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PREFACE 

The Panel on the Extent of Radiation from the PAVE PAWS Radar 
System was charged to examine the extent of radiation and the exposure 
of the public to radiation from the PAVE PAWS system. In carrying out 
this task, the Panel has considered the characteristics of the PAVE 
PAWS radiation as related to public exposure and compared the possible 
exposure to existing ambient radiofrequency radiation on Cape Cod and in 
other locations in the United States. To provide perspective for the 
assessment of possible exposure effects the Panel has also, to the extent 
possible, reviewed and summarized the state of knowledge concerning the 
biologic effects of exposure to such radiation. 

The Panel did not address the question of the desirability or ade­
quacy of the anticipated exposure control procedures, nor did it make a 
judgment concerning the relative safety or hazard of exposure to PAVE 
PAWS emiBBion. 

I wish to thank the members of the Panel for their commitment to 
the completion of this report and the Air Force personnel who co­
operated in supplying necessary information. 

Stephen F. Cleary, Chairman 
Panel on the Extent of 

Radiation from the PAVE 
PAWS Radar System 
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EXECUTIVE SUMMARY 

HISTORICAL PERSPECTIVE 

"PAVE PAWS" is the naae used by the U.S. Air Force for a fixed-base 
solid-state radar system, including a radar at Otis Air Force Base, on 
cape Cod, Massachusetts. Its primary purpose is to detect and determine 
attack characteristics of sea-launched ballistic missiles that might 
penetrate the PAVE PAWS field of view. As a secondary function, PAVE PAWS 
will support the Air Force Spacetrack System by providing surveillance and 
tracking of earth satellites and identification of other space objects. 
An identical radar with similar functions will be constructed at Beale Air 
Force Base, California. 

The PAVE PAWS project was conceived as a result of a memorandum issued 
on November 6, 1972, by the Joint Chiefs of Staff. 'lbe Raytheon Company 
was selected as the primary contractor on April 12, 1976. The project 
manager for the Air Force Systems Command is the Electronic Systems Division, 
Hanscom Air Force Base, Bedford, Massachusetts. 

On March 17, 1976, the Air Force issued an environmental assessment 
of PAVE PAWS. 'nlis docunent was prepared in August 1975 and later revised. 
For purposes of this assessment, a power d~nsity or incident intensity of 
10 milliwatts per square centimeter (flM/cm ) as averaged over any 6-min 
period was established as a guideline for limiting occupational exposure. 
The guideline was provided by the U.S. Air Force School of Aerospace Medicine, 
Brooks Air Force Base, San Antonio, Texas, on the basis of existing Occupational 
Safety and Health Administration guidelines. Guidelines were not specified 
for nonoccupational exposure. 

The Electromagnetic Compatibility Analysis Center (ECAC) contracted 
with the Illinois Institute of Technology Research Institute for a report 
on the PAVE PAWS project. 'nlis report was issued in May 1976 and updated 
in July 1978. Its objective was to determine the impact of the proposed 
PAVE PAWS radar system on the electromagnetic environment at and near Otis 
Air Force Base. The ECAC, a Department of Defense (DOD) facility, was 
established to provide advice and assistance on electromagnetic compatibility 
to the Secretary of Defense, the Joint Chiefs of Staff, the military depart­
ments, and other DOD components. 

On December 22, 1977, the Environmental Protection Agency (EPA) pre­
pared an environmental impact analysis of the PAVE PAWS system at the 
request of Representative Gerry E. Studds, 12th Congressional District, 
Massachusetts. 

-1-
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The Cape Cod Environmental Coalition, Inc., a citizens group, under­
took court action in the U.S. District Court against various Air Force 
officials on March 3, 1978 (amended April 12, 1978). 'nle main issue was 
that the Otis Air Force Base PAVE PAWS project was in violation of the 
National Environmental Policy Act of 1969 (42 u.s.c. 4321 et seq.), because 
an environmental impact statement (EIS) had not been prepared. 

On April 11, 1978, Air Force officials announced that they would 
complete an EIS for the Otis Air Force Base PAVE PAWS system; Stanford 
Research International was to provide the EIS under contract with the Air 
Force. 

The Air Force asked the National Academy of Sciences to perform two 
studies relevant to the EIS. One would focus on the safety measures in­
herent in the engineering design of the radar system and would be prepared 
by a panel of the National Research Council's Assembly of Engineering. 
The second, on the extent of human exposure, the subject of this report, 
was performed by a panel administered by the National Research Council's 
Assembly of Life Sciences. 

An Air Force survey team measured the microwave radiation at four 
locations in front of the south face of the PAVE PAWS radar on August 26, 
1978. On October 20-21, 1978, the team measured the microwave radiation 
at 21 locations when both faces of the PAVE PAWS radar were operating 
under normal conditions. In all cases, the tests were witnessed by 
designated independent observers from the surrounding communities. 

On October 31, 1978, the Cape Cod Environmental Coalition, Inc., and 
the U.S. Air Force entered into a stipulation agreement, temporarily 
suspending further litigation brought by some Cape Cod residents against 
the Air Force in connection with the Otis Air Force Base PAVE PAWS system. 
Under the agreement, the Air Force is allowed to continue with construction 
of the facility while it completes an environmental study of the facility. 
The Coalition and the Air Force have agreed that, in the event of further 
litigation, the issues to be litigated will be limited to allegations 
related to the substantive sufficiency of the environmental study. Such 
allegations must be made by the Coalition during the 45-day public-coUDDent 
period to be scheduled by the Air Force. 

· CHARACTERISTICS OF PAVE PAWS EXPOSURE CONDITIONS 

Chapter 1 of this report describes the operating characteristics of 
PAVE PAWS as they are related to possible exposure effects on h\DD.ans, as 
well as the safety measures used to control unwarranted exposure. 

Radar systems like PAVE PAWS typically radiate beams of energy at 
microwave frequencies in short pulses of high peak power and scan such that 
the beam direction is constantly altered, in contrast with FM and TV broad­
cast stations, which radiate energy diffusely at a fairly constant power. 

-2-
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The PAVE PAWS radar systea pulses ultrahigh-frequency (420-450 mega­
hertz, or MHz) nonionizing radiation focused in a plane 3-85° above the 
horizon with a scanning sector of 120°. The peak radiated power of the 
radar is 580 kilowatts (kW), and the time-averaged power of transmitted 
energy is approximately 145 kW. The time-averaged power of the PAVE PAWS 
radar is thus approximately 3 times the average power transmitted by a 
large TV broadcast station and somewhat more than the average power of a 
large FM broadcast station. Because the beam is directed above the horizon, 
people at ground level may be exposed to ·sidelobes• of the main beam, 
but not to t~e main beam itself. Sidelobes are secondary beams of much 
lower intensity than the main beam. Inasmuch as there can be many sidelobes 
of the main beam, potential exposures of members of the public would be 
to a time-varying field at a substantially lower power than that of the 
main beam. 

Microwave exposure of ht1Dans could be greater in the event of failure 
of the radar system to operate in the mode described above. For example, 
increased exposure could result if a well-formed beam of the radar were 
directed at an angle less than 3° above the horizon, if a beam were poorly 
formed and had more intense sidelobes, if excessive power were transmitted, 
or if the beam remained in a fixed position, rather than scanning. The 
safety measures in the engineering design of the radar to prevent such 
occurrences are described in Chapter 1. 

EXTENT OF RADIATION AND POPULATION EXPOSED 

In December 1977, power densities that could result from PAVE 
PAWS operation were calculated by the EPA in the preparation of an environ­
mental impact analysis. In 1978, the Air Force measured power densities 
at various points within, at, and up to 5 miles (8 km) beyond the •exclusion· 
fence, which is 1,000 ft (305 m) from the radar; and the Rational Bureau of 
Standards reviewed data from the Air Force's measurements and reviewed the 
measurement techniques (as described in Chapter 1). 

In general, it was found that, at the exclusion fence, microw!ve power 
densities averaged about 5 microwatts per square centimeter (µW/cm ), with 
decreasing densities at increasing distances from the radar. At the loca­
tion where members of the public would most likely be exposed--3,450 ft 
(1,050 m) ~rom the radar on Highway Route 6~the measured intensity was 
0.06 µW/cm • Exposure would, in general, be for various periods, depending 
on whether those exposed were stationary or mobile. (Time-averaged field 
intensity is used here and throughout the report, unless otherwise stated; 
see glossary.) 

Data from the latest (1970) U.S. Bureau of the Census Master Enumeration 
District List with Coordinates permitted estimation of the number of people 
living in areas 5-10 miles (8-16 km) away from the radar; in 1970, 1,239 
persons lived within 5 miles of the PAVE PAWS site; 11,235 within 10 miles; 
and 63,289 within 20 miles (32 km), with higher populations during the 
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vacation season. Although the data cannot be confidently used for distances 
of less than 5 miles from PAVE PAWS, they indicate that there is little 
or no habitation within a mile of the radar site. 

'lbe tir Force measurements indicated that power density does not exceed 
0.1 µ W/cm beyond about a mile from the radar site. 

GENERAL ENVIRONMENTAL EXPOSURE 

'lbe population of the United States is routinely exposed to radio-
f requency (RF) radiation, including microwaves whose frequency is approx­
imately 30 MHz to 300 gigahertz (GHz). Measurements made by the EPA 
indicate that such exposure is due mainly to energy transmitted by AM and 
FM radio and vhf and uhf TV stations. Only a small part of the total 
radiation environment is attributable to such sources as military and 
civilian radar, satellite communication systems, telephone and television 
communication, and microwave ovens. On the basis of EPA studies in 12 
large U.S. cities, it has been estimated that less than 1% of the popu~ation 
in these cities is exposed to RF radiation intensities of over 1 µ W/cm 
continuously. Power densities near FM antennas and on the upper floors 
of tall buildings may, however, be hundreds of microwatts per square 
centimeter. 

The EPA defines a high-p~wer source as one in which the power density 
of the main beam is 100 µ W/cm at a distance of 100 m from the antenna. 
Broadcast transmitters for FM radio and TV are in this category, as are 
radar and communication systems, such as satellite-communication earth 
terminals. 

Although the sources of RF radiation may operate at high power output, 
the probability of exposure to such high-intensity fields is low, because, 
with the exception of broadcast transmitters, high-power sources, such 
as radar, use directional antennas to achieve high effective power of 
radiated energy. 'lbe resulting beam is unlikely to irradiate humans for 
sustained periods, because the beam is normally so directed as to avoid 
human exposure and many of the sources are remote and surrounded by ex­
clusion areas that further reduce the probability of exposure to high­
intensity fields. 'nle duration of exposure to radiation from such sources 
is limited, in some cases, because of the nonstationary scanning mode of 
the beam. 

In general, exposure of humans to radiation from most high-power 
sources is estimated to be at less than 50 µW/cm 2 (time-averaged) at or 
near ground level more than 0.5 mile (0.8 km) from the source. Instantaneous 
peak intensities can be orders of magnitude higher for pulse:o-modulated 
radar. 

-4-
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BIOLOGIC CONSIDERATIONS 

Chapter 2 discusses the biologic characteristics related to exposure 
to RF radiation and outlines the physical factors pertinent to measurement 
of ambient fields. Calculations of a "probable worst-case" (predicted 
maximal) exposure to PAVE PAWS radiation are summarized. The physical 
factors include the orientation of the irradiated subject relative to the 
electric field vector; whether the irradiated subject is in free space or 
in an environment where reflection may increase the field intensity; whether 
the energy absorption is averaged over the entire body or over local areas, 
such as the head or particularly absorptive areas of the body or head; and 
whether the irradiated subject is free-standing, grounded, or near objects 
that can reflect or perturb the field. 

Calculations made in Chapter 2 indicate that the maximal rate of 
energy absorption at a "hot spot" in the head of an average adult in a 
building with unscreened windows, where reflections may increase the 
intensity of the field emanating from the PAVE PAWS radar, could be as 
high as 0.66 mW/g, for an incident free-space power density of 0.1 mW/cm2• 
For purposes of comparison, normal average metabolic rates are near 3 
mW/g for the whole body of an adult walking slowly and 11 mW/g in the 
brain. 

The remainder of Chapter 2 summarizes the state of knowledge concerning 
biologic effects of electromagnetic radiation. Highlights are presented 
in the following paragraphs. 

The frequencies used by the PAVE PAWS system (420-450 MHz) are in 
the microwave portion of the electromagnetic radiation (EMR) spectrum. It 
is difficult to assess the effects of exposure to such radiation, because 
of the lack of an adequate data base, particularly with respect to the 
effects of chronic or long-term exposure at low radiation intensities 
and because of the difficulty in determining the degree and manner in 
which the radiation is absorbed by biologic systems. 

Radiation from the PAVE PAWS system is nonionizing. It differs from 
ionizing radiation, such as x rays, in that it is characterized by much 
lower photon energies and cannot produce damage by molecular disruption 
in biologic matter at low field intensities. Nonionizing radiation at 
high intensities can produce excessive tissue-heating, whereas at low 
intensities it may induce reversible effects that are no~ known to be 
hazardous in biologic systems. (In this report, 1 mW/cm has been selected 
as the arbitrary boundary between high-intensity and low-intensity effects. 
The figure has no relationship to safe or unsafe exposure.) The available 
theoretical and experimental data relative to the power densities anticipated 
in areas of public access in the vicinity of PAVE PAWS suggest that effects 
in humans will be restricted to low-intensity effec~s, because flux densities 
of incident energy will apparently be below 1 mW/cm • 

-5-

Copyright © National Academy of Sciences. All rights reserved.

Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE PAWS Radar System
http://www.nap.edu/catalog.php?record_id=19885

http://www.nap.edu/catalog.php?record_id=19885


The Panel wishes to emphasize that the low-intensity biologic effects 
described in this report refer to measurable biologic alterations. Physical 
and chemical agents may cause alterations that are not necessarily health 
hazards. For example, hum.ans perceive light and sound waves (stimuli that 
result in measurable biologic effects) that are not health hazards unless 
the light is strong enough to damage the eye or the sound is loud enough 
to damage the ear. 'lbe detection and measurement of such effects may, in 
fact, lead to a better understanding of the me~hanisms by which the effects 
occur. In this report, the Panel has attempted to differentiate between 
effects of scientific interest but undetermined clinical significance and 
effects that may represent a potential hazard to hum.an health. 

In general, the primary reported effects of human exposure in occupa­
tional settings in which low-intensity microwaves are present are psycho­
logic alterations--i.e., changes in mood or attitude--that suggest 
reversible alterations of the central nervous system. 'lbus, greater 
attention has been given to effects on the central nervous system and 
other nervous tissues, especially in the light of experimental evidence 
of power-density and modulation-frequency "windows" within which such 
effects appear more likely. 

Data from experiments on biologic systems indicate that exposure to 
low-intensity microwaves can have effects. But, on the basis of most of 
the available findings, the known or suspected effects are reversible 
and are not associated with increased human morbidity or mortality. 

Chapter 2 reviews in detail the data obtained from studies of the 
effects of microwave and RF radiation, primarily on experimental animals 
exposed to low-intensity fields, and discusses the human health effects 
of occupational exposure to low-intensity nonionizing electromagnetic 
fields. Assessment of data derived primarily from epidemiologic studies 
of occupationally exposed persons is difficult, because of the uncertainty 
in the degree or type of exposure. Part~cular attention is given to 
reported effects at exposures of 1 mW/cm and lower, inasmuch as PAVE 
PAWS may be expected to produce accessible radiation well below this. 

In conclusion, the PAVE PAWS radar may be anticipated to expose a 
limited number of members of the general public intermittently to low 
intensities of pulse-mod~ated microwave fields with maximal instantaneous 
intensities of 100 µW/cm or less and time-averaged intensities lower by 
two orders of magnitude. 'lbere are no known irreversible effects of such 
exposure on either morbidity or mortality in hum.ans or other species. 
'nlus, it is improbable that exposure will present any hazard to the 
public. In view of the known sensitivity of the mammalian central nervous 
system to electromagnetic fields, espe~ially those modulated at brainwave 
frequencies, the possibility cannot be ruled out that exposure to PAVE 
PAWS radiation may have some effects on exposed people. Because these 
effects are still hypothetical, it is not feasible to assess their health 
implications. Such assessment will require additional research and 
surveillance and must be addressed in future evaluations of the potential 
exposure effects of PAVE PAWS and other high-power-output radar systems. 
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CHAPTER 1 

CHARACTERIZATION OF PAVE PAWS EXPOSURE CONDITIONS 

OPERATING CHARACTERISTICS OF PAVE PAWS RADAR SYSTEM 
AS RELATED TO RUMAN EXPOSURE 

"PAVE PAWS" is the name used by the U.S. Air Force for a fixed-base 
solid-state radar system that includes two radars of identical design-­
one at Otis Air Force Base on Cape Cod, Massachusetts, scheduled to go 
into operation in April 1979, and another at Beale Air Force Base in 
California, scheduled to go into operation a year later. The radar at 
Otis Air Force Base is the subject of this report. 

This section describes the operating characteristics of the PAVE 
PAWS radar system, not in the context of engineering and electronic detail, 
but with reference to how the characteristics are related to hum.an exposure 
to the radar. In several instances, to provide a familiar reference source, 
there are comparisons with frequency""11lodulated (FM) radio broadcast-station 
operating conditions. 

The primary function of PAVE PAWS is the early detection of the approach 
of ballistic missiles launched from submarines or ships. During normal 
operation, the radar scans near the horizon across the sector of potential 
approach. It is designed with the power and sensitivity to detect a launch 
booster as it appears above the horizon. Once detected, the launched 
object is continuously tracked and its trajectory estimated. Any object 
that separates from a booster, as a missile would, is tracked as it 
approaches. A secondary function of PAVE PAWS is to track satellites as 
part of the National Space Track net. 

Information about objects that are classified as threatening on 
the basis of their trajectories and expected points of impact is transmitted 
to the North American Air Defense complex in Cheyenne Mountain, Colorado, to 
the Strategic Air Command in Omaha, Nebraska, and to the National Military 
Command Center and Alternate National Military Command Center. 

PAVE PAWS is a phased-array radar, whose radiation is emitted from 
a mechanically fixed antenna, rather than from an antenna that scans or 
is pointed by being moved. The antenna consists of an array of many small 
radiating elements. The radiation beam is focused and pointed in a desired 
direction by controlling the manner in which the individual elements radiate. 
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If the beam is to be pointed to the left of straight ahead (or "boresight"), 
the signals from the elements on the left side of the array are delayed 
relative to those emitted from the elements on the right, with the delay 
increasing progressively across the array from right to left. 

The radar, housed 1n a 'riangular building, has two antenna faces, 
which face in directions 120 apart, as shown in Figure 1. At the Otis 
site, the two boresight directions are 47° true north and 167° true north. 
'ftie radar scans the sector from 347° (13° west of north) to 227° (47° 
west of south). Each antenna face is tilted back by 20°, so that the 
boresight line tilts 20° above the horizontal. 

Only one antenna face transmits at a time. In the normal search 
operation, the beam scans in a stepwise manner in a somewhat regular 
sequence across the sector of view, at 3° above the horizon. Free time 
during a search operation is used to direct the beam to any targets 
that are under track. Targets under track can be anywhere in the hori­
zontal sector of search and from 3° to 85° above the horizon. 'ftie actual 
pattern of beam positions followed during any one scanning and tracking 
cycle depends on the particular search mode that has been selected and 
on the positions of the targets being tracked. 

Each face of the antenna is a metal plane from which a regular array 
of 5,353 antenna elements protrude, as shown in Figure 2. Of these 5,353 
elements, 2,676 around the periphery are totally inactive; they would make 
it possible to increase the size of the antenna and the power of the radar. 
'ftie 2,677 active elements in the central region of each array constitute 
the present antenna proper--each antenna face is approximately 72 ft (22 
m) in diameter. Of the elements in each face, 1,792 are active transmitt­
ing elements; each is connected to a solid-state transmitter (and receiver) 
module. The remaining 885 electrically active elements in each face are 
not connected to power sources and serve only to improve control of the 
shape of the beam. 

In normal operation, the PAVE PAWS beam is not directed below an 
elevation of 3° above the horizon. At Otis Air Force Base, the radar is 
on high ground, and the main beam of the antenna is always at least 100 
ft (30 m) above ground level at the nearest points of public access. In 
an analysis of public exposure to PAVE PAWS radiation, then, the questions 
that bear on the radar's performance are: 

o In normal operation, what are the nature and intensity of the 
radiation that "spills over" to the ground from the axis of the beam? 

o Can abnormal conditions, such as rain, unfavorably affect the 
snopc of the beam or the intensity at ground level? 
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FIGURE 1. PAVE PAWS radar, showing triangular structure and the two 
antenna faces. 
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I 

FIGURE 2. Regular array of antenna elements protruding from one face 
of PAVE PAWS radar. 
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o What safety features can detect abnormal operation or prevent in­
advertent focusing of the beam below the normal 3° minimum? 

The shape of the antenna beam in normal operation has been determined 
by theoretical and computational analysis, and predictions of exposure 
levels derived from this analysis can be verified by measurements in situ. 
A panel of the National Research Council Assembly of Engineering (AE) has 
reviewed the antenna design (which is related to the first two questions), 
the safety features (which afy6related to the third question), and the Air 
Force's measurement program. 'lbe present report describes the general 
features of PAVE PAWS operation and the radiation fields that may occur 
in nearby public areas. 

FREQUENCY 

The radar operates in ultrahigh-frequency (UHF) band. There are 24 
frequencies, from 420 to 450 megahertz (MHz), at which transmission may 
take place. No significant transmitted energy falls outside the band from 
420 to 450 MHz. These frequencies correspond to wavelengths of 60-70 cm 
(23.6-27.6 in.). 

POLARIZATION 

The tranS11itted wave is right-circularly polarized. 

POWER 

A long-range radar like PAVE PAWS operates by transmitting brief 
pulses of energy or short trains of pulses, followed by longer periods 
during which the transmitter is off and the receiver is sensitive to re­
turning echoes. The radiated power is described in terms of "peak power" 
and "average power." Peak power is the rate at whieh energy is emitted 
during the period of one pulse; that is, peak power is the energy of one 
pulse divided by the duration (in seconds) of that pulse. Average power 
is the time-averaged rate of energy emission over a period that is long 
compared with the pulse duration. 'nle duty cycle is the fraction of 
time, on the average, that the transmitter is transmitting. 'nle average 
power is determined by multiplying the peak power by the duty cycle. 

In assessing the effects of radiation, both peak power and average 
power must be considered. Peak power governs the instantaneous inten­
sity of the electric and magnetic fields induced in or near a body on 
which radiation impinges. Average power governs the rate at whieh 
energy impinges on a body or medium in the field and therefore governs 
the rate at which heat may be generated or other effects may be produced 
in an absorbing body or medium. 
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TRANSMITTED POWER 

Each of the 1,792 transmitting elements in each of the two PAVE 
PAWS antenna arrays is connected to its own transmitter; the combination 
of element and transmitter is called a "transmitting module." The 
pulsed output of each transmitter is such that the element radiates at 
approximately 320 W at peak power. The peak transmitted power of the 
radar is thus about 580 kW (320 W x 1,792). 

The time sequence of pulses transmitted by PAVE PAWS during a given 
interval depends on the functions being performed and the number of tar­
gets being tracked. However, controls limit the rate at which pulses 
are transmitted, and the duty cycle never exceeds 0.25. Therefore, the 
average transmitted power never exceeds 145 kW (0.25 x 580 kW). In 
round numbers, this is about 3 times the average power transmitted by 
a typical large TV station and somewhat more than the average power 
transmitted by a typical high-power-output FM broadcast station (but 
see the discussion of antenna patterns below). The most powerful FM 
and TV stations radiate more power than PAVE PAWS. 

ANTENNA PATTERN 

Th~ key to the operation of the phased-array antenna is that, at dis­
tances beyond a few hundred feet from the antenna and in all directions 
that are separated by even a few degrees in angle from the direction in 
which the beam is pointed, the electromagnetic fields of the individual 
transmitting elements cancel each other, whereas in directions along the 
beam the fields add to each other. The detailed structure of the result­
ing radiation pattern is complex, in that it varies with the precise 
position in which the beam is pointed and with the transmission frequency. 
However, the general features of the pattern can be conceptualized and 
measured. 

If one thinks of the antennas as a searchlight, an observer would 
see the main beam and then numerous secondary beams, called "sidelobes." 
The sidelobes would be of much lower intensity and would point in 
directions divergent from that of the main beam. If an observer were to 
move as little as 1° off the axis of the main beam (i.e., about 90 ft 
off the axis at 1 mile away, or 17 m at 1 km away), he would observe 
that the apparent intensity of the searchlight was decreased to half 
that on the main-beam axis. The main beam would appear to extinguish 
by the time he moved 2° from the axis. 

A typical sidelobe has a shape resembling that of the main beam, 
but possibly broader. The so-called first sidelobes form a cluster 
whose direction is close to that of the main beam. Each, on its own 
axis, has an intensity not more than 1% of that of the main beam. If 
the observer were 4° off the axis of the main beam, even the first 
sidelobes would all be extinguished. Beyond the cluster of the first 
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sidelobes, 'there are other sidelobes of lower intensity, none having 
more than 0.1% of the intensity of the main beam. 

RADIATION AT GROUND LEVEL 

Where the main beam of PAVE PAWS is pointed to 3° or more above the 
horizon, the maxiaum of the radiation field at or near ground level is 
governed by the sidelobes of the antenna pattern other than the first 
sidelobes. This field is therefore liaited in intensity to 0.1% or less 
of the intensity of the main beam. At 0.1%, the radiation field corre­
sponds to that which would be observed from a 1,000-kW transmitter 
radiating uniformly in all directions. 

An observer on the ground, situated exactly in the direction of 
peak intensity of one of the secondary sidelobes, would be exposed to 
radiation at no more than 0.1% of the intensity of the main beam. 
Peaks of this intensity are necessarily distributed very sparsely over 
all angles, because most of the 145 kW of average transmitted power is 
designed to radiate along the direction of the main beam. Only a small 
fraction is left to radiate in other directions. 'nlus, over all angular 
positions remote from the main beam, the antenna output is similar, 
on the average, to a source whose average power is only a minute fraction 
of the maximal intensity of a secondary sidelobe, as estimated above. 

In normal operation, the main beam of the antenna is directed se­
quentially to many different directions even during a fraction of a 
second, and transmissions occur at different frequencies. 'nlis has the 
effect, of altering from pulse to pulse the sidelobes to which an 
observer at ground level may be exposed. The average exposure of this 
observer therefore tends to be comparable with that encountered at an 
"average" angular position remote from the main beam. Both calculations 
and measurements on the PAVE PAWS antenna indicate that the average 
power at ground level near PAVE PAWS should be no greater than one-fifth 
to one-fourth of the maxiaum at the peak of a secondary sidelobe. 

With respect to average radiation intensity at nearby points on the 
ground, the PAVE PAWS radar can therefore be regarded as a source radia­
ting isotropically at an average power not greater than 250 kW (0.25 x 
1,000 kW), which is comparable with the power of the most powerful FM 
and TV broadcast stations. Furthermore, these broadcast stations use 
antennas that concentrate radiation near the horizon, to serve the 
intended listening areas better. Radiation intensity in a listening area 
is therefore greater than that received from an isotropic source of the 
same power. 

The PAVE PAWS radar operates at a wavelength about one-fifth that 
of an FM station or of TV stations on channels 1-6, about the same as 
that of UHF TV stations, and about twice that of TV stations on channels 
7-13. 

-13-

Copyright © National Academy of Sciences. All rights reserved.

Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE PAWS Radar System
http://www.nap.edu/catalog.php?record_id=19885

http://www.nap.edu/catalog.php?record_id=19885


PAVE PAWS and other types of radar radiate energy in short pulses 
of high peak power, creating a signal that is very different from that 
of an FM or TV station. 'lbe nature of radar signals is examined further 
below. 

MODULATION 

The pattern of pulses emitted by the PAVE PAWS radar can be quite 
complex, because it depends on the nwaber of targets being tracked, the 
distances of the targets from the radar, and the region being searched 
for targets. There are, however, some regularities. 

The operations of the radar are timed to a basic cycle of 0.054, or 
54 milliseconds (ms). During one such cycle, several pulses may be 
transmitted in different directions and at different frequencies. 'lbe 
pattern of one cycle need not, in general, be repeated exactly in the 
next cycle or in any cycle occurring soon after. There are several basic 
kinds of cycles, called "templates.• In one template, all the pulses 
are transaitted during the first 16 of the 54 as. 'lbe other templates 
correspond to division of the 54-.a cycle into two, four, or eight.sub­
cycles, scaling down the transmitting period in each subcycle to 8, 4, 
or 2 ms. Every eighteenth cycle of operation is dedicated to testing 
and calibrating the radar. 'lbere tends to be some regularity in the 
manner in which the templates alternate or repeat from cycle to cycle. 

The resulting signal, which is thus rather random, has elements of 
a repetitive character at periods of 54, 27, 13.5, and 6.75 ms. 'lbese 
repetition periods correspond to modulating tones at frequencies of 
about 18.5, 37, 74, and 148 Hz. In addition, sidelobe energy received 
at any point on the ground is subject to further modulation·, because 
the successive pulses are typically transmitted in different directions 
and at different frequencies. 'lbis results in low-frequency components 
(2 Hz and below) in the modulation and in the spreading of energy about 
the concentrations at 18.5 Hz and its harmonics. 

RADAR CONTROL 

The detailed pattern of operation of PAVE PAWS radar is controlled 
1 by computers that are integral parts of the system. Signals received 

by the radar are processed and interpreted by a central computer. The 
results are displayed to operators and are made available for further 
processing and for transmission to users of the data. 

Under general conditions of operation that are selected or set by 
entering instructions into the central computer through an operator's 
keyboard, the central computer and a radar-control computer generate 
beam-steering orders and transmitting orders for each 54~s cycle of 
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transmission and reception. The beaa-ateering orders appear as electric 
signals unique for each of the 1,792 tranaaitter-receiver modules. Each 
module delays the tranaaitting or receiving of signals as directed by 
the instructions froa the coaputer. In the tranaaitting aode, the 
tranaaitter-receiver aodule acts simply as an amplifier (with an appro­
priate delay) for whatever pulse it has been directed to transmit. 

In this control process, there are, at least in principle, a nwaber 
of ways in which the cycle of normal operation could be in error. Errors 
that could affect exposure estimates are the following kinds: 

o A well-formed beam might be steered to an angle below the 3• limit, 
and reflection from the ground might increase the power density. 

o A poorly formed beam aight have sidelobea aore intense than those 
described. 

o Tranaaission might occur at a duty cycle greater than 0.25. 

In the estimates previously referred to, it was noted that in areas 
of public access, under normal radar operating conditions, an observer 
could be exposed to the aidelobea of a rapidly scanning antenna, and that, 
on the average, the radiation intensity would be auch leas than that esti­
mated for the peak of a secondary sidelobe. There is, therefore, a 
fourth possible effect: 

o A well-formed beam, properly steered, might remain stationary, 
rather than operating in a continuously scanning mode. Thus, there could 
be, at some points in the public area, steady illumination at an average 
intensity greater than that which would be received from a powerful FM 
station at the position of the radar. 

The safeguards against these malfunctions that are incorporated into 
the design and testing procedures of the PAVE PAWS radar are the subject 
of a detailed review, cited earlier, by a panel of the AE. 'l'he next 
section summarizes the relevant portion of that review. 

SAFEGUARDS 

The four kinds of malfunction noted above might arise from the issu­
ance of improper orders by the computers to the signal-generating and beam­
steering circuits of the radar or froa improper execution of valid orders 
by the radar. 

Safeguards for both computer and radar operation have been built 
into the system. First, internal checks in the computer programs are 
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designed to sense malfunctions of the computer of any kind and specif i­
cally to test steering orders for violations of the 3• limit, as well as 
other liaits. Second, there are instrmaents that monitor, essentially 
independently, many features of the radar performance and many eleaents of 
the radar. Soae of these instrwaents make periodic tests called for by 
the computer; others measure such quantities as temperature and voltage, · 
independently of the computer. 

Dispiays at the operating consoles sUllDUlrize the status of the 
system at all times and warn of minor malfunctions. Serious malfunctions, 
which result in the sounding of alarms, can shut down the power supply 
of the transmitters. '!be system reacts to a major malfunction within 
a few seconds. 

The more important safeguards that are parts of the computer pro­
gram are discussed in more detail in the report of the AE panel. 'lbe 
following observations are related to the four general kinds of possible 
malfunctions listed above. 

o Beam. steered below 3°: Two simultaneous failures would have to 
occur for a beam to be steered below 3°--one a failure in a program in 
the central coaputer, the other a failure in the operation of an entirely 
separate computer. 'lbere are independent guards and aonitors against 
each kind of failure. In the opinion of the AE panel, there appears to 
be no practical possibility of the simultaneous failures that would 
result in a beam direction of less than 3° above the horizon. 

o Poorly formed beam (severe sidelobe): Generation of a poorly 
formed beam requires that a number of antenna elements radiate essenti­
ally in a cooperative manner, like a separate small antenna that has 
been steered in an improper direction. For example, doubling the inten­
sity of one of the secondary sidelobes of the normal antenna requires 
that about 50 individual radiating elements, properly spaced in the 
whole array, exhibit improper signal delays in a systematic way. In 
the opinion of the AE panel, the manner in which steering orders are 
generated and distributed to the individual transmitting modules makes 
such a malfunction extremely unlikely. In any case, monitors of the 
radar's operation would detect such a malfunction within 30 s. Because 
there are as many as 1,792 transmitting elements, a few random failures 
of individual elements to transmit properly or to execute steering (delay) 
orders properly would result in only a small distortion of the antenna­
beam pattern. At every eighteenth radar cycle, essentially once each 
second, the computer interrupts the operation of the radar and puts 
groups ("subarrays") of 32 transmitting modules each through tests of 
response to steering orders. Performance is observed by a test monitor 
mounted on a pole approximately 100 ft (30 m) in front of the antenna 
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face. The existence of a malfunction of any kind is displayed on a main­
tenance console, and the malfunctioning subarray is shut down auto­
matically. The entire cycle of antenna operations is tested every 30 s. 
Antenna elements that are electrically damaged--for example, by ice 
or snow--would be detected by these same antenna tests. Heating elements 
in the antenna face prevent icing and the accumulation of snow. 

o Excessive transmitting power: Quite apart from checks within 
the computer software, there are monitors of temperature and of other 
indicators of power-supply overload that are designed to shut the system 
down under overload conditions. Even if it were possible for transmission 
at a duty cycle of 0.30 s to be called for, the system would shut down in 
a matter of seconds. 

o Beam not scanning: When the beam is properly pointed, at more 
than 3° above the horizon, failure of the beam to scan would result in 
exposures no greater than the maxilllUDl estimated earlier. As a safeguard, 
when the beam is under control of the central computer, an alarm sounds 
if more than 16 consecutive pulses are emitted in the same direction. 
When the beam is under manual control, transmission is prevented by the 
radar-control computer if the angle of elevation is less than 6°. 

WEATHER EFFECTS 

Rain and fog can scatter electromagnetic radiation. At UHF wave­
lengths, the effect of scattering is not significant. Traveling through 
many miles of rain or fog, the beam loses a few percent of its total 
energy (much of the loss by absorption, rather than by reradiation or 
scattering). Therefore, in the neighborhood of the radar, the energy 
scattered to the ground by rain, fog, or snow is a minute f·raction of 
that already accounted for in the sidelobe calculations above. 

An anomalous distribution of temperature in the atmosphere can 
refract (bend) the radar beam. Even under worst possible atmospheric 
conditions, the amount of bending is so small that it does not affect 
the radiation environment described here. 

MEASURED AND CALCULATED POWER DENSITIES OF THE PAVE PAWS RADAR 

This discussion is limited to a review of three studies that are 
directly applicable to the prediction of electric fields and power 
densities produced by PAVE PAWS at locations outside the boundaries 
of Otis Air Force Base. The first gives results of measurements in 
August 1978 on Otis Air Force Base in fronj of the south face of the 
radar with only the south face operating. 1 1 The second gives results 
of measurements in October 1978 outside the base ~~¥ndaries with both 
the north and south faces of the radar operating. 'nle third is an 
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analytic study. 75 Other measurements have been maf~ ~¥~most of 
these were for testing the operation of the radar, 0- not for 
measuring the enviromaental fields. 

MEASUREMENT METHOD 

The system used by the Air Poree for measuring peak electf~i­
f ield strength and average power density is shown in Figure 3. 
Peak power density was calculated from the measured peak electric field 
strength. According to the Air Force, thi! fYStem has been reviewed 
by the Rational Bureau of Standards (NBS). 2 'lbe calibration of the 
system is traceable to NBS, and the overall uncertainty is determined 
by dividing and multiplying the measured values of field strength and 
power density by 1.6. 

At each measurement location, a dipole antenna on a tripod was 
raised to a height of 2 m. 'lbe antenna was moved horizontally to lo­
cate a maximal val~! and the received signal was measured in three 
orthogonal planes. 

A Singer NM-37/57 field-intensity meter was used to measure the 
peak electric-field strength, and the data were processed by a small 
computer and recorded on magnetic tape at a rate of 50 samples per 
second in August and 100 samples per second in October. Average power 
density was measured with a Hewlett-Packard 8484A power sensor and a 
436A power meter sampled by the computer at a rate of 167 samples per 
second in August and 100 samples per second in October. 

RESULTS 

The peak electric-field strength and the average power density 
were measured at four locations in front of the south face of the radar 
on August 26, 1978. 'lbe south face was operated at a frequency of 
435 MHz, a duty factor of 0.2, and normal power (nominal average, 146 
kW). At three of the four sites, data were collected for beam eleva­
tions of 3°, 6°, and 10°; only 3° and 6° data were collected at the fourth 
site. At each elevation, the beam scanned back af~ fourth. 'lbe re­
sults, taken from PAVE PAWS System Program Office 1 and arranged in 
order of increasing distance are given in Table 1. Although only the 
south face was operating, all four sites were within 3,900 ft (1,190 m) 
and 63° of boresight for the south face, and the measured values should 
be close enough to those obtained when both faces are operating to 
permit valid comparisons between measured and predicted values. 

Similar measurements were made at 21 sites in Bourne, Sandwich, 
Mashpee, and Falmouth, Massachusetts, on October 20 and 21, 1978. 'lbe 
operating conditions were aa described above, except that both the 
north and south faces were operating with a duty factor of 0.18. 
Measurement• were made for 3°, 6°, and 10° of radar-beam elevation, 
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TABLE 1 

Results of Measurements of Electric-Field Intensity and Power Density 
Produced by South Face of PAVE PAWS Radar, August 26, 19788 

Peake 
Measurement Location 

Angle b 
Beam Electric Power De~sity Ratio of 

Distance Elevation Elevation, Field, l!~/cm Peak to Average 
ft m ft m Degrees Degrees V/m Pealt !ug__ Power Density - -
1,600 490 258 79 9 3 36 344 2.86 120 

6 23.8 150 3.26 46 
10 26 179 2.90 62 

1,800 550 230 70 63 3 17.5 81 1. 71 47 
6 16.5 72 1.21 60 

10 12. 5 41 1.11 37 

3,100 945 274 84 12 3 20.2 108 0.87 124 
6 14.6 51 0.37 154 

10 7.8 16 0.41 39 

3,900 1,190 250 76 0 3 13.4 48 0.38 126 
6 8.1 17 0.20 85 

10 

0 Data from-PAVE -PAWSSystem-Program Of fice. 121 

bAzimuthal angle from boresight. 

cRoot-mean-square (rms) value; multiply by ~and 2 to obtain instantaneous values of 
electric-field strength and power density, respectively. 

dealculated from corr~sponding value of rms peak electric-field strength according to 
S(µW/cm2) • [E2(V/m) /377(A)] x 102. 

Copyright © National Academy of Sciences. All rights reserved.

Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE PAWS Radar System
http://www.nap.edu/catalog.php?record_id=19885

http://www.nap.edu/catalog.php?record_id=19885


but only 3° data were !~orded. The resulta, reproduced from PAVE PAWS 
System Prograa Off ice, are given in Table 2. Table 3 shows the aame 
data arranged in order of distance and include• the ratios of peak 
power to average power. 

Hankin has calculated the electric-field ~trength and average power 
density expected to be produced by the radar. 7 Rankin's data are repro­
duced here as Table 4. Locations 4 through 22 lie outside the boundaries 
of Otis Air Force Base. Of these 19 sites, four correspond roughly to 
sites where the Air Force took measurements; the results for these four 
sites are compared in Table 5. 

As examination of the data in Tables 1-5 leads to two conclusions: 
the average power density produced by the radar at locations outs~de the 
boundaries of Otta Air Force Base is not likely to exceed 1 µW/cm near 
the base boundaries and will be even less at more distant locations, and 
the ratio of peak to average power density is between 37 and 320. 

The point nearest to the radar that lies outside the base boundaries 
is along u.s. Route 6. The calculated and measured values (Table 5) of 
the peak electric-field strength are in good agreement for this location 
and in reasonably good agreement with the data in Table 1 for distances 
of 3,100 and 3,900 ft (945 and 1,190 m). The average power densities 
do not agree as well, but they are not inconsistent. In computing aver­
ages, Hankin assumed that the sidelobe exposure was never less than the 
maximal value of a secondary sidelobe, i.e., less by a factor of 1,000 
than the main-beam exposure at an equivalent distance. However, this, in 
effect, assumes a stationary beam. If one accounts for the motion of the 
beam, the average should be lower by about a factor of 6.3 than the 
stationary average value, or lower by a f!~tor of 6,300 than the main­
beam exposure at an equivalent distance. If Rankin's calculated2value 
of 4.7 µW/cm2 is reduced by a factor of 6.3, the result, 0.75 µW/cm , 
is about the same as the measured values at distances of 3,100 and 3,900 
ft (see Table !)--between 0.2 and 0.87 for various ratios of peak to 
average power. These values are still about an order of magnitude greater 
than the average power density measured at the Route 6 site (see Table 2).* 
'nle data in Tables 3 and 4 show that, in general, exposure decreases with 
distance from the site, but not uniformly; that, far from the source, 
measured values decrease more rapidly than calculated values, presumably 
because calculations do not take into account attenuation by the atmos­
phere, trees, etc.; and that the ratio of peak to average power density 
varies widely and, from the limited data in Tables 1 and 3, appears to 
depend on beam elevation, azimuthal angle, and distance from the source. 
'nle following paragraphs show that the observed range of the ratio of 
peak to average power density is consistent with assumptions generally 
made. However, the data in Tables 1 and 3 are too limited to uncover 
any particular trends or patterns. 

*At approximately equivalent distances from the radar source, measurements 
may differ because of ground topology and other factors. 
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I 
N 
N 
I 

TABLE 2 

Results of Measurements of Electric-Field Intensity and Power Density 
of PAVE PAWS Radar with Both North and South Faces Operating at a 

Beam Elevation of 36 , October 20-21, 19788 

Approximate Peak (rma) Power Den~ity 
Teat Distance Electric µW/CID 
Point Location Miles 1an Field, V/m Peak Average 

1 Rest area, Route 6 0.6 1.0 8.57 19.5 0.061 
2 Shawme and Shaker House Roads 2.1 3.4 3.18 2. 7 o.02i 
3 Henry T. Wing School 2.1 3.4 0.46 0.055 
4 Dillinghan and Knott Roads 2.4 3.9 3.70 3.6 0.02 
5 Sandwich High School 4.4 1.1 0.42 0.047 o.ooi 
6 Entrance, Lakewood Hills 4.6 7.4 0.15 0.006 

Development 
b 7 Knolltop and Greenhouse Roads 5.4 8.7 0.31 0.026 

8 Mashpee Police Department 7.3 11.7 o.oi o.oo~ b 
9 Mashpee Middle School 9.2 14.8 b 

10 Seabury Golf Club 13.8 22.2 0.09 0.002 b 
11 Sagamore Bridge 1.6 2.6 4.44 5.23 0.051 
12 Canalside Apartments 2.0 3.2 2. 79 2.01 0.016 
13 Hoxie Elementary School 1.7 2.7 0.89 0.209 0.001 
14 Old Plymouth Road 2.8 4. 5 0.84 0.188 0.002 
15 Hilltop Drive (Maiolini resi- 1.0 1.6 1.14 0.345 0.003 

dence) 
b 16 Kieth Field 1.4 2.3 0.11 0.008 

17 Stone School, Otis Air Force 1.1 11.4 0.08 0.002 b 
Base 

18 Ashumet Development, Hatchville 8.8 14.2 0.09 0.002 b 
19 Benthos Corp. 8.9 14.3 0.06 o.oot b 
20 North Falmouth Elementary School 9.0 14.5 b b 
21 Falmouth High School 11.8 19.0 b b b 

0 Data fro'lll-PAVE PAWS System Program Off ice. 122 

bBelow reportable value (less than 0.001 µW/cm2). 
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TABLE 3 

Ratio of Peak to Average Power Density (Based on Table 2) 

Approximate Power Den!ity Ratio of Peak to 
Test Distance ~W/cm Average Power 
Point Miles km Peak Average Denaity 

1 0.6 1.0 19.5 0.061 320 

15 1 1.6 0.345 0.003 115 

16 1.4 2.3 0.008 a 

11 1.6 2.6 5.23 0.051 103 

13 1.7 2. 7 0.209 0.001 209 

12 2.0 3.2 2.01 0.016 129 

2 2.1 3.4 2. 7 0.027 100 

3 2.1 3.4 0.055 a 

4 2.4 3.9 3.6 0.02 180 

14 2.8 4.5 0.188 0.002 94 

5 4.4 7.1 0.047 0.001 47 

6 4.6 7.4 0.006 a 

7 5.4 8.7 0.026 a 

17 7.1 11.4 0.002 a 

8 7.3 11. 7 0.002 a 

18 8.8 14.2 0.002 a 

19 8.9 14.3 0.001 a 

20 9.0 14.5 a a 

9 9.2 14.8 a a 

21 11.8 19.0 a a 

10 13.8 22.2 0.002 a 

8Below reportable value (less than 0.001 JM/cm2). 
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Test 
Point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

TABLE 4 

Predicted Values of Electric-Field Intensity and Power Density 
for PAVE PAWS Radar8 

Power Density, 
Distance Moving Be!•• 

Location Ft km µ W/cm 

Gibb's Road, along 227° radial 2,190 0.7 16 
Route 25: closest to antenna 2,690 0.8 11 

along 347° radial 2,890 0.9 9.3 
u.s. 6 . closest to antenna 3,450 1.1 6.5 . 

north 4,180 1.3 4.4 
east 5,640 1. 7 2.4 

Sandwich: nearest housing 5,200 1.6 2.9 
camping area 5,380 l.~ 2. 7 
housing 6,180 1.9 2.0 
housing 6,380 1.9 1.9 
camping area 6,575 2.0 1.8 
housing 8,370 2.6 1.1 

Sagamore: nearest housing 5,780 1.8 2.3 
Sagamore Bridge 8,370 2.6 1.1 
Sagamore School 9,460 2.9 0.9 

Canal View Road, 227° radial 15,480 4.7 0.3 
Pine Hill Tower 17' 733 5.4 0.2 
Telegraph Hill Tower 15,940 4.9 0.3 
Otis structures 25,500 7.8 0.1 
Otis structures 29,500 9.0 0.09 
North Pocasset 26,100 8.0 0.1 
Otis schools 36,500 11.1 0.06 

8 Data from Hankin. 75 

Peak Electric-
Field Intensity, 

V/a 

16 
13 
12 
9.9 
8.1 
6.0 
6.6 
6.4 
5.s 
5.4 
5.2 
4.1 
5.9 

'Vll 
3.6 

"'4. 8 
"' 5.1 
"' 5.2 
"' 3. 5 
"' 3. 0 
"' 3. 2 
"' 2. 4 
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TABLE 5 

Comparison of Calculated and Measured Values 

Approx:laate Peak Electric 
Aver!le Power Densit~ 2 ~W/cm2 d Distance Field 2 V/m 

Location Ft km AF8 Calculateclb AF8 Calculated Calculated 

Closest boundary, 3,450 1.1 8.6 8.4 0.06 4.7 o.1s 
Route 6 

Sag•ore Bridge 8,370 2.6 4.4 9.3 0.05 0.8 0.13 

Sag•ore School 9,460 2.9 0.89 3.1 0.001 0.65 0.10 
(Hoxie Elementary) 

I Otis School 36,500 11.1 0.08 2.0 (0.001 0.04 0.006 N 
VI (Stone) I 

aAir Force measurement data. 

bData from Table 4 multipled by I 18/25 to adjust for differences in duty factor. 75 

cData from Table 4 multipled by 18/25.75 

dData reduced by a factor of 6.3 to take beam motion into account. 75 
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CALCULATION OF RATIO OF PEAK TO AVERAGE POWER DENSITY 

Consider the power density, <S>, produced at a point in space by a 
scanning radar. We ass\DDe that the point is illtDDinated each time the 
source is pulsed. The pulse amplitude will depend on the sidelobe 
structure of the antenna and the position of the beam. In Figure 4, this 
is depicted as a series of pulses with monotonically decreasing ampli­
tudes. For simplicity, we ass\DDe that all pulses have the same width, tr , 
and period, T, and that the scan is periodic with period~T ~~re n is the 
ntDDber of pulses per scan. The time-averaged power density, t, is given 
by: 

<S~t • (l/1\T) J 
t = l1T 

Sdt 
t - 0 

• (l/'nT) ' ~ Si 
i=l 

... "l[ (l/'n) l Si], a = tr /T. 
i=l 

(1) 

(2) 

Without loss of generality, we ass\DDe Si>Si+l for all i. We further 
ass\DDe that there is no exposure to the main beam. Hence, let s1 be the 
power density associated with primary sidelobe, s2 that associated with the 
secondary sidelobe, etc. We then take the following two quantities as 
given: 

S/Cl/n E Si= 6.3, i.e., 8dB (ref /~!t ); 

s1ts2 = 10 (ref ~J:). 

(3) 

(4) 

If there is no exposure to the primary sidelobe, then s1 • O, and the 
ratio of the peak power density, Sp, to the time average is given by 

(Sp/<Srt> = (S2/<S>t) - S2/a[(l/ll) E Si] (5) 
• 6.3/a 

= 35 for duty factor (a) of 0.18. 
If the first sidelobe is present, then from Equation 4: 

(Sp/<S>t) = s1<S>t = 10 s2/<S>t (6) 

= 350 (a= 0.18). 
Therefore, the ratio of peak to average power density lies in the range 

for a duty factor of 0.18. 
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FIGURE 4. Schematic representation of pulses from a scanning radar 
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POPULATION EXPOSED TO PAVE PAWS RADIATION 

The estimated number of persons living in the vicinity of the PAVE 
PAWS antenna is shown in Table 6. It should be understood that Cape Cod's 
transient summer population is greater than indicated by the numbers in the 
table. It is evident that there is little or no population within 1 mile 
(1.6 lcm.) of the antenna site. 

Radiusb 
Miles 

1 
5 

10 
20 

TABLE 6 

Distribution of Population around PAVE PAWS 
Radar .. Site, Otis Air Force Base, Massachusettsa 

No. Census 
EntllDer at ion No. Housing 

km Districts Units 

1.6 0 0 
8.0 2 916 

16.1 19 8,059 
32.2 88 28,195 

Population 

0 
1,239 

11,235 
63,289 

8The population data base from which this table was prepared is an edited 
and compressed version of the 1970 U.S. Bureau of the Census Master 
Enumeration District List with Coordinates. The computer program and 
data base were adapted from those developed Riimarily for marketing 
purposes by the U.S. Department of Commerce. 'lhe population 
data base contains the housing and population counts for each census 
enumeration district (CED) and the geographic coordinates of the popula­
tion centroid for the district. In the Standard Metropolitan Statistical 
Areas, the CED is a "block group," which usually consists of a city block. 
In other areas, the district is called an "enumeration district," and it 
may cover several square miles in areas of low population density, as in 
the case of the PAVE PAWS site. 'nlere are approximately 250,000 CEils in 
the United States, and the average population is about 800. The posi­
tions of the population centroids for each CED were marked on the district 
maps by the individual census officials responsible for the districts 
and are based only on their judgment from inspection of the population 
distribution on the maps. 'nle resolution of the data base as applied to 
the PAVE PAWS site allows confident estimation of population for distances 
somewhere between 5 and 10 miles (8 and 16.1 lan) from the site. Population 
figures for shorter distances should be viewed only as estimates. 

bPAVE PAWS coordinates, 70°32'18" West, 41°45'11" North. 
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ENVIRONMENTAL LEVELS OP RADIOFREQUENCY RADIATION 

The entire population of the United States is exposed to radiowaves, 
including aicrowaves, from a variety of co111111nication, medical, industrial, 
and conauaer-product aourcea--e.g., radio and television broadcast ayateaa, 
radars, radiotelephones, citizen'• band radio, microwave relay linka, 
aedical diathermy unite, radiofrequency heat sealers, and microwave ovena 
for industrial and ho .. uae. 'lbe discussion here is limited to aourcea 
that produce readily detectable radiofrequency radiation in locations that 
are accessible to the general population and does not treat occupational 
or medical exposure. 

It ia convenient to define two kinda of environmental radiofrequency 
exposure. One occura at distances far froa individual aourcea and ia due 
to the auperpoaition of the f ielda f roa .. ny sources operating at different 
frequencies; in the diacuaaion that follows, we call this the •general 
radiofrequency environment.• In a relative aense, whether exposure in the 
general environment ia high or low .. y depend on the locations and types of 
sources that contribute to the exposure. 'lbe other kind of exposure, ac­
tually a special caae of the first, occurs ao close to a particular aource 
(or sources) that the radiowave environment is dominated by the aource(s) at 
that location; we call thia the •specific-source radiofrequency environment.• 

The quantity aoat comaonly uaed for specifying exposure to radiowaves 
ia power denaity. Power denaity ia the rate at which energy crosses a unit 
area; in t~ International Syatea of Units, it is given in watts per square 
meter (W/a ). In temperate latitudes on a cloudless day2 the rate at which 
sunlight falla on the earth's surface is about 1,000 W/m • For historical 
reaaona, radiofrequency exposure ia often2expreaaed in milliwatts (.W) or 
aicrowatta (uW) per aquare centiaeter (cm ). 'lbe interrelationahipa aaong 
theae unite are shown in Table 7. 

TABLE 7 

Unite of Radiowave Power Density 

W/m2 

0.01 
0.1 
1 

10 
100 

aW/cm2 

0.001 
0.01 
0.1 
1 

10 
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uW/ca2 

1 
10 

100 
1,000 

10,000 
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GENERAL RADIOFREQUENCY ENVIRONMENTS 

Broadcast Sources 

The urban general radiofrequency eftv~§ollftef~2 if 5~ominated by radio 
and television broadcast transmissions. • • • • On the basis of 
measurements made at 373 locations (about 30 in each of 12 cities) with 
a total 1970 population of over 38 million, it is estimated that the 
median cont~nuous exposure in urban areas of the United States is 
0.005 µW/cm , i.e., 50% of fg~ population is exposed to higher power 
densities and 50% to lower. 'nle results of these studies, shown 
in Tables 8 and 9, ~ndicate that 95% of the population is exposed to 
less than o.~ µW/cm and that less than 1% may be exposed to greater 
than 1 µW/cm • 'nlese estimates do not include contributions from AM 
radio transmission; the absorption of energy at AM broadcast frequencies 
(0.535-1.605 MHz) by humans is less than the absorption of energy f1 7 
FM and TV frequencies (54-890 MHz) by several orders of magnitude. 
Nor do these estimates include such refinements as accounting for 
population mobility, for exposures at heights greater than 6 m (20 
ft), for attenuation by typical buildings, or for periods when sources 
are not transmitting. 'nle estimates are based simply on the population 
that resides in areas more than several hundred feet from FM and TV 
broadcast antennas where an unobstructed meaaurement 6 m above the 
ground would result in the indicated values. 

Nonbroadcast Sources 

For a number of reasons, the nonbroadcast sources do not appear to 
contribute significantly to the general radiofrequency environment, 
although the contribution of the higher-powered devices to specific-source 
environments may be large. Examples of low-power devices .include micro-

. wave relay links, personal radios (such as radiotelephones and citizen's 
band radios), and the traffic radars used by law-enforcement agencies for 
measuring the speed of vehicles. Examples of higher-power nonbroadcast 
sources include satellite communication systems and radars (including 
military acquisition and tracking radars), civilian air-traffic control 
and air-route surveillance radars, and weather radars. Because all these 
high-power systems use highly directive antennas, they form beams with 
small cross sections; thus, only a small volume of the available space is 
irradiated at any given time. For many of the systems, the beam is high 
above the ground or the antenna is angled 2° to 3° above the horizon, 
so the possibility of exposure to the main beam is severely limited. 
Most radar systems rotate, and that further reduces the average exr~iure. 
Table 10 summarizes the measurements made in one large urb!n area. 
'!be highest observed average power density was 0.001 µ W/cm •. 
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City 

Boston 
Atlanta 
Miami 
Phil ad el phi a 
New York 
Chicago 
Washington 
Las Vegas 
San Diego 
Portland 
Houston 
Los Angeles 

All cities 

TABLE 8 

Population Exposure in 12 u.s. Cities, 
54-900 MHz8 

Median Exp~sure, 
µW/cm 

Percent of Populat~on 
Exposed at (1 µW/ cm 

0.018 98.50 
0.016 99.20 
0.007 98.20 
0.001 99.87 
0.002 99.60 
0.002 99.60 
0.009 97.20 
0.012 99.10 
0.010 99.85 
0.020 99.70 
0.011 99.99 
0.005 99.90 

0.005 99.41 

aData from Tell and Mantiply.152 
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TABLE 9 

Cumulative Population Exposure 
at 54-900 MHz8 

Power ~nsity, 
µW/cm 

0.002 
0.005 
0.01 
0.02 
o.05 
0.1 
0.2 
0.5 
l·O 

8 Data from Tell and Mantiply. 152 

Cumulative Percent of 
Population Exposed 

17 
49 
69 
83 
92 
95 
97.5 
99 
99.5 

bFor example, 17% are expose~ continuously at less than 0.002 µW/cm2, 
69% at less than 0.01 µW/cm , etc. 
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TABLE 10 

Typical Urban Radar Environaents in San Francisco, 
California 8 

Location 

Mt. Diablo 

Palo Alto 

Bernal Heights 

8 Data from Tell. 146 

No. Radars 
Detected 

8 

10 

10 
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Average Power 2 
Density, uW/cm 

0.000026 

0.00027 

0.0011 
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SPECIFIC-SOURCE RADIOFREQUENCY ENVIRONMENTS 

Broadcast Sources 

The antennas used for very-high-frequency (VHF) and UHF TV broadcasting 
are highly directive, as shown in Figure 5. With such antenna patterns, 
one would expect power densities at high elevations close t~5§he source 
to be considerably higher than those found at ground level. Power 
densities have been measured in some tall buildings that either support 
broadcast antennas or are within a city bloi~ of 80 of another tall 
building that supports a broadcast antenna. O, 5 Table 11 summarizes 
the results ~f most of th~se measurements. 'nle values range from less 2 
than 1 µW/cm to 97 µW/cm for a location inside a building or 230 µW/cm 
at an unshielded location on the roof of a building. Note that two cir­
cumstances are required to obtain these higher values: high elevation 
and proximity to a high-power antenna. 'nle upper floors of tall buildings 
far from broadcast antennas are not exposed to power densities that differ 
substantially (factors of 10) from those near the ground at equivalent 
distances. 

Some FM broadcast antennas have antenna patterns that can produce 
relatively high power densities at ground level near the antenna tower. 
In addition to the main antenna lobe (Figure 5), they produce e9para­
sitic or grating lobe that is coaxial with the antenna tower. 14 Power 
densities near fihe bases of FM towers typically are 1-10 µW/cm2 (Figure 9 
in Athey et al. ~· However, some types of FM antennas .can produce fields 
of 100-35~µWlcm at the tower base in areas that are accessible to trans­
ient foot traffic (R. A. Tell, unpublished data). 'nlese power densitiea 
decrease rapidly with distance from the antenna2tower, but densities near 
a few residences may range from 50 to 100 µW/cm • In a single unusual, 
if not unique, case, measured fiel~s near the base of an ·FM antenna tower 
were between 1,000 and 7,000 µW/cm ; exposures in open areas--5i.e., not 
close to conducting structures--did not exceed 2,000 µW/cm2• 1 5 

Nonbroadcast Sources 

Because of their number and variety, there is less information on 
nonbroadcast than on broadcast specific-source environments. For pur­
poses of discussion, it is convenient to distinguish between low- and 
high-power sources. 'nle distinction is somewhat arbitrary. 'nle conven­
tion chosen here is the definition of a high-power2source as one that 
can produce a main-beam power density of 100 µW/cm at a distance of 
100 m from the source's antenna. 'nlis strategem distinguishes these 
sources from low-power sources that may produce equivalent power densi­
ties very close to a source, but not elsewhere. 

Low-Power Sources. 'nle three types of low-power sources of interest 
here are microwave relay links, low-power radar, and mobile communication 
equipment--radiotelephones, citizen's band radios, hand-held walkie­
talkies, etc. 
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FIGURE 5. 
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Vertical radiation pattern of a UHF TV transmitting antenna. 
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TABLE 11 

Radiofrequency Power Densities in Tall Buildings 
Near FM and TV Antennas8 

Location 

Empire State Building, New York 
86th-floor observatory 

102nd-floor observatory 
Near window 
Near elevator 

World Trade Center, New York 
107th-floor observatory 
Roof observatory 

Pan Am Building, New York 
54th floor 

One Biscayne Tower, Miami 
26th floor 
30th floor 
34th floor 
38th floor 
Roof (shielded location) 
Roof 

Sears Building, Chicago 
50th floor 
Roof 

Federal Building, Chicago 
39th floor 

Home Tower, San Diego 
10th floor 
17th floor 
Roof 
Roof 

Milam Building, Houston 
47th floor 

aData from Tell and Hankin. 150 
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Power Density, ~W/cm2 
FM TV 

15.2 

30.7 
1.35 

0.10 
0.15 

3. 76 

7 
5 

62 
97 

134 
148 

32 
201 

5. 7 

18 
0.2 

119 
180 

35.8 

1.79 

1.10 
7.18 

6.52 

34 
29 

0.13 

31.6 
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Microwave relay links used for long-distance communication are !over­
power devices with transmitter powers usually less than 5 w. 'lbe •aximal 
power den!ity in the near-field of the antenna is calculated to be about 
700 µW/cm ; except for service personnel, this is not an accessible lo­
cation. 2 Maximal values at ground level are calculated to be less than 
1 µW/c• (N. N. Hankin, unpublished data). 

The radars used for aeaauring the speed of vehicles have tranaaitter 
powers of about 100 .w. 'lbese devices are either hand-held or vehicle­
•ounted. 'Ibey are continuous-wave, rather than pulse-modulated, devices 
and determine speed from the Doppler frequency shift of the returned signal. 
'lbe •aximal calculated near-~ield power density for typi~g1 devices 
ranges fro• 170 to 400 JM/ca at the face of the device. P~wer densities 76 
at 3 and 30 • are calculated to be leas than 24 and 0.2 µW/c• , respectively. 

Two other low-power radars that are in cOlllllOn use are weather radars 
in aircraft and navigational radars used on saall, pleasure boats. Under 
normal operating procedures, aircraft weather radars are not operated when 
the aircraft are on the ground. When they have been operated on the ground, 
•easured power den~ities for a number of radar-aircraft c01Dbinations were 
less than 10 mW/cm. , except OD the surface of the radome housing of one 
system, and less than 1 •W/c•2 at distances greater than 3.5 m (11.5 ft). 151 
For •arine radars, the c01Dputed average power ~ensity for any of the six 
units that werf2~tudied was leas than 50 µW/c• at the antenna's turning­
circle radius; one of the units has an option for sector scanning, and 
the aaximal power density was about 250 µW/c• when it was operated in 
this •ode. 

Host of the information on specific-source environments produced by 
personal radio devices is based on systaas mounted on vehicles or on hand­
held walkie-talkies. Interpretation of such data is difficult, because 
moat of the aeasurements are •ade in the near-field and the fields are 
not uniform over vol\lles c01Dparable with the size of humans; i.e., the 
reported values are not equivalent to whole-body exposures. Furthermore, 
the absorption patterns for these complex near-f ielda may differ appre­
ciably fro• those produced by far-field whole-body exposures: the absorp­
tion may be higher or lower, and the sites of •aximal absorption may 
differ fro• those in the case of far-field whole-body exposure. 

So•e •eaaured values for fields in and around vehicles equipped 
with radios are presented in Table 12 in units of volts per •eter (V/•). 24 
The values range from a few volts per •eter to 475 V/m (Bronaugh et al.; 
J. W. ~~s, M. Kanda, J. Shafer, and Y. Wu, unpublished data; an(i"""n:-L. 
La.bdin ). Only electric fields have been •easured. To convert to 
power density properly, the magnetic fields would also have to be mea­
sured, because the impedance in these co•plex fields is not, in general, 
377 ohms (the free-space impedance for a plane wave). So•e authors have 
defined an "equivalent• free-field power density by assuming the imped­
ence value for free space and calculating the power density according to 
the equation 

S(W/m2) • E2(v /m)2 /377( o ) 
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TABLE 12 

Electric Field Strength In and Around Radio-Equipped Vehicles 

Field 
Frequency, Trannitter Vehicle Strength, 
MHz Power, W Type V/m Reference 

27.075 5 Sedan 2-~ 
27.610 8<>8 Sedan 21-25 

40.27 110 Sedan 10-19g 
40.27 110 Sedan 75-368 
40.27 110 Tractor-trailer 5-47~ 
41.31 100 Compact 5-106d 
41.31 100 Pickup truck 7-165 

162.475 110 Sedan 8-201 
164.45 60 Sedan 5-5~ 
164.45 60 Station wagon 5-64 
164.45 60 Van 5-95d 

8 Legal power is 5 W, assuming 80% efficiency (4 W); illegal power used 
with special authorization of the Interagency Radio Advisory Collllittee. 

bvehicle was placed on an electrically grounded plane. 

cJ. w. Admas, M. Kanda, J. Shafer, and Y. Wu, unpublished data. 

dcalculated fr01R the reported electric energy ~ensity (UE)~ g~ve! in 
the original report from the equation UE(nJ/m ) • 0.0043E (V /m ), 
where E is the electric field. 
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When used in this manner, however, "equivalent" does not necessarily 
mean equivalent heating power density. If one ignores this compli­
cation and performs the calculation, then the range of 2-475 !Im 
correspo~ds to an "equivalent" power-density range of 1 µ W/cm to 
60 mW/cm • 

Little information is available on the fields produced by hand­
held walkie-talkies. In one study, electric fields 12 cm from a 2.5-W 
hand-held unit operating at 27.12 MHz were measured to 2bf3fs much as 
205 V/m, for an "equivalent" power density of 11 mW/cm • The 
measured magnetklf~}d was O. 9 A/m, which from Equation 8 is "equiva­
lent" to 31 mW/cm • 

(8) 

Maximal fi~lds of 200 nanojoules per cubic meter (nJ/m3)--212 V/m or 
11.9 mW/cm "equivalent"--have been measured for a 1.8-W hand-held unit 
operating at 164.45 MHz; the measured exposure rapidly diminishes by a 
factor of 10 within 1 or 2 in. (2.5 or 5 cm) of the maximal-exposure site. 

It was noted earlier that the complex near-fields were not well 
characterized by power density and that predictions of thermal impact 
could not be directly extrapolated from far-field whole-body exposures. 
One study that used dielectric phantom models of human heads predicted 
temperature increases of less than o.1°c in the region of the eye for 
a 6-W, 1~8-HHz hand-held unit whose antenna was positioned 0.5 cm from 
the eye. Suc~0techniques have been extended to higher frequencies 
(Balzano et al. and Balzano, O. Gavay, and F. R. Steel, unpublished data. 

High-Power Sources. The princ;gal nonbroadcast high-power sources 
are satellite communication systems and the larger radars. 'nle satellite 
communication systems are continuous-wave sources and the radars are usually 
pulse-modulated. A study by the Electromagnetic Compatibility Analysis 
Center in 1972 for the U.S. Environmental Protection Agency identified 223 
continuous-wave sources with effective radiated power greater than 1 MW and 
375 pulsed !~Mrces with peak effective radiated power of 10 gigawatts* (GW) 
or greater. 

The main-beam powe~ densities generated by these systems can be 
greater than 10 mW/cmz.i4 ,~4 However, the environmental significance of 
specific systems depends on the power densities in locations that are 
accessible to people. High-power sources use directional antennas to 
achieve high effective radiated power. The probability of being irra­
diated by the primary beam of one of these sources is quite small, for 
three reasons: with the exception of height-finder radars, the primary 
beam is usually 3° or more above the horizon; many of these sources are 
remote and are surrounded by an exclusion area that limits access to 

*l GW • 109 W. 
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the primary beam; and, some sources are mechanically or electrically 
equipped to limit the pointing direction of antennas or to reduce or 
shut off power when occupied areas are scanned. 'nlus, the directional 
radiation distribution pattern of most high-power sources reduces the 
probability of human exposure to high-power densities. 

Persons who live or work near airports or military bases are 
exposed to sidelobe radiation from systems with stationary or slowly 
moving antennas, as well as many types of radar Jith rapidly moving 
antennas. Calculated exposures are 10-100 µ W/cm at distances of up 
to O.S mile (0.8 km) from some of these systems (N. N. Hankin, unpub­
lished data). nie motion of the antennas of acquisition radars re­
duces the time-averaged power density from these systems. For high­
power radars, a combination of mitigating factors, such as beam motion 
and antenna elevatio~ angle, makes it unlikely that power densities 
will exceed 50 µW/c:m at distances of over O.S mile, at least in loca­
tions that are accessible to people (N. N. Hankin, unpublished data). 
nie fields produced by these high-power sources have not been evaluated 
generically. Until further work is done, each high-power source must 
be evaluated individually. 

SUMMARY 

Low-power systems--e.g., microwave relay links, low-power radars, 
and mobile communication systems--contribute the least to environ-
mental radiofrequency radiation. nie general radiofrequency environ­
ment to which most persons in the United States are exposed is dominated 
by broadcast transmitters, i.e., radio and television. Approximately 99% 
of the people who live in metrop~litan areas are exposed to radiation 2 
at power densities below 1 µW/cm ; the median exposure is 0.005, µW/cm • 

Of the low-power sources, only mobile communication equipment pro­
duces densities that, at least on cursory examination, appear high. 
'nlese "equivalent" power densities, calculated on the basis of electric 
field, do not provide a sufficient basis for evaluating their impact. 
Other complicating factors include partial-body exposure and the inter­
mittent mode of operation of these devices. More work needs to be done, 
but the exploratory efforts that have been made indicate that tissue 
temperature increases should not exceed 0.1°C under conditions of normal 
operation. 

The specific-source radiof~equency environment for most broadcast 
sources is well below 100 µW/cm • nie only fields in excess of this 
occur in the immediate vicinity of a few FM antenna towers and on the 
roofs of tall buildings within a block or so of FM and TV broadcast 
antennas. With respect to other high-power sources, such as radars 
and satellite communication systems, the potential for hum.an exposure 
to obviously high power densities is small, owing to system character­
istics that include collimated beams and, in many cases, a combination 
of such other factors as remoteness, operation that precludes primary­
beam exposure, and motion of the primary beam. 
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tbese factors result in estimated t~me-averaged power densities 
for most systems that are below 50 µW/cm at distances greater than 0.5 
mile from the source. Higher power densities may occur closer to the 
source, especially if exposure to the primary beam is possible. 
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CHAPnR2 

BIOLOGIC EFFECTS RELAnD TO EXPOSURE TO RADIOFREQUENCY WAVES 

The introduction of new physical and chemical factors into the environ­
ment or an increase in the presence of existing ones dictates an analysis of 
potentially adverse biologic and ecologic effects, especially potential effects 
on the health of exposed human populations. 'nle purpose of this chapter 
is to review information pertinent to the assessment of the potential effects 
of human exposure to electromagnetic radiation in the radiofrequency range, 
particularly microwave radiation and to the extent possible radiation similar 
to that of the PAVE PAWS radar. 

It must be noted that the present state of knowledge of the effects of 
radiofrequency exposure on living systems, such as the exposure that may be 
anticipated from PAVE PAWS, is not adequate to define clearly the risks 
involved, although some general conclusions may be drawn relative to specific 
biologic end points. It should be emphasized that such limitations on the 
determination of risks of human exposure to microwave or to other radio­
frequency (RF) radiation are not limited to the PAVE PAWS radar, but pertain 
in general to all sour~es of such exposure. 

The inherent uncertainties in the evaluation of the biologic effects 
of microwave and other RF radiation are due in part to the absence of an 
adequate data base, especially with respect to the effects of chronic or 
long-term exposure to low radiation intensities. 'nle application of avail­
able data, most of which have been derived from studies of acute exposure 
of other species, to the assessment of hum.an effects is difficult because 
of, among other things, the manner in which such radiation is absorbed, 
which results in complex, wavelength-dependent, nonuniform energy distribu­
tion in the bodies of experimental animals. Recent investigations have 
revealed that microwave and other RF absorption patterns depend on the 
frequency or wavelength of the radiation and the size, shape, and orienta­
tion of the body with respect to the radiation field. It is therefore 
difficult to apply results of experimental-animal studies at a given 
radiation frequency to other species, such as man, exposed at the same 
or a different frequency. Although the consequences of nonuniform micro­
wave-energy absorption in mammalian systems are not well understood, it 
is likely that such effects are involved in some types of alterations to 
be described in this chapter. 

The effects of microwave radiation on living systems may be arbi­
trarily categorized as effects of high field intensities or low field 
intensities. High-field-intensity effects may be defined as effects 
associated with a degree of absorption of microwave energy that results 
in readily detectable increases in whole-body average temperature. Expo­
sures of laboratory animals to such field intensities have been shown to 
result in a variety of physiologic alterations; prolonged exposure to 
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such fields will lead to irreversible changes, such as cataract induction, 
and death as a result of excessive thermal stress. Low-intensity-field 
effects may be defined as effects that are not associated with detectable 
increases in whole-body average temperature. On the basis of most of the 
available data, the known or suspected low-intensity-field effects are 
reversible: conditions revert to normal soon after exposure is terminated. 
As previously noted, microwave-energy absorption depends on the physical 
and geometric characteristics of the absorber, as well as on the presence 
of reflecting surfaces in the surroundings. Consequently, it is not 
generally possible to specify .! priori whether a given microwave frequency 
and intensity will result in a low- or a high-intensity-field effect in a 
given mammalian species. However, on the basis of data derived from 
both theoretical calculations and experiments with various sp~cies exposed 
to microwave radiation, a field intensity of around 1.0 mW/cm will be used 
in this report to demarcate low- and high-intensity fields.* 

In th~ frequency range of 10-10,000 MHz, exposure to field intensities 
of 1 mW/cm will result in maximal energy absorption of approximately 1 
mW/g, which is equivalent to the quantity of heat generated by normal human 
metabolism when averaged over the total body mass in the sleeping state. 
Absorption of microwave intensities of around 1 mW/g will thus add a thermal 
load equivalent to the whole-body average basal metabolic rate. Such 
absorption may result in temperature increases in specific tissues equiva­
lent to those resulting from normal light physical activity. In view of 
such factors as the previously noted nonuniformity of body heating induced 
by microwave absorption, it is not possible to evaluate potential biologic 
effects of microwave radiation solely on the basis of comparisons with the 
heat generated by basal metab~lic processes. However, if a time-averaged 
exposure intensity of 1 mW/cm is used to differentiate high- from low-field 
intensity effects, the class of effects to be anticipated from exposure to 
PAVE PAWS radiation may be specified. '!be available theoretical and exper­
imental data relative to the field intensities anticipated in areas of 
public access in the vicinity of PAVE PAWS suggest that effects in humans 
will be restricted to the class of low-intensity effects, in~much as 
exposures apparently will be at intensities less than 1 mW/cm • 

To provide the necessary perspective for assessing the potential expo­
sure effects of PAVE PAWS radiation, the Panel has reviewed the known bio­
logic effects of microwave radiation, with particular attention to low­
field-intensity effects. '!be available data are not extensive enough to 
permit specific conclusions to be drawn, but some general conclusions 
may be arrived at on the assumption that effects will be limited to low-
f ield-intensity microwave effects. In contrast with the effects of 
exposure to low doses of ionizing radiation, exposure to low-intensity 
microwave or RF radiation has not been reported to result in detectable 
increases in the incidence of irreversible somatic or genetic effects, 
such as cancer or genetic mutation. 'Ibis statement is consistent with the 

*"Field intensities" in this report refers to time-averaged intensities, 
unless otherwise indicated. 
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known mechanisms of interaction of low-intensity microwave or RF radiation 
with biomolecules, which consist primarily of induced molecular rotations 
that are not known to be associated with irreversible molecular structural 
or conformational alterations. nie genetic and somatic effects of ioni­
zing radiation, however, are known to be a consequence of the substantially 
greater energy quanta of this type of radiation, which endow it with the 
ability to ionize or disrupt bonds in biomolecules and so lead to irreversi­
ble molecular structural alterations that are manifested in irreparable 
d•age to the organism. 

In general, therefore, the doc\llented low-field-intensity microwave 
effects are not associated with irreversible alterations or increased 
morbidity or mortality. Such effects as do occur appear to be reversible 
and have been more prominently associated, by some investigators, with 
psychologic alterations in mood or attitude; this baa led to the suggestion 
that it is principally the central nervous system that is sensitive to 
low-intensity aicrowave exposure. At present, except as noted below, 
there is no well-defined theoretical basis for the sensitivity of the cen­
tral nervous system to microwave radiation, but experimental data suggest 
that neuronal membranes may be involved. 

Reversible alterations in neural systems, which have been reported 
to occur at field intensities that do not result in significant whole­
body heating, appear to be related to the pulse modulation rate, as well 
as to the instantaneous or peak field intensity. Although specific 
effects, such as the audible perception of pulse-modulated microwave 
fields (the so called "microwave hearing" phenomenon), have been tentatively 
attributed to very rapid but slight heating of structures in the head, aost 
of the reported central-nervous-system effects have not been adequately 
characterized or theoretically explained. In the absence of knowledge of 
the basic mechanisms of such effects and of verified data on their incidence 
in humans, it is not possible to predict the exposure conditions under 
which such effects will occur, nor is it possible to assess their conse­
quences if they are, in fact, induced by exposure to low-intensity micro­
wave fields. Again, in contrast with h\llan exposures to ionizing radiation, 
where dose-response relationships for well-defined and quantifiable end 
points may be specified and relative or absolute risk determined, low-
f ield-intensity microwave effects, because of their characteristics and 
the present lack of data, cannot be evaluated by such means. 

In view of the present limitations on the ability to assess the risks 
involved in human exposure to low-intensity microwave radiation, the 
approach used here in considering the potential exposure effects related 
to PAVE PAWS is to characterize, to the greatest extent possible, the 
anticipated exposures and to contrast these exposures with those encountered 
in other situations where humans are exposed to microwave or other RF 
radiation. In characterizing exposures to PAVE PAWS radar, all the factors 
that are shown to affect incident microwave exposure intensities and ab­
sorption in humans must be taken into account to provide an indication of 
the aost probable degrees of exposure, as well as the maximal exposures 
(or "probable worst-case" situations) that could theoretically be encountered. 
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Although, as indicated above, it is not possible to translate the antici­
pated exposures into determinations of risks to humans, a review of pertinent 
biologic effects is presented here to provide some perspective for the 
future consideration of the risks and benefits of the radiation exposure 
to be encountered as a result of the operation of the PAVE PAWS radar system. 

PHYSICAL FACTORS AFFECTING MEASUREMENT OF ABSORBED RADIOFREQUENCY 
DOSE IN BIOLOGIC SYSTEMS 

STATE OF KNOWLEDGE OF ELECTROMAGNETIC ABSORBED DOSE IN MAN AND ANIMALS 

The dose of microwave or radiofrequency radiation absorbed by biologic 
material depends on such physical factors as the size and shape of the 
irradiated object and the wavelength and frequency of the radiation. 'lb.ese 
physical factors are discussed here in the context of human exposure to 
radiation of the PAVE PAWS type, and then the information is applied to 
estimation of the dose that humans might absorb as a result of exposure to 
PAVE PAWS frequencies. 

Free-Space Irradiation 

The experimental condition that has been used in most studies is free­
space irradiation of single animals. 'lb.e whole-body absorption of electro­
magnetic waves by biologic bodies depends strongly on the orientation of 
the electric 2ield relative to the longest dimension (L) of the body. 'lb.e 
highest rate5 of energy deposition occurs in !,leldA that are polarized 
parallel to the longest dimension of the body {El I L) and at such frequen­
cies that the longest dimension is approximately 0.36-0.4 times the free­
space wavelength CA ) of radiation. Peaks of whole-body absorption for 
the other two configurations--longest dimension oriented along the direction 
of propagation CKI I ~) gs along the vector of the magnetic field 1'111 t)-­
have also been reported for approximately twice the weighted average cir­
cumference of the animals. 

On the basis of prolate spheroidal and ellipsoidal equivalents of 
biologic bodies, tg~oretical calculations have recently been given in a 
dosimetry handbook for frequencies up to .!ed s_.\iaitl~beyo~th~resonant 
region for the aforementioned orientations--~! I L, Kl I L, and HI I L. Nu­
merical calculations with a realistic model 7 of man have shown a more pro­
nounced frequency dependence in the whole-body absorption at frequencies 
higher than the whole-body resonant frequency. Minor peaks in the suprare­
sonant region are ascribed to maximums of ~nergy deposition in the various 
body parts, such as the arm and the head. 5 

-a. " For the supraresonant region, the El I L orientation has been studied 
most extensiv~~· In this region, whole-body absorbed dose is experimen­
tally observed to be inversely proportional to frequency (F) for 
frequencies up to l.6res times the resonant frequency fr, where Sres is 

-45-

Copyright © National Academy of Sciences. All rights reserved.

Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE PAWS Radar System
http://www.nap.edu/catalog.php?record_id=19885

http://www.nap.edu/catalog.php?record_id=19885


the relative absorption cross section (defined as absorption cross section 
divided by physical cross section) at the resonant frequency. 

Empirical equations have been derived57 for the mass-normalized 
__2.f electromagnetic energy deposition (specific absorption rate, SAR) 
-"'! 11 1. orientation. These equations are as follows: 

Peak absorption or resonant frequency: 

For subresonant region -- 0.5 fr<f<fr: 

SAR in mW/g for 1 mW/cm2 • 0.52 t 2c:m 
incident plane waves mass in g 

For supraresonant frequency region -- fr<f<l.6 Sresf r: 

SAR in mW/g for 1 mW/cm2 • 5950 
incident plane-wave fields f MHz 

L 
mass ri: g 

where Lem is the long dimension of the body in centimeters and 

Sres • 0.48( L3 Qa )1/2 • 
mass in g 

rate 
for 

(9) 

(10) 

(11) 

(12) 

Because human subjects cannot be used for experimentation, the empirical equa­
tions have been checked by experiments with six animal species from 25-g mice 
to 2,250-g rabbits and found to be fairly accurate. For reasons not as yet 
understood, the measured SAR values for experimental animals are approximately 
59% higher than those given by Equations 10 and 11, which were derived from 
experiments with figurines. 

~ A 
For free-space El I L irradiation, SARs considerably higher than the 

whole-~Bdy average are obtained for the neck, the legs, and the elbows (Gandhi 
et al. and Gandhi and E. L. Hunt, unpublished data), with the lower torso 
receiving SARs comparable with the average and the upper torso receiving 
SARs lower than the average. The deposition rates at the locations of maxi­
mal absorption, or hot spots, may be 5-10 times the whole-body-averaged SARs 
given by Equations 10 and 11. 

Electromagnetic Absorption in Humans and Animals in the Presence of 
Nearby Ground and Reflecting Surf aces 

~17 highly conducting (e.g., metallic sheet) ground and reflecting sur­
faces ' 3 of infinite extent have been studied in attempts to determine 
absorption of electromagnetic waves in the presence of reflecting surf aces. 
For a standing-man model with feet in conductive contact with a perf e~t grRund, 
there is a drastic alteration in SAR as a function of frequency. For'"Ell L 
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orientation, the new resonant frequency is roughly half that given by Equa­
tion 9. At this lower resonant frequency, the SAR is about twice that at 
the peak absorption frequency for free-space irradiation. 

For feet in conductive contact with the ground, the highest SARs are 
observed for the ankles and legs. The deposition rates at the hot spots, 
again, are 5-10 times larger than the whole-body averaged SAR under these 
conditions. 

The nature of the ground effects on SAR (for"'EJI 1. orientation) is such 
that even a small separation, 54 ,Sb,lJ from ground (breaking the conductive 
contact) is sufficient to eliminate much of the ground effect. For separa­
tions from ground of more than about 3-4 in. (7.6-10.2 cm), the total energy 
deposition and its distribution are identical with those for free-space 
irradiation conditions. Even for a htnan model in conductive contact with a 
perfect groun~~ the energy deposition in the supraresonant region (f > 2-3 fr) 
is comparable with that for free-space irradiation. 

Other orientations and finite-conductivity ground effects on SAR have 
not been studied. 

For highly conducting ~'etallic sheet) reflecting surf aces of flat and 
90°-cor~r tipes, increases in SAR by factors as large as 27 have been observed 
for the~ll 't orientation. Most of the work done so far has concentrated on 
f requen~~es close to the resonant region. The observed increases are ex-
pl~ed on the basis of antenna theory. 81 Indeed, for incident-plane waves 
for-Ill 't orientation, most of the observed results imply that the irradiated 
target acted like a pickup half-wave dipole with reflecting surf aces close by. 

Finite-conductivity, finite-size reflecting surfaces and other orien­
tations have not been considered. Results for frequencies higher than about 
8.5 times the resonant frequency (550 MHz for man) have not been obtained, 
even for highly conducting reflectors. 

Enclosed structures, such as rooms, may act as lossy resonators with 
electromagnetic fields being coupled from the windows. If such structures 
have highly reflecting walls, field enhancements by one or two orders of 
magnitude may indeed be possible. However, because walls typically en­
countered are not very reflecting, power-density increase140 by a factor of 
more than about 5-10 may not be realistic. Further research into the reflec­
tion characteristics of these structures is needed in order to describe 
precisely the nature of field enhancement. 

Head Resonance 

Gandhi et al. have recently identified a frequency region for §h~ 
highest rate-Of-energy deposition in the head. The head resonance5 • 6• 72 
occurs at such frequencies that the head diameter is approximately one-
f ourth of the free-space wavelength. For the intact (adult) htnan head, 
the resonant frequency is estimated to be around 350-400 MHz. At head 
resonance, the absorption cross section for the head region is approximately 
3.0 times the physical cross section with a volume-average SAR that is 
about 3.3 times the SAR averag§~ Y~§r the whole body. Both values greatly 
exceed numbers reports earlier • for spherical models of the isolated 
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human head. Numerical calculations72 based on 144 cubical cells of various 
sizes to fit the shape of the ht.nan head (340 cells for the total body) 
yielded local SARs at hot spots (above the palate area and the upper part 
of the back of the neck) about 5 times the average values for the head. 

Multianimal Eff ects55 

For resonant biologic bodies close to one another, antenna theory may 
be used to predict the modification in SAR relative to free-space values. 
For two resonant targets separated by 0.65 to 0.7)., the high_!!t SAR (150% 
of the free-space value) can result for man and animals in an El I 't orienta­
tion for frontally (broadside) incident plane waves. For three animals in a 
row with an interanimal spacing of O. 65 A., the central-animal SAR would be 
roughly 2 times that for an isolated animal, and the end-animal SARs would 
be approximately 1.5 times that for an isolated animal. 

Full implications of the multibody effects on SAR are not completely 
understood, even though pilot experimental studies55 with anesthetized 
rats showed that the above-mentioned increases may also occur for sub­
resonance and supraresonance regions. Other orientations, irregular spac­
ings, and non-free-space exposure conditions have not been considered. 

Multilayer Effects 

Most of the results outlined above were obtained for homogeneous models 
of man with tissue properties averaged on the basis of 65% muscle, skin, and 
tissues with high water content and 35% fat, bone, and tissues with low water 
content. Some of these results were checked by experimentation with small 
laboratory animals. Gandhi's group (P. w. Barber, o. D. Gandhi, M. J. Hagmann, 
and 1. Chatterjee) has recently studied the effects of tissue layering on 
energy deposition in a multilayer model of the whole body of man. Their 
calculations showed that layering in h\BDans can alter the results somewhat 
for frequencies above 500 MHz, but the homogeneous model was found to be 
quite appropriate at frequencies lower than 500 MHz. 

Calculations for the Electromagnetic Absorption in Humans for PAVE PAWS 
Frequencies 

The Panel used the dosimetric information summarized above to estimate 
the electromagnetic absorption in man for PAVE PAWS frequencies. '1'hese 
calculations were based on the following assumptions: a 70-kg, 1.75-m average­
sized man; a 32.2 kg, 1.38-m, 10-yr-old child; and a 3.5-kg, 0.4...,. average­
sized inf ant. '1'he average head diameters for the man, child, and inf ant were 
taken to be 21, 12, !nd 8.7 cm, respectively. A free-space incident power 
density of O.l mW/cm was assumed in calculating the mass-normalized rates 
of electromagnetic energy dis~sition (SAR) given in this section. Table 13 
shows calculated SARs for the,.! I t orientation for the whole body and the 
head and estimates of expected deposition rates for local areas of the body 
and head. Resonant frequencies for the body and head are also described. 
Table 13A describes SARs for free-space exposure conditions, and Table 13B 
for non-free-space conditions. Table 14 summarizes the results of calculations 
of the "probable worst-case" SARs predictable under conditions of exposure to 
PAVE PAWS radiation in buildings with unscreened windows facing the antenna, 
where field power density may be increased. 
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TABLE 13 

Mass-Normalized Rates of Ener 
(Assumed Incident Power Density, 

A. Free-space irradiation;-i 11 i Orientation 

70-kg, 1.75-m adult 
man 

32.2-kg, 1.38-m 10-yr-old 
child 

) 

3.5-kg, 0.4-m 
infant 

From Equation 9, whole-body resonant or peak absorption frequency 
(fr) in MHz • 11,400/Lcm' where Lem is length in centimeters. 

fr • 82. 6 MHz 

From Equation 11, the whole-body averaged SAR • 

0.0035 mW/g at 420 MHz 

0.0033 mW/g at 450 MHz 

0.0061 mW/g at 420 MHz 

0.0057 mW/g at 450 MHz 

fr • 285 MHz 

0.016 mW/g at 420 MHz 

0.015 mW/g at 450 MHz 

Deposition rates 5-10 times higher than whole-body average SARs are expected for the 
neck, the legs, and the elbows for these irradiation conditions. 

Head resonance frequency (fh,r) :7,500/dh, where dh is average head diameter 
in centimeters 

fh,r :357 MHz 

Head•averaged SAR:72 

0.019 mW/g at 420 MHz 

0.016 mW/g at 450 MHz 

fh,r : 625 MHz 

Head-averaged SAR:55 

0.014 mW/g at 420 MHz 

0.011 mW/g at 450 MHz 

fh,r : 862 MHz 

Head-averaged SAR:55 

0.0075 mW/g at 420 MHz 

0.014 mW/g at 450 MHz 

Deposition rates about 5 times higher than head-averaged SARs may occur at hot spots 
above the palate area and the upper part of the neck. 
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TABLE 13 
(Continued) 

B. Non-free-space irradiation 

--'EllAL Orientation 

nie above values should also be applicable for conditions of electric 
contact with high-conductivity ground. 

SARs increased by factors of s-2057 may be encountered in the presence 
of highly conducting (metallic sheet) reflecting surf aces of flat and 90°­
corner types. Slllaller increases are expected for imperfectly reflecting 
surfaces. 

Even though enclosed structures, such as rooms, have not been stuf!Bd 
at length, field increases by factors of some 5-10 have been reported, 
presumably owing to reflections from walls, of electromagnetic energy 
coupled in from windows. 

Increase in SAR by a factor of no more than 2 may occur, owing to 
proximity to other human beings. 

Other Orientations 

nie SAR values for other orientations are likely to be no more than 
those for'11 I 1. orientation given above. 
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Rates of Ener 

70-lcg, 1.75-m adult 
man 

TABLE 14 

32.2-lcg, 1.38-m 10-yr-old 3.5-ltg, o.4 m 
child inf ant 

Whole-body-averaged SAR 435 MHz, corresponding to average PAVE PAWS frquency: 

1.5 x 0.0034 -
0.026 mW/g 

=0.26 mW/g 

:.1.5 x 0.0115 -
0.13 mW/g 

: 0.66 mW/g 

7.5 x 0.0059 • 0.044 mW/g 

SAR at hot spots: 

=-0.44 mW/g 

Head-averaged SAR: 

.::.7.5 x 0.012 • 0.09 mW/g 

SAR at hot spots in the 
head: 

=-o.47 mW/g 

7.5 x 0.0155 -
0.12 mW/g 

.::.7.5 x 0.0108 -
0.08 mW/g 

=0.4 mW/g 

aField increase by factor of 7.5 assumed in these calculations. Sucr48 factor 
is likely to be among highest that may be encountered in buildings. Field 
increases of this type would be fairly localized. Furthermore, metallic 
screen at windows facing antenna installation would keep most fields out. 
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The SARs calculated in Table 14, for the "probable worst case" (maximal 
SAR at a "hot spot" in the head of 0.66 mW/g) for an adult human bei~i !fJ 
be compared with the typical metabolic rates for an adult human being ' 

Whole-body averages 

Basal metabolic rate 

Light-activity metabolic rate 

Metabolic rate for slow walking 

Local values 

Brain metabolic rate 

Heart-muscle metabolic rate 

1.08 mW/g 

1.66 mW/g 

3.32 mW/g 

11 mW/g 

33 mW/g 

LOCALIZED POWER ABSORPTION DUE TO ATTACHED INSTRUMENTATION AND IMPLANTS 

When conducting objects, wires, or electrodes (such as surgical pins 
or pacemakers) are brought into contact with or implanted in biologic 
tissues exposed to electromagnetic fields, high-intensity fields may be 
induced locally where the conductors contact tissue. These fields can be 
much greater than the fields that would normally be present without the 
conductors. Although it is beyond the scope of this discussion to analyze 
quantitatively the fields induced in tissue owing to various implants 
under all exposure conditions, some examples based on simplistic analyses 
can be discussed. 

Guy et a1. 69 have demonstrated some possible situations by using 
simple first=Drder analytic determinations of the field increase that 
occurs in tissues as a result of the presence of conductors. These sim­
ple examples illustrate the increase due to wires that connect external 
instrumentation to electrodes in contact with the tissues, implanted en­
capsulated instrumentation (such as pacemakers), and implanted conductors 
(such as surgical pins and prosthetic joints). 

In all these cases, currents are induced in the conductor portions 
of the instrumentation or implants and result in field increase and in 
an increased SAR (We), which is much greater than the normal SAR (W). The 
value of We.. will in general increase with the length of the leads or the 
implant. The factor of SAR increase due to an external conductor of 
length L and radius a in contact with an exposed subject was found to be: 

(13) 
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when L is assumed to be smaller than the wavelength, £0 is the permittivity 
of free space,£ *is the complex dielectric constant of the tissue,....,, is 
the electric conauctivity of the tissue, and f is the frequency. When the 
length of the wire is appreciable, compared with the wavelength, the intens­
ification factor would be even greater than that for short leads. For 
muscle tissue and an exposure frequency of 450 MHz, IE~•I is equal to 78, 
and the electric conductivity of'"' is 1.43 S/m. Inserting these values in 
Equation 13, we obtain 

~ .. 1. 36 [ 1 2L ] CL) w n( ~ -2 4 
W a-n". a 

(14) 

With L/a • 10, We/W • 1.67 x 103 ; with L/a • 100, We/W • 4.43 x 106• !bus, 
the presence of the wire results in large SAR intensification at the point 
of contact. 'lbe SAR increase due to metallic implants in tissues may be 
illustrated by considering the conducting prolate spheroid with major 
axis L and minor axis 2a imbedded in tissue in &ge presence of an electric 
field. 'lbe enhancement factor discussed by Guy is: 

(15) 

where 

(16) 

For a spherical implant where L/2a approaches unity, the factor is 9. When 
the ratio3is 5, the factor is 321; when the ratio is 10, the iactor is 
2.43 x 10 ; and when the ratio is 100, the factor is 5.4 x 10 • With in­
creasing ellipticity, the SAR increases substantially, but the volume of 
tissue affected is small, because the intensification region extends to 
a distance of about the radius of the conductor. 

For an implanted insulated wire, with conductor radius a, insula­
tion radius b, insulation dielectric constant £J , and the end of the con­
ductor in direct contact with the tissue. thP ~~hancement factor may be 
expressed as 

• 
(17) 

... - ...... I .... 
For a frequency of 450 MHz witheJ • 2. 25 and b/ a • 2, the enhancement 
factor given above may be expressed in terms of the ratio of wire length 
of radius: 

(18) 
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When L/a • 5, the factor is 2; whe~ L/a • 10, the factor is 3.2; and when 
L/a • 100, the factor is 3.23 x 10 • !bis indicates that substantial 
field increases can occur even for the implanted insulated conductors. 
However, such increases probably result in highly localized transient heat­
ing in the immediate vicinity of conductive implants in tissue exposr1 to 
microwave fields with t:iJDe-averaged intensities greater than 1 µW/cm • 

CARDIAC-PACEMAKER INTERFERENCE 

Mitchell 112 reported an extensive study on the interference of cardiac 
pacemakers from radar-like pulses, including those operating at frequencies 
of 450 MHz. The study indicated that field intensities of radar-like 
pulses above some threshold can disrupt normal pacemaker function and create 
a potential hazard for the user; that the pacemakers tested were most sus­
ceptible to interference at frequencies of 500-1,000 MHz, with the inter­
ference threshold inversely proportional to pulse width; that fields with 
a pulse-recurrence rate of 1-10 pulses/a and a peak above the pacemaker's 
interference threshold would stop the operation of a pacemaker; and that 
when the effective pulse-recurrence rate was greater than some inherent 
value (which depended on the particular device), the pacemaker would revert 
to an interference-rejection mode by operating at a fixed rate. It was 
noted in the report that operation of a pacemaker at a fixed rate is 
generally judged nonhazardous, whereas inhibition of the output of the de­
vice is judged hazardous. 

Pacemakers were tested with the Association for the Advancement of 
Medical Instrumentation technique of simulating implantation by placing 
the pacemaker in an 80-cm x 40-cm x 20-cm container made of 5-c.-thick 
plastic foam and filled with 0.03 m saline solution. 'lbe pacemaker and 
leads are placed so that there is 1 cm of solution between the pacemaker 
and the wall of the container. 'lbe implanted pacemaker was exposed under 
controlled laboratory conditions to circularly polarized 450-MHz fields 
with electric-field strengths up to 292 V/m. 'lbe pulse widths and 
pulse-repetition rates were varied between 1 µs and 1 ms and between 2 
and 40 pulses/s, respective~y. Table 15 summarizes the results of Mitchell's 
report pertaining to 450 MHz inference. 

An adverse effect is defined when the pacemaker rate falls below 50 
beats/min (bpm) or exceeds 125 bpm as a direct result of electromagnetic 
interference. The data in the table illustrate the wide range of sus­
ceptibility to electromagnetic interference from 8 V/m to over 300 V/m of 
the 23 pacemaker models tested. Results show a dramatic improvement of 
new models, such as the American Optical 281143 over the older models 
AO 281003 and 281013 and the Starr Edwards new model 8116 over the older 
model 8114. 'lbe report indicated that, with design :iJDprovements in the 
newer models, the interference problem should be eliminated. However, 
older, maximally susceptible pacemakers may be affected by exposure to 
PAVE PAWS radiation fields, especially near the exclusion area, where in­
stantaneous field strengths in excess of 10 V/m may be encountered. 'lbe 
scanning mode of the radar beam would, however, be expected to induce 
only transient pacemaker interference, rather than a complete cessation 
of operation or a continual increase in rate exceeding 125 bpm. 
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I 
Vt 
Vt 
I 

TABLE 15 

Summary of Adverse-Effect Thresholds for Cardiac-Pacemaker Electromagnetic Interference 
'simulated-Implant Condition Frequency, 450 MHz; Pulse Width, 1 ms'= 

V/m (bpm) 
Pacemaker Manufacturer Pulse Re2etition Rate in 22s: 
and Model NUDlber 2 10 2~ lJo 

American Optical 281003 13(0) - 15(0) 243 (O) 
American Optical 281013 26(0) - 26(0) 
American Optical 281143 )300 - - )300 

Biotronik IDP44 141(0) )300 )300 )300 

Cordis Atricor 133C7 )300 )300 -- 141(172) 
Cordis Omni-Atricor 164A )300 )300 -- )300 
Cordis Stanicor 143E7 15(0) 15 (O) 243(0) )300 
Cordis Omni Stanicor 162C 8(0) 9 (O) -- )300 

General Electric A2072D 29(0) 207(125) 
General Electric A2075A 23(0) 141(125) 

Medcor 3-80A 29(0) 141 (O) 141(0) 141 (0) 

Medtronic 5842 15(0) - 15(0) 15 (O) 
Medtronic 5942 12(0) - 12(0) 12 (O) 
Medtronic 5943 23(0) - 19(0) )300 
Medtronic 5944 26(0) 26 (0) )300 )300 
Medtronic 5950 )300 -- -- )300 
Medtronic 5951 )300 - - )300 
Medtronic 9000 10(0) 10 (0) 10(0) )300 

Pacesetter BD-101 )300 - -- )300 

Starr Edwards 8114 23(0) - )300 
Starr Edwards 8116 )300 )300 - )300 

Stimtech 3821 107(0) 114 (0) )300 

Vitatron MIP-40-RT 93(0) 107 (0) 243(0) 243 (0) 

8 Data from Mitchell.112 Adverse-effect threshold is assigned when pacemaker rate falls 
between 50 beats per minute (bpm) or exceeds 125 bpm as a direct result of electromag-
netic interference. 
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BIOLOGIC EFFECTS 

EFFECTS ON CENTRAL NERVOUS SYSTEM AND OTHER NERVOUS TISSUE 

Stimuli to the nervous system may be evaluated on the basis of their 
behavioral effects or the concurrent physiologic or biochemical changes 
induced in the brain or other nervous tissue. In some instances, there 
may be alterations in tissue ultrastructure, discernible microscopically. 

Effects of low-level, nonionizing electromagnetic fields on nervous 
tissue are related in part to RF carrier-wave frequencies and to patterns 
of amplitude modulation. Brain tissue may be sensitive to imposed fields 
only within narrow ranges of incident energy. 

Electroencephalographic Alterations 

Both acute and chronic exposures to microwave fields have been re­
ported to change EEG Pf§terns in htnans and animal.a. According to 
Bara,ski and Edelwejn, technicians repeatedly exposed to presumed high­
level fields in radar-repair shops may eventually exhibit flat EEG 
records associated with subjective complaints of headaches and copious 
sweating, but no precise data on field characteristics are available. 

In animal studies, Bara~ski and Edelwejn13 noted high-amplitude 
"desynchronized" records in rabbits after 3-4 months of exposure for 2 2 
hr a day to fields of 2,950 MHz, average power of fields with 5.0 mW/cm 
and 1.0-µs pulses at 1,200 pulses/sunder far-field conditions in an 
anechoic ch .. ber. 

Major changes in rabbit EEG patterns have al.so been reported by U.S. 
investigators after 4-6 weeks of exposure to radiofrequy~~Y fields at 
much lower frequencies (3-5 MHz) with 14-Hz modulation. Two opposing 
effects were noted. With fields at 90-150 V/m, there was increased 
activity at higher EEG frequencies (10-15 Hz). Fields at 500 V/m increased 
the effects of lower frequencies (4-5 Hz)~ and the increased low-frequency 
activity was associated with suppression of high-frequency activity. It 
is unlikely that these effects are attributable to thermal changes in 
brain tissue. Facilitation of microwave-induced desyni~rgyization by 
small aaounts of pentobarbital has al.so been reported. ' 

Brain sensitivities have been studied at a carrier frequency of 450 
MHz, with sinusoidal amplitude-modulation frequencies of 5-30 Hz, which 
are modulation components used in long-range radar systems. Findings in 
laboratory studies with similar RF and modulation characteristics may 
disclose bioeffects likely to occur near long-range radar transmitters 
with appropriately scaled field intensities. 

~nsitivity of the EEG modulation frequencies on a low-ley§l (0.8-
mW/cm ) VHF (147-MHz) carrier was demonstrated by Bawin et al. in 
cats; imposition of this field increases occurrence of a"""brief burst of 
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EEG waves in particular brain structures, when the modulation and EEG 
wave-burst frequencies are similar. 'Ibis EEG burst can be trained as 
a conditioned behavioral response to an environmental light or sound 
stimulus. 'lbe rate of correct responding is then substantially increased, 
and extinction of the response is delayed for many days in the presence 
of the RF field. After 20 min of exposure to 450-MHz fields, with a 
l.O-mW/cm2 aa.plitude modulated at 16 Hz, neonate chicks have sharply 
higher EEG pyger spectral density at frequencies from 14 to 252Hz for 
2 h or more. Chronic exposure of rats to 3.0-GHz, 5.0-mW/cm fields with 
500 p~les/s is followed by a persistent 500-Hz component in the EEG spec­
trum. 

These studies support the concept that microwave fields modulated 
at EEG frequencies may actually entrain neuroelectric activity of brain 
structures that generate intrinsic electric rhythms at the same or closely 
related frequencies. Microwave fields modulated at much higher frequencies, 
typically at radar pulse-repetition frequency (PRF) rates between 300 
and 1,500 pulses/a, may also modify EEG activity and produce efff§ts not 
seen with continuous-wave (CW) fields of the same average power. Fields 
pulsed in the audible range (2850 M~; 2.7 Ps; repetition frequency, 357 
Hz; average power density, 30 mW/cm ) diminished sensitivity to audiogf!!c 
seizures in rats exposed for 4 h a day for the first 10 weeks of life. 

A distinction should be drawn between microwave fields that appear to 
influence brain-tissue excitability directly and fields that are sufficiently 
intense to indy5§ thermal stress. 'lbe latter may be associated with endo-
crine changes, and EEG patterns may then shift as an element in the stress 
response. 'lbis distinction is clearly justified for frequency-specific 
low-frequency modulations cited above. 'lbose fields raise the isolated 
brain temperature by le•• than o.1•c, and brain-tissue dosimetr! !Bows 
gradients of 100 mV/cm for incident 450-MHz fields of 1.0 mW/cm • Indeed, 
EEG entrainment has been reported for 7-Hz extremely low-frequ!,CY (E~J> 
fields, which produce far weaker tissue gradients of around 10 V/cm 
Comparison and neuronal firing thresholds of single invertebrate ganglion 
cells (Aplysia californica) in microwave fields and during warming indi­
cate that both alter firing rates with shifts around o.1•c, although 
qualitatively different responses may occur in the same cell1J!tt5~ompara­
ble small temperature increments induced by the two stimuli. ' 

Absorbed radiation doses in brain tissue of small mammals may be modi­
fied in a complex way by resonances attributable to whole-body geometry 
as a function of the wavelength of the incident field. 'lbe cranial 
cavity itself m~ be resonant, with sharply higher absorption of 2,450 MHz 
for the monkey. For the larger head of man, this resonance occ~~· 
between 350 and 400 MHz, and for a child, between 600 and 850 MHz --a 
factor to be considered in establishing safety guidelines near radar trans­
mitters operating in this frequency range. 
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Microwave Eff ecta on Blood-Brain Barrier 

The passage of ions and molecules from cerebral blood vessels to 
the environment of brain cells is normally restricted or prevented by 
barriers associated with the blood vessels themselves. A continuous 
layer of endothelial cells line cerebral capillaries. Electron 
microscopy shows so-called "tight junctions" joining these cells, which 
appear to lack pinocytotic vesicles that provide a mechanism for trans- 119 
membrane transport of molecules into the interior of other cells. Oscar 
has described microwave-induced changes in brain uptake and distribution 
of blood-carried proteins, electrolytes, and large water-soluble non­
electrolyte molecules in rats, Chinese hamsters, and rabbits. 

Oscar and Hawkins noted an apparent increase in permeability of the 
blood-brain barrier arising from b~th pulsed and CW microwaves at power 
levels considerably below 10 mW/cm , with evidence of increased effecff9 
of pula§d over CW fields at18r.afbftr average power. Studies by Oscar, 
Albert, and Merritt et al. ' have shown increases in blood-brain 
exchange of horseradish peroxidase, sodium fluoreacein, radiolabeled 
saccharides, and labeled dibasic phosphate in rats, Chinese hamsters, 
and rabbits. These substances were scattered in random parts of the 
brains and showed no consistent pattern of localization of any functional 
region, at least for substances with molecular weights of 40,000 or leas. 
Fields in these atud~ea ranged from 918 to 2,480 MHz at incident ener­
gies of 0.5-10 mW/cm3• A thermal basis of these effects has not been 
clearly established. 

Oacar119 pointed out that these alterations in the blood-brain 
barrier may be reversible. 'Dlia may indicate changes in tight-junction 
integrity or pinocytotic transport, rather than cell-membrane destruc­
tion. 'Die.observed changes in barrier permeability may also bf2~elated 
to altered cerebral circulation induced by neural stimulation. It 
is known that the barrier may be reversibly opened by convulsive epi­
sodes, concussion, hypercapnia, acute hypertension, and ionizing radia­
t~~ 

Ef f ecta of Neurotransmitters in Nervous Tissue 

Brain neurotransmitters now include a much broader range of substances 
than was suggested by initial experiments with cholinergic and adrenergic 
agents three decades ago. Known or suspected brain neurotransmitters now 
include amines (serotonin, dopamine, and norepinephrine), amino acids 
(gamma-aminobutyric acid, glutamic acid, and taurine), and a variety of 
peptides believed to exercise neurohormonal influences at neuronal-membrane 
receptor sites, apart from any direct influence that they may exercise as 
transmitters released at synaptic junctiona--including peptide hormone 
molecules and fragments of these molecules. Both western and eastern European 
studies have.therefore focused on possible effects of chronic exposure to 
low-intensity microwaves on responses to neurotropic drugs that have effects 
on apecif ic classes of transmitter substances. 
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Bara1iski and Edelwejn14 tested rabbits previously exposed c~ronically 
to 3.~Hz pulsed microwave fields at a power density of 7 mW/cm (total 
irradiation, 200 at 3 h/day). 'lbe authors described this exposure as "sub­
thermal." 'lbe irradiated animals showed a rapid, desynchronized EEG 
pattern, which may be attributable to chronic activation of the midbrain 
reticular formation. Chlorpromazine (at 4 mg/kg) produced a regular rhy­
thmic EEG wave pattern that was consistent with the known action of chlor­
promazine in reducing midbrain reticular activity by adrenergic blocking. 
However, the convulsant hydrazine drug pentylenetetrazole, known to act on 
the thalamic part of the reticular formation and motor cortex, produced 
greater f~fects in irradiated animals than in controls. Bara'liski and 
Edelwejn compared the effects of 2,950-~ CW fields and pulsed fields 
(1,200 Hz with 1- µs pulses) at 5-7 mW/cm on phosphorus-32 incorporation 
into brain lipid and nucleic acid fractions. Turnover indexes were lower 
for irradiated than control animals, and greater for pulsed than CW fields 
at the same mean power density and carrier frequency. 

Brain concentrations of norepinephrine, dopamine, serotonin, and 5-
bydroxyindoleacetic acid were sharply redu~ed in animals rendered hyper­
thermic with lb9-GHz radiation at 80 mW/cm , with focal absorption in the 
hypothalamus; but the possible susceptibility of brain neurotransaitter 
release to much we~er microwave fields was not addressed in these studies. 
Fields of 10 m W/cm caused marked slowing of serotonin turnover and a 
decrease in the firing rate of individual serotonin-dependent neurons.141 
It has been suggested that, inasmuch as these neurons are known to partici­
pate in the regulation of sleep and wakefulness, as well as in body-tempera­
ture regulation, these findings may account for the behavioral and functional 
effects of lg~intensity microwaves reported by Soviet and eastern European 
researchers. For the rabbit, a dose-dependent decrease in duration of 
pentobarbital-induced sleep followed exposure to 1.7- and 2.45-GHz 
microwave radiation at intensities of 5-50 mW/cm2; this sug~ysts thermal 
stress as a possible, but by no means exclusive, mechanism. 

'lbere is little direct evidence of modi~~cation of cholinergic trans­
mission in brain tissue by microwave fields. But Soviet workers reported 
that blood concentrations of cholinesterase were sharply reduced in rabbits 
exposed chronically to 50-MHz, 2.5-GHz, and 10-GHz fields. Pulse rates 
of the microwave fields were eith~r 20 or 1,000 pulses/a, and field intensi­
ties ranged from 0.5 to 10 µW/cm. 2Cholinesterase activity dropped by 
almost half during 50-MHz, 10 µW/cm exposures 90-120 days after the 
beginning of exposure. A reduction ~f 25% occurred in similai3ex:posures 
to the microwave fields at 10 µW/cm • Gordon and colleag~es corrobor­
ated these findings, at least for fields down to 1.0 mW/cm • Gordon 
pointed out that the biochemical technique measures "nonspecific" serum 
cholinesterase and that changes in tissue activity of this enzyme after 
whole-body irradiation result not from a direct action on molecular struc­
tures, but from changes in tissue enzyme concentration attributable to 
disturbances in neurohormonal regulation of metabolic processes. 
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Western workers have now conf irmed1a5portant aspects of these findings 
of Soviet !nvestigators. Lovely et al. found that rats exposed to 
500 PW/cm , 2,450-MHz CW fields 7"""h7day for 3 months showed initial de­
creases in blood cholinesterase, and then a return to control values. 'lbe 
isolated rat heart was slowed (bradycardia) by 960-MHz CW fields at a speci­
fic adsorption rate of 1.5 W/kg (incident energy of approximately 1.5 mW/cra2). 
When parasympathetic and sympathetic nerves were simultaneously blocked by 
atropine and propranolol, respectively, irradiation was without effect. 
Atropine plus irradiation caused cardiac acceleratf~ft (tachycardia), whereas 
propranolol plus irradiation produced bradycardia. 'lbe authors concluded 
that effects of these weak fields may indicate a microwave-neuron or 
microwave-synapse interaction by a mechanism other than generalized heating 
of tissues. 

Alteration in Cation Fluxes or Binding 

Excitatory processes in nerve fibers with production of a nerve ia­
pulse involves a transient loss of membrane potential. In the resting 
state, this potential is about 70 mV. The interior of the fiber is nega­
tive with respect to its surroundings--a condition accounted for by high 
internal potassium and low internal sodium concentrations. A sudden 
massive inward sodium current and a slower, later outward potassium 
current provide a reasonable model of the fiber action potential. Calcium 
is essential for the stability of the membrane potential. It is present in 
high concentration (2.4 mM) in cerebral extracellular fluid. By contrast, 
general cytoplasmic contents are kept low (O.l µM) by active transport into 
organelles or back into the membrane. For nerve fibers, calcium ions 
have been described as a "plug in the bath" with respect of their ability 
to limit and regulate movement of monovalent sodium and potassium cations 
through transmembrane channels. 

For nerve cells, in contrast with nerve fibers, actions of calcium 
ions on membrane functions are known to be vastly more complex. Cere-
bral neurons have dendritic branches typically spreading far away from 
the body of the cell. Membranes of dendrites and cell bodies participate 
in the sensing of immunologic, hormonal, and neurotransmitter stimuli. 
Dendrites may also sense small electrochemical gradients in their immediate 
envirotlllent. Sensing of these weak cell-surf ace events and their trans­
ductive coupling to the interior of the cell appear to depend on calcium 
at every stage. As to the structural substrate, available evidence 
supports a "fluid mosaic" in which proteinaceous particles intrude within 
a fluid lipid bilayer. 'lbese particles have stranded terminals extruded 
onto the membrane surf ace, terminating in anionic amino sugars (sialic 
acids). The membrane surface thus forms a polyanionic sheet with a strong 
affinity for cations, particularly calci\D and hydrogen. Structural 
continuity of the protein particle from the exterior to the interior 
of the membrane provides a communication pathway, which may undergo 
conf of!ational changes associated with the binding or release of calcium 
ions. 
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Calcium binding in cerebral tissue has been found extremely sensitive 
to some weak vhf (147-MHz) and microwave (450-MHz) fields. With an in­
cident energy of 0.8 mW/cm2, 147-+tHz fields with s!~us~;dal amplitude­
modulation frequencies from 0.5 to 35 Hz increase Ca efflux from 
freshly isolated chick cerebral hemispheres by about 15% for modulation 
frequencies of around 16 Hz. Increased effluxes were noted over the 
band of modulation frequencies from 6 to 20 Hz. Unmodulated carrier waves 
and modulation frequencies above and below this band were without effect. 
'lbese findings have1beeu confirmed in all essential aspects by two 2 
independent groups. 9 ,zJ Similar experiments with a 450-MHz, 1.0-.W/cm 
field, amplitude modulat~f at 16 Hz, also caused an increase in calcium 
efflux of more than 10%. 

Studies by Bawin et al.19•21 and Blackman et a1. 23 cited above have 
shown that, in additio~tO-a modulation-frequency "window," there is an 
intensity window within which these modifications in calcillD binding 
occur. !¥creased calcillD efflux was maximal for field intensities around 
1.0 mW/cm in the studies at 147 MHz by Blackman et al. and at 450 MHz 
in the studies by Bawin ~al. Bawin et al. definedan effective window 
between 0.1 and 1.0 mW/cm • 'Ibis corresponds to an electric-field 
gradient between 17 and 55 V/m. 

Theoretical Models of Microwave Interactions with Tissue 

'lbe window character of brain-tissue sensitivity in both frequency 
and intensity domains strongly suggest that these interactions arise 
in nonequilibrium processes characterized by resonant interacfi~nf 7o{ 7 
macromolecular fixed-charge sites over long atomic distances. ' ' ' 1 
'lbeoretical and experimental models of these processes currently under 
review include the following: 

• Thermal-phase transitions with quantum amplification as a 
resonant phenomenon i~4electric-charge dipoles on surface proteins at 
very low frequencies. 

• "Pumping" of charge sites on proteins by microwave radiation to 
produce long-range interactions; oscillations at very low frequencies 
would occur on the basis of limit-cycle phenomena. 4~, 5o 

• Limit-cycle interactions in surface proteins. 88 

• Tunneling, which may oc~ur yith protein carriers in the length 
of membrane-surface proteins.l,IH,l 1 

BEHAVIORAL AND SENSORY EFFECTS 

Very small changes in behavioral characteristics are often the most 
sensitive indicators of an organism's response to exposure to microwave 
or radiofrequency electromagnetic radiation. However, these measures, 
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as reported in the literature, have provided little insight on the ques­
tion of the possible hazards of such exposure, because the distinction 
between "effect" and "hazard," although critical, may be derived differ­
ently by different observers. For example, eastern European scientists 
more readily equate "effect" with "hazard" than do western scientists. 
The difficulty of isolating and measuring a behavioral effect of low­
intensity electromagnetic fields separately from behavioral effects of 
other, concurrent envirorunental exposures also complicates the process 
of interpreting data related to behavioral effects. 

In the following discussion, confirmed reports of behavioral effects 
of microwave irradiation are reviewed from the perspective of thresholds 
(the point at which effects are first measurable). 

Perception 

Dose-rate thresholds of the albino rat's perception of 60-Hz sinu­
soidally modulated microwaves at 2,450 MHz in a multipath field, as 
measured by conditional suppression, were 5~und to range from 0.6 to 1 
mW/g during 60-s excitations of the field. The associated minimal 
energy dose (0.6 mW/g x 60 s) is less than 36 mJ/g, because detection of 
the field occurred well before the 1-min periods of excitation were termi­
nated. The estimated energy-flux densities of an incident 2,450-MHz 
plane wave that would2result in an energy-absorption rate of 1 mW/g lie 
between 2 and 6 mW/cm and would depend on the animal's absorptive 
cross-sectional area a~1 its orientation with respect to E and R vectors 
of the incident field. 

Perceptual thresholds for short-dura~toi pulsed microwave fields have 
not been reported, although early reports • 1 revealed that human being! 
can readily hear a train of pulses at peak flux densities near 100 mW/cm 
and averaged densities near 50 µ W/cm2• The RF-hearing effect is believed 
to result from thermoelastic expansion; i.e., a microwave pulse that 
rapidly (rise time in microseconds) deposits less than 10 µ J of energy _~n 
the head, which would result in a change in temperature of less than 10 K, 
can produce an !~al§i§ 5wfi8 that is within the range of acoustic sensitivity 
of the cochlea. ' ' ' The asso§fated average flux density for a 
threshold2response to a single pulse, if averaged over 1 s, would be near 
10 llW/cm • 

Work Stoppage 

When microwave irradiation (900 or 2,450 MHz, CW or sinusoidally modu­
lated at 60 Hz) is administered continuously while a hungry albino rat is 
working at a lever-pressing task for a reward of food, cessation of work 
under standarg4ev~ironmental conditions typically occurs at a dose rate 2 
of 7-10 mW/g. • Corresponding flux densities would be around 10 mW/cm 
in a plane-wave 900-MRz field (ne~r the adult rat's resonant frequency) 
and would approximate 25-50 mW/cm in a 2,450-MRz field. !be energy-dose 
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threshold of work stoppage lies between 8 and 10 J/g, at least for CW and 
sinusoidally modulated microwaves. Work-stoppage thresholds pulsed radia­
tion have not been reported. 

Aversion 

Several studies have been performed on mice and rats; 26 , 4B,ll4 although 
there is excellent agreement that microwave radiation at high flux densities 
produces easily recognizable behavioral and physiologic signs (e.g., hyper­
activity followed by torpor, urination, defecation, spreading of saliva on 
pelt, and "spread-eagle" posturing), there is reason to doubt that these 
animals can learn to escape from CW or sinusoidally modulated fields that 
range from barely perceRfiible to lethal in intensity. Escape of sorts does 
occur in pulsed fields, but the behavior of the albi~o rat near a thres­
hold of averaged flux density approximating 800 µ W/cm is not permanent 
withdrawal, but a shift of preference in which the animal with a choice spends 
more time away from the field than in it. But frequent reentry by the animal 
into the field does occur. Experimental animals appear to find the field 
"slightly noxious " but will reenter it from time to time. Aversive action 
has been reported~6 to depend on the fact that thermal receptors in biologic 
tissue continue to sense heat even after exposure to radiation ceases. 

Conwlsion 

The grand mal seizure occasioned by radiation-induced hyperthermia may 
be considered the fin~~ behavioral indicant consistent with probable survi-
val of the organism. 1 For frequencies ~etween 915 Bgd ~ 880 MHz, for per-
iods of exposure that extend from 0.5 ms6 to 15 min, ,l 3 and for pulsed, 
sinusoidally modulated and CW fields, both plane-wave and multipath, the 
energy-dose thresholds of convulsion in the albino rat range from 25 to 
28 J/g. The corresponding thresholds of flux density vary by orders of magni­
tude, inasmuch as the convulsion, at least for periods shorter than 20 min, 
is the result of a time-intensity product. 

As indicated earlier, some of the data from behav~oral studies in 
which fields (average flux density, less than 10 mW/cm ) have been used 
do indicate effects that are not necessarily construed as deleterious in 
the absence of correlative data on irrevf68ible functional or structural 
impairment. One recently reported study that does exemplify the inte-
grative approach involved intermittent exposure (7 h/day) of rats to plan~­
wave 2,450-MHz CW microwaves for 3 months at a flux density of 500 µ W/cm • 
'lbe animals were observed during or after the 3-,nonth period for activity, 
for acquisition of an avoidance habit, and for sensitivity to electric 
shock to the feet. Reliable differences were observed in these behaviiral 
end points that correlated well with changes in serum electrolytes (Na , K,+ 
carbon dioxide content, and ion gap). The changes observed in irradiated 
animals subsided within a month after cessation of exposures; t~is could 
be taken as evidence of reversible influence by the 500- µ W/cm field. 
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NEUROENDOCRINOLOGIC EFFECTS 

The hypothalamus can be regarded variously as a collection of homeo­
stats, as the "head ganglion" of the autonomic nervous system, and as the 
primary source of nervous-system input into the endocrines. It is largely 
in its last-named role that studies of the endocrinologic response to 
microwave radiation have been performed. The hypothalamus is a continuous 
sensor of influences especially from thalamic and cortical structures and 
from fibers of both spinal and extraspinal origin. Blood vessels carry a 
constant stream of chemical messages from the hypothalamus to the endo­
crines about external and internal factors that affect the body's function. 
The hypothalamus is thus a master regulator. Endocrinologic changes ob­
served in the intact organism during or after exposure to microwaves must 
be understood in this context. 

The "general adaptation syndrome" of Hans Selye provides a convenient 
framework within which to understand the neuroendocrinologic responses 
to stress. Intense, sustained microwave irradiation shares with other 
sources of prolonged stress the evocation of an alarm reaction, develoiy5yt133 
of resistance, and if intense exposure continues, exhaustion and death, ' 
presumably from thermal stress. 

At least three systems involving the hypothalamus with the endocrines 
are implicated in the response to stress: the hypothalamic~pituitary­
adrenocortical (HPC) system, the hypothalamic-pituitary-thyroidal (HPT) 
system, and the sympathoadrenomedullary (SAM) system. The hypothalamus is 
also believed to regulate growth hormone. 115 

Most of the research performed on the neuroendocrines has involved 
short-term exposures of 2the albino rat to moderate- or high-intensity 
irradiation (l-60 mW/cm , typically for less than 2 h at 2,450-MHz CW 
in the far field). Stimulation of the HPT system resulting in an increase 
in thyroxine content occurs at B~wer densities that result in measurable 
increases in body temperature.1 Stimulftion of the HPC system has been 
reported after irradiation at 50-60 mW/cm for various periods in which 
colon temperatures are increased by l-3°C, but the response is "equivocal" 
at power densities between 30 and 40 mW/cm2• The primary indicant of 
HPC-system activation is increased serum titer of corticosterone (CS). 
More recent studies have confirmed that CS titer is strongly and positively 
related to increased body2temperature, which in turn is strongly conditioned 
by intensity (20-40 mW/cm ) of t~§ f8iident field, at least during relatively 
short exposures (less than 2 h). ' When, however, rats were expoted 
once for 8 h to a field at 20 mW/cm2, serum CS content was decreased. 101 
Because the CS content is an index of the severity of stress, as well as of 
the progression of the general adaptation syndrome, one might interpret 
these data as evidence that irradiation at 20 mW/cm2 does provoke the alarm 
reaction, but that the stage of resistance develops quickly. Alternatively, 
the decline in CS titer below control values might be evidence of incipient 
entry into the stage of exhfy~tion. That the latter interpretation is unlikely 
is inferred from other data on rats that were exposed for 10 h~day for 
3 weeks to 918-MHz multipath radiation that approximated 10 mW/cm • Basal 
serum CS content did not differ between irradiated and sham-irradiated rats 
at the conclusion of irradiation treatments. 
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In ~ther studies109 of rats exposed once to 2,450-MHz plane waves at 
36 mW/cm for 90-150 min, growth hormone (GH) was decreased. Whether GH 
decrease is an acute response or a prolonged sequela of microwave expo­
sure is an unanswered questiy84 but one of considerable interest, in the 
light of conflicting reports that decreased or even increased body 
mass is a consequence of acute or chronic in utero exposure to microwaves. 

The lowest power density at which endocrinolo~ic changes have 
been reported in the eastern literature is 1 mW/cm ; serum thyroxine was 
transiently increased in irradiated, but no5 in sham-irradiated, rats after 
a 4-h treatment with 2,450-MHz microwaves.1 1 

In none of the studies cited were irreversible changes observed, but 
the dearth of endocrinologic assays of animals that undergo truly long­
term exposures to microwaves or other RF radiation precludes asse~sment of 
chronic effects of fields of low power den~ity (less than 1 mW/cm ) or 
moderate power density (less than 10 mW/cm ). 

IMMUNOLOGIC EFFECTS 

Immunologic and hewttologic responses to exposure to microwaves have 
recently been reviewed. This section summarizes that review. 

Extensive research on the effects of microwave radiation on the 
mammalian hematopoietic system and its constituents has been carried 
out, particularly by Eastern ¥~fopef~7 1nvestigators. Kicovskaja (1964, 
cited in Baranski and Czerski P• ) irradiated rats for 1 h/day 
for 216 d!ys with 10-cm microwaves at power densities of 10, 40, and 
100 mW/cm • Evidence of lymphocytosis, of lymphopenia, and of a slight 
decrease in the number of red blo~d cells was found at 3~ower densities 
equal to or greater than 40 mW/cm. Deichmann et al., in contrast, 
reported evidence of neutrophilia, lymphopenia,"""8ncr-increased numbers 
of red blood cells in rats after single and repeated exposures (for 
10 mi~ to 7.5 h)) to 1.25-cm microwaves at power densities of 10-24 
mW/cm • 

Baranski11 exposed large numbers of guinea p~gs and rabbits to · 
10-cm radiation at power densities of 3.5-7 mW/cm for 3 h/day. Overall 
durations of the intermittent exposures ranged from 2 weeks to 4 months, 
and both continuous and pulsed waves were used. After 2-3 months, the 
exposures resulted in leukocytosis due entirely to increased numbers of 
lymphocytes; there was no effect on the number of granulocytes. Bone­
marrow examination revealed no significant changes in the myeloid:erythroid 
ratios, but there was a marked decrease in both pronormoblastic and baso­
philic normoblastic populations of cells and a shift to more mature forms. 
The mitotic index of the erythrocyte series of cells, determined after 
administration of colchicine, was severely decreased in microwave-exposed 
animals. Pronounced mitotic changes were also noted in the nuclei of 
normoblasts, but no such effects were seen in precursors of granulocytes. 
Examination of lymph-node and spleen-impression smears revealed a marked 

-65-

Copyright © National Academy of Sciences. All rights reserved.

Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE PAWS Radar System
http://www.nap.edu/catalog.php?record_id=19885

http://www.nap.edu/catalog.php?record_id=19885


increase in lymphoblasts and in reticular cells, and abnormalities of 
nuclear structure were observed that were similar to those observed in 
normoblasts. After termination of the irradiation, the blood character­
istics gradually returned to normal. The data in Baranski's report 
appear to indicate a stimulation of the lymphoid system, the response 
being much more pronounced to pulsed than to CW radiation. 

Miro et al. 111 expo~ed mice for 150 h to pulsed, 10-cm micro­
waves at nearly 20 mW/cm ; the authors reported an apparent stimulatory 
effect of irradiation on the reticulohistiocytic system. They made 
t~§ir determinations by histologic analyses and by observing uptake of 
[ S]methionine into proteins of liver, spleen, and thymus. 

Czerski et al. 36 exposed guinea pigs for 4 h/day for 14 days to 
2,950-MHz pulsed""'iiiicrowaves at a power density of 1 mW/cm2• These 
daily exposures were either at 8 a.m. or at 8 p.m., to permit study of 
possible alterations in the circadian rhythm of bone-marrow mitoses, 
determined after the arrest of mitosis by colchicine. No effects were 
seen on precursors of granulocytes, and only minimal effects on the 
erythrocyte series, but pronounced phase shifts were noted in the 
pool of stem cells. Included in the latter category were early normo­
blasts, myeloblasts, lymphoblasts, and other unidentified blast cells. 
The study was then extended; a large g~oup of inbred Swiss albino mice 
were exposed once for 4 h at 0.5 mW/cm to pulsed 2,950-MHz microwaves-­
a frequency at which the mouse exhibits resonant absorption of micro­
waves. Another group of mice were used to determine body temperature 
immediately after comparable exposures. No significant increases in 
body temperature were found during the 4-h exposure. The results of 
the study on mice were similar to those of the experiment on guinea 
pigs. The diurnal rate of proliferation of the stem-cell population 
of exposed animals was amplified, and the phase shifted from that of 
controls. In another study, the investigators exposed rabbits daily 
for 2 h (for a t~tal of 74 or 158 h) to 2,950-MHz pulsed or continuous 
waves at 3 mW/cm and found an im~!irment of red-cell production, de­
termined by ferrokinetic studies; the effects of pulsed waves were 
more pronounced than those of CW radiation. 

The finding of shifts in the circ!'1ian rhythm of the blood-forming 
system at power densities near 1 mW/cm is a physiologic indicant of 
responsiveness to relatively weak microwave fields. A similar phase 
shift in iBY circadian rhythm of body traperature was observed by 
Lu et al. in rats exposed at 1 mW/cm to 2,450-MHz radiation for 
1-8'"'11.~The implications of such field-induced shifts, which represent 
perturbations of the r~~logic clock, are not clear, but are reminiscent 
of the work of Wever, who argued that man"'11lade electromagnetic 
radiation can interfere with "natural" fields of solar and terrestrial 
origin that he postulated to be regulators of circadian biologic rhythms. 

A number of recent studies have been focused directly on immunologic 
effects of microwave irradiation. Paradoxically, enhanced immunologic 
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competence is often repo~ted in association with radf8~ion at power 
densitiff 3a~gxe 10 mW/cm (see, e.g., Luczak.gt~· Szmigielski 
et al., ' and Wiktor-Jedrzejczak et al. 1 ' and includes in-
creased phagocytic activity, increased-population of complement­
receptor-bearing lymphocytes, and au!!gntation of antiviral responses. 
In contrast, Shandala and colleagues reported that a month of daily 
7 h exposures of rat~ to microwave radiation at much lower power densi­
ties, near 500 µW/cm , resulted in impaired immunologic competence and 
induction of autoimmune disease. 

GENETIC, TERATOLOGIC, AND DEVELOPMENTAL EFFECTS 

'lbe genetic effects of exposure to microwave and RF radiation 
have been investigated at several frequencies and over a range of 
field intensities in both animal and plant systems. Mutagenic effects 
and effects on growth and development have been reported to be induced 
in expe~imental anim,~s45xposed to microwave field intensities of 
5 mW/cm or greater. ' 2 Exposure to low-intensity microwave fields 
(i.e., less than l mW/cm) has not been shown to result in genetic or 
developmental alterations in biologic systems. In the few epidemio­
logic studies that have been performed, either there has been no re­
ported association between exposure and morbidity or, in the case of 
one study of the incidence of Down's syndrome in the progeny of men 
who were potentially exposed to microwave radiation, a positive 
association §§ported in an initial study was not corroborated in a 
later study. 

Microwave irradiation at high (thermal) intensities has been 
shown to exert a teratogenic effect in insects that differs quali­
tatively from effects due to nonmicrowave heating. It has been 
suggested that the extent of teratologic damage depends more on the 
total exposure dose than on the microwave field intensity and that 
such eff§cts are due to field interactions at the microstructural 
level. Although the teratogenic effects of microwave exposure 
do not appear to depend solely on the average temperature increase 
in the test systems, such effects have not been demonstrated to result 
from low-f ield-i~tensity exposures. 

OCULAR EFFECTS 

Of the many purported effects of microwave exposure, cataract 
induction is the only irreversible alteration rep~~ted to have occurred 
in humans as a result of accidental overexposure. In general, accurate 
reconstruction of the exposure conditions that have resulted in cataract 
induction has not been possible. Thus, there is some uncertainty in the 
interpretation of the ocular effects of microwave exposure. But there 
is no indication that low-field-intensity microwave exposure results in 
cataract induction or other ocular pathology. 'Ibis statement is con­
sistent with the results of animal experimentation, which have yielded 
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intensity-duration thresholds for cataract induction for acute exposures~70 
Acute exposure of rabbits to field intensities of greater than 100 mW/cm 
for duration of greater than 1 h has been shown to result in cataract 
induction. Repeated exposures at field intensities that were below the 
threshold for cataract induction for single exposures have been reporte~ 25 
to result in cataracts, but again the exposures were at about 100 mW/cm • 
Although there are uncertainties regarding the detailed mechanism of micro­
wave cataract induction, as well as the dependence of this effect on radia­
tion frequency and other field characteristics, it is generally ass1.1Ded 
that microwave cataracts are a result of thermal damage to lens tissue 
and thus that they do not appear to constitute a problem in th~ case of 
prolonged exposures to field intensities of less than 10 mW/cm • 

REPORTED HUMAN EFFECTS 

Reports of human effects of microwave radiation are derived almost 
exclusively from surveys of workers who were occupationally involved in 
the fabrication, use, and repair of microwave equipment. Such surveys 
may be divided into two groups: broadly based general surveys in which 
a variety of biologic-physiologic responses in exposed and nonexposed 
(control) groups are assessed and surveys designed to detect effects-­
e.g., ocular, cardiovascular, auditory, teratologic, gonadal, and genetic-­
in specific organ systems. A few individual case histories of hllDan ex­
posure are also available. 

A representative n\IDber of such surveys have been reviewed to 
identify those with possible relevance to the radiation conditions 
produced by the pulse-modulated signals of the PAVE PAWS radar. Un­
fortunately, the identity and operational characteristics of most of 
the sources of the microwave fields mentioned in these surveys are 
not specified. Furthermore, the radiation fields produced by the 
many different microwave sources in given work environments are often 
generalized into expressions of averaged power density, without reference 
to the radiation frequency or waveform. 'lbe difficulty of applying such 
generalized information to the specific environmental radiation conditions 
produced by PAVE PAWS becomes immediately apparent. 

Although a broad attempt is made here to examine representative 
literature on reported effects in humans, particular atte~tion is given 
to reported effects at exposures of approximately 1 mW/cm and below, 
because the PAVE PAWS may be expected to produce accessible radiation 
well below this. 

GENERAL SURVEYS 

There have been a number of studies of personnel who were routinely 
associated with the operation of microwave-generating equipment or who 
were present in areas where microwave-radiation exposure was possible. 
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As a result of long-term observation of microwave workers who 
presumg~ly were exposed to a wide variety of CW and pulsed fields, 
Gordon concluded that prolonged exposure to cent~meter-wavelength 
radiation at power densities of about 0.1-10 mW/cm would produce 
marked disturbances in cardiac rhythm, such as bradycardia, and 
persistent hypotonia. Prolonged exposure (years) to centim~ter and 
millimeter wavelengths at power densities of 0.01-0.1 mW/cm reportedly 
produced the ~ame symptoms as occurred in the higher-exposure group 
(0.1-10 mW/cm), but the symptoms were less evident and were reversible. 
Gordon suggested that chronic exposure to microwaves may lead to the 
development of a so-called neurocirculatory syndrome. 'nlis syndrome 
reportedly occurs in three stages. The first stage consists of 
"!ability" of cardiac rhythm and blood pressure, both of which are 
reversible. The second stage is an accentuated form of the first, 
with EEG changes, thyroid hyperactivity, and an "asthenic state" 
(headaches, excitability, irritability, fatigue, and pains in the 
cardiac region). The third stage consists of symptoms that are 
identical with but more pronounced than those of the first and second 
stages, with electrocardiographic (ECG) changes. 

Although Soviet investigator~ believe that years of exposure to 
power densities of 0.01-0.1 mW/cm can produce effects in humans, the 
effects appear to be minimal or reversible. However, a major diffi­
culty with these studies is the lack of specification of the modulation 
characteristics of the microwave sources. 'nle low-intensity pulse­
modulated radiation from the PAVE PAWS radar is of primary interest 
here, and the direct applicability of the Soviet studies to PAVE PAWS 
is questionable. 

Personnel engaged in the use, repair, and 1~roduction of microwave 
sources were studied by Baranski and Edelwejn. 'nley were divided 
into low-, moderate-, and high-exposure groups. 'nle designation of 
"low exposure" usually means average values of "tens of microwatts per 
square centimeter" in the Polish literature; "moderate exposure" usually 
means average values of "hundreds of microwatts per square centimeter 
up to one milliwatt per square centimeter"; and "high exposure" usually 
means "average values above one milliwatt per square centimeter up to 
ten milliwatts per square centimeter." Maintenance, repair-shop, and 
factory personnel were assigned to the high-exposure group. Each of 
the three groups was subdivided into five categories on the basis of 
number of years of work associated with microwave sources. Source 
characteristics (CW, pulse) were not specified. According to the 
authors, subjective complaints of headaches and sweating were frequent, 
and personnel with the longest occupational-exposure histories had 
relatively flat EEG recordings; but no firm conclusions could be drawn, 
ow.ing to the complexity of environmental and occupational factors and 
the lack of adequate control groups. An additional difficulty with the 
study was the lack of definitive environmental-exposure data. 

The Eastern ~urope literature contaiyy0mf~? references to what is 
called a chronic overexposure syndrome." , 'nlis syndrome is 
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said to consist of general irritability and complaints of headache, 
weakness, sleeplessness, decrease in libido, and pains in the chest 
among those exposed to low-intensity microwave fields. 'lbe syndrome 
is reportedly characterized by periodic recurrences of the same symptoms 
with intef!ediate periods of adaptation. However, a more recent 
appraisal concluded that a microwave-overexposure syndrome remains 
to be demonstrated. 

Czerski (in Baranski and Czerski12 ) described the cases of two 
long-term radar technicians wh~ were accidentally exposed to microwave 
power densities of 30-70 mW/cm • 'lbese power densities are presumed 
to represent average values, inasmuch as no peak-power characteristics 
were mentioned. In the first case, exposure lasted for about 20 min, 
and in the second, about 5 h. 'lbere were no abnormal findings in either 
subject in followup studies 1 month, 6 months, and 1 yr after the ex­
posure. 

Baranski and Czerski12 report on a study of several thousand Polish 
microwave workers who received low, moderate, and high exposures to 
microwave radiation. 'lbe group exposed to low power densities (average, 
tens of microwatts per square centimeter) was designated the "E" group, 
the group exposed to moderate power densities (average, hund~eds of 
microwatts per square centimeter up to approximately 1 mW/cm ) was 
designated the "ES" ~roup, and the group exposed to high power densities 
(average, 1-10 mW/cm ) was designated the "R" group. No adequate control 
group was found, because of difficulties in finding persons of the same 
age working under sufficiently similar environmental, social, and economic 
conditions. 'lbe E group did not have any symptoms after 10 yr of work. 
Headaches and fatigue disproportionate to effort reportedly occurred in 
approximately 45% of those in the R group, in 32% in the ES group, and 
in 30% in the E group during the first year of work. 'lbere is no 
indication as to whether the differences among these percentages are 
statistically significant. Reportedly, the aforementioned symptoms 
disappear for 2 yr, recur when an employee has worked for 3-5 yr, and 
then may reappear in some employees after 5-10 yr of work. Changes in 
blood pressure reportedly occurred only in the R group. No correlation 
of heart rate with exposure could be demonstrated; and no ECG changes 
were found. After 10 yr of work, 10.5% of the R group workers reportedly 
had absolute lymphocytos2s, usually accompanied by monocytosis, the total 
WBC being over 10,000/mm • After long-term exposure, the ES and R groups 
reportedly had a decrease in the ntDDber and amplitude of alpha waves and 
an increase in the threshold of stimuation of the senses. 'lbe exposures 
assigned to each group can be interpreted to mean average values pro­
duced by a multiplicityof sources, whose individual characteristics 
(e.g., CW or pulse-modulated) are unidentified. 

A study38,l39 of 841 radar shopworkers and installers attempted to 
determine whether any differences in functional disturbances might exist 
between a group of 507 persons exposed to mean power densities above 
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0.2 mW/cm2, but not exceeding 6 mW/cm, 2* and a ~roup of 334 persons 
exposed to mean power densities below 0.2 mW/cm • 'nle pulse-modulation 
characteristics of the microwave sources were not reported. Functional 
disturbances were classified as neurotic syndrome (headaches, sleep 
disturbances, excessive fatigue, emotional instability, difficulties 
in ability to concentrate or memorize, tremor of hands, sweating, etc.), 
digestive tract complaints, and cardiocirculatory (including ECG ab­
normalities). 'nle difference in exposure between the two groups had 
no apparent effect on the incidence of functional disturbances, nor 
did the duration of exposure. However, the incidence of the reported 
functional disturbances was related to the age of the workers. 'nle 
findings of these studies do not support the hypothesis of c\DDulative 
effects of microwave exposure wi2h increasing duration of exposure, 
at power densities up to 6 mW/cm • 'nle question of the causal relation­
ship between exposure to microwave radiation and the reported functional 
disturbances should be "left open," according to the authors. 

A study of some 1,800 employees and more than 3,000 of their 
dependents who spent time in the U.S. Embassy in Moscow concluded 
that there was no convincin§6evidence that microwave radiation had 
any adverse health effects. Special care was taken to elucidate 
specific limitations of this epidemiologic study. For example, the 
identified exposed population in Moscow was too small for the detection 
of excess risks that were less than twofold for many of the medical 
conditions studied, except the category "total malignant neoplasms." 
'nle health status of the study participants was determined by ques­
tionnaire: 59% of those in Moscow study (exposed) group completed 
questionnaires, and 48% of those in the comparison group, who served 
at other Eastern European posts. A modest amount of information was 
available on environmental exposures in various locations in the U.S. 
Embassy; therefore, a degree of exposure could be assigned to employees 
who had worked at the embassy earlier if they could recall the exact 
locations where they had worked. 

For some unexplained reason, the ratio of the number of deaths 
due to cancer to the total nlDDber of deaths among females employed 
in the Moscow Embassy (8 cases of 11) during the study period was 
higher than that in the female comparison group serving in other 
Eastern European posts (14 of 31). However, no significant difference 
in total mortality or mortality due to cancer was found in comparisons 
between the employee group at the Moscow Embassy and those serving at 
the other Eastern European posts. 

Some complaints of depression, irritability difficulty in con­
centrating, and memory loss were elicited during the study, but 
the persons in the Moscow Embassy group who registered a greater 
incidence of such complaints than those in the comparison (control) 

*The report stated that the power d~nsity in the work environment 
sometimes briefly exceeded 6 mW/cm • 
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group were the persons who received the lowest exposure to microwaves 
among the exposed Moscow group. The power densities in the Embassy 
were reported as approximate maximums that a person could have received 
by remaining directly in the beam for the entire period of transmission. 
For the period 1953 throug~ May 1975, the maximal exposure at any point 
in the Embassy was 5 µW/cm --an intensity that existed for no longer 
than 9 h/day. Fro~ June 1975 to February 7, 1976, the maximum at any 
point was 15 µW/cm , and the maximal time of beam transmission was 
18 h. Beginning on February 7, 1976, the maximum was less than 1 µW/cm2, 
for a maximum of 18 h. Maximal microwave intensities were measured at 
the outer walls and windows; considerably lower values were found at 
points away from the windows. In general, the exposu~e of any given 
person was much less than the maximum cited (15 µW/cm ). The microwave 
source was broad-band (0.5-10 GHz), with the highest power density 
between 2 and 3 GHz. 

The medical records of a group of U.S. Navy electronics technicians, 
fire-control technicians, and aircraft electronics technicians--presumably 
exposed to various amounts of microwave energy during the course of their 
military assignments--were compared with the medical records of a control 
group of radiomen, radarmen, and aircraft electrician mates, who pre­
stDDably received little or no exposure. 'lbe assertion that the latter 
group is a "control" or unexposed group is open to serious question. 
A small but significantly greater incidence in mortality due to trauma 
was evident in the exposed group, but there was no significant difference 
between the two groups in total mortality or mortality from specific 
diseases--cardiovascular disease, malignant neoplasms, vascular lesions 
of the central nervous system (strokes), arterioscleroi~§ heart disease, 
chronic nephritis, cirrhosis, pnewnonia, and leukemia. Major diffi-
culties with this study include the absence of data on environmental 
exposure and on exposure time patterns of personnel and the absence of 
a valid control (nonexposed) group. 

One death was alleged to have been due to microwl~e exposure,l05,l06 
but the allegation is generally regarded as unproven. Exposure to 
radiation allegedly occurred from a high-power radar and resulted in 
necrosis of the stomach and fatal hemorrhage. 

There is no known proven case of human mortality due to chronic 
exposure to microwave radiation. 

OCULAR EFFECTS 

Cataracts have been produced in experimental animals exposed to 
microwave radiation. Although there is no fundamental reason to assume 
that cataracts cannot be similarly produced in humans, the lack of posi­
tive proof of microwave induction cataracts in man has led to considerable 
controversy. 
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A number of retrospective studies have been undertaken to determine 
whether a group of persons more likely to have been exposed to micro-
wave radiation developed more cataracts or other ocular abnormalities 
than a control group w~5h gg conceivable exposure to microwaves. In 
some of these studies, ,l a somewhat greater incidence of lenticular 
imperfections was noted in the microwave workers than in the control 
groups. Employees in a Swedish radar-equipment facility gad a higher 
incidence of lenticular opacities than the control group. In the same 
study, 17 of 50 potentially exposed subjects had retinal lesions. Whether 
microwave radiation can produce retinal lesions is questioned by many 
investigators,but no definitive study has been conducted. 

The results of a study of ocular effec~s among 507 men exposed to 
microwave at power densities of 0.2-6 mW/cm did not differ fr~ml~ftose 
of a study of 334 men exposed to a mean of less than 0.2 mW/cm • 
No correlation was demonstrated between the incidence of various grades 
of lenticular translucence and the duration of exposure to the afore­
mentioned radiation, but a clear-cut dependence on age was demonstrated. 
In a study of possible microwave induction ~~ lenticular changes in 
U.S. Air Force personnel, Shacklett et al. 1 found no statistically 
significant difference in the incidenceS-of opacities, vacuoles, and 
posterior subcapsular iridescence (PSI) between 447 exposed su~Jgcts 
and 340 control subjects. Similarly, Appleton and colleagues, on 
the basis of examination of some 1,500 military personnel working with 
microwave equipment, concluded that there were no differences in lentic­
ular opacities, vacuoles, or PSI between microwave workers and unexposed 
persons of comparable ages. 

A number of individual ~'s§ hf~~ories of microwave induction of 
cataract have been reported, ' l, but in no case, is there rea~on 
to suspec5 that the exposures were not well in excess of 100 mW/cm • 
One study 2 of possible relevance to PAVE PAWS hints at a lessening 
of cataractogenic efficiency at the comparatively low frequencies 
used in the investigation of cataract induction--200, 385, and 468 MHz. 

I~ some Soviet investigations of microwave workers (for example, 
Gordonb2), increased incidence of lenticular opacities and sporadic 
cases of cataract were mentioned, but no firm conclusions were drawn 
about an association between exposure and ca~gractogenesis. Further­
more, other Soviet investigators (see Petrov ) doubted the causal 
relationship of lenticular imperfections and microwave exposure. The 
implication in the soviet work is that lenticular imperfections and 
cataracts can occur only if exposures are far in excess of the USSR 
standards, presumably around 10 mW/cm2 or more. 12 

Zydecki168-l70 examined lenticular transparency in 542 micr~wave 
workers whose exposure was supposed to be limited to 0.1-1 mW/cm , 
but who ~eportedly received much higher exposures. Baranski and 
Czerski1 estimated2that the actual exposures probably were in the 
range of 1-10 mW/cm for 4 h/day, on the average. One conclusion of 
the Zydecki work was that microwave exposures may cause acceleration 
of the aging processes of the lens. 
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Zaret 163,l65 reported on more than 50 cases of lenticular changes 
that he believed characteristic of microwave-radiation exposure. Re­
ported preclinical changes consisted of a roughening and thickening of 
the polar region of the posterior capsule accompanied by the presence 
of minute areas of opacif ication and eventual capsular opacif ication. 
Other ophthalmologists have been unable to corroborate these diagnostic 
criteria. Another difficulty with the Zaret reports is the absence of 
exposure data to compare with the clinical findings. 

More recently, Zaret and Snyder 167 have reported on nine cases of 
cataracts induced by hertzian radiation among personnel working in avia­
tion en!ironments where they were irradiated at power densities below 
1 mW/cm • The nine subjects were three radar technicians, five air-traffic 
controllers, and one airline pilot. At the time of clinical examination, 
the ocular lesions had reportedly progressed to capsular cataract, vesicu­
lation, and opacif ication of the proximal subcapsular lenticular substance. 
According to the authors the slit-lamp examination revealed signs of 
honeycomb capsulopathy, the earliest clinically recognizable state of 
"hertzian radiation cataractogenesis." lbe lack of definitive exposure 
histories leaves serious doubts that a casual relationship has been 
established. 

One Eastern European study of ~ong-term exposure of workers to 
power densities at or below 1 mW/cm concluded that such exposure 
does not result in any "reliable deviations of ocular sensitivity."51 

CARDIOVASCULAR EFFECTS 

Edelwejn et al. 42 concluded in 1974 that no serious cardiovascular 
disturbances had ever been produced in man or experimental animals by 
exposure to microwave radiation. Experience after 1974 has tended to 164 
support this conclusion, but no definitive work can be claimed. Zaret 
offered the hypothesis that microwave radiation was responsible for the 
high iny~gey~g of heart disease in North Karelia, Finland, but later 
reports ' have cited the longstanding concern of public-health 
authorities over the high-cholesterol diet and obesity of residents as 
the causal factors. 

As cited earlier, Gordon62 claimed that prolonged exposure (for 
example, to microwave radiation at wavelengths of centimet~rs and 
millimeters and at average power densities of 0.1-10 mW/cm can produce 
marked disturbances in cardiac rhy§'8 (bradycardia) and hypotonia. 
However, Czerski and Siekierzynski reported that blood press~re of 
workers routinely exposed to power densities less than 1 mW/cm did not 
differ significantly from that of unexposed control subjects. 

Bi!lski et al. 22 claimed that exposure to power densities of 
1 mW/cm or less""""iiiay result in "slight but significant cardiovascular 
alterations" after 10 yr of exposufig• However, the exposed workers 
had a higher resistance to stress. On the basis of available evidence, 
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the probability is very low that low-intensity microwave radiation has 
adverse cardiovascular effects on exposed humans. 'lbe long-term low­
intensity effects reported in some Eastern European publications have 
no discernible application to exposure conditions associated with the 
operation of PAVE PAWS. 

AUDITORY EFFECTS 

Humans can perceive pulse-modulated electromagnetic energy as 
sound. 'lbe perceived loudness is related to the peak power, not the 
time-averaged power density. 'lbere is strong evidence that the 
microwave-induced auditory response is due to a mechanical 6%i,~urbance, 
rather than a direct effect on the central nervous system. ' 

'lbe threshold for microwave-induced auditory responses appears 
to be related to the incident energ2 per pulse. For humans, the 
threshold is approximately 40 µJ/cm for pulse durations of less than 
30 µs. 'Ibis corresponds to an absorbed energy per unit mass of approxi­
mately 16 m.J/kg for the h\IDan head. Of particular interest is the fact 
that the theoretical temperature rise8f9r a single pulse is only 
5 x 10-b•c in the irradiated tissue.b 'lberefore, the temporal character­
istics of the pulse and the temporal characteristics of temperature change, 
albeit minuscule, appear to be the important factors. 

Given the operating characteristics of PAVE PAWS, it is possible, 
although unlikely, to experience an auditory response. However, there 
is no evidence that such an exposure would constitute a hazard to health. 

GONADAL EFFECTS 

One report93 claimed that 22 of 31 microwave technicians experienced 
loss of libido and reduced spermatogenesis after an average of 8 yr of 
exposure to microwave radiation frequencies between 3.6 and 10 GHz at 
power densities ranging from tens to hundreds of microwatts per square 
centimeter. Both libido and spermatogenesis returned to normal in most 
of the technicians 3 months after cessation of microwave exposure. 

'lbere are no reports of irr!v§Esible testicular damage in h\DDans 
at power densities below 1 mW/cm • 

The only reported case of injury to the reproductive system caused 
by the clinical use of microwave radiation involved diathermy treatm!nt 
of a fal~gpian tube, with power densities of approximately 100 mW/cm or 
greater. 
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TERATOLOGIC EFFECTS 

A aeries of 20- to 60-a exposures of !ravid mothers to power 
densities that probably exceeded 100 mW/cm occurred over many years 
in the clinic of Jose Daela, a Belgian obstetrician. In a personal 
conaaunication to D. R. Justesen dated January 2, 1978, Dr. Daels 
reported that more than 10,000 deliveries had been performed with 
microwave diathe?Ji• Observation of the children had never revealed 
a harmful effect. 

OTHER EFFECTS 

There is no evidence of significant microwave-induced immunologic, 
cerebrovascular, or genetic effects in hwnana, although well-designed 
studies of sufficiently large groups have never been carried out. 

DISCUSSION 

In general, large-scale epidemiologic studies of populations 
exposed to microwaves have not been conducted. Selected groups of 
microwave workers (typically leas than 1,000 in a group) have been 
monitored after their initial involvement with microwave sources, 
but information on the baseline status of their health before 
employment in a microwave environment (e.g., preplacement medical 
examination) is often not available, nor are precise data on exposure 
history (e.g., radiation power densities and exposure time patterns) 
or information on the extent or anatomic distribution of absorbed 
energy. It is conaaon to make gross estimates of the average power 
density in the work area without attempting to characterize the 
radiation field. The importance of such factors as scattering, 
radiation frequency, and the presence of a near or reactive field 
in describing the exposure environment is well known. An overriding 
difficulty with the literature on human effects is the lack of in­
formation on the modulation of pulsed-microwave sources. Indeed, 
such information may be crucial to a determination of potential 
biologic effects associated with exposure to radiation at 1 mW/cm2 
or leas (PAVE PAWS). The fact that the available exposure data 
are almost exclusively in terms of average (rma) power density 
reflects earlier times, when the biologic importance of modulated 
signals was relatively unappreciated. Therefore, it may be con­
cluded that moat of the available information on hllD.an ef f ecta has 
questionable applicability to PAVE PAWS. 

The Eastern European literature is replete with ref erencea to 
eff ecta on the central nervous system (CNS) caused by low-intensity 
microwave exposure. However, moat of the publications contain rela­
tively few measurements of CNS functions themselves; rather, effects 
(usually behavioral) are reported and are inferentially regarded as 
direct effects on the nervous system, e.g., neurasthenic syndrome. 
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'Ibere is an obvious need to determine more precisely the degree of 
involvement of the CNS when people are subjected to low-intensity 
microwave radiation. 

The Eastern European literature (e.g., Gordon62 ) consistently 
points out the difficulties of separating the reported biologic effects 
attributable to microwave exposure from the biologic effects that may 
result from other factors in the work environment, such as noise, ambient 
temperature, humidity, illt1nination, frequent separation from one's 
family, or isolation from large population centers when servicing or 
operating microwave equipment in remote areas. Distinguishing the effects 
of microwave radiation from those of other2f actors is more difficult when 
exposure to low power densities (1-5 mW/cm or less) is involved. Even 
in the case of radar workers who are exposed to little or no microwave 
radiation, there are complaints about e6~ fatigue headaches, bradycardia, 
hypotonia, and general fatigue. Gordon believed that such symptoms 
may be attributable to illumination that is less than optimal or to the 
need to stare at video terminals (cathode-ray-tube displays) for long 
periods. The difficulty of distinguishing signs and symptoms attributable 
to microwave exposure from those due to ~coho! consumption, smoking, 
overwork, or obesity must also be noted. 

Although most investigators have attempted to control experimental 
variables so that discernible differences in individual responses could 
be attributed exclusively to microwave radiation, there is still appreci­
able uncertainty in attempts to control such factors as motivation, 
personality characteristics, tolerance to assigned work tasks, personal 
problems, and anxiety. All these could have a major effect on the inci­
dence of headaches, irritabililty, and restlessness in study participants. 

The Johns Hopkins finding96 of complaints of headache and irritability 
in U.S. Embassy employees and dependents were remarkably similar to, if 
not identical with, the neurasthenic syndrome reported by Eastern European 
investigators, but the Embassy people were only occasionally exposed to 
microwa!e radiation and the exposures were in general appreciably below 
5 µW/cm • Questions therefore remain as to the suitabililty of present 
methods for detecting subtle changes in groups of people exposed (and 
unexposed) to microwave radiation of low power density. An associated 
difficulty is related to the failure of almost all the published epi­
demiologic studies to specify the analytic limitations of their techniques. 

There is substantial evidence that cataracts can have a thermal 
origin. A threshold effect 2as been demonstrated: irradiation of the 
eyes of animals at 100 mW/cm or greater is required for cataract induc­
tion. Although lenticular changes have been discovered in groups of 
microwave workers, a cause-and-effect relationship between the reported 
defects and microwave radiation has not been conclusively demonstrated. 
Considering the radiation frequency and expected power densities associ­
ated with PAVE PAWS, the possibility of induction of cataracts in exposed 
members of the public is very small. 
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'ftte effects of long-term exposure t~ microwave radiation at low 
power densities (e.g., less than 1 mW/cm) have not been adequately 
assessed. There is no evidence of a cumulative effect on hum.ans, but 
the question is unresolved. 

Taking the literature on reported hum.an effects as a whole and 
considering the nature and weight of available evidence, as well as 
the limitations of the investigative techniques used, the Panel believes 
that the probability of adverse biologic effects on persons exposed to 
radiation from PAVE PAWS is very low under normal operating conditions 
and that such effects would be expected to be subtle, transient, and 
reversible. 

Additional research is recommended to clarify further the possible 
effects of long-term exposure to microwave radiation at low power 
densities. 
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CHAPnR3 

SUMMARY AND CONCLUSIONS 

On the basis of available information, the maximal instantaneous 
microwave-field intensities anticipated in areas of public access in 
the vicinity of PAVE PAWS during normal operation of the existing radar 
should be about 100µW/cm2• 'lbe corresponding time-averaged intensities 
as measured under normal operating conditions have been found to be lower 
by at least two orders of magnitude. A comparison of these time-averaged 
potential exposures with exposures resulting from other commercial, private, 
and military sources of microwave and radiofrequency radiation does not 
indicate any substantial variation from power densities to which segments 
of the general public are routinely exposed in some localities. PAVE PAWS, 
therefore does not appear to present unique exposure conditions with re­
spect to the anticipated time-averaged field intensities. 

Although no overt deleterious health effects have been documented to 
result from such low-intensity exposure of the public, statistically de­
signed epidemiologic studies have not been conducted. It is therefore 
not possible to conclude, on the basis of a comparison of time-averaged 
exposure intensities, that effects will or will not be induced by exposure 
to the radiation from PAVE PAWS. 

A review of experimental and epidemiologic studies of occupationally 
exposed workers indicates that both humans and experimental animals have 
been re~orted to be sensitive to microwave exposure intensities of about 
1 mW/cm or greater, the nature of the effects depending on a large number 
of physical and biologic factors, most of which are inadequately understood. 
Documented effects on morbidity or mortality, most of which have been ob­
served in experimental an~mals, are generally associated with exposure 
intensities over 10 mW/cm and attributed to excessive thermal stress. 
Possible exceptions, however, are alterations in central-nervous-system 
function and immunologic status, in both exper~mental animals and humans, 
that have reportedly occurred at about 1 mW/cm • Alterations in CNS func­
tion include objective findings, such as changes in EEG patterns that 
h,ave been reported to occur from occupational exposure of humans for 
periods of years or from !cute microwave exposure of experimental animals 
at intensities of 1 mW/cm or greater. Subjective alterations in mood 
and behavior have also been reported in occupationally exposed microwave 
workers, and specific behavioral end points in experimental animals have 
reportedly been affected by microwave exposure at intensities of 1 mW/cm2 
or greater. The subtle and subjective nature of the reversible effects in 
humans makes it difficult to establish quantitative relationships to ex­
posure conditions. 

In vitro and in vivo exposures of nervous tissue have provided 
additional evidence-"of sensitivity to low-intensity microwave fields. 
Effects have been reported to occur in specific ranges ("windows") of 
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intensity and pulse repetition rate, whose existence suggests that 
alterations in nervous tissue may not depend solely on exposure intensity 
or duration; i.e., such effects do not follow monotonic dose-response 
relationships. Although the physiologic significance of in vitro findings 
has not been established, their existence, with the in vivo findings of 
sensitivity of the mammalian CNS to microwave and weak electric and 
magnetic fields, suggests altered CNS function as a subject of greatest 
potential concern with respect to low-intensity microwave exposure from 
PAVE PAWS. OWing to the limited scope and extent of studies of the 
biologic effects of chronic low-intensity microwave exposure, it is not 
possible to conclude that other types of physiologic effects will not 
be induced in hmaans. But there is no evidence to suggest that other 
types of physiologic alterations should be anticipated as a result of 
exposure to PAVE PAWS radiation in areas of public access. 

"nlere are no data on the biologic effects of microwave radiation 
with the specific characteristics of the PAVE PAWS radar, which, because 
of its rather unusual function, differs from more commonly encountered 
sources of microwave and RF radiation. "nle inherent problems of inter­
species, interfrequency extrapolation limit the extent to which existing 
data may be used to assess the effect of PAVE PAWS radiation. Data from 
both in vivo and in vitro studies suggest maximal sensitivity of neural 
systeiiiS to fields-uiodulated at mammalian brainwave frequencies (i.e., 
1-20 Hz), which include the predominant PAVE PAWS modulation frequency 
at 18.5 Hz. Because of the aforementioned possibility of field-intensity 
windows and the lack of adequate data on mammalian systems, it is not 
known whether such effects will be induced in hmaans under the anticipated 
exposure conditions. During normal operation of PAVE PAWS, the direction 
of the radar beam will be continuously varied in the scanning mode, so 
exposure at a given location will be intermittent and at low time-averaged 
intensities, relative to the intensities associated with irreversible 
biologic damage. "nle effects of such exposures of members of the public, 
if they occur, will, on the basis of available data and the known inter­
action mechanisms with biologic systems, be reversible or transient. 
Thus, the possible exposure effects of PAVE PAWS should be restricted to 
transient, reversible functional alterations in the CNS that may or may 
not be perceived by the exposed persons. 

Whatever the effects of exposure on the human central nervous system 
are, it is not known whether the effects are deleterious to health. It 
has not been established, for example, that such effects involve impairment 
of judgment or alterations in mood that would impose psychologic or physio­
logic burdens on those affected. 

The microwave radiation from PAVE PAWS may present interference 
problems with electronic devices in the vicinity of the radar site. 
"nle design characteristics of device like electromagnetically shielded 
cardiac pacemakers are such that their operation should not be adversely 
affected by PAVE PAWS exposure intensities, but some pacemakers currently 
in use may be affected by exposure. "nlere should not be any important 
deleterious consequences due to exposure of persons with surgical implants 
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or other prosthetic devices. Interference with other electronic devices, 
such as television and radio receivers, is beyond the scope of this 
report, but obviously must be taken into account. Special attention 
should be given to the evaluation of the effects of PAVE PAWS radiation 
on electronic devices used for medical monitoring or health evaluation, 
because there is evidence that such devices may be sensitive to such 
exposure. 

In conclusion, the PAVE PAWS radar may be anticipated to expose a 
limited number of members of the general public intermittently to low 
intensities of pulse-mod~lated microwave fields with maximal instantaneous 
intensities of IOOµW/cm or less and time-averaged intensities lower by two 
orders of magnitude. lbere are no known irreversible effects of such 
exposure on either morbidity or mortality in h\DDans or other species. 
'nlus, it is improbable that exposure will present any hazard to the 
public. In view of the known sensitivity of the mammalian CNS to electro­
magnetic fields, especially those modulated at brainwave frequencies, the 
possibility cannot be ruled out that exposure to PAVE PAWS radiation may 
have some effects on exposed people. Because these effects are still 
hypothetical, it is not feasible to assess their health implications. 
Such assessment will requi1' additional research and surveillance and 
must be addressed in future evaluations of the potential exposure effects 
of PAVE PAWS and other high-power-output radar systems. 
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GLOSSARY* 

CONTINUOUS WAVE (CW): Refers to an unmodulated electromagnetic wave. 
When a wave is abruptly turned "on" and "off," the resulting burst is 
ref erred to as a pulsed wave. 

ELECTRIC FIELD: An electric field is said to exist in a region if charged 
objects in the region experience a force. It is described in terms of the 
voltage gradient that exists over a given distance, volts per meter. 

ELECTROMAGNETIC RADIATION: Radiation by which energy is propagated by 
interrelated electric and magnetic fields. Electromagnetic radiation 
travels at the speed of light in free space. 

ENERGY DOSE: The quantity of electromagnetic energy in joules that is 
absorbed per unit of mass of a biological body. 'nle unit of mass is 
kilogram (2.2 lb) and the dose is stated as jo~les per kilogram (J/kg). 
For convenience in working with small animals 9T with small samples of 
tissue, many researchers prefer to use joules or millijoules per gram 
(J/g or mJ/g) as working units. Dose is synonymous with "Specific 
Absorption" (SA), q.v. 

[ENERGY] DOSE RATE: 'nle time rate at which electromagnetic energy is 
imparted per unit of mass to a biological body, i.e., watts per kilogram 
(W/kg) or watts or milliwatts per gram (W/g or mW/g). Synonymous with 
"Specific Absorption Rate" (SAR), q.v. 

FAR AND NEAR FIELDS: 'nle E and H fields of an electromagnetic wave that 
is propagating in a uniform medium are always at right angles to each 
other and to the line of propagation in the "far field"; however, waves 
near an emitting source are complex in the sense that relative magnitudes 
and orientations of E and H fields can each vary greatly. Beyond the 
near field, i.e., in the far field, the relative maximum strengths of E 
and H fields do not change (although the total strength diminishes as 
distance from a point source increases). 

FREE FIELD: A free (or open) field is generally considered to be an 
electromagnetic wave that is propagating in a vacuum or in air without 
interacting bodies. 

*Reprinted from A Te~hnical Review of the Biological Effects of Non­
Ionizi!!§ Radiation, with the addition of definitions of "peak power 
density and "time-averaged power density." 
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GICA: Prefix denoting billion(s) in the U.S.A., i.e., 109• 

HERTZ (Hz): The cyclic rate at which a wave of energy changes; equivalent 
to frequency in cycles per second. 

HOTSPOT: Electromagnetic waves are seldom, if ever, absorbed uniformly 
by a biological body. Concentrations of energy will occur that are called 
electrical hotspots. If the field is sufficiently intense to overcome 
local cooling by flow of blood in affected tissues, thermal hotspots may 
also occur. 

JOULE: Under the International System, the basic unit of all 
energy. As a thermal unit, one joule equals 0.239 calories. 
calorie is defined as the energy required to heat one gram of 
4 to s•c. 4.184 joules is the equivalent of one calorie. 

KILO: 3 Prefix denoting thousand(s), i.e., 10. 

forms of 
Since the 
water from 

MAGNETIC FIELD: Exists in a region if magnetic objects in the region 
experience a force. An electrical current passing through a wire creates 
a magnetic field. "nle intensity of a magnetic field is measured in 
teslas. (1 tesla • 10,000 gauss) 

MEGA: Prefix denoting million(s), i.e., 106• 

MICRO: Prefix denoting millionth (microwatt is one millionth of a watt). 

MILLI: Prefix denoting thousandth (milliwatt is one thousand of a watt). 

MODULATION: When a continuous series of waves of electromagnetic energy 
is modified by pulsing, or by varying its amplitude, frequency, or phase, 
the waves are said, respectively, to be pulse-, amplitude-, frequency-, 
or phase-modulated. In order to convey information by tadiating electro­
magnetic energy, it must be modulated. 

MULTIPATH RADIATION: In contrast with a so-called plane wave, which 
moves in a straight line through space, an area or volume where electro­
magnetic waves arrive from different directions because of reflection or 
multiple sources is said to be the site of multipath radiation. "nle 
cavity of a microwave oven exemplifies the multipath case. 

PEAK POWER DENSITY: "nle maximal value of the rate of energy transmission 
of a time-varying electromagnetic field. 

PLANE WAVE: The wave emanating from a point source is an expanding sphere. 
A segment of the wave at a great distance (with respect to wavelength) 
from the source may have little curvature relative to the dimensions of 
a small target and can therefore be treated as a moving plane. 
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POINT SOURCE: A source of radiation that is small in size with respect 
to its distance from a radiated target. The "inverse-square law" holds 
for a point-source radiation, i.e., the intensity of the field decreases 
rapidly--as a function of the square of the distance from the source. 

POLARIZATION: The E and H fields that comprise a propagating electro­
magnetic wave may be fixed or they may rotate. If the E vector is 
perpendicular to the ground, the wave is said to be vertically polarized; 
if parallel, horizontally polarized. When the E and H fields are con­
tinuously rotating with respect to the direction of propagation the wave 
is said to be circularly polarized. 

POWER: The time rate at which energy is generated, transferred, or 
dissipated. The unit of power, the watt (W), is defined as one joule per 
second (J/s). 

POWER DENSITY: 'nle time rate per unit of area at which electromagnetic 
energy flows through some medium. 'nle quantity of energy is complexly 
related to the strengths of the E and th~ H fields. Power density is 
specified in watts per square meter (W/! ), but it is often expressed in 
milliwatts per square centimeter (mW/cm ). In common usage, power density 
is taken to mean the time rate at which electromagnetic energy is incident 
on a body per unit of surface area. 

RESONANCE [ELECTRICAL]: A conductor or absorbing body of a given length 
in the free field will react maximally to an electromagnetic wave that is 
about twice the body's length. 'nle maximal reaction is technically known 
as "resonance." 

SCATTER: When an electromagnetic wave is incident on a body, the energy 
it carries will be absorbed and scattered. "Scatter" refers collectively 
to reflection, refraction, and diffraction of unabsorbed energy. 

SPECIFIC ABSORPTION (SA): 'nle quantity of electromagnetic energy in 
joules that is absorbed per unit of mass of an absorbing body is specified 
is joules per kilogram (J/kg); but often expressed as millijoules or 
joules per gram (m.J/g or J/g). Synonymous with (energy) dose q.v. 

SPECIFIC ABSORPTION RATE (SAR): 'nle time rate at which electromagnetic 
energy is absorbed per unit of mass of an absorbing body is specified in 
watts per kilogram (W/kg); but is often expressed as milliwatts or watts 
per gram (mW/g or W/g). 

TIME-AVERAGED POWER DENSITY: The integral of the product of the 
instantaneous power density of pulsed electromagnetic radiation and the 
pulse duration taken over a characteristic sampling interval and divided 
by the duration of the sampling interval. 
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