of the antenna doesn’ t vary too

radically over the frequency band, then the choice of transmission line is easy. Most amateurs would opt for
convenience—they would use coaxial cable to feed the antenna, usually without an antenna tuner.

An example of such an installation is a halfwave 80-meter dipole fed with 50-Ω coax. The matched-line
loss for 100 feet of 50-Ω RG-8 coax at 3.5 MHz is only 0.35 dB. At each end of the 80-meter band, this
dipole will exhibit an SWR of about 6:1. The additional loss caused by this level of SWR at this frequency
is less than 0.6 dB, for a total line loss of 0.9 dB. Since 1 dB represents an almost undetectable change in
signal strength at the receiving end, it does not matter whether the line is flat or not for this 80-meter system.

This is true provided that the transmitter can operate properly into the load presented to it by the
impedance at the input of the transmission line. An antenna tuner is sometimes used as a “line flat-
tener” to ensure that the transmitter operates into its design load impedance. On the other amateur
bands, where the percentage bandwidth is smaller than that on 75/80 meters, a simple dipole fed with
coax will provide an acceptable SWR for most transmitters—without an antenna tuner.

If you want a better match at the antenna feed point of a single-band antenna to coax, you can provide
some sort of matching network at the antenna. We’ll look further into schemes for achieving matched an-
tenna systems later in this chapter, when we’ll examine single-band beta, gamma and omega matches.

FEEDING A MULTIBAND RESONAN T ANTENNA
A multiband resonant antenna is one where special measures are used to make a single antenna act

as though it were resonant on each of several amateur bands. Often, “trap” circuits are employed.
(Information on traps is given in Chapter 7.) For example, a trap dipole is equivalent to a resonant λ/2
dipole on each of the bands for which it is designed.

Another common multiband resonant antenna is one where several dipoles cut for dif ferent frequen-
cies are paralleled together at a common feed point and fed with a single coax cable. This arrangement
acts as though it had an independent, resonant λ/2 dipole on each frequency band. (There is some inter-
action between the individual wires, which should be separated physically as far as practical to reduce
mutual coupling.)

Another type of multiband resonant antenna is a “log-periodic” array, although this can hardly be
called a “simple” amateur antenna. The log periodic features moderate gain and pattern, with a low
SWR across a fairly wide band of frequencies. See Chapter 10 for more details.

Yet another popular multiband resonant antenna is the trapped “triband” Yagi, or a multiband inter-
laced quad. On the amateur HF bands, the triband Yagi is almost as popular as the simple λ/2 dipole.
See Chapter 11 for more information on Yagis.

A multiband resonant antenna doesn’t present much of a design challenge—you simply feed it
with coax that has characteristic impedance close to the antenna’s feed-point impedance. Usually, 50-Ω
cable, such as RG-8, is used.

FEEDING A MULTIBAND NON-RESONAN T ANTENNA
Let’s say that you wish to use a single antenna, such as a 100-foot long dipole, on multiple amateur

bands. You know from Chapter 2 that since the physical length of the antenna is fixed, the feed-point
impedance of the antenna will vary on each band. In other words, except by chance, the antenna will
not be resonant—or even close to resonant—on multiple bands.

For multiband non-resonant antenna systems, the most appropriate transmission line is often an
open-wire, parallel-conductor line, because of the inherently low matched-line loss characteristic of
these types of lines. Such a system is called an unmatched system, because no attempt is made to match
the impedance at the antenna’s feed point to the Z0 of the transmission line. Commercial 450-Ω “win-
dow” ladder line has become popular for this kind of application. It is almost as good as traditional
homemade open-wire line for most amateur systems.

The transmission line will be mismatched most of the time, and on some frequencies it will be
severely mismatched. Because of the mismatch, the SWR on the line will vary widely with frequency.
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As shown in Chapter 24, such a variation in load impedance has an impact on the loss suffered in the
feed line. Let’s look at the losses suffered in a typical multiband non-resonant system.

Table 1 summarizes the feed point information over the HF amateur bands for a 100-foot long
dipole, mounted as a “flat top,” 50 feet high over typical earth. In addition, Table 1 shows the total line
loss and the SWR at the antenna feed point. As usual, there is nothing particularly significant about the
choice of a 100-foot long antenna. Neither is there anything significant about a 100-foot long transmis-
sion line from that antenna to the operating position. Both are practical lengths that could very well be
encountered in a real-world situation. At 1.8 MHz, the loss in the transmission line is large—
12.1 dB. This is due to the fact that the SWR at the feed point is a very high 397.9:1, a direct result of
the fact that the antenna is extremely short in terms of wavelength.

Table 2 summarizes the same information as in Table 1, but this time for a 66-foot long inverted-
V dipole, whose apex is 50 feet over typical earth and whose included angle between its two legs is
120°. The situation at 1.83 MHz is even worse, as might be expected because this antenna is even
shorter electrically than its 100-foot flat-top cousin. The line loss has risen to 18.5 dB!

Under such severe mismatches, another problem can arise. Transmission lines and solid dielectrics
have voltage and current limitations. At lower frequencies with electrically short antennas, this can be
a more compelling limitation than the amount of power loss. The ability of a line to handle RF power is
inversely proportional to the SWR. For example, a line rated for 1.5 kW when matched, should be
operated at only 150 W when the SWR is 10:1.

At the mismatch on 1.83 MHz illustrated for the 66-foot inverted-V dipole in Table 2, the line may
well arc over or burn up due to the extremely high level of SWR (at 646.9:1).

450-Ω “window-type” ladder line using two #16 conductors should be safe up to the 1500 W level for
frequencies where the antenna is nearly a half-wavelength long. For the 100-foot dipole, this would be
above 3.8 MHz, and for the 66-foot long dipole, this would be above 7 MHz. For the very short antennas
illustrated above, however, even 450-Ω window line may not be able to take full amateur legal power.

Matched Lines
The rest of this chapter will deal with systems where the feed-point impedance of the antenna is

manipulated to match the Z0 of the transmission line feeding the system. Since operating a transmis-
sion line at a low SWR requires that the line be terminated in a load matching the line’s characteristic
impedance, the problem can be approached from two standpoints:

 1) selecting a transmission line having a characteristic impedance that matches the antenna
impedance at the point of connection, or

 2) transforming the antenna resistance to a value that matches the Z0 of the line selected.

Table 1
Impedance of Center-Fed 10 0′ Flat-top
Dipole, 50' High Ove r Average Ground
Frequency Antenna Feed-Point Loss for 100' SWR
MHz Impedance, Ω          450-Ω Line, dB
  1.83 4.5 – j 1673 12.1 397.9
  3.8 39 – j 362 0.9 18.3
  7.1 481 + j 964 0.3 6.2
10.1 2584 – j 3292 0.9 15.1
14.1 85 – j 123 0.4 5.7
18.1 2097 + j 1552 0.6 7.3
21.1 345 – j 1073 0.8 9.3
24.9 202 + j 367 0.4 3.9
28.4 2493 – j 1375 0.7 7.3

Table 2
Impedance of Center-Fed 66' Inv-V Dipole, 50'
Apex Ove r Average Ground
Frequency Antenna Feed-Point  Loss for 100′ SWR
MHz Impedance, Ω           450-Ω Line, dB
  1.83 1.6 – j 2257 18.5 646.9
  3.8 10 – j 879 6.1 154.8
  7.1 65 – j 41 0.4 7.0
10.1 22 + j 648 2.9 67.7
14.1 5287 – j 1310 0.9 12.5
18.1 198 – j 820 0.8 10.1
21.1 103 – j 181 0.5 5.1
24.9 269 + j 570 0.4 4.8
28.4 3089 + j 774 0.7 7.3
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The first approach is simple and direct, but its application is obviously limited—the antenna impedance
and the line impedance are alike only in a few special cases. Commercial transmission lines come in a limited
variety of characteristic impedances. Antenna feed-point impedances vary all over the place.

The second approach provides a good deal of freedom in that the antenna and line can be selected
independently. The disadvantage of the second approach is that it is more complicated in terms of
actually constructing the matching system at the antenna. Further, this approach sometimes calls for a
tedious routine of measurement and adjustment before the desired match is achieved.

Operating Considerations
Most antenna systems show a marked change in impedance when the frequency is changed greatly.

For this reason it is usually possible to match the line impedance only on one frequency. A matched
antenna system is consequently a one-band affair, in most cases. It can, however, usually be operated
over a fair frequency range within a given band.

The frequency range over which the SWR is low is determined by how rapidly the impedance
changes as the frequency is changed. If the change in impedance is small for a given change in fre-
quency, the SWR will be low over a fairly wide band of frequencies. However, if the impedance change
is rapid (implying a sharply resonant or high-Q antenna), the SWR will also rise rapidly as the operat-
ing frequency is shifted away from antenna resonance, where the line is matched. See the discussion of
Q in Chapter 2.

Antenna Resonance
In general, achieving a good match to a transmission line means that the antenna is resonant. (Some

types of long-wire antennas, such as rhombics, are exceptions. Their input impedances are resistive
over a wide band of frequencies, making such systems essentially non-resonant.)

The higher the Q of an antenna system, the more essential it is that resonance be established before
an attempt is made to match the line. This is particularly true of close-spaced parasitic arrays. With
simple dipole antennas, the tuning is not so critical, and it is usually sufficient to cut the antenna to the
length given by the appropriate equation. The frequency should be selected to be at the center of the
range of frequencies (which may be the entire width of an amateur band) over which the antenna is to
be used.

DIRECT MATCHING TO THE ANTENNA

Open-Wire Line
As discussed previously, the impedance at the

center of a resonant λ/2 antenna at heights of the
order of λ/4 and more is resistive and is in the neigh-
borhood of 50 to 70 Ω. This is well matched by open-
wire line with a characteristic impedance of 75 Ω.
However, transmitting 75-Ω twin-lead is becoming
increasingly difficult to find in the US, although it is
apparently more commonly available in the UK.

A typical direct-matching system is shown in
Fig 1. No precautions are necessary beyond keeping
the line dressed away from the feed point symmetri-
cally with respect to the antenna. This system is de-
signed for single-band operation, although it can be
operated at odd multiples of the fundamental. For
example, an antenna that is resonant near the low-
frequency end of the 7-MHz band will operate with
a relatively low SWR across the 21-MHz band.

Fig 1—A λ/2 dipole fed directly with 75 -Ω twin-
lead, giving a close match between antenna
and feed-line impedance. The leads in the “Y”
from the end of the line to the ends of the
center insulator should be as short as
possible.
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At the fundamental frequency, the SWR
should not exceed about 2:1 within a frequency
range ±2% from the frequency of exact resonance.
Such a variation corresponds approximately to the
entire width of the 7-MHz band, if the antenna is
resonant at the center of the band. A wire antenna
is assumed. Antennas having a greater ratio of di-
ameter to length will have a lower change in SWR
with frequency.

Coaxial Cable
Instead of using twin-lead as just described,

the center of a λ/2 dipole may be fed through 75-Ω
coaxial cable such as RG-11, as shown in Fig 2.
Cable having a characteristic impedance of 50 Ω,
such as RG-8, may also be used. RG-8 may actually be preferable, because at the heights many ama-
teurs install their antennas, the feed-point impedance is closer to 50 Ω than it is to 75 Ω. The principle
of operation is exactly the same as with twin-lead, and the same remarks about SWR apply. However,
there is a considerable practical difference between the two types of line. With the parallel-conductor
line the system is symmetrical, but with coaxial line it is inherently unbalanced.

Stated broadly, the unbalance with coaxial line is caused by the fact that the outside surface of the
outer braid is not coupled to the antenna in the same way as the inner conductor and the inner surface of
the outer braid. The overall result is that current will flow on the outside of the outer conductor in the
simple arrangement shown in Fig 2. The unbalance is small if the line diameter is very small compared
with the length of the antenna, a condition that is met fairly well at the lower amateur frequencies. It is
not negligible in the VHF and UHF range, however, nor should it be ignored at 28 MHz. The system
must be detuned for currents on the outside of the line. See the section on Baluns later in this chapter for
more details about balanced loads used with unbalanced transmission lines.

MATCHING DEVICES AT THE ANTENNA

Quarter- Wave Transformers
The impedance-transforming properties of a λ/4 transmission line can be used to good advantage for

matching the feed-point impedance of an antenna to the characteristic impedance of the line. As de-
scribed in Chapter 24, the input impedance of a λ/4 line terminated in a resistive impedance ZL is

Z
Z
Zi

0

L

2

=   (Eq 1)

where
Zi = the impedance at the input end of the line
Z0 = the characteristic impedance of the line
ZL = the impedance at the load end of the line

Rearranging this equation gives

Z Z Z0 i L=     (Eq 2)

This means that any value of load impedance ZL can be transformed into any desired value of
impedance Zi at the input terminals of a λ/4 line, provided the line can be constructed to have a charac-
teristic impedance Z0 equal to the square root of the product of the other two impedances. The factor
that limits the range of impedances that can be matched by this method is the range of values for Z0 that
is physically realizable. The latter range is approximately 50 to 600 Ω. Practically any type of line can
be used for the matching section, including both air-insulated and solid-dielectric lines.

Fig 2—A 1/2-λ antenna fed with 75 -Ω coaxial
cable. The outside of the outer conductor of the
line may be grounded for lightning protection.
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The λ/4 transformer may be adjusted to resonance before being connected to the antenna by short-circuit-
ing one end and coupling that end inductively to a dip meter. The length of the short-circuiting conductor
lowers the frequency slightly, but this can be compensated for by adding half the length of the shorting bar to
each conductor after resonating, measuring the shorting-bar length between the centers of the conductors.

Yagi Driven Elements

Another application for the λ/4 “linear transformer” is in matching the low antenna impedance
encountered in close-spaced, monoband Yagi arrays to a 50-Ω transmission line. The impedances at the
antenna feed point for typical Yagis range from about 8 to 30 Ω. Let’s assume that the feed-point
impedance is 25 Ω. A matching section having

Z 50 25 35.40 = =× Ω
is needed. Since there is no commercially available cable with a Z0 of 35.4 Ω, a pair of λ/4-long 75-Ω RG-11
coax cables connected in parallel will have a net Z0 of 75/2 = 37.5 Ω, close enough for practical purposes.

Series-Section Transformers
The series-section transformer has advantages over either stub tuning or the λ/4 transformer. Illus-

trated in Fig 3, the series-section transformer bears considerable resemblance to the λ/4 transformer.
(Actually, the λ/4 transformer is a special case of the series-section transformer.) The important differ-
ences are (1) that the matching section need not be located exactly at the load, (2) the matching section
may be less than a quarter wavelength long, and (3) there is great freedom in the choice of the charac-
teristic impedance of the matching section.

In fact, the matching section can have any characteristic impedance that is not too close to that of
the main line. Because of this freedom, it is almost always possible to find a length of commercially
available line that will be suitable as a matching section. As an example, consider a 75-Ω line, a 300-Ω
matching section, and a pure-resistance load. It can be shown that a series-section transformer of 300-Ω
line may be used to match any resistance between 5 Ω and 1200 Ω to the main line.

Frank Regier, OD5CG, described series-section transformers in Jul 1978 QST. This information is based
on that article. The design of a series-section transformer consists of determining the length l2 of the series
or matching section and the distance l1 from the load to the point where the section should be inserted into
the main line. Three quantities must be known. These are the characteristic impedances of the main line and
of the matching section, both assumed purely resistive, and the complex-load impedance. Either of two
design methods may be used. One is a graphic method using the Smith Chart, and the other is algebraic. You
can take your choice. (Of course the algebraic method may be adapted to obtaining a computer solution.)
The Smith Chart graphic method is described in Chapter 28.

Algebraic Design Method

The two lengths l1 and l2 are to be determined from the characteristic impedances of the main line
and the matching section, Z0 and Z1, respectively, and the load impedanceZL = RL + j XL. The first step
is to determine the normalized impedances.

n
Z
Z

1

0
=    (Eq 3)

r
R
Z

L

0
=   (Eq 4)

Fig 3—Series-section transforme r Z1 for
matching transmission-lin e Z0 to load , ZL.



Coupling the Line to the Antenna 26-7

x
X
Z

L

0
=   (Eq 5)

Next, l2 and l1 are determined from

l2 = arctan B where

B
r – 1 x

r n – 1
n – r – 1 – X

2 2

2
2 2

= ±
+( )

( ) ( )
  (Eq 6)

l1 = arctan A where

A
n – r

n  B + x

r + xnB – 1=
( )

  (Eq 7)

Lengths l2 and l1 as thus determined are electrical lengths in degrees (or radians). The electrical
lengths in wavelengths are obtained by dividing by 360° (or by 2π radians). The physical lengths (main
line or matching section, as the case may be), are then determined from multiplying by the free-space
wavelength and by the velocity factor of the line.

The sign of B may be chosen either positive or negative, but the positive sign is preferred because
it results in a shorter matching section. The sign of A may not be chosen but can turn out to be either
positive or negative. If a negative sign occurs and a computer or electronic calculator is then used to
determine l1, a negative electric length will result for l1. If this happens, add 180°. The resultant
electrical length will be correct both physically and mathematically.

In calculating B, if the quantity under the radical is negative, an imaginary value for B results. This
would mean that Z1, the impedance of the matching section, is too close to Z0 and should be changed.

Limits on the characteristic impedance of Z1 may be calculated in terms of the SWR produced by
the load on the main line without matching. For matching to occur, Z1 should either be greater than
Z SWR0 or less than Z SWR0

.

An Example

As an example, suppose we want to feed a 29-MHz ground-plane vertical antenna with RG-58 type
foam-dielectric coax. We’ll assume the antenna impedance to be 36 Ω, pure resistance, and use a length
of RG-59 foam-dielectric coax as the series section. See Fig 4.

Z0
 
is 50 Ω, Z1 is 75 Ω, and both cables have a velocity factor of 0.79. Because the load is a pure

resistance we may determine the SWR to be 50/36 = 1.389. From the above, Z1 must have an imped-
ance greater than50 1.389 58.9= Ω . From the
earlier equations, n = 75/50 = 1.50, r = 36/50 =
0.720, and x = 0.

Further, B = 0.431 (positive sign chosen), and
l2 = 23.3° or 0.065 λ. The value of A is −1.570.
Calculating l1 yields −57.5°. Adding 180° to obtain
a positive result gives l1= 122.5°, or 0.340 λ.

To find the physical lengths l1 and l2 we first
find the free-space wavelength.

λ =  984
f(MHz)  feet= 33 93.

Multiply this value by 0.79 (the velocity factor for
both types of line), and we obtain the electrical wave-
length in coax as 26.81 feet. From this, l1 = 0.340 ×
26.81 = 9.12 feet, and l2 = 0.065 × 26.81 = 1.74 feet.

Fig 4—Example of series-section matching. A
36-Ω antenna is matched to 50- Ω coax by means
of a length of 75- Ω cable.
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This completes the calculations. Construction consists of cutting the main coax at a point 9.12 feet
from the antenna and inserting a 1.74-foot length of the 75-Ω cable.

The Quarter-Wave Transformer

The antenna in the preceding example could also have been matched by a λ/4 transformer at the
load. Such a transformer would use a line with a characteristic impedance of 42.43 Ω. It is interesting to
see what happens in the design of a series-section transformer if this value is chosen as the characteris-
tic impedance of the series section.

Following the same steps as before, we find n = 0.849, r = 0.720, and x = 0. From these values we
find B = ∞  and l2 = 90° Further, A = 0 and l1 = 0°. These results represent a λ/4 section at the load,
and indicate that, as stated earlier, the λ/4 transformer is indeed a special case of the series-section
transformer.

Tapered Lines
A tapered line is a specially constructed transmission line in which the impedance changes gradu-

ally from one end of the line to the other. Such a line operates as a broadband impedance transformer.
Because tapered lines are used almost exclusively for matching applications, they are discussed in this
chapter rather than in Chapter 24.

The characteristic impedance of an open-wire line can be tapered by varying the spacing between
the conductors, as shown in Fig 5. Coaxial lines can be tapered by varying the diameter of either the
inner conductor or the outer conductor, or both. The construction of coaxial tapered lines is beyond the
means of most amateurs, but open-wire tapered lines can be made rather easily by using spacers of
varied lengths. In theory, optimum broadband impedance transformation is obtained with lines having
an exponential taper, but in practice, lines with a linear taper as shown in Fig 5 work very well.

A tapered line provides a match from high frequencies down to the frequency at which the line is
approximately 1 λ long. At lower frequencies, especially when the tapered line length is λ/2 or less, the
line acts more as an impedance lump than a transformer. Tapered lines are most useful at VHF and
UHF, because the length requirement becomes unwieldy at HF.

Air-insulated open-wire lines can be designed from the equation

S d 10
2

Z /2760

= × (Eq 8)

where

S = center-to-center spacing between conductors
d = diameter of conductors (same units as S)
Z0 = characteristic impedance, Ω

For example, for a tapered line to match a
300-Ω source to an 800-Ω load, the spacing for
the selected conductor diameter would be ad-
justed for a 300-Ω characteristic impedance at
one end of the line, and for an 800-Ω character-
istic impedance at the other end of the line. The
disadvantage of using open-wire tapered lines
is that characteristic impedances of 100 Ω and
less are impractical.

Multiple Quarter-Wave Sections
An approach to the smooth-impedance

transformation of the tapered line is provided

Fig 5—A tapered line provides a broadband
frequency transformation if it is one wavelength
long or more. From a practical construction
standpoint, the taper may be linear.
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Fig 6—Multiple quarter-wave matching sections
approximate the broadband matching
transformation provided by a tapered line. Two
sections are shown here, but more may be used.
The more sections in the line, the broader is the
matching bandwidth .  Z0 is the characteristic
impedance of the main feed line, while Z 1 and Z 2
are the intermediate impedances of the matching
sections. See text for design equations.

by using two or more λ/4 transformer sections in
series, as shown in Fig 6. Each section has a dif-
ferent characteristic impedance, selected to trans-
form the impedance at its input to that at its out-
put. Thus, the overall impedance transformation
from source to load takes place as a series of
gradual transformations. The frequency bandwidth
with multiple sections is greater than for a single
section. This technique is useful at the upper end
of the HF range and at VHF and UHF. Here, too,
the total line length that is required may become
unwieldy at the lower frequencies.

A multiple-section line may contain two or
more λ/4 transformer sections; the more sections
in the line, the broader is the matching bandwidth.
Coaxial transmission lines may be used to make a
multiple-section line, but standard coax lines are
available in only a few characteristic impedances.
Open-wire lines can be constructed rather easily
for a specific impedance, designed from Eq 8
above.

The following equations may be used to cal-
culate the intermediate characteristic impedances
for a two-section line.

Z RZ1 0
34=  (Eq 9)

Z R Z2
2

1
3=  (Eq 10)

where terms are as illustrated in Fig 6. For ex-
ample, assume we wish to match a 75-Ω source
(Z0) to an 800-Ω load. From Eq 9, calculate Z1 to
be 135.5 Ω. Then from Eq 10, calculate Z2 to be 442.7 Ω. As a matter of interest, for this example the
virtual impedance at the junction of Z1 and Z2 is 244.9 Ω. (This is the same impedance that would be
required for a single-section λ/4 matching section.)

Delta Matching
Among the properties of a coil-and-capacitor resonant circuit is that of transforming impedances. If a

resistive impedance, Z1 in Fig 7, is connected across the outer terminals AB of a resonant LC circuit, the
impedance Z2 as viewed looking into another pair of terminals such as BC will also be resistive, but will
have a different value depending on the mutual coupling between the parts of the coil associated with each
pair of terminals. Z2 will be less than Z1 in the circuit shown. Of course this relationship will be reversed if
Z1 is connected across terminals BC and Z2 is viewed from terminals AB.

As stated in Chapter 2, a resonant antenna has properties similar to those of a tuned circuit. The
impedance presented between any two points symmetrically placed with respect to the center of a λ/2
antenna will depend on the distance between the points. The greater the separation, the higher the value
of impedance, up to the limiting value that exists between the open ends of the antenna. This is also
suggested in Fig 7, in the lower drawing. The impedance ZA between terminals 1 and 2 is lower than
the impedance ZB between terminals 3 and 4. Both impedances, however, are purely resistive if the
antenna is resonant.

Fig 7—Impedance transformation with a
resonant circuit, together with antenna analog y.
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This principle is used in the delta matching
system shown in Fig 8. The center impedance of a
λ/2 dipole is too low to be matched directly by
any practical type of air-insulated parallel-conduc-
tor line. However, it is possible to find, between
two points, a value of impedance that can be
matched to such a line when a “fanned” section or
delta is used to couple the line and antenna. The
antenna length l is that required for resonance.
The ends of the delta or “Y” should be attached at
points equidistant from the center of the antenna.
When so connected, the terminating impedance for
the line will be resistive. Obviously, this technique
is useful only when the Z0 of the chosen transmis-
sion line is higher than the feed-point impedance
of the antenna.

Based on experimental data for the case of a
typical λ/2 antenna coupled to a 600-Ω line, the
total distance, A, between the ends of the delta should be 0.120 λ for frequencies below 30 MHz, and
0.115 λ for frequencies above 30 MHz. The length of the delta, distance B, should be 0.150 λ. These
values are based on a wavelength in air, and on the assumption that the center impedance of the an-
tenna is approximately 70 Ω. The dimensions will require modifications if the actual impedance is very
much different.

The delta match can be used for matching the driven element of a directive array to a transmission
line, but if the impedance of the element is low—as is frequently the case—the proper dimensions for
A and B must be found by experimentation.

The delta match is somewhat awkward to adjust when the proper dimensions are unknown, be-
cause both the length and width of the delta must be varied. An additional disadvantage is that there is
always some radiation from the delta. This is because the conductor spacing does not meet the require-
ment for negligible radiation: The spacing should be very small in comparison with the wavelength.

Folded Dipoles
Basic information on the folded dipole antenna appears in Chapter 6. The input impedance of a

two-wire folded dipole is so close to 300 Ω that it can be fed directly with 300-Ω twin-lead or with
open-wire line without any other matching arrangement, and the line will operate with a low SWR. The
antenna itself can be built like an open-wire line; that is, the two conductors can be held apart by
regular feeder spreaders. TV “ladder” line is quite suitable. It is also possible to use 300-Ω line for the
antenna, in addition to using it for the transmission line.

Since the antenna section does not operate as a transmission line, but simply as two wires in
parallel, the velocity factor of twin-lead can be ignored in computing the antenna length. The
reactance of the folded-dipole antenna varies less rapidly with frequency changes away from
resonance than a single-wire antenna. Therefore it is possible to operate over a wider range of
frequencies, while maintaining a low SWR on the line, than with a simple dipole. This is partly
explained by the fact that the two conductors in parallel form a single conductor of greater effective
diameter.

A folded dipole will not accept power at twice the fundamental frequency. However, the current
distribution is correct for harmonic operation on odd multiples of the fundamental. Because the feed
point resistance is not greatly different for a 3λ/2 antenna and one that is λ/2, a folded dipole can be
operated on its third harmonic with a low SWR in a 300-Ω line. A 7-MHz folded dipole, consequently,
can be used for the 21-MHz band as well.

Fig 8—The delta matching system.
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Fig 9—The T matching system, applied to a 1/2-λ
antenna and 600 -Ω line.

The T and Gamma Matches

The T Match

The current flowing at the input terminals of the T match consists of the normal antenna current
divided between the radiator and the T conductors in a way that depends on their relative diameters and
the spacing between them, with a superimposed transmission-line current flowing in each half of the T
and its associated section of the antenna. See Fig 9. Each such T conductor and the associated antenna
conductor can be looked upon as a section of transmission line shorted at the end. Because it is shorter
than λ/4 it has inductive reactance. As a consequence, if the antenna itself is exactly resonant at the
operating frequency, the input impedance of the T
will show inductive reactance as well as resistance.
The reactance must be tuned out if a good match
to the transmission line is to be obtained. This can
be done either by shortening the antenna to obtain
a value of capacitive reactance that will reflect
through the matching system to cancel the induc-
tive reactance at the input terminals, or by insert-
ing a capacitance of the proper value in series at
the input terminals as shown in Fig 10A.

Theoretical analyses have shown that the part
of the impedance step-up arising from the spacing
and ratio of conductor diameters is approximately
the same as given for a folded dipole. The actual
impedance ratio is, however, considerably modi-
fied by the length A of the matching section
(Fig 9). The trends can be stated as follows:

1) The input impedance increases as the distance
A is made larger, but not indefinitely. In general
there is a distance A that will give a maximum
value of input impedance, after which further
increase in A will cause the impedance to de-
crease.

2) The distance A at which the input impedance
reaches a maximum is smaller as the  ratio of
diameters d2/d1 is made larger, and becomes
smaller as the spacing between the conductors
is increased.

3) The maximum impedance values occur in the
region where A is 40% to 60% of the antenna
length in the average case.

4) Higher values of input impedance can be real-
ized when the antenna is shortened to cancel the
inductive reactance of the matching section.

The T match has become popular for transform-
ing the balanced feed-point impedance of a VHF or
UHF Yagi up to 200 Ω. From that impedance a 4:1
balun is used to transform down to the unbalanced
50 Ω level for the coax cable feeding the Yagi. See
the various K1FO Yagis in Chapter 18 and the sec-
tion later in this chapter concerning baluns.

Fig 10—Series capacitors for tuning out residual
reactance with the T and gamma matching
systems . A maximum capacitance of 150 pF in
each capacitor should provide sufficient
adjustment range, in the average case, for 14-MHz
operation. Proportionately smaller capacitance
values can be used on higher frequency bands.
Receiving-type plate spacing will be satisfactory
for power levels up to a few hundred watts.
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The Gamma Match

The gamma-match arrangement shown in Fig 10B is an unbalanced version of the T, suitable for
use directly with coaxial lines. Except for the matching section being connected between the center and
one side of the antenna, the remarks above about the behavior of the T apply equally well. The inherent
reactance of the matching section can be canceled either by shortening the antenna appropriately or by
using the resonant length and installing a capacitor C, as shown in Fig 10B.

For a number of years the gamma match has been widely used for matching coaxial cable to all-
metal parasitic beams. Because it is well suited to “plumber’s delight” construction, where all the metal
parts are electrically and mechanically connected, it has become quite popular for amateur arrays.

Because of the many variable factors—driven-element length, gamma rod length, rod diameter,
spacing between rod and driven element, and value of series capacitors—a number of combinations
will provide the desired match. The task of finding a proper combination can be a tedious one, as the
settings are interrelated. A few “rules of thumb” have evolved that provide a starting point for the
various factors. For matching a multielement array made of aluminum tubing to 50-Ω line, the length
of the rod should be 0.04 to 0.05 λ, its diameter 1/2 to 1/3 that of the driven element, and its spacing
(center-to-center from the driven element), approximately 0.007 λ. The capacitance value should be ap-
proximately 7 pF per meter of wavelength. This translates to about 140 pF for 20-meter operation. The exact
gamma dimensions and value for the capacitor will depend on the radiation resistance of the driven element,
and whether or not it is resonant. These starting-point dimensions are for an array having a feed-point
impedance of about 25 Ω, with the driven element shortened approximately 3% from resonance.

Calculating Gamma Dimensions

A starting point for the gamma dimensions and capacitance value may be determined by calculation. H.
F. Tolles, W7ITB, has developed a method for determining a set of parameters that will be quite close to
providing the desired impedance transformation. (See Bibliography at the end of this chapter.) The imped-
ance of the antenna must be known or assumed for Tolles’ procedure. If the antenna impedance is not
accurately known, the calculations provide a very good starting point for initial settings of the gamma
match.

The math involved in Tolles’ procedure is tedious, especially if several iterations are needed to find
a practical set of dimensions. The procedure has been adapted for computer calculations by R. A. Nelson,
WBØIKN, who wrote his program in Applesoft BASIC (see Bibliography). A similar program for the
IBM PC and compatible computers called GAMMA is included on the disk bundled with this book, in
BASIC source code. The program contains options for calculating a gamma match for a dipole (or
driven element of an array) as well as for a vertical monopole, such as a shunt-fed tower. (The equa-
tions on which the program is based require that the feed-point resistance and reactance be divided by
2 for dipole calculations.)

As an example of computer calculations, assume a 14.3-MHz Yagi beam is to be matched to 50-Ω line.
The driven element is 11/2 inches in diameter, and the gamma rod is a length of 1/2-inch tubing, spaced 6
inches from the element (center to center). The driven element has been shortened by 3% from its resonant
length. Assume the antenna has a radiation resistance of 25 Ω and a capacitive reactance component of 25 Ω
(about the reactance that would result from the 3% shortening). The overall impedance of the driven element

Fig 11—The gamma match, as used with tubing
elements. The transmission line may be either
50-Ω or 75 -Ω coax.
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is therefore 25 − j 25 Ω. At the program prompts, enter the choice for a dipole, the frequency, the feed-point
resistance and reactance (don’t forget the minus sign), the line characteristic impedance (50 Ω), and the
element and rod diameters and center-to-center spacing. GAMMA computes that the gamma rod is 25.5
inches long and the gamma capacitor is 150.7 pF at 14.3 MHz.

As another example, say we wish to shunt feed a tower at 3.5 MHz with 50-Ω line. The driven
element (tower) is 12 inches in diameter, and #12 wire (diameter = 0.0808 inch) with a spacing of
12 inches from the tower is to be used for the “rod.” The tower is 50 feet tall with a 5-foot mast and
beam antenna at the top. The total height, 55 feet, is approximately 0.19 λ. We assume its electrical
length is 0.2 λ or 72°. From graphs in Chapter 2 we learn that the approximate base feed point imped-
ance is 20 − j 100 Ω. Computer calculations produce these results. GAMMA says that the gamma rod
should be 55.0 feet long, with a gamma capacitor of 32.1 pF.

Immediately we see this set of gamma dimensions is impractical—the rod length is greater than the
tower height! So we make another set of calculations, this time using a spacing of 18 inches between
the rod and tower. The results this time are that the gamma rod is 47.5 feet long, with a capacitor of
43.8 pF. This gives us a practical set of starting dimensions for the shunt-feed arrangement.

Adjustment

After installation of the antenna, the proper constants for the T and gamma must be determined
experimentally. The use of the variable series capacitors, as shown in Fig 10, is recommended for ease
of adjustment. With a trial position of the tap or taps on the antenna, measure the SWR on the transmis-
sion line and adjust C (both capacitors simultaneously in the case of the T) for minimum SWR. If it is
not close to 1:1, try another tap position and repeat. It may be necessary to try another size of conductor
for the matching section if satisfactory results cannot be brought about. Changing the spacing will
show which direction to go in this respect.

The Omega Match
The omega match is a slightly modified form of the gamma match. In addition to the series capaci-

tor, a shunt capacitor is used to aid in canceling a portion of the inductive reactance introduced by the
gamma section. This is shown in Fig 12. C1 is the usual series capacitor. The addition of C2 makes it
possible to use a shorter gamma rod, or makes it easier to obtain the desired match when the driven
element is resonant. During adjustment, C2 will serve primarily to determine the resistive component
of the load as seen by the coax line, and C1 serves to cancel any reactance.

The Hairpin and Beta Matches
The usual form of the hairpin match is shown in Fig 13. Basically, the hairpin is a form of an L-

matching network. Because it is somewhat easier to adjust for the desired terminating impedance than
the gamma match, it is preferred by many amateurs. Its disadvantages, compared with the gamma, are

Fig 12—The omega match. Fig 13—The hairpin match.
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Fig 14—For the Yagi antenna shown at A, the
driven element is shorter than its resonant
length. The input impedance at resonance is
represented at B. By adding an inductor, as
shown at C, a low value of R A is made to appear
as a higher impedance at terminals XY. At D, the
diagram of C is redrawn in the usual L-network
configuration.

Fig 15—Reactance required for a hairpin to
match various antenna resistances to common
line or balun impedance.

Fig 16—Inductive reactance (normalized to Z 0 of
matching section), scale at bottom, versus
required hairpin matching section length, scale
at left. To determine the length in wavelengths
divide the number of electrical degrees by 360.
For open-wire line, a velocity factor of 97.5%
should be taken into account when determining
the electrical length.
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that it must be fed with a balanced line (a balun may be used with a coax feeder, as shown in Fig 13—
see section later in this chapter about baluns), and the driven element must be split at the center. This
latter requirement complicates the mechanical mounting arrangement for the element, by ruling out
“plumber’s delight” construction.

As indicated in Fig 13, the center point of the hairpin is electrically neutral. As such, it may be
grounded or connected to the remainder of the antenna structure. The hairpin itself is usually secured
by attaching this neutral point to the boom of the antenna array. The beta match is electrically identical
to the hairpin match, the difference being in the mechanical construction of the matching section. With
the beta match, the conductors of the matching section straddle the boom, one conductor being located
on either side, and the electrically neutral point consists of a sliding or adjustable shorting clamp placed
around the boom and the two matching-section conductors.

The capacitive portion of the L-network circuit is produced by slightly shortening the antenna driven
element, shown in Fig 14A. For a given frequency the impedance of a shortened λ/2 element appears as the
antenna resistance and a capacitance in series, as indicated schematically in Fig 14B. The inductive portion
of the resonant circuit at C is a “hairpin” of heavy wire or small tubing which is connected across the driven-
element center terminals. The diagram of C is redrawn in D to show the circuit in conventional L-network
form. RA, the radiation resistance, is a smaller value than RIN, the impedance of the feed line.

If the approximate radiation resistance of the antenna system is known, Figs 15 and 16 may be used to
gain an idea of the hairpin dimensions necessary for the desired match.The curves of Fig 15 were obtained
from design equations for L-network matching. Fig 15 is based on the equation, Xp = j tan θ, which gives the
inductive reactance as normalized to the Z0 of the hairpin, looking at it as a length of transmission line
terminated in a short circuit. For example, if an antenna-system impedance of 20 Ω is to be matched to 50-Ω
line, Fig 16 indicates that the inductive reactance required for the hairpin is 41 Ω. If the hairpin is con-
structed of 1/4-inch tubing spaced 11/2 inches, its characteristic impedance is 300 Ω (from Chapter 24.)
Normalizing the required 41-Ω reactance to this impedance, 41/300 = 0.137.

By entering the graph of Fig 16 with this value, 0.137, on the scale at the bottom, you can see that the
hairpin length should be 7.8 electrical degrees, or 7.8/360 λ. For purposes of these calculations, taking a
97.5% velocity factor into account, the wavelength in inches is 11,508/f(MHz). If the antenna is to be used
on 14 MHz, the required hairpin length is 7.8/360 × 11,598/14 = 17.8 inches. The length of the hairpin
affects primarily the resistive component of the terminating impedance as seen by the feed line. Greater
resistances are obtained with longer hairpin sections—meaning a larger value of shunt inductor—and smaller
resistances with shorter sections. Reactance at the feed-point terminals is tuned out by adjusting the length
of the driven element, as necessary. If a fixed-length hairpin section is in use, a small range of adjustment
may be made in the effective value of the inductance by spreading or squeezing together the conductors of
the hairpin. Spreading the conductors apart will have the same effect as lengthening the hairpin, while
placing them closer together will effectively shorten it.

Instead of using a hairpin of stiff wire or tubing, this same matching technique may be used with a
lumped-constant inductor connected across the antenna terminals. Such a method of matching has been
dubbed, tongue firmly in cheek, as the “helical hairpin.” The inductor, of course, must exhibit the same
reactance at the operating frequency as the hairpin which it replaces. A cursory examination with computer
calculations indicates that a helical hairpin may offer a slightly improved SWR bandwidth over a true hair-
pin, but the effects of different length/diameter ratios of the driven element were not investigated.

Matching Stubs
As explained in Chapter 24, a mismatch-terminated transmission line less than λ/4 long has an

input impedance that is both resistive and reactive. The equivalent circuit of the line input impedance
at any one frequency can be formed either of resistance and reactance in series, or resistance and
reactance in parallel. Depending on the line length, the series resistance component, RS, can have any
value between the terminating resistance ZR (when the line has zero length) and Z0

2/ZR (when the line
is exactly λ/4 long).The same thing is true of RP, the parallel-resistance component.
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Fig 17—Use of open or closed stubs for
canceling the parallel reactive component of
input impedance.

Fig 18—
Application
of matching
stubs to
common
types of
antennas.

RS and RP do not have the same values at the
same line length, however, other than zero and λ/
4. With either equivalent there is some line length
that will give a value of RS or RP equal to the char-
acteristic impedance of the line. However, there
will be reactance along with the resistance. But if provision is made for canceling or “tuning out” this
reactive part of the input impedance, only the resistance will remain. Since this resistance is equal to
the Z0 of the transmission line, the section from the reactance-cancellation point back to the generator
will be properly matched.

Tuning out the reactance in the equivalent series circuit requires that a reactance of the same value
as XS (but of opposite kind) be inserted in series with the line. Tuning out the reactance in the equiva-
lent parallel circuit requires that a reactance of the same value as XP (but of opposite kind) be connected
across the line. In practice it is more convenient to use the parallel-equivalent circuit. The transmission
line is simply connected to the load (which of course is usually a resonant antenna) and then a reactance
of the proper value is connected across the line at the proper distance from the load. From this point
back to the transmitter there are no standing waves on the line.

A convenient type of reactance to use is a section of transmission line less than λ/4 long, terminated
with either an open circuit or a short circuit, depending on whether capacitive reactance or inductive
reactance is called for. Reactances formed from sections of transmission line are called matching stubs,
and are designated as open or closed depending on whether the free end is open or short circuited. The
two types of matching stubs are shown in the sketches in Fig 17.

The distance from the load to the stub (dimension A in Fig 17) and the length of the stub, B, depend on
the characteristic impedances of the line and stub and on the ratio of ZR to Z0. Since the ratio of ZR to Z0 is
also the standing-wave ratio in the absence of matching (and with a resonant antenna), the dimensions are a
function of the SWR. If the line and stub have the same Z0, dimensions A and B are dependent on the SWR
only. Consequently, if the SWR can be measured before the stub is installed, the stub can be properly located
and its length determined even though the actual value of load impedance is not known.

Typical applications of matching stubs are shown in Fig 18, where open-wire line is being used. From
inspection of these drawings it will be recognized that when an antenna is fed at a current loop, as in Fig 18A,
ZR is less than Z0 (in the average case) and therefore an open stub is called for, installed within the first λ/4
of line measured from the antenna. Voltage feed, as at B, corresponds to ZR greater than Z0 and therefore
requires a closed stub.

The Smith Chart may be used to determine the length of the stub and its distance from the load (see
Chapter 28) or the ARRL program TLA.EXE may be used. If the load is a pure resistance and the
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characteristic impedances of the line and stub are identical, the lengths may be determined by equa-
tions. For the closed stub when ZR is greater than Z0, they are

A arctan SWR= (Eq 12)

B arctan
SWR

SWR – 1
= (Eq 13)

For the open stub when ZR is less than Z0

A arctan
1

SWR
= (Eq 14)

B arctan
SWR – 1

SWR
= (Eq 15)

In these equations the lengths A and B are the distance from the stub to the load and the length of
the stub, respectively, as shown in Fig 18. These lengths are expressed in electrical degrees, equal to
360 times the lengths in wavelengths.

In using the above equations it must be remembered that the wavelength along the line is not the
same as in free space. If an open-wire line is used the velocity factor of 0.975 will apply. When solid-
dielectric line is used, the free-space wavelength as determined above must be multiplied by the appro-
priate velocity factor to obtain the actual lengths of A and B (see Chapter 24.)

Although the equations above do not apply when the characteristic impedances of the line and stub are not
the same, this does not mean that the line cannot be matched under such conditions. The stub can have any
desired characteristic impedance if its length is chosen so that it has the proper value of reactance. By using the
Smith Chart, the correct lengths can be determined without difficulty for dissimilar types of line.

In using matching stubs it should be noted that the length and location of the stub should be based on the
SWR at the load. If the line is long and has fairly high losses, measuring the SWR at the input end will not give
the true value at the load. This point is discussed in Chapter 24 in the section on attenuation.

Reactive Loads

In this discussion of matching stubs it has been assumed that the load is a pure resistance. This is
the most desirable condition, since the antenna
that represents the load preferably should be
tuned to resonance before any attempt is made
to match the line. Nevertheless, matching stubs
can be used even when the load is considerably
reactive. A reactive load simply means that the
loops and nodes of the standing waves of volt-
age and current along the line do not occur at
integral multiples of λ/4 from the load. If the re-
actance at the load is known, the Smith Chart or
TLE.EXE may be used to determine the correct
dimensions for a stub match.

Stubs on Coaxial Lines

The principles outlined in the preceding sec-
tion apply also to coaxial lines. The coaxial cases
corresponding to the open-wire cases shown in
Fig 18 are given in Fig 19. The equations given
earlier may be used to determine dimensions A Fig 19—Open and closed stubs on coaxial lines.
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Fig 20—Application of matching sections to
common antenna types.

and B. In a practical installation the junction of
the transmission line and stub would be a T con-
nector.

A special case of the use of a coaxial match-
ing stub in which the stub is associated with the
transmission line in such a way as to form a balun.
This is described in detail later on in this chapter.
The antenna is shortened to introduce just enough
reactance at its feed point to permit the matching
stub to be connected there, rather than at some
other point along the transmission line as in the
general cases discussed here. To use this method
the antenna resistance must be lower than the Z0
of the main transmission line, since the resistance
is transformed to a higher value. In beam anten-
nas such as Yagis, this will nearly always be the
case.

Matching Sections

If the two antenna systems in Fig 18 are re-
drawn in somewhat different fashion, as shown in
Fig 20, a system results that differs in no conse-
quential way from the matching stubs described
previously, but in which the stub formed by A and
B together is called a “quarter-wave matching sec-
tion.” The justification for this is that a λ/4 sec-
tion of line is similar to a resonant circuit, as de-
scribed earlier in this chapter. It is therefore pos-
sible to use the λ/4 section to transform imped-
ances by tapping at the appropriate point along the
line.

Earlier equations give design data for matching sections, A being the distance from the antenna to
the point at which the line is connected, and A + B being the total length of the matching section. The
equations apply only in the case where the characteristic impedance of the matching section and trans-
mission line are the same. Equations are available for the case where the matching section has a differ-
ent Z0 than the line, but are somewhat complicated. A graphic solution for different line impedances
may be obtained with the Smith Chart (Chapter 28).

Adjustment

In the experimental adjustment of any type of matched line it is necessary to measure the SWR
with fair accuracy in order to tell when the adjustments are being made in the proper
direction. In the case of matching stubs, experience has shown that experimental adjustment is unnec-
essary, from a practical standpoint, if the SWR is first measured with the stub not connected to the
transmission line, and the stub is then installed according to the design data.

Broadband Matching Transformers

Broadband transformers have been used widely because of their inherent bandwidth ratios (as
high as 20,000:1) from a few tens of kilohertz to over a thousand megahertz. This is possible because
of the transmission-line nature of the windings. The interwinding capacitance is a component of the
characteristic impedance and therefore, unlike a conventional transformer, forms no resonances that
seriously limit the bandwidth.
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Fig 23—A 4-winding, wide-band transformer
(with front cover removed) with connections
made for matching ratios of 4:1, 6:1, 9:1 and 16:1.
The 6:1 ratio is the top coaxial connector and,
from left to right, 16:1, 9:1 and 4:1 are the others.
There are 10 quadrifilar turns of #14 enameled
wire on a Q1, 2.5-inch OD ferrite core.

Fig 22—Four-winding, broadband, variable
impedance transformer. Connections a, b and c
can be placed at appropriate points to yield
various ratios from 1.5:1 to 16:1.

Fig 21—Broadband bifilar transformer with a 4:1
impedance ratio. The upper winding can be
tapped at appropriate points to obtain other
ratios such as 1.5:1, 2:1 and 3:1.

At low frequencies, where interwinding ca-
pacitances can be neglected, these transformers
are similar in operation to a conventional trans-
former. The main difference (and a very impor-
tant one from a power standpoint) is that the wind-
ings tend to cancel out the induced flux in the core.
Thus, high permeability ferrite cores, which are
not only highly nonlinear but also suffer serious
damage even at flux levels as low as 200 to 500
gauss, can be used. This greatly extends the low
frequency range of performance. Since higher per-
meability also permits fewer turns at the lower
frequencies, HF performance is also improved
since the upper cutoff is determined mainly from
transmission line considerations. At the high fre-
quency cutoff, the effect of the core is negligible.

Bifilar matching transformers lend themselves
to unbalanced operation. That is, both input and
output terminals can have a common ground con-
nection. This eliminates the third magnetizing
winding required in balanced to unbalanced (“volt-
age” balun) operation. By adding third and fourth
windings, as well as by tapping windings at ap-
propriate points, various combinations of broad-
band matching can be obtained. Fig 21 shows a
4:1 unbalanced to unbalanced configuration us-
ing #14 wire. It will easily handle 1000 W of
power. By tapping at points 1/4, 1/2 and 3/4 of the
way along the top winding, ratios of approximately
1.5:1, 2:1 and 3:1 can also be obtained. One of
the wires should be covered with vinyl electrical
tape in order to prevent voltage breakdown be-
tween the windings. This is necessary when a step-
up ratio is used at high power to match antennas
with impedances greater than 50 Ω.

Fig 22 shows a transformer with four wind-
ings, permitting wide-band matching ratios as high
as 16:1. Fig 23 shows a four-winding transformer
with taps at 4:1, 6:1, 9:1, and 16:1. In tracing the
current flow in the windings when using the 16:1
tap, one sees that the top three windings carry the
same current. The bottom winding, in order to
maintain the proper potentials, sustains a current
three times greater. The bottom current cancels
out the core flux caused by the other three wind-
ings. If this transformer is used to match into low
impedances, such as 3 to 4 Ω, the current in the
bottom winding can be as high as 15 A. This value
is based on the high side of the transformer being
fed with 50-Ω cable handling a kilowatt of power.
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Fig 24—Drawing showing various current paths
at feed point of a balanced dipole fed with
unbalanced coaxial cable. The diameter of the
coax is exaggerated to show currents clearly.

If one needs a 16:1 match like this at high power, then cascading two 4:1 transformers is recommended.
In this case, the transformer at the lowest impedance side requires each winding to handle only 7.5 A.
Thus, even #14 wire would suffice in this application.

The popular cores used in these applications are 2.5 inches OD ferrites of Q1 and Q2 material,
and powdered-iron cores of 2 inches OD. The permeabilities of these cores, µ, are nominally 125, 40
and 10 respectively. Powdered-iron cores of permeabilities 8 and 25 are also available.

In all cases these cores can be made to operate over the 1.8 to 28-MHz bands with full power
capability and very low loss. The main difference in their design is that lower permeability cores re-
quire more turns at the lower frequencies. For example, Q1 material requires 10 turns to cover the 1.8-
MHz band. Q2 requires 12 turns, and powdered iron (µ = 10) requires 14 turns. Since the more com-
mon powdered-iron core is generally smaller in diameter and requires more turns because of lower
permeability, higher ratios are sometimes difficult to obtain because of physical limitations. When you
are working with low impedance levels, unwanted parasitic inductances come into play, particularly on
14 MHz and above. In this case lead lengths should be kept to a minimum.

Common-Mode Transmission-Line Currents
In discussions so far about transmission-line operation, it was always assumed that the two conduc-

tors carry equal and opposite currents throughout their length. This is an ideal condition that may or may
not be realized in practice. In the average case, the chances are rather good that the currents will not be
balanced unless special precautions are taken. The degree of imbalance—and whether that imbalance is
actually important—is what we will examine in the rest of this chapter, along with measures that can be
taken to restore balance in the system.

There are two common conditions that will cause an imbalance of transmission-line currents. Both
are related to the symmetry of the system. The first condition involves the lack of symmetry when an
inherently unbalanced coaxial line feeds a balanced antenna (such as a dipole or a Yagi driven ele-
ment) directly. The second condition involves asymmetrical routing of a transmission line near the
antenna it is feeding.

UNBALANCED COAX FEEDING A BALANCED DIPOLE
Fig 24 shows a coaxial cable feeding a hypo-

thetical balanced dipole fed in the center. The coax
has been drawn highly enlarged to show all currents
involved. In this drawing the feed line drops at right
angles down from the feed point and the antenna is
assumed to be perfectly symmetrical. Because of this
symmetry, one side of the antenna induces current
on the feed line that is completely cancelled by the
current induced from the other side of the antenna.

Currents I1 and I2 from the transmitter flow on
the inside of the coax. I1 flows on the outer surface
of the coax’s inner conductor and I2 flows on the
inner surface of the shield. Skin effect keeps I1 and
I2 inside the transmission line confined to where
they are within the line. The field outside the coax
is zero, since I1 and I2 have equal amplitudes but
are 180° out of phase with respect to each other.

The currents flowing on the antenna itself are
labeled I1 and I4, and both flow in the same di-
rection at any instant in time for a resonant half-
wave dipole. On Arm 1 of the dipole, I1 is shown
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Fig 25—Comparison of azimuthal patterns of two
λ/2-long 14-MHz dipoles mounte d λ/2 over average
ground. The reference dipole without effect of
feed-line distortion (modeled as though the
transmitter were located right at the feed point) is
the solid line. The dashed line shows the pattern
for the dipole affected by common-mode current
on its feed line due to the use of unbalanced coax
to feed a balanced antenna. The feed line is
dropped directly from the feed point to ground in a
symmetrical manne r. The feed-point impedance in
this symmetrical configuration changes only a
small amount compared to the reference antenna.

going directly into the center conductor of the feed coax. However, the situation is different for the
other side of this dipole. Once current I2 reaches the end of the coax, it splits into two components. One
is I4, going directly into Arm 2 of the dipole. The other is I3 and this flows down the outer surface of
the coax shield. Again, because of skin effect, I3 is separate and distinct from the current I2 on the
inner surface. The antenna current in Arm 2 is thus equal to the difference between I2 and I3.

The magnitude of I3 is proportional to the relative impedances in each current path beyond the
split. The feed-point impedance of the dipole by itself is somewhere between 50 to 75 Ω, depending on
the height above ground. The impedance seen looking into one half of the dipole is half, or 25 to
37.5 Ω. The impedance seen looking down the outside surface of the coax’s outer shield to ground is
called the common-mode impedance, and I3 is aptly called the common-mode current. (The term “com-
mon mode” is more readily appreciated if parallel-conductor line is substituted for the coaxial cable
used in this illustration. Current induced by radiation onto both conductors of a two-wire line is a
common-mode current, since it flows in the same direction on both conductors, rather than in opposite
directions as it does for transmission-line current. The outer braid for a coaxial cable shields the inner
conductor from such an induced current, but the unwanted current on the outside braid is still called
“common-mode” current.)

The common-mode impedance will vary with the length of the coaxial feed line, its diameter and
the path length from the transmitter chassis to whatever is “RF ground.” Note that the path from the
transmitter chassis to ground may go through the station’s grounding bus, the transmitter power cord,
the house wiring and even the power-line service ground. In other words, the overall length of the
coaxial outer surface and the other components making up “ground” can actually be quite a bit differ-
ent from what you might expect by casual inspec-
tion.

The worst-case common-mode impedance oc-
curs when the overall effective path length to
ground is an odd multiple of λ/2, making this path
half-wave resonant. In effect, the line and ground-
wire system acts like a sort of transmission line,
transforming the short circuit to ground at its end
to a low impedance at the dipole’s feed point. This
causes I3 to be a significant part of I2.

I3 not only causes an imbalance in the amount
of current flowing in each arm of the otherwise
symmetrical dipole, but it also radiates by itself.
The radiation in Fig 24 due to I3 would be mainly
vertically polarized, since the coax is drawn as be-
ing mainly vertical. However the polarization is a
mixture of horizontal and vertical, depending on
the orientation of the ground wiring from the trans-
mitter chassis to the rest of the station’s grounding
system.

Pattern Distortion for a Simple Dipole
with Symmetrical Coax Feed

Fig 25 compares the azimuthal radiation pat-
tern for two λ/2-long 14-MHz dipoles mounted
horizontally λ/2 above average ground. Both pat-
terns were computed for a 28° elevation angle, the
peak response for a λ/2-high dipole. The model for
the first antenna, the reference dipole shown as a
solid line, has no feed line associated with it—it is
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as though the transmitter were somehow remotely located right at the center of the dipole. This an-
tenna displays a classical “figure-8” pattern. Both side nulls dip symmetrically about 12 dB below the
peak response, typical for a 20-meter dipole 33 feet above ground (or an 80-meter dipole placed 137
feet above ground).

The second dipole, shown as a dashed line, is modeled using a λ/2-long coaxial feed line dropped
vertically to the ground below the feed point. Now, the azimuthal response of the second dipole is no
longer perfectly symmetrical. It is shifted to the right a few dB in the area of the side nulls and the peak
response is down about 0.1 dB compared to the reference dipole. Many would argue that this sort of
response isn’ t all that bad! However, do keep in mind that this is for a feed line placed in a symmetrical
manner, at a right angle below the dipole.

SWR Change with Common-Mode Current
If an SWR meter is placed at the bottom end of the coax feeding the second dipole, it would show

an SWR of 1.38:1 for a 50-Ω coax such as RG-213, since the antenna’s feed-point impedance is 69.20
+ j  0.69 Ω. The SWR for the reference dipole would be 1.39:1, since its feed-point impedance is 69.47
− j 0.35 Ω. As could be expected, the common-mode impedance in parallel with the dipole’s natural
feed-point impedance has lowered the net impedance seen at the feed point, although the degree of
impedance change is miniscule in this particular case with a symmetrical feed line dressed away from
the antenna.

In theory at least, we have a situation where a change in the  length of the unbalanced coaxial
cable feeding a balanced dipole will cause the SWR on the line to change also. This is due to the
changing common-mode impedance to ground at the feed point. The SWR may even change if the
operator touches the SWR meter, since the path to RF ground is subtly altered when this happens.
Even changing the length of an antenna to prune it for resonance may also yield unexpected, and
confusing, results on the SWR meter because of the common-mode impedance.

When the overall effective length of the coaxial feed line to ground is not an odd multiple of a
λ/2 resonant length but is an odd multiple of λ/4, the common-mode impedance transformed to the
feed point is high in comparison to the dipole’s natural feed-point impedance. This will cause I3 to be
small in comparison to I2, meaning that radiation by I3 itself and the imbalance between I1 and I4 will
be minimal. Modeling this case produces no difference in response between the dipole with unbal-
anced feed line and the reference dipole with no feed line. Thus, an odd multiple of a half-wave length
for coax and ground wiring represents the worst case for this kind of imbalance, when the system is
otherwise symmetrical.

If the coax in Fig 25 were replaced with balanced transmission line, the SWR would remain con-
stant along the line, no matter what the length. (To put a fine point on it, the SWR would actually
decrease slightly toward the transmitter end. This is because of line loss with SWR. However, the de-
crease would be slight, because the loss in open-wire balanced transmission line is small, even with
relatively high SWR on the line. See Chapter 24 for a thorough discussion on additional line loss due to
SWR.)

Size of Coax
At HF, the diameter of the coax feeding a λ/2 dipole is only a tiny fraction of the length of the

dipole itself. In the case of Fig 25 above, the model of the coax used assumed an exaggerated 9-inch
diameter, just to simulate a worst-case effect of coax spacing at HF.

However, on the higher UHF and microwave frequencies, the assumption that the coax spacing is
not a significant portion of a wavelength is no longer true. The plane bisecting the feed point of the
dipole in Fig 25 down through the space below the feed point and in between the center conductor and
shield of the coax is the “center” of the system. If the coax diameter is a significant percentage of the
wavelength, the center is no longer symmetrical with reference to the dipole itself and significant
imbalance will result. Measurements done at microwave frequencies showing extreme pattern distor-
tion for balunless dipoles may well have suffered from this problem.
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ASYMMETRICAL ROUTING OF THE
FEED LINE FOR A DIPOLE

Fig 25 shows a symmetrically located coax
feed line, one that drops vertically at a 90° angle
directly below the feed point of the symmetrical
dipole. What happens if the feed line is not dressed
away from the antenna in a completely symmetri-
cal fashion—that is, not at a right angle to the di-
pole?

Fig 26 illustrates a situation where the feed
line goes to the transmitter and ground at a 45°
angle from the dipole. Now, one side of the dipole
can radiate more strongly onto the feed line than
the other half can. Thus, the currents radiated onto
the feed line from each half of the symmetrical
dipole won’ t cancel each other. In other words,
the antenna itself radiates a common-mode cur-
rent onto the transmission line. This is a dif ferent
form of common-mode current than what was dis-
cussed above in connection with an unbalanced
coax feeding a balanced dipole, but it has similiar
effects.

Fig 27 shows the azimuthal response of a 0.71-
λ-high reference dipole with no feed line (as
though the transmitter were located right at the
feed point) compared to a 0.71-λ-high dipole that
uses a 1-λ-long coax feed line, slanted 45° from
the feed point down to ground through the trans-
mitter. The 0.71-λ height was used so that the
slanted coax could be exactly 1 λ long, directly
grounded at its end through the transmitter and so
that the low-elevation angle response could be em-
phasized to show pattern distortion. The feed line
was made 1 λ long in this case, because when the
feed line length is only 0.5 λ and is slanted 45° to
ground, the height of the dipole is only 0.35 λ.
This low height masks changes in the nulls in the
azimuthal response due to feed-line common-
mode currents. Worst-case pattern distortion oc-
curs for lengths that are multiplies of λ/2.

The degree of pattern distortion is now slightly
worse than that for the symmetrically placed coax,
but once again, the overall effect is not really se-
vere. Interestingly enough, the slanted-feed line
dipole actually has about 0.2 dB more gain than
the reference dipole. This is because the left-hand
side null is deeper for the slanted-feed line an-
tenna, adding power to the frontal lobes at 0° and
180°.

The feed-point impedance for this dipole with

Fig 26—Drawing o f λ/2 dipole, placed 0.71 λ
above average ground, with a 1- λ long coax feed-
line connected at far end to ground through a
transmitte r. Worst-case feed-line radiation due to
common-mode current induced on the outer
shield braid occurs for lengths that are multiples
of λ/2.

Fig 27—Azimuthal response for two dipoles
placed as shown in Fig 26. The solid line
represents a reference dipole with no feed line
(modeled as though the transmitter were located
directly at the feed point). The dashed line shows
the response of the antenna with feed line
slanted 4 5° down to ground. Current induced on
the outer braid of the 1 -λ-long coax by its
asymmetry with respect to the antenna causes
the pattern distortion. The feed-point impedance
also changes, causing a different SWR from that
for the unaffected reference dipole.
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slanted feed line is 62.48 − j 1.28 Ω for an SWR of 1.25:1, compared to the reference dipole’s feed-point
impedance of 72.00 + j 16.76 Ω for an SWR of 1.59:1. Here, the reactive part of the net feed-point imped-
ance is smaller than that for the reference dipole, indicating that detuning has occurred due to mutual
coupling to its own feed line. This change of SWR is slightly larger than for the previous case and could be
seen on a typical SWR meter.

You should recognize that common-mode current arising from radiation from a balanced antenna
back onto its transmission line due to a lack of symmetry occurs for both coaxial or balanced transmis-
sion lines. For a coax, the inner surface of the shield and the inner conductor are shielded from such
radiation by the outer braid. However, the outer surface of the braid carries common-mode current
radiated from the antenna and then subsequently reradiated by the line. For a balanced line, common-
mode current are induced onto both conductors of the balanced line, again resulting in reradiation from
the balanced line.

If the antenna or its environment are not perfectly symmetrical in all respects, there will also be
some degree of common-mode current generated on the transmission line, either coax or balanced.
Perfect symmetry means that the ground would have to be perfectly flat everywhere under the antenna,
and that the physical length of each leg of the antenna would have to be exactly the same. It also means
that the height of the dipole must be exactly symmetrical all along its length, and it even means that
nearby conductors, such as power lines, must be completely symmetrical with respect to the antenna.

In the real world, where the ground isn’t always perfectly flat under the whole length of a dipole
and where wire legs aren’ t cut with micrometer
precision, a balanced line feeding a supposedly
balanced antenna is no guarantee that common-
mode transmission-line currents will not occur!
However, dressing the feed line so that it is sym-
metrical to the antenna will lead to fewer prob-
lems in all cases.

COMMON-MODE EFFECTS WITH
DIRECTIONAL ANTENNAS

For a simple dipole, many amateurs would look
at Fig 25 or Fig 27 and say that the worst-case pat-
tern asymmetry doesn’t look very important, and they
would be right! Any minor, unexpected change in
SWR due to common-mode current would be
shrugged off as inconsequential—if indeed it is even
noticed. All around the world, there are many thou-
sands of coax-fed dipoles in use, where no special
effort has been made to smooth the transition from
unbalanced coax to balanced dipole.

For antennas that are specifically designed to
be highly directional, however, pattern deterio-
ration resulting from common-mode currents is a
very different matter. Much care is usually taken
during design of a directional antenna like aYagi or
a quad to tune each element in the system for the
best compromise between directional pattern, gain
and SWR bandwidth. What happens if we feed such
a carefully tailored antenna in a fashion that creates
common-mode feed line currents?

Fig 28 compares the azimuthal response of two
five-element 20-meter Yagis, each located horizon-

Fig 28—Azimuthal response for two five-element
20-meter Yagis placed λ/2 over average ground.
The solid line represents an antenna fed with no
feed line, as though the transmitter were located
right at the feed point. The dashed line represents
a dipole fed with a λ/2 length of unbalanced coax
line directly going to ground (through a transmitter
at ground level). The distortion in the rearward
pattern is evident, and the Yagi loses a small
amount of forward gain (0.3 dB) compared to the
reference antenna. In this case, placing a common-
mode choke of + j 1000 Ω at the feed point
eliminated the pattern distortion.
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tally λ/2 above average ground. The solid line represents the reference antenna, where it is assumed that the
transmitter is located right at the balanced driven element’s feed point without the need for an intervening
feed line. The dashed line represents the second Yagi, which is modeled with a λ/2-long unbalanced coaxial
feed line going to ground directly under the balanced driven element’s feed point.

Minor pattern skewing evident in the case of
the dipole now becomes definite deterioration in
the rearward pattern of the otherwise superb pat-
tern of the reference Yagi. The side nulls deterio-
rate from more than 40 dB to about 25 dB. The
rearward lobe at 180° goes from 26 dB to about
22 dB. In short, the pattern gets a bit ugly and the
gain decreases as well!

Fig 29 shows a comparison at 0.71 λ height
between a reference Yagi with no feed line and a
Yagi with a 1-λ-long feed line slanted 45° to ground.
Side nulls that were deep (at more than 30 dB down)
for the reference Yagi have been reduced to less than
18 dB in the common-mode afflicted antenna. The
rear lobe at 180° has deteriorated mildly, from
28 dB to about 26 dB. The forward gain of the an-
tenna has fallen 0.4 dB from that of the reference
antenna. As expected, the feed-point impedance also
changes, from 22.3 − j 25.2 Ω for the reference Yagi
to 18.5 − j 29.8 Ω for the antenna with the unbal-
anced feed. The SWR will also change with line
length on the balanced Yagi fed with unbalanced line,
just as it did for the simple dipole.

Clearly, the pattern of what is supposed to be a
highly directional antenna can be seriously degraded
by the presence of common-mode currents on the
coax feed line. As in the case of the simple dipole,
an odd multiple of  λ/2-long resonant feed line to
ground represents the worst-case feed system, even
when the feed line is dressed symmetrically at right
angles below the antenna. And as found with the
dipole, the pattern deterioration becomes even worse
if the feed line is dressed at a slant under the an-
tenna to ground, although this sort of installation
with a Yagi is not very common. For least interac-
tion, the feed line still should be dressed so that it is
symmetrical with respect to the antenna.

ELIMINATING COMMON-MODE
CURRENTS—THE BALUN

In the preceding sections, the problems of di-
rectional pattern distortion and unpredictable
SWR readings were traced to common-mode cur-
rents on transmission lines. Such common-mode
currents arise from several types of asymmetry in
the antenna-feed line system—either a mismatch
between unbalanced feed line and a balanced an-

Fig 29— At A, azimuthal response for two five-
element  20-mete r Yagis placed 0.7 1 λ over average
ground. The solid line represents an antenna fed
with no feed line. The dashed line represents a
dipole fed with a 1- λ length of unbalanced coax
line slanted at 45 ° to ground (through a transmitter
at ground level). The distortion in the rearward
pattern is even more evident than in Fig 28. This
Yagi loses a bit more forward gain (0.4 dB)
compared to the reference antenna . At B, elevation
response comparison. The slant of the feed line
causes more common-mode current due to
asymmetr y. In this case, placing a common-mode
choke of + j 100 0 Ω at the feed point was not
sufficient to eliminate the pattern distortion
substantiall y. Another choke was require d λ/4
farther down the transmission line to eliminate
common-mode currents of all varieties.
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tenna, or lack of symmetry in placement of the feed line. A device called a balun can be used to elimi-
nate these common-mode currents.

The word balun is a contraction of the words balanced to unbalanced. Its primary function is to
prevent common-mode currents, while making the transition from an unbalanced transmission line to a bal-
anced load such as an antenna. Baluns come in a variety of forms, which we will explore in this section.

The Common-Mode Choke Balun
In the computer models used to create Figs 25, 27 and 28 placing a “common-mode choke” whose

reactance is + j1000 Ω at the antenna’s feed point removed virtually all traces of the problem. This was
always true for the simple case where the feedline was dressed symmetrically, directly down under the feed
point. Certain slanted-feedline lengths required additional common-mode chokes, placed at λ/4 intervals
down the transmission line from the feed point.

The simplest method to create a common-mode choke balun with coaxial cable is to wind up some of it
into a coil at the feed point of the antenna. The nor-
mal transmission-line currents inside the coax are
unaffected by the coiled configuration, but common-
mode currents trying to flow on the outside of the
coax braid are “choked off” by the reactance of the
coil. This coax-coil choke could also be referred to
as an “air-wound” choke, since no ferrite-core ma-
terial is used to help boost the common-mode reac-
tance at low frequencies.

A coax choke can be made like a flat coil—
that is, like a coil of rope whose adjacent turns
are carefully placed side-by-side to reduce inter-
turn distributed capacity, rather than in a
“scramble-wound” fashion. Sometimes a coil
form made of PVC is used to keep things orderly.
This type of choke shows a broad resonance due
to its inductance and distributed capacity that can
easily cover three amateur bands. See Fig 30.

Some geometries are reasonably effective
over the entire HF range. If particular problems
are encountered on a single band, a coil that is
resonant at that band may be added. The coils
shown in Table 3 were designed to have a high
impedance at the indicated frequencies, as mea-

Table 3
Effective Choke (Current) Baluns

Single Band (very effective) Multiple Band
Freq (MHz) RG-213, RG-8 RG-58 Freq (MHz) RG-8, 58, 59, 8X, 213
3.5 22 ft, 8 turns 20 ft, 6-8 turns 3.5-30 10 ft, 7 turns
7 22 ft, 10 turns 15 ft, 6 turns 3.5-10 18 ft, 9-10 turns
10 12 ft, 10 turns 10 ft, 7 turns 14-30 8 ft, 6-7 turns
14 10 ft, 4 turns 8 ft, 8 turns
21 8 ft, 6-8 turns 6 ft, 8 turns
28 6 ft, 6-8 turns 4 ft, 6-8 turns
Wind the indicated length of coaxial feed line into a coil (like a coil of rope) and secure with electrical tape.
The balun is most effective when the coil is near the antenna. Lengths are not highly critical.

(A)

(B)

Fig 30—A t A, an RF choke formed by coiling the
feed line at the point of connection to the antenna.
The inductance of the choke isolates the antenna
from the remainder of the feed line. See Table 1  for
winding data . At B, a bead balun consisting of 50
Amidon no. FB-73-2401 ferrite beads over a length
of RG-58A coax. See text for details.



Coupling the Line to the Antenna  26-27

Fig 31—Choke balun model, also known as a 1:1
current balun. The transformer is an ideal
transforme r. ZW is the common-mode winding
impedance. Sources of loss are the resistive part of
the winding impedance and loss in the transmis-
sion line. This model is by Frank Witt , AI1H.

Fig 32—Ferrite-core
baluns. Each uses
transmission line
techniques to achieve wide
frequency coverage. The
transmission line can
consist of coaxial cable of
tightly coupled bifilar
enameled wires. Typicall y,
10 to 12 turns of #12 wires
wound on 2.0-inch toroidal
cores with µ = 125 will
cover the whole range from
1.8 to 30 MHz. The 4:1
current balun at the right is
wound on two cores, which
are physically separated
from each othe r.

sured with an impedance meter. Many other geometries can also be effective. This construction tech-
nique is not effective with twin-lead because of excessive coupling between adjacent turns.

This choke-type of balan is sometimes referred to as a “current balun” since it has the hybrid properties
of a tightly coupled transmission-line transformer (with a 1:1 transformation ratio) and a coil. The transmis-
sion-line transformer forces the current at the output terminals to be equal, and the coil portion chokes off
common-mode currents.

See Fig 31 for a schematic representation of such a balun. This characterization is attributed to
Frank Witt, AI1H. ZW is the winding impedance that chokes off common-mode currents. The winding
impedance is mainly inductive if a high-frequency ferrite core is involved, while it is mainly resistive
if a low-frequency ferrite core is used. The “ideal transformer” in this characterization models what
happens either inside a coax or for a pair of perfectly coupled parallel wires in a two-wire transmission
line. Although ZW is shown here as a single impedance, it could be split into two equal parts, with one
placed on each side of the ideal transformer.

Ferrite-Core Baluns

Ferrite-core baluns can provide a high common-
mode impedance over the entire HF range. They may
be wound either with two conductors in bifilar fash-
ion, or with a single coaxial cable. Rod or toroidal cores
may be used, although the latter is generally preferred
because greater common-mode inductance can be
achieved with fewer turns. More inductance is needed
for good low-frequency response, while fewer turns
tends to aid high-frequency performance. Less stray
distributed capacity is present if the windings are spread
out evenly around the circumference of the toroid.

See Fig 32. Common-mode impedance values
of a few hundred to over a thousand ohms are
readily achieved. These baluns work best when
used with antennas having feed-point impedances
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less than 100 Ω or so. This is because the winding impedance must be high relative to the antenna
impedance for effective operation, and higher impedances are difficult to achieve.

Baluns used for high-power operation should be tested by checking for temperature rise before being
put into full service. If the core overheats, especially at low frequencies, turns must be added or a larger or
lower-loss core must be used. It also would be wise to investigate the cause of such high common-mode
currents. Type 72, 73 or 77 ferrite will give the greatest impedance over the HF range. Type 43 ferrite has
lower loss, but somewhat less permeability. Core saturation is not a problem with these ferrites at HF; they
will overheat because of losses at flux levels well below saturation. Ten to 12 turns of #12 wire on a 2.0 or
2.5-inch OD toroidal core with µ = 125 are typical values for baluns that can cover the full HF range.

The W2DU Balun

Another type of choke balun that is very effective was originated by M. Walter Maxwell, W2DU.
A number of small ferrite cores may be placed directly over the coax where it is connected to the
antenna. The bead balun shown in Fig 30B consists of 50 Amidon no. FB-73-2401 ferrite beads slipped
over a 1-foot length of RG-58A coax. The beads fit nicely over the insulating jacket of the coax and
occupy a total length of 91/2 inches. Twelve Amidon FB-77-1024 or equivalent beads will come close
to doing the same job using RG-8 or RG-213 coax.

Type 73 material is recommended for 1.8-30 MHz use, but type 77 material may be substituted; use
type 43 material for 30-250 MHz. The cores present a high impedance to any RF current that would other-
wise flow on the outside of the shield. The total impedance is in approximate proportion to the stacked
length of the cores. Like the ferrite-core baluns described above, the impedance stays fairly constant over a
wide range of frequencies. Again, 70-series ferrites are a good choice for the HF range, with type 43 being
useful if heating is a problem. Type 43 or 61 is the best choice for the VHF range. Cores of various materials
can be used in combination, permitting construction of baluns effective over a very wide frequency range,
such as from 2 to 250 MHz.

Detuning Sleeves
The detuning sleeve shown in Fig 33B is essen-

tially an air-insulated λ/4 line, but of the coaxial type,
with the sleeve constituting the outer conductor and
the outside of the coax line being the inner conduc-
tor. Because the impedance at the open end is very
high, the unbalanced voltage on the coax line can-
not cause much current to flow on the outside of the
sleeve. Thus the sleeve acts just like a choke coil to
isolate the remainder of the line from the antenna.
(The same viewpoint can be used in explaining the
action of the λ/4 arrangement shown at Fig 33A,
but is less easy to understand in the case of baluns
less than λ/4 long.)

A sleeve of this type may be resonated by
cutting a small longitudinal slot near the bottom,
just large enough to take a single-turn loop which
is, in turn, link-coupled to a dip meter. If the sleeve
is a little long to start with, a bit at a time can be
cut off the top until the stub is resonant.

The diameter of the coaxial detuning sleeve in
Fig 33B should be fairly large compared with the
diameter of the cable it surrounds. A diameter of two
inches or so is satisfactory with half-inch cable. The
sleeve should be symmetrically placed with respect
to the center of the antenna so that it will be equally

Fig 33—Fixed-balun methods for balancing the
termination when a coaxial cable is connected to
a balanced antenna. These baluns work at a
single frequenc y. The balun at B is known as a
“sleeve balun” and is often found at VH F.
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coupled to both sides. Otherwise a current will be
induced from the antenna to the outside of the sleeve.
This is particularly important at VHF and UHF.

In both the balancing methods shown in Fig 33
the λ/4 section should be cut to be resonant at ex-
actly the same frequency as the antenna itself. These
sections tend to have a beneficial effect on the im-
pedance-frequency characteristics of the system, be-
cause their reactance varies in the opposite direction
to that of the antenna. For instance, if the operating
frequency is slightly below resonance the antenna
has capacitive reactance, but the shorted λ/4 sections
or stubs have inductive reactance. Thus the reactances
tend to cancel, which prevents the impedance from
changing rapidly and helps maintain a low SWR on
the line over a band of frequencies.

Combined Balun and Matching Stub
In certain antenna systems the balun length can

be considerably shorter than λ/4; the balun is, in fact,
used as part of the matching system. This requires
that the radiation resistance be fairly low as compared
with the line Z0 so that a match can be brought about
by first shortening the antenna to make it have a ca-
pacitive reactance, and then using a shunt inductor
across the antenna terminals to resonate the antenna
and simultaneously raise the impedance to a value
equal to the line Z0. This is the same principle used for hairpin matches. The balun is then made the proper
length to exhibit the desired value of inductive reactance.

The basic matching method is shown in Fig 34A, and the balun adaptation to coaxial feed is shown in
Fig 34B. The matching stub in Fig 34B is a parallel-line section, one conductor of which is the outside of the
coax between point X and the antenna; the other stub conductor is an equal length of wire. (A piece of coax may
be used instead, as in the balun in Fig 33A.) The spacing between the stub conductors can be 2 to 3 inches. The
stub of Fig 34 is ordinarily much shorter than λ/4, and the impedance match can be adjusted by altering the stub
length along with the antenna length. With simple coax feed, even with a λ/4 balun as in Fig 33, the match
depends entirely on the actual antenna impedance and the Z0 of the cable; no adjustment is possible.

Adjustment

When a λ/4 balun is used it is advisable to resonate it before connecting the antenna. This can be done
without much difficulty if a dip meter is available. In the system shown in Fig 33A, the section formed by the
two parallel pieces of line should first be made slightly longer than the length given by the equation. The
shorting connection at the bottom may be installed permanently. With the dip meter coupled to the shorted
end, check the frequency and cut off small lengths of the shield braid (cutting both lines equally) at the open
ends until the stub is resonant at the desired frequency. In each case leave just enough inner conductor remain-
ing to make a short connection to the antenna. After resonance has been established, solder the inner and outer
conductors of the second piece of coax together and complete the connections indicated in Fig 33A.

Another method is to first adjust the antenna length to the desired frequency, with the line and stub
disconnected, then connect the balun and recheck the frequency. Its length may then be adjusted so that
the overall system is again resonant at the desired frequency.

Construction

In constructing a balun of the type shown in Fig 33A, the additional conductor and the line should

Fig 34—Combined matching stub and balun. The
basic arrangement is shown a t A. At B, the balun
arrangement is achieved by using a section of
the outside of the coax feed line as one
conductor of a matching stub.
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Fig 36—Voltage-type baluns. These have largely been supplanted
by the current or choke type of balun.

be maintained parallel by suitable spacers. It is convenient to use a piece of coax for the second con-
ductor; the inner conductor can simply be soldered to the outer conductor at both ends since it does not
enter into the operation of the device. The two cables should be separated sufficiently so that the vinyl
covering represents only a small proportion of the dielectric between them. Since the principal dielec-
tric is air, the length of the λ/4 section is based on a velocity factor of 0.95, approximately.

Impedance Step-Up/Step-Down Balun
A coax-line balun may also be constructed to give an impedance step-up ratio of 4:1. This form of

balun is shown in Fig 35. If 75-Ω line is used, as indicated, the balun will provide a match for a 300-Ω
terminating impedance. If 50-Ω line is used, the balun will provide a match for a 200-Ω terminating
impedance. The U-shaped section of line must be an electrical length of λ/2 long, taking the velocity
factor of the line into account. In most installations using this type of balun, it is customary to roll up
the length of line represented by the U-shaped section into a coil of several inches in diameter. The coil
turns may be bound together with electrical tape.

Because of the bulk and weight of the balun, this type is seldom used with wire-line antennas
suspended by insulators at the antenna ends. More commonly it is used with multi-element Yagi anten-
nas, where its weight may be supported by the boom of the antenna system. See the K1FO designs in
Chapter 18, where 200-Ω T-matches are used with such a balun.

Voltage Baluns
The voltage baluns shown in Fig 36A and Fig 36B, cause equal

and opposite voltages to appear at the two output terminals, rela-
tive to the voltage at the “cold” side of the input. If the two antenna
halves are perfectly balanced with respect to ground, the currents

Fig 35—A balun that provides an
impedance step-up ratio of 4:1.
The electrical length of the U-
shaped section of line is λ/2.
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flowing from the output terminals will be equal and opposite and no common-mode current will flow
on the line. This means that, if the line is coaxial, there will be no current flowing on the outside of the
shield; if the line is balanced, the currents in the two conductors will be equal and opposite. These are
the conditions for a nonradiating line.

Under this condition, the 1:1 voltage balun of Fig 36A performs exactly the same function as the current
balun of Fig 32A, as there is no current in winding b. If the antenna isn’t perfectly symmetrical, however,
unequal currents will appear at the balun output, causing antenna current to flow on the line, an undesirable
condition. Another potential shortcoming of the 1:1 voltage balun is that winding b appears across the line.
If this winding has insufficient impedance (a common problem, particularly near the lower frequency end of
its range), the system SWR will be degraded.

The 1:1 choke or current balun in Fig 32A is recommended for use at the junction of the antenna
and feed line. However, voltage baluns still are commonly used in this application and may serve a
useful function if the user is aware of their shortcomings.

ONE FINAL WORD
This is a good point to debunk a persistent myth among amateurs that a mismatched transmission

line somehow radiates. This is absolutely not true! The loss by radiation from a properly balanced
line—whether coax or open-wire line—is miniscule. Whenever a line radiates it is because of an unbal-
anced condition somewhere in the system (on the antenna or its environment or on the line itself) or
because of common-mode currents radiated by the antenna back onto the line because of asymmetry in
the system. The SWR on the line has nothing to do with unwanted radiation from a transmission line.
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The principal quantities to be measured on transmission lines are line current or voltage, and stand-
ing-wave ratio. Measurements of current or voltage are made for the purpose of determining the
power input to the line. SWR measurements are useful in connection with the design of coupling

circuits and the adjustment of the match between the antenna and transmission line, as well as in the
adjustment of matching circuits.

For most practical purposes a relative measurement is sufficient. An uncalibrated indicator that shows
when the largest possible amount of power is being put into the line is just as useful, in most cases, as an
instrument that measures the power accurately. It is seldom necessary to know the actual number of watts
going into the line unless the overall efficiency of the system is being investigated. An instrument that shows
when the SWR is close to 1 to 1 is all that is needed for most impedance-matching adjustments. Accurate
measurement of SWR is necessary only in studies of antenna characteristics such as bandwidth, or for the
design of some types of matching systems, such as a stub match.

Quantitative measurements of reasonable accuracy demand good design and careful construction in the
measuring instruments. They also require intelligent use of the equipment, including a knowledge not only
of its limitations but also of stray effects that often lead to false results. Until the complete conditions of the
measurements are known, a certain amount of skepticism regarding numerical data resulting from amateur
measurements with simple equipment is justified. On the other hand, purely qualitative or relative measure-
ments are easy to make and are reliable for the purposes mentioned above.

LINE CURRENT AND VOLTAGE
A current or voltage indicator that can be used

with coaxial line is a useful piece of equipment. It
need not be elaborate or expensive. Its principal func-
tion is to show when the maximum power is being
taken from the transmitter; for any given set of line
conditions (length, SWR, etc) this will occur when
the transmitter coupling is adjusted for maximum
current or voltage at the input end of the line. Al-
though the final-amplifier plate or collector current
meter is frequently used for this purpose, it is not
always a reliable indicator. In many cases, particu-
larly with a screen-grid tube in the final stage, mini-
mum loaded plate current does not occur simulta-
neously with maximum power output.

RF VOLTMETER
A germanium diode in conjunction with a low-

range milliammeter and a few resistors can be as-
sembled to form an RF voltmeter suitable for con-
necting across the two conductors of a coaxial line,
as shown in Fig 1. It consists of a voltage divider,

Chapter 27
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Fig 1—RF voltmeter for coaxial line.
C1, C2—0.005 or 0.01- µF ceramic.
D1—Germanium diode, 1N34A.
J1, J2—Coaxial fittings, chassis-mounting type.
M1—0-1 milliammeter (more sensitive meter may
  be used if desired; see text).
R1—6.8 kΩ, composition, 1 W for each 100 W of
  RF power.
R2—680 Ω, 1/2 or 1 W composition.
R3—10 kΩ, 1/2 W (see text).
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R1-R2, having a total resistance about 100 times the Z0 of the line (so the power consumed will be
negligible) with a diode rectifier and milliammeter connected across part of the divider to read relative
RF voltage. The purpose of R3 is to make the meter readings directly proportional to the applied volt-
age, as nearly as possible, by “swamping” the resistance of D1, since the diode resistance will vary
with the amplitude of the current through the diode.

The voltmeter may be constructed in a small metal box, indicated by the dashed line in the draw-
ing, and fitted with coax receptacles. R1 and R2 should be composition resistors. The power rating for
R1 should be 1 W for each 100 W of carrier power in the matched line; separate 1 or 2-W resistors
should be used to make up the total power rating required, to a total resistance as given. Any type of
resistor can be used for R3; the total resistance should be such that about 10 V dc will be developed
across it at full scale. For example, a 0-1 milliammeter would require 10 kΩ, a 0-500 microammeter
would take 20 kΩ, and so on. For comparative measurements only, R3 may be a variable resistor so the
sensitivity can be adjusted for various power levels.

In constructing such a voltmeter, care should be used to prevent inductive coupling between R1
and the loop formed by R2, D1 and C1, and between the same loop and the line conductors in the
assembly. With the lower end of R1 disconnected from R2 and grounded to the enclosure, but without
changing its position with respect to the loop, there should be no meter indication when full power is
going through the line.

If more than one resistor is used for R1, the units should be arranged end to end with very short
leads. R1 and R2 should be kept 1/2 inch or more from metal surfaces parallel to the body of the resistor.
If these precautions are observed the voltmeter will give consistent readings at frequencies up
to 30 MHz. Stray capacitance and stray coupling limit the accuracy at higher frequencies but do not
affect the utility of the instrument for comparative measurements.

Calibration
The meter may be calibrated in RF voltage by comparison with a standard such as an RF ammeter. This

requires that the line be well matched so the impedance at the point of measurement is equal to the actual Z0
of the line. Since in that case P = I2Z0, the power can be calculated from the current. Then
E = PZ0 . By making current and voltage measurements at a number of different power levels, enough
points may be obtained to permit drawing a calibra-
tion curve for the voltmeter.

RF AMMETERS
An RF ammeter can be mounted in any con-

venient location at the input end of the transmis-
sion line, the principal precaution in its mounting
being that the capacitance to ground, chassis, and
nearby conductors should be low. A bakelite-case
instrument can be mounted on a metal panel with-
out introducing enough shunt capacitance to
ground to cause serious error up to 30 MHz. When
a metal-case instrument is installed on a metal
panel it should be mounted on a separate sheet of
insulating material in such a way that there is 1/8

inch or more separation between the edge of the
case and the metal.

A 2-inch instrument can be mounted in a 2 ×
4 × 4-inch metal box as shown in Fig 2. This is a
convenient arrangement for use with coaxial line.

Installed this way, a good quality RF amme-
ter will measure current with an accuracy that is

Fig 2—A convenient method of mounting an RF
ammeter for use in a coaxial line. This is a
metal-case instrument mounted on a thin
bakelite panel. The cutout in the metal clears
the edge of the meter by about 1/8 inch.
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Fig 3—Bridge circuits suitable for SWR
measurement . A—Wheatstone type using
resistance arms. B—Capacitance-resistance
bridge (“Micromatch”). Conditions for balance
are independent of frequency in both types.

entirely adequate for calculating power in the line. As discussed above in connection with calibrating
RF voltmeters, the line must be closely matched by its load so the actual impedance will be resistive
and equal to Z0. The scales of such instruments are cramped at the low end, however, which limits the
range of power that can be measured by a single meter. The useful current range is about 3 to 1, corre-
sponding to a power range of about 9 to 1.

SWR Measurements
On parallel-conductor lines it is possible to measure the standing-wave ratio by moving a current

(or voltage) indicator along the line, noting the maximum and minimum values of current (or voltage)
and then computing the SWR from these measured values. This cannot be done with coaxial line since
it is not possible to make measurements of this type inside the cable. The technique is, in fact, seldom
used with open lines, because it is not only inconvenient but sometimes impossible to reach all parts of
the line conductors. Also, the method is subject to considerable error from antenna currents flowing on
the line.

Present-day SWR measurements made by amateurs practically always use some form of “direc-
tional coupler” or RF bridge circuit. The indicator circuits themselves are fundamentally simple, but
considerable care is required in their construction if the measurements are to be accurate. The require-
ments for indicators used only for the adjustment of impedance-matching circuits, rather than actual
SWR measurement, are not so stringent and an instrument for this purpose can be made easily.

BRIDGE CIRCUITS
Two commonly used bridge circuits are shown in Fig 3. The bridges consist essentially of two

voltage dividers in parallel, with a voltmeter connected between the junctions of each pair of “arms,”
as the individual elements are called. When the equations shown to the right of each circuit are
satisfied there is no potential difference between the two junctions, and the voltmeter indicates zero
voltage. The bridge is then said to be in “balance.”

  Taking Fig 3A as an illustration, if R1 = R2, half the applied voltage, E, will appear across each
resistor. Then if Rs = Rx, 1/2 E will appear across each of these resistors and the voltmeter reading will
be zero. Remember that a matched transmission
line has a purely resistive input impedance, and
suppose that the input terminals of such a line are
substituted for Rx. Then if Rs is a resistor equal to
the Z0 of the line, the bridge will be balanced. If
the line is not perfectly matched, its input imped-
ance will not equal Z0 and hence will not equal
Rs, since the latter is chosen to equal Z0. There
will then be a difference in potential between
points X and Y, and the voltmeter will show a read-
ing. Such a bridge therefore can be used to show
the presence of standing waves on the line, be-
cause the line input impedance will be equal to
Z0 only when there are no standing waves.

Considering the nature of the incident and re-
flected components of voltage that make up the
actual voltage at the input terminals of the line, as
discussed in Chapter 24, it should be clear that
when Rs = Z0, the bridge is always in balance for
the incident component. Thus the voltmeter does
not respond to the incident component at any time
but reads only the reflected component (assum-



27-4 Chapter 27

Fig 4—Various types of SWR indicator circuits and commonly known names of bridge circuits or
devices in which they have been used. Detectors (D) are usually semiconductor diodes with meters,
isolated with RF chokes and capacitors. However, the detector may be a radio receiver. In each circuit,
Z represents the load being measured. (This information provided by David Geiser, WA2ANU)
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ing that R2 is very small compared with the voltmeter impedance). The incident component can be
measured across either R1 or R2, if they are equal resistances. The standing-wave ratio is then

SWR =
E1 + E2
E1 – E2   (Eq 1)

where E1 is the incident voltage and E2 is the reflected voltage. It is often simpler to normalize the
voltages by expressing E2 as a fraction of E1, in which case the formula becomes

SWR =
1 + k
1 – k              (Eq 2)

where k = E2/E1.
The operation of the circuit in Fig 3B is essentially the same, although this circuit has arms con-

taining reactance as well as resistance.
It is not necessary that R1 = R2 in Fig 3A; the bridge can be balanced, in theory, with any ratio of

these two resistances provided Rs is changed accordingly. In practice, however, the accuracy is highest
when the two are equal; this circuit is generally so used.

A number of types of bridge circuits appear in Fig 4, many of which have been used in amateur
products or amateur construction projects. All except that at G can have the generator and load at a
common potential. At G, the generator and detector are at a common potential. The positions of the
detector and transmitter (or generator) may be interchanged in the bridge, and this may be an advantage
in some applications.

Bridges shown at D, E, F and H may have one terminal of the generator, detector and load com-
mon. Bridges at A, B, E, F, G and H have constant
sensitivity over a wide frequency range. Bridges
at B, C, D and H may be designed to show no
discontinuity (impedance lump) with a matched
line, as shown in the drawing. Discontinuities with
A, E and F may be small.

Bridges are usually most sensitive when the
detector bridges the midpoint of the generator volt-
age, as in G or H, or in B when each resistor equals
the load impedance. Sensitivity also increases
when the currents in each leg are equal.

Resistance Bridge
The basic bridge type shown in Fig 3A may be

home constructed and is reasonably accurate for
SWR measurement. A practical circuit for such a
bridge is given in Fig 5 and a representative layout
is shown in Fig 6. Properly built, a bridge of this
design can be used for measurement of standing-
wave ratios up to about 15 to 1 with good accuracy.

Important constructional points to be observed
are:

1) Keep leads in the RF circuit short, to re-
duce stray inductance.

2) Mount resistors two or three times their
body diameter away from metal parts, to reduce
stray capacitance.

Fig 5—Resistance bridge for SWR measurement.
Capacitors are disc ceramic. Resistors are 1/2-W
composition except as noted belo w.

D1, D2—Germanium diode, high back resistance
type (1N34A, 1N270, etc).

J1, J2—Coaxial connectors, chassis-mounting
type.

M1—0-100 dc microammete r.
R1, R2—47 Ω, 1/2-W composition (see text).
R3—See text.
R4—50-kΩ volume control.
Rs—Resistance equal to line Z 0 (1/2 or 1 W

composition).
S1—SPDT toggle.
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3) Place the RF components so there is as little
inductive and capacitive coupling as possible be-
tween the bridge arms.

In the instrument shown in Fig 6, the input
and line connectors, J1 and J2, are mounted fairly
close together so the standard resistor, Rs, can be
supported with short leads directly between the
center terminals of the connectors. R2 is mounted
at right angles to Rs, and a shield partition is used
between these two components and the others.

The two 47-kΩ resistors, R5 and R6 in Fig 5,
are voltmeter multipliers for the 0-100
microammeter used as an indicator. This is suffi-
cient resistance to make the voltmeter linear (that
is, the meter reading is directly proportional to the
RF voltage) and no voltage calibration curve is
needed. D1 is the rectifier for the reflected voltage
and D2 is for the incident voltage. Because of manu-
facturing variations in resistors and diodes, the read-
ings may differ slightly with two multipliers of the
same nominal resistance value, so a correction re-
sistor, R3, is included in the circuit. Its value should
be selected so that the meter reading is the same
with S1 in either position, when RF is applied to
the bridge with the line connection open. In the in-
strument shown, a value of 1000 Ω was required in
series with the multiplier for reflected voltage; in
other cases different values probably would be
needed and R3 might have to be put in series with
the multiplier for the incident voltage. This can be
determined by experiment.

The value used for R1 and R2 is not critical, but the two resistors should be matched to within 1 or
2% if possible. The resistance of Rs should be as close as possible to the actual Z0 of the line to be used
(generally 52 or 75 Ω). The resistor should be selected by actual measurement with an accurate resis-
tance bridge, if one is available.

R4 is for adjusting the incident-voltage reading to full scale in the measurement procedure de-
scribed below. Its use is not essential, but it offers a convenient alternative to exact adjustment of the
RF input voltage.

Testing
R1, R2 and Rs should be measured with a reliable ohmmeter or resistance bridge after wiring is

completed, in order to make sure their values have not changed from the heat of soldering. Disconnect
one side of the microammeter and leave the input and output terminals of the unit open
during such measurements, in order to avoid stray shunt paths through the rectifiers.

Check the two voltmeter circuits as described above, applying enough RF (about 10 V) to the input
terminals to give a full-scale reading with the line terminals open. If necessary, try different values for
R3 until the reading is the same with S1 in either position.

With J2 open, adjust the RF input voltage and R4 for full-scale reading with S1 in the incident-
voltage position. Then switch S1 to the reflected-voltage position.  The reading should remain at full
scale.  Next, short-circuit J2 by touching a screwdriver between the center terminal and the frame of
the connector to make a low-inductance short. Switch S1 to the incident-voltage position and readjust

Fig 6—A 2 × 4 × 4-inch aluminum box is used to
house this SWR bridge, which uses the circuit of
Fig 5 . The variable resisto r, R4, is mounted on the
side. The bridge components are mounted on one
side plate of the box and a subchassis formed
from a piece of aluminum. The input connector is
at the top in this vie w. Rs is connected directly
between the two center posts of the connectors.
R2 is visible behind it and perpendicular to it.
One terminal of D1 projects through a hole in the
chassis so the lead can be connected to J2. R1 is
mounted vertically to the left of the chassis in
this vie w, with D2 connected between the junction
of R1-R2 and a tie point.
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Fig 7—“Power absorber” circuit for use with resistance-type
SWR bridges when the transmitter has no special provisions
for power reduction. For RF powers up to 50 W, DS1 is a 117-
V 40-W incandescent lamp and DS2 is not used. For higher
powers, use sufficient additional lamp capacity at DS2 to
load the transmitter to about normal output; for example, for
250 W output DS2 may consist of two 100-W lamps in
parallel. R1 is made from three 1-W 68 -Ω resistors connected
in parallel. P1 and P2 are cable-mounting coaxial connectors.
Leads in the circuit formed by the lamps and R1 should be
kept short, but convenient lengths of cable may be used
between this assembly and the connectors.

R4 for full scale, if necessary. Then throw S1 to the reflected-voltage position, keeping J2 shorted, and
the reading should be full scale as before. If the readings differ, R1 and R2 are not the same
value, or there is stray coupling between the arms of the bridge. It is necessary that the reflected volt-
age read full scale with J2 either open or shorted, when the incident voltage is set to full scale in each
case, in order to make accurate SWR measurements.

The circuit should pass these tests at all frequencies at which it is to be used. It is sufficient to test
at the lowest and highest frequencies, usually 1.8 or 3.5 and 28 or 50 MHz. If R1 and R2 are poorly
matched but the bridge construction is otherwise good, discrepancies in the readings will be
substantially the same at all frequencies. A difference in behavior at the low and high ends of the
frequency range can be attributed to stray coupling between bridge arms, or stray inductance or capaci-
tance in the arms.

To check the bridge for balance, apply RF and adjust R4 for full scale with J2 open. Then connect
a resistor identical with Rs (the resistance should match within 1 or 2%) to the line terminals, using the
shortest possible leads. It is convenient to mount the test resistor inside a cable connector (PL-259), a
method of mounting that also minimizes lead inductance. When the test resistor is connected, the re-
flected-voltage reading should drop to zero. The incident voltage should be reset to full scale by means
of R4, if necessary. The reflected reading should be zero at any frequency in the range to be used. If a
good null is obtained at low frequencies but some residual current shows at the high end, the trouble
may be the inductance of the test resistor leads, although it may also be caused by stray coupling
between the arms of the bridge itself. If there is a constant low (but not zero) reading at all frequencies
the cause is poor matching of the resistance values. Both effects can be present simultaneously. A good
null must be obtained at all frequencies before the bridge is ready for use.

Bridge Operation
The RF power input to a bridge of this type must be limited to a few watts at most, because of the

power-dissipation ratings of the resistors. If the transmitter has no provision for reducing power output
to a very low value—less than 5 W—a simple “power absorber” circuit can be made up as shown in
Fig 7. The lamp DS1 tends to maintain constant current through the resistor over a fairly wide power
range, so the voltage drop across the resistor also tends to be constant. This voltage is applied to the
bridge, and with the constants given is in the right range for resistance-type bridges.

To make the measurement, connect the unknown to J2 and apply sufficient RF voltage to J1 to give
a full-scale incident-voltage reading. Use R4 to set the indicator to exactly full scale. Then throw S1 to
the reflected voltage position and note the meter reading. The SWR is then found by substituting the
readings in Eq 1.

For example, if the full-scale calibration of the dc instrument is 100 µA and the reading with S2 in
the reflected-voltage position is 40 µA, the SWR is

SWR =100 + 40
100 – 40

140
60 2.33 to1= =
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Instead of determining the SWR value by calcu-
lations, the voltage curve of Fig 8 may be used.
In this example the ratio of reflected to forward
voltage is 40/100 = 0.4, and from Fig 8 the SWR
value is seen to be about 2.3 to 1.

The meter scale may be calibrated in any ar-
bitrary units as long as the scale has equal divi-
sions, since it is the ratios of the voltages, and
not the actual values, that determine the SWR.

AVOIDING ERRORS IN SWR
MEASUREMENTS

The principal causes of inaccuracies within
the bridge are differences in the resistances of R1
and R2, stray inductance and capacitance in the
bridge arms, and stray coupling between arms. If
the checking procedure described above is fol-
lowed carefully, the bridge of Fig 5 should be
amply accurate for practical use. The accuracy is
highest for low standing-wave ratios because of
the nature of the SWR calculation; at high ratios
the divisor in the equation above represents the
difference between two nearly equal quantities,
so a small error in voltage measurement may mean
a considerable difference in the calculated SWR.

The standard resistor Rs must equal the actual Z0 of the line. The actual Z0 of a sample of line may
differ by a few percent from the nominal figure because of manufacturing variations, but this has to be
tolerated. In the 52 to 75-Ω range, the RF resistance of a composition resistor of 1/2 or 1 W rating is
essentially identical with its dc resistance.

“Antenna” Currents
As explained in Chapter 26, there are two ways in which “parallel” or “antenna” currents can be caused

to flow on the outside of a coaxial line—currents induced on the line because of its spatial relationship to the
antenna, and currents that result from the direct connection between the coax outer conductor and (usually)
one side of the antenna. The induced current usually will not be troublesome if the bridge and the transmitter
(or other source of RF power for operating the bridge) are shielded so that any RF currents flowing on the
outside of the line cannot find their way into the bridge. This point can be checked by “cutting in” an
additional section of line (1/8 to 1/4 electrical wavelength, preferably) of the same Z0. The SWR indicated by
the bridge should not change except possibly for a slight decrease because of the additional line loss. If there
is a marked change, better shielding may be required.

Parallel-type currents caused by the connection to the antenna will cause a change in SWR with line
length, even though the bridge and transmitter are well shielded and the shielding is maintained throughout
the system by the use of coaxial fittings. Often, merely moving the transmission line around will cause the
indicated SWR to change. This is because the outside of the coax tends to become part of the antenna
system, being connected to the antenna at the feed point, and so constitutes a load on the line, along with the
desired load represented by the antenna itself. The SWR on the line then is determined by the composite
load of the antenna and the outside of the coax, and since changing the line length (or position) changes one
component of this composite load, the SWR changes too.

The remedy for such a situation is to use a good balun or to detune the outside of the line by proper
choice of length. It is well to note that this is not a measurement error, since what the instrument reads is the
actual SWR on the line. However, it is an undesirable condition since the line is operating at a higher SWR
than it should—and would—if the parallel-type current on the outside of the coax were eliminated.

Fig 8—Chart for finding voltage standing-wave
ratio when the ratio of reflected-to-forward
voltage or reflected-to-forward power is known.
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Spurious Frequencies
Off-frequency components in the RF voltage applied to the bridge may cause considerable error.

The principal components of this type are harmonics and low-frequency subharmonics that may be fed
through the final stage of the transmitter driving the bridge. The antenna is almost always a fairly
selective circuit, and even though the system may be operating with a very low SWR at the desired
frequency, it is practically always mismatched at harmonic and sub-harmonic frequencies. If such spu-
rious frequencies are applied to the bridge in appreciable amplitude, the SWR indication will be very
much in error. In particular, it may not be possible to obtain a null on the bridge with any set of adjust-
ments of the matching circuit. The only remedy is to filter out the unwanted components by increasing
the selectivity of the circuits between the transmitter final amplifier and the bridge.

MEASURING LINE LENGTH
The following material is taken from information in September 1985 QST by Charlie Michaels,

W7XC (see Bibliography).
There is a popular myth that one may prepare an open quarter-wave line by connecting a loop of wire to one

end and trimming the line to resonance (as indicated by a dip meter). This actually yields a line with capacitive
reactance equal to the inductive reactance of the loop: A 4-inch wire loop yields a line 82.8° long at 18 MHz; a
2-inch loop yields an 86° line. As the loop size is reduced, line length approaches–but never equals–90°.

To make a quarter-wave open line, parallel connect a coil and capacitor that resonate at the required fre-
quency (see Fig 9A). After adjusting the network to resonance, do not make further network adjustments. Open
the connection between the coil and capacitor and series connect the line to the pair. Start with a line somewhat
longer than required, and trim it until the circuit again resonates at the desired frequency. For a shorted quarter-
wave line or an open half-wave line, connect the line
in parallel with the coil and capacitor (see Fig 9B).

REFLECTOMETERS
Low-cost reflectometers that do not have a guar-

anteed wattmeter calibration are not ordinarily reli-
able for accurate numerical measurement of stand-
ing-wave ratio. They are, however, very useful as
aids in the adjustment of matching networks, since
the objective in such adjustment is to reduce the re-
flected voltage or power to zero. Relatively inex-
pensive devices can be used for this, since only good
bridge balance is required, not actual calibration.
Bridges of this type are usually “frequency- sensi-
tive”—that is, the meter response becomes greater
with increasing frequency, for the same applied volt-
age. When matching and line monitoring, rather than
SWR measurement, is the principal use of the de-
vice, this is not a serious handicap.

Various simple reflectometers, useful for match-
ing and monitoring, have been described from time
to time in QST and in The ARRL Handbook. Because
most of these are frequency sensitive, it is difficult
to calibrate them accurately for power measurement,
but their low cost and suitability for use at moderate
power levels, combined with the ability to show ac-
curately when a matching circuit has been properly
adjusted, make them a worthwhile addition to the
amateur station.

Fig 9—Methods of determining 1/4 and 1/2-λ line
lengths. At A, 1/4-λ open-circuited line; at B, 1/4-λ
shorted and 1/2-λ open-circuited line.



27-10 Chapter 27

The Tandem Match—An Accurate
Directional Wattmeter

Most SWR meters are not very accurate at low power levels because the detector diodes do not respond to
low voltage in a linear fashion. This design uses a compensating circuit to cancel diode nonlinearity. It also
provides peak detection for SSB operation and direct SWR readout that does not vary with power level. The
following information is condensed from an article by John Grebenkemper, KI6WX, in January 1987 QST.

DESIGN PRINCIPLES
Directional wattmeters for Amateur Radio use consist of three basic elements: a directional cou-

pler, a detector and a signal-processing and display circuit. A directional coupler samples forward and
reflected-power components on a transmission
line. An ideal directional coupler would provide
signals proportional to the forward and reflected
voltages (independent of frequency), which could
then be used to measure forward and reflected
power over a wide frequency range. The best
contemporary designs work over two decades of
frequency.

The detector circuit provides a dc output
voltage proportional to the ac input voltage. Most
directional wattmeters use a single germanium
diode as the detector element. A germanium, rather
than silicon, diode is used to minimize diode
nonlinearity at low power levels. Diode non-
linearity still causes SWR measurement errors

Fig 11—Block diagram of the Tandem Match.

Fig 10—The Tandem Match uses a pair of meters
to display net forward power and true SWR
simultaneously.
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unless it is compensated ahead of the display cir-
cuit. Most directional wattmeters do not work well
at low power levels because of diode nonlinearity.

The signal-processing and display circuits com-
pute and display the SWR. There are a number of
ways to perform this function. Meters that display
only the forward and reflected power require the
operator to compute the SWR. Many instruments
require that the operator adjust the meter to a refer-
ence level while measuring forward power, then
switch to measure reflected power on a special scale
that indicates SWR. Meters that directly compute the
SWR using analog signal-processing circuits have
been described by Fayman, Perras, Leenerts and Bailey (see the Bibliography at the end of this chapter).

The next section takes a brief look at several popular circuits that accomplish the above functions
and compares them to the circuits used in the Tandem Match. The design specifications of the Tandem
Match are shown in Table l, and a block diagram is shown in Fig 11.

CIRCUIT DESCRIPTION
A directional coupler consists of an input port, an output port and a coupled port. The device takes

a portion of the power flowing from the input port to the output port and directs it to the coupled port,
but none of the power flowing from the output port to the input port is directed to the coupled port.
There are several terms that define the performance of a directional coupler:

1) Insertion loss is the amount of power that is lost as the signal flows from the input port to the
output port. Insertion loss should be minimized so the coupler doesn’ t dissipate a significant amount of
the transmitted power.

2) Coupling factor is the amount of power (or voltage) that appears at the coupled port relative to
the amount of power (or voltage) transferred from the input port to the output port. The “flatness” (with
frequency) of the coupling factor determines how accurately the directional wattmeter can determine
forward and reflected power over a range of frequencies.

3) Isolation is the amount of power (or voltage) that appears at the coupled port relative to the
amount of power (or voltage) transferred from the output port to the input port.

4) Directivity is the isolation less the coupling factor. Directivity dictates the minimum measurable
SWR. A directional coupler with 20 dB of directivity measures a l: l SWR as l .22: l, but one with 30 dB
measures a l: l SWR as 1.07:1.

The directional coupler most commonly used in Amateur Radio was first described in 1959 by
Bruene in QST (see Bibliography). The coupling factor was fairly flat (± l dB), and the directivity was
about 20 dB for a Bruene coupler measured from 3 to 30 MHz. Both factors limit the accuracy of the
Bruene coupler for measuring low values of power and SWR. It is a simple directional coupler, how-
ever, and it works well over a wide frequency range if great precision is not required.

The coupler used in the Tandem Match (see Fig 12) consists of a pair of toroidal transformers
connected in tandem. The configuration was patented by Carl G. Sontheimer and Raymond E. Fredrick
(US Patent no. 3,426,298, issued February 4, 1969). It has been described by Perras, Spaulding (see
Bibliography) and others. With coupling factors of 20 dB or greater, this coupler is suitable to sample
both forward and reflected power.

The configuration used in the Tandem Match works well over the frequency range of 1.8 to
54 MHz, with a nominal coupling factor of 30 dB. Over this range, insertion loss is less than 0.1 dB.
The coupling factor is flat to within ± 0.1 dB from 1.8 to 30 MHz, and increases to only ±0.3 dB at
50 MHz. Directivity exceeds 35 dB from 1.8 to 30 MHz and exceeds 26 dB at 50 MHz.

The low-frequency limit of this directional coupler is determined by the inductance of the trans-
former secondary windings. The inductive reactance should be greater than 150 Ω (three times the line

Table 1
Performance Specifications for the Tandem Match
Power range: 1.5 to 1500 W
Frequency range: 1.8 to 54 MHz
Power accuracy: Better than ± 10% ( ± 0.4 dB)
SWR accuracy: Better than ± 5%
Minimum SWR: Less than 1.05:1
Power display: Linear, suitable for use with either

analog or digital meters
Analog or digital meters

Calibration: Requires only an accurate
voltmeter
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Fig 13—Simplified diagram of the detector circuit
used in the Tandem Match. The output voltage, Vo
is approximately equal to the input voltage. D1
and D2 must be a matched pair (see text). The op
amp should have a low offset voltage (less than
1 mV), a low leakage current (less than 1 nA), and
be stable over time and temperature. The resistor
and capacitor in the feedback path assure that
the op amp will be stable.

Fig 12—Simplified diagram of the Tandem Match directional couple r. At A, a schematic of the two
transformers . At B, an equivalent circuit.

characteristic impedance) to reduce insertion loss.
The high-frequency limit of this directional cou-
pler is determined by the length of the transformer
windings. When the winding length approaches a
significant fraction of a wavelength, coupler per-
formance deteriorates.

The coupler described here may overheat at 1500
W on 160 meters (because of the high circulating cur-
rent in the secondary of T2). The problem could be cor-
rected by using a larger core or one with greater perme-
ability. A larger core would require longer windings;
that option would decrease the high-frequency limit.

Detector Circuits
Most amateur directional wattmeters use a

germanium diode detector to minimize the forward
voltage drop. Detector voltage drop is still signifi-
cant, however, and an uncompensated diode de-
tector does not respond to small signals in a linear fashion. Many directional wattmeters compensate
for diode nonlinearity by adjusting the meter scale.

The effect of underestimating detected power worsens at low power levels. Under these condi-
tions, the ratio of the forward power to the reflected power is overestimated because the reflected
power is always less than the forward power. This results in an instrument that underestimates SWR,
particularly as power is reduced. A directional wattmeter can be checked for this effect by measuring
SWR at several power levels: the SWR should be independent of power level.

The Tandem Match uses a feedback circuit to compensate for diode nonlinearity. A simplified diagram
of the compensated detector is shown in Fig 13. When used with the 30-dB directional coupler, the output
voltage of this circuit tracks the square root of power over a range from 10 mW to 1.5 kW. The compensated
diode detector tracks the peak input voltage down to 30 mV, while an uncompensated germanium-diode
detector shows sign)ficant errors at peak inputs of 1 V and less. More information about compensated
detectors appears in Grebenkemper’s QEX article, “Calibrating Diode Detectors” (see Bibliography).
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Fig 14—Simplified diagrams of the log circuit a t A
and the antilog circuit at B.

The compensation circuit uses the voltage across a feedback diode, D2, to compensate for the
voltage drop across the detector diode, D1. (The diodes must be a matched pair.) The average current
through D1 is determined by the detector diode load resistor, R1. The peak current through this diode is
several times larger than the average current; therefore, the current through D2 must be several times
larger than the average current through D1 to compensate adequately for the peal voltage drop across
D1. This is accomplished by making the feedback-diode load resistor, R2, several times smaller than
R1. The voltage at the output of the compensated detector approximates the peak RF voltage at the
input. For Schottky barrier diodes and a 1 MΩ detector-diode load resistor, a 5:1 ratio of R1 to R2 is
nearly optimal.

Signal-Processing and Display Circuits
The signal-processing circuitry calculates and displays transmission-line power and SWR. When

measuring forward power, most directional wattmeters display the actual forward power present in the
transmission line, which is the sum of forward and reflected power if a match exists at the input end of
the line. Transmission-line forward power is very close to the net forward power (the actual power
delivered to the line) so long as the SWR is low. As the SWR increases, however, forward power
becomes an increasingly poor measure of the power delivered to the load. At an SWR of 3:1, a forward
power reading of 100 W implies that only 75 W is delivered to the load (the reflected power is 25 W),
assuming the transmission-line loss is zero. The Tandem Match differs from most wattmeters in that it
displays the net forward power, rather than the sum of forward and reflected power. This is the quantity
which must be optimized to result in maximum radiated power (and which concerns the FCC).

The Tandem Match directly computes and displays the transmission-line SWR on a linear scale. As
the displayed SWR is not affected by changes in transmitter power, a matching network can be simply
adjusted to minimize SWR. Transmatch adjustment requires only a few watts.

The heart of the Tandem Match signal-processing circuit is the analog logarithm and antilogarithm
circuitry shown in Fig 14. The circuit is based on the fact that collector current in a silicon transistor is
proportional to the exponential (antilog) of its base-emitter voltage over a range of collector currents
from a few nanoamperes to a few milliamperes when the collector-base voltage is zero (see Gibbons
and Horn reference in the Bibliography). Variations of this circuit are used in the squaring circuits to
convert voltage to power and in the divider cir-
cuit used to compute the SWR. With good op
amps, this circuit will work well for input volt-
ages from less than 100 mV to greater than 10 V.
(For the Tandem Match, “good” op amps are
quad-packaged, low-power-consumption,
unity-gain-stable parts with input bias less than 1
nA and offset voltage less than 5 mV. Op amps
that consume more power than those shown may
require changes to the power supply.)

CONSTRUCTION
The schematic diagram for the Tandem Match

is shown in Fig 15. The circuit is designed to op-
erate from batteries and draw very little power.
Much of the circuitry is of high impedance, so take
care to isolate it from RF fields. House it in a metal
case. Most problems in the prototype were caused
by stray RF in the op-amp circuitry.

Directional Coupler
The directional coupler is constructed in its
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Fig 15—Schematic diagram for the Tandem Match directional wattmete r. Parts identified as RS are from
Radio Shack. For other parts sources, see  Table 3 . See Fig 17 for construction of 50 -Ω loads at J1 and J2.

D1, D2—Matched pair 1N57 11, or equivalent.
D3, D4—Matched pair 1N57 11, or equivalent.
D6, D7—1N34A.
D8-D14—1N914.
FB—Ferrite bead , Amidon FB-73-101 or equi v.
J1, J2—SO-239 connecto r.
J3, J4—Open-circuit jack.
M1, M2—50 µA panel mete r, RS 270-1751.
Q1, Q3, Q4—2N2222 or equi v.

Q2—2N2907 or equi v.
R1, R2, R5—100 kΩ, 10-turn, cermet Trimpot.
R3, R4—10 kΩ, 10-turn, cermet Trimpot.
U1-U3—TLC27L4 or TLC27M4 quad op amp
   (Texas Instruments).
U4—TLC27L2 or TLC27M2 dual op amp.
U5-U7—CA3146 quad transistor arra y.
U8—LM334 adjustable current source.
U9-U10—LM336 2.5-V reference diode. See text.



Antenna and Transmission-Line Measurements 27-15



27-16 Chapter 27

Fig 17—The parallel load resistors mounted on
an SO-239 connector. Four 200- Ω, 2%, 1/2-W
resistors are mounted in parallel to provide a
50-Ω detector load.

own small (23/4 × 23/4 × 21/4-inch) aluminum box
(see Fig 16). Two pairs of S0-239 connectors are
mounted on opposite sides of the box. A piece of
PC board is run diagonally across the box to im-
prove coupler directivity. The pieces of RG-8X
coaxial cable pass through holes in the PC board.
(Note: Some brands of “mini 8” cable have ex-
tremely low breakdown voltage ratings and are
unsuitable to carry even 100 W when the SWR
exceeds 1:1. See the subsequent section,
“High-Power Operation,” for details of a coupler
made with RG-8 cable.)

Begin by constructing T1 and T2, which are
identical except for their end connections. Refer to
Fig 16. The primary for each transformer is the cen-
ter conductor of a length of RG-8X coaxial cable.
Cut two cable lengths sufficient for mounting as
shown in the figure. Strip the cable jacket, braid and
dielectric as shown. The cable braid is used as a Fara-
day shield between the transformer windings, so it
is only grounded at one end. Important—connect the
braid only at one end or the directional-coupler cir-
cuit will not work properly! Wind two transformer
secondaries, each 31 turns of #24 enameled wire on
an Amidon T50-3 or equivalent powdered-iron core.
Slip each core over one of the prepared cable pieces
(including both the shield and the outer insulation).
Mount and connect the transformers as shown in Fig
16, with the wire running through separate holes in
the copper-clad PC board.

The directional coupler can be mounted sepa-
rately from the rest of the circuitry if desired. If so,
use two coaxial cables to carry the forward and
reflected-power signals from the directional coupler
to the detector inputs. Be aware, however that any
losses in the cables will affect power readings.

This directional coupler has not been used at power levels in excess of 100 W. For more informa-
tion about using the Tandem Match at high power levels, see the section, “High-Power Operation.”

Detector and Signal-Processing Circuits
The detector and signal-processing circuits were constructed on a perforated, copper-clad circuit

board. These circuits use two separate grounds—it is extremely important that the grounds be isolated
as shown in the circuit diagram. Failure to do so may result in faulty circuit operation. Separate grounds
prevent RF currents on the cable braid from affecting the op-amp circuitry.

The directional coupler requires good 50-Ω loads. They are constructed on the back of female UHF
chassis connectors where the cables from the directional coupler enter the wattmeter housing. Each
load consists of four 200-Ω resistors connected from the center conductor of the UHF connector to the
four holes on the mounting flange, as shown in Fig 17. The detector diode is then run from the center
conductor of the connector to the 100-pF and 1000-pF bypass capacitors, which are mounted next to
the connector. The response of this load and detector combination measures flat to beyond 500 MHz.

Schottky-barrier diodes (type lN5711) were used in this design because they were readily avail-

Fig 16—Construction details for the directional
coupler.
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able. Any RF-detector diode with a low forward voltage drop (less than 300 mV) and reverse break-
down voltage greater than 30 V could be used. (Germanium diodes could be used in this circuit, but
performance will suffer. If germanium diodes are used, reduce the resistance values for the detector-diode
and feedback-diode load resistors by a factor of 10.)

The detector diodes must be matched. This can be done with dc, using the circuit shown in Fig 18. Use a
high-impedance voltmeter (10 MΩ or greater). For this project, diodes are matched when their forward volt-
age drops are equal (within a few millivolts). Diodes from the same batch will probably be sufficiently matched.

The rest of the circuit layout is not critical, but keep the lead lengths of the 0.001 and 0.01-pF
bypass capacitors short. The capacitors provide additional bypassing for the op-amp circuitry.

D6 and D7 form a voltage doubler to detect the presence of a carrier. When the forward power
exceeds 1.5 W, Q3 switches on and stays on until about 10 seconds after the carrier drops. (A connec-
tion from TP7 to TP9 forces the unit on, even with no carrier present.) The regulated references of +2.5
V and −2.5 V generated by the LM334 and two LM336s are critical. Zener- diode substitutes would
significantly degrade performance.

The four op amps in U1 compensate for the nonlinearity of the detector diodes. D1-D2 and D3-D4 are
the matched diode pairs discussed above. A RANGE switch selects the meter range. (A six-position switch
was used here because it was handy.) The resistor values for the RANGE switch are shown in Table 2. Full-scale
input power gives an output at U1C or U1D of 7.07
V. The forward and reflected-power detectors are
zeroed with R1 and R2.

The forward and reflected-detector voltages are
squared by U2, U5 and U6 so that the output volt-
ages are proportional to forward and reflected power.
The gain constants are adjusted using R3 and R4 so
that an input of 7.07 V to the squaring circuit gives
an output of 5 V. The difference between these two
voltages is used by U4B to yield an output that is
proportional to the power delivered to the transmis-
sion line. This voltage is peak detected (by an RC
circuit connected to the OPERATE position of the MODE

switch) to hold and indicate the maximum power
during CW or SSB transmissions.

SWR is computed from the forward and re-
flected voltages by U3, U4 and U7. When no carrier
is present, Q4 forces the SWR reading to be zero
(that is, when the forward power is less than 2% of
the full-scale setting of the RANGE switch). The SWR
computation circuit gain is adjusted by R5. The out-
put is peak detected in the OPERATE mode to steady
the SWR reading during CW or SSB transmissions.

Transistor arrays (U5, U6 and U7) are used
for the log and antilog circuits to guarantee that
the transistors will be well matched. Discrete tran-
sistors may be used, but accuracy may suffer.

A three-position toggle switch selects the three
operating modes. In the OPERATE mode, the power
and SWR outputs are peak detected and held for a
few seconds to allow meter reading during actual
transmissions. In the TUNE mode, the meters display
instantaneous output power and SWR.

A digital voltmeter is used to obtain more pre-

Fig 18—Diode matching test setup.

Table 2
Range-Switch Resistor Values
Full-Scale Range Resistor
Power Level (1% Precision)
    (W) (kΩ)
      1 2.32
      2 3.24
      3 4.02
      5 5.23
    10 7.68
    15 9.53
    20 11.0
    25 12.7
    30 14.0
    50 18.7
  100 28.7
  150 37.4
  200 46.4
  250 54 9
  300 63.4
  500 100.0
1000 237.0
1500 649.0
2000 Open
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cise readings than are possible with analog meters. The output power range is 0 to 5 V (0 V = 0 W and
5 V = full scale). SWR output varies from 1 V (SWR = 1:1) to 5 V (SWR = 5:1). Voltages above 5 V are
unreliable because of voltage limiting in some of the op amp circuits.

Calibration
The directional wattmeter can be calibrated with an accurate voltmeter. All calibration is done with

dc voltages. The directional-coupler and detector circuits are inherently accurate if correctly built. To
calibrate the wattmeter, use the following procedure:

1) Set the MODE switch to TUNE and the RANGE switch to 100 W or less.
2) Jumper TP7 to TP8. This turns the unit on.
3) Jumper TP1 to TP2. Adjust R1 for 0 V at TP3.
4) Jumper TP4 to TP5. Adjust R2 for 0 V at TP6.
5) Adjust R1 for 7.07 V at TP3.
6) Adjust R3 for 5.00 V at TP9, or a full-scale reading on Ml.
7) Adjust R2 for 7.07 V at TP6.
8) Adjust R4 for 0 V at TP9, or a zero reading on M1.
9) Adjust R2 for 4.71 V at TP6.
10) Adjust R5 for 5.00 V at TP10, or a full-scale reading on M2.
11) Set the RANGE switch to its most sensitive scale.
12) Remove the jumpers from TP1 to TP2 and TP4 to TP5.
13) Adjust R1 for 0 V at TP3.
14) Adjust R2 for 0 V at TP6.
15) Remove the jumper from TP7 to TP8.
This completes the calibration procedure. This procedure has been found to equal calibration with

expensive laboratory equipment. The directional wattmeter should now be ready for use.

ACCURACY
Performance of the Tandem Match has been compared to other well-known directional couplers

and laboratory test equipment, and it equals any amateur directional wattmeter I have tested. Power
measurement accuracy compares well to a Hewlett-Packard HP-436A power meter. The HP meter has
a specified measurement error of less than ± 0.05 dB. The Tandem Match tracked the HP436A within +
0.5 dB from 10 mW to 100 W, and within ± 0.1 dB from 1 W to 100 W. The unit was not tested above
100 W because a transmitter with a higher power rating was not available.

SWR performance was equally good when compared to the SWR calculated from measurements
made with the HP436A and a calibrated directional coupler. The Tandem Match tracked the calcuflated
SWR within ± 5% for SWR values from 1:1 to 5:1. SWR measurements were made at 8 W and 100 W.

OPERATION
Connect the Tandem Match in the 50-Ω line between the transmitter and the antenna matching

network (or antenna if no matching network is used). Set the RANGE switch to a range greater than the
transmitter output rating and the MODE switch to TUNE. When the transmitter is keyed, the Tandem
Match automatically switches on and indicates both power delivered to the antenna and SWR on the
transmission line. When no carrier is present, the OUTPUT POWER and SWR meters indicate zero.

The OPERATE mode includes RC circuitry to momentarily hold the peak-power and SWR readings
during CW or SSB transmissions. The peak detectors are not ideal, so there could be about 10% varia-
tion from the actual power peaks and the SWR reading. The SWR × 10 mode increases the maximum
readable SWR to 50:1. This range should be sufficient to cover any SWR vaIue that occurs in amateur
use. (A 50-foot open stub of RG-8 yields a measured SWR of only 43:1, or less, at 2.4 MHz because of
cable loss. Higher frequencies and longer cables exhibit a lesser maximum SWR.)

lt is easy to use the Tandem Match to adjust an antenna matching network: Adjust the transmitter for
minimum output power (at least 1.5 W). With the carrier on and the MODE switch set to TUNE or SWR × 10,
adjust the matching network for minimum SWR. Once the minimum SWR is obtained, set the transmitter to
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the proper operating mode and output power. Place the Tandem Match in the OPERATE mode.

DESIGN VARIATIONS
There are several ways in which this design could be enhanced. The most important is to add UHF

capability. This would require a new directional-coupler design for the band of interest. (The existing
detector circuit should work to at least 500 MHz.)

Those who desire a low-power directional wattmeter can build a directional coupler with a 20-dB
coupling factor by decreasing the transformer turns ratio to 10:1. That version should be capable of
measuring output power from 1 mW to about 150 W (and it should switch on at about 150 mW).

This change should also increase the maximum operating frequency to about 150 MHz (by virtue
of the shorter transformer windings). If you desire 1.8-MHz operation, it may be necessary to change
the toroidal core material for sufficient reactance (low insertion loss).

The Tandem Match circuit can accommodate coaxial cable with a characteristic impedance other
than 50 Ω. The detector terminating resistors, transformer secondaries and range resistors must change
to match the new design impedance.

The detector circuitry can be used (without the directional coupler) to measure low-level RF power
in 50-Ω circuits. RF is fed directly to the forward detector (J1, Fig 15), and power is read from the
output power meter. The detector is quite linear from 10 µW to 1.5 W.

HIGH-POWER OPERATION
This material was condensed from information by Frank Van Zant, KL71BA, in July 1989 QST. In

April 1988, Zack Lau, W1VT, described a directional-coupler circuit (based on the same principle as

Fig 19—Schematic diagram of the high-power directional couple r. D1 and D2 are germanium diodes (1N34 or
equiv). R1 and R2 are 47 or 51- Ω, 1/2-W resistors. C1 and C2 have 500-V ratings. The secondary windings of T1
and T2 each consist of 40 turns of #26 to #30 enameled wire on T-68-2 powdered-iron toroid cores. If the
coupler is built into an existing antenna tune r, the primary of T1 can be part of the tuner coaxial output line.
The remotely located meters (M1 and M2) are connected to the coupler box at J1 and J2 via P1 and P2.
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Grebenkemper’s circuit) for a QRP transceiver (see the Bibliography at the end of this chapter). The
main advantage of Lau’s circuit is very low parts count.

Grebenkemper used complex log-antilog amplifiers to provide good measurement accuracy.
This application gets away from complex circuitry,
but retains reasonable measurement accuracy over
the 1 to 1500-W range. It also forfeits the
SWR-computation feature.

Lau’s coupler uses ferrite toroids. It works well
at low power levels, but the ferrite toroids heat
excessively with high power, causing erratic meter
readings and the potential for burned parts.

The Revised Design
Powdered-iron loroids are used for the trans-

formers in this version of Lau’s basic circuit. The
number of turns on the secondaries was increased to
compensate for the lower permeability of powdered
iron.

Two meters display reflected and forward
power (see Fig 19). The germanium detector di-
odes (D1 and D2—1N34) provide fairly accurate
meter readings, particularly if the meter is cali-
brated (using R3, R4 and R5) to place the normal
transmitter output at mid scale. If the winding sense
of the transformers is reversed, the meters are
transposed (the forward-power meter becomes the
reflected-power meter, and vice versa)

Construction
Fig 20 shows the physical layout of the cou-

pler. The pickup unit is mounted in a 31/2 × 31/2 ×
4-inch box. The meters, PC-mount potentiometers
and HIGH/LOW power switch are mounted in a sepa-
rate box or a compartment in an antenna tuner.
Parts for this project are available from the sup-
pliers listed in Table 3.

The primary windings of Tl and T2 are con-
structed much as Grebenkemper described, but use
RG-8 with its jacket removed so that the core and
secondary winding may fit over the cable. The
braid is wrapped with fiberglass tape to insulate it
from the secondary winding. An excellent alterna-
tive to fiberglass tape—with even higher RF
voltage-breakdown characteristics—is ordinary
plumber’s Teflon pipe tape, available at most hard-
ware stores.

The transformer secondaries are wound on
T-68-2 powdered-iron toroid cores. They are 40
turns of #26 to #30 enameled wire spread evenly
around each core. By using #26 to #30 wire on the
cores, the cores slip over the tape-wrapped RG-8

Fig 20—Directional-coupler construction details.
Grommets or feedthrough insulators can be used
to route the secondary winding of T1 and T2
through the PC board shield . A 31/2 × 31/2 × 4-inch
box serves as the enclosure.

Table 3
Parts Sources
(Also see Chapter 21)
Components Source
TLC-series Newark Electronics
and CA3146 ICs 4801 N Ravenswood St

Chicago, IL 60640
312-784-5100

LM334, LM336, Digi-Key Corporation
1% resistors, 701 Brooks Ave S
trimmer potentiometers PO Box 677

Thief River Falls, MN 56701
800-344-4539

Toroid cores, Amidon Associates
Fiberglass tape PO Box 956

Torrance, CA 90508
213-763-5770

Meters Fair Radio Sales
PO Box 1105
Lima, OH 45802
419-227-6573

Toroid cores Palomar Engineers
PO Box 455
Escondido, CA 92033

Misc parts, toroid cores Radiokit
PO Box 973
Pelham NH 03076

0-150/1500-W-scale Surplus Sales of Nebraska
meters, A&M model no. 1315 Jones St
255-138, 1N5711 diodes Omaha, NE 68102
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lines. With #26 wire on the toroids, a single layer of tape (slightly more with Teflon tape) over the braid
provides an extremely snug fit for the core. Use care when fitting the cores onto the RG-8 assemblies.
After the toroids are mounted on the RG-8 sections, coat the assembly with General Cement Corp
Polystyrene Q Dope, or use a spot or two of RTV sealant to hold the windings in place and fix the
transformers on the RG-8 primary windings.

Mount a PC-board shield in the center of the box, between T1 and T2, to minimize coupling be-
tween the transformers. Suspend T1 between the S0-239 connectors and T2 between two standoff insu-
lators. The detector circuits (C1, C2, D1, D2, R1 and R2) are mounted inside the coupler box as shown.

Calibration, Tune Up and Operation
The coupler has excellent directivity. Calibrate the meters for various power levels with an RF

ammeter and a 50-Ω dummy load. Calculate I2R for each power level, and mark the meter faces ac-
cordingly. Use R3, R4 and R5 to adjust the meter readings within the ranges. Diode nonlinearities are
thus taken into account, and Grebenkemper’s signal-processing circuits are not needed for relatively
accurate power readings.

Start the tune-up process using about 10 W, adjust the antenna tuner for minimum reflected power,
and increase power while adjusting the tuner to minimize reflected power.

This circuit has been built into several antenna tuners with good success. The instrument works
well at 1.5-kW output on 1.8 MHz. It also works well from 3.5 to 30 MHz with 1.2 and 1.5-kW output.
The antenna is easily tuned for a 1:1 SWR using the null indication provided.

Amplifier settings for a matched antenna, as indicated with the wattmeter, closely agreed with
those for a 50-Ω dummy load. Checks with a Palomar noise bridge and a Heath Antenna Scope also
verified these findings. This circuit should handle more than 1.5 kW, as long as the SWR on the feed
line through the wattmeter is kept at or near 1:1. (On one occasion high power was applied while the
antenna tuner was not coupled to a load. Naturally the SWR was extremely high, and the output trans-
former secondary winding opened like a fuse. This resulted from the excessively high voltage across
the secondary. The damage was easily and quickly repaired.)

An Inexpensive VHF Directional Coupler
Precision in-line metering devices capable of

reading forward and reflected power over a wide
range of frequencies are very useful in amateur
VHF and UHF work, but their rather high cost puts
them out of the reach of many VHF enthusiasts.
The device shown in Figs 21 through 24 is an in-
expensive adaptation of their basic principles. It
can be made for the cost of a meter, a few small
parts, and bits of copper pipe and fittings that can
be found in the plumbing stocks at many hardware
stores. This project was originally described by
Thomas McMullen, W1SL, in April 1972 QST.

Construction
The sampler consists of a short section of hand-

made coaxial line, in this instance, of 52 Ω imped-
ance, with a reversible probe coupled to it. A small
pickup loop built into the probe is terminated with
a resistor at one end and a diode at the other. The
resistor matches the impedance of the loop, not the
impedance of the line section. Energy picked up

Fig 21—Circuit diagram for the line sample r.
C1—500-pF feedthrough capacito r, solder-in type.
C2—1000-pF feedthrough capacito r, threaded type.
D1—Germanium diode 1N34, 1N60, 1N270, 1N295,
   or simila r.
J1, J2—Coaxial connecto r, type N (UG-58A).
L1—Pickup loop, copper strap 1-inch lon g ×
    3/16-inch wide. Bend into “C” shape with flat
   portion 5/8-inch long.
M1—0-100 µA mete r.
R1—Composition resisto r, 82 to 100 Ω. See text.
R3—50-kΩ composition control, linear tape r.
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Fig 24—Two versions of the line sampler. The
single unit described in detail here is in the
foreground. Two sections in a single assembly
provide for monitoring forward and reflected
power without probe reversal.

Fig 23—Cross-section
view of the line
sampler. The pickup
loop is supported by
two Teflon standoff
insulators. The probe
body is secured in
place with one or
more locking screws
through holes in the
brass T.

Fig 22—Major components of the line sampler. The
brass T and two end sections are at the upper left
in this picture. A completed probe assembly is at
the right. The N connectors have their center pins
removed. The pins are shown with one inserted in
the left end of the inner conductor and the other
lying in the right foreground.
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by the loop is rectified by the diode, and the resultant current is fed to a meter equipped with a calibra-
tion control.

The principal metal parts of the device are a brass plumbing T, a pipe cap, short pieces of
3/4-inch ID and 5/16-inch OD copper pipe, and two coaxial fittings. Other available tubing combinations
for 52-Ω line may be usable. The ratio of outer conductor ID to inner conductor OD should be 2.4/1.
For a sampler to be used with other impedances of transmission line, see Chapter 24 for suitable ratios
of conductor sizes. The photographs and Fig 23 show construction details.

Soldering of the large parts can be done with a 300-W iron or a small torch. A neat job can be done
if the inside of the T and the outside of the pipe are tinned before assembling. When the pieces are
reheated and pushed together, a good mechanical and electrical bond will result. If a torch is used, go
easy with the heat, as an over-heated and discolored fitting will not accept solder well.

Coaxial connectors with Teflon or other heat-resistant insulation are recommended. Type N, with
split-ring retainers for the center conductors, are preferred. Pry the split-ring washers out with a knife
point or small screwdriver. Don’t lose them, as they’ll be needed in the final assembly.

The inner conductor is prepared by making eight radial cuts in one end, using a coping saw with a
fine-toothed blade, to a depth of 1/2 inch. The fingers so made are then bent together, forming a tapered
end, as shown in Figs 22 and 23. Solder the center pin of a coaxial fitting into this, again being careful
not to overheat the work.

In preparation for soldering the body of the coax connector to the copper pipe, it is convenient to
use a similar fitting clamped into a vise as a holding fixture. Rest the T assembly on top, held in place
by its own weight. Use the partially prepared center conductor to assure that the coax connector is
concentric with the outer conductor. After being sure that the ends of the pipe are cut exactly perpen-
dicular to the axis, apply heat to the coax fitting, using just enough so a smooth fillet of solder can be
formed where the flange and pipe meet.

Before completing the center conductor, check its length. It should clear the inner surface of the
connector by the thickness of the split ring on the center pin. File to length; if necessary, slot as with the
other end, and solder the center pin in place. The fitting can now be soldered onto the pipe, to complete
the 52-Ω line section.

The probe assembly is made from a 11/2 inch length of the copper pipe, with a pipe cap on the top
to support the upper feedthrough capacitor, C2. The coupling loop is mounted by means of small Teflon
standoffs on a copper disc, cut to fit inside the pipe. The disc has four small tabs around the edge for
soldering inside the pipe. The diode, D1, is connected between one end of the loop and a 500-pF
feedthrough capacitor, C1, soldered into the disc. The terminating resistor, R1, is connected between
the other end of the loop and ground, as directly as possible.

When the disc assembly is completed, insert it into the pipe, apply heat to the outside, and solder
the tabs in place by melting solder into the assembly at the tabs. The position of the loop with respect
to the end of the pipe will determine the sensitivity of a given probe. For power levels up to 200 W the
loop should extend beyond the face of the pipe about 5/32 inch.  For use at higher power levels the loop
should protrude only 3/32 inch. For operation with very low power levels the best probe position can be
determined by experiment.

The decoupling resistor, R2, and feedthrough capacitor, C2, can be connected, and the pipe cap put
in place. The threaded portion of the capacitor extends through the cap. Put a solder lug over it before
tightening its nut in place. Fasten the cap with two small screws that go into threaded holes in the pipe.

Calibration
The sampler is very useful for many jobs even if it is not accurately calibrated, although it is

desirable to calibrate it against a wattmeter of known accuracy. A good 52-Ω dummy load is required.
The first step is to adjust the inductance of the loop, or the value of the terminating resistor, for lowest

reflected power reading. The loop is the easier to change. Filing it to reduce its width will increase its
impedance. Increasing the cross section of the loop will lower the impedance, and this can be done by
coating it with solder. When the reflected power reading is reduced as far as possible, reverse the probe and
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calibrate for forward power by increasing the transmitter power output in steps and making a graph of the
meter readings obtained. Use the calibration control, R3, to set the maximum reading.

Variations
Rather than to use one sampler for monitoring both forward and reflected power by repeatedly reversing

the probe, it is better to make two assemblies by mounting two T fittings end-to- end, using one for forward
and one for reflected power. The meter can be switched between the probes, or two meters can be used.

The sampler described was calibrated at 146 MHz, as it was intended for repeater use. On higher
bands the meter reading will be higher for a given power level, and it will be lower for lower frequency
bands. Calibration for two or three adjacent bands can be achieved by making the probe depth adjust-
able, with stops or marks to aid in resetting for a given band. Of course more probes can be made, with
each probe calibrated for a given band, as is done in some of the commercially available units.

Other sizes of pipe and fittings can be used by making use of information given in Chapter 24 to
select conductor sizes required for the desired impedances. (Since it is occasionally possible to pick up
good bargains in 75-Ω line, a sampler for this impedance might be desirable.)

Type N fittings were used because of their constant impedance and their ease of assembly. Most
have the split-ring retainer, which is simple to use in this application. Some have a crimping method, as
do apparently all BNC connectors. If a fitting must be+˝sed and cannot be taken apart, drill a hole large
enough to clear a soldering-iron tip in the copper-pipe outer conductor. A hole of up to 3/8-inch diameter
will have very little effect on the operation of the sampler.

A Calorimeter For VH F And UHF
Power Measurements

A quart of water in a Styrofoam ice bucket, a roll of small coaxial cable and a thermometer are all
the necessary ingredients for an accurate RF wattmeter. Its calibration is independent of frequency. The
wattmeter works on the calorimeter principle: A given amount of RF energy is equivalent to an amount
of heat, which can be determined by measuring the temperature rise of a known quantity of thermally
insulated material. This principle is used in many of the more accurate high-power wattmeters. This
procedure was developed by James Bowen, WA4ZRP, and was first described in December 1975 QST.

The roll of coaxial cable serves as a dummy load to convert the RF power into heat. RG-174 cable
was chosen for use as the dummy load in this calorimeter because of its high loss factor, small size, and
low cost. It is a standard 52-Ω cable of approximately 0.11 inch diameter. A prepackaged roll marked

as 60 feet long, but measured to be 68 feet, was
purchased at a local electronics store. A plot of
measured RG-174 loss factor as a function of fre-
quency is shown in Fig 25.

In use, the end of the cable not connected to the
transmitter is left open circuited. Thus, at 50 MHz,
the reflected wave returning to the transmitter (after
making a round trip of 136 feet through the cable) is
6.7 dB × 1.36 = 9.11 dB below the forward wave. A
reflected wave 9.11 dB down represents an SWR to
the transmitter of 2.08:1. While this value seems
larger than would be desired, keep in mind that most
50-MHz transmitters can be tuned to match into an
SWR of this magnitude efficiently. To assure accu-
rate results, merely tune the transmitter for maximum
power into the load before making the measurement.
At higher frequencies the cable loss increases so the

Fig 25—Loss factor of RG-174 coax used in the
calorimete r.
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SWR goes down. Table 4 presents the calculated input SWR values at several frequencies for 68 feet of RG-
174. At 1000 MHz and above, the SWR caused by the cable connector will undoubtedly exceed the very low
cable SWR listed for these frequencies.

In operation, the cable is submerged in a quart of water and dissipated heat energy flows from the cable
into the water, raising the water temperature. See Fig 26. The calibration of the wattmeter is based on the
physical fact that one calorie of heat energy will raise one gram of liquid water 1° C. Since one quart of
water contains 946.3 grams, the transmitter must deliver 946.3 calories of heat energy to the water to raise
its temperature 1°C. One calorie of energy is equivalent to 4.186 joules and a joule is equal to 1 W for 1
second. Thus, the heat capacitance of 1 quart of water expressed in joules is 946.3 × 4.186 = 3961 joules/°C.

The heat capacitance of the cable is small with respect to that of the water, but nevertheless its
effect should be included for best accuracy. The heat capacitance of the cable was determined in the
manner described below.

The 68-foot roll of RG-174 cable was raised
to a uniform temperature of 100°C by immersing
it in a pan of boiling water for several minutes. A
quart of tap water was poured into the Styrofoam
ice bucket and its temperature was measured at
28.7°C. The cable was then transferred quickly
from the boiling water to the water in the ice
bucket. After the water temperature in the ice
bucket had ceased to rise, it measured 33.0°C.
Since the total heat gained by the quart of water
was equal to the total heat lost from the cable, we
can write the following equation:

(∆TWATER)(CWATER) = –(∆TCABLE)(CCABLE)

where
∆TWATER = the change in water temperature
CWATER = the water heat capacitance
∆TCABLE = the change in cable temperature
CCABLE = the cable heat capacitance

Substituting and solving:

(33.0 – 28.7)(3961) = –(33.0 – 100)(CCABLE)

4.3 3961
67 CCABLE

( )( ) =

254 joules/° = CCABLE

Thus, the total heat capacitance of the water and
cable in the calorimeter is 3961 + 254 = 4215 joules/
°C. Since 1°F = 5/9°C, the total heat capacitance can
also be expressed as 4215 × 5/9 = 2342 joules/°F.

Materials and Construction
The quart of water and cable must be thermally

insulated to assure that no heat is gained from or
lost to the surroundings. A Styrofoam container is
ideal for this purpose since Styrofoam has a very
low thermal conductivity and a very low thermal ca-
pacitance. A local variety store was the source of a

Table 4
Calculated Input SWR for 68 Feet of
Unterminated RG-174 Cable

Freq SWR
(MHz)

50 2.08
144 1.35
220 1.20
432 1.06

1296 1.003
2304 1.0003

Fig 26—The calorimeter ready for use. The roll
of coaxial cable is immersed in one quart of
water in the left-hand compartment of the
Styrofoam container. Also shown is the
thermometer, which doubles as a stirring rod.
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small Styrofoam cold chest with compartments for carrying sandwiches and drink cans. The rectangular
compartment for sandwiches was found to be just the right size for holding the quart of water and coax.

The thermometer can be either a Celsius or Fahrenheit type, but try to choose one which has divi-
sions for each degree spaced wide enough so that the temperature can be estimated readily to one-tenth
degree. Photographic supply stores carry darkroom thermometers, which are ideal for this purpose. In
general, glass bulb thermometers are more accurate than mechanical dial-pointer types.

The RF connector on the end of the cable should be a constant-impedance type. A BNC type con-
nector especially designed for use on 0.11-inch diameter cable was located through surplus channels. If
you cannot locate one of these, wrap plastic electrical tape around the cable near its end until the
diameter of the tape wrap is the same as that of RG-58. Then connect a standard BNC connector for
RG-58 in the normal fashion.

Carefully seal the opposite open end of the cable with plastic tape or silicone caulking compound
so no water can leak into the cable at this point.

Procedure for Use
Pour 1 quart of water (4 measuring cups) into the Styrofoam container. As long as the water tem-

perature is not very hot or very cold, it is unnecessary to cover the top of the Styrofoam container
during measurements. Since the transmitter will eventually heat the water several degrees, water
initially a few degrees cooler than air temperature is ideal because the average water temperature will
very nearly equal the air temperature and heat transfer to the air will be minimized.

Connect the RG-174 dummy load to the transmitter through the shortest possible length of lower
loss cable such as RG-8. Tape the connectors and adapter at the RG-8 to RG-174 joint carefully with
plastic tape to prevent water from leaking into the connectors and cable at this point. Roll the RG-174
into a loose coil and submerge it in the water. Do not bind the turns of the coil together in any way, as
the water must be able to freely circulate among the coaxial cable turns. All the RG-174 cable must be
submerged in the water to ensure sufficient cooling. Also submerge part of the taped connector at-
tached to the RG-174 as an added precaution.

On completing the above steps, quickly tune up the transmitter for maximum power output into the
load. Cease transmitting and stir the water slowly for a minute or so until its temperature has stabilized.
Then measure the water temperature as precisely as possible. After the initial temperature has been deter-
mined, begin the test “transmission,” measuring the total number of seconds of key-down time accurately.
Stir the water slowly with the thermometer and continue transmitting until there is a significant rise in the
water temperature, say 5 to 10 degrees. The test may be broken up into a series of short periods, as long as
you keep track of the total key-down time. When the
test is completed, continue to stir the water slowly
and monitor its temperature. When the temperature
ceases to rise, note the final indication as precisely
as possible.

To compute the transmitter power output, multi-
ply the calorimeter heat capacitance (4215 for C or
2342 for F) by the difference in initial and final wa-
ter temperature. Then divide by the total number of
seconds of key-down time. The resultant is the trans-
mitter power in watts. A nomogram which can also
be used to find transmitter power output is given in
Fig 27. With a straight line, connect the total number
of key-down seconds in the time column to the num-
ber of degrees change (F or C) in the temperature
rise column, and read off the transmitter power out-
put at the point where the straight line crosses the
power-output column.

Fig 27—Nomogram for finding transmitter power
output for the calorimeter.
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Power Limitation
The maximum power handling capability of the calorimeter is limited by the following. At very

high powers the dielectric material in the coaxial line will melt because of excessive heating or the
cable will arc over from excessive voltage. As the transmitter frequency gets higher, the excessive-
heating problem is accentuated, as more of the power is dissipated in the first several feet of cable. For
instance, at 1296 MHz, approximately 10% of the transmitting power is dissipated in the first foot of
cable. Overheating can be prevented when working with high power by using a low duty cycle to
reduce the average dissipated power. Use a series of short transmissions, such as two seconds on, 10
seconds off. Keep count of the total key-down time for power calculation purposes. If the cable arcs
over, use a larger-diameter cable, such as RG-58, in place of the RG-174. The cable should be long
enough to assure that the reflected wave will be down 10 dB or more at the input. It may be necessary
to use more than one quart of water in order to submerge all the cable conveniently. If so, be sure to
calculate the new value of heat capacitance for the larger quantity of water. Also you should measure
the new coaxial cable heat capacitance using the method previously described.

A Noise Bridge For 1.8 Through 30 MHz
The noise bridge, sometimes referred to as an antenna (RX) noise bridge, is an instrument that will

allow the user to measure the impedance of an antenna or other electrical circuits. The unit shown here,
designed for use in the 1.8 through 30-MHz range, provides adequate accuracy for most measurements.
Battery operation and small physical size make this unit ideal for remote-location use. Tone modula-
tion is applied to the wide-band noise generator as an aid for obtaining a null indication. A detector,
such as the station receiver, is required for operation.

The noise bridge consists of two parts—the noise generator and the bridge circuitry. See Fig 29. A
6.8-V Zener diode serves as the noise source. U1 generates an approximate 50% duty cycle, 1000-Hz
square wave signal which is applied to the cathode of the Zener diode. The 1000-Hz modulation ap-
pears on the noise signal and provides a useful null detection enhancement effect. The broadband-noise
signal is amplified by Q1, Q2 and associated components to a level that produces an approximate S9
signal in the receiver. Slightly more noise is available at the lower end of the frequency range, as no
frequency compensation is applied to the amplifier. Roughly 20 mA of current is drawn from the
9-V battery, thus ensuring long battery life—providing the power is switched off after use!

The bridge portion of the circuit consists of T1, C1, C2 and R1. T1 is a trifilar wound transformer
with one of the windings used to couple noise energy into the bridge circuit. The remaining two wind-

Fig 28—Exterior and interior
views of the noise bridge.
The unit is finished in red
enamel. Press-on lettering is
used for the calibration
marks. Note that the
potentiometer must be
isolated from ground.
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ings are arranged so that each one is in an arm of the bridge. C1 and R1 complete one arm and the
UNKNOWN circuit, along with C2, comprise the remainder of the bridge. The terminal labeled RCVR is
for connection to the detector.

The reactance range of a noise bridge is dependent on several factors, including operating fre-
quency, value of the series capacitor (C3 or C3 plus C4 in Fig 29) and the range of the variable capaci-
tor (C1 in Fig 29). The RANGE switch selects reactance measurements weighted toward either capaci-
tance or inductance by placing C4 in parallel with C3. The zero-reactance point occurs when C1 is
either nearly fully meshed or fully unmeshed. The RANGE switch nearly doubles the resolution of the
reactance readings.

Fig 29—Schematic diagram of the noise bridge. Use 1/4-W composition resistors. Capacitors are
miniature ceramic units unless indicated otherwise. Component designations indicated in the
schematic but not called out in the parts list are for text and parts-placement reference only.
BT1—9-V battery, NEDA
  1604A or equiv.
C1—15- to 150-pF variable
C2—20-pF mica.
C3—47-pF mica.
C4—82-pF mica.
J1, J2—Coaxial connector.
R1—Linear, 250 Ω, AB type.

  Use a good grade of resistor.
S1, S2—Toggle, SPST.
T1—Transformer; 3 windings on

an Amidon BLN-43-2402 ferrite
binocular core. Each winding
is three turns of #30 enameled
wire. One turn is equal to the
wire passing once through

both holes in the core. The
primary winding starts on one
side of the transformer, and
the secondary and tertiary
windings start on the opposite
side.

U1—Timer, NE555 or equiv.
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Fig 30—Etching pattern for the noise bridge PC
board, at actual size. Black represents copper. This
is the pattern for the bottom side of the board. The
top side of the board is a complete ground plane
with a small amount of copper removed from
around the component holes.

Fig 31—Parts-placement guide for the noise
bridge as viewed from the component or top side
of the board. Mounting holes are located in two
corners of the board, as shown.

CONSTRUCTION
The noise bridge is contained in a homemade aluminum enclosure that measures 5 × 23/8 × 33/4

inches. Many of the circuit components are mounted on a circuit board that is fastened to the rear wall
of the cabinet. The circuit-board layout is such that the lead lengths to the board from the bridge and
coaxial connectors are at a minimum. An etching pattern and a parts-placement guide for the circuit
board are shown in Figs 30 and 31.

Care must be taken when mounting the potentiometer, R1. For accurate readings the potentiometer
must be well insulated from ground. In the unit shown this was accomplished by mounting the control
on a piece of Plexiglas, which in turn was fastened to the chassis with a piece of aluminum angle stock.
Additionally, a 1/4-inch control-shaft coupling and a length of phenolic rod were used to further isolate
the control from ground where the shaft passes through the front panel. A high-quality potentiometer is
required if good measurement results are to be obtained.

There is no such problem when mounting the variable capacitor because the rotor is grounded. Use
a high-quality capacitor; do not try to save money on that component. Two RF connectors on the rear
panel are connected to a detector (receiver) and to the UNKNOWN circuit. Do not use plastic-insulated
phono connectors (they might influence bridge accuracy at higher frequencies). Use miniature coaxial
cable (RG-174) between the RCVR connector and circuit board. Attach one end of C3 to the circuit
board and the other directly to the UNKNOWN circuit connector.

Bridge Compensation
Stray capacitance and inductance in the bridge circuit can affect impedance readings. If a very

accurate bridge is required, use the following steps to counter the effects of stray reactance. Because
the physical location of the board, connectors and controls in the cabinet determine where compensa-
tion is needed, there is no provision for the compensation components on the printed circuit board.

Good calibration loads are necessary to check the accuracy of the noise bridge. Four are needed here: a
0-Ω (short-circuit) load, a 50-Ω load, a 180-Ω load, and a variable-resistance load. The short-circuit and
fixed-resistance loads are used to check the accuracy of the noise bridge; the varaible-resistance load is used
when measuring coaxial-cable loss.
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Construction details of the loads are shown in
Fig 32. Each load is constructed inside a connec-
tor. When building the loads, keep leads as short
as possible to minimize parasitic effects. The re-
sistors must be noninductive (not wirewound).
Quarter-watt, carbon-composition resistors should
work fine. The potentiometer in the variable-re-
sistance load is a miniature PC-mount unit with a
maximum resistance of 100 Ω or less. The poten-
tiometer wiper and one of the end leads are con-
nected to the center pin of the connector; the other
lead is connected to ground.

Stray Capacitance

Stray capcitance on the variable-resistor side
of the bridge tends to be higher than that on the
unknown side. This is so because the parasitic ca-
pacitance in the variable resistor, R1, is compara-
tively high.

The effect of parasitic capacitance is most
easily detected using the 180-Ω load. Measure and
record the actual resistance of the load, RL. Con-
nect the load to the UNKNOWN connector, place
S2 in the XL position, tune the receiver to 1.8 MHz,
and null the bridge. (See the section, “Finding the
Null” for tips.) Use an ohmmeter across R1 to
measure its dc resistance. The magnitude of the
stray capacitance can be calculated by

Cp C
R
RL

=






3

1
1– (Eq 4)

where
RL = load resistance (as measured)
R1 = resistance of the variable resistor
C3 = series capacitance.

You can compensate for Cp by placing a variable capacitor, CC, in the side of the bridge with lesser
stray capacitance. If R1 is greater than RL, stray capacitance is greater on the variable resistor side of
the bridge: Place Cc between point U (on the circuit board) and ground. If R1 is less than RL, stray
capacitance is greater on the unknown side: Place Cc between point B and ground.

If the required compensating capacitance is only a few picofarads, you can use a gimmick capaci-
tor (made by twisting two short pieces of insulated, solid wire together) for Cc. A gimmick capacitor is
adjusted by trimming its length.

Stray Inductance

Parasitic inductance, if present, should be only a few tens of nanohenries. This represents a few
ohms of inductive reactance at 30 MHz. The effect is best observed by reading the reactance of the
0-Ω test load at 1.8 and 30 MHz; the indicated reactance should be the same at both frequencies.

If the reactance reading decreases as frquency is increased, parasitic inductance is greater in the
known arm, and compensating inductance is needed between point U and C3. If the reactance increases

Fig 32—Construction details of the resistive
loads used to check and calibrate the noise
bridge. Each of the loads is constructed inside
a coaxial connector that matches those on the
bridge. (Views shown are cross-sections of
PL-259 bodies; the sleeves are not shown.)
Leads should be kept as short as possible to
minimize parasitic inductance. A is a 0- Ω load;
B depicts a 50- Ω load; C is a 180- Ω load; D
shows a variable-resistance load used to
determine the loss in a coaxial cable.
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with frequency, the unknown-arm inductance is greater, and compensating inductance should be placed
between point B and R1.

Compensate for stray inductance by placing a single-turn coil, made from a 1 to 2-inch length of
solid wire, in the appropriate arm of the bridge. Adjust the size of this coil until the reactance reading
remains constant from 1.8 to 30 MHz.

Calibration
Good calibration accuracy is necessary for accurate noise-bridge measurements. Calibration of the

resistance scale is straightforward. To do this, tune the receiver to a frequency near 10 MHz. Attach the
0-Ω load to the UNKNOWN connector and null the bridge. This is the zero-resistance point; mark it on
the front-panel resistance scale. The rest of the resistance range is calibrated by adjusting R1, measur-
ing R1 with an accurate ohmmeter, calculating the increase from the zero point and marking the in-
crease on the front panel.

Most bridges have the reactance scale marked in capacitance because capacitance does not vary
with frequency. Unfortunately, that requires calibration curves or non-trivial calculations to arrive at
the load reactance. An alternative method is to mark the reactance scale in ohms at a reference fre-
quency of 10 MHz. This method calibrates the bridge near the center of its range and displays reactance
directly, but it requires a simple calculation to scale the reactance reading for frequencies other than 10
MHz. The scaling equation is:

X X
fu f u( ) ( )= 10

10
(Eq 5)

where
f = frequency in MHz
Xu(10) = reactance of the unknown load at 10 MHz
Xu(f) = reactance of the unknown load at f.

A shorted piece of coaxial cable serves as a reactance source. (The reactance of a shorted, low-loss
coaxial cable is dependent only on the cable length, the measurement frequency and the cable charac-
teristic impedance.) Radio Shack RG-8M is used here because it is readily available, has relatively low
loss and has an almost purely resistive characteristic impedance.

Prepare the calibration cable as follows:
1) Cut a length of coaxial cable that is slightly longer than 1/4 λ at 10 MHz (about 20 feet for

RG-8M). Attach a suitable connector to one end of the cable; leave the other end open-circuited.
2) Connect the 0-Ω load to the noise bridge UNKNOWN connector and set the receiver frequency to

10 MHz. Adjust the noise bridge for a null. Do not adjust the reactance control after the null is found.
3) Connect the calibration cable to the bridge UNKNOWN terminal. Null the bridge by adjusting

only the varaible resistor and the receiver frequency. The receiver frequency should be less than
10 MHz; if it is above 10 MHz, the cable is too short, and you need to prepare a longer one.

4) Gradually cut short lengths from the end of the coaxial cable until you obtain a null at 10 MHz
by adjusting only the resistance control. Then connect the cable center and shield conductors at the
open end with a short length of braid. Verify that the bridge nulls with zero reactance at 20 MHz.

5) The reactance of the coaxial cable (normalized to 10 MHz) can be calculated from:

X R
f

i( )10 0 10
= 



  tan 2  

f
40

π (Eq 6)

where
Xi(10) = cable reactance at 10 MHz
R0 = characteristic resistance of the coaxial cable (52.5 Ω for Radio Shack RG-8M)
f = frequency in MHz

The results of Eq 6 have less than 5% error for reactances less than 500 Ω, as long as the test-cable
loss is less than 0.2 dB. This error becomes significantly less at lower reactances (2% error at 300 Ω for
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a 0.2-dB-loss cable). The loss in 18 feet of RG-
8M is 0.13 dB at 10 MHz. Reactance data for Ra-
dio Shack RG-8M is given in Table 5.

With the prepared cable and calibration values
on hand, proceed to calibrate the reactance scale.
Tune the receiver to the appropriate frequency for
the desired reactance (given in Table 5, or found us-
ing Eq 6). Adjust the resistance and reactance con-
trols to null the bridge. Mark the reactance reading
on the front panel. Repeat this process until all de-
sired reactance values have been marked. The resis-
tance values needed to null the bridge during this
calibration procedure may be significant (more than
100 Ω) at the higher reactances.

This calibration method is much more accu-
rate than using fixed capacitors across the UN-

KNOWN connector. Also, you can calibrate a noise
bridge in less than an hour using this method.

Finding the Null
In use, a receiver is attached to the RCVR connec-

tor and some load of unknown value is connected to
the UNKNOWN terminal. The receiver allows us to hear
the noise present across the bridge arms at the fre-
quency of the receiver passband. The strength of the
noise signal depends on the strength of the noise-bridge
battery, the receiver bandwidth/sensitivity and the im-
pedance difference between the known and unknown
bridge arms. The noise is stronger and the null more
obvious with wide receiver passbands. Set the receiver
to the widest bandwidth AM mode available.

The noise-bridge output is heard as a 1000-
Hz tone. When the impedances of the known and
unknown bridge arms are equal, the voltage across
the receiver is minimized; this is a null. In use,
the null may be difficult to find because it appears
only when both bridge controls approach the val-
ues needed to balance the bridge.

To find the null, set C1 to mid-scale, sweep
R1 slowly through its range and listen for a reduction in noise (it’s also helpful to watch the S meter).
If no reduction is heard, set R1 to mid-range and sweep C1. If there is still no reduction, begin at one
end of the C1 range and sweep R1. Increment C1 about 10% and sweep R1 with each increment until
some noise reduction appears. Once noise reduction begins, adjust C1 and R1 alternately for minimum
signal.

MEASURING COAXIAL-CABLE PARAMETERS WITH A NOISE BRIDGE
Coaxial cables have a number of properties that affect the transmission of signals through them.

Generally, radio amateurs are concerned with cable attenuation and characteristic impedance. If you
plan to use a noise bridge to make antenna-impedance measurements, however, you need to accurately
determine not just cable impedance and attenuation, but also electrical length. Fortunately, all of these
parameters are easy to measure with an accurate noise bridge.

Table 5
Noise Bridge Calibration Data:
Coaxial-Cable Method
This data is for Radio Shack RG-8M cable (R0 =
52.5 Ω) cut to exactly 1/4 λ at 10 MHz; the reactances
and capacitances shown correspond to this frequency.

     Reactance      Capacitance
   Xi f(MHz) Xi f(MHz) C(pF) f(MHz)
  10 3.318 –10 19.376 10 9.798
  20 4.484 –20 18.722 20 9.612
  30 5.262 –30 18.048 30 9.440
  40 5.838 –40 17.368 40 9.280
  50 6.286 –50 16.701 50 9.130
  60 6.647 –60 16.062 60 8.990
  70 6.943 –70 15.471 70 8.859
  80 7.191 –80 14.936 80 8.735
  90 7.404 –90 14.462 90 8.618
100 7.586 –100 14.044 100 8.508
110 7.747 –110 13.682 110 8.403
120 7.884 –120 13.369 120 8.304
130 8.009 –130 13.097 130 8.209
140 8.119 –140 12.861 140 8.119
150 8.217 –150 12.654
160 8.306 –160 12.473
170 8.387 –170 12.313
180 8.460 –180 12.172
190 8.527 –190 12.045
200 8.588 –200 11.932
210 8.645 –210 11.831 –10 10.219
220 8.697 –220 11.739 –20 10.459
230 8.746 –230 11.655 –30 10.721
240 8.791 –240 11.579 –40 11.010
250 8.832 –250 11.510 –50 11.328
260 8.872 –260 11.446 –60 11.679
270 8.908 –270 11.387 –70 12.064
280 8.942 –280 11.333 –80 12.484
290 8.975 –290 11.283 –90 12.935
300 9.005 –300 11.236 –100 13.407
350 9.133 –350 11.045 –110 13.887
400 9.232 –400 10.905 –120 14.357
450 9.311 –450 10.798 –130 14.801
500 9.375 –500 10.713 –140 15.211
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Cable Electrical Length
With the noise bridge and a general-coverage receiver, you can easily locate frequencies at which

the line in question is a multiple of 1/2 λ, because a shorted 1/2 λ line has a 0-Ω impedance (neglecting
line loss). By locating two adjacent null frequencies, you can solve for the length of line in terms of
1/2 λ at one of the frequencies and calculate the line length (overall accuracy is limited by noise-bridge
accuracy and line loss, which broadens the nulls). As an interim variable, express cable length as the
frequency at which a cable is 1 λ long. This length will be represented by fλ. Follow these steps to
determine fλ for a coaxial cable.

1) Tune the receiver to the frequency range of interest. Attach the short-circuit load to the noise
bridge UNKNOWN connector and null the bridge.

2) Disconnect the far end of the coaxial cable from its load (the antenna) and connect it to the 0-Ω
test load. Connect the near end of the cable to the bridge UNKNOWN connector.

3) Adjust the receiver frequency and the noise-bridge resistance control for a null. Do not change the
noise bridge reactance-control setting during this procedure. Note the frequency at which the null is found;
call this frequency fn. The noise-bridge resistance at the null should be relatively small (less than 20 Ω).

4) Tune the receiver upward in frequency until the next null is found. Adjust the resistance control,
if necessary, to improve the null, but do not adjust the reactance control. Note the frequency at which
this second null is found; this is fn+2.

5) Solve Eq 7 for n and the electrical length of the cable.

n
2f

f – f
n

n 2 n
=

+
   (Eq 7)

f
4f
n

n
λ =    (Eq 8)

  
l =

f
f
0

λ
   (Eq 9)

where
n = cable electrical length in quarter waves, at fn
fλ = frequency at which the cable is 1 λ
l = cable elctrical length, in λ
For example, consider a 74-foot length of Columbia 1188 foam-dielectric cable (velocity factor =

0.78) to be used on the 10-m band. Based on the manufacturer’s specification, the cable is 2.796 λ at
29 MHz. Nulls were found at 24.412 (fn) and 29.353 (fn+2) MHz. Eq 7 yields n = 9.88, which produces
9.883 MHz from Eq 8 and 2.934 λ for Eq 9. If the manufacturer’s specification is correct, the measured
length is off by less than 5%, which is very reasonable. Ideally, n would yield an integer. The difference
between n and the closest integer indicates that there is some error.

This procedure also works for lines with an open circuit as the termination (n will be close to an
odd number). End effects from the PL-259 increase the effective length of the coaxial cable, however;
this decreases the calculated fλ.

Cable Characteristic Impedance
The characteristic impedance of the coaxial cable is found by measuring its input impedance at two

frequencies separated by 1/4 fλ. This must be done when the cable is terminated in a resistive load.
Characteristic impedance changes slowly as a function of frequency, so this measurement must be done
near the frequency of interest. The measurement procedure is as follows.

1) Place the 50-Ω load on the far end of the coaxial cable and connect the near end to the UN-

KNOWN connector of the noise bridge. (Measurement error is minimized when the load resistance is
close to the characteristic impedance of the cable. This is the reason for using the 50-Ω load.)

2) Tune the receiver approximately 1/8 fλ below the frequency of interest. Adjust the bridge resis-
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tance and reactance controls to obtain a null, and note their readings as Rf1 and Xf1. Remember, the
reactance reading must be scaled to the measurement frequency.

3) Increase the receiver frequency by exactly 1/4 fλ. Null the bridge again, and note the readings as
Rf2 and Xf2.

4) Calculate the characteristic impedance of the coaxial cable using Eqs 10 through 15. A scientific
calculator is helpful for this.

R = Rf1 × Rf2 – Xf1 × Xf2 (Eq 10)

X = Rf1 × Xf2 + Xf1 × Rf2 (Eq 11)

Z R X2 2= + (Eq 12)

R Z cos 1
2 tan X

R0
–1= ( )



 (Eq 13)

Z Z sin 1
2 tan X

R0
–1= ( )



 (Eq 14)

Z0 = R0 + jX0 (Eq 15)

Let’s continue with the example used earlier for cable length. The measurements are:

f1 = 29.000 – (9.883/8) = 27.765 MHz
Rf1 = 64 Ω
Xf1 = –22 Ω × (10/27.765) = –7.9 Ω
f2 = 27.765 + (9.883/4) = 30.236 MHz
Rf2 = 50 Ω
Xf2 = –24 Ω × (10/30.236) = –7.9 Ω

When used in Eqs 10 through 15, these data yield:
R = 3137.59
X = –900.60
Z = 3264.28
R0 = 56.58 Ω
X0 = –7.96 Ω

Cable Attenuation
Cable loss can be measured once the cable electrical length and characteristic resistance are known. The

measurement must be made at a frequency where the cable presents no reactance. Reactance is zero when
the cable electrical length is an integer multiple of λ/4. You can easily meet that condition by making the
measurement frequency an integer multiple of 1/4 fλ. Loss at other frequencies can be interpolated with
reasonable accuracy. This procedure employs a resistor-substitution method that provides much greater
accuracy than is achieved by directly rewading the resistance from the noise-bridge scale.

1) Determine the approximate frequency at which you want to make the loss measurement by
using

n
4f
f

0=
λ

        (Eq 16A)

Round n to the nearest integer, then

f1 n
4 f= λ         (Eq 16B)

2) If n is odd, leave the far end of the cable open; if n is even, connect the 0-Ω load to the far end
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of the cable. Attach the near end of the cable to the UNKNOWN connector on the noise bridge.
3) Set the noise bridge to zero reactance and the receiver to f1. Fine tune the receiver frequency

and the noise-bridge resistance to find the null.
4) Disconnect the cable from the UNKNOWN terminal, and connect the variable-resistance calibra-

tion load in its place. Without changing the resistance setting on the bridge, adjust the load resistor and
the bridge reactance to obtain a null.

5) Remove the variable-resistance load from the bridge UNKNOWN terminal and measure the load resis-
tance using an ohmmeter that’s accurate at low resistance levels. Refer to this resistance as Ri.

6) Calculate the cable loss in decibels using

  
αl = 8.69

R
R

i

0
(Eq 17)

To continue this example, Eq 16A gives n = 11.74, so measure the attenuation at n = 12. From Eq
16B, f1 = 29.649 MHz. The input resistance of the cable measures 12.1 Ω with 0-Ω load on the far end
of the cable; this corresponds to a loss of 1.86 dB.

USING A NOISE BRIDGE TO MEASURE THE IMPEDANCE OF AN ANTENNA
The impedance at the end of a transmission line can be easily measured using a noise bridge. In

many cases, however, you really want to measure the impedance of an antenna—that is, the impedance
of the load at the far end of the line. There are several ways to handle this.

1) Measurements can be made with the noise bridge at the antenna. This is usually not practical
because the antenna must be in its final position for the measurement to be accurate. Even if it can be
done, making such a measurement is certainly not very convenient.

2) Measurements can be made at the source end of a coaxial cable—if the cable length is an exact
integer multiple of 1/2 λ. This effectively restricts measurements to a single frequency.

3) Measurements can be made at the source end of a coaxial cable and corrected using a Smith
Chart as shown in Chapter 28. This graphic method can result in reasonable estimates of antenna im-
pedance—as long as the SWR is not too high and the cable is not too lossy. However, it doesn’t com-
pensate for the complex impedance characteristics of real-world coaxial cables. Also, compensation
for cable loss can be tricky to apply. These problems, too, can lead to significant errors.

4) Last, measurements can be corrected using
the transmission-line equation, as discussed un-
der “Transmission Line Equations” later. The
transmission-line equation can be solved using
only a scientific calculator, but it is best handled
with a programmable calculator or personal com-
puter.* This is the best method for calculating an-
tenna impedances from measured parameters, but
it requires that you measure the feed-line charac-
teristics beforehand—measurements for which
you need access to both ends of the feed line.

The procedure for determining antenna imped-
ance is to first measure the electrical length, charac-
teristic impedance, and attenuation of the coaxial
cable connected to the antenna. After making these
measurements, connect the antenna to the coaxial
cable and measure the input impedance of the cable

Table 6
Impedance Data for Inverted-V Antenna
Freq Ru Xu @ 10 MHz Xu R

L
X

L

(MHz) (Ω) (Ω) (Ω) (Ω) (Ω)

27.0 44 85 31.5 24 –65
27.2 60 95 34.9 26 –56
27.4 75 85 31.0 30 –51
27.6 90 40 14.5 32 –42
27.8 90 –20 –7.2 35 –34
28.0 75 –58 –20.7 38 –24
28.2 65 –65 –23.0 40 –19
28.4 56 –52 –18.3 44 –12
28.6 50 –40 –14.0 44 –6
28.8 48 –20 –6.9 47 1
29.0 50 0 0.0 52 8
29.2 55 20 6.8 57 15
29.4 64 30 10.2 63 21
29.6 78 20 6.8 75 26
29.8 85 0 0 78 30
30.0 90 –50 –16.7 89 33

*Listings for BASIC and HP-41C calculator programs are
available from the Technical Department at ARRL HQ for
an SASE. Request order no. 3495, and send a business-
size stamped reply envelope.



27-36 Chapter 27

at a number of frequencies. Then use these measure-
ments in the trnasmission-line equation to determine
the actual antenna impedance at each frequency.

Table 6 and Fig 33 give an example of such a
calculation. The antenna used for this example is
a 10-meter inverted V about 30 feet above the
ground. The arms of the antenna are separated by
a 120° angle. Each arm is exactly 8 feet long, and
the antenna is made of #14 wire. The feed line is
the 74-foot length of Columbia 1188 character-
ized earlier.

See Fig 33A. From this plot of impedance
measurements, it is very difficult to determine any-
thing about the antenna. Resistance and reactance
vary substantially over this frequency range, and
the antenna appears to be resonant at 27.7, 29.0
and 29.8 MHz.

The plot in Fig 33B shows the true antenna im-
pedance. This plot has been corrected for the effects
of the cable using the transmission-line equation. The
true antenna resistance and reactance both increase
smoothly with frequency. The antenna is resonant at
28.8 MHz, with a radiation resistance at resonance
of 47 Ω. This is normal for an inverted V.

When doing the conversions, be careful not
to make measurement errors. Such errors intro-
duce more errors into the corrected data. This prob-
lem is most significant when the transmission line
is near an odd multiple of a 1/4 λ and the line SWR
and/or attenuation is high. Measurement errors are
probably present if small changes in the input im-
pedance or transmission-line characteristics appear
as large changes in antenna impedance. If this ef-
fect is present, it can be minimized by making the
measurements with a transmission line that is ap-
proximately an integer multiple of 1/2 λ.

TRANSMISSION LINE EQUATIONS
The impedance transformation that occurs when a signal propagates on a transmission line can be

solved either graphically (using a Smith Chart), or numerically, using the transmission-line equation.The
transmission line may be either open-wire line or coaxial cable. With the advent of personal computers,
impedance transformation in a transmission line is more easily and accurately claculated numerically
than with the Smith Chart. The impedance transformation along a transmission line is given by Eq 18,
which is taken from work by S. Ramo, J. Whinnery and T. Van Duzer (see Bibliography). All trig-based
functions in Eqs 18 through 38 are expressed or calculated in radians. (One radian is 360/2π ≈ 57.29°.)

  
Z Z

Z cosh Z sinh
Z cosh Z sinhi 0

L 0

0 L
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γ γ
γ γ
l l

l l
           (Eq 18)

where
Zi = input impedance of the transmission line

Fig 33–Impedance plot of an inverted-V antenna
cut for 29 MHz . At A, a plot of resistances and
reactances, measured using the noise bridge, at
the end of a 74-foot length of Columbia 1188
coaxial cable . At B, the actual antenna-
impedance plot (found using the transmission-
line equation to remove the effects of the
trnasmission line).
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Z0 = characteristic impedance of the transmission line
ZL = load impedance at the end of the transmission line
l = length of the transmission line in radians
γ = complex propagation constant (γ = α + jβ)
α = attenuation constant in nepers per unit length (1 neper = 8.69 dB)
β = phase constant in radians per unit length

The impedances and the propagation constant may be complex numbers. The complex hyperbolic sine
and cosine may be found by
sinh(αl + jβl) = cos(βl) sinh(αl) + jsin(βl) cosh(αl)  (Eq 19)

cosh(αl + jβl) = cos(βl) cosh(αl) + jsin(βl) sinh(αl)  (Eq 20)
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For finding the load impedance (with a known transmission-line input impedance), the transmission-
line equation is best written as
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Z cosh – Z sinh
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i 0

0 i

= ( ) ( )
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γ γ
γ γ
l l

l l  (Eq 23)

Most antenna measurements are made through a fixed length of coaxial cable. Therefore, we’ll
assume that αl is a single unit that we’ll call the attenuation of the cable. This is commonly measured
in decibels, but must be converted to nepers for use in the transmission-line equation. The phase con-
stant can be expressed as a function of frequency and the length of the transmission line by:

  
β l = 2 f

fπ
λ

(Eq 24)

where
f = frequency of operation
fλ = frequency at which the transmission line is 1 λ long electrically

A shorted transmission line is used to measure fλ. To do this, find a frequency at which the trans-
mission line has zero reactance and a low resistance (less than the characteristic resistance of the
transmission line). Call this frequency fn. Increase the frequency until the next zero-reactance, low-
resistance point is found.We’ll call this fn + 2. (The subscript indicates the number of quarter wave-
lengths that are present on the transmission line; n is always an integer.)

n
2f

f – f
n

n 2 n
=

+
(Eq 25)

where n = 2, 4, 6, . . .

f
4f
n

n
λ = (Eq 26)

The value of fλ calculated in Eq 26 assumes that the transmission line has a nonreactive character-
istic impedance. This is generally not true, but Eq 26 is accurate nonetheless; it yields an error of less
than 2.5% for a transmission line with less than 3 dB loss and a reactive characteristic-impedance
component of less than 10 Ω.

Transmission-line characteristic impedance is almost always complex. Good coaxial cable has a
very small reactive characteristic-impedance component (on the order of a few ohms). Cable character-
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istic impedance is most easily calculated by placing a load at one end of the cable and measuring the
impedance at the other end at two frequencies separated by 1/4 fλ. The input impedance of the cable is
then
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L 0
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Eqs 27 and 28 can be manipulated so that the characteristic impedance can be found by

Z Z f Z f f /40 i i= ( ) +( )λ  (Eq 29)

The square root is complex, and may be calculated with a scientific calculator using Eqs 30 through 34.

Z = R + jX = Zi(f) Zi(f + fλ/4)  (Eq 30)

Z R X2 2= +  (Eq 31)

R Z cos tan X
R0 1/2

–1= ( )



  (Eq 32)

X Z sin tan X
R0 1/2

–1= ( )



  (Eq 33)

Z0 = R0 + jX0  (Eq 34)

Transmission-line attenuation can be calculated after using this transmission-line impedance equation
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This equation yields an error of less than 5%—as long as the transmission-line loss is less than 3 dB. If
the transmission line is an odd multiple of a quarter wavelength (n = 1, 3, 5, . . . ) and is terminated by
an open circuit, or if the transmission line is an even multiple of a quarter wavelength (n = 2, 4, 6, . . .)
and is terminated by a short circuit, the input impedance is given by

Zi = αl Z0  (Eq 36)

The attenuation of this transmission line can be found by

  
αl = R

R
i

0
 (Eq 37)

where Ri and R0 are the resistive parts of the input impedance and the characteristic impedance, respec-
tively. The transmission-line attenuation increases with frequency. An estimate for this attenuation is
given by

  
α α α

α
l lf f f
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σ

 (Eq 38)

where 0.5 < σ < 1

This equation can be used to interpolate between measured values of attenuation. For most coaxial
cables, σ = 0.5 works well.

1/2

1/2
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A Practical Time-Domain Reflectometer

Fig 34—The time-domain reflecto-
meter shown here is attached to a
small portable oscilloscope.

A time-domain reflectometer (TDR) is a simple but powerful
tool used to evaluate transmission lines. When used with an oscillo-
scope, a TDR displays impedance “bumps” (open and short circuits,
kinks and so on) in transmission lines. Commercially produced TDRs
cost from hundreds to thousands of dollars each, but you can add
the TDR described here to your shack for much less. This material
is based on a QST article by Tom King, KD5HM (see Bibliogra-
phy), and supplemented with information from the references.

How a TDR Works
A simple TDR consists of a square-wave generator and an oscillo-

scope. The generator sends a train of dc pulses down a transmission
line, and the oscilloscope lets you observe the incident and reflected
waves from the pulses (when the scope is synchronized to the pulses).
A little analysis of the scope display tells the nature and location of any impedance changes along the line.

The nature of an impedance disturbance is identified by comparing its pattern to those in Fig 35. The
patterns are based on the fact that the reflected wave from a disturbance is determined by the incident-wave
magnitude and the reflection coefficient of the disturbance. (The patterns shown neglect losses; actual pat-
terns may vary somewhat from those shown.)

Fig 35—Character-
istic TDR patterns for
various loads. The
location of the load
can be calculated
from the transit time,
t, which is read from
the oscilloscope (see
text). R values can be
calculated as shown
(for purely resistive
loads only— ρ < 0
when R < Z

0
; ρ > 0

when R > Z
0

). Values
for reactive loads
cannot be calculated
simply.
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Fig 37—Full-size PC-board etching pattern tor the
TDR. Black areas represent unetched copper foil.

Flg 38—Part-placement diagram for the TDR. Parts are
mounted on the nonfoil side of the board; the shaded
area represents an X-ray view of the copper pattern.
Be sure to observe the polarity markings of C3, C4
and C5.

The location of a disturbance is calculated
with a simple proportional method: The round-trip
time (to the disturbance) can be read from the os-
cilloscope screen (graticule). Thus, you need only
read the time, multiply it by the velocity of the
radio wave (the speed of light adjusted by the ve-
locity factor of the transmission line) and divide
by two. The distance to a disturbance is given by:

  
l = ( )983.6 VF t

2
× ×                                  (Eq 1)

where

l= line length in feet
VF = velocity factor of the transmission line

(from 0 to 1.0)
t = time delay in microseconds (µs).

The Circuit
The time-domain reflectometer circuit in

Fig 36 consists of a CMOS 555 timer configured
as an astable multivibrator, followed by an
MPS3646 transistor acting as a 15-ns-risetime
buffer. The timer provides a 71-kHz square wave.
This is applied to the 50-Ω transmission line un-
der test (connected at J2). The oscilloscope is con-
nected to the circuit at J1.

Construction
An etching pattern for the TDR is shown in

Fig 37. Fig 38 is the part-placement diagram. The
TDR is designed for a 4×3×1-inch enclosure (in-

Fig 36—Schematic diagram of the
time-domain reflectometer. All
resistors are 1/4 W, 5% tolerance. U1
is a CMOS 555 timer. Circuit current
drain is 10 to 25 mA. When building
the TDR, observe the construction
cautions discussed in the text. C2 is
available trom Mouser Electronics,
part no. ME242-8050. Right-angle
BNC connectors for use at J1 and J2
can be obtained trom Newark
Electronics, part no. 89N1578. S1
can be obtained from All Electron-
ics, part no. NISW-1. An SPST toggle
switch can also be used at S1.
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cluding the batteries). Sl, Jl and J2 are right-angle-mounted components.
Two aspects of construction are critical. First use only an MPS3646 for Q1! This type was chosen for its

good performanee in this circuit. If you substitute another transistor, the circuit may not perform properly.
Second, for the TDR to provide accurate measurements, the cable connected to J1 (between the

TDR and the oscilloscope) must not introduce impedance mismatches in the circuit. Do not make this
cable from ordinary coaxial cable. Oscilloscope-probe cable is the best thing to use for this connec-
tion. (It took the author about a week and several phone calls to determine that scope-probe cable isn’t
“plain old coax.” Probe cable has special characteristics that prevent undesired ringing and other prob-
lems.) Mount a binding post at J1 and connect a scope probe to the binding post when testing cables
with the TDR. R5 and C2 form a compensation network—much like the networks in oscilloscope
probes—to adjust for effects of the probe wire.

The TDR is designed to operate from dc between 3 and 9 V. Two C cells (in series—3 V) supply
operating voltage in this version. The circuit draws only 10 to 25 mA, so the cells should last a long
time (about 200 hours of operation). U1 can function with supply voltages as low as 2.25 to 2.5.

If you want to use the TDR in transmission-line systems with characteristic impedances other than
50 Ω, change the value of RL to match the system impedance as closely as possible.

Calibrating and Using the TDR
Just about any scope with a bandwidth of at least 10 MHz should work fine with the TDR, but for

tests in short-length cables, a 50-MHz scope provides for much more accurate measurements. To cali-
brate the TDR, terminate CABLE UNDER TEST connector, J2, with a 51-Ω resistor. Connect the scope
vertical input to J1. Turn on the TDR, and adjust the scope timebase so that one square-wave cycle
from the TDR fills as much of the scope display as possible (without uncalibrating the timebase). The
waveform should resemble Fig 39. Adjust C2 to obtain maximum amplitude and sharpest corners on
the observed waveform. That’s all there is to the calibration process!

To use the TDR, connect the cable under test to J2, and connect the scope vertical input to J1. If the
waveform you observe is different from the one you observed during calibration, there are impedance
variations in the load you’re testing. See Fig 40, showing an unterminated test cable connected to the
TDR. The beginning of the cable is shown at point A. (AB represents the TDR output-pulse rise time.)
Segment AC shows the portion of the transmission line that has a 50-Ω impedance. Between points C
and D, there is a mismatch in the line. Because the scope trace is higher than the 50-Ω trace, the
impedance of this part of the line is higher than 50 Ω—in this case, an open circuit.

Fig 39—TDR calibration trace as shown on an
oscilloscope . Adjust C2 (See Figs 36 and 38) for
maximum deflection and sharpest waveform
corners during calibration. See text.

Fig 40—Open-circuited test cable. The scope is
set for 0.01 µs per division. See text for
interpretation of the waveform.
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To determine the length of this cable, read the
length of time over which the 50-Ω trace is dis-
played. The scope is set for 0.01 µs per division,
so the time delay for the 50-Ω section is (0.01 µs
× 4.6 divisions) = 0.046 µs. The manufacturer’s
specified velocity factor (VF) of the cable is 0.8.
Eq 1 tells us that the 50-Ω section of the cable is

  
l = ( ) =

983.6 0.8 0.046 s
2 18.1 ft

× × µ

The TDR provides reasonable agreement with
the actual cable length—in this case, the cable is
really 16.5 feet long. (Variations in TDR-derived
calculations and actual cable lengths can occur as
a result of cable VFs that can vary considerably
from published values. Many cables vary as much
as 10% from the specified values!)

A second example is shown in Fig 41, where a
length of 3/4-inch Hardline is being tested. The line
feeds a 432-MHz vertical antenna at the top of a tower. Fig 41 shows that the 50-Ω line section has a delay
of (6.6 divisions × 0.05 µs) = 0.33 µs. Because the trace is straight and level at the 50-Ω level, the line is in
good shape. The trailing edge at the right-hand end shows where the antenna is connected to the feed line.

To determine the actual length of the line, use the same procedure as before: Using the published VF for
the Hardline (0.88) in Eq 1, the line length is

  
l = ( ) =

983.6 0.88 0.33 s
2 142.8 ft

× × µ

Again, the TDR-derived measurement is in fairly close agreement with the actual cable length (142 feet).

Final Notes
The time-domain reflectometer described here is not frequency specific; its measurements are not made

at the frequency at which a system is designed to be used. Because of this, the TDR cannot be used to verify
the impedance of an antenna, nor can it be used to measure cable loss at a specific frequency. Just the same,
in two years of use, it has never failed to help locate a transmission-line problem. The vast majority of trans-
mission-line problems result from improper cable installation or connector weathering.

Limitations
Certain limitations are characteristic of TDRs because the signal used to test the line differs from the

system operating frequency and because an oscilloscope is a broadband device. In the instrument described
here, measurements are made with a 71-kHz square wave. That wave contains components at 71 kHz and odd
harmonics thereof, with the majority of the energy coming from the lower frequencies. The leading edge of the
trace indicates that the response drops quickly above 6 MHz. (The leading edge in Fig 40 is 0.042 µs, corre-
sponding to a period of 0.168 µs and a frequency of 5.95 MHz.) The result is dc pulses of approximately 7 µs
duration. The scope display combines the circuit responses to all of those frequencies. Hence, it may be diffi-
cult to interpret any disturbance which is narrowband in nature (affecting only a small range of frequencies, and
thus a small portion of the total power), or for which the travel time plus pattern duration exceeds 7 µs.

The 432-MHz vertical antenna in Fig 41 illustrates a display error resulting from narrow-band response.
The antenna shows as a major impedance disturbance because it is mismatched at the low frequencies that
dominate the TDR display, yet it is matched at 432 MHz. For an event that exceeds the observation window,
consider a l-µF capacitor across a 50-Ω line. You would see only part of the pattern shown in Fig 35C
because the time constant (1×10−6 × 50 = 50 µs) is much larger than the 7-µs window.

Fig 41—TDR display of the impedance
characteristics of the 142-foot Hardline run to
the 432-MHz antenna at KD5HM. The scope is set
for 0.0 5 µs per division. See text for discussion.
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In addition, TDRs are unsuitable for measurements where there are major impedance changes
inside the line section to be tested. Such major changes mask reflections from additional changes far-
ther down the line.

Because of these limitations, TDRs are best suited for spotting faults in dc-continuous systems that
maintain a constant impedance from the generator to the load. Happily, most amateur stations would be
ideal subjects for TDR analysis, which can conveniently check antenna cables and connectors for short
and open-circuit conditions and locate the position of such faults with fair accuracy.

 Measuring Soil Conductivity
An important parameter for both vertical and horizontal antennas is soil conductivity. For horizon-

tal antennas, the energy reflected from the earth beneath it affects the antenna impedance, thereby
affecting the SWR and the current flowing in the antenna elements, which in turn affects the distant
signal strength. (This is discused in more detail in Chapter 3.) The conductivity of the ground within
several wavelengths of the antenna also affects the ground reflection factors discussed in Chapter 3.

The conductivity of the soil under and in the near vicinity of a vertical antenna is most important in
determining the extent of the radial system required and the overall performance. Short verticals with
very small radial systems can be surprisingly efective—in the right location. The material in this sec-
tion was prepared by Jerry Sevick, W2FMI.

Most soils are nonconductors of electricity when completely dry. Conduction through the soil results
from conduction throught the water held in the soil. Thus, conduction is electrolytic. Dc techniques for
measuring conductivity are impractical because they tend to deplete the carriers of electricity in the vicinity
of the electricity in the vicinity of the electrodes. The main factors contributing to the conductivity of soil are

1) Type of soil.
2) Type of salts contained in the water.
3) Concentration of salts dissolved in the

contained water.
4) Moisture content.
5) Grain size and distribution of material.
6) Temperature.
7) Packing density and pressure.
Although the type of soil is an important factor in

determining its conductivity, rather large variations can
take place between locations because of the other fac-
tors involved. Generally, loams and garden soils have
the highest conductivities. These are followed in order
by clays, sand and gravel. Soils have been classified
according to conductivity, as discussed in Chapter 3.

Making Conductivity Measurements
Since conduction through the soil is almost

entirely electrolytic, ac measurement techniques
are preferable. Many commercial instruments us-
ing ac techniques are available and described in
the literature. But rather simple ac measurement
techniques can be used that provide accuracies on
the order of 25% and are quite adequate for the
radio amateur. Such a setup was developed by Jerry
Sevick, W2FMI, and M. C. Waltz, W2FNQ, and
was published by Sevick in April 1978 and March
1981 QST. It is shown in Figs 42 through 44.

Fig 42—The complete soil conductivity
measuring setup. The four probes are cut to
18-inch lengths from an 8-foot copper-coated
steel ground rod. (This length provides a
measuring stick for spacing the probes when
driving them into the soil.) The tip of each probe
is ground to a point, and black electricians ’ tape
indicates the depth to which it is to be driven for
measurements. Two ground clamps provide for
connections to the driven probes.
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Four probes are used. Each is 9/16 inch in diameter, and may be made of either iron or copper. The
probes are inserted in a straight line at a spacing of 18 inches (dimension d in Fig 44). The penetration
depth is 12 inches. Caution: Do not insert the probes with the power applied! A shock hazard exists!
After applying power, measure the voltage drops V1 and V2, as shown in the diagram. Depending on
soil conditions, readings should fall in the range from 2 to 10 volts.

Earth conductivity, c, may be determined from

c 21 V1
V2 millisiemens per meter= ×

For example, assume the reading across the resistor (V1) is 4.9 V, and the reading between the two
center probes (V2) is 7.2 V. The conductivity is calculated as 21 × 4.9/7.2 = 14mS/m.

Soil conditions may not be uniform in different parts of your yard. A few quick measurements
will reveal whether this is the case or not. Fig 45 shows the conductivity readings taken in one location
over a period of three months. It is interesting to note the general drop in conductivity over the three
months, as well as the short-term changes from periods of rain.

Fig 44—Schematic diagram, four-point probe
method for measuring earth conductivit y.

DS1—100-W electric light bulb.
R1—14.6 Ω, 5 W. A suitable resistance can be
   made by paralleling five 1-W resistors, three of
   68 Ω and two of 8 2 Ω. (The dissipation rating of
   this combination will be 4.7 W.)
Probes—See text and Fig 42 .

Fig 45—Earth conductivity at a central New Jersey
location during a three-month period. Numbers in
parentheses indicate inches of rainfall.

Fig 43—A standard 3 1/2 inch electrical outlet box
and a porcelain ceiling fixture may be used to
construct the soil conductivity test set. The
rersistors comprising R1 are mounted on a tie-
point strip inside the box, and test-point jacks
provide for measuring the voltage drop across
the resistor combination. Leads exiting the box
through the cable clamp are protected with
several layers of electricians’ tape. These leads
run approximately 4 feet to the power plug and
to small alligator clamps shown in Fig 42 . Large
clips such as for connecting to automotive
battery posts may be used instead of ground
clamps.
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Fig 46—A construction method for a step attenuator. Double-sided circuit-board material, unetched
(except for panel identification), is cut to the desired size and soldered in place. Flashing copper may
also be used, although it is not as sturdy. Shielding partitions between sections are necessary to
reduce signal leakage. Brass nuts soldered at each of the four corners allow machine screws to
secure the bottom cover. The practical limit for total attenuation is 80 or 90 dB, as signal leakage
around the outside of the attenuator will defeat attempts to obtain much greater amounts.

Fig 47—Schematic diagram of the step attenuator, designed for a nominal impedance of 52 ohms.
Resistance values are in ohms. Resistors are 1/4-watt, carbon-composition types, 5% tolerance.
Broken lines indicate walls of circuit-board material. A small hole is drilled through each partition wall
to route bus wire. Keep all leads as short as possible. The attenuator is bilateral; that is, the input and
output ends may be reversed.

J1, J2—Female BNC connectors, Radio Shack
  278-105 or equiv.

S1-S8, incl.—DPDT slide switches, standard size.
  (Avoid subminiature or toggle switches.)
  Stackpole S-5022CD03-0 switches are used here.

A Switchable RF Attenuator
A switchable RF attenuator is helpful in making antenna gain comparisons or plotting antenna

radiation patterns; attenuation may be switched in or out of the line leading to the receiver to obtain an
initial or reference reading on a signal strength meter. Some form of attenuator is also helpful for
locating hidden transmitters, where the real trick is pinpointing the signal source from within a few
hundred feet. At such a close distance, strong signals may overload the front end of the receiver, mak-
ing it impossible to obtain any indication of a bearing.

The attenuator of Figs 46 and 47 is designed for low power levels, not exceeding 1/4 W. If for some
reason the attenuator will be connected to a transceiver, a means of bypassing the unit during transmit
periods must be devised. An attenuator of this type is commonly called a step attenuator, because any
amount of attenuation from 0 dB to the maximum available (81 dB for this particular instrument) may
be obtained in steps of 1 dB. As each switch is successively thrown from the OUT to the IN position, the
attenuation sections add in cascade to yield the total of the attenuator steps switched in. The maximum
attenuation of any single section is limited to 20 dB because leak-through would probably degrade the
accuracy of higher values. The tolerance of resistor values also becomes more significant regarding
accuracy at higher attenuation values.
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A good quality commercially made attenuator will cost upward from $150, but for less than $25 in
parts and a few hours of work, an attenuator may be built at home. it will be suitable for frequencies up
to 450 MHz. Double-sided PC board is used for the enclosure. The version of the attenuator shown in
Fig 46 has identification lettering etched into the top surface (or front panel) of the unit. This adds a
nice touch and is a permanent means of labeling. Of course rub-on transfers or Dymo tape labels could
be used as well.

Female BNC single-hole, chassis-mount connectors are used at each end of the enclosure. These
connectors provide a means of easily connecting and disconnecting the attenuator.

Construction
After all the box parts are cut to size and the necessary holes made, scribe light lines to locate the

inner partitions. Carefully tack-solder all partitions in position. A 25-W pencil type of iron should
provide sufficient heat. Dress any PC board parts that do not fit squarely. Once everything is in proper
position, run a solder bead all the way around the joints. Caution! Do not use excessive amounts of
solder, as the switches must later be fit flat inside the sections. The top, sides, ends and partitions can
be completed. Dress the outside of the box to suit your taste. For instance, you might wish to bevel the
box edges. Buff the copper with steel wool, add lettering, and finish off the work with a coat of clear
lacquer or polyurethane varnish.

Using a little lacquer thinner or acetone (and a lot of caution), soak the switches to remove the
grease that was added during their manufacture. When they dry, spray the inside of the switches lightly
with a TV tuner cleaner/lubricant. Use a sharp drill bit (about 3/16 inch will do), and countersink the
mounting holes on the actuator side of the switch mounting plate. This ensures that the switches will fit
flush against the top plate. At one end of each switch, bend the two lugs over and solder them together.
Cut off the upper halves of the remaining switch lugs. (A close look at Fig 46 will help clarify these
steps.)

Solder the series-arm resistors between the appropriate switch lugs. Keep the lead lengths as short as
possible and do not overheat the resistors. Now solder the switches in place to the top section of the enclo-
sure by flowing solder through the mounting holes and onto the circuit-board material. Be certain that you
place the switches in their proper positions; correlate the resistor values with the degree of attenuation.
Otherwise, you may wind up with the 1-dB step at the wrong end of the box—how embarrassing!

Once the switches are installed, thread a piece of #18 bare copper wire through the center lugs of
all the switches, passing it through the holes in the partitions. Solder the wire at each switch terminal.
Cut the wire between the poles of each individual switch, leaving the wire connecting one switch pole
to that of the neighboring one on the other side of the partition, as shown in Fig 46. At each of the two
end switch terminals, leave a wire length of approximately 1/8 inch. Install the BNC connectors and
solder the wire pieces to the connector center conductors.

Now install the shunt-arm resistors of each section. Use short lead lengths. Do not use excessive
amounts of heat when soldering. Solder a no. 4-40 brass nut at each inside corner of the enclosure.
Recess the nuts approximately 1/16-inch from the bottom edge of the box to allow sufficient room for
the bottom panel to fit flush. Secure the bottom panel with four no. 4-40, 1/4-inch machine screws and
the project is completed. Remember to use caution, always, when your test setup provides the possibil-
ity of transmitting power into the attenuator.
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A Portable Field-Strength Meter
Few amateur stations, fixed or mobile, are without need of a field-strength meter. An instrument of

this type serves many useful purposes during antenna experiments and adjustments. When work is to
be done from many wavelengths away, a simple wavemeter lacks the necessary sensitivity. Further,
such a device has a serious fault because its linearity leaves much to be desired.  The information in
this section is based on a January 1973 QST article by Lew McCoy, W1ICP.

The field-strength meter described here takes care of these problems. Additionally, it is small,
measuring only 4 × 5 × 8 inches. The power supply consists of two 9-V batteries. Sensitivity can be set
for practically any amount desired. However, from a usefulness standpoint, the circuit should not be
too sensitive or it will respond to unwanted signals. This unit also has excellent linearity with regard to
field strength. (The field strength of a received signal varies inversely with the distance from the source,
all other things being equal.)  The frequency range includes all amateur bands from 3.5 through
148 MHz, with band-switched circuits, thus avoiding the use of plug-in inductors. All in all, it is a quite
useful instrument.

The unit is pictured in Figs 48 and 49, and the schematic diagram is shown in Fig 50. A type 741
op-amp IC is the heart of the unit. The antenna is connected to J1, and a tuned circuit is used ahead of
a diode detector. The rectified signal is coupled as dc and amplified in the op amp. Sensitivity of the op
amp is controlled by inserting resistors R3 through R6 in the circuit by means of S2.

With the circuit shown, and in its most sensitive setting, M1 will detect a signal from the antenna
on the order of 100 µV. Linearity is poor for approximately the first 1/5 of the meter range, but then is
almost straight-line from there to full-scale deflection. The reason for the poor linearity at the start of
the readings is because of nonlinearity of the diodes at the point of first conduction. However, if gain
measurements are being made this is of no real importance, as accurate gain measurements can be
made in the linear portion of the readings.

The 741 op amp requires both a positive and a negative voltage source. This is obtained by con-
necting two 9-V batteries in series and grounding the center. One other feature of the instrument is that
it can be used remotely by connecting an external meter at J2. This is handy if you want to adjust an
antenna and observe the results without having to leave the antenna site.

Fig 48—The linear field-strength mete r. The
control at the upper left is for C1 and the one to
the right for C2 . At the lower left is the band
switch, and to its right the sensitivity switch. The
zero-set control for M1 is located directly below
the mete r.

Fig 49—Inside view of the field-strength mete r. At
the upper right is C1 and to the left, C2. The dark
leads from the circuit board to the front panel are
the shielded leads described in the text.
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L1 is the 3.5/7 MHz coil and is tuned by C1. The coil is wound on a toroid form. For 14, 21 or
28 MHz, L2 is switched in parallel with L1 to cover the three bands. L5 and C2 cover approximately 40
to 60 MHz, and L7 and C2 from 130 MHz to approximately 180 MHz. The two VHF coils are also
wound on toroid forms.

Construction Notes
The majority of the components may be mounted on an etched circuit board. A shielded lead should

be used between pin 4 of the IC and S2. The same is true for the leads from R3 through R6 to the
switch. Otherwise, parasitic oscillations may occur in the IC because of its very high gain.

In order for the unit to cover the 144-MHz band, L6 and L7 should be mounted directly across the
appropriate terminals of S1, rather than on a circuit board. The extra lead length adds too much stray

Fig 50—Circuit diagram of the linear field-strength meter. All resistors are 1/4 or 1/2-W composition
types.

C1 — 140 pF variable.
C2 — 15-pF variable
D1, D2 — 1N914 or equiv.
L1 — 34 turns #24 enam. wire wound on an Amidon T-68-2 core, tapped 4 turns from ground end.
L2 — 12 turns #24 enam. wire wound on T-68-2 core.
L3 — 2 turns #24 enam. wire wound at ground end of L2.
L4 — 1 turn #26 enam. wire wound at ground end of L5.
L5 — 12 turns #26 enam. wire wound on T-25-12 core.
L6 — 1 turn #26 enam. wire wound at ground end of L7.
L7 — 1 turn #18 enam. wire wound on T-25-12 core.
M1 — 50 or 100 µA dc.
R2 — 10-kΩ control, linear taper.
S1 — Rotary switch, 3 poles, 5 positions, 3 sections.
S2 — Rotary switch, 1 pole, 4 positions.
S3 — DPST toggle.
U1 — Type 741 op amp. Pin nos. shown are for a 14-pin package.
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capacitance to the circuit. It isn’ t necessary to use toroid forms for the 50 and 144-MHz coils. They
were used in the version described here simply because they were available. Ai r-wound coils of the
appropriate inductance can be substituted.

Calibration
The field-strength meter can be used “as is” for a relative-reading device. A linear indicator scale

will serve admirably. However, it will be a much more useful instrument for antenna work if it is
calibrated in decibels, enabling the user to check relative gain and front-to-back ratios. If one has
access to a calibrated signal generator, it can be connected to the field-strength meter and different
signal levels can be fed to the device for making a calibration chart. Signal-generator voltage ratios can
be converted to decibels by using the equation,

dB = 20 log (V1/V2)

where
V1/V2 is the ratio of the two voltages
log is the common logarithm (base 10)

Let’s assume that M1 is calibrated evenly from 0 to 10. Next, assume we set the signal generator to
provide a reading of 1 on M1, and that the generator is feeding a 100-µV signal into the instrument.
Now we increase the generator output to 200 µV, giving us a voltage ratio of 2 to 1. Also let’s assume
M1 reads 5 with the 200-µV input. From the equation above, we find that the voltage ratio of 2 equals
6.02 dB between 1 and 5 on the meter scale. M1 can be calibrated more accurately between 1 and 5 on
its scale by adjusting the generator and figuring the ratio. For example, a ratio of 126 µV to 100 µV is
1.26, corresponding to 2.0 dB. By using this method, all of the settings of S2 can be calibrated. In the
instrument shown here, the most sensitive setting of S2 with R3, 1 MΩ, provides a range of approxi-
mately 6 dB for M1. Keep in mind that the meter scale for each setting of S1 must be calibrated
similarly for each band. The degree of coupling of the tuned circuits for the different bands will vary,
so each band must be calibrated separately.

Another method for calibrating the instrument is using a transmitter and measuring its output power
with an RF wattmeter. In this case we are dealing with power rather than voltage ratios, so this equation
applies:

dB = 10 log (P1/P2)

where P1/P2 is the power ratio.
With most transmitters the power output can be varied, so calibration of the test instrument is

rather easy. Attach a pickup antenna to the field-strength meter (a short wire a foot or so long will do)
and position the device in the transmitter antenna field. Let’s assume we set the transmitter output for
10 W and get a reading on M1. We note the reading and then increase the output to 20 W, a power ratio
of 2. Note the reading on M1 and then use Eq 2. A power ratio of 2 is 3.01 dB. By using this method the
instrument can be calibrated on all bands and ranges.

With the tuned circuits and coupling links specified in Fig 50, this instrument has an average range
on the various bands of 6 dB for the two most sensitive positions of S2, and 15 dB and 30 dB for the
next two successive ranges. The 30-dB scale is handy for making front-to-back antenna measurements
without having to switch S2.
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An RF Current Probe

Fig 51—The RF current probe. The
sensitivity control is mounted at
the top of the instrument, with the
tuning and band switches on the
lower portion of the front panel.
Frequency calibration of the
tuning control was not needed for
the intended use of this particular
instrument, but marks identifying
the various amateur bands would
be helpful for general-purpose
use. If the unit is provided with a
calibrated dial, it can also be used
as an absorption wavemete r.

Fig 52—Schematic diagram of the RF current probe. Resistances are
in ohms; k = 1000. Capacitances are in picofarads; fixed capacitors are
silver mica. Be sure to ground the rotor of C1, rather than the stato r, to
avoid hand capacitance. L1, L2 and L3 are each close-wound with #22
enam. wire on a single ferrite rod, 4 inches long and 1/2 inch diamete r,
wit h µ = 125 (Amidon R61-50-400). Windings are spaced approximately
1/4 inch apart. The ferrite rod, the variable capacito r, and other
components may be obtained from Radiokit (see Chapter 21).
C1—Air variable, 6-140 pF; Hammarlund HF140 or equi v.
D1—Germanium diode; 1N34A, 1N270 or equi v.
L1—1.6-5 MHz; 30 turns, tapped at 3 turns from grounded end.
L2—5-20 MHz; 8 turns, tapped at 2 turns from grounded end.
L3—17-39 MHz; 2 turns, tapped at 1 turn.
M1—Any microammeter may be used. The one pictured is a Micronta
mete r, Radio Shack no. 270-1751.
R1—Linear tape r.
RFC1—1 mH; Miller no. 4642 or equi v. Value is not critical.
S1—Ceramic rotary switch, 1 section, 2 poles, 2 to 6 positions;
Centralab PA2002 or PA2003 or equi v.

The RF current probe of Figs 51 through 53 operates on the magnetic component of the electromagnetic
field, rather than the electric field. Since the two fields are precisely related, as discussed in Chapter 23, the
relative field-strength measurements are completely equivalent. The use of the magnetic field offers certain
advantages, however. The instrument may be made more compact for the same sensitivity, but its principal
advantage is that it may be used near a conductor to measure the current flow without cutting the conductor.

In the average amateur location there may be substantial currents flowing in guy wires, masts and
towers, coaxial-cable braids, gutters and leaders, water and gas pipes, and perhaps even drainage pipes.
Current may be flowing in telephone and power lines as well. All of these RF currents may have an
influence on antenna patterns or be of significance in the case of RFI.

The circuit diagram of the current probe appears in Fig 52, and construction is shown in the photo,
Fig 53. The winding data given here apply only to a ferrite rod of the particular dimensions and mate-
rial specified. Almost any microammeter can be used, but it is usually convenient to use a rather
sensitive meter and provide a series resistor to “swamp out” nonlinearity arising from diode conduc-
tion characteristics. A control is also used to adjust instrument sensitivity as required during operation.
The tuning capacitor may be almost anything that will cover the desired range.

As shown in the photos, the circuit is constructed in a metal box. This enclosure shields the detec-
tor circuit from the electric field of the radio wave. A slot must be cut with a hacksaw across the back
of the box, and a thin file may be used to smooth the cut. This slot is necessary to prevent the box from
acting as a shorted turn.
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Fig 53—The current probe just before final
assembly. Note that all parts except the ferrite rod
are mounted on a single half of the 3 ×4×5-inch
Minibox (Bud CU-2105B or equiv.). Rubber
grommets are fitted in holes at the ends of the
slot to accept the rod during assembly of the
enclosure. Leads in the RF section should be
kept as short as possible, although those from
the rod windings must necessarily be left
somewhat long to facilitate final assembly.

Using the Probe
In measuring the current in a conductor, the ferrite rod should be kept at right angles to the conduc-

tor, and at a constant distance from it. In its upright or vertical position, this instrument is oriented for
taking measurements in vertical conductors. It must be laid horizontal to measure current in horizontal
conductors.

Numerous uses for the instrument are suggested in an earlier paragraph. In addition, the probe is an
ideal instrument for checking the current distribution in antenna elements. It is also useful for measur-
ing RF ground currents in radial systems. A buried radial may be located easily by sweeping the ground.
Current division at junctions may be investigated. “Hot spots” usually indicate areas where additional
radials would be effective.

Stray currents in conductors not intended to be part of the antenna system may often be eliminated
by bonding or by changing the physical lengths involved. Guy wires and other unwanted “parasitic”
elements will often give a tilt to the plane of polarization and make a marked difference in front-to-
back ratios. When the ferrite rod is oriented parallel to the electric field lines, there will be a sharp null
reading that may be used to locate the plane of polarization quite accurately. When using the meter,
remember that the magnetic field is at right angles to the electric field.

The current probe may also be used as a relative signal strength meter. In making measurements on
a vertical antenna, the meter should be located at least two wavelengths away, with the rod in a hori-
zontal position. For horizontal antennas, the instrument should be at approximately the same height as
the antenna, with the rod vertical.



Antenna and Transmission-Line Measurements 27-53

Antenna Measurements
Of all the measurements made in Amateur Radio systems, perhaps the most difficult and least

understood are various measurements of antennas. For example, it is relatively easy to measure the
frequency and CW power output of a transmitter, the response of a filter, or the gain of an amplifier.
These are all what might be called bench measurements because, when performed properly, all the
factors that influence the accuracy and success of the measurement are under control. In making an-
tenna measurements, however, the “bench” is now perhaps the backyard. In other words, the environ-
ment surrounding the antenna can affect the results of the measurement. Control of the environment is
not at all as simple as it was for the bench measurement, because now the work area may be rather
spacious. This section describes antenna measurement techniques which are closely allied to those
used in an antenna measuring event or contest. With these procedures the measurements can be made
successfully and with meaningful results. These techniques should provide a better understanding of
the measurement problems, resulting in a more accurate and less difficult task. The information in this
section was provided by Dick Turrin, W2IMU, and originally published in November 1974 QST.

SOME BASIC IDEAS
An antenna is simply a transducer or coupler between a suitable feed line and the environment

surrounding it. In addition to efficient transfer of power from feed line to environment, an antenna at
VHF or UHF is most frequently required to concentrate the radiated power into a particular region of
the environment.

To be consistent in comparing different antennas, it is necessary that the environment surrounding the
antenna be standardized. Ideally, measurements should be made with the measured antenna so far removed
from any objects causing environmental effects that it is literally in outer space—a very impractical situa-
tion. The purpose of the measurement techniques is therefore to simulate, under practical conditions, a
controlled environment. At VHF and UHF, and with practical-size antennas, the environment can be con-
trolled so that successful and accurate measurements can be made in a reasonable amount of space.

The electrical characteristics of an antenna that are most desirable to obtain by direct measurement
are: (1) gain (relative to an isotropic source, which by definition has a gain of unity); (2) space-radia-
tion pattern; (3) feed-point impedance (mismatch) and (4) polarization.

Polarization
In general the polarization can be assumed from the geometry of the radiating elements. That is to

say, if the antenna is made up of a number of linear elements (straight lengths of rod or wire which are
resonant and connected to the feed point) the polarization of the electric field will be linear and polar-
ized parallel to the elements. If the elements are not consistently parallel with each other, then the
polarization cannot easily be assumed. The following techniques are directed to antennas having polar-
ization that is essentially linear (in one plane), although the method can be extended to include all
forms of elliptic (or mixed) polarization.

Feed-Point Mismatch
The feed-point mismatch, although affected to some degree by the immediate environment of the

antenna, does not affect the gain or radiation characteristics of an antenna. If the immediate environ-
ment of the antenna does not affect the feed-point impedance, then any mismatch intrinsic to the an-
tenna tuning reflects a portion of the incident power back to the source. In a receiving antenna this
reflected power is reradiated back into the environment, “free space,” and can be lost entirely. In a
transmitting antenna, the reflected power goes back to the final amplifier of the transmitter if it is not
matched.

In general an amplifier by itself is not a matched source to the feed line, and, if the feed line has
very low loss, the amplifier output controls are customarily altered during the normal tuning procedure
to obtain maximum power transfer to the antenna. The power which has been reflected from the an-
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tenna combines with the source power to travel again to the antenna. This procedure is called conjugate
matching, and the feed line is now part of a resonant system consisting of the mismatched antenna, feed
line, and amplifier tuning circuits. It is therefore possible to use a mismatched antenna to its full gain
potential, provided the mismatch is not so severe as to cause heating losses in the system, especially the
feed line and matching devices. (See also the discussion of additional loss caused by SWR in Chapter
24.) Similarly, a mismatched receiving antenna may be conjugately matched into the receiver front end
for maximum power transfer. In any case it should be clearly kept in mind that the feed-point mismatch
does not affect the radiation characteristics of an antenna. It can only affect the system efficiency
wherein heating losses are concerned.

Why then do we include feed-point mismatch as part of the antenna characteristics? The reason is
that for efficient system performance, most antennas are resonant transducers and present a reasonable
match over a relatively narrow frequency range. It is therefore desirable to design an antenna, whether
it be a simple dipole or an array of Yagis, such that the final single feed-point impedance be essentially
resistive and of magnitude consistent with the impedance of the feed line which is to be used. Further-
more, in order to make accurate, absolute gain measurements, it is vital that the antenna under test
accept all the power from a matched-source generator, or that the reflected power caused by the mis-
match be measured and a suitable error correction for heating losses be included in the gain calcula-
tions. Heating losses may be determined from information contained in Chapter 24.

While on the subject of feed-point impedance, mention should be made of the use of baluns in
antennas. A balun is simply a device which permits a lossless transition between a balanced system—
feed line or antenna—and an unbalanced feed line or system. If the feed point of an antenna is symmet-
ric such as with a dipole and it is desired to feed this antenna with an unbalanced feed line such as coax,
it is necessary to provide a balun between the line and the feed point. Without the balun, current will be
allowed to flow on the outside of the coax. The current on the outside of the feed line will cause
radiation and thus the feed line becomes part of the antenna radiation system. In the case of beam
antennas where it is desired to concentrate the radiated energy is a specific direction, this extra radia-
tion from the feed line will be detrimental, causing distortion of the expected antenna pattern.

ANTENNA TEST SITE SET-UP AND EVALUATION
Since an antenna is a reciprocal device, measurements of gain and radiation patterns can be made

with the test antenna used either as a transmitting or as a receiving antenna. In general and for practical
reasons, the test antenna is used in the receiving mode, and the source or transmitting antenna is lo-
cated at a specified fixed remote site and unattended. In other words the source antenna, energized by
a suitable transmitter, is simply required to illuminate or flood the receiving site in a controlled and
constant manner.

As mentioned earlier, antenna measurements ideally should be made under “free-space” condi-
tions. A further restriction is that the illumination from the source antenna be a plane wave over the
effective aperture (capture area) of the test antenna. A plane wave by definition is one in which the
magnitude and phase of the fields are uniform, and in the test-antenna situation, uniform over the
effective area plane of the test antenna. Since it is the nature of all radiation to expand in a spherical
manner at great distance from the source, it would seem to be most desirable to locate the source
antenna as far from the test site as possible. However, since for practical reasons the test site and source
location will have to be near the Earth and not in outer space, the environment must include the effects
of the ground surface and other obstacles in the vicinity of both antennas. These effects almost always
dictate that the test range (spacing between source and test antennas) be as short as possible consistent
with maintaining a nearly error-free plane wave illuminating the test aperture.

A nearly error-free plane wave can be specified as one in which the phase and amplitude, from
center to edge of the illuminating field over the test aperture, do not deviate by more than about
30° and 1 dB, respectively. These conditions will result in a gain-measurement error of no more than a
few percent less that the true gain. Based on the 30° phase error alone, it can be shown that the mini-
mum range distance is approximately
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Smin =2 D2

λ
where D is the largest aperture dimension and λ is the free-space wavelength in the same units as D.
The phase error over the aperture D for this condition is 1/16 wavelength.

Since aperture size and gain are related by

Gain =
4 Ae

2
π
λ

where Ae is the effective aperture area, the dimension D may be obtained for simple aperture configu-
rations. For a square aperture

D2 = G 4
2λ
π

which results in a minimum range distance for a square aperture of

Smin =G 2
λ
π

and for a circular aperture of

Smin =G
2λ
π2

For apertures with a physical area that is not well defined or is much larger in one dimension that
in other directions, such as a long thin array for maximum directivity in one plane, it is advisable to use
the maximum estimate of D from either the expected gain or physical aperture dimensions.

Up to this point in the range development, only the conditions for minimum range length, Smin,
have been established, as though the ground surface were not present. This minimum S is therefore a
necessary condition even under “free-space” environment. The presence of the ground further compli-
cates the range selection, not in the determination of S but in the exact location of the source and test
antennas above the earth.

It is always advisable to select a range whose intervening terrain is essentially flat, clear of ob-
structions, and of uniform surface conditions, such as all grass or all pavement. The extent of the range
is determined by the illumination of the source antenna, usually a beam, whose gain is no greater than
the highest gain antenna to be measured. For gain measurements the range consists essentially of the
region in the beam of the test antenna. For radiation-pattern measurements, the range is considerably
larger and consists of all that area illuminated by the source antenna, especially around and behind the
test site. Ideally a site should be chosen where the test-antenna location is near the center of a large
open area and the source antenna located near the edge where most of the obstacles (trees, poles,
fences, etc) lie.

The primary effect of the range surface is that some of the energy from the source antenna will be
reflected into the test antenna while other energy will arrive on a direct line-of-sight path. This is
illustrated in Fig 54. The use of a flat, uniform ground surface assures that there will be essentially a

Fig 54—On an antenna test range, energy
reaching the receiving equipment may arrive
after being reflected from the surface of the
ground, as well as by the direct path. The two
waves may tend to cancel each other, or may
reinforce one another, depending on their
phase relationship at the receiving point.



27-56 Chapter 27

mirror reflection even though the reflected energy
may be slightly weakened (absorbed) by the sur-
face material (ground). In order to perform an
analysis it is necessary to realize that horizontally
polarized waves undergo a 180° phase reversal
upon reflection from the earth. The resulting illu-
mination amplitude at any point in the test aper-
ture is the vector sum of the electric fields arriv-
ing from the two directions, the direct path and
the reflected path. If a perfect mirror reflection is
assumed from the ground (it is nearly that for prac-
tical ground conditions at VHF/UHF) and the
source antenna is isotropic, radiating equally in
all directions, then a simple geometric analysis of
the two path lengths will show that at various
points in the vertical plane at the test-antenna site
the waves will combine in different phase rela-
tionships. At some points the arriving waves will
be in phase, and at other points they will be 180° out of phase. Since the field amplitudes are nearly
equal, the resulting phase change caused by path length difference will produce an amplitude variation
in the vertical test-site direction similar to a standing wave, as shown in Fig 55.

The simplified formula relating the location of h2 for maximum and minimum values of the two-
path summation in terms of h1 and S is

h2 =n 4 . S
h1

λ

with n = 0, 2, 4, . . . for minimums and
 n = 1, 3, 5, . . . for maximums, and S is much larger than either h1 or h2.

The significance of this simple ground reflection formula is that it permits the approximate loca-
tion of the source antenna to be determined to achieve a nearly plane-wave amplitude distribution in
the vertical direction over a particular test aperture size. It should be clear from examination of the
height formula that as h1 is decreased, the vertical distribution pattern of signal at the test site, h2,
expands. Also note that the signal level for h2 equal to zero is always zero on the ground regardless of
the height of h1.

The objective in using the height formula then is, given an effective antenna aperture to be illumi-
nated from which a minimum S (range length) is determined and a suitable range site chosen, to find a
value for h1 (source antenna height). The required value is such that the first maximum of vertical
distribution at the test site, h2, is at a practical distance above the ground and at the same time the
signal amplitude over the aperture in the vertical direction does not vary more than about 1 dB. This
last condition is not sacred but is closely related to the particular antenna under test. In practice these
formulas are useful only to initialize the range set-up. A final check of the vertical distribution at the
test site must be made by direct measurement. This measurement should be conducted with a small
low-gain but unidirectional probe antenna such as a corner reflector or two-element Yagi that is moved
along a vertical line over the intended aperture site. Care should be exercised to minimize the effects of
local environment around the probe antenna and that the beam of the probe be directed at the source
antenna at all times for maximum signal. A simple dipole is undesirable as a probe antenna because it
is susceptible to local environmental effects.

The most practical way to instrument the vertical distribution measurement is to construct some
kind of vertical track, preferably of wood, with a sliding carriage or platform which may be used to
support and move the probe antenna. It is assumed of course that a stable source transmitter and cali-

Fig 55—The vertical profile, or plot of signal
strength versus test-antenna height, for a fixed
height of the signal source above ground and at
a fixed distance. See text for definitions of
symbols.
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brated receiver or detector are available so variations of the order of 1/2 dB can be clearly distinguished.
Once these initial range measurements are completed successfully, the range is now ready to ac-

commodate any aperture size less in vertical extent than the largest for which Smin and the vertical field
distribution were selected. The test antenna is placed with the center of its aperture at the height h2
where maximum signal was found. The test antenna should be tilted so that its main beam is pointed in
the direction of the source antenna. The final tilt is found by observing the receiver output for maxi-
mum signal. This last process must be done empirically since the apparent location of the source is
somewhere between the actual source and its image, below the ground.

An example will illustrate the procedure. Assume that we wish to measure a 7-foot diameter para-
bolic reflector antenna at 1296 MHz (λ = 0.75 foot). The minimum range distance, Smin, can be readily
computed from the formula for a circular aperture.

Smin =2 D 2 49
0.75 131 ft

2

λ ×= =

Now a suitable site is selected based on the qualitative discussion given before.
Next determine the source height, h1. The procedure is to choose a height h1 such that the first

minimum above ground (n = 2 in formula) is at least two or three times the aperture size, or about
20 feet.

h1 =n 4
S
h2 2 0.75

4
131
20 2.5 ftλ × ×= =

Place the source antenna at this height and probe the vertical distribution over the 7-foot aperture
location, which will be about 10 feet off the ground.

h2 =n 4
S
h1 1 0.75

4
131
2.5 9.8 ftλ × ×= =

     The measured profile of vertical signal level versus height should be plotted. From this plot, empiri-
cally determine whether the 7-foot aperture can be fitted in this profile such that the 1- dB variation is
not exceeded. If the variation exceeds 1 dB over the 7-foot aperture, the source antenna should be
lowered and h2 raised. Small changes in h1 can quickly alter the distribution at the test site. Fig 56
illustrates the points of the previous discussion.

The same set-up procedure applies for either horizontal or vertical linear polarization. However, it is
advisable to check by direct measurement at the site for each polarization to be sure that the vertical distri-
bution is satisfactory. Distribution probing in the horizontal plane is unnecessary as little or no variation in
amplitude should be found, since the reflection geometry is constant. Because of this, antennas with aper-
tures which are long and thin, such as a stacked collinear vertical, should be measured with the long dimen-
sion parallel to the ground.

A particularly difficult range problem occurs
in measurements of antennas which have depth as
well as cross- sectional aperture area. Long end-
fire antennas such as long Yagis, rhombics, V-
beams, or arrays of these antennas, radiate as volu-
metric arrays and it is therefore even more essen-
tial that the illuminating field from the source an-
tenna be reasonably uniform in depth as well as
plane wave in cross section. For measuring these
types of antennas it is advisable to make several
vertical profile measurements which cover the
depth of the array. A qualitative check on the in-
tegrity of the illumination for long end-fire anten-
nas can be made by moving the array or antenna
axially (forward and backward) and noting the
change in received signal level. If the signal level

Fig 56—Sample plot of a measured vertical
profile.
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varies less than 1 or 2 dB for an axial movement of several wavelengths then the field can be consid-
ered satisfactory for most demands on accuracy. Large variations indicate that the illuminating field is
badly distorted over the array depth and subsequent measurements are questionable. it is interesting to
note in connection with gain measurements that any illuminating field distortion will always result in
measurements that are lower than true values.

ABSOLUTE GAIN MEASUREMENT
Having established a suitable range, the measurement of gain relative to an isotropic (point source)

radiator is almost always accomplished by direct comparison with a calibrated standard-gain antenna.
That is, the signal level with the test antenna in its optimum location is noted. Then the test antenna is
removed and the standard-gain antenna is placed with its aperture at the center of location where the
test antenna was located. The difference in signal level between the standard and the test antennas is
measured and appropriately added to or subtracted from the gain of the standard-gain antenna to obtain
the absolute gain of the test antenna, absolute here meaning with respect to a point source which has a
gain of unity by definition. The reason for using this reference rather than a dipole, for instance, is that
it is more useful and convenient for system engineering. It is assumed that both standard and test
antennas have been carefully matched to the appropriate impedance and an accurately calibrated and
matched detecting device is being used.

A standard-gain antenna may be any type of unidirectional, preferably planar-aperture, antenna, which
has been calibrated either by direct measurement or in special cases by accurate construction according to
computed dimensions.  A standard-gain antenna has been suggested by Richard F. H. Yang (see Bibliography).
Shown in Fig 57, it consists of two in-phase dipoles 1/2 λ apart and backed up with a ground plane 1 λ square.

In Yang’s original design, the stub at the center is a balun formed by cutting two longitudinal slots of
1/8-inch width, diametrically opposite, on a 1/4-λ section of 7/8-inch rigid 52-Ω coax.  An alternative method
of feeding is to feed RG-8 or RG-213 coax through slotted 7/8-inch copper tubing.  Be sure to leave the outer
jacket on the coax to insulate it from the copper-tubing balun section.  When constructed accurately to scale
for the frequency of interest, this type of standard will have an absolute gain of 7.7 dBd (dB gain over a
dipole) with an accuracy of plus or minus 0.25 dB.

Fig 57—Standard-gain
antenna. When accurately
constructed for the
desired frequenc y, this
antenna will exhibit a gain
of 7.7 dB over a dipole
radiato r, plus or minus
0.25 dB. In this model,
constructed for 432 MHz,
the elements are 3/8-inch
diameter tubing. The
phasing and support lines
are of 5/16-inch diameter
tubing or rod.
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RADIATION-PATTERN MEASUREMENTS
Of all antenna measurements, the radiation pattern is the most demanding in measurement and

most difficult to interpret. Any antenna radiates to some degree in all directions into the space sur-
rounding it. Therefore, the radiation pattern of an antenna is a three-dimensional representation of the
magnitude, phase and polarization. In general, and in practical cases for Amateur Radio communica-
tions, the polarization is well defined and only the magnitude of radiation is important. Furthermore, in
many of these cases the radiation in one particular plane is of primary interest, usually the plane corre-
sponding to that of the earth’s surface, regardless of polarization.

Because of the nature of the range setup, measurement of radiation pattern can be successfully made
only in a plane nearly parallel to the earth’s surface. With beam antennas it is advisable and usually suffi-
cient to take two radiation pattern measurements, one in the polarization plane and one at right angles to the
plane of polarization. These radiation patterns are referred to in antenna literature as the principal E-plane
and H-plane patterns, respectively, E plane meaning parallel to the electric field which is the polarization
plane and H plane meaning parallel to the magnetic field. The electric field and magnetic field are always
perpendicular to each other in a plane wave as it propagates through space.

The technique in obtaining these patterns is simple in procedure but requires more equipment and
patience than does making a gain measurement. First, a suitable mount is required which can be rotated
in the azimuth plane (horizontal) with some degree of accuracy in terms of azimuth angle positioning.
Second, a signal-level indicator calibrated over at least a 20-dB dynamic range with a readout resolu-
tion of at least 2 dB is required. A dynamic range of up to about 40 dB would be desirable but does not
add greatly to the measurement significance.

With this much equipment, the procedure is to
locate first the area of maximum radiation from the
beam antenna by carefully adjusting the azimuth and
elevation positioning. These settings are then arbi-
trarily assigned an azimuth angle of zero degrees and
a signal level of zero decibels. Next, without chang-
ing the elevation setting (tilt of the rotating axis), the
antenna is carefully rotated in azimuth in small steps
which permit signal-level readout of 2 or 3 dB per
step. These points of signal level corresponding with
an azimuth angle are recorded and plotted on polar
coordinate paper. A sample of the results is shown
on ARRL coordinate paper in Fig 58.

On the sample radiation pattern the measured
points are marked with an X and a continuous line is
drawn in, since the pattern is a continuous curve.
Radiation patterns should preferably be plotted on a
logarithmic radial scale, rather than a voltage or
power scale. The reason is that the log scale approxi-
mates the response of the ear to signals in the audio
range. Also many receivers have AGC systems that
are somewhat logarithmic in response; therefore the
log scale is more representative of actual system
operation.

Having completed a set of radiation-pattern
measurements, one is prompted to ask, “Of what
use are they?” The primary answer is as a diag-
nostic tool to determine if the antenna is function-
ing as it was intended to. A second answer is to

Fig 58—Sample plot of a measured radiation
pattern, using techniques described in the text.
The plot is on coordinate paper available from
ARRL HQ. The form provides space for recording
significant data and remarks.
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know how the antenna will discriminate against interfering signals from various directions.
Consider now the diagnostic use of the radiation patterns. If the radiation beam is well defined,

then there is an approximate formula relating the antenna gain to the measured half-power beamwidth
of the E and H-plane radiation patterns. The half-power beamwidth is indicated on the polar plot where
the radiation level falls to 3 dB below the main beam 0-dB reference on either side. The formula is

Gain ≅ 41,253
E Hθ φ

where θE and φH are the half-power beamwidths in degrees of the E and H-plane patterns, respectively.
This equation assumes a lossless antenna system.

To illustrate the use of this equation, assume that we have a Yagi antenna with a boom length of two
wavelengths. From known relations (described in Chapter 11) the expected gain of a Yagi with a boom
length of two wavelengths is about 12 dB; its gain, G, equals 15.8. Using the above relationship, the product
of θE × φH ≅ 2600 square degrees. Since a Yagi produces a nearly symmetric beam shape in cross section, θE
≅ φH = 51°. Now if the measured values of θE and φH are much larger than 51°, then the gain will be much
lower than the expected 12 dB.

As another example, suppose that the same antenna (a 2- wavelength-boom Yagi) gives a measured
gain of 9 dB but the radiation pattern half- power beamwidths are approximately 51°. This situation
indicates that although the radiation patterns seem to be correct, the low gain shows inefficiency some-
where in the antenna, such as lossy materials or poor connections.

Large broadside collinear antennas can be checked for excessive phasing-line losses by comparing
the gain computed from the radiation patterns with the direct-measured gain. It seems paradoxical, but
it is indeed possible to build a large array with a very narrow beamwidth indicating high gain, but
actually having very low gain because of losses in the feed distribution system.

In general, and for most VHF/UHF Amateur Radio communications, gain is the primary attribute of an
antenna. However, radiation in other directions than the main beam, called sidelobe radiation, should be
examined by measurement of radiation patterns for effects such as nonsymmetry on either side of the main
beam or excessive magnitude of sidelobes. (Any sidelobe which is less than 10 dB below the main beam
reference level of 0 dB should be considered excessive.) These effects are usually attributable to incorrect
phasing of the radiating elements or radiation from other parts of the antenna which was not intended,
such as the support structure or feed line.

The interpretation of radiation patterns is intimately related to the particular type of antenna under
measurement. Reference data should be consulted for the antenna type of interest, to verify that the
measured results are in agreement with expected results.

To summarize the use of pattern measurements, if a beam antenna is first checked for gain (the
easier measurement to make) and it is as expected, then pattern measurements may be academic. How-
ever, if the gain is lower than expected it is advisable to make the pattern measurements as an aid in
determining the possible cause of low gain.

Regarding radiation pattern measurements, remember that the results measured under proper range
facilities will not necessarily be the same as observed for the same antenna at a home-station installa-
tion. The reasons may be obvious now in view of the preceding information on the range setup, ground
reflections, and the vertical-field distribution profiles. For long paths over rough terrain where many
large obstacles may exist, the effects of ground reflection tend to become diffused, although they still
can cause unexpected results. For these reasons it is usually unjust to compare VHF/UHF antennas
over long paths.
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The Smith Chart is a sophisticated graphic tool for solving transmission line problems. One of the
simpler applications is to determine the feed-point impedance of an antenna, based on an
impedance measurement at the input of a random length of transmission line. By using the Smith

Chart, the impedance measurement can be made with the antenna in place atop a tower or mast, and there is
no need to cut the line to an exact multiple of half wavelengths.  The Smith Chart may be used for other
purposes, too, such as the design of impedance-matching networks.  These matching networks can take on
any of several forms, such as L and pi networks, a stub matching system, a series-section match, and more.
With a knowledge of the Smith Chart, the amateur can eliminate much “cut and try” work.

Named after its inventor, Phillip H. Smith, the Smith Chart was originally described in Electronics for
January 1939. Smith Charts may be obtained at most university book stores. They may be ordered in quanti-
ties of 100 from Analog Instruments Co, PO Box 808, New Providence, NJ 07974. (For 81/2 × 11-inch paper
charts with normalized coordinates, request Form 82-BSPR.) Smith Charts with 50-Ω coordinates (Form
5301-7569) are available. Smith Charts are also available from ARRL HQ. (See the caption for Fig 3.)

It is stated in Chapter 24 that the input impedance, or the impedance seen when “looking into” a
length of line, is dependent upon the SWR, the length of the line, and the Z0 of the line. The SWR, in
turn, is dependent upon the load which terminates the line. There are complex mathematical relation-
ships which may be used to calculate the various values of impedances, voltages, currents, and SWR
values that exist in the operation of a particular transmission line. These equations can be solved with
a personal computer and suitable software, or the parameters may be determined with the Smith Chart.
Even if a computer is used, a fundamental knowledge of the Smith Chart will promote a better under-
standing of the problem being solved. And such an understanding might lead to a quicker or simpler
solution than otherwise. If the terminating impedance is known, it is a simple matter to determine the
input impedance of the line for any length by
means of the chart. Conversely, as indicated above,
with a given line length and a known (or measured)
input impedance, the load impedance may be de-
termined by means of the chart—a convenient
method of remotely determining an antenna im-
pedance, for example.

Although its appearance may at first seem
somewhat formidable, the Smith Chart is really
nothing more than a specialized type of graph.
Consider it as having curved, rather than rectan-
gular, coordinate lines.  The coordinate system
consists simply of two families of circles—the
resistance family, and the reactance family. The
resistance circles, Fig 1, are centered on the resis-
tance axis (the only straight line on the chart), and
are tangent to the outer circle at the right of the

Chapter 28
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Fig 1—Resistance circles of the Smith Chart
coordinate system.
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chart.  Each circle is assigned a value of resistance, which is indicated at the point where the circle
crosses the resistance axis.  All points along any one circle have the same resistance value.

The values assigned to these circles vary from zero at the left of the chart to infinity at the right, and
actually represent a ratio with respect to the impedance value assigned to the center point of the chart,
indicated 1.0. This center point is called prime center.  If prime center is assigned a value of 100 Ω, then 200
Ω resistance is represented by the 2.0 circle, 50 Ω by the 0.5 circle, 20 Ω by the 0.2 circle, and so on. If,
instead, a value of 50 is assigned to prime center, the 2.0 circle now represents 100 Ω, the 0.5 circle 25 Ω, and
the 0.2 circle 10 Ω. In each case, it may be seen that the value on the chart is determined by dividing the
actual resistance by the number assigned to prime center.  This process is called normalizing.

Conversely, values from the chart are converted back to actual resistance values by multiplying the
chart value times the value assigned to prime center.  This feature permits the use of the Smith Chart for
any impedance values, and therefore with any type
of uniform transmission line, whatever its imped-
ance may be.  As mentioned above, specialized
versions of the Smith Chart may be obtained with
a value of 50 Ω at prime center.  These are in-
tended for use with 50-Ω lines.

Now consider the reactance circles, Fig 2, which
appear as curved lines on the chart because only seg-
ments of the complete circles are drawn.  These
circles are tangent to the resistance axis, which it-
self is a member of the reactance family (with a ra-
dius of infinity).  The centers are displaced to the
top or bottom on a line tangent to the right of the
chart.  The large outer circle bounding the coordi-
nate portion of the chart is the reactance axis.

Each reactance circle segment is assigned a
value of reactance, indicated near the point where
the circle touches the reactance axis.  All points
along any one segment have the same reactance
value.  As with the resistance circles, the values
assigned to each reactance circle are normalized
with respect to the value assigned to prime center.
Values to the top of the resistance axis are posi-
tive (inductive), and those to the bottom of the
resistance axis are negative (capacitive).

When the resistance family and the reactance
family of circles are combined, the coordinate sys-
tem of the Smith Chart results, as shown in Fig 3.
Complex impedances (R + jX) can be plotted on
this coordinate system.

IMPEDANCE PLOTTING
Suppose we have an impedance consisting of

50 Ω resistance and 100 Ω inductive reactance
(Z = 50 + j100).  If we assign a value of 100 Ω to
prime center, we normalize the above impedance
by dividing each component of the impedance by
100.  The normalized impedance is then 50/100 +
j(100/100) = 0.5 + j1.0. This impedance is plotted
on the Smith Chart at the intersection of the 0.5

Fig 2—Reactance circles (segments) of the Smith
Chart coordinate system.

Fig 3—The complete coordinate system of the
Smith Chart.  For simplicity, only a few divisions
are shown for the resistance and reactance
values.  Various types of Smith Chart forms are
available from ARRL HQ.  At the time of this
writing, five 8 1/2 × 11 inch Smith Chart forms are
available for $2.
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Fig 4—Smith Chart with SWR circles added.

resistance circle and the +1.0 reactance circle, as indicated in Fig 3. Claculations may now be made
from this plotted value.

Now say that instead of assigning 100 Ω to prime center, we assign a value of 50 Ω. With this
assignment, the 50 + j100 Ω impedance is plotted at the intersection of the 50/50 = 1.0 resistance circle,
and the 100/50 = 2.0 positive reactance circle.  This value, 1 + j2, is also indicated in Fig 3. But now we
have two points plotted in Fig 3 to represent the same impedance value, 50 + j100 Ω. How can this be?
     These examples show that the same impedance may be plotted at different points on the chart,
depending upon the value assigned to prime center.  But two plotted points cannot represent the same
impedance at the same time!  It is customary when solving transmission-line problems to assign to
prime center a value equal to the characteristic impedance, or Z0, of the line being used.  This value
should always be recorded at the start of calculations, to avoid possible confusion later.  (In using the
specialized charts with the value of 50 at prime center, it is, of course, not necessary to normalize
impedances when working with 50-Ω line.  The resistance and reactance values may be read directly
from the chart coordinate system.)

Prime center is a point of special significance.  As just mentioned, is is customary when solving
problems to assign the Z0 value of the line to this point on the chart—50 Ω for a 50-Ω line, for example.
What this means is that the center point of the chart now represents 50 + j0 ohms–a pure resistance
equal to the characteristic impedance of the line. If this were a load on the line, we recognize from
transmission-line theory that it represents a perfect match, with no reflected power and with a 1.0 to 1
SWR. Thus, prime center also represents the 1.0 SWR circle (with a radius of zero). SWR circles are
also discussed in a later section.

Short and Open Circuits
On the subject of plotting impedances, two special cases deserve consideration.  These are short

circuits and open circuits. A true short circuit has zero resistance and zero reactance, or 0 + j0).  This
impedance is plotted at the left of the chart, at the intersection of the resistance and the reactance axes.
By contrast, an open circuit has infinite resistance, and therefore is plotted at the right of the chart, at
the intersection of the resistance and reactance axes.  These two special cases are sometimes used in
matching stubs, described later.

Standing- Wave-Ratio Circles
Members of a third family of circles, which are not printed on the chart but which are added during the

process of solving problems, are standing-wave-ratio or SWR circles.  See Fig 4.  This family is centered on
prime center, and appears as concentric circles inside the reactance axis.  During calculations, one or more
of these circles may be added with a drawing com-
pass.  Each circle represents a value of SWR, with
every point on a given circle representing the same
SWR.  The SWR value for a given circle may be
determined directly from the chart coordinate sys-
tem, by reading the resistance value where the SWR
circle crosses the resistance axis to the right of prime
center.  (The reading where the circle crosses the
resistance  axis to the left of prime center indicates
the inverse ratio.)

Consider the situation where a load mismatch
in a length of line causes a 3-to-1 SWR ratio to
exist.  If we temporarily disregard line losses, we
may state that the SWR remains constant through-
out the entire length of this line.  This is repre-
sented on the Smith Chart by drawing a 3:1 con-
stant SWR circle (a circle with a radius of 3 on
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the resistance axis), as in Fig 5.  The design of the
chart is such that any impedance encountered any-
where along the length of this mismatched line will
fall on the SWR circle. The impedances may be
read from the coordinate system merely by the pro-
gressing around the SWR circle by an amount cor-
responding to the length of the line involved.

This brings into use the wavelength scales,
which appear in Fig 5 near the perimeter of the Smith
Chart.  These scales are calibrated in terms of por-
tions of an electrical wavelength along a transmis-
sion line.  Both scales start from 0 at the left of the
chart. One scale, running counterclockwise, starts at
the generator or input end of the line and progresses
toward the load. The other scale starts at the load and
proceeds toward the generator in a clockwise direc-
tion. The complete circle around the edge of the chart
represents 1/2 λ. Progressing once around the perim-
eter of these scales corresponds to progressing along
a transmission line for 1/2 λ.  Because impedances
repeat themselves every 1/2 λ along a piece of line,
the chart may be used for any length of line by disre-
garding or subtracting from the line’s total length an
integral, or whole number, of half wavelengths.

Also shown in Fig 5 is a means of transferring
the radius of the SWR circle to the external scales of
the chart, by drawing lines tangent to the circle.
Another simple way to obtain information from these
external scales is to transfer the radius of the SWR
circle to the external scale with a drawing compass.
Place the point of a drawing compass at the center or
0 line, and inscribe a short arc across the appropriate
scale.  It will be noted that when this is done in Fig 5,
the external STANDING-WAVE VOLTAGE-RATIO  scale
indicates the SWR to be 3.0 (at A)—our condition
for initially drawing the circle on the chart (and the
same as the SWR reading on the resistance axis).

SOLVING PROBLEMS WITH THE SMITH CHART
Suppose we have a transmission line with a char-

acteristic impedance of 50 Ω and an electrical length
of 0.3 λ.  Also, suppose we terminate this line with
an impedance having a resistive component of 25 Ω
and an inductive reactance of 25 Ω (Z = 25 + j25).
What is the input impedance to the line?

The characteristic impedance of the line is 50 Ω,
so we begin by assigning this value to prime center.
Because the line is not terminated in its characteristic impedance, we know that standing waves will exist on
the line, and that, therefore, the input impedance to the line will not be exactly 50 Ω.  We proceed as follows.
First, normalize the load impedance by dividing both the resistive and reactive components by 50 (Z0 of the
line being used). The normalized impedance in this case is 0.5 + j0.5. This is plotted on the chart at the
intersection of the 0.5 resistance and the +0.5 reactance circles, as in Fig 6. Then draw a constant SWR

Fig 6—Example discussed in text.

Fig 5—Example discussed in text.
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circle passing through this point. Transfer the radius of this circle to the external scales with the drawing
compass.  From the external STANDING-WAVE VOLTAGE-RATIO scale, it may be seen (at A) that the voltage
ratio of 2.62 exists for this radius, indicating that our line is operating with an SWR of 2.62 to 1. This figure
is converted to decibels in the adjacent scale, where 8.4 dB may be read (at B), indicating that the ratio of the
voltage maximum to the voltage minimum along the line is 8.4 dB. (This is mathematically equivalent to 20
times the log of the SWR value.)

Next, with a straightedge, draw a radial line from prime center through the plotted point to
intersect the wavelengths scale. At this intersection, point C in Fig 6, read a value from the wave-
lengths scale.  Because we are starting from the load, we use the TOWARD GENERATOR  or outermost
calibration, and read 0.088 λ.

To obtain the line input impedance, we merely find the point on the SWR circle that is 0.3 λ toward
the generator from the plotted load impedance.  This is accomplished by adding 0.3 (the length of the
line in wavelengths) to the reference or starting point, 0.088; 0.3 + 0.088 = 0.388.  Locate 0.388 on the
TOWARD GENERATOR scale (at D). Draw a second radial line from this point to prime center. The
intersection of the new radial line with the SWR circle represents the normalized line input impedance,
in this case 0.6 – j0.66.

To find the unnormalized line impedance, multiply by 50, the value assigned to prime center. The
resulting value is 30 – j33, or 30 Ω resistance and 33 Ω capacitive reactance.  This is the impedance that
a transmitter must match if such a system were a combination of antenna and transmission line. This is
also the impedance that would be measured on an impedance bridge if the measurement were taken at
the line input.

In addition to the line input impedance and the SWR, the chart reveals several other operating charac-
teristics of the above system of line and load, if a closer look is desired.  For example, the voltage reflection
coefficient, both magnitude and phase angle, for this particular load is given.  The phase angle is read under
the radial line drawn through the plot of the load impedance, where the line intersects the ANGLE OF REFLEC-

TION COEFFICIENT  scale.  This scale is not included in Fig 6, but will be found on the Smith Chart just inside
the wavelengths scales.  In this example, the reading is 116.6 degrees.  This indicates the angle by which the
reflected voltage wave leads the incident wave at the load.  It will be noted that angles on the bottom half, or
capacitive-reactance half, of the chart are negative angles, a “negative” lead indicating that the reflected
voltage wave actually lags the incident wave.

The magnitude of the voltage-reflection-coefficient may be read from the external REFLECTION COEF-

FICIENT VOLTAGE scale, and is seen to be approximately 0.45 (at E) for this example. This means that 45
percent of the incident voltage is reflected. Adjacent to this scale on the POWER calibration, it is noted (at F)
that the power reflection coefficient is 0.20, indicating that 20 percent of the incident power is reflected.
(The amount of reflected power is proportional to the square of the reflected voltage.)

ADMITTANCE COORDINATES
Quite often it is desirable to convert impedance information to admittance data—conductance and

susceptance.  Working with admittances greatly simplifies determining the resultant when two com-
plex impedances are connected in parallel, as in stub matching.  The conductance values may be added
directly, as may be the susceptance values, to arrive at the overall admittance for the parallel combina-
tion.  This admittance may then be converted back to impedance data, if desired.

On the Smith Chart, the necessary conversion may be made very simply.  The equivalent admit-
tance of a plotted impedance value lies diametrically opposite the impedance point on the chart.  In
other words, an impedance plot and its corresponding admittance plot will lie on a straight line that
passes through prime center, and each point will be the same distance from prime center (on the same
SWR circle).  In the above example, where the normalized line input impedance is 0.6 – j0.66, the
equivalent admittance lies at the intersection of the SWR circle and the extension of the straight line
passing from point D though prime center.  Although not shown in Fig 6, the normalized admittance
value may be read as 0.76 + j0.84 if the line starting at D is extended.
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In making impedance-admittance conver-
sions, remember that capacitance is considered
to be a positive susceptance and inductance a
negative susceptance.  This corresponds to the
scale identification printed on the chart.  The
admittance in siemens is determined by divid-
ing the normalized values by the Z0 of the line.
For this example the admittance is 0.76/50 +
j0.84/50 = 0.0152 + j0.0168 siemen. Of course
admittance coordinates may be converted to
impedance coordinates just as easily—by locat-
ing the point on the Smith Chart that is diametri-
cally opposite that representing the admittance
coordinates, on the same SWR circle.

DETERMINING ANTENNA
IMPEDANCES

To determine an antenna impedance from
the Smith Chart, the procedure is similar to the
previous example.  The electrical length of the
feed line must be known and the impedance
value at the input end of the line must be deter-
mined through measurement, such as with an im-
pedance-measuring or a good quality noise
bridge.  In this case, the antenna is connected
to the far end of the line and becomes the load for the line.  Whether the antenna is intended
purely for transmission of energy, or purely for reception makes no difference; the antenna is still
the terminating or load impedance on the line as far as these measurements are concerned.  The
input or generator end of the line is that end connected to the device for measurement of the
impedance.  In this type of problem, the measured impedance is plotted on the chart, and the
TOWARD LOAD wavelengths scale is used in conjunction with the electrical line length to deter-
mine the actual antenna impedance.

For example, assume we have a measured input impedance to a 50-Ω line of 70 – j25 Ω. The line is
2.35 λ long, and is terminated in an antenna. What is the antenna feed impedance? Normalize the input
impedance with respect to 50 Ω, which comes out 1.4 – j0.5, and plot this value on the chart. See
Fig 7. Draw a constant SWR circle through the point, and transfer the radius to the external scales. The
SWR of 1.7 may be read from the VOLTAGE RATIO scale (at A). Now draw a radial line from prime
center through this plotted point to the wavelengths scale, and read a reference value (at B). For this
case the value is 0.195, on the TOWARD LOAD scale. Remember, we are starting at the generator end of
the transmission line.

To locate the load impedance on the SWR circle, add the line length, 2.35 λ, to the reference value
from the wavelengths scale; 2.35 + 0.195 = 2.545.  Locate the new value on the TOWARD LOAD  scale.
But because the calibrations extend only from 0 to 0.5, we must first subtract a number of half wave-
lengths from this value and use only the remaining value.  In this situation, the largest integral number
of half wavelengths that can be subtracted with a positive result is 5, or 2.5 λ.  Thus, 2.545 – 2.5
= 0.045.  Locate the 0.045 value on the TOWARD LOAD scale (at C). Draw a radial line from this value
to prime center. Now, the coordinates at the intersection of the second radial line and the SWR circle
represent the load impedance. To read this value closely, some interpolation between the printed coor-
dinate lines must be made, and the value of 0.62 – j0.19 is read. Multiplying by 50, we get the actual
load or antenna impedance as 31 – j9.5 Ω, or 31 Ω resistance with 9.5 Ω capacitive reactance.

Fig 7—Example discussed in text.
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Problems may be entered on the chart in yet another manner. Suppose we have a length of
50-Ω line feeding a base-loaded resonant vertical ground-plane antenna which is shorter than 1/4 λ.
Further, suppose we have an SWR monitor in the line, and that it indicates an SWR of 1.7 to 1.  The line
is known to be 0.95 λ long.  We want to know both the input and the antenna impedances.

From the information available, we have no impedances to enter into the chart.  We may, however,
draw a circle representing the 1.7 SWR.  We also know, from the definition of resonance, that the
antenna presents a purely resistive load to the line, that is, no reactive component.  Thus, the antenna
impedance must lie on the resistance axis.  If we were to draw such an SWR circle and observe the
chart with only the circle drawn, we would see two points which satisfy the resonance requirement for
the load.  These points are 0.59 + j0 and 1.7 + j0. Multiplying by 50, we see that these values represent
29.5 and 85 Ω resistance. This may sound familiar, because, as was discussed in Chapter 24, when a
line is terminated in a pure resistance, the SWR in the line equals ZR/Z0 or Z0/ZR, where ZR=load
resistance and Z0=line impedance.

If we consider antenna fundamentals described in Chapter 2, we know that the theoretical imped-
ance of a 1/4-λ ground-plane antenna is approximately 36 Ω. We therefore can quite logically discard
the 85-Ω impedance figure in favor of the 29.5-Ω value. This is then taken as the load impedance value
for the Smith Chart calculations. To find the line input impedance, we subtract 0.5 λ from the line
length, 0.95, and find 0.45 λ on the TOWARD GENERATOR  scale.  (The wavelength-scale starting point
in this case is 0.) The line input impedance is found to be 0.63 – j0.20, or 31.5 – j10 Ω.

DETERMINATION OF LINE LENGTH
In the example problems given so far in this chapter, the line length has conveniently been stated in

wavelengths.  The electrical length of a piece of line depends upon its physical length, the radio fre-
quency under consideration, and the velocity of propagation in the line.  If an impedance-measurement
bridge is capable of quite reliable readings at high SWR values, the line length may be determined
through line input-impedance measurements with short- or open-circuit line terminations.  Information
on the procedure is given later in this chapter.  A more direct method is to measure the physical length
of the line and calculate its electrical length from

N =
Lf

984 VF (Eq 1)

where
N = number of electrical wavelengths in the line
L = line length in feet
f = frequency, MHz
VF = velocity or propagation factor of the line
The velocity factor may be obtained from transmission-line data tables in Chapter 24.

Line-Loss Considerations with the Smith Chart
The example Smith Chart problems presented in the previous section ignored attenuation, or line

losses.  Quite frequently it is not even necessary to consider losses when making calculations; any
difference in readings obtained are often imperceptible on the chart.  However, when the line losses
become appreciable, such as for high-loss lines, long lines, or at VHF and UHF, loss considerations
may become significant in making Smith Chart calculations.  This involves only one simple step, in
addition to the procedures previously presented.

Because of line losses, as discussed in Chapter 24 the SWR does not remain constant throughout
the length of the line.  As a result, there is a decrease in SWR as one progresses away from the load.  To
truly present this situation on the Smith Chart, instead of drawing a constant SWR circle, it would be
necessary to draw a spiral inward and clockwise from the load impedance toward the generator, as
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shown in Fig 8.  The rate at which the curve spi-
rals toward prime center is related to the attenua-
tion in the line.  Rather than drawing spiral curves,
a simpler method is used in solving line-loss prob-
lems, by means of the external scale TRANSMIS-

SION LOSS 1-DB STEPS.  This scale may be seen in
Fig 9.  Because this is only a relative scale, the
decibel steps are not numbered.

If we start at the left end of this external scale
and proceed in the direction indicated TOWARD

GENERATOR, the first dB step is seen to occur at
a radius from center corresponding to an SWR of
about 9 (at A); the second dB step falls at an SWR
of about 4.5 (at B), the third at 3.0 (at C), and so
forth, until the 15th dB step falls at an SWR of
about 1.05 to 1. This means that a line terminated
in a short or open circuit (infinite SWR), and hav-
ing an attenuation of 15 dB, would exhibit an
SWR of only 1.05 at its input. It will be noted
that the dB steps near the right end of the scale
are very close together, and a line attenuation of
1 or 2 dB in this area will have only slight effect
on the SWR. But near the left end of the scale,
corresponding to high SWR values, a 1 or 2 dB
loss has considerable effect on the SWR.

Using a Second SWR Circle
In solving a problem using line-loss informa-

tion, it is necessary only to modify the radius of
the SWR circle by an amount indicated on the
TRANSMISSION-LOSS 1-DB STEPS  scale.  This is
accomplished by drawing a second SWR circle,
either smaller or larger than the first, depending
on whether you are working toward the load or
toward the generator.

For example, assume that we have a 50-Ω line
that is 0.282 λ long, with 1-dB inherent attenua-
tion.  The line input impedance is measured as 60
+ j35 Ω. We desire to know the SWR at the input
and at the load, and the load impedance. As be-
fore, we normalize the 60 + j35-Ω impedance, plot
it on the chart, and draw a constant SWR circle
and a radial line through the point. In this case,
the normalized impedance is 1.2 + j0.7. From Fig
9, the SWR at the line input is seen to be 1.9 (at
D), and the radial line is seen to cross the TO-

WARD LOAD scale, first subtract 0.500, and lo-
cate 0.110 (at F); then draw a radial line from this
point to prime center.

To account for line losses, transfer the radius

Fig 8—This spiral is the actual “SWR circle”
when line losses are taken into account.  It is
based on calculations for a 16-ft length of RG-174
coax feeding a resonant 28-MHz 300- Ω antenna
(50-Ω coax, velocity factor = 66%, attenuation =
6.2 dB per 100 ft).  The SWR at the load is 6:1,
while it is 3.6:1 at the line input.  When solving
problems involving attenuation, two constant
SWR circles are drawn instead of a spiral, one for
the line input SWR and one for the load SWR.

Fig 9—Example of Smith Chart calculations
taking line losses into account.
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of the SWR circle to the external 1-DB STEPS  scale.  This radius crosses the external scale at G, the fifth
decibel mark from the left.  Since the line loss was given as 1 dB, we strike a new radius (at H), one
“tick mark” to the left (toward load) on the same scale.  (This will be the fourth decibel tick mark from
the left of the scale.)  Now transfer this new radius back to the main chart, and scribe a new SWR circle
of this radius. This new radius represents the SWR at the load, and is read as 2.3 on the external
VOLTAGE RATIO scale. At the intersection of the new circle and the load radial line, we read 0.65 – j0.6.
This is the normalized load impedance. Multiplying by 50, we obtain the actual load impedance as 32.5
– j30 Ω. The SWR in this problem was seen to increase from 1.9 at the line input to 2.3 (at I) at the load,
with the 1-dB line loss taken into consideration.

In the example above, values were chosen to fall conveniently on or very near the “tick marks” on
the 1-dB scale. Actually, it is a simple matter to interpolate between these marks when making a radius
correction. When this is necessary, the relative distance between marks for each decibel step should be
maintained while counting off the proper number of steps.

Adjacent to the 1-DB STEPS  scale lies a LOSS COEFFICIENT scale. This scale provides a factor by
which the matched-line loss in decibels should be multiplied to account for the increased losses in the
line when standing waves are present. These added losses do not af fect the SWR or impedance calcu-
lations; they are merely the additional dielectric copper losses of the line caused by the fact that the line
conducts more average voltage in the presence of standing waves. For the above example, from Fig 9,
the loss coefficient at the input end is seen to be 1.21 (at J), and 1.39 (at K) at the load. As a good
approximation, the loss coefficient may be averaged over the length of line under consideration; in this
case, the average is 1.3. This means that the total losses in the line are 1.3 times the matched loss of the
line (1 dB), or 1.3 dB. This is the same result that may be obtained from procedures given in Chapter 24
for this data.

Smith Chart Procedure Summary
To summarize briefly, any calculations made on the Smith Chart are performed in four basic steps,

although not necessarily in the order listed.
1) Normalize and plot a line input (or load) impedance, and construct a constant SWR circle.
2) Apply the line length to the wavelengths scales.
3) Determine attenuation or loss, if required, by means of a second SWR circle.
4) Read normalized load (or input) impedance, and convert to impedance in ohms.
The Smith Chart may be used for many types of problems other than those presented as examples

here.  The transformer action of a length of line—to transform a high impedance (with perhaps high
reactance) to a purely resistive impedance of low value—was not mentioned.  This is known as “tuning
the line,” for which the chart is very helpful, eliminating the need for “cut and try” procedures.  The
chart may also be used to calculate lengths for shorted or open matching stubs in a system, described
later in this chapter.  In fact, in any application where a transmission line is not perfectly matched, the
Smith Chart can be of value.

ATTENUATION AND Z0 FROM IMPEDANCE MEASUREMENTS
If an impedance bridge is available to make accurate measurements in the presence of very high

SWR values, the attenuation, characteristic impedance and velocity factor of any random length of
coaxial transmission line can be determined.  This section was written by Jerry Hall, K1TD.

Homemade impedance bridges and noise bridges will seldom offer the degree of accuracy required
to use this technique, but sometimes laboratory bridges can be found as industrial surplus at a reason-
able price.  It may also be possible for an amateur to borrow a laboratory type of bridge for the purpose
of making some weekend measurements.  Making these determinations is not difficult, but the proce-
dure is not commonly known among amateurs.  One equation treating complex numbers is used, but
the math can be handled with a calculator supporting trig functions.  Full details are given in the
paragraphs that follow.

For each frequency of interest, two measurements are required to determine the line impedance.
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Just one measurement is used to determine the line attenuation and velocity factor.  As an example,
assume we have a 100-foot length of unidentified line with foamed dielectric, and wish to know its
characteristics.  We make our measurements at 7.15 MHz.  The procedure is as follows.

1) Terminate the line in an open circuit.  The best “open circuit” is one that minimizes the capaci-
tance between the center conductor and the shield.  If the cable has a PL-259 connector, unscrew the
shell and slide it back down the coax for a few inches.  If the jacket and insulation have been removed
from the end, fold the braid back along the outside of the line, away from the center conductor.

2) Measure and record the impedance at the input end of the line.  If the bridge measures admit-
tance, convert the measured values to resistance and reactance.  Label the values as Roc + jXoc.  For our
example, assume we measure 85 + j179 Ω. (If the reactance term is capacitive, record it as negative.)
     3)  Now terminate the line in a short circuit.  If a connector exists at the far end of the line, a
simple short is a mating connector with a very short piece of heavy wire soldered between the center
pin and the body.  If the coax has no connector, removing the jacket and center insulation from a half
inch or so at the end will allow you to tightly twist the braid around the center conductor.  A small
clamp or alligator clip around the outer braid at the twist will keep it tight.

4) Again measure and record the impedance at the input end of the line.  This time label the values
as Rsc ± jX.  Assume the measured value now is 4.8 – j11.2 Ω.

This completes the measurements.  Now we reach for the calculator.
As amateurs we normally assume that the characteristic impedance of a line is purely resistive, but

it can (and does) have a small capacitive reactance component.  Thus, the Z0 of a line actually consists
of R0 + jX0.  The basic equation for calculating the characteristic impedance is

Z0 = Z Zoc sc   (Eq 2)
where
Zoc = Roc + jXoc
Zsc = Rsc +jXsc

From Eq 2 the following working equation may be derived.

Z0 = R R – X X R X R Xoc sc oc sc oc sc sc oc( ) + +( )j (Eq 3)

The expression under the radical sign in Eq 3 is in the form of R + jX. By substituting the values
from our example into Eq 3, the R term becomes 85 × 4.8 – 179 × (–11.2) = 2412.8, and the X term
becomes 85 × (–11.2) + 4.8 × 179 = –92.8. So far, we have determined that

Z0 = 2412.8 – 92.8j

The quantity under the radical sign is in rectangular form.  Extracting the square root of a complex
term is handled easily if it is in polar form, a vector value and its angle.  The vector value is simply the
square root of the sum of the squares, which in this case is

2412.8 + 92.8 2414.582 2 =
The tangent of the vector angle we are seeking is the value of the reactance term divided by the

value of the resistance term.  For our example this is arctan –92.8/2412.8 = arctan –0.03846.  The angle
is thus found to be –2.20°.  From all of this we have determined that

Z0 = 2414 58 2 20. / – . °
Extracting the square root is now simply a matter of finding the square root of the vector value, and

taking half the angle.  (The angle is treated mathematically as an exponent.)
Our result for this example is Z0 = 49.1/–1.1°. The small negative angle may be ignored, and we

now know that we have coax with a nominal 50-Ω impedance. (Departures of as much as 6 to 8% from
the nominal value are not uncommon.) If the negative angle is large, or if the angle is positive, you
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should recheck your calculations and perhaps even
recheck the original measurements. You can get
an idea of the validity of the measurements by nor-
malizing the measured values to the calculated im-
pedance and plotting them on a Smith Chart as
shown in Fig 10 for this example. Ideally, the two
points should be diametrically opposite, but in
practice they will be not quite 180° apart and not
quite the same distance from prime center. Care-
ful measurements will yield plotted points that are
close to ideal. Significant departures from the ideal
indicates sloppy measurements, or perhaps an im-
pedance bridge that is not up to the task.

Determining Lin e Attenuation
The short circuit measurement may be used

to determine the line attenuation.  This reading is
more reliable than the open circuit measurement
because a good short circuit is a short, while a
good open circuit is hard to find.  (It is impossible
to escape some amount of capacitance between
conductors with an “open” circuit, and that capaci-
tance presents a path for current to flow at the RF
measurement frequency.)

Use the Smith Chart and the 1-DB STEPS  ex-
ternal scale to find line attenuation.  First normal-
ize the short circuit impedance reading to the cal-
culated Z0, and plot this point on the chart.  See Fig 10.  For our example, the normalized impedance is
4.8/49.1 – j11.2 / 49.1 or 0.098 – j0.228. After plotting the point, transfer the radius to the 1-DB STEPS

scale. This is shown at A of Fig 10.
Remember from discussions earlier in this chapter that the impedance for plotting a short circuit is

0 + j0, at the left edge of the chart on the resistance axis. On the 1-DB STEPS scale this is also at the left
edge. The total attenuation in the line is represented by the number of dB steps from the left edge to the
radius mark we have just transferred. For this example it is 0.8 dB. Some estimation may be required in
interpolating between the 1-dB step marks.

Determining Velocity Factor
The velocity factor is determined by using the TOWARD GENERATOR wavelength scale of the Smith

Chart.  With a straightedge, draw a line from prime center through the point representing the short-
circuit reading, until it intersects the wavelengths scale.  In Fig 10 this point is labeled B. Consider that
during our measurement, the short circuit was the load at the end of the line. Imagine a spiral curve
progressing from 0 + j0 clockwise and inward to our plotted measurement point. The wavelength scale,
at B, indicates this line length is 0.464 λ. By rearranging the terms of Eq 1 given early in this chapter,
we arrive at an equation for calculating the velocity factor.

VF =
Lf

984 N              (Eq 4)

where
VF = velocity factor
L = line length, feet
f = frequency, MHz
N = number of electrical wavelengths in the line

Fig 10—Determining the line loss and velocity
factor with the Smith Chart from input meas-
urements taken with open circuit and short
circuit terminations.
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Inserting the example values into Eq 4 yields VF = 100 × 7.15/(984 × 0.464) = 1.566, or 156.6%.
Of course, this value is an impossible number—the velocity factor in coax cannot be greater than
100%.  But remember, the Smith Chart can be used for lengths greater than 1/2 λ.  Therefore, that 0.464
value could rightly be 0.964, 1.464, 1.964, and so on.  When using 0.964 λ, Eq 4 yields a velocity factor
of 0.753, or 75.3%.  Trying successively greater values for the wavelength results in velocity factors of
49.6 and 37.0%.  Because the cable we measured had foamed dielectric, 75.3% is the probable velocity
factor.  This corresponds to an electrical length of 0.964 λ. Therefore, we have determined from the
measurements and calculations that our unmarked coax has a nominal 50-Ω impedance, an attenuation
of 0.8 dB per hundred feet at 7.15 MHz, and a velocity factor of 75.3%.

It is difficult to use this procedure with short lengths of coax, just a few feet.  The reason is that the
SWR at the line input is too high to permit accurate measurements with most impedance bridges. In the
example above, the SWR at the line  input is approximately 12:1.

The procedure described above may also be used for determining the characteristics of balanced
lines.  However, impedance bridges are generally unbalanced devices, and the procedure for measuring
a balanced impedance accurately with an unbalanced bridge is complicated.

LINES AS CIRCUIT ELEMENTS
Information is presented in Chapter 24 on the use of transmission-line sections as circuit elements.

For example, it is possible to substitute transmission lines of the proper length and termination for coils
or capacitors in ordinary circuits.  While there is seldom a practical need for that application, lines are
frequently used in antenna systems in place of lumped components to tune or resonate elements.  Prob-
ably the most common use of such a line is in the hairpin match, where a short section of stiff open-
wire line acts as a lumped inductor.

The equivalent “lumped” value for any “inductor” or “capacitor” may be determined with the aid
of the Smith Chart.  Line losses may be taken into account if desired, as explained earlier.  See Fig 11.
Remember that the top half of the Smith Chart coordinate system is used for impedances containing

inductive reactances, and the bottom half for ca-
pacitive reactances.  For example, a section of 600-
Ω line 3/16-λ long (0.1875 λ) and short-circuited at
the far end is represented by l1, drawn around a
portion of the perimeter of the chart.  The “load”
is a short-circuit, 0 + j0 Ω, and the TOWARD GEN-

ERATOR wavelengths scale is used for marking off
the line length. At A in Fig 11 may be read the
normalized impedance as seen looking into the
length of line, 0 + j2.4. The reactance is therefore
inductive, equal to 600 × 2.4 = 1440 Ω. The same
line when open-circuited (termination impedance
=∞, the point at the right of the chart) is repre-
sented by l2 in Fig 11. At B the normalized line-
input impedance may be read as 0 – j0.41; the re-
actance in this case is capacitive, 600 × 0.41 = 246
Ω. (Line losses are disregarded in these examples.)
From Fig 11 it is easy to visualize that if l1 were
to be extended by 1/4 λ, the total length represented
by l3, the line-input impedance would be identi-
cal to that obtained in the case represented by l2
alone. In the case of l2, the line is open-circuited
at the far end, but in the case of l3 the line is ter-

Fig 11—Smith Chart determination of input
impedances for short- and open-circuited line
sections, disregarding line losses.
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minated in a short. The added section of line for l3 provides the “transformer action” for which the 1/4-
λ line is noted.

The equivalent inductance and capacitance as determined above can be found by substituting these
values in the equations relating inductance and capacitance to reactance, or by using the various charts
and calculators available.  The frequency  corresponding to the line length in degrees must be used, of
course.  In this example, if the frequency is 14 MHz the equivalent inductance and capacitance in the
two cases are 16.4 µH and 46.2 pF, respectively.  Note that when the line length is 45° (0.125 λ), the
reactance in either case is numerically equal to the characteristic impedance of the line. In using the
Smith Chart it should be kept in mind that the electrical length of a line section depends on the fre-
quency and velocity of propagation, as well as on the actual physical length.

At lengths of line that are exact multiples of 1/4 λ, such lines have the properties of resonant cir-
cuits.  At lengths where the input reactance passes through zero at the left of the Smith Chart, the line
acts as a series-resonant circuit.  At lengths for which the reactances theoretically pass from “positive”
to “negative” infinity at the right of the Smith Chart, the line simulates a parallel-resonant circuit.

DESIGNING STUB MATCHES
WITH THE SMITH CHART

The design of stub matches is covered in de-
tail in Chapter 26.  Equations are presented there
to calculate the electrical lengths of the main line
and the stub, based on a purely resistive load and
on the stub being the same type of line as the main
line.  The Smith Chart may also be used to deter-
mine these lengths, without the requirements that
the load be purely resistive and that the line types
be identical.

Fig 12 shows the stub matching arrangement
in coaxial line.  As an example, suppose that the
load is an antenna, a close-spaced array fed with a
52-Ω line.  Further suppose that the SWR has been
measured as 3.1:1.  From this information, a con-
stant SWR circle may be drawn on the Smith
Chart.  Its radius is such that it intersects the right
portion of the resistance axis at the SWR value,
3.1, as shown at point B in Fig 13.

Since the stub of Fig 12 is connected in parallel
with the transmission line, determining the design
of the matching arrangement is simplified if Smith
Chart values are dealt with as admittances, rather
than impedances.  (An admittance is simply the re-
ciprocal of the associated impedance.  Plotted on the
Smith Chart, the two associated points are on the
same SWR circle, but diametrically opposite each
other.)  Using admittances leaves less chance for er-
rors in making calculations, by eliminating the need
for making series-equivalent to parallel-equivalent
circuit conversions and back, or else for using com-
plicated equations for determining the resultant value
of two complex impedances connected in parallel.

A complex impedance, Z, is equal to R + jX,
as described in Chapter 24.  The equivalent ad-

Fig 12—The method of stub matching a
mismatched load on coaxial lines.

Fig 13—Smith Chart method of determining the
dimensions for stub matching.
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mittance, Y, is equal to G – jB, where G is the conductive component and B the susceptance. (Induc-
tance is taken as negative susceptance, and capacitance as positive.) Conductance and susceptance
values are plotted and handled on the Smith Chart in the same manner as resistance and reactance.

Assuming that the close-spaced array of our example has been resonated at the operating fre-
quency, it will present a purely resistive termination for the load end of the 52-Ω line.  From informa-
tion in Chapter 24, it is known that the impedance of the antenna equals Z0/SWR = 52/3.1 = 16.8 Ω.
(We can logically discard the possibility that the antenna impedance is SWR × Z0, or 0.06 Ω.) If this
16.8-Ω value were to be plotted as an impedance on the Smith Chart, it would first be normalized
(16.8/52 = 0.32) and then plotted as 0.32 + j0.  Although not necessary for the solution of this example,
this value is plotted at point A in Fig 13.  What is necessary is a plot of the admittance for the antenna
as a load.  This is the reciprocal of the impedance; 1/16.8 Ω equals 0.060 siemen.  To plot this point it
is first normalized by multiplying the conductance and susceptance values by the Z0 of the line.  Thus,
(0.060 + j0) × 52 = 3.1 + j0. This admittance value is shown plotted at point B in Fig 13. It may be seen
that points A and B are diametrically opposite each other on the chart. Actually, for the solution of this
example, it wasn’ t necessary to compute the values for either point A or point B as in the above para-
graph, for they were both determined from the known SWR value of 3.1. As may be seen in Fig 13, the
points are located on the constant SWR circle which was already drawn, at the two places where it
intersects the resistance axis. The plotted value for point A, 0.32, is simply the reciprocal of the value
for point B, 3.1. However, an understanding of the relationship between impedance and admittance is
easier to gain with simple examples such as this.

In stub matching, the stub is to be connected at a point in the line where the conductive component
equals the Z0 of the line.  Point B represents the admittance of the load, which is the antenna.  Various
admittances will be encountered along the line, when moving in a direction indicated by the TOWARD

GENERATOR  wavelengths scale, but all admittance plots must fall on the constant SWR circle.  Moving
clockwise around the SWR circle from point B, it is seen that the line input conductance will be 1.0
(normalized Z0 of the line) at point C, 0.082 λ toward the transmitter from the antenna.  Thus, the stub
should be connected at this location on the line.

The normalized admittance at point C, the point representing the location of the stub, is 1 – j1.2
siemens, having an inductive susceptance component. A capacitive susceptance having a normalized
value of +j1.2 siemens is required across the line at the point of stub connection, to cancel the induc-
tance. This capacitance is to be obtained from the stub section itself; the problem now is to determine
its type of termination (open or shorted), and how long the stub should be. This is done by first plotting
the susceptance required for cancellation, 0 + j1.2, on the chart (point D in Fig 13). This point repre-
sents the input admittance as seen looking into the stub. The “load” or termination for the stub section
is found by moving in the TOWARD LOAD direction around the chart, and will appear at the closest point
on the resistance/conductance axis, either at the left or the right of the chart. Moving counterclockwise
from point D, this is located at E, at the left of the chart, 0.139 λ away. From this we know the required
stub length. The “load” at the far end of the stub, as represented on the Smith Chart, has a normalized
admittance of 0 + j0 siemen, which is equivalent to an open circuit.

When the stub, having an input admittance of 0 + j1.2 siemens, is connected in parallel with the
line at a point 0.082 λ from the load, where the line input admittance is 1.0 – j1.2, the resultant admit-
tance is the sum of the individual admittances. The conductance components are added directly, as are
the susceptance components. In this case, 1.0 – j1.2 + j1.2 = 1.0 + j0 siemen. Thus, the line from the
point of stub connection to the transmitter will be terminated in a load which offers a perfect match.
When determining the physical line lengths for stub matching, it is important to remember that the
velocity factor for the type of line in use must be considered.

MATCHING WITH LUMPED CONSTANTS
It was pointed out earlier that the purpose of a matching stub is to cancel the reactive component of

line impedance at the point of connection.  In other words, the stub is simply a reactance of the proper
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kind and value shunted across the line.  It does not matter what physical shape this reactance takes.  It
can be a section of transmission line or a “lumped” inductance or capacitance, as desired.  In the above
example with the Smith Chart solution, a capacitive reactance was required.  A capacitor having the
same value of reactance can be used just as well.  There are cases where, from an installation stand-
point, it may be considerably more convenient to connect a capacitor in place of a stub.  This is particu-
larly true when open-wire feeders are used.  If a variable capacitor is used, it becomes possible to
adjust the capacitance to the exact value required.

The proper value of reactance may be determined from Smith Chart information.  In the previous
example, the required susceptance, normalized, was +j1.2 siemens.  This is converted into actual si-
emens by dividing by the line Z0; 1.2/52 = 0.023 siemen, capacitance.  The required capacitive reac-
tance is the reciprocal of this latter value, 1/0.023 = 43.5 Ω.  If the frequency is 14.2 MHz, for instance,
43.5 Ω corresponds to a capacitance of 258 pF.  A 325-pF variable capacitor connected across the line
0.082 λ from the antenna terminals would provide ample adjustment range.  The RMS voltage across
the capacitor is

E = P Z0×
For 500 W, for example, E = the square root of 500 × 52 = 161 V.  The peak voltage is 1.41 times

the RMS value, or 227 V.

The Series Section Transformer
The series-section transformer is described in Chapter 26, and equations are given there for its

design.  The transformer can be designed graphically with the aid of a Smith Chart.  This information
is based on a QST article by Frank A. Regier, OD5CG. Using the Smith Chart to design a series-section
match requires the use of the chart in its less familiar off-center mode. This mode is described in the
next two paragraphs.

Fig 14 shows the Smith Chart used in its familiar centered mode, with all impedances normalized
to that of the transmission line, in this case 75 Ω, and all constant SWR circles concentric with the
normalized value r = 1 at the chart center.  An
actual impedance is recovered by multiplying a
chart reading by the normalizing impedance of
75 Ω. If the actual (unnormalized) impedances
represented by a constant SWR circle in Fig 14
are instead divided by a normalizing impedance
of 300 Ω, a different picture results.  A Smith Chart
shows all possible impedances, and so a closed
path such as a constant SWR circle in Fig 14 must
again be represented by a closed path.  In fact, it
can be shown that the path remains a circle, but
that the constant SWR circles are no longer con-
centric. Fig 15 shows the circles that result when
the impedances along a mismatched 75-Ω line are
normalized by dividing by 300 Ω instead of 75.
The constant SWR circles still surround the point
corresponding to the characteristic impedance of
the line (r = 0.25) but are no longer concentric
with it.  Note that the normalized impedances read
from corresponding points on Figs 14 and 15 are
different but that the actual, unnormalized, im-
pedances are exactly the same.

Fig 14—Constant SWR circles for SWR = 2, 3, 4
and 5, showing impedance variation along 75 -Ω
line, normalized to 7 5 Ω.  The actual impedance is
obtained by multiplying the chart reading by 7 5 Ω.
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Fig 16—Example for solution by Smith Chart .  All
impedances are normalized to 300 Ω.

Fig 17—Smith Chart representation of the
example shown in Fig 16.  The impedance locus
always takes a clockwise direction from the load
to the generato r.  This path is first along the
constant SWR circle from the load at R to an
intersection with the matching circle at Q or Q′,
and then along the matching circle to the chart
center at P.  Lengt h l1 can be determined directly
from the chart, and in this example is 0.332 λ.

Fig 15—Paths of constant SWR for SWR = 2, 3, 4 and
5, showing impedance variation along 75 -Ω line,
normalized to 30 0 Ω. Normalized impedances differ
from those in  Fig 14 , but actual impedances are
obtained by multiplying chart readings by 300 Ω and
are the same as those corresponding in Fig 14. Paths
remain circles but are no longer concentric. One, the
matching circle, SWR = 4 in this case, passes
through the chart center and is thus the locus of all
impedances which can be matched to a 300 -Ω line.

An Example
Now turn to the example shown in Fig 16.  A

complex load of ZL = 600 + j900 Ω is to be fed
with 300-Ω line, and a 75-Ω series section is to
be used.  These characteristic impedances agree
with those used in Fig 15, and thus Fig 15 can be
used to find the impedance variation along the 75-
Ω series section.  In particular, the constant SWR
circle which passes through the Fig 15 chart cen-
ter, SWR = 4 in this case, passes through all the
impedances (normalized to 300 Ω) which the 75-
Ω series section is able to match to the 300-Ω main
line.  The length l1 of 300-Ω line has the job of
transforming the load impedance to some imped-
ance on this matching circle.

Fig 17 shows the whole process more clearly,
with all impedances normalized to 300 Ω.  Here the
normalized load impedance ZL = 2 + j3 is shown at
R, and the matching circle appears centered on the
resistance axis and passing through the points r = 1
and r = n2 = (75/300)2 = 0.0625. A constant SWR
circle is drawn from R to an intersection with the
matching circle at Q or Q′ and the corresponding
length l1 (or l1′) can be read directly from the Smith
Chart. The clockwise distance around the matching
circle represents the length of the matching line, from
either Q′ to P or from Q to P. Because in this ex-
ample the distance QP is the shorter of the two for
the matching section, we choose the length l1 as
shown. By using values from the TOWARD GENERA-

TOR scale, this length is found as 0.045 – 0.213, and
adding 0.5 to obtain a positive result yields a value
of 0.332 λ.

Although the impedance locus from Q to P is
shown in Fig 17, the length l2 cannot be determined
directly from this chart.  This is because the match-
ing circle is not concentric with the chart center, so
the wavelength scales do not apply to this circle.
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Fig 18—The same impedance locus as shown in
Fig 17 except normalized to 7 5 Ω instead of 300.
The matching circle is now concentric with the
chart cente r, and l2 can be determined directly
from the chart, 0.102 λ in this case.

This problem is overcome by forming Fig 18, which
is the same as Fig 17 except that all normalized im-
pedances have been divided by n = 0.25, resulting in
a Smith Chart normalized to 75 Ω instead of 300.
The matching circle and the chart center are now con-
centric, and the series-section length l2, the distance
between Q and P, can be taken directly from the chart.
By again using the TOWARD GENERATOR  scale, this
length is found as 0.250 – 0.148 = 0.102 λ.

In fact it is not necessary to construct the en-
tire impedance locus shown in Fig 18.  It is suffi-
cient to plot ZQ/n (ZQ is read from Fig 17) and
Zp/n = 1/n, connect them by a circular arc centered
on the chart center, and to determine the arc length
l2 from the Smith Chart.

Procedure Summary
The steps necessary to design a series-section

transformer by means of the Smith Chart can now
be listed:

1) Normalize all impedances by dividing by
the characteristic impedance of the main line.

2) On a Smith Chart, plot the normalized load
impedance ZL at R and construct the matching
circle so that its center is on the resistance axis and it passes through the points r = 1 and r = n2.

3) Construct a constant SWR circle centered on the chart center through point R.  This circle
should intersect the matching circle at two points.  One of these points, normally the one resulting in
the shorter clockwise distance along the matching circle to the chart center, is chosen as point Q, and
the clockwise distance from R to Q is read from the chart and taken to be l1.

4) Read the impedance ZQ from the chart, calculate ZQ/n and plot it as point Q on a second Smith
Chart.  Also plot r = 1/n as point P.

5) On this second chart construct a circular arc, centered on the chart center, clockwise from Q to
P.  The length of this arc, read from the chart, represents l2.  The design of the transformer is now
complete, and the necessary physical line lengths may be determined.

The Smith Chart construction shows that two design solutions are usually possible, corresponding
to the two intersections of the constant SWR circle (for the load) and the matching circle.  These two
values correspond to positive and negative values of the square-root radical in the equation given in
Chapter 24 for a mathematical solution of the problem.  It may happen, however, that the load circle
misses the matching circle completely, in which case no solution is possible.  The cure is to enlarge the
matching circle by choosing a series section whose impedance departs more from that of the main line.

A final possibility is that, rather than intersecting the matching circle, the load circle is tangent to
it.  There is then but one solution—that of the 1/4-λ transformer.
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Appendix
This appendix contains a glossary of terms, a list of common abbreviations, length conversion

information (feet and inches), metric equivalents and antenna-gain-reference data.

GLOSSARY OF TERMS
This glossary provides a handy list of terms that are used frequently in Amateur Radio conver-

sation and literature about antennas. With each item is a brief definition of the term. Most terms given
here are discussed more thoroughly in the text of this book, and may be located by using the index.

Actual ground—The point within the earth’s surface where effective ground conductivity exists. The
depth for this point varies with frequency and the condition of the soil.

Antenna—An electrical conductor or array of conductors that radiates signal energy (transmitting) or
collects signal energy (receiving).

Antenna tuner—See Transmatch.
Aperture, effective—An area enclosing an antenna, on which it is convenient to make calculations of

field strength and antenna gain. Sometimes referred to as the “capture area.”
Apex—The feed-point region of a V type of antenna.
Apex angle—The included angle between the wires of a V, an inverted V dipole, and similar antennas,

or the included angle between the two imaginary lines touching the element tips of a log periodic
array.

Balanced line—A symmetrical two-conductor feed line that has uniform voltage and current distribu-
tion along its length.

Balun—A device for feeding a balanced load with an unbalanced line, or vice versa. May be a form of
choke, or a transformer that provides a specific impedance transformation (including 1:1). Often
used in antenna systems to interface a coaxial transmission line to the feed point of a balanced
antenna, such as a dipole.

Base loading—A lumped reactance that is inserted at the base (ground end) of a vertical antenna to
resonate the antenna.

Bazooka—A transmission-line balancer. It is a quarter-wave conductive sleeve (tubing or flexible shield-
ing) placed at the feed point of a center-fed element and grounded to the shield braid of the coaxial
feed line at the end of the sleeve farthest from the feed point. It permits the use of unbalanced feed
line with balanced feed antennas.

Beam width—Related to directive antennas. The width, in degrees, of the major lobe between the two
directions at which the relative radiated power is equal to one half its value at the peak of the lobe
(half power = –3 dB).

Beta match—A form of hairpin match. The two conductors straddle the boom of the antenna being
matched, and the closed end of the matching-section conductors are strapped to the boom.

Bridge—A circuit with two or more ports that is used in measurements of impedance, resistance or
standing waves in an antenna system. When the bridge is adjusted for a balanced condition, the
unknown factor can be determined by reading its value on a calibrated scale or meter.

Capacitance hat—A conductor of large surface area that is connected at the high-impedance end of an
antenna to effectively increase the electrical length. It is sometimes mounted directly above a load-
ing coil to reduce the required inductance for establishing resonance. It usually takes the form of a
series of wheel spokes or a solid circular disc. Sometimes referred to as a “top hat.”
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Capture area—See aperture.
Center fed—Transmission-line connection at the electrical center of an antenna radiator.
Center loading—A scheme for inserting inductive reactance (coil) at or near the center of an antenna

element for the purpose of lowering its resonant frequency. Used with elements that are less than
1/4 wavelength at the operating frequency.

Coax—See coaxial cable.
Coaxial cable—Any of the coaxial transmission lines that have the outer shield (solid or braided) on

the same axis as the inner or center conductor. The insulating material can be air, helium or solid-
dielectric compounds.

Collinear array—A linear array of radiating elements (usually dipoles) with their axes arranged in a
straight line. Popular at VHF and above.

Conductor—A metal body such as tubing, rod or wire that permits current to travel continuously along
its length.

Counterpoise—A wire or group of wires mounted close to ground, but insulated from ground, to form
a low-impedance, high-capacitance path to ground. Used at MF and HF to provide an RF ground for
an antenna. Also see ground plane.

Current loop—A point of current maxima (antipode) on an antenna.
Current node—A point of current minima on an antenna.
Decibel—A logarithmic power ratio, abbreviated dB. May also represent a voltage or current ratio if

the voltages or currents are measured across (or through) identical impedances. Suffixes to the ab-
breviation indicate references: dBi, isotropic radiator; dBic, isotropic radiator circular; dBm, milli-
watt; dBW, watt.

Delta loop—A full-wave loop shaped like a triangle or delta.
Delta match—Center-feed technique used with radiators that are not split at the center. The feed line is

fanned near the radiator center and connected to the radiator symmetrically. The fanned area is delta
shaped.

Dielectrics—Various insulating materials used in antenna systems, such as found in insulators and
transmission lines.

Dipole—An antenna that is split at the exact center for connection to a feed line, usually a half wave-
length long. Also called a “doublet.”

Direct ray—Transmitted signal energy that arrives at the receiving antenna directly rather than being
reflected by any object or medium.

Directivity—The property of an antenna that concentrates the radiated energy to form one or more
major lobes.

Director—A conductor placed in front of a driven element to cause directivity. Frequently used singly
or in multiples with Yagi or cubical-quad beam antennas.

Doublet—See dipole.
Driven array—An array of antenna elements which are all driven or excited by means of a transmis-

sion line, usually to achieve directivity.
Driven element—A radiator element of an antenna system to which the transmission line is connected.
Dummy load—Synonymous with dummy antenna. A nonradiating substitute for an antenna.
E layer—The ionospheric layer nearest earth from which radio signals can be reflected to a distant

point, generally a maximum of 2000 km (1250 ml).
E plane—Related to a linearly polarized antenna, the plane containing the electric field vector of the

antenna and its direction of maximum radiation. For terrestrial antenna systems, the direction of the
E plane is also taken as the polarization of the antenna. The E plane is at right angles to the H plane.

Efficiency—The ratio of useful output power to input power, determined in antenna systems by losses
in the system, including in nearby objects.
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EIRP—Effective isotropic radiated power. The power radiated by an antenna in its favored direction,
taking the gain of the antenna into account as referenced to isotropic.

Elements—The conductive parts of an antenna system that determine the antenna characteristics. For
example, the reflector, driven element and directors of a Yagi antenna.

End effect—A condition caused by capacitance at the ends of an antenna element. Insulators and re-
lated support wires contribute to this capacitance and lower the resonant frequency of the antenna.
The effect increases with conductor diameter and must be considered when cutting an antenna ele-
ment to length.

End fed—An end-fed antenna is one to which power is applied at one end, rather than at some point
between the ends.

F layer—The ionospheric layer that lies above the E layer. Radio waves can be refracted from it to
provide communications distances of several thousand miles by means of single- or double-hop
skip.

Feed line—See feeders.
Feeders—Transmission lines of assorted types that are used to route RF power from a transmitter to an

antenna, or from an antenna to a receiver.
Field strength—The intensity of a radio wave as measured at a point some distance from the antenna.

This measurement is usually made in microvolts per meter.
Front to back—The ratio of the radiated power off the front and back of a directive antenna. For

example, a dipole would have a ratio of 1, which is equivalent to 0 dB.
Front to side—The ratio of radiated power between the major lobe and that 90° off the front of a

directive antenna.
Gain—The increase in effective radiated power in the desired direction of the major lobe.
Gamma match—A matching system used with driven antenna elements to effect a match between the

transmission line and the feed point of the antenna. It consists of a series capacitor and an arm that is
mounted close to the driven element and in parallel with it near the feed point.

Ground plane—A system of conductors placed beneath an elevated antenna to serve as an earth ground.
Also see counterpoise.

Ground screen—A wire mesh counterpoise.
Ground wave—Radio waves that travel along the earth’s surface.
H plane—Related to a linearly polarized antenna. The plane containing the magnetic field vector of an

antenna and its direction of maximum radiation. The H plane is at right angles to the E plane.
HAAT—Height above average terrain. A term used mainly in connection with repeater antennas in

determining coverage area.
Hairpin match—A U-shaped conductor that is connected to the two inner ends of a split dipole for the

purpose of creating an impedance match to a balanced feeder.
Harmonic antenna—An antenna that will operate on its fundamental frequency and the harmonics of

the fundamental frequency for which it is designed. An end-fed half-wave antenna is one example.
Helical—A helically wound antenna, one that consists of a spiral conductor. If it has a very large

winding length to diameter ratio it provides broadside radiation. If the length-to-diameter ratio is
small, it will operate in the axial mode and radiate off the end opposite the feed point. The polariza-
tion will be circular for the axial mode, with left or right circularity, depending on whether the helix
is wound clockwise or counterclockwise.

Helical hairpin—“Hairpin” match with a lumped inductor, rather than parallel-conductor line.
Image antenna—The imaginary counterpart of an actual antenna. It is assumed for mathematical pur-

poses to be located below the earth’s surface beneath the antenna, and is considered symmetrical
with the antenna above ground.

Impedance—The ohmic value of an antenna feed point, matching section or transmission line. An
impedance may contain a reactance as well as a resistance component.
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Inverted V—A misnomer, as the antenna being referenced does not have the characteristics of a V
antenna. See inverted-V dipole.

Inverted-V dipole—A half-wavelength dipole erected in the form of an upside-down V, with the feed
point at the apex.Its radiation pattern is similar to that of a horizontal dipole.

Isotropic—An imaginary or hypothetical point-source antenna that radiates equal power in all direc-
tions. It is used as a reference for the directive characteristics of actual antennas.

Lambda—Greek symbol (λ) used to represent a wavelength with reference to electrical dimensions in
antenna work.

Line loss—The power lost in a transmission line, usually expressed in decibels.
Line of sight—Transmission path of a wave that travels directly from the transmitting antenna to the

receiving antenna.
Litz wire—Stranded wire with individual strands insulated; small wire provides a large surface area for

current flow, so losses are reduced for the wire size.
Load—The electrical entity to which power is delivered. The antenna system is a load for the

transmitter.
Loading—The process of a transferring power from its source to a load. The effect a load has on a

power source.
Lobe—A defined field of energy that radiates from a directive antenna.
Log periodic antenna—A broadband directive antenna that has a structural format causing its imped-

ance and radiation characteristics to repeat periodically as the logarithm of frequency.
Long wire—A wire antenna that is one wavelength or greater in electrical length. When two or more

wavelengths long it provides gain and a multilobe radiation pattern. When terminated at one end it
becomes essentially unidirectional off that end.

Marconi antenna—A shunt-fed monopole operated against ground or a radial system. In modern jar-
gon, the term refers loosely to any type of vertical antenna.

Matching—The process of effecting an impedance match between two electrical circuits of unlike
impedance. One example is matching a transmission line to the feed point of an antenna. Maximum
power transfer to the load (antenna system) will occur when a matched condition exists.

Monopole—Literally, one pole, such as a vertical radiator operated against the earth or a counterpoise.
Nichrome wire—An alloy of nickel and chromium; not a good conductor; resistance wire. Used in the

heating elements of electrical appliances; also as conductors in transmission lines or circuits where
attenuation is desired.

Null—A condition during which an electrical unit is at a minimum. The null in an antenna radiation
pattern is that point in the 360-degree pattern where a minima in field intensity is observed. An
impedance bridge is said to be “pulled” when it has been brought into balance, with a null in the
current flowing through the bridge arm.

Octave—A musical term. As related to RF, frequencies having a 2:1 harmonic relationship.
Open-wire line—A type of transmission line that resembles a ladder, sometimes called “ladder line.”

Consists of parallel, symmetrical wires with insulating spacers at regular intervals to maintain the
line spacing. The dielectric is principally air, making it a low-loss type of line.

Parabolic reflector—An antenna reflector that is a portion of a parabolic revolution or curve. Used
mainly at UHF and higher to obtain high gain and a relatively narrow beamwidth when excited by
one of a variety of driven elements placed in the plane of and perpendicular to the axis of the
parabola.

Parasitic array—A directive antenna that has a driven element and at least one independent director or
reflector, or a combination of both. The directors and reflectors are not connected to the feed line.
Except for VHF and UHF arrays with long booms (electrically), more than one reflector is seldom
used. A Yagi antenna is one example of a parasitic array.
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Phasing lines—Sections of transmission line that are used to ensure the correct phase relationship
between the elements of a driven array, or between bays of an array of antennas. Also used to effect
impedance transformations while maintaining the desired phase.

Polarization—The sense of the wave radiated by an antenna. This can be horizontal, vertical, elliptical
or circular (left or right hand circularity), depending on the design and application. (See H plane.)

Q section—Term used in reference to transmission-line matching transformers and phasing lines.
Quad—A parasitic array using rectangular or diamond shaped full-wave wire loop elements. Often

called the “cubical quad.” Another version uses delta-shaped elements, and is called a delta loop
beam.

Radiation pattern—The radiation characteristics of an antenna as a function of space coordinates. Nor-
mally, the pattern is measured in the far-field region and is represented graphically.

Radiation resistance—The ratio of the power radiated by an antenna to the square of the RMS antenna
current, referred to a specific point and assuming no losses. The effective resistance at the antenna
feed point.

Radiator—A discrete conductor that radiates RF energy in an antenna system.
Random wire—A random length of wire used as an antenna and fed at one end by means of a Transmatch.

Seldom operates as a resonant antenna unless the length happens to be correct.
Reflected ray—A radio wave that is reflected from the earth, ionosphere or a man-made medium, such

as a passive reflector.
Reflector—A parasitic antenna element or a metal assembly that is located behind the driven element

to enhance forward directivity. Hillsides and large man-made structures such as buildings and tow-
ers may act as reflectors.

Refraction—Process by which a radio wave is bent and returned to earth from an ionospheric layer or
other medium after striking the medium.

Resonator—In antenna terminology, a loading assembly consisting of a coil and a short radiator sec-
tion. Used to lower the resonant frequency of an antenna, usually a vertical or a mobile whip.

Rhombic—A rhomboid or diamond-shaped antenna consisting of sides (legs) that are each one or more
wavelengths long. The antenna is usually erected parallel to the ground. A rhombic antenna is bidi-
rectional unless terminated by a resistance, which makes it unidirectional. The greater the electrical
leg length, the greater the gain, assuming the tilt angle is optimized.

Shunt feed—A method of feeding an antenna driven element with a parallel conductor mounted adja-
cent to a low-impedance point on the radiator. Frequently used with grounded quarter-wave vertical
antennas to provide an impedance match to the feeder. Series feed is used when the base of the
vertical is insulated from ground.

Stacking—The process of placing similar directive antennas atop or beside one another, forming a
“stacked array.” Stacking provides more gain or directivity than a single antenna.

Stub—A section of transmission line used to tune an antenna element to resonance or to aid in obtain-
ing an impedance match.

SWR—Standing-wave ratio on a transmission line in an antenna system. More correctly, VSWR, or
voltage standing-wave ratio. The ratio of the forward to reflected voltage on the line, and not a
power ratio. A VSWR of 1:1 occurs when all parts of the antenna system are matched correctly to
one another.

T match—Method for matching a transmission-line to an unbroken driven element. Attached at the
electrical center of the driven element in a T-shaped manner. In effect it is a double gamma match.

Tilt angle—Half the angle included between the wires at the sides of a rhombic antenna.
Top hat—See capacitance hat.
Top loading—Addition of a reactance (usually a capacitance hat) at the end of an antenna element

opposite the feed point to increase the electrical length of the radiator.
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Transmatch—An antenna tuner. A device containing variable reactances (and perhaps a balun). It is
connected between the transmitter and the feed point of an antenna system, and adjusted to “tune”
or resonate the system to the operating frequency.

Trap—Parallel L-C network inserted in an antenna element to provide multiband operation with a
single conductor.

Unipole—See monopole.
Velocity factor—The ratio of the velocity of radio wave propagation in a dielectric medium to that in

free space. When cutting a transmission line to a specific electrical length, the velocity factor of the
particular line must be taken into account.

VSWR—Voltage standing-wave ratio. See SWR.
Wave—A disturbance or variation that is a function of time or space, or both, transferring energy pro-

gressively from point to point. A radio wave, for example.
Wave angle—The angle above the horizon of a radio wave as it is launched from or received by an

antenna.
Wave front—A surface that is a locus of all the points having the same phase at a given instant in time.
Yagi—A directive, gain type of antenna that utilizes a number of parasitic directors and a reflector.

Named after one of the two Japanese inventors (Yagi and Uda).
Zepp antenna—A half-wave wire antenna that operates on its fundamental and harmonics. It is fed at

one end by means of open-wire feeders. The name evolved from its popularity as an antenna on
Zeppelins. In modern jargon the term refers loosely to any horizontal antenna.

Abbreviations
Abbreviations and acronyms abound in much modern literature, especially if the topic is one of a
scientific or technical nature. Amateur Radio has its share of specialized abbreviations, and this state-
ment certainly applies to the field of antennas. Abbreviations and acronyms that are commonly used
throughout this book are defined in the list below. Periods are not part of an abbreviation unless the
abbreviation otherwise forms a common English word. When appropriate, abbreviations as shown are
used in either singular or plural connotation.

-A-
A—ampere
ac—alternating current
AF—audio frequency
AFSK—audio frequency-shift keying
AGC—automatic gain control
AM—amplitude modulation
ANT—antenna
ARRL—American Radio Relay League
ATV—amateur television
AWG—American wire gauge
az-el—azimuth-elevation

-B-
balun—balanced to unbalanced
BC—broadcast
BCI—broadcast interference
BW—bandwidth
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-C-
ccw—counterclockwise
cm—centimeter
coax—coaxial cable
CT—center tap
cw—clockwise
CW—continuous wave

-D-
D—diode
dB—decibel
dBd—decibels referenced to a dipole
dBi—decibels referenced to isotropic
dBic—decibels referenced to isotropic, circular
dBm—decibels referenced to one milliwatt
dBW—decibels referenced to one watt
dc—direct current
deg—degree
DF—direction finding
dia—diameter
DPDT—double pole, double throw
DPST—double pole, single throw
DVM—digital voltmeter
DX—long distance communication

-E-
E—ionospheric layer, electric field
ed.—edition
Ed.—editor
EIRP—effective isotropic radiated power
ELF—extremely low frequency
EMC—electromagnetic compatibility
EME—earth-moon-earth
EMF—electromotive force
ERP—effective radiated power
E

S
—ionospheric layer (sporadic E)

-F-
f—frequency
F—ionospheric layer, farad
F/B—front to back (ratio)
FM-—frequency modulation
FOT—frequency of optimum transmission
ft—foot or feet (unit of length)
F1—ionospheric layer
F2—ionospheric layer
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-G-
GDO—grid- or gate-dip oscillator
GHz—gigahertz
GND—ground

-H-
H—magnetic field, henry
HAAT—height above average terrain
HF—high frequency (3-30 MHz)
Hz—hertz (unit of frequency)

-I-
I—current
ID—inside diameter
IEEE—Institute of Electrical and Electronic Engineers
in.—inch
IRE—Institute of Radio Engineers (now IEEE)

-J-
j—vector notation

-K-
kHz—kilohertz
km—kilometer
kW—kilowatt
kΩ—kilohm

-L-
L—inductance
lb—pound (unit of mass)
LF—low frequency (30-300 kHz)
LHCP—left-hand circular polarization
ln—natural logarithm
log—common logarithm
LP—log periodic
LPDA—log periodic dipole array
LPVA—log periodic V array
LUF—lowest usable frequency

-M-
m—meter (unit of length)
m/s—meters per second
mA—milliampere
max—maximum
MF—medium frequency (0.3-3 MHz)
mH—millihenry
MHz—megahertz
mi—mile
min—minute
mm—millimeter
ms—millisecond
mS—millisiemen
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MS—meteor scatter
MUF—maximum usable frequency
mW—milliwatt
MΩ—megohm

-N-
NBS—National Bureau of Standards
NC—no connection, normally closed
NiCd—nickel cadmium
NO—normally open
no.—number

-O-
OD—outside diameter

-P-
p—page (bibliography reference)
P-P—peak to peak
PC—printed circuit
PEP—peak envelope power
pF—picofarad
pot—potentiometer
pp—pages (bibliography reference)
Proc—Proceedings

-Q-
Q—figure of merit

-R-
R—resistance, resistor
RF—radio frequency
RFC—radio frequency choke
RFI—radio frequency interference
RHCP—right-hand circular polarization
RLC—resistance-inductance-capacitance
r/min—revolutions per minute
RMS—root mean square
r/s—revolutions per second
RSGB—Radio Society of Great Britain
RX—receiver

-S-
s—second
S—siemen
S/NR—signal-to-noise ratio
SASE—self-addressed stamped envelope
SINAD—signal-to-noise and distortion
SPDT—single pole, double throw
SPST—single pole, single throw
SWR—standing wave ratio
sync—synchronous
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-T-
tpi—turns per inch
TR—transmit-receive
TVI—television interference
TX—transmitter

-U-
UHF—ultra-high frequency (300-3000 MHz)
US—United States
UTC—Universal Time, Coordinated

-V-
V—volt
VF—velocity factor
VHF—very-high frequency (30-300 MHz)
VLF—very-low frequency (3-30 kHz)
Vol—volume (bibliography reference)
VOM—volt-ohm meter
VSWR—voltage standing-wave ratio
VTVM—vacuum-tube voltmeter

-W-
W—watt
WARC—World Administrative Radio Conference
WPM—words per minute
WVDC—working voltage, direct current

-X-
X—reactance
XCVR—transceiver
XFMR—transformer
XMTR—transmitter

-Z-
Z—impedance

-Other symbols and Greek letters-
°—degrees
λ—wavelength
λ/dia—wavelength to diameter (ratio)
µ—permeability
µF—microfarad
µH—microhenry
µV—microvolt
Ω—ohm
φ—angles
π—3.14159
θ—angles
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Length Conversions

Table 1
Conversion, Decimal Feet to Inches (Nearest 16th)

Decimal Increments
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 0-0 01/8 01/4 03/8 01/2 05/8 03/4 013/16 015/16 11/16

0.1 13/16 15/16 17/16 19/16 111/16 113/16 115/16 21/16 23/16 21/4

0.2 23/8 21/2 25/8 23/4 27/8 3-0 31/8 31/4 33/8 31/2

0.3 35/8 33/4 313/16 315/16 41/16 43/16 45/16 47/16 49/16 411/16

0.4 413/16 415/16 51/16 53/16 51/4 53/8 51/2 55/8 53/4 57/8

0.5 6-0 61/8 61/4 63/8 61/2 65/8 63/4 613/16 615/16 71/16

0.6 73/16 75/16 77/16 79/16 711/16 713/16 715/16 81/16 83/16 81/4

0.7 83/8 81/2 85/8 83/4 87/8 9-0 91/8 91/4 93/8 91/2

0.8 95/8 93/4 913/16 915/16 101/16 103/16 105/16 107/16 109/16 1011/16

0.9 1013/16 1015/16 111 /16 113/16 111/4 113/8 111/2 115/8 113/4 117/8

.

Table 2
Conversion, Inches and Fractions to Decimal Feet

Fractional Increments
0 1/8 1/4 3/8 1/2 5/8 3/4 7/8

0- 0.000 0.010 0.021 0.031 0.042 0.052 0.063 0.073
1- 0.083 0.094 0.104 0.115 0.125 0.135 0.146 0.156
2- 0.167 0.177 0.188 0.198 0.208 0.219 0.229 0.240
3- 0.250 0.260 0.271 0.281 0.292 0.302 0.313 0.323
4- 0.333 0.344 0.354 0.365 0.375 0.385 0.396 0.406
5- 0.417 0.427 0.438 0.448 0.458 0.469 0.479 0.490
6- 0.500 0.510 0.521 0.531 0.542 0.552 0.563 0.573
7- 0.583 0.594 0.604 0.615 0.625 0.635 0.646 0.656
8- 0.667 0.677 0.688 0.698 0.708 0.719 0.729 0.740
9- 0.750 0.760 0.771 0.781 0.792 0.802 0.813 0.823
10- 0.833 0.844 0.854 0.865 0.875 0.885 0.896 0.906
11- 0.917 0.927 0.938 0.948 0.958 0.969 0.979 0.990

Throughout this book, equations may be found for determining the design length and spacing of
antenna elements. For convenience, the equations are written to yield a result in feet. (The answer may
be converted to meters simply by multiplying the result by 0.3048.) If the result in feet is not an inte-
gral number, however, it is necessary to make a conversion from a decimal fraction of a foot to inches
and fractions before the physical distance can be determined with a conventional tape measure. Table 1
may be used for this conversion, showing inches and fractions for increments of 0.01 foot. The table
deals with only the fractional portion of a foot. The integral number of feet remains the same.

For example, say a calculation yields a result of 11.63 feet, and we wish to convert this to a
length we can find on a tape measure. For the moment, consider only the fractional part of the number,
0.63 foot. In Table 1 1ocate the line with “0.6” appearing in the left column. (This is the 7th line down
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in the body of the table.) Then while staying on that line, move over to the column headed “0.03.” Note
here that the sum of the column and line heads, 0.6 + 0.03, equals the value of 0.63 that we want to
convert. In the body of the table for this column and line we read the equivalent fraction for 0.63 foot,
79/16 inches. To that value, add the number of whole feet from the value being converted, 11 in this case.
The total length equivalent of 11.63 feet is thus 11 feet 79/16 inches.

Similarly, Table 2 may be used to make the conversion from inches and fractions to decimal
fractions of a foot. This table is convenient for using measured distances in equations. For example,
say we wish to convert a length of 19 feet 73/4 inches to a decimal fraction. Considering only the
fractional part of this value, 73/4 inches, locate the decimal value on the line identified as “7-” and in the
column headed “3/4,” where we read 0.646. This decimal value is equivalent to 7 + 3/4 = 73/4 inches. To
this value add the whole number of feet from the value being converted for the final result, 19 in this
case. In this way, 19 feet 73/4 inches converts to 19 + 0.646 = 19.646 feet.

Metric Equivalents
Throughout this book, distances and dimensions are usually expressed in English units—the

mile, the foot, and the inch. Conversions to metric units may be made by using the following equations:
km = mi × 1.609
m = ft (′) × 0.3048
mm = in. (″) × 25.4

An inch is 1/12 of a foot. Tables in the previous section provide information for accurately con-
verting inches and fractions to decimal feet, and vice versa, without the need for a calculator.

Gain Reference
Throughout this book, gain is referenced to a dipole antenna in decibels (dB or dBd) unless

indicated otherwise. Other references include an isotropic radiator, designated as dBi, and an isotropic
radiator with circular polarization (dBic). A linear half-wave dipole has a gain of 2.14 dBi.


