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Foreword

We are pleased to offer the 21st edition of The ARRL Antenna Book. Since the first edition in September 1939, each new
Antenna Book has provided more and better information about the fascinating subject of radio antennas. We’ve sold more than a
million Antenna Books over the years to amateurs and professionals alike, making it one of the most successful books in our
extensive lineup of publications.

Fundamentals about antennas rarely change from edition to edition, but modern application of these fundamentals can result in
more highly optimized or specialized antennas. For example, many of the antennas in this new edition benefit directly from ad-
vances in sophisticated computer modeling.

‘We usually update at least 20% of the material in a new edition, and this book is no exception. There have been major revisions
in the following chapters:

* Chapter 2: Updated information the concept of “gain.”

» Chapter 6: Further insights into the importance of low elevation angles for the lower frequencies, plus a whole new section
on NVIS (Near Vertical Incidence Skywave) operation.

 Chapter 8: Completely new section on feeding of phased arrays by W7EL.

 Chapter 13: Updates on Beverage receiving antennas.

* Chapter 14: New “tape-measure” portable Yagi for fox hunting.

¢ Chapter 16: New information on mobile “screwdriver” antennas.

¢ Chapter 23: Expanded section on ionospheric area-coverage maps.

* Chapter 27: New section on S-parameters, as used in Vector Network Analyzers (VNAs)

We are fortunate to have the expertise of some well-known and highly talented authorities, who either wrote or reviewed a
number of chapters for technical accuracy:

* Rudy Severns, N6LF, and Roy Lewallen, W7EL—low-frequency antennas.
* LB Cebik, WARNL—Modeling antennas.

¢ Dick Jansson, WD4FAB—satellite antennas.

* Dave Hallidy, K2DH—EME arrays.

* Bob Hunsucker, AB7VP, and Carl Luetzelschwab, KILA—HF propagation.

In addition, some exceptional software writers have contributed programs and data for the Antenna Book.

* Roy Lewallen, the author of EZNEC, has created a special EZNEC ARRL program, just for the Antenna Book. EZNEC ARRL
uses the multitude of specialized modeling files also included on the CD-ROM. These models were used in almost every chapter
in the book.

* W7EL has also supplied Arrayfeed].exe, a program to design feed systems for phased-arrays.

* Dr Peter Guth and the US Naval Academy have again graciously allowed ARRL to include the versatile MicroDEM mapping
program on the CD-ROM. MicroDEM can easily and quickly generate customized terrain files for the HFTA terrain-assessment
program, as well as map terrain all around the country using free US topographic data files from the Internet.

« Jim Tabor, NUSS, wrote GeoAlert-ARRL, a wonderful freeware program to track propagation trends and to keep tabs on the latest
Internet propagation bulletins.

* Dean Straw, N6BYV, editor of The ARRL Antenna Book has updated and upgraded his YW (Yagi for Windows), TLW (Transmis-
sion Line for Windows) and HFTA (HF Terrain Assessment) programs from the 20th edition. A large number of statistical eleva-
tion-angle files for QTHs all around the world are included as well. N6BV has also written a new Range-Bearing program that is
included on the CD-ROM.

* Also included on the CD-ROM are DOS-based utility programs by several authors that analyze antenna tuners, design mobile
antennas and LPDAs, and that scale Yagis for YW.

 Are you planning on going on a DXpedition to somewhere you’ve never been before? The CD-ROM now includes both Simpli-
fied and Detailed propagation prediction tables for more than 150 QTHs all around the world. Even if you don’t journey to distant
lands, these tables will give you plenty of insight on planning contesting or DXing strategies—They can also help you set up that
Saturday afternoon schedule with your uncle Harry in Cleveland!

You now have in one place the information you need to design your own complete antenna system scientifically—the eleva-
tion angles to aim for from your part of the world and the effects of your own local 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, or you can e-mail us at: pubsfdbk @arrl.org.

David Sumner, K1ZZ
Executive Vice President
Newington, Connecticut
February 2007
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About the ARRL

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 approximately 150,000 members, is the largest organization of radio amateurs in the
United States. The ARRL is a not-for-profit organization that:

e 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 ARRL 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 150 countries around the world.

ARRL publishes the monthly journal QST, as well as newsletters and many publications covering all as-
pects of Amateur Radio. Its headquarters station, W1 AW, transmits bulletins of interest to radio amateurs
and Morse code practice sessions. The ARRL also coordinates an extensive field organization, which in-
cludes volunteers who provide technical information and other support services for radio amateurs as well
as communications for public-service activities. In addition, ARRL 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 al-
ready described, ARRL offers membership services on a personal level, such as the ARRL Volunteer Exam-
iner 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. ARRL policy is set by a Board of Directors (one from each of 15 Divisions).
Each year, one-third 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 a Chief Executive 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 informa-
tion about ARRL and answers to any questions you may have about Amateur Radio, write or call:

ARRL—The national association for Amateur Radio
225 Main Street
Newington CT 06111-1494
Voice: 860-594-0200
Fax: 860-594-0259
E-mail: hq@arrl.org
Internet: www.arrl.org/

Prospective new amateurs call (toll-free):
800-32-NEW HAM (800-326-3942)
You can also contact us via e-mail at newham@arrl.org
or check out ARRLWeb at 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, pro-
ceeding 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 guide-
lines 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 pro-
tective measures for you and your Amateur Radio station.
You should not consider it to be an all-inclusive discus-
sion 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 a 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 passers-by. Even when you are trans-
mitting 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 light-
weight 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.)

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 dam-
age and personal injury if any part of the installation
should fail. 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, Antenna Supports, provides more
detailed guidelines for constructing a tower base and put-
ting 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
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you should not take shortcuts or use second-rate materi-
als. Otherwise the strength and safety of your entire
antenna system 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. Short-
cuts or improvised 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 protect 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 quality 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 insulation should
not be so bulky as to inhibit movement, however.

Ground-crew members should have hard hats for pro-
tection in case something falls from the tower. It is not
uncommon for the tower climber to drop tools and hard-
ware. A wrench dropped from 100 feet will bury itself
several inches in soft ground; imagine what it might do
to an unprotected 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 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, com-
mercially made, tested and approved safety belt is accept-
able. Check the suppliers’ list in Chapter 21, Antenna
Product Suppliers, and ads in QST for suppliers of climb-
ing belts and accessories. Examine your belt for defects

1-2 Chapter 1

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 strap snaps. Leather
loops at the rear of the belt are handy for holding tools.
(Photo by K1WA)

before each use. If the belt or lanyard (tower strap) are
cracked, frayed or worn in any way, destroy the dam-
aged 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 accessories. 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 equip-
ment to the tower at convenient spots. These hooks are bet-
ter than using rope and tying knots because in many cases
they can be hooked and unhooked with one hand.

Many hams use climbing belts such as shown in
Fig 1. But fully integrated fall-arrest and positioning safety
harnesses are preferable. The model ASL-301 in Fig 2 has
a D-ring on the back of the harness to which a safety lan-
yard is attached. These harnesses are available through
Champion Radio Products, Box 572, Woodinville, WA
98072, www.championradio.com.

Rope and Pulley

Every amateur who owns a tower should also own a



Fig 2—Fall-arrest
safety harness
integrated with
positioning safety
belt for tower
climbing. (Courtesy
of Champion Radio
Products)

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.

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 '/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 securely knotted without difficulty.

Check your rope before each use for tearing or chaf-
ing. 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 is about 12 feet long,

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.

P N T
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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has a pulley on one end. The 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 expen-
sive 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 pro-
cess 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. Con-
sider 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 on the tower
free to guide the antenna into position.

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 some-
one 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 entwined with your 3.5-MHz dipole.

SOME TOWER CLIMBING TIPS

The following tower climbing safety tips were com-
piled by Tom Willeford, NSETU. 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 exceptions 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 de-
scent 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 com-
pleting the work in a quality fashion. Remember that the

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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temperature changes fast as the sun goes down. Climb-
ing 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 conditions, 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 previous 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, pull-over shirt with no buttons or open-
ings 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

Fig 7—Mark Wilson, K1RO, shows the proper way to
attach a safety hook, with the hook opening facing
away from the tower. That way the hook can’t be
accidentally released by pressing it against a tower leg.

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 always be checked visually. A snapping hook
makes the same sound whether it’s engaged or not. Never
check by sound—Ilook to be sure the hook is engaged prop-
erly 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 emergency. No one should have to disconnect a sup-
port hook to get a tool and then have to reconnect the sup-
port 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 so-called “bargains” that could cost you your
life.
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Straps, lanyards and lines should be as short as pos-
sible. Remember, in general knots reduce the load strength
of a line by approximately 50%.

Before actually climbing, check the structure visu-
ally. 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 sup-
ports 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 “cake walk” 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 that your safety
equipment feels good and is working properly. Rest peri-
ods 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 climb-
ing. 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 posi-
tion 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 safely 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
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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 pul-
ley to lower your tools. Lighten your load as much as pos-
sible. 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 down-
ward route and begin to descend slowly and even more
surely than you went up. Rest is even more important dur-
ing the descent.

The ground captain is the director of all activities
on the ground, and should be the only one to communi-
cate with a person on a tower. Hand-held transceivers
can be very helpful for this communication, but no one
else should transmit to the workers on the tower. Even
minor confusion or misunderstanding 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.

These are just a few ideas on tower climbing safety;
no list can include everything that you might run into.
Check Chapter 22 for additional ideas. Just remember—
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, WAHYY, and Richard
Ely, WA4VHM, in September 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
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Fig 8—Z-bracket component pieces.



"Panel - Bracket" Mounting
é Screw Holes in This

Vertical Part.

Two 6" Pieces Bound Together
to Make One "Z" Bracket.

No Holes Drilled in —|

Lip Part of "Z" Backet. Two 8-32 X 1/2" Brass Binding

Screws. These are Two
"Z" Bracket Binding Screws.

Fig 9—Assembly of the Z bracket.

PANEL WITH MOUNTED "Z" BRACKET

"Panel - Bracket"
Mounting Screws
Lip or Channel Two per Bracket
of "Z" Bracket

Shown Hooked

on Tower Rung \

Tower Rung

Outside of Panel

VAN

This Side of Panel Towards /

Inside of Tower Wl

2-5/8"

1/4-20
2 Nuts

This Bend Makes
The Hook of The Handle

Panel Holes for Handle Should Be 5"
Center to Center Two Pairs are Used.
Notes:
1. Standard Rodstock 1/4"-20 X 36" was Used.
2. Two Pieces were Cut from Rod Stock.
Each Approximately 10 7/8".
3. Make The Three Bends of The Rod in Vise.
4. Two Nuts 1/4-20 of The Same Threads as
Rods. Jam or Lock Together.This Makes
a Handle Stop.

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

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 practically impos-
sible. 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 rust proof
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 alumi-
num 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 drill-
ing. First measure from the top of the upper mounting
rung on the tower to the top of the bottom rung. (Mount-

Fig 11—Removable handle construction.

ing 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

Fig 12—
Installed
tower shield.
Note the
holes for
using the
handles.
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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.

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 removable 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.

Electrical Safety

Although the RF, ac and dc voltages in most ama-
teur 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 ama-
teurs, a perfectly safe pastime. However, carelessness can
lead to severe injury, or 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 rec-
ommended 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 resuscitation (CPR).

AC AND DC SAFETY

The primary wiring for your station should be con-
trolled by one master switch, and other members of your
household should know how to kill the power in an emer-
gency. 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 con-
nections are an invitation to accidents. Remember that
high-current, low-voltage power sources are just as dan-
gerous 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
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because it is a part of everyday life. Respect even the
lowliest power supply in your station.

Whenever possible, kill the power and unplug equip-
ment before working on it. Discharge capacitors 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 dis-
charged. 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 grounding, the Code also
contains a section on Radio and Television Equipment
— Article 810. Sections C and D specifically cover Ama-
teur 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 Asso-
ciation, Batterymarch Park, Quincy, MA 02269.

Antenna installations are covered in some detail in
the Code. It specifies minimum conductor sizes for dif-
ferent length wire antennas. For hard-drawn copper wire,
the Code specifies #14 wire for open (unsupported) 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 conduc-
tors attached to buildings must be firmly mounted at least
3 inches clear of the surface of the building on nonabsor-
bent insulators. The only exception to this minimum dis-
tance 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 building
through a rigid, noncombustible, nonabsorbent insulating
tube or bushing, through an opening provided for the pur-
pose that provides a clearance of at least 2 inches or through
a drilled window pane. All lead-in conductors to transmit-
ting equipment must be arranged so that accidental con-
tact 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 pro-
tected by a continuous metallic shield that is permanently
and effectively 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 conductors are described in detail in the
Code. Grounding conductors may be made from copper,
aluminum, copper-clad steel, bronze or similar erosion-
resistant material. Insulation is not required. The “protec-
tive 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 conduc-
tor” (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 mate-
rial. 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 dis-
connect 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 two-
fold. First, it reduces the possibility of electrical shock if

something in a piece of equipment 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 gen-
erally 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 equip-
ment 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 chas-
sis to equipment chassis, but a more convenient approach
is illustrated in Fig 13. In this installation, a !/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 hard-
ware stores and home centers. Alternatively, a strip of
flashing copper may be run along the rear of the operat-
ing 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 electronics suppliers. These rods begin to rust
almost immediately after they are driven into the soil,
and they 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 !/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 connection to a water line and run water
down through the copper pipe so that it forces its own
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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 conduc-
tor 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.

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 convenient 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 (plas-
tic) 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 sta-
tion 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 pro-
vide the necessary low-impedance 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 /s A (or an odd multiple of
/4 \) long on some amateur band. A '/s-A 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 impedance. The likely result is RF
hot spots around the station while the transmitter is oper-
ating. 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 '/s-A radials to the station ground
bus. Install at least one radial for each band used. You
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Fig 14—Here is an alternative to earth ground if the
station is located far from the ground point and RF
in the station is a problem. Install at least one '/a-A
radial for each band used.

should still be sure to make a connection to earth ground
for the ac power wiring. Try this system if you have prob-
lems with RF in the shack. It may just solve a number of
problems for you. Be careful, however, to prevent con-
tact with the ends of the radials, where there is high-volt-
age RF for powers greater than QRP level.

Ground Noise

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

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 conductor should be
at least as large as the largest conductor in the primary
power circuit. Ground conductors 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 proper 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 conduc-
tors out radially from a common point to either a good

Lightning and

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 Associa-
tion, Batterymarch Park, Quincy, MA 02269. Two para-
graphs of particular interest to amateurs are presented
below:

“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 dis-
charge 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 equip-
ment 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 con-
trol cables from the antenna location should also be dis-
connected 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 equip-
ment that is miles from where the lightning occurred.
Radio equipment can be protected from these surges to
some extent by using transient-protective devices.

ELECTROMAGMETIC 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 OST. The series
was condensed from the National Communications Sys-
tem report NCS TIB 85-10.

An equipment test program demonstrated that most
Amateur Radio installations can be protected from light-
ning and electromagnetic pulse (EMP) transients with
a basic protection scheme. Most of the equipment is not
susceptible to damage when all external cabling is
removed. You can duplicate this stand-alone configura-

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 grounding is critical.

EMP Protection

tion 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 interconnected
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 Radio installations. (For
fixed installations, consideration should also be given to
the rotator connections—see Fig 15.) Hand-held radios
equipped with a “rubber duck” require no protection at the
antenna 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 pos-
sible 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 flam-
mable material. Therefore, the MOV should be physically
shielded.

A proper ground system is a key factor in achieving
protection from lightning and EMP transients. 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 ground system is recommended (Fig 16)
to help prevent lightning from getting into the shack on
the shields of antenna feed-line coaxes. Many hams use a
well-grounded radio-entrance panel mounted outside the
shack to ground their coaxes before they enter the house.
Fig 17 shows an entrance panel at K8CH’s home in Michi-
gan. 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
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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 wir-
ing inherently limits the maximum transient current that
it will pass to approximately 120 A. Therefore, if pos-
sible, 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 for the article series in 1986. The plug-in-
strip units are the best overall choice for a typical ama-
teur installation. They provide the protection needed,
they’re simple to install and can be easily moved to other
operating locations with the equipment.

In their tests, NCS found that the model that pro-
vided transient paths to ground from the hot and neutral
lines (common mode) as well as the transient path between
the hot and neutral lines (normal mode) performed best.
The best model used three MOVs and a 3-electrode gas-
discharge-tube arrester to provide fast operation and large
power dissipation capabilities. This unit was tested
repeatedly and operated without failure.

The flood of low-cost computers in the 1990s spawned
a host of surge protection devices designed to limit tran-
sient voltage spikes coming from the ac line and also
through the telephone line into a modem connected to a
computer. Many of these devices are well-designed and can
be relied upon to provide the protection they claim.

You can, however, easily find a variety of really low-
cost bargain strips at flea markets and discount hardware
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stores. A bargain-brand $6 unit may prove to be a poor
bargain indeed if it allows a spike to get through to dam-
age your $2000 computer or $4000 transceiver.

You should be careful to find one that carries a
sticker indicating that it meets Underwriters Laborato-
ries safety standard UL 1449. This defines the minimum
level of clamping voltage beyond which a surge protec-
tor will “fire” to protect the device connected to its out-
put. The UL 1149 limit is 330 V ac. Prices for brand-name
units from Tripp Lite, APC or Curtis vary from about
$30 to $80, depending on how many ac sockets they have
and the number of indicator lights and switched/
unswitched sockets. A brand-name device is well worth
the small additional cost over the bargain-basement units.

A transient suppressor requires 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 electrician. The ac ground must
be available for the plug-in transient suppressor to func-
tion 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 tran-
sient-protection advantages. First, the station is discon-
nected from the commercial ac power system. This isolates
the radio equipment from a major source of damaging tran-
sients. Second, 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



Solid Wire
No.6 Gauge
or Larger
Buried 1" Deep

AC Power
Ground

Telephone /

Ground

(A)

Fig 16—At A, the proper method
of tying all ground points
together. The transient path to
ground with a single-point ground

Tower
Grounds

System
Ground

Transient

Af Suppressors

system and use of transient
suppressors is shown at B. You
want to keep transients from
nearby lighning strikes from
getting into the radio room.

Antenna
Ground

Ground Panel | Radio
\; Equipment
Coaxial Cable RF
Transient Path /
to Ground
AC Power
TELCO
GND
-— - - — — e — — — — — —— — — —— — —
[ Buried Ground Wire v

AC Power
Ground

Telephone Co
Ground

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 qualified electrician. When
properly connected, a switch is used to disconnect the
commercial ac power source from the house lines before
the generator is connected to them. This keeps the gen-
erator 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 trans-

mission line because it provides a certain amount of tran-
sient surge protection for the equipment to which it is
attached. The outer conductor shields the center conduc-
tor from the transient field. Also, the cable limits the
maximum conducted transient voltage 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 cur-
rents 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 transmis-
sion line. To protect the transmission line, another tran-
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Table 1
RF Coaxial-Line Protectors

Measured

Approximate High-Z

Cost Clamping
Manufacturer Device (US Dollars) Voltage (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

Note: The transmitter output power, frequency of operation, and
transmission line SWR must be considered when selecting any
of these devices.

Fig 17—Radio-entrance panel at K8CH. A flat aluminum
plate serves as a common grounding point for all coax
cables to prevent transients from nearby lightning
strikes from getting into the shack on the feed lines.
“Spark-gap” protectors to kill transients on the coax
inner conductors are located behind the panel. A spark-
gap protector is also used on the two open-wire feeder
insulators mounted on the Plexiglas sheet behind the
aluminum panel.

sient protector must be installed between the antenna and
the transmission line. (See Fig 15).

RF transient protection devices from several manu-
facturers were tested (see Table 1) using RG-8 cable
equipped with UHF connectors. All of the devices shown
can be installed in a coaxial transmission 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 transient-protec-
tion device. The lower cost devices have the higher clamp-
ing voltages, however, and the higher-cost devices have
the lower clamping voltages. Because of this, medium-
priced devices manufactured by Fischer Custom Com-
munications were selected for testing. The Fischer
Spikeguard Suppressors ($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 transmitter RF
output power without interfering with the signal, and
operated effectively over a wide frequency 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.

RF coaxial protectors should be mounted on the sta-
tion ground bus bar. If the Fischer device is used, it should
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be attached to a grounded UHF receptacle 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 transient-protection ground path for the
transceiver. Another ground should be installed between
the 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 into 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. MOV of the proper size should
be installed at both ends of the control cable. At the sta-
tion 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 clamp-
ing 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 value 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 addition to
those of lightning and EMP. Currents as high as 300 A
are switched when starting the engine, and this can pro-
duce voltage spikes of over 200 V on the vehicle’s elec-
trical 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 inadvertently grounded; for example, when 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 provided by the
battery. See Fig 18. 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, in-line fuses should
be installed in the positive lead where they are attached
to the battery post.

An MOV should be installed between the two leads
of the equipment power cord. A GE MOV (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 sur-
vive an EMP transient without protection for the antenna
system, protection from lightning transients is still
required. A coaxial-line transient suppressor 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 con-
sidered. These include transmitter RF power output, the
SWR, and the operating frequency. The protection device
must allow the outgoing RF signal to pass without clamp-
ing. 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 important when a volt-
age-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=,2xPxZxSWR

where

(Eq 1)

P = peak power in W
Z = impedance of the coaxial cable (€2)
V = peak voltage across the cable

Eq 1 should be used to determine the peak voltage
present across the transmission line. Because the RF tran-
sient-protection devices use gas-discharge tubes, the volt-
age level at which they clamp is not fixed; a safety margin
must be added to the calculated peak voltage. This is done
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Fig 18—Recommended method of connecting mobile radio equipment to the vehicle battery and antenna.
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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 tran-
sient 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 trans-
mitter while providing the lowest practical clamping volt-
age 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 out-
put of the transceiver is 100 W PEP. RG/8 coaxial cable
has an impedance of 52 Q. Therefore:

P=100W
Z=52Q
SWR =1.5

Substituting these values into Eq 1:

V=/2x100 x 52 x 1.5 = 124.89 V peak

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 375V
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 a good quality plug-in power-line pro-
tector ($45) and one Fischer coaxial-line protector ($55).

Inexpensive Transient-Protection Devices

Here are two low-cost protection devices you can
assemble. They performed flawlessly in the tests.

The radio antenna connection can be protected by
means of another simple device. As shown in Fig 19, 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 construc-
tion method proved durable enough to allow many
insertions and removals of the device during testing. Esti-
mated 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 equip-
ment. Amateurs should know how to reestablish commu-
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Fig 19—Pictorial diagram of an inexpensive, homemade
RF coax transient protector.

nications after an EMP event, taking into consideration
its adverse effects on the earth’s atmosphere and radio
equipment. One of the first things that would be noticed,
providing the radio equipment 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 direc-
tion 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 flex-
ibility 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 equip-
ment 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 compo-
nents 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 political 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 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 sta-
tion 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 amateur 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 electromag-
netic radiation (EMR), including both RF energy and
power-frequency (50-60 Hz) electromagnetic (EM) fields.
FCC regulations set limits on the maximum permissible
exposure (MPE) allowed from the operation of radio
transmitters. These regulations do not take the place of
RF-safety practices, however. This section deals with the
topic of RF safety.

This section was prepared by members of the ARRL
RF Safety Committee and coordinated by Dr Robert E.
Gold, WB@KIZ. It summarizes what is now known and
offers safety precautions based on the research to date.

All life on Earth has adapted to survive in an envi-
ronment of weak, natural, low-frequency electromagnetic
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. Researchers continue to look at the effects of
RF exposure over a wide range of frequencies and levels.

Both RF and 60-Hz fields are classified as nonion-
izing radiation, because the frequency is too low for there
to be enough photon energy to ionize atoms. (lonizing
radiation, such as X-rays, gamma rays and even some
ultraviolet radiation has enough energy to knock elec-
trons loose from their atoms. When this happens, posi-
tive 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. (Any-
one 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 health problems also can result from RF
heating. These heat-related health hazards are called ther-
mal effects. A microwave oven is a positive application
of this thermal effect.

There also have been observations of changes in
physiological function in the presence of RF energy lev-
els that are too low to cause heating. These functions
return to normal when the field is removed. Although
research is ongoing, no harmful health consequences have
been linked to these changes.

In addition to the ongoing research, much else has
been done to address this issue. For example, FCC regu-
lations set limits on exposure from radio transmitters. The
Institute of Electrical and Electronics Engineers, the
American National Standards Institute and the National
Council for Radiation Protection and Measurement,
among others, have recommended voluntary guidelines
to limit human exposure to RF energy. The ARRL has
established the RF Safety Committee, consisting of con-
cerned medical doctors and scientists, serving voluntar-
ily to monitor scientific research in the fields and to
recommend safe practices for radio amateurs.
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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 on the frequency of the energy, the power
density of the RF field that strikes the body and factors
such as the polarization of the wave.

At frequencies near the body’s natural resonant fre-
quency, RF energy is absorbed more efficiently, and an
increase in heating occurs. In adults, this frequency usu-
ally is about 35 MHz if the person is grounded, and about
70 MHz if insulated from the ground. Individual body
parts may be resonant at different frequencies. 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 frequency is moved farther from reso-
nance, less RF heating generally occurs. Specific absorp-
tion rate (SAR) is a term that describes the rate at which
RF energy is absorbed in tissue.

Maximum permissible exposure (MPE) limits are
based on whole-body SAR values, with additional safety
factors included as part of the standards and regulations.
This helps explain why these safe exposure limits vary with
frequency. The MPE limits define the maximum electric
and magnetic field strengths or the plane-wave equivalent
power densities associated with these fields, that a person
may be exposed to without harmful effect—and with an
acceptable safety factor. The regulations assume that a
person exposed to a specified (safe) MPE level also will
experience a safe SAR.

Nevertheless, thermal effects of RF energy should not
be a major concern for most radio amateurs, because of
the power levels 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 con-
tinuously 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 close to an energized antenna or un- shielded power
amplifier. Specific suggestions for avoiding excessive
exposure are offered later in this chapter.

ATHERMAL EFFECTS OF EMR

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

Scientists conduct laboratory research into biologi-
cal mechanisms by which EMR may affect animals
including humans. Epidemiologists look at the health pat-
terns of large groups of people using statistical methods.
These epidemiological studies have been inconclusive.
By their basic design, these studies do not demonstrate
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cause and effect, nor do they postulate mechanisms of
disease. Instead, epidemiologists look for associations
between an environmental factor and an observed pat-
tern of illness. For example, in the earliest research on
malaria, epidemiologists observed the association
between populations with high prevalence of the disease
and the proximity of mosquito infested swamplands. 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 mos-
quito population.

In the case of athermal effects, some studies have iden-
tified 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” num-
ber in the population). Epidemiologists generally regard a
risk ratio of 4.0 or greater to be indicative of a strong asso-
ciation 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 non-
smokers, and two packs per day increases the risk to more
than 25 times the nonsmokers’ risk.

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

There also has been considerable laboratory research
about the biological effects of EMR in recent years. For
example, some separate studies have indicated that even
fairly low levels of EMR might alter the human body’s
circadian rhythms, affect the manner in which T lympho-
cytes function in the immune system and alter the nature
of the electrical and chemical signals communicated
through the cell membrane and between cells, among other
things. Although these studies are intriguing, they do not
demonstrate any effect of these low-level fields on the over-
all organism.

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.

The results of studies in this area, plus speculations
concerning the effect of various types of modulation, were
and have remained somewhat controversial. None of the
research to date has demonstrated that low-level EMR
causes adverse health effects.
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Fig 20—1991 RF protection guidelines 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.”

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) issued a statement in May
1995 based on its review of available data pertaining to
the possible connections of cancer to 60-Hz EMF expo-
sure. 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 power line fields.

2. No plausible biophysical mechanisms for the system-
atic 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 environmental fac-
tor, it is necessary to demonstrate a consistent, sig-
nificant, and causal relationship before one can
conclude that such effects do occur.

In a report dated October 31, 1996, a committee of
the National Research Council of the National Academy
of Sciences has concluded that no clear, convincing evi-
dence exists to show that residential exposures to elec-
tric and magnetic fields (EMFs) are a threat to human
health.

A National Cancer Institute epidemiological study
of residential exposure to magnetic fields and acute lym-
phoblastic leukemia in children was published in the New
England Journal of Medicine in July 1997. The exhaus-
tive, seven-year study concludes that if there is any link
at all, it is far too weak to be concerned about.

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 has not been fully stud-
ied under all circumstances. “Prudent avoidance” of any
avoidable EMR is always a good idea. Prudent avoid-
ance doesn’t mean that amateurs should be fearful of
using their equipment. Most amateur operations are well
within the MPE limits. 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). It does mean, however, that hams
should be aware of the potential for exposure from their
stations, and take whatever reasonable steps they can take
to minimize their own exposure and the exposure of those
around them.

Safe Exposure Levels

How much EM energy is safe? Scientists and regu-
lators have devoted a great deal of effort to deciding upon
safe RF-exposure limits. This is a very complex prob-
lem, involving difficult public health and economic con-
siderations. The recommended safe levels have been
revised downward several times over the 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
was published in 1991 (see Bibliography). It replaced a
1982 American National Standards Institute (ANSI) stan-
dard. In the new standard, most of the permitted expo-
sure levels were revised downward (made more stringent),
to better reflect the current research. The new IEEE stan-
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FCC RF-Exposure Regulations

FCC regulations control the amount of RF exposure
that can result from your station’s operation (§§97.13,
97.503, 1.1307 (b)(c)(d), 1.1310 and 2.1093). The regula-
tions 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 license examina-
tions.

These rules went into effect on January 1, 1998 for new
stations or stations that file a Form 605 application with the
FCC. Other existing stations have until September 1, 2000
to be in compliance with the rules.

The Rules

Maximum Permissible Exposure (MPE)

All radio stations regulated by the FCC 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 A. 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 consid-
ered separately. If any one is exceeded,

the station is not in compliance.

The regulations control human 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]).

Environments

The FCC has defined two exposure environments —
controlled and uncontrolled. A controlled environment is
one in which the people who are being exposed are
aware of that exposure and can take steps to minimize
that exposure, if appropriate. In an uncontrolled environ-
ment, 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 households. 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, such as your neighbors’ properties.

The MPE levels are based on average exposure. An
averaging time of 6 minutes is used for controlled
exposure; an averaging period of 30 minutes is used for
uncontrolled exposure.

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

(A) Limits for Occupational/Controlled Exposure

Station Evaluations

The FCC requires
that certain amateur

Frequency  Electric Field = Magnetic Field Power Density Averaging Time stations be evaluated
Range Strength Strength (mW/cm?2) (minutes) for compliance with the
amateur can have

0.3-3.0 614 163 (100)* 6 somleone else do the

: ) : . evaluation, it is not
3.0-30 1842/f 4.89/f (900/2) 6 difficult for hams 1o
30-300 61.4 0.163 1.0 6 evaluate their own
300-1500 — — /300 6 stations. The ARRL
1500-100,000 — — 5 6 book RF Exposure and

f = frequency in MHz
* = Plane-wave equivalent power density (see Note 1).

(B) Limits for General Population/Uncontrolled Exposure

You contains extensive
information about the
regulations and a large
chapter of tables that
show compliance

Frequency Electric Field  Magnetic Field Power Density Averaging Time di f i
Range Strength Strength (mW/cm?2) (minutes) istances for specific
(MHz) v/m) (A/m) antennas and power
levels. Generally, hams
. will use these tables to
0.3-1.34 614 1.63 (100) 30 evaluate their stations.
1.34-30 824/f 2.19/f (180/f2)* 30 Some of these tables
30-300 27.5 0.073 0.2 30 have been included in
300-1500 — — /1500 30 the FCC’s information
1500-100,000 — — 1.0 30 — OET Bulletin 65 and

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 compo-
nent calculated or measured. 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: Py = |Eigta|2 / 3770 mW/cm2 or from Pd:|Hmal|2 x 37.7 mW/cm?

its Supplement B. If
hams choose, however,
they can do more
extensive calculations,
use a computer to
model their antenna
and exposure, or make
actual measurements.
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Table B—Power Thresholds for Routine
Evaluation of Amateur Radio Stations

Wavelength Evaluation Required if
Band Power* (watts) Exceeds:
MF
160 m 500
HF
80m 500
75 m 500
40 m 500
30 m 425
20m 225
17 m 125
15m 100
12m 75
10m 50
VHF (all bands) 50
UHF
70 cm 70
33 cm 150
23 cm 200
13 cm 250

SHF (all bands) 250
EHF (all bands) 250

Repeater stations non-building-mounted antennas:
(all bands) height above ground level
to lowest point of antenna
< 10 m and power > 500 W ERP
building-mounted antennas:
power > 500 W ERP
*Transmitter power = Peak-envelope power input to
antenna. For repeater stations only, power exclusion
based on ERP (effective radiated power).

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 responsible for
ensuring that the station meets these requirements.

The FCC has exempted these stations from the evalua-
tion requirement because their output power, operating
mode and frequency are such that they are presumed to
be in compliance with the rules.

Stations using power equal to or less than the levels in
Table B do not have to be evaluated. For the 100-W HF
ham station, for example, an evaluation would be required
only on 12 and 10 meters.

Hand-held radios and vehicle-mounted mobile radios
that operate using a push-to-talk (PTT) button are also
categorically exempt from performing the routine evalua-
tion. Repeater stations that use less than 500 W ERP or
those with antennas not mounted on buildings, if the
antenna is at least 10 meters off the ground, also do not
need to be evaluated.

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 compli-
ance.

The FCC permits amateurs considerable flexibility in
complying with these regulations. As an example, hams can
adjust their operating frequency, mode or power to comply
with the MPE limits. They can also adjust their operating
habits or control the direction their antenna is pointing.

More Information

This discussion offers only an overview of this topic;
additional information can be found in RF Exposure and
You and on ARRLWeb at www.arrl.org/news/rfsafety/.
ARRLWeb has links to the FCC Web site, with OET
Bulletin 65 and Supplement B and links to software that
hams can use to evaluate their stations.

dard was adopted by ANSI in 1992.

The IEEE standard recommends frequency-dependent
and time-dependent maximum permissible exposure lev-
els. Unlike earlier versions of the standard, the 1991 stan-
dard recommends different RF exposure limits in controlled
environments (that is, where energy levels can be accu-
rately determined and everyone on the premises is aware
of the presence of EM fields) and in uncontrolled environ-
ments (where energy levels are not known or where people
may not be aware of the presence of EM fields). FCC regu-
lations also include controlled/occupational and uncon-
trolled/general population exposure environments.

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 uncontrolled environ-
ments but also for electric (E) fields and magnetic (H)

fields. Basically, the lowest E-field exposure limits occur
at frequencies between 30 and 300 MHz. The lowest H-
field exposure levels occur at 100-300 MHz. The ANSI
standard sets the maximum E-field limits between 30 and
300 MHz at a power density of 1 mW/cm? (61.4 V/m) in
controlled environments—but at one-fifth that level
(0.2 mW/cm? or 27.5 V/m) in uncontrolled environments.
The H-field limit drops to 1 mW/cm? (0.163 A/m) at 100-
300 MHz in controlled environments and 0.2 mW/cm?
(0.0728 A/m) in uncontrolled environments. Higher power
densities are permitted at frequencies below 30 MHz
(below 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 averag-
ing the power level over time periods ranging from 6 to
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30 minutes for power-density calculations, depending on
the frequency and other variables. The ANSI exposure
limits for uncontrolled environments are lower than those
for controlled environments, but to compensate for that
the standard allows exposure levels in those environments
to be averaged over much longer time periods (generally
30 minutes). This long averaging time means that an
intermittently operating RF source (such as an Amateur
Radio transmitter) will show a much lower power den-
sity 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 energy) 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 significant whole-body heat-
ing. (Recent studies show that hand-held transceivers
often produce power densities in excess of the IEEE stan-
dard within the head.)

There is disagreement within the scientific commu-
nity about these RF exposure guidelines. The IEEE stan-
dard is still intended primarily to deal with thermal effects,
not exposure to energy at lower levels. A small but sig-
nificant number of researchers now believe athermal
effects also should 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 Measure-
ment (NCRP), also has adopted recommended exposure
guidelines. NCRP urges a limit of 0.2 mW/cm? for non-
occupational 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.

The FCC MPE regulations are based on parts of the
1992 IEEE/ANSI standard and recommendations of the
National Council for Radiation Protection and Measure-
ment (NCRP). The MPE limits under the regulations are
slightly different than the IEEE/ANSI limits. Note that the
MPE levels apply to the FCC rules put into effect for radio
amateurs on January 1, 1998. These MPE requirements do
not reflect and include all the assumptions and exclusions
of the IEEE/ANSI standard.

Cardiac Pacemakers and RF Safety

It is a widely held belief that cardiac pacemakers may
be adversely affected in their function by exposure to elec-
tromagnetic fields. Amateurs with pacemakers may ask
whether their operating might endanger themselves or visi-
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tors to their shacks who have a pacemaker. Because of this,
and similar concerns regarding other sources of electro-
magnetic fields, pacemaker manufacturers apply design
methods that for the most part shield the pacemaker cir-
cuitry from even relatively high EM field strengths.

It is recommended that any amateur who has a pace-
maker, 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 represen-
tative of the pacemaker manufacturer. These representa-
tives are generally excellent resources, and may have data
from laboratory or “in the field” studies with specific
model pacemakers.

One study examined the function of a modern (dual
chamber) pacemaker in and around an Amateur 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 dur-
ing SSB and CW operation. In another test, the system
was placed in close proximity to several 1 to 5-W 2-meter
hand-held transceivers. The test pacemaker was connected
to the heart simulator in a third test, and then placed on
the ground 9 meters below and 5 meters in front of a
three-element Yagi HF antenna. No interference with
pacemaker function was observed in these experiments.

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 aver-
age amount of common sense. Of course, prudence dic-
tates that amateurs with pacemakers, who use hand-held
VHF transceivers, keep the antenna as far as possible from
the site of the implanted pacemaker generator. They also
should use the lowest transmitter output required for
adequate communication. For high power HF transmis-
sion, the antenna should be as far as possible from the
operating position, and all equipment should be properly
grounded.

Low-Frequency Fields

Although the FCC doesn’t regulate 60-Hz fields,
some recent concern about EMR has focused on low-
frequency energy rather than RF. Amateur Radio equip-
ment can be a significant source of low-frequency mag-
netic fields, although there are many other sources of this
kind of energy in the typical home. Magnetic fields can
be measured relatively accurately with inexpensive 60-Hz
meters that are made by several manufacturers.

Table 2 shows typical magnetic field intensities of
Amateur Radio equipment and various household items.
Because these fields dissipate rapidly with distance, “pru-
dent 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).

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-

Table 2

Typical 60-Hz Magnetic Fields Near Amateur
Radio Equipment and AC-Powered Household
Appliances

Values are in milligauss.

Item Field Distance
Electric blanket 30-90 Surface
Microwave oven 10-100 Surface
1-10 12”7
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)

Table 3

Typical RF Field Strengths Near Amateur Radio
Antennas

A sampling of values as measured by the Federal
Communications Commission and Environmental Protec-
tion Agency, 1990

Antenna Type Freq Power E Field
(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 714 120 8-150 1-2 m from
earth
Vertical 3.8 800 180 0.5 m from
base
5-element Yagi 21.2 1000 10-20 In shack
at 60 ft 14 12 m from
base
3-element Yagi 28.5 425  8-12 12 m from
at 25 ft base
Inverted V 7.23 1400 5-27 Below
at 22-46 ft 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 2m
antenna
15-30 In vehicle
90 Rear seat
5-element Yagi 50.1 500 37-50 10m
at 20 ft antenna

Table 4
RF Awareness Guidelines

These guidelines were developed by the ARRL RF Safety
Committee, based on the FCC/EPA measurements of
Table 3 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 or other feed line properly. Avoid
serious imbalance in your antenna system and feed line.
For high-powered installations, avoid end-fed antennas
that come directly into the transmitter area near the
operator.

* 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. If open-wire feeders are used, ensure that it is
not possible for people (or animals) to come into acciden-

tal contact with the feed line.

* 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 permis-
sible exposure level of RF radiation.) 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 microphone 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 magnetic fields.
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strength meters that we do have are not suitable for mea-
suring RF power density.

Table 3 shows a sampling of measurements made at
Amateur Radio stations by the Federal Communications
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 IEEE/ANSI guidelines. However, the FCC/EPA
survey also indicates that amateurs must be careful about
using indoor or attic-mounted antennas, mobile anten-
nas, 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 measure 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 4.

It also is possible, of course, to calculate the prob-
able power density near an antenna using simple equa-
tions. Such calculations have many pitfalls. For one, most
of the situations where the power density would be high
enough to be of concern are in the near field. In the near
field, ground interactions and other variables produce
power densities that cannot be determined by simple arith-
metic. In the far field, conditions become easier to pre-
dict with simple calculations.

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. The
boundary between the near field and the far field of an
antenna can be as much as several wavelengths from the
antenna.

Computer antenna-modeling programs are another
approach you can use. MININEC or other codes derived
from NEC (Numerical Electromagnetics Code) are suit-
able for estimating RF magnetic and electric fields around
amateur antenna systems.

These models have limitations. Ground interactions
must be considered in estimating near-field power densi-
ties, and the “correct ground” must be modeled. Computer
modeling is generally not sophisticated enough to predict
“hot spots” in the near field—places where the field inten-
sity may be far higher than would be expected, due to
reflections from nearby objects. In addition, “nearby
objects” often change or vary with weather or the season,
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so the model so laboriously crafted may not be representa-
tive of the actual situation, by the time it is running on the
computer.

Intensely elevated but localized fields often can be
detected by professional measuring instruments. These
“hot spots” are often found near wiring in the shack, and
metal objects such as antenna masts or equipment cabi-
nets. But even with the best instrumentation, these mea-
surements also may be misleading in the near field.

One need not make precise measurements or model
the exact antenna system, however, to develop some idea
of the relative fields around an antenna. Computer mod-
eling using close approximations of the geometry and
power input of the 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 inten-
sity of the signal radiated by an antenna, we also should
remember that there are other potential energy sources to
be considered. You also can be exposed to RF radiation
directly from a power amplifier if it is operated without
proper shielding. Transmission lines also may radiate a
significant amount of energy under some conditions. Poor
microwave waveguide joints or improperly assembled
connectors are another source of incidental radiation.

Further RF Exposure Suggestions

Potential exposure situations should be taken seri-
ously. Based on the FCC/EPA measurements and other
data, the “RF awareness” guidelines of Table 4 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 (“Is Amateur Radio Hazardous to Our
Health?” QST , Oct 1989, pp 31-34). For more informa-
tion or background, see the list of RF Safety References
in the next section.

In addition, the ARRL has published a book, RF
Exposure and You, that is helping hams comply with the
FCC’s RF-exposure regulations. The ARRL also main-
tains an RF-exposure news page on its Web site. See
www.arrl.org/news/rfsafety. This site contains reprints
of selected QST articles on RF exposure and links to the
FCC and other useful sites.



Chapter 2

Antenna
Fundamentals

Antennas belong to a class of devices called trans-
ducers. This term is derived from two Latin words, mean-
ing 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 convert radio-frequency electric current to electromag-
netic waves, which are then radiated into space. [For more
details on the properties of electromagnetic waves them-
selves, see Chapter 23, Radio Wave Propagation.]

We cannot directly see or hear, taste or touch elec-
tromagnetic waves, so it’s not surprising that the process
by which they are launched into space from our antennas
can be a little mystifying, especially to a newcomer. In
everyday life we come across many types of transducers,
although we don’t always recognize them as such. A com-
parison 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 electric current
from the output of your radio or stereo into acoustic pres-
sure 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 energy, 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 microphone. 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 trans-
ducer we call an antenna. When fed by a transmitter
with RF current (usually through a transmission line), the
antenna launches electromagnetic waves, which are propa-
gated 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
electrical 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 propa-
gate without a physical medium.

Essential Characteristics of Antennas

What other things make an antenna different from
an ordinary electronic circuit? In ordinary circuits, the
dimensions of coils, capacitors and connections usually
are small compared with the wavelength 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:

299.7925x10° meters/sec ~299.7925 (Eq 1)
f hertz f MHz

A

meters —
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where A » the Greek letter lambda, is the free-space
wavelength in meters.

Expressed in feet, Eq 1 becomes:

983.5712  983.6
f MHz f MHz

feet = (Eq 2)

When circuit dimensions are small compared to A,
most of the electromagnetic energy is confined to the cir-
cuit 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 ra-
diation in the form of electromagnetic waves.

Antennas come in an enormous, even bewildering,
assortment of shapes and sizes. This chapter on fundamen-
tals 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 spe-
cialized antenna types. Chapter 3 deals with the complicated
subject of the effect of ground, including the effect of un-
even 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 characterized
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 particu-
lar 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 impedance. 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, conductors 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 con-
ductor, but a conductor nonetheless. Mutual impedance is
defined using Ohm’s Law, just like self impedance. How-
ever, mutual impedance is the ratio of voltage in one con-
ductor, 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.
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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, HF Yagi Arrays, where it is essen-
tial 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 com-
ponent. 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.”)

Please recognize that an antenna need not be reso-
nant in order to be an effective radiator. 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 transmis-
sion lines and antenna tuners. They radiate signals just
as well as those using coaxial cable and resonant anten-
nas, 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,
Transmission Lines, for details on transmission-line loss
as a function of impedance mismatch.

Except at the one frequency where it is truly reso-
nant, 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 heat-
ing the wire or nearby dielectrics 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 dissi-
pate the power actually radiated from the antenna. This
resistance is called the radiation resistance. The total
power in the antenna is therefore equal to I2(Ry+R), where
R 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 negli-
gible, 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 A/2 dipole has been the most
popular antenna used by amateurs worldwide, largely
because it is very simple to construct 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 A/2-long dipole
is just one form a dipole can take. Actually, a center-fed
dipole can be any length electrically, as long as it is con-
figured in a symmetrical fashion with two equal-length
legs. There are also versions of dipoles that are not fed in
the center. These are called off-center-fed dipoles, some-
times abbreviated as “OCF dipoles.”

In free space—with the antenna remote from every-
thing else—the theoretical impedance of a physically half-
wave long antenna made of an infinitely thin conductor
is 73 + j 42.5 Q. This antenna exhibits both resistance
and reactance. The positive sign in the + j 42.5-Q reac-
tive term indicates that the antenna exhibits an inductive
reactance at its feed point. The antenna is slightly long
electrically, compared to the length necessary for exact
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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 A/2, but the antenna can in actuality be
any length.

resonance, where the reactance is zero.

The feed-point impedance of any antenna is affected
by the wavelength-to-diameter ratio (A/dia) of the conduc-
tors 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 impedance 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 com-
puter software called NEC-4.1. See Chapter 4, Antenna Mod-
eling and System Planning, for details on antenna modeling.

The frequency applied to the antenna in Fig 2 is var-
ied from 1 to 30 MHz. The x-axis has a logarithmic 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. In-
ductive reactance is positive 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 Q and a series capaci-
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Fig 2—Feed-point impedance versus frequency for a
theoretical 100-foot long dipole in free space, fed in the
center and 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 Q to +6000 Q.
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 Q to 10,000 Q. The numbers
placed along the curve show the frequency in MHz.
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Fig 3—Feed-point impedance versus frequency for a
theoretical 100-foot long dipole in free space, fed in the
center and 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 Q to +2300 Q. At about
5,000 Q, the maximum resistance is also less than that
in Fig 2 for the thinner wire, where it is about 10,000 Q.

tive reactance about —5000 Q. 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 Q. It goes through full-wave resonance
(again crossing the zero-reactance line) between 9.5 and
9.6 MHz. At about 10 MHz, the reactance peaks at about
—6500 Q. Around 14 MHz, the line again crosses the zero-
reactance line, meaning that the antenna has now gone
through 3/2-wave resonance.

Between 19 and 20 MHz, the antenna goes through
4/2-wave resonance, which is twice the full-wave reso-
nance 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 between 200 and 3000 Q. Thus,
we have another way of looking at an antenna—as a sort
of transformer, one that transforms the free-space 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 diameter 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 Q in Fig 3, while
it was £7000 Q in Fig 2. The reactance for the thicker
antenna ranges from +2300 to —2700 Q over the whole
frequency range from 1 to 30 MHz. Compare this with
the range of +5800 to —6400 Q 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 Q, indicating once again that
a larger diameter antenna exhibits less of an excursion in
the reactive component with frequency. Note that at the

2-4 Chapter 2

Fig 4—Feed-point impedance versus frequency for a
theoretical 100-foot long dipole in free space, fed in
the center and 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.
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Fig 5—Feed-point impedance versus frequency for a
theoretical 100-foot long dipole in free space, fed in
the center and 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
1,000 Q and the peak reactance range is from about -
625 Q to +380 Q. This performance is also found in
“cage” dipoles, where a number of paralleled wires are
used to simulate a fat conductor.

half-wave resonance just below 5 MHz, the resistive com-
ponent of the impedance is still about 70 €, just about what
it is for a much thinner antenna. Unlike the reactance, the
half-wave radiation resistance of an antenna doesn’t radi-
cally 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 com-
ponent is even less: about +400 to —600 Q. Note that the
full-wave resonant frequency is about 8 MHz for this



Reactive, Ohms

[
=3
S

A
S
S

=N
=3
>

'

30 40 50 60 70 8 90 100 110 120 130 140 150 160
Real, Ohms

[-=- Very Thin 0.001") &= Thin (0.1") —a Thick (1.0") |

Reactive, Ohms

1100 AR - - m o m o m e e

-1300 - t t t t t t t t
10 20 20 40 50 &0 70 20 90 100
Eeal, Ohms

Fig 6—Expansion of frequency range around half-
wave resonant point of three center-fed dipoles of
three different thicknesses. The frequency is shown
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 higher.

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 1,000 €, compared to the 10,000 € 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 Q. 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 represent a ratio
of 120:1 in length to diameter. However, this is about the
same length-to-diameter ratio as a 432-MHz half-wave
dipole using 0.25-inch diameter 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 might actually be used
at UHF.

Another way of highlighting the changes in reac-
tance 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 diameters). Fig 7 illustrates
another way of looking at the impedance data above and
below the half-wave resonance. This is for a 100-foot
dipole made of #14 wire. Instead of showing the fre-
quency for each impedance point, the wavelength is

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 A, rather than exactly at a half-
wave physical length.
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Fig 8—Effect of antenna diameter on length for half-
wavelength resonance, shown as a multiplying factor,
K, to be applied to the free-space, half-wavelength.

shown, making the graph more universal in application.

Just to show that there are lots of ways of looking at
the same data, Fig 8 graphs the constant “K” used to
multiply the free-space half-wavelength as a function of
the ratio between the half-wavelength and the conductor
diameter. The curve approaches the value of 1.00 for an
infinitely thin conductor, in other words an infinitely large
ratio of half-wavelength to diameter.

The behavior of antennas with different A/diameter
ratios corresponds to the behavior of ordinary series-reso-
nant 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
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response curve of the low-Q circuit is broad; that of the
high-Q circuit sharp. So it is with antennas—the imped-
ance of a thick antenna changes slowly over a compara-
tively wide band of frequencies, while a thin antenna has
a faster change in impedance. Antenna Q is defined

o= foAX (Eq3)

2RAf

where fj; is the center frequency, AX is the change in the
reactance for a Af change in frequency, and R, is the resis-
tance the fy. 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 Q, with an R, of
95 Q. The Q is thus 14.6. For the 1.0-inch-diameter “Thick”
dipole in Fig 4, AX = 131 Q and Ry is still 95 Q, 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 a range of free-
space impedances. Now, we just compared the antenna to
a series-tuned circuit. Near its half-wave resonant fre-
quency, a center-fed A/2 dipole exhibits much the same
characteristics as a conventional series-resonant circuit. Ex-
actly 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 cur-
rent 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 transmitter 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
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the same intensity in all directions and may even have zero
radiation in some directions. 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 receiv-
ing antenna that favors certain directions can discriminate
against interference or noise coming from other directions,
thereby increasing the signal-to-noise ratio for desired sig-
nals coming from the favored direction.

Directivity and the Radiation Pattern—
a Flashlight Analogy

The directivity of an antenna is directly related to the
pattern of its radiated field intensity in free space. A graph
showing the actual or relative field intensity at a fixed dis-
tance, as a function of the direction from the antenna sys-
tem, is called a radiation pattern. Since we can’t actually
see electromagnetic waves making up the radiation pattern
of an antenna, we can consider an analogous situation.

Fig 9 represents a flashlight shining in a totally dark-
ened room. To quantify what our eyes are seeing, we
might use a sensitive light meter like those used by pho-
tographers, with a scale graduated 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

Fig 9—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.



arrow, and take light readings at a number of different
positions.

After all the readings have been taken and recorded,
we plot those values on a sheet of polar graph paper, like
that shown in Fig 10. 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 10. When this is finished, we have com-
pleted 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 antenna under test, rather than
moving the measuring equipment to numerous positions
about the antenna. Or we might make use of antenna reci-
procity, 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 con-
tained in Chapter 27, Antennas and Transmission-Line
Measurements.

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/(0.5x10) = 4 million A, a very
large number of wavelengths. Measurements of practical
HF or even VHF antennas are made at much closer dis-
tances, in terms of wavelength. For example, at 3.5 MHz
a full wavelength is 85.7 meters, or 281.0 feet. To dupli-
cate 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 rea-
son 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 between the trans-
mitting and receiving antennas can be either capacitive
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Fig 10—The radiation pattern of the flashlight in Fig 9.
The measured values are plotted and connected with a
smooth curve.

or inductive in nature. The reactive near field is some-
times called the “induction field,” meaning that the mag-
netic 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 deal-
ing 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 distance from
the antenna. Beyond the reactive near field, the antenna’s
radiated field is divided into two other regions: the radi-
ating near field and the radiating far field. Historically,
the terms Fresnel and Fraunhdfer fields have been used
for the radiating 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
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Fig 11—The fields around a radiating antenna. Very
close to the antenna, the reactive field dominates.
Within this area mutual impedances are observed
between 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 2L2/A, 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.

region, both radiating and reactive fields coexist, 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 generally accepted as:

217 (Eq 4)

where L is the largest dimension of the physical antenna,
expressed in the same units of measurement as the wave-
length A. Remember, many specialized antennas do not
follow the rule of thumb in Eq 4 exactly. Fig 11 depicts
the three fields in front of a simple wire antenna.

Throughout the rest of this book we will discuss
mainly the radiating far-fields, those forming the travel-
ing electromagnetic waves. Far-field radiation is distin-
guished by the fact that the intensity is inversely
proportional to the distance, and that the electric and mag-
netic 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 instru-
mentation at least several wavelengths away from the
antenna under test.
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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 there-
fore cannot 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 cen-
ter. The information so obtained would then be used to con-
struct a solid figure, where the distance from a fixed point
(representing the antenna) to the surface of the figure is pro-
portional to the field strength from the antenna in any given
direction. Fig 12B shows a three-dimensional wire-grid rep-
resentation 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 plot-
ting. In other words, it is not necessary to know how many
microvolts per meter a particular antenna will produce at
a distance of 1 mile when excited with a specified power
level. (This is the kind of specifications that AM broad-
cast stations must meet to certify their antenna systems
to the FCC.)

For whatever data is collected (or calculated from theo-
retical equations), it is common to normalize the plotted
values so the field strength in 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 can-
not adequately be shown with field-strength data on a flat
sheet of paper. Cartographers 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 diagrams
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 perpendicular to the wire, can convey a great deal
of information. 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 repre-
sent 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 detail later in this
chapter. As an example, the electromagnetic field pic-
tured in Fig 1 of Chapter 23, Radio Wave Propagation, is
the field that would be radiated from a vertically polar-
ized antenna; that is, an antenna in which the conductor
is mounted perpendicular to the earth.

When a radiation pattern is shown for an antenna
mounted over ground rather than in free space, we auto-
matically gain two frames of reference—an azimuth angle
and an elevation angle. The azimuth angle is usually ref-



180

= \. >
i
i
i/ AR)

P —

S

>

<>
p—

=

V11
T~y
o
=

—

[
My
-
) I.H.

i
/— lT\
il
i

1\

[

(B)

Fig 12—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
45° 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.

erenced to the maximum radiation lobe of the antenna,
where the azimuth angle is defined at 0°, or it could be
referenced 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 horizon at
the Earth’s surface, where the elevation angle is 0°. Of
course, the Earth is round but because its radius is so

Introduction to the Decibel

The power gain of an antenna system is usually
expressed 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 in-
creased signal. The power ratio (100 to 1) corre-
sponding 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|Og10ﬂ
Pa

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

V.
dB=20logyq—1
910V2

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 sub-
tracting the requisite number of decibels. Thus,
reducing the power to ¥z is the same as subtracting
3 decibels. For example, a power gain of 4 in one
part of a system and a reduction to %2 in another part
gives a total power gain of 4 x %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.

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.

Professional antenna engineers often describe an
antenna’s orientation with respect to the point directly
overhead—using the zenith angle, rather than the eleva-
tion angle. The elevation angle is computed by subtract-
ing the zenith angle from 90°.
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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, representing only posi-
tive 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 dia-
grams, provided of course that the solid pattern of the
antenna is smooth, a condition that is true for simple
antennas like A/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 corre-
sponding section on the solid pattern, is called a lobe. The
strongest lobe is commonly called the main lobe. Fig 12A
shows the E-plane pattern for a half-wave dipole. In Fig 12,
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 such as dipoles, exhibit directivity. Here’s
another picture that may help explain the concept of
directivity. Fig 13A shows a balloon blown into its usual
spherical shape. This represents a “reference” isotropic
source. Squeezing the balloon in the middle in Fig 13B
produces a dipole-like figure-8 pattern whose peak levels at
top and bottom are larger than the reference sphere. Compare
this with Fig 13C. Next, squeezing the bottom end of the
balloon produces a pattern that gives even more “gain”
compared to the reference.

Free-space directivity can be expressed quantitatively
by comparing 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) is
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=5— (Eq 5)

av
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Fig 13—Demonstrating antenna pattern gain with
balloons. Take a balloon, blow it up so that it is roughly
circular in shape and then declare that this is a
radiation pattern from an isotropic radiator. Next, blow
up another balloon to the same size and shape and tell
the audience that this will be the “reference” antenna
(A). Then, squeeze the first balloon in the middle to
form a sort of figure-8 shape and declare that this is a
dipole and compare the maximum size to that of the
reference “antenna” (B). The dipole can be seen to
have some “gain” over the reference isotropic. Next,
squeeze the end of the first balloon to come up with a
sausage-like shape to demonstrate the sort of pattern
a beam antenna creates (C).

where

D = directivity

P = power density at its maximum point on the sur-
face of the sphere

P,, = average power density

The gain of an antenna is closely related to its direc-



tivity. 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 deter-
mine gain, these losses must be subtracted from the power
supplied to the antenna. The loss is normally a constant per-
centage of the power input, so the antenna gain is
G:ki =kD

av

(Eq 6)

where
G = gain (expressed as a power ratio)
D = directivity
k = efficiency (power radiated divided by power in-
put) of the antenna
P and P,, 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 essen-
tially equal to the directivity. The more the directive dia-
gram is compressed—or, in common terminology, the
sharper the lobes—the greater 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 vol-
ume represented by the narrow lobes. Power is therefore
concentrated in some directions, at the expense of others.
In a general way, the smaller the volume of the solid ra-
diation 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 direc-
tivity, 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 rela-
tive 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 dia-
gram 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 be-
tween 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.

41253

G2
H3qg xE34p

(Eq7)

where H;4g and E54p 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 pat-
tern 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. Furthermore, 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 effec-
tively changes the wavelength for a fixed-length wire.)
Fig 14 shows the E-plane pattern at the A/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 15 shows the free-space E-plane pattern for the
same antenna, but now at the full-wave (2A/2) resonant
frequency of 9.55 MHz. Note how the pattern has been
pinched in at the top and bottom of the figure. In other
words, the two main lobes have become sharper at this
frequency, making the gain 3.73 dBi, higher than at the
A/2 frequency.

0 Free Space E—Plane

270

240 120

210 150

0 dB = 2.14 dBi 180 4.800 MHz

Fig 14—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 of gain. The dipole
is located on the line from 90° to 270°.
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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 exemplified in

Fig A, where the radiation pattern for a beam antenna is
presented using three coordinate systems discussed in the
paragraphs that follow.

ne . N P

Linear Coordinate Systems

The polar coordinate system for the flashlight radiation
pattern, Fig 10, 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 1o
the signal. For ease of comparison, the equally spaced concen- T
tric circles have been replaced with appropriately placed circles
representing 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.

(A

Logarithmic Coordinate System

Another coordinate system used by antenna manufacturers
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 . p .
logarithmic grid might be termed a linear-log grid, one having . L
linear divisions calibrated in decibels. F ;

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 : T e
appearance. An antenna having a difference of 8 or 10 dB in NS
pattern response around the compass appears to be closer to
omnidirectional on this grid than on any of the others. See
Fig A-(B).

(B)
ARRL Log Coordinate System

The modified logarithmic grid used by the ARRL has a
system of concentric grid lines spaced according to the loga-
rithm 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 significantly greater than the spacing
between —50 and -53 dB.

For example, the scale distance covered by 0 to -3 dB is
about /10 of the radius of the chart. The scale distance for the
next 3-dB increment (to —6 dB) is slightly less, 89% of the first,
to be exact. The scale distance for the next 3-dB increment (to
-9 dB) is again 89% of the second. The scale is constructed so
that the progression ends with —100 dB at chart center.

The periodicity of spacing thus corresponds 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 15—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 13.

Fig 16 shows the pattern at the 3A/2 frequency of
14.6 MHz. More lobes have developed compared to
Fig 14. 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 A/2 frequency, but lower than at its full-wave frequency.
Fig 17 shows the E-plane response at 19.45 MHz, the
4\/2, or 2\, resonant frequency. Now the pattern has
reformed itself into only four lobes, and the gain has as a
consequence risen to 3.96 dBi.

In Fig 18 the response has become quite complex at
the 5A/2 resonance point of 24.45 MHz, with ten lobes
showing. Despite the presence all these lobes, the main
lobes now show a gain of 4.78 dBi. Finally, Fig 19 shows
the pattern at the 3A (6A/2) resonance at 29.45 MHz.
Despite the fact that there are fewer lobes taking up power

Fig A—Radiation pattern plots for a high-gain Yagi
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
5 dB circles. The sidelobe level is exaggerated when
this scale is employed. At B, the same pattern on the
modified log grid used by ARRL. The side and
rearward lobes are clearly visible on this grid. The
concentric 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 16—Free-space E-Plane radiation pattern for a 100-
foot dipole at its 3/2A resonant frequency of 14.60 MHz.
The pattern has broken up into six lobes, and thus the

peak gain has dropped to 3.44 dBi.

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 frequency is changed.
Of course, the pattern and gain change in the same fash-
ion if the frequency is kept constant and the length of the
wire is varied. In either case, the wavelength is chang-
ing. 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 direc-
tion 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 de-
fined to be that of its electric field, in the direction where
the field strength is maximum.

For example, if a A/2 dipole is mounted horizon-
tally over the Earth, the electric field is strongest perpen-
dicular 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 polarization in this case is also
considered to be horizontal with respect to the earth. If
the dipole is mounted vertically, its polarization will be
vertical. See Fig 20. Note that if an antenna is mounted
in free space, there is no frame of reference and hence its
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Fig 17—Free-space E-Plane radiation pattern for a 100-
foot dipole at twice its full-wave resonant frequency of
19.45 MHz. The pattern has been refocused into four
lobes, with a peak gain of 3.96 dBi.
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0 dB = 4.70 dBi 180 29.450 MHz

Fig 19—Free-space E-Plane radiation pattern for a 100-
foot dipole at three times its full-wave resonant
frequency of 29.45 MHz. The pattern has returned to six
lobes, with a peak gain of 4.70 dBi.
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24.450 MHz

Fig 18—Free-space E-Plane radiation pattern for a 100-
foot dipole at its 5/2A resonant frequency of 24.45 MHz.
The pattern has broken down into ten lobes, with a
peak gain of 4.78 dBi.

polarization is indeterminate.

Antennas composed of a number of A/2 elements
arranged so that their axes lie in the same or parallel di-
rections have the same polarization as that of any one of
the elements. For example, a system composed of a group
of horizontal dipoles is horizontally polarized. If both hori-
zontal and vertical elements are used in the same plane
and radiate in phase, however, the polarization is the
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Fig 20—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.

resultant of the contributions made by each set of elements
to the total electromagnetic field at a given point some dis-
tance from the antenna. In such a case the resultant polar-
ization is still linear, but is tilted between horizontal and
vertical.

In directions other than those where the radiation is
maximum, the resultant wave even for a simple dipole is
a combination of horizontally and vertically polarized
components. The radiation off the ends of a horizontal
dipole is actually vertically polarized, albeit at a greatly
reduced amplitude compared to the broadside horizon-
tally polarized radiation—the sense of polarization



changes with compass direction.

Thus it is often helpful to consider the radiation pat-
tern from an antenna in terms of polar coordinates, rather
than trying to think in purely linear horizontal or vertical
coordinates. See Fig 21. The reference axis in a polar sys-
tem is vertical to the earth under the antenna. The zenith

Zenith Angle

Elevation
Angle

Azimuth Angle

Fig 21—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.

angle is usually referred to as 6 (Greek letter theta), and the
azimuth angle is referred to as ¢ (Greek letter phi). Instead
of zenith angles, most amateurs are more familiar with ele-
vation 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 auto-
matically 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 elliptical 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, Antenna Systems for Space Communications.

Sky-wave transmission usually changes the polar-
ization of traveling waves. (This is discussed in Chapter
23, Radio Wave Propagation.) The polarization of receiv-
ing 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 communication
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 use-
ful properties of antennas.

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 receiver when the signal comes from
a direction in which the antenna has its best response. The
impedance 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 A/2-long
antennas) must work into load impedances matched to their
own impedances, so that maximum power is transferred in
both cases. In addition, 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 trans-
mitting, however, may not be exactly reciprocal. This is
because the waves do not always follow exactly the same
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paths at all times and so may show considerable varia-
tion in the time between alternations between transmit-
ting and receiving. Also, when more than one ionospheric
layer is involved in the wave travel (see Chapter 23,
Radio Wave Propagation), 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 polar-
ized, regardless of the polarization of the transmitting
antenna. Vertically polarized antennas can be expected to
show no more difference between transmission and
reception than horizontally polarized antennas. On the av-
erage, however, an antenna that transmits well in a certain
direction 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=ﬂ><d
2

(Eq 8)
where
D = scaled dimension
d = original design dimension
fl1 = 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 constructed 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 x 39 = 401.1 inches, or 33.43 feet.

To scale an antenna properly, all physical dimensions
must be scaled, including element lengths, element spac-
ings, boom diameters and element diameters. Lengths and
spacings may be scaled in a straightforward 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 */s-inch cylindri-
cal elements. For proper scaling to 14 MHz, the elements
should be cylindrical, of 144/14 x 3/s or 3.86 inches diam-
eter. 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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Diameter Scaling

Simply changing the diameter of dipole type ele-
ments during the scaling process is not satisfactory with-
out making a corresponding element-length correction.
This is because changing the diameter results in a change
in the A/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 diam-
eter 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 operating
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 prac-
tice 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 materials for the
elements. Tapering of HF Yagi elements is discussed
in detail in Chapter 11, HF Yagi Arrays.

Length Correction for Tapered Elements

The effect of tapering an element is to alter its elec-
trical 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, W6NL
(ex-W6QHS), from work done by Schelkunoff at Bell
Labs and is presented in Leeson’s book, Physical Design
of Yagi Antennas. In the software accompanying this book
is a subroutine called EFFLEN.FOR. It is written in For-
tran and is used in the SCALE program to compute the
effective length of a tapered element. The algorithm uses
the WONL-Schelkunoff algorithm and is commented step-
by-step to show what is happening. Calculations are made
for only one half of an element, assuming the element is
symmetrical about the point of boom attachment.

Also, read the documentation SCALE.PDF for the
SCALE program, which will automatically do the com-
plex mathematics to scale a Yagi design from one fre-
quency to another, or from one taper schedule to another.



The Vertical Monopole

So far in this discussion on Antenna Fundamentals,
we have been using the free-space, center-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 22,
where a A/2 dipole and a A/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 antenna, transforming a monopole into
the functional equivalent of a dipole. From this explana-
tion you can see where the term image plane is some-
times used instead of ground plane.

Although we have been focusing throughout this
chapter on antennas in free space, practical monopoles
are usually mounted vertically with respect to the sur-
face of the ground. As such, they are called vertical mono-
poles, 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 describe a
vertical antenna employing a A/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
usually consists of four A/4-long radials elevated well
above the earth. See Fig 23.

Chapter 3, The Effects of Ground, devotes much
attention to the requirements for an efficient grounding
system for vertical monopole antennas, and Chapter 6,

| —— Voltage T — Voltage
M4
-— Current
M2
P Current 7 Ground Plane

/ L/’/ﬁ Image Antenna

Fig 22—The A/2 dipole antenna and its A/4 ground-
plane counterpart. The “missing” quarter wavelength is
supplied as an image in “perfect” (that is, high-
conductivity) ground.

Low-Frequency Antennas, gives more information on
ground-plane verticals.

Characteristics of a A/4 Monopole

The free-space directional characteristics of a A/4
monopole with its ground plane are very similar to that of a
A/2 antenna in free space. The gain for the A/4 monopole is
slightly less because the H-plane for the A/2 antenna is com-
pressed compared to the monopole. Like a A/2 antenna, the
A4 monopole has an omnidirectional radiation pattern in
the plane perpendicular to the monopole.

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

See Fig 24, 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 length for evaluation.
Fig 25 shows an expanded portion of the frequency range
above and below the A/4 resonant point, but now cali-
brated in terms of wavelength. Note that this particular
antenna goes through A/4 resonance at a length of 0.244 A,
not at exactly 0.25 A. The exact length for resonance var-
ies with the diameter of the wire used, just as it does for
the A/2 dipole at its A/2 resonance.

The word height is usually used for a vertical mono-
pole antenna whose base is on or near the ground, and in
this context, height has the same meaning as length when
applied to A/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 24
is from 0.132 A to 0.300 A, corresponding to a frequency
range of 2.0 to 5.9 MHz.

Fig 23—The ground-
M4 plane antenna. Power
is applied between
the base of the
M4 vertical radiator and
\7 the center of the four
ground plane wires.

Ad Line
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Fig 24—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.

The reactive portion of the feed-point impedance
depends highly on the length/dia ratio of the conductor,
as was discussed previously for a horizontal center-fed
dipole. The impedance curve in Figs 24 and 25 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, The Effects
of Ground, but it is worth noting at this point that the
efficiency of a real vertical antenna over real earth often
suffers dramatically compared with that of a A/2 antenna.
Without a fairly elaborate grounding system, the effi-
ciency is not likely to exceed 50%, and it may be much
less, particularly at monopole heights below A/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 oper-
ate. Chapter 2, Antenna Fundamentals, dealt mainly with
theoretical antennas in free space, completely removed
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 environment and
these interactions not only modify the feed-point imped-
ance of an antenna, but also often increase losses.

In the radiating far field, the presence of ground pro-
foundly 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 eleva-
tion plane strongly depend on the nature of the ground
itself (its dielectric constant and conductivity at the frequency
of operation), 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 com-
ponents. The amplitude of the first is determined 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 consider-
ably smaller than the first at most useful antenna heights, is
by no means insignificant. At some heights, the two com-
ponents 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, assuming that the power
input to the antenna is constant. A higher current at the same
power input means that the effective resistance of the
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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
between 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 effect on the impedance of that
antenna, the reflected wave having been influenced by the
ground. Different impedance values may be encountered
when an antenna is erected at identical heights but over dif-
ferent types of earth.

Fig 1 shows the way in which the radiation resis-
tance of horizontal and vertical half-wave antennas var-
ies with height above ground (in A, wavelengths). The
height of the vertical half-wave is the distance from the
bottom of the antenna to ground. For horizontally polar-
ized half-wave antennas, the differences between the ef-
fects of perfect ground and real earth are negligible if the
antenna height is greater than 0.2 A. At lower heights,
the feed-point resistance over perfect ground decreases
rapidly as the antenna is brought closer to a theoretically
perfect ground, but this does not occur so rapidly for ac-
tual ground. Over real earth, the resistance actually be-
gins increasing at heights below about 0.08 A. The reason
for the increasing resistance at very low heights is that
more and more of the reactive (induction) field of the
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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 height over real
ground.
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antenna is absorbed by the lossy ground in close proxim-
ity. This results in increased loss that is reflected in the
increased value of the feedpoint resistance.

For a vertically polarized A/2-long dipole, differences
between the effects of perfect ground and real earth on the
feed-point impedance is negligible, 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 and reduce the
power lost in the near field. Rudy Severns, N6LF, contrib-
uted much of the new material in this chapter.

In Chapter 2, Antenna Fundamentals, and up to this
point in this chapter, the discussion about vertical mono-
poles 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 func-
tional 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 per-
fect ground, or at least a reasonable approximation, for our
real vertical antennas?

Simulating a Perfect Ground in the
Reactive Near Field

The effect of a perfectly conducting ground (so far as
feed-point resistance and losses are concerned) can be simu-
lated 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 wave-
length 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
36.6 Q. Of course on the lower HF bands such a screen is
not practical for most amateurs.

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 A/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 sys-
tem is to utilize the ground-plane antenna, with its four
ground-plane radials elevated well above lossy earth. Heights
(between the bottom of the ground-plane and the surface of
the ground) greater than A/8 have proven to yield excellent



results. See Chapter 6, Low-Frequency Antennas, 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-ldeal Ground Systems

Now, what happens when something less than an ideal
ground screen is used as the ground plane for a vertical
monopole? Typically this will take the form of an on-ground
wire radial system. 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 bet-
ter” and “lots of short radials are better than a few long ones”
have served as rules of thumb, but many questions as to
relative performance differences and optimum number for
a given length remain unanswered, as is the justification for
the rules of thumb. Most of these questions boil down to
one: namely, how many radials, and how long, should be
used in a given vertical antenna installation?

A ground system with 120 A/2 radials is not very prac-
tical for many amateur installations, which often must con-
tend with limited space and funding. Unfortunately the
ground resistance, Rg, increases rapidly when the number
of radials is reduced. To minimize ground loss where a large,
optimum ground system is not possible requires that we
understand how ground losses occur and how to optimize
the design of a ground system that can fit within the space
and budget available.

E and H Fields

E and H fields were introduced in Chapter 2, Antenna
Fundamentals, to explain some basic concepts concerning
antennas. To understand the reasons for ground loss we need
to look at the E and H fields in the near field, but we need to
have some feeling for what E and H fields are. The follow-
ing is a brief description of these fields. It is certainly not a
rigorous description but should give at least an intuitive feel-
ing for what is happening.

In 1820 Hans Oerstad discovered that a current flow-
ing in a wire would deflect the needle of a nearby com-
pass. We attribute this effect to a magnetic or H-field,
which at any given location is denoted by the bold-faced
letter H. H is a vector, with an amplitude expressed in
A/m (Amperes/meter) and a direction. Fig 2 shows a typi-
cal experimental arrangement. The shape of the magnetic
field is roughly shown by the distribution of the iron fil-

ings. This field distribution is very similar to that for a
vertical antenna.

A compass needle (a small magnet itself) will try to
align itself parallel to H. As the compass is moved around
the conductor, the orientation of the needle changes accord-
ingly. The orientation of the needle gives the direction of H.
If you attempt to turn the needle away from alignment you
will discover a torque trying to restore the needle to its origi-
nal position. The torque is proportional to the strength of
the magnetic field at that point. This is called the field inten-
sity or amplitude of H at that point. If a larger current flows
in the conductor going through the piece of paper holding
the iron filings, the amplitude of H will be larger. Currents
flowing in the conductors of an antenna also generate a
magnetic field, one component of the near field.

An antenna will also have an electric or E-field, which
can be visualized using a parallel-plate capacitor, as shown
in Fig 3. If we connect a battery with a potential V 4, across
the capacitor plates there will be an electric field E estab-
lished between the plates, as indicated by the lines and
directional arrows between the plates. The magnitude of vec-
tor E is expressed in V/m (volts per meter), so for a poten-
tial of V volts and a spacing of d meters, E = V/d V/m. The
amplitude of E will increase with greater voltage and/or a
smaller distance (d). In an antenna, there will be ac poten-
tial differences between different parts of the antenna and
from the antenna to ground. These ac potential differences
establish the electric field associated with the antenna.

Conduction And Displacement Currents

If we replace the dc voltage source in Fig 3 with an ac
source, a steady ac current will flow in the circuit. In the

Iron Filings

Compass

Fig 2—The magnetic lines of force that surround a
conductor with an electric current flowing in it are
shown by iron filings and small compass needles.
The needles point in the direction of the magnetic
or H-field. The filings give a general view of the field
distribution in the plane perpendicular to the
conductor.
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conductors between the ac source and the capacitor plates,
current (I.) flows, because of the movement of charge, usu-
ally electrons. But in the space between the capacitor
plates—particularly in a vacuum—there are no charge car-
riers available to carry a conduction current. Nonetheless,
current still flows in the complete circuit, and we attribute
this to a displacement current (15) flowing between the
capacitor plates to account for the continuity of current in
the circuit. Displacement and conduction currents are two
different phenomena but they both represent current, just
two different kinds. Some observers prefer to call conduc-
tion currents “currents” and displacement currents “imagi-
nary currents.” That terminology is OK, but to account for
the current flow in a closed circuit with capacitance you
have to keep track of both kinds of current, whatever you
call them.

In an antenna over ground, the displacement current
represents the current flow from the antenna surface through
the air into the ground. The currents flowing in the ground
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Fig 3—Example of an electric field, E=V4/d. When the
dc source is replaced with an ac source there will be a
displacement current (l;) flowing between the capacitor
plates.
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Fig 4—When the capacitor dielectric is less than
perfect there will be a conduction current (l;) in
addition to the displacement current (l4). Soil will
typically have both resistive and capacitive
components. Power loss in the soil is due to the
current flowing through the resistive component.
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are predominantly conduction currents, but there may also
be displacement currents.

Where the dielectric material between the capacitor
plates is not a perfect insulator, both conduction and dis-
placement currents can flow between the capacitor plates.
A good example of this would be a soil dielectric, which
has both resistive and capacitive characteristics. Soil can be
represented in the circuit of Fig 4, where there is a resistor
with a conduction current I, in parallel with a capacitor with
a displacement current I;. The two currents add up
(vectorially) as the total current I.

A Closer Look at Verticals

A vertical antenna has two field components that
induce currents in the ground around the antenna. Fig 5
shows in a general way the electric-field component (E,, in
V/m) and magnetic-field component (H¢, in A/m) in the
region near a vertical. Because the soil near the antenna usu-
ally has relatively high resistance, both of these field com-
ponents will induce currents (Iy and Iy) in the ground,
resulting in losses. While the worms may enjoy the heated
ground, power dissipated in the ground is subtracted from
the radiated power, weakening your signal.

As shown in Fig 5, the tangential component of the
H-field (H¢) induces horizontal currents (Iy;) flowing radi-
ally. The normal component (perpendicular to the ground
surface) of the E-field (E,) induces vertically flowing
currents (I,). Actually, things are more complex than this
but we don’t need to thrash through that to understand con-
ceptually what’s going on.

When modeling an antenna we account for the radi-
ated power (P,) by assuming there is a resistor we call the
radiation resistance (R,) through which the antenna base
current (I,) flows. The radiated power is then P, = [ ’R..
Similarly, we can account for the power dissipated in the
ground (P,) by adding a loss resistance (R,) in series with
R,. The ground loss is then P, = I,’R,. Additional losses
due to conductors, loading coils, etc can also be simulated

/ Vertical Radiator

Fig 5—A general view of the fields and ground currents
near the base of a vertical antenna. Note that the H-
field distribution is equivalent to that shown in Fig 3.



by adding more series loss resistances. Putting aside for the
moment these additional losses, the efficiency (1) of a ver-
tical can be expressed as:

— Pr
" P, +P, (Eq D)
This can be restated in terms of resistances as:
R, 1
O P (Eq2)

T

In essence, efficiency is the ratio of the radiated power
to the total input power (Py = P+ P,). Another way of say-
ing this is that efficiency depends on the ratio of ground
loss resistance (Rg) to radiation resistance (R,), as Eq 2
shows. The smaller we make R, the more power will be
radiated for a given input power. Reducing R, is the pur-
pose of the ground system.

A sketch of current flow in the antenna and the sur-
rounding ground (due to H-field), near the base of a verti-
cal, is shown in Fig 6. I, represents the total zone current
flowing radially through a cylindrical zone at a given radius
(r) due to the H field, while I is the current at the feed point
at the base of the antenna. Technically speaking, the cylin-
der is infinitely deep, with I, being the total current inte-
grated over the surface of the cylinder at a given radius.

Fig 7 is a graph of the amplitude of I, for several
antenna heights in wavelengths (h) as we move away from
the base of the antenna. Fig 7 shows the zone current that
would flow in the ground returning to the base of the
antenna, assuming a single ground rod is placed at the feed
point for the vertical radiator. The heights indicated are the
effective electrical heights. For example, if you use some
top loading on the vertical, the effective electrical height
will be greater than the physical height.

It is important to recognize that simply adding a top
hat to a vertical of a given physical height may reduce ground
losses. We can see this from the effect of h on ground cur-
rent amplitude in Fig 7. Increasing h reduces the ground
current. Even something as simple as moving a loading coil
from the base up to the center of the antenna may reduce
ground losses because it reduces ground current amplitude.
But we do have to be careful that the loss introduced by the
loading coil does not overcome the reduction in ground loss!
Both loading-coil and top-hat schemes also increase the
radiation resistance R, which further improves efficiency.

The currents in Fig 7 have been adjusted for constant
radiated power at the base of the antenna by varying I, to
compensate for the change in R, as we vary h. To maintain
constant radiated power as R is falling, you must increase
I,- The base feed-point impedance is a strong function of h.
For example, for h = 0.25 A, R, will be in the neighborhood
of 36 Q. However, for h = 0.1 A, R, will be less than 4 Q.
More information on short antennas can be found in Chap-
ter 16, Mobile and Maritime Antennas.

Fig 7 clearly shows the high currents that flow in the
ground near the base of a short antenna due to the antenna’s
H field. Compared to a 0.25-A vertical, the 0.1-A vertical has
about three times the base current. As you shorten the
antenna further, the zone current increases even more quickly.
The ground loss is proportional to the square of the ground
current (P, = Ingg), so the power loss in the immediate

Vertical

Ground Surface

Fig 6—Representation of the zone current near the base
of a vertical antenna. Individual i, components of current
flow into a cylinder of soil, with a radius r centered on
the base of the vertical. The total current, I,, thus
represents the net current induced in the soil by the
H-field for a given radius. (I, was labeled I, in Fig 5.)
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Constant Radiated Power = 37 W
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Fig 7—Plot of zone current (l,) in amperes near the
base of a vertical as a function of height (h) and radius
(r) in wavelengths. The current in the base of the 0.25-A
antenna is assumed to be 1 A and the current for other
values of h is adjusted to maintain the same radiated
power (P, = 1,2R, = 37 W) as the radiation resistance (R,)
changes with h.

region of the base is much higher for a short antenna operat-
ing with the same input power as for a quarter-wave vertical.

We can calculate the losses induced in the soil by
either the E- or H-field intensity. Fig 8 shows an example of
the H-field losses for several different antenna heights, given
a constant radiated power of 37 W. Note that the total loss
within 0.5 A of the base for h = 0.25 A is about 16 W (right
side of the graph). This gives 1 =37/(37 + 16) = 70%. How-
ever, for h = 0.1 A, the total loss is about 94 W. Taking into
consideration only the H-field losses, n = 37/(37 + 94) =
28%. Note that in both cases the majority of the loss is near
(< 0.1 A) the antenna, with the rate of increase of total loss
decreasing rapidly as we move farther away from the base,
where the lines are almost flat.

Fig 9 is a graph of the E-field intensity around a verti-
cal with 1500 W radiated power, for three values of h. The
E-field intensity doesn’t depend on the exact type of ground
system. (You can see this when you consider that the volt-
age across a capacitor doesn’t depend on the size of the
capacitor’s plates.) Notice that close to the base, the E-field
intensity for the 0.1-A vertical is almost 100 times that for
the 0.25-A vertical. Because loss is proportional to the square
of the voltage, the E-field losses close to the base will be ten
thousand times larger in the 0.1-A vertical! At a 1500-W
power level the field intensity near the base of a short verti-
cal is high enough to pose some risk of igniting grass and
bushes that grow above any radial system close to the
vertical’s base. The grass should be kept mowed within
0.1 A of the base.

Fig 10 shows a computation for the E-field losses, again
for a constant radiated power of 37 W and several values of
h. For the 0.25-A vertical, the electric field intensity is quite
low and so are the losses associated with it, at only 1.5 W.
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Fig 8—Total H-field induced ground loss within a circle
of radius r around the base of a vertical for different
values of h and constant P, = 37 W. Note how the total
loss increases rapidly near the base of the antenna
indicating high loss. Beyond r = 0.15 A, however, the
additional loss is much lower and the curves flatten
out. Note also how much higher the loss is for shorter
antennas.
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Fig 9—Electric field intensity near the base of a vertical
for different values of h. P, is held constant at 1500 W.

With any reasonable ground system, the E-field losses for a
0.25-\ vertical will be insignificant.

For shorter or longer verticals, however, the picture is
different. This is why we see the very high losses (> 100 W)
in Fig 10 for h = 0.1 A. This loss, when added to the H-field
loss, reduces the efficiency of the 0.1-A vertical to 16% or
less without a good ground system. In short antennas the
E-field losses cannot be ignored, since they get worse
exponentially as the antenna is shortened further.

The presence of a top-loading hat will also increase
the E-field intensity in the area below the hat. However, most
practical amateur hats will be quite small and the associated
E-field loss small. The benefit, however, of reducing I,
because of the addition of the hat—which reduces the field
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Fig 11—Effective ground resistance (R,) at the base of
the vertical as a function of the radius of a ground
screen for several different antenna heights. Note how
R4 falls as power dissipation in the soil is eliminated by
the highly conducting ground screen.

from the vertical part of the antenna—more than compen-
sates for the small additional E-field loss due to the hat.
Verticals taller than 0.25 A also display increased
E-field intensity, but not nearly so severe as short verticals.
In verticals both shorter and longer than a 0.25 A, the criti-
cal loss region is within a radius of about 0.05 A. We can see
this in Fig 10, where the power-loss curves for the shorter
antennas flatten out by the time we reach a radius of 0.05 A.
It’s not widely known, but while radial wire systems
reduce the H-field losses very effectively, Larsen (see Bib-
liography) has shown that the E-field losses with the same
radial system do not fall in the same fashion as H-field losses.
For h > 0.15 A this doesn’t matter much because the E-field

loss is so low anyway. However, for short antennas it is very
helpful to install either a ground screen or a dense radial
system within 0.05 A of the base.

We can take the data in Figs 8 and 10 and calculate the
effective value of the ground resistance R,. Fig 11 shows
the results of such a computation. Fig 11 assumes a perfect
ground screen that varies in radius from 0.001 A to 0.5 A. As
we would expect, when the ground screen is very small the
ground losses are high, meaning R, is high and the effi-
ciency is low. As we increase the radius of the ground screen,
forcing current out of the lossy soil and into the very low-
loss screen, R, drops rapidly and the efficiency increases.

Fig 11 demonstrates why it is desirable to have a good
ground system out to at least 0.125 A, and better yet, even
farther. The shorter the antenna, the more important the
ground system becomes, especially close to the base. In this
example the ground system consists of a highly conductive,
bonded ground screen, not always practical for amateur
installations. A more typical ground system would consist
of a number of individual radial wires. This kind of ground
will be inferior to a screen but represents a practical com-
promise. We’ll examine this in more detail shortly.

Note that as we reduce h in Fig 11, R, actually goes
down—even though the ground losses are higher. When h
is made smaller the radiation resistance declines rapidly (see
Chapter 16, Mobile and Maritime Antennas), so that for a
given radiated power I, must increase. If we measure R, as
we reduce h over a given ground system, we would see that
the value for R, goes down as shown in Fig 11. But because
1,2 is rising more rapidly than R, is falling, the power lost in
the ground increases and efficiency decreases. The point here
is that the value of R, depends on the ground system, soil
characteristics and the antenna configuration. You cannot
assign an arbitrary value to R, independent of the antenna
system.

Wire Radial Systems

Fig 11 shows R, for a dense, perfectly conducting
ground screen, but what we really need to know is the effect
of length and number of individual radials on R, in a wire
radial system. We can calculate the current division between
a radial system and the soil and use this to determine R,. A
typical graph of the proportion of the zone current flowing
in the radial system, as a function of radius and various num-
bers of radials (N), is shown in Fig 12.

The radial currents decrease as we move away from
the base, and the lower the number of radials, the more rap-
idly the radial current decreases. This means that close to
the base of the antenna most of the current is in the radial
system, but as we move away from the base the current
increasingly flows in the lossy ground. When only a few
radials are used, the outer ends of the radials contribute little
to reducing ground loss.

Why is this? The problem is that I, does not go imme-
diately to the nearest radial but may flow for some distance
in the soil. This is illustrated in a general way in Fig 13. As
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we move away from the base of the antenna, adjacent radi-
als are further apart from each other and the current must
flow further in the soil before it reaches one of the radials.
When we use more radials, the distance between radials is
less and more of the total current will be in the radials and
less in the soil. This reduces ground loss.

When we know the current distribution in the ground
we can calculate the power loss and R,. A typical example
for h = 0.25 A is given in Fig 14. We can learn a lot about
radial system design from Fig 14 and similar graphs. If we
use only a few radials, the radial current drops off very rap-
idly. Most of the current is flowing in the soil.

Such a ground system is by nature inefficient—that is,
R, is large. We can also see that if we have only 16 radials,
Rg falls an ohm or two as we lengthen the radials, but is
essentially flat by 0.1 A. There is no point in making them
longer because there is little current in the outer portions
and R, is essentially constant beyond 0.1 A. As we increase
the number of radials, we gather more current further out,
making longer radials more useful. The result is cumula-
tive—more radials allow longer radials to be effective and
both together reduce ground loss. We can see this in Fig 14,
where the initial value of R, drops as N increases and flat-
tens out at longer radial lengths. For 128 radials, for
example, lengths of 0.25 A or more are useful.

The example in Fig 14 uses #12 wire for the radials.
Compared to soil, the resistance of the radial wires is very
small, especially if many radials are used, and does not
greatly affect overall losses no matter how small the wire.
The effect of changing wire size is to slowly change the
current division between ground and the radial system.
Larger wire results in only a small decrease in R,. In prin-

ciple, very small wire could be used for radials but from
a mechanical point of view, #18 or #20 wire is about as
small as is practical. Any smaller wire breaks too easily
to be buried, and also breaks easily when left on the
ground surface and is walked on or driven over.

Vertical Radiator

/

Radials

Fig 13—An example of current entering the ground
between the radials and flowing for some distance
before being picked up by a radial.
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Fig 12—An example of the portion of the zone current
flowing in the radial system as you move away from the
base of a 0.25 A vertical for different numbers of radials
(N). Note that when more radials are used, more of the
zone current flows in the radials and not in the ground,
reducing ground loss. The proportion of current in the
radial system falls rapidly when only a few radials are
used. This leads to high ground loss because most of
the zone current is flowing in the ground rather than in
the radials.
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Fig 14—An example of the variation of R, with radial
length and number of radials (N) for h = 8.25 A.When
only a few radials are used there is little point in
making them longer than 0.1 A. Increasing N reduces Ry
at a given radius and also makes longer radials useful,
further reducing Rg. Rq for other values of h behave
similarly.



On the other hand, wire larger than #12 is expen-
sive. Thousands of feet of #8 wire may be affordable for
broadcast stations but not for most hams. Increasing the
wire size from #20 to #10 would result in only a small
reduction in R,. Of course, if you happen to have a few
thousand feet of old RG-8 cable lying around (the diam-
eter is comparable to #0000 wire) then that might indeed
help to reduce Rg, as W9QQ has shown (see Bibliogra-
phy). You are still better off, however, using many radi-
als with small wire than a few radials with large wire.
Radial wire size is usually a mechanical and financial
issue, not an electrical one.

If the example in Fig 14 were changed for different
ground characteristics, then the curves would have a simi-
lar shape but would be shifted either up or down. For
example, poorer ground will result in higher R, but the
usable length for the radials for a given N would increase
somewhat. For better-quality ground, with higher con-
ductivity, Rg will be lower but the usable length of the
radials for a given N will be shorter.

For short antennas, the initial drop in Rg will be more
rapid and the curves flatten out sooner. This implies that
somewhat shorter radials are useful with short antennas.
However, given the high losses, it is still a very good idea
to use lots of radials with short antennas. As in the above
example, increasing N also increases the usable length.

As you go up in frequency from 160 meters, R, gen-
erally rises slowly and then stabilizes around 7 MHz,
depending on the ground characteristics. This effect is
related to the change in skin depth with frequency, which
is discussed in a later section of this chapter. There is
also a small shift in current division between the radials
and ground as the frequency increases.

A Word Of Caution

In the preceding discussion we presented a number of
graphs and the CD-ROM accompanying this book contains
some spreadsheets containing the equations from which
these graphs were derived. From these graphs we extracted
a number of observations on how to design radial systems.
Basic to each graph is the assumption that we know the
ground characteristics: conductivity and permitivity. In the
real world, we amateurs very rarely have more than a rough
idea of the ground characteristics under our antennas. Even
when careful measurements are made, the characteristics
will vary through the year with rainfall or the lack thereof.

Soils are always stratified vertically and can vary by
factors or two or more horizontally over distances compa-
rable to radial length, so that even good ground measure-
ments are at best an average. In addition, there will frequently
be constraints on the size and shape of the ground system.
As aresult, we use the calculated information and the previ-
ous graphs for general guidance and preliminary design, but
when actually installing a ground system we try to mea-
sure—or at least estimate—R, as we go along.

When R, stops falling, or our patience and/or money
run out, we stop adding ground radials. We can measure the

feed-point resistance with an impedance bridge to estimate
of R,. The impedance seen at the feed point of the antenna
is the sum of the loss and the radiation resistance. To deter-
mine R, you have to estimate R, (from the antenna height)
and other losses due to loading or conductors, and then sub-
tract that from the total measured input resistance. The
remainder is Rg, and Rg should fall as we add radials. When
R, stops falling we probably have as many radials of a given
length as will be useful. Further reduction in R, would
require more, longer radials.

Practical Suggestions For Vertical
Ground Systems

At least 16 radials should be used if at all possible.
Experimental measurements and calculations show that with
this number, the loss resistance decreases the antenna effi-
ciency by 30% to 50% for a 0.25 A vertical, depending on
soil characteristics. 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 as mentioned
before: #12 to #22 copper wire is suitable.

Table 1 summarizes these conclusions. John Stanley,
K4ERO, first presented this material in December 1976
QST. Another source of information on ground-system
design is Radio Broadcast Ground Systems (see the Bib-
liography 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 is based on the number of radials. For each
configuration, there is a corresponding optimum radial
length. Each configuration also includes the amount of
wire used, expressed in wavelengths. Using radials con-
siderably longer than suggested for a given N or using a
lot more radials than suggested for a given length, while
not adverse to performance, does not yield significant
improvement either. That would represent a non-optimum
use of wire and construction time. Each suggested con-
figuration represents an optimum relationship between
length and number for the given amount of total wire used.
Table 1 leads to these conclusions:

e If you install only 16 radials (in configuration A), they
need not be very long—0.1 A is sufficient. The total length
of wire will be 1.6 A, which is about 875 feet at 1.8 MHz.

e If you have the wire, the space and the patience to lay
down 120 radials (optimal configuration F), they should
be 0.4 A long. This radial system will gain about 3 dB
over the 16-radial case and you’ll use 48 A of wire, or
about 26,000 feet at 1.8 MHz.

e If you install 36 radials that are 0.15 A long, you will
lose 1.5 dB compared to optimal configuration F. You
will use 5.4 A of wire, or almost 3,000 feet at 1.8 MHz.

The loss figures in Table 1 assume h = 0.25 A. A
very rough approximation of loss when using shorter
antennas can be obtained by doubling the loss in dB each
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Table 1
Optimum Ground-System Configurations

Configuration Designation

A B
Number of radials 16 24
Length of each radial in wavelengths 0.1 0.125
Spacing of radials in degrees 22,5 15
Total length of radial wire
installed, in wavelengths 1.6 3
Power loss in dB at low angles with
a quarter-wave radiating element 3 2
Feed-point impedance in ohms with
a quarter-wave radiating element 52 46

C D E F
36 60 90 120
0.15 0.2 0.25 0.4
10 6 4 3
5.4 12 22.5 48
1.5 1 0.5 0*
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.

time the antenna height is halved. For taller antennas the
losses decrease, approaching 2 dB for configuration A of
Table 1 for a half-wave radiator. Even longer antennas
yield correspondingly better performance.

Table 1 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 compro-
mise configurations (those with the fewest radials) even
more attractive.

When antennas are combined into arrays, either para-
sitic or all-driven types, mutual impedances lower the
radiation resistance of the elements. This drastically
increases the effects of ground loss because I, will be higher
for the same power level. For instance, an antenna with a
50-Q feed-point impedance, of which 10 Q is ground-loss
resistance, will have an efficiency of approximately 83%.
An array of two similar antennas in a driven array with simi-
lar ground losses 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 problem
because R, is high, but a close-spaced end-fire array
should be avoided because R, is much lower, unless low-
loss radial system configurations are used or other pre-
cautions taken. Chapter 8, Multielement Arrays, covers
the subject of vertical arrays in great detail.

In cases where directivity is desirable or real-estate
limitations dictate, longer, more closely spaced radials
can be installed in one direction, and shorter, more widely
spaced radials 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
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the configurations in Table 1, and small changes in the

number of radials and lengths will not cause serious prob-

lems. Thus, a configuration with 32 or 40 radials of

0.14 A or 0.16 A 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 dif-
fers rather dramatically from the case of a ground-plane
antenna, where resonant radials are installed above
ground. For a ground-mounted antenna, quarter-wave
long radials may not be optimum. Because the radials of
a ground-mounted vertical are actually on, if not slightly
below the surface, 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.

Radio Broadcast Ground Systems states, “Experi-
ments 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 effec-
tive out to 0.5 wavelength.” Many graphs in that publica-
tion confirm this statement. This is not to say that these
two systems will perform equally well; they most cer-
tainly will not. However, if 0.1 A is as long as the radials
can be, there is little point in using more than 15 of them
unless the vertical radiator’s height is also small.

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, instead of
improving the ground system.

4. Use multi-element arrays for directivity and gain,
observing the necessary precautions related to
mutual impedances discussed in Chapter 8§,
Multielement Arrays.



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, as discussed above. Even if the ground-
radial system for a vertical has been optimized to reduce
ground-return losses in the reactive near field to an insig-
nificant level, the electrical properties of the ground may
still diminish far-field performance to lower levels than “per-
fect-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

First, let us consider the case of flat ground. Over flat
ground, either 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 reflec-
tion is the same as the angle of incidence, so a wave strik-
ing 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 such angles,
the fields cancel each other. At still other angles, the result-
ant 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, Antenna Fundamentals.

The concept of an image antenna is often useful to
show the effect of reflection. As Fig 15 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 per-
fect 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

)
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Fig 15—At any distant point, P, the field strength will be
the vector sum of the direct ray and the reflected ray.
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.

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

FAR-FIELD GROUND REFLECTIONS AND
THE VERTICAL ANTENNA

A vertical’s azimuthal directivity is omnidirectional.
A /2 vertical over ideal, perfectly conducting earth has the
elevation-plane radiation pattern shown by the solid line in
Fig 16. 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 per-
fect-ground performance is not realized in the real world.

Now look at Fig 17A, 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 A2 and the other is oriented vertically, with its center just
over A2 high (so that the bottom end of the wire doesn’t
actually touch the ground). The ground is “average” in
dielectric constant (13) and conductivity (0.005 S/m). At a
15° elevation angle, the horizontally polarized dipole has
almost 7 dB more gain than its vertical brother. Contrast
Fig 17A to the comparison in Fig 17B, where the peak gain
of a vertically polarized half-wave dipole over seawater,
which is virtually perfect for RF reflections, is quite compa-
rable with the horizontal dipole’s response at 15°, and
exceeds the horizontally polarized antenna dramatically
below 15° elevation.
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Fig 16—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. vy is the pseudo-Brewster
angle (PBA), in this case 14.8°.

To understand in a qualitative fashion why the desired
low-angle radiation from a vertical is not delivered when
the ground isn’t “perfect,” examine Fig 18A. 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 difference because of the differ-
ent 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 18B. The path lengths AP and AGP are almost the
same, so the magnitudes of the two waves add together, pro-
ducing a maximum at zero angle of radiation. The arrows
on the waves point both ways since the process works simi-
larly for transmitting and receiving.

With real earth, however, the reflected wave from a
vertically polarized antenna 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 takeoff angle,
it will be almost equal in amplitude, but 180° out of phase
with the direct wave.

Note that this is very similar to what happens with hori-
zontally polarized reflected and direct waves at low eleva-
tion angles. Virtually complete cancellation will result in a
deep null, inhibiting any radiation or reception at 0°. For
real-world soils, the vertical loses the theoretical advantage
it has at low elevation angles over a horizontal antenna, as
Fig 17A so clearly shows.

The degree that a vertical works better than a hori-
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— — — — )/ 2 Vertical Dipole, Bottom Just Above Average Ground
A/2 Horizontal Dipole, A\/2 Over Average Ground

Elevation

(A)

0dB= 7.41dBi 14.100 MHz

— — — — \/2 Vertical Dipole, Bottom Just Above Seawater
/2 Horizontal at A\ /2 Over Average Ground

Elevation

(®

0dB= 7.41dBi 14.100 MHz

Fig 17—At A, comparison of horizontal and vertical A/2
dipoles over average ground. Average ground has
conductivity of 5 mS/m and dielectric constant of 13.
Horizontal dipole is A/2 high; vertical dipole’s bottom
wire is just above ground. Horizontal antenna is much
less affected by far-field ground losses compared with
its vertical counterpart. At B, comparison of 20-meter
A/2 vertical dipole whose bottom wire is just above
seawater with A/2-high horizontal dipole over average
ground. Seawater is great for verticals!

zontal antenna at low elevation angles is largely depen-
dent on the characteristics of the ground around the ver-
tical, as we’ll next examine.

THE PSEUDO-BREWSTER ANGLE AND
THE VERTICAL ANTENNA

Much of the material presented here regarding pseudo-
Brewster angle was prepared by Charles J. Michaels, W7XC,
and first appeared in July 1987 QST, with additional infor-
mation 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 surface as glare,
obscuring the underwater view. When the sun is high, how-
ever, 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,
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Fig 18—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 AP and AGP
differ appreciably in length, while at B these two path
lengths are nearly equal.

named for the Scottish physicist, Sir David Brewster (1781-
1868).

A similar situation exists in the case of vertically
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 reflected wave is between 90°
and 180° out of phase with the direct wave, so some degree
of cancellation 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 particular
location are not related to the antenna itself, but to the ground
around it. The first of these factors is earth conductivity, G,
which is a measure of the ability of the soil to conduct elec-
tricity. Conductivity is the inverse of resistance. The second
factor is the dielectric constant, k, which is a unitless quan-

tity that corresponds to the capacitive effect of the earth.
For both of these quantities, the higher the number, the
better is the ground (for vertical antenna purposes). The third
factor determining 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 dielectric constant for
different types of soil. The map of Fig 19 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 16 shows the PBA, usually labeled yg.

When plotting vertical-antenna radiation patterns over
real earth, the reflected wave from an antenna segment is
multiplied by a factor called the vertical reflection coeffi-
cient, and the product is then added vectorially to the direct
wave to get the resultant. The reflection coefficient consists
of an attenuation factor, A, and a phase angle, ¢, and is usu-
ally expressed as AZ¢. (¢ 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 reflec-
tion 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).

Table 2
Conductivities and Dielectric Constants for Common Types of Earth
Surface Type Dielectric
Constant
Fresh water 80
Salt water 81
Pastoral, low hills, rich soil, typ Dallas,
TX, to Lincoln, NE areas 20

Pastoral, low hills, rich soil typ OH and IL 14
Flat country, marshy, densely wooded,

typ LA near Mississippi River 12
Pastoral, medium hills and forestation,

typ MD, PA, NY, (exclusive of mountains

and coastline) 13
Pastoral, medium hills and forestation,

heavy clay soil, typ central VA 13
Rocky soil, steep hills, typ mountainous 12-14
Sandy, dry, flat, coastal 10
Cities, industrial areas 5

Cities, heavy industrial areas, high buildings 3

Conductivity Relative
(S/m) Quality
0.001

5.0

0.0303 Very good
0.01

0.0075

0.006

0.005 Average
0.002 Poor
0.002

0.001 Very Poor
0.001 Extremely poor
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Table 3 k' siny — k' - cos? y

Pseudo-Brewster Angle Variation with Frequency, Aven £¢ = K sinu + W (Eq 3)
Dielectric Constant, and Conductivity v v
Frequency  Dielectric Conductivity PBA where
(MHz) Constant (S/m) (degrees) Ayt £ 0 = vertical reflection coefficient
7 20 0.0303 6.4 y = elevation angle
13 0.005 13.3
13 0.002 15.0 11.8x10* xG
5 0.001 23.2 K=k—jl—F—
3 0.001 27.8
14 20 0.0303 8.6 k = dielectric constant of earth (k for air = 1)
13 0.005 14.8 G = conductivity of earth in S/m
13 0.002 15.4 .
5 0.001 238 f = frequency in MHz
3 0.001 29.5 j = complex operator (,/_1)
21 20 0.0303 10.0 Solving this equation for several points indicates what
13 8882 12‘21 effect the earth has on vertically polarized signals at a par-
5 0: 001 2 4:0 ticular location for a given frequency range. Fig 20 shows

3 0.001 208 the reflection coefficient as a function of elevation angle at
21 MHz over average earth (G = 0.005 S/m, and k = 13).

Scale in Miles

Numbers on map represent estimated effective ; J 30 Estimated Effective
ground conductivity in millisiemens per meter Ground Conductivity

Conductivity of seawater is not shown on map but is in the United States

assumed to be 500 millisiemens per meter

Fig 19—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.
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Fig 20—Reflection coefficient for vertically polarized
waves. A and ¢ are magnitude and angle for wave
angles y. This case is for average earth, (k =13,G =
0.005 S/m), at 21 MHz.

Note that as the phase curve, y, passes through 90°, the
attenuation curve (A) passes through a minimum at the same
wave angle . This is the PBA. At this angle, the reflected
wave is not only at a phase angle of 90° with respect 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 illus-
trated in Fig 20 this elevation angle is about 15°.

Variations in PBA with Earth Quality

From Eq 3, it is quite a task to search for either the 90°
phase point or the attenuation curve minimum for a wide
variety of earth conditions. Instead, the PBA can be calcu-
lated directly from the following equation.

, \/k—1+\/(x2 K2k -2 + x5 -1
ypg=arcsin

% +k2)% -1
(Eq4)
where k, G and f are as defined for Eq 3, and
1.8x10*xG
x:f

Fig 21 shows curves calculated using Eq 4 for sev-
eral 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
highest. The PBA is the same for both transmitting and
receiving.

35 T 1]
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25 Very Poor
~ [ -
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Frequency (MHz)

Fig 21—Pseudo-Brewster angle (y) 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.

Relating PBA to Location and Frequency

Table 2 lists the physical descriptions of various kinds
of earth with their respective conductivities and dielectric
constants, as mentioned earlier. Note that in general, the
dielectric constants and conductivities are higher for better
earths. This enables the labeling of the earth characteristics
as extremely poor, very poor, poor, average, very good, and
so on, without the complications that would result from treat-
ing 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 below 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 (the last case) in Table 2
results more from the clutter of surrounding buildings 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 21.

FLAT-GROUND REFLECTIONS AND
HORIZONTALLY POLARIZED WAVES

The situation for horizontal antennas is different from
that of verticals. Fig 22 shows the reflection coefficient for
horizontally polarized 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 hori-
zontal A/2 dipole, the perfect-earth image current, equal to
the true antenna current but 180° out of phase with it) is
multiplied by the horizontal reflection coefficient given by
Eq 5 below. The product is then added vectorially to the
direct wave to get the resultant at that elevation angle. The
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reflection coefficient for horizontally polarized waves can
be calculated using the following equation.

A Lo= v k'—coszw— sin y
Horiz -
v k‘—cosz\y+ sin

where

(Eq 5)

Aforiz £¢ = horizontal reflection coefficient

y = elevation angle

(1.8x10* xG
e T

k = dielectric constant of earth

G = conductivity of earth in S/m

f = frequency in MHz

J = complex operator (\/: )

For a horizontal antenna near the earth, the resultant
pattern is a modification of the free-space pattern of the
antenna. Fig 23 shows how this modification takes place
for a horizontal A/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 antenna.
Changing the height above ground from A/4 to A/2 makes a
significant difference in the high-angle radiation, moving
the main lobe down lower.

Note that for an antenna height of A/2 (Fig 23, bot-
tom), the out-of-phase reflection from a perfectly conduct-
ing 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 anten-
nas also demonstrate a null, because out-of-phase reflec-
tion 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 compared 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 horizon-
tally polarized radiation differ considerably at most angles
above ground, as can be seen by comparison of Figs 20
and 22. (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 mag-
nitudes vary greatly at different angles for horizontal and
vertical polarization. The magnitude of the reflection coef-
ficient 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 spe-
cific conditions shown in Figs 20 and 22. This causes rein-
forcement of low-angle horizontally polarized waves. At
some relatively high angle, the reflection coefficients for
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Fig 22—Reflection coefficient for horizontally polarized
waves (magnitude A at angle ¢), at 21 MHz over average
earth (k =13, G = 0.005 S/m).
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Fig 23—Effect of the ground on the radiation from a
horizontal half-wave dipole 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).



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 verti-
cally and horizontally polarized signals will be 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 dielec-
tric constants, and their respective conductivities. The
following equation can be used to calculate the current den-
sity at any depth.

—pd _ Current Density at Depth d
e Pd _

~ Current Density at Surface (Eq6)

where
d = depth of penetration in cm
e = natural logarithm base (2.718)

172
X x B G x107*
X +—-

2 B>

p:

X =0.008 x 2 x f
B=556x10"7xkxf

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 cur-
rent 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 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 24 shows the solutions to Eq 6 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 stratum 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 24 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 penetra-
tion 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, Antenna Fundamentals,
because antenna radiation patterns are three-dimensional, it
is helpful in understanding their operation to use a form of
representation showing the elevation-plane directional char-
acteristic for different heights. It is possible to show selected
elevation-plane patterns oriented in various 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 algebra-
ically to the value for that angle from the free-space pattern
for that antenna gives the resultant radiation value at that
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Fig 24—Depths at which the current density is 37%
(1/e) of that at the surface for different qualities of
earth over the 1.8- to 30-MHz frequency range. The
depth for fresh water, not plotted, is 156 feet and
almost independent of frequency below 30 MHz. See
text and Table 2 for ground constants.
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angle. The limiting conditions are those represented by the (dipoles) as viewed from the axis of the wire, it must be
direct ray and the reflected ray being exactly in-phase and remembered that the plots merely represent pattern factors.
exactly out-of-phase, when both (assuming there are no Fig 26 shows vertical-plane radiation patterns in the
ground losses) have equal amplitudes. Thus, the resultant directions off the ends of a horizontal half-wave dipole for
field strength at a distant point may be either 6 dB greater  various antenna heights. These patterns are scaled so they
than the free-space pattern (twice the field strength), or zero, may be compared directly to those for the appropriate heights
in the limiting cases. in Fig 25. Note that the perfect-earth patterns in Figs 26A
and 25B are the same as those in the upper part of Fig 23.
Note also that the perfect-earth patterns of Figs 26B and
25D are the same as those in the lower section of Fig 23.
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 26 that, at some
heights, the high-angle radiation off the ends is nearly as
great as the broadside radiation, making the antenna essen-
tially an omnidirectional radiator.

Horizontally Polarized Antennas

The way in which pattern factors vary with height for
horizontal antennas over flat earth is shown graphically in
the plots of Fig 25. The solid-line plots are based on per-
fectly conducting ground, while the shaded plots are based
on typical real-earth conditions. These patterns apply to
horizontal antennas of any length. While these graphs are,
in fact, radiation patterns of horizontal single-wire antennas
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Fig 25—Reflection factors for horizontal dipole 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 °/z A height is 7 dBd (or 9.15 dBi)
at 25° elevation.
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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 pat-
terns. 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 27. At A, the elevation-plane pattern of a half-wave
dipole at a height of A/2 is shown through a plane 45° away
from the favored direction of the antenna. At B and C, the
pattern of the same antenna is shown at heights of 3A/4 and
1A (through the same 45° off-axis plane). These patterns
are scaled so they may be compared directly with the broad-
side and end-on patterns for the same antenna (at the appro-
priate heights) in Figs 25 and 26.

The curves presented in Fig 28 are useful for deter-
mining 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 A) that
will yield this null angle: 1 A and 2 A.

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 A. The same height will give
a null at 42° and a second lobe at 90°.

Fig 28 is also useful for visualizing the vertical pattern
of a horizontal antenna. For example, if an antenna is erected
at 1.25 A, 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°.

The Y-axis in Fig 28 plots the wave angle versus the
height in wavelength above flat ground on the X-axis.
Fig 28 doesn’t show the elevation angles required for actual
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Fig 26—Vertical-plane radiation patterns of horizontal half-wave dipole 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.
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Fig 28—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
horizontal antennas. See text for examples. Values may
also be determined from the trigonometric relationship
0 = arc sin (A/4h), where 0 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.

communications to various target geographic locations of
interest. Chapter 23, Radio Wave Propagation, and the CD-
ROM in the back of this book give details about the range of
angles required for target locations around the world. It is
very useful to overlay plots of these angles together with the
elevation pattern for horizontally polarized antennas at vari-
ous heights above flat ground. This will be demonstrated in
detail later in this chapter.

Vertically Polarized Antennas

In the case of a vertical A/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 elevation angles, with the height
above ground). Hence, one vertical pattern is sufficient to
give complete 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 29. Rotating the plane pattern about the zenith axis of
the graph forms the three-dimensional radiation pattern in
each case.

The solid-line curves represent the radiation patterns
of the A/2 vertical dipole at different feed-point heights over
perfectly conducting ground. The shaded curves in Fig 29
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 anten-
nas are highly dependent on the conductivity and dielectric
constant of the earth around the antenna, extending far
beyond the ends of any radials used to complete the ground
return for the near field. 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 some-
one can do to change the character of the ground that
affects the far-field pattern of a real vertical. Classical texts
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Fig 29—Vertical-plane radiation patterns of a ground-plane 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 = 0.005 S/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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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 radia-
tion 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 per-

formance 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 horizontal antenna high enough to radi-
ate 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, N6BYV, in July 1995 QFX maga-
zine. HFTA (HF Terrain Assessment) and supporting data
files are included on the CD-ROM at the back of this book.
HFTA is the latest version of the YT program included with
earlier editions of The ARRL Antenna Book.

Choosing a QTH for DXing

The subject of how to choose a QTH for working DX
has fascinated hams since the beginning of amateur opera-
tions. No doubt, Marconi probably spent a lot of time wan-
dering 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 mountaintop
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 mountain tops with really spec-
tacular 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 antennas 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 dur-
ing all parts of the 11-year solar cycle. We advocate a sys-
tem 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 configura-
tions of antennas

3. The effect of local terrain on elevation patterns for hori-
zontally polarized antennas.

WHAT IS THE RANGE OF ELEVATION
ANGLES NEEDED?

Up 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 cap-
tioned: “Measured vertical angles of arrival of signals from
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, consider-
ing 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 informa-
tion in Table 1-1 as the only rational data they had for deter-
mining how high to mount their antennas. (If they lived on
hills, they made estimates of 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. I[ONCAP has been
under development for more than 25 years by various agen-
cies 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 areal pain in the neck to use, but it is the stan-
dard of comparison.

The calculations were done for all levels of solar activ-
ity, for all months of the year, and for all 24 hours of the
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day. The results were gathered into some very large data-
bases, from which special custom-written software extracted
detailed statistics. The results appeared in summary form in
Tables 4 through 13 printed in Chapter 23, Radio Wave
Propagation, of the 17th Edition and in more detail on the
diskette included with that book. (This book, the 20th Edi-
tion, contains even more statistical data, for more areas of
the world, on the accompanying CD-ROM.)

Fig 30 shows the full range of elevation angles (repre-
sented as vertical bars) for the 20-meter path from New
England (centered on 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 at
5¢ for about 13% of the times when the 20-meter band is open
to Europe from New England. From 4° to 6° the band is open
a total of about 34% of the times the band is open. There is a
secondary peak between 10° to 12°, occurring for a total of
about 25% of the times the band is open.

Overlaid on Fig 30 along with the elevation-angle
statistics are the elevation-plane responses for three dif-
ferent horizontally polarized Yagi beams, all over flat
ground. The first is mounted 140 feet high, 2 A in terms
of wavelength. The second Yagi is mounted 70 feet high
(at 1 A) and the third is 35 feet (0.5 A). The 140-foot high
antenna has a deep null at 15°, but it also has the highest
response (13.4 dBi) of the three at the statistical peak ele-
vation angle of 5°. However, at 12°—where the band is
open some 9% of the time—the 140-foot high Yagi is

140 70"

%

01 2 3 4 5 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25
Takeoff Angle, Degrees
Four-Element Yagi, 8.5 dBi Free-Space Gain

Gain, dBi
-~
Elevation Statistics,

a

Fig 30—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 5°, although at any particular hour, day, month
and year, the actual angle will likely be different. Note
the deep null exhibited by the 140-foot high antenna
centered at 14°.
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down 4 dB compared to the 70-foot antenna.

The 70-foot high Yagi arguably covers the overall range
best, since it has no disastrous nulls in the 1° to 25° range,
where most of the action is occurring on 20 meters. At 5°,
however, its response is only 8.8 dBi, 4.6 dB down from the
140-foot high antenna at that angle. The 35-foot antenna
peaks above 26° in elevation angle, and is down some
10.4 dB compared to the 140-foot antenna at 5°. Obviously,
no single antenna covers the complete range of elevation
angles needed.

Note that the highest Yagi has a strong second lobe
peaking at 22°. Let’s say that you could select between two
antennas, one at 140 and one at 70 feet, and that the incom-
ing angle for a particular distant station is 22°. You might
be fooled into thinking that the incoming angle is around
6°, favoring the first peak of the higher antenna, when in
truth the angle is relatively high. The 70-foot antenna’s
response would be lower at 22° than the higher one, but
only because the 140-foot antenna is operating on its sec-
ond lobe. (What would clinch a determination of the correct
incoming angle—6° or 22°—would be the response of the
35-foot high Yagi, which would be close to its peak at 22°,
while it would be very far down at 6°.)

Now, we must emphasize that these elevation angles
are statistical entities— in other words, just because 5° 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 /ONCAP computations:
the 20-meter path to Europe usually opens at a low angle in
the New England morning hours, rising to about 11° during
the afternoon, when the signals remain strongest through-
out the afternoon until the evening in New England.

What would happen if we were to feed all three Yagi at
140, 70 and 35 feet in-phase as a stack? Fig 31 shows this
situation, along with a more highly optimized stack at 120,
80 and 40 feet that better covers the overall range of eleva-
tion angles from Connecticut to Europe.

Now see Fig 32, which uses the same 120/80/40-foot
stack of 20-meter antennas as in Fig 31, but this time from
Seattle, Washington, to Europe. For comparison, the
response of a single 4-element Yagi at 100 feet over flat
ground is also shown in Fig 32. Just because 5° is the statis-
tically most prevalent angle (occurring some 13% of the
time) from Seattle to Europe on 20 meters, this doesn’t mean
that the actual angle at any particular moment in time might
not be 10°, or even 2°. The statistics for W7 to Europe say
that 5° is the most likely angle, but 20-meter signals from
Europe arrive at angles ranging from 1° to 18°. Note that
this range of angles is quite a bit less than from W1 to
Europe, which is much closer geographically to Europe than
is the Pacific Northwest coast of the US. 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 1° to
18° equally well.
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Fig 31—Graph showing results of stacking antennas at
different heights on the same tower to cover a wider
range of elevation angles, in this case for the path from
Connecticut (W1) to all of Europe on 20 meters. The
optimized stack at 120/80/40 feet covers the needed
range of elevation angles better than the stack at 140/
70/35 feet or the single Yagi at 140 feet.

120/80/40" Stack

G e 13

L i [ I L e e e Nl bl e e e B

L o o ::./:t'.. G L. it < 0 O 0 0

14 A g W

N

I / V. \\ \ B
s \ /t 7
° | \ X 4 bs

26 o et W ) s 5

al- \ AT A

of e T 4

F) I 3

e

. 'NRFLuE NN

01 2 3 4 5 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24 25

Takeoff Angle, Degress
Four-Element Yagi, 8.5 dBf Free-Space Gain

Fig 32—Graph showing 20-meter percentage of all
openings, this time from Seattle, WA, to Europe,
together with an overlay of elevation patterns over flat
ground for two 20-meter antenna systems. The
statistically most likely angle on this path is 5°,
occurring about 13% of the time when the band is
actually open. Higher antennas predominate on this
low-angle path.

Fig 33—Graph showing 15-meter percentage of all
openings from Chicago to Southern Africa, together
with overlay of elevation patterns over flat ground for
two 15-meter antenna systems. On this long-distance,
low-angle path, higher antennas are again most
effective.

Similarly, if you wish to cover the full range of eleva-
tion angles from Chicago to Southern Africa on 15 meters,
you would need to cover 1° to 13° even though the most
statistically likely signals arrive at 1°, for 21% of the time
when that the band is open for that path. See Fig 33.

It is important to recognize that Figs 30 through 33 are
for flat ground. When the antennas are mounted over
irregular local terrain, things get much more complicated.
First, however, we’ll discuss general-purpose antenna mod-
eling programs as they try to model real terrain.

DRAWBACKS OF COMPUTER MODELS
FOR ANTENNAS OVER REAL TERRAIN

Modern general-purpose antenna modeling programs
such as NEC or MININEC (or their commercially upgraded
equivalents, such as NEC-Win Plus, EZNEC and EZNEC
ARRL) 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 or YW (Yagi for Windows, bundled
on the CD-ROM with this book) or YagiMax. These pro-
grams 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.
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Common experience among serious modelers is that the
warnings in the manuals are worth heeding.

Although you can analyze and even optimize antenna
designs using free-space or flat-earth ground models, it is
diffraction that makes the real world a very, very compli-
cated place. 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
LOCAL 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 direction of interest. If it does hit the ground, the
ray is reflected following the classical law of reflection.
That is, the outgoing angle equals the incoming angle, re-
flected through the normal to the slope of the surface. Once
the rays exit into the ionosphere, the individual contribu-
tions are vector-summed to create the overall far-field el-
evation 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 July 1994 IEEE Transactions on Antennas and Propaga-
tion. They described in rather general terms the modifica-
tions they made to the NEC-BSC program. They showed
how the addition of a ray-tracing reflection and diffraction
model to the simplistic stair-stepped reflection model in regu-
lar 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 US Navy funded this work the software remained for a
long time 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
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the subject of UTD: Introduction to the Uniform Geometri-
cal 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 impor-
tance 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 polar-
ization, there is no way to deal properly with the phenom-
enon of interference, or its cousin, diffraction. These
phenomena 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 prob-
lems, 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 fash-
ion. 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 reso-
nance, 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 geo-
metric 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 dif-
fracted waves emanating from the diffraction point. Each
diffracted wave can be considered to be a point source
radiator at the place of generation, the diffraction point.
Thereafter, the paths of individual waves can be traced as



though they were individual classical optic rays again. What
Keller came up with was a reasonable mathematical descrip-
tion of what happens at the tip of the diffraction wedge.

Fig 34 is a picture of a simple diffraction wedge,
with an incoming ray launched at an angle of o, refer-
enced 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 direc-
tions not blocked by the wedge itself. The amplitudes and
phases of the diffracted waves are determined by the in-
teraction at the wedge tip, and this in turn is governed by
the various angles associated with the wedge. Shown in
Fig 34 are the included angle a of the wedge, the angle ¢'
of the incoming ray (referenced to the incoming surface
of the wedge), and the observed angle ¢ of one of the
outgoing diffracted waves, also referenced to the wedge
surface.

The so-called shadow boundaries are also shown in
Fig 34. 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 com-
paring 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 henceforth 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 35, 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 36 shows
the elevation pattern predicted using reflection-only GO tech-
niques. Due to blockage 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 by 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 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 pro-
vided a remarkably 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 piv-
otal 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 bound-
aries to go to infinity. They introduced what is known as
a transition function, using a form of Fresnel integral.
Most importantly, 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!
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Fig 35—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 Ray A. Ray B reflects off
the flat surface before it reaches the 10-foot rock, but it
is blocked by the rock from proceeding further. A
simple Geometric Optics (GO) analysis of this terrain
without taking diffraction into account will result in the
elevation response shown in Fig 36.

The program that finally resulted is called HFTA, stand-
ing for “HF Terrain Assessment.” (The DOS version of HFTA
was known as Y7, standing for “Yagi Terrain.”) As the name
suggests, HFTA analyzes the effect of local terrain on HF
propagation through the ionosphere. It is designed for hori-
zontally polarized Yagis, although it will model the effects
of a simple flattop dipole also. The accurate appraisal of the
effect of terrain on vertically polarized signals is a far more
complex problem than for horizontally polarized waves, and
HFTA doesn’t do verticals.

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 37, 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 O to 3000 feet. This
exaggerates the apparent steepness of the downwards slope,
which is actually a rather gentle slope, at tan-! (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 38 shows the computed elevation response for this
terrain profile, for a 4-element horizontally polarized Yagi
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Fig 36—Elevation response for rays launched at terrain
in Fig 35 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
reasonable for a 10-foot high rock to create such a
disturbance at 21 MHz!

on a 60-foot tower. The response is compared to that of an
identical Yagi placed 60 feet above flat ground. Compared
to the “flatland” antenna, the hilltop antenna has an eleva-
tion response shifted over by almost 3° towards 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 is a single diffraction at
the bottom of the gentle slope at 3000 feet, where the pro-
gram assumes that the terrain becomes flat.

Look at Fig 39, 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 40 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 iden-
tical 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 diffrac-
tion 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 41 depicts such a situa-
tion, 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 500 feet, where the hill begins. The hill
then rises 100 feet over the range 500 to 1000 feet away
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Fig 37—A long, gentle downwards-sloping terrain. This
terrain has no explicit diffraction points and can be
analyzed using simple GO reflection techniques.
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Fig 39—"Hill-Valley” terrain, with reflected and
diffracted rays.
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Fig 38—Elevation response for terrain shown in Fig 37,
using a 4-element 15-meter Yagi, 60-foot high. Note that
the shape of the response is essentially shifted towards
the left, towards 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.

from the tower base. After that, the terrain is a plateau, at
a constant 500 feet elevation.

Fig 42 shows the computed elevation pattern for a
4-element 21-MHz 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 addi-
tion, 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 illu-
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Fig 40—Elevation response computed by HFTA program
for single 4-element 15-meter Yagi at 60 feet above “Hill-
Valley” terrain shown in Fig 39. Note that the slope has
caused the response in general to be shifted towards
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.

minate 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 is any hope for someone in such a lousy QTH
for DXing? Fig 43 shows the elevation response for a truly
heroic solution. This involves a stack of four 4element Yagis,
mounted at 120, 90, 60 and 30 feet on the tower. Now, the
total gain at low angles 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!

The Effects of Ground 3-27



540 4

520

Height, Ft, Mean Sea Level
&
(=]

=
=
=3
=

v
&
=1

=]
wn
=1
=1

1000 1500 2000 2500 3000
Horizontal Distance from Tower, Feet

Fig 41—“Hill-Ahead” terrain, shown with diffracted rays
created by illumination of the edge of the plateau at the
top of the hill.

120/90/60/30' Stack
T % T

Gain, dBi

Elevation S

L ag
01234567 89101112131415151718192021222324252627 26293031 323334
Takeoff Angle, Degrees

Four-Efsment Yagi, 8.5 dBi Fres-Space Gain

60" Hill Ahead

Gain. oB

| 1
0123456783101 1213141516171B1920212223M4252627282930313233 3
eoff Angle, Dagr
Faur-Clament Yagi, 8 5 d0i Fres-Space Gain

Fig 42—Elevation response computed by HFTA for “Hill-
Ahead” terrain shown in Fig 41. 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.

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 diffraction point separately
and we know that none of the four antennas can see over the
hill directly to produce a reflection at a low launch angle.

At an elevation angle of 5°, 15-meter signals arrive
from Europe from New England about 13% of the total time
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 12°.
For about one-third of the time, signals arrive above 10°,
where the “heroic” four-stack is really beginning to come
into its own.
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Fig 43—Elevation response of “heroic effort” to
surmount the difficulties imposed by hill in Fig 41. 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.”
The elevation-angle statistics from New England to
Europe are overlaid on the graph for reference.

A More Complex Terrain

The results for simple terrains look reasonable; let’s
try a more complicated real-world situation. Fig 44 shows
the terrain from the New Hampshire N6BV/1 QTH towards
Japan. The terrain was complex, with 52 different points
HFTA identifies as diffraction points. Fig 45 shows a
labeled HFTA output for three different types of antennas
on 20 meters: a stack at 120 and 60 feet, the 120-foot
antenna by itself, and then a 120/60-foot stack over flat
ground, for reference. The elevation-angle statistics for New
England to 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.

Comparison of the same 120/60-foot stacks over
irregular terrain and flat ground is useful to show where the
terrain itself is affecting the elevation response. The flatland
stack has more gain in the region of 3° to 7° than the same
stack over the N6BV/1 local terrain towards Japan. On the
other hand, the N6BV/1 local terrain boosts signals in the
range of 8° to about 12°. This demonstrates the conserva-
tion of energy—you may gain a stronger signal at certain
elevation angles, but you will lose gain at others. In this
case, the N6BV/1 station always felt “weak” towards Japan
on 20 meters, because the dominant angles are low.

Examination of the detailed data output from HFTA
shows that at an elevation angle of 5°, there are 6159



Terrain Profile

540

520

500

480

460

440 l'\\
@ 420

N —_—

Height, feet AS|
-
g 8
L
"

g
AN
v

w
—
T
[

=

=

=
et
—

o
=}
=

™
N A

-\/ k]
i} 1.000 2000 3000 4,000 5000 5.000 7.000 8,000 9,000
Distance from Tower Base, Feet

~
=
=]

=
=
&

Fig 44—Terrain of N6BV in Windham, NH, towards
Japan. HFTA identifies 52 different points where
diffraction can occur.

diffraction 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 illuminate all the diffraction points,
while the higher 120-foot Yagi is able to see these diffrac-
tion 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 terrain, but from the oppo-
site direction. It’s not surprising, given these kinds of inter-
actions, that transmitting and receiving might not be totally
reciprocal.

The 120/60-foot stack in Fig 45 achieves its peak gain
of 17.3 dBi at 11° elevation, where it is about 3 dB stronger
than the single Yagi at 120 feet. It maintains this 3-dB
advantage over most of the range of incoming signals from
Japan. This difference in performance between the stack and
each antenna by itself was observed many times on the air.
Much of the time when comparisons are being made, how-
ever, 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. It should be noted that the
stack usually exhibited less fading compared to each
antenna by itself.

USING HFTA
Manually Generating a Terrain Profile

The HFTA program uses two distinct algorithms to
generate the far-field elevation pattern. The first is a simple
reflection-only Geometric Optics (GO) algorithm. The sec-
ond is the diffraction algorithm using the Uniform Theory
of Diffraction (UTD). These algorithms work with a digi-
tized representation of the terrain profile for a single azi-
muthal direction—for example, towards Japan or towards
Europe.
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Fig 45—Elevation responses computed by HFTA for
N6BV/1 terrain shown in Fig 44, for a stack of two 4-
element 20-meter Yagis at 120 and 60 feet, together with
the response for a single Yagi at 120 feet and a 120/60-
foot stack over flat ground for reference. The response
due to many diffraction and reflection components is
quite complicated!

You can generate a terrain file manually using a topo-
graphic map and a ruler or a pair of dividers. The HFTA.PDF
file (accessed by clicking on the Help button) and on the
accompanying CD-ROM gives complete instructions on how
to create a terrain file manually (or automatically). The
manual process is simple enough in concept. Mark on your
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. To use these with HFTA, you will have to convert
meters to feet by multiplying meters by 3.28 or else insert-
ing a single line at the very beginning of the disk file, saying
“meters” for HFTA to recognize meters automatically.

Mark off a pencil line from the tower base, in the azi-
muthal 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
computer file, whose filename extension is “PRO,” stand-
ing for profile.

Fig 46 shows a portion of the USGS paper 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
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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 HFTA assumes that the ter-
rain 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, HFTA 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 can-
yon with steep walls, then it’s pretty likely that your actual
elevation pattern will be different than what HFTA tells you.
The signals must careen horizontally from wall to wall, in
addition to being affected by the height changes of the ter-
rain. HFTA 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 two miles in every
direction around the base of the tower. After you go through
the pain of creating a profile for a single azimuth, you’ll
appreciate the immensity of the process if you were you try
to create a full 360° 3D profile manually.

Terrain Data from the Internet

At one time digitized terrain data commonly available
from the Internet didn’t have sufficient resolution to be

accurate enough for HFTA. Nowadays, the complete, accu-
rate set of USGS topographic 7.5-minute maps are avail-
able at no cost on the Internet. You can use a program called
MicroDEM, written by Professor Peter Guth at the US
Naval Academy, to quickly and easily produce terrain data
files suitable for HFTA from topographic data files. Dr Guth
and the US Naval Academy have graciously allowed ARRL
to include the MicroDEM program on the CD-ROM accom-
panying this book. It should be noted that besides automati-
cally creating terrain profiles for HFTA, MicroDEM is a
full-featured mapping program on its own.

Instructions for using MicroDEM are in the Help file
for HFTA (HFTA.PDF), which you can access from the
HFTA main window by clicking on the Help button. Fig 47
shows a screen capture of the MicroDEM program for the
N6BV/1 location in New Hampshire for an azimuth of 45°
into Europe. The black/white rendering of the screen cap-
ture doesn’t do justice to the same information in color. The
computed terrain profile is plotted in the window at the right
of Fig 47 and the data file is shown in the inset window at
the top right.

Using MicroDEM and on-line USGS topographic map
data, you can also automatically create up to 360 terrain
profiles with 1° spacing of azimuths in a few seconds. (Speci-
fying a 1° spacing is really overkill; most operator choose
to create 72 profiles with 5° spacing.) On a topographic DEM
(digital elevation model) map that covers the geographic

Fig 46—A portion of USGS 7.5
minute topographic map, showing
N6BV/1 QTH, together with marks
in direction of Europe and Japan

from tower base. Note that the
elevations contours were marked
by hand to help eliminate
confusion. This required a
magnifying glass and a steady
hand!
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area of interest, you simply specify the latitude and longi-
tude of a tower’s location—found using a GPS receiver—
and then ask MicroDEM for a Viewshed. See the HFTA
Help file for the details.

Compare this automated several-second MicroDEM
process to creating manual profiles on a paper topographic
map—It can take up to an hour of meticulous measurements
to manually create a single terrain profile!

Algorithm for Ray-Tracing the Terrain

Once a terrain profile is created, there are a number of
mechanisms that HFTA takes into account as a ray travels
over that terrain:

1. Classical ray reflection, with Fresnel ground coefficients.

2. Direct diffraction, where a diffraction point is illuminated
directly by an antenna, with no intervening terrain fea-
tures 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, gen-
erating 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 backwards direction, only to be
reflected back again in the forward direction by the sheer-
walled terrain to the rear. HF'TA does not accommodate these
interactions, mainly because to do so would increase the
computation time too much. It only evaluates terrain in the
forward direction along one azimuth of interest.

Fig 48 shows a portion of an HFTA screen capture in
the direction towards Europe from the N6BV/1 location in
New Hampshire on 21.2 MHz. It compares the results for a
90/60/30-foot stack of TH7DX tribanders to the same stack
over flat land, and to a single antenna at 70 feet over flat
ground. The 70-foot single antenna represents a pretty typi-
cal station on 15 meters. The terrain produces excellent gain
at lower elevation angles compared to the same stack over
flat ground. The stack is very close to or superior to the
single 70-foot high Yagi at all useful elevation angles. Ter-
rain can indeed exhibit a profound effect on the launch of
signals into the ionosphere—for good or for bad.

HFTA’s Internal Antenna Model

The operator selects the antenna used inside HFTA to
be anything from a dipole to an 8-element Yagi. The de-
fault assumes a simple cosine-squared mathematic response,
equivalent to a 4-element Yagi in free space. HFTA 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.

HFTA considers each antenna in a stack as a separate
point source. The simulation begins to fall apart if a travel-
ing wave type of antenna like a rhombic is used, particu-
larly 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. HFTA does not do verti-
cally polarized antennas, as discussed previously. The docu-
mentation for HFTA also cautions the user to work with
practical spacings between stacked Yagis—0.5 A or more
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Fig 47—A screen-capture of the
MicroDEM program, showing the
topographic map for the same
terrain shown in Fig 46, together
with the computed terrain profile
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Fig 48—The 21-MHz elevation response for a stack

of three TH7DX Yagis mounted on a single tower at
90/60/30 feet, at the N6BV/1 QTH for a 45° azimuth
towards Europe. The terrain focuses the energy at low
elevation angles compared to the same stack over flat
ground. This illustrates once again the conservation of
energy—Energy squeezed down into low elevation
angles is stolen from other, higher, angles.

because HFTA doesn’t explicitly model mutual coupling
between Yagis in a stack.

HFTA compares well with the measurements for the
horizontal antennas described earlier by Jim Breakall,
WAZ3FET, using a helicopter in Utah. Breakall’s measure-
ments were done with a 15-foot high horizontal dipole.

More Details About HFTA
Frequency Coverage

HFTA can be used on frequencies higher than the HF
bands, although the graphical resolution is only 0.25°. The
patterns above about 100 MHz thus look rather grainy. The
UTD is a high-frequency-asymptotic solution, so in theory
the results become more realistic as the frequency is raised.
Keep in mind too that HFTA is designed to model launch
angles for skywave propagation modes, including E- and F-
layer, and even Sporadic-E. Since by definition the iono-
spheric launch angles include only those above the horizon,
direct line-of-sight UHF modes involving negative launch
angles are not considered in HFTA.

See the HFTA.PDF documentation file for further
details on the operation of HFTA. This file, as well as sample
terrain profiles for some big-gun stations, is located on the
CD-ROM accompanying this book.
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stations in Rockwell’s article are fascinating: W3CRA,
WA4KFC and W6AM.



Chapter 4

Antenna Modeling &
System Planning

OVERVIEW:
ANTENNA ANALYSIS BY COMPUTER

As pointed out in Chapter 3, The Effects of Ground,
irregular local terrain can have a profound effect on the
launch of HF signals into the ionosphere. A system
approach is needed to create a scientifically planned sta-
tion. We pointed out in Chapter 3 that antenna modeling
programs do not generally take into account the effects
of irregular terrain, and by “irregular” we mean any sort
of ground that is not flat. Most modeling programs based
on NEC-2 or MININEC do model reflections, but they do
not model diffractions.

On the other hand, while a ray-tracing program like
HFTA (HF Terrain Assessment) does take into account
diffraction, it doesn’t explicitly factor in the mutual
impedance between an antenna and the ground. Instead,
HFTA makes the basic assumption that the antenna is
mounted sufficiently high above ground so that the
mutual impedance between an antenna and the ground
is minimal.

In this chapter we’ll look at modeling the antennas
themselves on the PC. We’ll evaluate some typical
antennas over flat ground and also in free space. Once char-
acterized—or even optimized for certain characteristics—
these antennas can then be analyzed over real terrain using
HFTA and the other tools discussed in Chapter 3.

A Short History of Antenna Modeling
With the proliferation of personal computers since
the early 1980s, amateurs and professionals alike have
made significant strides in computerized antenna system
analysis. It is now possible for the amateur with a rela-
tively inexpensive computer to evaluate even complicated

antenna systems. Amateurs can obtain a keener grasp of
the operation of antenna systems—a subject that has been
a great mystery to many in the past. We might add that
modern computing tools allow hams to debunk overblown
claims made about certain antennas.

The most commonly encountered programs for
antenna analysis are those derived from a program
developed at US government laboratories called NEC, short
for “Numerical Electromagnetics Code.” NEC uses a so-
called Method of Moments algorithm. This intriguing name
derives from a mathematical convention dealing with how
“momentous” the accumulated error becomes when cer-
tain simplifying assumptions are made about the current
distribution along an antenna wire. If you want to delve
into details about the method of moments, John Kraus,
W8IK, has an excellent chapter in his book Antennas, 2nd
edition. See also the article “Programs for Antenna Analy-
sis by the Method of Moments,” by Bob Haviland, W4MB,
in The ARRL Antenna Compendium, Vol 4.

The mathematics behind the method-of-moments
algorithm are pretty formidable, but the basic principle
is simple. An antenna is broken down into a number of
straight-line wire segments, 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 vec-
tor-summed to yield the total field, which can be com-
puted 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
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memory and speed typical of personal computers of the
time, several simplifying assumptions were necessary in
MININEC and these 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 mod-
eled closer than approximately 0.2 A over ground some-
times gave erroneous impedances and inflated gains,
especially for horizontal polarization. Despite some limi-
tations, MININEC represented a remarkable leap forward
in analytical capability. See Roy Lewallen’s (W7EL)

“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 pro-
grammers produced some very capable commercial ver-
sions for the amateur market, many incorporating exciting
graphics showing antenna patterns in 2D or 3D. These
programs also simplify the creation of models for popu-
lar antenna types, and several come with libraries of
sample antennas.

By the end of the 1980s, the speed and capabilities

of EZNEC.)

Livermore National Laboratories.

Commercial Implementations of MININEC and NEC-2 Programs

Ever since the source code for NEC-2 and MININEC came into in the public domain, enterprising programmers
have been upgrading, extending and improving these programs. There are a number of “freeware” versions
available nowadays, and there are also a variety of commercial implementations.

This sidebar deals only with the most popular commercial versions, programs that many hams use. You should
keep in mind that whatever program you choose will require an investment in learning time, if not in dollars. Your
time is valuable, of course, and so is the ability to swap modeling files you create with other modelers. Other
peoples’ modeling files, particularly when you are just starting out, are a great way to learn how the “experts” do
their modeling. For example, there are archives of EZNEC/ELNEC files available on the Internet, since this popular
modeling program has been around for a number of years. (ELNEC is the DOS-only, MININEC-core predecessor

The following table summarizes the main features and the pricing as of 2006 for some popular commercial
antenna modeling programs. The programs that use the NEC-4 core require separate licenses from Lawrence

Commercial Implementations of MININEC and NEC 2 programs

NEC-Win Plus + NEC-Win Pro GNEC Antenna Model

Nittany Scientific Nittany Scientific ~ Nittany Scientific Teri Software

NEC-2 NEC-2 NEC-2/NEC-4  MININEC
Windows 32-bit  Windows 32-bit ~ Windows 32-bit Windows 32-bit
10,000 10,000 80,000 Limited by memory
Yes Yes Yes No

CAD *.DXF CAD *.DXF CAD *.DXF No

Yes Yes Yes Yes

By % By % By % By %

Current/ All types All types Current/Voltage
Voltage/Split

Yes Yes Yes Yes

Series, Parallel  Series, Parallel Series, Parallel  Series, Parallel

Smith Chart

Near/Far Field Tables
Ground Wave Analysis

Pricing

Data for Ext.
Smith program
Both

No

$89 Web;
$99 CD-ROM,
$139 (+ ver.)

* Wire conductivity is the same for all wires.
Excellent, Very Good, Good ratings done by Antenna Book editor.

Data for Ext.
Smith program
Both

Yes

$450

Name EZNEC 4.0 EZNEC-M Pro  EZNEC/4
( + ver.)
Manufacturer Roy Lewallen Roy Lewallen Roy Lewallen
Core NEC-2 NEC-2 NEC-4
Operating System Windows 32-bit ~ Windows 32-bit  Windows 32-bit
Number Segments 500 (1500, + ver.) 20,000 20,000
NEC-Card Inputs No Yes Yes
Other Input ASCII ASCII, NEC ASCII, NEC
(NEC, + ver.)
Wires by Equation No No No
Source Setting By % By % By %
Source Type Current/ Current/ Current
Voltage/Split Voltage/Split /Noltage/Split
R + j X Loads Yes Yes Yes
RLC Loads Series, Parallel,  Series, Parallel, Series, Parallel,
Trap Trap Trap
True Trap Loads Yes Yes Yes
Laplace Loads Yes Yes Yes
Conductivity Table Yes * Yes * Yes *
Average Gain Test Yes Yes Yes
Transmission Lines Yes Yes Yes
View Geometry Excellent Excellent Excellent
Geometry Checking Yes Yes Yes
Easy Height Change  Yes Yes Yes
Polar Plots ARRL, linear-dB  ARRL, linear-dB ARRL, linear-dB
Az/El, Circ. Az/El, Circ. Az/El, Circ.
(+ ver)
Rectangular Plots SWR SWR SWR
Operating Speed Fast Fast Fast

Data for Ext.
Smithprogram
Both

Yes

No No No No

Yes Yes Yes No

Yes Yes Yes Yes

Yes Yes Yes Yes

Yes Yes Yes No

Good Good Good Very Good

Yes Yes Yes Yes

No No No No

ARRL, linear-dB ARRL, linear-dB  ARRL, linear-dB ARRL, Linear -dB

Az/E| Patterns Az/El Patterns Az/El Patterns Az/El Patterns

SWR, Zin SWR, Zin, Az/El, SWR, Zin, Az/El, Gain, SWR, F/B,
Near/Far Plots, Near/Far Plots, F/R, Rin, Xin
Currents Currents

Very Fast Very Fast Very Fast Slow

No Yes Yes Yes

Far Both Both Both

No Yes Yes No
$425 $795 $85

$600; must have $150

NEC-4 license
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of personal computers had advanced to the point where
PC versions of NEC became practical, and several versions
are now available to amateurs. The most recent public-do-
main version is NEC-2 and this is the computational core
that we’ll use as an example throughout this chapter.

Like MININEC, NEC-2 is a general-purpose model-
ing package and it can be difficult to use and relatively
slow in operation for certain specialized antenna forms.
Thus, custom commercial software has been created for
more user-friendly and speedier analysis of specific
antenna varieties, mainly Yagi arrays. See Chapter 11,
HF Yagi Arrays. Also see the sidebar, “Commercial
Implementations of MININEC and NEC-2 Programs.”

For this edition of The ARRL Antenna Book, Roy
Lewallen, W7EL, has graciously provided a special ver-
sion of his EZNEC 3.0 program, called EZNEC-ARRL.
This version works with the specific antenna models also
bundled on the CD-ROM. Please note that this ARRL-
specific version of EZNEC is limited to a maximum of
20 segments (we’ll explain segments later) for all mod-
els except for the special ones included on this CD-ROM.
You can find information on how to purchase the full-
fledged version of EZNEC in the Help section of the
EZNEC-ARRL program.

The following material on antenna modeling is by
necessity a summary, since entire books have been writ-
ten on this subject. Serious modelers would be well-
advised to enroll in the online Antenna Modeling course,
part of the ARRL Certification and Continuing Educa-
tion series. L. B. Cebik, W4RNL created the ARRL
Antenna Modeling course and it contains a great deal
of information, tips and techniques concerning modeling
by computer. See: http://www.arrl.org/news/stories/
2002/02/06/2/ for more information. We also strongly rec-
ommend that you read the Help files in EZNEC-ARRL.
There is a wealth of practical information on the finer
points of antenna modeling there.

THE BASICS OF ANTENNA MODELING

This chapter will discuss the following antenna-
modeling topics for an NEC-2-based modeling software,
using EZNEC-ARRL as an example:

Program outputs

Wire geometry

Segmentation, warnings and limitations

Source (feed point) placement

Environment, including ground types and frequency
Loads and transmission lines

Testing the adequacy of a model

PROGRAM OUTPUTS

Instruction manuals for software programs tradition-
ally start out describing in detail the input data needed
by the program. They then demonstrate the output data
the program can generate. We feel it is instructive, how-
ever, to turn things around and start out with a brief over-

view of the output from a typical antenna-modeling pro-
gram.

We’ll look at the output from public-domain NEC-2.
Next, we’ll look at the output information available from
commercial adaptations of NEC-2, using EZNEC-ARRL
provided by W7EL. After this brief overview of the out-
put data, we’ll look in detail at the input data needed to
make a modeling program work. In the following discus-
sions it will be very instructive if you to bring up EZNEC-
ARRL on your computer and open the specific modeling
files used in each example. [From now on in this chapter
we’ll refer merely to EZNEC rather than EZNEC 3.0, the
official name or EZNEC-ARRL, a specialized subset of
EZNEC 3.0. Where there are specific differences between
EZNEC 3.0 and the limited-edition EZNEC-ARRL we’ll
identify them.]

Native NEC-2

The native NEC-2 program produces pages and
pages of output formatted for a mainframe “line printer.”
You may be old enough to remember the stacks of green-
and-white, tractor-feed, 132-column computer paper that
such a line printer produced. Corporate MIS departments
stored untold number of boxes of that paper.

Native NEC-2 was written in the Fortran language,
which stands for Formula Translation. Programmers used
punched cards to enter the program itself and its accom-
panying input data into huge mainframe computers. To
say that the paper output from NEC-2 is massive, even
intimidating, is putting it mildly. There is a strong dis-
tinction between “useful information” and “raw data” and
the raw output from native NEC-2 bombards the user with
raw data.

Commercial versions that use the NEC-2 computa-
tional core shield the user from the ugliness of raw line-
printer output, as well as punched-card input (or disk
surrogates for punched cards). Commercial versions like
EZNEC do produce output numerical tables where this is
useful. These tables show parameters such as the source
impedance and SWR at a single frequency, or the char-
acteristics of a load or a transmission line. But as the old
saying goes, “One picture is worth a thousand words.”
This is as true for modeling programs as it is for other
endeavors dealing with reams of numbers. Thus, most
commercial modeling software packages create graphs
for the user. EZNEC produces the following types of
graphs:

e Polar (linear-dB or ARRL-style) graphs of the far-field
elevation and azimuth responses.

e 3-D wire-frame graph of the total far-field response.

e Graph of the SWR across a frequency band.

e Graphical display of the RF currents on various con-
ductors in a model.

e Rotatable, zoomable 3-D views of the wires used to
make a model.

e QOutput to programs capable of generating Smith charts.
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Fig 1A and 1B shows the computed far-field 2-D
elevation and azimuth patterns for a 135-foot long hori-
zontal dipole, mounted in a flattop configuration 50 feet
above flat ground. These figures were generated using
EZNEC at 3.75 MHz. Fig 1C shows a 3-D wire-frame
picture of the far-field response, but this time at 14.2 MHz.
For comparison, Table 1 shows a short portion of the line-
printer output for the azimuth pattern at 3.75 MHz. The
actual printout is many pages long. One picture can indeed
replace thousands of numbers!

Fig 2 shows the computed SWR curve over the fre-
quency range 3.0 to 4.0 MHz for this dipole, fed with
lossless 50-Q transmission line. EZNEC generated this
plot using the “SWR” button. Figs 1 and 2 are typical of
the kind of graphical outputs that commercial implemen-
tations of the NEC-2 computing core can produce.

Now, let’s get into the details of what kind of input
data is required to run a typical method-of-moments
antenna-modeling program.

PROGRAM INPUTS: WIRE GEOMETRY
Coordinates in an X,Y and Z World

The most difficult part of using a NEC-type of mod-
eling program is setting up the antenna’s geometry—you
must condition yourself to think in three-dimensional,
Cartesian coordinates. Each end point of a wire is repre-
sented by three numbers: an x, y and z coordinate. These
coordinates represent the distance from the origin (x-axis),
the width of an antenna (y-axis), and the height (z-axis).

An example should help sort things out. Fig 3 shows
a simple model of a 135-foot center-fed dipole, made of
#14 copper wire placed 50 feet above flat ground. The
common term for this antenna is flattop dipole. For con-
venience, the ground is located at the origin of the coor-
dinate system, at (0, 0, 0) feet, directly under the center
of the dipole. Fig 4 shows the EZNEC spreadsheet-like
input data for this antenna. (Use model file: Ch4-Flattop
Dipole.EZ.) EZNEC allows you to specify the type of
conductor material from its main window, using the Wire
Loss button to open a new window. We will click on the
Copper button for this dipole.

Above the origin, at a height of 50 feet on the
z-axis, is the dipole’s feed point, called a source in NEC
terminology. The width of the dipole goes toward the left
(that is, in the “negative-y” direction) one-half the over-
all length of 135 feet, or —67.5 feet. Toward the right,
our dipole’s other end is at +67.5 feet. The x-axis dimen-
sion of our dipole is zero, meaning that the dipole wire is
parallel to and directly above the x-axis. The dipole’s ends
are thus represented by two points, whose coordinates
are (0, —67.5, 50) and (0, 67.5, 50) feet. The use of paren-
theses with a sequential listing of (x, y, z) coordinates is
a common practice among antenna modelers to describe
a wire end point.

Fig 3B includes some other useful information about
this antenna beyond the wire geometry. Fig 3B overlays
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the wire geometry, the current distribution along the wire
and the far-field azimuth response, in this case at an ele-
vation angle of 30°.

Although not shown specifically in Fig 3, the thick-
ness of the antenna is the diameter of the wire, #14 gauge.
Note that native NEC programs specify the radius of the

240 120

210 150

Max. Gain = 3.14 dBi 180 Elevation = 30 deg.
(B) 3.75 MHz

(©)

Fig 1—At A, far-field elevation-plane pattern for a 135-
foot-long horizontal dipole, 50 feet above flat ground,
at 3.5 MHz. At B, the far-field azimuth-plane pattern at
an elevation angle of 30°.
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Fig 2—SWR curve for 135-foot flattop dipole over the
frequency range 3.0 to 4.0 MHz for a 50-Q feed line.
This antenna is an example and is not optimized for
the amateur band.

wire, rather than the diameter, but programs like EZNEC
use the more intuitive diameter of a wire rather than the
radius. EZNEC (and other commercial programs) also
allows the user to specify the wire as an AWG gauge,
such as #14 or #22, for example.

We’ve represented our simple dipole in Fig 3 using

a single, straight wire. In fact, all antenna models cre-
ated for method-of-moment programs are made of com-
binations of straight wires. This includes even complex
antennas, such as helical antennas or round loops. (The
mathematical basis for modeling complex antennas is that
they can be simulated using straight-wire polygons.
A circular loop, for example, can be modeled using an
octagon.)

Segmentation and Specifying a Source Segment

We’ve specified the physical geometry of this simple
one-wire dipole. Now several more modeling details sur-
face—you must specify the number of segments into
which the dipole is divided for the method-of-moment
analysis and you must somehow feed the antenna. The
NEC-2 guideline for setting the number of segments is
to use at least 10 segments per half-wavelength. This is a
general rule of thumb, however, and in many models more
dense segmentation is mandatory for good accuracy.

In Fig 3, we’ve specified that the dipole be divided
into 11 segments for operation on the 80-meter band. This
follows the rule of thumb above, since the 135-foot dipole
is about a half-wavelength long at 3.5 MHz.

Setting the Source Segment

The use of 11 segments, an odd rather than an even
number such as 10, places the dipole’s feed point (the

Table 1

Portion of line-printer output from NEC-2 for 135-foot dipole.

- - - RADIATION PATTERNS - - -

- - ANGLES - - - POWER GAINS - - - - POLARIZATION - - - ---E(THETA) - - - ---E(PHI) - - -
Theta Phi Vert Hor Total Axial Tilt Sense Magnitude Phase  Magnitude Phase
Degrees Degrees dB dB dB Ratio Degrees Volts Degrees Volts Degrees
60.00 0.00 —-999.99 3.14 3.14 0.00000 90.00 LINEAR 0.00000E+00 0.00 6.62073E-01 -66.87
60.00 1.00 -37.87 3.13 3.14 0.00301 89.52 LEFT 5.89772E-03 -86.64 6.61933E-01 -66.87
60.00 2.00 -31.85 3.13 3.13 0.00603 89.04 LEFT 1.17915E-02 -86.64 6.61512E-01 -66.87
60.00 3.00 —28.33 3.12 3.12 0.00904 88.56 LEFT 1.76776E-02 -86.64 6.60812E-01 -66.87
60.00 4.00 -25.84 3.11 3.11 0.01206 88.08 LEFT 2.35520E-02 -86.64 6.59834E-01 -66.87
60.00 5.00 -23.91 3.09 3.10 0.01508 87.59 LEFT 2.94109E-02 -86.64 6.58577E-01 -66.87
60.00 6.00 —22.34 3.07 3.08 0.01810 87.11 LEFT 3.52504E-02 -86.64 6.57045E-01 -66.87
60.00 7.00 -21.01 3.05 3.06 0.02112 86.62 LEFT 4.10669E-02 -86.63 6.55237E-01 -66.87
60.00 8.00 -19.87 3.02 3.04 0.02415 86.14 LEFT 4.68565E-02 -86.63 6.53158E-01 -66.87
60.00 9.00 -18.86 2.99 3.02 0.02718 85.65 LEFT 5.26156E-02 -86.63 6.50808E-01 -66.87
60.00 10.00 -17.96 2.95 2.99 0.03022 85.15 LEFT 5.83405E-02 -86.63 6.48190E-01 -66.87
60.00 11.00 -17.15 291 2.96 0.03327 84.66 LEFT 6.40278E-02 —86.63 6.45308E-01 -66.86
60.00 12.00 -16.42 2.87 2.92 0.03631 84.16 LEFT 6.96739E-02 -86.63 6.42165E-01 —-66.86
60.00 13.00 -15.75 2.83 2.89 0.03937 83.66 LEFT 7.52755E-02 -86.63 6.38764E-01 -66.86
60.00 14.00 -15.13 2.78 2.85 0.04243 83.16 LEFT 8.08291E-02 -86.63 6.35108E-01 -66.86
60.00 15.00 -1456 2.72 2.80 0.04550 82.65 LEFT 8.63317E-02 -86.62 6.31203E-01 -66.86
60.00 16.00 -14.03 2.66 2.76 0.04858 82.14 LEFT 9.17800E-02 -86.62 6.27051E-01 -66.86
60.00 17.00 -13.53 2.60 2.71 0.05166 81.62 LEFT 9.71711E-02 -86.62 6.22657E-01 —66.85
60.00 18.00 -13.07 254 2.66 0.05475 81.10 LEFT 1.02502E-01 -86.62 6.18027E-01 —66.85

Antenna Modeling & System Planning 4-5



135' Long

(0,67.5',50")

Segments
1
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Fig 3—At A, simple 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. 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 center. At B, EZNEC “View
Antenna” drawing, showing geometry of wire and the x,
y and z axes. Overlaid on the wire geometry drawing
are the current distribution along the wire and the far-
field azimuthal response at an elevation angle of 30°.

source in NEC-speak, a word choice that can befuddle
beginners) right at the antenna’s center, at the center of
segment number six. In concert with the “EZ” in its name,
EZNEC makes choosing the source segment easy by
allowing the user to specify a percentage along the wire,
in this case 50% for center feeding.

At this point you may very well be wondering why
no center insulator is shown in the middle of our center-
fed dipole. After all, a real dipole would have a center
insulator. However, method-of-moment programs assume
that a source generator is placed across an infinitely small
gap in the antenna wire. While this is convenient from a
mathematical point of view, the unstated use of such an
infinitely small gap often confuses newcomers to the
world of antenna modeling. We’ll get into more details,
caveats and limitations in source placement later in this
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Fig 4—EZNEC “Wires” spreadsheet for simple flattop
dipole in Fig 3. The numbers shown are in feet, except
for the wire diameter, which EZNEC allows you to
specify as an AWG gauge, in this case #14. Note that
83 segments have been specified for this antenna for
analysis over the range from 3.5 to 29.7 MHz.

chapter. For now, just trust us that the model we’ve just
described with 11 segments, fed at segment 6, will work
well over the full amateur band from 3.5 to 4.0 MHz.

Now, let’s consider what would happen if we want to
use our 135-foot long dipole on all HF amateur bands from
3.5 to 29.7 MHz, rather than just from 3.5 to 4.0 MHz.
Instead of feeding such an antenna with coax cable, we
would feed it with open-wire line and use an antenna tuner
in the shack to create a 50-CQ load for the transmitter. To
comply with the segmentation rule above, the number of
segments used in the model should vary with frequency—
or at least be segmented at or above the minimum recom-
mended level at the highest frequency used. This is because
a half wavelength at 29.7 MHz is 16.6 feet, while a half
wavelength at 3.5 MHz is 140.6 feet. So the number of
segments for proper operation on 29.7 MHz should be 10
x 135/16.6 = 81. We’ll be a little more conservative than
the minimum requirement and specify 83 segments. Fig 4
shows the EZNEC input spreadsheet for this model. (Use
model file: Ch4-Multiband Dipole.EZ.)

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 of segments
and the speed drops to a fourth. If we try to use too few
segments, we’ll introduce inaccuracies, particularly in
computing the feed-point impedance. We’ll delve into this
area of segmentation density in more detail later when
we discuss testing the adequacy of a model.

Segment Length-to-Wire-Diameter Ratio

Even if you’re willing to live with the slowdown in
computing speed for situations involving a large number
of wire segments, you should make sure the ratio between
the segment length and the diameter of any wire is greater
than 1:1. This is to say that the length of each segment is
longer than the diameter of the wire. Doing so stays away
from internal limitations in the NEC program.

For the #14 wire specified in this simple 135-foot long
dipole, it’s pretty unlikely that you’ll bump up against this
limitation for any reasonable level of segmentation. After
all, #14 wire has a diameter of 0.064 inches and 135 feet
is 1620 inches. To keep above a segment length of
0.064 inches, the maximum number of segments is 1620/



0.064 = 25,312. This is a very large number of segments
and it would take a very long time to compute, assuming
that your program can handle that many segments.

Keeping above a 1:1 ratio in segment length to wire
diameter can be more challenging at VHF/UHF frequen-
cies, however. This is particularly true for fairly large
“wires” made of aluminum tubing. Incidentally, this is an-
other point where newcomers to antenna modeling can be
led astray by the terminology. In a NEC-type program, all
conductors in a model are considered to be wires, even if
they consist of hollow aluminum or copper tubes. Surface
effect keeps the RF current in any conductor confined to
the outer surface of that conductor, and thus it doesn’t mat-
ter whether the conductor is hollow or solid, or even made
using a number of stranded wires twisted together.

Let’s look at a half-wave dipole at 420 MHz. This
would be about 14.1 inches long. If you use '/s-inch
diameter tubing for this dipole, the maximum segment
length meeting the 1:1 diameter-to-length ratio require-
ment is also /4 inches long. The maximum number of
segments then would be 14.1/0.25 = 56.4, rounded down
to 56. From this discussion you should now understand
why method-of-moment programs are known for using a
“thin-wire approximation.” Really fat conductors can get
you into trouble, particularly at VHF/UHF.

Some Caveats and Limitations
Concerning Geometry

Example: Inverted-V Dipole

Now, let’s get a little more complicated and specify
another 135-foot-long dipole, but this time configured as
an inverted V. As shown in Fig 5, you must now specify
two wires. The two wires join at the top, at (0, 0, 50) feet.
(Again, the program doesn’t use a center insulator in the
model.)

If you are using a 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 5 shows the
details, along with the trigonometric equations needed.
EZNEC is indeed more “easy” here, since it allows you
to tilt the ends of each wire downwards an appropriate
number of degrees (in this case —30° at each end of the
dipole) to automatically create an inverted-V configura-
tion. Fig 6A shows the EZNEC spreadsheet describing
this inverted-V dipole with a 120° included angle between
the two wires.

See the EZNEC Help section under “Wire Coordi-
nate Shortcuts” for specific instructions on how to use
the “elevation rotate end” shortcut “RE—30" to create the
sloping wires easily by rotating the end of the wire down
30°. Now the specification of the source becomes a bit
more complicated. The easiest way is to specify two
sources, one on each end segment at the junction of the
two wires. EZNEC does this automatically if you specify
a so-called split-source feed. Fig 6B shows the two

N
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Fig 5—Model for an inverted-V dipole, with an included
angle between the two legs of 120°. Sine and cosine
functions are used to describe the heights of the end
points for the sloping arms of the antenna.
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Fig 6—At A, EZNEC spreadsheet for inverted-V dipole
in Fig 5. Now the ends of the inverted-V dipole are
16.25 feet above ground, instead of 50 feet for the
flattop dipole. At B, EZNEC “View Antenna” drawing,
with overlay of geometry, current distribution and
azimuth plot.

sources as two open circles at the top ends of the two
wires making up the inverted-V dipole. What EZNEC is
doing is creating two sources, each on the closest seg-
ments on either side of the junction of the two wires.
EZNEC sums up the two source impedances to provide a
single readout.
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Navigating in the View Antenna Window

At this point it’s worthwhile to explore some of the
ways you can see what the wire geometry looks like using
the EZNEC View Ant button on the main window. Bring
up the file Ch4-Inverted V Dipole.EZ in EZNEC, and
click on the View Ant button. You will see a small in-
verted-V dipole raised over the (0, 0, 0) origin on the
ground directly under the feed point of the inverted-V
dipole. First, “rotate” the dipole by holding down the left-
mouse button and moving the mouse. You can orient the
picture any way you wish.

Let’s take a closer look at the junction of the two wires
at the feed point. Click the Center Ant Image checkbox
toward the bottom of the window to anchor the center of
the image at the center of the window, and then move the
Zoom slider upwards to zoom in on the image. At some
point the junction of the two slanted wires will move up
off the edge of the window, so you will need to click on
the left-hand side of the Z Move Image slider to bring the
junction back into view. Now you should be able to see a
zoomed view of the junction, along with the two open
circles that represent the location of the split sources in
the middle of the segments adjacent to the wire junction.

Now put the mouse cursor over one of the slanted
wires and double click the left-mouse button. EZNEC will
now identify that wire and show its length, as well as the
length of each segment on that wire. Pretty slick, isn’t it?

Short, Fat Wires and the Acute-Angle Junction

Another possible complication can arise for wires
with short, fat segments, particularly ones that have only
a small included angle between them. These wire seg-
ments can end up inter-penetrating within each other’s
volumes, leading to problems in a model. Once you think
of each wire segment as a thick cylinder, you can appre-
ciate the difficulty in connecting two wires together at
their ends. The two wires always inter-penetrate each
other’s volume to some extent. Fig 7 depicts this prob-
lem graphically for two short, fat wires joined at their
ends at an acute angle. A rule of thumb is to avoid creat-
ing junctions where more than '/3 of the wire volumes
inter-penetrate. You can achieve this by using longer seg-
ment lengths or thinner wire diameters.

Some Other Practical Antenna Geometries
A Vertical Half-Wave Dipole

If you turn the 135-foot-long horizontal dipole in
Fig 1 on its end you will create a vertical half-wave dipole
that is above the origin of the x, y and z axes. See Fig 8,
where the bottom end of the dipole is placed 8 feet off
the ground to keep it away from humans and animals for
safety, at (0, 0, 8) feet. The top end is thus at 8 + 135 =
143 feet off the ground at (0, 0, 143). Fig 8 also shows
the current distribution and the elevation pattern for this
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Fig 7—A junction of two short, fat wire segments at an
acute angle. This results in inter-penetration of the two
wire volumes beyond the middle-1/3 recommended
limit.

Fig 8—A vertical half-wave dipole, created by turning
the dipole in Fig 3 on its end, with a minimum height at
the lower end of 8 feet to keep the antenna away from
people and animals. The current distribution and the
elevation pattern for this antenna are also shown
overlaid on the wire geometry.

antenna. (Use EZNEC model file: Ch4-Vertical
Dipole.EZ.)

A Ground-Plane Antenna

The ground-plane model is more complicated than
previous ones because a total of five wires are now
needed: one for the vertical radiator and four for the ra-
dials. Fig 9 shows the EZNEC view for a 20-meter ground
plane mounted 15 feet off the ground (perhaps on a ga-
rage roof), with the overlay of both the current distribu-
tion and the elevation-plane plot. (Use EZNEC model file:
Ch4-GP.EZ.) Note that the source has been placed at the



Fig 9—A vertical ground-plane antenna. The radials and
the bottom of the vertical radiator are located 15 feet off
the ground in this model. The current distribution along
each wire and the far-field elevation-plane pattern are
overlaid on the antenna geometry.

Fig 10—EZNEC View Antenna for the ground-plane
antenna with its four radials tilted downwards by 40°
to improve the SWR at the feed point.

bottom segment of the vertical radiator. Once again, the
program needs no bottom insulator, since all five wires
are connected together at a common point. EZNEC reports
that this antenna has a resonant feed-point impedance of
about 22 Q, which would show an SWR of 2.3:1 for a
50-Q coax feed line if no matching system is used, such
as a gamma or hairpin match.

Fig 10 shows the same antenna, except that the
radials have now been tilted downwards by 35° to facili-
tate an almost perfect 50-Q match (SWR = 1.08:1). In
addition, the length of the radiator in this model was short-
ened by 6 inches to re-resonate the antenna. (Use EZNEC
model file: Ch4-Modified GP.EZ.) The trick of tilting
the radials downwards for a ground-plane antenna is an
old one, and the modeling programs validates what hams
have been doing for years.

A 5-Element Horizontal Yagi

This is a little more challenging modeling exercise.
Let’s use a 5-element design on a 40-foot boom, but rather
than using telescoping aluminum tubing for the elements,
we’ll use #14 wire. The SCALE program included with
this book on the CD-ROM converted the aluminum-
tubing 520-40.YW to a design using #14 copper wire.
Table 2 shows the element lineup for this antenna. (Later
in this chapter we’ll see what happens when telescoping
aluminum tubing is used in a real-world Yagi design.)

Some explanations of what Table 3 means are in
order. First, only one half of each element is shown. The
YW program (Yagi for Windows), also included on the
CD-ROM, computes the other half of the Yagi automati-
cally, essentially mirroring the other half on the opposite
side of the boom. Having to enter the dimensions for only
half of a real-world Yagi element that uses telescoping
aluminum tubing is much easier this way.

Second, the placement of the elements along the
boom starts at 0.0 inches for the reflector. The distance
between adjacent elements defined in this particular file
is the spacing between the element itself and the element
just before it. For example, the spacing between the driven
element and the reflector is 72 inches, and the spacing
between the first director and the driven element is also
72 inches. The spacing between the second director and
the first director is 139 inches.

Fig 11A shows the wire geometry for this Yagi array
when it is mounted 720 inches (60 feet) above flat ground
and Fig 11B shows the EZNEC Wires spreadsheet that
describes the coordinates. (Use EZNEC model file:
Ch4-520-40W.EZ.) You can see that the x-axis coordi-
nates for the elements have been automatically moved
by the SCALE program so that the center of the boom is
located directly above the origin. This makes it easier to
evaluate the effects of stacking different monoband Yagis
on a rotating mast in a “Christmas Tree” arrangement. A
typical Christmas Tree stack might include 20, 15 and
10-meter monobanders on a single rotating mast sticking
out of the top of the tower.

Fig 12 shows the computed azimuth pattern for this
Yagi at 14.175 MHz, at an elevation angle of 15°, the
angle where the peak of the forward lobe occurs at this

Table 2

520-40W.YW, using #14 wire from 520-40H.YW
14.000 14.174 14.350 MHz

5 elements, inches
Spacing .064
0.000 210.923
72.000 200.941
72.000 199.600
139.000 197.502
191.000 190.536
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Fig 11—At A, geometry for 5-element Yagi on a 40-foot
boom, mounted 720 inches (60 feet) above flat ground,
with an overlay of current and the azimuth pattern. At
B, EZNEC Wires spreadsheet for this antenna. This
design uses #14 wire for simplicity.

240 120

210 150

Max. Gain = 14.34 dBi Elevation = 15 deg.

Fig 12—EZNEC azimuth-plane pattern at an elevation
angle of 15° for #14 wire Yagi described in Fig 11.

4-10 Chapter 4

height above flat ground. The antenna exhibits excellent
gain at 13.1 dBi, as well as a clean pattern behind the
main lobe. The worst-case front-to-rear ratio at any point
from 90° to 270° in azimuth is better than 23 dB. EZNEC
says the feed-point impedance is 25 — j 23 Q, just the
right impedance suited for a simple hairpin or gamma
match.

A Monoband 2-Element Cubical Quad

Unlike a Yagi, with its elements existing only in the
x-y plane, a quad type of beam is a three-dimensional
sort of antenna. A quad loop has height in the z-axis, as
well as width and length in the x-y plane. Each individual
loop for a monoband quad consists of four wires, joined
together at the corners. Fig 13 shows the coordinates for
a 2-element 15-meter quad, consisting of a reflector and
a driven element on a 10-foot boom.

You can see that the axis of symmetry, the x-axis,
runs down the center of this model, meaning that the ori-
gin of this particular x, y and z-coordinate scheme is in
the center of the reflector. The (0, 0, 0) origin is placed
this way for convenience in assigning corner coordinates
for each element. For actual placement of the antenna at
a particular height above real ground, the heights of all
z-axis coordinates are changed accordingly. EZNEC has
a convenient built-in function to change the height of all
wires at a single stroke.

Fig 14 shows the input EZNEC spreadsheet for this
quad in free space, clearly showing the symmetrical
nature of the corner coordinates. (Use EZNEC model file:
Ch4-Quad.EZ.) This is a good place to emphasize that
you should enter the wire coordinates in a logical

z
(10, -5.917, 5.917)

\.\‘\‘\&?91 7,5.917)

(0, -6.083, 6.083) 7
M (0, 6.083, 6.083)
3
X
Y —_— | 6 8
2 b
4
(10, -5.917, 5.917) 5 ——
(10, 5.917, -5.917)
(0, -6.083, -6.083) 1
(0, 6.083, -6.083)

Fig 13—Wire geometry for a 2-element cubical quad,
with a reflector and driven element. The x-axis is the
axis of symmetry for this free-space model.
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Fig 14—EZNEC Wires spreadsheet showing the
coordinates used for the quad in Fig 13. Note how the
x-axis describes the position of an element on the 10-
foot boom and also is the axis of symmetry for each
element. The values for the z-axis and y-axis vary
above and below the axis of symmetry.

sequence. The most obvious example in this particular
model is that you should group all the wires associated
with a particular element together—for example, the four
wires associated with the reflector should be in one place.
In Fig 14 you can see that all four wires with an x-coor-
dinate of zero represent the reflector.

It’s best to follow a convention in entering wires in
a loop structure in a logical fashion. The idea to connect
the end point of one wire to the starting point of the next
wire. For example, in Fig 13 you can see that the left-
hand end of Wire 1 is connected to the bottom of Wire 2,
and that the top of Wire 2 connects to the left-hand end
of Wire 3. In turn, Wire 3 connects to the top of Wire 4,
whose bottom end connects to the right-hand end of Wire
1. The pattern is known as “going around the horn” mean-
ing that the connections proceed smoothly in one direc-
tion, in this case in a clockwise direction.

You can see that the entry for the wires making up
the elements in the 5-element Yagi in Fig 11B also pro-
ceeded in an orderly fashion by starting with the reflec-
tor, then the driven element, then director 1, then director
2 and finally director 3. This doesn’t mean that you
couldn’t mix things up, say by specifying the driven ele-
ment first, followed by director 3, and then the reflector,
or whatever. But it’s a pretty good bet that doing so in
this quasi-random fashion will result in some confusion
later on when you revisit a model, or when you let another
person see your model.

THE MODELING ENVIRONMENT
The Ground

Above, when considering the 135-foot dipole
mounted 50 feet above flat earth, we briefly mentioned
the most important environmental item in an antenna
model—the ground beneath it. Let’s examine some of the
options available in the NEC-2 environment in EZNEC:

e Free space
e Perfect ground

e MININEC type ground
e “Fast” type ground
e Sommerfeld-Norton ground.

The free space environment option is pretty self-
explanatory—the antenna model is placed in free space
away from the influence of any type of ground. This
option is useful when you wish to optimize certain char-
acteristics of a particular antenna design. For example,
you might wish to optimize the front-to-rear ratio of a
Yagi over an entire amateur band and this might entail
many calculation runs. The free-space ground will run
the fastest among all the ground options.

Perfect ground is useful as a reference case, espe-
cially for vertically polarized antennas over real ground.
Antenna evaluations over perfect ground are shown in
most classical antenna textbooks, so it is useful to com-
pare models for simple antennas over perfect ground to
those textbook cases.

MININEC type ground is useful when modeling ver-
tical wires, or horizontal wires that are higher than 0.2 A
above ground. A MININEC type ground will compute
faster than either a “Fast” ground or a Sommerfeld-Norton
type of ground because it assumes that the ground under
the antenna is perfect, while still taking into account the
far-field reflections for ground using user-specified val-
ues of ground conductivity and dielectric constant. The
fact that the ground under the antenna is perfect allows
the NEC-2 user of a MININEC type ground to specify
wires that touch (but don’t go below) the ground surface,
something that only users of the advanced NEC-4 pro-
gram can do with the more accurate Sommerfeld-Norton
type of ground described below. (NVEC-4 is presently not
in the public domain and is strictly restricted and licensed
by the US government.) The ability to model grounded
wires is useful with vertical antennas. The modeler must
be wary of the feed-point source impedances reported for
either horizontally or vertically polarized wires because
of the perfect-ground assumption inherent in a MININEC-
type ground.

The “fast” type of ground is a hybrid type of ground
that makes certain simplifying assumptions that allow it
to be used provided that horizontal wires are higher than
about 0.1 A above ground. With today’s fast computers
the Sommerfeld-Norton model is preferred.

The Sommerfeld-Norton ground (referred to in
EZNEC as the “high accuracy” ground) is preferable to
the other ground types because it has essentially no prac-
tical limitations for wire height. It has the disadvantage
that it can run about four times slower than a MININEC
type of ground, but today’s fast computers make that
almost a non-issue. Again, NEC-2-based programs can-
not model wires that penetrate into the ground (although
there are work-arounds described below).

As mentioned above, for any type of ground other
than perfect ground or free space, the user must specify
the conductivity and dielectric constant of the soil. EZNEC
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allows the entry by several user-friendly categories, where
o is conductivity in Siemens/meter and € is dielectric con-
stant:

Extremely poor: cities, high buildings (6 =0.001, e =3)

Very Poor: cities, industrial (¢ = 0.001, € = 5)

Sandy, dry (¢ = 0.002, € = 10)

Poor: rocky, mountainous (¢ = 0.002, € = 13)

Average: pastoral, heavy clay (¢ = 0.005, € = 13)

Pastoral: medium hills and forestation (¢ = 0.006,

e=13)

Flat, marshy, densely wooded (¢ = 0.0075, € = 12)

e Pastoral, rich soil, US Midwest (¢ = 0.010, € = 14)

e Very Good: pastoral, rich, central US (o = 0.0303,
e =20)

e Fresh water (¢ = 0.001, € = 80)

e Saltwater (6 = 5, € = 80)

Let’s use EZNEC’s ability to overlay one or more
plots together on one graph to compare the response
of the vertical ground plane antenna in Fig 9 for two
different types of ground: Saltwater and Poor. Open the
Ch4-GP.EZ file in EZNEC. Click the Ground Descrip
button and then right-click anywhere in the Media win-
dow that opens up. Choose first the “Poor: rocky, moun-
tainous” option button, click OK and then FF Plot. When
the elevation plot appears, click the File menu at the top
of the main window, and then Save As. Choose an appro-
priate name for the trace, perhaps “Poor Gnd.PF.”

Go back and select saltwater as your Ground
Descrip and follow the same procedure to compute the
far-field plot for saltwater ground. Now, add the Poor
Gnd.PF trace, by clicking menu selection File, Add
Trace. Fig 15 shows this comparison, which greatly
favors the saltwater environment, particularly at low
elevation angles. At 5° the ground plane mounted over
saltwater has about a 10 dB advantage compared to its
landlocked cousin.

You might be wondering what happens if we move
the ground-plane antenna down closer to the ground. The
lower limit to how far the radials can approach the lossy
earth is 0.001 A or twice the diameter of the radial wire.
A distance of 0.001 A at 1.8 MHz is about 6 inches, while
itis 0.4 inches at 30 MHz. While NEC-2-based programs
cannot model wires that penetrate the ground, radial sys-
tems just above the ground with more than about eight
radial wires can provide a work-around to simulate a
direct-ground connection.

Modeling Environment: Frequency

It’s always a good idea to evaluate an antenna over
a range of frequencies, rather than simply at a single spot
frequency. Trends that become quite apparent on a fre-
quency sweep are frequently lost when looking simply at
a single frequency. Native NEC-2 has built-in frequency
sweep capabilities, but once again the commercial pro-
grams make the process easier to use and understand. You
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Fig 15—A comparison of the elevation response for the
vertical ground plane in Fig 9 over saltwater and over
“poor: rocky, mountainous” soil. Saltwater works
wonders for verticals, providing excellent low-angle
signals.

0dB .

Fig 16—Frequency sweep of 5-element Yagi described
in Fig 11, showing how the azimuth pattern changes
with frequency.

saw in the SWR curve in Fig 2 the result of one such
frequency sweep using EZNEC. Fig 16 shows a frequency
sweep of the azimuth response for the 5-element Yagi in
Fig 11 across the 20-meter band, using steps of 117 kHz
so there are four evaluation frequencies. At 14.0 MHz
this Yagi’s gain is down a small amount compared to the
gain at 14.351 MHz but the rearward pattern is notice-
ably degraded, dropping to a front-to-back ratio of just
under 20 dB.

EZNEC can save to a series of output plot files a
frequency sweep of elevation (or azimuth) patterns. In
essence, this automates the process described above for



saving a plot to disk and then overlaying it on another
plot. EZNEC can save to a text file for later analysis (or
perhaps importation into a spreadsheet) the following
parameters, chosen by the user:

Source data

Load data

Pattern data

Current data

MicroSmith numeric data
Pattern analysis summary.

Frequency Scaling

EZNEC has a very useful feature that allows you to
create new models scaled to a new frequency. You invoke
the algorithm used to scale a model from one frequency
to another by checking the Rescale box after you’ve
clicked the Frequency button. EZNEC will scale all model
dimensions (wire length, height and diameter) except for
one specific situation—the wire diameter will stay the
same at the new frequency if you originally specified wire
size by AWG gauge. For example, #14 copper wire for a
half-wave 80-meter dipole will stay #14 copper wire for
a 20-meter half-wave dipole. If, however, you specified
diameter as a floating point number originally, the diam-
eter will be scaled by the ratio of new to old frequency,
along with wire length and height.

Start up EZNEC and open up the file Ch4-520-40W.EZ
for the 5-element 20-meter Yagi on a 40-foot boom. Click
the Frequency box and then check the Rescale check box.
Now, type in the frequency of 28.4 MHz and click OK. You
have quickly and easily created a new 5-element 10-meter
Yagi, that is mounted 29.9949 feet high, the exact ratio of
28.4 MHz to 14.1739 MHz, the original design frequency
on 20 meters. Click the FF Plot button to plot the azimuth
pattern for this new Yagi. You will see that it closely dupli-
cates the performance of its 20-meter brother. Click Src Dat
to see that the source impedance is 25.38 —j 22.19 Q, again
very close to the source data for the 20-meter version.

REVISITING SOURCE SPECIFICATION
Sensitivity to Source Placement

Earlier, we briefly described how to specify a source
on a particular segment using EZNEC. The sources for
the relatively simple dipole, Yagi and quad models
investigated so far have been in the center of an easy-to-
visualize wire. The placement for the source on the verti-
cal ground plane was at the bottom of the vertical radiator,
an eminently logical place. In the other cases we speci-
fied the position of the source at 50% of the distance along
a wire, given that the wire being fed had an odd number
of segments. Please note that in each case so far, the feed
point (source) has been placed at a relatively low-imped-
ance point, where the current changes relatively slowly
from segment to segment.

Now we’re going to examine some subtler source-
placement problems. NEC-2 is well-known as being very
sensitive to source placement. Significant errors can result
from a haphazard choice of the source segment and the
segments surrounding it.

Let’s return to the inverted-V dipole in Fig 5. The
first time we evaluated this antenna (Ch4-Inverted V
Dipole.EZ) we specified a split source in EZNEC. This
function uses two sources, one on each of the segments
immediately adjacent to the junction of the two down-
ward slanting wires.

Another common method to create a source at the junc-
tion of two wires that meet at an angle is to separate these
two slanted wires by a short distance and bridge that gap
with a short straight wire, which is fed at its center. Fig 17
shows a close-up of this scheme. In Fig 17 the length of the
segments surrounding the short middle wire are purposely
made equal to the length of the middle wire. The segmenta-
tion for the short middle wire is set to one. Table 3 lists the
source impedance and the maximum gain the EZNEC com-
putes for three different models:

1. Ch4-Inverted V Dipole.EZ (the original model)

2. Ch4-Inverted V Dipole Triple Segmentation.EZ
3. Ch4-Modified Inverted V Dipole.EZ (as shown in
Fig 17, for the middle wire set to be 2 feet long)

4. Ch4-Mod Inverted V Poor Segmentation.EZ
(where the number of segments on the two slanted
wires have been increased to 200)

Source
on Short
Middle Wire

/ AN

Fig 17—Model of inverted-V dipole using a short center
wire on which the source is placed.

Table 3
135-Foot Inverted-V Dipole at 3.75 MHz

Case Segments Source Max. Gain
Impedance Q aBi

1 82 72.64 +j128.2 4.82

2 246 73.19 +128.9 4.82

3 67 73.06 + j 129.1 4.85

4 401 76.21 + j135.2 4.67
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Case 2 shows the effect of tripling the number of
segments in Case 1. This is a check on the segmentation,
to see that the results are stable at a lower level compared
to a higher level of segmentation (which theoretically is
better, although slower in computation). We purposely
set up Case 4 so that the lengths of the segments on either
side of the single-segment middle wire are significantly
different (0.33 feet) compared to the 2-foot length of the
middle wire.

The feed-point and gain figures for the first three
models are close to each other. But you can see that the
figures for the fourth model are beginning to diverge from
the first three, with about a 5% overall change in the
reactance and resistance compared to the average values,
and about a 3% change in the maximum gain. This illus-
trates that it is best to keep the segments surrounding the
source equal or at least close to equal in length. We’ll
soon examine a figure of merit called the Average Gain
test, but it bears mentioning here that the average gain
test is very close for the first three models and begins to
diverge for the fourth model.

Things get more interesting if the source is placed
at a high-impedance point on an antenna—for example,
in the center of a full-wave dipole—the value computed
for the source impedance will be high, and things will be
quite sensitive to the segment lengths. We’ll repeat the
computations for the same inverted-V models, but this
time at twice the operating frequency, at 7.5 MHz.

Table 4 summarizes the results. The impedance is high,
as expected. Note that the resistance term varies quite a bit
for all four models, a range of about 23% around
the average value. Interestingly, the poorly segmented model’s
resistance falls in between the other three. The reactive terms
are closer for all four models but still cover a range of 4%
around the average value. The maximum gain shows the same
tendancy to be somewhat lower in the fourth model com-
pared to the first three and thus looks as potentially untrust-
worthy at 7.5 MHz as it does at 3.75 MHz.

This is, of course, but a small sampling of segmen-
tation schemes, and caution dictates that you shouldn’t
take these results as being representative of all possibili-
ties. Nevertheless, the lesson to be learned here is that
the feed-point (source) impedance can vary significantly
at a point where the current is changing rapidly, as it does
where a high impedance feed is involved. Another gen-

Table 4

135-Foot Inverted-V Dipole at 7.5 MHz

Case Segments Source Max. Gain
Impedance Q aBi

1 82 2297 — j 2668 5.67

2 246 1822 — j 2553 5.66

3 67 1960 — j 2583 5.66

4 401 2031 — j 2688 5.48
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eral conclusion that can be drawn from Table 5 is that
more segments, particularly if they surround the source
segment improperly, is not necessarily better.

Voltage and Current Sources

Before we leave the topic of sources, you should be
aware that programs like EZNEC and others have the abil-
ity to simulate both voltage sources and current sources.
Although native NEC-2 has several source types, voltage
sources are the most commonly used by hams. Native
NEC-2 doesn’t have a current source, but a current source
is nothing more than a voltage source delivering current
through a high impedance. Basic network theory says that
every Thevenin voltage source has a Norton current
source equivalent. Various commercial implementations
o f
NEC-2 approach the creation of a current source in
slightly different fashions. Some use a high value of
inductive reactance as a series impedance, while others
use a high value of series resistance.

Why would we want to use a current source instead
of a voltage source in a model? The general-purpose
answer is that models containing a single source at a single
feed point can use a voltage source with no problems.
Models that employ multiple sources, usually with dif-
ferent amplitudes and different phase shifts, do best with
current sources.

For example, phased arrays feed RF currents at dif-
ferent amplitudes and phase shifts into two or more ele-
ments. The impedances seen at each element may be very
different—some impedances might even have negative
values of resistance, indicating that power is flowing out
of that element into the feed system due to mutual cou-
pling to other elements. Having the ability to specify the
amplitude and phase of the current, rather than a feed
voltage, at a feed point in a program like EZNEC is a
valuable tool.

Next, we examine one more important aspect of
building a model, setting up loads. After that, we’ll look
into two tests for the potential accuracy of a model. These
tests can help identify source placement, as well as other
problems.

LOADS

Many ham antennas, in particular electrically short
ones, employ some sort of loading to resonate the sys-
tem. Sometimes loading takes the form of capacitance
hats, but these can and should be modeled as wires con-
nected to the top of a vertical radiator. A capacitance hat
is not the type of loading we’ll explore in this section.

Here, the term loads refers to discrete inductances,
capacitances and resistances that are placed at some point
(or points) in an antenna system to achieve certain effects.
One fairly common form of a load is a loading coil used
to resonate an electrically short antenna. Another form
of load often seen in ham antennas is a trap. EZNEC has



a special built-in function to evaluate parallel-resonant
traps, even at different frequencies beyond their main
parallel resonance.

Just for reference, a more subtle type of load is a
distributed material load. We encountered just such a load
in our first model antenna, the 135-foot long flattop
dipole—although we didn’t identify it specifically as a
load at that time. Instead, it was identified as a “wire loss”
associated with copper.

The NEC-2 core program has the capability of simu-
lating a number of built-in loads, including distributed
material and discrete loads. EZNEC implements the fol-
lowing discrete loads:

e Series R £j X loads.

e Series R-L-C loads, specified in Q of resistance, uH
of inductance and pF of capacitance.

e Parallel R-L-C loads, specified in € of resistance, utH
of inductance and pF of capacitance.

e Trap loads, specified in Q of resistance in series with
UH of inductance, shunted by pF of capacitance, at a
specific frequency.

e Laplace loads, specified as mathematical Laplace
coefficients (sometimes used in older modeling programs
and left in EZNEC for backwards compatibility).

It is important to recognize that the discrete loads in
an antenna modeling program do not radiate and they
have zero size. The NEC-2 discrete loads are described
by L. B. Cebik in his antenna modeling course as being
mathematical loads. The fact that NEC-2 loads do not
radiate means that the popular mobile antennas that use
helical loading coils wound over a length of fiberglass
whip cannot be modeled with NEC-2, because such coils
do radiate.

Let’s say that we want to put a air-wound loading coil
with an unloaded Q of 400 at the center of a 40-foot long,
50-foot high, flattop dipole so that it is resonant at 7.1 MHz.
The schematic of this antenna is shown in Fig 18. Examine
the modeling file Ch4-Loaded Dipole.EZ to see how a dis-
crete series RL load is used to resonate this short dipole at
7.1 MHz, with a feed-point (source) impedance of 25.3 Q.
This requires a series resistance of 1.854 Q and an inductive
reactance of +741.5 Q. Note that we again used a single wire
to model this antenna, and that we placed the load at a point
50% along the length of the wire.

This load represents a 16.62 pH coil with an
unloaded Q of 741.5/1.854 = 400, just what we wanted.
Let’s assume for now that we use a perfect transformer
to transform the 25.3-Q source impedance to 50 Q. If we
now attempt to run a frequency sweep over the whole
40-meter band from 7.0 to 7.3 MHz, the load reactance
and resistance will not change, since we specified fixed
values for reactance and resistance. Hence, the source
impedance will be correct only at the frequency where
the reactance and resistance are specified, since the reac-
tance changes with frequency.

(0, 0, 50) (0, 0, 50) (0, 20, 50)

(0, -20, 50)
O O

Fig 18—Schematic diagram of a 40-foot long flattop
dipole with a loading coil placed at the center. This coil
has an unloaded Q of 400 at 7.1 MHz.
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Fig 19—SWR graph of the loaded 40-foot long flattop
dipole shown in Fig 18.

So let’s use another load capability and substitute a
16.62 uH coil with a series 1.854-Q resistance at 7.1 MHz.
We’ll let EZNEC take care of the details of computing
both the reactance and the changing series resistance at
various frequencies. The degree that both reactance and
series loss resistance of the coil change with frequency
may be viewed using the Load Dat button from the main
EZNEC window.

Fig 19 shows the computed SWR curve for a
25.3-Q Alt SWR Z0 reference resistance. The 2:1 SWR
bandwidth is about 120 kHz. As could be expected, the
antenna has a rather narrow bandwidth because it is elec-
trically short.

ACCURACY TESTS

There are two tests that can help identify accuracy
problems in a model:

e The Convergence test.
e The Average Gain test.

Convergence Test

The idea behind the Convergence test is simple: If
you increase the segmentation in a particular model and
the results changes more than you’d like, then you
increase the segmentation until the computations converge

Antenna Modeling & System Planning 4-15



to a level that is suitable to you. This process has the
potential for being subjective, but simple antenna mod-
els do converge quickly. In this section, we’ll review sev-
eral more of the antennas discussed previously to see how
they converge.

Let’s go back to the simple dipole in Fig 3. The origi-
nal segmentation was 11 segments, but we’ll start with a
very low value of segmentation of three, well below the
minimum recommended level. Table 5 shows how the
source impedance and gain change with increase in seg-
mentation at 3.75 MHz. For this simple antenna, the gain
levels off at 6.50 dBi by the time the segmentation has
reached 11 segments. Going to ten times the minimum-
recommended level (to 111 segments) results in an
increase of only 0.01 dBi in the gain.

Arguably, the impedance has also stabilized by the
time we reach a segmentation level of 11 segments,
although purists may opt for 23 segments. The tradeoff
is a slowdown in computational speed.

Let’s see how the 5-element Yagi model converges
with changes in segmentation level. Table 6 shows how
the source impedance, gain, 180° front-to-back ratio and
worst-case front-to-rear ratio change with segmentation
density. By the time the segmentation has reached 11 seg-
ments per wire, the impedance and gain have stabilized
quite nicely, as has the F/R. The 180° F/B is still increas-
ing with segmentation level until about 25 segments, but
arelatively small shift in frequency will change the maxi-
mum F/B level greatly. For example, with 11 segments
per wire, shifting the frequency to 14.1 MHz—a shift of
only 0.5%— will change the maximum 180° F/B from
almost 50 dB down to 27 dB. For this reason the F/R is
considered a more reliable indicator of the adequacy of
the segmentation level than is F/B.

Average Gain Test

The theory behind the Average Gain test is a little
more involved. Basically, if you remove all intentional
losses in a model, and if you place the antenna either in
free space or over perfect ground, then all the power fed
to the antenna should be radiated by it. Internally, the
program runs a full 3-D analysis, adding up the power in
all directions and then dividing that sum by the total power
fed to the antenna. Since NEC-2 is very sensitive about
source placement, as mentioned before, the Average Gain
test is a good indicator that something is wrong with the
specification of the source.

Various commercial versions of NEC-2 handle the
Average Gain test in different ways. EZNEC requires the
operator to turn off all distributed losses in wires or set
to zero any discrete resistive losses in loads. Next you
set the ground environment to free space (or perfect
ground) and request a 3-D pattern plot. EZNEC will then
report the average gain, which will be 1.000 if the model
has no problems. The average gain can be lower or higher
than 1.000, but if it falls within the range 0.95 to 1.05 it
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Table 5

135-Foot Flattop Dipole at 3.75 MHz

Segments Source Max. Gain

Impedance Q2 daBi

3 85.9 +,128.0 6.34

5 86.3 +,128.3 6.45

7 86.8 +,128.8 6.48

11 87.9+,129.5 6.50

23 88.5 +,130.3 6.51

45 89.0 +,130.8 6.51

101 89.4 +j131.1 6.51

Table 6

5-element Wire Yagi at 14.1739 MHz

Segments Source Max. Gain 180° F/B F/R
Impedance Q2 aBi aB aB

3 28.5-/30.6 12.79 23.2 22.4

5 26.3-j25.6 13.02 30.5 231

7 25.6-j24.0 13.07 34.8 23.1

11 251 -j22.9 13.09 39.9 23.1

25 249-j22.0 13.10 43.7 231

99 247-j21.5 13.10 44.2 231

is usually considered adequate.

As L. B. Cebik, W4RNL, stated in his ARRL Certi-
fication and Continuing Education Course on antenna
modeling: “Like the convergence test, the average gain
test is a necessary but not a sufficient condition of model
reliability.” Pass both tests, however, and you can be pretty
well sure that your model represents reality. Pass only
one test, and you have reason to worry about how well
your model represents reality.

Once again, open the model file Ch4-Mod
Inverted V Poor Segmentation.EZ and set Wire Loss to
zero, Ground Type to Free Space and Plot Type to
3-Dimensional. Click on the FF Plot button. EZNEC will
report that the Average Gain is 0.955 =—0.2 dB. This is very
close to the lower limit of 0.95 considered valid for excellent
accuracy. This is a direct result of forcing the segment lengths
adjacent to the source segment to be considerably shorter
than the source segment’s length. The gain reported using
this test would be approximately —0.2 dB from what it should
be—just what Table 4 alludes to also.

Now, let’s revisit the basic model Ch4-Inverted
V Dipole.EZ and look at Case 2 in Table 4. Case 2
amounts to a Convergence test for the basic inverted-V
model. Since the impedance and gain changes were small
comparing the basic model to the one using three times
the number of segments, the model passed the Conver-
gence test. The Average Gain test for the basic model
yields a value of 0.991, well within the limits for good
accuracy. This model has thus passed both tests and can
be considered accurate.



Running the Average Gain test for the 5-element Yagi
(using 11 segments per wire and whose convergence we
examined in Table 6) yields a value of 0.996, again well
within the bounds indicating a good model. And the
simple flattop dipole with 11 segments at 3.75 MHz yields
an Average Gain result of 0.997, again indicating a very
accurate model.

OTHER POSSIBLE MODEL
LIMITATIONS

Programs based on the NEC-2 core computational
code have several well-documented limitations that you
should know about. Some limitations have been removed
in the restricted-access NEC-4 core (which is not gener-
ally available to users), but other limitations still exist,
even in NEC-4.

Closely Spaced Wires

If wires are spaced too close to each other, the
NEC-2 core can run into problems. If the segments are
not carefully aligned, there also can be problems with
accuracy. The worst-case situation is where two wires
are so close together that their volumes actually merge
into each other. This can happen where wires are thick,
parallel to each other and close together. You should keep
parallel wires separated by at least several diameters.

For example, #14 wire is 0.064 inches in diameter. The
rule then is to keep parallel #14 wires separated by more
than 2 x 0.064 = 0.128 inches. And you should run the Con-
vergence test to assure yourself that the solution is indeed
converging when you have closely spaced wires, especially
if the two wires have different diameters. To model anten-
nas containing closely spaced wires, very often you will need
many more segments than usual and you must also care-
fully ensure that the segments line up with each other.

Things can get a little more tricky when wires cross
over or under each other, simply because such crossings
are sometimes difficult to visualize. Again, the rule is to
keep crossing wires separated by more than two diam-
eters from each other. And if you intend to join two wires
together, make sure you do so at the ends of the two wires,
using identical end coordinates. When any or all of these
rules are violated, the Convergence and Average Gain tests
will usually warn you of potential inaccuracies.

Parallel-Wire Transmission Lines and LPDAs

A common example of problems with closely spaced
wires is when someone attempts to model a parallel-wire
transmission line. NEC-2-based programs usually do not
work as well in such situations as do MININEC-based
programs. The problems are compounded if the diam-
eters are different for the two wires simulating a parallel-
wire transmission line. In NEC-2 programs, it is usually
better to use the built-in “perfect transmission line” func-
tion than to try to model closely spaced parallel wires as
a transmission line.

For example, a Log Periodic Dipole Array (LPDA)
is composed of a series of elements fed using a transmis-
sion line that reverses the phase 180° at each element. In
other words, the elements are connected to a transmis-
sion line that reverses connections left-to-right at each
element. It is cumbersome to do so, but you could model
such a transmission line using separate wires in EZNEC,
but it is a potentially confusing and a definitely painstak-
ing process. Further, the accuracy of the resulting model
is usually suspect, as shown by the Average Gain test.

It is far easier to use the Trans Lines function from
the EZNEC main window to accurately model an LPDA.
See Fig 20, which shows the Trans Lines window for
the 9302A.EZ 16-element LPDA. There are 15 transmis-
sion lines connecting the 16 elements, placed at the 50%
point on each element, with a 200-Q characteristic
impedance and with Reversed connections.

Fat Wires Connected to Skinny Wires

Another inherent limitation in the NEC-2 computa-
tional core shows up when modeling several popular ham-
radio antennas: many Yagis and some quads.

Tapered Elements

As mentioned before, many Yagis are built using tele-
scoping aluminum tubing. This technique saves weight and
makes for a more flexible and usually stronger element,
one that can survive wind and ice loading better than a
“monotaper” element design. Many vertical antennas are
also constructed using telescoping aluminum tubing.

Unfortunately, native NEC-2 doesn’t model accu-
rately such tapered elements, as they are commonly
called. There is, however, a sophisticated and accurate
work-around for such elements, called the Leeson cor-
rections. The Leeson corrections, derived by Dave
Leeson, W6NL, from pioneering work by Schelkunoff at
Bell Labs, compute the diameter and length of an ele-
ment that is electrically equivalent to a tapered element.
This monotaper element is much easier to use in a pro-
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Fig 20—Transmission-line window for the 9302A.EZ
16-element LPDA. Note that the transmission lines
going between elements are “reversed,” meaning
that they are 180° out-of-phase at each element, a
requirement for properly feeding an LPDA.
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Table 7

5-element Yagi at 14.1739 MHz with Telescoping Aluminum Elements

With Leeson Corrections

Without Leeson Corrections

Freq. Source Impedance Gain F/R Source Impedance Gain F/R
MHZz Q aBi aB Q aBi aB
14.0 23.2 -j26.5 14.82 23.3 22.4 —j12.7 14.92 23.1
14.1 22.7 -j20.5 14.87 22.8 18.6 —j12.5 14.70 21.6
14.2 22.8-j14.8 14.87 22.7 6.6 —j4.6 14.01 16.2
14.3 225-j11.9 14.76 21.5 1.9+/10.6 10.61 3.1
14.4 14.5-,10.5 14.45 19.9 1.6 +23.7 11.15 -11.4
gram like NEC-2. See Chapter 2, Antenna Fundamen-
Table 8

tals, for more information on the Leeson corrections.

EZNEC and other NEC-2 programs can automati-
cally invoke the Leeson corrections, providing that some
basic conditions are met—and happily, these conditions
are true for the telescoping aluminum-tubing elements
commonly used as Yagi elements. EZNEC gives you the
ability to disable or enable Leeson corrections, under the
Option menu, under Stepped Diameter Correction,
EZNEC’s name for the Leeson corrections. Open the
modeling file 520-40H.EZ, which contains tapered alu-
minum tubing elements and compare the results using
and without using the Leeson corrections.

Table 7 lists the differences over the 20-meter band,
with the 5-element Yagi at a height of 70 feet above flat
ground. You can see that the non-Leeson corrected fig-
ures are very different from the corrected ones. At
14.3 MHz, the pattern for the non-corrected Yagi has
degenerated to a F/R of 3.1 db, while at 14.4 MHz, just
outside the top of the Amateur band, the pattern for the
non-corrected antenna actually has reversed. Even at
14.2 MHz, the non-corrected antenna shows a low source
impedance, while the corrected version exhibits smooth
variations in gain, F/R and impedance across the whole
band, just as the actual antenna exhibits.

Some Quads

Some types of cubical quads are made using a combina-
tion of aluminum tubing and wire elements, particularly in
Europe where the “Swiss” quad has a wide following. Again,
NEC-2-based programs don’t handle such tubing/wire ele-
ments well. It is best to avoid modeling this type of antenna,
although there are some ways to attempt to get around the
limitations, ways that are beyond the scope of this chapter.

NEAR-FIELD OUTPUTS

FCC regulations set limits on the maximum permis-
sible exposure (MPE) allowed from the operation of
radio transmitters. These limits are expressed in terms of
the electric (V/m) and magnetic fields (A/m) close to an
antenna. NEC-2-based programs can compute the electric
and magnetic near fields and the FCC accepts such compu-
tations to demonstrate that an installation meets their regu-
latory requirements. See Chapter 1, Safety, in this book.
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E- and H-Field Intensities for 1500 W into
5-Element Yagi at 70 Feet on 14.2 MHz

Height H-Field E-Field
Feet (A/m) (V/m)

0 0.04 4.1

10 0.03 13.8
20 0.04 20.6
30 0.06 22.6
40 0.08 25.8
50 0.10 33.8
60 0.12 41.5
70 0.12 44.3

We’ll continue to use the 5-element Yagi at 70 feet
to demonstrate a near-field computation. Open
Ch4-520-40H.EZ in EZNEC and choose Setups and then
Near Field from the menu at the top of the main window.
Let’s calculate the E-field and H-field intensity for a power
level of 1500 W (chosen using the Options, Power Level
choices from the main menu) in the main beam at a fixed
distance, say 50 feet, from the tower base. We’ll do this at
various heights, using 10-foot increments of height, in
order to see the lobe structure of the Yagi at 70 feet height.

Table 8 summarizes the total H- and E-field intensi-
ties as a function of height. As you might expect, the fields
are strongest directly in line with the antenna at a height
of 70 feet. At ground level, the total fields are well within
the FCC limits for rf exposure for both fields. In fact, the
fields are within the FCC limits if someone were to stand
at the tower base, directly under the antenna.

ANTENNA MODELING SUMMARY

This section on antenna modeling is by necessity
only a brief introduction to the science of antenna mod-
eling. The subject is partly art as well as science because
there are usually several ways of creating a model for a
particular antenna or antennas.

Indeed, the presence of other wires surrounding a
particular antenna can affect the performance of that
antenna. Finally, there are the practical aspects of putting a
actual antenna up in the real world. We’ll explore this next.



Practical Aspects, Designing Your Antenna System

The most important time spent in putting together
an antenna system is the time spent in planning. In Chap-
ter 3, The Effects of Ground, we outlined the steps needed
to evaluate how your local terrain can affect HF commu-
nications. There we emphasized that you need to com-
pare the patterns resulting from your own terrain to the
statistically relevant elevation angles needed for cover-
age of various geographic areas. (The elevation-angle sta-
tistics were developed in Chapter 23, Radio Wave
Propagation and are located on the CD-ROM included
with this book, as is the terrain-assessment program
HFTA.)

The implicit assumptions in Chapter 3 are (1) that
you know where you want to talk to, and (2) that you’d
like the most effective system possible. At the start of
such a theoretical analysis, cost is no object. Practical
matters, like cost or the desires of your spouse, can come
later! After all, you’re just checking out all the possibili-
ties. If nothing else, you will use the methodology in
Chapter 3 to evaluate any property you are considering
buying so that you can build your “dream station.”

Next, in the first part of this chapter we described
modeling tools used to evaluate different types of anten-
nas. These modeling tools can help you evaluate what
type of antenna might be suitable to your own particular
style of operating. Do you want a Yagi with a lot of
rejection of received signals from the rear? Let’s say that
terrain analysis shows that you need an antenna at least
50 feet high. Do you really need a steel tower, or would a
simple dipole in the trees serve your communication needs
just fine? How about a vertical in your backyard? Would
that be inconspicuous enough to suit your neighbors and
your own family, yet still get you on the air?

In short, using the techniques and tools we’ve pre-
sented in Chapters 3, 23 and here in Chapter 4, you can
scientifically plan an antenna system that will be best
suited for your own particular conditions. Now, however,
you have to get practical. Thinking through and planning
the installation can save a lot of time, money and frustra-
tion. While no one can tell you the exact steps you should
take in developing your own master plan, this section,
prepared originally by Chuck Hutchinson, K8CH, should
help you with some ideas.

WHAT DO YOU REALLY WANT?

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 tradeoffs are possible between
shack equipment and antennas. For example, a high-power
amplifier can compensate for a less than optimum
antenna. By contrast, a better antenna 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 prop-
erty? 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 ini-
tially serve for other frequencies. Later you can add bet-
ter 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 or
quadrille paper (or a simple CAD program) can be very
useful for this purpose. See Fig 21 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.

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 antennas. 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 residential neigh-
borhood is not a good idea (and probably won’t comply
with local ordinances!). You probably will want to locate
that tower in the back yard.

ANALYSIS

Use the information earlier in this chapter and in
Chapters 3 and 23 to analyze antenna patterns in both
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Fig 21—A site map such this one is a useful tool for
planning your antenna installation.

horizontal and vertical planes towards geographic areas
of interest. If you want to work DX, you’ll want anten-
nas that radiate energy at low as well as intermediate
angles. An antenna pattern is greatly affected by the pres-
ence of ground and by the local topography of the ground.
Therefore, be sure to consider what effect ground will
have on the antenna pattern at the height you are consid-
ering. A 70-foot high antenna is approximately /2, 1, 1!/
2 and 2 wavelengths (A) high on 7, 14, 21 and 28 MHz
respectively. Those heights are useful for long-distance
communications. The same 70-foot height represents only
M4 at 3.5 MHz, however. Most of the radiated energy
from a dipole at that height would be concentrated straight
up. This condition is not great for long-distance commu-
nication, but can still be useful for some DX work and
excellent for short-range communications.

Lower heights can be useful for communications.
However, it is generally true that “the higher, the better”
as far as communications effectiveness is concerned. This
general rule of thumb, of course, should be tempered by
an exact analysis of your local terrain. Being located at
the top of a steep hill can mean that you can use lower
tower heights to achieve good coverage.

There may be cases where it is not possible to install
low-frequency dipoles at A/4 or more above the ground.
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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 extremely tall supports are
available, a vertical antenna is likely to be the most use-
ful for DXing. You can then choose the antenna that per-
forms best for a given set of conditions. A low dipole
will generally work better for shorter-range communica-
tions, 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 towers, one
100-feet high, and the other 70-feet high, to support
monoband Yagi antennas. The towers will also support a
horizontal 3.5-MHz dipole, for DX work. On your map
you’ve located them so the 80-meter dipole will be broad-
side to Europe. You decide to build the 70-foot tower with
a “triband” beam and 80- and 40-meter inverted-V
dipoles to begin the project.

In your master plan you design the guys, anchors
and all hardware for the 70-foot tower to support the load
of stacked 4-element 10- and 15-meter monobanders
Yagis. So you make sure you buy a heavy-duty rotator
and the stout mast needed for the monoband antennas
later. Thus you avoid having to buy, and then sell, a
medium-duty rotator and lighter weight tower equipment
later on when you upgrade the station. 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,
so you choose a commercial triband Yagi.

The second step of your plan calls for installing the
second tower and stacking a 2-element 40-meter and a
4-element 20-meter monoband Yagi on it. You also plan
to replace the tribander on the 70-foot tower with stacked
4-element 10- and 15-meter monoband Yagis. Although
this is still a “dream system” you can now apply some of
the modeling techniques discussed earlier in this chapter
to determine the overall system performance.

Modeling Interactions at Your Dream Station

In this analysis we’re going to assume that you have
sufficient real estate to separate the 70- and 100-foot tow-
ers by 150 feet so that you can easily support an 80-meter
dipole between them. We’ll also assume that you want
the 80-meter dipole to have its maximum response at a
heading of 45° into Europe from your location in
Newington, Connecticut. The dipole will also have a lobe
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Fig 22—Layout for two-tower antenna system, at 70
and 100 feet high and 150 feet apart. The 70-foot tower
has a 4-element 10-meter Yagi at 80 feet on a 10-foot
rotating mast and a 4-element 15-meter Yagi at 70 feet.
An 80-meter dipole goes from the 70-foot tower to the
100-foot tower, which holds a 2-element 40-meter Yagi
at 110 feet and a 4-element 20-meter Yagi at 100 feet. In
this figure all the rotatable Yagis are facing the
direction of Europe and the currents on the 15-meter
Yagi are shown. Note the significant amount of current
re-radiated by the nearby 80-meter dipole.

facing 225° towards the USA and New Zealand, making
it a good antenna for both domestic contacts and DX work.

Let’s examine the interactions that occur between the
rotatable Yagis for 10, 15, 20 and 40 meters. See Fig 22,
which purposely exaggerates the magnitude of the currents
on the 4-element 15-meter Yagi mounted at 70 feet. Here,
both sets of Yagis have been rotated so that they are point-
ing into Europe. There is a small amount of current radi-
ated onto the 10-meter antenna but virtually no current is
radiated onto the 40- and 20-meter Yagis. This is good.

However, significant current is radiated onto, and then
re-radiated, by the 80-meter dipole. This undesired current
affects the radiation pattern of the 15-meter antenna, as
shown in Fig 23, which overlays the pattern of the 4-ele-
ment 15-meter Yagi by itself with that of the Yagi interact-
ing with the other antennas. You can see “ripples” in the
azimuthal response of the 15-meter Yagi due to the effects
of the 80-meter dipole’s re-radiation. The magnitude of the
ripples is about 1 dB at worst, so they don’t seriously affect
the forward pattern (into Europe), but the rearward lobes
are degraded somewhat, to just below 20 dB.

Fig 23 also shows the worst-case situation for the
15-meter Yagi. Here, the 15- and 10-meter stack has been
turned clockwise 90°, facing the Caribbean, while the 40-

| Caribbean

Max. Gain = 14.04 dBi Freq. = 21.225 MH:

Fig 23—An overlay of azimuth patterns. The solid line
is the radiation pattern for the 15-meter Yagi all by
itself. The dashed line is the pattern for the 15-meter
Yagi, as affected by all the other antennas. The dotted
line is the pattern for the 15-meter Yagi when it is
pointed toward the Caribbean, with the Yagis on the
100-foot tower pointed toward the 70-foot tower. The
peak response of the 15-meter Yagi has dropped by
about 1.5 dB.

80-m Dipole

100" Tower

70" Tower

Fig 24—The layout and 15-meter currents when the Yagis
on the 100-foot tower are pointed toward the 70-foot
tower. The 15-meter Yagi has been rotated to face the
direction of the 100-foot tower (toward the Caribbean).

and 20-meter Yagis on the 100-foot tower have been
turned counter-clockwise 90° (in the direction of Japan)
to face the 70-foot tower holding the 10/15-meter Yagis.
You can see the layout and the currents in Fig 24. Now
the 40- and 20-meter Yagis re-radiate some 15-meter
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Fig 25—The radiation patterns for the 10-meter Yagi.
The solid line is the 10-meter Yagi by itself. The dashed
line is for the same Yagi, with all other antenna
interactions. The dotted line shows the worst-case
pattern, with the stacked Yagis on the 100-foot tower
facing the 70-foot tower and the 10-meter Yagi pointed
toward the Caribbean. Again, the peak response of the
10-meter Yagi has dropped about 1.5 dB in the worst-
case situation.

energy and reduce the maximum gain by about 1.5 dB.
Note that in this direction the 80-meter dipole no longer
has 15-meter energy radiated onto it by the 15-meter Yagi.

The shape of the patterns will change depending on
whether you specify “current” or “voltage” sources in the
models for the other antennas, since this effectively opens
up or shorts the feed points at the other antennas so far as
15-meter energy is concerned. In practice, this means that
the interaction between antennas will vary somewhat
depending on the length of the feed lines going to each
antenna and whether each feed line is open-circuited or
short-circuited when it is not in use.

You can now see that interactions between various
antennas pointing in different directions can be signifi-
cant in a real-world antenna system. In general, higher-
frequency antennas are affected by re-radiation from
lower-frequency antennas, rather than the other way
around. Thus the presence of a 10- or 15-meter stack does
not affect the 20-meter Yagi at all.

Modeling can also help determine the minimum
stacking distance required between monoband Yagis on
the same rotating mast. In this case, stacking the 10- and
15-meter monobanders 10 feet apart holds down interac-
tion between them so that the pattern and gain of the
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10-meter Yagi is not impacted adversely. Fig 25 demon-
strates this in the European direction, where the patterns
for the 10-meter beam by itself looks very clean com-
pared to the same Yagi separated by 10 feet from the
15-meter Yagi below it. The worst-case situation is point-
ing towards the Caribbean, when the 40- and 20-meter
stack is facing the 70-foot tower. This drops the 10-meter
gain down about 1.5 dB from maximum, indicating sig-
nificant interaction is occurring.

In this situation you might find it best to place the
70-foot tower in the direction closest to the Caribbean if
this direction is very important to you. Doing so will,
however, cause the pattern in the direction of the Far East
to be affected on 10 and 15 meters. You have the model-
ing tools necessary to evaluate various configurations to
achieve whatever is most important to you.

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 circum-
stances, compromise the safety of an antenna installation.
Follow the manufacturer’s recommendations for tower
assembly, installation 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 26. That makes for convenient access to antennas for
adjustments and maintenance without climbing. 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 outperform
a multiband Yagi. In a monoband design the best adjust-
ments can be made for gain, front-to-rear ratio (F/R) and
matching, but only for a single band. In a multiband
design, there are always tradeoffs in these properties for
the ability to operate on more than one band. Neverthe-
less, 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 possibility 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 con-
struction began, and the plans were altered to include a
roof-top tower installation.) For apartment and condo-
minium dwellers, the situation is still far from hopeless.
A later section presents ideas for consideration.
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Fig 26—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.

EXAMPLES

You can follow the procedure previously outlined
to put together modest or very large antenna 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 work-
ing 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 back yard will serve as sup-
ports 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 commercial 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 yardarm
installed at the 60-foot level of the tower, with ends droop-
ing down to form an inverted V. An inverted L for
1.8 MHz starts near ground level and goes up to a similar
yardarm on the opposite side of the tower. The horizon-
tal 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 A/4 vertical will be used
on that band.

Antenna Modeling & System Planning 4-23



Apartment Possibilities

A complete and accurate assessment of antenna types,
antenna placement and feed-line placement is very impor-
tant for the apartment dweller. Among the many possibili-
ties for types are balcony antennas, 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 negoti-
ating with the apartment owner or manager for permis-
sion to install a short mast on the roof of the building.
Coaxial lines and rotator control cables might be routed
through conduit troughs or through ductwork. 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 ama-
teur 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 out
antenna locations such as balconies, eaves, nearby trees,
etc. For example, a simple but effective balcony antenna
is a dangling vertical. Attach a thin 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 conse-

Antennas for

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 ama-
teurs 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-shortened antennas. This section discusses
proven designs and various ways of building and using
them effectively. You will find that modeling antennas
by computer, even compromised “stealth antennas,” can
help you determine the most practical system possible
for your particular circumstances—before you go through
the effort of stringing up wires.

Few compromise antennas are capable of deliver-
ing the performance you can expect from the full-size
variety. But the patient and skillful operator can often do
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quence 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, K7NHYV, 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 sec-
tion of line that went from under the window to a nearby
tree. At the tree, a section of enameled wire was con-
nected 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, Low-Frequency Antennas, and
Chapter 15, Portable Antennas, for ideas about low-fre-
quency and portable antennas that might fit into your
available space. Your options are limited as much by your
imagination and ingenuity as by your pocketbook.
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.

Limited Space

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 vis-
ible antenna can present problems.

When we are confronted with restrictions—self-
imposed or otherwise—we can take advantage of a num-
ber 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.
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Fig 27—The clothesline antenna is more than it
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Fig 28—The “invisible” end-fed antenna.

Many of these systems 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 haz-
ard (physical or electrical) to humans, animals and build-
ings. Safety first!

Clothesline Antenna

Clotheslines are sometimes attached to pulleys
(Fig 27) so that the user can load the line and retrieve the
laundry from a back porch. Laundry lines of this variety
are accepted parts of the neighborhood “scenery,” and
can be used handily as amateur antennas by simply insu-
lating 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 vi-
nyl insulation. A high quality, flexible steel cable
(stranded) is suitable as a substitute if you don’t mind
cleaning it before 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 permanent connection can
be made by connecting the lead-in wire between the pul-

ley and its insulator. An antenna tuner can be used to
match the “invisible” random-length wire to the trans-
mitter 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 ama-
teurs refer to (relatively) long physical spans of conduc-
tor 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 lim-
iting factor with small wire is fragility. A good compro-
mise 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 require frequent
service or replacement.

Fig 28 illustrates how you might install an invisible
end-fed wire. It is important that the insulators 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 adequate for
short-term operation with an invisible antenna, however.

Rain Gutter and TV Antennas

A great number of amateurs have taken advantage
of standard house fixtures when contriving inconspicu-
ous antennas. A very old technique is the use of the gutter
and downspout system on the building. This is shown in
Fig 29, where a lead wire is routed to the operating room

Join All Gutter
Sections with
Wire Jumpers

TV Ribbon

to Antenna
Tuner —

Insert Plastic
Section

Single wire

Down Spout to Antenna Tuner

Fig 29—Rain gutters and TV antenna installations can
be used as inconspicuous Amateur Radio antennas.
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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. 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 downspout sections
must be bonded electrically with straps of braid or flash-
ing 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 downspout about
8 feet above ground to prevent RF shocks or burns to
passersby while the antenna is being used. Improved per-
formance may result if you join the front and back gutters
of the house with a jumper wire to increase the area of
the antenna.

Fig 29 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-Q 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-Q 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-Q line will have to be on TV stand-
off 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. There is
an extensive discussion of loaded verticals and radial sys-
tems in Chapter 6, Low-Frequency Antennas.

Flagpole Antennas

We can exhibit our patriotism and have an invisible
amateur antenna at the same time by disguising our
antenna as shown in Fig 30. 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
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Fig 30—A flagpole antenna.

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 available, a
multiband trap vertical may be concealed inside it. Or
you might use a metal pole and bury a water-tight box at
its base, containing fixed-tuned matching networks for
the bands of interest. The networks could then be selected
remotely by means of relays inside the box. A 30-foot
flagpole would provide good results in this kind of sys-
tem, 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 itself 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.

Other Invisible Antennas

Some amateurs have used the metal fence on apart-
ment verandas as antennas, and have had good results on
the upper HF bands (14, 21 and 28 MHz). We must pre-
sume that the fences were not connected to the steel
framework of the building, but rather were insulated by
the concrete floor to which they were affixed. These ve-
randah fences have also been used effectively as ground
systems (counterpoises) for HF-band vertical antennas
put in place temporarily after dark.

One amateur in New York City uses the fire escape
on his apartment building as a 7-MHz antenna, and he
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 bed-
spring antennas. The idea is by no means absurd. Bed-
springs 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 combina-
tion 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
antenna. 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 communications. 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. Hav-
ing 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:

e 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

e The antenna must function in a lossy RF environment
involving close coupling to electrical wiring, gutter-
ing, plumbing and other parasitic conductors, besides
dielectric losses in such nonconductors as wood, plas-
ter and masonry

e Sometimes the antenna must be made small in terms
of a wavelength

e Usually it cannot be rotated.

These are appreciable handicaps. Nevertheless, glo-
bal communication with an indoor antenna is still pos-
sible, although you must be sure that you are not exposing
anyone in your family or nearby neighbors to excessive
radiation. See Chapter 1, Safety, in this book.

Some practical points in favor of the indoor antenna
include:

e 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).

¢ 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).

e The supporting structure is already in place, eliminat-
ing the need for antenna masts.

e The antenna is readily accessible in all weather condi-
tions, simplifying pruning or tuning, which can be
accomplished without climbing or tilting over a tower.

Empiricism

A typical house or apartment presents such a com-
plex 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 mea-
suring 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 way to know if the
better or worse reports are caused by changing band con-
ditions, different S-meter characteristics or any of several
other factors that could influence the reports received.

Many times the difference between two antennas or
between two different locations for identical antennas
amounts to only a few decibels, a difference that is hard
to discern unless instantaneous switching between the two
is possible. Those few decibels are not important under
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 difference 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 communica-
tions receiver. You can even do a qualitative comparison
by ear, if you can switch antennas instantaneously. Dif-
ferences of less than 2 dB, however, are still hard to dis-
cern. The same is true of S-meters. Signal strength
differences of less than a decibel are usually difficult to
see. If you want to measure 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 neces-
sary. 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 31. Switching by
means of manually connecting and disconnecting coaxial
lines is not recommended because that takes too long.
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Fig 31—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.

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 reason-
ably 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 comparison it will
be necessary to take an average of the difference between
the two antennas. Occasionally, 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 prob-
lems. A ground-wave signal will enable the operator to
properly evaluate the antenna under test in the direction
of the source. The results will be valid for ionospheric-
propagated signals at low elevation angles in that direc-
tion. 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 el-
evation angles, almost up to the zenith. For these angles
a ground-wave test between local stations may not pro-
vide a proper evaluation 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 ele-
ments will usually fail because of close proximity to 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
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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 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 corkscrew shape,
depending on what space is available, but reasonable per-
formance can often be had even with such a non-straight
arrangement. Fig 32 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 aluminum-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 resulting from the large area of its con-
ductor material. If coaxial feed is used, some pruning of
an attic 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, para-
sitic conductors and dielectric loading by nearby wood
structures can affect the impedance. Trap and loaded
dipoles are shorter than the full-sized versions, but are
comparable performers. Trap dipoles are discussed in
Chapter 7, Multiband Antennas, and loaded dipoles in
Chapter 6, Low-Frequency Antennas.

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 exhibit directional effects
at low radiation angles, but you will not be likely to see
much, if any, directivity with an attic-mounted dipole.
Some operators place two dipoles at right angles to each
other with provisions at the operating position for switch-
ing between the two. Their reasoning is the radiation pat-
terns will inevitably be distorted in an unpredictable
manner by nearby parasitic conductors. There will be little
coupling between the dipoles if they are oriented a right
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angles to each other as shown in Figs 33A and 33B. There
will be some coupling with the arrangement shown in
Fig 33C, 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 direc-
tions, 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 quar-
ter 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 ele-
ments in a beam antenna, conductors such as house wir-
ing 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.

Fig 33—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
(El) and center (Cl) insulators are shown.
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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 can-
not 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 conduc-
tors such as metal conduit or water pipes. But it is still
possible, surprising as it may seem, to obstruct RF cur-
rents on such conductors without breaking the metal. The
resonant breaker was first described by Fred Brown,
W6HPH, in Oct 1979 QST.

Fig 34—A “resonant breaker” such as shown here can
be used to obstruct radio-frequency currents in a
conductor without the need to break the conductor
physically. 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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Fig 34 shows a method of accomplishing this. A fig-
ure-eight loop is inductively coupled to the parasitic con-
ductor 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 cur-
rents. 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
coupling 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 cur-
rent flowing in the parasitic conductor, and that you will
therefore benefit from installing one. The relative mag-
nitude of this current can be determined with an RF cur-
rent probe of the type described in Chapter 27, Antenna
and Transmission-Line Measurements. According to the
rule of thumb regarding parasitic conductor current, if it
measures less than '/i0 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 have not considered the full
power-handling capability of an indoor antenna. Any ten-
dency 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 vul-
nerable 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 fabricated. A great
deal of construction information is given in other chap-
ters 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, particu-
larly wire and tubing for elements. Here is still more help-
ful antenna construction information.

END EFFECT

If the standard expression A/2 = 491.8/f (MHz) is used
for the length of a A/2 wire antenna, the antenna will reso-
nate 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, The Effects of
Ground) 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 capaci-
tance to the system. This capacitance helps to tune the
antenna to a slightly lower frequency, in much the same
way that additional capacitance in any tuned circuit low-
ers 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 cur-
rent flowing into the end capacitance. Note that the com-
putations used to create Figs 2 through 7 in Chapter 2,
Antenna Fundamentals, did not take into account any end
effect.

End effect increases with frequency and varies
slightly with different installations. However, at frequen-
cies up to 30 MHz (the frequency range over which wire
antennas are most commonly used), experience shows that
the length of a practical A/2 antenna, including the effect
of diameter and end 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 A/2 wire antenna
can be found from:

- 491.8x0.95 468

f(MHz)  f(MHz) (Eq 1)

Eq 1 is reasonably accurate for finding the physical
length of a A/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. Note that the use
of plastic-insulated wire will typically lower the resonant
frequency of a half-wave dipole about 3%.

INSULATORS

Wire antennas must be insulated at the ends. Com-

Fig 35—Some ideas for homemade antenna insulators.

mercially available insulators are made from ceramic,
glass or plastic. Insulators are available from many Ama-
teur Radio dealers. RadioShack and local hardware stores
are other possible sources. Acceptable homemade insu-
lators may be fashioned from a variety of material
including (but not limited to) acrylic sheet or rod, PVC
tubing, wood, fiberglass rod or even stiff plastic from a
discarded container. Fig 35 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-

Fig 36—Some homemade dipole center insulators. The
one in the center includes a built-in SO-239 connector.
Others are designed for direct connection to the feed
line.
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Fig 37—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.

lator, as shown by the center example in Fig 36, 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 36 and the example in Fig 37.
Although it costs less to connect direct, the use of con-
nectors offers several advantages. Coaxial cable braid
soaks up water like a sponge unless it is very well water-
proofed. 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 useless long before its normal lifetime is up. Many
hams waterproof the coax, first with vinyl electrical tape,
and then using a paint-on material called “PlastiDip,”
which is sold by RadioShack (part number 910-5166 for
the white variety).

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/S0O-239 combination (or connector of your
choice) makes the task of waterproofing connections
much easier. Another advantage to using the PL-259/
S0O-239 combination is that feed-line replacement is much
easier, should that become necessary.

Whether you use coaxial cable, ladder line, or twin
lead to feed your antenna, an often overlooked consider-
ation is the mechanical strength of the connection. Wire
antennas and feed lines tend to move a lot in the breeze, and
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Fig 38—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.



unless the feed line is attached securely, the connection will
weaken with time. The resulting failure can range from a
frustrating intermittent electrical connection to a complete
separation of feed line and antenna. Fig 37 and Fig 38 illus-
trate different ways of attaching either coax or ladder line to
the antenna securely.

When open-wire feed line is used, the conductors
of the line should be anchored to the insulator by thread-
ing them through the eyes of the insulator two or three
times, and twisting the wire back on itself before solder-
ing. A slack tie wire should then be used between the
feeder conductor and the antenna, as shown in Fig 38.
(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 38, the
line should be twisted—at several twists per foot—to pre-
vent stress hardening of the wire because of constant flex-
ing in the wind.

When using plastic-insulated open-wire line, the ten-
dency 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 38. In severe wind areas, it may be necessary to
use Y4-inch thick Plexiglas for the center insulator rather
than thinner material.

RUNNING THE FEED LINE FROM THE
ANTENNA TO THE STATION

Chapter 24, Transmission Lines, contains some gen-
eral guidelines for installing feed lines. More detailed
information is contained in this section. Whenever pos-
sible, the transmission line should be lead away from the
antenna 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 mechanical 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 inter-
vals 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. Many hams run coax cables through
PVC pipe buried in the ground deeper than the frost line

Turnbuckle
For Tightening
Feed Line

Fig 39—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.

and slanted downwards slightly so that water will drain,
rather than pooling inside the length of the pipe.

Solid ribbon or the newer window types of line
should be kept reasonably well spaced from other con-
ductors running parallel to it for more than a few feet.
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 fre-
quent supports to keep the lines from twisting and short-
ing out, as well as to relieve the mechanical strain. One
method of supporting a long horizontal run of heavy open-
wire line is shown in Fig 39. 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 or with black cable ties
(ones not affected by UV radiation from the sun).

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 40), 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 for aesthetic reasons.

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 mea-
surements 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 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 conduc-
tor. Each hole should be insulated with a length of poly-
styrene or Lucite tubing. If available, ceramic tubes
salvaged from old-fashioned knob and tube electrical
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Fig 40—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.

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 lad-
der 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.

Solder

Coax Splice
Connector

Fig 42—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.
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Fig 41—An adjustable window lead-in panel made up of
two sheets of Lucite or Plexiglas. A feedthrough
connector for coax line can be made as shown in Fig 28.
Ceramic feedthrough insulators are suitable for open-
wire line. (W1RVE)

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 arrange-
ment shown in Fig 41. An Amphenol type 83-1F
(UG-363) connector can be used as shown in Fig 42;
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 antenna 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).
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Fig 43—A simple lightning arrester for open-wire line
made from three standoff or feedthrough insulators
and sections of '/s x '/>-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.

The construction of a homemade arrester for open-
wire line is shown in Fig 43. 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 44. Sufficient
insulation should be removed from the line where it
crosses the arrester to permit soldering the arrester con-
necting 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 satisfac-
tory. Copper braid */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/s-inch ground rods driven to a depth of at least 8 feet.
More detailed information on lightning protection is con-
tained in Chapter 1, Safety.

A central grounding panel for coax cables coming
into the house is highly recommended. See Fig 45 for a
photo of the homemade grounding panel installed by
Chuck Hutchinson, K8CH, at his Michigan home. The
coax cables screwed into dual-female feed-through UHF
connectors. K8CH installed this aluminum panel under
the outside grill for a duct that provided combustion air
to an unused fireplace. He used ground strap to connect
to ground rods located under the panel. See the ARRL

Fig 44—The lightning arrester of Fig 39 may be used
with 300-Q 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 arrester

Fig 45—K8CH’s coax entry panel mounted on exterior
wall (later covered by grill that provides combustion to
an unused fireplace). The ground braid goes to a
ground rod located beneath the panel. (Photo courtesy:
Simple and Fun Antennas for Hams)

book Simple and Fun Antennas for more information
about ground panels.

Before a lightning storm approaches, a prudent ham
will disconnect all feed lines, rotor lines and control lines
inside the shack to prevent damage to sensitive electron-
ics. When lightning is crashing about outside, you cer-
tainly don’t want that lightning inside your shack!
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Chapter 5

Loop
Antennas

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 di-
mension 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 A. Small loops are discussed
later in this chapter, and further in Chapter 14, Direction
Finding Antennas.

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 compared with a small loop.

Half-Wave Loops

The smallest size of “large” loop generally used is
one having a conductor length of /> A. The conductor is
usually formed into a square, as shown in Fig 1, making
each side '/s A long. When fed at the center of one side,
the current flows in a closed loop as shown in Fig 1A.
The current distribution is approximately the same as on
a '/2 A wire, and so is maximum at the center of the side
opposite the terminals X-Y, and minimum at the termi-
nals 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 in Fig 1B (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 Q.
The impedance at the terminals in Fig 1A 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 apply-
ing power between terminal X on one loop and terminal Y on
the other.

Unlike a /2 A dipole or a small loop, there is no direc-
tion 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 approximately 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 direction from such a
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Fig 1—Half-wave loops, consisting of a single turn
having a total length of '/ A.
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loop is compared with the field from a !/> A dipole in its
optimum direction.

The ratio of the forward radiation to the backward radia-
tion 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 inductive reactances to “load” the sides
joining the front and back of the loop. This is shown in
Fig 2. The reactances, which should have a value of
approximately 360 €, decrease the current in the sides in
which they are inserted and increase it in the side having
terminals. This increases the directivity and thus increases
the efficiency of the loop as a radiator. Lossy coils can re-
duce this advantage greatly.

One-Wavelength Loops

Loops in which the conductor length is 1 A have dif-
ferent characteristics than'/>-A loops. Three forms of 1 A
loops are shown in Fig 3. At A and B the sides of the
squares are equal to !/s A, the difference being in the point
at which the terminals are inserted. At C the sides of the
triangle are equal to !/3 A. The relative direction of cur-
rent 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 !/2-A sec-
tion 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 either direction in the plane con-
taining the loop. If the three loops shown in Fig 3 are
mounted in a vertical plane with the terminals at the bot-
tom, the radiation is horizontally polarized. When the
terminals are moved to the center of one vertical side in
Fig 3A, 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 ver-
tical and horizontal components.

In contrast to straight-wire antennas, the electrical
length of the circumference of a 1-A loop is shorter than
the actual length. For a loop made of bare #18 wire and
operating at a frequency of 14 MHz, where the ratio of
conductor length to wire diameter is large, the loop will
be close to resonance when

1032
Lengths = ——

fMHZ
The radiation resistance of a resonant 1 A loop is
approximately 120 €, under these conditions. Since the
loop dimensions are larger than those of a !/2-A dipole,
the radiation efficiency is high.
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Fig 2—Inductive loading in the sides of a '/>-A 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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Fig 3—At A and B, loops having sides /s A long, and at
C having sides /s A long (total conductor length 1 A).
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.

In the direction of maximum radiation (that is, broad-
side to the plane of the loop, regardless of the point at
which it is fed) the 1-A loop will show a small gain over
a '/>-A dipole. Theoretically, this gain is about 1 dB, and
measurements have confirmed that it is of this order.

The 1-A loop is more frequently used as an element
of a directive antenna array (the quad and delta-loop
antennas described in Chapter 12, Quad Arrays) 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 vari-
ous 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 receiv-
ing antennas 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 situa-
tions are examined separately in this section. This informa-
tion was written by Domenic M. Mallozzi, NIDM.

The Basic Loop

What is and what is not a small loop antenna? By
definition, the loop is considered to be electrically small
when its total conductor length is less than 0.1 A—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 A long, this is no longer true. This con-
straint 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 cen-
ter of one of the sides, as shown in Fig 5. How its pattern
is developed is easily pictured if we look at some “snap-
shots” of the antenna relative to a signal source. Fig 6
represents a loop from above, and shows the instanta-
neous radiated voltage wave. Note that points A and B of
the loop are receiving the same instantaneous 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
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Fig 4—Calculated small loop antenna radiation pattern.

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

_2nANEcos9

Ve (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

0 = angle between the plane of the loop and the signal
source (transmitting station)

A = wavelength of operation in meters

<0.085A
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Fig 5—Simple untuned small loop antenna.

ANTO132 Transmitter

Fig 6—Example of orientation of loop antenna that does
not respond to a signal source (null in pattern).
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Fig 7—Example of orientation of loop antenna for
maximum response.

This equation comes from a term called effective height.
The effective height refers to the height (length) of a verti-
cal piece of wire above ground that would deliver the same
voltage to the receiver. The equation for effective height is

2N A
h= - (Eq2)

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, even with a large
transmitted 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

2nANEQcos6
- (Eq 3)
where Q is the loaded Q of the tuned circuit, and the 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

V=
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small loop will reduce the strength of the off-frequency sig-
nal by 6 dB (approximately one S unit). This, in effect, in-
creases the dynamic range of the receiver. In fact, if the
off-frequency station were further off frequency, the attenu-
ation 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 work-
ing a DX station to the north, and just 1 kHz away is
another local station engaged in a contact. The local sta-
tion 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 direc-
tions) 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 elimi-
nate local noise interference, such as that from a 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 ra-
tio of winding length to diameter. The equations for find-
ing inductance given in most radio handbooks assume
that the inductor coil is longer than its diameter. How-
ever, F. W. Grover of the US National Bureau of Stan-
dards has provided equations for inductors of common
cross-sectional shapes and small length-to-diameter ra-
tios. (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 equations. The only
matter to consider before calculating this is the value of
distributed capacitance of the loop winding. This capaci-
tance shows up between adjacent turns of the coil be-
cause 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
mathematical analysis of its value is a complex problem.
A simple approximation is given by Medhurst (see Bibli-
ography) as:

C=HD (Eq4)



where
C = distributed capacitance in pF
H = a constant related to the length-to-diameter ratio
of the coil (Table 2 gives H values for length-to-
diameter ratios used in loop antenna work.)
D = diameter of the winding in cm

Medhurst’s work was with coils of round cross
section. For loops of square cross section the distributed
capacitance is given by Bramslev (see Bibliography) as
C =60S (Eq5)
where

C = the distributed capacitance in pF
S = the length of the side in meters

If you convert the length in this equation to centime-
ters, 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 deter-
mining 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 non-
magnetic material (such as copper or aluminum). Its pur-
pose 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 neces-
sary 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 reduc-
ing the pickup of the loop, but this loss is generally off-
set 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 preampli-
fier. One important point regarding the shield is 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

Table 1

Inductance Equations for Short Coils (Loop
Antennas)

Triangle:

L (uH) = 0.006N* s

1.1547sN 1348 (N+ 1) ¢
[In( 547s )+o.65533+w}

N+1)¢ sN
Nt

Square:

L (uH)=0.008N? s
{Inp 4142sN 0.3333(N+1)€}

WJ+O.37942+ SN

Hexagon:
L (uH)=0.012N?s
{In[ 2sN j+0_65533+0.1348(N+1)f}

N+1)7 sN

Octagon:

L (uH)=0.016N?

2.613sN 0.07153(N+1)/

| 751434+ 2L 22T UF

{n[T—W J+O 5143+ N }
where

N = number of turns
s = side length in cm
¢ = coil length in cm

Note: In the case of single-turn coils, the diameter of the
conductor should be used for /.

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 8—At A, the loop is unbalanced by capacitance to
its surroundings. At B, the use of an electrostatic
shield overcomes this effect.
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Fig 9—Distortion in loop pattern resulting from antenna
effect.

making shielded loops. Genaille located his loop wind-
ing 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. DeMaw used flexible coax with
the shield broken at the center of the loop conductor in a
multiturn loop for 1.8 MHz. Goldman uses another shield-
ing 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 main-
tain the balance. It is possible, as Nelson shows, to con-
struct 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 consider-
ation in loop performance because it determines both the
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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 cop-
per conductors may be determined from

0996 x 10° f

Eq 6
1 (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 tak-
ing the reactance of the inductor and dividing it by the ac
resistance. If you are using a multiturn loop and are a per-
fectionist, you might also want to include the loss from con-
ductor 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 con-
sists 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 equiva-
lent 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 ter-
minals, 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 one-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.

Another solution to the problem of load impedance on
loop Q is to use an active preamplifier with a high imped-



ance balanced input and unbalanced output. This method
also has the advantage of amplifying 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 applica-
tions. 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 put 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 fer-
rite-core loop is, by quantity, 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 example, 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 effec-
tive height of an air-core loop antenna is given by Eq 2.
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Fig 10—At 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.

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 fer-
rite 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, W,,4. (In some texts the rod permeability
is referred to as effective permeability, U.¢). This effect
modifies the equation for effective height of a ferrite-core
loop to

h= 27Tl\IAHrod

N (Eq7)

where

h = effective height (length) in meters
N = number of turns in the loop

A = area of loop in square meters

U, = permeability of the ferrite rod
A = wavelength of operation in meters

This obviously is a large increase in “collected” sig-
nal. If the rod permeability were 90, this would be the same
as making the loop area 90 times larger with the same num-
ber 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 very
careful to refer to rod permeability. There is a very impor-
tant reason for this. The permeability that a rod of ferrite
exhibits is a combination of the material permeability or
U, the shape of the rod, and the dimensions of the rod. In
ferrite rods, W is sometimes referred to as initial perme-
ability, W, or toroidal permeability, jL . Because most
amateur ferrite loops are in the form of rods, we will dis-
cuss only this shape.

The reason that u_ , is different from W is a very com-
plex 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 consid-
erable 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 therefore 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 geometric 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
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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
along rod is greatest at the center. On the other hand, if you
require a higher Q than this, it is recommended that you
spread the coil turns along the whole length of the core,
even though this will result 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 | over the length of the rod results in an
adjustmentin the term |, for its so called “free ends” (those
not covered by the winding). This adjustment factor is given
by

, a
1 =Hrod 3\/;

where

(Eq 8)

W = the corrected permeability
a = the length of the core
b = the length of the coil

This value of |’ should be used in place of u ,inEq7
to obtain the most accurate value of effective height.

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

L4 N Aptyg x107°
- /

(Eq9)
where

L = inductance in pH

N = number of turns

A = cross-sectional area of the core in square mm
¢ = magnetic length of core in mm

Experiments indicate that the winding diameter should
be as close to that of the rod diameter as practical in order to
maximize both inductance value and Q. By using all this
information, we may determine the voltage at the loop ter-
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Fig 11—Example of magnetic field lines near a practical
ferrite rod, showing leakage flux.
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minals and its signal-to-noise ratio (SNR). The voltage may
be determined from

2 ANP'QE
V:—HQ (Eq 10)
A
where

V = output voltage across the loop terminals
A =loop area in square meters

N = number of turns in the loop winding

W = corrected rod permeability

Q = loaded Q of the loop

E = RF field strength in volts per meter

A = wavelength of operation in meters

Lankford’s equation for the sensitivity of the loop for
a 10 dB SNR is

1.09x10 A {fLb
E:

ANWYQ

(Eq 11)

where

f = operating frequency in Hz
L = loop inductance in henrys
b = receiver bandwidth in Hz
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Fig 12—Rod permeability, p,.q, versus material
permeability, u, for different rod length-to-diameter
ratios.



Similarly, Belrose gives the SNR of a tuned loop
antenna as

onp 2 56:3NAR E [Qf

Jb L

From this, if the field strength E, [T 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 sensi-
tivity is important because loop antennas are not the most
efficient collectors of signals, but they do offer improve-
ment 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 com-
monly used. Chapter 14 contains information on such
preamplifiers.

The electrostatic shield discussed earlier with refer-
ence to air-core loops can be used effectively with fer-
rite-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.

(Eq 12)

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. Tilt-
ing the loop away from a vertical plane may improve per-
formance under some propagation conditions, to account
for the vertical angle of arrival. Basically, the loop per-
forms as described above only when the signal is arriv-
ing perpendicular 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 polariza-
tion 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 perfor-
mance that at times may become quite noticeable. 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 bal-
anced. This is because the major propagation mode at VLF
is by ground wave. At frequencies in the HF region, a sig-
nificant portion of the signals is propagated by sky wave,
and nulls are often only partial.

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 con-
struction members in the building. Also, a strong local
signal may be reradiated from the surrounding conduc-
tors 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 sensi-
tive 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 “defi-
ciency” 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 suf-
fers the problem of having two nulls that 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 and phase are equal to one of the loop
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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 that 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 that can be rotated without physically turning the
loops themselves. This method was developed by Bellini
and Tosi in 1907 and performs this apparently contradic-
tory feat by use of a special transformer called a goniom-
eter. The goniometer is described in Chapter 14.

Aperiodic 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 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 omnidirectional.

The antenna is omnidirectional because it is purposely
unbalanced, and also because the isolating resistor causes
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the antenna to appear as two closely spaced short mono-
poles. The loop maintains the omnidirectional characteris-
tics 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 commercially 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 directions, 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.

SMALL TRANSMITTING LOOP
ANTENNAS

The electrically small transmitting-loop antenna
involves some different design considerations compared to
receiving loops. Unlike receiving loops, the size limitations
of the antenna are not as clearly defined. For most purposes,
any transmitting loop whose physical circumference is less
than ¥4 A can be considered “small.” In most cases, as a con-
sequence of their relatively large size (when compared to a
receiving loop), transmitting loops have a nonuniform cur-
rent distribution along their circumference. 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

4-Loop Broad
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Fig 13—A single wide-band loop antenna used in an
aperiodic array.
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Fig 14—Block diagram of a four-loop broadside array
with dual beams separated by 60° in azimuth.



Table 3
Transmitting Loop Equations

X, =2nfL ohms
Q f X

__ L
A 2[Rg+RL)

Re =3.12x10°* {M
)\2
Ve =4PX. Q
| - PQ
L=
V X0
where
X_ = inductive reactance, ohms
f = frequency, Hz
Af = bandwidth, Hz
Ry = radiation resistance, ohms
R_ = loss resistance, ohms (see text)
N = number of turns
A = area enclosed by loop, square meters
A = wavelength at operating frequency, meters
V¢ = voltage across capacitor

P = power, watts
I, = resonant circulating current in loop

2
} ohms

loop, the calculation of the transmitting-loop inductance may
be carried out with the equations in Table 1. Avoid equations
for long solenoids found in most texts. Other fundamental
equations for transmitting loops are given in Table 3.

In the March 1968 QOST, Lew McCoy, W1ICP, intro-
duced the so-called “Army Loop” to radio amateurs. This
was an amateur version of a loop designed for portable use
in Southeast Asia by Patterson of the US Army and described
in 1967. The Army Loop is diagrammed in Fig 15A, show-
ing that this is a parallel tuned circuit fed by a tapped-
capacitance impedance-matching network.

The Hart “high-efficiency” loop was introduced in the
June 1986 QST by Ted Hart, W5QIJR. It is shown schemati-
cally in Fig 15B and has the series-tuning capacitor sepa-
rate from the matching network. The Hart matching network
is basically a form of gamma match. Other designs have
used a smaller loop connected to the transmission line to
couple into the larger transmitting loop.

The approximate radiation resistance of a loop in ohms
is given by

2
4 [ NA
Ri =3.12 x10 (X_Zj (Eq 13)

where

N = number of turns
A = area of loop in square meters
A = wavelength of operation in meters
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Fig 15—At A, a simplified diagram of the Army Loop. At B, the W5QJR loop, which is described in more detail later

in this chapter.
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The radiation resistance of a small transmitting loop is
usually very small. For example, a 1-meter diameter, single-
turn circular loop has a radius of 0.5 meters and an enclosed
area of T X 0.52 = 0.785 m2. Operated at 14.0 MHz, the
free-space wavelength is 21.4 meters and this leads to a com-
puted radiation resistance of only 3.12 x 10~4(0.785/21.42)2
= 0.092 Q.

Unfortunately the loop also has losses, both ohmic and
from skin effect. By using this information, the radiation
efficiency of a loop can be calculated from

Ry

" Re +R,

(Eq 14)

where

1 = antenna efficiency, %

RR = radiation resistance, Q

RL = loss resistance, €2, which includes the loop’s con-
ductor loss plus the loss in the series-tuning capacitor.

A simple ratio of Ry versus R shows the effects on
the efficiency, as can be seen from Fig 16. The loss resis-
tance is primarily the ac resistance of the conductor. This
can be calculated from Eq 6. A transmitting loop gener-
ally requires the use of copper conductors of at least
% inch in diameter in order to obtain reasonable efficiency.
Tubing is as useful as a solid conductor because high-
frequency 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.

Note that the Ry term above also includes the effect of
the tuning capacitor’s loss. Normally, the unloaded Q of a
capacitor can be considered to be so high that any loss in
the tuning capacitor can be neglected. For example, a very
high-quality tuning capacitor with no mechanical wiping
contacts, such as a vacuum-variable or a transmitting but-
terfly capacitor, might have an unloaded Q of about 5000.
This implies a series loss resistance of less than about
0.02 Q for a capacitive reactance of 100 Q. This relatively
tiny loss resistance can become significant, however, when
the radiation resistance of the loop is only on the order of
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Fig 16—Effect of ratio of Rg/R_ on loop efficiency.
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0.1 Q! Practical details for curbing capacitor losses are cov-
ered later in this chapter.

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 density around the circumference of each con-
ductor 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 prox-
imity 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% (calcu-
lated by the skin-effect method) actually only has an
efficiency of 3% because of the additional losses intro-
duced by the proximity effect. If you are contemplating
construction 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 voltages as a result of
the large circulating currents found in the high-Q tuned
circuit formed by the antenna. This makes it important
that any fixed 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 consider-
ation 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 conductor!

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 sol-
dered 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 loaded Q, and therefore
limited bandwidth. This type of antenna may require retun-
ing 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 trans-
mitting loop if we consider the improvement that a ferrite
core makes in receiving loops. The use of ferrites in a trans-
mitting loop is still under development. (See the Bibliogra-
phy reference for DeVore and Bohley.)



PRACTICAL COMPACT TRANSMITTING
LOOPS

The ideal small transmitting antenna would have per-
formance 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 is adapted and updated from material written by
Robert T. (Ted) Hart, W5QIJR.

As pointed out above, small antennas are character-
ized by low radiation resistance. For a typical small antenna,
such as a short dipole, loading coils are often added to
achieve resonance. However, the loss inherent in the coils
can result in an antenna with low efficiency. If instead of
coils a large, low-loss capacitor is added to a low-loss con-
ductor 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 rela-
tively high efficiency, compared to its coil-loaded cousin.
In addition, the small loop, when mounted vertically, can
radiate efficiently over the wide range of elevation angles
required on the lower frequency bands. This is because it
has both high-angle and low-angle response. See Fig 17,
which shows the elevation response for a compact transmit-
ting loop only 16.2 inches wide at 14.2 MHz. This loop is
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Fig 17—Elevation-plane plot at 14.2 MHz, showing
response of an 8.5-foot circumference octagonal
copper loop (width of 16.2 inches), compared to a full-
sized A/4 ground-plane vertical with two elevated A/4
radials, the same small loop flipped horizontally at a
height of 30 feet, and lastly, a A/2 flattop dipole also at a
height of 30 feet. Both the A/4 ground-plane vertical and
the vertically polarized loop are elevated 8 feet above
typical ground, with 6 = 5 mS/m and & = 13. The low
vertically polarized loop is surprisingly competitive,
only down about 2.5 dB compared to the far larger
ground plane at low elevation angles. Note that the
vertical loop has both high-angle as well as low-angle
radiation, and hence would be better at working close-
in local stations than the ground-plane vertical, with its
deep nulls at higher angles. The simple flattop dipole,
however, is better than either vertical because of the
poor ground reflection for a vertically polarized
compared to a horizontally polarized signal.

vertically polarized and its bottom is 8 feet above average
ground, which has a conductivity of 5 mS/m and a dielec-
tric constant of 13. For comparison, Fig 17 also shows the
responses of three other reference antennas—the same small
loop flipped sideways at a height of 30 feet to produce hori-
zontal radiation, a full-sized Y-A ground plane antenna
mounted 8 feet above average ground using two tuned radi-
als, and finally a simple ¥2 A flattop dipole mounted 30 feet
above flat ground. The considerably smaller transmitting
loop comes to within 3 dB of the larger %-A vertical at a 10°
elevation angle, and it is far stronger for high elevation angles
because it does not have the null at high elevation angles
that the ground plane has. Of course, this characteristic does
make it more susceptible to strong signals received at high
elevation angles. Incidentally, just in case you were won-
dering, adding more radials to the A/4 ground plane doesn’t
materially improve its performance when mounted at an
8-foot height on 20 meters.

The simple horizontal dipole in Fig 17 would be the
clear winner in any shootout because its horizontally polar-
ized radiation does not suffer as much attenuation at reflec-
tion from ground as does a vertically polarized wave. The
case is not quite so clear-cut, however, for the small loop
mounted horizontally at 30 feet. While it does have increased
gain at medium elevation angles, it may not be worth the
effort needed to mount it on a mast, considering the slight
loss at low angles compared to its twin mounted vertically
only 8 feet above ground.

A physically small antenna like the 16.2-inch-wide
vertically polarized loop does put out an impressive signal
compared to far larger competing antennas. Though some-
what ungainly, it is a substantially better performer than most
mobile whips, for example. The main deficiency in a com-
pact transmitting loop is its narrow bandwidth—it must be
accurately tuned to the operating frequency. The use of a
remote motor drive allows the loop to be tuned over a wide
frequency range.

For example, for fixed-station use, two loops could be
constructed to provide continuous frequency coverage from
3.5 to 30 MHz. A loop with an 8.5 foot circumference,
16 inches wide, could cover 10 through 30 MHz and a loop
with a 20-foot circumference, 72 inches wide, could cover
3.5to 10.1 MHz.

Table 4 presents summary data for various size loop
antennas for the HF amateur bands. Through computer
analysis, the optimum size conductor was determined to be
3/s-inch rigid copper water pipe, considering both perfor-
mance and cost. Performance will be compromised, but only
slightly, if %/s-inch flexible copper tubing is used. This tub-
ing can easily be bent to any desired shape, even a circle.
The rigid */s-inch copper pipe is best used with 45° elbows
to make an octagon.

The loop circumference should be between !/4 and
!/s A at the operating frequency. It will become self-reso-
nant above /4 A, and efficiency drops rapidly below '/s A.
In the frequency ranges shown in Table 4, the high fre-
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Table 4
Design Data for Loops

Loop Circumference =  8.5' (Width = 32.4"), Vertically

Polarized

Frequency, MHz 10.1  14.2 21.2 29.0
Max Gain, dBi -4.47 -1.42 +1.34 +2.97
Max Elevation Angle 40° 30° 22° 90°
Gain, dBi @10° -8.40 -4.61 -0.87 +0.40
Total Capacitance, pF 145 70 29 13
Peak Capacitor kV 23 27 30 30

Loop Circumference = 8.5' (Width = 32.4"), Horizontally
Polarized, @30'

Frequency, MHz 10.1 14.2 21.2 29.0
Max Gain, dBi -3.06 +1.71 +5.43 +6.60
Max Elevation Angle 34° 28° 20° 16°

Gain, dBi @10° -9.25 -3.11 +2.61 +5.34
Total Capacitance, pF 145 70 29 13
Peak Capacitor kV 23 27 30 30
Loop Circumference = 20' (Width = 6'), Vertically
Polarized

Frequency, MHz 3.5 4.0 7.2 10.1
Max Gain, dBi -7.40 -6.07 -1.69 -0.34

Max Elevation Angle 68° 60° 38° 30°

Gain, dBi @10° -11.46 -10.12 -5.27 -3.33
Capacitance, pF 379 286 85 38
Peak Capacitor kV 22 24 26 30

Loop Circumference = 20' (Width = 6'), Horizontally
Polarized, @30’

Frequency, MHz 3.5 4.0 7.2 10.1
Max Gain, dBi -13.32 -10.60 -0.20 +3.20
Max Elevation Angle 42° 42° 38° 34°
Gain, dBi @10° -21.62-18.79 -7.51 -3.22
Capacitance, pF 379 286 85 38
Peak Capacitor kV 22 24 26 30

Loop Circumference = 38' (Width = 11.5'), Vertically
Polarized

Frequency, MHz 3.5 4.0 7.2

Max Gain, dBi -2.93 -2.20 -0.05

Max Elevation Angle 46° 42° 28°

Gain, dBi @10° -6.48 -5.69 -2.80
Capacitance, pF 165 123 29
Peak Capacitor kV 26 27 33

Notes: These loops are octagonal in shape, constructed
with 34-inch copper water pipe and soldered 45° copper
elbows. The gain figures assume a capacitor unloaded
Q¢ = 5000, typical for vacuum-variable type of tuning
capacitor. The bottom of the loop is assumed to be

8 feet high for safety and the ground constants are
“typical” at conductivity = 5 mS/m and dielectric con-
stant = 13. Transmitter power is 1500 W. The voltage
across the tuning capacitor for lower powers goes down

_P_
1500 ° For example, at 100 W

using the 38-foot-circumference loop at 7.2 MHz, the

100
peak voltage would be 33 kV x =8.5kV.
1500

with a multiplier of

quency is tuned with a minimum capacitance of about
29 pF—including stray capacitance.

The low frequency listed in Table 4 is that where the
loop response is down about 10 dB from that of a full-sized
elevated ground plane at low elevation angles suitable for
DX work. Fig 18 shows an overlay at 3.5 MHz of the eleva-
tion responses for two loops: one with an 8.5-foot circum-
ference and one with a 20-foot circumference, together with
the response for a full-sized 80-meter ground plane elevated
8 feet off average ground with 2 tuned radials. The 20-foot
circumference loop holds its own well compared to the full-
sized ground plane.

Controlling Losses

Contrary to earlier reports, adding quarter-wave
ground radials underneath a vertically polarized trans-
mitting loop doesn’t materially increase loop efficiency.
The size of the conductor used for a transmitting loop,
however, does directly affect several interrelated aspects
of loop performance.

5-14 Chapter 5

Data for Table 4 was computed for 34-inch copper
water pipe (nominal OD of 0.9 inch). Note that the effi-
ciency is higher and the Q is lower for loops having a
circumference near '/4 A. Larger pipe size will reduce the
loss resistance, but the Q increases. Therefore the band-
width decreases, and the voltage across the tuning capa-
citor increases. The voltage across the tuning capacitor
for high-power operation can become very impressive,
as shown in Table 4. Rigid 34-inch copper water pipe is a
good electrical compromise and can also help make a
small-diameter loop mechanically sturdy.

The equivalent electrical circuit for the loop is a par-
allel resonant circuit with a very high Q, and therefore a
narrow bandwidth. The efficiency is a function of radia-
tion resistance divided by the sum of the radiation plus
loss resistances. The radiation resistance is much less than
1 Q, so it is necessary to minimize the loss resistance,
which is largely the skin-effect loss of the conductor, as-
suming that the tuning capacitor has very low loss. Poor
construction techniques must be avoided. All joints in the



loop must be brazed or soldered.

However, if the system loss is too low, for example
by using even larger diameter tubing, the Q may become
excessive and the bandwidth may become too narrow for
practical use. These reasons dictate the need for a com-
plete analysis to be performed before proceeding with
the construction of a loop.

There is another source of additional loss in a com-
pleted loop antenna besides the conductor and capacitor
losses. If the loop is mounted near lossy metallic conduc-
tors, the large magnetic field produced will induce currents
into those conductors and be reflected as losses 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 oth-
erwise be relocated.

The Tuning Capacitor

Fig 19 demonstrates the selection of loop size ver-
sus tuning capacitance for any desired operating fre-
quency range for the HF amateur bands. This is for
octagonal-shaped loops using 3%-inch copper water pipe
with 45° copper elbows. For example, a capacitor that
varies from 5 to 50 pF, used with a loop 10 feet in cir-
cumference, tunes from 13 to 27 MHz (represented by
the left dark vertical bar). A 25 to 150-pF capacitor with
a 13.5-foot loop circumference covers the 7 to 14.4-MHz
range, represented by the right vertical bar.

Fig 20 illustrates how the 29-MHz elevation pattern
becomes distorted and rather bulbous-looking for the 10-
foot circumference loop, although the response at low
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Fig 18—Elevation-plane response of three antennas at
3.5 MHz—a 20-foot circumference octagonal copper
loop, a 38-foot circumference copper loop and a full-
sized A/4 ground plane with two elevated radials. The
bottom of each antenna is mounted 8 feet above ground
for safety. The 38-foot circumference loop (which has a
“wingspan” of 11.5 feet) is fairly competitive with the
much large ground-plane, being down only about 4 dB
at low elevation angles. The 20-foot circumference loop
is much more lossy, but with its top only about 14 feet
off the ground is very much of a “stealth” antenna.

elevation angles is still better than that of a full-sized
ground-plane antenna.

Air Variable Capacitors

Special care must be taken with the tuning capacitor if
an air-variable type is used. The use of a split-stator capaci-
tor eliminates the resistance of wiper contacts, resistance
that is inherent in a single-section capacitor. The ends of the
loop are connected to the stators, and the rotor forms the
variable coupling path between the stators. With this arrange-
ment the value of capacitance is divided by two, but the
voltage rating is doubled.
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Fig 19—Frequency tuning range of an octagon-shaped
loop using ¥s-inch copper water pipe, for various values
of tuning capacitance and loop circumference.
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Vertical
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Fig 20—Elevation-plane plot for a 16.2-inch wingspan
octagonal copper loop at 29 MHz, compared to a A/4
ground-plane antenna with two resonant elevated
radials. The gains at low angles are almost identical,
but the loop exhibits more gain at medium and high
elevation angles. Again, the bottom of each antenna is
located 8 feet above ground for safety.
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You must carefully select a variable capacitor for
transmitting-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 at each joint,
and thus degraded loop efficiency. (Earlier transmitting
loops exhibited poor efficiency because capacitors with
wiping contacts were used.)

There are several suitable types of capacitors for this
application. A vacuum variable is an excellent choice, pro-
vided one is selected with an adequate voltage rating.
Unfortunately, those capacitors are very expensive.

WS5QIR used a specially modified air-variable capaci-
tor in his designs. This had up to 340 pF maximum per sec-
tion, with '/s-inch spacing, resulting in 170 pF when both
sections were in series as a butterfly capacitor. Another
alternative is to obtain a large air variable, remove the alu-
minum plates, and replace them with copper or double-sided
PC board material to reduce losses. Connect all plates
together on the rotor and on the stators. Solder copper straps
to the capacitor for soldering to the loop itself.

The spacing between plates in an air-variable capaci-
tor determines the voltage-handling capability, rated at
75,000 V per inch. 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
be = 0.316.

Table 5

KD7S Loop-Tuning Capacitor Parts List for
Nominal 50-pF Capacitor

Qty  Description

2 10-inch length of 3-inch-ID type M copper water
pipe

2 10-inch length of ¥2-inch-ID type M copper water
pipe

1 3-inch length of ¥2-inch-ID type M copper water
pipe

2 Y2-inch, 90° copper elbows

2 %-inch, 90° copper elbows

2 10 x 22-inch piece of 0.005-inch-thick Teflon
sheet plastic

1 12-inch length of #8-32 threaded brass rod

1 #8-32 brass shoulder nut

22 x 5% x Y%-inch ABS plastic sheet (top and
bottom covers)

3 1 x 5% x %-inch ABS plastic sheet (end pieces
and center) brace/guide

2 1 x 22 x %-inch ABS plastic sheet (side rails)

1 50 to 200-rpm gear-head dc motor

1 DPDT center-off toggle switch (up/down control)

2 SPDT microswitches (limit switches)

50 feet 3-conductor control cable

1 Enclosure for control switch
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A Teflon-Insulated Trombone Variable Capacitor

Another type of variable capacitor discussed in the
amateur literature for use with a compact transmitting loop
is the so-called “trombone” type of capacitor. Fig 21 shows
a practical trombone capacitor created by Bill Jones, KD7S,
for Nov 1994 QST. This capacitor uses downward pointing
extensions of the two 3/s-inch OD main conductor copper
pipes, with a Teflon-insulated trombone section made of
!/>-inch ID copper pipe. The trombone telescopes into the
main pipes, driven by a lead screw and a 180-rpm gear-head
motor. Like the butterfly air variable capacitor, the trom-
bone works without lossy wiper contacts. Jones’ capacitor
varied from 12 pF (including strays) to almost 60 pF, mak-
ing it suitable to tune his 3-foot circumference loop from
14 to 30 MHz at the 100-W level.

KD7S used 5-mil (0.005 inch) thick Teflon sheet as an
insulator. Since Teflon is conservatively rated at more than
1 kV per mil of thickness, the voltage breakdown capability
of this capacitor is well in excess of 5 kV. The parts list is
given in Table 5.
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Fig 21—A practical trombone capacitor designed by
Bill Jones, KD7S, for his compact transmitting loop.
This capacitor has a tuning range from 12 to almost
60 pF, and can withstand at least 5 kV peak. The 10-
inch Y2-inch ID tubes are covered with Teflon-sheet
insulation and slide into the 3-inch ID copper pipes.



A short length of plastic tubing connects the threaded
brass rod to the motor. The tubing acts as an insulator and a
flexible coupling to smooth out minor shaft-alignment errors.
The other end of the rod is threaded into a brass nut sol-
dered to the crossbar holding the '/>-inch pipes together.
Jones used a 12-V motor rated at 180 rpm, but it has suffi-
cient torque to work with as little as 4 V applied. Instead of
a sophisticated variable duty-cycle speed control circuit, he
used an LM327 adjustable voltage regulator to vary the
motor-control voltage from 4 to 12 V. Tuning speeds ranged
from 11 seconds per inch at 12 V to 40 seconds per inch at
4 V. The higher speed is necessary to jump from band to
band in a reasonable length of time. The lower speed makes
it easy to fine-tune the capacitor to any desired frequency
within a band.

When building the capacitor, keep in mind that the
smaller tubes must telescope in and out of the larger tubes
with silky smoothness. Any binding will cause erratic tun-
ing. For the same reason, the #8-32 brass threaded rod must
be straight and properly aligned with the brass nut. Take
your time with this part of the project.

Perhaps the easiest way to form the insulator is to pre-
cut a length of Teflon sheet to the proper size. Place a length-
wise strip of double-sided tape on the tube to secure one
end of the Teflon sheet. Begin wrapping the Teflon around
the tube while keeping it as tight as possible. Don’t allow
wrinkles or ridges to form. Secure the other end with an-
other piece of tape. Once both tubes are covered, ensure
they are just short of being a snug fit inside the larger tubes.
Confirm that the insulation completely overlaps the open
end of the small tubes. If not, the capacitor is certain to arc
internally with more than a few watts of power applied to it.

Route the motor wiring inside the antenna pipes to
minimize the amount of metal within the field of the an-
tenna. Bring the wires out next to the coaxial connector. A
three-wire system allows the use of limit switches to restrict
the movement of the trombone section. Be sure to solder
together all metal parts of the capacitor. Use a small pro-
pane torch, a good quality flux and 50/50 solid solder. Do
not use acid-core solder! Clean all parts to be joined with
steel wool prior to coating them with flux.

A Cookie-Sheet and Picture-Frame-Glass
Variable Capacitor

In Vol 2 of The ARRL Antenna Compendium series,
Richard Plasencia, WORPYV, described a clever high-volt-
age variable capacitor he constructed using readily avail-
able materials. See Fig 22, which shows Plasencia’s
homebrew high-voltage variable capacitor, along with the
coil and other parts used in his homemade antenna coupler.
This capacitor could be varied from 16 to 542 pF and tested
at a breakdown of 12,000 V.

The capacitor sits on four PVC pillars and consists of
two 41/2 x 4!/>-inch aluminum plates separated by a piece of
window glass that is 8'/2 x 5'/> inches in size. The lower
plate is epoxied to the glass. The upper plate is free to move

in a wooden track epoxied to the upper surface of the glass.
The motor is reversible and moves the upper capacitor plate
by rotating a threaded rod in a wing nut pinned to a tab on
the capacitor plate. The four pillars are cut from PVC pipe
to insulate the capacitor from the chassis and to elevate it
into alignment with the motor shaft.

WORPV used a piece of 0.063-inch thick single-weight
glass that exhibited a dielectric constant of 8. He removed
the glass from a dime-store picture frame. In time-honored
ham fashion, he improvised his wooden tracks for the up-
per capacitor plate from a single wooden paint stirrer, and
for the capacitor plates, he used aluminum cookie sheets.

The wooden track for the upper plate is made by split-
ting the wooden paint stirrer with a knife into one narrow
and one wide strip. The narrow strip is cemented on top and
overhangs the movable plate, creating a slotted track. Since
the wood is supported by the glass plate, its insulating quali-
ties are of no importance.

The principle of operation is simple. The reversible
motor turns a threaded '/4-inch rod with a pitch of 20 threads
to the inch. This rod engages a wing nut attached to the
movable capacitor plate. Although W@RPV grounded his
capacitor’s movable plate with a braid, an insulator similar
to that used in the trombone capacitor above should be used
to isolate the lead-screw mechanism. Several pieces of braid
made from RG-8 coax shield should be used to connect to
the ends of the compact transmitting loop conductors to form
low-loss connections.

WORPV used a 90-rpm motor from a surplus vending
machine. It moved his variable capacitor plate 4'/> inches,
taking about a minute to travel from one end to the other.
Since he wished to eliminate the complexity and dubious
reliability of limit switches when used outdoors, he moni-
tored the motor’s dc current through two 3 Q, 2W resistors

Fig 22—The picture-frame-glass variable capacitor
design of Richard Plasencia, WGRPV. Two aluminum
plates separated by a piece of glass scavenged from a
picture frame create a variable capacitor that can
withstand 12,000 V, with a variable range from 16 to
542 pF.
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placed in series with each lead of the motor and shunted by
red LEDs at the control box. When the motor stalled by
jamming up against the PVC limit stop or against the inside
of the plastic mounting box, the increased motor current
caused one or the other of the LEDs to light up.

TYPICAL LOOP CONSTRUCTION

After you select the electrical design for your loop
application, you must consider how to mount it and how to
feed it. If you wish to cover only the upper HF bands of 20
through 10 meters, you will probably choose a loop that has
a circumference of about 8.5 feet. You can make a reason-
ably sturdy loop using 1-inch diameter PVC pipe and */s-
inch flexible copper tubing bent into the shape of a circle.
Robert Capon, WA3ULH, did this for a QRP-level trans-
mitting loop described in May 1994 QST. Fig 23 shows a
picture of his loop, with PVC H-frame stand.

Fig 23—Photo of compact transmitting loop designed by
Robert Capon, WA3ULH. This uses a 1-inch PVC H-frame
to support the loop made of flexible */s-inch copper
tubing. The small coupling loop made of RG-8 coax braid
couples the loop to the coax feed line. The tuning
capacitor and drive motor are at the top of the loop,
shown here in the ARRL Laboratory during testing.
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This loop design used a 20-inch long coupling loop
made of RG-8 coax to magnetically couple into the trans-
mitting loop rather than the gamma-match arrangement used
by W5QJR in his loop designs. The coupling loop was fas-
tened to the PVC pipe frame using 2-inch long #8 bolts that
also held the main loop to the mast.

A more rugged loop can be constructed using rigid ¥/4-
inch copper water pipe, as shown in the W5QJR design in
Fig 24. While a round loop is theoretically a bit more effi-
cient, an octagonal shape is much easier to construct. The
values presented in Table 4 are for octagons.

For a given loop circumference, divide the circum-
ference by 8 and cut eight equal-length pieces of %4 inch
copper water pipe. Join the pieces with 45° elbows to
form the octagon. With the loop lying on the ground on
scraps of 2 X 4 lumber, braze or solder all joints.

W5QJR made a box from clear plastic to house his
air-variable capacitor and drive motor at the top of the
loop. The side of the box that mounts to the loop and the
capacitor should be at least %-inch thick, preferably
3/s-inch. The remainder of the box can be !/s-inch plastic
sheet. He mounted the loop to the plastic using !/4-inch
bolts (two on either side of center) after cutting out a
section of pipe 2 inches wide in the center. On the motor
side of the capacitor, he cut the pipe and installed a cop-
per T for the motor wiring.

W5QIJR’s next step was to solder copper straps to the
loop ends and to the capacitor stators, then he remounted the
loop to the plastic. If you insert wood dowels, the pipe will
remain round when you tighten the bolts. Next he installed
the motor drive cable through the loop and connected it to the
motor. Antenna rotator cable is a good choice for this cable.
He completed the plastic box using short pieces of aluminum
angle and small sheet-metal screws to join the pieces.

The loop was then ready to raise to the vertical posi-
tion. Remember, no metal is allowed near the loop. W5QJR
made a pole of 2 X 4-inch lumber with 1 X 4-inch boards on
either side to form an I section. He held the boards together
with !/s-inch bolts, 2 feet apart and tied rope guys to the top.
This made 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. W5QIJR installed a pulley at the top so that his loop
could be raised, supported by rope. He supported the bot-
tom of the loop by tying it to the pole and tied guy ropes to
the sides of the loop to keep it from rotating in the wind. By
moving the anchor points, he could rotate his loop in the
azimuth plane.

WS5QJR used a gamma-matching arrangement made
of flexible !/s-inch copper tubing to couple the loop to the
transmission line. In the center of one leg, he cut the pipe
and installed a copper T. Adjacent to the T, he installed a
mount for the coax connector. He made the mount from
copper strap, which can be obtained by splitting a short piece
of pipe and hammering it flat.

While the loop was in the vertical position he cut a
piece of !/s-inch flexible copper tubing the length of one



ANTO148
Tuning Network

Variable Capacitor Y Coupler

\

Al Motor
L T -

|1
IINEEEEEE IEEEEEEEE |
L e L L

Clear

Plastic

/ :

‘ Matching

L]
\(ioax Connector

Cooper Flexible
Strap Wire

\ 45° Elbow

Typ. 8 Places

Motor Control
Cable

@

Fixed

Capacitor \

Use Double-Sided Printed
Circuit Board Material

Fig 24—Octagonal loop construction details. Table 4 gives loop design data for various frequency ranges.

of the straight sides of the loop. He then flattened one
end and soldered a piece of flexible wire to the other. He
wrapped the tubing with electrical tape for insulation and
connected the flexible wire to the coax connector. He then
installed the tubing against the inside of the loop, held
temporarily in place with tape. He soldered the flat part
to the loop, ending up with a form of gamma match, but
without reactive components. This simple feed provided
better than 1.7:1 SWR over a 2:1 frequency range. For
safety, he installed a good ground rod under the loop and
connected 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 frequency and
rotating the capacitor (by remote control) until signals
peak. The peak will be very sharp because of the high Q
of the loop.

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 maxi-
mum forward signal on an SWR bridge. Adjust the match-
ing network for minimum SWR by bending the matching
line. Normally a small hump in the '/s-inch tubing line,
as shown in Fig 24, 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-Q match.

PERFORMANCE COMPARISON

As previously indicated, a compact transmitting loop can
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. However, a good dipole
would be 240 feet (/> A) in length and at least 120 feet high
(/4 X). A '/a- vertical would be 120 feet tall with a large num-
ber of radials on the ground, each 120 feet in length. The smaller
loop could replace both of those antennas with only a moder-
ate degradation in performance and a requirement for a high-
voltage variable capacitor.

On the higher frequencies, the sam