


Since the first edition in September 1939, radio amateurs and professional engineers have
turned to The ARRL Antenna Book as THE source of current antenna theory and a wealth
of practical how-to construction projects. Use this book to discover even the most basic
antenna designs— wire and loop antennas, verticals, and Yagis—and for advanced antenna
theory and applications. Many of the antennas in this edition benefit directly from advances
in sophisticated computer modeling.

This 21st edition has been extensively revised to include information you can use to build
highly optimized or specialized antennas. The book includes new content on Near Vertical
Incidence Skywave (NVIS) techniques, phased arrays, S-parameters as used in modern
vector network analyzers (VNA), Beverage receiving antennas, mobile “screwdriver” antennas,
ionospheric area-coverage maps, and much...much more.

Fully searchable CD-ROM included!

Bundled with this book is a CD-ROM containing The ARRL Antenna Book in its entirety, using
the popular Adobe® Reader® software for Microsoft® Windows® and Macintosh® systems. View,
search and print from the entire text, including images, photographs, drawings...everything!

The CD-ROM contains additional utility programs, including:

* YW—Yagi for Windows
* TLW—Transmission Line for Windows
* HFTA—HF Terrain Assessment for Windows
» Range-Bearing — compute range/bearing
or latitude/longitude
 Arrayfeedl — designing phased-array
feed systems

ISBN-13: 978-0-87259-987-1
ISBN-10: 0-87259-987-6

54495 >
9 "730872"599871



Editor
R. Dean Straw, N6BV

Contributing Editors
L. B. Cebik, WARNL
Dave Hallidy, K2DH
Dick Jansson, WD4FAB
Roy Lewallen, W7EL
Rudy Severns, N6LF
Frank Witt, AI1H

Production

Michelle Bloom, WB1ENT

Sue Fagan, KB1LOKW—Cover Art
Jodi Morin, KA1JPA

David Pingree, NINAS

Kathy Ford

The Covers:

Antenna
Book

Software Beta Testers
Ahti Aintila, OH2RZ

Alan Bloom, N1AL

L. B. Cebik, WARNL
Loney Duncan, W@GZV
Chuck Hutchinson, K8CH
Steve London, N2IC

Dan Maguire, AC6LA
Steve Miller, N8SM (SK)
Bob Neece, KZKR,
Danny Richardson, KEMHE
Rudy Severns, N6LF

Jim Tabor, KU5S

Bill Tippett, W4zV

Don Toman, K2KQ

Pete Smith, N4ZR

Scott Tuthill, K7ZO

Frank Witt, AI1H.

Tower photo at sunset (front and back): Tower and beam at the station of

Francisco R.F. Aragao, PT2TD, in Brasilia, Brazil.

Center image: Kurt Andress, K7NV, working on 40-meter Yagi at N6RO in

Oakley, CA. Photo by Dean Straw, N6BV.

Upper right image: UHF antenna. Photo credit: ShutterStock.com.

Lower right image: Some of the members of the C5Z contest DXpedition
near Banjul, The Gambia. Photo by Henryk Kotowski, SM@JHF.




Copyright © 2007 by
The ARRL, Inc.

Copyright secured under the Pan-American
Convention

International Copyright secured

This work is publication No. 15 of the Radio
Amateur’s Library, published by the ARRL. All
rights reserved. No part of this work may be
reproduced in any form except by written
permission of the publisher. All rights of
translation are reserved.

Printed in USA

Quedan reservados todos los derechos

21st Edition
First Printing

ISBN: 0-87259-987-6

We strive to produce books without errors. Sometimes mistakes
do occur, however. When we become aware of problems in our
books (other than obvious typographical errors that should not
cause our readers any problems) we post an Adobe Portable
Document Format (PDF) file on ARRLWeb. If you think you have
found an error, please check www.arrl.org/notes
If you don't find a correction there, please let us know, either
using the Feedback Form in the back of this book or by sending
an e-mail to pubsfdbk@arrl.org

for corrections.

‘ upfront.pmd 2

$ 3/20/2007, 2:58 PM



‘ upfront.pmd

Foreword

We are pleased to offer the 21st editionThe ARRL Antenna Boogince the first edition in September 1939, each new
Antenna Boolhas provided more and better information about the fascinating subject of radio antennas. We've sold more than a
million Antenna Book®ver 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—Ilow-frequency antennas.
« LB Cebik, WARNL—Modeling antennas.

« Dick Jansson, WD4FAB—satellite antennas.

» Dave Hallidy, K2DH—EME arrays.

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

In addition, some exceptional software writers have contributed programs and datafutetiea Book

* Roy Lewallen, the author &ZNEGC has created a specBZNEC ARRLprogram, just for thé\ntenna BookEZNEC 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 suppliefirrayfeedl.exea program to design feed systems for phased-arrays.

« Dr Peter Guth and the US Naval Academy have again graciously allowed ARRL to include the \Wisatid=M mapping
program on the CD-ROMVicroDEM can easily and quickly generate customized terrain files faA T terrain-assessment
program, as well as map terrain all around the country using free US topographic data files from the Internet.

« Jim Tabor, NU5S, wrot&eoAlert-ARRLa wonderful freeware program to track propagation trends and to keep tabs on the latest
Internet propagation bulletins.

« Dean Straw, N6BV, editor dfhe ARRL Antenna Bodias updated and upgraded Yiw (Yagi for Windows), TLW (Transmis-
sion Line for Windows) an#iFTA (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 writtenRange-Bearingrrogram 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 Yagi&/for

« 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 dista
lands, these tables will give you plenty of insight on planning contesting or DXing strategies—They can also help ycatset up th
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 appnegiate hear
from you, our readers, about errors or about suggestions on how future editions might be made even more useful to you. A form f
mailing your comments is included at the back of the book, or you can e-maipubstdbk@arrl.org.

David Sumner, K1ZZ
Executive Vice President
Newington, Connecticut
February 2007
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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:

« promotes interest in Amateur Radio communications and experimentation

e 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 journ®ST, as well as newsletters and many publications covering all as-
pects of Amateur Radio. Its headquarters station, W1AW, 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 receiv@®T 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 rgwham@arrl.org
or check outARRLWebat http://www.arrl.org/

vii
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Chapter 1

Safety First

Safety begins with your attitude. If you make it a habit over a tree, make sure you keep everyone away from the
to plan your work carefully and to consider the safety“downrange” area. Hitting one of your helpers with a
aspects of a project before you begin the work, you will berock or fishing sinker is considered not nice, and could
much safer than “Careless Carl,” who just jumps in, pro-end up causing a serious injury.
ceeding in a haphazard manner. Learn to have a positive  Make sure the ends of the antenna are high enough
attitude about safety. Think about the dangers involved witho be out of reach of passers-by. Even when you are trans-
a job before you begin the work. Don’t be the one to saymitting with low power there may be enough voltage at
“l didn’t think it could happen to me.” the ends of your antenna to give someone nasty “RF
Having a good attitude about safety isn’'t enough,burns.” If you have a vertical antenna with its base at
however. You must be knowledgeable about commorground level, build a wooden safety fence around it at
safety guidelines and follow them faithfully. Safety guide- least 4 feet away from it. Do not use metal fence, as this
lines can't possibly cover all the situations you might face will interfere with the proper operation of the antenna.
but if you approach a task with a measure of “commorBe especially certain that your antenna is not close to
sense,” you should be able to work safely. any power wires. That is the only way you can be sure it
This chapter offers some safety guidelines and prowon’t come in contact with them!
tective measures for you and your Amateur Radio station.  Antenna work often requires that one person climb
You should not consider it to be an all-inclusive discus-up on a tower, into a tree or onto the roof of a house.
sion of safety practices, though. Safety considerations wilNever work alone! Work slowly, thinking out each move
affect your choice of materials and assembly procedurebefore you make it. The person on the ladder, tower, tree
when building an antenna. Other chapters of this book willor rooftop should wear a safety belt, and keep it securely
offer further suggestions on safe construction practicesanchored. It is helpful (and safe!) to tie strings or light-
For example, Chapter 22 includes some very importantweight ropes to all tools. If your tools are tied on, you'll
advice on a tower installation. save time getting them back if you drop them, and you'll
greatly reduce the risk of injuring a helper on the ground.
PUTTING UP SIMPLE WIRE ANTENNAS (There are more safety tips for climbing and working on
No matter what type of antenna you choose to erectiowers later in this chapter. Those tips apply to any work
you should remember a few key points about safety. Ithat you must do above the ground to install even the
you are using a slingshot or bow and arrow to get a linesimplest antenna.)

Tower Safety

Working on towers and antennas is dangerous, angour ability to work on your tower and antennas safely,
possibly fatal, if you do not know what you are doing. contact another amateur with experience in this area or
Your tower and antenna can cause serious property danseek professional assistance.
age and personal injury if any part of the installation Chapter 22, Antenna Supports, provides more
should fail. Always use the highest quality materials in detailed guidelines for constructing a tower base and put-
your system. Follow the manufacturer’'s specifications,ting up a tower. It also explains how to properly attach
paying close attention to base pier and guying detailsguy wires and install guy anchors in the ground. These
Do not overload the tower. If you have any doubts aboutare extremely important parts of a tower installation, and
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you should not take shortcuts or use second-rate matef
als. Otherwise the strength and safety of your entir
antenna system may be compromised.

Any mechanical job is easier if you have the right
tools. Tower work is nho exception. In addition to a good
assortment of wrenches, screwdrivers and pliers, you wil
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 jop
until you have assembled all of the necessary tools. Shoft
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

11%

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 shogs
with heavy soles, or better yet, with steel shanks (ste¢l
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 an
all ground-crew members. Good quality leather gloves wilFig 1—Bill Lowry, W1VV, uses a good quality safety belt,
protect hands from injury and keep them warm. They als8 réquirement for working on a tower. The belt should
offer protection and a better grip when you are handlingain large steel loops for the strap snaps. Leather

. o . oops at the rear of the belt are handy for holding tools.
rope. In cooler weather, a pair of gloves with light insula-ppozo py k1114 )
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 propefore each use. If the belt or lanyard (tower strap) are

tection in case something falls from the tower. It is not;r5cked frayed or worn in any way, destroy the dam-
uncommon for the tower climber to drop tools and hard-aged piece and replace it with a new one. You should
ware. A wrench dropped from 100 feet will bury itself yoyer have to wonder if your belt will hold.

several inches in soft ground; imagine what it might do
to an unprotected skull.

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
SAFETY BELT AND CLIMBING the tower. Two buckets, a large one for carrying tools and a
ACCESSORIES smaller one for hardware, make it easier to find things when
Any amateur with a tower must own a high-quality needed. A few extra snap hooks like those on the ends of
safety belt, such as the one showFiig 1. Do not attempt  your belt lanyard are useful for attaching tool bags and equip-
to climb a tower, even a short distance, without a beltment to the tower at convenient spots. These hooks are bet-
The climbing belt is more than just a safety device for thder than using rope and tying knots because in many cases
experienced climber. It is a tool to free up both hands fothey can be hooked and unhooked with one hand.
work. The belt allows the climber to lean back away from Many hams use climbing belts such as shown in
the tower to reach bolts or connections. It also provides &ig 1. But fully integrated fall-arrest and positioning safety
solid surface to lean against to exert greater force wheharnesses are preferable. The model ASL-3(Higr2 has
hoisting antennas into place. a D-ring on the back of the harness to which a safety lan-
A climber must trust his life to his safety belt. For yard is attached. These harnesses are available through
this reason, nothing less than a professional quality, conf=hampion Radio Products, Box 572, Woodinville, WA
mercially made, tested and approved safety belt is accep?8072, www.championradio.com
able. Check the suppliers’ list in Chapter 21, Antenna
Product Suppliers, and ads@8Tfor suppliers of climb- Rope and Pulley
ing belts and accessories. Examine your belt for defects  Every amateur who owns a tower should also own a

1-2 Chapter 1



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

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

Fig 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, p
good quality*/2>-inch diameter manila hemp rope will do
the job, although a thicker rope is stronger and may bge
easier to handle. Some types of polypropylene rope arne
acceptable also; check the manufacturer’s strength ratingp.
Nylon rope is not recommended because it tends to stret¢h
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 wit
a tower section or antenna in mid-air, property damag
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 ifig 3. Use the right size pulley for your
rope. Be sure that the pulley you purchase will not jan
or bind as the rope passes through it.

—J

D

THE GIN POLE

A gin pole, like the one shown Fig 4, is a handy Fig 5—The assembly of tower sections is made simple

device for working with tower sections and masts. ThigVhen a gin pole is used to lift each one into position.

. . . Note that the safety belts of both climbers are fastened
gin pole is designed to clamp onto one leg of Rohn Noy 0w the pole, thereby preventing the strap from

25 or 45 tower. The tubing, which is about 12 feet longglipping over the top section. ( Photo by KIWA )
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has a pulley on one end. The rope is routed through therew should clear the area around the base while some-
tubing and over the pulley. When the gin pole is attachedne climbs the tower to remove any wire antennas or other
to the tower and the tubing extended into place, the ropebjects that might get in the way. The first person to climb
may be used to haul tower sections or the mast into placthe tower should also rig the rope and pulley that will be
Fig 5 shows the basic process. A gin pole can be experused to raise the antenna. The time to prepare the tower
sive for an individual to buy, especially for a one-timeis before the antenna leaves the ground, not after it
tower installation. Some radio clubs own a gin pole forbecomes hopelessly entwined with your 3.5-MHz dipole.
use by their members. Stores that sell tower sections to

amateurs and commercial customers frequently will rent SOME TOWER CLIMBING TIPS

agin pole to erect the tOW_er- If you attempt to make your  The following tower climbing safety tips were com-
own gin pole, use materials heavy enough for the job

. i iled by Tom Willeford, NSETU. The most important
Provide a means for securely clamping the pole to thg

N Th d wh h afety factor in any kind of hazardous endeavor is the
ower. There are many cases on record whereé homema Sht attitude. Safety is important and worthy of careful

gin poles have failed, sending tower sections CraSh'ngonsideration and implementation. The right attitude

down amidst the ground crew. toward safety is a requirement for tower climbers. Lip

When you use a gin polt_a, make every ef_fort to keeFéervice won't do, however; safety must be practiced.
the load as vertical as possible. Although gin poles are The safe ham's safety attitude is simpban’t take

f;:g:‘eﬂ’%?geare asking for trouble if you apply too mUChany unnecessary chancéshere 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:
INSTALLING ANTENNAS ON THE Don't be afraid to terminate an activifglimbing, in this
TOWER case) at any time if things don’t seem to be going well.
All antenna installations are different in some Take time to plan your climb; this time is never
respects. Therefore, thorough planning is the moswasted, and it's the first building block of safety. Talk
important first step in installing any antenna. At thethe climb over with friends who will be helping you.
beginning, before anyone climbs the tower, the whole proSelect the date and alternative dates to do the work.
cess should be thought through. The procedure shouldhoose someone to be responsible for all activities on
be discussed to be sure each crew member understarttie ground and for all communication with the climbers.
what is to be done. Plan how to work out all bugs. ConStudy the structure to be climbed and choose the best
sider what tools and parts must be assembled and whatute to your objective. Plan emergency ascent and de-
items must be taken up the tower. Extra trips up and dowscent paths and methods.
the tower can be avoided by using forethought. Make a list of emergency phone numbers to keep by
Getting ready to raise a beam requires planningyour phone, even though they may never be used. Develop
Done properly, the actual work of getting the antenna int@a plan for rescuing climbers from the structure, should
position can be accomplished quite easily with only ondghat become necessary.
person at the top of the tower. The trick is to let the ground  Give careful thought to how much time you will need
crew do all the work and leave the person on the towetio complete the project. Allow enough time to go up, do
free to guide the antenna into position. the work, and then climb down during daylight hours.
Before the antenna can be hoisted into position, thénclude time for resting during the climb and for com-
tower and the area around it must be prepared. The groupteting 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. Climp-
ing up or down a tower with cold hands and feet is very
difficult—and dangerous.

Give careful consideration to the weather, and climh
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 climbNeverclimb a wet tower.

The person who is going to do the climbing should
be the one to disconnect and tag all sources of power fo
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. (Sqe
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 an
nut size on your tower/antenna installation. Then, whe
you have to go up to make repairs, you'll be able to tak
the minimum number of tools with you to do the job. If
you take too many tools up the tower, there is a muchig 7—Mark Wilson, K1RO, shows the proper way to
greater chance of dropping something, risking injury tcattach a safety hook, with the hook opening facing
the ground crew and possibly damaging the tool. away from the tower. That way the hook can't be

It is also a good idea to review the instruction sheet¢cidentally released by pressing it against a tower leg.
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. save weight. It should fit you comfortably. All moving

It's better to use a rope and pulley to hoist toolsparts, such as snap hooks, should work freely. You should
Climbing is hard work and there’s no sense making iinspect safety belts and harnesses carefully and thoroughly
more difficult by carrying a big load of tools. Always rig before each climb, paying particular attention to stitching,
the pulley and rope so the ground crew raises and loweriarets and weight-bearing mechanical parts.

D~ = &

tools and equipment. Support belt hooks should always be hooked to the D
o ) rings in an outward configuration. That is, the opening part
Climbing Equipment of the hook should face away from the tower when engaged

Equipment is another important safety considerationin the D rings (sed-ig 7). Hooks engaged this way are
By equipment, we don’t just mean tools. We mean safetgasier to unhook deliberately but won't get squeezed open
equipment. Safety equipment should be selected and carby a part of the tower or engage and snag a part of the

for as if your life depends on it—because it does! tower while you are climbing. The engagement of these
The list of safety equipment essential to a safe climiooks should always be checked visually. A snapping hook

and safe work on the tower should include: makes the same sound whether it's engaged or not. Never

1) A first class safety belt, check by sound—Ilook to be sure the hook is engaged prop-

2) Safety glasses, erly before trusting it.

3) Hard hat, Remember that the D rings on the safety belt are for

4) Long-sleeved, pull-over shirt with no buttons or opensupport hook®nly. No tools or lines should be attached to
ings to snag (long sleeves are especially important fahese hooks. Such tools or lines may prevent the proper

climbing wooden poles), engagement of support belt hooks, or they may foul the
5) Long pants without cuffs, hooks. At best, they could prevent the release of the hooks
6) Firm, comfortable, steel-shank shoes with no-slip soleg an emergency. No one should have to disconnect a sup-

and well-defined heels, and port hook to get a tool and then have to reconnect the sup-
7) Gloves that won't restrict finger movement (insulatedport hook before beginning to work again. That's foolish.

gloves if you MUST work in cold weather). Equipment you purchase new is best. Homemade belts

Your safety belt should be approved for use on th@r home-spliced lines are dangerous. Used belts may have
structure you are climbing. Different structures may requiravorn or defective stitching, or other faulepmponents.
different types of safety hooks or straps. The belt shoul8e careful of so-called “bargains” that could cost you your
be light weight, but strength should not be sacrificed tdife.
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Straps, lanyards and lines should be as short as poigjured hand or finger can be a real problem to a climber.
sible. Remember, in general knots reduce the load strength  Before descending, be sure to check all connections
of a line by approximately 50%. and the tightness of all the bolts and nuts that you have

Before actually climbing, check the structure visu-worked with. Have the ground crew use the rope and pul-
ally. Review the route. Check for obstacles, both naturaley to lower your tools. Lighten your load as much as pos-
(like wasp’s nests) and man-made. Check the structurgible. Remember, you're more tired coming down than
supports and add more if necessary. Guy wires can kgoing up. While still hooked on, wiggle your toes and move
obstacles to the climb, but it's better to have too many supa little to get your senses working again. Check your down-
ports than not enough. Check your safety belt, support belgard route and begin to descend slowly and even more
and hooks at the base of the tower. Really test them befogeirely than you went up. Rest is even more important dur-
you need them. Never leave the ground without a safetyng the descent.
belt—even 5 or 10 feet. After all of this, the climb will be The ground captain is the director of all activities
a “cake walk” if you are careful. on the ground, and should be the only one to communi-

Climb slowly and surely. Don’t overreach or overstep.cate with a person on a tower. Hand-held transceivers
Patience and watchfulness is rewarded with good hand arg@én be very helpful for this communication, but no one
foot holds. Take a lesson from rock climbers. Hook on teelse should transmit to the workers on the tower. Even
the tower and rest periodically during the climb. Don’t tryminor confusion or misunderstanding about a move to
to rest by wedging an arm or leg in some joint; to restbe made could be very dangerous.
hook on. Rests provide an opportunity to review the  “Antenna parties” can be lots of fun, but the joking
remainder of the route and to make sure that your safe@nd fooling around should wait until the job is done and
equipment feels good and is working properly. Rest perieveryone is down safely. Save the celebrating until after
ods also help you conserve a margin of energy in case #fie work is completed, even for the ground crew.
difficulty. These are just a few ideas on tower climbing safety;

Finally, keep in mind that the most dangerous parno list can include everything that you might run into.
of working on a tower occurs when you are actually climb-Check Chapter 22 for additional idedsist remembe+
ing. Your safety equipment is not hooked up at this timeyou can’t be too careful when climbingeep safety in
so be extra careful during the ascent or descent. mind while doing antenna work, and help ensure that

You must climb the tower to install or work on an after you have fallefior ham radio, you don’t fafrom
antenna. Nevertheless, any work that can be done on th@m radio.
ground should be done there. If you can do any assembly

or make any adjustments on the ground, that’s where you THE TOWER SHIELD
should do the work! The less time you have to spend on A tower can be legally classified as an “attractive
the tower, the better off you'll be. nuisance” that could cause injuries. You should take some

When you arrive at the work area, hook on to the toweprecautions to ensure that “unauthorized climbers” can't
and review what you have to do. Determine the best Pos(get hurt on your tower. This tower shield was originally
tion to do the work from, disconnect your safety strap anjescribed by Baker Springfield, W4HYY, and Richard

move to that position. Then reconnect your safety strap at|y Wa4VHM, in September 197®ST, and should
a safe spot, away from joints and other obstacles. If yod|iminate the worry.

must move around an obstacle, try to do it while hooked  Generally, the attractive-nuisance doctrine applies to

Don’t overreach—move to the work. ' ~ law is much stricter with regard to your responsibility to
Use the right tool for the task. If you don't have it, 3 invited guest.) You should expect your tower to attract

have the ground crew haul it up. Be patient. Lower toolSghjidren, whether they are already technically trespassing
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 Qf

string or light rope to the tools, and to tie the other end to Panel Bracket Mounting Holes

the tower or some other point so if you do drop a tool, it r1j /\ o
i

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 {%\ f}
balance. It's hard to obtain the extra leverage needed to |, ,,. ]| e 112 >
handle even a small beam when you are holding it far &
from the balance point. Leverage can apply to the climber "7" Bracket Binding Screw Holes

as well as the device being levered. Many slips and
skinned knuckles result from such situations. A severel¥ig 8—Z-bracket component pieces.
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"Panel - Bracket" Mounting
Two 6" Pieces Bound Together ( Screw Holes in This

to Make One "Z" Bracket. Vertical Part.

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.

s

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. Fig 11—Removable handle construction.

or whether the tower itself lures them onto your propertying rungs are selected to position the panel on the tower.)
A tower is dangerous to children, especially because ofhen mark this distance on the panels. Use the same size
their inability to appreciate danger. (What child could resistorass screws and nuts throughout the shield. Bolt the top
trying to climb a tower once they see one?) Because ofertical portion of each Z bracket to the panel. Drill the
this danger, you have a legal duty to exercise reasonabfeounting-screw holes about 1 inch from the end of the Z

care to eliminate the danger or otherwise protect children
against the perils of the attraction.
The tower shield is composed simply of panels tha

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 o
the tower rungs are used. The three types of metals used

for the components of the shield are supposedly rust prog

f
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 alumit
num angle stock. Bolt two of the pieces together to form a
Z bracket (se€igs 8 9 and10). 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 12—
Installed
tower shield.
Note the
holes for
using the
handles.
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brackets so there is an offset clearance between the The completed panels are rather bulky and difficult
Z-bracket binding-screw holes and the panel-bracketo handle. A feature that is useful if the panels have to be
mounting-screw holes. Drill holes in each panel to matchhemoved often for tower climbing or accessibility is a
the Z-bracket holes. pair of removable handles. The removable handles can
The panels are held on the tower by their own weightbe constructed from one threaded rod and eight nuts (see
They are not easy to grasp because they fit snugly betwe&ig 11). Drill two pair of handle holes in the panels a
the tower legs. If you feel a need for added safety againg¢w inches below the top Z bracket and several inches
deliberate removal of the panels, this can be accomplisheabove the bottom Z bracket. For panel placement or
by means of tie wires. Drill a small hole in the panel justremoval, you can hook the handles in these panel holes.
above, just below, and in the center of each Z brackefThe hook, on the top of the handle, fits into the top hole
Run a piece of heavy galvanized wire through the topf each pair of the handle holes. The handle is optional,
hole, around the Z bracket, and then back through theut for the effort required it certainly makes removal and
hole just below the Z bracket. Twist together the two endseplacement much safer and easier.
of the wire. One tie wire should be sufficient for each Fig 12 shows the shield installed on a tower. This
panel, but use two if desired. relatively simple device could prevent an accident.

Electrical Safety

Although the RF, ac and dc voltages in most amabecause it is a part of everyday life. Respect even the
teur stations pose a potentially grave threat to life andowliest power supply in your station.
limb, common sense and knowledge of safety practices = Whenever possible, kill the power and unplug equip-
will help you avoid accidents. Building and operating anment before working on it. Discharge capacitors with an
Amateur Radio station can be, and is for almost all amainsulated screwdriver; don’t assume the bleeder resistors
teurs, a perfectly safe pastime. However, carelessness care 100% reliable. In a power amplifier, always short the
lead to severe injury, or even death. The ideas presentedbe plate cap to ground just to be sure the supply is dis-
here are only guidelines; it would be impossible to covercharged. If you must work on live equipment, keep one
all safety precautions. Remember, there is no substituteand in your pocket. Avoid bodily contact with any
for common sense. grounded object to prevent your body from becoming

A fire extinguisher is a requirement for the well- the return path from a voltage source to ground. Use
equipped amateur station. The fire extinguisher shouldnsulated tools for adjusting or moving any circuitry.
be of the carbon-dioxide type to be effective in electricalNever work alone. Have someone else present; it could
fires. Store it in an easy-to-reach spot and check it at regave your life in an emergency.
ommended intervals.

Family members should know how to turn the power National Electrical Code
off in your station. They should also know how to apply The National Electrical Code® is a comprehensive
artificial respiration. Many community groups offer document that details safety requirements for all types

courses on cardiopulmonary resuscitation (CPR). of electrical installations. In addition to setting safety
standards for house wiring and grounding, the Code also
AC AND DC SAFETY contains a section on Radio and Television Equipment

The primary wiring for your station should be con- — Article 810. Sections C and D specifically cover Ama-
trolled by one master switch, and other members of youteur Transmitting and Receiving Stations. Highlights of
household should know how to kill the power in an emer-the section concerning Amateur Radio stations follow. If
gency. All equipment should be connected to a good/ou are interested in learning more about electrical safety,
ground. All wires carrying power around the stationyou may purchase a copy e National Electrical Code
should be of the proper size for the current to be drawmr The National Electrical Code Handbookdited by
and should be insulated for the voltage level involved Peter Schram, from the National Fire Protection Asso-
Bare wire, open-chassis construction and exposed coriation, Batterymarch Park, Quincy, MA 02269.
nections are an invitation to accidents. Remember that  Antenna installations are covered in some detail in
high-current, low-voltage power sources are just as danthe Code. It specifies minimum conductor sizes for dif-
gerous as high-voltage, low-current sources. Possibly thierent length wire antennas. For hard-drawn copper wire,
most-dangerous voltage source in your station is théhe Code specifies #14 wire for open (unsupported) spans
120-V primary supply; it is a hazard often overlookedless than 150 feet, and #10 for longer spans. Copper-clad
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steel, bronze or other high-strength conductors may bgomething in a piece of equipment should fail and the
#14 for spans less than 150 feet and #12 wire for longethassis or cabinet becomes “hot.” If connected properly,
runs. Lead-in conductors (for open-wire transmission linejhree-wire electrical systems ground the chassis, but older
should be at least as large as those specified for antennagnateur equipment may use the ungrounded two-wire
The Code also says that antenna and lead-in condusystem. A ground system to prevent shock hazards is gen-
tors attached to buildings must be firmly mounted at leasgrally referred to as “dc ground.”
3 inches clear of the surface of the building on nonabsor-  The second job the ground system must perform is
bent insulators. The only exception to this minimum dis-o provide a low-impedance path to ground for any stray
tance is when the lead-in conductors are enclosed in BF current inside the station. Stray RF can cause equip-
“permanently and effectively grounded” metallic shield. ment to malfunction and contributes to RFI problems. This
The exception covers coaxial cable. low-impedance path is usually called “RF ground.” In
According to the Code, lead-in conductors (exceptmost stations, dc ground and RF ground are provided by
those covered by the exception) must enter a buildinghe same system.
through a rigid, noncombustible, nonabsorbent insulating ~ The first step in building a ground system is to bond
tube or bushing, through an opening provided for the purtogether the chassis of all equipment in your station.
pose that provides a clearance of at least 2 inches or througtidinary hookup wire will do for a dc ground, but for a
a drilled window pane. All lead-in conductors to transmit-good RF ground you need a low-impedance conductor.
ting equipment must be arranged so that accidental cof-opper strap, sold as “flashing copper,” is excellent for
tact is difficult. this application, but it may be hard to find. Braid from
Transmitting stations are required to have a means dfoaxial cable is a popular choice; it is readily available,
draining static charges from the antenna system. Amakes a low-impedance conductor, and is flexible.
antenna discharge unit (lightning arrester) must be installed ~ Grounding straps can be run from equipment chas-
on each lead-in conductor (except where the lead-in is preis to equipment chassis, but a more convenient approach
tected by a continuous metallic shield that is permanentlis illustrated inFig 13. In this installation, &/z-inch
and effectively grounded, or the antenna is permanentlgiameter copper water pipe runs the entire length of the
and effectively grounded). An acceptable alternative t@perating bench. A thick braid (from discarded RG-8
lightning arrester installation is a switch that connects the€able) runs from each piece of equipment to a clamp on
lead-in to ground when the transmitter is not in use. the pipe. Copper water pipe is available at most hard-
Grounding conductors are described in detail in thevare stores and home centers. Alternatively, a strip of
Code. Grounding conductors may be made from coppeflashing copper may be run along the rear of the operat-
aluminum, copper-clad steel, bronze or similar erosioning bench.
resistant material. Insulation is not required. The “protec- After the equipment is bonded to a common ground
tive grounding conductor” (main conductor running to thebus, the ground bus must be wired to a good earth ground.
ground rod) must be as large as the antenna lead-in, blihis run should be made with a heavy conductor (braid
not smaller than #10. The “operating grounding conducis a popular choice, again) and should be as short and
tor” (to bond equipment chassisgether) must be at least direct as possible. The earth ground usually takes one of
#14. Grounding conductors must be adequately supporté@o forms.
and arranged so they are not easily damaged. They must In most cases, the best approach is to drive one or
run in as straight a line as practical between the mast ¢nore ground rods into the earth at the point where the
discharge unit and the ground rod. conductor from the station ground bus leaves the house.
The Code also includes some information on safetyrhe best ground rods to use are those available from an
inside the station. All conductors inside the building mustelectrical supply house. These rods are 8 to 10 feet long
be at least 4 inches away from conductors of any lightingnd are made from steel with a heavy copper plating. Do
or signaling circuit except when they are separated fromot depend on shorter, thinly plated rods sold by some
other conductors by conduit or a nonconducting matehome electronics suppliers. These rods begin to rust
rial. Transmitters must be enclosed in metal cabinets, areimost immediately after they are driven into the soil,
the cabinets must be grounded. All metal handles andnd they become worthless within a short time. Good
controls accessible by the operator must be groundedround rods, while more expensive initially, offer long-
Access doors must be fitted with interlocks that will dis-term protection.
connect all potentials above 350 V when the door is If your soil is soft and contains few rocks, an
opened. acceptable alternative to “genuine” ground rod&imch
diameter copper water pipe. A 6- to 8-foot length of this
Ground material offers a good ground, but it may bend while being
An effective ground system is necessary for evenydriven into the earth. Some people have recommended
amateur station. The mission of the ground system is twdhat you make a connection to a water line and run water
fold. First, it reduces the possibility of electrical shock ifdown through the copper pipe so that it forces its own
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Three Wire Grounded Power Outlets Connected

Low Impedance Conductor, Y
to Grounded House Electrical System

as Short as Possible

4
2 = B E EEEE
. . ecurely - - - - - - -
Fig 13—An effective
: Ground Bus
station grc_)und bonds - (172" Copper Pipe)
the chassis of all 2 -5 -2 ,/
equipment together with \
low-impedance conduc- | Hose Clamp
tors and ties into a good \
earth ground. — Braid to Equipment
g Transceiver Transmatch Keyer Antgnna
Switch
Ground&

Rod Operating Position

hole in the ground. There may be a problem with thig

method, however. When the ground dries, it may shrink_ 1o transmitter pevy Coax o Antenna
. . X Transmatch

away from the pipe and not make proper contact with the Bridge

ground rod. This would provide a rather poor ground.

Once the ground rod is installed, clamp the conduc- —

. . . Quarter Wave Radials

tor from the station ground bus to it with a clamp that can ( At Least One For

be tightened securely and will not rust. Copper-plated Bach Band Used)

clamp_s made especially for this purpose are available fro g 14—Here is an alternative to earth ground if the
electrical supply houses, but a stainless-steel hose clangftion is located far from the ground point and RF
will work too. Alternatively, drill several holes through in the station is a problem. Install at least one ~ %/a-
the pipe and bolt the conductor in place. radial for each band used.

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 conductahould still be sure to make a connection to earth ground
from the station ground bus to a convenient cold watefor the ac power wiring. Try this system if you have prob-
pipe, preferably somewhere near the point where the malems with RF in the shack. It may just solve a number of
water supply enters the house. Avoid hot water pipes; thgyroblems for you. Be careful, however, to prevent con-
do not run directly into the earth. The advent of PVC (plastact with the ends of the radials, where there is high-volt-
tic) plumbing makes it mandatory to inspect the cold wateage RF for powers greater than QRP level.
system from your intended ground connection to the main

inlet. PVC is an excellent insulator, so any PVC pipe or Ground Noise
fittings rule out your cold water system for use as a sta- Noise in ground systems can affect sensitive radio
tion ground. equipment. It is usually related to one of three problems:

For some installations, especially those located abov. - .

. . Insufficient ground conductor size,
the first floor, a conventional ground system such as thag Loose ground connections, of
just described will make a fine dc ground but will not pro- '
vide the necessary low-impedance path to ground for ng’.) Ground loops.
The length of the conductor between the ground bus and These matters are treated in precise scientific research
the ultimate ground point becomes a problem. For examplequipment and some industrial instruments by paying
the ground wire may be abo#t (or an odd multiple of attention to certain rules. The ground conductor should be
Y4 ) long on some amateur band.A wire acts as an at least as large as the largest conductor in the primary
impedance inverter from one end to the other. Since theower circuit. Ground conductors should provide a solid
grounded end is at a very low impedance, the equipmepbnnection to both ground and to the equipment being
end will be at a high impedance. The likely result is RFgrounded. Liberal use of lock washers and star washers
hot spots around the station while the transmitter is opeis highly recommended. A loose ground connection is a
ating. A ground system like this may be worse than havingemendous source of noise, particularly in a sensitive
no ground at all. receiving system.

An alternative RF ground system is showirig 14. Ground loops should be avoided at all costs. A short
Connect a system dfs- radials to the station ground discussion of what a ground loop is and how to avoid
bus. Install at least one radial for each band used. Yathem may lead you down the proper path. A ground loop
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is formed when more than one ground current is flowingdriven earth ground or to a cold water system.

in a single conductor. This commonly occurs when Ground noise can affect transmitted as well as
grounds are “daisy-chained” (series linked). The correcteceived signals. With the low audio levels required to
way to ground equipment is to bring all ground conducdrive amateur transmitters, and with the ever-increasing
tors out radially from a common point to either a goodsensitivity of our receivers, correct grounding is critical.

Lightning and EMP Protection

The National Fire Protection Association (NFPA) tion simply by unplugging the ac power cord from the
publishes a booklet calledightning Protection Code outlet, disconnecting the antenna feed line at the rear of
(NFPA no. 78-1983) that should be of interest to radidhe radio, and isolating the radio gear from any other long
amateurs. For information about obtaining a copy of thisnetal conductors. Often it is not practical to completely
booklet, write to the National Fire Protection Associa-disconnect the equipment whenever it is not being used.
tion, Batterymarch Park, Quincy, MA 02269. Two para-Also, there is the danger that a lightning strike several
graphs of particular interest to amateurs are presentediles away could induce a large voltage transient on the
below: power lines or antenna while the radio is in use. You can

“3-26 Antennas. Radio and television masts of metaladd two transient-protection devices to the interconnected
located on a protected building, shall be bonded to theystem, however, that will also closely duplicate the safety
lightning protection system with a main size conductorof the stand-alone configuration.
and fittings. The ac power line and antenna feed line are the two

“3-27 Lightning arresters, protectors or antenna disimportant points that should be outfitted with transient
charge units shall be installed on electric and telephongrotection. This is the minimum basic protection scheme
service entrances and on radio and television antennacommended for all Amateur Radio installations. (For
lead-ins.” fixed installations, consideration should also be given to

The best protection from lightning is to disconnectthe rotator connections—sddg 15.) Hand-held radios
all antennas from equipment and disconnect the equigequipped with a “rubber duck” require no protection at the
ment from the power lines. Ground antenna feed lines tantenna jack. If a larger antenna is used with the hand-
safely bleed off static buildup. Eliminate the possibleheld, however, a protection device should be installed.
paths for lightning strokes. Rotator cables and other con-
trol cables from the antenna location should also be dis- General Considerations
connected during severe electrical storms. Because of the unpredictable energy content of a

In some areas, the probability of lightning surgesnearby lightning strike or other large transient, it is pos-
entering homes via the 120/240-V line may be highsiple for a metal-oxide varistor (MOV) to be subjected to
Lightning produces both electrical and magnetic fieldsan energy surge in excess of its rated capabilities. This may
that vary with distance. These fields can be coupled intgesult in the destruction of the MOV and explosive rupture
power lines and destroy electronic components in equipof the package. These fragments can cause damage to
ment that is miles from where the lightning occurred.nearby components or operators and possibly ignite flam-
Radio equipment can be protected from these surges tfable material. Therefore, the MOV should be physically
some extent by using transient-protective devices. shielded.

A proper ground system is a key factor in achieving
ELECTROMAGMETIC PULSE AND THE protection from lightning and EMP transients. A low-
RADIO AMATEUR impedance ground system should be installed to eliminate

The following material is based on a 4-p@8T transient paths through radio equipment and to provide a
article by Dennis Bodson, W4PWF, that appeared in thgood physical ground for the transient-suppression devices.
August through November 1986 issueQQ&T The series A single-point ground system is recommendédj (16)
was condensed from the National Communications Syso help prevent lightning from getting into the shack on
tem report NCS TIB 85-10. the shields of antenna feed-line coaxes. Many hams use a

An equipment test program demonstrated that moswell-grounded radio-entrance panel mountedsidethe
Amateur Radio installations can be protected from lightshack to ground their coaxes before they enter the house.
ning and electromagnetic pulse (EMP) transients withHig 17 shows an entrance panel at KBCH'’s home in Michi-
a basic protection scheme. Most of the equipment is na@an. All external conductors going to the radio equipment
susceptible to damage when all external cabling ishould enter and exit the station through this panel. Install
removed. You can duplicate this stand-alone configuraall transient-suppression devices direatythe panel. Use

Safety First 1-11



Antenna

Legend: b
P1-P2 — Plug in AC Power
Transient Suppressor

C1-C2 — Coaxial Line RF Transient Antenna —
Suppressor Rotator ﬂ‘r
R1-R2 — Varistor Boxes and
Control Cable Can Be /—)7 \
Shielded Rotator
( ) Control
Coax (RG-8 . .
cl1 r;:‘l Cable Fig 15—Transient
Ground Panel (Bus Bar) #2 Gauge Solid Wire or Solid Strap I Suppr_essmn
Ground Ground Ground Ground Ground tech_nlques
= applied to an
Ham A Coax EE Amateur Radio
Shack Power e AC Power (RG-8) AC station.
(System P2 Power
Ground ) Audio Cable Coax
| | | | Rotator
Antenna Control
Speaker SP::;; Transceiver Matching Roct::::olR %rrr‘\;te Cable
Network
13.8V dc | |
T~ Antenna Matching
mic Q Network Control Cable

the shortest length(s) possible of #6 solid wire to connecttores. A bargain-brand $6 unit may prove to be a poor

the radio equipment case(s) to the ground bus. bargain indeed if it allows a spike to get through to dam-
_ _ age your $2000 computer or $4000 transceiver.
Ac Power-Line Protection You should be careful to find one that carries a

Tests have indicated that household electrical wirsticker indicating that it meets Underwriters Laborato-
ing inherently limits the maximum transient current thatries safety standard UL 1449. This defines the minimum
it will pass to approximately 120 A. Therefore, if pos-level of clamping voltage beyond which a surge protec-
sible, the amateur station should be installed away frortor will “fire” to protect the device connected to its out-
the house ac entrance panel and breaker box to takat. The UL 1149 limitis 330 V ac. Prices for brand-name
advantage of these limiting effects. units from Tripp Lite, APC or Curtis vary from about

Ac power-line protection can be provided with easy-$30 to $80, depending on how many ac sockets they have
to-install, plug-in transient protectors. Ten such deviceaind the number of indicator lights and switched/
were tested for the article series in 1986. The plug-inunswitched sockets. A brand-name device is well worth
strip units are the best overall choice for a typical amathe small additional cost over the bargain-basement units.
teur installation. They provide the protection needed, A transient suppressor requires a 3-wire outlet; the
they're simple to install and can be easily moved to otheoutlet should be tested to ensure all wires are properly
operating locations with the equipment. connected. In older houses, an ac ground may have to be

In their tests, NCS found that the model that pro-nstalled by a qualified electrician. The ac ground must
vided transient paths to ground from the hot and neutrdle available for the plug-in transient suppressor to func-
lines (common mode) as well as the transient path betweeion properly. The ac ground of the receptacle should be
the hot and neutral lines (normal mode) performed besattached to the station ground bus, and the plug-in
The best model used three MOVs and a 3-electrode gaseceptacle should be installed on the ground panel behind
discharge-tube arrester to provide fast operation and lardhe radio equipment.
power dissipation capabilities. This unit was tested
repeatedly and operated without failure. Emergency Power Generators

The flood of low-cost computers in the 1990s spawned = Emergency power generators provide two major tran-
a host of surge protection devices designed to limit transient-protection advantages. First, the station is discon-
sient voltage spikes coming from the ac line and alsmected from the commercial ac power system. This isolates
through the telephone line into a modem connected to the radio equipment from a major source of damaging tran-
computer. Many of these devices are well-designed and caients. Second, tests have shown that the emergency power
be relied upon to provide the protection they claim. generator may not be susceptible to EMP transients.

You can, however, easily find a variety of really low- When the radio equipment is plugged directly into
cost bargain strips at flea markets and discount hardwatbe generator outlets, transient protection may not be
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needed. If an extension cord or household wiring is usednission line because it provides a certain amount of tran-
transient protection should be employed. sient surge protection for the equipment to which it is
An emergency power generator should be wired intattached. The outer conductor shields the center conduc-
the household circuit only by a qualified electrician. Whentor from the transient field. Also, the cable limits the
properly connected, a switch is used to disconnect themaximum conducted transient voltage on the center by
commercial ac power source from the house lines beforarcing the differential voltage from the center conductor
the generator is connected to them. This keeps the geto the grounded cable shield.
erator output from feeding back into the commercial By providing a path to ground ahead of the radio
power system. If this is not done, death or injury toequipment, the gear can be protected from the large cur-
unsuspecting linemen can result. rents impressed upon the antenna system by lightning and
) _ EMP. A single protection device installed at the radio
Feed-Line Protection antenna jack will protect the radio, but not the transmis-
Coaxial cable is recommended for use as the transion 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 be attached to a grounded UHF receptacle that will serve
inner conductors are located behind the panel. A spark- as a hold-down bracket. This creates a conductive path
gap protector is also used on the two open-wire feeder between the outer shield of the protector and the bus bar.

insulators mounted on the Plexiglas sheet behind the

; The Polyphaser device can be mounted directly to the
aluminum panel.

bus bar with the bracket provided.

Attach the transceiver or antenna matching network
to the grounded protector with a short (6 foot or less)
sient protector must be installed between the antenna apéece of coaxial cable. Although the cable provides a
the transmission line. (See Fig 15). ground path to the bus bar from the radio equipment, it is

RF transient protection devices from several manunot a satisfactory transient-protection ground path for the
facturers were tested (sdable 1) using RG-8 cable transceiver. Another ground should be installed between
equipped with UHF connectors. All of the devices showrthe transceiver case and the ground bus using solid #6
can be installed in a coaxial transmission line. Recall thatire. The coaxial cable shield should be grounded to the
during the tests the RG-8 cable acted like a suppressantenna tower leg at the tower base. Each tower leg should
damaging EMP energy arced from the center conductdrave an earth ground connection and be connected to the
to the cable shield when the voltage level approachesingle-point ground system as shown in Fig 16.

5.5 kV.

Low price and a low clamping-voltage rating must Antenna Rotators
be considered in the selection of an RF transient-protec- Antenna rotators can be protected by plugging the
tion device. The lower cost devices have the higher clamgontrol box into a protected ac power source and adding
ing voltages, however, and the higher-cost devices haygotection to the control lines to the antenna rotator. When
the lower clamping voltages. Because of this, mediumthe control lines are in a shielded cable, the shield must
priced devices manufactured by Fischer Custom Conbe grounded at both ends. MOVs of the proper size should
munications were selected for testing. The Fischebe installed at both ends of the control cable. At the sta-
Spikeguard Suppressors ($55 price class) for coaxial lingtgn end, terminate the control cable in a small metal box
can be made to order to operate at a specific clampirntpat is connected to the station ground bus. Attach MOVs
voltage. The Fischer devices satisfactorily suppressed tlieom each conductor to ground inside the box. At the
damaging transient pulses, passed the transmitter Rfatenna end of the control cable, place the MOVs inside
output power without interfering with the signal, andthe rotator case or in a small metal box that is properly
operated effectively over a wide frequency range. grounded.

Polyphaser Corporation devices are also effective  For example, the Alliance HD73 antenna rotator uses
in providing the necessary transient protection. Thea 6-conductor unshielded control cable with a maximum
devices available limited the transmitter RF output powecontrol voltage of 24.7 V dc. Select an MOV with a clamp-
to 100 W or less, however. These units cost approximatelyg voltage level 10% higher (27 V or more) so the MOV
$83 each. won't clamp the control signal to ground. If the control

RF coaxial protectors should be mounted on the staroltage is ac, be sure to convert the RMS voltage value to
tion ground bus bar. If the Fischer device is used, it shoulpeak voltage when considering the clamping voltage level.
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Mobile Power Supply Protection installed on the vehicle chassis between the antenna and

The mobile amateur station environment exposeéhe radio’s antenna connector.
radio equipment to other transient hazards in addition to A Fischer suppressor can be attached to a UHF
those of lightning and EMP. Currents as high as 300 Aeceptacle that is mounted on, and grounded to, the
are switched when starting the engine, and this can pr(y_ehicle chassis. The Polyphaser protector can be mounted
duce Vo|tage Spikes of over 200 V on the vehicle’s e|econ, and grounded to, the vehicle chassis with its flange.
trical system. Lightning and EMP are not likely to impactuse a shgrt length of coaxial cable between the radio and
the vehicle’s electrical system as much as they would thdp€ transient suppressor.
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 ~ When selecting any EMP-protection device to be used
vehicle is parked against a grounded metal conductor. TH the antenna port of a radio, several items must be con-
mobile radio system has two advantages over a fixegidered. These include transmitter RF power output, the
installation: Lightning is almost never a problem, and the>WR, and the operating frequency. The protection device
vehicle battery is a natural surge suppressor. must allow the outgoing RF signal to pass without clamp-

Mobile radio equipment should be installed in a Waying. A cIa_mping vpltage calculation must be made for each
that takes advantage of the protection provided by th@mateur installation. -
battery. Se€ig 18. To do this, connect the positive power The RF-power input to a transmission line develops a
lead of the radio directly to the positive battery post, noforresponding voltage that becomes important when a volt-
to intermediate points in the electrical system such as trge-surge arrester is in the line. SWR is important because of
fuse box or the auxiliary contacts on the ignition switch [t influence on the voltage level. The maximum voltage
To prevent equipment damage or fire, in-line fuses shouldeveloped for a given power input is determined by:
be installed in the positive lead where they are attached
to the battery post. V /2 uP uZ uSWR (Eq 1)

An MOV should be installed between the two leads
of the equipment power cord. A GE MOV (V36ZA80) is Where
recommended for this application. This MOV provides
the lowest measured clamping voltage (170 V) and is low
in cost.

Clamping Voltage Calculation

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

Mobile Antenna Installation Eq 1 should be used to determine the peak voltage
Although tests indicate that mobile radios can surpresent across the transmission line. Because the RF tran-
vive an EMP transient without protection for the antennasient-protection devices use gas-discharge tubes, the volt-
system, protection from lightning transients is still age level at which they clamp is not fixed; a safety margin
required. A coaxial-line transient suppressor should benust be added to the calculated peak voltage. This is done

Install Fuses Metal—Oxide Varistor
In Both Leads (Keep Leads as Short
as Possible)

Coaxial Cable

Positive Lead

Battery Clamps
with Binding Posts

Quick—Disconnect
Connector

N

Coaxial
Transient
Suppressor
Mounted to
Chassis

Battery

Radio
Equipment

Positive Lead to \— 4—///,/7
Vehicle's Electrical Chassis

System

Fig 18—Recommended method of connecting mobile radio equipment to the vehicle battery and antenna.

Safety First 1-15



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- 5
mitter while providing the lowest practical clamping volt- 7 Mylar
age for the suppression device. This ensures the maximum Gonductive
possible protection for the radio system. Tape
Here’'s how to determine the clamping voltage
required. Let's assume the SWR is 1.5:1. The power outEig 19—Pictorial diagram of an inexpensive, homemade
put of the transceiver is 100 W PEP. RG/8 coaxial cabl&" ¢0ax transient protector.
has an impedance of 52 Therefore:

Gas Gaps

UHF
Coaxial T

P=100W
Z=52
SWR = 1.5 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
pproximately 100 MHz. This silence would be caused
part by damage to unprotected radio gear from the EMP

Substituting these values into Eq 1:

V /2 U100 u52 ul.5 124.89V peak

Note that the voltage, V, is the peak value at the pea

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

transient. Transmissions from one direction, the direc-
tion of the nuclear blast, would be completely out. RF
¥ignal loss by absorption and attenuation by the nuclear

. fireball are the reasons for this.

The cost of a two-point basic protection scheme is

estimated to be $100 for each fixed amateur station. Thi§0 o

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 ca
assemble. They performed flawlessly in the tests.

means of another simple device. As showfriigp 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 spar

gaps. One lead is bent forward and forced between the spli)
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 (metal3)
lic) tape is wrapped around the assembly. This construc-
tion method proved durable enough to allow many4)
insertions and removals of the device during testing. Esti-

mated cost of this assembly is $9. Similar devices can bg)
built using components from Joslyn, General Electric,

General Semiconductor &@emens. 6)

Summary 7)

Amateurs should be aware of which components in
their radio system are most likely to be damaged by EMP8)
They should also know how to repair the damaged equip-
ment. Amateurs should know how to reestablish commu9)
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After an EMP event, the amateur should be prepared
perate 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
Nower ground-wave frequencies should be useful for long-
distance communications immediately after an EMP
Yvent. Line-of-sight VHF would be of value for local
communications.

What can be done to increase the survivability of an

mateur Radio station? Here are some suggestions:

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.
Keep equipment turned off and antenna and power
lines disconnected when the equipment is not in use.
Connect only those external conductors necessary for
the current mode of operation.

Tie all fixed equipment to a single-point earth ground
to prevent closed loops through the ground.

Obtain schematic diagrams of your equipment and
tools for repair of the equipment.

Have spare parts on hand for sensitive components
of the radio equipment and antenna system.

Learn how to repair or replace the sensitive compo-
nents of the radio equipment.

Use nonmetallic guy lines and antenna structural
parts where possible.

Obtain an emergency power source and operate from



it during periods of increased world political tension. conductors attached to the equipment and antenna.
The power source should be completely isolated fronll4) Retain tube type equipment and spare components;
the commercial power lines. keep them in good working order.

10) Equipment power cords should be disconnected wheh5) Do not rely on a microprocessor to control the sta-
the gear is idle. Or the circuit breaker for the line tion after an EMP event. Be able to operate without
feeding the equipment should be kept in tver microprocessor control.
position when the station is off the air.

11) Disconnect the antenna lead-in when the station is The recommendations contained in this section were
off the air. Or use a grounding antenna switch anddeveloped with low cost in mind; they are not intended
keep it in thecrRouND position when the equipment to cover all possible combinations of equipment and

is not in use. installation methods found in the amateur community.
12) Have a spare antenna and transmission line on hammateurs should examine their own requirements and use
to replace a damaged antenna system. this report as a guideline in providing protection for the

13) Install EMP surge arresters and filters on all primaryequipment.

RF Radiation and Electromagnetic Field Safety

Amateur Radio is basically a safe activity. In recenthigh power densities, EMR poses certain health hazards.
years, however, there has been considerable discussitirhas been known since the early days of radio that RF
and concern about the possible hazards of electromagnergy can cause injuries by heating body tissue. (Any-
netic radiation (EMR), including both RF energy andone who has ever touched an improperly grounded radio
power-frequency (50-60 Hz) electromagnetic (EM) fields.chassis or energized antenna and receive®Rrburn
FCC regulations set limits on the maximum permissiblewill agree that this type of injury can be quite painful.) In
exposure (MPE) allowed from the operation of radioextreme cases, RF-induced heating in the eye can result
transmitters. These regulations do not take the place of cataract formation, and can even cause blindness.
RF-safety practices, however. This section deals with thExcessive RF heating of the reproductive organs can cause
topic of RF safety. sterility. Other health problems also can result from RF

This section was prepared by members of the ARRIlheating. These heat-related health hazards are ¢hded
RF Safety Committee and coordinated by Dr Robert Emal effects A microwave oven is a positive application
Gold, WB@KIZ. It summarizes what is now known and of this thermal effect.
offers safety precautions based on the research to date. There also have been observations of changes in

All life on Earth has adapted to survive in an envi-physiological function in the presence of RF energy lev-
ronment of weak, natural, low-frequency electromagnetiels that are too low to cause heating. These functions
fields (in addition to the Earth’s static geomagnetic field).return to normal when the field is removed. Although
Natural low-frequency EM fields come from two main research is ongoing, no harmful health consequences have
sources: the sun, and thunderstorm activity. But in the lagieen linked to these changes.

100 years, man-made fields at much higher intensities and  In addition to the ongoing research, much else has
with a very different spectral distribution have altered thisbheen done to address this issue. For example, FCC regu-
natural EM background in ways that are not yet fullylations set limits on exposure from radio transmitters. The
understood. Researchers continue to look at the effects frfistitute of Electrical and Electronics Engineers, the
RF exposure over a wide range of frequencies and leveldmerican National Standards Institute and the National

Both RF and 60-Hz fields are classifiedramion-  Council for Radiation Protection and Measurement,
izing radiation,because the frequency is too low for thereamong others, have recommended voluntary guidelines
to be enough photon energy to ionize atoneniging  to limit human exposure to RF energy. The ARRL has
radiation, such as X-rays, gamma rays and even somestablished the RF Safety Committee, consisting of con-
ultraviolet radiation has enough energy to knock eleceerned medical doctors and scientists, serving voluntar-
trons loose from their atoms. When this happens, posilty to monitor scientific research in the fields and to
tive and negative ions are formed.) Still, at sufficientlyrecommend safe practices for radio amateurs.
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THERMAL EFFECTS OF RF ENERGY cause and effect, nor do they postulate mechanisms of
Body tissues that are subjectedviery highlevels disease. Instead, epidemiologists look for associations

of RF energy may suffer serious heat damage. Thes(etWeen an environmental factor and an observed pat-
effects depend on the frequency of the energy, the powdf™ of iliness. For example, in the earliest research on

density of the RF field that strikes the body and factorgnalaria, epider_niolog_ists_observed the associ_ation
such as the polarization of the wave. between populations with high prevalence of the disease

At frequencies near the body’s natural resonant fre<_';1nd the proximity of mosquito infested swamplands. It

quency, RF energy is absorbed more efficiently, and aly@S left to the biological and medical scientists to isolate
increase in heating occurs. In adults, this frequency usyl® (cj)_rgamsm c%usc;ng .rfnalsrla in the bloo_d of t.ho_;e with
ally is about 35 MHz if the person is grounded, and aboutlhe_ |seas?, and identify the same organisms in the mos-
70 MHz if insulated from the ground. Individual body quito population.

parts may be resonant at different frequencies. The adul%. dln the ckase of gt?ermbalteﬁects, some Stl:d'éiﬂr;avﬁ:den'
head, for example, is resonant around 400 MHz, while E Ied a weak association between exposure to M- athome
r at work and various malignant conditions including

baby’ ller head t 700 MHz. Body siz® ! /
aby's smater head resonates near 2. 50dy Sléyukema and brain cancer. A larger number of equally well

thus determines the frequency at which most RF ener ianed and ; d studi h h found
is absorbed. As the frequency is moved farther from resg-o> 9N€C and performed studies, Nowever, have found no

: - association. A risk ratio of between 1.5 and 2.0 has been
nance, less RF heating generally occ&ecific absorp- . - )
. ' : . observed in positive studies (the number of observed cases
tion rate (SAR)s a term that describes the rate at which . . . ) .
. o of malignancy being 1.5 to 2.0 times the “expected” num-
RF energy is absorbed in tissue.

Maximum permissible exposure (MPE) limits are ber in the population). Epidemiologists generally regard a

based on whole-body SAR values, with additional safet;?'.Sk.rat'O of 4.0 or greater to be indicative of a strong asso
: . “ciation between the cause and effect under study. For
factors included as part of the standards and regulations, )
. . o .. .example, men who smoke one pack of cigarettes per day
This helps explain why these safe exposure limits vary with

frequency. The MPE limits define the maximum electricmcrease their risk for lung cancer tenfold compared to non-

. . mokers, and twi k r incr he risk to mor
and magnetic field strengths or the plane-wave equivale smokers, and two packs per day increases the risk to more

ower densities associated with these fields, that a ersghan 25 times the nonsmokers' risk.
P ' P Epidemiological research by itself is rarely conclu-

may be exposed to without harmful effect—and with an_. h Epi ol Vi ifies health i
acceptable safety factor. The regulations assume thatSIVe’ owever. Epidemiology only identifies health pat

. "“8rns in groups—it does not ordinarily determine their
person exposed to a specified (safe) MPE level also W'Iiause. And there are often confounding factors: Most of
experience a safe SAR.

us are exposed to many different environmental hazards

Nevgrtheless, thermal effects'of RF energy should nqlqat may affect our health in various ways. Moreover, not
be a major concern for most radio amateurs', becagse 8li studies of persons likely to be exposed to high levels
the power levels we normally use and the |nterm|tten5 EMR have yielded the same results.
nature. of most _amateur transm@smns. Amateurs spen There also has been considerable laboratory research
more t',me, listening than transmitting, and many amateup .t the biological effects of EMR in recent years. For
transmlsspns such as CW and SSB use IOVV'dUty'cyc@xample, some separate studies have indicated that even
modes. (W|th FMor RTTY, though., the RF is present CONtairly low levels of EMR might alter the human body’s
tinuously at |t§ maximum Ievgl during each transm_'ss'on')circadian thythms, affect the manner in which T lympho-
In any event, itis rare for radio amateurs to be subjected t&tes function in the immune system and alter the nature
RF fields strong enough to produce thermal effects, unlesgt yhe ejectrical and chemical signals communicated
they are close to an energized antenna or un- shielded POWgE, ,gh the cell membrane and between cells, among other
amplifier. Specific suggestions for avoiding excessiveyings. Although these studies are intriguing, they do not
exposure are offered later in this chapter. demonstrate any effect of these low-level fields on the over-

all organism.
ATHERMAL EFFECTS OF EMR Much of this research has focused on low-frequency

Research about possible health effects resultinghagnetic fields, or on RF fields that are keyed, pulsed or
from exposure to the lower level energy fields, themodulated at a low audio frequency (often below 100 Hz).
athermal effects, has been of two basic types: epidemi@everal studies suggested that humans and animals can
logical research and laboratory research. adapt to the presence of a steady RF carrier more readily

Scientists conduct laboratory research into biologithan to an intermittent, keyed or modulated energy source.
cal mechanisms by which EMR may affect animals The results of studies in this area, plus speculations
including humans. Epidemiologists look at the health pateoncerning the effect of various types of modulation, were
terns of large groups of people using statistical methodsind have remained somewhat controversial. None of the
These epidemiological studies have been inconclusiveesearch to date has demonstrated that low-level EMR
By their basic design, these studies do not demonstratauses 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 Readers may want to follow this topic as further
research to examine the health consequences of expossteidies are reported. Amateurs should be aware that
to EMF, the American Physical Society (a national groupexposure to RF and ELF (60 Hz) electromagnetic fields
of highly respected scientists) issued a statement in Maat all power levels and frequencies has not been fully stud-
1995 based on its review of available data pertaining teed under all circumstances. “Prudent avoidance” of any
the possible connections of cancer to 60-Hz EMF expoavoidable EMR is always a good idea. Prudent avoid-
sure. This report is exhaustive and should be reviewednce doesn’t mean that amateurs should be fearful of
by anyone with a serious interest in the field. Among itsusing their equipment. Most amateur operations are well
general conclusions were the following: within the MPE limits. If any risk does exist, it will almost
1. The scientific literature and the reports of reviews bysurely fall well down on the list of causes that may be

other panels show no consistent, significant linkharmful to your health (on the other end of the list from

between cancer and power line fields. your automobile). It does mean, however, that hams
2. No plausible biophysical mechanisms for the systemshould be aware of the potential for exposure from their

atic initiation or promotion of cancer by these stations, and take whatever reasonable steps they can take

extremely weak 60-Hz fields has been identified.  to minimize their own exposure and the exposure of those
3. While it is impossible to prove that no deleterious healtlaround them.

effects occur from exposure to any environmental fac-

tor, it is necessary to demonstrate a consistent, sig- Safe Exposure Levels
nificant, and causal relationship before one can How much EM energy is safe? Scientists and regu-
conclude that such effects do occur. lators have devoted a great deal of effort to deciding upon

In a report dated October 31, 1996, a committee ofafe RF-exposure limits. This is a very complex prob-
the National Research Council of the National Academyem, involving difficult public health and economic con-
of Sciences has concluded that no clear, convincing evsiderations. The recommended safe levels have been
dence exists to show that residential exposures to elecevised downward several times over the years —and not
tric and magnetic fields (EMFs) are a threat to humarall scientific bodies agree on this question even today.
health. An Institute of Electrical and Electronics Engineers

A National Cancer Institute epidemiological study (IEEE) standard for recommended EM exposure limits
of residential exposure to magnetic fields and acute lymwas published in 1991 (see Bibliography). It replaced a
phoblastic leukemia in children was published inNlesv =~ 1982 American National Standards Institute (ANSI) stan-
England Journal of Medicinen July 1997. The exhaus- dard. In the new standard, most of the permitted expo-
tive, seven-year study concludes that if there is any linlsure levels were revised downward (made more stringent),
at all, it is far too weak to be concerned about. 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 (8897.13,
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 (897.311 [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 81.1310) 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
" someone else do the
g.g:gbo (15;32/1‘ i'gg/f 238831‘2)* g evaluation, it is not
: : difficult for hams to
30-300 61.4 0.163 1.0 6 evaluate their own
300-1500 — — f/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 dist ; i
Range Strength Strength (mW/cm?) (minutes) Istances for specilic
(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

u37.7 mWicm?

relationships: Py = |Eygql? / 3770 mW/cm?2 or from P, |Hwta||2

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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Categorical Exemptions

Table B—Power Thresholds for Routine Some types of amateur stations do not need to be

Evaluation of Amateur Radio Stations evaluated, but these stations must still comply with the
Wavelength Ev aluation Required if MPE I_imits. The statio_n licensee remains rgsponsible for
Band Power* (watts) Exceeds: ensuring that the station meets these requirements.

MF ) The FCC has exempted the_se stations from the e\_/alua-
160 m 500 tion requirement because their output power, operating

mode and frequency are such that they are presumed to

HF be in compliance with the rules.

80m 500 Stations using power equal to or less than the levels in

75 m 500 Table B do not have to be evaluated. For the 100-W HF

40m 500 ham station, for example, an evaluation would be required

30 m 425 only on 12 and 10 meters.

20m 225 Hand-held radios and vehicle-mounted mobile radios

17 m 125 that operate using a push-to-talk (PTT) button are also

15 m 100 categorically exempt from performing the routine evalua-

12 m 75 tion. Repeater stations that use less than 500 W ERP or

10 m 50 those with antennas not mounted on buildings, if the
antenna is at least 10 meters off the ground, also do not

VHE (all bands) 50 need to be evaluated.

70 UHF 70 Correcting Problems

33 gm 150 Most hams are already in compliance with the MPE

23 om 200 _requirements. Some amateurs, es_pecially those using

13 om 250 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

SHF (all bands) 250 adjustments to their station or operation to be in compli-

ance.
EHF (all bands) 250 The FCC permits amateurs considerable flexibility in
complying with these regulations. As an example, hams can
Repeater stations  non-building-mounted antennas: adjust their operating frequency, mode or power to comply
(all bands) height above ground level with the MPE limits. They can also adjust their operating
to lowest point of antenna habits or control the direction their antenna is pointing.
<10 m and power > 500 W ERP .
building-mounted antennas: More Information
power > 500 W ERP This discussion offers only an overview of this topic;
*Transmitter power = Peak-envelope power input to additional information can be found in RF Exposure and
antenna. For repeater stations only, power exclusion 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.

based on ERP (effective radiated power).

dard was adopted by ANSI in 1992. fields. Basically, the lowest E-field exposure limits occur
The IEEE standard recommends frequency-dependeat frequencies between 30 and 300 MHz. The lowest H-
and time-dependent maximum permissible exposure levield exposure levels occur at 100-300 MHz. The ANSI
els. Unlike earlier versions of the standard, the 1991 stastandard sets the maximum E-field limits between 30 and
dard recommends different RF exposure limits in controlle®@00 MHz at a power density of 1 mW/gif61.4 V/m) in
environments (that is, where energy levels can be acceontrolled environments—but at one-fifth that level
rately determined and everyone on the premises is awa(@.2 mW/cnt or 27.5 V/m) in uncontrolled environments.
of the presence of EM fields) and in uncontrolled environThe H-field limit drops to 1 mW/ci(0.163 A/m) at 100-
ments (where energy levels are not known or where peopB0 MHz in controlled environments and 0.2 mW#cm
may not be aware of the presence of EM fields). FCC regy0.0728 A/m) in uncontrolled environments. Higher power
lations also include controlled/occupational and uncondensities are permitted at frequencies below 30 MHz
trolled/general population exposure environments. (below 100 MHz for H fields) and above 300 MHz, based
The graph irFig 20 depicts the 1991 IEEE standard. on the concept that the body will not lEsonant at those
It is necessarily a complex graph, because the standarfisquencies and will therefore absorb less energy.
differ not only for controlled and uncontrolled environ- In general, the 1991 IEEE standard requires averag-
ments but also for electric (E) fields and magnetic (Hing the power level over time periods ranging from 6 to
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30 minutes for power-density calculations, depending onors to their shacks who have a pacemaker. Because of this,
the frequency and other variables. The ANSI exposurand similar concerns regarding other sources of electro-
limits for uncontrolled environments are lower than thosemagnetic fields, pacemaker manufacturers apply design
for controlled environments, but to compensate for thamethods that for the most part shield the pacemaker cir-
the standard allows exposure levels in those environmentsiitry from even relatively high EM field strengths.
to be averaged over much longer time periods (generally It is recommended that any amateur who has a pace-
30 minutes). This long averaging time means that amnaker, or is being considered for one, discuss this matter
intermittently operating RF source (such as an Amateuwith his or her physician. The physician will probably
Radio transmitter) will show a much lower power den-put the amateur into contact with the technical represen-
sity than a continuous-duty station—for a given powertative of the pacemaker manufacturer. These representa-
level and antenna configuration. tives are generally excellent resources, and may have data
Time averaging is based on the concept that thérom laboratory or “in the field” studies with specific
human body can withstand a greater rate of body heatinghodel pacemakers.
(and thus, a higher level of RF energy) for a short time One study examined the function of a modern (dual
than for a longer period. Time averaging may not bechamber) pacemaker in and around an Amateur Radio
appropriate, however, when considering nonthermal effectstation. The pacemaker generator has circuits that receive
of RF energy. and process electrical signals produced by the heart, and
The IEEE standard excludes any transmitter with aralso generate electrical signals that stimulate (pace) the
output below 7 W because such low-power transmittersieart. In one series of experiments, the pacemaker was
would not be able to produce significant whole-body heatconnected to a heart simulator. The system was placed
ing. (Recent studies show that hand-held transceiversn top of the cabinet of a 1-kW HF linear amplifier dur-
often produce power densities in excess of the IEEE staring SSB and CW operation. In another test, the system
dard within the head.) was placed in close proximity to several 1 to 5-W 2-meter
There is disagreement within the scientific commu-hand-held transceivers. The test pacemaker was connected
nity about these RF exposure guidelines. The IEEE stane the heart simulator in a third test, and then placed on
dard is still intended primarily to deal with thermal effects,the ground 9 meters below and 5 meters in front of a
not exposure to energy at lower levels. A small but sigthree-element Yagi HF antenna. No interference with
nificant number of researchers now believe athermapacemaker function was observed in these experiments.
effects also should be taken into consideration. Several  Although the possibility of interference cannot be
European countries and localities in the United States hauentirely ruled out by these few observations, these tests
adopted stricter standards than the recently updated IEEfpresent more severe exposure to EM fields than would
standard. ordinarily be encountered by an amateur—with an aver-
Another national body in the United States, theage amount of common sense. Of course, prudence dic-
National Council for Radiation Protection and Measure-tates that amateurs with pacemakers, who use hand-held
ment (NCRP), also has adopted recommended exposukHF transceivers, keep the antenna as far as possible from
guidelines. NCRP urges a limit of 0.2 mW£&for non-  the site of the implanted pacemaker generator. They also
occupational exposure in the 30-300 MHz range. Theshould use the lowest transmitter output required for
NCRP guideline differs from IEEE in two notable ways: It adequate communication. For high power HF transmis-
takes into account the effects of modulation on an RFsion, the antenna should be as far as possible from the
carrier, and it does not exempt transmitters with output®perating position, and all equipment should be properly

below 7 W. grounded.
The FCC MPE regulations are based on parts of the
1992 IEEE/ANSI standard and recommendations of the Low-Frequency Fields
National Council for Radiation Protection and Measure- Although the FCC doesn’t regulate 60-Hz fields,

ment (NCRP). The MPE limits under the regulations aresome recent concern about EMR has focused on low-
slightly different than the IEEE/ANSI limits. Note that the frequency energy rather than RF. Amateur Radio equip-
MPE levels apply to the FCC rules put into effect for radioment can be a significant source of low-frequency mag-
amateurs on January 1, 1998. These MPE requirements detic fields, although there are many other sources of this
not reflect and include all the assumptions and exclusionkind of energy in the typical home. Magnetic fields can

of the IEEE/ANSI standard. be measured relatively accurately with inexpensive 60-Hz
) meters that are made by several manufacturers.
Cardiac Pacemakers and RF Safety Table 2 shows typical magnetic field intensities of

Itis a widely held belief that cardiac pacemakers mayAmateur Radio equipment and various household items.
be adversely affected in their function by exposure to elecBecause these fields dissipate rapidly with distance, “pru-
tromagnetic fields. Amateurs with pacemakers may asklent avoidance” would mean staying perhaps 12 to
whether their operating might endanger themselves or visit8 inches away from most Amateur Radio equipment (and
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24 inches from power supplies with 1-kW RF amplifiers).

Determining RF Power Density

Table 3
Typical RF Field Strengths Near Amateur Radio

Unfortunately, determining the power density of the Antennas
RF fields generated by an amateur station is not as simpke sampling of values as measured by the Federal
as measuring low-frequency magnetic fields. AlthoughCommunications Commission and Environmental Protec-

sophisticated instruments can be used to measure R
power densities quite accurately, they are costly and\"tenna Type Freq
require frequent recalibration. Most amateurs don’t have
access to such equipment, and the inexpensive fiel

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
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)

'pn Agency, 1990

Power E Field
(MHz) (W) (V/m) Location
CPipole in attic 14.15 100 7-100 In home
Discone in attic 146.5 250 10-27 In home
Half sloper 21.5 1000 50 1 m from
base
Dipole at 7-13 ft 7.14 120  8-150 1-2 m from
earth
Vertical 3.8 800 180 0.5 m from
base
5-element Yagi 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 10 m
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 meae the model so laboriously crafted may not be representa-
suring RF power density. tive of the actual situation, by the time it is running on the

Table 3shows a sampling of measurements made atomputer.

Amateur Radio stations by the Federal Communications Intensely elevated but localized fields often can be
Commission and the Environmental Protection Agencydetected by professional measuring instruments. These
in 1990. As this table indicates, a good antenna welthot spots” are often found near wiring in the shack, and
removed from inhabited areas poses no hazard under ametal objects such as antenna masts or equipment cabi-
of the IEEE/ANSI guidelines. However, the FCC/EPA nets. But even with the best instrumentation, these mea-
survey also indicates that amateurs must be careful abostirements also may be misleading in the near field.
using indoor or attic-mounted antennas, mobile anten-  One need not make precise measurements or model
nas, low directional arrays or any other antenna that ithe exact antenna system, however, to develop some idea
close to inhabited areas, especially when moderate to higif the relative fields around an antenna. Computer mod-
power is used. eling using close approximations of the geometry and

Ideally, before using any antenna that is in closepower input of the antenna will generally suffice. Those
proximity to an inhabited area, you should measure th&vho are familiar withtMININEC can estimate their power
RF power density. If that is not feasible, the next bestlensities by computer modeling, and those who have
option is make the installation as safe as possible bgccess to professional power-density meters can make
observing the safety suggestions listedable 4. useful measurements.

It also is possible, of course, to calculate the prob-  While our primary concern is ordinarily the inten-
able power density near an antenna using simple equaity of the signal radiated by an antenna, we also should
tions. Such calculations have many pitfalls. For one, mostmember that there are other potential energy sources to
of the situations where the power density would be higtbe considered. You also can be exposed to RF radiation
enough to be of concern are in the near field. In the neatirectly from a power amplifier if it is operated without
field, ground interactions and other variables produceroper shielding. Transmission lines also may radiate a
power densities that cannot be determined by simple aritlsignificant amount of energy under some conditions. Poor
metic. In the far field, conditions become easier to premicrowave waveguide joints or improperly assembled

dict with simple calculations. connectors are another source of incidental radiation.
The boundary between the near field and the far field _
depends on the wavelength of the transmitted signal and Further RF Exposure Suggestions

the physical size and configuration of the antenna. The  Potential exposure situations should be taken seri-
boundary between the near field and the far field of amusly. Based on the FCC/EPA measurements and other
antenna can be as much as several wavelengths from ttata, the “RF awareness” guidelines of Table 4 were
antenna. developed by the ARRL RF Safety Committee. A longer
Computer antenna-modeling programs are anotherersion of these guidelines, along with a complete list of
approach you can usBIININEC or other codes derived references, appeared in@ST article by Ivan Shulman,
from NEC (Numerical Electromagnetics Code) are suit-MD, WC2S (“Is Amateur Radio Hazardous to Our
able for estimating RF magnetic and electric fields aroundHealth?”QST, Oct 1989, pp 31-34). For more informa-

amateur antenna systems. tion or background, see the list of RF Safety References
These models have limitations. Ground interactionsn the next section.
must be considered in estimating near-field power densi-  In addition, the ARRL has published a bodki

ties, and the “correct ground” must be modeled. ComputeExposure and Yquhat is helping hams comply with the
modeling is generally not sophisticated enough to predideCC’s RF-exposure regulations. The ARRL also main-
“hot spots” in the near field—places where the field intentains an RF-exposure news page on its Web site. See
sity may be far higher than would be expected, due tavww.arrl.org/news/rfsafety. This site contains reprints
reflections from nearby objects. In addition, “nearbyof selectedQSTarticles on RF exposure and links to the
objects” often change or vary with weather or the seasosCC and other useful sites.
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Chapter 2

Antenna
Fundamentals

Antennas belong to a class of devices caltads- a loudspeaker, which will then convert it into electrical
ducers This term is derived from two Latin words, mean- energy. When used in this manner, the loudspeaker has
ing literally “to lead across” or “to transfer.” Thus, a become a microphone. The loudspeaker/microphone thus
transducer is a device that transfers, or converts, energxhibits the principle ofeciprocity, derived from the Latin
from one form to another. The purpose of an antenna iword meaning to move back and forth.
to convert radio-frequency electric currenetectromag- Now, let’s look more closely at that special trans-
netic waveswhich are themadiatedinto space. [For more ducer we call arantenna When fed by a transmitter
details on the properties of electromagnetic waves themwith RF current (usually through a transmission line), the
selves, see Chapter 23, Radio Wave Propagation.] antenna launches electromagnetic waves, which are propa-

We cannot directly see or hear, taste or touch elecgated through space. This is similar to the way sound
tromagnetic waves, so it's not surprising that the proceswaves are propagated through the air by a loudspeaker. In
by which they are launched into space from our antennathe next town, or perhaps on a distant continent, a similar
can be a little mystifying, especially to a newcomer. Intransducer (that is, a receiving antenna) intercepts some
everyday life we come across many types of transducersf these electromagnetic waves and converts them into
although we don't always recognize them as such. A comelectrical current for a receiver to amplify and detect.
parison with a type of transducer that you can actually see In the same fashion that a loudspeaker can act as a
and touch may be useful. You are no doubt familiar with anicrophone, a radio antenna also follows the principle
loudspeakerlt converts audio-frequency electric current of reciprocity. In other words, an antenna can transmit as
from the output of your radio or stereo into acoustic preswell as receive signals. However, unlike the loudspeaker,
sure waves, also known sgund waveslhe sound waves an antenna does not requirmadium such as air, through
are propagated through the air to your ears, where theyhich it radiates electromagnetic waves. Electromagnetic
are converted into what you perceive as sound. waves can be propagated through air, the vacuum of outer

We normally think of a loudspeaker as something thatspace or the near vacuum of the upper ionosphere. This
converts electrical energy into sound energy, but we coulds the miracle of radio—electromagnetic waves can propa-
just as well turn things around and apply sound energy tgate without a physical medium.

Essential Characteristics of Antennas

What other things make an antenna different fromvelocity of a wave in free space is the speed of light, and
an ordinary electronic circuit? In ordinary circuits, the the wavelength is thus:
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 freqy 2997925u0° metergsec 2997925 (Eq 1)
space traveled during one complete cycle of a wave. The f hertz f MHz
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where qers: the Greek letter lambda, is the free-space  In this chapter on fundamentals, we won't directly

wavelength in meters. deal with mutual impedance, considering it as a side effect
Expressed in feet, Eq 1 becomes: of nearby conductors. Instead, here we’ll concentrate on
simple antennas in free space, away from ground and any

9835712 . 9836 other conductors. Mutual impedance will be considered

®et iz | VA2 (Ed 2) in detail in Chapter 11, HF Yagi Arrays, where it is essen-

tial for proper operation of these beam antennas.

When circuit dimensions are small compared fo
most of the electromagnetic energy is confined to the cir- Self Impedance
cuit itself, and is used up either performing useful work The current that flows into an antenna’s feed point
or is converted into heat. However, when the dimensionsiust be supplied at a finite voltage. The self impedance of
of wiring or components become significant comparedhe antenna is simply equal to the voltage applied to its
with the wavelength, some of the energy escapes by réeed point divided by the current flowing into the feed
diation in the form of electromagnetic waves. point. Where the current and voltage are exactly in phase,

Antennas come in an enormous, even bewilderingthe impedance is purely resistive, with zero reactive com-
assortment of shapes and sizes. This chapter on fundamgronent. For this case the antenna is terrasdnant (Ama-
tals will deal with the theory of simple forms of antennasgeurs often use the term “resonant” rather loosely, usually
usually infree spaceaway from the influence of ground. meaning “nearly resonant” or “close-to resonant.”)
Subsequent chapters will concentrate on more exotic or spe- Please recognize that an anteme#d not be reso-
cialized antenna types. Chapter 3 deals with the complicatewntin order to be an effective radiator. There is in fact
subject of the effect of ground, including the effect of un-nothing magic about having a resonant antenna, provided
even local terrain. Ground has a profound influence on howf course that you can devise some efficient means to
an antenna performs in the real world. feed the antenna. Many amateurs use non-resonant (even

No matter what form an antenna takes, simple orandom-length) antennas fed with open-wire transmis-
complex, its electrical performance can be characterizesion lines and antenna tuners. They radiate signals just
according to the following important properties: 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 sagstemin which
all losses should be kept to a minimum. See Chapter 24,
Transmission Lines, for details on transmission-line loss

FEED-POINT IMPEDANCE as a function of impedance mismatch.

The first major characteristic defining an antenna is Except at the one frequency where it is truly reso-
its feed-point impedanceSince we amateurs are free tonant, the current in an antenna is at a different phase
choose our operating frequencies within assigned bandspmpared to the applied voltage. In other words, the
we need to consider how the feed-point impedance of antenna exhibits a feed-poimpedancenot just a pure
particular antenna varies with frequency, within a particuresistance. The feed-point impedance is composed of
lar band, or even in several different bands if we intend teither capacitive or inductive reactance in series with a

1. Feed-point Impedance
2. Directivity, Gain and Efficiency
3. Polarization

use one antenna on multiple bands. resistance.
There are two forms of impedance associated with o )
any antennaself impedancend mutual impedanceAs Radiation Resistance

you might expect, self impedance is what you measure at The power supplied to an antenna is dissipated in
the feed-point terminals of an antenna located completelyvo ways: radiation of electromagnetic waves, and heat
away from the influence of any other conductors. losses in the wire and nearby dielectrics. The radiated

Mutual, or coupled, impedance is due to the parasitipower is what we want, the useful part, but it represents
effect of nearby conductors; that is, conductors located form of “loss” just as much as the power used in heat-
within the antenna’s reactive near field. (The subject ofng the wire or nearby dielectrics is a loss. In either case,
fields around an antenna will be discussed in detail laterthe dissipated power is equal &Rl In the case of heat
This includes the effect of ground, which is a lossy conlosses, R is a real resistance. In the case of radiation,
ductor, but a conductor nonetheless. Mutual impedance tsowever, R is a “virtual” resistance, which, if replaced
defined using Ohm’s Law, just like self impedance. How-with an actual resistor of the same value, would dissi-
ever, mutual impedance is the ratio of voltage in one corpate the power actually radiated from the antenna. This
ductor, divided by the current in another (coupled)resistance is called thmadiation resistance The total
conductor. Mutually coupled conductors can distort thepower in the antenna is therefore equalb(RJ+R), where
pattern of a highly directive antenna, as well as change th®, is the radiation resistance and R represents the total
impedance seen at the feed point. of all the loss resistances.
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In ordinary antennas operated at amateur frequenciesgsonance, where the reactance is zero.
the power lost as heat in the conductor does not exceed a The feed-point impedance of any antenna is affected
few percent of the total power supplied to the antennaby the wavelength-to-diameter ratid/dia) of the conduc-
Expressed in decibels, the loss is less than 0.1 dB. The Rérs used. Theoreticians like to specify an “infinitely thin”
loss resistance of copper wire even as small as #14 is veantenna because it is easier to handle mathematically.
low compared with the radiation resistance of an antenna  What happens if we keep the physical length of an
that is reasonably clear of surrounding objects and is n@ntenna constant, but change the thickness of the wire
too close to the ground. You can therefore assume that thised in its construction? Further, what happens if we vary
ohmic loss in a reasonably well-located antenna is neglithe frequency from well below to well above the half-
gible, and that the total resistance shown by the antennmave resonance and measure the feed-point impedance?
(the feed-point resistance) is radiation resistance. As Rig 2 graphs the impedance of a 100-foot long, center-
radiator of electromagnetic waves, such an antenna isfad dipole in free space, made with extremely thin wire—

highly efficient device. in this case, wire that is only 0.001 inches in diameter.
. There is nothing particularly significant about the choice

Impedance of a Center-Fed Dipole here of 100 feet. This is simply a numerical example.
A fundamental type of antenna is ttenter-fed half- We could never actually build such a thin antenna (and

wave dipoleHistorically, the /2 dipole has been the most neither could we install it in free space), but we can model
popular antenna used by amateurs worldwide, largeljiow this antenna works using a very powerful piece of com-
because it is very simple to construct and because it is guuter software calleNEC-4.1 See Chapter 4, Antenna Mod-

effective performer. It is also a basic building block foreling and System Planning, for details on antenna modeling.
many other antenna systems, including beam antennas, The frequency applied to the antennain Fig 2 is var-
such as Yagis. ied from 1 to 30 MHz. The x-axis has a logarithmic scale

A center-fed half-wavelipole consists of a straight because of the wide range of feed-point resistance seen
wire, one-half wavelength long as defined in Eq 1, andver the frequency range. The y-axis has a linear scale
fed in the center. The term “dipole” derives from Greekrepresenting the reactive portion of the impedance. In-
words meaning “two poles.” Ségg 1. A /2-long dipole  ductive reactance is positive and capacitive reactance is
is just one form a dipole can take. Actually, a center-fechegative on the y-axis. The bold figures centered on the
dipole can be any length electrically, as long as it is conspiraling line show the frequency in MHz.
figured in a symmetrical fashion with two equal-length At 1 MHz, the antenna is very short electrically, with
legs. There are also versions of dipoles that are not fed mresistive component of about 2and a series capaci-
the center. These are calleff-center-fed dipolessome-
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 . This antenna exhibits both resistance
and reactance. The positive sign in thg 42.5- 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

’4—1
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

v

Fig 1—The center-fed dipole antenna. It is assumed (capacitive) series reactance in the downward direction.
that the source of power is directly at the antenna feed The range of reactance goes from 86500 to +6000
point, with no intervening transmission line. Most Note that the x-axis is logarithmic because of the wide
commonly in amateur applications, the overall length range of the real, resistive component of the feed-point
of the dipole is /2, but the antenna can in actuality be impedance, from roughly 2 to 10,000 .The numbers
any length. placed along the curve show the frequency in MHz.
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Fig 3—Feed-point impedance versus frequency for a Fig 4—Feed-point impedance versus frequency for a

theoretical 100-foot long dipole in free space, fed in the theoretical 100-foot long dipole in free space, fed in
center and made of thin 0.1-inch (#10) diameter wire. Note the center and made of thick 1.0-inch diameter wire.
that the range of change in reactance is less than that Once again, the excursion in both reactance and
shown in Fig 2, ranging from —2700 to +2300 . Atabout resistance over the frequency range is less with this
5,000 , the maximum resistance is also less than that thick wire dipole than with thinner ones.

in Fig 2 for the thinner wire, where it is about 10,000

tive reactance abo®000 . 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 . 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
S6500 . 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 Fo trace out thfe curve for freque.nc_ies‘:i 5—Feed-point impedance versus frequency for a
beyond 30 MHz, it eventually spirals down to a resistiveiheoretical 100-foot long dipole in free space, fed in
component somewhere between 200 and 3000’hus,  the center and made of very thick 10.0-inch diameter
we have another way of looking at an antenna—as a sowire. Thi_S ratio of length to diameter is about the same
of transformer one that transforms the free-space imped-ztS jsg’f\’/'lﬁz' r'?ﬁetynegx?:nSxo::siesl?ar?ligtigonrgvn\joanbl)c/)uutsed
ance into the |mpe_dance seen atits feed point. ) 1,000 and the peak reactance range is from about §
Now look atFig 3, which shows the same kind of 25 1o +380 . This performance is also found in
spiral curve, but for a thicker-diameter wire, one that is‘cage” dipoles, where a number of paralleled wires are
0.1 inches in diameter. This diameter is close to #10 wireysed to simulate a fat conductor.
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 froe8000 in Fig 3, while  half-wave resonance just below 5 MHz, the resistive com-
it was 7000 in Fig 2. The reactance for the thicker ponent of the impedance is still about 7Qjust about what
antenna ranges from +2300 $8700 over the whole it is for a much thinner antenna. Unlike the reactance, the
frequency range from 1 to 30 MHz. Compare this withhalf-wave radiation resistance of an antenna doesn’t radi-
the range of +5800 t86400 for the very thin wire in  cally change with wire diameter, although the maximum
Fig 2. level of resistance at full-wave resonance is lower for
Fig 4 shows the impedance for a 100-foot long dipolethicker antennas.
using really thick, 1.0-inch diameter wire. The reactance Fig 5 shows the results for a very thick, 10-inch
varies from +1000 t&1500 , indicating once again that diameter wire. Here, the excursion in the reactive com-
a larger diameter antenna exhibits less of an excursion iponent is even less: about +4003800 . Note that the
the reactive component with frequency. Note that at thdull-wave resonant frequency is about 8 MHz for this
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Fig 6—Expansion of frequency range around half- Fig 7—Another way of looking at the data for a 100-

wave resonant point of three center-fed dipoles of foot, center-fed dipole made of #14 wire in free space.
three different thicknesses. The frequency is shown The numbers along the curve represent the fractional
along the curves in MHz. The slope of change in wavelength, rather than frequency as shown in Fig 6.
series reactance versus series resistance is steeper Note that this antenna goes through its half-wave

for the thinner antennas than for the thick 1.0-inch resonance about 0.488 , rather than exactly at a half-
antenna, indicating that the Q of the thinner antennas wave physical length.

is higher.

extremely thick antenna, while thinner antennas have full®

wave resonances closer to 9 MHz. Note also that the full- 0.99

wave resistance for this extremely thick antenna is only ogai —

about 1,000 , compared to the 10,000 shown in Fig 2. L /

All half-wave resonances shown in Figs 2 through 5  § 0.97

remain close to 5 MHz, regardless of the diameter of the = o.gsi /

antenna wire. Once again, the extremely thick, 10-inch g = /

diameter antenna has a resistive component at half-wave & %95 /

resonance close to 70. And once again, the change in 2 004 y

reactance near this frequency is very much less for the 0,93 LU | LI L0 LU L L

extremely thick antenna than for thinner ones. S0 100 1k 10k 100k 1M 1oM
Now, we grant you that a 100-foot long antenna made Half Wavelength to Conductor Diameter

with 10-inch diameter wire sounds a little odd! A length

of 100 feet and a diameter of 10 inches represent a ratfig 8—Effect of antenna diameter on length for half-

of 120:1 in length to diameter. However, this is about thevavelength resonance, shown as a multiplying factor,

same length-to-diameter ratio as a 432-MHz half-wavé$ © be applied to the free-space, half-wavelength.

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 usedhown, making the graph more universal in application.

at UHF. Just to show that there are lots of ways of looking at
Another way of highlighting the changes in reac-the same datafig 8 graphs the constant “K” used to

tance and resistance is shownHFig 6. This shows an multiply the free-space half-wavelength as a function of

expanded portion of the frequency range around the halfhe ratio between the half-wavelength and the conductor

wave resonant frequency, from 4 to 6 MHz. In thisdiameter. The curve approaches the value of 1.00 for an

region, the shape of each spiral curve is almost a straightfinitely thin conductor, in other words an infinitely large

line. The slope of the curve for the very thin antennaatio of half-wavelength to diameter.

(0.001-inch diameter) is steeper than that for the thicker ~ The behavior of antennas with differentdiameter

antennas (0.1 and 1.0-inch diameteFsy 7 illustrates ratios corresponds to the behavior of ordinary series-reso-

another way of looking at the impedance data above antant circuits having different values of Q. When the Q of

below the half-wave resonance. This is for a 100-foo# circuit is low, the reactance is small and changes rather

dipole made of #14 wire. Instead of showing the freslowly as the applied frequency is varied on either side

quency for each impedance point, the wavelength isf resonance. If the Q is high, the converse is true. The
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response curve of the low-Q circuitbhsoad that of the the same intensity in all directions and may even have zero
high-Q circuitsharp So it is with antennas—the imped- radiation in some directions. The fact that a practical
ance of a thick antenna changes slowly over a comparantenna displays directivity (while an isotropic radiator
tively wide band of frequencies, while a thin antenna hasloes not) is not necessarily a bad thing. The directivity of
a faster change in impedance. Antenna Q is defined a real antenna is often carefully tailored to emphasize
radiation in particular directions. For example, a receiv-
fo'X (Eq 3)ing antenna that favors certain directions can discriminate
Q 2R, 'f against interference or noise coming from other directions,
thereby increasing the signal-to-noise ratio for desired sig-
where § is the center frequencyX is the change in the nals coming from the favored direction.
reactance for af change in frequency, and,)® the resis-

tance the §. For the “Very Thin,” 0.001-inch diameter Directivity and the Radiation Pattern—
dipole in Fig 2, a change of frequency from 5.0 to 5.5 MHz a Flashlight Analogy
yields a reactance change from 86 to 35with an R, of The directivity of an antenna is directly related to the

95 .The Qisthus 14.6. For the 1.0-inch-diameter “Thick”patternof its radiated field intensity in free space. A graph
dipole in Fig 4, X =131 and R is still 95 , making showing the actual or relative field intensity at a fixed dis-
Q = 7.2 for the thicker antenna, roughly half that of thetance, as a function of the direction from the antenna sys-
thinner antenna. tem, is called aadiation pattern Since we can’t actually
Let's recap. We have described an antenna first as see electromagnetic waves making up the radiation pattern
transducer, then as a sort of transformer to a range of freef an antenna, we can consider an analogous situation.
space impedances. Now, we just compared the antenna to Fig 9 represents a flashlight shining in a totally dark-
a series-tuned circuit. Near its half-wave resonant freened room. To quantify what our eyes are seeing, we
guency, a center-fed/2 dipole exhibits much the same might use a sensitive light meter like those used by pho-
characteristics as a conventional series-resonant circuit. Eksgraphers, with a scale graduated in units from 0 to 10.
actly at resonance, the current at the input terminals is iMe place the meter directly in front of the flashlight and
phase with the applied voltage and the feed-pointadjust the distance so the meter reads 10, exactly full
impedance is purely resistive. If the frequency is belowscale. We also carefully note the distance. Then, always
resonance, the phase of the current leads the voltage; tHageping the meter the same distance from the flashlight
is, the reactance of the antenna is capacitive. When thend keeping it at the same height above the floor, we move
frequency is above resonance, the opposite occurs; the cuhe light meter around the flashlight, as indicated by the
rent lags the applied voltage and the antenna exhibits
inductive reactance. Just like a conventional series-tuneg

circuit, the antenna’s reactance and resistance determines

its Q. 0,16
Q 15

ANTENNA DIRECTIVITY AND GAIN

The Isotropic Radiator

Before we can fully describe practical antennas, we 45
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 11
point-sourceantenna 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 ndlirectivity. The isotropic radiator is
useful as aneasuring stickor comparison with actual 7
antenna systems.

_You will find later th_at rga_l, prac_tlca_l antennas all Fig 9—The beam from a flashlight illuminates a totally
exhibit some degree of directivity, which is the propertyyarkened area as shown here. Readings taken with a

of radiating more strongly in some directions than inphotographic light meter at the 16 points around the circle
others. The radiation from a practical antenna never hasay be used to plot the radiation pattern of the flashlight.

12
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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 inFig 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.
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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 2
might wish to rotate the antenna under test, rather than
moving the measuring equipment to humerous positions
about the antenna. Or we might make use of antenna reci-,, s
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. 9 7

Some precautions must be taken to assure that the 8
measurements are accurate and repeatable. In the case-of
the flashlight, let's assume that the separation betweefrig 10—The radiation pattern of the flashlight in Fig 9.
the light source and the light meter is 2 meters, aboukhe measured values are plotted and connected with a
6.5 feet. The wavelength of visible light is about one—SmOOth curve.
half micron, where a micron is one-millionth of a meter.

For the flashlight, a separation of 2 meters betweenr inductive in nature. The reactive near field is some-
source and detector is 2.0/(81%°) = 4 million , avery times called the “induction field,” meaning that the mag-
large number of wavelengths. Measurements of practicaletic field usually is predominant over the electric field
HF or even VHF antennas are made at much closer diga this region. The antenna acts as though it were a rather
tances, in terms of wavelength. For example, at 3.5 MH#arge, lumped-constant inductor or capacitor, storing
a full wavelength is 85.7 meters, or 281.0 feet. To duplienergy in the reactive near field rather than propagating
cate the flashlight-to-light-meter spacing in wavelengthst into space.
at 3.5 MHz, we would have to place the field-strength For simple wire antennas, the reactive near field is
measuring instrument almost on the surface of the Moortonsidered to be within about a half wavelength from an

about a quarter-million miles away! antenna’s radiating center. Later on, in the chapters deal-
) ing with Yagi and quad antennas, you will find that mutual
The Fields Around an Antenna coupling between elements can be put to good use to

Why should we be concerned with the separatiorpurposely shape the radiated pattern. For making pattern
between the source antenna and the field-strength meteneasurements, however, we do not want to be too close
which has its own receiving antenna? One important reao the antenna being measured.
son is that if you place a receiving antenna very close to  The strength of the reactive near field decreases in a
an antenna whose pattern you wish to measure, mutuabmplicated fashion as you increase the distance from
coupling between the two antennas may actually alter théhe antenna. Beyond the reactive near field, the antenna’s
pattern you are trying to measure. radiated field is divided into two other regions: tiadi-

This sort of mutual coupling can occur in the regionating near fieldand theradiating far field. Historically,
very close to the antenna under test. This region is callethe termsFresnelandFraunhoferfields have been used
thereactive near-fieldegion. The term “reactive” refers for the radiating near and far fields, but these terms have
to the fact that the mutual impedance between the trangeen largely supplanted by the more descriptive termi-
mitting and receiving antennas can be either capacitivaology used here. Even inside the reactive near-field
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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
' m found by measuring the field strength at every point on the

Field 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

Near Radiating direction.Fig 12B shows a three-dimensional wire-grid rep-
Field resentation of the radiation pattern of a half-wave dipole.

: I3 'i',Rgedg:tivei',
© . Field oo

For amateur workrelative values of field strength
Fig 11—The fields around a radiating antenna. Very (rather than absolute) are quite adequate in pattern plot-
close to the antenna, the reactive field dominates. ting. In other words, it is not necessary to know how many
Within this area mutual impedances are observed microvolts per meter a particular antenna will produce at

between antenna and any other antennas used to
measure response. Outside of the reactive field, the
near radiating field dominates, up to a distance

a distance of 1 mile when excited with a specified power
level. (This is the kind of specifications that AM broad-

approximately equal to 2L 2/ , where L is the length of cast stations must meet to certify their antenna systems
the largest dimension of the antenna. Beyond the near/ to the FCC.)
far field boundary lies the far radiating field, where For whatever data is collected (or calculated from theo-

power density varies as the inverse square of radial

; retical equations), it is common to normalize the plotted
distance.

values so the field strength in the direction of maximum
radiation coincides with the outer edge of the chart. On a

iven system of polar coordinate scales, shapeof the

region, both radiating and reactive fields coexist, althougﬁattern is not altered by proper normalization, only its size.
the reactive field predominates very close to the antenna.

Because the boundary between the fields is rather E and H-Plane Patterns
fuzzy, experts debate where one field begins and another  thea solid 3-D pattern of an antenna in free space can-

leaves off, but the boundary between the radiating negfyt adequately be shown with field-strength data on a flat
and far fields is generally accepted as: sheet of paper. Cartographers making maps of a round Earth
on flat pieces of paper face much the same kind of problem.
D | 2_I_2 (Eq 4) As we discussed above, cross-sectional or plane diagrams
0 are very useful for this purpose. Two such diagrams, one in
the plane containing the straight wire of a dipole and one in
where L is the largest dimension of the physical antennghe plane perpendicular to the wire, can convey a great deal
expressed in the same units of measurement as the waginformation. The pattern in the plane containing the axis
length . Remember, many specialized antennas do ngjf the antenna is called tiieplane patternand the one in
follow the rule of thumb in Eq 4 exactlffig 11 depicts  the plane perpendicular to the axis is called khplane
the three fields in front of a simple wire antenna. pattern These designations are used because they repre-
Throughout the rest of this book we will discusssent the planes in which the electric (symbol E), and the
mainly the radiating far-fields, those forming the travel-magnetic (symbol H) lines of force lie, respectively.
ing electromagnetic waves. Far-field radiation is distin- The E lines represent tipelarizationof the antenna.
guished by the fact that the intensity is inverselyPolarization will be covered in more detail later in this
proportional to the distance, and that the electric and maghapter. As an example, the electromagnetic field pic-
netic components, although perpendicular to each other tred in Fig 1 of Chapter 23, Radio Wave Propagation, is
the wave front, are in time phase. The total energy is equaltyie field that would be radiated from a vertically polar-
divided between the electric and magnetic fields. Beyoniked antenna; that is, an antenna in which the conductor
several wavelengths from the antenna, these are the oriymounted perpendicular to the earth.
fields we need to consider. For accurate measurement of When a radiation pattern is shown for an antenna
radiation patterns, we must place our measuring instrunounted over ground rather than in free space, we auto-
mentation at least several wavelengths away from theatically gain two frames of referencanazimuth angle
antenna under test. and arelevation angleThe azimuth angle is usually ref-
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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 83 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 antenndarge, it can in this context be considered to be flat in the
where the azimuth angle is defined &4t 6r it could be area directly under the antenna. An elevation angle of

referenced to the Earth’s True North direction for an90° is straight over the antenna, and a °18[evation is

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

P.
dB=10log;q —+
Py

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=20log;q—=
J10 VA

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 % is the same as subtracting
3 decibels. For example, a power gain of 4 in one
part of a system and a reduction to % 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 /oss is simply
indicated by including a negative sign in front of the
appropriate number of decibels.

antenna oriented in a particular compass direction. Theoward the horizon directly behind the antenna.

E-plane pattern for an antenna over ground is now called

the azimuth pattern

the Earth’s surface, where the elevation angle®isGif

Professional antenna engineers often describe an
antenna’s orientation with respect to the point directly
The elevation angle is referenced to the horizon abverhead—using theenith anglerather than the eleva-
tion angle. The elevation angle is computed by subtract-

course, the Earth is round but because its radius is sng the zenith angle from 90
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Referenced to the horizon of the Earth, the H-plané
pattern is now called thelevation pattern Unlike the Isotropic

Radiator Reference

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 issmooth a condition that is true for simple

antennas like /2 dipoles. Reference
Plane diagrams are plotted on polar coordinate paper,

as described earlier. The points on the pattern where the Dipole
. . . Pattern

radiation is zero are callatlls. The curved section from

one null to the next on the plane diagram, or the corre-

sponding section on the solid pattern, is calléob& The

strongest lobe is commonly called timain 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-calledhalf-powerpoints 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. %

O

Reference
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_. . L
balloon produces a pattern that gives even more “gair?:"g 13—Demonstrating antenna pattern gain with

balloons. Take a balloon, blow it up so that it is roughly
compared to the reference. circular in shape and then declare that this is a

Free-space directivity can be expressed quantitativelyadiation pattern from an isotropic radiator. Next, blow
by comparing the three-dimensional pattern of the antenri#p another balloon to the same size and shape and tell
under consideration with the perfectly spherical threein® audience that this will be the “reference” antenna

. : . : .1 (A). Then, squeeze the first balloon in the middle to
dimensional pattern of an isotropic antenna. The fiel orm a sort of figure-8 shape and declare that this is a

strength (and thus power per unit aregp@wer densityis  gipole and compare the maximum size to that of the
the same everywhere on the surface of an imaginary sphe#erence “antenna” (B). The dipole can be seen to
having a radius of many wavelengths and having an isotropitave some “gain” over the reference isotropic. Next,
antenna at its center. At the surface of the same imaginaf§lueeze the end of the first balloon to come up with a
sphere around an antenna radiating the same total powg?g::%e;'nkt‘;nsnh;‘éfetaote‘leznc‘;”Strate the sort of pattern
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 takewhere

over the entire sphere (which is the same as from the isotropic 5 = directivity
antenna under the specified conditions) is the numerical
measure of the directivity of the antenna. That is,

Beam
Pattern

©

O

QS0102-Doc02

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

=) P,, = average power density
= Eq 5 . . L
Pav (Eq ) Thegain of an antenna is closely related to its direc-
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tivity. Because directivity is based solely on gtepeof  degrees, for the H and E-plane patterns.
the directive pattern, it does not take into account any power o )
losses that may occur in an actual antenna system. To deterRadiation Patterns for Center-Fed Dipoles at

mine gain, these losses must be subtracted from the power Different Frequencies
supplied to the antenna. The loss is normally a constant per- Earlier, we saw how the feed-point impedance of a
centage of the power input, so the antenna gain is fixed-length center-fed dipole in free space varies as the
p frequency is changed. What happens to the radiation pat-
G=k— kD (Eq 6) tern of such an antenna as the frequency is changed?
av In general, the greater the length of a center-fed
where antenna, in terms of wavelength, the larger the number
G = gain (expressed as a power ratio) of lobes into which the pattern splits. A feature of all
D = directivity such patterns is the fact that the main lobe—the one that
k = efficiency (power radiated divided by power in- gives the largest field strength at a given distance—
put) of the antenna always is the one that makes the smallest angle with the
P and R, are as above antenna wire. Furthermore, this angle becomes smaller

as the length of the antenna is increased.
For many of the antenna systems used by amateurs, | o5 examine how the free-space radiation pattern

the efficiency is quite high (the loss amounts to only &nhanges for a 100-foot long wire made of #14 wire as
few percent of the total). In such cases the gain is essefjq frequency is varied. (Varying the frequency effec-
tially equal to the directivity. The more the directive dia'tively changes the wavelength for a fixed-length wire.)
gram is compressedor, in common terminology, the Fig 14 shows the E-plane pattern at th# resonant

sharperthe lobes the greater the power gain of the t.oquency of 4.8 MHz. This is a classical dipole pattern,

antenna. This is a natural consequence of the fact that gsi, 4 gain in free space of 2.14 dBi referenced to an
power is taken away from a larger and larger portion Ofsotropic radiator.

the sphere surrounding the radiator, it is added to the vol- Fig 15 shows the free-space E-plane pattern for the
ume represented by the narrow lobes. Power is therefotg, e antenna. but now at the full-wave /@ resonant

concentrated in some directions, at the expense of Otherf?equency of 9.55 MHz. Note how the pattern has been
In a general way, the smaller the volume of the solid ragincheq in at the top and bottom of the figure. In other
diation pattern, compared with the volume of a spherg,,ys the two main lobes have become sharper at this

having the same radius as the length of the largest lobe mequency, making the gain 3.73 dBi, higher than at the
the actual pattern, the greater the power gain. /2 frequency.

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 measunre
of the width of the major lobe (or lobes) of the plotted 0 Free Space E-Plane
pattern. The width is expressed in degrees at the half- ] )
power orS3 dB points, and is often called theamwidth

This information provides only a general idea of rela-
tive gain, rather than an exact measure. This is because an 300
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 270
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 240 120
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 210 150
employed to give the actual gain.

0 dB = 2.14 dBi 180 4.800 MHz
G |ﬂ Eq 7 Fig 14—Free-space E-Plane radiation pattern for a
H3gg UE3gs (EA 7)100-fo0t dipole at its half-wave resonant frequency of

) _ 4.80 MHz. This antenna has 2.14 dBi of gain. The dipole
where Hgyg and Kgyg are the half-power points, in 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.

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
the signal. For ease of comparison, the equally spaced concen-
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.

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
logarithmic grid might be termed a linear-log grid, one having
linear divisions calibrated in decibels.

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

ARRL Log Coordinate System

The modified logarithmic grid used by the ARRL has a
system of concentric grid lines spaced according to the 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 Y10 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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0 Free Space E—Plane

270

240 120

210 150

0 dB = 3.73 dBi 180 9.550 MHz

0 Free Space E—Plane

270

240 120

210 150

0 dB = 3.44 dBi 180 14.600 MHz

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 /2 frequency of

Fig 16—Free-space E-Plane radiation pattern for a 100-
foot dipole at its 3/2  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

14.6 MHz. More lobes have developed compared t®9.45 MHz, at 4.70 dBi.

Fig 14. This means that the power has split up into more  The pattern—and hence the gain—of a fixed-length
lobes and consequently the gain decreases a small amouattenna varies considerably as the frequency is changed.
down to 3.44 dBi. This is still higher than the dipole atOf course, the pattern and gain change in the same fash-
its /2 frequency, but lower than at its full-wave frequency.ion if the frequency is kept constant and the length of the
Fig 17 shows the E-plane response at 19.45 MHz, thevire is varied. In either case, the wavelength is chang-
4 /2, or 2, resonant frequency. Now the pattern hasing. It is also evident that certain lengths reinforce the
reformed itself into only four lobes, and the gain has as g@attern to provide more peak gain. If an antenna is not

consequence risen to 3.96 dBi.

rotated in azimuth when the frequency is changed, the

In Fig 18the response has become quite complex apeak gain may occur in a different direction than you
the 5 /2 resonance point of 24.45 MHz, with ten lobesmight like. In other words, the main lobes change direc-
showing. Despite the presence all these lobes, the mation as the frequency is varied.

lobes now show a gain of 4.78 dBi. Finalyg 19 shows
the pattern at the 3(6 /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!

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 ispolarization 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 /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 béorizontal with respect to the earth. If
the dipole is mounted vertically, its polarization will be
vertical. SeeFig 20. Note that if an antenna is mounted
in free space, there is no frame of reference and hence its
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0 Free Space E—Plane

270

0 dB = 3.96 dBi 180 19.450 MHz

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.

0 Free Space E—Plane

270

240 120

210 150

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.

0 Free Space E—Plane

270

210 150

0 dB = 4.78 dBi 180

24.450 MHz

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

polarization is indeterminate.

Antennas composed of a number d2 elements

resonant frequency of 24.45 MHz.

Vertical
Polarization Horizontal
4 Polarization
| Dipole
Dipole I
I +———7>
l\ Direction Of
Electric Field

Earth gggggggggg%éég;g%gg;g

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.

resultantof 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 stilllinear, but is tilted between horizontal and
vertical.

In directions other than those where the radiation is

arranged so that their axes lie in the same or parallel dimaximum, the resultant wave even for a simple dipole is
rections have the same polarization as that of any one & combination of horizontally and vertically polarized
the elements. For example, a system composed of a grogwmponents. The radiation off the ends of a horizontal
of horizontal dipoles is horizontally polarized. If both hori- dipole is actually vertically polarized, albeit at a greatly
zontal and vertical elements are used in the same plameduced amplitude compared to the broadside horizon-
and radiate in phase, however, the polarization is theally polarized radiation the sense of polarization
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changes with compass direction. angle is usually referred to agGreek letter theta), and the

Thus it is often helpful to consider the radiation pat-azimuth angle is referred to agGreek letter phi). Instead
tern from an antenna in terms of polar coordinates, ratherf zenith angles, most amateurs are more familiar eléh
than trying to think in purely linear horizontal or vertical vation angleswhere a zenith angle of s the same as an
coordinates. Sekig 21 The reference axis in a polar sys- elevation angle of 90 straight overhead. NativdEC or
tem is vertical to the earth under the antenna. The zenitMININEC 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
Zenith Angle applied to the feed point of the vertical element is not

in time phase with that applied to the horizontal), the
resultant polarization islliptical. 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
Ef,:;,?” period. Field intensities arequal 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

//A Y 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

Azimuth Angle the choice of polarization for the antenna is usually
_ _ _ _ determined by factors such as the height of available
Fig 21—|D_'a9ram showing polar Lepresemat'oé‘ of a antenna supports, polarization of man-made RF noise
point P lying on an imaginary sphere surround a point- from nearby sources, probable energy losses in nearby
source antenna. The various angles associated with . oo . . ; .
this coordinate system are shown referenced to the x, objects, the likelihood of interfering with neighborhood
y and z-axes. broadcast or TV reception and general convenience.

Other Antenna Characteristics

Besides the three main characteristics of impedancégad to which the antenna is connected is the same as the
pattern (gain) and polarization, there are some other usanpedance of the antenna. We say that the antenna is

ful properties of antennas. matchedto its load.
The power gain in receiving is the same as the
RECIPROCITY IN RECEIVING AND gain in transmitting, when certain conditions are met. One
TRANSMITTING such condition is that both antennas (usuall2-long

Many of the properties of a resonant antenna used fcﬂ,nter_mas) must work into load _impedances _matched to thgir
reception are the same as its properties in transmission.Q¥n impedances, so that maximum power is transferred in
has the same directive pattern in both cases, and delivé?§th cases. In addition, the comparison antenna should be
maximum signal to the receiver when the signal comes froffifiénted so it gives maximum response to the signal used
a direction in which the antenna has its best response. THethe test. That is, it should have the same polarization as
impedance of the antenna is the same, at the same pointte€ incoming signal and should be placed so its direction
measurement, in receiving as in transmitting. of maximum gain is toward the signal source.

In the receiving case, the antenna is the source of In |Ong-distance transmission and I’eception via the
power delivered to the receiver, rather than the load for @nosphere, the relationship between receiving and trans-
source of power (as in transmitting). Maximum possiblgnitting, however, may not be exactly reciprocal. This is
output from the receiving antenna is obtained when thecause the waves do not always follow exactly the same
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paths at all times and so may show considerable varia- Diameter Scaling
tion in the time between alternations between transmit-  gjmply changing the diameter of dipole type ele-
ting and receiving. Also, when more than one ionospherignents during the scaling process is not satisfactory with-
layer is involved in the wave travel (see Chapter 234t making a corresponding element-length correction.
Radio Wave Propagation), it is sometimes possible fofpjs js because changing the diameter results in a change
reception to be good in one direction and poor in the othef, the /dia ratio from the original design, and this alters
over the same path. the corresponding resonant frequency of the element. The
Wave polarization usually shifts in the ionosphere. Thegiement length must be corrected to compensate for the
tendency is for the arriving wave to be elliptically polar- o¢fect of the different diameter actually used.
ized, regardlgss of the'polarization of the transmitting To be more precise, however, the purpose of diam-
antenna. Vertically polarized antennas can be expected Qe scaling is not to maintain the same resonant frequency
show no more difference between transmission ang,; the element, but to maintain the same ratio of self-
reception than horizontally polarized antennas. On the aVrogistance to self-reactance at the operating
erage, however, an antenna that transmits well in a Certail’?equency that is, the Q of the scaled element should
d.irect.ion also .giv.es favoraple ”?C?‘P“O“ from the samg)q he same as that of the original element. This is not
direction, despite ionospheric variations. always possible to achieve exactly for elements that use

FREQUENCY SCALING several telescoping sections of tubing.

Any antenna design can be scaled in size for use on Tapered Elements
another frequency or on another amateur band. The Rotatable beam antennas are usually constructed
dimensions of the antenna may be scaled with Eq 8 belowyith elements made of metal tubing. The general prac-

tice at HF is to taper the elements with lengths of

D:f_l ud (Eq 8)telescoping tubing. The center section has a large

f2 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.

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

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

From this equation, a published antenna design forength, one cylindrical and one tapered but with the same
say, 14 MHz can be scaled in size and constructed fogyerage diameter as the cylindrical element, will not be
operation on 18 MHz, or any other desired band. Similarly,esonant at the same frequency. The tapered element must
an antenna design could be developed experimentally & made longer than the cylindrical element for the same
VHF or UHF and then scaled for operation in one of the.ogonant frequency.
HF pands. For example, from Eq 8, an element of procedure for calculating the length for tapered
39.0 inches length at 144 MHz Woulq be scaled to 14 MHZeIements has been worked out by Dave Leeson, W6ENL
as follows: D = 144/14 x 39 = 401.1 mches, or 33'43 feet(ex-WBQHS), from work done by Schelkunoff at Bell

To scale an antenna propeml physical dimensions Labs and is presented in Leeson’s bd@kysical Design

must be scaled, including element lengths, element spac; . ; ;
. . ; of Yagi Antennadn the software accompanying this book
ings, boom diameters and element diameters. Lengths and . ) . .

. . . is a subroutine called EFFLEN.FOR. It is written in For-
spacings may be scaled in a straightforward manner as In

the above example, but element diameters are often not Hﬁn ?nd IIS ufﬁdfm :hSCAIaEp;rogratm_lfﬁ colmpgt'[s the
conveniently scaled. For example, assume a 14-MHz antenfja ccUVe length o a tapered element. The algorithm uses

is modeled at 144 MHz and perfected witinch cylindri- the W6NL-ScheIkunoff algorithm and is commented step-
cal elements. For proper scaling to 14 MHz, the element8Y-St€p to show what s happening. Calculations are made
should be cylindrical, of 144/14 % or 3.86 inches diam- for only one half of an element, assuming the element is
eter. From a realistic standpoint, a 4-inch diameter might b8YmMmetrical about the point of boom attachment.
acceptable, but cylindrical elements of 4-inch diameter in  AlSo, read the documentation SCALE.PDF for the
lengths of 33 feet or so would be quite unwieldy (and quiteSCALEprogram, which will automatically do the com-

expensive, not to mention heavy). Choosing another, morlex mathematics to scale a Yagi design from one fre-
suitable diameter is the only practical answer. guency to another, or from one taper schedule to another.
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The Vertical Monopole

So far in this discussion on Antenna Fundamentalsl.ow-Frequency Antennas, gives more information on
we have been using the free-space, center-fed dipole @gound-plane verticals.
our main example. Another simple form of antenna

derived from a dipole is called monopole The name

suggests that this is one half of a dipole, and so it is. The
monopole is always used in conjunction witlg@und
plane which acts as a sort of electrical mirror. $&g 22,

Characteristics of a

The free-space directional characteristics of/4
monopole with its ground plane are very similar to that of a
/2 antenna in free space. The gain for themonopole is

/4 Monopole

where a /2 dipole and a /4 monopole are compared. slightly less because the H-plane for tfi2 antenna is com-
The image antenndor the monopole is the dotted line pressed compared to the monopole. LikéZantenna, the
beneath the ground plane. The image forms the missing/4 monopole has aamnidirectionalradiation pattern in
second half of the antenna, transforming a monopole intthe plane perpendicular to the monopole.

the functional equivalent of a dipole. From this explana-
tion you can see where the teimage planeils some-
times used instead of ground plane.

The current in a/4 monopole varies practically sinu-
soidally (as is the case with & wire), and is highest at the
ground-plane connection. The RF voltage is highest at the

Although we have been focusing throughout thisopen (top) end and minimum at the ground plane. The feed-
chapter on antennas in free space, practical monopolgmwint resistance close td4 resonance of a vertical mono-
are usually mounted vertically with respect to the sur-pole over a perfect ground plane is one-half that fof2a

face of the ground. As such, they are calledical mono-

dipole at its /2 resonance. In this case, a “perfect ground

poles or simplyverticals A practical vertical is supplied plane” is an infinitely large, lossless conductor.

power by feeding the radiator against a ground system,

SeeFig 24, which shows the feed-point impedance

usually made up of a series of paralleled wires radiatingf a vertical antenna made of #14 wire, 50 feet long,
from and laid out in a circular pattern around the base ofocated over perfect ground. This is over the whole HF
the antenna. These wires are termadials. range from 1 to 30 MHz. Again, there is nothing special
The termground planeis also used to describe a about the choice of 50 feet for the length of the vertical
vertical antenna employing a4-long vertical radiator radiator; it is simply a convenient length for evaluation.
working against @ounterpoisesystem, another name for Fig 25shows an expanded portion of the frequency range
the ground plane that supplies the missing half of theabove and below the/4 resonant point, but now cali-
antenna. The counterpoise for a ground-plane antennarated in terms of wavelength. Note that this particular
usually consists of four/4-long radials elevated well antenna goes througt¥ resonance at a length of 0.244

above the earth. Sddg 23.

system for vertical monopole antennas, and Chapter 6,

not at exactly 0.25. The exact length for resonance var-
Chapter 3, The Effects of Ground, devotes muchies with the diameter of the wire used, just as it does for
attention to the requirements for an efficient groundingthe /2 dipole at its /2 resonance.

The wordheightis usually used for a vertical mono-

pole antenna whose base is on or near the ground, and in
this context, height has the same meaninigagthwhen
applied to /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

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

conductivity) ground.

/4 ground-

Ad Line

M4

~

Volta : of the free-space wavelength. The range shown in Fig 24
- ge - Voltage ) .
is from 0.132 to 0.300 , corresponding to a frequency
Ve range of 2.0 to 5.9 MHz.
- Current
2
P Current 7 Ground Plane
)/ : /I
/
/ i J Fig 23—The ground-
/ L/,/rlmage Antenna N4 plane antenna. Power
/ 0 is applied between
I 1,

the base of the
vertical radiator and
the center of the four
ground plane wires.
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Fig 24—Feed-point impedance versus frequency for a Fig 25—Feed-point impedance for the same antennas

theoretical 50-f_00t-high grounded vertical monopole as in Fig 21, but calibrated in wavelength rather than
made of #14 wire. The numbers along the curve show frequency, over the range from 0.132 to 0.300 , above
the frequency in MHz. This was computed using and below the quarter-wave resonance.

“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 impedanceA. C. Doty, Jr., J. A. Frey and H. J. Mills, “Characteris-
depends highly on the length/dia ratio of the conductor, tics of the Counterpoise and Elevated Ground
as was discussed previously for a horizontal center-fed Screen,” Professional Program, Session 9, Southcon
dipole. The impedance curve in Figs 24 and 25 is based ‘83 (IEEE), Atlanta, GA, Jan 1983.
on a #14 conductor having a length/dia ratio of about 80&. C. Doty, Jr., J. A. Frey and H. J. Mills, “Efficient
to 1. As usual, thicker antennas can be expected to show Ground Systems for Vertical Antennas)ST, Feb
less reactance at a given height, and thinner antennas will 1983, pp 20-25.

show more. A. C. Doty, Jr., technical paper presentation, “Capacitive
Bottom Loading and Other Aspects of Vertical
Efficiency of Vertical Monopoles Antennas,” Technical Symposium, Radio Club of
This topic of the efficiency of vertical monopole America, New York City, Nov 20, 1987.

systems will be covered in detail in Chapter 3, The Effecté- C- Doty, Jr., J. A. Frey and H. J. Mills, "Vertical
of Ground, but it is worth noting at this point that the ~ Antennas: New Design and Construction Datdye
efficiency of a real vertical antenna over real earth often ARRL Antenna Compendium, Volumg\awington:

suffers dramatically compared with that of/2 antenna. R If‘REL' 1?%9)’ ppN2-9. G 4s for 160
Without a fairly elaborate grounding system, the effi-" osberg, “Some Notes on Ground Systems for

. : . . Meters,”QST, Apr 1965, pp 65-67.
clency 1s .not likely to exceed 50%’ and it may be muct‘b Gramme? “Moee on thF:ap Directivity of Horizontal
less, particularly at monopole heights beloi. Antennas; Harmonic Operation—Effects of Tilting,”

QST, Mar 1937, pp 38-40, 92, 94, 98.
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Chapter 3

The Effects
of Ground

The ground around and under an antenna is part @ihpedances between the antenna and its environment and
the environment in which any actual antenna must opethese interactions not only modify the feed-point imped-
ate. Chapter 2, Antenna Fundamentals, dealt mainly witence of an antenna, but also often increase losses.
theoretical antennas in free space, completely removed In the radiating far field, the presence of ground pro-
from the influence of the ground. This chapter is devotedoundly influences the radiation pattern of a real antenna.
to exploring the interactions between antennas and thehe interaction is different, depending on the antenna’s
ground. polarization with respect to the ground. For horizontally

The interactions can be analyzed depending on whemgolarized antennas, tlshapeof the radiated pattern in the
they occur relative to two areas surrounding the antennalevation plane depends primarily on the antenna’s height
thereactive near fieldand theradiating far field You will above ground. For vertically polarized antennas, both the
recall that the reactive near field only exists very close tshapeand thestrengthof the radiated pattern in the eleva-
the antenna itself. In this region the antenna acts as thougjbn plane strongly depend on the nature of the ground
it were a large lumped-constant inductor or capacitor, wherigself (its dielectric constant and conductivity at the frequency
energy is stored but very little is actually radiated. Theof operation), as well as on the height of the antenna above
interaction with the ground in this area creates mutuaground.

The Effects of Ground in the Reactive Near Field

FEED-POINT IMPEDANCE VERSUS induced in the antenna by the wave reflected from the

HEIGHT ABOVE GROUND ground. This second component of current, while consider-

Waves radiated from the antenna directly downwardibly smaller than the first at most useful antenna heights, is
reflect vertically from the ground and, in passing theby no means insignificant. At some heights, the two com-
antenna on their upward journey, induce a voltage in it. Theonents will be in phase, so the total current is larger than is
magnitude and phase of the current resulting from thimdicated by the free-space feed-point resistance. At other
induced voltage depends on the height of the antenna abaweights, the two components are out of phase, and the total
the reflecting surface. current is the difference between the two components.

The total current in the antenna consists of two com-  Changing the height of the antenna above ground will
ponents. The amplitude of the first is determined by thehange the amount of current flow, assuming that the power
power supplied by the transmitter and the free-space feefhput to the antenna is constant. A higher current at the same
point resistance of the antenna. The second componentgewer input means that the effective resistance of the
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antenna is lower, and vice versa. In other words, the fee@ntenna is absorbed by the lossy ground in close proxim-

point resistance of the antenna is affected by the height é@fy. This results in increased loss that is reflected in the

the antenna above ground because of mutual couplingcreased value of the feedpoint resistance.

between the antenna and the ground beneath it. For a vertically polarized/2-long dipole, differences
The electrical characteristics of the ground affect bothbetween the effects of perfect ground and real earth on the

the amplitude and the phase of reflected signals. For thiged-point impedance is negligible, as seeffrign 1. The

reason, the electrical characteristics of the ground under thieeoretical half-wave antennas on which this chart is based

antenna will have some effect on the impedance of thaire assumed to have infinitely thin conductors.

antenna, the reflected wave having been influenced by the

ground. Different impedance values may be encountered GROUND SYSTEMS FOR VERTICAL

when an antenna is erected at identical heights but over dif- MONOPOLES

ferent types of earth. o o _ In this section, we'll look at vertical monopoles, which
Fig 1 shows the way in which the radiation resis-require some sort of ground system in order to make up for
tance of horizontal and vertical half-wave antennas varge “missing” second half of the antenna and reduce the
ies with height above ground (in wavelengths). The power lost in the near field. Rudy Severns, N6LF, contrib-
height of the vertical half-wave is the distance from thq ted much of the new material in this chapter.
bottom of the antenna to ground. For horizontally polar- In Chapter 2, Antenna Fundamentals, and up to this
ized half-wave antennas, the differences between the efpint in this chapter, the discussion about vertical mono-
fects of perfect ground and real earth are negligible if th%oles has mainly been for antennas wipendect grounds
antenna height is greater than 0.2At lower heights, ayailable. We have also briefly looked at the ground-plane
the feed-point resistance over perfect ground decreasggrtical in free space, where the four ground-plane radials
rapidly as the antenna is brought closer to a theoreticalliyrm a built-in ground system.
perfect ground, but this does not occur so rapidly for ac-  perfect ground makes a vertical monopole into the func-
tual ground. Over real earth, the resistance actually b&ional equivalent of a center-fed dipole, although the feed-
gins increasing at heights below about 0.08he reason  paint resistance at resonance is half that of the center-fed
for the increasing resistance at very low heights is thajipole. But how can we manage to create that elusive per-
more and more of the reactive (induction) field of thefect 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-
0.25 0.35 0.45 0.55 0.65 0.75 . .
100 lated under a real antenna by installing a very large metal
//\\ screen or mesh, such as poultry netting (chicken wire) or
90
/ \ Vertical Half-Wave hardware cloth, on or near the surface of the ground. The
AN screen (also called@unterpoisesystemespecially if it is
~ \ elevated off the ground) should extend at least a half wave-
1! // length in every direction from the antenna. The feed-point
y/ G resistance of a quarter-wave long, thin vertical radiator over
’/ such a ground screen will approach the theoretical value of
36.6 . Of course on the lower HF bands such a screen is
2 not practical for most amateurs.
/ Based on the results of a study published in 1937 by
% Horizontal Half Wave Brown, Lewis and Epstein (see Bibliography), a grounding
20 system consisting of 120 wires, each at led&tlong,
extending radially from the base of the antenna and spaced
equally around a circle, is also the practical equivalent of
0 perfectly conducting ground for reactive-field currents. The
00 01 02 03 04 05 06 07 08 09 10 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-

Height of Center of Vertical Half-Wave in Wavelengths

80

70

60

50

Radiation Resistance in Ohms
e
(
N
—~—

10

Height of Horizontal Half-Wave in Wavelengths

Fig 1—Variation in radiation resistance of vertical and

horizontal half-wave antennas at various heights above tem is to utilize the ground-plane antenna, with its four
flat ground. Solid lines are for perfectly conducting ground-plane radials elevated well above lossy earth. Heights
ground; the broken line is the radiation resistance of (between the bottom of the ground-plane and the surface of

horizontal half-wave antennas at low height over real

ground the ground) greater thari8 have proven to yield excellent
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results. See Chapter 6, Low-Frequency Antennas, for moiiags. This field distribution is very similar to that for a
details on practical ground-plane verticals. vertical antenna.

For a vertical antenna, a large ground screen, either A compass needle (a small magnet itself) will try to
made of wire mesh or a multitude of radials, or an elevatedlign itself parallel tdH. As the compass is moved around
system of ground-plane radials will reduce ground lossethe conductor, the orientation of the needle changes accord-
near the antenna. This is because the screen conductors iagdy. The orientation of the needle gives the directioH of
solidly bonded to each other and the resistance is much lowHryou attempt to turn the needle away from alignment you
than that of the lossy, low-conductivity earth itself. If thewill discover a torque trying to restore the needle to its origi-
ground screen or elevated ground plane were not presengl position. The torque is proportional to the strength of
RF currents would be forced to flow through the lossy, lowthe magnetic field at that point. This is calledfiell inten-
conductivity earth to return to the base of the radiator. Theity or amplitude oH at that point. If a larger current flows
ground screen or elevated ground plane in effect shielsh the conductor going through the piece of paper holding

ground-return currents from the lossy earth. the iron filings, the amplitude ¢ will be larger. Currents
flowing in the conductors of an antenna also generate a
Less-Than-ldeal Ground Systems magnetic field, one component of the near field.

Now, what happens when something less than an ideal An antenna will also have atectricor E-field, which
ground screen is used as the ground plane for a verticean be visualized using a parallel-plate capacitor, as shown
monopole? Typically this will take the form of an on-groundin Fig 3. If we connect a battery with a potentig|,\cross
wire radial system. A great deal of mystery and lack othe capacitor plates there will be an electric figléstab-
information seems to surround the vertical antenna grouniished between the plates, as indicated by the lines and
system. In the case of ground-mounted vertical antennadirectional arrows between the plates. The magnitude of vec-
many general statements such as “the more radials the b&ir E is expressed in V/m (volts per meter), so for a poten-
ter” and “lots of short radials are better than a few long onedial of V volts and a spacing of d meters, E = V/d V/m. The
have served as rules of thumb, but many questions as amnplitude ofE will increase with greater voltage and/or a
relative performance differences and optimum number fosmaller distance (d). In an antenna, there will be ac poten-
a given length remain unanswered, as is the justification fdfal differences between different parts of the antenna and
the rules of thumb. Most of these questions boil down tdrom the antenna to ground. These ac potential differences
one: namely, how many radials, and how long, should bestablish the electric field associated with the antenna.
used in a given vertical antenna installation? ] .

A ground system with 120/2 radials is not very prac- Conduction And Displacement Currents
tical for many amateur installations, which often must con- If we replace the dc voltage source in Fig 3 with an ac
tend with limited space and funding. Unfortunately thesource, a steady ac current will flow in the circuit. In the
ground resistance, jRincreases rapidly when the number
of radials is reduced. To minimize ground loss where a large,
optimum ground system is not possible requires that wg
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 tonsagneticor H-field, Fig 2—The magnetic lines of force that surround a
which at any given location is denoted by the bold-facedonductor with an electric current flowing in it are
letter H. H is a vector, with an amplitude expressed i”?ﬁ%ﬁnegégggmgﬁ ?ﬁg;:’;‘j‘:‘:ig;’rgm‘f ;3’;‘:}';?6
A/m (Amperes/meter) and a directidfig 2shows atypi- o'y, sialq The filings give a general view of the field
cal experimental arrangement. The shape of the magnetigsiribution in the plane perpendicular to the
field is roughly shown by the distribution of the iron fil- conductor.
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conductors between the ac source and the capacitor platese predominantly conduction currents, but there may also
current (1) flows, because of the movement of charge, usube displacement currents.
ally electrons. But in the space between the capacitor Where the dielectric material between the capacitor
plates—particularly in a vacuum—there are no charge caplates is not a perfect insulator, both conduction and dis-
riers available to carry a conduction current. Nonethelesglacement currents can flow between the capacitor plates.
current still flows in the complete circuit, and we attributeA good example of this would be a soil dielectric, which
this to adisplacement currenfly) flowing between the has both resistive and capacitive characteristics. Soil can be
capacitor plates to account for the continuity of current irrepresented in the circuit &ig 4, where there is a resistor
the circuit. Displacement and conduction currents are twaith a conduction current In parallel with a capacitor with
different phenomena but they both represent current, just displacement current.I The two currents add up
two different kinds. Some observers prefer to call conducgvectorially) as the total current.l
tion currents “currents” and displacement currents “imagi- )
nary currents.” That terminology is OK, but to account for A Closer Look at Verticals
the current flow in a closed circuit with capacitance you A vertical antenna has two field components that
have to keep track of both kinds of current, whatever yoinduce currents in the ground around the anteRita5
call them. shows in a general way the electric-field componepti(E

In an antenna over ground, the displacement current/m) and magnetic-field component (Hn A/m) in the
represents the current flow from the antenna surface throughkgion near a vertical. Because the soil near the antenna usu-
the air into the ground. The currents flowing in the groundally has relatively high resistance, both of these field com-
ponents will induce currents,(land |;) 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.

le

| - —1 As shown in Fig 5, the tangential component of the
| H-field (H ) induces horizontal currents,jlflowing radi-
;l AR EEEEEEEEREWEEEE | Vo Vac ally. The normal component (perpendicular to the ground
d L — surface) of the E-field (B induces vertically flowing
Y £ -T @ currents (J). Actually, things are more complex than this
e | | but we don’t need to thrash through that to understand con-
| _ EFied) ceptually what's going on.
Is When modeling an antenna we account for the radi-
ated power (p) by assuming there is a resistor we call the
Fig 3—Example of an electric field, E=V  4./d. When the radiation resistanceR,) through which the antenna base
dc source is replaced with an ac source there will be a current (}) flows. The radiated power is thep ® 1,2R,.

displacement current (I 4) flowing between the capacitor

plates Similarly, we can account for the power dissipated in the

ground (B) by adding a loss resistanceg(fn series with
R.. The ground loss is theny P 12R,. Additional losses
due to conductors, loading coils, etc can also be simulated

-

/ Vertical Radiator

AW
\
7

T

HlD

. . . .. | >
Fig 4—When the capacitor dielectric is less than H
perfect there will be a conduction current (I ) in
addition to the displacement current (I 4). Soil will
typically have both resistive and capacitive Fig 5—A general view of the fields and ground currents
components. Power loss in the soil is due to the near the base of a vertical antenna. Note that the H-
current flowing through the resistive component. field distribution is equivalent to that shown in Fig 3.
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by adding more series loss resistances. Putting aside for the Fig 7 clearly shows the high currents that flow in the

moment these additional losses, the efficiengyof a ver-  ground near the base of a short antenna due to the antenna’s

tical can be expressed as: H field. Compared to a 0.25vertical, the 0.1- vertical has
about three times the base current. As you shorten the

i (Eq 1) antenna further, the zone current increases even more quickly.
PR The ground loss is proportional to the square of the ground
This can be restated in terms of resistances as: current (B = 15°Ry), so the power loss in the immediate

R, 1
Rr Ry, Rg (Eq 2)

Rr

In essence, efficiency is the ratio of the radiated power
to the total input power (P= R, + Py). Another way of say-
ing this is that efficiency depends on the ratio of ground
loss resistance (Rto radiation resistance (Ras Eq 2 Vertical
shows. The smaller we make, Bhe more power will be
radiated for a given input power. Reducing iR 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 irFig 6. I, represents the totabne current
flowing radially through a cylindrical zone at a given radius Ground Surface
(r) due to the H field, whilg,lis the current at the feed point
at the base of the antenna. Technically speaking, the cylin-
der is infinitely deep, with,lbeing the total current inte-
grated over the surface of the cylinder at a given radius.

Fig 7 is a graph of the amplitude of 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 Rwhich further improves efficiency.

The currents in Fig 7 have been adjusted for constant
radiated power at the base of the antenna by varyitg |
compensate for the change ipd® we vary h. To maintain
constant radiated power as iR falling, you must increase
l,- The base feed-point impedance is a strong function of frig 6—Representation of the zone current near the base

For example, for h = 0.25, R, will be in the neighborhood of a vertical antenna. Individual i , components of current
’ o flow into a cylinder of soil, with a radius r centered on

of 36 L Howgver, forh =0.1, R will be less than.4 : the base of the vertical. The total current, |, thus
More information on short antennas can be found in Chagepresents the net current induced in the soil by the
ter 16, Mobile and Maritime Antennas. H-field for a given radius. (I , was labeled |  in Fig 5.)
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Constant Radiated Power = 37 W

3 " 0.005/13 Ground, 1.8 MHz, Pr=37 W
5100 —a
‘ - h$0.1 S —
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] ] Radial Distance, Wavelengths h=0.50
Fig 7—Plot of zone current (I ,) in amperes near the
base of a vertical as a function of height (h) and radius Fig 8—Total H-field induced ground loss within a circle
(r) in wavelengths. The current in the base of the 0.25- of radius r around the base of a vertical for different
antenna is assumed to be 1 A and the current for other values of h and constant P, = 37 W. Note how the total
values of h is adjusted to maintain the same radiated loss increases rapidly near the base of the antenna
power (P = 1,2R, = 37 W) as the radiation resistance (R ;) indicating high loss. Beyond r = 0.15 , however, the
changes with h. additional loss is much lower and the curves flatten
out. Note also how much higher the loss is for shorter

antennas.

region of the base is much higher for a short antenna operat- 1000
ing with the same input power as for a quarter-wave vertical.

We can calculate the losses induced in the soil by =01t PL1d00iw
either the E- or H-field intensit¥ig 8 shows an example of ¢
the H-field losses for several different antenna heights, given; 100
a constant radiated power of 37 W. Note that the total loss2

> anil

P

within 0.5 of the base for h = 0.25is about 16 W (right 2 N\ \\
side of the graph). This gives= 37/(37 + 16) = 70%. How- 3 \\= N
ever, for h = 0.1, the total loss is about 94 W. Taking into i

b [T

consideration only the H-field losses,= 37/(37 + 94) = -
28%. Note that in both cases the majority of the loss is near

. ) ]
(<0.1 ).the an.tenna, with the rate of increase of total loss 500 0.05 010 045 020 025 030 035 040 045 0.50
decreasing rapidly as we move farther away from the base, Radial Distance, Wavelengths

where the lines are almost flat. Fig 9—Electric field i ] he b ‘ ical
Fig 9is a graph of the E-field intensity around a verti-"'9 9—Electric field intensity near the base of a vertica
gJisagrapho e ensity aro Il sor different values of h. P . is held constant at 1500 W.

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-fieMith any reasonable ground system, the E-field losses for a

intensity for the 0.1- vertical is almost 100 times that for 0.25- vertical will be insignificant.

the 0.25- vertical. Because loss is proportional to the square  For shorter or longer verticals, however, the picture is

of the voltage, the E-field losses close to the base will be tedifferent. This is why we see the very high losses (> 100 W)

thousand times larger in the 0O.1vertical! At a 1500-W in Fig 10 for h = 0.1 . This loss, when added to the H-field

power level the field intensity near the base of a short vertioss, reduces the efficiency of the 0.1ertical to 16% or

cal is high enough to pose some risk of igniting grass an@gss without a good ground system. In short antennas the

bushes that grow above any radial system close to tHefield losses cannot be ignored, since they get worse

vertical's base. The grass should be kept mowed withiexponentially as the antenna is shortened further.

0.1 of the base. The presence of a top-loading hat will also increase
Fig 10shows a computation for the E-field losses, agairthe E-field intensity in the area below the hat. However, most

for a constant radiated power of 37 W and several values pfactical amateur hats will be quite small and the associated

h. For the 0.25- vertical, the electric field intensity is quite E-field loss small. The benefit, however, of reducigg |

low and so are the losses associated with it, at only 1.5 Wecause of the addition of the hat—which reduces the field
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Fig 10—Total E-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 = 0.05 , however, the
additional loss is much lower and the curves flatten

out. Note again how much higher the loss is for shorter
antennas. Forh =0.1  the E-field loss is greater than
the H-field loss.
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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

R, falls as power dissipation in the soil is eliminated by
the highly conducting ground screen.

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 of the base.

We can take the data in Figs 8 and 10 and calculate the
effective value of the ground resistancg Rig 11 shows
the results of such a computation. Fig 11 assumes a perfect
ground screen that varies in radius from 0.086 0.5 . As
we would expect, when the ground screen is very small the
ground losses are high, meaning iR 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, Rdrops rapidly and the efficiency increases.

Fig 11 demonstrates why it is desirable to have a good
ground system out to at least 0.125and 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, &tually 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 poweg, Imust increase. If we measurg &
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
I,2is rising more rapidly than s falling, the power lost in
the ground increases and efficiency decreases. The point here
is that the value of Rdepends on the ground system, soil
characteristiceand the antenna configuration. You cannot
assign an arbitrary value tq,fhdependent of the antenna
system.

Wire Radial Systems

Fig 11 shows Rfor a dense, perfectly conducting
ground screen, but what we really need to know is the effect
of length and number of individual radials og iR a wire
radial system. We can calculate the current division between
a radial system and the soil and use this to determjna R
typical graph of the proportion of the zone current flowing

from the vertical part of the antenna—more than comperin the radial system, as a function of radius and various num-
sates for the small additional E-field loss due to the hat. bers of radials (N), is shown kig 12.

Verticals taller than 0.25 also display increased The radial currents decrease as we move away from
E-field intensity, but not nearly so severe as short verticalghe base, and the lower the number of radials, the more rap-
In verticals both shorter and longer than a 0.28he criti-  idly the radial current decreases. This means that close to
cal loss region is within a radius of about 0.08Ve can see the base of the antenna most of the current is in the radial
this in Fig 10, where the power-loss curves for the shortesystem, but as we move away from the base the current
antennas flatten out by the time we reach a radius of 0.05 increasingly flows in the lossy ground. When only a few

It's not widely known, but while radial wire systems radials are used, the outer ends of the radials contribute little
reduce the H-field losses very effectively, Larsen (see Bibto reducing ground loss.
liography) has shown that the E-field losses with the same ~ Why is this? The problem is thgtdoes not go imme-
radial system do not fall in the same fashion as H-field lossediately to the nearest radial but may flow for some distance
For h > 0.15 this doesn’t matter much because the E-fieldn the soil. This is illustrated in a general wayFig 13. As
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we move away from the base of the antenna, adjacent radiiple, very small wire could be used for radials but from

als are further apart from each other and the current muatmechanical point of view, #18 or #20 wire is about as
flow further in the soil before it reaches one of the radialssmall as is practical. Any smaller wire breaks too easily
When we use more radials, the distance between radialstis be buried, and also breaks easily when left on the
less and more of the total current will be in the radials andround surface and is walked on or driven over.

less in the soil. This reduces ground loss.

When we know the current distribution in the ground
we can calculate the power loss angd Rtypical example
for h = 0.25 is given inFig 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. Vertical Radiator

Such a ground system is by nature inefficient—that is,
Ry is large. We can also see that if we have only 16 radials,
Ry falls an ohm or two as we lengthen the radials, but is
essentially flat by 0.1. There is no point in making them
longer because there is little current in the outer portions
and Ry is essentially constant beyond 0.1As 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 B
both together reduce ground loss. We can see this in Fig 14, A
where the initial value of kdrops as N increases and flat-

tens out at longer radial lengths. For 128 radials, for /

example, lengths of 0.250r 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:jg 13 An example of current entering the ground
current division between ground and the radial systenpetween the radials and flowing for some distance
Larger wire results in only a small decrease énIR prin-  before being picked up by a radial.

Radials
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Fig 12—An example of the portion of the zone current Radial Length, Wavelengths
flowing in the radial system as you move away from the
base of a 0.25 vertical for different numbers of radials

(N). Note that when more radials are used, more of the Fig 14—An example of the variation of R with radial
zone current flows in the radials and not in the ground, length and number of radials (N) for h = 0.2% . When
reducing ground loss. The proportion of current in the only a few radials are used there is little point in

radial system falls rapidly when only a few radials are making them longer than 0.1 . Increasing N reduces R
used. This leads to high ground loss because most of at a given radius and also makes longer radials useful,

the zone current is flowing in the ground rather than in further reducing R . Ry for other values of h behave

the radials. similarly.
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On the other hand, wire larger than #12 is expenfeed-point resistance with an impedance bridge to estimate
sive. Thousands of feet of #8 wire may be affordable foof Ry. The impedance seen at the feed point of the antenna
broadcast stations but not for most hams. Increasing the the sum of the loss and the radiation resistance. To deter-
wire size from #20 to #10 would result in only a smallmine R, you have to estimate, from the antenna height)
reduction in R. Of course, if you happen to have a few and other losses due to loading or conductors, and then sub-
thousand feet of old RG-8 cable lying around (the diamiract that from the total measured input resistance. The
eter is comparable to #0000 wire) then that might indeedemainder is g and R should fall as we add radials. When
help to reduce R as W9QQ has shown (see Bibliogra- R, stops falling we probably have as many radials of a given
phy). You are still better off, however, using many radi-length as will be useful. Further reduction ig Would
als with small wire than a few radials with large wire.require more, longer radials.

Radial wire size is usually a mechanical and financial
issue, not an electrical one. Practical Suggestions For Vertical

If the example in Fig 14 were changed for different Ground Systems

ground characteristics, then the curves would have a simi- At |east 16 radials should be used if at all possible.

lar shape but would be shifted either up or down. FOypnerimental measurements and calculations show that with
example, poorer ground will result in higheg But the  his humber, the loss resistance decreases the antenna effi-
usable length for the radlaI§ for a given N_ woulld mcreas%iency by 30% to 50% for a 0.25vertical, depending on
somewhat. For better-quality ground, with higher con-gyj characteristics. In general, a large number of radials (even
ductivity, Ry will be lower but the usable length of the yhq,9h some or all of them must be short) is preferable to a
radials for a given N will be shorter. few long radials for a vertical antenna mounted on the ground.

i For short antennas, the initial drop 'Q‘R'l,l b_e MOr€®  The conductor size is relatively unimportant as mentioned
rapid and the curves flatten out sooner. This implies thaﬁefore: #12 to #22 copper wire is suitable.

somewhat shorter radials are useful with short antennas. Table 1summarizes these conclusions. John Stanley,

However, given the high losses, itis still a very good ide‘?k4ERO, first presented this material in December 1976
to use lots of radials with short antennas. As in the abovsST Another source of information on ground-system
example, increasing N also increases the usable Iengﬂhesign isRadio Broadcast Ground Systefsee the Bib-

As.you go up in frequency from_ 160 meterg,gen- liography at the end of this chapter). Most of the data
erally rises slowly and then stabilizes around 7 MHz,

: e : ’presented in Table 1 is taken from that source, or derived
depending on the ground characteristics. This effect |$r

lated to the ch i skin deoth with f hich om the interpolation of data contained therein.
related to the change In skin depth with frequency, whict Table 1 is based on the number of radials. For each
is discussed in a later section of this chapter. There i

Bonfiguration, there is a corresponding optimum radial
also a small shift in current division between the radialﬁengt?] Each’configuration alsopincludgs tF;le amount of
and ground as the frequency increases. wire used, expressed in wavelengths. Using radials con-
A Word Of Caution siderably longer than suggested for a given N or using a

In the preceding discussion we presented a number (!J?t more radials than suggested for a given length, while

graphs and the CD-ROM accompanying this book containgm adverse to performance, does not yield significant

some spreadsheets containing the equations from Whiéwpro¥ement e:jther. T?at ¥YOUI3 repr(éser;tanon-otptémum
these graphs were derived. From these graphs we extract g Of wire and construction ime. £ach suggested con-
a number of observations on how to design radial system guration represents an optlmum relationship petween
Basic to each graph is the assumption that we know t ngth and number for the given amount of total wire used.
ground characteristics: conductivity and permitivity. In the able 1 leads to these conclusions:

real world, we amateurs very rarely have more than a rougé i you install only 16 radials (in configuration A), they
idea of the ground characteristics under our antennas. Even need not be very long—O0.1is sufficient. The total length
when careful measurements are made, the characteristics o \vire will be 1.6 . which is about 875 feet at 1.8 MHz.
will vary through the year with rainfall or the lack thereof. ¢ s you have the wire, the space and the patience to lay

Soils are always stratified vertically and can vary by  qown 120 radials (optimal configuration F), they should
factors or two or more horizontally over distances compa- ¢ g 4 long. This radial system will gain about 3 dB
rable to radial length, so that even good ground measure- . er the 16-radial case and you'll use 48f wire, or
ments are at best an average. In addition, there will frequently 554t 26.000 feet at 1.8 MHz.

be constraints on the size and shape of the ground systep. s you install 36 radials that are 0.15long, you will
As aresult, we use the calculated information and the previ- |4c0 1.5 4B compared to optimal configuration F. You

ous graphs for general guidance and preliminary design, but | . ,se 5.4 of wire, or almost 3,000 feet at 1.8 MHz.

when actually installing a ground system we try to mea-

sure—or at least estimate—yBs we go along. The loss figures in Table 1 assume h = 0.25A
When R, stops falling, or our patience and/or moneyvery rough approximation of loss when using shorter

run out, we stop adding ground radials. We can measure tlaatennas can be obtained by doubling the loss in dB each
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Table 1
Optimum Ground-System Configurations
Configuration Designation

A B C D E F
Number of radials 16 24 36 60 90 120
Length of each radial in wavelengths 0.1 0.125 0.15 0.2 0.25 0.4
Spacing of radials in degrees 225 15 10 6 4 3
Total length of radial wire
installed, in wavelengths 1.6 3 5.4 12 22.5 48
Power loss in dB at low angles with
a quarter-wave radiating element 3 2 1.5 1 0.5 0*
Feed-point impedance in ohms with
a quarter-wave radiating element 52 46 43 40 37 35

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

time the antenna height is halved. For taller antennas thithe configurations in Table 1, and small changes in the
losses decrease, approaching 2 dB for configuration A ofiumber of radials and lengths will not cause serious prob-
Table 1 for a half-wave radiator. Even longer antennasems. Thus, a configuration with 32 or 40 radials of
yield correspondingly better performance. 0.14 or 0.16 will work as well as configuration C
Table 1 is based on average ground conductivityshown in the table.
Variation of the loss values shown can be considerable, If less than 90 radials are contemplated, there is no
especially for configurations using fewer radials. Thoseneed to make them a quarter wavelength long. This dif-
building antennas over dry, sandy or rocky ground shoulders rather dramatically from the case of a ground-plane
expect more loss. On the other hand, higher than averagatenna, where resonant radials are installed above
soil conductivity and wet soils would make the compro-ground. For a ground-mounted antenna, quarter-wave
mise configurations (those with the fewest radials) everiong radials may not be optimum. Because the radials of
more attractive. a ground-mounted vertical are actually on, if not slightly
When antennas are combined into arrays, either pardoelow the surface, they are coupled by capacitance or
sitic or all-driven types, mutual impedances lower theconduction to the ground, and thus resonance effects are
radiation resistance of the elements. This drasticallynot important. The basic function of radials is to provide
increases the effects of ground loss becgpséllbe higher  a low-loss return path for ground currents.
for the same power level. For instance, an antenna with a Radio Broadcast Ground Systerstates, “Experi-
50- feed-point impedance, of which 10is ground-loss ments show that the ground system consisting of only 15
resistance, will have an efficiency of approximately 83%.radial wires need not be more than 0.1 wavelength long,
An array of two similar antennas in a driven array with simi-while the system consisting of 113 radials is still effec-
lar ground losses may have an efficiency of 70% or less. tive out to 0.5 wavelength.” Many graphs in that publica-
Special precautions must be taken in such cases ton confirm this statement. This is not to say that these
achieve satisfactory operation. Generally speaking, &awo systems will perform equally well; they most cer-
wide-spaced broadside array presents little problentainly will not. However, if 0.1 is as long as the radials
because Ris high, but a close-spaced end-fire arraycan be, there is little point in using more than 15 of them
should be avoided becausgi® much lower, unless low- unless the vertical radiator’s height is also small.
loss radial system configurations are used or other préFhe antenna designer should:
cautions taken. Chapter 8, Multielement Arrays, coverd. Study the cost of various radial configurations versus
the subject of vertical arrays in great detail. the gain of each.
In cases where directivity is desirable or real-estat®. Compare alternative means of improving transmitted
limitations dictate, longer, more closely spaced radials signal and their cost (more power, etc).
can be installed in one direction, and shorter, more widel. Consider increasing the physical antenna height (the
spaced radials in another. Multiband ground systems can electrical length) of the vertical radiator, instead of
be designed using different optimum configurations for  improving the ground system.
different bands. Usually it is most convenient to start ad. Use multi-element arrays for directivity and gain,
the lowest frequency with fewer radials and add more observing the necessary precautions related to
short radials for better performance on the higher bands. mutual impedances discussed in Chapter 8,
There is nothing sacred about the exact details of Multielement Arrays.
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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- gD o
radial system for a vertical has been optimized to reduce o8 to P
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- <o)
fect-ground” analyses might lead you to expect. The key is A\ @eﬁ\eow“
that ground reflectionsfrom horizontally and vertically L\ 5
. . \
polarized waves behave very differently. ) 9 7

Reflections in General b

First, let us consider the case of flat ground. Over flat ~ '™°%¢ S/
ground, either horizontally or vertically polarized
downgoing waves launched from an antenna into the fdrd 15_tAt any désttr?mdpomtt' P, thedﬁter:d st][;an%tré will be
feld stke the surface and are refleced by a process velJ Yeelor S ot e drect 2 1 e erecin
similar to that by which light waves are reflected from aye gistance BC, where the reflected ray is considered
mirror. As is the case with light waves, the angle of reflecto originate at the image antenna.
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. Sorffg Other words, are 18@ut of phase. But the currents in a

of the factors that influence this combining process are théertically polarized antenna and its image are flowing in the
height of the antenna, its length, the electrical characteristi@@medirection—they aren phase. This 180phase differ-
of the ground, and as mentioned above, the polarization &'c€ between the vertically and horizontally polarized
the wave. At some elevation angles above the horizon tﬁgflectlons off ground is what makes the combinations with
direct and reflected waves are exactly in phase—that is, tfi'eCt waves behave so very differently.
maximum field strengths o_f bpth waves are reached at thEAR-FIELD GROUND REELECTIONS AND
same time at the same point in space, and the directions o
the fields are the same. In such a case, the resultant field THE VERTICAL ANTENNA
strength for that angle is simply the sum of the direct and A vertical’s azimuthal directivity is omnidirectional.
reflected fields. (This represents a theoretical increase in field /2 vertical over ideal, perfectly conducting earth has the
strength of 6 dB over the free-space pattern at these anglesl@vation-plane radiation pattern shown by the solid line in
At other elevation angles the two waves are completelfig 16. Over real earth, however, the pattern looks more
out of phase—that is, the field intensities are equal at thike the shaded one in the same diagram. In this case, the
same instant and the directions are opposite. At such anglésw-angle radiation that might be hoped for because of per-
the fields cancel each other. At still other angles, the resulfect-ground performance is not realized in the real world.
ant field will have intermediate values. Thus, the effect of Now look atFig 17A, which compares the computed
the ground is to increase radiation intensity at some elevaievation-angle response for two half-wave dipoles at
tion angles and to decrease it at others. When you plot thiel MHz. One is oriented horizontally over ground at a height
results as an elevation pattern, you will kdesandnulls,  of /2 and the other is oriented vertically, with its center just
as described in Chapter 2, Antenna Fundamentals. over /2 high (so that the bottom end of the wire doesn't
The concept of aimage antennas often useful to actually touch the ground). The ground is “average” in
show the effect of reflection. ASg 15shows, the reflected dielectric constant (13) and conductivity (0.005 S/m). At a
ray has the same path length (AD equals BD) that it would5° elevation angle, the horizontally polarized dipole has
if it originated at a virtual second antenna with the samealmost 7 dB more gain than its vertical brother. Contrast
characteristics as the real antenna, but situated below tRégy 17A to the comparison in Fig 17B, where the peak gain
ground just as far as the actual antenna is above it. of a vertically polarized half-wave dipole over seawater,
Now, if we look at the antenna and its image over perwhich is virtually perfect for RF reflections, is quite compa-
fect ground from a remote point on the surface of the groundable with the horizontal dipole’s response af,1and
we will see that the currents in a horizontally polarizedexceeds the horizontally polarized antenna dramatically
antenna and its image are flowing in opposite directions, dselow 15 elevation.
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— — — — )/ 2 Vertical Dipole, Bottom Just Above Average Ground
A/2 Horizontal Dipole, A\/2 Over Average Ground

Fig 16—Vertical-plane radiation pattern for a ground- 0
mounted quarter-wave vertical. The solid line is the , Elevation
pattern for perfect earth. The shaded pattern shows 0dB=7.41d8i (A) 14.100 MHz

how the response is modified over average earth (k =

13, G = 0.005 S/m) at 14 MHz. is the pseudo-Brewster o
angle (PBA), in this case 14.8°. — — — — \/2 Vertical Dipole, Bottom Just Above Seawater

/2 Horizontal at A\ /2 Over Average Ground

To understand in a qualitative fashion why the desired
low-angle radiation from a vertical is not delivered when
the ground isn’t “perfect,” examirieig 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 ©

oint p) _ | Elevation
p 0dB= 7.41dBi 14.100 MHz
If the earth were a perfectly conducting surface, there ®
would be no phase shift of the vertically polarized wavesig 17__at A, comparison of horizontal and vertical 2

upon reflection at point G. The two waves would adddipoles over average ground. Average ground has

together with some phase difference because of the diffeconductivity of 5 mS/m and dielectric constant of 13.

ent path lengths. This difference in path lengths of the twélorizontal diEole is /3 h|i_|9hi Ver“‘i""' dipole’s bOttO'r‘:

waves is why the free-space radiation pattern differs froq‘ﬁ'srg ;Cfg;teg t?;?agr’-rﬁglg or Oggéc’lgtsi ea'lsné%rr]r?p?alrseén\lfjvcith

the pattern of the same antenna over ground. its vertical counterpart. At B, comparison of 20-meter
Now consider a point P that is close to the horizon, as/2 vertical dipole whose bottom wire is just above

in Fig 18B. The path lengths AP and AGP are almost theeawater with  /2-high horizontal dipole over average

same, so the magnitudes of the two waves add together, pound. Seawater is great for verticals!

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. zontal antenna at low elevation angles is largely depen-
With real earth, however, the reflected wave from adent on the characteristics of the ground around the ver-

vertically polarized antenna undergoes a change in boffical, as we’ll next examine.

amplitudeandphasein the reflection process. Indeed, at a

low-enough elevation angle, the phase of the reflected wave-“_IE PSEUDO-BREWSTER ANGLE AND

will actually change by 180° and its magnitude will then THE VERTICAL ANTENNA

subtract from that of the direct wave. At a zero takeoff angle,  Much of the material presented here regarding pseudo-

it will be almost equal in amplitude, but I'806ut of phase Brewster angle was prepared by Charles J. Michaels, W7XC,

with the direct wave. and first appeared in July 198¥ST, with additional infor-
Note that this is very similar to what happens with hori-mation inThe ARRL Antenna Compendium, \io{See the

zontally polarized reflected and direct waves at low elevaBibliography at the end of this chapter.)

tion angles. Virtually complete cancellation will result in a Most fishermen have noticed that when the sun is low,

deep null, inhibiting any radiation or reception at Bor  its light is reflected from the water’'s surface as glare,

real-world soils, the vertical loses the theoretical advantagebscuring the underwater view. When the sun is high, how-

it has at low elevation angles over a horizontal antenna, &ver, the sunlight penetrates the water and it is possible to

Fig 17A so clearly shows. see objects below the surface of the water. The angle at which
The degree that a vertical works better than a horithis transition takes place is known as Brewster angle
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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
A A 5 frequency, all other conditions being equEdble 2 gives
S __e— . .. . .

0° S 0° typical values of conductivity and dielectric constant for
(A (8) different types of soil. The map dfig 19 shows the
approximate conductivity values for different areas in the
continental United States.

90° 90°

G

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 As the frequency is increased, the role of the dielectric
differ appreciably in length, while at B these two path constant in determining the PBA becomes more Signiﬁcant.
lengths are nearly equal. 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
named for the Scottish physicist, Sir David Brewster (1781ef any geographical area; they are just examples.
1868). At angles below the PBA, the reflected vertically
A similar situation exists in the case of vertically polarized wave subtracts from the direct wave, causing the
polarized antennas; the RF energy behaves as the sunlightadiation intensity to fall off rapidly. Similarly, above the
the optical system, and the earth under the antenna actsRi3A, the reflected wave adds to the direct wave, and the
the water. Thg@seudo-Brewster angl@®BA) is the angle at radiated pattern approaches the perfect-earth pattern.
which the reflected wave is 90° out of phase with respect tbig 16 shows the PBA, usually labeled.
the direct wave. “Pseudo” is used here because the RF effect When plotting vertical-antenna radiation patterns over
is similar to the optical effect from which the term gets itsreal earth, the reflected wave from an antenna segment is
name. Below this angle, the reflected wave is between 90fultiplied by a factor called theertical reflection coeffi-
and 180° out of phase with the direct wave, so some degre&@nt and the product is then added vectorially to the direct
of cancellation takes place. The largest amount of cancella¥ave to get the resultant. The reflection coefficient consists
tion occurs near?) and steadily less cancellation occurs af an attenuation factor, A, and a phase anglend is usu-
the PBA is approached from below. ally expressed as A . ( is always a negative angle,
The factors that determine the PBA for a particulabecause the earth acts as a lossy capacitor in this situation.)
locationare not related to the antenna itself, but to the groundr'he following equation can be used to calculate the reflec-
around it The first of these factors is earth conductivity, G,tion coefficient for vertically polarized waves, for earth of
which is a measure of the ability of the soil to conduct elecgiven conductivity and dielectric constant at any frequency
tricity. Conductivity is the inverse of resistance. The secondnd elevation angle (also called the wave angle in many
factor is the dielectric constant, k, which is a unitless quartexts).

Table 2

Conductivities and Dielectric Constants for Common Types of Earth

Surface Type Dielectric Conductivity Relative
Constant (S/m) Quality

Fresh water 80 0.001

Salt water 81 5.0

Pastoral, low hills, rich soil, typ Dallas,

TX, to Lincoln, NE areas 20 0.0303 Very good

Pastoral, low hills, rich soil typ OH and IL 14 0.01

Flat country, marshy, densely wooded,

typ LA near Mississippi River 12 0.0075

Pastoral, medium hills and forestation,

typ MD, PA, NY, (exclusive of mountains

and coastline) 13 0.006

Pastoral, medium hills and forestation,

heavy clay soil, typ central VA 13 0.005 Average

Rocky soil, steep hills, typ mountainous 12-14 0.002 Poor

Sandy, dry, flat, coastal 10 0.002

Cities, industrial areas 5 0.001 Very Poor

Cities, heavy industrial areas, high buildings 3 0.001 Extremely poor
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Table 3

Pseudo-Brewster Angle Variation with Frequency,

Dielectric Constant, and Conductivity

Frequency  Dielectric
(MHz) Constant
7 20
13
13
5
3
14 20
13
13
5
3
21 20
13
13
5
3

Conductivity
(S/m)
0.0303
0.005
0.002
0.001
0.001
0.0303
0.005
0.002
0.001
0.001
0.0303
0.005
0.002
0.001
0.001

PBA
(degrees)

6.4
13.3
15.0
23.2
27.8

8.6
14.8
15.4
23.8
29.5
10.0
15.2
15.4
24.0
29.8

A . k &in % kc cos %
ver k &in % kc cod % (Ba3)

where
Aert = vertical reflection coefficient
= elevation angle
1.8 w0 uG
Kok %

k = dielectric constant of earth (k for air = 1)
G = conductivity of earth in S/m

f = frequency in MHz

j = complex operator{ 1)

Solving this equation for several points indicates what
effect the earth has on vertically polarized signals at a par-
ticular location for a given frequency ranggég 20 shows
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

ground conductivity in millisiemens per meter

Conductivity of seawater is not shown on map but is

assumed to be 500 millisiemens per meter

Estimated Effective

Ground Conductivity
in the United States

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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Relating PBA to Location and Frequency

Fig 20—Reflection coefficient for vertically polarized Table 2 lists the physical descriptions of various kinds
wavles. A a{]r? are _me]}gmtude and a”tgl'e(lf(or Vi’ng of earth with their respective conductivities and dielectric
angles . This case is for average earth, (k = 13, G = . . .

0.005 S/m), at 21 MHz. 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
Note that as the phase curve, passes through 90°, the so on, without the complications that would result from treat-
attenuation curve (A) passes through a minimum at the sanfd the two parameters independently. . N )
wave angle . This is the PBA. At this angle, the reflected . Fre.sh.vxllater and salt water are SPeC'a' cases; In spite of
wave is not only at a phase angle of 90° with respect to tHd9" resistivity, ]Ehfe fresh-watEr IPBA is 6.4°, and IIS nearly
direct wave, but is so low in amplitude that it does not aidndependent ot frequency below 30, MHZ' Salt water,
the direct wave by a significant amount. In the case illusP€cause of its extremely high conductivity, has a PBA that

trated in Fig 20 this elevation angle is about 15°. never exceeds 1° in this frequency range. The extremely
low conductivity listed for cities (the last case) in Table 2
Variations in PBA with Earth Quality results more from the clutter of surrounding buildings and

From Eq 3, it is quite a task to search for either the 90cather obstructions than any actual earth characteristic. The
phase point or the attenuation curve minimum for a widé BA at any location can be found for a given frequency

variety of earth conditions. Instead, the PBA can be calcrom the curves in Fig 21.

lated directly from the following equation. FLAT-GROUND REFLECTIONS AND
2 2.2 2 2.2 22 HORIZONTALLY POLARIZED WAVES
% arcsir\/k 1 \/(x k%) (k 1) x7[(x™ k%) 1]

PN The situation for horizontal antennas is different from

% k9% 1

that of verticalsFig 22 shows the reflection coefficient for
(Eq 4) horizontally polarized waves over average earth at 21 MHz.
where k, G and f are as defined for Eq 3, and Note that in this case, the phase-angle departure from 0°
" never gets very large, and the attenuation factor that causes
1.8U0” WG the most loss for high-angle signals approaches unity for
f low angles. Attenuation increases with progressively poorer
Fig 21 shows curves calculated using Eq 4 for sev-earth types.
eral different earth conditions, at frequencies between 1.8  In calculating the broadside radiation pattern of a hori-
and 30 MHz. As expected, poorer earths yield higher PBAzontal /2 dipole, the perfect-earth image current, equal to
Unfortunately, at the higher frequencies (where low-angleéhe true antenna current but 180° out of phase with it) is
radiation is most important for DX work), the PBAs are multiplied by the horizontal reflection coefficient given by
highest. The PBA is the same for both transmitting andq 5 below. The product is then added vectorially to the
receiving. direct wave to get the resultant at that elevation angle. The
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reflection coefficient for horizontally polarized waves canelevation angle). Over real earth, howevdiliag in of this

be calculated using the following equation.

vk co< %sin %

AHOFiZ ol T 5
Vk' cos’ %sin %
where
Anoriz - | = horizontal reflection coefficient
= elevation angle
8 u10* uG -
K k j §.—
© f 1

k = dielectric constant of earth
G = conductivity of earth in S/m
f = frequency in MHz

j = complex operator( 1)

null occurs because of ground losses that prevent perfect
reflection of high-angle radiation.

At a (® 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 O, 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

(Eq 5)

For a horizontal antenna near the earth, the resulta¥grtical antenna is in-phase with the actual radiator.

pattern is a modification of the free-space pattern of the

The result is that the phase shifts and reflection mag-

antennaFig 23 shows how this modification takes place Nitudes vary greatly at different angles for horizontal and
for a horizontal /2 antenna over a perfectly conducting flat Vertical polarization. The magnitude of the reflection coef-
surface. The patterns at the left show the relative radiatioficient for vertically polarized waves is greatest (near unity)

when one views the antenna from the side; those

at the right very low angles, and the phase angle is close to 180°. As

show the radiation pattern looking at the end of the antennlentioned earlier, this cancels nearly all radiation at very

Changing the height above ground from to /2 makes a
significant difference in the high-angle radiation,

the main lobe down lower.

Note that for an antenna height o (Fig 23, bot-

tom), the out-of-phase reflection from a perfectly

low angles. For the same range of angles, the magnitude of
movingthe 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-
conductforcement of low-angle horizontally polarized waves. At

ing surface creates a null in the pattern at the zenith (9@ome relatively high angle, the reflection coefficients for

—200
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0.8 \\ -160
~ 0.7 >\\ -140
< ~
Z A N~
06 — -120
© ]
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Fig 23—Effect of the ground on the radiation from a

Fig 22—Reflection coefficient for horizontally polarized
waves (magnitude A at angle
earth (k =13, G = 0.005 S/m).
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), at 21 MHz over average

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 inl.8 MHz and decreases rather steadily to about two inches
magnitude and phase. At this angle (approximately 81° foat 30 MHz. Dissolved minerals in moist earth increase its
the example case), the effect of ground reflection on vertieonductivity.
cally and horizontally polarized signals will be the same. The depth-of-penetration curves in Fig 24 illustrate a
noteworthy phenomenon. While skin effect confines RF
DEPTH OF RF CURRENT PENETRATION current flow close to the surface of a conductor, the earth is
When considering earth characteristics, questions abogp lossy that RF current penetrates to much greater depths
depth of RF current penetration often arise. For instance, ihan in most other media. The depth of RF current penetra-
a given location consists of a 6-foot layer of soil overlying dion is a function of frequency as well as earth type. Thus,
highly resistive rock strata, which material dominates? Théhe only cases in which most of the current flows near the
answer depends on the frequency, the soil and rock dielegurface are with very highly conductive media (such as salt
tric constants, and their respective conductivities. Thavater), and at frequencies above 30 MHz.
following equation can be used to calculate the current den-

sity at any depth. DIRECTIVE PATTERNS OVER

pd  CurrentDensityat Depthd REAL GROUND
€ CurrentDensityatSurface (Eq 6) 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

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

P half-wave dipole, a plane running in a direction along the
axis and another broadside to the antenna will give a good

X = 0.008x 2xf deal of information.

B =556x 107 x k x f The effect of reflection from the ground can be

k = dielectric constant of earth expressed as a separgttern factor given in decibels.

f = frequency in MHz For any given elevation angle, adding this factor algebra-

G = conductivity of earth in S/m ically to the value for that angle from the free-space pattern

_ _ _ o for that antenna gives the resultant radiation value at that
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% (&) of that at the surface (often
referred to askin depth is the depth at which the current
density would be zero if it were distributed uniformly 50 |
instead of exponentially. (Thiselfactor appears in many 3 U\\
physical situations. For instance, a capacitor charges tol%45 ~
within 1/e of full charge within one RC time constant.) At < 40 = Very, Poor
this depth, since the power loss is proportional to the square® 3s
of the current, approximately 91% of the total power loss i 30 —— Poor
has occurred, as has most of the phase shift, and currentg 95
flow below this level is negligible. s
Fig 24 shows the solutions to Eq 6 over the 1.8 to  § 2° [ "~
30-MHz frequency range for various types of earth. For ¢ 15 =
example, in very good earth, substantial RF currents flow = 19
down to about 3.3 feet at 14 MHz. This depth goes to 5 T L L Very Good—]
13 feet in average earth and as far as 40 feet in very poor | Salt Water ] i
earth. 'I_'hus, if the overl_ying _soil is rich, moist Ioam_, the 1’\82 33.\54 5 6 | 80910 1T4 1‘3 2T1 2\4 30
underlying rock stratum is of little concern. However, if the Frequency (MHz)
soil is only average, the underlying rock may constitute &

major consideration in determining the PBA and the deptlfig 24—Depths at which the current density is 37%
to which the RF current will penetrate. (1/e) of that at the surface for different qualities of

. . . earth over the 1.8- to 30-MHz frequency range. The
The depth in fresh water is about 156 feet and is nearlé(epth for fresh water, not p|0ttedﬁs 153’ feetgand

independent of frequency in the amateur bands belowmost independent of frequency below 30 MHz. See
30 MHz. In salt water, the depth is about seven inches &txt and Table 2 for ground constants.

T ———] Average

Depth in F
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Appendix

This appendix contains a glossary of terms, a list of common abbreviations, length conversion information (feet and inches),
metric equivalents and antenna-gain-reference data.

Glossary of Terms

This glossary provides a handy list of terms that are used frequently in Amateur Radio conversation and literature
about antennas. With each item is a brief definition of the term. Most terms given here are discussed more thoroughly in the
text of this book, and may be located by using the index.

Actual groung—The point within the earth’s surface where = Beamwidth—Related to directive antennas. The width, in
effective ground conductivity exists. The depth for this degrees, of the major lobe between the two directions at
point varies with frequency and the condition of the soil. which the relative radiated power is equal to one half its

Antenna—An electrical conductor or array of conductors that ~ value at the peak of the lobe (half power = -3 dB).
radiates signal energy (transmitting) or collects signal Beta match-A form of hairpin match. The two conductors
energy (receiving). straddle the boom of the antenna being matched, and the

Antenna tunesA device containing variable reactances (and ~ €l0sed end of the matching-section conductors is strapped
perhaps a balun). It is connected between the transmitter L0 the boom.
and the feed point of an antenna system, and adjusted to Bridge—A circuit with two or more ports that is used in
“tune” or resonate the system to the operating frequency. measurements of impedance, resistance or standing waves

Aperture, effective-An area enclosing an antenna, on which I @n antenna system. When the bridge is adjusted for a

it is convenient to make calculations of field strength and ba_llandc%d con(tj:l_mor_]t, thelunknown f?(t;tort c;n b? deter- i
antenna gain. Sometimes referred to as the “capture area.” mined by reading IS value on a calibrated scale or meter.

Apex—The feed-point region of a V type of antenna. Capacitance hat-A co_ndu_ctor of large surface area that is
] ] connected at the high-impedance end of an antenna to
Apex angle-The included angle between the wires of a V, an  effectively increase the electrical length. It is sometimes

inverted-V dipole, and similar antennas, or the included mounted directly above a loading coil to reduce the

angle between the two imaginary lines touching the required inductance for establishing resonance. It usually

element tips of a log periodic array. takes the form of a series of wheel spokes or a solid
Balanced line—A symmetrical two-conductor feed line that circular disc. Sometimes referred to as a “top hat.”

has uniform voltage and current distribution along its Capture area—See aperture.

length.

Center fed—Transmission-line connection at the electrical
Balun—A device for feeding a balanced load with an center of an antenna radiator.

unbalanced line, or vice versa. Ma}.’.b? a form of choke, %Center loading—A scheme for inserting inductive reactance
a trgnsfqrmer j[hat provides a SpECI.fIC impedance transfor- (coil) at or near the center of an antenna element for the
mation (including 1:1). Often used in antenna systems to purpose of lowering its resonant frequency. Used with

interface a coaxial transmission line to the feed point of & glaments that are less thdnwavelength at the operating
balanced antenna, such as a dipole. frequency.

Base loading—A lumped reactance that is inserted at the Coax—See coaxial cable.
base (ground end) of a vertical antenna to resonate the . . Co
@ ) Coaxial cable—Any of the coaxial transmission lines that

antenna. . : . .
o _ have the outer shield (solid or braided) on the same axis as
Bazooka—A transmission-line balancer. It is a quarter-wave  the inner or center conductor. The insulating material can

conductive sleeve (tubing or flexible shielding) placed at  pe ajr, helium or solid-dielectric compounds.
the feed point of a center-fed element and grounded to thet
shield braid of the coaxial feed line at the end of the sleeve
farthest from the feed point. It permits the use of unbal-
anced feed line with balanced feed antennas.

ollinear array—A linear array of radiating elements
(usually dipoles) with their axes arranged in a straight
line. Popular at VHF and above.
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Conducto—A metal body such as tubing, rod or wire that  Efficiency—The ratio of useful output power to input power,

permits current to travel continuously along its length. determined in antenna systems by losses in the system,
Counterpoise-A wire or group of wires mounted close to including in nearby objects.
ground, but insulated from ground, to form a low- EIRP—Effective isotropic radiated power. The power

impedance, high-capacitance path to ground. Used at MF  radiated by an antenna in its favored direction, taking the
and HF to provide an RF ground for an antenna. Also see  gain of the antenna into account as referenced to isotropic.

ground plane. Elements—The conductive parts of an antenna system that
Current loop—A point of current maxima (antipode) on an determine the antenna characteristics. For example, the

antenna. reflector, driven element and directors of a Yagi antenna.
Current node—A point of current minima on an antenna. End effect-A condition caused by capacitance at the ends of

an antenna element. Insulators and related support wires
contribute to this capacitance and lower the resonant
frequency of the antenna. The effect increases with
conductor diameter and must be considered when cutting
an antenna element to length.

End fed—An end-fed antenna is one to which power is

. ] applied at one end, rather than at some point between the
Delta loop—A full-wave loop shaped like a triangle or delta. ends.

Decibel—A logarithmic power ratio, abbreviated dB. May
also represent a voltage or current ratio if the voltages or
currents are measured across (or through) identical
impedances. Suffixes to the abbreviation indicate refer-
ences: dBi, isotropic radiator; dBic, isotropic radiator
circular; dBm, milliwatt; dBW, watt.

Delta match—Center-feed technique used with radiators that layer—The ionospheric layer that lies above the E layer.
are not split at the center. The feed line is fanned near the  Radio waves can be refracted from it to provide
radiator center and connected to the radiator symmetri- communications distances of several thousand miles
cally. The fanned area is delta shaped. by means of single- or double-hop skip.

Dielectrics—Various insulating materials used in antenna  Feed line—See feeders.
systems, such as found in insulators and transmission

lines Feeders—Transmission lines of assorted types that are used

to route RF power from a transmitter to an antenna, or
Dipole—An antenna that is split at the exact center for from an antenna to a receiver.
connection to & feed Il?e, usually a half wavelength long. rie|q strength—The intensity of a radio wave as measured at
Also called a “doublet. a point some distance from the antenna. This measurement

Direct ray—Transmitted signal energy that arrives at the is usually made in microvolts per meter.
receiving antenna directly rather than being reflected by Front to back—The ratio of the radiated power off the
any object or medium. front and back of a directive antenna. For example,
Directivity—The property of an antenna that concentrates the a dipole would have a ratio of 1, which is equivalent to
radiated energy to form one or more major lobes. 0 dB.
Director—A conductor placed in front of a driven element to Front to rear—Worst-case rearward lobe in the 180°-wide
cause directivity. Frequently used singly or in multiples sector behind an antenna’s main lobe, in dB.
with Yagi or cubical-quad beam antennas. Front to side—The ratio of radiated power between the major
Doublet—See dipole. lobe and that 90° off the front of a directive antenna.

Driven array—An array of antenna elements which are all ~ Gain—The increase in effective radiated power in the desired
driven or excited by means of a transmission line, usually ~ direction of the major lobe.
to achieve directivity. Gamma match-A matching system used with driven antenna

Driven element-A radiator element of an antenna system to ~ €léments to effect a match between the transmission line
which the transmission line is connected. and the feed point of the antenna. It consists of a series

load_ ith d capacitor and an arm that is mounted close to the driven
Dummy load-Synonymous with dummy antenna. A element and in parallel with it near the feed point.
nonradiating substitute for an antenna.

) ) ) Ground plane—A system of conductors placed beneath an
E layer—The ionospheric layer nearest earth from which

! ] g elevated antenna to serve as an earth ground. Also see
radio signals can be reflected to a distant point, generally counterpoise.
a maximum of 2000 km (1250 ml).

| lated i I \arized he ol Ground screer-A wire mesh counterpoise.
Ep ane—_F_ze atedto a inearty polarize antenna, the p aN€ " Ground wave-Radio waves that travel along the earth’s
containing the electric field vector of the antenna and its

o . - . surface.
direction of maximum radiation. For terrestrial antenna ) )
systems, the direction of the E plane is also taken as the H plane—Related to a linearly polarized antenna. The plane

polarization of the antenna. The E plane is at right angles containing the magnetic field vector of an antenna and its
to the H plane direction of maximum radiation. The H plane is at right

angles to the E plane.

2 Appendix



HAAT—Height above average terrain. A term used mainly in Lobe—A defined field of energy that radiates from a directive

connection with repeater antennas in determining cover-
age area.

Hairpin match—A U-shaped conductor that is connected to
the two inner ends of a split dipole for the purpose
of creating an impedance match to a balanced feeder.

Harmonic antenna-An antenna that will operate on its
fundamental frequency and the harmonics of the funda-
mental frequency for which it is designed. An end-fed
half-wave antenna is one example.

Helical—A helically wound antenna, one that consists of a

antenna.

Log periodic antenna-A broadband directive antenna that

has a structural format causing its impedance and radia-
tion characteristics to repeat periodically as the logarithm
of frequency.

Long wire—A wire antenna that is one wavelength

or greater in electrical length. When two or more wave-
lengths long it provides gain and a multilobe radiation
pattern. When terminated at one end it becomes essen-
tially unidirectional off that end.

spiral conductor. If it has a very large winding length t0 \jarconi antenna-A shunt-fed monopole operated against

diameter ratio it provides broadside radiation. If the
length-to-diameter ratio is small, it will operate in the
axial mode and radiate off the end opposite the feed
point. The polarization will be circular for the axial
mode, with left or right circularity, depending on
whether the helix is wound clockwise or counter-
clockwise.

Helical hairpin—“Hairpin” match with a lumped
inductor, rather than parallel-conductor line.

Image antenna-The imaginary counterpart of an actual
antenna. It is assumed for mathematical purposes to be

ground or a radial system. In modern jargon, the term
refers loosely to any type of vertical antenna.

Matching—The process of effecting an impedance match

between two electrical circuits of unlike impedance. One
example is matching a transmission line to the feed point
of an antenna. Maximum power transfer to the load
(antenna system) will occur when a matched condition
exists.

Monopole—Literally, one pole, such as a vertical radiator

operated against the earth or a counterpoise.

located below the earth’s surface beneath the antenna, arfdichrome wire—An alloy of nickel and chromium; not a

is considered symmetrical with the antenna above ground.

Impedance-The ohmic value of an antenna feed point,

matching section or transmission line. An impedance may

contain a reactance as well as a resistance
component.

Inverted V—A misnomer, as the antenna being referenced
does not have the characteristics of a V antenna. See
inverted-V dipole.

Inverted-V dipole-A half-wavelength dipole erected in the

good conductor; resistance wire. Used in the heating
elements of electrical appliances; also as conductors in
transmission lines or circuits where attenuation is desired.

Null—A condition during which an electrical unit is at a

minimum. A null in an antenna radiation pattern is a point
in the 360-degree pattern where a minima in field intensity
is observed. An impedance bridge is said to be “pulled”
when it has been brought into balance, with a null in the
current flowing through the bridge arm.

form of an upside-down V, with the feed point at the apex.Octave—A musical term. As related to RF, frequencies

Its radiation pattern is similar to that of a horizontal
dipole.

Isotropic—An imaginary or hypothetical point-source
antenna that radiates equal power in all directions. It is
used as a reference for the directive characteristics of
actual antennas.

Lambda—Greek symbol () used to represent a
wavelength with reference to electrical dimensions
in antenna work.

Line loss—The power lost in a transmission line, usually
expressed in decibels.

Line of sight—Transmission path of a wave that travels
directly from the transmitting antenna to the receiving
antenna.

Litz wire—Stranded wire with individual strands
insulated; small wire provides a large surface area
for current flow, so losses are reduced for the wire size.

Load—The electrical entity to which power is delivered. The
antenna system is a load for the transmitter.

Loading—The process of a transferring power from its source

to a load. The effect a load has on a power source.

having a 2:1 harmonic relationship.

Open-wire line—A type of transmission line that resembles a

ladder, sometimes called “ladder line.” Consists of
parallel, symmetrical wires with insulating spacers at
regular intervals to maintain the line spacing. The
dielectric is principally air, making it a low-loss type of
line.

Parabolic reflector—An antenna reflector that is a portion of

a parabolic revolution or curve. Used mainly at UHF and
higher to obtain high gain and a relatively narrow
beamwidth when excited by one of a variety of driven
elements placed in the plane of and perpendicular to the
axis of the parabola.

Parasitic array—A directive antenna that has a driven

element and at least one independent director or reflector,
or a combination of both. The directors and reflectors are
not connected to the feed line. Except for VHF and UHF
arrays with long booms (electrically), more than one
reflector is seldom used. A Yagi antenna is one example of
a parasitic array.
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