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FOREWORD

Some radio amateurs were understandably concerned when
they first heard about the new FCC RF exposure requirements.
Their reaction could be summed up as: “Oh no—not more regula-
tions. Pretty soon you’ll have to have an engineering degree
before you’re allowed to screw in a light bulb!”

Others were more philosophical. “After all,” they reasoned,
“the new rules are designed to protect my health and that of my
neighbors and family. Complying with them could be a bit incon-
venient, but at least it will show my neighbors and family that my
station is safe.”

Whichever way you may have reacted, the new RF exposure
rules are now a part of the regulatory landscape and are likely to
remain so. The ARRL has done its best to ease the transition.
ARRL Headquarters staff and volunteers participated fully with
the FCC as it determined the best advice to give amateurs on how
to meet the new requirements. We were able to persuade the FCC
to reconsider its rules, and to rewrite them so that amateurs would
be less affected.

This book was written to communicate one simple message:
For the vast majority of Amateur Radio operators, the RF expo-
sure rules are not difficult to understand and follow. This book
has what you need—the background information, suggestions and
worksheets to help you to comply with the new RF exposure
rules. With this information, you will be able to operate your
station legally and safely—and you will be able to operate.

David Sumner, K1ZZ
Executive Vice President
January 1998



PREFACE / ACKNOWLEDGMENTS

In August 1996, the FCC announced new rules governing exposure to transmitted radiofrequency
signals. The new rules set new limits on the amount of RF energy people can be exposed to. They
also require that some stations be evaluated to see if they are in compliance with the rules. Almost
all existing amateur operation is already in compliance with the rules. The regulations, and this
book, are based on these simple concepts.

When the RF exposure rules changes were announced, a new chapter in my life began. Having
been appointed as ARRL’s “point man” on the subject, I had a lot to learn in a short amount of time.
We wanted to ensure that things went smoothly for the Amateur Radio Service. With the help of a
lot of people, the ARRL was able to work effectively with the FCC to fine tune the regulations for
the Amateur Radio Service. At the same time, we wanted to be prepared to help hams do what the
rules require. For the most part, ARRL’s actions were successful. The rules now in place take into
account the ways most hams operate their stations.

Fortunately, I did not have to do this work alone! The ARRL RF Safety Committee is a group of
willing volunteers who provided ARRL with input and guidance throughout this process. We also
drew on a cadre of ARRL Technical Advisors and other experts in this field for help in all areas of
our interaction with the FCC and the amateur community. Assistant Technical Editor Paul Danzer,
N11II, edited the manuscript and prepared it for publication. In the long run, although I was given the
privilege of leading ARRL’s activities, this work—and this book—represents the work of the “best
of our best.” That is one of the greatest strengths of any volunteer organization, and it sure worked
well in this case!

When the rules were first announced, there were a number of areas that needed “fine tuning.” The
rules were originally scheduled to go into effect on January 1, 1997. The ARRL asked for more time
to give amateurs, and the FCC, time to prepare for this rules change. The FCC agreed, extending the
date to January 1, 1998.

Originally, the rules required that all amateur stations running more than 50 W PEP be evaluated
for compliance with the permitted exposure limits. We asked the FCC to vary that power level to
match the way the exposure limits vary with frequency. The FCC agreed, revising the 50-watt
threshold upward on most amateur bands. In addition, most mobile and amateur repeater operation
also was exempted from the evaluation requirement. These changes did not represent compromises
with safety; rather, they ensured that the final rules better complied with the FCC’s intent.

As a brand-new “expert” on the subject, I have given a number of RF-exposure presentations at
ARRL conventions and local radio club meetings. In almost all cases, my audience is aware that the
rules exist, but don’t know much about them. As I start to speak, I usually hear concerns that these
rules are going to require difficult, complicated station evaluations. An hour later, when my presen-
tation is over, those concerns are generally gone: Most hams realize that the station evaluation they
dreaded so much is not at all difficult. I feel confident you will reach the same conclusion after
you've read this book.

Ed Hare, W1RFI
ARRL Laboratory Supervisor




About the

The seed for Amateur Radio was planted in the 1890s, when
Guglielmo Marconi began his experiments in wireless telegra-
phy. 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 op-
erators in 1912.

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

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

e 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 League headquarters in the Hartford suburb of Newington,
the staff helps serve the needs of members. ARRL is also Inter-
national Secretariat for the International Amateur Radio Union,
which is made up of similar societies in more than 150 countries
around the world.

ARRL publishes the monthly journal QS7, as well as newslet-
ters and many publications covering all aspects of Amateur Ra-
dio. Its Headquarters station, W1AW, transmits Morse code
practice sessions and bulletins of interest to radio amateurs. The
League also coordinates an extensive field organization, which
provides technical and other support for radio amateurs as well
as communications for public service activities. ARRL also rep-

American Radio Relay League

resents US amateurs with the Federal Communications Com-
mission and other government agencies in the US and abroad.

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

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

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

ARRL

225 Main Street

Newington CT 06111-1494
860-594-0200

Prospective new amateurs call:
800-32-NEW HAM (800-326-3942)
E-mail: newham @arrl.org

World Wide Web: http://www.arrl.org/

For questions about the content of this book, contact the
ARRL Laboratory Staff at 860-594-0214 or tis@arrl.org.



Introduction

n January 1, 1998, the FCC rules
Oon RF exposure went into effect.

This is a new area for Amateur
Radio, so many hams have questions about
the rules and what is required to comply
with them. Driving many of these ques-
tions is a concern that amateurs must per-
form a difficult analysis of their stations.
Although the new rules do require that
some amateur stations be evaluated, the
evaluation is not difficult! Hams can do
their own station evaluations. No paper-
work need be filed with the FCC, once the
station evaluation is complete. The station
evaluation is usually as simple as looking
at a few tables to make sure the station’s
antennas are located far enough away from
people.

This book was written to be the tool
hams need to understand the rules, and to
do their station evaluations. This book
covers the basics, using easy-to-under-
stand language. It also covers a lot of
ground, and includes information on the
more complicated aspects such as multi-
transmitter sites and amateur repeaters.
This chapter starts with a little back-
ground, followed by a narrative “table of
contents” on each of the chapters. It ends
with a set of worksheets and instructions
most hams can use to complete their sta-
tion evaluations easily.

The new rules introduce a few concepts

Meeting the requirements of the RF-exposure rules is not
difficult for radio amateurs. The chapters of this book explain
the requirements in a straightforward way. Most hams will be
pleasantly surprised to learn they won’t have to do an
evaluation on their station! Even if you have to do an
evaluation, it is usually as easy as filling out the simple
worksheet at the end of this chapter and looking at a few tables.

that will be new for some hams, such as
electric fields, magnetic fields, near
fields, far fields, antenna patterns and
other electromagnetics terms. Chapter 2
presents these concepts in a fresh and edu-
cational way. While not central to com-
plying with the rules, this chapter helps
explain the fundamentals that will feed the
hunger most hams feel for new knowledge
and understanding.

Chapter 3 covers RF safety. It explains
that the rules are not a substitute for safety,
much like the rules governing electrical
wiring. Written by the ARRL RF Safety
Committee, the chapter discusses the RF-
safety practices most amateurs have
followed for years.

Once the fundamentals have been cov-
ered, Chapter 4 explains the specific re-
quirements of the rules in a simple,
straightforward way. This chapter has
beenreviewed by ARRL’s General Coun-
sel and the ARRL Regulatory Information
Branch—it uses “plain English” to help
hams understand the general and detailed
requirements in the new rules. Once all
the rules have been explained, it is handy
to have them readily available. You will
find them in Appendix A, which contains
the text of the FCC rules from Parts 1 and
2 as well as the more familiar Part 97.

The next chapter is the “core” of this
book—how to conduct the required rou-

tine station evaluation required of some
hams. Chapter 5 is the largest chapter in
the book, not because a station evaluation
is necessarily difficult (it is not!), but be-
cause the FCC permits hams to use any of
several different methods. Each of these
methods is presented in detail, along with
a discussion of the pros and cons of each.
Most operators will not need the sections on
multi-transmitter environments or repeater
sites, but when the subject comes up, this
chapter will be a valuable reference.

Chapter 6 is a condensation of the
FCC’s OET Bulletin 65: Evaluating Com-
pliance with FCC Guidelines for Human
Exposure to Radiofrequency Electromag-
netic Fields. This is the information bulle-
tin the FCC issued to all services—not just
hams. It contains the background, ratio-
nale and techniques for complying with
the new rules. This condensation retains
all the information that applies to radio
amateurs. OET Bulletin 65 Supplement B:
Additional Information for Amateur Ra-
dio Stations is reprinted in Chapter 7.
Written, as its title suggests, for radio
amateurs, it complements OET 65 and
provides more detail to help radio ama-
teurs comply.

If Chapter 5 is the main course of this
book, Chapter 8 is the dessert. Most sta-

(Continued on page 1.6)
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Worksheet A: Instructions — Categorical Exemption for Station Evaluation
Provided as a membership service by the American Radio Relay League, Inc., 225 Main St., Newington, CT 06111.

It is easy to determine if you need to do a routine station evaluation. The requirement to do a routine station
evaluation is based on Table 1.1, showing peak envelope power (PEP) input to the antenna.

A, B, C: For your records, enter the call sign of the station (A) , the name of the station licensee (B) and
station location (C) onto the top of the worksheet.

D. Enter the station operating frequency band being considered for evaluation (D).

E. Enter the maximum PEP output you use on that band (E).

(This can be determined by measurement or estimated from factors such as the rated output power of your
transmitter. Alternatively, you can estimate from other factors. See Chapter 5, the section titled: “How to
Calculate Peak Envelope Power to the Antenna.”)

F, G. Enter your feed line type (F) and length (G).

H. Enter the specification for the loss in dB per 100 feet for your cable type. Use the manufacturer’'s
specification or use the table in Chapter 5.

I. Divide the feed line length (G) by 100, then multiply the result by the specification for your feed line type
for loss in dB per 100 feet. This will give you the total feed line loss in dB (i).

J. Enter the total feed line loss in dB (1) and convert it to a percentage (J).
(See the formulas or table in Chapter 5 or, optionally, you can use 0 dB for a conservative estimate. If you
use 0 dB, skip to step J and enter 0%.)

K. Multiply the maximum transmitter PEP used on this band (E) by the percentage of power lost in the feed
line (J). The result is the total power lost in the feed line (K).

L. Subtract the power lost in the feed line (K) from the transmitter PEP used on this band (E). The result is
the PEP input to the antenna.

Compare the PEP input to the antenna (L) to the level in Table 1.1. If the power to the antenna is greater
than the level in Table 1.1 for that frequency band, it will be necessary for you to perform a routine
evaluation on your station. If your PEP to the antenna does not exceed the limits in Table 1.1, the rules do
not require you to do a routine station evaluation on that band.

1.2 Chapter 1



WORKSHEET A: CATEGORICAL EXEMPTION FOR STATION EVALUATION WORKSHEET
Provided as a membership service by the American Radio Relay League, Inc., 225 Main St., Newington, CT 06111.

Use this worksheet for each band you operate to determine if you need to do a station evaluation on that band.

(A): Station Call Sign: (B) Station Licensee:

(C) Station Location:

(D) Frequency Band:

(E) Maximum Transmitter PEP used on thisband: _______ W PEP

Refer to Table 1.1 — if the power on line (E) of this worksheet is less than or equal to the power limits given in the table
for this band, you do not need to do an evaluation on this band. if the power exceeds the limits, continue with this
worksheet.

Calculate Feed Line Loss in dB:
(F) Feed Line Type: (G) Feed Line Length: ft

(H) Enter Feed Line Loss in dB per 100 ft: dB
(From Chapter 5 or manufacturers specification. You can use 0 dB for a conservative estimate. If you use 0 dB, skip to step
J and enter 0%.)

() D - 100 X M __ dB = W _______ dB
Feed Line Length divide by 100 then multiply by loss in dB equals Feed Line Loss in dB
from (G) per 100 feet
from (H)
Convert to percentage:
$H_____ ____ dB = W %
Feed Line Loss in dB Convert to percentage of power lost in the feed line.
from (i) See Chapter 5 or use 0% as a conservative estimate.

Power to antenna:

e _____ . _WPEP X [0 % = K _________WPEP
Maximum transmitter PEP times Percentage of power equals Power lost in the feed line
used on this band from (E) lost in the feed line

from (J)
Ee________ ___WPEP - Ko w = w_______ ___WPEP

Maximum transmitter PEP  minus Power lost in feed line equals PEP input to the antenna
used on this band from (E)

Conclusion and decision:
Compare the power input to the antenna (L) to Table 1.1. If the power input to the antenna is less than or
equal to this power level, you do not have to evaluate your station on this band.

Introduction 1.3




Worksheet B: Instructions — Station Evaluation Worksheet
Provided as a membership service by the American Radio Relay League, Inc., 225 Main St., Newington, CT 06111

if you do have to do a station evaluation for one or more powers or modes, use this worksheet to guide you
through the process. This single page worksheet and instructions will suffice for many stations. See Chapter
5 for multiple transmitter sites and repeaters.

A, B. For your records, enter the call sign of the station (A), the station licensee (B) onto the top of the
worksheet.

C. Enter the frequency band being evaluated.
D. Enter the operating mode being evaluated.

E. Enter the maximum transmitter peak-envelope power being used on this band (E). (See Chapter 5, the
section titled: “How to Calculate Peak Envelope Power to the Antenna.”)

F. Enter the peak-envelope power input to the antenna from line L of Worksheet A (F).
(As a conservative first estimate, you can skip to steps J and K, using this power level.)

G. Enter the duty factor of the mode being evaluated (H):
(See the section in Chapter 5 titled: “Duty Factor,” or use 40% for CW, 20-40% for SSB, 100% for FM or
digital modes.)

H.l. Enter the maximum percentage of time the station could be on the air for controlled or uncontrolted
exposure. (A good rule of thumb is to use 100% for controlled exposure, 67% for uncontrolled exposure. Also
see the table in Chapter 5.)

J, K. Calculate average power.
(Multiply the PEP input to the antenna (F) by the duty factor of the mode being used (G) by the operating
time percentage (H, ). The result is the average power to the antenna.

L. Refer to any of the evaluation methods described in the FCC’s OET Bulletin 65 of Chapter 5. Determine
that the antenna is located far enough away from areas where people are present or that the field strength is
below the maximum permissibie exposure (MPE) limits in areas where people are present. Describe briefly
the method used to perform this evaluation.

M. Record the results of your station evaluation. Your station evaluation for this band and mode is now
complete. Although it is not required by FCC rules, it is recommended that you retain a copy of your station
evaluation in your station records.

If the station is not in compliance under all circumstances of its expected operation, attach a separate sheet describing
any limitations of methods that the station operator will use to ensure compliance if people are presentin areas that could
be out of compliance.

1.4 Chapter 1



WORKSHEET B: STATION EVALUATION WORKSHEET
Provided as a membership service by the American Radio Relay League, Inc., 225 Main St., Newington, CT 06111.

Use this worksheet for each band, mode and antenna combination you use to determine if your station complies with the
FCC regulations for RF exposure.

(A): Station Call Sign: (B) Station Licensee:

(C) Frequency Band: (D) Operating mode being evaluated:

(E) Maximum Transmitter PEP used on this band: W PEP

(F) PEP input to the antenna on this band (from line (L) on Worksheet A): ____ W PEP

For a conservative estimate, you could use your maximum transmitter PEP and skip to step (L) and use this power for your
evaluation. If you “pass,” you do not need to do the other steps.

Mode and duty factor:
(D) Operating mode being evaluated: (G) Duty Factor for this mode; ______ %
(See Chapter 5 or use 40% for CW, 20% for SSB with no speech processing, 40% for SSB with heavy speech processing,

100% for FM or digital modes)

Maximum time the station could be transmitting in:

(H) 6-min period (controlled): ____/6 = _____ %

(1) 30-min period (uncontrolled): ____/30= _____ %

Caiculate average power — Controlled exposure:

F WPEP x G)_______ % x (Hy_______ % = [0 ) I W avg

PEP input to the times Duty Factor times Controlled equals Controlled average

antenna from (F) from (G) operating time power input to the
percentage antenna

Calculate average power — Uncontrolled exposure:

F)________WPEP x (G)_______ % x (0 _______ % = Ky _____ W avg

PEP input to the times Duty Factor times Uncontrolled equals Uncontrolled average

antenna from (F) from (G) operating time power input to the
percentage antenna

(L) Refer to any of the evaluation methods in FCC’s OET Bulletin 65 or Chapter 5. Determine if the antenna
is located far enough away from areas where people are present or that the field strength is below the
maximum permissible exposure (MPE) limits, based on the frequency, mode, average power and antenna
type being used.

(M) Describe the method used to do the evaluation:

Using this method, did your station exceed the FCC RF exposure limits? (Y/N)

Controlled exposure:

If the station is not in compliance under all circumstances of its expected operation, attach a separate sheet describing
any limitations of methods that the station operator will use to ensure compliance if people are present in areas that could
be out of compliance.
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tion evaluations can be done by finding
the table that best represents how a par-
ticular station operates. Then, by looking
up the average power level used, you can
determine if the station’s antenna is
located far enough away from people.
Chapter 8 consists of about 200 tables,
prepared using the same methods the FCC
used for the sample tables published in
their RF exposure information bulletins.
There is one major difference between the
FCC’s tables and those in Chapter 8: Be-
cause there are far more of them, the tables
in Chapter 8 provide a much greater level
of detail and precision.

This book also contains a number of
appendices. As noted above, the para-
graphs of Part 1, Part 2 and of course Part
97 of the FCC Rules that apply to the
Amateur Radio Service are printed in Ap-
pendix A. To provide a full understanding
of where we are, and how we got here, a
condensation of three FCC documents in
ET Docket 93-62 is included as Appendix
B: FCC 96-326 Report and Order, August
1, 1996; FCC 96-487 First Memorandum
Opinion And Order, December 23, 1996,
and FCC 97-303 Second Memorandum
Opinion And Order And Notice Of Pro-
posed Rulemaking, August 25, 1997.

The new FCC Form 610, with the now
mandatoryradiation safety statement that all
applicants mustsign, isin Appendix C, along
with Forms 610-A and 610-B. Appendix D
isalistof FCC information sources onradia-
tion safety and a set of FAQs (frequently
asked questions) and their answers from the
FCC files. Of course, an extensive Re-
sources section (Appendix E)is included—it
gives names, addresses, telephone numbers,
e-mail addresses and Web page addresses
for all companies and organizations men-
tioned in this book.

To put thisbook together, abalance had to
be struck between ease of use and complete-
ness. The pages printed here represent this

1.6 Chapter 1

TABLE 1.1
Wavelength Band Evaluation Required if
Power* (watts)
Exceeds:
MF
160 m 500
HF

80 m 500

75 m 500

40 m 500

30 m 425

20 m 225

17m 125

15m 100

12 m 75

10 m 50

YHF (all bands) 50

UHF

70 cm 70

33 c¢m 150

23 cm 200

13 cm 250

SHF (all bands) 250

EHF (all bands) 250

Repeater stations
(all bands)

non-building-mounted antennas: height
above ground level to lowest point of an-

tenna < 10 m and power > 500 W ERP
building-mounted antennas:
power > 500 W ERP

*Power=PEP input to the antenna except, for repeater stations only, power exclusion is based

on ERP (effective radiated power).

balance. Those hams who need only a
simple answer will find this answer pre-
sented clearly in this book. Those who need
to learn about the complete picture, or more
detail about any part, will find it here, too.

All radio amateurs must decide if they
have to perform an evaluation, or if their

station—for the bands and modes used—is
categorically exempt. To show you how
simple it is for most hams, Worksheet A in
this chapter lets you make this determination
in few easy-to-follow steps. If the resulting
answeris “yes,” and evaluation must be made,
Worksheet B tells you how to go about it.



Basic Electromagnetic Theory

This chapter was written by Kai Siwiak,
KEA4PT, a professional engineer working
in the field of electromagnetics.

INTRODUCTION

As you approach the topic of RF-protec-
tion guidelines, standards and regulations,
you will need to understand a few basic
properties of electromagnetic (EM) fields
and waves. In this chapter we will first
develop the concepts of electric and mag-
netic fields. Then we’ll relate them to their
sources, which are electric currents and
electric charges.

Although the behavior of electromag-
netic fields can be described very precisely
withjust a few very compact, but complex
equations, we will not go into the really
heavy math here. For those of you who do
want to dive into the governing equations,
agood reference textbook on antennas will
be a valuable asset.!”?

BASIC RADIO-WAVE AND ANTENNA
TERMS

First, we will define some terms com-
monly encountered in the study of anten-
nas and radio-wave propagation. These
definitions are consistent with industry
standards and with common engineering
usage.>* The definitions relate antenna and
transmission-line currents and charges to
electromagnetic fields.

Definitions for Impedance

Impedance with regard to transmission
lines and electromagnetic fields is defined
in terms of where it is applied. On a trans-
mission line, such as coaxial cable, twin
lead or open-wire line:

This chapter explains the theory behind electromagnetic
fields, antennas and the regulations. This foundation will
help you understand the requirements of the rules.

e Characteristic Impedance (Zo) is de-
fined as the ratio of voltage to current
on a transmission line. It is a property
related to the physical construction and
dimensions of the transmission line.

o Intrinsic Impedance is defined as the
ratio of the complex amplitudes of the
electric and magnetic fields for a plane
wave in an unbounded medium. The
ratiois My=376.730313 Qina vacuum
(and essentially the same value in air).
Intrinsic impedance is a property of the
medium, not of the fields.

* Wave Impedance is defined as the ratio
of the electric-field component to the
magnetic-field component at the same
point of the same wave. For a plane
wave in unbounded space (no bound-
aries or conductors), the wave and in-
trinsic impedances are the same.

Some examples should help you under-
stand these various impedances a bit bet-
ter. Coaxial transmission lines are
constructed so that there is a certain par-
allel capacitance per unit length, as well
as a certain series inductance per unit
length of the line. The characteristic im-
pedance is the square root of the ratio of
the inductance to capacitance, or
Z, =4/L/C . For coaxial lines used in most
amateur applications, the characteristic
impedance is between 50 to 75 €, with 50-
Q cable the most common. The characteris-
tic impedance is determined by the physical
dimensions chosen by the manufacturer of a
particular cable. This includes the ratio of
inner-to-outer conductor diameters and the
dielectric constant of the insulating material
between the center conductor and the outer
shield.

When we measure the voltage between
the inner and outer conductors of a 50-Q
coax and divide by the current flowing
through the inner (or outer) conductor, the
answer will be 50 Q. This is only true when
the cable is match-terminated in a resis-
tive load equal to the characteristic im-
pedance. If the transmission line were not
match terminated, the ratio of the voltage
to the current will not equal the character-
istic impedance—we will have standing
waves on the line. For example, on a mis-
matched 50-Q line, the voltage divided by
the current can be greater than or less than
50 Q, but the characteristic impedance of
the line itself always remains 50 .

The same concept is true of electromag-
netic waves traveling in space. We define
the intrinsic impedance of free space
as the product of free space permea-
bility Ho = 4n x 107 henry/meter (H/m)
and the free space velocity of light
¢ = 299,792,458 meters/second (m/s).
These are exact physical constants,® and
the exact answer is 376.730313 Q. We
usually round the number off to 376.7 or
even 377 Q.

If we were to use 300,000,000 m/s for the
speed of light, we would get 120 = as an
approximation for the intrinsic impedance
of free space. A wave traveling in unbounded
free space, withno boundaries or reflections,
will have an electric-field to magnetic-field
ratio of 376.7 Q, by definition.

Buthere’s the kicker—‘“‘unbounded free
space” hardly ever exists—except in text-
books, because we are always near one
boundary or another, such as ground, hu-
man bodies, houses, cars, and trees, even
the pet cat and dog. Here’s another kicker:

Basic Electromagnetic Theory 2.1




Those boundaries—cars, trucks, dogs, and
so on—often move a lot.

Boundaries are where dielectric con-
stants change, or permeability changes,
or conductivity changes. Air-to-earth is
a boundary; air-to-a-conducting-metal-
sheet is a boundary. They behave just like
mismatches on a transmission line. Waves
reflect from these boundaries in a compli-
cated way and form standing waves in
space. The electric fields and the magnetic
fields reflect differently atboundaries, just
like voltages and currents reflect differ-
ently from mismatches on a transmission
line.

For example, when a wave travels in air
to a metal-wall boundary, it reflects and
sets up a standing wave in air. The electric
field component standing wave has a deep
null at the boundary and nulls every half-
wave length away from the boundary. The
magnetic-field component, on the other
hand, has a maximum value at the bound-
ary and minimum values one quarter of a
wavelength from the boundary, as well as
every half wavelength away from that
minimum.

This picture should sound familiar,
since it is just like the voltages and cur-
rents on a short-circuited transmission
line. The electric fields and magnetic
fields have peak and nulls that are a quar-
ter wave length out of step witheach other.
At any point in that kind of a field the
wave impedance (remember, that’s the
electric-field magnitude divided by the
magnetic-field magnitude at a point) can
range from nearly zero at an electric-field
null to an extremely high value at a mag-
netic-field null. This is the same behavior
of standing waves on a transmission line.

This is the wave situation everywhere

in our environment. And it constantly

changes because many of our boundaries
are in motion. Furthermore, there are al-
ways other conductors nearby, perhaps
power, telephone lines, or other antennas.
All these interact with the operation of the
antenna. Because of all these boundaries
and parasitic conductors, all real-world
factors, an exact, deterministic assessment
of electromagnetic fields everywhere is
impossible, or at best, pointless.

The more boundaries there are, the more
reflections there are, and the more compli-
cated the standing-wave EM fields picture
becomes. We’ve all experienced one common
manifestation of this messy field picture in
the form of “picket fencing” when we are op-
erating mobile. This is the rapid signal-
strength variation—sounding like someone
dragging a stick along a picket fence—that
we often find in weak-signal areas of VHF
and UHF repeaters as the vehicle moves.
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The wave impedances that amateurs
encounter are rarely equal to 376.7 £,
because we are always near one boundary
or another. The most obvious boundary is
the ground itself. The wave-impedance
variation of fields near boundaries com-
plicates our discussions of RF-exposure
compliance later on. It is also one reason
why the FCC standards treat exposure to
electric and magnetic fields separately.

Definitions for Near and Far
Regions of Antennas

Now let’s turn our attention to some
antenna terminology. For the moment, it
will be most convenient to talk about an-
tennas that are in “unbounded free space.”
Unbounded free space is a region that has
neither boundaries (such as ground) nor
other conductors. Later on, we’ll examine
in more detail the boundaries and conduc-
tors that were discussed in the previous
section.

There are many ways of defining the
far field of an antenna, depending on what
concept we trying to portray. Let’s see if
we can “sneak up” on an understanding of
the far field. Imagine a film or slide projec-
tor whose focus knob has been set to “infin-
ity.” The lens of the projector is analogous
to an antenna. If you move the screen to a
large distance from the projector, simulat-
ing an infinite distance, the image on the
screen will be in perfect focus.

Now, move the screen closer to the
projector lens. There is a range between
infinity and some distance away from the
projector where the image on the screen
will remain pretty much in focus. This is
the far-field region. How far is the far
field? Well, how much image defocusing
can you tolerate and still maintain that itis
essentially in focus? This is a subjective
definition.

Now move the screen even closer—
right up to the projector lens. There is a
smooth transition between the far-field
image and the near-field image. The near-
field image does not much resemble the
far-field image. The light distribution
across the lens surface is exactly equiva-
lent to the currents and voltages on an
antenna.

» The far-field region is defined as that re-
gion of the field of an antenna where the
angular field distribution is essentially
independent of the distance from the
antenna.

To continue the projector analogy, we
are in the far field when the image is ac-
ceptably in focus at some distance. Even if
we move further away, the image on the
projector screen will not change apprecia-
bly. This is admittedly a vague, subjective

sort of definition, but so is the distinction
between near and far.

There are measurable things that hap-
pen when we enter the far field. For one,
the wave impedances of the antenna pat-
tern closely approach 376.7 Q, as long as
no other boundary, like the ground, is
present. Remember, wave impedance is
the ratio of the electric and magnetic fields
at the same point.

Another subjective observation about
the far field is that when the antenna is
viewed from the far field, it appears to be
small. In more scientific terms, an antenna
viewed from the far field subtends a small
angular extent and the distance between
any point on the antenna so far as the ob-
serveris concerned is essentially the same.
When viewed from the far field, the de-
tails of the antenna are not apparent to the
observer.

Textbooks and standards also define
other regions like induction zone, reactive
near-field region, radiating near-field re-
gion, Fraunhdfer region, and Fresnel re-
gion, depending on the antenna concept
that they need to explain. Of these, the
definition of reactive near-field region or
simply the near-field region is of interest
to amateurs,

* Near-field region is defined as that re-
gion of the field immediately surround-
ing the antenna, wherein the reactive
field dominates and where the angular
field distribution is dependent upon dis-
tance from the antenna.

In the near field, the physical details of
the antenna dominate the fields picture.
We will touch on the near field again when
we explain antenna Q. For now, imagine
the antenna to electrically resemble a par-
allel tank circuit-—an inductor, a capacitor
and a resistor in parallel. At the resonant
frequency, energy swaps between the
magnetic field of the inductor and the
electric field of the capacitor once every
half RF cycle, with a portion of the energy
dissipated in the resistor.

The energy dissipated in the parallel
resistor analogy corresponds to the energy
actually radiated into the antenna’s far
field. The fields swapping between elec-
tric and magnetic energy around the
antenna are confined to the immediate
vicinity of the antenna—just like the
electric and magnetic fields in the tank-
circuit example. Indeed, for this reason
unshielded tank circuits are potential
sources of RF exposure!

Just as there are measurable character-
istics for the far field, there are also mea-
surable characteristics for near fields. Like
the voltages and currents in the inductor
and capacitor of a tank circuit, the fields



immediately near an antenna are reactive.
That is, the electric and magnetic fields
are 90° out of phase with each other (in
phase quadrature or simply a quarter of a
cycle out of step with each other).
People and objects within the reactive
near-field region of an antenna will inter-
act with an antenna, as mentioned previ-
ously. Among other things, they can influ-
ence the antenna’s feed-point impedance.
How far does the near field extend? The
answer is again subjective—hence the
many textbook definitions of the regions,
depending on the particular concept that
needs explaining. In the practical sense,
the reactive near field diminishes to a
strength below that of the radiating field
components (which supply energy to the
far field) within a third of a wavelength or
so of the physical extent of the antenna.

ELECTRIC AND MAGNETIC FIELDS

Asthe name implies, there are two “gen-
ders” of electromagnetic (EM) fields—
electric and magnetic. Let’s look at some
of the properties of EM fields by first con-
sidering electric charges and their proper-
ties. Electric fields are lines of force con-
necting charges of opposite polarity, like
the lines labeled E in Figure 2.1A. The
electric force is defined in units of volts
per meter (V/m). A single-polarity static
charge, such as that shown in Figure 2.1B,
has electric lines of force E extending
outward to infinity. The lines are all radi-
ally directed away from the charge. There
is a definite mathematical relationship,
called Gauss’s Law (one of Maxwell’s
equations), that allows us to compute the
electric field strength if we know the
amount of charge. For now, however,

that’s a detail.

Magnetic fields are lines of force that
encircle moving charges. For example,
look at the field lines labeled H encircling
the moving charges represented by the
current I in Figure 2.1C. Again, there is a
precise mathematical relationship, called
the Ampere-Maxwell Law, between the
amplitude of the current and the amplitude
of the magnetic field.

The magnetic field forms paths sur-
rounding currents and has units of amperes
per meter (A/m). We call moving charges,
of course, electric currents. When the cur-
rent is a constant direct current, the mag-
netic field is constant. In this discussion,
we’ll ignore permanent magnets and dc
systems, since they don’t radiate EM
fields. The relationships between charges
and electric fields, and between currents
and magnetic fields, are described by two
of Maxwell’s famous four equations.

Current Flow and Charge
Accumulations

The real fun begins when the charges
are made tomove in aregular fashion, with
the resulting currents varying in amplitude
as a function of time. Specifically, let’s
assume the current varies in direction and
in amplitude according to the mathemati-
cal sine or cosine function. We’ll consider
an ac current supplied to a resistor. The
resistor here represents the radiation re-
sistance of the antenna.

Figure 2.2 shows two cycles of the sine
function, just like you could see using an
oscilloscope. The trace shows the voltage
created by the current flowing through the
resistor and is called a sinusoidally alter-
nating voltage. The rapidity with which

the current-flow changes from one direc-
tion to the opposite direction and back
again is called the frequency (in cycles per
second or Hz). Note that Figure 2.2 shows
two peaks A and C to the sine amplitude
that are the square root of two higher in
amplitude than the RMS value. In our dis-
cussions, we will always refer to the RMS
value of sinusoidal currents, voltages and
field strengths.

The Resonant Half-Wave Dipole

Varying currents—charges that are
moving—produce electric and magnetic
fields that vary with time. Let’s look at a
simple resonant half-wave long dipole
(and we’ll define what that means later),
fed in the center with a sinusoidal current.
See Figure 2.3. The particular instant in
time shown in Figure 2.3 corresponds to
the point that the current at the terminals
of the antenna has risen to its maximum
value, point A in Figure 2.2.

The current flows out one feed-point
terminal and into the other terminal. Each
terminal is balanced with respect to
ground. The current is always zero at the
dipole ends, so it builds up first positively
as shown in Figure 2.3, then a half cycle
later negatively along the dipole length.
At the peak of one such build-up, we can
“freeze” the picture in time and measure
the current amplitude along the wire—as
it should be, the amplitude is shaped like
a cosine function. It is zero at each tip and
maximum in the middle.

The corresponding magnetic field lines
encircling the dipole are shown in Figure
2.4A, where the size of the magnetic-field
circles correspond with the current ampli-
tude on the dipole. What do the two fields

(A)

o

(®)

(©)

Figure 2.1—At A, E field of two charges; at B, E field of one charge; at C, magnetic field H of a d¢ current I.
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Figure 2.2—A sinusoidal alternating current, flowing through a resistor to create a
voltage that can be measured by an oscilloscope. The resistor represents the

antenna radiation resistance.
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Figure 2.3—Currents on a half-
wavelength resonant dipole antenna
fed by a current source.

look like at that snapshot in time? Two of
Maxwell’s equations tell us that at the di-
pole wire, the magnetic field wraps around
the wire and the field intensity right at the
wire surface equals exactly the current
density. The magnetic field right at the
wire surface is the current there divided by
the wire circumference. We’ve just found
the exact value of the near magnetic field
of the dipole in terms of the current right
at the dipole surface! Finding the electric
field, however, is not so easy, and will not
be attempted here.

A quarter of a cycle later, as shown in
Figure 2.4B, the charges have peaked at
the dipole tips: positive on one tip and
negative on the other tip. At the feed point,
the current is zero, just before reversing in
direction. At this instant of time, the mag-
netic field at the feed point on the dipole
surface is zero.

One quarter of a cycle later, correspond-
ing to point C of Figure 2.2, the current
is at a negative maximum as the field pic-
ture of Figure 2.4B implies, but with the
arrow directions reversed. And one quar-
ter of a cycle after that, at point D of Fig-
ure 2.2D, the field picture of Figure 2.2B
applies, but with the signs reversed. The
whole process repeats for each and every
full cycle current flow.
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We also realize from the above descrip-
tion that the current peaks and the charge
peaks are out of step in time by a quarter
cycle in time. This means that the peak
magnetic and peak electric fields right at
the dipole are also a quarter cycle out of
step. That is another distinguishing char-
acteristic of near fields, as we discovered
in the previous section. In the near field,
the magnetic and electric fields are 90°
out of phase, in phase quadrature.

We see here that the places on the di-
pole where current peaks occur (and also
magnetic field peaks) are different from
the places on the dipole where the charges
accumulate (peak electric fields occur).
Now look back to the previous section at
the definition of wave impedance. The
wave impedance varies drastically over the
length of the dipole wire. The tip of a dipole
is clearly a high wave-impedance point,

while the feed point exhibits arelatively low
wave impedance, more commonly known
as the feed-point impedance.

Velocity of Moving Charges on an
Antenna

Let’s now look at the velocity of the
moving charges on a half-wave antenna.
For our purposes here, it is accurate
enough to say that the charges travel along
our dipole wires at the velocity of light,
where ¢ = 299,792,458 meters/second
(approximately one foot every nanosec-
ond). Look back at the oscilloscope pic-
ture of a sinusoidal current wave form in
Figure 2.2. The time T taken for one com-
plete cycle to occur is T = 1/f. In English,
this means that the cycle duration is the in-
verse of the frequency. The distance d that a
charge travels in a full cycle’s worth of time
Tisd=cT. Thisisdefined as the wavelength
A (Greek letter lambda), so A = c/f.

On our half-wavelength dipole, the time
it takes for the charges to move from the
feed point to the tip is one quarter of an RF
cycle. Thus the length of each half of the
resonant dipole must be L = A/4 and the
total length of the resonant half-wave
dipole is A/2.

So far we have seen that oscillating
charges produce electric fields between
opposite sign charges, and magnetic fields
wrapping around currents. Now we need
to introduce another two physical con-
cepts: Faraday’s law of induction, and
Ampere’s law. Stated in plain English, a
time-varying magnetic field causes an
electric field to try to wrap around the
magnetic field lines, and a time-varying
electric field causes a magnetic field to try
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Figure 2.4—Currents and charges on a dipole antenna.
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to wrap around the electric field lines.
Thus once launched, a moving magnetic
field will generate a moving electric field
and vice versain an ever-expanding dance
that we call wave propagation.

Stored and Radiated
Electromagnetic Fields

These near fields close to an antenna
are a quarter of a time-cycle out of step
with each other. The electric and magnetic
fields swap between stored electric and
stored magnetic energy in the immediate
volume.around the dipole, very much like
the electric and magnetic fields in a simple
LCR tuned circuit described earlier.

Now:we can see that, once launched,
those .reactive fields will give rise to
an expanding picture of radiating fields
that sap away some fraction of the energy
stored in the reactive near field and
propagate it away from the dipole in an ever
expanding sphere of radiating energy.

The Concept of Q
How much energy is stored in the vicin-
ity of the dipole? Remember the param-
eter Q? Its precise mathematical defini-
tion is:
Total stored energy
Energy dissipated in one cycle

(Eq )

Q=2n

Q is a useful figure of merit when we
speak of inductors and capacitors, and the
same exact concept holds here for anten-
nas. We can see now that if the Q of the
antenna is high, a rather substantial frac-
tion of energy is being swapped between
the electric and magnetic fields (like in an
LCR tank circuit) in the vicinity of the
antenna, compared to the amount of en-

ergy radiated. Of course, the energy
supplied to the antenna feed-point termi-
nals replaces the energy dissipated. This
radiated energy is associated with a load
resistance (corresponding to the R in the
tank circuit) that we call the radiation
resistance of an antenna.

Foraresonant, infinitesimally thin half-
wave dipole having a sinusoidal current
distribution, that radiation resistance is
73.08 Q. This is the resistance that appears
as a load resistor at the dipole’s feed point.
The radiation resistance depends on the
actual wire thickness and this also affects
the resonance length for the dipole, as
shown in Figure 2.5.

The wire thickness also affects the di-
pole reactance as shown in Figure 2.6. We
can even find the Q of these antennas
from an equivalent definition of Q based
on the 3-dB bandwidth of a tuned circuit.
Let’s refer to curve A of Figure 2-6 for this

example. The resonant frequency fy cor-
responds to the antenna length where the
reactance is zero, fg = c/(2x0.497). The
frequency where the dipole resistance
equals the negative reactance is fyy =
¢/(2x0.474) and the frequency where the
dipole resistance equals the reactance is
fp = ¢/(2%0.51), and c is the velocity of
light.
The Q is then:

f

Q=R
fx 1,

(Eq 2)

or nearly 14. From our previous definition
of Q, there is Q/27 or about twice as much
stored energy compared with radiated en-
ergy for the particular dipole represented
by curve A. The near field of antennas,
closer than a third of a wavelength or so,
does need special consideration when
dealing with RF compliance issues.

WHAT ABOUT THE RADIATING
FIELDS OF ANTENNAS?

We will look into the radiation picture
of antennas in this section. We will con-
centrate on dipoles because other anten-
nas, like Yagis, are no more than collec-
tions of dipoles with slightly different
lengths and certain physical spacings. The
nature of a spherical wave must first be
explored. Remember from the above dis-
cussion that a fraction of the energy stored
around a dipole radiates away? This is
replaced by the energy that we supply to
the antenna with the transmitter. How is
this radiated energy distributed in space?

Let’s look at a sphere that is big enough
to enclose our antenna. For the moment
imagine that the energy radiates equally in
all directions from our antenna, somewhat
like a bare light bulb. The energy per unit
time, that is, the power, flowing out of that
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Figure 2-6—Resistance and reactance at the input terminals of a center-fed
antenna as a function of its length. As shown by curves A, B and C, the reactance
is affected more by the A-to-dia ratio of the conductor than is the radiation

resistance.
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sphere exactly equals the power supplied
to the antenna feed point. Imagine now a
second sphere at twice the radius of the
first surface. We see that because of the
conservation of energy, the same total
power also exits the second sphere. The
second sphere, at twice the radius of the
first surface, has four times the surface
area. Therefore when we doubled the dis-
tance from the antenna (first sphere to sec-
ond sphere), the area through which our
constant power is flowing quadruples be-
cause the area of a sphere is proportional
to the square of radius (A = R?). Thus the
power density, measured in watts per
square meter (W/m?), decreases with the
square of distance for the radiating en-
ergy. Powerdensity P,(W/m?)is thus pro-
portional to the square of field strength
(V/m and A/m). When the intrinsic im-
pedance is 376.7 Q, and we are in un-
bounded free space, the wave impedance
is also 376.7 Q.

Power supplied E?
Pd = =

s =H?x376.7
47R 376.7

(Eq 3)

The radiated power density decreases
inversely with the square of distance from
the antenna. We can take the square root
of each term, so

p 376.7

¥ 4m (Eq 4)
R

E=

where P is the power supplied to the an-
tenna, and

[ P
H= 4w x376.7 (Eq 5)

R

and we find that the radiating fields (those
carrying energy away from the antenna)
diminish inversely with distance from the
antenna. To be sure, there are reactive
fields in addition to the radiating fields
near the antenna. These make the total
fields picture very close to the antenna
more complicated, as we discussed in the
previous sections.

Dipoles don’t radiate equally in all di-
rections; they exhibit directionality. We
can find the magnetic field in the peak
radiation direction by applying principles
already discovered in the previous sec-
tions. The first principle is that the mag-
netic field at the feed point of the dipole is
exactly equal to the current density di-
vided by the dipole wire’s circumference.
The second is that the field diminishes
inversely with distance R. The exact ex-
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pression for the magnetic field along an
axis in the direction of peak gain is:

H=L= /P/73.08 (Eq 6)
R 27R d

where I is the dipole feed point current and
P is the power supplied to the dipole. The
73.08 term is the feed-point impedance for
an infinitely thin half-wave dipole in free
space. The formula is suitable for deter-
mining the compliance distance R meters
for a radiated power P watts and field
compliance limit H in A/m. Our dipole
antenna does not distribute the radiated en-
ergy omnidirectionally in space, but rather
focuses it, primarily in the directions
perpendicular to the dipole length. The fo-
cusing pattern, although complex in the
immediate vicinity of the antenna, eventu-
ally becomes constant with distance (see
the definition of far-field region again).

We call the peak value of the focusing
factor the antenna gain. For the resonant
half-wave dipole we can compare the peak
field given by the right-hand side of Eq 6
with the omnidirectionally radiated field
given by the right-hand side of Eq 5. The
result is the dipole gain:

G = 20 10g{«/4nx376.7 173.08

:l =2.15dBi
21

(Eq7)

Eq 7 states that the far fields of a dipole
in the maximum radiation direction, 0° and
180° in Figure 2.7A are 2.15 dB stronger
than would occur if the same energy were
radiated equally, like our bare light bulb,
in all directions. The bare light bulb is
analogous to an isotropic radiator, one
that radiates equally well in all directions
with no directionality. The gain of a di-
pole referenced to an isotropic radiator is
2.15 dBi (dB referenced to isotropic).

The exact expressions for the electric
fields, both near and far-field, from a sinu-
soidally excited, resonant dipole are some-
what more complex than that for the mag-
netic field in Eq 6. See Section 11.4.5 in
Reference 6, for example.® The expressions
for a dipole of arbitrary length and arbitrary
thickness are exceptionally complex, how-
ever.” Exact expressions for loop antennas
are also available, and are similarly com-
plex.? Radio amateurs rely on numerical
solutions using computer codes like
MININEC, NEC and similar programs.

FIELD MEASUREMENTS AND
COMPUTATIONS

Up until now, the discussion about
fields and radiation from a dipole has been
very straightforward because there were

no other boundaries involved. The dipole
was assumed to be in unbounded free
space—but practical antennas are never
located in unbounded free space. When
actual measurements are attempted, other
objects can couple parasitically to alter the
readings. Even the very instruments (not
to mention the operator!) used to make an
EM-field measurement can get into the
act to affect the readings. Great care and a
detailed, specialized knowledge are re-
quired to configure and calibrate an accu-
rate measurement of electromagnetic
fields. For this reason EM-field measure-
ments are best left to the specialists. Radio
amateurs are better served by computa-
tional methods than by measurements.

The electromagnetic fields around an-
tennas can be very accurately calculated
using readily available computer software.
Computer antenna modeling programs
such as MININEC and other codes derived
from NEC (the Numerical Electro-
magnetics Code) are very suitable for es-
timating magnetic and electric fields
around amateur antenna systems. You
must be sure to include the effects of
ground, and also to recognize that waves
reflect from all surfaces, including walls
and vehicles. All surfaces and conductors
should be explicitly included in the com-
puter models.

Wehave seen in Figures 2.1 and 2.4 that
fields have an orientation in space. Com-
puter programs such as NEC generally are
based on a Cartesian, or (x, y, z), coordi-
nate system so geometries and fields are
expressed in x, y and z components. For
the purpose of RF compliance when using
computer codes, be sure to calculate the
total fields at a particular point. From the
exposure standard point of view, we are
interested in:

(Eq 8)

and

H ol =\/[Hx|2 +IHy|2 +|H, (Eq 9)
because that is how the fields interact with
biological tissues. The symbol [El means
“the absolute value of the magnitude of
E.” Eq 8 and 9 are applicable both to near-
field and far-field regions, as well as near
reflectors, such as the ground.

HOW THIS ALL RELATES TO
EXPOSURE STANDARDS

In transmitting applications, the mea-
sure of the rate at which energy is absorbed
by the human body is called the specific



Figure 2.7—Directive diagram of a free-space dipole. At A, the pattern in the plane
containing the wire axis. The length of each dashed-line arrow represents the
relative field strength in that direction, referenced to the direction of maximum
radiation, which is at right angles to the wire’s axis. The arrows at approximately
45° and 315° are the half-power or -3 dB points. At B, a wire-grid representation
of the “solid pattern” for the same antenna. These same patterns apply to any
center-fed dipole antenna less than a half wavelength long.

absorption rate (SAR). This is defined as
the time (t) derivative of incremental en-
ergy (dW) absorbed by an incremental
mass (dm) contained in a volume element
(dV) of a given density (p). In terms of an
impressed RMS electric field E in V/m,
on a dielectric material of conductivity ¢
in siemens/meter (S/m), and p mass per
volume in kilograms per cubic meter (kg/
m?®), the SAR is:

SAR = ——
p
expressed in watts/kilogram (W/kg). You
should note that frequency doesn’t enter
into the SAR. The basic premise of mod-
ern standards is that the severity of an ef-

(Eq 10)

fect is directly related to the rate of RF
energy absorbed, hence the introduction
of the concept of SAR. Fields external to
the body are not easily related to fields
like E of Eq 10 inside the body. The deter-
mination of SAR is thus complex and of-
ten relies on precise measurements, the
details of which are beyond the scope of
this description. Since we can not easily
determine SAR, we fall back to the sec-
ond line of defense, and rely on exposure
guidelines that have safety factors in-
cluded with respect tothe SAR levels. Itis
the compliance to those exposure stan-
dards, codified by the FCC regulations,
that is of interest to us as radio amateurs.

Biological tissues subjected to RF en-

ergy will absorb energy and convert it to
heat, governed by the SAR Eq 10 above.
External fields couple most efficiently to
the body when the electric field is aligned
with the body length in the whole-body
half-wave resonance range. The upright
human body acts effectively like a lossy
half-wave dipole element.

For adult humans this occurs between
35 MHz for a grounded person and about
70 MHz for a person isolated from the
ground. For small infants the resonant
range extends upwards in frequency, so
special attention is paid to RF exposure in
the entire human whole-body resonant-fre-
quency region between 30 to 300 MHz.
Additionally, body parts may exhibit reso-
nant behavior. The adult head, for example
is resonant around 400 MHz, while a baby’s
smaller head resonates near 700 MHz.

Body size thus determines the fre-
quency at which RF energy is absorbed
most efficiently. As the frequency is in-
creased above resonance, less RF heating
generally occurs. Because RF skin depth
decreases with increasing frequency, heat-
ing is increasingly confined to surface tis-
sue. All these factors have led to RF expo-
sure guidelines whose limiting levels of
power-density exposure vary with fre-

quency, and in some cases, different ex-

posure limits for electric and magnetic
fields.

In short, tissue heating is the primary ef-
fect of concern in the RF electromagnetic
fields standards, SAR is the relevant mecha-
nism, and the fields external to the tissue
that giverise tothe SAR are what we attempt
to control to meet the relevant RF-exposure
standards. The rest of this book is devoted to
those topics of compliance.

Glossary

Controlled environment—An RF-expo-
sure environment in which the people
being exposed to an RF field are aware
of the potential for exposure. Members
of the household of the Amateur Radio
station are considered to be in a con-
trolled environment.

Duty cycle—The ratio between the actual
RMS value of an RF signal and the RMS
value of a continuous signal having the
same PEP value, expressed as a percent-
age. A duty cycle of 100% corresponds
to a continuous-wave (CW) signal.

Duty factor—The ratio of pulse duration
to the pulse period of a pulse train. A
duty factor of 1.0 corresponds to con-
tinuous-wave (CW) operation. [IEEE
C95.1 1991]

Electric Field (E Field) Strength—This
is the electromagnetic field resulting
from the charge distributions present on
aradiating element. It is the field vec-
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Maximum

tor quantity that represents the force (F)
on a positive test charge (q) at a point,
divided by the charge: E=F/q. Electric
field strength is expressed in volts/
meter. [IEEE C95.1-1991]

Far field—Is that region of the field of an

antenna where the angular field distri-
bution is essentially independent of the
distance from a specified point in the
antennaregion [IEEE Std 145-1993]. In
this region (also called the free space
region), the field has a predominantly
plane-wave character. That is, locally
uniform distributions of electric field
strength and magnetic field strength are
in plane transverse to the direction of
propagation.

Magnetic Field (H Field) Strength—
This is the electromagnetic field result-
ing from the current distribution on a
radiating element. It is the field vector
quantity that results in a force (F) that
acts on a charge (q) moving with
velocity v, multiplied by the permea-
bility (i) of the medium and the vector
cross product of the velocity v at which
an infinitesimal unit test charge q is
moving: v Hu=F/q.Itis expressed in
amperes/meter. [IEEE C95.1 1991]
Permissible  Exposure
(MPE)—The RMS and peak electric and
magnetic field strengths, their squares, or
the plane-wave equivalent power densi-
ties associated with these fields and the
induced and contact currents to which a
person may be exposed without harmful
effect and with an acceptable safety fac-
tor. [IEEE C95.1 1991]
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Near field—This is that part of space be-

tween the antenna and the far-field re-
gion [IEEE Std 145-1993]. It is aregion
generally in proximity to an antenna or
other radiating structure, in which the
electric and magnetic fields do not have
a substantial plane-wave character, but
vary considerably from point to point.
The near-field region is further divided
into the reactive near-field region,
which is closest to the radiating struc-
ture and that contains most or nearly all
of the stored energy, and the radiating
near-field region where the radiation
field predominates over the reactive
field, but lacks substantial plane-wave
character and is complicated in struc-
ture. [IEEE C95.1 1991]

Plane wave—A wave in which the only

spatial dependence of the field vectors
is through a common exponential factor
whose exponent is a linear function of
position. [IEEE Std 100-1984]

Power density (S)—This is a measure of

the power flow through per unit area nor-
mal to the direction of progagation. Itis
usually expressed in W/m”. It is valid
everywhere, but quantifiable most readily
only in the far field of the antenna. In the
near field of the antenna, a far-field
equivalent power density is defined in
terms of the near E field or near H field
and the free space intrinsic impedance of
377Q: S=E377=377H..

Specific Absorption Rate (SAR)—The

time derivative of the incremental en-
ergy (dW) absorbed by (dissipated in)
an incremental mass (dm) contained in

a volume element (dV) of a given den-
sity (p):  SAR = (d/dt)(dW/dm) =
(d/dt)(dW/pdV). SAR is expressed in
units of watts per kilogram. [IEEE
C95.1 1991]

Uncontrolled environment—An RF-ex-

posure environment in which the people
being exposed to an RF field would not
normally be aware that they are being
exposed.
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RF Radiation And
Electromagnetic Field Safety

he differences between regulation
Tand safety can be understood by
_ looking at the area of electrical
safety. Various building codes cover the
requirement of safe wiring and installa-
tion, but there are still many areas of
safety, such as not touching live wires, that
are not directly addressed by the law. This
chapter discusses the safety aspects of
working with RF energy. It also builds on
the foundation of Chapter 2, introducing
more terms and definitions relating to both
safety and the rules.

Amateur Radio is basically a safe activ-
ity. In recent years, however, there has
been considerable discussion and concern
about the possible hazards of electromag-
netic radiation (EMR), including both RF
energy and power-frequency (50-60 Hz)
electromagnetic (EM) fields. FCC regula-
tions set limits on the maximum permis-
sible exposure (MPE) allowed from the
operation of radio transmitters. These
regulations do not take the place of RF-
safety practices, however. This section
deals with the topic of RF safety.

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

All life on Earth has adapted to survive
in an environment of weak, natural, low-
frequency electromagnetic fields (in addi-
tion to the Earth’s static geomagnetic
field). Natural low-frequency EM fields
come from two main sources: the sun, and

Compliance with the FCC RF-exposure rules and RF safety
may be related, but they are not the same thing. The new FCC
rules are not a substitute for safety and common sense. This
chapter fills the gap by discussing the safety aspects of work-

ing with RF energy.

thunderstorm activity. But in the last 100
years, man-made fields at much higher
intensities and with a very different spec-
tral distribution have altered this natural
EM background in ways that are not yet
fully understood. Researchers continue to
look at the effects of RF exposure over a
wide range of frequencies and levels.

Both RF and 60-Hz fields are classified
as nonionizing radiation, because the fre-
quency is too low for there to be enough
photon energy to ionize atoms. (lonizing
radiation, such as X-rays, gammarays and
even some ultraviolet radiation has
enough energy to knock electrons loose
from their atoms. When this happens,
positive and negative ions are formed.)
Still, at sufficiently high power densities,
EMR poses certain health hazards. It has
been known since the early days of radio
that RF energy can cause injuries by heat-
ing body tissue. (Anyone who has ever
touched an improperly grounded radio
chassis or energized antenna and received
an RF burn will agree that this type of
injury can be quite painful.) In extreme
cases, RF-induced heating in the eye can
result in cataract formation, and can even
cause blindness. Excessive RF heating of
the reproductive organs can cause steril-
ity. Other health problems also can result
from RF heating. These heat-related
health hazards are called thermal effects.
A microwave oven is a positive applica-
tion of this thermal effect.

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

In addition to the ongoing research, much
else has been done to address this issue. For
example, FCC regulations set limits on ex-
posure from radio transmitters. The Insti-
tute of Electrical and Electronics Engineers,
the American National Standards Institute
and the National Council for Radiation
Protection and Measurement, among others,
have recommended voluntary guidelines to
limit human exposure to RF energy. The
ARRL has established the RF Safety Com-
mittee, consisting of concerned medical doc-
tors and scientists, serving voluntarily to
monitor scientific research in the fields and to
recommend safe practices for radio amateurs.

Thermal Effects of RF Energy

Body tissues that are subjected to very
high levels of RF energy may suffer seri-
ous heat damage. These effects depend
upon the frequency of the energy, the
power density of the RF field that strikes
the body and factors such as the polariza-
tion of the wave.

At frequencies near the body’s natural
resonant frequency, RF energy is absorbed
more efficiently, and an increase in heat-
ing occurs. In adults, this frequency usu-
ally is about 35 MHz if the person is
grounded, and about 70 MHz if insulated
from the ground. Individual body parts
may be resonant at different frequencies.
The adult head, for example, is resonant
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around 400 MHz, while a baby’s smaller
head resonates near 700 MHz. Body size
thus determines the frequency at which
most RF energy is absorbed. As the fre-
quency is moved farther from resonance,
less RF heating generally occurs. Specific
absorption rate (SAR) is a term that de-
scribes the rate at which RF energy is ab-
sorbed in tissue.

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

Nevertheless, thermal effects of RF
energy should not be a major concern for
most radio amateurs, because of the power
levels we normally use and the intermit-
tent nature of most amateur transmissions.
Amateurs spend more time listening than
transmitting, and many amateur transmis-
sions such as CW and SSB use low-duty-
cycle modes. (With FM or RTTY, though,
the RF is present continuously at its maxi-
mum level during each transmission.) In
any event, it is rare for radio amateurs to
be subjected to RF fields strong enough to
produce thermal effects, unless they are
close to an energized antenna or un-
shielded power amplifier. Specific sug-
gestions for avoiding excessive exposure
are offered later in this chapter.

Athermal Effects of EMR

Athermal effects of EMR involve
lower-level energy fields that are insuffi-
cient to cause either ionization or heating
effects. Research about possible health ef-
fects resulting from exposure to the lower
level energy fields, the athermal effects, has
been of two basic types: epidemiological
research and laboratory research.

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

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

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

There also has been considerable labo-
ratory research about the biological effects
of EMR in recent years. For example,
some separate studies have indicated that
even fairly low levels of EMR might alter
the human body’s circadian rhythms, affect
the manner in which T lymphocytes func-
tion in the immune system and alter the na-
ture of the electrical and chemical signals
communicated through the cell membrane
and between cells, among other things. Al-
though these studies are intriguing, they do
notdemonstrate any effect of these low-level
fields on the overall organism.

Much of this research has focused on
low-frequency magnetic fields, or on RF
fields that are keyed, pulsed or modulated
at a low audio frequency (often below
100 Hz). Several studies suggested that
humans and animals can adapt to the pres-
ence of a steady RF carrier more readily
than to an intermittent, keyed or modu-
lated energy source.

The results of studies in this area, plus
speculations concerning the effect of vari-
ous types of modulation, were and have re-
mained somewhat controversial. None of the
research to date has demonstrated that low-
level EMR causes adverse health effects.

Given the fact that there is a great deal
of ongoing research to examine the health
consequences of exposure to EMF, the
American Physical Society (a national
group of highly respected scientists) is-
sued a statement in May 1995 based on its
review of available data pertaining to the
possible connections of cancer to 60-Hz
EMF exposure. This report is exhaustive
and should be reviewed by anyone with a
serious interest in the field. Among its
general conclusions were the following:

1. The scientific literature and the re-
ports of reviews by other panels show no
consistent, significant link between can-
cer and power line fields.

2. No plausible biophysical mecha-
nisms for the systematic initiation or pro-
motion of cancer by these extremely weak
60-Hz fields has been identified.

3. While it is impossible to prove that no
deleterious health effects occur from expo-
sure to any environmental factor, it is neces-
sary to demonstrate a consistent, significant,
and causal relationship before one can con-
clude that such effects do occur.

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

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

Readers may want to follow this topic as
further studies are reported. Amateurs
should be aware that exposure to RF and
ELF (60 Hz) electromagnetic fields at all
power levels and frequencies has not been
fully studied under all circumstances. “Pru-
dent avoidance” of any avoidable EMR is
always a good idea. Prudent avoidance
doesn’t mean that amateurs should be fear-
ful of using their equipment. Most amateur
operations are well within the MPE limits. If
any risk does exist, it will almost surely fall
well down on the list of causes that may be
harmful to your health (on the other end of
the list from your automobile). It does mean,
however, that hams should be aware of the
potential for exposure from their stations,



and take whatever reasonable steps they can
take to minimize their own exposure and
the exposure of those around them.

Safe Exposure Levels

How much EM energy is safe? Scien-
tists and regulators have devoted a great
deal of effort to deciding upon safe REF-
exposure limits. This is a very complex
problem, involving difficult public health
and economic considerations. The recom-
mended safe levels have been revised
downward several times over the years —
and not all scientific bodies agree on this
question even today. An Institute of Elec-
trical and Electronics Engineers (IEEE)
standard for recommended EM exposure
limits was published in 1991 (see Bibli-
ography). It replaced a 1982 American
National Standards Institute (ANSI) stan-
dard. In the new standard, most of the per-
mitted exposure levels were revised down-
ward (made more stringent), to better reflect
the current research. The new IEEE stan-
dard was adopted by ANSI in 1992.

The IEEE standard recommends fre-
quency-dependent and time-dependent
maximum permissible exposure levels.
Unlike earlier versions of the standard,
the 1991 standard recommends different
RF exposure limits in controlled environ-
ments (that is, where energy levels can be
accurately determined and everyone on
the premises is aware of the presence of
EM fields) and in uncontrolled environ-
ments (where energy levels are not known
or where people may not be aware of the

presence of EM fields). FCC regulations
also include controlled/occupational and
uncontrolled/general population exposure
environments. :

The graphin Figure 3.1 depicts the 1991
IEEE standard. Itis necessarily acomplex
graph, because the standards differ not
only for controlled and uncontrolled envi-
ronments but also for electric (E) fields
and magnetic (H) fields. Basically, the
lowest E-field exposure limits occur at
frequencies between 30 and 300 MHz.
The lowest H-field exposure levels occur
at 100-300 MHz. The ANSI standard sets
the maximum E-field limits between 30
and 300 MHz at a power density of 1 mW/
cm? (61.4 V/m) in controlled environ-
ments—but at one-fifth that level (0.2
mW/cm? or 27.5 V/m) in uncontrolled
environments. The H-field limit drops to
1 mW/cm? (0.163 A/m) at 100-300 MHz
in controlled environments and 0.2 mW/
cm? (0.0728 A/m) in uncontrolled envi-
ronments. Higher power densities are per-
mitted at frequencies below 30 MHz (be-
low 100 MHz for H fields) and above 300
MHz, based on the concept that the body
will not be resonant at those frequencies
and will therefore absorb less energy.

In general, the 1991 IEEE standard re-
quires averaging the power level over time
periods ranging from 6 to 30 minutes for
power-density calculations, depending on
the frequency and other variables. The
ANSI exposure limits for uncontrolled
environments are lower than those for
controlled environments, but to compen-

sate for that the standard allows exposure
levels in those environments to be aver-
aged over much longer time periods (gen-
erally 30 minutes). This long averaging
time means that an intermittently operat-
ing RF source (such as an Amateur Radio
transmitter) will show a much lower
power density than a continuous-duty
station—for a given power level and an-
tenna configuration.

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

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

There is disagreement within the scien-
tific community about these RF exposure
guidelines. The IEEE standard is still in-
tended primarily to deal with thermal ef-
fects, not exposure to energy at lowerlev-
els. A small but significant number of
researchers now believe athermal effects
also should be taken into consideration.
Several European countries and localities
in the United States have adopted stricter
standards than the recently updated IEEE
standard.
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Fig 3.1—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.”
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Another national body in the United
States, the National Council for Radiation
Protection and Measurement (NCRP),
also has adopted recommended exposure
guidelines. NCRP urges alimitof 0.2 mW/
cm? for nonoccupational exposure in the
30-300 MHz range. The NCRP guideline
differs from IEEE in two notable ways: It
takes into account the effects of modula-
tion on an RF carrier, and it does not ex-
empt transmitters with outputs below 7W.

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

Cardiac Pacemakers and RF
Safety

It is a widely held belief that cardiac
pacemakers may be adversely affected in
their function by exposure to electromag-
netic fields. Amateurs with pacemakers
may ask whether their operating might
endanger themselves or visitors to their
shacks who have a pacemaker. Because of
this, and similar concerns regarding other
sources of electromagnetic fields, pace-
maker manufacturers apply design meth-
ods that for the most part shield the pace-
maker circuitry from even relatively high
EM field strengths.

Itis recommended that any amateur who
has a pacemaker, or is being considered
for one, discuss this matter with his or her
physician. The physician will probably put
the amateur into contact with the technical
representative of the pacemaker manufac-
turer. These representatives are generally
excellent resources, and may have data
from laboratory or “in the field” studies
with specific model pacemakers.

One study examined the function of a
modermn (dual chamber) pacemaker in and
around an Amateur Radio station. The
pacemaker generator has circuits that re-
ceive and process electrical signals pro-
duced by the heart, and also generate elec-
trical signals that stimulate (pace) the
heart. In one series of experiments, the
pacemaker was connected to a heart simu-
lator. The system was placed on top of the
cabinet of a 1-kW HF linear amplifier
during SSB and CW operation. In another
test, the system was placed in close prox-
imity to several 1 to 5-W 2-meter hand-
held transceivers. The test pacemaker was
connected to the heart simulator in a
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third test, and then placed on the ground 9
meters below and 5 meters in front of a
three-element Yagi HF antenna. No in-
terference with pacemaker function was
observed in these experiments.

Although the possibility of interference
cannot be entirely ruled out by these
few observations, these tests represent
more severe exposure to EM fields than
would ordinarily be encountered by an
amateur—with an average amount of
common sense. Of course prudence dic-
tates that amateurs with pacemakers, who
use hand-held VHF transceivers, keep the
antenna as far as possible from the site
of the implanted pacemaker generator.
They also should use the lowest trans-
mitter output required for adequate
communication. For high power HF trans-
mission, the antenna should be as
far as possible from the operating posi-
tion, and all equipment should be properly
grounded.

Low-Frequency Fields

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

Table 3.1 shows typical magnetic field
intensities of Amateur Radio equipment and
various household items. Because these
fields dissipate rapidly with distance, “pru-
dent avoidance” would mean staying per-
haps 12 to 18 inches away from most Ama-
teur Radio equipment (and 24 inches from

power supplies with 1-kW RF amplifiers).

Determining RF Power Density

Unfortunately, determining the power
density of the RF fields generated by an
amateur station is not as simple as measur-
ing low-frequency magnetic fields. Al-
though sophisticated instruments can be
used to measure RF power densities quite
accurately, they are costly and require fre-
quent recalibration. Most amateurs don’t
have access to such equipment, and the
inexpensive field-strength meters that we
do have are not suitable for measuring RF
power density. Chapter 5 of this book dis-
cusses this topic in detail.

Table 3.2 shows a sampling of measure-
ments made at Amateur Radio stations by
the Federal Communications Commission
and the Environmental Protection Agency
in 1990. As this table indicates, a good
antenna well removed from inhabited ar-
eas poses no hazard under any of the IEEE/
ANSI guidelines. However, the FCC/EPA
survey also indicates that amateurs must
be careful about using indoor or attic-
mounted antennas, mobile antennas, low
directional arrays or any other antenna that
isclosetoinhabited areas, especially when
moderate to high power is used.

Ideally, before using any antenna that is
in close proximity to an inhabited area,
you should measure the RF power density.
If that is not feasible, the next best option
is make the installation as safe as possible
by observing the safety suggestions listed
in Table 3.3.

It also is possible, of course, to calcu-
late the probable power density near an
antenna using simple equations. Such cal-
culations have many pitfalls. For one,
most of the situations where the power
density would be high enough to be of

Table 3.1

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

Values are in milligauss.

Item Field

Electric blanket 30-90

Microwave oven 10-100
1-10

IBM personal 5-10

computer 0-1

Electric drill 500-2000

Hair dryer 200-2000

HF transceiver 10-100
1-5

1-kW RF amplifier 80-1000
1-25

Distance

Surface
Surface

12"

Atop monitor
15" from screen
At handle

At handle
Atop cabinet
15" from front
Atop cabinet
15" from front

(Source: measurements made by members of the ARRL RF

Safety Committee)




concern are in the near field. In the near
field, ground interactions and other vari-
ables produce power densities that cannot
be determined by simple arithmetic. In the
far field, conditions become easier to pre-
dict with simple calculations.

The boundary between the near field
and the far field depends on the wave-
length of the transmitted signal and the

physical size and configuration of the an-
tenna. The boundary between the near
field and the far field of an antenna can be
as much as several wavelengths from the
antenna. This is discussed in Chapter 2.
Computer antenna-modeling pro-
grams are another approach you can use.
MININEC or other codes derived from
NEC (Numerical Electromagnetics Code)

Table 3.2
Typical RF Field Strengths Near Amateur Radio Antennas

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

Antenna Type Freq Power E Field Location
(MH2z) (W) (V/m)

Dipole in attic 14.15 100 7-100 In home
Discone in attic 146.5 250 10-27 In home
Half sloper 21.5 1000 50 1 m frombase
Dipole at 7-13 ft 7.14 120 8-150 1-2 m from earth
Vertical 3.8 800 180 0.5 m from base
5-element Yagi at 60 ft 21.2 1000 10-20 In shack

14 12 m from base
3-element Yagi at 25 ft 28.5 425 8-12 12 m from base
Inverted V at 22-46 ft 7.23 1400 5-27 Below antenna
Vertical on roof 14.11 140 6-9 In house

35-100 At antenna tuner
Whip on auto roof 146.5 100 22-75 2 m antenna

15-30 In vehicle

90 Rear seat
5-element Yagi at 20 ft 50.1 500 37-50 10 m antenna

Table 3.3
RF Awareness Guidelines

These guidelines were developed by the ARRL RF Safety Commitiee, based on
the FCC/EPA measurements of Table 3.2 and other data.

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

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

°Don't operate high-power amplifiers with the covers removed, especiaily at VHF/UHF.

°In the UHF/SHF region, never look into the open end of an activated length of
waveguide or microwave feed-horn antenna or point it toward anyone. (If you do, you
may be exposing your eyes to more than the maximum permissible exposure level of
RF 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.

RF Radiation And Electromagnetic Field Safety

are suitable for estimating RF magnetic
and electric fields around amateur antenna
systems.

These models have limitations. Ground
interactions mustbe considered in estimat-
ing near-field power densities, and the
“correct ground” must be modeled. Com-
puter modeling is generally not sophisti-
cated enough to predict “hot spots” in the
near field—places where the field inten-
sity may be far higher than would be ex-
pected, due to reflections from nearby ob-
jects. In addition, “nearby objects” often
change or vary with weather or the season,
so the model so laboriously crafted may not
be representative of the actual situation, by
the time it is mnning on the computer.

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

One need not make precise measure-
ments or model the exact antenna system,
however, to develop some idea of the rela-
tive fields around an antenna. Computer
modeling using close approximations of
the geometry and power input of the an-
tenna will generally suffice. Those who
are familiar with MININEC can estimate
their power densities by computer model-
ing, and those who have access to profes-
sional power-density meters can make
useful measurements.

While our primary concern is ordinarily
the intensity of the signal radiated by an
antenna, we also should remember that
there are other potential energy sources to
be considered. You also can be exposed to
RF radiation directly from a power ampli-
fier if it is operated without proper shield-
ing. Transmission lines also may radiate a
significant amount of energy under some
conditions. Poor microwave waveguide
joints or improperly assembled connectors
are another source of incidental radiation.

Further RF Exposure Suggestions

Potential exposure situations should be
taken seriously. Based on the FCC/EPA
measurements and other data, the “RF
awareness” guidelines of Table 3.3 were
developed by the ARRL RF Safety Com-
mittee. A longer version of these guide-
lines, along with a complete list of refer-
ences, appeared in a QST article by Ivan
Shulman, MD, WC2S (“Is Amateur Radio
Hazardous to Our Health?” QST, Oct
1989, pp 31-34). For more information or
background, see the list of RF Safety Ref-
erences in the next section.

In addition, ARRL maintains an RF-
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exposure news page on its Web site. This
site contains reprints of selected QST ar-
ticles on RF exposure and links to the
FCC and other useful sites.
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Why Do We Need New Rules To Control RF Bioeffects?

By Gregory D. Lapin, NSGL

It's a good question. Surely there are many more things
that we encounter that could do us more harm than radio
waves. Getting into collisions in our cars, chopping off
limbs with power tools, slipping and breaking bones on a
wet kitchen floor; house catching fire, tree branch falling on
you, getting hit by lightning, the list goes on and on. These
are all potentially hazardous things that we deal with every
day of our lives. We have come to accept them and have
learned to live with them. How can a little RF energy be
mentioned in the same breath as these terrible things?

In one sense, RF energy requires more thought than all
of these. Not because it can do more damage. Rather,
because it is so hard to detect that you are being hurt unti
it is too late. With most of the hazards in our lives, the
source of danger is very obvious. Because we know what the
hazard looks like, we can take steps to avoid it. The main
difference with RF energy is that, except for extremely high
exposures, it is capable of damaging tissue without our even
realizing that it is happening. Not only that, but RF energy is
capable of heating our internal tissue without heating the
tissues at the surface of the body.

Our bodies are designed to protect us from the ele-
ments. The tissue that comes in contact with the external
world, our skin, is capable of surviving large swings in
temperature and is equipped with nerve endings to allow
us to feel conditions that may be damaging. If we put our
hands near a lit stove; we feel the heat and draw back
before getting too close and damaging our tissue. The
tissues in the interior of our bodies differ from this in two
fundamental ways. There is far less enervation inside our
bodies—we cannot feel most things in there. Of course, it
is very uncommon for anything that we would need to feel
to be in there.

The tissues inside our bodies are very sensitive to
changes in temperature. We have all experienced just how
carefully our bodies regulate their own internal (core)
temperature. Our normal body temperature is 98.6°F
(37°C). When this temperature rises as little as one
degree, we feel pretty lousy and call it a low grade fever. if
our core temperatures rise to about 102°F (39°C) we are
pretty sick and usually stay in bed. By the time our core
temperatures rise above 105°F (40.5°C}) our lives are in
danger. The control system in our brains that keeps the
core temperature so finely tuned detects these changes
and does whatever it can to help decrease that tempera-
ture. Some of the tools at its disposal are the ability to
change blood fiow patterns, allowing the blood to carry the
heat to the outer parts of our bodies where it can be
radiated into the air; increasing respiration so our breath
can blow off more heat; and increasing sweating, so the
heat leaves our bodies as the sweat evaporates. When we
get very sick with high fevers, it is usually because this
control system has been disabled by disease.

RF heating of interior tissues in our bodies can be highly
localized. if tissues are heated to dangerous [evels but the
heat does not reach the temperature control center in the
brain, the control center is unaware of the danger and does
not act to remove additional heat. The cells that are being

heated are still in danger of dying with no relief in sight. If
these cells are in vital organs, the efficacy of those organs
is reduced; if too much so, the organ dies. When we are
talking about organs such as heart, liver, kidney or brain,
damage to even a few cells can be catastrophic.

To understand how cells are damaged by increased
temperature, it is necessary to realize that the cell relies
on a very delicate chemical balance. Pumps in the cell
membrane make sure that the correct concentrations of
various chemicals are present. The cell uses oxygen and
glucose to live and generates waste products, such as
carbon dioxide and water. The cell also contains complex
proteins: enzymes that facilitate necessary chemical
reactions and amino acid complexes that function as the
cell’s controlling elements to produce necessary chemicals
and make cellular reproduction possible. The proteins are
not only complex chemicals but also have specific shapes
that determine how they function. Increasing the heat
around these initially changes the molecular shape
(denatures them) and they lose their efficacy. If the
temperature increases to a high enough level, the pieces
of the protein can start to come apart and they change into
different types of chemicals. These molecules, which are
necessary to keep the cell alive, lose their ability to do so
and the cell eventually dies. '

Cells do not die immediately when heated. Their
proteins denature slowly and not all at once. The changes
occur more quickly at higher temperatures. A combination
of temperature and exposure time determines if a cell will
live or die. The threshold of cell death is proportional to
the product of temperature and time. At relatively small
rises in temperature, it takes hours, or even days, for a
cell to die. However, cell death can occur in minutes or
seconds with much larger increases in temperature. If we
are in an RF field that causes some of our cells to in-
crease in temperature by about 5°F, we may have to be in
that exposure condition for many hours before we lose any
cells. In a stronger field that causes some cells to increase
in temperature by 20°F, we can lose cells in minutes.

Biological damage due to heating is not cumulative on
the cellular level. This means that if we heat up some of
our cells by several degrees for an hour and then stop, the
cells will return to normal. The next day if we have the
same exposure, the cells will take just as long to die as if
they had not been exposed the day before.

RF energy can be used safely. In most Amateur Radio
applications there is little to no danger of heating cells to
dangerous levels. Our experience tells us that hams get
no sicker than anyone else. To insure that this remains so,
the FCC RF Bioeffects regulations,; which are based on
IEEE/ANSI and NCRP RF Safety standards (which in turn
are based on the probability of RF heating and are
designed to provide a large margin of safety) have been
developed to make us cognizant of our exposure levels
while operating. At the same time we must be aware, as
users of RF energy, that internal heating can occur without
our feeling it. We must always make sure that we follow
the safety guidelines to keep our exposure at safe levels.
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The RF Exposure Rules

INTRODUCTION

Now that the fundamentals have been
explained in the earlier chapters, it is time
to learn more about the actual require-
ments of the rules. This chapter explains
the sometimes complex requirements set
forall radio services regulated by the FCC.
The actual texts of the FCC regulations are
in Appendix A. The RF Exposure rules can
help ensure that operation in the Amateur
Radio Service continues to be safe. These
rules are not difficult for amateurs to follow.

In summary, FCC regulations control
the amount of RF exposure that can result
from your station’s operation (Sections
97.13, 97.503, 1.1307(b)(c)(d), 1.1310,
1.1312(a) and 2.1093). The regulations set
limits on the maximum permissible expo-
sure (MPE) allowed from operation of
transmitters in all radio services. They also
require certain types of stations be evalu-
ated to determine if they are in compliance
with the MPEs specified in the rules. The
FCC also has required that five questions
on RF environmental safety practices be
added to Novice, Technician and General
license examinations.

Amateur Radio is included in these FCC
rules to help ensure that amateurs are
aware of the RF-exposure potential from
their stations. In general, following these
rules will not be difficult for most hams
and will help ensure that their
stations are operated withinrecognized ex-
posure standards.

The FCC regulations about RF exposure are not difficult to
understand. They require all hams to meet certain exposure
limits. The rules also require that some stations be evaluated
to determine that they are in compliance with the rules. This
chapter helps you understand what the rules require you to do.

WHERE DID THE RULES COME
FROM?

The Rules are Not New

Hams have been calling these regula-
tions “new,” but they are actually not new
at all. They are the result of along process
started by medical researchers and indus-
try, working through various research pro-
cesses, national and international stan-
dards bodies and culminating in the US
regulations administered by the FCC. See
the sidebar, “How the IEEE/ANSI C95.1
Standard was Developed.”

History of the Development of the
Standards and Rules

The first US standards for RF exposure
actually date to the late 1960s. The IEEE
(Institute of Electrical and Electronic En-
gineers) has formed Standards Coordinat-
ing Committee 28 (SCC-28) to develop
standards related to RF exposure. In 1982,
ANSTI adopted the IEEE C95.1 standard
on RF exposure as IEEE/ANSI C95.1-
1982. This standard described appropri-
ate limits for human exposure to RF en-
ergy. The SCC-28 committee is comprised
of a balance of medical researchers, engi-
neers and representation from industry. It
is judged by most to represent the most
complete consensus of the appropriate
levels for safe exposure to RF energy. (A
representative from ARRL HQ serves on
this committee.)

Shortly after the introduction of the
(C95.1 standard, the FCC wrote a set of
regulations that required radio services to
comply with the exposure limits in the
standard. While the FCC was developing
those early regulations, the ARRL com-
mented that it was unlikely that amateur
operation would exceed the proposed lim-
its. Therefore the Amateur Radio Service
should be categorically exempt from any
specific requirements under the regula-
tions. The ARRL further urged the FCC to
rely upon the demonstrated technical com-
petence of amateur operators and self-edu-
cation as sufficient tools to ensure contin-
ued Amateur Radio safety. The FCC
agreed, and Amateur Radio was categori-
cally exempt from any specific require-
ment to perform a station evaluation under
the old RF-exposure regulations.

Amateur Radio had no specific require-
ments under the old rules, so most hams
were not concerned with them. It was quite
unlikely that any amateur station would
exceed the exposure limits.

Proposed Changes—1993

On April 8, 1993, the FCC released a
Notice of Proposed Rulemaking (ET
Docket 93-62), announcing that it in-
tended to develop a new set of regulations
for all services. The rules were to be based
on the new IEEE/ANSI C95.1-1992
Standard. ARRL filed comments, asking
that the Amateur Radio Service exemp-
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tion continue, relying on the continued
technical expertise and self-education of
amateurs. The Amateur Radio Health
Group filed comments requesting that
Amateur Radio not be exempt under the
new regulations, citing some instances
where amateur installations could exceed
the exposure levels in the standard. They
noted that not all hams have read the edu-
cational material available on the topic.
The FCC took no further action until the
US Congress added a mandate to the Tele-
communications Act of 1996 for FCC to

complete its work on revisions to the RF-
exposure regulations.

The Changes Emerge—1996

Things proceeded slowly toward the
Congressionally mandated time limit of
August 1,1996. On August 1, 1996, justin
time to meet the mandated date, the FCC
announced the new regulations in the ET
Docket 93-62, FCC 96-326 Report and
Order, Guidelines for Evaluating the En-
vironmental Effects of Radio-Frequency
Radiation.

Fine Tuning and Change

As first announced, these regula-
tions posed some problems for the
Amateur Radio Service. Over the in-
tervening time, these regulations have
been subject to a number of important
changes. (As I snipped in one of my
OST articles, “Every time I got to
where it’s at, they moved it!”"—FEd
Hare) Not surprisingly, many of the
changes were in response to petitions
for reconsideration filed by the ARRL,
as they sought to fine tune these regu-

Virtually all standards for human exposure to
nonionizing electromagnetic fields have derived from
the collective thinking of groups of individuals —
generally those who play active roles in this special-
ized technical area. As examples, the iEEE, NCRP

_and ICNIRP standards-setting committees all function
through the contributions of volunteer technical
experts, who are specialists in a variety of disciplines
directly related to assessment of the biological effects
and potential hazards of exposures to these fields.

In the IEEE, standards documents are developed
within the technical committees of the various |[EEE
Societies and the Standards Coordinating Committees
of the IEEE Standards Board. Members of these
committees, often non-IEEE members, serve voluntar-
ily and without compensation. The standards devel-
oped through this process represent a consensus of
the broad expertise represented on individual commit-
tees; this is one of the strengths of the IEEE process
in the development of safety levels with respect to
human exposure to radio frequency fields.

| recently attended a one-day seminar that was
conducted by the leadership of IEEE Standards
Coordinating Committee 28, Non-lonizing Radiation
Hazards (SCC 28). SCC 28 is the sponsor, or over-
sight committee, with five subcommittees. These
subcommittees generate |IEEE standards, recom-
mended practices and guides. SCC 28 currently has
about 80 active members, including a voting member
representing ARRL. One of the primary functions of
SCC 28 is to ensure that the five imperative principles
driving the standards process are met.

These principles are due process, openness,
consensus, balance and the right of appeal. In
addition to this oversight of subcommittee activities,
the members of SCC 28 put the final stamp of ap-
proval on ali subcommittee products through a formal
voting process prescribed by the IEEE Standards
Board. The purpose of the seminar | attended was to
educate engineers about the IEEE/ANSI C95.1-1992
Standard for Safety Levels with Respect to Human
Exposure to Radio Frequency Electromagnetic Fields,
3 kHz to 300 GHz and how it was developed.

Under SCC 28, Subcommittee 4 (SC-4) is charged
with developing standards over the frequency range
from 3 kHz to 300 GHz. SC-4 had 125 working mem-
bers when the C95.1 standard was finalized in 1991.
About 70% of the membership consisted of researchers

How the IEEE/ANSI €95.1-1992 Standard was Developed

working in university, nonprofit, military and government
laboratories. The remainder represented industry,
including consultants (12.8%), governmental administra-
tion (4%), and the general public, including independent
consultants (11.2%). This membership represented a
wide range of technical expertise, including medicine,
biology, engineering and physical sciences. The C95.1
document describes in detail how this expertise was used
to evaluate the biological database, dosimetry, statistical
treatments and exposure risk, in addition to the drafting
and refinement of the text.

Like its predecessor, ANSI C95.1-1982, the new
C95.1 standard recognized that the rate of absorption of
electromagnetic energy by the human body is frequency
dependent. Whole body averaged rates of energy
absorption or SAR in W/kg (Watts/kilogram) approach
maximal values when the long axis of the body is
parallei to the E-field vector and is 4/10 of a wavelength
of the incident field. This situation is called resonant
exposure. An envelope of resonant frequencies,
accounting for all sizes (babies to basketball players)
and positions (eg, squatting to standing with arms
raised) of humans, describes the broad resonance
range for which the recommended exposure guidelines
are reduced in the standard. Again, like its predecessor,
the new C95.1 standard incorporated dosimetry and
adopted the unit-mass, time-averaged rate of electro-
magnetic energy absorption, or SAR. This can be
applied to any element of mass of a biologica! body.
Depending on the exposure situation, either whole-body
SAR or spatial peak SAR can be used (in the broad
resonance range) to determine compliance with the
standard.

As noted in the C95.1 standard, there are many
thousands of published papers and reports on all
aspects of the subject of exposure to radio frequency
fields. SC-4 made an initial selection of 321 papers from
peer reviewed journals for evaluation by large Working
Groups on Engineering Validation and Biological
Validation. These papers were winnowed down, by
means of strict acceptance criteria, to a final database
of 120 critical papers that were further evaluated by a
Risk Assessment Working Group. Only those papers
with accurately measured fields and adequate dosim-
etry were considered acceptable in the final database.
With regard to biological validation, SC-4 emphasized
papers containing reliable evidence for debilitation or
morbidity during the exposure of whole organisms.
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lations to better fit the Amateur Radio
Service.

Overall, the ARRL believes that the MPE
limits are generally appropriate for the op-
eration of Amateur Radio stations. These
limits have been affirmed by recognized
standards bodies and have been
supported by the ARRL RF Safety Commit-
tee. The safety aspects of these regulations
are based on the best work of the researchers
and other experts on SCC-28, and the work
of the National Council for Radiation Pro-
tection and Measurement (NCRP).

Although many people have quipped

that there are a lot of old hams, this does
not demonstrate that RF energy is uncon-
ditionally safe. Anyone who has ever re-
ceived a nasty RF burn from an antenna or
observed the actions of their microwave
oven can see that there can be some dan-
ger associated with RF energy. In reality,
hams have not suffered ill effects from the
RF because most existing amateur opera-
tion is well within the exposure guide-
lines. The ARRL Bioeffects Committee
and ARRL RF Safety Committee, com-
prised of some rather well-known experts
in the field of biomedical research, have

all supported the safety levels developed
by the standards bodies.

What ARRL Asked For

Although the actual exposure levels are
generally recognized as appropriate, there
were still a number of problems with the
rules as they were first announced in 1996.
The first was the implementation date: The
original date was set to January 1, 1997.
The amateur community, having been ex-
empt from specific requirements under the
old rules, was simply not ready to meet
that short of a timetable. The FCC had not

Because very few measurements have been made
of the responses of human beings to radio frequency
fields, SC-4 had to rely once again on data collected
on subhuman species such as rodents and nonhuman
primates. They found that most reports of biological
effects involved acute exposures at relatively few
frequencies. The extensive literature review showed
once again that the most sensitive measures of
potentially harmful biological effects were based on the
interference with complex behavior in animal subjects
that accompanied exposure to a radio frequency field
at a whole-body SAR of about 4 W/kg. For example, a
monkey trained to press a button six times to get a
banana reward, decided, when exposed to a 4 W/kg
field, that he didn’t want the reward; when the field was
removed, he soon decided that he was hungry after ali
and resumed pressing the button. The disruption of
such behavior has been demonstrated in rodents and
two monkey species, and happens despite significant
differences in the characteristics of the field (such as
frequency, near and far-field, multipath and
planewave, CW and pulse-modulated). Because such
changes in behavior are usually accompanied by an
increase in the animals’ body temperature, they are
deemed to be thermal effects. Human volunteers
exposed to such fields often ask the question, “Who
turned on the sun?” because they feel warm.

The 4 W/kg whole-body SAR associated with
disruption of animal behavior was adopted by the SC-4
Risk Assessment Working Group as an appropriate
basis for setting exposure guidance for human beings.
This decision was accepted by the SC-4 membership,
which then agreed that safety factors should be
applied across the broad resonance range of frequen-
cies from 0.1 MHz to 6.0 GHz. For human exposure in
a controlled (or occupational) environment, they
applied a safety factor of 10, yielding an SAR of
0.4 W/kg as the basis for the MPEs. An additional
factor of 5 (SAR = 0.08 W/kg) was added for exposure
in an uncontrolled environment.

Outside of the broad human resonance range, other
considerations apply. Below 0.1 MHz, the standard is
designed to limit induced currents in the ankles during
free-field exposure, and to lower the probability of
inducing large body currents when conducting objects
are touched. At frequencies above 6.0 GHz, the
exposure is quasi-optical, penetration of energy is very
supefficial, and thermal time constants drop to sec-

onds as the infrared range is approached.

The safety levels published in IEEE/ANSI C95.1-
1992 are believed by many to be conservative. Unlike
some safety standards, the C95.1 standard is not
based on ideas like “acceptable levels of risk.” The
exposure level for people unaware of their exposure
(uncontrolled environment) is set at 2% of the level
that made a monkey not want to work for a banana
reward. If this level were difficult for Amateur Radio
operators to meet, it would certainly appear as a
problem for our radio service. But, in being able to
meet the standards that are set to be conservatively
safe, we have the best of both worlds. As questions
about this safety standard come up with neighbors or
the local zoning board, it is comforting to note that
the standard is based on very conservative assump-
tions. These include 1) “worst-case” exposure (far-
field, E-polarization), 2) an assumed but not defined
hazard of behavioral disruption in animals, 3) a single
contour for human resonance, and 4) direct extrapo-
lation from animal to man that ignores the superior
thermoregulation of humans.

ARRL HQ has received many inquiries from the
neighbors of ham radio operators. One neighbor,
after hearing about how the standard was developed
(and about the banana reward), decided to attend an
upcoming zoning board meeting concerning the siting
of an Amateur Radio tower. She told other attendees
that she didn’t think the RF exposure questions
should be a concern. (She told me that she disliked
the tower for other reasons, but she now understood
that there were some good reasons for having the
amateur antenna located high in the air.)

Some have suggested that the reasons for concern
about RF exposure are unfounded; that there are no
adverse effects of RF energy at the levels normally
encountered in the environment. Several ARRL
committees, together with other technical experts,
advise us that the IEEE/ANSI C95.1-1992 standard is
realistic and we should support it. | serve on two US
standards bodies and have participated in others. |
know how difficult it is to find common ground for
agreement in a large group. Given that a consensus
of 120 members of SC-4 agreed upon this standard,
and SCC-28 voted to approve it, it is almost certainly
based on sound scientific principles.—~Ed Hare,
W1RFI, ARRL Laboratory Supervisor
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yet prepared any revisions to its Office of
Engineering and Technology bulletins,
notably OET Bulletin 65, to help hams
understand the rules and comply with
them. The rules further required the
changes to Amateur Radio examinations
to go into effect immediately. In addition,
the FCC had set a 50-W threshold to re-
quire the need for hams to do an evalua-
tion of their station.

The ARRL immediately filed a number
of petitions for reconsideration. In addi-
tion to pointing out some procedural flaws
that had been part of the process of devel-
oping the final rules, the ARRL asked that
the implementation date be extended to
January 1, 1998. This was done to give
amateurs time to understand the rules, to
conduct the required station evaluation
and to make any changes necessary to be
in compliance.

The ARRL filed two petitions over the
question pools—the first an “emergency”
petition, pointing out that the rules as first
written required the examination changes
to take place immediately, without the
appropriate number of questions available
inthe question pool. The ARRL also asked
that amateurs be permitted to make the
changes to the question pools as they were
updated in their normal cycles, with the
Novice and Technician changes to apply
to the question pools that would be used
after July 1, 1997, and the General pool to
be used after July 1, 1998.

The rules also initially set a 50-W PEP
threshold above which amateur stations
needed to be evaluated. The ARRL asked
that the 50-W limit be scaled by frequency,
to match the way the permitted exposure
levels varied by frequency. The ARRL
was successful in all these areas, and the
results are explained in various chapters
of this book. The League is still seeking
federal preemption of any local or state
regulations on RF exposure, although they
have not been successful in that area to
date.

As if all that weren’t enough to keep the
ARRL busy, the staff continued to work
closely with the FCC as FCC information
on the subject was prepared. The ARRL’s
work with the FCC helped forge a mutual
understanding on how to handle mobile
installations, repeater exemptions and
multitransmitter sites.

WHAT THE REGULATIONS
REQUIRE AMATEURS TO DO

Okay, now that the ARRL has bragged
a little, let’s take a look at just what the
rules expect of operators in the Amateur
Radio Service. Full details of the require-
ments are contained in the language of the
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regulations, the Report and Order, the two
Memorandum Opinion and Orders, three
errata, and throughout this book. This
chapter section summarizes the most im-
portant parts of the rules that concern the
Amateur Radio operator.

EFFECTIVE DATE—A MOVING
TARGET

The rules changes went into effect im-
mediately when they were announced in
August 1996, with an original transition
period of January 1, 1997, before amateurs
were required to come into compliance.
After receiving a number of petitions for
reconsideration, the FCC decided upon a
transition period of September 1, 1997, for
all services except for the Amateur Radio
Service. January 1, 1998, marked the end
of the transition period for amateurs. Dur-
ing this transition period, those stations
and services in transition were governed
by the older RF-exposure rules.

Starting on January 1, 1998, new ama-
teur applications, or those for renewal or
station modification requiring an FCC
Form 610 application, will be required to
be in compliance as of the time of applica-
tion. As part of their application, hams will
certify that they have read and understand
the RF-exposure rules and that they will
comply with them. Starting on January 1,
1998, the FCC will only accept FCC Forms
610 dated September 1997 or later, which
include the RF-exposure certification.

The FCC has added an additional tran-
sition period for existing installations.
Existing installations that are not renewed
or have a modification to their station li-
cense (such as a change of address) have
until September 1, 2000, to be in com-
plete compliance with the RF-exposure
rules. The FCC expects that hams will
make good faith efforts to evaluate their
stations and bring them into compliance if
necessary, but those stations that are not
substantially changed during the transition
period do not require the submission to
the FCC of a Form 610. They have until
September 1, 2000, as a “date certain” to
be in compliance.

However, Amateur Radio is covered by
aparagraphinthe rulesin §1.1312(a). This
paragraph discusses services that do not
require FCC equipment authorization,
before placing a modification to the sta-
tion on the air. This section of the rules
requires that if you make a change to your
station that could affect compliance with
these rules, such as adding a new antenna
or band or increasing your transmitter
power, you may have to perform the nec-
essary evaluation on that change before
you start using those changes on the air.

What the Rules are Not!

As discussed, the rules are not new.
Earlier RF-exposure rules always applied
to the Amateur Radio Service. Under the
old higher MPE limits, it was unlikely that
amateur stations would exceed the MPEs,
so they had no specific requirements. The
rules are not just for the Amateur Radio
Service; they apply to all radio services
regulated by the FCC, including high-
powered broadcast stations and low- pow-
ered cellular telephones. The cellular
services are not exempt from these rules;
in fact, cellular devices are specifically
mentioned as not being included in the
evaluation exemptions for most mobile
and portable transmitters. The new limits
do not change the amateur power levels
and will not require that mosthams change
the way they operate. Most important, it is
not difficult for the Amateur Radio Ser-
vice to comply with the regulations!

The Major Points

The two most important aspects of these
rules are that there are limits on exposure
and that some hams must do a routine
evaluation on their stations.

In general, the rules have these major
provisions:

* Set guideline limits on RF exposure to
people that result from the operation of
FCC-regulated transmitters.

 The limits vary with frequency, to match
the way humans absorb RF energy.

« Stations regulated by the FCC are re-
quired to meet the guideline limits or to
file a complicated Environmental As-
sessment (EA) with the FCC. (Note: It
is unlikely that any amateur station
would find it easier to file an EA than to
comply with the MPE limits!)

* Some stations, based on power, fre-
quency and use, need to be evaluated
for compliance with the RF exposure
guidelines in the rules.

° Amateurs perform their own station
evaluations—if the station evaluation
demonstrates to the amateur that the sta-
tion is operating within the guidelines,
it is not necessary to file extensive pa-
perwork with the FCC.

» Some stations are categorically exempt
from the evaluation requirement be-
cause their power, frequency, operating
duty cycles and antenna separations are
such that they are presumed to be in
compliance.

¢ There are additional exemptions for most
amateur mobile, portable hand-held and
repeater operation.

» The FCC mandated that five questions
on ‘“radiofrequency environmental
safety practices at an amateur station”



be added to the examinations for Nov-
ice, Technician and General licenses.

Exposure “Environments”

The regulations define two primary RF-
exposure environments: controlled/occupa-
tional and uncontrolled/general public. The
permitted exposure levels, as shown in Table
1 under the MPE section of this chapter, are
lower for the uncontrolled exposure envi-
ronment. Different exposure- averaging
times apply to each environment.

The regulations require amateurs to evalu-
ate their stations for both controlled and
uncontrolled exposure areas. Some hams
may choose to apply the more stringent un-

controlled limits under all circumstances,
such as to their own stations and property.

Controlled/Occupational

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 appro-
priate. (In an uncontrolled environment,
the people being exposed are not normally
aware of the exposure.) The MPE levels
are higher for a controlled environment
than they are for an uncontrolled environ-
ment. In a controlled environment, expo-
sure is averaged over a 6-minute period.

Although the permitted exposure levels

in a controlled environment are safe,
higher exposure levels are permitted in
controlled exposure areas than are permit-
ted in uncontrolled areas. Although they
are primarily occupational environments,
the FCC includes amateurs in this cat-
egory. You can apply this exposure envi-
ronment to your immediate families and
guests if you provide them with education
and training about RF exposure.

In most cases, controlled-environment
limits can be applied to your home and
property to which you can control physi-
cal access. You can apply a controlled
environment to those general-public areas
where exposure would be only transitory,

1981
IEEE C95.1-1982

ANSI Standard 1982

IEEE Standard 1991

FCC Regs

FCC ”
NPRM <

ANSI Standard 1992

\ 4

OET
- 65

FCC Report

NCRP and Order

1996

1st M&O
2nd M&O Supp:;ement

Revised
OET 65

Amateur

Fig 4.1—The rules that took
effect on January 1, 1998, have
their roots in an IEEE
specification released in 1982. In
1982 the idea was new, almost
revolutionary—today it is just
one of the new federal safety
requirements. Seatbelts, anyone?
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To Be or Not to Be?

It is not always easy to know whether to consider an area as controlled or
uncontrolled. As an example, a rooftop tower installation would be controlled
for the service technicians. If someone were on the roof to paint the tower, the
exposure probably would have be evaluated for an uncontrolled environment
because painters generally have insufficient knowledge and training in RF
exposure. Therefore this would not be considered a controlled environment.
This means that even occupational environments may not always be con-
trolled: At W1AW and ARRL HQ, we have what can reasonably be considered
a controlled environment. We also have non-ham visitors on the premises and
non-technical, non-ham employees—not all are knowledgeable about RF
exposure. Therefore the ARRL HQ building area and W1AW have been
evaluated as an uncontrolled exposure environment.

ettt “

Fig 4.2—A bystander can be at a fixed distance from your antenna and be exposed

to 100% of the MPE or 5% of the MPE—depending on the antenna height and the
bystander’s altitude.

such as for motorists driving past your
home. If you do this, however, you should
take steps to ensure that any exposure is
transitory; if the motorist parks on the side
of the road, exposure may be exceeded.

Uncontrolled/General Public

The uncontrolled environment is in-
tended for areas that are accessible by the
general public, normally your neighbors’
properties and the public areas around
your home. The MPE levels are lower for
an uncontrolled environment than they are
for a controlled environment. In an uncon-
trolled environment, exposure is averaged
over a 30-minute period.

The uncontrolled environment limits are
more stringent than the controlled environ-
ment limits. In an uncontrolled environment,
the people being exposed are not normally
aware of the exposure. This applies to all
property near your station where you don’t
control access: sidewalks, neighboring
homes and other areas that might have some
degree of public access.

Some judgment may be necessary to
determine where and when to apply the
two exposure environments. Service per-
sonnel climbing a tower to make antenna
repairs or working on a rooftop location
making transmitter repairs can probably
be assumed to have the necessary under-
standing of RF exposure—therefore they
can be considered as being in a controlled
environment. However, if a crew shows
up to repair the roof, or someone is hired
to paint the tower, it is likely that they are
not aware of RF exposure. Under those
circumstances, an uncontrolled environ-
ment would probably apply, unless they
are given proper training.

Table 4.1
Limits for Maximum Permissible Exposure (MPE) Limits

Controlled Exposure Uncontrolled Exposure

(6-Minute Average) (30-Minute Average)

Frequency Electric Field Magnetic Field  Power Densily Electric Field  Magnetic Field Power Density
Range (MHz) Strength (V/m) Strength (A/m)  (mW/cm?) Strength (V/m) Strength (A/m) (mW/cm?)
0.3-3.0 614 1.63 (100)*
3.0-30 1842/f 4.89/f (900/2)*
0.3-1.34 614 1.63 (100)*
1.34-30 824/ 2.19/4 (180/f2)*
30-300 61.4 0.163 1.0 27.5 0.073 0.2
300-1500 — — /300 — — /1500
1,500-100,000 — — 5 — — 1.0

f = frequency in MHz
* = Plane-wave equivalent power density

Note 1 to Table 4.1: Occupationai/controlled limits apply in situations in which persons are exposed as a consequence of their
employment provided those persons are fully aware of the potential for exposure and can exercise control over their exposure.
Limits for occupational/controlied exposure aiso apply in situations when an individual is transient through a location where
occupational/controiied limits apply provided he or she is made aware of the potential for exposure.

Note 2 to Table 4.1: General population/uncontrolled exposures apply in situations in which the general public may be exposed, or in
which persons that are exposed as a consequence of their employment may not be fully aware of the potential for exposure or can

not exercise control over their exposure.
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Table 4.2

Maximum Permissible Exposure for Frequencies in the Amateur Radio

Service Controlled RF Environment
Notes 1, 2 and 3 apply to all table entries.

Frequency E field H field
Band V/im A/m
2.0 MHz 614.0 1.63
4.0 MHz 460.5 1.23
7.3 MHz 252.4 0.670
10.15 MHz 181.5 0.482
14.35 MHz 128.4 0.341
18.168 MHz 101.4 0.270
21.45 MHz 85.9 0.228
24.99 MHz 73.8 0.196
29.7 MHz 62.1 0.165
50.0 MHz 61.4 0.163
144.0 MHz 61.4 0.163
219.0 MHz 61.4 0.163
222.0 MHz 61.4 0.163
420.0 MHz —_ —
902.0 MHz — —
1.24 GHz — —
2.3 GHz — —
3.3 GHz — —
5.65 GHz — —
10.1 GHz — —
24.0 GHz — —_
47.0 GHz - —
75.5 GHz — —
119.98 GHz — —
142.0 GHz — —
241.0 GHz — —

Above 300 GHz

Notes:

Power density Notes

mW/em?
(100)
(56.25)
(16.89)
(8.74)
(4.38)
(2.73)
(1.96)
(1.45)
(1.03)
1.00
1.00
1.00
1.00
1.40
3.01
4.14
5.00
5.00
5.00
5.00
5.00
5.00
5.00
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Note 1: The FCC has determined that in most cases, amateurs and their immediate
families may be considered as being in a controiled RF environment. See other
sections of this book and FCC material for more information.

Note 2: The levels in Table 4.2 and Table 4.3 represent the level of RF fields or power
density that are at the MPE. These levels assume continuous exposure. The evalua-
tion chapter has a section on determining average exposure that offers more

information. .

Note 3: The values in this table represent values averaged over a 6-minute time period.
They represent the worst-case value for the listed amateur band.

Note 4: The MPE limit for this band is uniform across the entire band.

Note 5: The power density on this band is expressed as a plane-wave equivalent power

density. See text.

Note 6: The MPE limit for this band varies with frequency. The MPE limit for the E field
is determined by the formula E = 1842/f, with E in V/m and f in MHz. The MPE limit for
the H field is determined by H = 4.89/f with H in A/m and f in MHz. The Power density
is determined by S = 900/f2 with S in mW/cm?2 and f in MHz.

Note 7: On this band, the MPEs are specified only in terms of power density.

Note 8: The MPE limits on this band vary with frequency. The MPE limit for power
density is determined by the formula S = /300 with S in mW/cm?2 and f in MHz.

Note 9: The regulations do not specify an MPE on this band.

Maximum Permissible Exposure
{MPE)

The rules and guidelines set limits to
the maximum permissible exposure for
humans who are near radio transmitters.
The regulations control exposure to RF
fields, notthe 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, al-
though FCC regulations require that ama-
teurs use the minimum necessary power
at all times (§97.313(a)). If the operation
of your station resulted in exposure over

the limits in areas where there are no
people at the time you are operating, the
station is still in compliance.

Some amateurs have misinterpreted
some of the categorical exemptions for
evaluation (more about that later). All
radio stations must comply with the re-
quirements for MPEs, even QRP stations
running only a few watts or less! The
MPEs vary with frequency, as shown in
Table4.1. They have been summarized for
each amateur band in Tables 4.2 and 4.3.
The numbers in Tables 4.2 and 4.3 have

been rounded up to the next highest deci-
mal tenth. All tables discussed here are
printed at the end of this chapter.

MPEs are derived from the Specific
Absorption Rate (SAR)}—the rate at which
tissue absorbs RF energy, usually ex-
pressed in watts per kilogram (W/kg). The
FCC MPEs are not based strictly on IEEE/
ANSI C95.1-1992, but rather on a hybrid
between that standard and the report writ-
ten by the NCRP (the National Council
on Radiation Protection and Measure-
ments). NCRP is a body commissioned to
develop recommendations for federal
agencies. In terms of exposure levels, the
NCRP report recommends lower MPE
levels over some frequency ranges than
are found in the IEEE/ANSI standard. The
most stringent requirements are from 30
to 300 MHz, because various human-body
resonances fall in that frequency range.

MPE limits are specified in maximum
electric and magnetic fields for frequen-
cies below 30 MHz, in power density for
frequencies above 300 MHz and all three
ways for frequencies from 30 to 300 MHz.
The fundamentals chapter (Chapter 2)
explains just what E and H fields are, and
how they relate to power density. For
compliance purposes, all these limits must
be considered separately—if any one is
exceeded, the station is notincompliance.

Forexample, if a 144-MHz amateur sta-
tion had an H-field exposure level of 0.08
A/m (Amperes/meter) and an E-field ex-
posure of 22 V/m (Volts/meter), the sta-
tion is not in compliance for exposure to
the general public because the H field
limit has been exceeded, even though the
E field is below the limits.

MPEs Vary With Frequency

The MPE limits vary with frequency, as
shown in Tables 4.1, 4.2 and 4.3. The hu-
man body is roughly resonant (for differ-
ent body sizes and under differing condi-
tions) at frequencies between 30 and 300
MHz. The MPEs are the most stringent
over this frequency range. In Table 4.1,
there are separate limits for the electric
field (E field), the magnetic field (H field)
and power density. The electric field is
specified in volts per meter (V/m), the
magnetic field is specified in amperes per
meter (A/m) and the power density is
specified in milliwatts per square centi-
meter. In addition, for some frequencies
the term “plane-wave equivalent power
density” is used.

Some hams will use these MPE levels
to help determine their station’s compli-
ance. Many others, however, will use the
simple charts and tables discussed in this
chapter and in the evaluation chapter.
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Table 4.3

Maximum Permissibie Exposure for Frequencies in the Amateur Radio

Service Uncontrolled RF Environment
Notes 1, 2 and 3 apply to all table entries.

Frequency E field H field
Band V/im A/m
2.0 MHz 412.0 1.095
4.0 MHz 206.0 0.548
7.3 MHz 112.9 0.300
10.15 MHz 81.2 0.216
14.35 MHz 57.5 0.153
18.168 MHz 454 0.121
21.45 MHz 38.5 0.103
24.99 MHz 33.0 0.088
29.7 MHz 27.8 0.074
50.0 MHz 27.5 0.073
144.0 MHz 27.5 0.073
219.0 MHz 27.5 0.073
222.0 MHz 27.5 0.073
420.0 MHz — —
902.0 MHz — —_
1.24 GHz — —
2.3 GHz — —
3.3 GHz — —
5.65 GHz — —
10.1 GHz — —
24.0 GHz — —
47.0 GHz — —
75.5 GHz — —
119.98 GHz — —
142.0 GHz — —
241.0 GHz — —
Above 300 GHz — —
Notes:

Power density Notes

mWW/iem?

(45)
(11.25)
(3.38)
(1.75)
(0.88)
(0.55)
(0.40)
(0.29)
(0.21)
0.20
0.20
0.20
0.20
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Note 1: The uncontrolied RF environment applies in general to all areas where the
general public could be reasonably expected to be exposed. This may include some
Amateur Radio stations such as a club station located in an area accessible to the
public or certain Field Day sites, as examples. See other parts of this book and FCC

material for more information.

Note 2: The levels in Table 4.2 and Table 4.3 represent the level of RF fields or power

density that are at the MPE. These levels assume continuous exposure. The evaluation

chapter has a section on determining average exposure that offers more information. .
Note 3: The values in this table represent values averaged over a 30-minute time period.
They represent the worst-case value for the listed amateur band.
Note 4: The MPE for this band is uniform across the entire band.
Note 5: The power density on this band is expressed as a plane-wave equivalent power

density. See text.

Note 6: The MPE for this band varies with frequency. The MPE for the E field is deter-
mined by the formula E = 824/f, with E in V/m and f in MHz. The H field is determined
by H = 2.19/f with H in A/m and f in MHz. The Power density is determined by

S = 180/f2 with S in mW/em?2 and f in MHz.

Note 7: On this band, the MPEs are specified only in terms of power density.
Note 8: The MPE limits on this band vary with frequency. The MPE limit for power

density is determined by the formula S = f/1

500 with S in mW/cm2 and f in MHz.

Note 9: The regulations do not specify an MPE on this band.

Average Exposure

Table 4.1 shows the MPE limits for vari-
ous power levels and frequency ranges.
MPEs assume continuous-duty and opera-
tion at the average rate. The levels shown
assume that the exposure will be continu-
ous over the exposure period. The regula-
tions, however, average the total exposure
over 6 minutes for controlled environ-
ments and 30 minutes for uncontrolled
environments. This average includes both
the duty factor of the operating mode and
the actual on and off times over the worst-
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case averaging period. In most cases, the
average power of an amateur station is
considerably less than its peak power, and
the ratio of transmit time to nontransmit
time is less than 100%.

Thus itis permissible to exceed the MPE
limits for periods of time, as long as that is
offset by a corresponding reduction in the
exposure limits for other periods of time
within the averaging period. For example,
in an uncontrolled environment, if one is
in a field that is 10 times the limit for
3 minutes, this is acceptable as long as one
has no exposure for the preceding 27 min-

utes and the following 27-minute periods.
The 30-minute window is not based on
arbitrary half-hour segments by the clock,
but is a “sliding” window, such that in any
30-minute period, the total exposure must
be below the limits. It would not be
acceptable to have no exposure for 15 min-
utes, twice the exposure for 15 minutes,
then be exposed at the limit for the next
15 minutes because the total exposure in
the worst-case window (the last 30 min-
utes) exceeds the average MPE levels.
There are a number of ways to calculate
the time-averaged exposure; these are dis-
cussed at length in the evaluation chapter.

Who Must Comply?

All Amateur Radio stations must
comply with the MPE limits, regardless of
power, operating mode or station configu-
ration. (Even WIRFI’s 10-milliwatt
station must comply.—Fd.) It is unlikely
that low-power stations would exceed the
limits, but rules apply equally to all.

Routine Environmental
Evaluations

The cores of the requirements under
these regulations are the MPE levels.
However, the core of the specific actions
that need to be taken by Amateur Radio
operators is the requirement for some
amateurs to perform a “routine environ-
mental evaluation” for RF exposure. This
will establish that the station is being op-
erated in compliance with the FCC RF-
Exposure guidelines.

A routine evaluation is not nearly as
onerous as it sounds! This subject is cov-
ered in detail in the evaluation chapter, but
it is summarized here, as part of the dis-
cussion about the rules. Doing an evalua-
tion will help ensure a safe operating envi-
ronment for amateurs, their families and
neighbors.

The FCCisrelying on the demonstrated
technical skill of Amateur Radio opera-
tors to evaluate their own stations (al-
though it is perfectly okay for an amateur
to rely on another amateur or skilled pro-
fessional to perform the evaluation).

Most evaluations will not involve mea-
surements, but will be done with compari-
sons against typical charts developed by
the FCC, relatively straightforward calcu-
lations or computer modeling of near-field
signal strength. The FCC encourages flex-
ibility in the analysis, and will accept any
technically valid approach.

Itis not difficult to do the necessary sta-
tion evaluation. The FCC guidance is con-
tained in OET Bulletin No. 65: Evaluating
Compliance With FCC-Specified Guide-
lines for Human Exposure to Radio Fre-
quency Radiation and an Amateur Radio



Table 4.4

Power Thresholds for Routine Evaluation of Amateur Radio Stations

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

Repeater stations
(all bands)

non-building-mounted antennas: height above ground level
to lowest point of antenna < 10 m and power > 500 W ERP

building-mounted antennas: power > 500 W ERP

*Transmitter power = Peak-envelope power input to antenna. For repeater stations only,
power exclusion based on ERP (effective radiated power).

supplement to that bulletin, Supplement B
to OET Bulletin 65: Additional Informa-
tion for Amateur Radio Stations. This
book and the FCC material contain the
basic information hams need to evaluate
their stations, including a number of tables
showing compliance distances for typical
amateur power levels and antennas. Gen-
erally, hams will use these tables to evalu-
ate their stations.

In most cases, hams will be able to use
a table that best describgs their station’s
operation to determine the minimum
compliance distance for their specific op-
eration. These tables show the compliance
distances for uncontrolled environments
for a particular type of antenna at a par-
ticular height. (The power levels shown in
the tables are average power levels,
adjusted for the duty cycle of the operat-
ing mode being used, and operating on and
off time, averaged over 6 minutes for con-
trolled environments or 30 minutes for
uncontrolled environments.) The FCC
tables, plus a number of similar tables de-
veloped by the ARRL, are found in the
reprint of Bulletin 65 in Chapter 6 of this
book, the Amateur Supplement B in Chap-
ter 7 of this book and in the tables in Chap-
ter 8 of this book.

Categorical Exemptions
Some types of amateur stations do not

need to be evaluated (but these stations must
still comply with the MPE limits!) The FCC
has exempted these stations from the evalu-
ation requirement because their output
power, operating mode, use, frequency or
antenna location are such that they are pre-
sumed to be in compliance with the rules.

These stations are not exempt from the rules,

but are presumed to be in compliance with-

out the need for an evaluation.

» Stations using the peak-envelope power
levels or less to the antenna as shown in
Table 4.4.

* Amateur repeaters using 500-W ERP or
less.

* Amateur repeaters with antennas not
mounted on buildings if the antenna is
located more than 10 meters (32.8 feet)
high above ground.

* Amateur mobile and portable hand-held
stations using push-to-talk or equivalent
operation.

Note that Table 4.4 cites power to the
antenna. This is not the same as your trans-
mitter output power, although you can con-
servatively use your transmitter output
power to decide if you need to do an evalu-
ation, if you wish. As an example, if you
are running 90 W PEP and have a feed line
loss of 3 dB, you are losing approximately
50% of your power in the feed line, so you
have approximately 45 W PEP to the an-
tenna.

This part of your operation would not
have to be evaluated on any band. Note,
too, that unlike the exposure, the levels in
this table are nor average-power levels,
but are peak-envelope powers (PEP). If
you transmit only one short dit per 30-
minute period, and that dit is transmitted
atlevels above those in the chart, you will
still have to do an evaluation. When you
did the evaluation, however, you could
use average power. Admittedly, it sounds
a bit complex, but it is explained in detail
in Chapter 5.

Stations that use more power than the
power levels to the antenna shown in
Table 4.4 must be evaluated. For the ma-
jority of amateurs, this change has virtu-
ally eliminated the need to perform sta-
tion evaluations. Most HF transceivers are
rated at 100-W PEP output; on 15 meters
and below, stations using this power level
need not be evaluated. Most VHF trans-
ceivers are rated at 50-W PEP output or
less; stations using this power level on
VHF need not be evaluated. (Statistically,
most HF operators use “barefoot” rigs,
typically 100-W PEP output.) While this
change doesn’t cover all barefoot HF op-
eration, operators who wish to use 12 and
10 meters could either perform an evalu-
ation for those two bands, or they could
reduce power to the levels in Table 4.4
and forego the evaluation altogether.

News for Repeater Operators

The repeater exemption was added with
an Erratum to the rules issued by the FCC
in October 1997. All amateur repeaters
operating at a power of 500 W ERP or less
are generally categorically exempt from
evaluation. All amateur repeaters whose
antennas are not mounted on buildings and
that have all parts of their radiating an-
tennalocated at least 10 meters (32.8 feet)
above ground also are exempt. Amateur
repeaters with antennas located on build-
ings (presumably buildings where people
could be located) must be evaluated if they
use more than 500 W ERP. There is more
information about calculating ERP in
Chapter 5, but to summarize, ERP is de-
rived by multiplying the power to the
antenna by the numerical gain of the an-
tenna over a dipole (6 dBd, for example,
represents a numerical equivalent of
3.98). This categorical exemption from
evaluation will probably cover many re-
peater stations.

Mobile and Portable Hand-Held
Operators

They are not specifically mentioned in
Table 4.4, but §1.1307(b)(2) of the FCC
rules and the Report and Order cover por-
table and mobile devices. As described in
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FCC Office of Engineering and Technology (OET) Bulletin 65

To help hams perform the routine evaluation, the FCC
has prepared a bulletin, OET Bulletin No. 65: Evaluating
Compliance With FCC-Specified Guidelines for Human
Exposure to Radio Frequency Radiation and an Amateur
Radio supplement to that bulletin, Supplement B to OET
Bulletin 65: Additional Information for Amateur Radio
Stations. The FCC bulletins are available from their Web
site; see Appendix E, Resources. When this book refers
to Bulletin 65, it is generally referring to both the main
Bulletin and Supplement B together. Supplement B
makes many references to Bulletin 65, so most hams will
want to read both. The main Bulletin contains a section
specifically addressing Amateur Radio. The applicable
parts of the Bulletin and Supplement is printed in Chap-
ters 6 and 7 of this book.

Not Cast in Stone

Although the regulations are firm requirements, the
FCC intends that Bulletin 65 is advisory in nature. To
quote directly from the bulletin:

This revised OET Bulletin 65 has been prepared to
provide assistance in determining whether proposed
or existing transmitting facilities, operations or devices
comply with limits for human exposure to radio-
frequency (RF) fields adopted by the Federal Commu-
nications Commission (FCC). The bulletin offers guide-
lines and suggestions for evaluating compliance.
However, it is not intended to establish mandatory
procedures, and other methods and procedures may
be acceptable if based on sound engineering practice.

This flexibility applies especially to the Amateur Radio
Service; the FCC is relying on the technical ability of
hams to select an appropriate method of analysis for their
station evaluations. While Bulletin 65 outlines several
acceptable ways for amateurs to satisfy the FCC regula-
tions, it is not intended to define the only methods
amateurs can use. Amateurs are permitted to use any
method that has technical validity. This could include
accurate field-strength measurements, calculation from
valid field-strength formulas and principles or computer
modeling using programs based on accepted algorithms
such as NEC or MININEC code.

What’s in the Bulletin?

in general, Bulletin 65 outlines how hams can use
formulas, tables and graphs, computer software or
measurements to complete their evaluations. All these
methods are discussed in detail in Chapter 5 of this book.
Most hams will probably choose to use the simple tables.

The “core” Bulletin 65 was written primarily for commer-
cial radio stations, although the information can be used by
any radio service. It begins with a brief historica! introduc-
tion, followed by definitions of key terms. Next comes
formulas about MPEs and some descriptions of parts of the
rules. While hams can use this existing bulletin to complete
their station evaluations, they need to be careful. it is easy
to get lost in the complex formulas and explanations
intended to be most helpful to other radio services. Most
hams wili find the amateur supplement a lot easier to use.

Formulas

Bulletin 65 describes how to use far-field formulas to
obtain estimates of field strengths in the near field. NEC4
modeling done by the ARRL shows that the formula
applies conservatively to antennas like dipoles and Yagis.
The ARRL Laboratory staff found, however, that it does
not apply well to some antenna types such as small loops,
so these formulas should be used with some caution.

The formulas apply to the field-strength ievels in the
main beam of the antenna. For this reason, they may
result in an overly conservative estimate for many actual
installations. The ARRL has supplied the FCC with data
tables illustrating antennas modeled over real grounds to
offer realistic compliance distances. Supplement B
includes some of these tables in the amateur supplement
to Bulletin 65, along with some simpie tables based on the
worst-case formulas.

Easy Way Out

You don’t need to resort to complicated formulas to do
the worst-case analysis. If you have access to the World
Wide Web, check the University of Texas Amateur Radio
Club site at http://www.cs.utexas.edu/users/kharker/
rfsafety/. You’ll find a “form” that allows you to enter
transmitter power, antenna gain and distance. After you
enter the information, it caiculates the field strength and
tells you if you are in compliance. (If you're notin compli-
ance, it tells you at what distance you would be in compli-
ance.)

These simple calculations can be a good tool because if
you pass “worst case,” you pass. If you use peak-enve-
lope power in these estimates, this is truly a worst case;
the regulations are specified in terms of average expo-
sure, averaged over 30 minutes for uncontrolied exposure
environments, 6 minutes for controlled environments. You
also should use the ground-reflection options that are part
of the formulas or programs on the page, if you want to
ensure that you have a realistic estimate.

Amateur Supplement

Not surprisingly, Supplement B offers guidance for
amateurs. In addition to reviewing the basics, it contains a
large section with tables for different amateur bands,
antenna gains, power and antenna type to show how far
people need to be from an amateur antenna to be below
the MPE levels. Most hams will probably use one or more
of these tables to do their station evaluation. The ARRL
supplied many of these tables to the FCC, as did the
W5YI Group and Wayne Overbeck, N6NB. The FCC could
not print them all, so Chapter 8 of this book picks up
where the FCC left off—using the same method used by
the FCC for their tables.

Both documents are available in their full form for
download from the FCC. The URL is http://www.fcc.gov/
oet/info/documents/bulletins/#65, but it is just as easy
to start with the ARRL Web page, http://www.arrl.org/
news/rfsafety.—FEd Hare, W1RFI, ARRL Laboratory
Supervisor
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Fig 4.3—f you cannot control access to the area, the average for uncontrolled

areas apply.

§81.1307(b)(1), 1.1307(b)(2), 2.1091(c)
and®2.1093(c) of the FCC regulations,
there is no specific requirement that mo-
bile.and portable devices used under Part
97 {Amateur Radio) be evaluated. The
1996 Report and Order announcing the
rules further amplified that mobile and
portable devices specifically using push-
to-talk operation, as used by police, taxi-
cab and Amateur Radio, for examples,
generally need not be evaluated. This is
because of the low power, low operating
duty cycles generally employed and the
expected shielding of the vehicle occu-
pants by the vehicle body. Most Amateur
Radio mobile or portable stations that
meet these general criteria do not need to
be evaluated.

It must be added that the terms mobile and
portable mean different things to the FCC
than they might mean to hams. Both terms
cover transmitters not used in a fixed loca-
tion, but a portable device is one that is cus-
tomarily operated with the antenna located
within 20 centimeters of the body.

Exceptions to the Evaluation
Exemptions

There is an exception to every rule, and
this old adage could apply to stations that
are categorically exempt from the require-
ment to evaluate. That exemption is not

absolute. No station is exempt from the
requirement not to exceed the MPE lev-
els. There are some station configurations
that could result in exceeding the limits,
even for stations that are normally exempt.
When the FCC wrote the table for cat-
egorical exemptions from the evaluation
requirements, they had to balance a num-
ber of different factors. On one hand, most
amateur operation is already within the
guidelines, so they wanted to exclude most
relatively low-power operation. On the
other hand, some station configurations,
even for low-power stations, could present
problems. Of course, the FCC wants to
ensure that the administrative burden of
these regulations in minimal. They didn’t
want an overly complex set of require-
ments that could cover every possible
combination of what could and could not
exceed the MPE limits. The overall goal
of generally increasing the awareness by
Amateur Radio operators of the RF-expo-
sure potential of their stations was in-
cluded in the mix, too. The result is seen in
the evaluation requirements of Table 4.4.
Many classes of amateur stations are cat-
egorically exempt from the need to do a sta-
tion evaluation. This is because the exempt
stations are usually operated such that the
station is in compliance with the MPEs.
Under some circumstances, such as an an-

tenna that is located unusually near people
orin some mobile installations, it is possible
to exceed the MPE levels.

Sections §1.1307(c)(d) of the FCC’s
rules stipulate that the Commission may
require that a station that is normally cat-
egorically exempt from the requirement to
perform a routine evaluation perform such
an evaluation if the FCC determines that
there is reason to believe that the station
may be exceeding the MPEs allowed.

The FCC will generally handle these
exceptions on a case by case basis. In ad-
dition, the FCC will also rely on amateurs
to voluntarily consider whether any oper-
ating parameter of their stations might also
indicate that it is prudent to do a station
evaluation—even in cases where the cat-
egory of that station would otherwise
make it exempt. If an antenna is located
unusually close to people, such as an in-
doorantennain aliving space or a balcony
mounted antenna a foot or so away from a
neighbor’s balcony, the FCC could require
a station evaluation or take other action.

Mobile stations should also be closely
considered before an amateur automati-
cally applies the categorical exemption.
As an example, a 500 W, 10-meter mobile
installation with a vehicle-mounted an-
tenna would certainly merit a closer look.
On VHF, the use of a high-power ampli-
fier could also present problems in some
cases. In general, it is recommended that
in these higher power installations, the
antenna be located such that the vehicle
occupants will be shielded from the an-
tenna during normal use. One good loca-
tion is in the center of an all-metal roof.
Locations to be avoided for high-power
operation include a trunk-mounted an-
tenna located near a rear window or a
mobile installation in a vehicle with a
fiberglass roof. In general, mobile instal-
lations, even higher-power ones, will not
exceed the MPEs if sound installation
guidelines are followed. The ARRL Hand-
book and The ARRL Antenna Book, avail-
able from the ARRL, have additional
material on mobile installations and
antennas.

Even if the regulations do not require
you to do an evaluation, there could be a
number of reasons to do one anyway. Asa
minimum, it will be good practice for the
time that you make a station change that
might require evaluation. The results of
your evaluation will certainly demonstrate
to yourself and possibly your neighbors
that your station’s operation is well within
the guidelines, and is no cause for con-
cern. In the case of some of the unusual
circumstances just described, the regula-
tions could require an evaluation of a sta-
tion otherwise categorically exempt. Inall
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cases, regardless of categorical exemp-
tion, the regulations require that the MPE
limits not be exceeded. In most cases, the
FCC will rely on amateurs to determine
for themselves how the evaluation require-
ments apply to their stations. Remember,
under the rules, the FCC can ask an evalu-
ation be performed on any transmitter
regulated by the FCC.

Multitransmitter Sites

The rules are intended to ensure that
operation of transmitters regulated by the
FCC doesn’t result in exposure in excess
of MPE limits. It is fairly easy to make this
determination for single transmitters,
when there are no other sources of RF to
complicate things. However, many trans-
mitters operate in proximity to other trans-
mitters, and it is entirely possible for two
or more transmitters to all be below their
own limit, but the total exposure from
them all operating together to be greater
than the permitted MPEs.

The FCC regulations, the Report and
Order and the two Memorandum Opinion
and Orders all cover the likely situation of
multiple transmitters. The bottom line is
that, in most cases, all the significant RF
transmitters operating at multitransmitter
sites generally must be considered when
determining if the site’s total exposure is
in compliance. In addition, all significant
emitters are jointly responsible for overall
site compliance.

The rules stipulate that in a multi-
transmitter environment, a single transmit-
ter operator is jointly responsible with other
operators at the site for all areas at the site
where the exposure from that transmitter is
greater than 5% of what is permitted for that
transmitter. (This is 5% of the permitted
power density or 5% of the square of the E or
H-field value.) Note that this is not the same
as 5% of the total exposure, which could
sometimes be unknown.

In many cases involving Amateur
Radio transmitters, only a relatively small
area would be encompassed by that 5%
exposure threshold, so joint responsibility
might only exist in the immediate vicinity
of the amateur antenna. A repeater trustee,
for example, might have that 5% level
extend only to those areas to 10 feet above
and below the antenna up the tower, and
thus be responsible for overall site compli-
ance only to that area on the tower. In this
case, the responsibility may be only to radio
service personnel climbing the tower (gen-
erally a controlled exposure environment
would apply) or tower maintenance people
(who may or may not be trained about RF
exposure, so an uncontrolled environment
may be more appropriate).

However, some types of stations, such as
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amateur repeaters using 500 W ERP or less,
donotneed tobe evaluated. Bulletin 65 clari-
fies that these stations are presumed to be in
compliance with their own individual MPE
limits and generally do not need to be in-
cluded when calculating overall site com-
pliance. They are presumed not to be jointly
responsible for site compliance. These are
not iron-clad assumptions. The FCC rules,
in §1.1312(a), allow the FCC to require any
station to file an Environmental Assessment
(EA) or conduct a routine environmental
evaluation to demonstrate compliance
—even those covered by specific categori-
cal exemptions.

The FCC will make these determina-
tions on a case by case basis. In cases
where a station is categorically exempt
from evaluation, or a station is creating
exposure that is less that 5% of what
is permitted to it, the FCC could deter-
mine that the particular station needs to
share responsibility for site compliance.

Clearly, if an amateur station shares
space with ahigh-power broadcast station,
the “5% rule” is pretty straightforward.

However, if a number of low-power
transmitters share a site, even minor emit-
ters might have to make changes to their
station if the overall site compliance is
more than the MPE limits allow. Itis quite
possible for some sites to have literally
hundreds of transmitters, most operating
below the 5% level, even though the over-
all site’s RF exposure is greater than the
MPE limits. The best approach is to err on
the side of caution, and cooperate with
other operators on the site if there is acom-
pliance problem. There is, of course, no
substitute for your own good judgment.
Use it as it appears to be appropriate in
“gray” areas. This may prevent the FCC
from having to make a “federal” case out
of your station.

Often, you may not know much about
the other transmitters on your site. In that
case, you should make the best assump-
tions you can about the other stations’
power, antenna gains and operating duty
cycles, and conduct your assessment of
site compliance accordingly.

The methods used to evaluate stations in a
multitransmitter environment are generally
straightforward, but not quite as simple as the
compliance distance tables discussed in
Chapter 5.

Paperwork and Proof of
Evaluation

Once an Amateur Radio operator deter-
mines that a station complies, station op-
eration may proceed. There’s no need for
FCC approval before operating. Other
than a short certification on Form 610 sta-
tion applications, the regulations do not

normally require hams to file proof of
evaluation with the FCC, The Commission
recommends that each amateur keep a
record of the station evaluation procedure
and its results, in case questions arise.

Environmental Assessment

Once an amateur completes the neces-
sary evaluation and determines that his or
her station does not exceed the MPE lim-
its, the station may be put into operation.
It is not necessary to file any paperwork
with the FCC. The regulations discuss EAs
(environmental assessments). EAs are not
normally required for amateur stations. An
EA is required for any station that will
continue to operate even though it exceeds
the limits in Table 4.1.

Actually, much of what hams are con-
sidering as “regulations” are more appro-
priately called “guidelines.” The actual
regulations are simple: stations must ei-
ther not exceed the limits in the published
guidelines or, if they do, the operators
must file an EA with the FCC. In practice,
however, it is not likely that any amateur
station operator would find it easier to file an
EA than to make station changes to comply
with the guidelines. Even in the commercial
world, EAs are not often used as a means of
complying with the regulations.

Examinations

The regulations add the requirement to
include five questions on the topic of RF
environmental safety practices to each
Amateur Radio examination for Novice,
Technician and General licenses. Thus the
VEC Question Pool Committee (QPC) had
to add 55 new questions to each of these
pools. In response to a request from the
ARRL, the question pools are being up-
dated in their normal cycle. The QPC has
completed the questions for the Novice
and Technician license examinations in
the latest revision of the pool, released
December 1, 1996, for examinations
beginning July 1, 1997. Completing the
major revisions for the Novice and Tech-
nician license pools in such a short period
of time speaks highly for the dedication of
this hard working committee. ARRL is
proud to serve as a participant on the QPC.
The General license pool was updated in
late 1997, for examinations beginning
July 1, 1998.

FIXING PROBLEMS

Chapter 5, How to Evaluate an Amateur
Station, discusses how to correct prob-
lems. In summary, the FCC and ARRL
have estimated that most amateur stations
are already in compliance with the MPE
levels. Some amateurs, especially those
using indoor antennas or high-power,



high-duty-cycle modes such as RTTY
bulletin stations and moonbounce sta-
tions, may need to make adjustments to
their station or operation to be in compli-
ance. Bulletin 65 offers guidance and
flexibility on what the FCC considers
acceptable. Hams can adjust their power,
mode, frequency, antenna location, an-
tenna pointing or operating on-and-off
times to bring their operation into compli-
ance. For example, if you discovered that
you were not in compliance after 25 min-
utes of operation with your antenna
pointed in a particular direction, you could
either not point your antenna in that direc-
tion, or take a five-minute break for a
period after 25 minutes of operation.

ARRL Objectives

During and after the development
of these regulations, ARRL has
sometimes had to consider a number
of different and sometimes conflicting
objectives. As ARRL set a course of
action, the following played a role in
most decisions:

* RF Safety—Above all, ARRL
wants to ensure that Amateur Radio
remains a safe activity.

= Avoid inappropriate regulation
that benefits no one.

» Help ensure that the rules are a
good fit for Amateur Radio.

» Provide guidance to hams in
complying with these rules.

s include clear information in
license guides and materials.

* Ensure examination questions
reflect practical information.

IN SUMMARY

In general, these rules are not hard to
understand. They are based on the sound
science that wentinto developing the stan-
dards. Ed Hare, WIRFI, of the ARRL
Laboratory has spent a good part of the
last year studying all the complex issues
surrounding these rules. He offers an ob-
servation, “Following these rules is im-
portant for the Amateur Radio Service, not
only because we should uphold our repu-
tation for following the rules, but because
they help us to demonstrate to ourselves,
our families, our neighbors and anyone
else with questions that the operation of
Amateur Radio Stations is safe.”
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How to Evaluate an Amateur

Station

THE ESSENCE OF THE RULES

There is an old saying: If a tree falls in
the forest and there is no one there to hear
it, does it make a sound? In radio, with
regard to MPE limits, the answer is “No.”

The FCC regulations cover exposure of
peopie to RF energy, not the strength of
RF cnergy where people are not being ex-
posed. This principle applies to most as-
pects of a routine station evaluation. For
example, if you find that exposure to the
corner of a neighboring property is over
the limit, it is only over the limit if some-
one remains in that area for an extended
period. As another example, if you find
that an area is at twice the limit, but you
know that it is only occupied for 1 minute
out of every hour, the exposure is below
the limit.

The crux of the requirements of a station
evaluation is found in OET Bulletin 65:

Before causing or allowing an
Amateur Radio station to transmit
from any location where the opera-
tion of the station could cause human
exposure to RF electromagnetic en-
ergy in excess of the FCC RF-expo-
sure regulations, amateur licensees
are required to take certain actions. A
routine RF-radiation evaluation is re-
quired unless the station is categori-
cally excluded from the requirement
tc perform a station evaluation.

This chapter deals exclusively with the
actual evaluation, based on compliance
with the MPE (Maximum Permissible Ex-
posure) limits. Refer to the earlier chap-
ters in this book for information on how

This chapter describes a number of techniques that can be
used to evaluate single-transmitter installations, multiple-
transmitter installations and repeaters. Most hams will elect
to use the simple tables that show compliance distance at a

glance.

these limits related to exposure, safety and
specific absorption rates (SAR).

The Amateur Radio service is alot more
diverse than many radio services regu-
lated by the FCC. If the FCC had to spell
out the specific requirements of doing a
station evaluation for every possible con-
figuration in the rules, the rules would be
larger than this book. Amateur Radio op-
erators are licensed to use a wide range of
frequencies and operating modes. Ama-
teur Radio operation ranges from low-
power (QRP) operation of a few milli-
watts to 1500 watts PEP. Each operating
mode has its own particular duty cycle and
pattern of operation. Amateurs also use a
wide range of antennas, from simple wires
to tower-mounted gain antennas, to name
just two. The diversity of Amateur Radio
operation is one of its strengths, enabling
amateurs to perform a wide range of tech-
nical investigations and operations under
adverse conditions. The diversity, how-
ever, may require that amateurs choose
from a number of methods to perform the
station analysis and evaluation required
by FCC regulations.

Certain Amateur Radio installations
were made subject to a requirement that
the station operator perform a routine
analysis to establish that the station is be-
ing operated in compliance the FCC RF-
Exposure regulations. The determination
of just which stations need to be evaluated
is based on power levels, frequency and
the type of station.

The FCCis relying on the demonstrated
technical skill of Amateur Radio opera-
tors to evaluate their own stations (al-

How to Evaluate an Amateur Station

though it is perfectly okay for an amateur
to rely on another amateur or skilled pro-
fessional to perform the evaluation). The
FCC regulations do not require that
an amateur perform field-strength mea-
surements. In many cases, the evaluation
can be accomplished by some relatively
straightforward calculations or compari-

Figure 5.1—Some stations can be
rather complex. There are a lot of
possible power, frequency, mode and
antenna combinations that could be
associated with this commercial
installation. (photo courtesy Robert
Cleveland, FCC Office of Engineering
and Technology)
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sons between station operation and typi-
cal graphs developed by the FCC. Once an
Amateur Radio operator has performed
the required routine station evaluation,
and determined that the station does not
exceed the permitted MPEs, the Amateur
Radio station may be placed into immedi-
ate operation. It is not necessary to secure
FCC approval before operating.

WHAT IS A “ROUTINE RF
ENVIRONMENTAL EVALUATION”?

The core of the requirements under
these regulations is the MPE levels. How-
ever, the specific actions that need to be
taken by Amateur Radio operators is to
perform a “routine RF environmental
evaluation” to establish that the station is
being operated in compliance with the
FCC RFE-Exposure guidelines. This gen-
erally consists of a series of calculations
to determine compliance with the MPE
levels—including those derived from
power-density formulas and those ob-
tained with NEC- or MININEC-based
antenna-modeling programs. A routine
evaluation will generally need to be done
for both controlled and uncontrolled ex-
posure environments. However, if a ham
determines that his or her operation meets
the requirements for uncontrolled expo-
sure in his or her own station, home and
property, it will not be necessary to evalu-
ate the same areas for controlled exposure.

A routine environmental evaluation is
not nearly as onerous as it sounds! It is
generally not difficult to do the necessary
station evaluation. In general terms, the
FCC requires operators of radio transmit-
ters be aware of the RF exposure potential
from their stations. In doing the evalua-
tion, amateurs will be considering the
ways that people could be exposed to RF
fields from the operation of their station.
This can be done by either calculating or
measuring the fields, or by using tables
derived from those calculations

The following general factors can all
play a part in doing a routine evaluation:

* Transmitter frequency

¢ Transmit power

» Operating mode

» Transmitter duty cycle

= Antenna location

* Antenna gain

¢ Antenna pattern

» General station configuration

¢ The amount of time people are exposed

Most evaluations will not involve mea-
surements, but will be done with compari-
sons against typical tables that have been
developed by the FCC, individual ama-
teurs and the ARRL. In many cases, the
evaluation can be as quick and easy as
looking at a table that represents your op-
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eration and determining that your antenna
is far enough away from arecas where
people are located.

In most cases, hams will be able to use
the table that best describes their station’s
operation to determine the minimum com-
pliance distance for their specific opera-
tion. OET Supplement B (Chapter 7 of this
book) contains a number of these tables
(with the compliance distances converted
to feet); additional tables are in Chapter 8
of this book, prepared using the same
methods as were used for the Supplement
Btables. The term compliance distance re-
fers to the minimum distance one must be
from an antenna to have the estimated
fields be below the MPE limits.

Alternatively, hams could do relatively
straightforward calculations of worst-case
scenarios or computer modeling of near-
field signal strength. The FCC encourages
flexibility in the analysis, and will accept
any technically valid approach.

WHO IS RESPONSIBLE FOR THE
EVALUATION?

The rules generally require that the sta-
tion licensee be responsible for ensuring
that the evaluation is complete. If some-
one other than the licensee were acting as
control operator, he or she also would also
be responsible for the proper operation of
the station under all FCC rules, including
the rules on RF exposure.

WHERE CAN HAMS LEARN ABOUT
DOING AN EVALUATION?

Hams could rely on their own personal
technical expertise to know just what
needs to be considered when doing an
evaluation. However, for many hams, the
whole topic is a “learning opportunity,”
because hams have never had specific
requirements about RF exposure evalua-
tions under the old RF-exposure rules and
guidelines. Although most hams are en-
thusiastic about learning something new,
they need some instruction and guidance.

The FCC didn’tleave us out in the cold!

Drawing on the resources of both their
staff and the amateur community, the FCC
has prepared two documents, OET Bulle-
tin 65: Evaluating Compliance With FCC-
Specified Guidelines for Human Exposure
to Radio Frequency Radiation and OET
Bulletin 65 Supplement B: Additional In-
formation for Amateur Radio Stations. In
this chapter, Bulletin 65 generally refers
to both documents together. These FCC
materials explain a number of different
ways that hams can complete the required
evaluations.

WHO NEEDS TO DO AN
EVALUATION?

The good news is that most amateur sta-
tions do not need to be evaluated. The
following classes of amateur stations are
exempt from the evaluation requirement
because their power levels, operating duty
cycles or station configuration are such
that they are presumed to be in compliance
with the MPE limits:

* Stations using the peak-envelope power
(PEP) input orless to the antenna shown
in Table 5.1

* Amateur repeaters using 500 W or less
effective radiated power (ERP)

¢ Amateur repeaters with antennas not
mounted on buildings if the antenna is
located more than 10 meters above
ground

¢ Amateur mobile and portable hand-held
stations using push-to-talk or equiva-
lent operation

Unlike the rules for maximum amateur
power, which are expressed in PEP output
from the transmitter, the rules for deter-
mining which stations need to be evalu-
ated are expressed in PEP input ro the
antenna. Table 5.1 shows peak-envelope
power to the antenna as the deciding fac-
tor. Factors such as feed line losses and
losses in accessories such as wattmeters
and antenna tuners can reduce the power
from your transmitter to be some fraction
of its original value at the antenna.

Bulletin 65 is Not Mandatory

Although the regulations are firm requirements, Bulletin 65 is advisory in
nature. To quote directly from the bulletin:

“This revised OET Bulletin 65 has been prepared to provide assistance in
determining whether proposed or existing transmitting facilities, operations or
devices comply with limits for human exposure to radio frequency (RF) fields
adopted by the Federal Communications Commission (FCC). The bulletin offers
guidelines and suggestions for evaluating compliance. However, it is not
intended to establish mandatory procedures, and other methods and procedures
may be acceptable if based on sound engineering practice.”

The flexibility offered by this language especially applies to the Amateur
Radio Service; the FCC is relying on the demonstrated technical ability of hams
to select an appropriate method of analysis for the evaluation that may be

required for their station.




Table 5.1
Wavelength Band

Evaluation Required if

Power* (watts)

Exceeds:
MF
160 m 500
HF
80 m 500
75 m 500
40 m 500
30 m 425
20 m 225
17m 125
15m 100
12 m 75
10 m 50
VHF (all bands) 50
UHF
70 cm 70
33 cm 150
23 cm 200
13 cm 250
SHF (all bands) 250
EHF (all bands) 250

Repeater stations
(all bands)

* Power = PEP input to antenna except, for
based on ERP (effective radiated power).

non-building-mounted antennas: height
above ground level to lowest point of an-

tenna < 10 m and power > 500 W ERP

building-mounted antennas: power >
500 W ERP

repeater stations only, power exclusion is

The Rules chapter (Chapter 4) discusses
the “letter of the law” about who needs to
do a station evaluation. Many hams may
find that they don’t need to evaluate their
station at all, because their power is low
enough and their antennas are located far
enough away from areas of exposure that
they are not required to evaluate their sta-
tions. They are presumed to be in compli-
ance with the MPE (maximum permissible
exposure) levels. Those hams whose trans-
mitter power is not more than the limits
shown in Table 5.1 can stop right now;
you do not need to do an evaluation,
except perhaps in some rather unusual
circumstances.

Note, too, that unlike the MPE limits,
the levels in Table 5.1 are nor average-

Figure 5.2—This repeater antenna is
not mounted on a building and is
located more than 10 meters above
ground, so the operator of the repeater
is not required to do a routine station
evaluation.
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power levels, but are peak-envelope pow-
ers (PEP), specified as power input to the
antenna. If you transmit only one word per
30-minute period, and that word is trans-
mitted at levels above those in the chart,
you will still have to do an evaluation. When
you do the evaluation, however, you can use
average power. Admittedly, it sounds a bit
complex, but it will be much more clear after
you have read this chapter.

For the majority of amateurs, the power
levels in Table 5.1 have virtually elimi-
nated the need to perform station evalua-
tions! Most HF transceivers are rated at
100-W PEP output; on 15 meters and below,
stations using this power level need not be
evaluated. Most VHF transceivers are rated
at 50-W PEP or less; stations using this
power level on VHF need not be evaluated.
Statistically, most HF operators use “bare-
foot” rigs, typically 100-W PEP. Operators
who wish to use 12 and 10 meters could ei-
ther perform an evaluation for those two
bands, or they could reduce power to the
levels in Table 5.1 and forgo the evalua-
tion altogether.

CATEGORICAL EXEMPTIONS

No station is exempt from the rules and
the MPE levels, but many amateur stations
are categorically exempt from the require-
ment to perform a station evaluation. Sta-
tions using the power levels in Table 5.1,
or less, do not need to be evaluated. Mo-
bile and portable (hand-held) stations
using PTT operation do not need to be
evaluated. Amateur repeaters using SO0 W
ERP or less also are categorically exempt
from the requirement to evaluate.

News for Repeater Operators

The evaluation exemption for amateur
repeater operation is determined by the
effective radiated power (ERP) of the re-
peater. ERP is referenced to the gain of a
half-wave dipole in free space (unlike
equivalent isotropically radiated power,
EIRP, which is referenced to an isotropic
source). Bulletin 65 describes how to cal-
culate feed line losses and determine ERP
for an amateur repeater.

All amateur repeaters using S00 W ERP
or less generally do not need to be evalu-
ated. This repeater exemption was added
with an Erratum to the rules issued by the
FCC in October 1997. Those that operate
with more than 500 W ERP need to be
evaluated if they have an antenna mounted
on abuilding, or if any part of a non-build-
ing-mounted antenna is less than 10 meters
(32.8 feet) above ground.

There is more information about calcu-
lating ERP later in this chapter, but to
summarize, ERP is derived by multiply-
ing the power to the antenna by the
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numerical gain of the antenna over a di-
pole (6 dBd, for example, represents a
numerical equivalent of 3.98). This cat-
egorical exemption from evaluation cov-
ers many repeater stations.

Mobile and Portable (Hand-Held)
Stations

According to Supplement B, all amateur
mobile and portable hand-held operation
is categorically exempt from the require-
ment to evaluate, although it is often a
good idea todo so anyway. To clarify right
up front, “portable” means something dif-
ferent to the FCC than it usually does to
hams. To the FCC, a portable device is
defined in the FCC rules as a non-fixed
station customarily operated with its an-
tenna within 20 cm of the body. Under the
rules, mobile devices are evaluated to the
MPE limits, while portable devices are
generally evaluated to SAR limits. (See
Chapters 1 and 2.)

As described in the FCC rules, there is
no specific requirement that mobile and
portable devices used under Part 97 (Ama-
teur Radio) be evaluated. Bulletin 65 ex-
plained that this applies particularly to ama-
teur mobile operation using push-to-talk
operation. Most Amateur Radio mobile or
portable stations that meet these general cri-
teria do not need to be evaluated.

They are not specifically mentioned in
Table 5.1, but Section 1.1307(b)(2) of the
FCC rules and the 1996 Report and Order
cover portable and mobile devices. As
described in Sections 1.1307 (b)(1),
1.1307 (b)(2),2.1091 (c) and 2.1093 (c) of
the FCC regulations, there is no specific
requirement that mobile and portable de-
vices used under Part 97 (Amateur Radio)
be evaluated. The 1996 Report and Order
announcing the rules further amplified
that mobile and portable devices specifi-
cally using push-to-talk operation, as used
by police, taxicab and Amateur Radio,
generally need not be evaluated. This is
because of the low power, low operating
duty cycles generally employed and the
expected shielding of the vehicle occu-
pants by the vehicle body.

This is explained in Bulletin 65 and
Supplement B. Bulletin 65 emphasizes
that although this applies to all mobile and
portable hand-held operation in the Ama-
teur Radio Service, it is intended that this
general categorical exemption apply to
mobile or portable operation using push-
to-talk (PTT) operation. In general, most
mobile operation would be considered as
being a controlled environment, as long as
the operator and passengers were aware of
the RF exposure.

The FCC has prepared another supple-
ment to Bulletin 65 that discusses evalu-
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ation of mobile and portable devices.
While intended for evaluation of devices
such as cellular telephones, this supple-
ment may be of some passing interest to
amateurs. It is known as Supplement C to
OET Bulletin 65. 1t is available from the
FCC or can be downloaded from the FCC
web site.

if You Don’t Need to Do an
Evaluation

There is an exception to every rule, and
this old adage could apply to stations that
are categorically exempt from the require-
ment to evaluate. That exemption is not

absolute. No station is exempt from the
requirement not to exceed the MPE levels.
There are some station configurations that
could result in exceeding the limits, even
for stations that are normally exempt.

If the regulations do not specifically
require you to perform an evaluation, there
could be a number of reasons to do one
anyway. If nothing else, doing an evalua-
tion now would be good practice for the
day when you upgrade your station (by
adding an amplifier or antenna, for in-
stance) in such a way that makes an evalu-
ation necessary. More importantly, the
results of your evaluation will certainly
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for years.

demonstrate to yourself, and possibly your
neighbors, that your station is operating
well within FCC guidelines and is no cause
for concern. Finally, if you have an an-
tenna that is located very close to people,
you may be operating in excess of the
MPEs. It’s a good idea to evaluate and be
on the safe side, just in case.

Many classes of amateur stations are
categorically exempt from the need to do
a station evaluation. This is because the
circumstances under which exempt sta-
tions are usually operated are such that the
station is presumed to be in compliance
with the MPEs. Under some circum-
stances, such as an antenna that is located
unusually near people or in some mobile
installations, it is possible to exceed the
MPE levels.

Sections 1.1307(c) and (d) of the FCC’s
rules stipulate that the Commission may
require that a station that is normally cat-
egorically exempt from the requirement
to perform a routine evaluation, perform
such an evaluation—if the FCC deter-
mines that there.is reason to believe that
the station may be exceeding the MPEs
allowed.

The FCC will generally handle these
exceptions on a case by case basis. In ad-
dition, the FCC also will rely on amateurs
to voluntarily consider whether any oper-
ating parameter of their stations also make
it prudent to do a station evaluation—even
in cases where the category of that station

concerns that have been addressed in ARRL publiicationhs

would otherwise make it exempt. If an
antenna is located unusually close to
people, such as an indoor antenna in a liv-
ing space, or a balcony-mounted antenna a
foot or so away from a neighbor’s balcony,
the FCC could require a station evaluation
or take other action.

Mobile stations also should be closely
considered before an amateur automatically
applies the categorical exemption. As an
example, a 500-watt, 10-meter mobile in-
stallation with a vehicle-mounted antenna
would certainly merit a closer look. On VHF,
the use of a high-power amplifier also could
present problems in some cases. In general,
itisrecommended thatin these higher power
installations, the antenna be located such that
the vehicle occupants will be shielded from
the antenna during normal use. One good
location is in the center of an all-metal roof.
Locations to be avoided for high-power op-
eration would be a trunk-mounted antenna,
or installation in a vehicle with a fiberglass
roof. In general, mobile installations will
not exceed the MPEs if sound installation
guidelines are followed. The ARRL Hand-
book for Radio Amateurs, Your Mobile Com-
panion, Your Ham Antenna Companion and
The ARRL Antenna Book, available from the
ARRL, have additional material on mobile
installations and antennas.

How to: Calcuiate Peak Envelope
Power to the Anténna

A number of hams are a bit confused

How to Evaluate an Amateur Station

about peak-envelope power. PEP is defined
as the average power of a single cycle of
RF at the modulation peak when the trans-
mitter is being operated normally. See Fig-
ure 5.5 and the sidebar “What’s Power?”.
A very good explanation of power is found
in the Lab Notes column of the May 1995
issue of QST, page 88 (Wart’s It All About,
by Mike Gruber, W1DG).

Table 5.1 uses PEP input to the antenna
as the threshold to trigger the need to do a
station evaluation. This can easily be cal-
culated. Because the PEP input to the an-
tenna can’t be more than the PEP output
from the transmitter, the simplest'way to
calculate power to your antenna is not to
bother with any calculations—you can
assume that your transmitter power output
and the power reaching the antenna are
the same. This is, of course, a conserva-
tive estimate, but you are allowed (and
perhaps even encouraged) to be conserva-
tive in doing your evaluation. If you as-
sume that all the power from your
transmitter is reaching your antenna, you
can safely use that as the power that will
determine if you need to do an evaluation.
If you “pass,” there would be no need to
calculate other factors, such as feed line
losses, etc. Most hams will easily pass
their evaluation, so some of these steps
may not be necessary.

Supplement B contains information and
a worksheet about how to calculate power
to the antenna. The worksheet makes use
of a convenient tool: the decibel (dB). The
convenient thing about doing this calcula-
tion using dB is that one can easily add and
subtract to ultimately obtain a power level.
See the worksheet in Chapter | of this book.

Doing the Calculation

To calculate PEP to the antenna, start
with your transmitter’s PEP output, or the
PEP of an external amplifier, if you are
using one. Many commercially manufac-
tured transmitters and amplifiers have a
power meter builtin. These meters can pro-
vide a measurement of PEP with reason-
able accuracy for this purpose. Also, com-
mercially manufactured external PEP
reading power meters are available for sta-
tions that use common coaxial cables as
feed lines. If there isn’t any capability to
measure the PEP output, the maximum PEP
capability specified by the manufacturer
may be used. Another approach would be
to use a reasonable estimate, based on fac-
tors such as measured power input, the
maximum capability of the final amplifier
devices or the power supply. If the PEP
output of your transmitter is at the levels in
Table 5.1 or less, you can stop right here:
You don’tneed to do an evaluation. If your
power is greater than the levels in Table
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What’s Power?

The peak envelope of an SSB or AM signal occurs at the highest crest of the
modulation envelope. (The point at which PEP occurs has been labeled in
Figure 5.5.) The easiest way to appreciate the meaning of PEP is to calculate it.
Let's assume a 50-Q load and a peak voltage at the modulation crest of 110 V.

2
pEp - peak *0.707)" _ (110+0.707)°
- R - 50

=121W PEP

The peak envelope power calculation uses the peak voltage during the maxi-
mum RF cycle, and converts it to an RMS value by multiplying by 0.707. The
instantaneous peak voltage during the maximum modulation crest is treated as if it
were a complete cycle of a sine wave. This is why the terms “average” and “peak”
are not mutually exclusive in this case. Although PEP is the peak power, it is
averaged over one complete RF cycle as if it were a sine wave.

Watimeters and PEP

To determine your power, you could, of course, measure that power with an
accurate wattmeter. (Virtually any wattmeter with its scale in watts is accurate
enough for this job.) If you do use a wattmeter, to determine power at the
transmitter or at the antenna, ensure that the wattmeter is capable of measur-
ing PEP, if you are measuring modes such as single-sideband or full-carrier,
double sideband AM. If you are measuring CW or FM, the PEP is the same as
the average power that will be measured by non-PEP-reading wattmeters.
Remember, too, that most wattmeters are only accurate if they are measuring
power in a 50-ohm resistive system. (If your SWR is 1.5:1 or better, you can
safely assume that the wattmeter is reasonably accurate. If not, consult the
owner’s manual for your meter or consult with the meter’'s manufacturer.)

If you do accurately measure the power at the antenna, you can compare the
result with the values in Table 5.1. If your power is at those levels or less, you
do not need to do a station evaluation for that band at that power level.

5.1, you will need to calculate or determine
the power input to your antenna.

Feed Line System Losses

The power at the transmitter will be re-
duced by any losses between the transmit-
ter and antenna. This usually includes
losses in the feed line and any external
accessories such as power meters or an-
tenna tuners. Most of the time, these losses
are expressed in decibels (dB), either dB/
100 feet for feed lines, or in dB for each
accessory. In most cases, the published
loss for feed lines is fairly accurate and
it can be used directly in making your
calculations.

To obtain an estimate of your feed line
losses, refer to the graph of Figure 5.6.
This graph provides estimates of feed line
losses for common types of feed lines. It is
not meant to represent the actual attenua-
tion performance of any particular product
made by any particular manufacturer. The
actual attenuation of any particular sample
of afeedline type may vary somewhat from
other samples of the same type because of
differences in materials or manufacturing.
If the feed line manufacturer’s specifica-
tion is available, use that instead of the
values listed in this table.

Feed line loses also vary with SWR. The
higher the SWR, the higher the losses over
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and above the attenuation loss discussed
above. For further information see The
ARRL Handbook for Radio Amateurs,
Your Ham Antenna Companion or The
ARRL Antenna Book. You can ignore the
additional losses caused by SWR for a
conservative evaluation.

The graph gives the feed line loss in

dB/100 feet. If your feed line is exactly
100 feet long, you already know your feed
line losses. This is, however, unlikely, so
you are going to have to multiply the loss in
dB/100feet by the ratio between your actual
feed line length and 100 feet.

Other Losses

You can factor in other losses between
the transmitter and the antenna, if you
know them. Although the feed-line loss
specification is reasonably realistic, the
specifications for accessory items is often
a “maximum” specification. The actual
losses can be less. An antenna tuner might
have a specification of 3 dB insertion
loss, orloss of 50% of the available power,
but this would be worst case—on most
bands, the losses would be less. A conser-
vative estimate on HF might be to assume
that these components are lossless. On
VHF and above, it would be reasonable to
add 0.1 dB to the total losses for each ac-
cessory item thatis connected between the
output and the feed line going to the an-
tenna. Do not include accessories that are
between an exciter and the final amplifier.
It would be conservative to assume that
connectors have O dB loss.

Using Arithmetic

Decibels can only be added or sub-
tracted with decibels. To obtain the power
atthe antenna, you will either have to con-
vert your power to a form thatis expressed
in decibels or you will have to convert the
decibel value to a number.

If you know the loss in dB, you can
convert that to the percentage ofloss using
the following formula:

N— PEP

k

V

Figure 5.5—PEP is the average power of the single cycle highlighted in this
graph. If the peak of the RF waveform is 100 volts and the resistance is presumed
to be 50 ohms, the RMS voltage of the cycle is 70.7 and the power is 100 watts,

using the classic formula, P = E¥R.




Step by Step
Let’s look at a hypothetical example of an amateur

station and run through the evaluation steps. Assume
that Al, NSAT, has the following station configuration:

¢ 80 meters, 100 W and 1000 W CW and SSB with a
half wavelength dipole antenna 10 feet above ground.
(This is a terrible height for an 80-meter dipole, but it
serves as a worst casel!)

* 40 meters 100 W and 1000 W CW and SSB with a
half wavelength dipole antenna 10 feet above ground.
(Ditto the height comments abovet)

* 10 meters, 100 W and 1500 W CW and SSB with a
3-element beam 30 feet above ground, 8.5 dBi gain.

» 2 meters, 35 W FM, 100 W CW and SSB with a
4-element Yagi, 8 dBi gain 60 feet above ground.

Al first looks at Table 5.1 to see which operation
requires a station evaluation. In this case, his 100-W 80-
and 40-meter operation and his 35-W 2-meter FM
operation do not need to be evaluated. (Al intends to
evaluate them anyway, just to learn more about the
subject.)

He could calculate his average power for the remain-
ing operation, but this may not be necessary. Al first tries
his evaluation with PEP, using Table 5.7 in this chapter
in conjunction with Table 5.5. Rounding up to 3 dBi for
the antenna gain, Table 5.5 estimates that on 80 meters
at 1000 W his antenna needs to be located 2.8 feet from
areas of controlled exposure and 6.2 feet from areas of
uncontrolled exposure. The antenna is located about 10
feet from the property line and is attached to the house
with 5-feet of rope, so this band would be in compliance
for operation at a 1000-W continuous carrier level.

On 40 meters at 1000 W, Al first rounds his dipole gain
up to 3 dBi. Table 5.5 shows 5.1 feet for controlled
exposure and 11.4 feet for uncontrolled exposure. On
this band the end of his antenna is located 5 feet from
the property line and tied to the house with a 4-foot rope.
It doesn’t quite pass with full power. Al has a few
choices. He can relocate the antenna, reduce power, or
calculate his average power and try again or use the
antenna-specific table at the same height. In this case,
he calculates his average power and determines that he

is using 133 W average power on SSB and 266 W average
power on CW. Rounding up, he selects 500 W in Table 5-9
and determines that his antenna needs to be 3.6 feet from
controlled exposure and 8.0 feet from uncontrolled
exposure. He meets the requirements for controlled
exposure, but the antenna would be located 6.4 feet from
a person standing on the property line, so the station may
still not be in compliance. Al decides to move the antenna
10 feet from the property line sometime next week. In the
meantime, he will reduce his power on 40 meters.

On 10 meters, he is using a 3-element Yagi 30 feet in
the air. Rounding his gain up to 9 dBi, using Table 5.5 he
determines that his antenna needs to be 50.6 feet from
controlled exposure and 113.2 feet from uncontrolied
exposure. The tower is located 40 feet from the house,
and solving for the hypotenuse of the distance between
his residence and the tower (his one-floor house has the
top of the first floor 12 feet above ground), he calculates
that the antenna is located 43.9 feet from areas of con-
trolled exposure. Thus there is a problem for full power,
but not when he calculates his average power. The tower
is 50 feet from the property line, for a total distance of 55.5
feet from ground level exposure on the property line. This
does not pass for uncontrolled exposure. Al doesn’t give
up, though, he goes to Table 5.9 and determines that at
ground level, the NEC model shows that the compliance
distance needs to be 57.1 feet from the center of the
antenna at 1500 W average power. He clearly cannot do
30 minutes of tune-up if his neighbor is on the property
line. At 500 W average power, however, Al notes that his
antenna could be built on the property line and ground-
level exposure would be below the limits. He has met the
requirements and does not need to make any changes to
his station except to limit his tune-up time.

On 2 meters, his antenna has 8 dBi of gain. Rounding
up to 9 dBi, he determines that at 100 W his antenna
needs to be 13.2 feet from controlled exposure and 29.5
feet from uncontrolled. This antenna is at the top of his 45
foot tower, so he can run continuous power on 2 meters.
Al gathers all the papers containing these calculations
(along with his notes) and files them with his station
records. Within 20 minutes he has completed his station
evaluation!

100

dB
o Eq 5.1

Loss% =100-

Most electronic calculators have expo-
nent functions (10) that can do this calcu-

lation handily. For those who don’t want
to do the mathematics, Table 5.2 handles
the conversion in convenient steps. To be
conservative, round the calculated feed
line losses down to the next lowest step in

this table. As you can see, if the losses are’

greater than a few dB, a lot of power is
getting lost in your feed line. On the other
hand, if your loss were 12 dB, about 94%
of your power is lost as heat.

If you use the calculated feed line sys-
tem loss in the above formula or table,

multiply the power at the transmitter by

Table 5.2

dB to Decimal Number Loss Table

aB Loss% aB Loss% dB Loss% dB
0.0 0.00 1.5 29.21 7.0 80.05 15.0
0.1 2.28 2.0 36.90 7.5 82.22 16.0
0.2 4.50 25 43.77 8.0 84.15 17.0
0.3 6.67 3.0 49.88 8.5 85.87 18.0
0.4 8.80 3.5 55.33 9.0 87.41 19.0
0.5 10.88 4.0 60.19 9.5 88.78 20.0
0.6 12.90 45 64.52 10.0 90.00 22.0
0.7 14.89 5.0 68.38 11.0 92.05 25.0
0.8 16.82 5.5 71.82 12.0 93.69 30.0
0.9 18.72 6.0 74.88 13.0 9499 35.0
1.0 20.57 6.5 77.61 14.0 96.02 40.0

the result of the above calculation percent-
age. This will give you the amount of
power being lost in your feed line system.

Loss% Subtract this power from the output of
96.84 your transmitter and you will have calcu-
97.49 lated the amount of power being delivered
98.00 to the antenna. '
98.42

98.74 H

99.00 Using dBW

99.37 You also can convert your power into a
99.69 decibel unit. This is the method generally
99.90 used in the radio engineering field. This
gggg method is outlined in the FCC worksheet in

Bulletin 65. The power unit dBW expresses
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Figure 5.6—This graph shows the actual losses for many common feed lines.

the ratio of the power in question to 1 watt,
in decibels. To obtain power in dBW, use
the following formula:

power, ., =10log,, (powerwm) Eq 5.2

Table 5.3 gives the power in dBW for
anumber of power levels that will be use-
ful to do this calculation. If you use this
table, you will have to round up your ac-
tual transmitter power to the nearest value
in the table. The power levels in this table
were selected to correspond with various
power levels that are part of the FCC RF-
exposure rules, or that result from aver-
age power calculations of 1500 watt
transmitters using various modes. This
table can be used to convert dBW to watts,
or watts to dBW. Ensure that any round-
ing up or down that you do with this table
is in the “conservative” direction.

Working with the Decibel

Now that you have the power in dBW,
you can easily subtract the feed line and
other losses directly from the power in
dBW, giving you power at the antenna in
dBW. You can convert this back to power
in watts, either using Table 5.3 (rounding
up the dBW as required) or the formula:
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dBW

L =10 10 Eq5.3

power_ .

Practice converting power in watts to
power in dBW, then from dBW back to
watts. If you are doing the math correctly,
you will end up with the same power you
started with.

Table 5.3

Conversion of Power in Watts to

dBW
Watts

1
2

3

5
10
15
20
25
30
40
50
70
75
100

aBW

0.00

3.01

4.77

6.99

10.00
11.76
13.01
13.98
14.77
16.02
16.99
18.45
18.75
20.00

Watts

125
150
200
225
250
300
400
425
500
600
750
1000
1200
1500

Once you have calculated power at the
antenna using one of these methods, the
power at the antenna can be compared to
the power levels in Table 5.1 to see if you
need to do a station evaluation. If you do,
the peak-envelope power at the antenna will
be used later in the evaluation to calculate
average power and average exposure that
will be used in doing your station evalua-
tion. (It is a lot easier than it sounds!)

As an example, if you are running
100 watts PEP and have a feed line loss of
3 dB, you would convert 100 watts to
20 dBW, then subtract 3 dB. This would
leave you with 17 dBW, which by using
the table gives you 50 watts to the antenna.
You could also look to Table 5.2 and de-
termine that you are losing 50% of your
power in the feed line. Follow the instruc-
tions on using Table 5.2 and you will cal-
culate that you have 50 watts to the an-
tenna. According to Table 5.1, this part of
your operation would not have to be evalu-
ated on any band.

PERFORMING AN EVALUATION
FOR CONTROLLED AND
UNCONTROLLED ENVIRONMENTS

In general terms, controlled exposure ap-



Multiple Evaluations

Band Mode Power
146 MHz FM >50 W
146 MHz FM >50 W
144 MHz SSB >50 W
144 MHz SSB >50 W
222 MHz FM >50 W
222 MHz SSB >50 W

To comply with the requirements, an evaluation must be made for each
transmitter, duty cycle and antenna. Different modes usually correspond to
different duty cycles. In addition, where applicable, each combination has to
be made of both controlled and uncontrolled areas. For the example in the
text, each of the following modes and antennas will have to be evaluated
twice—for controlled and uncontrolled spaces.

Antenna
Groundplane
5-element Yagi
Groundplane
5-element Yagi
Vertical collinear
10-element Yagi

plies to you, your immediate household and
property areas that you control. Uncon-
trolled exposure is a “general public” expo-
sure, generally applied to neighboring prop-
erties and public areas.

Aroutine evaluation will generally need
to be done for both controlled and uncon-
trolled exposure environments. However,
if a ham determines that his or her opera-
tion meets the requirements for uncon-
trolled exposure in his or her own station,
home and property, it will not be neces-
sary to evaluate the same areas for con-
trolled exposure. The definitions and
scope of these terms are discussed in the
Rules chapter.

Evaluation Must Be Done by
Mode, Power, Antenna and Band

Amateur stations must be evaluated for
eachfrequency, mode and station configu-
ration used. Separate evaluations will
probably need to be made for both con-
trolled and uncontrolled environments, if
itis possible that fields in these areas could
exceed the MPEs. For example, if an ama-
teur operates more than 50 W FM and/or
SSB on 144 and 222 MHz, using one of
two different antennas on 144 MHz and
one antenna for each mode on 222 MHz,
the evaluations shown in the “Multiple
Evaluations” sidebar would have to be
performed, including both controlled and
uncontrolled environments:

Each mode has a specific duty cycle and
each antenna has a specific gain and/or
distance from areas of exposure, so each
combination must be tested. In most cases,
if an amateur uses two different transmit-
ters with the same power for a single band
and mode, the evaluation made for one will
apply to the other. (This may not always
be true, however. See the section on Duty
Factor later in this chapter.)

One would find different average field
strengths and resultant compliance dis-
tances for each mode, so it may be neces-
sary to evaluate each mode separately.

There are a few shortcuts, however. If a
station meets the MPE requirements with
a mode like FM with a 100% duty factor,
it also will pass using a mode like SSB or
CW with a smaller duty factor. In general,
the compliance distance with a low-gain
antenna such as the ground plane will be
less than it will for the Yagi. Thus, if the
station complies at a certain distance with
the Yagi, the compliance distance with the
ground-plane antenna will almost always
be less.

How to Do an Evaluation

Most amateurs will probably select one
or more of several calculation methods to
perform their station evaluations. If appro-
priate, different methods may be applied
to different station configurations. The
selection of method is based on the needed
accuracy, the specific factors that must be
used to determine improvements from
“worst-case,” and the available tools.

General Methods Overview

Bulletin 65 outlines several ways that
hams can evaluate their stations. However,
hams may use any other technically ap-
propriate methods. Many hams envision
complicated measurements when they
think about evaluating their stations.
While precise measurements could be
used, most hams will probably meet the
requirements using one of the easier
methods. The FCC notes, however, that
some of these formula-based calculations
and tables can give results that are much
higher than would be actually encoun-
tered. In some cases, a more specific
analysis, perhaps using computer model-
ing or the tables in Chapter 8 derived from
computer modeling may help aham prove
compliance.

In general, you can estimate compliance
by using:

e Tables developed from the field-
strength formulas
e Tables derived from antenna modeling

How to Evaluate an Amateur Station

* Antenna modeling software (NEC,
MININEC, etc)

+ Power-density and field-strength formu-
las

+ Graphs made from power-density

formulas

Software developed from field-strength

formulas

e Calibrated field-strength measurements

The First Step—Decide On a
Method

Most amateurs will probably select one
or more calculation methods to perform
their station evaluations. The selection of
method is based on the needed accuracy,
the specific factors that must be consid-
ered and the available software, hardware
or information “tools.”

The first step in doing an evaluation is
to determine in advance what method you
will use. The list above shows some ex-
amples of the ways most hams will use for
their evaluations. Once you have selected
amethod, youcan either apply that method
directly to your transmitter’ s output power
as a shortcut, or you can determine the
actual average exposure.

Average Exposure

FCC rules define maximum permitted
amateur power in PEP output from the
transmitter. They also define the thresh-
old that triggers the need to do a station
evaluation in PEP input to the antenna.
The MPE limits, however, are based on
average exposure, not peak exposure, us-
ing an average of the power density, or
an average of the square of the electric or
magnetic fields.

The concept of averaging RF exposure
means that the total exposure for the aver-
aging period must be below the limits. For
example, someone could be at twice the
MPE limit for half of the averaging pe-
riod. As long as there was no exposure for
that same amount of time before and after
the exposure that was double the limit,
you would meet the MPE requirements.

Another way of factoring in average
exposure could be to determine the aver-
age transmitter power, and use that power
in all your following calculations. Those
who use the power-density formulas
to calculate the power density to areas of
exposure will probably find this method to
be the most useful way of determining
average exposure.

The easiest way to calculate average
power is not to do the calculation. First
use your transmitter’s PEP output, or PEP
to the antenna, and assume continuous
exposure. You may meet the requirements.
In that case, you don’t need to calculate av-
erage exposure or average power at all!

5.9



Ground Reflections

A precise calculation in the near field is not very
straight forward!

The presence of boundaries such as earth ground
alters the wave impedance, so that electric and mag-
netic fields must be considered separately, even in the
far field of the antenna. This is illustrated by considering
the case of a horizontal dipole 15 m above the earth,
operating at 29 MHz with 1,500 W supplied power. The
electric and magnetic fields each obey the boundary
conditions at the air-earth interface, and the magnetic
field is enhanced, while the electric field is diminished.
When normalized to the MPE of the 1996 FCC stan-
dard, the total magnetic field in decibels relative to the
standard is shown in Figure A.

The total electric field contours similarly normalized
are picture in Figure B. ignoring the exposure averaging
time in the standards, permissible general population
exposure levels are the regions outside the “0 dB”
contours. Significantly, the magnetic field contours of
Figure A are substantially different from the electric field
contours shown in Figure B. Magnetic fields peak at
ground level while electric fields peak a quarter wave-
length above ground. This is a consequence the ground
reflection, and has nothing to do with whether the fields
are near or far with respect to the dipole. The wave
impedance evaluated on the total fields is simply not

equal to the intrinsic impedance associated with the
medium.

The exposure standard is written around the maximum
of the either the electric or magnetic field limit. That
quantity is pictured in Figure C. The “0 dB” contours
represent the limits where either the electric or magnetic
fields exceed the MPE level of the standard. If the power
transmitted by the dipole were reduced by 5 dB, then the
MPE limit contour would be represented by the “5 dB”
contour in Figure C.

The figure illustrates that the determination field levels
relative to MPE levels is complex, even for the very
simple case of a dipole antenna in the presence of a
single boundary—the ground.

Figures A - C show the fields near the ground. Those
complicated contours make it awkward to specify a single
distance as the compliance distance for this antenna and
power combination. First, the electric or magnetic field
alone produces different compliance contours, Figures A
and B. We must comply with the worst case of both
figures, which is represented by Figure C.

Even then, near ground level, the compliance distance
along the ground is 7 m, as shown by point “A,” whereas at
a height ground of 7 m the compliance distance, point “B,” is
almost 11 m. This helps illustrate why the compliance
distances in the ARRL compliance distance tables some-
times might appear to be unusual.—Kai Siwiak, KE4PT
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Figure A—Magnetic fields relative to MPE limits. The
contours “0 dB” and greater are regions where the
magnetic fields are not in compliance.
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Figure B—Electric fields relative to MPE limits. The
contours “0 dB” and greater are regions where the electric
fields are 'not in compliance.
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Figure C—Greater of the magnetic or electric fields relative to MPE
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the FCC standards.
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Table 5.4

Operating Duty Factor of Modes Commonly Used by Amateurs
Mode Duty Cycle Notes
Conversational SSB 20% 1
Conversational SSB 40% 2
SSB AFSK 100%

8SB SSTV 100%

Voice AM, 50% modulation 50% 3
Voice AM, 100% modulation 25%

Voice AM, no modulation 100%

Voice FM 100%

Digital FM 100%

ATV, video portion, image 60%

ATV, video portion, black screen  80%

Conversational CW 40%

Carrier 100% 4

Note 1: Includes voice characteristics and syllabic duty factor. No speech processing.
Note 2: Includes voice characteristics and syliabic duty factor. Heavy speech processor

employed.

Note 3: Full-carrier, double-sideband moduiation, referenced to PEP. Typical for voice
speech. Can range from 25% to 100%, depending on modulation.
Note 4: A full carrier is commonly used for tune-up purposes

Duty Factor

Duty factor is an expression between
the peak-envelope power of a transmitter
and its average power during the time itis
on the air. It is usually expressed as a per-
centage, although it is not uncommon for
itto be expressed as a decimal. It is some-
times called “duty cycle.”

If all else is equal, some emission
modes will result in less RF electromag-
netic energy exposure than others. For
example, modes like RTTY or FM voice
transmit full power during the entire
transmission (100% duty factor). On CW,
you transmit at full power during dots and
dashes and at zero power during the space
between these elements. A single-side-
band (SSB) phone signal generally pro-

duces the lowest exposure because the
transmitter is not at full power all the time
during a single transmission. The duty
factor of an emission takes into account
the amount of time a transmitter is operat-
ing at full power. Duty factor can either
consider the time of a single transmission,
orthe time of a series of transmissions over
a specific time period. The duty-factor
tables and text in this section assume 100%
transmission time. An emission mode with
alower duty factor produces less exposure
for the same PEP output.

Lowerduty factors, then, resultin lower
RF exposures. That also means the an-
tenna can be closer to people without ex-
ceeding their MPE limits. Compared to a
100% duty-factor mode, people can be

closer to your antenna if you are using a
40% duty-factor mode.

Duty factor is used as part of your cal-
culation of average power. If you do want
to determine your average power, you will
need to know about how different modes
have different average powers. The MPE
limits are based on exposures averaged
over 6 minutes for controlled exposure or
30 minutes for uncontrolled exposure. To
obtain this average, we need to consider
the mode being used, its duty factor and
the total operating time.

Using a duty-factor correction for some
modes, SSB, for example, would give an
accurate MPE for conversational SSB. How-
ever, if the same transmitter were used for
extended tune-up purposes on the air using
acarrier, the MPE could be exceeded. If you
apply duty factor to two different transmit-
ters using the same mode, consider whether
the speech processing, or CW keying char-
acteristics might be different. This could
result in a different duty factor and average
power than would be obvious from the mode
and power used.

Table 5.4 shows the duty factors of a
number of modes in common use by ama-
teurs. The actual PEP to the antenna can
be multiplied by these values to yield a
power level that has been corrected by the
duty factor of the mode being used. The
resultant average power can then be used
in the various calculation methods de-
scribed elsewhere in this bulletin. If so
used, they are based on 100% operating
“on” time for the mode described.

Determining Average Power

The concept of power averaging in-
cludes both on and off times and the “duty

Figure 5.7—These two signals have different average power, but the same PEP.

How to Evaluate an Amateur Station
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factor” of the transmitting mode being
used. Each mode of operation has its own
duty factor that is representative of the
ratio between average and peak power.
Table 5.4 shows the duty factors for sev-
eral modes commonly in use by amateur
operators. To obtain an easy estimate of
average power, multiply the transmitter
peak envelope power by the duty factor.
Then multiply that result by the worst-case
percentage of time the station would be on
the air in a 6-minute period for controlled
exposure, or a 30-minute period for un-
controlled exposure.

For example, if a 1500-watt PEP ama-
teur single-sideband station operates 10
minutes on, 10 minutes off, then 10 min-
utes on, this would be:

1500 W * 20% * (20 out of 30 minutes) =
200 watts for uncontrolled exposure
1500 W * 20% * (6 out of 6 minutes) =

300 watts for controlled exposure

A 500-watt CW station that is used in a
DX pileup, transmitting 15 seconds
every two minutes would be:

500 W * 40% * (15 out of 120 seconds) =
25 watts for controlled or uncontrolled
exposure

A 250-watt FM base station used to talk
for 5 minutes on, 5 minutes off, 5 min-
utes on, would be:

250 W * 100% * (5 out of 6 minutes) =
208 watts for controlled exposure

250 W * 100% * (15 out of 30 minutes) =
125 watts for uncontrollied exposure

The percentages (%) shown are taken
from Table 5.4 for the mode used.

If the station might transmit for more
than 6 minutes, one can assume con-
tinuous exposure in a controlled environ-
ment, so the average power for controlled
exposure is 300 watts. Additional ex-
amples are shown elsewhere in this chap-
ter under the “Step by Step” section. If an
amateur does consider on and off
operating time in determining average
power, it is recommended that this gener-
ally not be applied to evaluation for
controlled environments. It is very likely
that in the long run, any one mode would
be in continuous use for at least 6 minutes,
resulting in the maximum exposure for
controlled environments.

If an amateur corrects the duty factor
for time for an uncontrolled environment,
the worst-case 30-minute period must be
considered. For example, in an HF contest
operation, it is likely that the on time/off
time could be 4:1. Thus the station is on
the air 80% of the time for a long period.
At first glance, an amateur might assume
that if the station is operated for half the
time, the duty factor correction is 0.5, but
that is not always the case. For example, if a
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station were operated for 10 minutes on, 10
minutes off, then 10 minutes on, over the
worst-case 30-minute period, the station
would be on the air 67% of the time, result-
ing in a duty factor correction of 0.67.

Compliance Distance Tables

Most amateurs will use the tables in
Bulletin 65 to estimate their compliance
with the MPE levels. The Bulletin 65
tables do have advantages: they generally
offer conservative estimates and they are
easy to use. The tables in Bulletin 65 are
all formatted with distances in meters.
These tables, plus a larger number created
using the same methods as the FCC tables,
are featured in Chapter 8, formatted in
feet. These tables show the compliance
distance—the minimum distance one must
be from the antenna to be in compliance
with the FCC rules for the frequency, an-
tenna gain and average power involved.
You can use PEP for the power levels
shown in all the tables for a conservative
estimate, or calculate average power for a
more precise estimate.

Bulletin 65 contains three major sets of
tables. The first features a list of antenna
gains, frequencies and power levels, with

the necessary compliance distance for each.
The concept for this table was submitted to
the FCC by the WS5YI Group. The W5YI
Group and the ARRL then worked together
to expand the number of listings. Additional
entries have been made to the version of this
table featured in Chapter 8. The distances in
these tables were derived using the far-field,
power-density formulashownin Eq5.7 later
in this chapter. The tables assume that the
exposure is taking place in the main beam, at
the height of the antenna as a conservative
estimate. This equation includes the “EPA”
ground-reflection factor.

The second set of tables features specific
antennas and transmitter powers, by fre-
quency. These tables were supplied to
the FCC by Wayne Overbeck, N6NB, Kai
Siwiak, KE4PT, and the FCC staff. The
tables assume that the exposure is taking
place in the main beam, at the height of the
antenna as a conservative estimate.

The third set of tables features specific
antennas and transmitter powers, by fre-
quency, modeled using NEC4 at various
heights above average ground. In these
tables, the horizontal compliance distance
was calculated from the center of radia-
tion for various antenna heights, at heights

Worst Case
Compliance Distances

Horizontal Compliance
Distances
from ARRL Tables

Figure 5.8—The power-density and field-strength formulas give the compliance
distance in the main beam of the antenna, at any angle, as the uppermost line
shown on this drawing. If this same distance is applied to ground-level exposure,
the estimate is generally conservative. The tables based on antenna modeling
have calculated the horizontal compliance distances at ground level, and at first

and second story exposure levels.



where exposure occurs of 6 feet, 12 feet,
20 feet and at the height of the antenna.
The 6-foot height estimates ground-level
or first-story-level exposure. The 12-foot
height represents the ceiling of a typical
first-story exposure, or the floor of a sec-
ond-story exposure. The 20-foot height
represents the ceiling of a second story or
the floor of a third story. These heights
were chosen to accommodate different
building structures. This is shown in Fig-
ure 5.8.

The tables calculate actual exposure at
the various points being evaluated. The
modeling process automatically includes
the specific gain of the antenna and the
actual ground conditions. These tables
demonstrate that the exposure below an
antenna is often much less than the expo-
sure in the main beam. Figure 5.9 shows
how these various tables and methods re-
late to the areas being evaluated.

Tables Developed from Far-Field,
Power-Density Formulas

The easiest-to-use of these tables were
developed from the far-field, power-den-
sity formula. They have been calculated
with a “ground-reflection factor.” This
includes the “ground gain” of an antenna
over typical ground. This allows hams to
use manufacturer’s antenna gain figures
in dBi with confidence that the result rep-
resents a conservative real-world esti-
mate. (Many antenna gains are expressed
in decibels relative to a dipole. Add
2.15-dB to the gain in dBd to obtain dBi.)
This model, although simplified, has been
verified by the ARRL Laboratory staff
using NEC antenna-modeling software
against a number of dipole, ground plane
and Yagi antennas modeled over ground.
These tables do not necessarily apply to
all antenna types. NEC models of small
HF loops, for example, give ficlds near the
antenna that are much higher than the
far-field formula predicts. The table for
the small loop was calculated using differ-
ent, more accurate, techniques.

In most cases, however, the power-den-
sity-formula derived tables give results
that are conservative. Examples of the
easiest-to-use of these tables are shown
in Table 5.5 and Table 5.6, followed by
a number of tables based on specific an-
tenna types.

The first step for an amateur is to select
the simple tables that best applies to his or
her station and determine the estimated
compliance distance per band. Bulletin 65
contains a number of these tables. If the
compliance distance is less than the actual
distance to the exposure, the station
“passes” and the evaluation is complete. It
can be that simple. Remember that these

distances are for the absolute distance
from the antenna ar any angle. Figure 5.9
shows an example of how to determine the
distance between an antenna and any
point being evaluated.

This distance can be used with the tables
derived from the power-density formula.
The ARRL tables of modeled antennas use
distance b or b’ in Figure 5.9.

One shortcut is to use the highest power
you use on each band. First, use your
transmitter’s PEP output to see if you are
in compliance. Next select the table entry
of antenna that represents your station
configuration. Finally, look up your fre-
quency and power and determine if areas
where people might be exposed are farther
away than the compliance distance in the
table.

Tables Based on Antenna Gain

Tables 5.5 and 5.6 are derived from the
method used in the tables in the FCC Bul-
letin 65 submitted by the W5YI Group.
They show the distances required to meet
the power-density limits for different ama-
teur bands, power and antenna gain, for
occupational/controlled exposures (con),
or for general population/uncontrolled ex-
posures (unc). (All FCC tables give all the
distances in meters; the tables in this ar-
ticle have been converted to feet.)

Tables 5.5 and 5.6 probably represent
the easiest approach to doing a station

evaluation. They can be conservatively
applied to most antenna types. The fre-
quency represents the “worst-case” for
each band; the antenna gains are in dBi.
(Some antenna gains are expressed in
decibels relative to a dipole. Add 2.15 dB
to the gain in dBd to obtain dBi.) Hams
can use PEP or average power to obtain
either a conservative or more precise esti-
mate of compliance distances. Select the
appropriate band and “round up” antenna
gain and power to match the table. The
distances are the minimum separation that
must be maintained between the antenna
and any area where people will be ex-
posed. See Figures 5.8 and 5.9 for ex-
amples of how this distance applies.

To obtain a conservative estimate using
Tables 5.5 and 5.6, hams should follow
the following steps.

* Select the table entry for the frequency
band being evaluated.

* Determine the estimated free-space an-
tenna gain in dBi from the antenna
manufacturer or from Table 5.7.

» First, assume full PEP and 100% opera-
tion, then look up the compliance
distance on the chart. If the antenna is
located at least this far from areas
of exposure, either horizontally, verti-
cally, ordiagonally, the station “passes”
on that antenna/band combination.

o If necessary, calculate average power,

Figure 5.9— in calculating the actual worst-case horizontal compliance distances
between the antenna and areas being evaluated, you must consider the antenna
height, the height of the exposure and the horizontal distance between the
antenna and the exposure point. This drawing illustrates exposures at ground and
second-story levels. (Use the 2" and b’ for the second-story exposure.) From

there, you can use the formula:

c=\/a2+b2

How to Evaluate an Amateur Station
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Table 5.5

Estimated distances from transmitting antennas necessary to meet FCC
power-density limits for Maximum Permissible Exposure (MPE) for either
occupational/controlled exposures (“Con”) or general-population/uncon-
trolled exposures (“Unc”). The estimates are based on typical amateur
antennas and assuming a 100% duty cycle and typical ground reflection.
(The figures shown in this table generally represent worst-case values,
primarily in the main beam of the antenna.) The compliance distances
apply to average exposure and average power, but can be used with PEP
for a conservative estimate. An expanded version of this table appears in
Chapter 8.

Distance from antenna (feet)

Frequency Gain 100w 500 W 1,000 W 1,500 W
(MHz) (dBi) Con Unc Con Unc Con Unc Con Unc
2 0 0.5 0.7 1.0 1.6 1.5 2.2 1.8 2.7
3 0.7 1.0 1.5 2.2 2.1 3.1 2.6 3.8
4 0 0.6 1.4 1.4 3.1 2.0 4.4 2.4 5.4
3 0.9 2.0 2.0 4.4 2.8 6.2 3.4 7.6
7.3 0 1.1 2.5 2.5 5.7 3.6 8.1 4.4 8.9
3 1.6 3.6 3.6 8.0 51 114 6.2 139
6 2.3 5.1 51 114 7.2 1641 8.8 197
10.15 0 1.6 3.5 3.5 7.9 50 11.2 6.1 137
3 2.2 5.0 50 11.2 71 1538 8.7 194
6 3.2 7.1 7.1 15.8 10.0 224 122 274
14.35 0 2.2 5.0 50 11.2 71 158 87 194
3 3.2 7.1 71 15.8 10.0 224 123 27.4
6 4.5 10.0 10.0 223 141 316 17.3 38.7
9 6.3 141 141 316 20.0 446 244 547
18.168 0 2.8 6.3 6.3 14.2 9.0 20.1 11.0 246
3 4.0 9.0 9.0 20.0 12.7 28.3 15.5 347
6 57 127 12.7 28.3 17.9 40.0 21.9 49.0
9 8.0 17.9 17.9 40. 253 56.5 31.0 69.2
21.45 0 3.3 7.5 7.5 16.7 10.6 23.7 13.0 29.0
3 47 10.6 10.6 - 23.6 15.0 334 183 41.0
6 6.7 149 14.9 33.4 211 47.2 259 57.9
9 94 211 21.1 47.2 29.8 66.7 36.5 81.7
24.99 0 3.9 8.7 8.7 195 123 276 151 33.8
3 55 123 123 27.5 17.4 39.0 21.3 477
6 7.8 174 17.4 38.9 246 55.0 30.1 674
9 11.0 246 246 55.0 348 777 426 952

29.7 0 46 10.4 10.4 23.2 147 328 18.0 - 40.1
3 6.5 146 146 32.7 20.7 46.3 254 56.7

6 9.2 20.7 20.7 46.2 29.3 654 35.8 80.1
9 13.1 29.2 29.2 653 413 924 50.6 113.2

Table 5.6

50 W 100 W 500 W 1,000 W
Con Unc Con Unc Con Unc Con Unc
50, 144,222 0 3.3 7.4 4.7 10.5 10.5 234 14.8 331
3 47 105 6.6 14.8 14.8 331 20.9 46.8
6 6.6 14.8 93 209 20.9 46.7 29.5 66.1
9 9.3 209 13.2 29.5 29.5 66.0 41.7 933
12 13.2 295 18.6 417 41.7 93.2 59.0 131.8
15 18.6 41.6 26.3 58.9 58.9 131.7 83.3 186.2
20 33.1 740 46.8 104.7 104.7 234.1 148.1 331.1
420 0 2.8 6.3 4.0 8.8 8.8 19.8 1256 28.0
3 4.0 8.8 56 125 125 28.0 17.7 395
6 56 125 79 177 17.7 395 25.0 55.8
9 79 17.6 11.2 249 249 558 3563 789
12 111 249 15.8 35.2 35.2 78.8 49.8 111.4
15 157 35.2 22.3 49.8 49.8 111.3 70.4 157.4
1240 0 1.6 3.6 2.3 5.2 52 115 7.3 16.3
3 2.3 5.1 3.3 7.3 73 16.3 10.3 23.0
6 3.2 7.3 46 103 10.3 23.0 14.5 325
9 46 10.3 6.5 145 145 325 20.5 459
12 6.5 145 9.2 20.5 20.5 458 29.0 64.8
15 9.2 205 13.0 29.0 29.0 64.8 410 91.6
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based on duty cycle and on/off times.
See the Power Averaging section of this
chapter or, as a rough rule of thumb, for
CW or SSB you can use 40% of your
output power as a conservative estimate
of average power.

 In the unlikely event that your station
still doesn’t pass, you should refer
to the more precise tables of antennas
over ground in Chapter 8 , use some of
the other methods for estimating com-
pliance or follow some of the steps de-
scribed in this chapter under Correcting
Problems.

Tables for Specific Antenna Types

Bulletin 65 also contains tables for spe-
cific antenna types. Table 5.8 is an ex-
ample of those supplied for Bulletin 65 by
Wayne Overbeck, N6NB. These tables
have been reproduced, with distances in
feet, in Chapter 8. It shows the estimated
compliance distance in the main beamof a
typical specific three-element Yagi HF an-
tenna. These tables also are based on the
far-field, power-density equations, with
the frequency identifying the amateur
band, the antenna gains in dBi. Hams can
use PEP to obtain a conservative estimate
of compliance distance or use average
power to obtain a more precise estimate.
Select the appropriate band and “round
up” antenna gain and power to match the
table. The distances are the minimum
separation that must be maintained be-
tween the antenna and any area where
people will be exposed.

To obtain a conservative estimate using
these tables, hams should follow the fol-
lowing steps

» Select the correct table entry for the fre-
quency band and antenna being evaluated

* First, assume full PEP and 100% opera-
tion, then look up the compliance dis-
tance on the chart. If the antenna is
located at least this far from areas of
exposure in any direction, the station
meets the requirements on that antenna/
band combination. Figure 5.9 shows
how to determine the actual distance to
the antenna.

« If necessary, calculate average power,
based on duty cycle and on/off times.
See the Power Averaging section of this
chapter or, as arough rule of thumb, for
CW or SSB you can use 40% of your
output PEP as a conservative estimate
of average power.

* In the unlikely event that your station
still doesn’t pass, you should refer to
the tables of antennas over ground
in Chapter 8, use some of the other
methods for estimating compliance or
follow some of the steps described in



Table 5.7

Typical Antenna Gains in

Free Space
Gain Gain
indBi indBd

Quarter-wave ground

plane or vertical 1.0 -1.1
Half-wavelength dipole 2.15 0.0
2-element Yagi array 6.0 3.9
3-element Yagi array 7.2 5.1
5-element Yagi array 9.4 7.3
8-element Yagi array 13.2 111
10-element Yagi array 14.8 12.7
17-element Yagi array 16.8 14.7

Note: Use the number of active elements on
each band.

this chapter under Correcting Problems.

These simple tables give conservative
estimates of compliance. They estimate
the required distance one needs to be from
the antenna in the main beam of the an-
tenna (see Figures 5.8 and 5.9).

Like many tables, the ones shown in
this article and Bulletin 65 paint with a
broad brush. They provide conservative
answers to generalized conditions. If you
want to bolster your confidence by using
more precise evaluation methods, those
are certainly available to you as well.

Tables Derived from NEC Modeling

The tables just described are all fairly
easy to use. In many cases, however, ex-
posure near an antenna in some areas can
be much less than that indicated by the
far-field tables. If a station “passes” using
the simple tables, this could be a moot
point. Even so, some hams may find it
useful to use other methods to demonstrate
that the exposure from their station is
much less than what the rules allow.

A number of antenna-modeling programs
(see the sidebar, “Available Software”) will
give much more accurate estimates of field
strength in the near field of an antenna.
However, many hams do not have the nec-
essary experience to use them.

The ARRL Laboratory staff came up
with a solution, but it involved consider-

able work on their part. To provide tables
for specific antennas modeled at various
heights over real ground, they selected the
NEC4 software package. Using NEC4 they
modeled a number of antennas, heights
and power levels and calculated the com-
pliance distances at ground level, first
story and second story exposure points.
(My personal 75-MHz Pentium PC had to
chew on some of these calculations for as
long as four hours'—Ed.) The antennas
were modeled over “average” ground,
with a conductivity of 5 milliseimens and
a dielectric constant of 13, considered as
being average ground by most antenna
experts. Although the regulations permit
whole-body exposure averaging, these
tables are generally more conservative,
calculating the field strength only at spe-
cific points.

The results were distilled into tables
like Table 5.9, showing the 10-meter Yagi
from Table 5.8, modeled 30 feet over av-
erage ground. Figures 5.8 and 5.9 show
how these tables relate to the areas being
evaluated. In many cases, a station that
does not pass “worst-case” can easily be
demonstrated to be in compliance using
these tables.

Tables such as Table 5.9 provide a more
accurate estimate of actual exposure than
tables such as Table 5.8, derived from the
far-field power-density formula. How-
ever, the antenna and its height must match
the table to be applicable. (If the antenna
is located higher than the heights in these
tables, the exposure should be less than
the predicted values.) The ARRL offered
a number of these tables to the FCC for
inclusion in Bulletin 65. Supplement B
features a number of these antennas at
heights of both 30 feet and 60 feet, helping
to demonstrate that “higher is better”! In
addition to the tables originally printed in
Supplement B, Chapter 8 of this book con-
tains a number of tables prepared using the
same method as the tables in Bulletin 65.

To obtain a conservative estimate using
these tables, hams should follow the fol-
lowing steps:

= Select the correct table for the frequency

Table 5.8

Estimated distances (in feet) to meet RF power density guidelines in the
main beam of a typical three-element “triband” (20-15-10 meter) Yagi
antenna assuming surface (ground) reflection. Distances are shown for
controlled (con) and uncontrolled (unc) environments.

14 MHz, 6.5 dBi 21 MHz, 7 dBi 28 MHz, 8 dBi

con unc con unc con unc

100 4.7 10.4 7.4 16.5 11.0 24.6
500 104 23.1 16.5 36.8 24.6 54.9
1000 14.7 32.7 23.3 51.9 34.8 77.7
1500 17.9 401 28.5 63.6 42.6 95.1

How to Evaluate an Amateur Station

band, antenna and antenna height being
evaluated

« First, assume full PEP and 100% opera-
tion, then look up the compliance
distance on the chart. If the antenna is
located at least this far from areas of
exposure, either horizontally, vertically
or diagonally, the station “passes” on
that antenna/band combination. Figure
5.10 shows how to determine the actual
distance to the antenna.

° If necessary, calculate average power,
based on duty cycle and on/off times.
See the Power Averaging section of this
chapter or, as a rough rule of thumb, for
CW or SSB you can use 40% of your
output power as a conservative estimate
of average power.

* In the unlikely event that your station
still doesn’t meet the more precise re-
quirements, you should refer to the
tables of antennas over ground in Chap-
ter 8 , use some of the other methods for
estimating compliance or follow some
of the steps described in this chapter
under Correcting Problems.

You will have to use these tables to look
up the compliance distance for ground
level, first story and second story expo-
sures, if applicable. The distance shown is
the horizontal distance at the exposure
height, from the center of the antenna. This
is shown in Figures 5.8 and 5.9. It was
calculated using NEC4, in the direction of
the main beam of the antenna. If you are
calculating worst-case exposure in the
main beam, you can assume that this dis-
tance is from the tower to the exposure
point. If you are calculating exposure in
areas other than where the antenna is
pointing, a conservative approach is to
assume that these distances are from any
part of the antenna.

Let’s Compare

Tables similar to Table 5.8 can be used
for a conservative estimate of compliance;
tables like Table 5.9 show compliance un-
der specific “real-world” conditions. Let’s
look at the differences between these
tables.

In both tables, the maximum distances
are similar. The 1500-watt distance for the
10-meter Yagi in Table 5.8 corresponds
closely with the 1500-watt distance at the
height of the antenna in Table 5.9. This is
to be expected; Table 5.8 calculates the
estimated distance in the main beam of the
antenna and the NEC4 calculation at
30 feet is in the main beam of the antenna.
It can be seen in Table 5.9 that the expo-
sure at 20 feet above ground also is in the
same ballpark.

Table 5.9, however, represents a model
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760-599-4962, e-mail k6sti@n2.net.

of experienced antenna modelers.

Available Software and Freeware

The calculations used to create the far-field tables have been written in
BASIC by Wayne Overbeck, N6NB, and made available for downioad from the
Web at ftp://members.aol.com/cqvhf/97issues/rfsafety.bas. This software
also has been written into a Web-page calculator by Ken Harker, KM5FA,. It
can be accessed at http://www.utexas.edu/students/utarc.

Brian Beezley, K6STI, has made a scaled-down version of his Anienna
Optimizer software available. Download NF.ZIP from the Web at http://
oak.oakland.edu:8080/pub/hamradio/arri/bbs/programs/. These programs
are based on MININEC and will generally give the same results as you can
obtain from using the tables derived from NEC4 modeling. Contact Brian
Beezley, K6STI, 3532 Linda Vista Drive, San Marcos, CA 92069; Telephone

Roy Lewallen, W7EL, sells ELNEC and EZNEC antenna-modeling software.
ELNEC is based on MININEC, but does not have near-field capability. EZNEC
is based on NEC2 and can be used to predict the near-field strength. This
software is available from W7EL Software, PO Box 6658, Beaverton, OR
97007; Telephone 503-646-2885; fax 503-671-9046; e-mail
w7el@teleport.com; ftp://ftp.teleport.com/vendors/w7el/.

NEC2 and documentation is available from the “NEC Home—Unofficial” at
http://www.dec.tis.net/~richesop/nec/index.html. Beware, however, that
“native” NEC is not a user-friendly program. These are used best in the hands

of areal antenna. In real-world conditions,
the fields under an antenna do not vary
smoothly. In many cases, the field directly
under an antenna is not the maximum field
to be expected! That maximum often oc-
curs some distance away from the antenna.
As the power is lowered, the level of the
maximum also lowers in proportion. When
the maximum field at a particular height
drops below the MPE level, the compli-
ance distance will suddenly go to 0.0 feet!
This can be seen in several of the entries in
Table 5.9. In comparing a number of the
entries in both tables, it can be seen that

Table 5.8 indicates that one must be more
distant from the antenna under some circum-
stances than what is shown in Table 5.9.
Note that the requirements for this real
model shown in Table 5.9 are in many
cases much less difficult to meet than
the worst-case requirements shown in
Table 5.8. As you can see, things are dif-
ficultto predict in the near field. In several
cases, the table takes some pretty wild
jumps, as noted between 600 watts and 750
watts at the 6-foot compliance point level.
This is due to the distribution of fields
under the antenna; the field is actually less

Table 5.9

10-meter band horizontal, 3-element Yagi, Frequency = 29.7 MHz,

Antenna height = 30 feet

Horizontal distance (feet) from any part of the antenna for compliance with
occupational/controlled or general population/uncontrolled exposure limits

Height above ground (feet) where exposure occurs

Average
Power 6 feet 12 feet 20 feet 30 feet
(watts) con unc con unc con unc con unc
10 0 0 0 0 0 0 8 9
25 0 0 0 0 0 0 8.5 11
50 0 0 0 0 0 0 9 13.5
100 0 0 0 0 0 0 10.5 18.5
200 0 0 0 0 0 21.5 12.5 25
250 0 0 0 0 0 25 13.5 27.5
300 0 0 0 0 0 28.5 14.5 30
400 0 0 0 39 0 35 16.5 34
500 0 0 0 47 0 48 18.5 37.5
600 0 0 0 52.5 0 59.5 20 40.5
750 0 36 0 59 16.5 70.5 22 45.5
1000 0 46.5 0 67 21.5 82.5 25 61.5
1250 0 53 0 73.5 25 91.5 27.5 955
1500 0 58.5 0 79 28.5 99 30 108
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right under the antenna than it is some
distance away. Chapter 2 has additional
information about what effects can be
found in the near field of an antenna.

Antenna Modeling

In Bulletin 65, the FCC suggests that
NEC, MININEC and other computer
modeling can be used to satisfy the re-
quirements of the regulations. The soft-
ware used to create the tables in Chapter 8
can model virtually any antenna system.
Hams sometimes use some exotic anten-
nas and it is not practical to create a table
for each one. Some hams may want to
evaluate the effect of multiple antennas or
other conductors in proximity to their an-
tennas to have amore accurate answer than
can be derived from any other calculation
method. In these cases, many hams will
elect to use antenna-modeling software.

To use antenna-modeling program cal-
culations, the amateur must first accu-
rately model the antenna systems associ-
ated with his or her station. This generally
requires that the location of the antenna
conductors be entered into the computer
program as rectangular coordinates (the
horizontal and vertical positions of the end
of each conductor). It is generally agreed
that computer modeling using NEC or
MININEC code yields accurate results
under most conditions if the model entered
is accurate. The latter point is important
because this usually requires that the an-
tenna and all nearby conductorsbe entered
into the model. This would include the
antenna, tower, guy wires and conductors
such as electrical and telephone wiring.

A specific evaluation of RF fields in the
near field of an antenna is not a simple
issue. The relationship between the E and
H fields is not constant in the near field,
being determined mainly by the character-
istics of the radiating element. Some an-
tennas exhibit more E field than H field
close to the antenna; others radiate more
H field and less E field. (As these fields
propagate away from the antenna, the ratio
of the E to H fields converges toward the far-
field value of 377 ohms.) There are a num-
ber of factors that affect the specific value of
the E or H field in the near field.

These factors do not follow the classic
“inverse square” law that applies to the far
field of a spherical wave. Both the near
field and far field additionally may con-
tain components due to direct fields and to
those that are scattered and reflected from
objects and surfaces near the observer. The
presence of these scatterers (both conduct-
ing and non-conducting) will affect both
the near- and far-field calculations or
measurements. All field values can be
perturbed by nearby scatterers and sur-



faces, such as guy wires, power and tele-
phone wiring inside the home of the op-
erator or his or her neighbors.

These points are made because no
simple calculation can yield an exact an-
swer in the near field. Specific near-field
calculations often require a lot of work.
This is where antenna modeling comes in!
The sophisticated software used in most
antenna-modeling programs considers all
these factors, often using computer meth-
ods just past what could reasonably be
done with a human and a calculator.

Modeling programs do require some
amount of user skills, although they
should not be too difficult for the average
ham. A listof software vendors is found in
the “Software” sidebar. The ARRL Web
page also maintains a list of software ven-
dors who sell antenna modeling software.
See http://www.arrl.org/news/rfsafety/.

General Considerations

Once you have selected an appropriate
antenna-modeling program, you can con-
sult the users manual and/or the vendor
for specific applications information. In
general terms, using antenna-modeling
software is relatively easy. First enter the
parameters for your antenna. This will in-
clude the location of all conductors in your
antenna, element diameter, feed point,
loading coils and traps, etc. As discussed
in the section “Real World Consider-
ations,” you may want to include nearby
conductors (tower, guy wires, telephone

and electrical wiring, etc) in the model to
have the most accurate possible estimate.
You should be able to use the program to
verify that the model is accurate. If you
see an antenna pattern and antenna gain
and feed point SWR or impedance that is
reasonable for the antenna type, you have
probably done it right. Most of the pro-
grams come complete with example mod-
els for common antenna types. Of course,
this will not help with some of the unusual
antennas hams are known to use, although
they will serve as good examples of how
to model antennas in general.

When you have the model right, use the
program’s “near-field” capability to cal-
culate the electric (E field) and magnetic
(H field) in those areas you want to evalu-
ate. Input the average power of your
station in a 6-minute period for controlled
exposure, and in a 30-minute period for
uncontrolled exposure. (See the discus-
sion under “Average Exposure” earlier in
this chapter.) In most programs, this is
done by specifying a line and calculating
the field along that line in the increments
you specify. For a Yagi antenna, calculat-
ing the near field, starting at a point di-
rectly below the antenna in a horizontal
direction in the main beam would probably
be most useful. This can be done at various
heights above ground, to determine ground
level exposure and the exposure to nearby
buildings.

The near-field analysis capability of
most of these programs shows the field

value for each of the points and increments
you have specified. You can then compare
these results with the MPE limit. It is safe
for people to remain indefinitely in all
areas that are below the MPE limit for the
operating mode, power and on/off times
youused to determine your average power.
The ARRL tables in Supplement B show
the farthest compliant distance. For some
antenna configurations, however, itis pos-
sible that some areas closer to the antenna
might be in compliance. An example of
this is shown in Figure 5.10. The only way
to know exactly what areas are above or