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Preface

In a January 11, 2001, letter from Senator Edward M. Kennedy to the Secre-
tary of the Air Force, F. Whitten Peters, Senator Kennedy asked that the Air
Force fund an independent study through the National Research Council of the
National Academies “to examine the health effects of the PAVE PAWS system.”
Kennedy further requested that “this follow-on study (to the previous 1979 Na-
tional Research Council report) should address, at a minimum, the effects, if any,
of the PAVE PAWS radar over the past two decades and should also examine the
validity of using continuous-wave and pulsed non-ionizing radiation biological-
effects data as surrogates for phased-array non-ionizing radiation biological ef-
fects data.” The offices of Senators Kennedy and Kerry, and Congressman
Delehunt, participated in discussions with the Air Force and the National Re-
search Council to establish the task that is addressed by this committee in this
report.

A committee composed of individuals with engineering, biology, epidemiol-
ogy, risk communication, and biostatistics expertise was established by the Na-
tional Research Council to address the task. The committee heard from interested
citizens in a public forum held in Sandwich, MA on May 28, 2002. In additional
open sessions of the committee, the committee gathered information from the Air
Force, the Massachusetts Department of Public Health, the PAVE PAWS Public
Health Steering Group, various experts from universities and other institutions,
and the Cape Cod public.

The committee also evaluated information provided to the committee by in-
terested parties, surveyed the scientific literature, and conducted a preliminary
statistical correlation analysis to evaluate the potential for biological and health
effects from the PAVE PAWS radar. A letter report was published providing
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advice regarding the Air Force waveform measurement effort and a second in-
terim letter report was published that commented on the adequacy, at that time, of
available information and outlined the general characteristics of information that
the committee deemed useful in its evaluation of the potential biological and
health effects of the PAVE PAWS radar.

This report is an update of a prior 1979 National Research Council report
(Analysis of the Exposure Levels and Potential Biologic Effects of the PAVE
PAWS Radar System) and addresses the following:

1. The applicability of, and the level of uncertainty associated with, using
data derived from cell, animal, and epidemiological studies employing pulsed
and continuous-wave exposure for evaluation of potential adverse health effects
following phased-array exposures;

2. The extent of the exposure of the public to electromagnetic energy from
the PAVE PAWS system;

3. Potential biological and health effects of the PAVE PAWS Radar Sys-
tem; and

4. Recommendations for appropriate follow-on study design issues, includ-
ing the strengths and limitations of the approaches suggested and the potential
value of the proposed work.

Frank S. Barnes, Ph.D.
Chair

viii PREFACE
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Map of Cape Cod in Massachusetts showing the “Upper Cape” as a shaded area.  The
Upper Cape is the portion of the Cape which is closest to the mainland and is commonly
taken to extend to Barnstable.  The location of the PAVE PAWS radar is indicated by the
solid triangle near the town of Sagamore. The dashed lines extending from the radar
indicate the approximate boundaries of the main beam when the radar is scanning (radar
beam projects angled upward and to the East). From http://www.wordiq.com/definition/
Cape_Cod on 10/27/2004.
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1

INTRODUCTION

This report examines the potential biological and human-health effects from
exposure to PAVE PAWS low-level phased-array radiofrequency energy. The
PAVE PAWS radar system, part of the U.S. Air Force Space Command, is lo-
cated at the Cape Cod Air Force Station in Cape Cod, Massachusetts (see map
that precedes the Public Summary). The facility has been in continuous operation
since 1979. “PAVE” is an Air Force program name and “PAWS” stands for
Phased Array Warning System. The primary purpose of the facility is to detect
and track sea-launched and intercontinental ballistic missiles. The system’s sec-
ondary function is to track earth satellites and identify other space objects.

Even before the facility began operation, there had been concerns expressed
by at least some members of the public regarding its safety and whether or not the
facility had the potential to cause adverse health impacts. In 1979, concerns voiced
by the public included the possibility of thermal effects, disruption of implanted
medical devices (such as pacemakers), and secondary radiation effects from im-
properly grounded structures exposed to the radar. Those concerns in part led to a
1979 National Research Council (NRC) report on exposure levels and potential
biological effects of the PAVE PAWS radar. That committee found that “. . . the
PAVE PAWS radar may be anticipated to expose a limited number of members
of the general public intermittently to low intensities of pulse-modulated micro-
wave fields with maximal intensities of 100 µW/cm2 or less and time-averaged
intensities lower by two orders of magnitude. There are no known irreversible
effects of such exposure on either morbidity and mortality in humans or other
species.” That committee also recommended that the Air Force conduct addi-

Public Summary
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2 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

tional research and surveillance to evaluate the potential exposure effects of
PAVE PAWS. Specifically, the 1979 report recommended:

• “Additional research is recommended to clarify further the possible ef-
fects of long-term exposure to microwave radiation at low power densities,” and

•  “In view of the known sensitivity of the mammalian central nervous
system to electromagnetic fields, especially those modulated at brainwave fre-
quencies, the possibility cannot be ruled out that exposure to PAVE PAWS radia-
tion may have some effects on exposed people. Because these effects are still
hypothetical, it is not feasible to access their health implications. Such assess-
ment 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.”

The present NRC committee found no evidence that the Air Force or others fol-
lowed up substantially on the above two recommendations.

Public concerns over the possibility for adverse effects from the PAVE
PAWS facility have continued over the years since the time of the 1979 NRC
report. In recent years, public concerns have shifted away from thermal effects of
the radiofrequency (RF). Concerns instead have focused on:

• the possible biological relevance of the waveform itself;
• the inherent time delay of the phased-array radar including the second-

ary beams or sidelobes that are below the main beam; and
• the possible implications for health arising from the propagation of the

RF energy in tissue. Some members of the public have questioned whether radia-
tion from the PAVE PAWS system is unique such that existing safety measures
may not adequately protect the public. Others have stated that the system—in
spite of its unique configuration—is not that dissimilar from the other sources of
RF energy to which the public is constantly exposed such as FM radio stations,
TV stations, or continuous-wave radar systems.

In an effort to try to address the questions that have been raised regarding the
safety and uniqueness of the system, in January 2001, Senator Edward M.
Kennedy asked the U.S. Air Force to fund an independent study through the
National Research Council of the National Academies “to examine the health
effects of the PAVE PAWS system” and to address, in a follow-on report to the
1979 NRC report, the effects if any, of the PAVE PAWS radar over its two-plus
decades of operation.
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PUBLIC SUMMARY 3

What the Committee Did

The committee undertook an extensive data- and information-gathering ef-
fort. That effort included 4 sessions that members of the public were invited to
attend and at which researchers whose work was referenced as important by mem-
bers of the public, or considered important by the committee, were invited to
provide the committee with information. An additional meeting of the committee
was held as a public forum in which interested members of the public were en-
couraged to present their viewpoints to the committee. In addition, there were
several members of the public, who, on a number of occasions, requested that the
committee review specific information they wished to be made available to the
committee. Over 200 submissions of information were made to the committee by
interested parties. Because there have been no studies of a phased-array system
similar to PAVE PAWS in the public domain, we reviewed all the relevant avail-
able data (i.e., peer reviewed and scientifically available) in the radiofrequency
range most applicable to the PAVE PAWS system (see appendix A). Further, in
response to concerns raised by some members of the public that classified data
might exist showing effects of a phased-array radar, a number of committee mem-
bers with sufficient scientific expertise and security clearances also examined
and assessed whether there was any classified research done by the U.S. Air
Force that might show any evidence of biological effects with potential relevance
to human-health effects of radiation similar in characteristics to PAVE PAWS.

The committee found no evidence of any classified, phased-array experi-
ments that either were relevant to the PAVE PAWS exposure conditions or indi-
cated a potential for PAVE PAWS human-health effects. Thus, we do not believe
there is any classified data showing potential harm from the PAVE PAWS sys-
tem.

RESULTS/CONCLUSIONS

The committee’s conclusions address three primary areas: the implications
of the PAVE PAWS waveform, the potential for biological effects, and the poten-
tial for human-health effects.

The PAVE PAWS Waveform

The recently collected waveform-characterization data that the committee
reviewed has answered many questions. Based on that review and some addi-
tional statistical analyses we performed, we reached the following conclusions:

1. The PAVE PAWS narrow-band radiation is in fact similar to that of
continuous narrow-band reflectors or so-called dish antennas. Those large para-
bolic reflector (dish) antennas are widely used for satellite earth terminals and for
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4 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

radars. Both reflectors and phased arrays have time delays, and comparable size
reflector antennas also have comparable delays.

2. The large number of PAVE PAWS active elements (1792) and their
irregular spacing make the discrete beam formation almost indistinguishable from
a continuous formation.

3. The existence and possible biological significance of precursors (addi-
tions to a signal waveform that may occur before, during, or after the signal wave-
form) forming would be extremely small and probably not measurable for the
narrow-band PAVE PAWS system.

Potential for Biological Effects

The committee concluded:

4. Relevant data exist from experiments with animals and cells exposed
under certain RF conditions that contribute to an understanding of RF biological
effects and to an understanding of the potential for human-health effects from
PAVE PAWS.

5. There is no risk of cancer, reproductive or developmental effects, or
neurobehaviorial effects based on a comprehensive review of animal studies or
studies in other biological systems. A few statistically significant biological
changes have been reported from RF exposures, but the relevance of those bio-
logical changes is not known and may or may not have any impact on human
health.

Potential Public-Health Effects

The committee recognizes the concerns of some of the members of the pub-
lic regarding the ongoing operation of the facility, especially in light of the in-
crease in colorectal, breast, prostate, and lung cancers that have been reported in
the upper Cape over time. To date, those observed elevated cancer-incidence rates
among residents of upper Cape Cod have not been adequately explained through
previous investigations exploring a variety of environmental factors including
PAVE PAWS. The inability of investigators to explore the possibility of health
effects from the PAVE PAWS radar was due principally to the lack of PAVE
PAWS RF power-density information at that time.

To determine the potential for health effects, it is important to have an esti-
mate of exposure. One of the consistent problems in most epidemiologic studies
is the lack of adequate exposure data. This was true in the relevant epidemiologic
studies evaluated by the committee for other populations exposed to either pulsed
or continuous radiofrequency energy. Unfortunately, there are too many limita-
tions in those epidemiological studies to rely on them for making a determination
of the potential impact of radar exposure on human health. With regard to PAVE
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PAWS exposures, the historic lack of waveform characterization data and expo-
sure data (in the form of power-density measurements) at locations where expo-
sure to the Cape Cod population occurs has made assessment of the potential for
health effects difficult. Recent waveform and power-density models and mea-
surements by the Air Force and Broadcast Signal Laboratories have enabled some
analyses by this committee and enabled a forthcoming health study by the Inter-
national Epidemiology Institute.

The committee concluded:

6. The available power-density measurements are generally consistent and
show that the spatial distribution of the PAVE PAWS radiofrequency energy, and
thus potential for exposure, is strongly influenced by site-specific local topogra-
phy and intervening terrain at any given location. The measured data show that
average power densities are consistently below 0.1 mW/cm2 and generally in the
0.001-0.01 mW/cm2 range at locations where the public would be expected to be
exposed. Measured peak levels are generally less than 1 mW/cm2, although val-
ues as high as 15 mW/cm2 have been found at a few elevated locations near the
radar where exposure might occur. The levels of exposure can be compared to
Environmental Protection Agency studies of FM and TV broadcast bands (54-
900 MHz) in the 1970s. Those studies estimated that the median exposure in
urban areas was 0.005 mW/cm2 and that 95% of the urban population was ex-
posed to less than 0.1mW/cm2 from FM and TV broadcasts. Recent studies on
cell-phone base stations in Great Britain, Canada, and Australia show RF fre-
quencies in the vicinity of base stations ranging from 0.01 mW/cm2 to a high
reading of 2.6 mW/cm2.

7. The potential for an individual’s exposure over time is determined by
how long he or she resides at any possible point(s) where exposure might occur,
and the level of exposure at that particular point, which will vary with time and
other factors. In spite of recent site-specific measurements and estimates of the
PAVE PAWS waveforms and power densities that now exist for a number of
geographic locations, there are still no data currently available to determine an
individual’s personal exposure to RF radiation from the PAVE PAWS radar.

8. Using information on population density, topography, and direction of
the PAVE PAWS radar beam, we estimated that, based on the 1990 census, 12,773
of the total resident population (11.8% including children) of upper Cape Cod
were living in the line of sight1  of the PAVE PAWS antenna and most likely
receiving some exposure from the sidelobes of the PAVE PAWS radar beam (but
not the primary beam, which is angled upward). Based on 2000 census data, the

1Line of sight means that there are no hills between the resident and the radar that would block the
radar emissions. The main beam is aimed above the population and residents in the line of sight are
exposed to the sidelobes of the main beam.
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6 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

estimated number of population living in the area exposed to the PAVE PAWS
radar-beam sidelobes was 16,403 (12.4%).

9. Using power-density information from models provided by Mitre and
recent power-density measurements and models provided by Broadcast Signal
Laboratories, this committee also did its own statistical analysis. Based on our
own statistical analyses, we did not identify any increase in cancer risk with ex-
posure to the PAVE PAWS beam using peak and average power-density esti-
mates. The analyses looked at the reported occurrences of all cancers combined
on the upper Cape as well as specific cancers, including colorectal, breast (fe-
male), prostate, and lung. We are also aware of the epidemiologic investigation
that is currently being conducted by the International Epidemiology Institute, but
data from that study were not available to review as of the writing of this report.

10. Socioeconomic status does not appear to influence results. We performed
additional analyses to see whether some indicators of socioeconomic status might
influence the results (an adjustment routinely made in health or epidemiologic
studies). We found that adjusting for the proportion of the population below the
poverty level did not influence the results.

11. As another overall measure of health for the upper Cape Cod towns, the
committee looked at premature mortality before age 75 as a useful indicator.
Based on 2001 data, Barnstable, Falmouth, Mashpee, and Sandwich have lower
mortality than the Massachusetts state average, while Bourne has elevated mor-
tality.

12. Further analysis by the committee indicates that increasing duration of
exposure to the PAVE PAWS radiofrequency energy has not resulted in increased
incidence of cancer over time. The committee compared the standard cancer-
incidence rates, or SIRs, for 5 categories consisting of total cancers, breast, colon,
lung, and prostate cancer for the period of 1987-1994 versus 1995-1999 (which
are the periods that the State of Massachusetts reports data) for the 5 towns in
upper Cape Cod and found that there was no consistent pattern of increase. Dur-
ing those two time periods, a decrease in SIR was observed in 15 out of 25 SIRs,
an increase in 6 out of 25 SIRs, and no change in 4 out of 25 SIRs. Again, the
results indicate that increasing exposure to PAVE PAWS over time has not re-
sulted in an increased incidence of cancer.

Summary

In summary, based on the available scientific evidence, the committee con-
cludes there are no adverse health effects to the population resulting from con-
tinuing or long-term exposure to the PAVE PAWS radiation. In particular, the
committee concludes that there is no increase in total cancers or cancers of the
prostate, breast, lung, or colon due to exposure to the PAVE PAWS radiation.
Further, there are many studies and data that support the finding of no health or
biological effects from RF exposures. There are a number of possible mecha-
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nisms and pathways by which electric and magnetic fields could lead to changes
at higher power-density levels than the public is exposed to from the PAVE
PAWS radar. However, at this time, the committee has not found evidence of a
mechanism shown to change biologic processes at power levels that are associ-
ated with the PAVE PAWS radar. The recent waveform-characterization data
collected for the PAVE PAWS radar have also shown that they are similar to
exposures from “dish” radars to which the public is also continuously exposed.

It is extremely difficult, if not impossible, to prove ultimate safety. In the
United States, various forms of safety or risk assessment are used along with
regulatory guidelines to ensure that facilities, products, technologies, and other
factors will not pose undo risk or harm to the public or environment. The scien-
tific community, including medical professionals, is often reluctant to call some-
thing “safe” and so often speaks of having or not having some degree of evidence
of harm or lack thereof. There is also growing interest in what is referred to as the
“precautionary principle,” which seeks to avoid taking actions that might have
the potential for harm unless a relative degree of safety can be assured. Those
decisions are policy or management decisions and not solely a matter of science.
This committee has focused on the scientific evidence and carefully evaluated all
the scientific evidence available to determine whether there is a reasonable de-
gree of certainty regarding the presence or absence of harm from exposure to the
PAVE PAWS phased-array radar. To those who live in the vicinity of that sys-
tem, no less would be acceptable.

Recommendations Regarding Further Studies

The committee was also tasked to recommend further studies if warranted.
The committee recognizes that while biological responses do not necessarily
translate into human-health effects, studies on the biological effects of RF expo-
sures should be done that build upon several existing studies demonstrating a
statistically significant response to RF exposure, such as the effect of radars on
studies of tree growth. Future studies should approximate the PAVE PAWS ex-
posure characteristics as closely as possible. Specifically, we recommend that
studies of tree growth in the vicinity of the PAVE PAWS facility should be done.
A study of long-term exposures under conditions similar to human exposures
might provide useful information as to any possible mechanisms for a biological
response that currently does not exist. In addition, we recommend that a replica-
tion of a central nervous system endocrine function study be undertaken to con-
firm or refute previous Air Force-sponsored studies showing a significant and
extended influence on brain dopamine levels during low-level RF exposures simi-
lar to that of PAVE PAWS.

 The Toler and other studies demonstrating a significant and long-lasting
effect on serum dopamine levels does point to a biological effect that might result
in a detrimental health effect. TheToler study is one of the few studies we are
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8 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

aware of that utilized 435 MHZ, and effects on brain activity were a major con-
cern of the 1979 NRC review committee, so this study holds additional impor-
tance. Moreover, the study utilized a 1 KHz modulation that would not be ex-
pected to have as profound an effect as a modulation frequency similar to that of
PAVE PAWS, which is in the 10-100 Hz range.  For those reasons, it is recom-
mended that this study be refined and repeated.

Finally, because of the limitations and uncertainties that exist in estimated
exposure at the individual level and the number of health outcomes of interest,
future health investigations or epidemiologic studies should look at exposures at
both the census-tract2  and census-block levels, and try to better estimate personal
exposure and consider the types of factors known to complicate human-health
investigations. Future or ongoing health studies should also specifically address
possible early age of exposure and/or early age at onset of an adverse health
effect. Finally, future epidemiologic studies should not be conducted unless they
are expected to have sufficient statistical ability, or so-called power, to be able to
detect any possible health effects in the Cape Cod population.

2For census reasons, states are divided into counties, which are in turn are divided into census
tracts, which are further subdivided into census blocks. Most census tracts have between 1500 and
8000 people and they average about 4000 inhabitants. Census blocks are subdivisions of a census tract
and are the smallest area for which decennial census data are available to the public.
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 Executive Summary

INTRODUCTION

This report, prepared by the National Academies Committee to Assess Po-
tential Health Effects from Exposures to PAVE PAWS Low-Level Phased-Array
Radiofrequency Energy is the fifth Academies report on the PAVE PAWS radar
located at the Massachusetts Military Reservation in Cape Cod, Massachusetts.
Two previous reports evaluated the engineering and potential for population ex-
posure associated with the PAVE PAWS radar in 1979, just prior to the radar
becoming operational.1 Two recent letter reports by this committee provided ad-
vice on the Phase IV waveform measurement effort and evaluated the status of
information available to the committee.2

Individuals in the Cape Cod community have raised concerns that exposure
to PAVE PAWS radiation represents a unique type of radiation exposure due to
the possibility that there are:

1NRC (National Research Council). 1979a. Analysis of the Exposure Levels and Potential Biologic
Effects of the PAVE PAWS Radar System. Washington, DC: National Academy Press; NRC. 1979b.
Radiation Intensity of the PAVE PAWS Radar System, Engineering Panel on the PAVE PAWS
Radar System, Final Report. Washington, DC: National Academy Press.

2NRC. 2002. Letter Report to the Department of the Air Force from the Committee to Assess
Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency
Energy: Recommendations for Phase IV Measurements. Washington, DC; NRC. 2002. Interim Letter
Report to the Department of the Air Force from the Committee to Assess Potential Health Effects
from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy: Adequacy of
Available Research Data (see Appendix A of this report). Washington, DC.
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10 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

• Particularly “steep” rise-times associated with the PAVE PAWS wave-
form, and

• Overlapping wave fronts originating from multiple antennas on the
PAVE PAWS radar.

It has been suggested that if those temporal characteristics exist, then the PAVE
PAWS radar signal could give rise to precursor formation that might result in
greater exposure to biological tissue.

TASK FOR THE REPORT

This committee has been tasked to provide an update of the 1979 Academy
report that includes a discussion of:

1. The applicability of, and the level of uncertainty associated with, using
data derived from cell, animal, and epidemiological studies employing continu-
ous-wave exposure for evaluation of potential adverse health effects following
phased-array exposures;

2. The extent of the exposure of the public to electromagnetic energy from
the PAVE PAWS system;

3. Potential biological and health effects of the PAVE PAWS radar system,
and

4. Recommendations for appropriate follow-on study-design issues, includ-
ing the strengths and limitations of the approaches suggested and the potential
value of the proposed work.

The Executive Summary addresses the task items in order of appearance
above.

1. The applicability of, and the level of uncertainty associated with, us-
ing data derived from cell, animal, and epidemiological studies employ-
ing continuous-wave exposure for evaluation of potential adverse health
effects following phased-array exposures.

APPLICABILITY OF USING NON-PHASED-ARRAY DATA

Because there were essentially no PAVE PAWS data provided to or discov-
ered by the committee that specifically addressed PAVE PAWS health effects,
the first task of the committee was to determine whether continuous and pulsed
radiofrequency (RF) energy research are adequate for determining the biological
and potential health effects of the PAVE PAWS phased-array system. As stated
in our interim report, the committee concluded that certain waveforms and power-
density levels are applicable in the evaluation of biological effects and their rel-
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evance to potential health effects. For the purposes of this study the committee
has reviewed cell, plant, animal, and epidemiological data derived from pulse-
modulation RF exposures. A major focus of the committee was a review of data
with exposure characteristics defined in the committee’s interim report (for a
description of these exposure characteristics, see the committee’s interim report
in Appendix A).

The conclusions above were based in part on the committee’s understanding
of the PAVE PAWS radar characteristics as noted below.

RADAR CHARACTERISTICS

While minor differences have been measured in sidelobe energy characteris-
tics, phased-array radar characteristics are substantially equivalent to those of
dish radars. That observation is based on the following results of measurements
made during the Phase IV waveform measurement investigation carried out by
the Air Force Research Laboratory:

• PAVE PAWS is a narrow-band system (5 MHz) consistent with its
theory of operation.

• Phased-array antennas and reflector antennas have measurable time de-
lays at wide angles. Both arrays and dishes of comparable size have comparable
delays.

• The large number of PAVE PAWS active elements (1792) and their
irregular spacing make the discrete beam formation almost indistinguishable from
a continuous formation and thus, the role of individual elements is usually not
evident.

• Precursors are additions to a signal waveform, and may occur before,
during, or after the signal waveform.  They have been calculated and
measured, but only for wideband signals—typically, 10,000 MHz bandwidth in
dispersive media.  They may decay slowly, but only after significant attenuation
in the cellular media.  For the narrow-band PAVE PAWS radar, any precursors
would be extremely small and probably not measurable.  Precursor formation is
directly related to bandwidth (rise time), and dispersion, but not to electric field
slope (V/m/nsec).

UNCERTAINTIES INVOLVED IN USING NON-PHASED-ARRAY
DATA FOR EVALUATION OF POTENTIAL ADVERSE HEALTH

EFFECTS FOLLOWING PHASED-ARRAY EXPOSURES.

There are a number of uncertainties associated with using data derived from
cell, animal, and epidemiological studies employing continuous-wave and pulsed
RF exposures for evaluation of potential adverse health effects in humans fol-
lowing phased-array exposures. Those uncertainties relate to the significance of

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


12 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

the waveforms, their repetition rates and power levels on the biological systems,
and the significance of induced biological responses as a predictor of human-
health effects. Those uncertainties are summarized at the end of Chapter 1.

2. The extent of the exposure of the public to electromagnetic energy
from the PAVE PAWS system.

Various measurements of PAVE PAWS power-density levels in the Cape
Cod community have been made by the Air Force and by citizen groups. PAVE
PAWS power-densities were also modeled by Mitre Corporation, a contractor to
the Air Force. A recent analysis by Broadcast Signal Labs included measured and
modeled power-density information. After evaluating the information, the com-
mittee concludes that:

• The measured data show that average power densities are consistently
below 0.1 µW/cm2 and generally in the 0.001-0.01 µW/cm2 range at locations
where the public would be expected to be exposed.

• Measured peak levels are generally less than 1 µW/cm2, although values
as high as 15 µW/cm2 have been found at elevated locations near the radar.

• Power-density measurements recorded by different groups at different
times within the communities surrounding the Cape Cod PAVE PAWS radar are
generally consistent with each other and with modeled results.

• The measurements show distribution patterns that are strongly influenced
by site-specific local topography and intervening terrain at any given location.

• The modeled data are generally consistent with the measured data with
the exception that the modeling results are higher overall than the measured re-
sults. However, this is to be expected from the approximations that were made in
setting up the simulations that do not include scattering and other losses.

• The available measurement data and models of the PAVE PAWS power-
density emissions provide a good first-order characterization of the spatial distri-
bution of the exposures occurring throughout the communities of Cape Cod.

• In spite of the measurements and estimates of the PAVE PAWS wave-
forms and power densities, currently there are no data for estimating personal
exposure at the level of an individual.

• Using information on population density, topography, and direction of
the PAVE PAWS radar beam, the committee estimated that the proportion of the
population of upper Cape Cod whose primary residence is in direct line of sight3

to the PAVE PAWS beam was 11.8% in 1990 and 12.4% in 2000.

3Line of sight means that there are no hills between the resident and the radar that would block the
radar emissions. The main beam is aimed above the population and residents in the line of sight are
exposed to the sidelobes of the main beam.
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3. Potential biological and health effects of the PAVE PAWS radar
system.

After a review of the information available to this committee at this time, the
committee concludes that there is no health hazard from exposure to the PAVE
PAWS radiation. There are however, a few statistically significant biological re-
sponses that have been reported. Since biological effects do not necessarily trans-
late into adverse health effects, the implications of the biological observations are
not known. At this time it is not known which characteristics of RF radiation, at
the power levels associated with the exposures to the general public from the
PAVE PAWS radar, are biologically significant, if any.

The committee’s conclusions from its review of biology and epidemiology
relevant to the PAVE PAWS radar are outlined below.

BIOLOGY

 Mechanisms

There are a number of physical mechanisms by which electric and magnetic
fields of radiofrequencies are known to lead to biological changes. There are no
known physical mechanisms that predict a physical interaction with tissue result-
ing in a biological response at power densities, on the order of 1 µW/cm2, that are
associated with the PAVE PAWS radar.

Animal Studies

• Evidence from animal studies does not provide a case for an increase in
cancer risk with low-level RF exposure.

• There is no evidence of adverse effects on mammalian reproduction and
development during exposure of animals to RF at levels that do not produce a
significant temperature rise in tissues.

• There is some evidence of low-level RF exposure being capable of sig-
nificantly reducing dopamine (a neurotransmitter in the brain involved in the
control of movement) levels.  Given the magnitude of the reduction observed,
and the extended duration of the effect, we believe these studies merit replication.

• Alteration of behaviors, both learned and unlearned, can occur at expo-
sure levels as low as 1 mW/cm2 (a thousandfold higher than PAVE PAWS expo-
sures); however, those changes appear to be reversible with no long-term or per-
manent effects.

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


14 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

Other Biological Studies

• Few biological studies have been completed using RF exposures whose
physical characteristics are similar to the PAVE PAWS system; however, a wide
variety of biological studies have been undertaken based on RF exposures in the
frequency range of PAVE PAWS. No biological experiments have employed the
exposure durations that some Cape Cod residents have experienced.

• No endpoints traditionally associated with carcinogenesis have been
found to be reproducibly affected by RF exposure in cell systems.

• Long-term exposure (multiple-year) studies on plant growth undertaken
with radar exposures very similar to that of PAVE PAWS showed a dose- and
distance-dependent decrease in tree growth, but there is currently no means for
extrapolating from the biological responses reported in these studies to any health
effect in humans.

EPIDEMIOLOGY

Epidemiology of Radiofrequency Exposures Other than PAVE PAWS

• Studies reported in the peer-reviewed scientific literature describing
health outcomes among human populations exposed to pulsed or continuous-wave
radiofrequency exposures vary in scientific quality and provide conflicting re-
sults.

• The methodological issues associated with those investigations prima-
rily relate to the lack of precision in the exposure assessments, which seriously
limits the use of the data in making a determination of the potential impact of
radar exposure on human health.

Epidemiology of the Cape Cod Population

General Cancer Incidence Rates on Cape Cod

• Using the upper Cape Cod cancer-incidence review of 1986-1994 from
the Massachusetts Department of Public Health, statistically significant increases
in the standardized incidence ratio (SIR) are seen on Cape Cod for the following
cancers: colorectal (SIR 112), breast (SIR 110), prostate (SIR 130), and lung (SIR
112). The observed elevated cancer-incidence rates among residents of upper
Cape Cod have not been adequately explained through subsequent investigations.

• As an overall measure of health for the upper Cape Cod towns, prema-
ture mortality before age 75 is a useful indicator. Based on 2001 data, Barnstable,
Falmouth, Mashpee, and Sandwich have lower mortality than the Massachusetts
state average, while Bourne has elevated mortality.
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• Contrasting the calculated SIRs for 5 categories (total cancers, breast,
colon, lung, and prostate cancer) during 1987-1994 versus 1995-1999 for 5 towns
in upper Cape Cod demonstrated no consistent pattern of increase. During those
two time periods, a decrease in SIR was observed in 15 out of 25 SIRs, no change
in 4 out of 25 SIRs, and an increase in 6 out of 25 SIRs, suggesting that increasing
duration of the presence of the PAVE PAWS radar has not resulted in increased
incidence of cancer. Analyses covering longer durations may be required to con-
firm this initial observation.

Committee Analysis of Cancer Incidence and the PAVE PAWS Radar

• Health-outcome data on cancers in the population surrounding the PAVE
PAWS radar have been published in the upper Cape Cod cancer-incidence review
of 1986-1994. A statistical analysis was conducted by this committee using the
1986-1994 data and peak and average power density as the measure of residential
exposure. The committee evaluated the occurrence of all cancers combined, as
well as specific cancers, including colorectal, breast (female), prostate, and lung,
and did not identify any increase in cancer risk with exposure to the PAVE PAWS
radar.

• Adjustment for socioeconomic status (utilizing the percent of popula-
tion below the poverty level) had little impact on the observed lack of correlation
between the radar and health outcomes evaluated.

• The population size of upper Cape Cod places limits on the ability to
conduct well-designed and well-conducted research to evaluate health outcomes
associated with PAVE PAWS; however, moderately low levels of increased risk
ranging between 40% and 100% (i.e., relative risks between 1.4 and 2.0) could be
investigated, with acceptable statistical power, for some of the more common
forms of cancer.

4. Recommendations for appropriate follow-on study-design issues, in-
cluding the strengths and limitations of the approaches suggested and
the potential value of the proposed work.

RECOMMENDATIONS

• Because of the limitations of human-exposure assessment, confounders,
and range of health outcomes, the committee does not recommend that further
PAVE PAWS health investigations be conducted unless they integrate: (1) expo-
sure assessment and health outcomes at the census-block level; (2) strategies to
quantify personal exposure in addition to residential location; and (3) appropriate
considerations of potential confounders. In addition, it is recommended that fu-
ture geographical correlation studies should be carried out for age-specific strata
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that address early age of exposure and/or early age at onset of adverse health
outcomes.

• To determine the levels of extremely low-frequency (ELF) sideband en-
ergy in the PAVE PAWS radar signal, a Fourier analysis should be made of a
representative search pulse pattern, including the dead (maintenance) interval.
Non-linearities in tissue impedance (which need to be determined) might convert
the sideband energy to ELF energy that may have biological effects. This rela-
tively simple analysis could identify or rule out potential effects from ELF that
may be generated by the PAVE PAWS RF exposure. Many other radar systems
employ diagnostic and calibration pulse sequences and it should be noted that
many radars may have small ELF sideband energy; the possible ELF is due to the
waveform characteristics, not to the phased-array antenna.

• Theoretical work is needed to establish connections between the phys-
ics of the electromagnetic fields and changes in chemical reaction rates and the
binding of molecules to membranes.  Such investigations would lend insight
into possible mechanisms of biological effects of RF exposures. The strength of
such theoretical investigations is that they can help determine which of a large
number of possible experiments  are likely to identify changes that lead to bio-
logical effects and how such effects are a function of parameters such as the field
strengths, frequency, and exposure times. The limitation of such theoretical
work is that the models that are analyzed may not accurately describe the prob-
lems of interest and may miss some important parameters.

• Selected studies on the biological effects of RF exposures are warranted,
particularly those that build upon existing studies demonstrating statistically sig-
nificant responses to RF exposure. While biological responses do not necessarily
translate into health effects, it is important to follow up on known biological
effects to determine if they relate to an identifiable health effect.

Therefore, we suggest two types of biological studies:

1. Studies are recommended that should include large-scale genomic and
proteomic screening to identify gene and protein expression patterns in cells and
animals after exposure to simulated PAVE PAWS radiation, both at levels ap-
proximating peak exposure levels to the Cape Cod population and at higher power
levels to identify potential threshold power densities for biological effects. The
committee recognizes that the limitation to these in vitro and animal studies is
that they may have limited applicability to the human situation. However, the
strength of these studies is that they will provide information covering a wide
range of cellular activity in a limited number of experiments and the information
gained may be useful in generating mechanism-related hypotheses of the effects
of PAVE PAWS exposures in cell and animal systems.

2. Studies of plant growth in the vicinity of the PAVE PAWS facility, such as
tree ring width before and after the facility became operational, are also recom-
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mended. While these studies have the limitation of not being directly applicable
to human health, they have the specific strength of involving long-term exposures
(years) under very similar conditions as the human exposures. In addition, it is
anticipated that the information from these studies could relate to mechanism-
generating hypotheses, particularly if initial plant investigations are followed up
with more detailed analytical studies that investigate the mechanism of effect.
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1

Introduction

This report contains the results and process of the National Research Coun-
cil Committee to Assess the Potential Health Effects from Exposure to PAVE
PAWS Low-Level Phased-Array Radiofrequency Energy. The PAVE PAWS
radar system is located on Cape Cod, Massachusetts—near several populated
residential areas and in a region known for its scenic beauty and ecological rich-
ness as well as being a popular tourist area. The purpose of this section is to
describe the history of the facility and, in particular, the history of public con-
cerns that have led to the committee’s charge as well as to a number of other
studies and investigations.

While the committee was established to perform an independent assessment
of the possible biological and potential health effects of the PAVE PAWS phased-
array radar system, and has a very specific statement of work (see below), the
committee has taken very seriously the genesis for this study and, in particular,
the specific concerns expressed by some members of the public.

HISTORY OF THE FACILITY

The PAVE PAWS phased-array radar system on Cape Cod was first con-
ceived by the Joint Chiefs of Staff in 1972. The Raytheon Company was se-
lected as the primary contractor on April 12, 1976, to build the facility. On
March 17, 1976, the Air Force issued an environmental assessment of the PAVE
PAWS radar system. For the purposes of that assessment, a power desity of 10
milliwatts per square centimeter (mW/cm2) as averaged over any 6-minute pe-
riod was established as a guideline for limiting occupational exposure. This
guideline was provided by the U.S. Air Force School of Aerospace Medicine on
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the basis of existing Occupational Safety and Health Administration guidelines.
In understanding the history of the community’s concerns, it is important to note
that these guidelines were not specified for non-occupational, continuous expo-
sure. The Air Force’s assessment considered a number of potentially detrimental
scenarios to the environment due to the construction and operation of the radar
and judged the impact to be minimal. It also noted considerations that were
thought to offset the identified potential adverse environmental effects. The Air
Force Environmental Assessment concluded in part that the proposed installa-
tion and operation of PAVE PAWS “is not a major federal action with signifi-
cant adverse impact on the quality of the human environment.” A report was
also issued by a Department of Defense contractor, the Illinois Institute of Tech-
nology Research Institute, in May of 1976 that evaluated the impact of the pro-
posed PAVE PAWS radar system on the electromagnetic environment at and
near the proposed facility (IITRI 1976). Subsequently, on December 22, 1977,
the Environmental Protection Agency (EPA) issued an environmental impact
analysis of the PAVE PAWS system at the request of Massachusetts Represen-
tative Gerry E. Studds. For locations selected for evaluation that were beyond
the boundaries of Otis AFB, the report concluded that “the predicted values of
time-averaged power density are considered to be well below values that should
have any health impact.”

Following those studies, the Cape Cod Environmental Coalition, Inc.
(CCEC), a citizens group, undertook court action in the U.S. District Court against
various Air Force officials on March 3, 1978. The suit contended that the PAVE
PAWS project was in violation of the National Environmental Policy Act of 1969
because an Environmental Impact Statement (EIS) had not been prepared. On
October 31, 1978, the CCEC and the Air Force entered into an agreement tempo-
rarily suspending further litigation brought by the citizens group. Under the agree-
ment, the Air Force was allowed to continue construction of the facility while it
completed an EIS. The EIS was prepared by Stanford Research International un-
der a contract with the Air Force in May of 1979.

Prior to completion of the EIS, the Air Force asked the National Academy of
Sciences to perform two studies relevant to the EIS. One study was to focus on
the safety measures inherent in the engineering design of the radar system and the
second study was to focus on the extent of human exposure from the radar. These
studies were completed in 1979. The results from the studies concluded that the
“PAVE PAWS system may be anticipated to expose a limited number of mem-
bers of the general public intermittently to low intensities of pulse-modulated
microwave fields with maximal instantaneous intensities of 100 µW/cm2 or less
and time-averaged intensities lower by two orders of magnitude. There are no
known irreversible effects of such exposure on either morbidity or mortality in
humans or other species. Thus it is improbable that exposure will present any
hazard to the public.” However, the report went on to add, “In view of the known
sensitivity of the mammalian central nervous system to electromagnetic fields,
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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 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.”
Finally, the report recommended that additional research be conducted to clarify
the possible effects of long-term exposure to the radar system. It is this recom-
mendation that has formed the basis, in part, for some of the concerns expressed
in the intervening 23 years by some local citizens prior to the start of this
committee’s current study.

Some of the concerns voiced by the public at the time of the 1979 study
included concerns about possible thermal effects, disruption of implanted medi-
cal devices (such as pacemakers), and secondary radiation effects from improp-
erly grounded structures exposed to the radar. In recent years, public concerns
have shifted away from thermal effects of RF energy emitted by the radar and
have centered on theories that relate to the waveform of the phased-array radar
and concerns over the possible health ramifications from the propagation of the
RF energy in tissue. A number of hypotheses have been advanced that propose
possible mechanisms for health effects. In particular, some community members
have made mention of studies done, and possible mechanisms of action advanced,
by Dr. Richard Albanes.1

Dr. Albanese’s concerns include potential biological effects on cells and tis-
sues from:

• “Steep” rise-times in the PAVE-PAWS waveform,
• Overlapping wave fronts originating from multiple antennas on the

PAVE PAWS radar, and
• The possibility of precursor formation in tissue.

Public concern over the potential for health effects from PAVE PAWS have
been heightened by the Massachusetts Department of Public Health Cancer Reg-
istry reports, which for the last 10-plus years have reported on several excess
cancers in the Cape Cod area, and, for certain cancers, on the upper Cape. Chap-
ter 9 includes a summary and review of the available health studies and cancer
registry information. Concern over the potential excess in cancers has been linked,
for some members of the public, to potential environmental sources including
PAVE PAWS.

Citizens expressed further concern over the PAVE PAWS radar system when

1Dr. Albanese is an Air Force employee who has raised concerns about the safety of the PAVE
PAWS radar.
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the Air Force announced in 1999 its proposed plans to upgrade the PAVE PAWS
system. The Air Force has noted that the upgrades only involve system upgrades
and do not involve physical expansion of the system. Following the Air Force’s
proposal, the Sandwich Board of Selectman and Senator Kennedy called for a
site-specific EIS. The Sandwich Board of Selectman also requested that the Air
Force perform laboratory studies of the effects of long-term exposure to PAVE
PAWS and that a retrospective epidemiological study be done on Cape Cod to
investigate the elevated cancer rates.

Since the time of this committee’s inception, there have been citizens stating
concerns on behalf of at least some members of the public about the absence of
phased- array site-specific measurement data on PAVE PAWS from the Air Force
for the past 23-plus years. That lack of data and failure to follow through on the
recommendation made in the original NRC report have appeared to heighten the
public’s generalized concern and, for some, resulted in severe distrust of the Air
Force. One such citizen’s group is the Coalition for the Operation of PAVE PAWS
Safely (COPPS). There has also been concern expressed by some members of the
public that the group currently tasked with recommending and overseeing health
or epidemiological studies—the local PAVE PAWS Public Health Steering Group
(PPPHSG)—is not totally objective or independent of the Air Force, and thus,
might not wholly represent some of the citizens who have been expressing con-
cern. Distrust has been further elevated by a concern over potential information
contained in the classified Air Force Environmental Health and Safety (EHS)
program to which citizens requested that the current NRC committee be provided
access. The committee’s review of the EHS program and the committee’s evalu-
ation of the classified information are contained in Chapter 2 of this report.

Although laboratory studies of the effects of long-term exposure to PAVE
PAWS waveforms have not been done, a retrospective epidemiological study and
supporting power-density analysis have been commissioned by the PPPHSG. The
power-density study was completed in May of 2004 and this committee antici-
pates an NRC review of the epidemiological study when it is completed in 2005.
The committee’s evaluation of the PPPHSG power-density study appears in Chap-
ter 4 (Exposure Levels).

In summary, there are members of the Cape Cod public who have had long-
standing concern over the potential health effects of the PAVE PAWS radar sys-
tem. The absence of measured data and further specific studies since the facility
was constructed and became operational have increased concerns and frustrated
many residents.

ORIGIN OF PRESENT STUDY

In a January 11, 2001, letter from Senator Edward M. Kennedy to the Secre-
tary of the Air Force, F. Whitten Peters, Kennedy asked that the Air Force fund an
independent study through the National Research Council of the National Acad-
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emies “to examine the health effects of the PAVE PAWS system.” Kennedy fur-
ther requested that this follow-on study (to the previous 1979 report) should ad-
dress, at a minimum, the effects, if any, of the PAVE PAWS radar over the past
two decades and should also examine the validity of using continuous-wave and
pulsed non-ionizing radiation biological-effects data as surrogates for phased-
array non-ionizing radiation biological-effects data. The following Statement of
Task evolved out of discussions between the Massachusetts congressional del-
egation (Senators Kennedy and Kerry, and Congressman Delehunt), the Air Force,
and the National Academies.

STATEMENT OF TASK

The committee will first determine whether continuous and pulsed radio-
frequency (RF) energy research data are adequate for determining the biological
and potential health effects of the PAVE PAWS phased-array system. This de-
termination will be communicated to the sponsor as a letter report. If the re-
search data from continuous and pulsed RF energies are considered to be appli-
cable for the determination of possible health effects of phased-array RF energy,
the committee will use this information to update the 1979 National Research
Council analysis of the exposure levels and potential biological effects of the
PAVE PAWS Radar System. If the data are not applicable, the committee will
use other information that it determines to be relevant to phased-array health
effects to update the 1979 report. In this update the committee will evaluate
potential biological and health effects, evaluate exposures of the public to elec-
tromagnetic energy from the PAVE PAWS system, and make recommendations
for the need for, and focus of, additional scientific studies to address continued
scientific uncertainty related to health outcomes and exposure to low-level
radiofrequency energy emitted by the PAVE PAWS Radar System. At the
completion of its work, the committee will provide an update of the 1979 Re-
search Council report that includes a discussion of:

1. The applicability of, and the level of uncertainty associated with, using
data derived from cell, animal, and epidemiological studies employing continu-
ous-wave exposure for evaluation of potential adverse health effects following
phased-array exposures;

2. The extent of the exposure of the public to electromagnetic energy from
the PAVE PAWS system;

3. Potential biological and health effects of the PAVE PAWS Radar Sys-
tem; and

4. Recommendations for appropriate follow-on study-design issues, includ-
ing the strengths and limitations of the approaches suggested and the potential
value of the proposed work.
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Within the above specific scope, the committee has reviewed the information
provided to us by members of the public, outside scientists, and the Air Force.
The committee’s scientific review process and deliberations in carrying out the
statement of task have been performed with the highest level of scientific and
professional integrity. It was also our intent that the process we used be made as
transparent as possible. Furthermore, the draft report went through a rigorous
independent peer review before the National Academies approved its issuance.
The peer reviewers were anonymous to the committee until publication and the
committee was required to respond to the satisfaction of the National Academies
Report Review Committee before the draft was approved for release as a report of
the National Academies. It is extremely difficult, if not impossible, to prove
safety—it is, however, possible to examine whether there is a reasonable degree
of certainty regarding the presence or absence of harm. In carrying out our state-
ment of work and writing this report, the committee has attempted to evaluate the
best available science and used this information and evaluation to address the
public’s concerns.

INFORMATION AVAILABLE TO THIS COMMITTEE

A large body of information on radiofrequency effects was available to this
committee including RF information databases and recent reviews such as
AGNIR (2001, 2003), Boice and McLaughlin (2002), GAO (2001), HCN (2000,
2002, 2003), ICNIRP 2001), Krewski and others (2001a, 2001b), NCRP (2002),
NRPB (2004), SSI (2003), and Zmirou (2001). In addition to these databases and
reviews, the committee had access to personal libraries accumulated during years
of research by committee members on this and related subjects. To evaluate in-
formation the committee felt was most relevant to the PAVE PAWS issue, a table
was constructed to focus the literature review on those components that the com-
mittee felt would be most useful to the present study. That table of criteria was
published in a letter report delivered to the Air Force on November 15, 2002, and
is included in this report as Appendix A.

Secondly, the Air Force made a PAVE PAWS waveform study available to
the committee (AFRL 2003) and the PAVE PAWS Public Health Steering Group
made a PAVE PAWS power-density study available to the committee through
their contractor, Broadcast Signal Laboratories (BSL 2004).

Finally, a large amount of information was made available to the committee
by citizens and other individuals interested in the Academies PAVE PAWS study.

UNCERTAINTIES ASSOCIATED WITH THE EVALUATION OF
PAVE PAWS HEALTH EFFECTS

The Statement of Task asks the committee to discuss the level of uncertainty
associated with using data derived from cell, animal, and epidemiological studies
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employing continuous-wave exposure for evaluation of potential adverse health
effects following phased-array exposures. Some of the uncertainties associated
with using data derived from studies employing continuous-wave or pulsed-wave
exposure for evaluation of potential adverse health effects following phased-ar-
ray exposures include:

• The extent to which pulse shape, repetition rate, and carrier frequency
affect biological systems;

• The extent to which power levels and exposure duration for a given
waveform affect biological systems; and

• Identification of the relevant biological effects and how they relate to
health outcomes, including the state of the biological system and the pathways by
which biological changes occur. Biological test systems may not closely approxi-
mate the physiological state in humans, and human physiological conditions vary
widely. The approaches to extrapolate from biological effects to health effects are
frequently not well defined.

The committee emphasizes that uncertainties are associated with all scien-
tific information and analyses and these uncertainties and others were taken into
account in reaching the committee’s conclusions and recommendations.
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2

Assessment of Classified Research
Relevant to PAVE PAWS

INTRODUCTION

Because radars are an important feature in the operation of the military in
times of peace and war and because microwave and laser systems have been
developed as strategic weapons to deliver energy as well as systems for guidance
or surveillance, one would expect that the U.S. Air Force and perhaps other
branches of the military might have conducted research to explore effects of mi-
crowaves on biological systems. A major source of that type of research has been
a responsibility of the Directed Energy Bioeffects Division in the Human Effects
Division (HED) of the Air Force Research Laboratories (AFRL) at Brooks Air
Force Base in San Antonio, Texas. For obvious reasons, some of that work has
been classified by the U.S. government, while other results in biological systems
have been published in the open scientific literature or in unclassified U.S. De-
partment of Defense documents. The congressionally mandated study conducted
by the NRC committee included a charge to examine and assess all classified
national security data that might be relevant to PAVE PAWS.

VISIT DETAILS

In order to ascertain whether research by the U.S. Air Force had produced
any evidence for biological effects that might relate to potential health effects of
electromagnetic radiation with characteristics relevant to the radiations produced
by the PAVE PAWS beam, members of the NRC committee with appropriate
personnel security clearances and expertise in the engineering and biological dis-
ciplines were asked to review the Air Force’s classified research and results. To
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do that part of the charge, two site visits were conducted. The first was a prelimi-
nary visit conducted on April 25, 2002, in which the goal was to examine the
reports and documents summarizing all of the classified research results that might
be relevant to the PAVE PAWS study and to determine whether additional exper-
tise and a second visit would be necessary to review the Air Force’s results of
classified research. The Director of the Board on Radiation Effects Research and
two committee members, one with biological expertise and one with physics ex-
pertise, examined the classified reports and data summaries in the Directed En-
ergy Bioeffects Division of the laboratories at Brooks AFB. The site-visit team
asked the Air Force to provide all reports and data summaries for all electromag-
netic radiation research related to the PAVE PAWS beam characteristics. This
visit included an extensive presentation by Dr. Albanese, in addition to presenta-
tions by other scientists, including Air Force personnel and civilians who were
associated and familiar with the Air Force’s research activities related to electro-
magnetic radiation interactions with biological systems. The team was hosted in
Building 1162 (Tejeda Laboratory) at Brooks Air Force Base by Richard L.
Miller, Ph.D., Chief, Directed Energy Bioeffects Division (AFRL/HED). Also
present were Major Lester Ogawa, Dr. Johnathan Kiel, the Senior Scientist in
Electromagnetic Radiation Effects, and Dr. Walter Rogers. At the time of the
NRC committee’s visit, Dr. Rogers was a Research Electrophysiologist for
Veridian, but he had been the key investigator on the Electromagnetic Health and
Safety program report when he was an employee for Southwest Research Insti-
tute. Part of the review included a discussion and answer session with scientists
and Air Force administrative staff and part of the review included an executive
session in which the NRC site-visit team examined reports and data summaries.

The second site visit was conducted on January 30-31, 2003. For the second
visit, two additional committee members with appropriate personnel security
clearance and scientific expertise (the additional expertise requirement was based
on the review conducted by the first review team) were added to the team. In
addition, a physician with appropriate personnel security clearance was included
as an unpaid consultant. A total of four committee members, plus an M.D. con-
sultant (a member of the Institute of Medicine of the National Academies) and the
NRC board director, reviewed the classified information provided during the two-
day visit.

Prior to the site-visit team’s arrival, the full committee’s members developed
a series of questions that they instructed the review team to ask of the Air Force
during their visit. Those questions included:

1. Where did the parameter “1 volt/meter/nanosecond rise time” come from?
2. Does the Air Force have any evidence for actual measurements of

precursors?
3. Does the Department of Defense have any other data (molecular, cellular,

or animal) that are relevant to the PAVE PAWS exposures (i.e., other experimen-
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tal results known to the Air Force from experiments conducted using relevant
wavelengths and power densities that are below thermal thresholds)?

In addition to focusing on a discussion of the Air Force’s answers to the
above questions, a major focus of the review was a final report of the U.S. Air
Force’s Electromagnetic Health and Safety (EHS) research program. The results
of the Air Force-sponsored studies conducted over a period of approximately 15
years (from the 1980s to 1996) were reviewed from the perspective of whether
any of the results obtained are relevant to exposure of humans to the PAVE PAWS
system or informative about effects that might relate to potential human health
effects from exposures to PAVE PAWS. As stated in the final report provided by
the Air Force, the thrust of the EHS program is summed up by the unclassified
title Biological Effects of Exposure to Ultra-wideband Electromagnetic Energy
(U) (AFRL-HEX 2002). Copies of the final classified report were provided to
each review-team member for use during the two-day visit.

In its review of the classified data, the review team had to rely on the respon-
sible Air Force personnel to provide access to all data as requested by the com-
mittee. The Air Force administrative personnel were very cooperative in making
the classified materials of the EHS program available to the committee. In this
particular review, the committee has no evidence to suggest that summaries of
data obtained by the Air Force in research related to the EHS research program
were withheld from the committee. Because of the large volume of data obtained
over several years in this multimillion-dollar research program, the reviewed
materials were primarily summary and tabulated material. Information provided
in the summary reports did not indicate the existence of biological effects in the
accumulated data that are relative to PAVE PAWS exposures. It was helpful that
the review team was able to meet separately with Dr. Albanese, given that he had
raised his personal concerns on several occasions to the full NRC committee and
to the site-visit team. Dr. Albanese was able to observe the materials and brief-
ings that were provided to the review team, and was asked specifically whether
there was any additional information that should be reviewed by the team. The
two suggestions made by Dr. Albanese were followed up by the team: first, the
suggestion that the U.S. Navy might have conducted some relevant research; and
second, the suggestion that contractors at other sites conducted experiments that
might be relevant (see Chapter 5, Annex 5-2). Finally, members of the review
team and the full NRC committee feel that it would be prudent for the Air Force
to declassify as much of the classified EHS material as possible in the interest of
improving the public’s confidence in the U.S. Air Force’s disclosure, even though
the review team saw no evidence of results that would change the NRC
committee’s conclusions or recommendations related to its assessment.

The NRC’s review team members produced an unclassified summary and
presented it to the full committee at its meeting the following month in Washing-
ton, DC, February 10-11, 2003. Based on the report by the review-team members,
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and following discussion by the full committee, the following conclusions and
findings were made:

CONCLUSIONS AND FINDINGS

1. As best as could be determined from materials provided at our request, the
Air Force did not design or conduct any classified studies addressing long-term
exposure effects experiments directly relevant to the PAVE PAWS exposure con-
ditions and therefore did not respond to the recommendations in the 1979 NRC
Report.1

2. However, the Air Force has completed a series of studies using high-power,
short-duration RF exposures that include energy in the frequency range and aver-
age power of PAVE PAWS.

3. There are no classified experimental studies in the EHS program relating
to carcinogenesis.

Experimental results reviewed by the site-visit team, while not generally sta-
tistically significant or at exposure conditions representative of PAVE PAWS,
suggest that stimulation of cardiac or skeletal muscle might be demonstrated at
high power levels and sub-second exposures. It was somewhat disappointing to
the review team that some of the data summaries could not be easily traced back
to certain key experimental characteristics.

The 1 volt/meter/nanosecond slope appears to be based on Dr. Albanese’s
theoretical modeling and measurements in “biologically relevant” models that
have been declassified.

The visit did not reveal any additional measurements of, or demonstration of,
precursors in biological or model systems.

The review team learned that the U.S. Navy has conducted studies of tran-
sient microwave propagation in ocean media. The Navy was contacted and the
committee received an unclassified report from Naval Surface Weapons Center
(NSWC) (see Chapter 5 this report).

1The 1979 report recommended: “Additional research is recommended to clarify further the pos-
sible effects of long-term exposure to microwave radiation at low power densities. . . . In view of the
known sensitivity of the mammalian central nervous system to electromagnetic 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 hypotheti-
cal, it is not feasible to access 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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3

Physical Mechanisms for RF Effects on
Biological Systems

There is a long chain of events that must be followed to go from fundamental
physical interactions between electromagnetic fields and molecules or ions to the
production of changes in biologic systems that could lead to adverse human health
effects. This chain of events has yet to be described in detail. This section will
outline a small portion of those events, beginning with the forces of electric and
magnetic fields on electrons, ions, atoms, and molecules, and changes in their
energy, configuration, or orientation. These changes in turn can lead to further
changes in chemical reaction rates and in the binding of molecules to membranes.
This progression can then lead to changes in cell activity that in turn can affect
the biology of the organism. A subset of these biologic changes can lead to ad-
verse health effects. The body has many feedback processes so that many bio-
logic deviations from the norm are corrected before they become adverse health
effects. This section of the report will focus on the physics involved in the initial
portion of this chain of events.

The depth of RF penetration is dependent on the conductivity and dielectric
constant of the biological material; usually in the range of 3 to 4 cm at 433 MHz
for typical biological materials and ranges up to 16 cm in bone. Thus one can
expect a significant fraction of the field to penetrate into the body.

Maxwell’s equations, the Lorentz force law, and the electrical characteristics
of the material in question describe the basic interaction between electromagnetic
waves and that material. The electric field is defined so that the force on a charged
particle is given by the product of the charge, q, and the electric field, E. Similarly
the force exerted by the magnetic flux density, B, is given by the vector product
of the velocity, v, of a charged particle and the magnetic flux density. The vector
product means that this force is at right angles to both the velocity of the particle
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and B or it is perpendicular to the plane formed by these vectors. Given the value
of the fields E and B, one can calculate the forces, F, being exerted on an electron,
an ion, or a charged molecule. These relations can be expressed by the following
formula:

F= q(E + v x B).

From these forces and the equations of motion, one can calculate changes in
motion and kinetic energy of the particles as a result of the application of the
fields as a function of time and space. It should be noted that at the PAVE PAWS
radar frequency of 420 MHz, the direction of the force reverses every half cycle
or every 1.2 × 10–9 seconds. Therefore, the average displacement of these charged
particles in a uniform field is zero. Thus the dominant result of a uniform field is
heating. An average incident power density of 1 µW/cm2 on a standing man would
lead to a specific absorption rate, SAR, of approximately 5 × 10–5 W/kg. This is
about four orders of magnitude lower than the metabolic-energy generation rate
of a resting man.

In a non-uniform field the gradient of these fields can induce a directional
force in atoms and molecules. If for example, the electric field induces a dipole
moment that oscillates with the field, then the gradient of the field will exert a
force on the particle that is in a constant direction. Thus the gradient of the field
can lead to a drift current density, J, that is given by the formula:

J = N µα V(E • ∇)E,

where α is the polarizability, N is the density of the particles, V is the volume of
the ion or molecule, and µ is the mobility. For the fields under consideration, this
induced drift current density will be very small and is expected to be very small
with respect to the diffusion current and the drift currents associated with the
fields that occur naturally around cells associated with biological activity that are
on the order of microamps per centimeter squared.

The applied fields can also change the state or energy of the bound electrons
in an atom or molecule. For weak fields these changes are associated with the
absorption of a quantum of energy from the RF field. The amount of energy, W,
associated with a single quantum of the RF field is given by the formula:

W = hf,

where h is Planck’s constant and f is the frequency. The quantum of energy asso-
ciated with a photon of microwave energy is about 10–5 times smaller than the
photon of energy associated with room temperature radiation. The thermal radia-
tion has its maximum energy in the infrared. This thermal background radiation
nearly equalizes the population of low energy states that are separated by ener-
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gies corresponding to a microwave photon at thermal equilibrium so that many
quantum effects are completely masked by the thermal background radiation.

One area in which this may not be true is associated with excited states where
most of the energy is supplied by another process such as a chemical reaction or
ultraviolet radiation. For these excited states, spin selection rules may control the
rate at which they decay or react with other materials and the population of mol-
ecules in these states may be changed by RF radiation. Examples where these
processes may be important are free radicals in which relatively low levels of RF
power have been shown to change the absorption spectra. In the 1-80 MHz region
of the spectra, and at field strengths of 0.1 to 0.5 mT, Stass and others (2000) have
shown a magnetic field effect on the photochemical reaction of anthracene-d10
with 1,3-dicyano-benzene in a cyclohexanol/acetonitrile solution corresponding
to changes in the free radical life times. These transitions are associated with
hyperfine spectra of the molecules.

In general, the fields are attenuated as they propagate through the tissue. It is
a relatively complicated problem to estimate how strong the fields will be after
they go through the skin and other anatomy taking into account the geometry of
the body and the differing electrical properties of the skin, bone, fat, and other
tissues to find the field strengths at the site of interest for a given biological
effect. Tables for the electrical properties of many tissues, are given by Gabriel,
Lau, and Corthout as a function of frequency in three papers . Using this kind of
data, numerical models have been used to calculate the field distributions in the
head and the body in various positions (Hagmann and Gandhi 1979; Jensen and
Samii 1995; Iskander and others 2000). For a review of computational methods
for computing field distributions see the Handbook of Biological Effects of Elec-
tromagnetic Fields, Chapter 9 (Lin and Gandhi 1996). In general, the fields will
be weaker the farther away the biological site of interest is from the surface fac-
ing the source. In brain tissue the attenuation coefficient is 31.1 m–1 and the depth
of penetration is about 3.2 cm. The fields in membranes and other low water
content material will be larger than in the high water content material by the ratio
of the dielectric constants. This is about a factor of 20 at 420 MHz for membranes
in a fluid.

The effect of the RF fields on the biological system may take place by chang-
ing chemical reaction rates or the binding of molecules to a membrane surface.
This could occur in at least five ways (Barnes 1996). First, it may affect the
transport of ions or charged molecules and thus the probability of the two par-
ticles coming close enough to each other to react. Second, it may affect the en-
ergy with which they collide. Third, it may affect the orientation or configuration
of the colliding particles. Fourth, it may change the energy state of one of the
molecules. Fifth, it may affect the average temperature of the environment. Of
these effects, only those related to changes in the average temperature are well
studied and are generally accepted by the scientific community at large as de-
scribed in a review article by Adair (2003).
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Effects that are currently being studied include changes in the molecular
configuration of large biological molecules as a result of the application of RF
fields, dielectrophoresis or the effects of the gradients of the fields on the trans-
port of molecules in the vicinity of membranes, and the effects of RF fields on
free radical lifetimes. For dielectrophoresis to be important the resulting current
must be a significant fraction of the natural current of the same material. Initial
results of the studies of these mechanisms indicate that to be important, the field
strengths need to be sufficient so that the energy absorbed from the RF fields is a
reasonable fraction of the thermal energy, kT.

Other physical changes that have been suggested include changes in the dif-
fusion constants, (Seto and Hsieh 1976) and rectification of the electric field by
membranes (CRC 1996). For these to occur, the signals must be large enough for
non-linearities to become significant. Non-linearities are expected to be most
important in biological systems with gain. At low frequencies, one such system is
the cardiac pacemaker where cells were shown to have nonlinear effects on the
oscillation frequency on the order of a hundred microvolts (CRC 1996). How-
ever, at frequencies above 10 MHz the membrane capacity shorts out the applied
field and the field reverses direction so rapidly that ions cannot transit a mem-
brane. Measurements of RF field range applied to cell membranes have not shown
any rectification (Pickard and Barsoum 1981).

 An important problem is determining the minimum signal that a bio-
logical system can detect in the presence of noise. For reliable communications
signal-to-noise ratios of greater than one are usually required and typical values
are one hundred-to-one and one thousand-to-one. Sources of noise include ther-
mal noise, shot noise, 1/f noise, and the electrical signals generated by other parts
of the biological system. At low frequencies, the electrical signals from muscle
activity of the heart are usually the largest source of electrical noise. In biological
systems, repetitive pulses that have a pattern that can be distinguished from the
noise are usually required to initiate important changes or to put information into
memory. These signals often have both space and time coherence. For signals
that are coherent in space, the signal-to-noise ratio grows as the square root of the
number of events in parallel with respect to random noise. For signals that are
coherent in time one gets a similar increase in signal-to-noise ratio with the square
root of the length of time for which the signal is applied (Weaver and Astumian
1990).

At 420 MHz, the thermal noise is expected to be the largest source of noise.
The noise from this source leads to mean-squared average-voltage fluctuation
across a membrane that is given by

<V2> = 4kT∆fR,

where k is Boltzmann’s constant, T is the absolute temperature, ∆f is the band-
width, and R is the resistance.
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The value of the resistance and the effective bandwidth of cell membranes
will depend on the geometry of the cell. Additionally, because cells are electri-
cally coupled to each other, the effective values for the resistance and capacitance
of a cell will depend on its environment and thus the noise voltage will also be
dependent on the geometry of the cells. For an externally applied voltage, the
voltage across a particular cell is dependent on the geometry of the cell and the
structure of the surrounding tissue. Typical models for a cell membrane would
consist of resistor and capacitor in parallel. Another resistor and capacitor in par-
allel would model the fluid portion of the cell and the applied field would extend
across a large number of cells in series. At high frequencies, this would behave
like a capacitive voltage divider so that the applied voltage to a given membrane
would be roughly equal to the applied field divided by twice the number of cells
per unit distance.

At low frequencies the currents through a cell membrane are nonlinear func-
tions of the applied voltage. These nonlinearities are such that cell membranes in
nerve cells can behave as poor rectifiers with a typical efficiency of about 0.1%.
At radiofrequencies, this efficiency has typically not been measured and there is
at least one proposal that is outstanding to make measurements of this kind.

A single molecular event can be amplified by a variety of means. For
example, the binding of a single neural transmitter at a synaptic junction can lead
to the release of thousands of calcium ions that in turn become a part of the signal
that is used to excite the next synapse. It typically takes approximately 20 den-
dritic inputs to a summing junction to fire an axon. Repetitive stimulation can
lead to persistent changes that either increase or decrease the threshold for firing.
Stochastic resonance is another means of amplification that can lead to an in-
crease in the signal-to-noise ratio. In these processes a small periodic signal in a
nonlinear system can be amplified by extracting energy from the noise. Gains on
the order of 100 and similar improvements in the signal-to-noise ratios have been
shown for physical systems, and stochastic resonance has been shown to be one
method for improving the sensitivity of biological systems to weak signals
(Gammaitoni and others 1998).

SUMMARY

There are a number of possible mechanisms and pathways by which electric
and magnetic fields could lead to biological changes at high-power exposure lev-
els. However, at this time, the committee does not know of a physical mechanism
that has been shown to change biological processes at the field-strength levels
associated with exposures to the PAVE PAWS radar.
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4

Exposure Levels

OVERVIEW

This chapter summarizes the current data on exposure levels produced by
PAVE PAWS. It begins with an overview of the operating characteristics of the
radar and then discusses the existing exposure data measured in terms of peak and
average power density (in µW/cm2). Recent measurements of PAVE PAWS
power density recorded by census tract obtained as part of the current initiative to
re-examine the potential health effects of exposure to low-level phased-array RF
energy are included. Discussion also considers exposure levels of the general
population to other broadcast radiation sources of comparable spectral content.

PAVE PAWS OPERATION

The environmental impact and safety questions related to human health for
radar installations (and other broadcast sources) have traditionally been charac-
terized in terms of the power density produced as a function of time and location
within the surrounding population (often neglecting details of the local terrain).
Power density remains an important metric for safe operation of a radar in a
populated area. As such, the primary physical characteristics of PAVE PAWS
that determine its power-density distribution (e.g., its beam attributes) are briefly
reviewed (detailed descriptions of the full operational behavior of PAVE PAWS
have appeared in prior reports [NRC 1979a, b]). Historically, power levels below
the limits known to cause thermal effects in tissue have been deemed acceptable.
Current safety standards, which have been in place in this country for a number of
years, continue to evolve and are periodically revised, but are essentially based
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on this threshold (e.g., IEEE Standard C95.1-1999). However, concerns have re-
cently been raised regarding the safety of exposure to phased-array radiofrequency
energy. Specifically, two questions have been articulated. The first is whether or
not the human body responds differently (and detrimentally) to a radar beam
formed from a large number of individual antenna elements radiating waveforms
that are slightly shifted in time (to form a beam whose direction can be electroni-
cally scanned by controlling the phasing between elements) relative to a single
source generating an equivalent beam (in terms of radar function) that is me-
chanically redirected. The second is whether or not the transient characteristics of
the waveforms generated by PAVE PAWS are sufficient to produce so-called
precursors—spectral components of the composite signal created through inter-
actions with the human body that have been hypothesized to propagate to dis-
tances into tissue extending beyond that expected from the primary (signal) fre-
quency comprising the PAVE PAWS emission. As a result, the summary of
PAVE PAWS operation presented here will focus on its beam-forming capabili-
ties. The characteristics of the time-domain signal measured from PAVE PAWS
and the conceptual and experimental basis for the existence/nonexistence of pre-
cursors generated in tissue by PAVE PAWS exposure will be developed more
fully in Chapter 5.

THE BEAM CHARACTERISTICS

PAVE PAWS consists of two planar arrays of active antenna elements (the
centers of each array face are pointed 20° above horizontal and 120° apart in
azimuth) that are phased to radiate a directed narrow (main) beam (2° in width,
broadside) in short, high-energy bursts (pulses) containing approximately 90% of
the total transmitted power at the intended RF frequencies (any one of 24 discrete
frequencies between 420 to 450 MHz). The remaining energy is distributed in
sidelobes to the main beam which form clusters of surrounding auxiliary beams
that transmit significantly reduced intensities pointed in directions fanning out
from the orientation of the main beam with respect to the horizontal. For ex-
ample, the first and second sidelobes radiate powers that are no more than 1% and
0.1% of the main beam, respectively are directed approximately 4° (1st sidelobe)
and 6° (2nd sidelobe) off the central axis of the main beam (horizontally). Given
the local topography of the Cape Cod PAVE PAWS installation (which slopes
away from the radar at 1° or more below horizontal), it is primarily the secondary
sidelobes that intersect the ground when the main beam is pointed at its lowest (3°
above horizontal) elevation.

Transmitted Power

Each face of the PAVE PAWS radar consists of a regular grid of 2677 anten-
nas of which 885 are inactive, leaving 1792 active that are directly connected to
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individual solid-state transmitters radiating about 320 watts at peak power. The
peak transmitted power of PAVE PAWS is rated at 580 kW (320 W × 1792),
since typically only one of the two antenna faces radiates at a time. As described
in more detail below, the sequence of pulses radiated depends on the function that
the radar is performing at the time. Controls built into the system limit the rate at
which pulses are transmitted so that the fraction of total time during which power
is radiated does not exceed 25%, making the average transmitted power less than
145 kW (580 kW × 0.25). Correspondingly, the average radiated power in the
first and second sidelobes is approximately 1.45 kW and 145 W, respectively.

Waveform Generation

PAVE PAWS operates by transmitting pulses of radiated power interspersed
with periods of time dedicated to signal reception, the details of which depend on
the radar’s immediate functional task (e.g., searching, tracking), making the type
of pulse or pulse burst that is emitted, and the timing between bursts, complex
and dynamic. Further, the variability in the pulse pattern is coupled to directional
changes and small pulse-to-pulse frequency shifts in the main-beam transmis-
sions that create sidelobe radiation patterns that are constantly changing at any
given location on the ground. It is, therefore, difficult to quantify precisely expo-
sure conditions over time because the patterns of pulses emitted by PAVE PAWS
depend on the scanning directions being searched by the main beam along with
the number and location of targets being tracked at a particular instant in time.

The operation of PAVE PAWS is synchronized to a 54 msec cycle time in
which one or more pulses may be transmitted in each of several directions at
slightly different frequencies. Seventeen (17) consecutive 54 msec cycles are de-
voted to radar function with an 18th used for self-testing. Within a cycle, pulse
widths ranging from 0.25 to 16 msec may be generated. Within some pulses, the
main transmission frequency is varied (modulated or “chirped”) by 2 MHz or less
depending on radar function. Hence, the maximum possible duty cycle (fraction
of time that power is transmitted) during a single pulse repetition interval is 30%
(16/54 msec) and 28% over 18 consecutive cycles (17/18 × 30%), although on
average the maximum duty cycle does not exceed 25%.

Although the waveform modulation scheme is complicated by the multi-task
operation of PAVE PAWS, the modulation of transmitted power experienced at a
fixed location on the ground has been estimated based on the assumption that the
radar is functioning in an enhanced search mode (where the main beam targets
120 different azimuthal locations at 3° above the horizon every 2.5 seconds) (NRC
1979b). In this analysis, the signal (assumed to be a nominal 435 MHz carrier)
was considered to be modulated both by the pulse pattern of the burst transmis-
sions and by the scanning of the sidelobes as the main beam is repositioned. The
power spectrum of the envelope of the enhanced search mode pulse train with a
repetitive period of 54 msec contains a small amount of energy at 18.5 Hz (1/54
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msec) and its harmonics. The periodic interruptions (once every 18 cycles for
antenna self-testing) in transmissions create small sidebands about these frequen-
cies spaced approximately every 1 Hz (18 × 54 msec = 0.972 sec; 1/0.972 = 1.03
Hz). The 1979 NRC report (NRC 1979b) incorrectly states that 30% of the total
power is at zero frequency. This finding was based on the envelope of the pulses.
In reality, each pulse is filled with oscillations at the radar frequency (420-450
MHz); each pulse has a very small DC component. Because of this, the 18 msec
maintenance sequence used every 972 msec (one of 18) also has very small DC
components.

As noted in NRC 1979b, continuous operation in enhanced search mode is
not probable in practice, meaning that the 18.5 Hz peak would be reduced with
more power distributed around its overtones (37 Hz, 74 Hz, 148 Hz) resulting
from the factors of two reduction in pulse widths that occur with the variation in
transmission bursts. Additional sidebands would be present as well due to the
quasi-periodic recurrence of the shorter interval pulses occurring within the 54
msec repetition rate. Further spectral spreading results from the pulse-to-pulse
sampling of the antenna pattern sidelobes experienced at the fixed location on the
ground as the direction of the main beam is changed. This net effect was esti-
mated to create a uniform loss (~6.6 dB) across the band with further spectral
spreading into the sidebands of the pulse-train envelop spectrum leading to a
distribution dominated by sidelobe power in the 0-3 Hz band with less than 1% of
the total in the 15-20 Hz range (NRC 1979b). The report describes a sample strip-
chart recording of power measurements in the field ,which showed a 2 Hz fluc-
tuation with a peak amplitude of approximately 0.4 µW/cm2 on which spikes in
amplitude of about 1.4 µW/cm2 were superposed with a regular period of 0.4 Hz.
These findings tend to confirm the estimate that the modulation of the sidelobe
power is a few hertz or less on the ground.

PAVE PAWS POWER-DENSITY ESTIMATES AND MEASUREMENTS

 Exposure levels on the ground from PAVE PAWS have been estimated and
measured a number of times at various locations under several different assump-
tions and conditions. Six sources of such data are reviewed and summarized here:
(1) the 1979 NRC (National Research Council) Engineering Panel report on Ra-
diation Intensity of the PAVE PAWS Radar System (NRC 1979b); (2) the
1979 NRC report on Exposure Levels and Potential Biological Effects of the
PAVE PAWS Radar System (NRC 1979a); (3) the 1986 Engineering Report (#86-
33) issued by the 1839 Engineering Installation Group (EIG) from the Engineer-
ing Division at Keesler Air Force Base entitled “Radio Frequency Radiation Sur-
vey” for the AN/FPS-115 PAVE PAWS Radar (EIG 1986); (4) the 2000 report
by Mitre Corporation on “RF Power Density Exposure at Ground Level for the
PAVE PAWS Radar at Cape Cod—Questions and Answers” (MITRE 2000); (5)
the Broadcast Signal Laboratory (BSL) final test report “A Survey of Radio Fre-
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quency Energy Field Emissions from the Cape Cod Air Force Station PAVE
PAWS Radar Facility” issued in April of 2004 (BSL 2004b); and (6) the power
density measurement data analysis from the Coalition to Operate PAVE PAWS
Safely (COPPS) provided in May 2004.

1979 NRC Engineering Panel Report

The 1979 National Research Council Engineering Panel reviewed measure-
ment data obtained from June 1978 through August 1978 as well as other record-
ings presented to that committee in September 1978 (NRC 1979b). These mea-
surements were obtained with the radar operating in the enhanced search mode at
a fixed carrier frequency with 20% duty cycle and were corrected for equivalency
to measurements at 1 km distance from the radar with a 25% duty cycle (for
comparison purposes). Data from 4 station locations ranging from 1600 to 3900
feet from the radar (at 0° to 63° in azimuth from boresight) resulted in average
power densities of 0.38 to 3.26 mW/cm2, which when converted to equivalent 1
km, 25% duty cycle data, ranged from 0.64 to 0.98 mW/cm2 with an average
(from the 4 locations) of 0.82 mW/cm2.

The Panel concluded that the measurement protocol and instrumentation
used followed good engineering practice and that the variability in the measure-
ment data (nearly 2 dB) was acceptable given the calibration procedures em-
ployed and differences in line of sight to the various measurement locations.
Interestingly, in this same report (NRC 1979b), the panel made its own estima-
tion of nominal and worst-case estimates of average power density on the main
axis of a secondary sidelobe taking into account characteristics of the radar, and
reported numbers of 8.2 µW/cm2 (nominal) and 11 mW/cm2 (worst-case) at
1 km, which are approximately an order of magnitude larger than the actual
measurements but reassuring as conservative estimates. When factoring in more
of the pulse-train specifics associated with enhanced search mode, the panel’s
estimate reduced to 1.8 µW/cm2 at a distance of 1 km, which is only about 6 dB
greater than the measurement data.

1979 NRC Exposure Level Report

This report (NRC 1979a) reviewed similar data measured by the Air Force in
1978 (August and October) at various points within, and up to 5 miles beyond,
the restricted area, which is 1000 feet from the radar. It also considered analytical
results for PAVE PAWS produced by the Environmental Protection Agency
(EPA) in 1977. The August 1978 data were the same as reviewed in the 1979
NRC Engineering Panel report, although much more information was included in
NRC 1979b. Specifically, at each of the 4 measurement sites, data from main-
beam elevations of 3°, 6°, and 10° were evaluated along with both peak and
average power-density recordings. The results showed a 344 µW/cm2 peak power
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density at 3° elevation at the closest distance (1600 feet) dropping to a peak power
density of 179 µW/cm2 at 10° beam elevation with average power densities corre-
sponding to 3.26 to 2.90 µW/cm2, respectively, for these two beam elevations. At
the largest distance (3900 feet), the 3° peak power density reduced to 48 µW/cm2

with an average of 0.38 mW/cm2, while at 6° beam elevation these numbers were
17 µW/cm2 peak and 0.20 µW/cm2 on average (the 10° beam elevation was not
reported).

Measurements were also summarized for 21 sites in surrounding locations
(Bourne, Sandwich, Mashpee, and Falmouth, MA ranging in distance from 1.0
to 22.2 km from the radar) on 2 days in October 1978 using both faces of the
radar with an 18% duty cycle and 3° beam elevation. The committee compared
these data to calculated values of electric field strength and average power den-
sity predicted to be emitted by the radar. It found that, in general, (1) exposures
decreased with distance from the radar (but not uniformly), (2) measured values
decreased more rapidly than calculated quantities farther from the source (likely
due to attenuation not modeled from terrain, atmosphere, etc.), and (3) the ratio
of peak to average power density varied significantly depending on beam eleva-
tion, azimuthal angle, and distance from the radar. More specifically, the com-
mittee concluded that average power density outside the Air Force base was not
likely to exceed 1 mW/cm2, the average power density at the exclusion fence
surrounding PAVE PAWS was approximately 5 µW/cm2, while the average
measured intensity at locations where the public would most likely be exposed
was 0.06 mW/cm2 (Route 6, 1.0 km from the radar).

1839 EIG Engineering Report (#86-33)

In the fall (September 18-30) of 1986, time-averaged power-density mea-
surements were recorded to document the RF exposures in the lighting and secu-
rity camera areas within and around the security fence surrounding the PAVE
PAWS radar facility on Cape Cod (EIG 1986). These data were requested be-
cause installation contracts for new lighting and camera systems at all four PAVE
PAWS sites were being issued and construction workers would need access to
locations directly in front of the radar. At the same time, the State of Massachu-
setts Department of Public Health was investigating possible causes of larger
than normal cancer clusters on Cape Cod and the opportunity arose to also record
RF power density levels at locations within the local community around the
radar.

On site, measurements were reported for 17 lighting pole locations and 7
security camera positions immediately inside the security fence (approximately
120 feet from the radar face). Data were recorded at heights of 6 and 40 feet
(above ground level) for the light poles and 6 and 20 feet (above ground level) for
the security cameras. Additionally, ground-level (6 feet above) measurements
were recorded at 10 other locations: 4 of these were outside the security fence but
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inside a secondary fence (between 120 and 200 feet from the radar face); 3 were
outside the second fence (but within 250 feet of the radar); 2 were inside the
security fence (one at the access gate lateral to the north face of the radar and the
other directly in front of the north face 50-60 feet away); and 1 was not labeled on
the map of measurement sites contained in the report but was listed in the data
table of power-density recordings (presumably, it was associated with an 18th
lighting pole not explicitly shown in the diagram, although data were only re-
corded at the 6 foot height). Power-density data were acquired at the 20 and 40
foot elevations (above the ground) using a bucket-loader truck that raised the test
antenna and an operator to a height typically expected for maintenance personnel
servicing either the security cameras (20 feet) or the lighting system (40 feet). A
surveying transit was used to estimate the height of each measurement location
relative to the bottom edge of the radar face. Because of the sloping terrain around
the radar, these distances varied depending on the antenna test position. For the 6-
foot (above ground) measurements, the heights ranged from even with to 14 feet
below the bottom edge of the radar (at the greatest distance away, approximately
250 feet). The 20-foot elevations (at the security cameras) ranged from 5 to 14
feet above the bottom edge of the radar, while the 40-foot elevations (at the light-
ing poles) ranged from 31 to 45 feet above the radar’s bottom edge.

The equipment used during the recording sessions was calibrated and certi-
fied by the Keesler Air Force Base Precision Measurement Equipment Labora-
tory based on specifications issued by the National Bureau of Standards. Results
showed that the time-averaged power-density recordings had an overall accu-
racy of ± 2.0 dB when measuring a pulsed RF signal. When measurements were
acquired, the PAVE PAWS radar was operating in its normal mode. The results
showed that the highest time-averaged power-density at 6 feet above ground
level was 1850 µW/cm2 with a minimum of 38 µW/cm2. The average was 529
µW/cm2 at the 33 locations comprising the lighting poles, security cameras, and
selected positions in and around the security fence. Data at the elevation of the 7
security camera locations (20 feet above ground) had a maximum power density
of 745 µW/cm2, a minimum of 100 µW/cm2, and a mean of 273 µW/cm2. Data at
the elevation of the 17 lighting poles (40 feet above ground) had a maximum
power density of 3716 µW/cm2, a minimum of 127 µW/cm2, and a mean of 1190
µW/cm2.

The same equipment and procedures were used to measure power densities
within surrounding Cape Cod communities at a height of 6 feet above the ground
for all except two locations: (a) the Sandwich Fire Tower, which was 86 feet
above the ground and in direct line of sight of the radar, and (b) the Otis Central
Control Tower which was 106 feet above ground. Locations were selected by
the Massachusetts Department of Public Health to represent areas of dense popu-
lation and to augment data obtained from earlier measurement efforts (NRC
1979a, b). Once a location was selected, the test antenna was placed in direct
line of sight of the radar whenever possible or in an open area to record maxi-
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mum signal intensities. Data were measured at 15 locations in the surrounding
communities ranging in distance from 1.2 to 8.8 miles from the radar. At 10 of
the sites, power-density levels were below the measurable threshold of the equip-
ment (determined to be 0.001 µW/cm2). At locations where levels above this
threshold were received, the largest value, 0.139 µW/cm2, was documented at
the Sandwich Fire Tower (3.2 miles away) at the 86-foot elevation, which was in
direct line of site of the radar. The minimum measurable value, 0.003 µW/cm2,
was recorded at the Otis Central Tower (5.9 miles away elevated 106 feet above
ground). Of the measurable levels at 5 sites, the average power density was
0.041 µW/cm2. These locations averaged 3.2 miles away from the radar (ranging
from 1.2 to 5.0 miles away).

2000 MITRE Report

In that report (MITRE 2000), two-dimensional peak and average power-
density maps on the ground were presented for Cape Cod based on simulation
studies of PAVE PAWS. Areas with line of sight to the radar were considered
based on digital terrain elevation data for the Cape over a distance of 50 nautical
miles. At these locations, the power density was calculated by considering the
distance from the radar, the main beam elevation angle, and the time-averaging
factors associated with the pulse-transmission scheme. For the peak-power calcu-
lation, a peak radiated power (543 kW), antenna gain (38.4 dB), and antenna
pattern (beam at 3° elevation), along with a scan loss for off-broadside angles,
were used to construct the maps. Generally, the peak-power densities in the 1-5
mile range from the radar cluster in the 1-10 µW/cm2 level but fall off to 0.3-1.0
µW/cm2 at distances 5-10 miles from the radar, although some variation with
azimuthal angle is evident.

To estimate an average power-density map, the peak-power calculation was
modified by the duty cycle, the scan revisiting time, and the azimuthal weighting
factor. A duty cycle of 25% was used, a scan revisit factor (fraction of time the
main beam is pointed in a particular direction given its beam width) of 0.066 was
assumed, and an azimuthal-weighting factor that increased the average power 4
times (far from broadside) was applied. The map shows that beyond the first
couple of miles from the radar, the average power density is within 0.01-0.1 mW/
cm2 and generally less than 1 mW/cm2 within the first couple of miles (except
very close to the radar).

To simplify the analysis, peak and average intensity maps that assume the
terrain is flat at a height of either 0 or 100 feet above sea level (with the radar at a
height of 270 feet above sea level) are also included in this report. These results
show peak-power densities (assuming sea-level terrain) of 1.0-10.0 mW/cm2 up
to 5 miles or more away from the radar and a similar distribution of peak intensity
at 100 feet above sea level with several isolated “hot spots” of 10-100 µW/cm2 at
distances up to 2 nautical miles from the radar. The average power-density maps
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at sea level yielded values between 0.01 and 0.1 µW/cm2, with pockets having
exposures between 0.1 and 0.3 µW/cm2 approximately 2 miles from the radar.
The 100-foot elevation map is similar but with more uniform exposure between
0.1 and 0.3 µW/cm2 in a zone extending up to 4 miles from the radar with levels
between 0.01 and 0.1 µW/cm2 existing beyond this zone.

The Broadcast Signal Lab Report

During the first quarter of 2004, the Broadcast Signal Lab, Medfield, MA
(BSL 2004a, b), executed a survey of RF emissions from the PAVE PAWS radar
facility located at the Massachusetts Military Reservation on Cape Cod. The
final test plan was approved by the PAVE PAWS Public Health Steering Group
(PPPHSG) based on its solicitation for competitive proposals to complete the
work. It consisted of three distinct tasks: (1) measurement of radar emissions
during its normal operation at 50 open, publicly accessible locations throughout
Cape Cod; (2) measurement of ambient emissions from all other sources in the
VHF and UHF radiofrequency spectrum (30 MHz to 3 GHz) at 10 locations on
Cape Cod (these data are discussed in the subsection on other environmental
exposures); and (3) estimation of the radar exposure on Cape Cod based on
calculations from a mathematical description of the PAVE PAWS antenna used
in conjunction with propagation-modeling software provided by the MITRE
Corporation.

All measurement methods and procedures were consistent with guidelines
and consensus standards for performing such work, and the 50 field locations for
assessing radar exposures were selected in consultation with the PPPHSG and the
International Epidemiology Institute (IEI). A number of factors including (1) dis-
tance, (2) elevation, (3) population density, and (4) beam sweep coverage were
considered in the site selection process. A detailed discussion of these parameters
and the 50 field measurement locations is available elsewhere (BSL 2004a). Table
4-1, reproduced from the Final Test Plan (BSL 2004a), is a useful summary of the
number of measurements fulfilling certain site criteria regarding height, interven-
ing terrain, distance, etc. Maps of the specifics of locations by town, county, and
approximate coordinates can be found in the test plan (BSL 2004a) and final
report (BSL 2004b). The actual measurement site locations were modified slightly
at the time of data acquisition to ensure safety, accommodate access issues, and
improve measurement quality as determined by the field crew. Measurements
were recorded for 90-minute periods (as six 15-minute routines where the detec-
tor was moved 3 feet after each acquisition sequence) in order to acquire realistic
estimates of the average and peak radar emissions at each location.

Summary tables of power-density measurements at the 50 sites within the
communities of Cape Cod show that the average values of the recordings at each
location are extremely small. The largest average value was 0.035 µW/cm2, which
was recorded in Shawme Crowell State Park (site #15) at a location close to the
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radar (less than 1 mile) that was relatively high (167 feet above sea level). The
next highest sets of recording levels were nearly an order of magnitude lower
(~0.002-0.005 µW/cm2) and occurred at 4 other locations (site # 9, 21, 23, and
40) that generally tended to be closer to the radar (within 3 miles) although at
variable heights (9-167 feet above sea level). One interesting exception was the
Scargo Hill site whose average power density was 0.0038 µW/cm2 at some 18.5
miles from the radar (65 foot elevation). Direct line from the radar to this location
does cut across the coast line of the Cape, which may explain its relatively high
(compared to radar distance) values, although the direct paths to sites 1-5 and 9
cut across mostly water (at distances ranging from 24 to 31 miles from the radar)
and do not appear elevated compared to other locations. The 5 sites (# 9, 15, 21,
23, and 40) with the highest average values, not surprisingly, also shared the
highest peak-power recordings in the 14-15 µW/cm2 range. These peaks were,
again, nearly an order of magnitude greater than peaks measured at the other 45
locations. The next cluster of peak values hovered in the range of 1.4-1.5 µW/cm2

and were found at 10 other sites (# 14, 16, 18-20, 22, 25-27, 47), which were all
within 6 miles of the radar and averaged a distance of 2.6 miles away.

Of the 5 sites with the highest average and peak power-density measure-
ments, 4 were located in the sidelobe overlap zone (the 5th was in the northern
face sweep zone). The majority of the 10 sites with the next highest levels of peak
power density (all but one, #14) appeared in either the northern sweep (5 sites) or
sidelobe overlap (4 sites) zones. Although there is an overall decrease in detected
signal levels with distance, sites close to the radar (e.g., Route 6E Canal Over-
look, #29, 1.9 miles away) can have low levels (0.135 µW/cm2 peak), while loca-
tions at much further distances (e.g., Rock Harbor Parking, #5, 27.5 miles away)
can exhibit relatively higher levels (0.153 µW/cm2 peak), reflecting the impor-
tance of the intervening and local terrain in addition to the direct-line distance.

Comparisons between the current measurements and those recorded within

TABLE 4-1

Measurement Site Characteristic No. of Sites % of Sites

Measured with 30 ft-high antenna 15 30
Radio line of sight to radar 36 72
Terrain obstruction to radar 13 26
Man-made obstruction to radar  1  2
Beneath beam sweep 40 80
Beyond beam sweep (includes rear) 10 20
Less than 3 miles from radar 16 32
3 -10 miles away from radar 19 38
More than 10 miles away from radar 15 30
Barnstable County 44 88
Plymouth County  6 12
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the community in either 1978 (NRC 1979a,b) or 1986 (EIG 1986) show that the
present equipment was significantly more sensitive and able to achieve record-
ings of weaker signals than was possible during the earlier efforts. At sites within
7 miles of the radar (previous studies did not measure responses at greater dis-
tances), the 2004 data are consistently lower than the prior recordings. Specifi-
cally, the average power-density readings for sites within 7 miles were below
0.01 µW/cm2 in the 2004 data with many points below 0.0001 µW/cm2. The
1978 and 1986 results showed average power densities between 0.1 and 0.01
µW/cm2 for most sites within 3 miles of the radar with the largest value being
above 0.1 µW/cm2 at 3-plus miles from the radar in the 1986 data set. About
one-half (4 locations) of the 1978 readings were between 0.01 and 0.001 µW/
cm2 and a third (2 sites) of the 1986 results were in this range (levels below
0.001 µW/cm2 were not considered to be measurable with the instrumentation
used in the earlier power-density surveys).

The modeling effort produced results from the propagation model combined
with an antenna pattern to generate a matrix of public-exposure estimates to the
PAVE PAWS emissions. The propagation model was evaluated by comparing its
predictions to measurements obtained in 3849 latitude-longitude cells acquired
during a 250-mile drive test. The comparison between computed and measured
values indicates that the model is accurate to within the uncertainty of the mea-
surements. Specifically, the average variance between the propagation model pre-
diction and the drive-test recordings was –1.6 dB. A MITRE antenna model was
used to create an antenna pattern for the propagation software. This led to the
creation of the exposure matrix for Cape Cod, indexed by latitude and longitude,
containing values for each position in terms of dBµW/cm2. To validate the results
when combining the antenna and propagation models, measurements at 35 sites
were compared with the corresponding calculations. Departure between the model
estimates and the measured data was 6.5 dB on average over all sites with a
standard deviation of 8.5 dB. Excluding 4 sites behind the radar reduced the aver-
age departure to 5.9 dB. Overall, the model estimates slightly over-predicted the
levels measured in the field.

COPPS Data

The Coalition to Operate PAVE PAWS Safely (COPPS) performed power
density measurements on Cape Cod at 26 sites (23 firehouses, 2 commuter park-
ing lots, and 1 lighthouse) spanning 311 days beginning in May of 2003. Analysis
of existing data as of April 2004 was made available to the committee through
website postings (see COOPS 2004). Specifically, a town-by-town map of mea-
surement sites, a color-coded rank ordering by measured (http://www.pavepaws.
com/measured_sites.pdf) peak-power density (in µW/cm2) of the towns where
data were recorded (http://www.pavepaws.com/peak_measurements.pdf), and
plots of peak-power versus various parameters of interest (e.g. elevation, dis-
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tance, obstruction, bearing, weather, season) (http://www.pavepaws.com/
additional_findings.pdf) were provided. The results are generally consistent with
the Broadcast Signal Lab (BSL) report (BSL 2004b) in a number of important
respects, although the details of specific measurements may be different (and are
not easily compared given information presently available). The COPPS data
show peak-power densities of less than 1 µW/cm2 regardless of location, with
more than 75% of the 40 peak values reported (http://www.pavepaws.com/
additional_findings.pdf) being near or below 0.1  µW/cm2. These levels are lower
than the highest peak values recorded by BSL but consistent with the second and
third tiers of peak values into which the majority of the BSL measurement sites
also fall. Both the BSL and the COPPS data sets reveal that the locations with
higher peak power-density recordings are preferentially distributed in the north-
ern sector of the radar. Both data sets also indicate that some of the highest peak
power-densities occur at locations having the greater distances from the radar,
especially when the straight-line distance from the radar to the measurement site
cuts across the coastal waters of Cape Cod Bay. Other findings in the COPPS
data are consistent with expectations (and the BSL results) that the degree of
topological obstruction between the measurement location and the radar facility
is a critical determinant of the measured power-density exposure. Positive corre-
lations between power-density levels and clear weather and the fall/winter sea-
sons were reported in the COPPS analysis. Again, these results are reasonably
anticipated from the perspective that inclement weather, increased foliage, and
other factors are expected forms of obstruction to radiowave propagation at PAVE
PAWS frequencies.

POPULATION EXPOSURE TO OTHER RF SOURCES

It is informative to consider general and specific population exposures to
other RF sources that have some similarities to PAVE PAWS for gaining a per-
spective on the power-density levels described in this chapter. Interestingly, the
1979 engineering report (NRC 1979b) compared the transmitter characteristics of
PAVE PAWS with two other radar installations that radiate much higher peak
powers (megawatts) and higher (for one) and lower (for the other) average pow-
ers but no power-density measurements on the ground were reported. In NRC
(1979a), data obtained by the EPA in the 1970s (EPA 1978a) from population
exposures in 12 large U.S. cities over the FM and TV broadcast bands (54-900
MHz) were summarized. These studies estimated that the median exposure in
urban areas was 0.005 µW/cm2 and that 95% of the urban population is exposed
to less than 0.1 mW/cm2. These numbers are generally consistent with the PAVE
PAWS data in terms of power-density exposure. The EPA has also reported
power-density measurements in tall buildings that either house, or are near, broad-
cast antennas (EPA 1978b). These studies show that, depending on the location
within the building and/or the degree of shielding from the antenna site, values
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can range from less than 1 µW/cm2 to 97 µW/cm2 on the inside to as much as 230
µW/cm2 outside (and near) the source.

The Broadcast Signal Laboratory study (BSL 2004b) selected 10 sites for
assessing the ambient RF exposure that were chosen in consultation with the
PPPHSG and IEI, and a detailed discussion of the rationale for their selection
appears in BSL 2004a. A bracketing strategy was adopted because, as with the
PAVE PAWS radar, itself, the levels of ambient VHF and UHF radiation mea-
sured at a given location depend on distance from the source, the intervening
terrain, and local topological environment. At least a dozen FM radio stations (a
number of which operate with radiated powers of 45 kW or more) and a couple of
TV stations (including one UHF station licensed to operate at 1150 kW) are
present in the area. Numerous (more than 5000) land-mobile facilities, typically
licensed for 100 to 1000 watts per channel emissions (e.g. police, fire, business
systems) were also identified. The final 10 sites selected attempted to represent
high, low, and middle-level exposure conditions to these sources as a means of
providing a representative sampling of the ambient RF exposures on Cape Cod.
The propagation model was used to define the power levels and associated loca-
tions that would be expected to bracket exposure conditions given the relevant
sources of radiation identified. Descriptions of the final site selections are re-
ported (BSL 2004b). Four pre-measurement bracketing level estimates spanning
10–1-10–5 (i.e., 10–1, 10–2, 10–4, 10–5) µW/cm2 were used to categorize the 10
sites.

Measurements at the 10 sites selected to bracket the levels of ambient RF
exposure across the VHF and UHF signal bands were reported in terms of the
maximum permissible exposure (MPE) for low (30-320 MHz), mid (320-950
MHz), and high (950-3050 MHz) bands that were combined into a final figure of
merit that could be compared to the MPE for PAVE PAWS. These findings were
tabulated as dB below MPE. For example, the MPE for PAVE PAWS (deter-
mined by applying the IEEE weighting for the 420-450 MHz band) is 290 µW/
cm2 thus the maximum and minimum measured power densities from PAVE
PAWS (at the 50 measurement sites) convert to –48 dB (below MPE) and –103
dB, respectively, whereas the equivalent values for the ambient signals from the
10 sites resulted in maximum and minimum measured values of –19 dB and –50
dB (relative to MPE). These results indicate that the ambient exposure level at the
most energetic site (near the FM tower at the Exit 6 commuter parking lot on
Route 6) was 100 times less that the MPE for the general population. The other
sites were an additional 10 to 1000 times less exposed to VHF and UHF emis-
sions. Overall, the highest average PAVE PAWS exposure at any of the 50 mea-
surement sites was comparable to the lowest ambient levels observed at the 10
locations sampled. Further, the variation between ambient sites was no more than
a factor of 1000 (30 dB), while the lowest observed PAVE PAWS signal was
about a million (60 dB) times weaker than the highest.

Cell-phone exposure has generated considerable interest, and there have been
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a number of efforts to quantify exposure. Two issues are relevant: first, the expo-
sure level to the cell-phone user due to the radiated power during a call, and
second, the exposure of the general population to cell-phone relay stations. The
former issue has been studied in some depth. The power radiated for a typical cell
phone is generally less that 0.6 W and it has been shown that approximately half
of this power is absorbed in the hand and head of the user, leading to specific
absorption rates on the order of 1 W/kg (Jensen and Rahmat-Samii 1995).

The committee is not aware of extensive studies of power-density levels near
relay stations (base stations) in the United States, but there are 3 informative
evaluations from Canada, the United Kingdom, and Australia.1 In Vancouver,
Canada, Thansandote and others (1999) measured RF levels in 3 schools with
base stations on or near their campuses and 2 schools with no antennas nearby
that served as controls. Maximum measured exposures in the 3 schools with adja-
cency ranged from 0.16 µW/cm2 to 2.6 µW/cm2 depending on the location of the
station (2.6 mW/cm2 resulted from a base station on the roof of a school). The 2
schools without base stations in their vicinity had a maximum power density of
0.01 µW/cm2.

The U.K. National Radiological Protection Board measured RF power-den-
sity levels at 118 sites around 17 base stations in 2000 (NRPB 2000). Typical
levels were less than 0.1 µW/cm2, while the highest recorded power density at
any location was 0.83 µW/cm2. The measured upper bound on power density as a
function of distance from the base of a building or tower with an antenna showed
an increase (from just below 0.01 µW/cm2) for approximately the first 60 meters
(to a level approaching 0.1 µW/cm2) followed by a more gradual decrease (back
to 0.01 µW/cm2) up to 200 meters away. The power-density auditing program in
the U.K. has continued with data available from recording in 2001-2004. Results
are summarized in terms of a percentage of the ICNIRP (International Commis-
sion for Non-ionizing Radiation Protection) power-density guidelines for a band
exposure equivalent that factors in the changing safety standard as a function of
frequency from 400 MHz to 2 GHz, which for the PAVE PAWS emissions would
represent an upper limit of 200 mW/cm2 (at 400 MHz). The highest values re-
ported at any location for each year would represent PAVE PAWS-like expo-
sures (i.e., band equivalent exposure extrapolated to 400 MHz) of 0.72 µW/cm2,
0.27 µW/cm2, 0.32 µW/cm2, and 0.26 µW/cm2 for the years 2001, 2002, 2003,
and 2004, respectively.

The survey of GSM base stations by the Australian Radiation Protection and
Nuclear Safety Agency measured 13 sites that yielded an average power density

1From the Website http://www.mcw.edu/gcrc/cop/cell-phone-health-FAQ/toc.html and http://
www.ofcom.org.uk/consumer_guides/mob_phone_base_stat. Information available 10/25/04.
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of less than 0.1 µW/cm2; the highest power density measured was less than 0.2
cm2.

SUMMARY OF PAVE PAWS EXPOSURE DATA

While not extensive per se, the power-density measurements that do exist for
the PAVE PAWS radar on Cape Cod, which have been recorded by different
groups on a number of separate occasions over the radar’s operational life, are
generally consistent with expectations. The most extensive efforts in terms of the
number and distribution of measurement sites are the recently issued 2004 reports
(BSL 2004a, b; COPPS 2004), which have focused on assessments of exposure
levels within the surrounding communities on Cape Cod. These studies reveal
heterogeneity in the measured levels that demonstrate the strong influence of the
intervening terrain and local topological environment on the recorded power den-
sities and consequently the public exposure. While there is a general decrease in
the power-density levels measured with distance from the radar that is evident in
the various datasets that have been assembled, it is also clear that locations much
farther (10-plus miles) from the radar can be exposed to higher levels of radiation
than sites nearer (within 3 miles) the facility depending on topographical fea-
tures. Certainly, both the BSL and the COPPS data (BSL 2004a, b; COPPS 2004)
demonstrate this characteristic at selected locations. Nonetheless, the average
power densities have been consistently below 0.1 mW/cm2 and generally in the
0.001-0.01 mW/cm2 range at locations where the public would be expected to be
exposed. The simulation studies that have been reported estimate higher values
overall, but for the most part still suggest that the exposure of the public is less
than 1 µW/cm2 in terms of average power density. Measured peak levels are
generally less than 1 µW/cm2, although values as high as 15 µW/cm2 have been
found at a few elevated locations near the radar. These levels are well below the
widely accepted thresholds for the power absorption that would be required to
generate harmful thermal effects in tissue. The degree to which they may cause
other biological effects in cells and animals is discussed in Chapters 6 and 7,
respectively, and the implications for human health are developed in Chapters 8
and 9. The degree to which emissions from PAVE PAWS may contain special
characteristics pertaining to its time-domain waveform is described in the follow-
ing chapter (Chapter 5).
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5

PAVE PAWS Exposure Conditions

EXPOSURE CHARACTERISTICS

The Radar and Its Signal

To briefly review the radar description provided in Chapter 4, the PAVE
PAWS radar is pulsed; it transmits a pulse sequence, and then is quiescent while
the radar echoes return. Then another pulse sequence is transmitted and the pro-
cess is repeated. Pulse widths vary from 250 microseconds to 16 milliseconds,
and the listening period is at least 38 milliseconds. Some pulses vary in carrier
frequency during the pulse, using a technique called “chirping” to improve range
resolution. The carrier frequency varies from 420 MHz to 450 MHz. Signal band-
widths at the input to the final amplifiers range from 8 kHz for the narrowest
pulse to 125 Hz for the widest pulse. The “chirp” bandwidth is 2 MHz.

The antenna is comprised of two phased arrays, each located on a planar
face, tilted back 20 degrees from vertical. The elements are located on a regular
hexagonal lattice, and there are 1792 active elements per face and 885 passive
elements. The elements are deployed in quadrantal symmetry to allow precise
monopulse tracking of targets. The diameter of each array is approximately 72.5
ft. Each array face will support many more elements, but that expansion has not
occurred, and the committee has been informed that there are no plans to expand
the number of elements on the array. The elements are bent dipoles, each sup-
ported by a two-post balun. Bending down the arms avoids blind angles produced
by dipole-balun mode interference. Crossed dipoles are used, thus providing both
vertical and horizontal polarization. Both arms are hot; the two conductors sup-
porting the dipole arms constitute a balun, which transforms the balanced dipole
arm connection to an unbalanced coax; the latter connects to the module contain-
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ing the amplifier. This is a well known and widely used technology. Each quad-
rant has 14 subarrays, and each subarray has 32 transmit-receive (TR) modules
and 32 active elements. The array main beam is steered by applying phase shift to
each TR module. All modules are excited simultaneously; beam scan is provided
by phase shift. Sidelobe levels are held 20 dB below the main beam by tapering:
the inner subarrays have all active elements, while middle subarrays have some
passive elements, and outer subarrays have more passive elements. Thus an am-
plitude taper is produced over the array (see Figure 5-4). Each TR module in-
cludes a bandpass filter to minimize interference caused by the radar. Filter band-
width is 115 MHz at 10 dB points; the measured filter response is shown in
Figure 5-1. Note that the filter skirts around 420 and 450 MHz are quite steep.
This filter affects the pulse buildup and decay.

FIGURE 5-1 Measured module filter response.  The filter minimizes the interference of
PAVE PAWS to services such as cell phones, GPS, and other communications systems.
Filter bandwidth is 115 MHz at 10 dB points.  This figure shows the pass band  (low
attenuation for the radar frequencies [425-450 MHz], and high attenuation for harmonics;
attenuation of 70 dB for second harmonic at 850 MHz; 68 dB for third harmonic at 1350
MHz; 31 dB for 4th harmonic at 1800 MHz; and 59 dB for fifth harmonic at 2100 MHz).
This filter insures that the PAVE PAWS signal has very small harmonic content.  Figure is
reproduced with permission from Raytheon Company.
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Measurements of the exciter output RF waveform are shown in Figures 5-2a,
5-2b, and 5-2c. Note that these appear inverted, due to the measuring equipment
using negative detection. In Figure 5-2b the rise time is approximately 1 micro-
second, with a gradual rise and gradual leveling off. Finally Figure 5-2c shows
fall time, which is much slower, roughly 12 microseconds, and therefore no abrupt
changes are evident. Note that the rise-time bandwidth is narrow (roughly 2 MHz).

WAVEFORM DECAY

Each PAVE PAWS dual polarized element is driven by a Class C (highly
non-linear) amplifier; a second Class C amplifier drives all 64 element amplifiers
in a sub-array; a third Class C amplifier drives all 56 sub-arrays. All of these
amplifiers are “on” all the time; the radar exciter unit applies the waveform (pulse)
to the amplifier driving the sub-arrays. Beam steering is provided by a phaser at
each element module. Class C amplifiers tend to sharpen up transients, so the
exciter buildup and decay times of roughly 1 and 12 microsec (Figures 5.2b and
5.2c) become typically 200 and 1000 nsec for the radiated signal.

An examination of Phase IV buildup and decay pairs shows that these times
are roughly equal, about 200 nsec (see Figures 5-6 and 5-11, which are expan-
sions of Figures 3-48e and 3-53e in the AFRL (2003) Phase IV Time-Domain
Waveform Characterization report. In a number of cases, a trailing-edge spike is
larger than the main waveform. All of these are at wide angles from the main
beam, where the sidelobe envelope is much lower. These spikes are probably due
to two factors working together. First, the individual Class C amplifiers do not
turn off alike, due to different resonant circuit Q (ratio of stored energy to dissi-
pated energy), different gain, and other factors. Second, when all element contri-
butions add in phase, the main beam is produced. Sidelobes and nulls are pro-
duced when the element contributions partly cancel, producing sidelobe levels
away from the main beam 30-40 dB down (in power down to 0.001-0.0001 from
1). If amplifiers have typical gain variation of ±1 dB or even more, field-strength
levels well above the steady-state sidelobe level are possible as the elements vari-
ously shut down. This is substantiated by calculations made by Tomlin for the
PPPHSG.1 It should be noted that the discrete delay is not a possible cause here.

Signal Propagation

The radar signal power decays as 1/R2 in free space, but multipath signals are
usually a problem at UHF. Multipath is caused by diffraction and reflection. For
example, if a hill or slope blocks the direct radar signal, the signal can be re-

1Jim Tomlin, Charts and Notes prepared for the PPPHSG, January 6, 2004.  Jim Tomlin is a
technical advisor to the PPPHSG.
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FIGURE 5-2c Exciter output pulse fall time (negative direction) taken from RF monitor
example in T.O. 31P6-2FPS115-51, Chapter 6.

FIGURE 5-2a Entire exciter waveform pulse (negative direction) taken from RF monitor
example in T.O. 31P6-2FPS115-51, Chapter 6.

FIGURE 5-2b Exciter output pulse (negative direction) rise time taken from RF monitor
example in T.O. 31P6-2FPS115-51, Chapter 6.
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flected or diffracted by towers, buildings, power lines, or other obstacles and can
reach areas that are not line-of-sight from the radar. These multipath signals need
not be in the direction of the observer; they may arrive sideways. Reflected
multipath is provided by many types of metallic structures: metal lighting poles;
fence poles and wire; rebars in concrete; and telephone cable and power wires, to
mention a few. These multipath signals are well known, and can easily disrupt the
1/R2 energy falloff. Almost certainly the anomalous Phase IV measurements are
due to multipath.

The question of surface waves has been raised by concerned Cape Cod citi-
zens. However, it has been accepted for 50 years that the longitudinal field com-
ponent that may exist at HF, VHF, and UHF is not a surface wave. Sommerfeld in
his classic 1909 work (Sommerfeld 1914) made a sign error, according to Norton
(1937) and others in several papers. There is recent evidence by Collin (2004)
that the original sign was correct, but in either case the earth does not support a
surface wave. The waves are now called “ground waves”; the vertical electric
field tilts just enough to satisfy the lossy boundary conditions in the ground. The
term “surface wave” has for at least 40 years referred to slow waves, waves with
velocity less than that of light, and usually supported by reactive surfaces. At 435
MHz, ground waves attenuate rapidly. Using sandy soil (epsilon = 10, σ = .002 S/
m), the radiation is attenuated 40 dB (0.0001 in power, 0.01 in field) over a dis-
tance of 120 m (400 ft) . Outside the safety fence, the ground wave should be too
small to measure. Use of the formulas of Baños, as suggested, is not recom-
mended. They are excellent for dipoles in earth, or dipoles very close to earth, but
are error prone for separations of a wavelength or more.

Although it has been implied that the measured radial fields (radial waves)
represent a new and unexpected phenomenon, they are just the result of multipath
and simple geometry. As sketched in Figure 5-3a, the line of sight during the
Phase IV measurements was not horizontal, but was inclined down about 2 de-
grees. Since the electric field at the measurement point is perpendicular to the line
of sight, it can be resolved into a large vertical component and a small horizontal
or longitudinal component. For many points on Cape Cod, the line of sight angle
is larger, leading to a larger longitudinal component. At UHF frequencies
multipath is a well known and serious problem. Metallic structures including
towers, power lines, and rebars in concrete, that are inclined or curved, will con-
vert vertically polarized fields into horizontally polarized fields. Even curved
earth hills can produce polarization conversion. It is difficult if not impossible to
compute the combined multipath effects in a given environment. The multipath
contributions and the horizontal field due to line of sight tilt combine to produce
a longitudinal E field. (See Figure 5-3b taken from 3-92c, and Figure 5-3c taken
from 3-96c of the Phase IV report.) Because this field is parallel to ground, and
the sensor is roughly two wavelengths above it, there are also ground reflection
effects. The derivative sensors used in the measurements have very broad pat-
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FIGURE 5-3c Radial field amplitude (from 3-96.c of the waveform report).

FIGURE 5-3a Vector resolution of PP electric field into vertical and longitudinal
component. NOTE: This figure has been changed since the original prepublication version
to correct an error.

FIGURE 5-3b Vertical field amplitude (from 3-92.c of the waveform report).
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terns, and pickup signals from many directions. It would be better physics to call
the field a “longitudinal component.”

Time Delay in Large Antennas

It was suggested by Dr. Albanese2 that phased-array radars are different from
other radars due to their discrete time delay. This is one of the key issues relating
to PAVE PAWS effects and it is examined thoroughly here. In the far-field of a
large phased array or reflector antenna, the contributions from all parts of the
antenna arrive at the main beam peak simultaneously (broadside beam for a
phased array). At other angles, there is a differential delay as the energy from the
closest part of the array or reflector arrives first, while that from the farthest part
arrives last. Of course this applies primarily to pulsed signals. For the reflector,
the pattern buildup starts at 90 degrees from the axis due to the currents on the
reflector edge (see Hansen 1987; Hansen and Kramer 1992) and the pattern builds
up slowly and continuously. With a phased array, the pattern builds up slowly but
in a discrete stair-step fashion. Due to the large number of elements, the stair has
many very small steps. As expected, the effect of those small steps does not
appear in the waveform measurement (see Figure 5-6).

In the near-field region (distance generally less than 2000 ft), there are de-
lays also in forming the main beam. For the phased array, the near-field stair-step
buildup of the waveform is expected to be very close to a continuous buildup. For
a reflector antenna, the near-field buildup is more complex.

At angles away from the normal to the face of the array, there is a time delay
between energy arriving from the closest element and that arriving from the far-
thest element, since all elements are turned on simultaneously. This delay, in
amplitude and phase, has been computed for the PAVE PAWS radar. The active
array is 72.5 feet wide. A worst case scenario is postulated: the beam is scanned
to the farthest left position of 60 degrees azimuth, and to the lowest elevation
position –17 degrees (3 degrees above the horizon). The observation point is 60
degrees right azimuth, and –20 degrees elevation (on the horizon). A computer
program was written to calculate the waveform buildup. The x-y coordinates of
the 1792 excited elements were provided on a disk by Mitre. Figure 5-4 shows the
positions of the active elements. They are closely spaced around the center but
space tapering is used in the outer portion, to control the sidelobe level.

2 Dr. Albanese presented his theories to the committee in open sessions of committee meetings on
several occasions and by letter.  A number of causal hypotheses were also presented in a letter to the
PPPHSG dated July 30, 2001, and the committee has also evaluated responses to these hypotheses
made by Dr. Robert Adair in a journal commentary (Adair, R. K. 2003.  Environmental Objections to
the PAVE PAWS Radar System: A Scientific Review.  Radiat Res 159:128-134).
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FIGURE 5-4 Positions of the active PAVE PAWS elements.

Using the observation direction, the projected distance from each element to
the first element (center row, right side) is calculated for the 1792 elements. The
projected distances are calculated using direction cosines, where the polar angle θ
is measured from the normal to the array face, and the azimuth angle Φ is mea-
sured in a horizontal plane from normal to the surface. Since those with the small-
est projected separation contribute first, the array of projected separations is or-
dered in ascending order by a well-known subroutine called HEAPSORT.
Because the excitation phases associated with the main beam position affect the
phase of the buildup, the x and y coordinates are sorted in consonance with the
projected separations. The delay time across the array is roughly 74 nanoseconds;
the delay for the worst case mentioned above is 60 nanoseconds. In order to get a
fine-grain picture of how the elements contribute, the time line is divided into
12,000 steps of roughly 5 picoseconds each. The time stepping starts at 0 at the
right-most reference element and proceeds on. When it has encompassed the next
closest element, the contribution of that element with the appropriate scan phase
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and unity amplitude is added in. As the time step proceeds, more and more ele-
ments are added until the opposite side of the array is reached. Since the phase
and amplitude are both a result of stair-step contributions, no smoothing or inter-
polation has been used in the plots. Figure 5-5a shows the amplitude buildup for
the extreme case mentioned above.

This curve is made of 1790 stair steps, although they are not visible due to
the scale. But a portion of the delay time is expanded in Figure 5-5b, where the
steps are clearly visible.

The delays range from 5 psec (or less, as this is the least count) to roughly
100 psec. Note that the height of the large steps is roughly 4 × 10–3 times the final
height, and that is the level of a far-out sidelobe, perhaps 1 × 10–4 times the main
beam power. So a typical step represents a power step of the order of 4 × 10–7

times the main beam power. Figure 5-5c gives the phase buildup; the first step is
an artifact due to the plotting program starting at zero phase. Note that the calcu-
lations were made along one of the four directions (axes) of symmetry, which is a
worst case. If a slightly different azimuth angle had been used, the distance steps
would be less regular, and the buildup would be even smoother. These incremen-
tal delays, as radiation from antenna elements appear, are very much smaller by
comparison to the rise times (less than a factor of a thousand) produced by the TR
modules, as discussed below.

Total phase change during buildup is very modest. Thus the phased-array
delay is expected to produce a negligible effect; the waveform rise time is very
gradual. Buildup is similar to that of a large parabolic dish antenna system.

The PAVE PAWS Phase IV measurement program produced data that are
relevant to the effects of time delay, both in arrays, and in reflectors. All of the
graphs presented below are excerpts of the digital data provided to the committee
by AFRL. First, the PP waveform buildup at 60 degrees from the array normal
(from Figure 3-48e of the waveform report) (AFRL 2003) is shown in Figure 5-6.

The PP waveform buildup near normal (from Figure 3-46b in the waveform
report) is shown in Figure 5-7. At center frequency of 435 MHz the maximum
delay in Figure 5-6 is 63.8 nsec, or 28 carrier cycles. The time-delay period ex-
tends over roughly one-third of the rise time in Figure 5-6. As expected from the
buildup calculations just discussed, there is no apparent indication in Figure 5-6
that the discrete delay has any effect. Figure 5-7, near normal, incurs negligible
delay; the slight irregularities in amplitude occur equally in both. Before buildup
starts, the data show noise and interference; this probably accounts for the later
small irregularities.

The committee notes that the Air Force Phase IV report revisions incorrectly
assume time-delay beam steering, instead of phase beam steering.

For comparison Figure 5-8 shows buildup for a single PP element. The enve-
lope is smoother, but the pre-buildup noise is smaller than in Figures 5-6 and 5-7.
Similarly, the Phase IV measurements on two PP elements, with an introduced 50
nsec delay, are indistinguishable from those of a single element.
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FIGURE 5-5b PAVE PAWS waveform buildup, expanded scale.

FIGURE 5-5a PAVE PAWS waveform buildup, az = 60 degrees, el = 0 degrees.

FIGURE 5-5c PAVE PAWS waveform buildup.  az = 60 degrees, el = 0 degrees.

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


PAVE PAWS EXPOSURE CONDITIONS 63

FIGURE 5-7 Array buildup; near normal to array face.

FIGURE 5-6 Array buildup; 60 degrees off normal.
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From these data, several conclusions may be drawn. First, none of the buildup
or decay plots show anything that can be related to the time delay. Second, the
buildup time is very much longer than the maximum delay time, for both array
and reflector. Third, noise and interference were much worse for the D-dot mea-
surements; all measurements discussed here were made with the TEM horn.
Fourth, these results agree with the buildup calculations of Figures 5-7a and 5-7c,
of the Air Force Phase IV waveform report; the discrete nature of the buildup can
only be glimpsed at the very beginning, when the waveform has very small am-
plitude, and is heavily corrupted by noise and interference.

Next, delay in reflector antennas will be examined. Delay occurs in a reflec-
tor as a transmitted pulse appears first at the center of the reflector, then spreads
out. The delay period continues until the farthest edge is excited, and the wave
has reached a given angle off-axis (Hansen 1987; Hansen 1992) This delay for
angle θ off-axis is:

∆ = +





t

D

F f D

/ cos

/
sin .

λ θ θ
2 8

Here D is reflector diameter, λ is wavelength, F is frequency, and f is focal length.
For the SRI dish, D = 150 ft and f/D = 0.42. At center frequency of 435 MHz, and
at an angle off-axis of 46 degrees, the maximum time delay is 70 nsec. This

FIGURE 5-8 Single element buildup.
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represents roughly 31 carrier cycles. Two transmitters were available for the SRI
measurements. The wideband source had a rise time of 100 nsec; the narrow-
band source had a rise time of 500 nsec. Figure 5-9, wideband data, is extracted
from Figure 3-73c of the waveform report; only a small part of the buildup is
shown.

Note the significant noise and interference before start of buildup, and its
effect after buildup. Although the delay is 71 nsec, its effects are not discernable.
Figure 5-10, from Figure 3-63e in the waveform report, shows buildup for the
narrow-band dish.

Note that both interference and its effect on the rising waveform are reduced
from Figure 5-9. It was stated by the measurement team that the interference at
the SRI site was appreciable, and these graphs show this. In comparing Figure
5-6, PAVE PAWS buildup off-axis, with SRI buildup off-axis, the clear conclu-
sion is that in neither can the delay effects be observed.

Turning now to the waveform decay, Figure 5-11 (from Figure 3-56b in the
Air Force Phase IV wave form report) shows the array at wide angle.

Figure 5-12 (from Figure 3-53e in the Air Force Phase IV wave form report)
shows the array near normal, where there are negligible time delays. Both show
erratic decay; that at normal to the array face is probably less well behaved. In
both cases the effects of interference are visible. Nothing in Figure 5-10 can be
traced to an array discrete time delay.

For the reflector antenna, Figure 5-13 (from Figure 3-76c in the Air Force

FIGURE 5-9 Dish buildup; 46 degrees off normal wide band.
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FIGURE 5-11 Array fall-off; 60 degrees off normal.

FIGURE 5-10 Dish buildup; 46 degrees off normal — narrow-band.
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FIGURE 5-12 Array fall-off; near normal to array face.

FIGURE 5-13 Dish fall-off; 46 degrees off normal.
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Phase IV wave form report) shows the wideband decay. Again the effects of
interference are apparent during the decay, and after. Note that for this case, the
source rise time is 100 nsec. Again no effects of the reflector delay are visible.
The narrow-band source decay graph is not shown; it decays much more slowly,
due to the 0.5 µsec rise time, and the interference is correspondingly reduced.

PRECURSORS

Radar Electromagnetics

Another key argument by Dr. Albanese regarding PAVE PAWS was that
precursors might be formed. If so, their deeper penetration into cellular material
might be a factor to consider in the evaluation of possible health effects. In com-
munications with the committee, Dr. Albanese recommended that the PAVE
PAWS committee take advantage of the extensive technical literature on mea-
surement and calculation of precursors. Accordingly, all available measurements
are discussed; several Annexes are devoted to calculations.

The committee has identified the following questions regarding PAVE
PAWS, biological tissues, and precursors. These questions are (1) does the radar
radiation produce precursors in biological tissue or equivalent media; (2) does
precursor formation depend upon signal bandwidth; (3) if precursors are pro-
duced, how do they decay with penetration distance? Definitive and reasonable
answers to these questions have been developed, and are discussed below.

Central to all of these questions is bandwidth, which is critical here, as it is in
all electronic and computer systems. Signal bandwidth is affected by both wave-
form rise time and pulse width. For PAVE PAWS the pulses are long (shortest
pulse is 250 µsec); the bandwidth is primarily due to rise time. A continuous-
wave (CW) signal may have a rapid rise time (roughly 1/4 of a cycle), but the CW
signal has zero bandwidth. Conversely, phase-modulated signals such as QPSK
may have wide bandwidth, but the signal is always on. It is wide bandwidth that
is of concern for precursor formation.

Central to all of these questions are the electrical properties of the material
the radar signal is traveling through. Precursors occur in anomalous dispersive
media, that is, where there is a decrease in the permittivity (dielectric constant)
with increasing frequency and where one or more absorption bands exist in the
frequency range of the signal. See Annex 5-1 for data on dispersion in biological
tissues.

A precursor is a modification of the incident waveform that arrives at a given
depth in the dispersive medium before or during the incident waveform.
Sommerfeld precursors arrive before, and tend to contain frequencies higher than
the signal carrier frequency. Brillouin precursors arrive next, and tend to contain
lower frequencies. In the medium, the incident waveform travels with the group
velocity. The wave front of the Sommerfeld precursor travels with the speed of
light in a vacuum; but this wave front is extremely small. The signal velocity,
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based on energy transport, is slower. However this signal velocity is larger than
the group velocity, which is that of the incident waveform, accounting for the
early apperance. In contrast, the Brillouin precursor has a signal velocity below
the group velocity. Phase velocity has no meaning except for a monochromatic
(single frequency) signal (Oughstun and Sherman, 1994).

Precursors may exist in a dispersive medium (dielectric constant/permittiv-
ity) and/or loss varying with frequency. Whether they are excited depends also
upon the bandwidth of the incident signal. Wideband signals can produce precur-
sors in highly dispersive media. But the variation in material parameters with
frequency over a narrow-band signal does not allow observable precursors to
form. This is substantiated by the Sandia National Laboratory calculations (see
Annex 5-3).

The PAVE PAWS instantaneous bandwidth is never more than 5 MHz, al-
though the carrier frequency changes as the beam moves between 420 MHz and
450 MHz. Thus this narrow bandwidth will not produce measurable precursors.

When precursors are created, the decay is a function of bandwidth of the
applied waveform. Roberts (see Annex 5-3) has shown that a wideband signal
will have significant spectral energy below the frequency of the carrier. Each of
these spectral components decays exponentially in a linear lossy medium; if the
wideband applied waveform has sufficient lower frequency energy, the resulting
precursor will decay more slowly than the exponential decay of the carrier. Be-
cause the spectral components of lower frequencies decay more slowly with pen-
etration distance, the mix (spectrum) changes with distance, resulting in a decay
rate for the Brillouin precursor of approximately 1 / R (papers by Oughstun and
by Roberts; see Annex 5-3). Note that all examples computed by Oughstun and
colleagues utilize very wideband waveforms, typically bandwidths of 10 to 20
GHz or more, at optical (laser) frequencies. For PAVE PAWS with its very nar-
row bandwidth, the carrier frequency predominates, and all decay in a lossy me-
dia will be exponential at this frequency.

Waveform Slopes

Slope is the rate at which electric field is changing. Thus it may be measured
in volts/meter per nanosecond. This is not to be confused with rise time, in nano-
seconds, which is independent of field strength. At the September 16, 2003, PAVE
PAWS committee meeting, Dr. Albanese presented charts on phase and slope
estimation. The zero crossings of waveforms were examined to determine slopes.
The slope between adjacent zero crossings changes at rates greater than 1 volt per
meter per nanosecond have been postulated to be biologically significant by some
individuals. However at the zero crossings, the PP signal is approaching zero; Jim
Tomlin has shown in detail3  that noise and interference, although small, can sig-

3Jim Tomlin, “Interior Delta Slopes and Noise,” charts, notes, and attachment prepared for the
PPPHSG.
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nificantly change the slopes because in the vicinity of a zero crossing the PP
signal is smaller than the noise. As a result, the slopes and slope changes (delta
slopes) calculated by Dr. Albanese are corrupted by interference. The spatial
variation in Figure 5-14 matches almost exactly the leading edge of the related
Phase IV waveform in Figure 5-15; Figure 5-14 should be volts/meter, as in Fig-
ure 5-15.

FIGURE 5-14 PAVE PAWS spatial variation at 500 meters.  Used with permission from
Richard Albanese.

FIGURE 5-15 Leading edge 540 meters from PAVE PAWS.
A similar match occurs in FIGURE 5-16 (vpdd 11173.ed1) and FIGURE 5-17 (Figure 3-
106h from the waveform report).
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FIGURE 5-17 Leading edge, 540 meters from PAVE PAWS.

FIGURE 5-16  PAVE PAWS Spatial variation at 500 meters.

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


72 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

The “wiggles” in the Phase IV waveform envelopes are caused by interfer-
ence, and these same wiggles are added to the PP carrier slope of 2.7 V/m/nsec
(for a 1 V/m signal at 425 MHz). Slopes in Figure 5-18 (provided by Dr. Albanese
as figure parl11090.ed1) are shown over a 400 nsec time, representing about 170
carrier cycles. The granularity maximum delay is 60 nsec; the waveform buildup
is completely covered by Figure 5-18 but nothing attributable to the discrete de-
lay is visible.

Jim Tomlin, for the PPHSG, has smoothed the waveform data, and has calcu-
lated and plotted delta slopes (see Figure 5-19). The upper curve, with right scale,
shows the smoothed (two-point running average) of the noise and interference
derivative for a record segment just prior to the arrival of the indicated PAVE
PAWS pulse. The lower curve, with left scale, shows the delta slopes that would
have been recorded due to this noise and interference had a pure 434.8 MHz non-
phased sine wave signal been present. It is clear that the variations in delta slope
are due to interference. All high-power radiating systems (TV, FM, radars) have

FIGURE 5-18 Slope differentials at adjacent zero points.  Used by permission from Rich-
ard Albanese.
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slopes of several V/m/nsec, plus delta slopes induced by interferers. There is no
reason to believe that PAVE PAWS effects are different. Tomlin has suggested
additional measurements; the committee concludes the variations are due to in-
terference and that further measurements are not needed.

Relation of Waveform Slopes to Precursers

As part of the committee’s information-gathering effort, Dr. Albanese was
asked by the committee what, in his opinion, the relationship was between slope
(V/m/nsec) and precursor formation. He responded that the association was indi-
cated in the paper by Albanese, Penn, and Medina (see Annex 5-3). A careful
reading of this paper shows that Brillouin precursors occur when the medium is
sufficiently dispersive, and when the bandwidth is wide. Their calculations used a
convenient applied field of 1 V/m, and the precursor levels were related to this.
The system is linear; it is clear that a hypothetical applied field of 1 mV/m would
produce a precursor with amplitude 1/1000 of the precursor in the paper. This
paper shows indirectly the association between signal rise time (in nsec) and
precursor formation. Slope (V/m/nsec) is not associated therein. It is important to
distinguish between rise time, in nsec, and slope, in V/m/nsec.

Discussion of Extant Measurements

The committee has located only three measurements that showed precursors.
First, circa 1967, as thesis work at NYU-Bronx; second, circa 1986, at Physics
International; third, calculations and measurements made at the Naval Surface
Warfare Center in the 1990s, but published in 2001. In addition, circa 1990, cal-

FIGURE 5-19 Smoothed waveform data and delta slope magnitudes vs time.  Used with
permission from Jim Tomlin.
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culations and measurements were made at the University of Michigan but not
published, and later briefly extracted. Further measurements were made by AFRL-
DED contractors on water, sand, and concrete. The Michigan and AFRL mea-
surements did not show precursors.

Pleshko (see Annex 5-2)

Graduate student Peter Pleshko, under the supervision of Professor Istvan
Palocz, designed experiments to produce precursors in the microwave region,
and took measurements accordingly, all as a Ph.D. project at New York Univer-
sity-Bronx. Their paper describes and discusses the three experiments they de-
signed to demonstrate precursors.

Precursors were observed, but in all three experiments the bandwidths were
wide: the smallest bandwidth was roughly 500 MHz. Thus, there is minimal rel-
evance to PAVE PAWS.

Physics International Report “Dispersive Pulse Propagation”
(see Annex 5-2)

Physics International (PI) experiments replicated one of the Pleshko experi-
ments, using a coaxial test fixture for additional measurements and also open-
tank measurements. Measuring and test equipment for short-pulse wideband were
somewhat primitive (circa 1987) compared with current capabilities. The source
signals were of poor quality: the source pulse had high pre- and post-pulses. The
coaxial test cell was designed for a 50 ohm match with air; the water, salt, and
sugar solutions produced major mismatches resulting in quite apparent ringing.
All of the measurements were wideband, and had frequency spectra centered
above 1000 MHz, where dielectric constant ε and conductivity σ changes with
frequency are significant. Precursors were observed only in those few wideband
experiments that were designed to create strong dispersion (waveguide and
Goubau line). No discernable precursors were observed in test cell and liquid
tank experiments, even though bandwidths were wide and frequency spectra were
in the region of changing dielectric properties.

Stoudt, Peterkin, and Hankla, NSWC report “Transient RF and Microwave
Pulse Propagation in a Debye Medium (Water)” (see Annex 5-2)

The measurements utilized a coaxial line test cell filled with re-circulating
deionized water. Waveforms were wideband; low-frequency precursors were
measured. Agreement with calculated data was excellent. These measurements
used well-designed equipment with realistic media, and were of high quality.
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Mourou and Williamson (see Barrett in Annex 5-2)

The paper by Barrett reproduces a small set of the measurements made at the
University of Michigan by Mourou and Williamson. The Mourou and Williamson
work has not been published. Measurements were made using microwave stripline
with beta-alumina dielectric. A wideband waveform at 8 GHz was used, but the
apparatus introduced significant reflections. Nonetheless, no signals that could be
identified as precursors were observed.

Farr and Frost, Measurement Notes 49 and 52, AFRL-DED (see Annex 5-2)

The purpose of the measurements was determination of dielectric properties
of water, sand, and concrete. A coaxial transmission line was used, with an im-
pulse waveform with spectral content from DC to over 20 GHz. Significant pulse
broadening and attenuation were observed, but no overt precursors appeared.

Discussion of Calculations

Extensive calculations have been published by Oughstun and colleagues, in a
book and numerous papers (see Annexes 5-3 and 5-5). All of these use wideband
waveforms, typically at laser (infrared) frequencies. Classic precursor waveforms
are produced, but the vital contribution of bandwidth is not discussed.

Sandia Report “Calculations of Precursor Propagation in Dispersive
Dielectries” (see Annex 5-3)

Bacon calculated propagation of waveforms into pure water at 435 MHz, for
two bandwidths: 200 MHz, and 10 MHz. The 200 MHz bandwidth waveforms
showed precursors, while the 10 MHz bandwidth waveforms did not. The nar-
row-band signal also showed a slow buildup (and presumably decay). The
wideband waveforms decay at the carrier rate for several meters, then more
slowly. However the band-limited signal decays at the carrier rate at all penetra-
tion distances. PAVE PAWS has band-limiting filters in the exciter units, so these
10 MHz results are expected to represent the radar (see annex 3).

These calculations were buttressed by Roberts, who showed that decay
slower than carrier exponential requires significant spectral energy below the car-
rier frequency, i.e., wideband. As mentioned in Radar Electromagnetics, the
spread of spectral energy allows the precursors to decay as 1 / R at distances
where the main signal is negligible.

Moten and Others (see Annex 5-3)

Moten and colleagues calculated that a wideband waveform produces pre-
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cursors, but stated that narrow band systems would not generate precursors (see
Annex 5-3).

In several papers, Albanese and colleagues calculated precursors, but all for
wideband signals. No attempt was made to correlate precursor generation with
either bandwidth, or dispersive characteristics of the medium with frequency.

Mokole and Samaddar (see Annex 5-3)

Mokole and Samaddar calculated the behavior of a laser pulse (very
wideband) propagating into a semi-infinite medium. Strong precursors were pre-
dicted.

Dvorak (see Annex 5-3)

Dvorak, using exotic functions, calculated propagation in a waveguide, thus
verifying the prior experimental work of Pleshko.

Discussion of Annexes

The annexes contain a citation and review of each journal paper that appears
relevant. They are grouped into precursor measurements, precursor calculations,
related papers on precursors, pulse propagation in lossy media, and publications
by Professors Oughstun and others.

SUMMARY

The PAVE PAWS phased array contains a large number of elements per face
(1792), all of which are turned on simultaneously. Bandwidth is very narrow, 5
MHz at most; the signal is heavily filtered to reduce interference. Waveform
buildup is slow (about 200 nsec) due to the signal bandwidth and to the amplifier
characteristics. Waveform slopes, in V/m/nsec, are as expected, except in the
vicinity of zero crossings; there, noise and interfering signals control slopes, and
the PAVE PAWS signals are negligible. Radial fields as such are not present; the
longitudinal field components observed were produced by the dipole 20 degree
tilt, and multipath fields.

At angles away from the array axis, time delay exists between the signal
from the closest dipole and the farthest dipole. It is a maximum of about 60 nsec.
Reflector (dish) antennas have a similar delay at wide angles; the same-size array
and reflector have roughly the same delay. For PAVE PAWS the peak delay is
roughly 1/3 of the buildup time. Due to the large number of active elements per
face, and due to the pseudo-random distances from each element to an observer,
the signal buildup is smooth as shown by detailed calculations. In none of the
Phase IV measured data is it possible to discern the delay effects. The committee’s
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conclusion is that narrow-band phased-array radiation is just like narrow-band
reflector radiation.

At wide angles from the array axis and from the radar beam, the sidelobe
level is extremely low. This low sidelobe level results from the destructive sum-
mation of 1792 contributions. Turnoff and decay of the Class C amplifiers is
somewhat irregular, which sometimes results in decay transients above the nor-
mal low sidelobe level. Amplitude of these spikes is still much below the allow-
able power density; this, with their short duration, indicates a negligible effect.

Precursors are transient signals that may appear before, during, and after the
signal, in a dispersive medium such as water or cells. None propagate faster than
light. Those that have been considered as possibly important have significant
low-frequency spectral energy, that is, important frequency components below
the carrier frequency. There are extensive calculations, and several measurements,
that show that wideband signals produce observable precursors. Typical precur-
sor wide bandwidth is 10,000 MHz, a factor of 2000 times the PAVE PAWS
bandwidth. Each frequency component of the wideband waveform decays expo-
nentially in the medium. After the signal has experienced a large attenuation, the
precursor waveform may decay algebraically. Precursor formation is related to
signal bandwidth (buildup time) but not to signal level (V/m). The criterion of 1
V/m/nsec has no meaning for precursor formation. As discussed under Precur-
sors: Radar Electromagnetics, rise time and bandwidth are independent of field
strength in V/m.

For the PAVE PAWS bandwidth no measurable precursors were found in the
several experiments. All calculations and measurements conclude that narrow-
band phased-array radiation effects are not distinguishable from those of reflector
antennas. This may also be true for wideband phased arrays, but no relevant data
are available.
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ANNEX 5-1: DISPERSION IN BIOLOGICAL TISSUES

In biological tissues, three distinct dispersion regimes have been defined.
The lowest frequency dispersion, referred to as the α dispersion, is very large,
and occurs near 10 Hz to 100 Hz, and is believed to be associated with large
biological structures such as cell bodies. The second dispersion (referred to as the
β dispersion) occurs over the range of approximately 100 kHz to 100 MHz. It
reflects the dipolar characteristics of the molecular constituents of the tissue, and
terminates at the permittivity of water (approximately 80 farads/meter). The third
dispersion (γ), is associated with the relaxation time of water and occurs in the
low GHz range. Correspondingly, in the frequency range of the PAVE PAWS
signal, the dielectric permittivity of biological tissue is very near to that of water,
and the dispersion is very low. While the dispersion (δε/δf) depends on both the
specific tissue and frequency range, dispersions in biological tissues near 500
MHz are in the range of only 1 to 10 farad/meter per 100 MHz. This is a very
small dispersion. Nonetheless, whenever the frequency spectrum of an applied
waveform encompasses a region of anomalous dispersion, precursors may be
formed. If the bandwidth is narrow, and the material parameters change little if at
all over the frequency range of interest, precursors will have negligible ampli-
tude. An examination of the dielectric properties of the white matter of brain
tissue, for example, shows that the permittivity changes at a relatively constant
rate of 0.5 decade of permittivity/decade of frequency, from a value of 10,000 at
10 KHz, to a value of 30 at 1 GHz. The PAVE PAWS instantaneous bandwidth is
never more than 5 MHz, although the carrier frequency changes as the beam
moves between 420 MHz and 450 MHz. Thus this narrow bandwidth signal is not
expected to produce measurable precursors.

ANNEX 5-2: PAPERS ON PRECURSOR MEASUREMENTS

1. P. Pleshko and I. Palocz, “Experimental Observations of Sommerfeld
and Brillouin Precursors in the Microwave Domain,” Phys. Rev. Letters, Vol.
22, 2 June 1967, 1201-1204

Graduate student Peter Pleshko, under the supervision of Professor Istvan
Palocz, designed experiments to produce precursors in the microwave region,
and took measurements accordingly, all as a Ph.D. project at New York Univer-
sity-Bronx. This paper describes and discusses the experiments they designed to
demonstrate precursors.

The first experiment utilized a coaxial transmission line filled with ferrite
material, which was magnetized by an applied external magnetic field. This simu-
lated the first branch of the dispersion curve. A pulse of sine waves at a carrier
frequency of 625 MHz was applied at one end of a long coax, and the waveform
was observed at the other end. With an applied magnetic field of 100 gauss (earth
field 0.3 to 0.6 gauss), the Brillouin precursor was visible but the main signal was
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not. With a 200 gauss field the Brillouin precursor, which looks like one cycle
with a slightly lower frequency than the carrier, was followed by the pulse train.
The precursor amplitude was nearly twice that of the pulse train.

The second experiment was aimed at simulating the second branch of the
dispersion curve. A waveguide with a cutoff frequency of 4290 MHz was used;
the guide length was 6 ft. A pulser source producing a 100 picosecond single
pulse with fast rise time was used. A Sommerfeld precursor with a frequency of
roughly 15,000 MHz was observed, but the amplitude was small compared to the
main signal; these precursors are of higher frequency.

The third experiment was also second branch, and used a Goubau surface-
wave transmission line consisting of RG-8 coaxial cable with the outer braid
removed. It was then a wire with a dielectric sheath. Horn feeds were used. Again
the 100 picosecond pulser with 30 picosecond rise time was the source. The
Brillouin (low frequency) precursor was observed; the pulse was not shown.

In all three experiments described above the bandwidths were large: in ex-
periment one, 350 Mhz or 315%; experiments two and three, 350 MHz. These
large bandwidth[s] are critical, as signals occupying large bandwidth can experi-
ence significant dispersion (dispersion is a change of parameters with frequency),
and have major energy at low frequencies. In spite of the deliberately introduced
large dispersion, the high frequency (Sommerfeld) precursor was very small. The
amplitude of the low frequency (Brillouin) precursor was not compared to the
pulse amplitude. The large precursors calculated for the optical region by
Oughstun did not develop, but the optical bandwidth and dispersion are much
larger, and the wavelength is very much shorter than at microwave frequencies.

2. R.R. Smith, Dispersive Pulse Propagation, report PITR 3341, Physics
International Co., prepared for USAFSAM/RZM, Dec. 1988

The principal investigator performed three experiments to determine if pre-
cursors could be generated by microwave frequencies.

The first PI experiment replicated the Goubau surface-wave transmission-
line experiment of Pleshko and Palocz. A step-input function was used, with a
rise time of roughly 300 picoseconds. The Brillouin precursor was observed as an
overshoot of roughly 100% with rapid decay. Signal bandwidth was approxi-
mately 6700 MHz.

The next experiment simulated muscle tissue in a coaxial test fixture filled
with distilled water. A single-step function with a rise time of roughly 500 pico-
seconds was the applied signal. For the frequency spectrum of the waveform,
roughly 4000 MHz wide, distilled water, if sufficiently pure, has dielectric con-
stant and conductivity similar to those of muscle tissue. The results showed se-
vere waveform distortion and ringing (steps) as illustrated in trace 906D of Fig-
ure 8 of the report. Unfortunately the coaxial line was designed for 50 ohms
impedance (industry standard for test equipment) when air filled. When water or
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ionic solution fills the test cell, the impedance is badly mismatched, resulting in
the serious ringing observed.

Another experiment used a pulse generator that supplied a bipolar pulse (a
positive pulse followed by a negative pulse), again into distilled water. This pulse
was of poor quality, having itself a small precursor and a small postcursor, along
with a negative pulse much lower in amplitude and wider in time, than the posi-
tive pulse. Results from the test cell showed considerable ringing, no doubt due to
the impedance mismatch, but no evidence of Sommerfeld or Brillouin precursors.
Measurements next used water with 1.4% salt, with the step-function signal
source. Results showed severe waveform distortion but no evidence of precur-
sors. With the bipolar-pulse signal, again results were distorted but no precursors
were present. Use of a sugar/salt mixture with water produced essentially the
same results: distortion but no precursors. Coaxial test fixture measurements were
contaminated by ringing due to impedance mismatch, and by poor quality source
signals. No Sommerfeld or Brillouin precursors were observed.

Open-tank measurements used a waveguide as an illuminator, with Set One
with cut-off at 910 MHz and Set Two with cutoff at 1320 MHz. The signal was
tripolar (–,+,–) but was of poor quality with ringing. Results did not show any
precursors for several salt and sugar solutions. Finally, as the signal propagates
into the lossy solution, the higher frequency components are attenuated more, as
expected. The source signal was of very poor quality, and there were internal and
external reflections, resulting in extraneous signals (ringing). No precursors were
observed.

Short-pulse, wideband measuring and test equipment was somewhat primi-
tive (circa 1987) compared with current capabilities. The source signals were of
poor quality. The coaxial test cell was designed for a 50 ohm match with air; the
water, salt, and sugar solutions produced major mismatches with resulting quite
apparent ringing. These reflections tended to mask the changes in waveform pro-
duced by the medium. All of the measurements were wideband and had frequency
spectra centered above 1000 MHz, where dielectric constant and conductivity ?
changes with frequency are significant. Precursors were observed only in those
few experiments that used wide bandwidth and deliberately created strong dis-
persion (waveguide and Goubau line). No discernible precursors were observed
in test-cell and liquid-tank experiments, even though bandwidths were wide and
frequency spectra were in the area of changing dielectric properties.

3. T.W. Barrett, “Energy Transfer and Propagation and the Dielectrics of
Materials: Transient Versus Steady State Effects,” Proc. Ultra-wideband Ra-
dar Symp., Los Alamos, CRC Press, 1990, 1-20

In this paper, the author gives a brief review of the saddle-point approxima-
tions used in calculating transient response of dispersive materials. A much more
thorough account is given by Oughstun and Sherman. The paper reproduces some
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of the unpublished measurements made circa 1990 at the Ultrafast Science Labo-
ratory of the University of Michigan by Professor Mourou and Dr. Williamson. A
more extensive set of the raw measured data has been made available by Dr.
Whittaker of the University of Michigan. The relevant measurements utilized
strip line with either air or beta-alumina as the dielectric. The frequency was 8
GHz, and waveforms of one to eight cycles were used. Unfortunately, the wave-
form generator and the detector/receiver together produced several significant
reflections (echoes) in the reference air line results. Reflected waveforms ap-
peared at roughly four and eight cycles. Using a length of dielectric of 1 inch,
both single-cycle and eight-cycle incident waveforms showed a distorted wave-
form due to the echoes, but no precursors. With a dielectric length of 4 inches, the
carrier waveform was absent due to attenuation, but the transmitted waveform
did not look like any calculated precursors. In all of these experiments, the band-
widths were large, and extended to frequencies well below the carrier frequency.

4. D.C. Stoudt, F.E. Peterkin, and B.J. Hankla, “Transient RF and Micro-
wave Pulse Propagation in a Debye Medium (Water),” NSWC report
JPOSTC-CRF-005-03, Dahlgreen, VA, Sept. 2001

The test cell was a 1.4 m-long coaxial transmission line with recirculated
deionized water. A tapered dielectric plug matched the 33 ohm line (when filled)
to the 50 ohm test equipment. A short was placed at the far end of the line, so that
the signal would be reflected. At the feed end, a tee junction separated out the
return signal. Round trip delay was 82 nanoseconds. Equipment included a
Gigatronics 7100 signal generator and an HP 54720A Digitizing Oscilloscope.

A 10-cycle pulse at 1 GHz was the test signal. This signal showed two small
amplitude residual cycles at the end of the signal, but the input signal quality was
good. The output signal, after 2.76 m of water travel, showed only two precur-
sors, no main signal. The fore and aft precursors were of opposite polarity, and
closely matched the calculated values. A 10.5-cycle 1 GHz waveform showed
similar results, and again agreed with calculations. In this case, because of the
half cycle, both precursors are of the same polarity.

Two 6-cycle 400 MHz waveforms were used as exciters. The square-wave
modulated pulse, after 2.76  m of water, showed precursor amplitude roughly
twice the main signal amplitude. Again, calculations and measurements agree
very closely. It is worth noting that the calculations for this waveform after 1.5 m
of water showed only very slight precursor effects. Trapezoidal modulations of
the 10 cycles of carrier were also tested. Only small precursor effects appeared
after 2.76 m of water.

These measurements were carefully designed and conducted, with attention
paid to impedance matching, use of time delays to separate input and output sig-
nals, and data recording. Thus these are the definitive measurements utilizing
representative media.
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5. E.G. Farr and C.A. Frost, “Time Domain Measurement of the Dielectric
Properties of Water in a Coaxial Test Fixture,” Measurement Notes 49, Dec.
1996; “Impulse Propagation Measurements of the Dielectric Properties of
Water, Dry Sand, Moist Sand and Concrete, “Measurement Notes 52, AFRL
Directed Energy Directorate, Albuquerque, NM.

An oversized coaxial transmission line, with the sample occupying part of
the line length, was used. The signal was a wideband impulse (short pulse), with
major spectral energy from DC to over 10 GHz. The line was used in both the
transmission and the reflection modes. Unfortunately, the line was matched with
air for 50 ohms, which produced significant mismatch at the sample interfaces.
Thus, the results were contaminated with significant ringing. In passing through
the distilled water sample, the impulse waveform was significantly attenuated
and broadened. The resulting waveforms did not show any of the typical oscilla-
tions commonly seen in precursor waveforms. Although the time domain instru-
mentation was up to date and of high quality, the results were degraded by the
design of the coaxial test chamber.

ANNEX 5-3: PAPERS ON PRECURSOR CALCULATIONS

1. L. Brillouin, Wave Propagation and Group Velocity, Academic Press, 1960
This most interesting, but hard to find, book is a retrospective of the work by

Sommerfeld and Brillouin on wave velocities and precursors. A translation (from
German) of the classic 1914 paper by Sommerfeld is included, along with a trans-
lation (from French) of the classic 1914 paper by Brillouin; both concern propa-
gation in dispersive media and saddle-point asymptotics. In the other chapters,
Brillouin discusses several waveform velocities: group velocity, signal velocity,
and energy-transfer velocity. His calculations of precursors are less useful, due to
errors, as observed by Oughstun and others. Both Sommerfeld and Brillouin used
the term “forerunners” rather than precursors; use of “precursors” apparently
found favor relatively recently.

2. K.E. Oughstun and G.C. Sherman, Electromagnetic Pulse Propagation
in Causal Dielectric, Springer, 1997

This treatise shows in detail the difficulties in obtaining approximate solu-
tions to wave propagation in dispersive media. Crudely, the signal is represented
in the complex phase plane by a pole, and the precursors by branch points. Elabo-
rate asymptotics are used to obtain the propagated waveforms. Unfortunately (for
PAVE PAWS relevancy), all calculations are at infrared wavelengths, where the
frequency is roughly 10,000,000 times higher than that of PAVE PAWS. All
waveforms are either single cycle or a few cycles. For these very wideband sig-
nals, precursor formation is calculated. Further, the work is mathematically ori-
ented, and has little physics interpretation. In particular, there is no discussion of
the crucial effect of bandwidth.
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Oughstun and colleagues have published many informative papers; almost
all concern laser (IR) waveforms. Even their papers in Radio Science are on opti-
cal (IR) waveforms.

3. T.M. Roberts, “Radiated Pulses Decay Exponentially in Materials in the
Far Fields of Antennas,” Electronics Ltrs., Vol. 38, 4 July 2002, 679-680

This salient paper shows that low-frequency spectral components of a wave-
form can produce a decay rate in dispersive material that is lower than that of the
carrier frequency. In a linear medium, and at low power levels, tissue is linear and
all spectral components decay exponentially. See also:

4. T.M. Roberts and P.G. Petropoulos, “Asymptotics and Energy Estimates
for Electromagnetic Pulses in Dispersive Media,” J. Opt. Soc. Amer. A, Vol.
13, June 1996, 1204-1217 and “Addendum,” J. Opt. Soc. Amer. A, Vol. 16,
1999, 2799-2800

5. T.M. Roberts, “Measured and Predicted Behavior of Pulses in Debye-
and Lorenz-Type Materials.” Trans. IEEE AP-52 Jan. 2004. 310-314.

Asymptotic calculations are shown to validate precursor measurements made
using liquid-filled coax cables by AFRL contractors (see Annex 2). Results show
algebraic decay after significant attenuation has occurred. Signal bandwidth was
approximately 10 GHz; the widest PAVE PAWS bandwidth is 5 MHz, or 2000
times smaller. PAVE PAWS precursors will be too small to be measurable.

6. L.D. Bacon, “Calculations of Precursor Propagation in Dispersive
Dielectries,” SAND 2003-3040, Aug. 2003, Sandia National Laboratories

Dr. Larry Bacon of Sandia National Laboratories has calculated waveform
propagation in lossy dispersive media. These cases utilized a carrier frequency of
435 MHz, which is in the middle of the PAVE PAWS band. Pure water was the
medium.

 He used a narrow-band (1 microsecond) pulse train, and a wideband (10
nanosecond) pulse train. Note that the narrow-band pulse has about the same
bandwidth as the widest PAVE PAWS waveform. Each pulse train was utilized
without, and with, a filter. The 1 microsecond waveform used a 10 MHz wide
filter, while the 10 nanosecond waveform used a 200 MHz wide filter. The two
filter bandwidths are shown in Figure 5-A3.1.

The wideband unfiltered waveform displayed at 1meter depth in the medium
a precursor, small compared to the main signal; at 5-meter depth, the precursor
was larger than the signal but very small compared to the signal at 1 meter. When
the wideband filter was applied, no precursors were visible.

The narrow-band unfiltered waveform displayed at 1-meter depth in the me-
dium a very small precursor; at 5-meter depth the precursor was again larger than
the signal but very small compared to that at 1 meter. With the filter applied,
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FIGURE 5-A3.1 10 MHz (dotted) and 200 MHz (solid) bandpass filter frequency re-
sponses.

which represents the PAVE PAWS radar, a slow buildup was observed at all
depths, as seen in Figure 5-A3.2. No precursors were evident. However, at great
depth in the medium, a precursor is visible but its amplitude is below the incident
amplitude by a factor of roughly 100 million. Such small values are way below
the natural noise level, hence are not measurable. Because of the narrow band-
width of the 1 microsecond waveform, all spectral (Fourier) components decay
essentially exponentially, producing the classic “skin depth.”

Figure 5-A3.3 shows waveform decay over a 20-meter depth; this waveform
decays exponentially just like all narrow-band waveforms. Exponential decay is
linear on a logarithmic scale (decibels).

In summary, wideband waveforms do produce observable precursors.
Narrowband waveforms, such as those of PAVE PAWS, do not produce measur-
able precursors.

7. D.C. Stoudt, F.E. Peterkin, and B.J. Hankla, “Transient RF and Micro-
wave Pulse Propagation in a Debye Medium (Water),” NSWC report JPSTC
CRF-005-03, Dahlgren, VA, Sept. 2001

This work concerns frequencies below 2 GHz, where water shows a nearly
constant permittivity but a varying conductivity with frequency. Accordingly,
group and signal velocity dispersion can be neglected, and the Debye dispersion
model is adequate. The propagation of waveform is analyzed using Fourier Trans-
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FIGURE 5-A3.2 Leading edge of 1 µsec signal at various depths; baselines are offset for
clarity.

FIGURE 5-A3.3  Energy decay of 1 µsec signal, with 10 MHz filtering.
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forms; the resulting frequency spectra are propagated through the lossy media,
then inverse transformed into a waveform. Waveforms used include an ideal 10-
cycle, 1 GHz pulse, a 6-cycle, 400 MHz pulse, and these two with a more practi-
cal trapezoidal envelope on the 1 GHz waveform. These calculations agree with
those of Albanese (see reference 13, this section).

For the square-wave modulated 1 GHz signal, at a depth of 75 cm (2.5 ft.),
the fore and aft precursors are much larger than the main 10-cycle waveform. At
the much shorter depths representative of humans, the waveform would be much
larger than the precursor. When the modulation is trapezoidal, the precursors are
only slightly larger than the main signal, at the same 75 cm depth. Bandwidth of
both signals is roughly 200 MHz. For depths so large that the main signal has
disappeared due to strong attenuation, the precursor decays approximately as
1 / R , thus validating the one-term series approximation of Oughstun.

The 6-cycle, 400 MHz signal, with ideal square-wave modulation (instant
turn on), shows only a precursor slightly larger than the main signal, at a depth of
1.5 m (4.9 ft). Bandwidth is roughly 130 MHz.

These calculations show that for 400 MHz, even with the large bandwidth
associated with the 6-cycle waveform, precursors are negligible at the limited
tissue depth available in humans.

8. K. Moten, C.H. Durney, and T.G. Stockham, “Electromagnetic Pulse
Propagation in Dispersive Planar Dielectrics,” Bioelectromagnetics, Vol. 10,
1989, 35-49

This paper investigates a plane-wave pulse-train incident on a lossy disper-
sive slab, using Fast Fourier Transform techniques. Calculations show that
wideband pulses can produce significant precursors. However, “the narrower the
bandwidth of the pulse train, the less the difference between the pulse response
and CW response.” And, “only very broadband pulsed systems could be expected
to produce results that differ significantly from those of CW systems.” Pulse
penetration depends on the dispersive nature of the dielectric medium and the
Fourier coefficients (bandwidth) of the waveform.

9. R. Albanese, J. Penn, and R. Medina, “Ultrashort Pulse Response in
Nonlinear Dispersive Media,” in Ultra-Wideband, Short-Pulse
Electromagnetics, H.L. Bertoni, L. Carin, and L.B. Felsen, Eds., Plenum,
1993, 259-265

see also:

10. R. Albanese, J. Penn, and R. Medina, “Short-Rise-Time Microwave
Pulse Propagation through Dispersive Biological Media,” J. Opt. Soc. Amer.
A, Vol. 6, Sept. 1989, 1441-1446

These papers use Fourier series (of the waveform) as an analysis tool. Their
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calculations used a waveform with 10 carrier cycles with a carrier frequency of 1
GHz. The waveform buildup was instantaneous; the envelope was a square wave.
At 1.5 m distance the rise time affected the precursor amplitude, with longer rise
time reducing the amplitude. However, at this distance the main signal is very
small and the precursors are also small.

11. R. Albanese, J. Blaschak, R. Medina, and J. Penn, “Ultrashort Electro-
magnetic Signals: Biophysical Questions, Safety Issues, and Medical Oppor-
tunities,” Aviation, Space, and Environmental Medicine, May 1994, A116-
A120

This paper shows a 1 nanosecond wideband pulse of 10 carrier cycles, carrier
frequency 10 GHz. Both Sommerfeld- and Brillouin-calculated precursors ap-
pear after propagating 1 cm in pure water. Also shows precursors produced by
laser (IR) radiation. Possible cellular effects of very high electric fields (hundreds
or thousands of kW/m) are discussed.

12. R.A. Albanese, “An Electromagnetic Inverse Problem in Medical Sci-
ence,” Chapter 2 of Invariant Imbedding and Inverse Problems, SIAM, 1992.
30-41

Using a square-wave modulation containing 5 carrier cycles, with a 3 GHz
carrier frequency, a waveform with Brillouin precursors was calculated at 10 cm.
depth. With no noise, partial results were obtained, but with very weak added
noise there were no results.

13. R.A. Albanese, R.L. Medina, and J.W. Penn, “Mathematics, Medicine,
and Microwaves,” Inverse Problems, Vol. 10, 1994, 995-1007

This paper shows a 1 nanosecond wideband pulse of 10 carrier cycles, carrier
frequency 10 GHz. Both Sommerfeld-and Brillouin-calculated precursors appear
after propagating 1 cm in pure water. Most of the paper concerns the inverse
problem: given the response, find the dielectric and loss properties of the mate-
rial.

14. E.L. Mokole and S.N. Samaddar, “Transmission and Reflection of Nor-
mally Incident, Pulsed Electromagnetic Plane Waves upon a Lorentz Half-
Space,” J. Opt. Soc. Amer. B, Vol. 16, May 1999, 812-831

Both reflected and transmitted fields are calculated for a semi-infinite me-
dium; the incident waveform is a single laser pulse at IR (frequency ~2 THz). As
expected, this extremely wideband waveform produces strong Sommerfeld pre-
cursors.

15. S.L. Dvorak, “Exact, Closed-Form Expressions for Transient Fields in
Homogeneously Filled Waveguides,” Trans. IEEE, Vol. MTT-42, Nov. 1984.
2164-2170
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see also:

16. S.L. Dvorak and D.G. Dudley, “Propagation of Ultra-Wide-Band Elec-
tromagnetic Pulses through Dispersive Media,” Trans. IEEE, Vol. EMC-37,
May 1995, 192-200

Using the Incomplete Lipschitz-Hankel Integrals (ILHI), waveform propa-
gation in a waveguide is studied. Waveguides provide dispersion. The waveform
used is a single cycle of a sine wave. Calculations show significant precursors;
the waveform bandwidth is very wide. Prior experimental work of Pleshko is not
mentioned, but the precursor increases in frequency as it propagates, just as mea-
sured by Pleshko.

ANNEX 5-4: RELATED PAPERS ON PRECURSORS

1. Albanese, R.A. and E.L. Bell, Radiofrequency Radiation and Living Tis-
sue: Theoretical Studies, report SAM-TR-79-41, Dec. 1979

This interim report models possible interactions of RF energy and cells. No
distinction is made between thermal effects and pulsed effects.

2. Albanese, R.A. and E.L. Bell, “Radiofrequency Radiation and Chemical
Reaction Dynamics,” in Nonlinear Electrodynamics in Biological Systems,
W. R. Adey and A. F. Lawrence, Eds., Plenum, 1984, 277-285

Treated in this paper are high field strengths (100 to 2000 V/m) where the
media are non-linear. There is no relevance to PAVE PAWS, where the field
strengths are low, and the media are linear.

3. Albanese, R.A., R. Medina, and J. Penn, “Mathematics and Electromag-
netic Theory,” unpublished and undated paper, circa 2001

The statement “frequency dependence in the frequency domain implies local
tissue memory in the time domain” is too general to have meaning. Certainly,
frequency spectrum and time waveform are related. But this does not necessarily
imply tissue memory. The entire paper is not concerned with pulses.

4. Papazoglou, T.M., “Transmission of a Transient Electromagnetic Plane
Wave into a Lossy Half-Space,” J. Appl. Phys., Vol. 46, Aug. 1975, 3333-3341

see also:

5. Dudley, D.G., T.M. Papazoglou, and R.C. White, “On the Interaction of
a Transient Electromagnetic Plane Wave and a Lossy Half-Space,” J. Appl.
Phys., Vol. 45, March 1974, 1171-1175

Propagation of a single Gaussian type pulse (slow rise time and fall time)
into a lossy medium is considered. One case of interest uses a lossy and disper-
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sive medium (earth). Waveforms with and without dispersion are very much the
same, probably due to the narrow bandwidth of the incident pulse. No precursors
were evident.
6. Devaney, A.J., “Linearized Inverse Scattering in Attenuating Media,”
Inverse Problems, Vol. 3, 1987. 389-397

Dr. Devaney has extended this work to dispersive media, but it has not been
published. The aim was to see if precursors could help in the inverse problem.
Note, the inverse problem is: given the response, find the details of the scatterer
or the details of the medium.

Pulse Propagation in Lossy Media

Researchers from Harvard have published papers on pulse propagation in sea
water, a highly lossy medium. Single pulses and a pulse of carrier oscillations
have been considered. These papers utilize a dipole as source, unlike the plane-
wave source of Oughstun and colleagues. The dipole near-field greatly compli-
cates the analysis. The papers show that the rise and fall times each produce a
transient, with the carrier oscillations in between. When the rise and fall times are
slow, two things occur. First, the lower frequencies in the transient allow them to
decay more slowly than does the carrier. So after some distance, the carrier may
be smaller than the transient waveform. These are probably not precursors in the
Brillouin sense. Second, the amplitude of the transient is reduced by f2

rs/(f
2 + f2

rs),
where f is the carrier frequency and frs is the principal frequency of the rise time.
Thus, if the rise time equals 20 carrier cycles, the rise-time transient amplitude is
reduced by 0.0025, or 52 dB.

1. King, R.W.P. and T.T. Wu, “The Propagation of a Radar Pulse in Sea
Water,” J. Appl. Phys., Vol. 73, 15 Feb. 1993, 1581-1590

see also:

2. King, R.W.P. and T.T. Wu, Erratum: “The Propagation of a Radar
Pulse in Sea Water,” J. Appl. Phys., Vol. 77, 1 April 1995, 3586-3687

3. King, R.W.P., “The Propagation of a Gaussian Pulse in Sea Water and
Its Application to Remote Sensing,” Trans. IEEE, Vol. GRS-31, May 1993,
595-605

4. King, R.W.P., “Propagation of a Low-Frequency Rectangular Pulse in
Seawater,” Radio Science, Vol. 28, May-June 1993, 299-307

5. Margetis, D.,  “Pulse Propagation in Sea Water,” J. Appl. Phys., Vol. 77,
1 April 1995, 2884-2888
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6. Margetis, D., “Pulse Propagation in Sea Water: The Modulated Pulse,”
Progress in Electromagnetics Research, Vol. 26, 2000, 89-110

The prediction by Song and Chen that early arrival and late arrival parts of a
waveform in lossy media decay algebraically (as 1/R3 or 1/R5) has been shown to
be incorrect by Margetis and King:

7. Song, J. and K-M Chen, “Propagation of EM Pulses Excited by an Elec-
tric Dipole in a Conducting Medium,” Trans. IEEE, Vol. AP-41, 1993, 1414-
1421

8. Margetis, D. and R.W.P. King, “Comments on ‘Propagation of EM
Pulses Excited by an Electric Dipole in a Conducting Medium,’” Trans.
IEEE, Vol. AP-43, Jan 1995, 119-120

9. Wait, J.R., “Electromagnetic Fields of Sources in Lossy Media,” Chap-
ter 24 in Antenna Theory, Part II, R.E. Collin and F.J. Zucker, Eds., McGraw-
Hill, 1969

This paper treats single-pulse propagation in lossy (non-dispersive) media.
Extensive references are provided.

ANNEX 5-5:
PAPERS BY PROFESSOR OUGHSTUN AND COLLEAGUES

These papers are concerned with wideband optical (laser) short pulses in
media that are lossy and dispersive. No discussions of the effects of waveform
bandwidth are given. These papers are listed because they are often cited for
PAVE PAWS. However the very narrow-band nature of the PAVE PAWS signal
makes all of these papers irrelevant to the PAVE PAWS problem. And the laser
frequency is roughly 10,000,000 times higher than that of PAVE PAWS.

1. Oughstun, K.E. and G.C. Sherman, “Propagation of Electromagnetic
Pulses in a Linear Dispersive Medium with Absorption (the Lorentz Me-
dium),” J. Opt. Soc. of Am. B, Vol. 5, April 1988, 817-849

2. Oughstun, K.E. and S. Shen, “Velocity of Energy Transport for a Time
Harmonic Field in a Multiple-Resonance Lorentz Medium,” J. Opt. Soc. of
Am. B, Vol. 5, Nov. 1988, 2395-2398

3. Shen, S. and K.E. Oughstun, “Dispersive Pulse Propagation in a Double-
Resonance Lorentz Medium,” J. Opt. Soc. of Am. B, Vol. 6, May 1989, 948-
963
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4. Wyns, P., D.P. Foty, and K.E. Oughstun, “Numerical Analysis of the
Precursor Fields in Linear Dispersive Pulse Propagation,” J. Opt. Soc. of
Am. A, Vol. 6, Sept. 1989, 1421-1429

5. Oughstun, K.E. and J.E.K. Laurens, “Asymptotic Description of Ul-
trashort Electromagnetic Pulse Propagation in a Linear, Causally Disper-
sive Medium,” Radio Science, Vol. 26, Jan.-Feb. 1991, 245-258

6. Oughstun, K.E., “Pulse Propagation in a Linear, Causally Dispersive
Medium,” Proc. IEEE, Vol. 79, Oct. 1991, 1379-1390

7. Oughstun, K.E. and J.E.K. Laurens, “Asymptotic Description of Elec-
tromagnetic Pulse Propagation in a Linear Dispersive Medium,” in Ultra-
Wideband, Short-Pulse Electromagnetics, H. Bertoni et al,. Eds., Plenum
Press, 1993, 223-240

8. Balictsis, C.M. and K.E. Oughstun, “Uniform Asymptotic Description of
Ultrashort Gaussian Pulse Propagation in a Causal, Dispersive Dielectric,”
Phys. Rev. E, Vol. 47, 1993, 3645-3669

9. Balictsis, C.M. and K.E. Oughstun, “Uniform Asymptotic Description of
Gaussian Pulse Propagation of Arbitrary Initial Pulse Width in a Linear,
Causally Dispersive Medium,” in Ultra-Wideband, Short-Pulse
Electromagnetics 2, L. Carin and L.B. Felsen, Eds., Plenum Press, 1994, 273-
283

10. Smith, P.D. and K.E. Oughstun, “Electromagnetic Energy Dissipation
of Ultrawideband Plane Wave Pulses, in a Causal, Dispersive Dielectric,” in
Ultra-Wideband, Short-Pulse Electromagnetics 2, L. Carin and L.B. Felsen,
Eds., Plenum Press, 1994, 285-295

11. Oughstun, K.E., “Transient in Chiral Media with Single Resonance Dis-
persion: Comments, Jour. Opt. Soc. of Am. A, Vol. 12, 1995, 626-628

12. Sherman, G.C. and K.E. Oughstun, “Energy-Velocity Description of
Pulse Propagation in Absorbing, Dispersive Dielectrics,” J. Opt. Soc. of Am.
B, Vol. 12 Feb. 1995, 229-247

13. Oughstun, K.E., “Dynamical Structure of the Precursor Fields in Linear
Dispersive Pulse Propagation in Lossy Dielectrics,” in Ultra-Wideband, Short-
Pulse Electromagnetics 2, L. Carin and L.B. Felsen, Eds., Plenum Press, 1995,
257-272
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14. Oughstun, K.E., “Noninstantaneous, Finite Rise-Time Effects on the Pre-
cursor Field Formation in Linear Dispersive Pulse Propagation,” J. Opt. Soc.
of Am. A, Vol. 12, Aug. 1995, 1715-1729

15. Marozas, J.A. and K.E. Oughstun, “Electromagnetic Pulse Propagation
Across a Planar Interface Separating Two Lossy, Dispersive Dielectrics,” in
Ultra-Wideband, Short-Pulse Electromagnetics 3, C. Baum, L. Carin, and A.
P. Stone, Eds., Plenum Press, 1996, 217-230

16. Oughstun, K.E. and C.M. Balictsis, “Gaussian Pulse Propagation in a
Dispersive, Absorbing Dielectric, “Phys. Rev Ltrs., Vol. 77, 9 Sept. 1996, 2210-
2213

17. Oughstun, K.E. and Hong Xiao, “Failure of the Quasimonochromatic
Approximation for Ultrashort Pulse Propagation in a Dispersive, Attenuative
Medium,” Phys. Rev. Ltrs., Vol. 78, 27 Jan. 1997, 642-645

18. Balictsis, C.M. and K.E. Oughstun, “Generalized Asymptotic Descrip-
tion of the Propagated Field Dynamics in Gaussian Pulse Propagation in a
Linear, Causally Dispersive Medium,” Phys. Rev. Ltrs. E, Vol. 55, Feb 1997,
1910-1921

19. Xiao, H. and K.E. Oughstun, “Hybrid Numerical-Asymptotic Code for
Dispersive Pulse Propagation Calculations, Jour. Optical Society of America
A, Vol. 15, 1998, 1256-1267

20. Solhaug, J.A., K.E. Oughstun, J.J. Stamnes, and P.D. Smith, “Uniform
Asymptotic Description of the Brillouin Precursor in a Lorentz Model Di-
electric,” Jour. European Opt. Soc. A., Pure and Applied Optics, Vol. 7, 1998,
575-602

21. Oughstun, K.E., “The Angular Spectrum Representation and the
Sherman Expansion of Pulsed Electromagnetic Beam Fields in Dispersive,
Attenuative Media,” Jour. European Opt. Soc. A., Pure and Applied Optics,
Vol. 7, 1998, 1059-1078

22. Solhau, J.A., J.J. Stamnes, and K.E. Oughstun, “Diffraction of Electro-
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6

Evidence of Biological Effects of
RF Exposure Relevant to

PAVE PAWS Radar System

INTRODUCTION

Biological studies to determine the plausibility of an environmental exposure
having either detrimental or beneficial consequences take many forms. However,
the primary goal in most of these studies is to establish a reproducible biological
effect from the exposure under well-controlled conditions. Such studies utilize
animal cell cultures and embryo cultures, as well as plant-growth cultures and
field studies. Exposure conditions for these studies may represent those that hu-
man populations might be exposed to, or alternatively those that are expected to
produce an observable biological effect in a reasonable period of time. For ex-
ample, it is common research practice to use exposure levels that are much higher
than those encountered in the environment to obtain a rapid and robust experi-
mental effect. Such studies may lead to subsequent investigations of possible
human health effects in animal systems or epidemiological studies. Cell-culture
experiments are easy to reproduce, but the behavior of cells in culture is never
exactly the same as within an organism due to the fact that cells have been iso-
lated from their usual environment, which includes contact with a variety of other
cell types, exposure to intercellular factors, and a tissue architecture. In vitro
experiments, therefore, can be, in comparison to whole organism in vivo experi-
ments, sometimes more and sometimes less likely to demonstrate a response to an
environmental exposure. Cell-culture experiments are also of limited value if one
wants to undertake very long-term exposure experiments (months to years). Em-
bryonic development studies can provide greater insight into potential health ef-
fects; however, there are a limited number of established embryo models that
provide well-accepted, quantifiable endpoints for study. Plant growth studies per-
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mit very long-term exposures to be studied under well-controlled conditions, but
are only remotely connected to potential human health issues.

Tremendous advances in our understanding of biological systems have oc-
curred over the 25 years since the previous review of in vitro studies of RF expo-
sure effects, which was a part of the 1979 NRC review of the PAVE PAWS
installation (NRC 1979). Those advances have had profound effects on our un-
derstanding of biology, greatly enabling the scientific community in its efforts to
determine if and how the RF radiation generated by the PAVE PAWS system
could influence biological systems. Our ability to design experiments and collect
data from culture studies has been enhanced as a result of numerous technical
advances, as well as significant advances in modeling the inherent complexity of
biological systems, which provides a theoretical foundation for interpreting data
from such experiments.

At the time of the initial NRC PAVE PAWS report (1979), cell/tissue-cul-
ture techniques were well-developed approaches but their analysis involved pre-
dominantly simple biochemical assays and single-molecule detection approaches.
Protein biochemistry was also a developed field, but few specific signal-trans-
duction pathways had been identified in cells. The techniques of molecular biol-
ogy were only in the early stages of development. Today, three-dimensional tis-
sue-culture systems are being developed to permit the study of differentiating cell
systems in a native tissue architecture, and polymerase chain reaction technology
permits DNA amplification from samples as small as a single cell. Differential
display techniques and cDNA microarray approaches permit studies of gene ex-
pression of large numbers of genes at one time, and high performance liquid
chromatography (HPLC), mass spectroscopy of “protein chips,” and yeast two-
hybrid systems permit studies of protein distributions, protein dynamics, and pro-
tein-protein interactions. Similarly, developments in microscopic techniques
(such as atomic force, confocal fluorescent, real-time fluorescent, and microman-
ipulation techniques [laser capture microscopy] have significantly advanced our
abilities to undertake studies of processes such as cell dynamics and intra- and
inter-cellular interactions.

Of equal importance has been the development of computational approaches
for modeling biological systems and responses based on concepts from complex-
ity theory. Fuzzy logic, neural-network analysis, genetic algorithms, and cluster-
ing techniques are modern bioinformatic tools that permit the large datasets ob-
tained by molecular biological techniques to be analyzed. These new approaches
are tools that allow scientists to understand how complex systems (i.e. systems
with many highly interactive components) are influenced by alterations to their
environment. The computational modeling of biological processes, therefore, may
help us to predict under which situations perturbations in the environment may
influence biological systems. Whereas all complex systems are robustly stable to
acute environmental insult, even slight perturbations in the environment can in-
fluence the self-organization of such systems if imposed for a sufficient period of
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time. All cells and organisms are potentially sensitive to fluctuations in the envi-
ronment; however, the influence of a specific environmental perturbation on cells
and organisms may not necessarily be observed in studies of a single model, but
could require that a class of models be used to capture the potential set of out-
comes of a given environmental perturbation. Application of these concepts to
the review of biological studies of RF exposure suggests that studies that focus on
the self-organization in a system (e.g., differentiation and development) and in-
volve long-term exposures may eventually be best positioned to identify the in-
fluence of an environmental perturbation.

In order to provide a maximal representation of different cells, tissues, and
“general” experimental conditions, and still remain in the realm of experimental
conditions relevant to the PAVE PAWS system, this review emphasizes experi-
mental designs from the following types of systems:

• A large ensemble of cells,
• An RF exposure similar to that generated by the PAVE PAWS system,

and
• A long-term exposure to the radiation (similar to the circumstances as-

sociated with the PAVE PAWS installation).

We have also reviewed responses in cells based on stress responses that have
been identified in the literature as being important for cellular recovery to acute
toxicity and injury. Life on earth has evolved in an environment associated with a
variety of stressors including radiation, heat, chemicals, and other toxic insults.
As a consequence, cells and animals have evolved defense mechanisms to cope
with these acute stresses including anti-oxidants, apoptosis (cell death to avoid
replication of damaged cells), DNA repair, refolding of damaged proteins, and
other mechanisms. These defense pathways work to prevent the continued expan-
sion and use of damaged biomolecules in the cell. Much acute cellular damage
can be compensated by these different damage-response pathways and so, corre-
spondingly, these pathways represent important targets to consider in the context
of detrimental biological responses to an environmental exposure. The presence
of these pathways may also explain how biological responses may occur but not
result in adverse health effects.

The effects of exposure to external stimuli can be categorized into:

1. Direct molecular effects
• DNA damage
• Membrane perturbations
• Protein function alterations

2. Indirect molecular effects
• Cell signal transduction
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• Gene expression
3. Phenotypic effects

• Cell apoptosis
• Cell cycle perturbation
• DNA repair
• Differentiation and development
• Carcinogenesis
• Growth

LITERATURE REVIEW

Direct Molecular Effects

DNA Damage

DNA damage is induced by a wide variety of different stimuli including
radiation, chemicals (such as chemotherapeutic drugs), and oxidative damage (in-
cluding the damage that results as a normal consequence of cellular respiration).
Elaborate pathways exist within cells that serve to repair damage to DNA, thereby
maintaining genetic integrity and normal cellular function. Incomplete or faulty
repair can lead to the production of abnormal proteins or the dysregulation of
specific protein syntheses. While the overall resiliency of the cell may compen-
sate for this dysregulation, a disruption of certain specific DNA repair processes
can result in diseases such as cancer, immunodeficiency, and others. DNA dam-
age is a normal consequence of cellular function, and it is estimated that mamma-
lian cells encounter 104 DNA strand breaks/cell/day, which are usually repaired
without adverse effects.

Several studies have examined possible effects of exposures to radar and
cell-phone RF energies on DNA damage in mammalian cells following acute
exposures (hours). The results have been contradictory and controversial (Lai and
Singh 1995; McNamee and others 2002; Tice and others 2002; Bisht and others
2002; Malyapa and others 1997; Lai and Singh 1996). While Lai and Singh have
detected strand breaks after RF exposures, several groups which have also used
very sensitive alkaline comet assays detect no DNA break increase at pulsed RF
frequencies of 1.9 GHz, 835.62 MHz, or 847.74 MHz (cell-phone frequencies) at
0.6 W/kg SAR (McNamee and others 2002; Malyapa and others 1997). Addi-
tional recent studies from Roti-Roti’s laboratory have demonstrated an absence
of DNA damage in brain cells, fibroblasts, and lymphoid cells following expo-
sure to pulsed-wave microwaves and radiofrequency (Lagroye and others 2004a;
Lagroye and others 2004b; Hook and others 2004). The validity of such studies
depends on the sensitivity of the assay system in any particular laboratory, the
types and times of exposures, and the possible sources of error. Recent studies by
Dimitroglou and others (2003) have shown using single-cell gel electrophoresis
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higher levels of DNA strand-breaks in people who have been psychologically
stressed, suggesting a role for hormonal and biochemical factors in the response,
a consideration that was not previously addressed in the above reports and may be
one source of error. For a review of controversial cytogenetic observations in
mammalian somatic cells see Vijayalaxmi and Obe (2004).

It should be noted that the ability of an agent to cause single- or double-
strand breaks (ssb or dsb) in DNA does not necessarily mean that the agent is
dangerous or even capable of inducing mutations. Chemicals such as hydrogen
peroxide are known to cause breaks in DNA but cause few adverse health effects.
Likewise, low doses of ionizing radiation or UV light well within the limits of the
permissible exposure also cause DNA strand breaks. Exposure to very low doses
of ionizing radiation (1 cGy) can be detected to cause DNA strand breaks (for
example, Buatti and others, 1992 find that the rate of strand breaks per cell is
1815/Gy). UV-radiation exposure, analogous to the exposure from sunlight,
causes 0.07 ssb/1010 Da/kJ/m2 for UVA; and 1.9 ssb/1010 Da/kJ/m2 for UVB
(Wenczl and others 1997).

 Membrane Perturbations

Direct damage to cellular membranes has been associated with exposure to a
variety of chemicals and to ionizing radiation. These stresses often lead to differ-
ences in lipid and protein composition of cellular membranes, altering the mem-
brane fluidity, ion transport, and surface properties of the membrane.

As in the studies with DNA damage, changes in membrane fluidity or ion
transport are associated with a large variety of normal states, and these changes in
and of themselves are not necessarily associated with pathogenic states or with a
progression toward pathogenesis. For example, chemicals known as ionophores
cause a change in membrane permeability and permit ions that are usually outside
the cell to rapidly influx. Nevertheless, there are very few dangerous conse-
quences associated with exposure to ionophores, and in general they are used to
mimic natural ionophoric processes that occur in mammalian cells.

Some isolated reports of changes in membranes and ion transport have been
reported to be associated with exposure of cells to modulated cell-phone and
radar radiation. The reported effects in the literature come largely from one labo-
ratory, and include both changes in Ca++ ion flux in cells in monolayer culture
and efflux from ex vivo tissue slices (Dutta and others, 1989; Dutta and others,
1984; Blackman and others 1985; Joines and Blackman, 1980). Sub-
sequent studies (Cranfield and others 2001; Wolke and others 1996) have docu-
mented no or marginal effects of RF exposure on Ca++ flux in cell-culture sys-
tems. Taken together, these experiments provide some support for
the suggestion that modulated RF exposures may be more capable of causing
biological effects than unmodulated RF fields.

Clustering of membrane proteins (called membrane capping) occurs on a
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variety of cell types including lymphocytes and is usually a measure of mem-
brane perturbations and membrane responses in mammalian cells. Sultan and
others (1983) performed studies to determine whether or not modulated RF expo-
sure caused changes in the ability of B-lymphocytes to cap following exposure to
antigen; these studies showed no difference in the capping responses of unex-
posed and exposed cells in culture.

Protein Function (Folding, Protein-Protein Interactions, Translations)

Proteins are responsible for carrying out most of the cellular maintenance
functions within mammalian cells. Changes in DNA are considered dangerous
primarily because they lead to changes in the expression of proteins. However,
cellular stress-inducing agents have been shown to affect proteins in several dif-
ferent ways. Changes in the ways in which proteins fold have been found pre-
dominantly following exposure to heat-shock, while changes in protein-protein
interactions and in protein translation have been associated with almost all types
of cellular stress. Because of the resiliency of biological systems, such damage to
proteins is not usually sufficient to harm a cell unless it has occurred with a large
number of proteins resulting in protein aggregation and large-scale dysfunction
in a cell. In addition, cells have evolved complex systems for managing this type
of damage. Chaperone systems and proteosomes are proteins that function to
refold damaged proteins, clear unrepairable proteins from the cell, and disassoci-
ate aggregates created following exposure to heat-shock stress. This damage-
response pathway permits heat-damaged cells to repair their proteins and resume
normal function in the body. This pathway is generally induced whenever the
body is experiencing fever or thermal dysregulation, although there have been a
few reports in the literature of heat-like responses following exposure to ionizing
radiation, UV, or other forms of stress. Numerous studies have examined the
thermal effects of radar, and these effects have been well-characterized in the
literature. However, such thermal effects cannot occur at the radar power densi-
ties experienced by the Cape Cod population and are not considered here.

Several recent reports have documented induction of chaperone-like heat-
shock protein responses in mammalian cells following exposure to cell-phone
frequencies below the thermal range. In particular, DiCarlo and others (2002),
and studies by Kwee and others (1998, 2001), have documented induction of
several heat-shock proteins (hsp70) in mammalian cells, as well as increased bind-
ing of heat-shock elements to their DNA-binding sequence. Replication of those
findings have not been reported in the literature but are suggested by other studies
showing increases in hsp70 following RF exposure (cell-phone frequencies) of
fruit flys (Weisbrot and others 2003). Related studies by dePomerai and others
(2000a, 2000b, 2002) have demonstrated that non-thermal microwaves can in-
duce hsp70 in the nematode Caenorhabditis elegans.  Similar induction of hsp70
has been observed following exposure to very low doses of ionizing radiation
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(Calini and others 2003). The implications of this non-thermal induction of heat-
shock proteins are not clear however they do suggest the induction of a cellular
mechanism to protect proteins from degradation/denaturation. Whether this is a
direct consequence of radar exposure is also not clear, but levels of induction are
very low, far below the threshold of a small fever response. On the other hand,
other studies have suggested that stress proteins are not induced following expo-
sure to radiofrequency or microwave radiation (Cleary and others 1997).

INDIRECT MOLECULAR EFFECTS

Cell Signal Transduction

Extracellular signals (for growth, differentiation, apoptosis) are transmitted
to the cell via a cell signal-transduction cascade that usually involves stimulation
of a surface receptor, alterations in intracellular ionic concentrations, a variety of
phosphorylation events, amplification of the signal, transmission of the signal
into the nucleus, and alterations in gene expression. Transient changes in cell
signal-transduction cascades have been associated with most cellular stress-in-
ducing agents; these changes can lead to more permanent expressions of cellular
changes such as those reflected in terminally differentiated cells.

Studies of changes in cell signal transduction following radiofrequency ex-
posure have been limited to an examination of production of extracellular factors
following exposure to RF. The most significant changes that have been reported
in the literature are in the transient release of cellular growth factors and other cell
signal-inducing agents that might alter cellular functions temporarily (Mausset
and others 2001; George and others 2002). Other studies, however, have reported
no changes in levels of such extracellular modulators as melatonin or cortisol
(Radon and others 2001; Stark and others 1997). While there are numerous stud-
ies in the literature of the effects of other cell stressing agents on kinase activation
or intracellular phosphorylation events, Pacini and others (2002) is the only re-
port of changes in mitogen-activated protein kinase (MAPK) phosphorylation
pathways affected by exposure to RF. Leszczynski and others (2002) reported
activation of MAPK stress pathway in human endothelial cells using mobile-
phone exposures.

Time-series data provide an exceptional means for characterizing cell system
dynamics, and fluorescent microscopy provides a well-established technique for
monitoring the activity of cell ensembles. Specifically, calcium signaling has
played a major role in discussions of the influence of RF exposure on biological
systems, dating to the early calcium-efflux studies of Adey and others as reported
in the 1979 NRC report. Modern techniques permit the real-time monitoring of
calcium activity in cell ensembles. Cranfield and others (2001) monitored cal-
cium activity (using Fluo-3 dye) in monolayers of Jurkat E6-1 cells exposed to a
915 MHz RF waveform pulsed at 217 Hz and designed to simulate a GSM tele-
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phone signal. SAR varied from 1 to 2.1 W/kg with a weighted average of 1.5 W/
kg. Mean calcium levels and calcium spike height were not affected by the RF
exposure; however, a significant shift in calcium spike frequency was observed,
consistent with an affect on cell ensemble activity.

Gene Expression

Changes in gene expression encompass events from activation of genes (pro-
moter activation), through the changes in mRNA availability, to changes in pro-
tein stability/quantity, all of them finally leading to the changes in quantity of the
protein product of the gene in question. Moderate changes in gene expression
have been associated with mild or moderate exposures to cellular stressing agents
including mild heat-shock or very low doses of ionizing radiation.

Several groups have examined changes in gene expression following expo-
sure to RF. For the majority of genes examined for changes in expression to date,
c-fos is the only transcription factor that has been shown, in multiple studies, to
be modulated in response to RF exposure (Goswami and others 1999). Pacini and
others (2002) reported induction of beta-transforming growth-factor and
apoptosis-factor (bax) gene expression following RF exposure. Several studies of
gene expression using comprehensive gene-chip arrays that can monitor the en-
tire genome of expressed genes in a single experiment are underway and hold
promise for resolving questions of gene expression changes associated with RF
exposure.

PHENOTYPIC RESPONSES

Cell Apoptosis

Apoptosis is the process of programmed cell death induced either in natural
circumstances of embryogenesis and differentiation or in states of stress follow-
ing exposure to cellular damaging agents such as heat or radiation. In cell-stress
responses, apoptosis can be protective because it prevents the induction of cancer
cells by causing the death of cells with damaged DNA that might otherwise allow
for cells bearing deleterious DNA mutations to survive.

Few studies have examined induction of apoptosis following RF exposure.
As noted above, Pacini and others (2002) reported the induction of the pro-
apoptotic gene bax following RF exposure.

Cell-Cycle Perturbations

The cell cycle not only marks the progression of a cell from single cell
through its DNA replication and division into two daughter cells, but also can
include stages of cellular preparation for proliferation, differentiation, or cell-
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cycle arrest. Cell-cycle perturbations are commonly observed following exposure
to cellular stressing agents. Ionizing and UV radiations are both known to cause
delays in cell-cycle progression associated with an increase in DNA repair and
activation of other cell-survival functions. In addition, changes in cell-cycle time
are reflective of each particular cell type and its degree of differentiation.

In studies on the effects of RF exposure, George and others (2002) demon-
strated an increase in proliferative potential in exposed fibroblasts and epithelial
cells. Similarly, Velizarov and others (1999) demonstrated a change in cell-pro-
liferative capacity following RF exposure that was not related to thermal effects.
Pacini and others (2002) also documented an increased proliferation of normal
human skin fibroblasts in culture following exposure to RF. On the other hand,
Higashikubo and others (2001) observed no changes in cell-cycle progression in
two different cell lines exposed to RF (Higashikubo and others, 2001). Similarly,
Stagg and others, (1997) reported no effects of a modulated RF field on cell
proliferation in a glioma cell line or in primary glial cells.

These differences in observations may be due to different cell systems used,
different sensitivities of assays, and different experimental conditions.

Differentiation and Development

 Cellular differentiation is a critical aspect of tissue and organismal develop-
ment. The process of differentiation is complex and poorly understood, yet it is
known to involve changes in gene expression, protein production, cell surface-
marker expression, and cell signal-transduction pathways. An undermining of
this process is associated with some types of tumor progression in which normal
differentiated cells are replaced by de-differentiated continuously dividing tumor
cells. This process is perhaps best understood in vitro when differentiating agents
are added to cells in culture to induce particular phenotypic changes associated
with end-stage cells. A few studies have examined the effects of RF exposure on
cellular differentiation.

Koldayev and Shchepin (1997) reported a study of RF effects on early em-
bryogenesis of sea urchins. In two studies involving 450 MHz radiation for a
period of 5-20 minutes, the protocol investigated fertility associated with combi-
nations of exposed sperm and unexposed eggs, and unexposed sperm with ex-
posed eggs. Exposure of sea urchin eggs to 100 mW/cm2 caused a 1.2- to 1.9-fold
decrease in cell fertilization. Irradiation of eggs at 200 mW/cm2 caused a 1.8- to
2.6-fold decrease in fertilization rate, with 7-11 times the control number of ab-
normal zygotes. Sperm irradiation had no effect on fertilization rates. However,
Saito and others (1991), in a study involving 20-day exposures of chick embryos
to a 428 MHz, 5.5 mW/cm2 incident field, showed severely delayed development
according to the Hamburger-Hamilton staging. Ten replications using 10 eggs
were completed, with developmental anomalies observed at SARs in the range of
8.6 mW/kg to 47.1 mW/kg.
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Numerous studies have been undertaken to address the potential influence of
RF exposure on teratogenesis (the production of non-heritable birth defects). In
1987, Lary and Conover (1987) completed a literature review of all teratogenesis
studies extant to that date, including all studies with exposures from 300 to 3000
MHz, and below the ANSI exposure limit of 0.4 W/kg. They found no reports of
teratogenic effects in the absence of organismal heating.

More recently, Heynick and Merritt (2003) reviewed work (and subsequent
errata, including Saito and others 1991) on teratologic effects and developmental
abnormalities from exposure to radiofrequency electromagnetic fields (RFEMF)
in the range 3 kHz-300 GHz. A series of studies was conducted on beetles, birds,
rodents, and nonhuman primates indicating that teratologic effects occur only
from exposure levels that cause biologically detrimental increases in body tem-
perature.

Effects of RF exposures on development in whole-animal mammalian sys-
tems are discussed in detail in Chapter 7.

DNA Repair

Normal cells have the capacity to repair damage to their genetic material as a
part of their evolutionary heritage. DNA-repair pathways in mammalian cells are
complex, with multiple proteins regulating the reactions. Different types of repair
are associated with repair of different types of DNA damage. Faulty repair of
DNA damage is associated with some human hereditary diseases such as ataxia
telangiectasia or xeroderma pigmentosum. In addition, abnormalities of specific
DNA-repair proteins are associated with a higher incidence of particular cancers.
For example, abnormalities of the Brca1 gene, part of a DNA-repair complex, are
associated with a higher incidence of breast cancer among women. Abnormalities
of DNA repair would be evident in several different ways including increased
accumulation of DNA damage, changes in the accumulation of particular DNA-
repair proteins, and alterations in other pathways controlled by DNA-repair pro-
teins (such as cell-cycle progression and cellular transformation). To date, there
have been no direct measures of DNA-repair capacity in cells exposed to RF
fields. Nevertheless, the moderate to undetectable changes observed in DNA dam-
age, cell-cycle progression, and carcinogenesis that occur following RF exposure
suggest that direct effects on DNA-repair pathways are unlikely.

Carcinogenesis is a process whereby changes in the genome of a cell lead to
the progression of a normal cell into a cancerous cell. This process leads to the
clonal expansion of a single cell that has uncontrolled growth and progresses to a
full malignancy. Genes that have been found to be mutated in cancer cells include
many of those discussed above—genes that regulate gene expression, cell-signal
transduction, apoptosis, DNA repair, cellular differentiation and development,
and cell-cycle progression. Neoplastic transformation is tightly associated with
DNA damage and mutagenesis except in a very few cases. Reports discussed
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above regarding effects of RF on DNA damage relate to this issue since most
DNA-damaging agents are mutagenic and also carcinogenic.

One of the most important endpoints that has been examined after RF expo-
sures is that related to cellular transformation in vitro and induction of cancer in
animals following exposure. Several types of in vitro and in vivo assays have
been applied to the problem in an effort to discern whether or not RF exposure
leads to an increased risk of carcinogenic transformation. Studying cells in cul-
ture, Roti Roti and others (2001) demonstrated that CDMA1 radiations cause no
effect on neoplastic transformation following a seven-day exposure. In related
work, Cain and others (1997) reported, in a chemical tumor-promoter study using
the same cell system, that modulated RF field exposure for 28 days does not lead
to increased tumor promotion or progression over that of the chemical promoter
alone. Detailed discussion on the effects of RF field exposure in mammals is
presented in Chapter 7.

Growth in Plant Systems

A remarkable consistency has developed in a small number of studies ad-
dressing the influence of RF radiation on tree growth and fecundity, most notably
in three plant studies out of the former Soviet Union in the republic of Latvia (all
conducted in the vicinity of Skrunda Radio Location Station).

In the initial study, Balodis, and others (1996) reported on the growth of trees
in an exposed region for the 11 years before 1971, when the radar became active,
and for the 16 years following the continuous radiation exposure. Trunk samples
were obtained from 50-90-year-old Pinus sylvestris L. trees (Balodis and others
1996) growing in 29 sampling plots and the tree heights and diameters were also
measured. Radial annual increments in growth were measured to a precision of
0.01 mm. Exposure was at 156-162 MHz, with a pulse duration of 0.8 msec,
interpulse interval of 41 msec, and pulse power densities as high as 375 µW/cm2.
Growth was significantly (p = 0.001) inhibited by exposure, with a direct linear
correlation with distance from the station. Electric-field exposure levels appear to
have ranged from 0.4 mV/m to 250 mV/m. Several possible sources of pollution
that might have affected the ring widths were shown not to have caused the de-
crease in ring widths that coincided with the startup of the Skrunda radio-location
system.

In a companion paper, Selga and Selga (1996) reported on Skrunda Radio
Location Station EMF-induced modification of Golgi apparatus in pine needles
and a switch from synthesis of predecessors of cell walls (lignins) to formation
and export of resin predecessors.

1CPMA= Code Division Multiple Access (cellular telephone technology originally know as IS-95).
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In the paper by Magone (1996), effects of Skrunda Radio Location Station
EMF on the duckweed Spirodela polyrhiza was observed. After 55-day exposure,
various morphological and developmental abnormalities were observed in 6-10
daughter plants from 10 exposed mother plants, while only 0.1 plant with abnor-
malities per 10 mother plants were observed in the control condition. The same
daughter fronds had a shorter life-span (67 days compared to 87 days in the con-
trol) and fewer subsequent daughters (total eight compared to 10 in the control
group).

In a more recent, sham-controlled study of the effect of RF exposure on tree
growth, Lerchl and others (2000) obtained a similar observation. In this study,
seedlings of three conifer species (Abies alba, Abies grandis, Pinus pumila) were
exposed in a radial waveguide, in a blinded fashion, and seedling height was
measured each week for a six-month period. Exposure was at 383 MHz, with a
20% duty cycle Hz, at a field intensity of 131 V/m. A significant inhibition of
growth was observed.

It should be noted, however, that long-term exposures in plants can be influ-
enced by a variety of different factors including micro-environmental changes.

SUMMARY AND CONCLUSIONS

The biological studies that most closely reflect a PAVE PAWS type of radia-
tion exposure are the tree-growth studies. In those studies, a significant dose-
dependent response was observed. In addition, some embryo development stud-
ies and a few in vitro studies have also suggested the possibility of ELF-modulated
microwave-frequency RF exposures producing significant biological effects.

The consideration that the modulation frequency of the PAVE PAWS may
play a significant role in understanding the potential for this radar to influence
biological systems was also raised by the first NAS review committee in 1979.
PAVE PAWS has an ELF-modulation envelope that gives rise to spectral charac-
teristics in the 10-100 Hz frequency range. This is due to diagnostic and calibra-
tion sequences, where a pulse is removed, but many other radar systems use these
sequences. Substantial research has been undertaken in this area over the last
decade, with the specific intent of establishing field-intensity thresholds under
well-controlled conditions. As a result of those efforts, reproducible biological
effects of electric-field exposures in the ELF-frequency range have been demon-
strated for induced electric-field intensities of less than 1 µ/centimeter (e.g., see
the work of Rosenspire and others 2001; McLeod and Collazo 2000). Indeed, the
NIEHS has concluded in a recent report that ELF electric fields below 10 µ/cm
can produce reproducible biological effects (NIEHS 1998).

Responses at the cell level that are traditionally associated with carcinogen-
esis, such as DNA damage and mutation induction, have been observed in only
one study, while several studies have documented no DNA damage associated
with RF exposure. While further studies are required to clarify this issue, the
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evidence supporting DNA damaging events following RF exposures is weak.
Other biological events that would contribute to non-DNA damage responses,
and whole-organism responses, are better reported in the literature.

To clarify these conclusions, additional studies would be required. Specifi-
cally, long-term studies of complex biological responses following exposure to
PAVE PAWS type radiation, as described in the U.S. Air Force Phase IV time-
domain studies, would be capable of directly confirming previous reports of cell-
level effects, particularly those that utilize modern large-scale data generation
and analysis techniques (i.e., protein- and genomic-array-based studies). In addi-
tion, studies addressing the rectification properties of living tissue in the micro-
wave region, most importantly, living skin, which is the predominant human or-
gan exposed to the pulsed radiation associated with PAVE PAWS, would provide
a firm foundation on which to calculate the magnitude of any induced-ELF field
in the body due to exposure to ELF-modulated microwave radiation.  If signifi-
cant demodulation in living tissue were to be demonstrated, much of the literature
regarding ELF-field interactions with tissue would be relevant to understanding
the potential of PAVE PAWS exposure to influence biological systems. Simi-
larly, due to the fact that long-term studies have demonstrated effects on plant
growth from radar exposure, consideration should be given to examining plant
growth around the PAVE PAWS facility.
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7

Animal and Human Studies
Addressing Health Effects

INTRODUCTION

Studies to evaluate the potential of RF fields to impact biological systems
have been conducted in both humans and animals. Although the interaction of RF
fields with humans is of prime importance and concern, the number of human
laboratory studies is quite small compared to the literature available on animal
studies. Moreover, many areas of biologic investigation are more efficiently and
appropriately conducted using various animal species. Animal studies provide an
integrated system that can be used in studies where experimental variables can be
controlled, specific hypotheses can be explored, and exposure can be precisely
assessed. Given the uncertainty and the relatively low power of RF epidemio-
logic studies to ascertain the relationship between RF exposure and possible ad-
verse health effects, and the small number of human laboratory studies, investiga-
tions in animals are especially important in the evaluation of RF for potential
adverse effects.

There are, however, limitations to animal studies for risk-assessment pur-
poses that one must bear in mind. Extrapolation of experimental results from
laboratory animals to humans remains somewhat tentative, both because of im-
portant biologic differences between humans and animals and because the mecha-
nisms (and hence the biologically relevant exposure parameters) by which the
effects may arise are often unknown. Furthermore, studies using laboratory ani-
mals are typically carried out at exposure levels much higher than found in the
environment. There are questions as to the applicability of these laboratory study
conditions to the low RF levels experienced by humans exposed to the PAVE
PAWS signal.
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It should be noted that there is a considerable literature investigating the
thermal effects of RF exposure in animals. Much of this literature is focused on
2450 MHz experimentation (outside the frequency range of interest for the PAVE
PAWS radar) although other frequencies are also occasionally investigated. Be-
cause thermal responses are clearly outside the range of expected biologic re-
sponses to the PAVE PAWS exposures, this report does not consider in detail
work performed at exposure levels that are designed to produce elevated tem-
peratures in exposed animals. Reference to exposures at 2450 MHz is made occa-
sionally where studies at the more relevant frequencies are lacking; however, the
2450 MHz work is not reviewed comprehensively.

CANCER—HUMAN STUDIES

There are no laboratory studies in humans with exposures to RF energy and
cancer as the direct endpoint of investigation. Such studies would clearly cross
ethical boundaries and would not be acceptible. Futhermore, RF fields lack suffi-
cient energy to disrupt chemical bonds so there is little theoretical basis for sus-
pecting that such fields would cause mutations or other genotoxic effects. There
are a few human studies investigating possible indirect and nongenotoxic effects
relevant to cancer that will be discussed in the section on immunological and
endocrine function studies.

CANCER—STUDIES IN ANIMAL MODELS

Several different approaches and animal models have been used in labora-
tory animal cancer studies. The selection of a specific model depends largely
upon the hypothesis chosen to evaluate a particular underlying mechanism. For
example, if one desires to test RF for its potential to be a complete carcinogen (an
agent that by its application alone can cause cancer), animals are exposed to RF
over a long period of time, usually 1 1/2 to 2 years. The extended period of
exposure is necessary to ensure adequate time for slowly developing cancers to
be manifest. During the exposure period, whatever the length, it is important to
keep exposures to other possibly confounding agents to a minimum. In this regi-
men, the animals are usually observed during the major portion of their lifetime
and the occurrence of tumors, in number, type, and time of development, are the
critical endpoints. This type of study should include several dose groups and
requires a relatively large number of animals, particularly if the natural incidence
of a tumor type is low. As one would surmise, studies evaluating complete carci-
nogenicity are expensive due to both the length of time and the number of ani-
mals involved.

Because carcinogenesis is a multi-step process, another experimental ap-
proach is to assume the agent of interest (RF) acts as either an initiator or a
promoter where a two-phase protocol is required for testing. “Initiation” is de-
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fined as a genotoxic event where the carcinogen interacts with the DNA and
introduces genetic changes that may later result in malignancy. “Promotion” is
operationally defined, where the promoting agent is applied subsequent to initia-
tion and generally over a protracted period of time. Promotion is associated with
a number of subcellular events that are generally non-genotoxic and is respon-
sible for the conversion of initiated cells to cancerous cells. To evaluate RF as an
initiator, one high dose of RF would be given, followed by repeated exposure to a
known promoter (e.g., 12-O-tetradecanoylphorbol-13-acetate, TPA) over a long
term. If RF were to be investigated for possible promotional effects, the animals
would be treated with a known initiator (e.g., 7,12-dimethyl benz[a]anthracene,
DMBA), and subsequently exposed to RF over a long term (months). These ini-
tiation/promotion approaches have the advantage of using fewer animals over a
shorter period of time resulting in less cost. However, a given model is usually
limited to evaluating a specific type of cancer. Because current knowledge on
possible biological mechanisms of the RF exposures is limited, other than ther-
mal effects of high doses, the applicability of these studies to cancer development
in humans exposed to RF may also be limited.

Long-Term Animal Bioassays

Long-term animal bioassays, often conducted in two species (usually rats
and mice), and in both male and female animals for two years, provide a reason-
able surrogate for human-lifetime exposure. A relatively small number of long-
term animal bioassays have been performed exposing rats and mice to RF signals
between 10 and 2000 MHz. Almost all of the studies performed at non-thermal
levels have indicated no pathological or carcinogenic effects. This includes stud-
ies with a focus on brain cancer at 836 and 860 MHz (1.1 to 1.6 W/kg, Adey and
others 1999, 2000; ~1 W/kg, Zook and Simmens 2001, respectively), as well as
complete histopathology in lifespan and hematology studies at 835/847, 800, and
2450 MHz (1.3 W/kg, LaRegina and others 2003; up to 12.9 W/kg, Spalding and
others 1971; 0.3 W/kg, Frei and others 1998; respectively). Although some patho-
logical effects have been reported at thermal levels (Roberts and Michaelson
1983; Prausnitz and Susskind 1962), the only report of an increased tumor inci-
dence with long-term RF exposure at non-thermal levels was by Chou and others
(1992). They reported a small increase in overall tumor occurrence in rats ex-
posed for 24 months to 2450 MHz (SAR of 0.15-0.4 W/kg). There was no effect
in the Chou and others study on a number of other parameters including metabo-
lism, immune function, hematology, serum chemistry, thyroxin levels, protein
parameters, growth, or open-field behavior. It should be noted that the one bioas-
say cancer study investigating a frequency (435 MHz) most closely related to the
PAVE PAWS frequency also found no overall increase in cancer in exposed ani-
mals (1.0 mW/cm2; Toler and others 1997). Some organs (specifically the adrenal
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glands) did show slight trends toward increased cancer in RF exposed animals;
however, the number of tumors was small and no statistically significant differ-
ences could be determined between the exposed and control groups.

Radiation- or Chemically Initiated and Transgenic Animal Studies

Similar to long-term animal bioassays, studies in which tumors have been
initiated by means other than RF have been mostly negative. Many different ini-
tiation models have been used in these studies in which rodents have been ex-
posed to radiofrequencies between 800 and 1500 MHz. The experimental models
used include: brain tumors initiated in rats with ethyl nitrosourea (836 and 860
MHz, approximately 1 W/kg) (Adey and others 1999, 2000; Zook and others
2001, respectively); benz(a)pyrene initiated sarcomas in rats (900 MHz, 0.075
and 0.27 W/kg) (Chagnaud and others 1999); dimethyl-benzanthracine-initiated
rat mammary tumors (900 MHz, SARs from 0.017 to 0.07 W/Kg) (Bartsch and
others 2002; Anane and others 2003); diethyl nitrosamine-induced hepatomas in
rats (929 and 1500 MHz) (Imaida and others 1998); and radiation-induced mouse
lymphomas (902 MHz, 0.35 W/kg) (Heikkinen and others 2001). In all of these
cited cancer studies, no adverse effects of RF exposure were noted.

 In addition to chemicals and radiation, genetically initiated animal models
(transgenic mice) have also been studied in RF carcinogenicity testing. No effects
of RF exposure on mutagenicity or tumor development were found using pKZ-1
transgenic mice (900 MHz, 4 W/kg) (Sykes and others 2001). Another study by
Repacholi and others (1997) in Pim-1 mice reported an association between long-
term RF exposure [900 MHz, 0.13-1.4 W/kg] and mortality from a certain sub-
type of lymphoma. A subsequent study performed at multiple dose levels with
more uniform and more fully characterized exposure (900 MHz, multiple levels
to 4.0 W/Kg) did not confirm the positive effects reported in the original study
(Utteridge and others 2002).

Tumor-Cell Injection Studies

A few studies of tumor progression, using non-thermal RF exposure levels,
have been conducted by injecting tumor cells into mice and determining growth
rate, survival, and metastatic progression. Although increased survival of the host,
as well as inconsistent evidence of either augmentation or suppression of immune
function has been reported in response to thermal levels of RF exposure, no such
effects were observed in studies using lower levels of exposure (Salford and oth-
ers 1993, 915 MHz, up to 8.3 W/kg; Higashikubo and others 1999, 836 and 847
MHz, 0.75 W/kg).
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Summary of Animal Cancer Studies

Most animal bioassay studies have not demonstrated increased cancer risk
resulting from long- or short-term RF exposure at non-thermal levels. In the very
few studies at thermal levels within the frequency range of interest (10-2000
MHz), only inconsistent evidence of exposure effects have been reported, and
those have not been confirmed in similar or replicate studies.

HUMAN BEHAVIORAL STUDIES

Most of the RF behavioral studies in humans have focused on frequencies
associated with cellular telephony (800/900 to 1800 MHz). Areas of investigation
have included hypersensitivity to exposure, sleep, memory, attention behaviors,
or other cognitive functions.

A wide range of subjective health responses have been attributed to RF expo-
sures (see review, Sandstrom and others 2001), including headaches, fatigue, diz-
ziness, and nausea. The number of reports, however, from studies actually con-
ducted under controlled research conditions, is quite small. In those blind studies
(where exposure or non-exposure status was not known by the researchers or
subjects during experimentation), Koivisto and others (2001, Hietanen and others
(2002), Zwamborn and others (2003), found no effects of RF exposure.

The studies examining sleep patterns in people exposed to RF fields have
presented mixed results with some effects reported, although the positive re-
sponses remain relatively ill-defined. An initial report by Mann and Roschke
(1996) suggested that RF exposure (900 MHz) resulted in decreased latency to
sleep onset and a reduction in rapid eye movement (REM) sleep. These observa-
tions were not replicated in further studies (Wagner and others 1998, 2000).
Borbely and others (1999) and Huber and others (2003) reported changes in the
spectral power in non-REM sleep but REM sleep and onset latency were unaf-
fected. A reduction in the percentage of slow-wave sleep was observed by
Lebedeva and others (2001) when subjects were exposed throughout the night.
In humans exposed to a 900 MHz at 1 W/kg SAR, Huber and others (2000,
2002) observed changes in the spectral power of EEG patterns in the initial
phases of sleep, but when the exposure was to a continuous-wave signal, no
significant effects occurred. Two other recent studies (Mann and Roschke, 2004)
found no changes in sleep patterns and no evidence of sleep disturbances due to
RF exposure.

Cognitive function has been the focus of a number of recent studies evaluat-
ing performance and RF exposure. Preece and others (1999) observed decreased
choice reaction time in people exposed to analog 902 MHz fields. However, digi-
tal signals did not produce such changes. Nor were there effects from exposure in
simple reaction times or in spatial memory. The choice reaction time changes
were ascribed to possible thermal impacts of the signal. In another study at 902
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MHz, Kovisto and others (2000) reported decreased response times in simple
reaction and vigilance tasks with localized heating in the brain as the possible
explanation for the effects. Using an improved experimental design, the same
research group was unable to confirm the inital findings and reported no changes
in the reaction times or error rates with exposure (Haarala and others 2003). There
have been a few additional studies examining different cognitive functions and
memory. Many of these studies show improved performance on recognition
memory task (Lass and others 2002), improvement on cognitive tasks (Edelstyn
and Oldershaw 2002), a field-dependent improvement in memory (males only) at
1800 MHz (Smythe and Costall 2003), and a facilitating effect on attention in
mobile phone users (Lee and others, 2001).

ANIMAL BEHAVIOR

Alteration of behavior in animals has provided the foundation for human RF-
exposure guidelines for the past two decades (ANSI C95.1-1982; NCRP, 1986;
IEEE/ANSI C95.1-1992). However, nearly all of the reported studies, including
those showing behavioral responses in exposed animals, have been conducted in
an RF-intensity range that would be expected to produce thermal sensations and/
or heating of tissue (e.g., Brown and others 1994; Akyel and others 1991;
D’Andrea and others 2003).

Acute thermal responses in animals can include perception, aversion, work
perturbation or work stoppage, decreased endurance, and even convulsions and
death. Behavioral effects of RF in the non-thermal range, however, are more
difficult to identify. Studies usually conducted in mice or rats and using non-
thermal levels of RF exposure (and even some using thermal levels of exposure),
have generally reported no effects on various aspects of behavior, including oper-
ant behavior (1.25 GHz at less than 7.6 W/kg, Akyel and others 1991; 1.3 GHz at
less than 3 W/kg, Lebovitz 1981 and Lebovitz and Seaman 1983; 900 MHz at
17.5 to 75 mW/kg, Bornhausen and Scheingraber 2000); cognitive behavior (900
and 1800 MHz at 0.5 W/kg, Sienkowicz and others 2000); and performance and
activity changes in rats exposed in utero (915 MHZ at 3.6 W/kg, Jensh and others
1982a,b). An additional study examined chick behavior (450 MHz at 5 mW/cm2,
Sagan and Medici 1979). One report does suggest behavioral changes with appar-
ent non-thermal acute RF exposures, including reduced aggressive behavior in
rats (1.3 GHz at 0.65 mW/cm2, Frey and Spector 1986). Additionally, perfor-
mance in spatial-navigation tests has been examined in a number of studies using
radial-arm or water mazes (at 900 and 1800 MHz, 0.5 W/kg, Sienkiewicz and
others 2000, and at 900 MHz, up to 3.5 W/kg, Dubreuil and others 2002), with no
indication of adverse effects. There has been a report of reduced performance in a
radial-arm maze at 2450 MHz by Lai and others (1994); however, Cobb and
others (2004) were unable to demonstrate similar results in rats, also exposed at
2450 MHz, and other studies have also been unable to confirm Lai’s results
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(Cosquer and others 2004; Cobb and others 2004; Cassel and others 2004).
Yamaguchi and others (2003) reported no effects in a T-maze performance study
at 1.4 GHz until the exposure reached clearly thermal levels (25 W/kg).

With chronic low-level RF exposures, reports on behavioral effects have been
generally negative (D’Andrea and others 1980), although positive reports at near-
thermal levels (2.7 W/kg whole-body average) have been reported (Mitchell and
others 1977, 1981, 1988) at 2450 MHz.

Summary of Behavioral Studies

Results from laboratory studies in humans have indicated subtle and tran-
sient effects; however, the health implications remain unclear. There is some
evidence that acute exposure may result in minor facilitation effects on attention
functions and decreases in some specific reaction times to stimuli. Effects on
sleep have been reported but remain mixed and ill-defined. The available data are
too sparse to determine if subjective responses can be caused by RF exposure,
although the strongest studies indicate no effects on a range of endpoints.

Disruption of complex behavioral performance in several animal species,
under diverse exposure conditions, has been used as a basis for setting human
exposure guidelines since 1982. The threshold SAR selected to establish the stan-
dard was chosen at 4 W/kg, a level based upon thermal effects and often (but not
always) accompanied by an increase in core body temperature of ~1.0oC. Alter-
ation of an assortment of other behaviors, both learned and unlearned, can also
occur in animals at SARs between 1and 4 W/kg, subject to the frequency of the
signal and the size of the animal. It appears that the behavioral changes due to RF
exposure at these levels are reversible, and no consistent evidence exists for long-
term, permanent effects. Extrapolation of animal data to humans has been useful
in setting exposure standards. However, human ability to discriminate and
cognitively act upon perception of intense RF fields is generally superior to that
ability in animals and therefore animal data may tend to underestimate threshold
levels for safety.

OTHER PHYSIOLOGICAL STUDIES

EEG and Brain Electrical Activity

Humans exposed to mobile-phone RF fields have generally not shown ef-
fects of exposure on the spontaneous, awake electroencephalogram (EEG)
(Hietanen and others 2000; Roschke and Mann 1997). However, possible
changes have been observed when exposure was given during the performance
of memory tasks or under other more demanding paradigms (Freude and others
1998, 2000; Eulitz and others 1998. Krause and others reported changes in EEGs
of humans exposed to 902 MHz for both auditory tasks (Krause and others
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2000a) and visual memory tasks (Krause and others 2000b). Additionally, Croft
and others (2002) determined the resting EEG parameters to be changed during
an auditory discrimination task. Several studies evaluating sleep parameters have
examined EEG in human subjects as a way to assess RF impacts on sleep. These
studies have been discussed above in the section on behavior and RF exposure in
humans.

Studies in a variety of animals, including rats, rabbits, cats, and monkeys
have shown various changes in EEG measurements from the brain (rabbits at 30
MHz, 0.5-2 kV/m, Takashima and others 1979; cats at 147 MHz, unspecified
SAR, Bawin and others 1973; rats at 945 MHz, unspecified SAR, Vorbyov and
others 1997; rats at 900 MHz, 1.3 W/kg, Thuroczy and others 1994); however the
types of changes are not consistent across studies nor have they generally been
independently and systematically confirmed.

Effects on Blood Pressure/Heart Rate

A stimulation study in humans by Braune and others (1998) initially reported
increases in heart rate (HR) and blood pressure (BP). However, these effects were
not replicated in the same laboratory (Braune and others 2002), and were also not
confirmed by an additional independent human study (Tahvanainen and others
2004). Animal studies have reported effects of RF exposure on BP and HR and
other cardiac functions (e.g., Lu and others 1992); however, these have all been
conducted at exposure levels in which thermal increases would be expected in the
tissue.

Blood Brain Barrier Studies

Using RF exposures of 2450 MHz, Frey and others (1975) initially reported
that at approximately 1 W/kg an increase in blood brain barrier (BBB) permeabil-
ity was observed in rats. Using a 1.3 GHz RF signal, Oscar and Hawkins (1977)
reported increased BBB permeability at 0.4 W/kg (CW) and 0.1 W/kg (PW).
Preston and others (1979) suggested that the changes observed by Oscar and
Hawkins may have been due to variations in blood flow, so Oscar and others
(1981) subsequently determined that increased local brain blood flow did occur
following RF exposure. In following up this finding, Oscar and co-workers used
a technique to measure BBB permeability that is insensitive to blood-flow change,
and reported no effect of RF radiation on BBB (Gruenau and others 1982). Thus
the effect originally reported by Oscar and Hawkins (1977) was probably an arti-
fact. Using techniques similar to those of Oscar and Hawkins, at 2450 MHz,
Preston and others (1979) and Preston and Prefontaine (1980) reported no effect
of RF exposure on BBB permeability at whole body SARs (0.02-6 W/kg) or at
SARs in the head (0.08-1.8 W/kg). Additional efforts to establish the occurrence
of the BBB effects observed by Oscar and Hawkins (1977) and Frey and others
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(1975) have been unsuccessful (Ward and others 1982; Ward and Ali 1985;
Merritt and others 1978).

Pigs have been exposed repeatedly to 452 MHz fields intermittently for 8 h/
d for 90 days. The BBB showed no leakage in exposed animals, nor did
neurohistological and enzyme-histochemical preparations show any evidence of
damage to nervous tissue in the brain (Sutton and others 1982). Further animal
studies in mice also have demonstrated no BBB permeability changes with either
a one-hour exposure at 4 W/kg (whole body) or after a lifetime of exposure at
SARs ranging from 0.25, 0.5, 1.0, and 4.0 W/kg (whole body) (Finnie and others
2001, 2002).

At 2450 MHz, Sutton and Carroll (1979) observed that BBB permeability
was increased in rats when the temperature in the brain was 40o C or more. Fur-
thermore, when the core body temperature of the rat was kept at 30o C during
exposure of the head, the exposure time had to be lengthened to produce any
disruptive effects on the BBB. These observations suggest that RF-induced hy-
perthermia may indeed be the cause of BBB disruption during exposure. Merritt
and others (1978) also showed that BBB permeation in rats was impacted by
providing either hot air or RF radiation to heat the animals to 40oC and concluded
that hyperthermia was the causative factor, not RF energy per se. Williams and
colleagues (1984a-d) report on a series of experiments in which they conclude
that RF exposure (at 2450 MHz) produced BBB effects that result from tempera-
ture-dependent changes and not as a direct result of the RF energy. Fritze and
others (1997) also found BBB permeability changes in rats consistent with ther-
mal effects. A number of other papers have also demonstrated changes in BBB
permeability resulting from thermal effects of RF exposure (Lin and Lin 1980,
1982; Goldman and others 1984; Neilly and Lin 1986; Moriyama and others
1991; Ohmoto and others 1996).

There are a few papers that report BBB-permeation effects in animals ex-
posed to RF fields below those considered to be “thermal.” Persson and others
(1997) observed an increase in BBB permeability by about three-fold in animals
exposed to CW 915 MHz radiation. However, the changes did not vary with SAR
from 0.02 to 8.3 W/kg. Results using modulated RF exposure were not SAR
dependent either, with the lowest SARs (0.0004-0.008 W/kg) demonstrating the
greatest permeability changes, and at the highest SARs (1.7-8.3 W/kg) no modu-
lated frequency was effective in increasing BBB permeation. The 1997 paper by
Persson and others appears to include data from previous studies in their labora-
tory (Salford and others 1993, 1994; Persson and others 1992) and a recent paper
(Salford and others 2003) from this research laboratory describes effects of 915
MHz RF on the BBB in rats exposed to very low SARs (< 0.2 W/kg). No expo-
sure-response relationship was found in work performed in another laboratory
(Chang and others 1982) in which only one of six RF exposure levels (at 1 GHz)
affected BBB permeability in dogs.
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IMMUNE- AND ENDOCRINE-FUNCTION STUDIES

There are very few studies in humans examining endocrine status during or
following exposure to RF fields. Mann and others (1998) observed no changes in
serum melatonin, growth hormone, or luteinizing hormone levels during expo-
sure of volunteers to 900 MHz, although cortisol production showed a small tran-
sient increase. No effect on urinary levels of 6-hydroxymelatonin sulfate was
reported in humans exposed to 900 MHz fields (Bortkiewicz and others 2002). In
addition, Radon and others (2001) observed no changes in melatonin, cortisol, or
markers of immune function when humans were exposed for 4 hours to 900 MHz
fields.

In animals, most of the studies investigating immune and endocrine function
have been performed at 2450 MHz, with only a few in the 10 MHz to 2000 MHz
range. A few of those laboratory studies report alterations in various hormones
(Abhold and others 1981) and neurotransmitters (Inaba and others 1992; Mausset
and others 2001) at 900 MHz in animals exposed to low intensities (non-thermal
levels) of RF. There are reported increases as well as decreases in immune-cell
subpopulations, exposed at 900 MHz (Dasdag 2000), and decreased levels of
immunoglobin titer and cellular-immunity function depending upon modulation
frequency of the RF signal used for exposure (450 MHz, Lyle and others 1983).

Most of the low-level exposure studies indicate no significant changes in
hormone levels or activity (900 MHz, Vollrath and others 1997, and Heikkanen
and Juutilainen 1999). In addition, a number of studies have been reported in
which RF exposure, at levels insufficient to cause increased temperatures in tis-
sue, does not produce observable changes in immune cell function, differentia-
tion, mitogenic activity, or other hematological parameters (Djordjevich and oth-
ers 1977; 100 MHz, Smialowicz and others, 1981a,b; 900 MHz, Chagnaud and
Veyret 1999).

A notable exception to these studies is the work of Toler and others (1988)
who studied the changes in blood-borne factors during six months of exposure to
a 435 MHz radiation at 0.3 W/kg. While most factors were not observed to un-
dergo significant change, dopamine levels were found to drop almost immedi-
ately at the start of the exposure period, and remained depressed throughout the
six-month exposure period. Dopamine levels at the end of the study period were
only one-half those in the sham-exposed animals. Although not yet replicated, the
results of this study are important to consider due to its size, the magnitude and
duration of altered dopamine response, and because the exposure frequency (435
MHz) is the center frequency of the PAVE PAWS radar.

Those studies in which effects have been observed in immune-system pa-
rameters or endocrine function are predominantly at exposure levels at 2450 MHz
that are clearly in the thermal RF range (Gildersleeve and others 1988; Lu and
others 1985, 1986, 1987; Michaelson and others 1961). Using thermal levels of
RF exposure, one study found no effect on autoimmune response (Anane and
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others 2003); however, many studies observed either increased or decreased im-
mune-cell function (Bogolyubov and others 1987, 1988; Liburdy 1977, 1979,
1980; Takashima and Asakura 1983; Smialowicz and others 1981a,b, 1982a,
1982b) as well as the induction of stress markers (Cleary and others 1980). The
reported effects appear to be similar to the effects of non-RF heating.

Summary for Other Physiological Parameters

The originally reported effects of low-level RF exposure on the BBB have
not been confirmed. However, many investigators have produced results that in-
dicate changes in the permeability of the BBB when a significant increase in
temperature occurs as a result of absorption of RF energy. The thermal effects
have been demonstrated through a range of endpoints, including uptake of radio-
tracers, dyes, and proteins. Some studies have even shown uptake of virus par-
ticles and drugs to be influenced by RF-produced thermal increases. Based on
modeling studies, localized exposure of the head at 1.6 W/kg will produce a 0.1oC
increase in brain temperature, an increase that is small in comparison to the tem-
perature increases associated with changes in BBB permeability described above.
The reports of permeability changes in the BBB at SARs <4 W/kg generally are
not useful in arriving at exposure guidelines since the effects at these low levels
have not been confirmed and no dose-response relationship has been established.

RF studies investigating hematologic, immunologic, and endocrinologic end-
points in animals exposed to RF have produced both positive and negative re-
sults. However, most of the studies in which effects were observed have been
performed at intensities of RF exposure expected to result in increased tempera-
tures. In the few studies that have reported effects at non-thermal exposure levels,
the observations are inconsistent across studies and not in general agreement with
the larger body of evidence pointing toward non-effects at these levels. Certainly,
there is a lack of evidence of RF-induced effects that can be directly related to
adverse health responses.

TERATOLOGY, REPRODUCTION, AND DEVELOPMENT

Teratogenicity

During pregnancy, heat stress in animals where maternal body temperatures
are raised to thresholds of 40.5-42.0oC has been demonstrated to increase the
incidence of birth defects (Boreham and others 2002; Bennet and others 1990).
Similarly, RF exposure of pregnant rodents, sufficient to increase maternal core
body temperature (whole-body average SARs of > 9 W/kg), has also been shown
to be teratogenic (27 MHz, Lary and others 1982, 1983, 1986; 970 MHz, Berman
and others 1992; 915 MHz, Jensh and others 1982a, 1997; Guillet and Michaelson
1977). Exposure to RF at ~3 W/kg at 2450 or 100 MHz has been reported to cause
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a decrease in Purkinje cells in the cerebellum of neonatal rats (Albert and others
1981a) but not squirrel monkeys (only at 2450 MHz, Albert and others 1981b).
At reduced exposure levels of 2450 MHz RF, lower than those causing mal-
formations but still thermal in nature (~4-5 W/kg), fetal mass appears to be
diminished (Marcickiewicz and others 1986).

Lower levels of RF exposure that produce no significant thermal elevation in
tissue have not been associated with teratogenesis (Schmidt and others 1984).
Continuous exposure of rats during gestation at 0.4 W/kg (2450 MHz) produced
no effect on brain development, brain weight, or DNA, RNA, and protein content
(Merritt and others, 1984). A long-term exposure study in squirrel monkeys, also
conducted at 2450 MHz, with whole-body exposures of up to 3.4 W/kg, found no
effect in a broad array of endpoints including birth defects, development, behav-
ior, EEG, biochemistry, and hematology (Kaplan and others 1982). In contrast,
after exposure of rats to 27 MHz, Tofani and colleagues (1986) have reported
teratogenic effects in the offspring after maternal exposure at whole-body aver-
age SARs as low as 0.0001 W/kg. Clearly, this study, which has not been repli-
cated independently, is inconsistent with the majority of laboratory evidence re-
porting teratogenic effects of RF exposure only when associated with increases in
maternal temperature. Low-level exposures at 428 MHz were reported to cause a
decrease in chick hatching, although there were no developmental abnormalities
or evidence of a dose response associated with the effect (Saito and others 1991;
Saito and Suzuki 1995). In a series of studies in another laboratory, quail eggs
were exposed to RF at 2450 MHz (Braithwaite and others 1991, Gildersleeve and
others 1987; Galvin and others 1981; McRee and others 1983; Inouye and others
1982). There were no observed effects on hatching, body weight, malformations,
or hematologic parameters at power density levels (~14 W/kg) that maintained a
temperature of 37oC, although changes could be observed with exposures pro-
ducing higher temperatures.

Development and Differentiation

Several recent studies have been undertaken to address the potential influ-
ence of RF exposure on developmental and differentiation processes. Lary and
Conover (1987) completed a literature review of all teratogenesis studies extant
to that date, including all studies with exposures from 300 to 3000 MHz, and
below the ANSI exposure limit of 0.4 W/kg. They found no reports of teratoge-
nic effects in the absence of organismal heating. However, Saito and Suzuki
(1995), in a study involving exposure of chick embryos to a 428 MHz, 5.5 mW/
cm2 incident field, showed severely-delayed development according to the Ham-
burger-Hamilton staging. Ten replications of 10 eggs were completed, with de-
velopmental anomalies observed at SARs in the range of 8.6 mW/kg to 47.1
mW/kg.

Klug and others (1997) examined the effects of 150 MHz RF with exposures
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of CW, and modulated at 16, 60, and 120 Hz, on the development and differentia-
tion of rat embryos. Using SARs of 0.2, 1.0, and 5.0 W/kg, no statistical differ-
ences between exposed and control embryos were observed following 48 hours
of exposure. A few sporadic changes were observed under some exposure condi-
tions, specifically increases in somite numbers at modulation frequencies of 16
and 120 Hz.

Reproduction

Temporary sterility was reported to occur in male rats exposed to 1.3 GHz at
levels sufficient to cause intra-testicular temperatures of ~40oC (Lebovitz and
others 1983, 1987). Longer-lasting alterations of reproductive efficiency have
been observed with RF exposures producing temperatures greater than 45oC in
animal testes. In several studies examining chickens exposed to moderately high
levels of RF, the exposure was determined to cause a slight decrease in number of
eggs laid (Krueger and others 1975; Giarola and Krueger 1974). However, in
these studies, thermal parameters were not well characterized. A study at 900
MHz by Dasdag and others (1999) reported that exposure to RF for 1 month at
0.141 W/kg resulted in decreased diameter of seminiferous tubes, but no other
effects were observed in a histological examination of all major organ tissues.
There is some question with regard to the non-thermal nature of the observed
effect since the study also reported an increase in rectal temperature. An addi-
tional report indicates an effect of low-level RF exposure on reproductive
competance in rodents (Magras and Xenos 1997), although significant flaws in
study design and control make the interpretation difficult.

Summary: Reproduction and Development

Although a number of studies have reported teratogenic effects of RF expo-
sure in animal models, the positive results have almost always come from stud-
ies where significant temperature increases were observed in the dam. The few
studies in which adverse effects on reproduction and/or development have been
reported from non-thermal levels of RF exposure are relatively isolated. In addi-
tion, there appear to be possible species-specific differences in teratogenic re-
sponses to RF exposure suggesting that extrapolation of animal data to humans
may not be straightforward. Examined in total, the available literature does
not indicate any consistent effect of acute or chronic RF exposure on reproduc-
tion and development in animals unless significant temperature increases
are produced. There are no human laboratory studies addressing this area of
investigation.
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IN VIVO STUDIES: CONCLUSIONS

Relatively few human laboratory studies investigating the RF exposure for
possible health effects have been performed. Almost all of these were conducted
at fairly low intensity levels using frequencies relevant to cellular telephony. Re-
sults have been mixed in the areas of RF effects on sleep and other behaviors and
brain activity as determined by EEG. The range of effects, however, has been
inconsistent from study to study without robust replication or direct implications
for health impacts. Futhermore, studies examining RF effects on hormone or im-
mune parameters have almost universally been negative.

With animal studies, across a wide range of biologic endpoints, a consider-
able number of studies have been conducted to evaluate the impact of RF expo-
sure. The majority of laboratory studies have been performed at 2450 MHz, which
is outside the frequency window of interest as defined for the purposes of this
PAVE PAWS study (see Appendix A). However, in some cases, because little
biological information was available from animals exposed at lower frequencies,
some review of 2450 MHz data was utilized. The strong indication from the col-
lected data suggests that various biological effects occur but generally only at
field intensities where temperature is elevated in the biological target. Effects at
non-thermal levels are seen only infrequently and seldom have they been inde-
pendently replicated. Nonetheless, certain studies were sufficiently large, relevant
to PAVE PAWS, and demonstrated robust and significant effects, suggesting that
replication would be merited. Specifically, the Air Force-funded studies on blood-
borne endpoints by Toler and others (1988) indicating depressed dopamine levels
(and not to be confused with the Toler cancer studies noted earlier) deserve to be
replicated utilizing exposure patterns more representative of the PAVE PAWS
system than those used by Toler and others.
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8

Epidemiological Studies of the
Possible Adverse Health Effects of

Pulsed Radar Emissions

In this chapter we discuss a limited range of studies that addressed potential
health effects among populations exposed to pulsed-radiofrequency wavelengths.
Ideally, the best studies would be carried out in the fields of radar stations. Unfor-
tunately, such studies are very limited in number and quality. One of the reasons
is the difficulty of determining the precise dosage of the radar waves received by
the population over a long period of exposure. As a result, epidemiological stud-
ies in such populations are few in number. When such studies are undertaken,
they usually occur after long exposures and often within the context of occupa-
tional exposures. A large number of such studies deal with implied exposures due
to assignment on death certificates such as “electrician.”

We include in this chapter those studies which have been undertaken in situ-
ations where there have been serious concerns about possible health effects, such
as in the case of the exposure in the Moscow Embassy (Lilienfeld and others
1978). In other instances there has been a defined cohort exposed to radar emis-
sions of various types with follow-up for specific outcomes (Hill 1990; Robinette
and others 1980; Groves and others 2002). We also include studies of Polish
military personnel and of the region that was irradiated by the Skrunda radar
facility, which report health effects of radar emissions not previously or subse-
quently confirmed by other observations.

EXPOSURES AT THE U.S. EMBASSY IN MOSCOW

A substantial RF exposure of employees working in the U.S. Embassy in
Moscow (Lilienfeld and others 1978) occurred between 1953 and 1976. Those
employees were exposed to microwave energy (500 MHz-3.0 GHz) at levels of 5
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µW/cm2 to 15 µW/cm2 for periods of 9 to 18 hours per day. To determine the
possible effects on morbidity and mortality, the health status of 1827 Department
of State employees at the Moscow Embassy was compared with the health status
of 2561 employees and their dependents at other U.S. Embassies in neighboring
Eastern States using health records, health questionnaires, and death certificates.
It was concluded that personnel working at the U.S. Embassy in Moscow from
1953 to 1976 suffered no ill effects from microwaves beamed at the building.

EXPOSURES AT THE MIT RADIATION LABORATORY

A cohort of 1592 white male physicists and engineers participating in a radar
research and development project during Word War II was evaluated for mortal-
ity (Hill 1990). It was not possible to assign precise personal exposures although
classes of exposure were assigned. Overall and cause-specific mortality, using
standardized mortality ratios, was examined up until 1980 for an average survival
of 36 years. Comparisons were made with all U.S. white males, and with a cohort
of physicians. The MIT Radiation Laboratory experienced a lower than expected
mortality based on a comparison with age-adjusted mortality in U.S. males, as
well as with the comparison with the cohort of physicians. Among the different
causes of death there was a slight elevation of rates for Hodgkin’s disease and
cirrhosis of the liver, neither of which reached statistical significance.

TWO STUDIES OF A U.S. NAVY COHORT

A total of 40,890 U.S. Naval personnel, believed to be exposed to radar en-
ergy while aboard navy ships, was studied for potential adverse health effects. No
RF measurements were taken of the cohort, consisting only of men, who were
categorized into high exposure and lower exposure based only upon job classifi-
cation. This cohort was the subject of two separate investigations, including the
original report by Robinette and others (1980) and subsequently by Groves and
others (2002), which included an extended follow-up period.

In the initial investigation (Robinette and others 1980), the individuals were
from U.S. Navy technical schools (1950-1954). Follow-up in this study was via
hospital records, the Social Security Administration, and the National Death In-
dex. Cause of death was obtained from death certificates. In the first study, there
was a finding of significantly increased trauma mortality in the group with sig-
nificantly elevated microwave exposure. On further examination, this increased
mortality was the result of military aircraft accidents. Total mortality was not
significantly different in the two groups. While mortality from cancer, stroke,
chronic nephritis, influenza and pneumonia, and liver disease was elevated among
the group with the higher level of exposure, none reached statistical significance.

The subsequent study of this cohort by Groves and others (2002), including a
follow-up period of approximately 40 years, provided an opportunity to identify
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potential delayed health effects. In this study, comparisons of mortality were made
between the two exposure groups and age-specific mortality rates in the U.S.
white population. A total of 8393 deaths were identified for a cumulative crude
mortality rate of 20.7%. The result for the comparison of the low radar exposure
with that of the U.S. population was 0.80 (0.78-0.82) and for the high radar expo-
sure rate it was 0.69 (0.67-0.71). This indicates that the whole cohort was in
better health than the whole U.S. white male population of the same age distribu-
tion, an effect often referred to as the “healthy worker effect.” The only causes of
death with a statistically significant elevated SMR were for war-related deaths
and for accidents involving air transportation in the high-exposure cohort (49.6
[27.5-89.6]) and (4.74 [3.89-5.76]), and war injuries were also significantly el-
evated in the low-exposure cohort (9.13 [2.28-36.5]). Non-significant elevations
in the SMR were observed for lymphocytic leukemia (1.12 [0.69-1.83]) and non-
lymphocytic leukemia (1.24 [0.90-1.69]) in the subgroup defined as high-poten-
tial exposure. There were some weaknesses in the studies consisting of lack of
exposure measurements and potential losses in the follow-up which would have a
tendency to lower SMRs. The authors of the more recent study conclude, “Radar
exposures had little effect on mortality in this cohort of U.S. Navy veterans”.

RADIO LOCATION STATION AT SKRUNDA

The Radio Location Station at Skrunda in Latvia was part of the Early Warn-
ing System of the Soviet Union (Romancuks 1996). The station had 2 pulsed-
radar systems operating at 152 to 162 MHz, at a power of 1250 kW. The pulse
duration was 0.8 msec with an interpulse interval of 41 msec and a pulse repeti-
tion rate of 24.5 Hz. The average-power level at nearby residential locations was
less than 10 µW/cm2 and the peak power level at these locations was 500 µW/
cm2. The radar systems were equipped with a pair of antennas measuring 250 ×
12 m, which were angled slightly towards each other.

Selected children in the vicinity of the Skrunda Station underwent psycho-
physical testing. A total of 609 children aged 9-18 living within 20 km of the
Skundra station were assumed to be exposed. The test battery (Polytest 8802),
requiring 70 minutes to complete, including 11 tests that measure tapping rates,
reaction to visual and auditory stimuli, attention, and memory (Kalmins and oth-
ers 1996), was administered to 609 children. Among participants, 224 children
lived where they were directly exposed, 385 children lived nearby but were not
directly exposed, and an additional 357 children lived in non-exposed areas and
served as controls. The authors concluded that children living in the exposed area
performed worse on the tests than children living in the nearby area and even
worse than the children in the control group. Many of the differences in perfor-
mance were not statistically significant and many of the differences were found
to show correlation differences of 0.25 and were barely significantly different
from 0.0. In some categories performance on psychophysical tests appeared to be
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statistically impaired for children living in the radar line of sight compared to
those living behind the radar and those living in a nearby community. The impair-
ment occurred in all ages tested (9-18 years) in a tapping test, but in other cases
the effect was only in one sex or in certain age groups. For instance, reaction
times to auditory stimuli were significantly impared in ages 9-12 years, while
ages 13-14 years showed no statistical difference on this test. The authors note
that “evidence for a factor other than electromagnetic fields having caused the
observed results was not found, but its existence cannot be ruled out . . .”. The
small populations exposed in the Skrunda radio stations do not make it likely that
further epidemiological studies in this population can be mounted.

POLISH MILITARY STUDIES

Over the years 1971-1985 there was a study of cancer morbidity (first diag-
nosis of cancer) in a population consisting of career personnel in the armed
forces of Poland (Szmigielski 1996). This population varied over the years from
118,500 to 142,200 with a mean of 127,800 (±9620). Based on military records,
the authors designated a fraction of this population, which varied between 3400
and 3700 persons (mean 3720 ± 360), as exposed to RF/microwave radiation.
This population was divided into 4 age-groups (20-29, 30-39, 40-49, and 50-59
years). The study consisted of a series of annual cross-sectional assessments of
morbidity in a series of populations. This approach would be sensitive to changes
in age makeup in each of the population groups over the period of study, or to
possible changes in the exposure characteristics, but it also makes it difficult to
compare the results of this study with conventional cohort studies that follow a
particular cohort over a period of years. The exposed part of the population was
exposed to pulse-modulated 150-3500 MHz radiation with 80-85% not exceed-
ing 0.2 mW/cm2 and 15-20% at 0.2-0.4 mW/cm2. Individual exposures could
not be determined. The total incidence of cancer diagnoses was determined by
age groups for the total population and for the exposed population. Cancer oc-
currence was determined for the following sites: oral cavity, pharynx, esophagus
and stomach, colorectal, liver/pancreas, lung, bones, skin including melanoma,
kidney and prostate, brain and nervous system, thyroid, and hematopoietic and
lymphatic systems. Cancer incidence in the non-exposed population was used as
the expected rate for the total population. The overall cancer morbidity rate was
57.6 per 100,000 per year and the cancer morbidity rate was 119.1 per 100,000
per year in the exposed population. The gross observed/expected ratio therefore
was 2.07 (1.12-3.58). The study reported significantly increased cancer morbid-
ity in all exposed age groups except in 50-59-year-old subjects exposed to radia-
tion. The largest subclass increases were from chronic myelocytic leukemia,
acute myeloblastic leukemia, and non-Hodgkin’s lymphoma (13.9, 8.62, and
5.82, respectively).
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SUMMARY

The results of the studies cited here are mixed in characteristics. On the one
hand are the results of studies of populations that are reasonably described in
terms of radar exposure such as the population in the U.S. Embassy (Lilienfeld
and others 1978). They are reinforced by similar exposures in the MIT radiation
laboratory (Hill 1990), which also indicate a lack of health effect. In the MIT
study the exposure characteristics were doubtful, but the duration of the expo-
sure was early in 1942 until 1980. In all these studies there was uncertainty in
the exposure classification. The total exposure in terms of people was small, but
the follow-up was adequate to determine that there were negligible effects of
exposure.

The next investigation was of a large cohort in the U.S. Navy (40,890 people)
that was followed-up by two study groups that were relatively independent of
each other (Robinette and others 1980; Groves and others 2002). In the first study,
follow-up was from 1950 to 1974. The group was divided up into two cohorts, the
first of which comprised 20,109 individuals who, based on their job description,
had a higher exposure than the second cohort of 20,780 individuals, who received
a much lower exposure. There were no direct exposure measurements made in
either group after the initial assignment of dose. Neither investigation identified
statistically significant associations with exposure and adverse health-related out-
comes.

The committee has reviewed two studies that were connected with the
Skrunda Radio Location System. This system was operating at a slightly lower
frequency than PAVE PAWS but at a higher power level of 1250 kW. The first
study reported a lower annual tree-ring width following the startup of the facility
in 1971 and is reported in a previous chapter (Chapter 6 on biological effects). A
second report addressed performance in a psychophysical test administered to
youths of 9-18 years. The annual tree-ring width appeared affected (diminished)
after the Skrunda Radio Location System became operational. In some catagories
performance on psychophysical tests appeared to be statistically impaired for chil-
dren living in the radar line of sight compared to those living behind the radar and
those living in a nearby community (all ages tested 9-18 year-olds in a tapping
test and ages 9-12 in reaction time to auditory stimuli; ages 13-14 showed no
statistical difference on this latter test). Other tests were not statistically conclu-
sive and the overall health impact on the children living in the line of sight to the
beam, if any, is unclear.

The last study we report on is by Szmigielski (1996). Szmigielski studied
cancer morbidity (first-cancer morbidity) in a varying population of 118,500 to
142,200 with a mean of 127,800 (127,800 ± 9620). The authors designated a
fraction of this population as exposed to radar 150-3,500 MHz with 80-85% not
exceeding 0.2 mW/cm2 and 15-20% exposed to 0.2-0.6 mW/cm2. The exposed
population consisted of 3400 to 4600 men with a mean of 3720 ± 360. The cancer
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incidence in the non-exposed population was used as the background rate. For the
whole population the SMR was 2.07 (1.12-3.58) for the observed/expected ratio,
and the highest subclasses were for chronic myelocytic leukemia, acute myelo-
blastic leukemia, and non-Hodgkin’s lymphoma (13.9, 8.62, and 5.82). The inter-
pretation of this study and its relevance to PAVE PAWS is problematic because
the radar exposure is 0.17 × 3,720 (± 360) × 0.4 mW/cm2 or 250 µV/cm2, an
amount considerably above the power densities experienced by the PAVE PAWS
public. Because the 250 µV/cm2 is elevated above the comparison levels and
because the measurement of SMR is different from most of the other studies we
have, the committee concludes that this finding is sufficiently different from the
PAVE PAWS findings in Chapter 9 of this report that additional data would be
required to determine its significance with respect to possible health effects re-
sulting from exposures to PAVE PAWS.
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9

Health Considerations in the
Cape Cod Population

INTRODUCTION

This chapter begins with a discussion of issues in epidemiologic research and
then describes the status of disease on Cape Cod. This discussion is followed by
an assessment of the sample size and statistical power needed to evaluate health
risks of the PAVE PAWS radar. Finally the committee presents a geographical
correlation study of health effects associated with exposure to the PAVE PAWS
radar in the upper Cape Cod region surrounding the Massachusetts military re-
serve where PAVE PAWS is located.

The population characteristics of Cape Cod are important in interpretation of
observed health effects and evaluation of epidemiological studies and are de-
scribed briefly here.

Trend in Commuting

The trend in commuting to Boston has risen dramatically over the past 40
years (CCCR 2003). While the population of Barnstable county has tripled, off-
Cape commuting has increased 1440 percent. In 2000, approximately 15% of
Barnstable County’s working residents commuted off-Cape to work, almost a
50% increase over the number commuting off-Cape in 1990. Nearly half the com-
muters went to the greater Boston Area.

Age Structure of the Population

The percent of the population on Cape Cod aged 65-plus rose from 22.8% in
1996 to 23.1% in 2000. This represents 36.7% of all households on Cape Cod.
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Overall, 26% of Cape households have retirement income (US Census Bureau,
Census 2000). Based on analysis of the 2000 Census, all 15 Cape towns saw
growth in the 85-plus age group. Barnstable County led the 14 Massachusetts
counties with the highest median age of 44.6. Furthermore, 11 Cape towns ranked
in the top 20 oldest communities in Massachusetts.

The poverty level of Cape Cod is comparable to the state of Massachusetts as
a whole. Overall, for families with children, the demographic poverty level is
3.4% for the state and 3.5% for Cape Cod. For those without children, the corre-
sponding numbers are 2.2% and 2.1%.

Population Growth

Census data from 1980 and 1990 indicate that the growth of the state overall
was 1.049% during this decade and for Barnstable County (Cape Cod) it was
1.26%. This reflects the trend of more retired elders moving to the Cape and a
growing population commuting to jobs in the greater Boston area, in part with
better intrastate road access.

The MISER data resource1 used to project the annual and decade-level growth
in future Massachusetts populations indicates that the actual recorded growth from
1990 to 1995 was 1.026% for the state of Massachusetts as a whole and 1.068%
for Cape Cod. Furthermore, the projected growth from 1990 to 2000 was 1.053%
for the decade for the state as a whole and 1.180% for Barnstable County.

Prevalence of Risk Factors on the Cape

The committee’s access to historic data on risk factors was limited by their
availability on BRFSS and insufficient numbers of responders to provide accu-
rate estimates for counties. The Cape does have a lower prevalence of obesity
than the state of Massachusetts as a whole through the 1990s (BRFSS data).

ISSUES IN EPIDEMIOLOGIC RESEARCH

Epidemiologic research can encompass a spectrum of strategies and method-
ological approaches to describe the occurrence of and risk factors for disease.
Research designs can include descriptive, ecologic, case series, cross-sectional,
case-control, cohort, and clinical trials. The type of information derived from
these different strategies typically differs substantially with regard to the metrics
obtained and the level of causal inference. Within the context of considering po-

1The Massachusetts Institute for Social and Economic Research (MISER) was founded in 1981 by
the University of Massachusetts. MISER is an interdisciplinary research institute of the College of
Social and Behavioral Sciences.
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tential health effects from the PAVE PAWS facility, a combination of epidemio-
logic approaches can be recommended, which will provide information relevant
to this issue.

As a general rule, most epidemiologic investigations are hypothesis-related.
While the hypothesis focus can be hypothesis generating, the nature of epidemio-
logic research is typically hypothesis testing. Hypothesis generation is restricted
to situations where there exists a lack of substantive data on an underlying mecha-
nism of disease causation. Any observed associations are then evaluated for any
existing or speculative mechanisms that may support the observation. One com-
mon outcome is the proposal of laboratory- or animal-based experiments that
might provide confirmatory data relating to the observed association. Within a
hypothesis-generation study, it is possible to define either the exposure(s) or the
effect(s) of interest. For example, within a cohort-study design, multiple effects
and/or exposure can often be addressed, depending on the cohort characterization
and follow-up. In the situation of a case-control study, the hypothesis-generation
component would be focused on exposure-specific factors. A subject of impor-
tance in research designated as hypothesis generating is the issue of multiple
comparisons. That is, when researchers investigate many different factors and/or
effects the probability of observing some significant associations increases due to
random chance.

Hypothesis testing is within the context of available data to support a tenable
biologic mechanism between a given exposure (e.g., PAVE PAWS-related) and a
specific health effect. By definition, hypothesis-testing epidemiologic research
specifies the exposure and outcome of interest as well as the direction of effect
(i.e., increase of risk or protective effect).

Given the lack of sufficient supportive data to propose specific hypotheses to
be tested (that is, supported by a reasonable and justified underlying biological
rationale) the spectrum of health-related effects that could be considered within
the context of the PAVE PAWS is almost unlimited. Thus, associations observed
as the result of multiple comparisons must be viewed with extreme caution and
considered tentative until reproduced in another population or supported by bio-
logically based evidence. Some examples of possible health effects that might be
considered within a hypothesis-generating exercise include cancer, cardiovascu-
lar disease, immunodeficiency, autoimmune disease, infertility, pregnancy out-
comes, birth defects, attention deficit hyperactivity disorder, autism, depression,
dementia, asthma, or endocrinopathies. The ability to conduct scientifically valid
research is dependent on (1) the feasibility of complete ascertainment and charac-
terization of disease state(s) of interest, many of which include a heterogeneous
group of diseases, (2) a sufficient level of statistical power to detect levels of risk
considered to be of importance, and (3) the ability to accurately characterize, in
detail, the exposure of interest among the relevant population. Deficiencies in one
or more of these attributes can invalidate the results and corresponding conclu-
sions of epidemiologic research.
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HEALTH ON CAPE COD

The health of the population can be monitored using a range of measures
including the incidence or onset of new cases of disease, the prevalence or fre-
quency of the condition in the population, and mortality, usually reported as the
rate of death in the population. Other measures such as a person-years of life lost
may be used to rank the impact of conditions on the population. The Massachu-
setts Department of Public Health produces reports that summarize both the bur-
den of disease and the prevalence of risk factors for chronic conditions for the
state as a whole. Data on cancer are reported using the resources of the state
tumor registry and birth defects are reported using specialized data collection
procedures. Many other conditions, however, are not routinely summarized either
for the state as a whole or for smaller subdivisions such as counties or towns.
Therefore we have available extensive data on cancer, more recent data on birth
defects, and no comparable data on heart disease, stroke, or other major leading
causes of disability and death.

Premature Mortality

 The overall burden of illness for the state has been summarized in the mea-
sure of premature mortality (Eyles and Birch 1993). This is defined as the deaths
occurring before age 75, and may be considered to reflect a general measure of
the overall health of the population. While premature mortality reflects both the
community-level health status and other correlates, such as access to care, it is
important to note that the figures also include deaths from external causes (e.g.,
accidents, suicides, homicides, etc.). Moreover, premature mortality does not give
us a source to identify why an area may be high or low, and because it is a general
measure of early death, it may not precisely measure overall health. In fact, from
time to time, it may obscure important disease burdens in subgroups of the popu-
lation. The most recently reported data from Massachusetts draw on the reported
deaths in 2001.2 The state average premature mortality rate was 347 (95% confi-
dence interval 342 to 352) deaths per 100,000 persons ages 0-74, after adjustment
to the age distribution of the 2000 census. The premature-mortality rates for towns
on upper Cape Cod are summarized in Table 9-1.

Of note, only one of the towns, Bourne, has a premature mortality rate in
2001 that is higher than the state average of 347 (342-352), though this difference
is not statistically significant. Importantly, many factors can contribute to this
measure. The reports summarized below focus on the incidence of cancer and
birth defects, which are more proximate in time to any environmental exposure
than is mortality, except in the situation of natural disasters associated with trauma
and death.

2Premature Mortality 2001: http://www.state.ma.us/dph/bhsre/death/2001/premtrmortal2001.pdf.
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TABLE 9-1 Age-Adjusted Premature Mortality
Rates (deaths per 100,000) for Upper Cape Cod
Towns

Premature Mortality Rate
Town (95% Confidence Interval)

Barnstable 275 (233-324)
Bourne 388 (307-489)
Falmouth 333 (276-400)
Mashpee 332 (241-454)
Sandwich 288 (218-379)

SOURCE: Premature mortality rates, Massachusetts Depart-
ment of Public Health. (Premature Mortality 2001,  www.
state.ma.us/dph/bhsre/death/2001/pretrmortal2001.pdf).

Cancer

From the inception of the Massachusetts Cancer Registry and the initial
analysis of cancer incidence by towns, there has been concern that the rates of
cancer are elevated in the Cape Cod population. This has led to a range of analy-
ses that the committee has summarized in this section. In December 1987, the
Massachusetts Department of Public Health issued a request for proposals to re-
spond to three important public health issues affecting the upper Cape Cod
(Barnstable, Bourne, Falmouth, Mashpee, and Sandwich).

Apparent elevations in cancer incidence and mortality were observed for cer-
tain kinds of cancer as compared to the statewide averages and the lower Cape
Cod region. Consistently elevated mortality rates for lung cancer and leukemia
were seen for the towns of Falmouth and Bourne. In addition, since the inception
of the Massachusetts Cancer Registry in 1982, statistically significant excesses
were seen in the incidence of cancers of the breast, colon and rectum, lung, and
blood forming organs, and statistically variable increases were seen for cancers
of the pancreas, kidney, and bladder in at least one of the upper Cape towns.

Secondly, there were many known or suspected environmental hazards af-
fecting the upper Cape. These included both groundwater and air contaminants
from a variety of sources including the Massachusetts Military Reservation.

Third, there was substantial concern among citizen advocates who pressed
forcefully and consistently for an in-depth evaluation of the relationship between
the environmental hazards and cancer rates. The upper Cape Cod cancer-inci-
dence study was conducted by Drs. Aschengrau and Ozonoff of Boston Univer-
sity School of Public Health and submitted to the department of public health in
September 1991. These investigators undertook a population-based case-control
study that evaluated the relationship between exposures to known or suspected
environmental hazards and nine types of cancer. Cases consisted of newly diag-

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


144 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

nosed cancers in the years 1983 to 1986 among permanent upper Cape residents.
The main environmental exposures considered were air and water pollution asso-
ciated with the Massachusetts Military Reservation, Canal Electric Plant, the
Barnstable airport, and other sources, perchlorethylene in water distribution sys-
tem pipes, radiofrequency radiation from PAVE PAWS, electromagnetic radia-
tion from 115 kV transmission lines and substations, and possible exposure to
pesticides among residents who lived near cranberry bogs.

The study consisted of incident cancer of lung, n = 251, breast, n = 265,
colon and rectum, n = 315, bladder, n = 62, kidney, n = 35, pancreas, n = 37,
leukemia, n = 36, brain, n = 37, and liver, n = 4, as reported by the Massachusetts
Cancer Registry in the years 1983 to 1986. Since many individuals were deceased
by the start of the study, the living and deceased upper Cape residents were se-
lected as controls (n = 1285). Trained interviewers queried all subjects or the
next-of-kin either by telephone or in person to obtain demographic, occupational,
and residential history and information on potential confounding variables such
as cigarette smoking. Overall, approximately 81% of cases and 79% of controls
were interviewed. The majority of the environmental exposure data was collected
independently of the interview and linked to the study subjects using the residen-
tial histories.

Each exposure was examined separately in relation to all cancers combined,
and then for the individual cancer sites. Most exposures were categorized as di-
chotomous variables, and then further analyzed according to distance, cumulative
duration, and direction. The strength of the association between a particular expo-
sure and each cancer site was measured by the odds ratio. Most analyses were
conducted with and without latency to account for the possibility that the expo-
sures under study could be either cancer initiators or a combination of both initia-
tors and promoters.

Few study subjects had potential exposure to drinking-water contaminants
from groundwater plumes emanating from various sites on or off the Massachu-
setts Military Reservation. Those plumes, including the Ashmet Valley plume, do
not appear to account for much, if any, of the cancer burden to the population.

Results suggest approximately twofold elevations in the risk of brain cancer
among those who ever had a residence supplied with public water on the upper
Cape, particularly from the Barnstable Water Company. These findings cannot be
considered conclusive because of limitations in the data. These limitations in-
clude the lack of details regarding the historical pattern of water contamination in
the area and patterns of water use among the subjects, the large number of sub-
jects dropped from these analyses because of missing data, and the almost com-
plete overlap between exposures to the Barnstable Water Company and Barnstable
airport for which an elevation in brain-cancer risk is also seen.

The investigators examined another public drinking-water exposure,
perchlorethylene (PCE) from the water-distribution pipes, in relation to leuke-
mia, bladder, and kidney cancer. A twofold increase in the risk of leukemia and
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bladder cancer among those supplied with water from pipes that leached PCE
was observed. These risk estimates were not statistically stable, a reflection of
small numbers. For these reasons, the results are consistent with the hazards of
PCE contamination in some of the distribution systems of the upper Cape.

Among residents located in proximity to the gun and mortar position on the
Massachusetts Military Reservation, the investigators observed associations be-
tween possible airborne exposure and the risk of lung and breast cancer. Subjects
who lived closer to the gun and mortar positions had a modest increase in the risk
of lung cancer. Likewise, there was an increase in risk of breast cancer among
subjects who lived closer to the sites. Among residents exposed for more than 20
years, the investigators found an increase in the risk of lung and breast cancer.
Non-meaningful elevations were seen for the other cancer sites.

While no association was seen for PAVE PAWS, the exposure data were
inadequate for these investigators to draw sound conclusions (greatly enhanced
power-density data and modeled power-density estimates became available in
2004 (BSL 2004)). Possible pesticide exposure associated with living near the
cranberry bogs was also examined. Again, an increase in risk of brain cancer was
seen among individuals who ever lived within half a mile of a bog. The risk
remained elevated when subjects with other relevant exposures were excluded.
Other potential environmental exposures were also considered, including electro-
magnetic radiation from transmission lines. Results suggest that extremely low-
frequency electromagnetic fields may relate to increases in the risk of bladder
cancer and breast cancer. An association was also observed for brain cancer
among those who ever swam in Johns Pond and leukemia among those ever swim-
ming in local ponds.

A comparison of the calculated SIR for 5 categories consisting of total can-
cers, breast, colon, lung, and prostate cancer during 1987-1994 versus 1995-
1999 for 5 towns in upper Cape Cod (see Table 9-2) demonstrated no consistent
pattern of increase during the latter time period. During these two time periods,
a decrease was observed in 15 out of 25 SIRS, no change in 4 out of 25 SIRS,
and an increase in 6 out of 25 SIRs, thus suggesting that increasing duration of
the presence of the PAVE PAWS radar has not resulted in increased incidence of
cancer. Analyses covering longer durations may be required to confirm this ini-
tial observation.

In summary, these results across the spectrum of potential environmental
exposures point to numerous potential associations that require further investiga-
tion as the results were largely inconclusive. The limited number of cases in-
cluded in the study for each cancer site preclude definitive conclusions.

It should be noted that multiple comparisons are an issue whenever a state
tumor registry breaks out incidence data for every town. Data are presented for
351 cities and towns in the Commonwealth of Massachusetts. Rothman and
Greenland in their text point to the limitations of using tumor registry data for
such descriptive statistics. Smaller towns will have higher variability and be at
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increased risk of reporting significant variation from the state average. Also, ad-
jacent towns are at risk of increased (or decreased) cancer incidence because of
autocorrelation among risk factors that are not accounted for in the age-standard-
ized data. (Rothman and Greenland,1998).

The results from the upper Cape cancer-incidence study stimulated additional
investigations, of both the health effects associated with environmental expo-
sures from the Massachusetts Military Reservation, and the Silent Spring investi-
gation of breast cancer. In addition, the Bureau of Environmental Health Assess-
ment of childhood cancer incidence on Cape Cod commissioned a study from
1982 for 1994. These are reviewed in sequence.

MASSACHUSETTS MILITARY RESERVATION

Ryan and colleagues (MDPH 2002) employed extensive analytic techniques
to explore the possible associations between the Massachusetts Military Reserva-
tion and health among upper Cape Cod residents. In particular, they observed that
the female lung-cancer rates were higher than expected in the immediate upper
Cape area, especially in the vicinity to the south, east, and west of the Massachu-
setts Military Reservation. Rates of lung cancer begin declining in regions further
away from the Massachusetts Military Reservation, although there are isolated
areas of apparently high rates. While lung-cancer rates were high in the upper
Cape, particularly for females, the excesses occur over a broad area of approxi-
mately 20 to 30 square miles, making it unlikely that a single nearby point source
of exposure is responsible.

With respect to birth weights, Ryan and colleagues extended analysis over a
larger spatial area, and across a 7-year time frame, showed good consistency
among different methodologic approaches. Unlike the cancer studies, the analy-
sis showed that additional data added in this analysis attenuated the previous
reported associations. Birth weights in the upper Cape appear now, on average,
modestly higher than the statewide average. While there has been a downward
trend in birth weights across the state of Massachusetts, some of this trend is
explained in terms of changes in time periods, particularly an increase in the
number of multiple births. The lower than expected birth weights found in the
Wareham area and in a few other locations, including Mashpee in the later years,
do not suggest any particular relationship with the Massachusetts Military
Reservation.

The investigators concluded that lack of a consistent finding between the
lung-cancer rates and birth-weight maps leads to the conclusion that although
some exposures from the Massachusetts Military Reservation may have contrib-
uted to the induction of lung cancers this does not seem to lend support for an
association with birth weights.
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Breast Cancer

The Massachusetts Department of Public Health awarded funds to the Silent
Spring Institute, which conducted a study of breast cancer in relation to environ-
mental risk factors drawing on data from 1982 to 1990. The investigators noted
that 9 of the 15 towns in Massachusetts with significantly elevated breast cancer
were located on Cape Cod, for the period from 1982 to 1990. Furthermore, towns
in the mid-Cape and lower Cape were among those with the highest incidence
compared to the rest of the state. Five of these mid- and lower-Cape towns had
incidence rates that were 25 to 55% higher than the state average. The Silent
Spring study looked in substantial detail at the potential environmental contami-
nation that may relate to risk of breast cancer, focusing on environmental estro-
gens, PCE exposure, DDT exposure, and the role of the Massachusetts Military
Reservation as potential sources of exposure. The investigation concluded that
breast-cancer rates on Cape Cod do not appear to be fully explained by the indi-
vidual characteristics of the women (including, for example, age, family history,
reproductive history, alcohol consumption, smoking, and age at onset of men-
struation and menopause). A number of specific environmental facilities of con-
cern including the PAVE PAWS radar system, the Massachusetts Military Reser-
vation, Canal Electric Plant, and Pilgrim Nuclear Power Station were considered
and fail to explain why breast-cancer rates are elevated Cape-wide. However, the
investigators could not rule out localized effects from these various facilities.

Breast cancer is predominantly driven by female hormones (Colditz 1998;
Willett and others 2000). While the studies of breast cancer on Cape Cod have
considered a number of reproductive risk factors (Aschengrau and others 1998;
Coogan and Aschengrau 1998; Coogan and Aschengrau 1999; Aschengrau and
others 2003; McKelvey and othes 2004), it appears that in these analyses, the use
of postmenopausal estrogens, which significantly increase the risk of postmeno-
pausal breast cancer, were not included. The investigators did, however, note that
the use of mammography could not explain the increase in incidence that was
observed.

A detailed analysis of residence on Cape Cod and risk of breast cancer
(McKelvey and others 2004) included some 1121 cases of breast cancer occur-
ring between 1988 and 1995 and 992 controls. These cases and controls were
drawn from the entire Cape. After adjusting for age, family history, parity, age at
first birth, education, body mass index, and history of breast cancer, longer dura-
tion of residence on Cape Cod was associated with increased risk of breast can-
cer. In general, after excluding women with a history of breast cancer, those
women who had lived 20 or more years on Cape Cod had significantly elevated
risk. For example, those living 40 to 47 years on Cape Cod had an adjusted rela-
tive risk of 1.57 (95% CI 1.07 to 2.29). Although uncontrolled confounding can-
not be ruled out, it is unlikely that duration of residence is related to use of post-
menopausal hormones or other established risk factors. Importantly, this elevated
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risk of breast cancer is not limited to the upper Cape, or other defined sub-region
on the Cape.

Upper Cape Cod Cancer-Incidence Review, 1986 to 1994

The Massachusetts Department of Public Health, Bureau of Environmental
Health Assessment, reported the cancer rates for towns in Cape Cod through the
“Upper Cape Cod Cancer Incidence Review, 1986-1994” released in June 1999.
The study population for the statistical review included individuals who were
residing in the Massachusetts towns of Barnstable, Bourne, Falmouth, Mashpee,
and Sandwich between January 1986 and December 1994. Those five towns are
collectively referred to as upper Cape Cod. The 1990 United States census data
were used to represent the population of those towns for the year 1990. Cases
were identified through the Massachusetts Cancer Registry. A total of 6244 pri-
mary-cancer cases were diagnosed between 1986 and 1994 among residents of
the five upper Cape towns.

Cancer cases were selected for inclusion based on the reported address of
residence, not the address of the diagnosing hospitals. Massachusetts residents
diagnosed at out-of-state hospitals were also included in the series because of the
Massachusetts Cancer Registry’s reciprocal reporting agreements with states
where Massachusetts residents may be diagnosed including Connecticut, Florida,
Maine, New Hampshire, New York, and Rhode Island. It is estimated that the
Massachusetts Cancer Registry files contain data on 90 to 95% of reportable
cases.

To estimate the standardized incidence ratios (SIRs) for each town, the inci-
dence in the town is compared to the incidence for a given cancer in the state as a
whole, which is used to represent the cancer experience of a comparable “nor-
mal” population. Thus the expected number of cases was estimated using stan-
dard approaches, within age-specific strata, of age, and then summed across age
groups, to provide the overall expected number of cases for each town.

The descriptive analysis of cancer-incidence data for the upper Cape towns
addressed 23 specific cancer types as well as total cancer incidence for the upper
Cape as a whole, for each of the five towns, and for each of the 30 census tracts
that compose the upper Cape. Cancer incidence for cancer types combined for the
upper Cape as a whole was elevated significantly compared to the Massachusetts
statewide experience. Cancer, however, is not one disease but rather a collection
of different diseases, with distinct etiologies. The majority of cancers among up-
per-Cape residents were diagnosed in the lung, breast, prostate, and colorectal
organs. These four cancer sites comprise slightly more than half of all cancers
observed both on Cape Cod and in the United States overall. For the five upper-
Cape towns combined, statistically significant elevations were observed for fe-
male breast cancer, colorectal cancer among males and both sexes combined,
female lung cancer, and prostate cancer. In addition, statistically significant el-

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


150 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

evations were seen for melanoma. No statistically significant elevations for the
upper Cape as a whole were seen in the other leading specific cancer types evalu-
ated in this study (see Table 9-3).

The overall excess incidence of cancer in the upper Cape towns was 11%
(SIR = 111; 95% CI 108-113). This was consistent for men (SIR = 112) and for
women (SIR = 110).

It is of note that there is no common risk factor for breast, prostate, lung, and
colorectal cancer other than increasing age. Breast and prostate cancers are largely
hormonal in origin, cigarette smoking predominantly causes lung cancer, and
colorectal cancer has many lifestyle factors that reflect a western lifestyle (in-
cluding lack of physical activity, obesity, alcohol, low folate intake, height, etc.).

TABLE 9-3 Cancer Cases Diagnosed on Upper Cape Cod, 1986-1994, and
Standardized Incidence Rate Ratios (SIR)

Type Male Female Total SIR 95% CI

Bladder 167 57 224 102 (89-116)
Brain 50 46 96 99 (80-121)
Breast 5 935 940 110 (103-117)
Cervical 0 62 62 118 (90-151)
Colon/rectum 491 427 918 112 (105-120)
Esophagus 42 21 63 97 (74-124)
Hodgkins 28 15 43 116 (84-156)
Kidney 81 57 138 106 (89-125)
Larynx 66 9 75 103 (81-129)
Leukemia 68 33 101 105 (85-127)
Liver 21 11 32 99 (68-139)
Lung & bronchus 497 417 916 112 (105-120)
Melanoma (skin) 96 76 172 135 (116-157)
Mouth and pharynx 96 52 149 101 (86-119)
Multiple myeloma 20 25 45 90 (66-121)
NHL 86 94 180 95 (82-110)
Ovary 0 101 101 100 (81-122)
Pancreas 62 66 128 112 (93-133)
Prostate 1001 0 1001 130 (122-139)
Stomach 67 38 105 93 (76-112)
Testis 33 0 33 122 (84-172)
Thyroid 12 35 47 107 (79-143)
Uterus 0 146 146 94 (79-110)
Other 221 201 422 102 (93-112)
Total 3210 2927 6137 111 (108-113)

SOURCE: Upper Cape Cod Cancer Incidence Review 1986-1994. Final Report Volume 2. Appendix
C. Mass. Department of Public Health, Bureau of Environmental Health Assessment, Environmental
Epidemiology Unit, June 1999.
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This raises concern that the estimation of the expected number of cases of cancer
may be distorted due to the population characteristics of Cape Cod residents, the
distribution of age within any five-year age group, and the general construct of
the definition of residents. For this definition of residence, for example, is a resi-
dent defined for the Massachusetts Cancer Registry the same as a resident de-
fined for the United States Census?

The Massachusetts Department of Public Health updated information of can-
cer incidence and mortality with its report “Cancer Incidence and Mortality in
Massachusetts 1996-2000.” Through 2000, total cancer-mortality rates declined
significantly while incidence rates varied according to cancer site. The City and
Town Supplement reports the cancer data for towns and is most recently avail-
able for the period 1995-1999.3 Data for upper Cape Cod towns are summarized
in Table 9-4.

These updated data indicate that the incidence of cancer remains elevated in
three of the five upper Cape towns, breast cancer in two, and prostate cancer in
three. On the other hand, significantly lower than expected rates of colon cancer
are observed in Barnstable, while lung cancer is significantly elevated in Mashpee
but significantly reduced in Sandwich. While the small number of cases in each
town may contribute to this variability, it is clear that the picture of elevated
incidence across these four leading cancers has changed considerably in these
more recent data.

Childhood Cancer

The Bureau of Environmental Health Assessment of the Massachusetts De-
partment of Public Health released a report in September 1999 “Assessment of

3http://www.state.ma.us/dph/bhsre/mcr/99/supplement/tables.htm.

TABLE 9-4 Standardized Incidence Ratios, 1995-1999, for Upper Cape Cod
Towns

Total Breast Colon Lung Prostate
Town Cancer (f) (total) (total) (m)

Barnstable 102 101 79 (p < 0.01) 96 125 (p < 0.001)
Bourne 114 (p < 0.01) 101 118 109 114

Falmouth 114 (p < 0.001) 118 (p < 0.05) 101 106 121 (p < 0.001)

Mashpee 151 (p <  0.001) 142 (p < 0.05) 137 155 (p < 0.001) 196 (p < 0.001)

Sandwich 97 110 99 68 (p < 0.001) 106

SOURCE: Cancer Incidence In Massachusetts 1995-1999: City and Town Supplement.
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Childhood Cancer Incidence on Cape Cod, Massachusetts, 1982 to 1994.” This
report addressed cancer among children up to and including age 19 at the time of
diagnosis on Cape Cod. All cancers diagnosed in children between 1982 and
1994 and reported through the Massachusetts Cancer Registry were included.
The purpose of the evaluation was to discuss the types of cancer that were occur-
ring among Cape Cod children and to identify areas with a greater than expected
occurrence of childhood cancer. Like other health evaluations, this investigation
was initiated at the request of Cape Cod citizens who were concerned that child-
hood cancer might be a problem on Cape Cod.

Each cancer case was geocoded to the location of the child’s residence at the
time of diagnosis. Standardized incidence ratios were calculated to estimate the
number and types of cancers diagnosed among children, and determine if this was
different from what was expected based upon statewide childhood cancer rates.

A total of 101 cancers were diagnosed among children on Cape Cod between
1982 and 1994. Overall, this total represents 19% more cancer than would have
been expected over this 12-year period. In absolute terms, this is 17 excess cases.
The three most common types of cancer diagnosed were lymphomas (n = 26),
leukemias (n = 23), and central nervous system tumors (n = 17) (other cancers
were renal 8, soft tissue 10, carcinoma 9, other 7). The observed elevation in total
cancer was mostly due to elevations in lymphomas and leukemia among mid-
Cape children, and to a lesser extent leukemia among lower-Cape residents (see
Table 9-5). Childhood cancer did not appear to concentrate in specific areas within
towns or within specific time periods over the 12 years of data accumulation. In
addition, the types of cancer most commonly observed in the ages of diagnosis
generally followed patterns observed elsewhere in Massachusetts. These results
do not suggest common environmental factors being responsible for the observed
excess childhood cancer.

Birth Defects

In 1996, the Centers for Diease Conrol and Prevention awarded five years of
funding to the Massachusetts Department of Public Health to establish the Mas-
sachusetts Center for Birth Defects Research and Prevention. An active birth de-
fects surveillance system involves trained personnel who validate passive reports
of birth defects cases to the Department, and actively seek cases in hospitals and
other health facilities. This approach provides more complete ascertainment of
cases, more accurate data on cases, and more rapid reporting of cases. The center
collected data on birth defects in the eastern part of Massachusetts from October
1997 to October 1998. Since October 1998, the surveillance program has been
collecting cases statewide from the 53 birth hospitals and Children’s Hospital,
Boston. The report of 1999 statewide data represents the first full year of surveil-
lance data (MDPH 2001).

All cases represent diagnoses before the infant reached one year of age. The
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TABLE 9-5 Standardized Incidence Rates, Childhood Cancer, Cape Cod,
1982-1994

Observed Expected SIR (95% CI)

All of Cape Cod
Leukemia 23 20.5 112 (71-169)
Lymphoma 26 13.3 195 (127-286)
CNS 17 21.3 80 (46-128)

Upper Cape Cod
Leukemia 12 13.0 92 (48-192)
Lymphoma 11 8.3 132 (66-236)
CNS 10 13.5 74 (35-136)

Mid Cape Cod
Leukemia 7 5.9 120 (48-246)
Lymphoma 13 3.9 332 (177-568)
CNS 7 6.1 114 (46-235)

Lower Cape Cod
Leukemia 4 1.6 Nca

Lymphoma 2 1.1 Nc
CNS 0 1.7 Nc

aNot calculated.

infant or fetus must have a structural defect that met diagnostic criteria, and the
infant was live born, or the fetus was stillborn with gestational age greater than or
equal to 20 weeks or with a weight of at least 350 grams.

Overall for Massachusetts in 1999, 1.1% of births in the state had one or
more birth defects. The rate of birth defects per 10,000 births was 108.2 (95%
confidence interval 101.2 to 115.5). This was based on a total of 875 diagnosed
and reported birth defects. The most common defects among live births and still-
births in 1999 were atrial septal defect (95 cases), ventricular septal defect (71
cases), cleft lip with and without cleft palate (69 cases), trisomy 21 (Down syn-
drome, 67 cases), hypospadias (2nd and 3rd degree, 49 cases), cleft palate with-
out cleft lip (44 cases), obstructive genitourinary defect (42 cases), pulmonary
valve atresia and stenosis (34 cases), coarctation of the aorta (25 cases), and en-
docardial cushion defects (25 cases).

When the rate is evaluated by region in the state, the lowest rate is reported
for the southeast, a region that includes the Cape and islands and extends north to
encompass a total population generating 15,000 births. The 130 cases of birth
defects diagnosed in 1999 represents a rate of 86.1 per 10,000 births (95% confi-
dence interval 71.9 to 101.5). The apparently lower rate may be because of some
births being delivered in Rhode Island where Massachusetts surveillance was not
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conducted. The limited number of birth defects each year precludes firm conclu-
sions and requires accumulation of additional years of surveillance data to gener-
ate stable estimates of rates.

SAMPLE SIZE AND STATISTICAL POWER TO INVESTIGATE
HEALTH RISKS OF THE PAVE PAWS RADAR

Introduction

When investigating the occurrence of disease within a defined population, it
is important to recognize the inherent limitations that may be encountered when
making a determination of whether or not there is an excess in the number of
expected cases. Disease rarely occurs in a uniform manner within the general
population. That is, disease within a defined population can, by random chance,
vary in occurrence according to time and place. Thus, in order to evaluate if
disease is occurring in excess, one must take into consideration the random varia-
tion that can occur. This is done by statistically considering the probability that a
given observation may occur by chance alone. Conversely, one is often faced
with the question of what level of excess can be ruled out with some reasonable
level of confidence.

The concept of statistical power refers to the ability to detect a given level of
excess within a defined population. Calculation of statistical power requires as-
sumptions and/or estimates of the (1) expected incidence of disease, (2) propor-
tion of the population exposed to the factors of interest, (3) size and composition
of the population, and (4) level of risk one would like to detect/rule out. Consider
the following example. Prior to embarking on a study to determine if there is two-
fold or greater occurrence of a specific disease among the residents of a desig-
nated city, a researcher calculated the statistical power to be 0.75.  This means
that if a twofold excess truly does exist the researchers will have a 0.75 (i.e., 3 out
of 4) chance of detecting the twofold difference.

Power Calculations

Using cancer as an example, the following calculations have been made for
the upper Cape Cod population assuming (1) cancer rates for the United States
obtained from the Surveillance, Epidemiology and End Results Program,
(2) 12% of the residents in upper Cape Cod reside in a location that results in
exposure to the sidelobes of the PAVE PAWS radar beam, (3) the population
size and composition of upper Cape Cod is that obtained for the 2000 U.S. Cen-
sus (see Figure 9-1) and would be observed over a 10-year period, and (4) alpha
= 0.05 for a two-sided test. The power calculations have been made for a spec-
trum of risk, ranging from 1.1 (i.e., 10% increase) to 2.5 (250% increase).

However, it is not likely that any single-source exposure would etiologically
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FIGURE 9-1 Power to detect total cancer (excluding non-melanoma skin cancer) occur-
rence.

be associated with an increase in the broad spectrum of malignancies seen in the
general population. Rather, it is more likely that if the PAVE PAWS radar is
associated with an increase in cancer risk, there will be some level of specificity
as to the types/forms of malignancy. Therefore, it is important to consider statis-
tical power within a cancer-specific context.

Summarized in Table 9-6 is the diagnosis-specific power calculation for the
upper Cape Cod population. Highlighted are those cancer-specific groups where
power would be considered sufficient to detect a modest level of risk (i.e., less
than twofold).

Concerns have been raised regarding the potential excess of malignancies
among the pediatric population in the upper Cape. Since the incidence of cancer
in children under the age of 15 years is relatively low, compared to rates among
the adult populations, it is not surprising that the power to detect anything except
extremely large (i.e. >100-fold) risks does not exist. Even when considering all
diagnoses combined, there would be 80% power to detect a 9-fold (900% in-
crease). As with adult malignancies, it is unlikely that a single exposure (e.g.,
radar) would increase the occurrence of multiple types of malignancy. Accord-
ingly, it is not possible to study increases of specific pediatric cancers in the
upper Cape Cod in order to rule out risks less than 100-fold in excess.

For the residents of Cape Cod, it is unclear what minimal level of risk would
provide sufficient assurance that the PAVE PAWS facility is not adversely im-
pacting health. If the answer is 99% assurance that there is not an increase of
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greater than 1%, then research would not be able to satisfactorily address such
concerns. Using cancer as an example and assuming 10 years of observation of
the population, one could reasonably anticipate that well-designed and well-con-
ducted research, either prospective or retrospective in design, could address mod-
erately low levels of risk (i.e., between 1.4 and 2.0) for some of the more common
cancers (i.e., colo-rectal, lung, breast, prostate, bladder, and non-Hodgkin’s lym-
phoma). For other diagnoses the ability to address less than a twofold risk would
require extended length of observation of exposed residents.

STATISTICAL ANALYSES

Introduction

To characterize challenges inherent in the epidemiological assessment of the
health effects associated with exposure to the PAVE PAWS radar, we conducted
a geographical correlation study within the upper Cape Cod region surrounding
the Massachusetts Military Reservation (MMR) where PAVE PAWS is located.
Our statistical analysis focused mainly on the 30 census tracts in five towns shown
in Map 1, and it was organized as follows. First, we conducted an exposure-

MAP 1 Location of 30 census tracts in upper Cape Cod region studied in statistical
analysis.
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158 ASSESSMENT OF POTENTIAL HEALTH EFFECTS FROM PAVE PAWS

assessment study where we estimated: (a) the percent of the population in the
Cape that is exposed to the PAVE PAWS radar by age and gender; and (b) the
power-density exposure (average and peak) from three different sources at each
census tract weighted by population density. Second, we performed a geographic
correlation study to estimate associations between Standard Incidence Ratios
(SIR) and estimated exposure to PAVE PAWS adjusted by socio-economic status
and other spatially correlated factors.

EXPOSURE ASSESSMENT STUDY

Percent of Population Exposed to PAVE PAWS Radar Beam

We first estimated the geographical areas in the Cape that had a non-zero
exposure to the PAVE PAWS radar beam. Those areas were identified by taking
into account: (a) that exposure occurs only in the area with direct line of sight to
the radar, and (b) the operating triangle of the radar (an area has direct line of
sight to the PAVE PAWS radar only if there is no higher ground in between).
Because the main beam of the radar ends at 0.1 degree above the horizontal, these
areas are exposed to the power radiated primarily by the sidelobes of the radar,
which have much lower power densities than the main beam. We determined
regions with line of sight to the PAVE PAWS radar by using a digital elevation
map (Map 2) from the GeoComm International corporation.4

We then further refined the calculations by taking into account the total
height of the radar (105 feet) and the PAVE PAWS radar scanning angle (347
degrees to 227 degrees). The regions with non-zero exposure are shown in Map
3.  Map 4 shows the estimates areas with non-zero exposures as provided bo use
by MITRE.

To estimate the percent of the population exposed to the PAVE PAWS radar
beam we proceeded as follows. First, we used the 1990 and the 2000 census-
bureau data to determine the population size by age and gender at each location.
Because of the small sample size within each census block, we aggregated the
population density by census-block group (Map 5).

Within each census-block group, we estimated the number of persons ex-
posed to the radar by multiplying the population in that census-block group by
the proportion of area within that census block group with non-zero exposure. We
then summed the estimated number of persons exposed across the 117 census-
block groups (102 census-block groups in year 2000), and divided the sum by the
total population. Overall we estimated that in 1990, 11.8% of the population liv-
ing in upper Cape Cod was exposed to the PAVE PAWS radar beam. Percentages
of the total population exposed to the PAVE PAWS radar beam by age and gen-
der are presented in Table 9-7.

4http://gisdatadepot.com/dem May 2004.
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Digital elevation model 

MAP 2 Digital elevation model. Data from GeoComm International Corporation.

MAP 3 Shaded areas over land indicate non-zero exposures.
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MAP 4 Estimated areas with non-zero exposure as provided by MITRE.

117 Census block groups w th n 30 census tracts n 1990 

MAP 5 117 Census block groups within 30 Census tracts in 1990.
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There was little difference in exposure between each age and gender group.
Based on 2000 census data, the estimated proportion of population living in the
area exposed to the PAVE PAWS radar beam increased slightly to 12.4%. The
changes in population distribution in the past decade had little effect on the pro-
portion of population living under the line of sight from the PAVE PAWS radar.

Average and Peak Power-Density Assessment

Because cancer-incidence data was made available to us only at census-tract
level, to carry out a geographic correlation study and to estimate association be-
tween cancer incidence and exposure to the PAVE PAWS radar beam, we needed
to estimate average and peak power density at each census tract. Three sets of
power-density data were used in this analysis. The first set was calculated based
on two simple assumptions. The first assumption was that only the area with
direct line of sight to the radar and under the radar’s operation angle would be
exposed to the radar beam. The second assumption was that power density de-
creased as the distance from the radar increased. This relationship was estimated
by fitting a power curve between the average power-density obtained from the
MITRE Technical Report (MITRE 2000) and the distance to the radar. The fitted
curve is equal to average power density (µW/cm2) = 8972*distance–1.325(meters).

With these two assumptions, we calculated both average and peak power-
density at locations 180 meters apart within the study region (Map 6).

The committee is aware that these are very simplistic assumptions. Nonethe-
less, this first dataset provided a good basis for validating datasets from other
sources. In this report, we refer to this estimated exposure to the PAVE PAWS
beam as “simple.”

The second estimated power-density dataset was provided by MITRE Cor-
poration at locations 200 meters apart (Map 7).

Detailed descriptions of the PAVE PAWS radar power-density calculations
can be found in the MITRE technical report (MITRE 2000). The third dataset was
obtained from Broadcast Signal Lab (BSL) (Map 8).

To estimate the radiofrequency exposure from the PAVE PAWS radar in
each census-block group on Cape Cod (BSL 2004), BSL utilized “the ComStudy
propagation modeling software” in conjunction with an analytical model of the
PAVE PAWS antenna supplied by the MITRE Corporation. We obtained power-
density estimates at locations 140 meters apart in the east-west direction and 188
meters apart in the north-south direction (Map 8).

We then estimated exposure at each census tract by weighting power-density
values in µW/cm2 at each location by the corresponding population density at the
census block (Map 9).

Population density was calculated by dividing the number of individuals liv-
ing in the census block in 2000 by total square miles of dry land. The 2000 census
data were used because the census bureau did not provide 1990 census informa-
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MAP 6 Simple average power densities.

 

MAP 7 MITRE average power densities.
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MAP 8 BSL average power densities.

p y

MAP 9 Population densities at census block level.
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tion at the census-block level. We then aggregated the exposure estimates at each
location to obtain average and peak power-density exposures in each census tract
in 1990. The resulting average power-density exposure estimates at the census-
tract level from the three data sources are shown in Figure 9-2. (Note that results
shown for BSL are magnified by a factor of 100.)

As expected, since the “simple” exposure estimates partly depended on MI-
TRE power-density estimates, these two set of results were very similar. Although
BSL predicted non-zero exposure in almost the whole study region, its resulting
estimates were generally lower than those from MITRE. Most census tracts hav-
ing high exposure estimates from the MITRE dataset also had relatively high
estimates from the BSL dataset. For census tract 137, the difference was due to a
large proportion of its area being situated outside the PAVE PAWS operating
angle and that BSL estimates took into account reflection of the radar signal in
this region. It is important to notice that the absolute magnitude of the density
estimates would not affect the statistical significance of the variable of interest in
our geographic-correlation study.

Socio-economic Factor Adjustment

In the period of 1986-1994, total-cancer incidence was 11% higher in upper
Cape Cod compared to the state of Massachusetts (SIR 95% CI: 108-113; see
Table 9-2). This elevated SIR might be caused by three potential confounding
factors: age distribution, smoking behavior, and socio-economic status (SES).
Confounding due to age distribution can be controlled in the calculation of the
expected cancer-incidence counts. In the upper Cape Cod cancer-incidence re-
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view, the expected counts were calculated using 10 age categories in lieu of 6 age
categories used by Massachusetts Cancer Registry in its 1997 report. These addi-
tional age groups provided extra precision in the calculation of the expected can-
cer-incidence count, addressing the concern of confounding by age. Since smok-
ing has been identified as a risk factor of multiple cancers, it is important to find
out if differences in smoking behavior exists between the population in upper
Cape Cod and in the state of Massachusetts. Results from Massachusetts Behav-
ioral Risk Factor Surveillance System (BRFSS) for the period 1999 to 2001 esti-
mated similar proportions of current smokers with 19% and 20% in upper Cape
Cod and the state of Massachusetts, respectively. The small sample size in this
study (304 in upper Cape Cod) provides little statistical power to demonstrate any
difference in the estimates. In the Health Risks and Preventive Behaviors report
that combined BRFFS results from 1994 to 1999, the estimate of current smokers
in the Cape and islands was 18.3% (95% CI 14.8%-21.7%) compared to 21.2%
(95% CI 20.4%-21.9%) in Massachusetts. This difference is not statistically sig-
nificant. The last concern is the difference in SES between the population in
upper Cape Cod and in the state of Massachusetts that may change the expected
number of cancer incidences. For example, if one type of cancer has a higher
detection rate in a population with high socio-economic status due to better ac-
cess to health care and one supposes that a wealthy population lives in upper
Cape Cod, then one should expect to see more cancer diagnosed in upper Cape
Cod. Failing to adjust for this higher than expected number of cancer incidences
will over-estimate the SIR. To assess the potential confounding due to SES dis-
parity, we examined the percentage of population older than 18 years living be-
low the line of poverty from the 1990 census data.

Upper Cape Cod has 6.5% of its population living below the poverty line
compared to 8.3% in Massachusetts (see Figure 9-3). This difference required the
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adjustment of the cancer SIR by socio-economic status in addition to the standard
adjustment by age and gender.

Model 1 describes the indirect adjustment made to obtain SIR further ad-
justed by socio-economic status. One important data requirement is the knowl-
edge of the cancer incidence rate for a particular age, gender, and poverty group
in Massachusetts. However, limited SES-related information is collected by the
Massachusetts Cancer Registry.

Because of data unavailability for indirect SES adjustment on cancer-inci-
dence ratios, we explored the potential association of SES and cancer SIR using
data from the “Upper Cape Cod Cancer Incidence Review, 1986-1994” and SES
data from the Census Bureau. Since 62% of all cancer incidences in upper Cape
Cod during that period were one of the four major cancer types (colo-rectal, breast,
lung, prostate cancer), we used the SIR of these four major cancer types as re-
sponse variable, and the percentage of population older than 18 living below the
poverty line as a measure of socio-economic status. These data were fitted using
a log-linear model (Model 2) taking into account unobserved explanatory vari-
ables that are assumed to be spatially correlated (MDPH 2002). The parameter γ
in this model represents the association between SIR and SES, namely how SIR
varies with respect to changes in SES. This association will be presented as per-

Model 1

SIR O E E nSESadjusted
c c c c

ijk
c

kji

= = ∑∑∑/ *where rrijk

Oc : observed number of cancer incidence in census tract c
Ec : expected number of cancer incidence in census tract c
nijk

c : number of person in age group i, gender j, poverty level k, census
trace c

rijk
c : cancer incidence rate for age group i, gender j, poverty level k in

Massachusetts

Model 2

Oi|µi ~Poisson (µi) i = census tracts
log µi = log Ei + α0 + γ*SESi + bi
α0 : overall log relative risk
γ : log relative risk of cancer incidence associated with SES
bi : spatial correlation
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cent change in relative risk of cancer incidence for each percent increase in popu-
lation above age 18 living below the line of poverty.

All models were implemented in WinBUGS 1.4 statistical programming lan-
guage. We employed a standard procedure reporting small coefficient estimates γ
and α1 as a percent change in relative risk per unit change in SES and exposure,
respectively. Besides colo-rectal cancer, our analyses of cancer incidence on up-
per Cape Cod demonstrated little association between socioeconomic factors and
the standardized incidence ratio of three major cancer types (see Table 9-8).

In the case of colo-rectal cancer, data showed 2.5% increase in relative risk
(95% CI: 0.5-4.6%) per 1% additional population living below poverty. This sug-
gested that colo-rectal cancer SIR could be understated for higher-income census
tracts with higher-income levels.

Furthermore, if these higher-income census tracts had higher exposure, then
we might underestimate the association between exposure and SIR. Plotting SES
by exposure (Figure 9-4) revealed no strong relationship between these two vari-
ables; hence, results from our geographic correlation study should not be sensi-
tive to the SES adjustment.

TABLE 9-8 Association Between Socio-economic Status and Cancer Incidence
Ratio

% Change in Relative Risk
per 1% Increase in

Cancer Types Population Below Poverty 95% C.I.

Colo-rectal cancer 2.48 0.54 - 4.57
Breast cancer –1.04 –2.72 - 0.59
Prostate cancer –0.90 –3.79 - 1.90
Lung cancer 1.49 –0.78 - 3.53
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GEOGRAPHIC CORRELATION STUDY

To measure the association between the estimated PAVE PAWS power-den-
sity exposure (average and peak) and cancer incidence at census-tract level, we
fitted a log-linear model taking into account spatial correlation for unobserved
variables. In addition, we controlled for SES by introducing the percentage of
population over 18 years of age living below the poverty level in our model
(Model 3). For each of the four major cancer types, the cancer incidence data
revealed little evidence of association with our estimated exposure and we deter-
mined that controlling for SES did not lead to qualitative changes in the relative
rate estimates (Figure 9-5).
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FIGURE 9-5 Association between MITRE average power-density exposure and cancer
incidence with/without controlling for SES. CC—colo-rectal cancer, BC—breast cancer,
PC—prostate cancer, LC—lung cancer.

Model 3

Oi|µi ~Poisson (µi) i = census tracts
log µi = log Ei + α0 + α1* Exposurei +  γ*SESi + bi
α0 : overall log relative risk
α1 : log relative risk of cancer incidence associated with PAVE PAWS

density exposure
γ : log relative risk of cancer incidence associated with SES
bi : spatial correlation
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Based on Model 3, we found no statistically significant association between
MITRE average power-density exposure estimates and any of the four major can-
cer types (Figure 9-6). We also conducted a sensitivity analysis by fitting the
same model using BSL average power-density exposure estimates (Figure 9-7)
and MITRE peak power-density exposure estimates (Figure 9-8). We found that
our result was not sensitive to the choice of exposure estimates.

Due to the large power-density estimates at census tracts 133-6 and 138,
results in Figures 9-6 to 9-8 might be highly influenced by these few census
tracts. We, therefore, refitted the statistical model by using BSL average power-
density expressed in decibels with respect to microwatts per centimeter square
(dBµW/cm2) where exposure in dBµW/cm2 = 10*log10 exposure in µW/cm2. Simi-
lar to the spatial correlation analysis conducted in the µW/cm2 scale, after con-
trolling for SES, the associations between exposure and cancer incidence were
not statistically significant for all four major cancers (Figure 9-9).
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FIGURE 9-6 Association between MITRE average density exposure and cancer incidence.
CC—colo-rectal cancer, BC—breast cancer, PC—prostate cancer, LC—lung cancer. M =
male, F = female.
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FIGURE 9-7 Association between BSL average density exposure and cancer incidence.
CC— colo-rectal cancer, BC—breast cancer, PC—prostate cancer, LC—lung cancer. M =
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FIGURE 9-8 Association between MITRE peak-density exposure and cancer incidence.
CC—colo-rectal cancer, BC—breast cancer, PC—prostate cancer, LC—lung cancer. M =
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FIGURE 9-9 Association between BSL average density exposure (decibel) and cancer
incidence. CC—colo-rectal cancer, BC—breast cancer, PC—prostate cancer, LC—lung
cancer. M = male, F = female.

Geographic Correlation Study Summary

To combine evidence of all 24-cancer types, we fit a hierarchical model as
specified in Model 4. Neither of the two exposure estimates showed statistically
significant association with cancer incidence between 1986 and 1994. For peak-
density exposure, we estimated a 6.5% decrease in relative risk (95% CI: –14.2 -
1.2%) per 1 µW/cm2 increase in the level of peak exposure. In addition, we esti-
mated a 6.6% decrease in relative risk (95% CI: –11.8 - 0.1%) per 0.1 µW/cm2

increase in average-density exposure.
Findings of the National Research Council committee’s geographical corre-

lation study by census tract of exposure to PAVE PAWS radar and cancer inci-
dence should be interpreted with caution. First, because of the lack of sufficient
health-related statistics and confounders at a geographical resolution smaller than
a census tract, our results could be affected by ecological and confounding bias.
In addition, as in most environmental risk-assessment studies, our census-tract
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exposure estimates could be affected by exposure-measurement error. In fact,
census-tract exposure estimates are residential and might not represent the actual
personal exposures. Epidemiological studies that use health-related statistics
(mortality, morbidity, and pregnancy outcomes) and potential confounders (smok-
ing, pollution, SES) at a smaller level of spatial aggregation (i.e., census-block
group) and that take into account daily activity patterns in the exposure assess-
ment would provide a more precise and comprehensive assessment of the poten-
tial health effects associated with an exposure to the PAVE PAWS radar.

SUMMARY

1. Evaluation of previously reported data demonstrates that:

• In general, there is an absence or lack of sufficient health-related statis-
tics available for Cape Cod residents to allow for a detailed descriptive analysis
within smaller and more specific subdivisions such as counties, towns, census
tract, and census block. Population-based data are available only for outcomes
relating to cancer, birth defects, birth weight, and premature mortality, although
the size of the population within geopolitical areas of interest does not always
allow for a sufficient number of outcomes to allow adequate evaluation.

• The observed elevated cancer-incidence rates among residents of Cape
Cod have not been adequately explained through subsequent investigations.

• While previous case-control and ecologic correlation studies have not
provided compelling evidence for elevated cancer risk associated with exposure
to the PAVE PAWS radar, it cannot be concluded from these studies that
the PAVE PAWS radar is not associated with cancer risk. The previous studies
have limitations relating to cancer-specific sample size and detailed exposure
assessment.

• Because of the limited population of upper Cape Cod, it will not be
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possible to conduct cancer-specific research studies with statistical power to rule
out small or moderate levels of increased risk related to exposure to the PAVE
PAWS radar beam.

• The International Epidemiology Institute has proposed a study at the
county level using counties west of PAVE PAWS (out of PAVE PAWS operat-
ing angle) as a control. This study proposes to evaluate health outcomes before
and after the startup of the PAVE PAWS radar, which should strengthen any
association, or lack thereof, of health effect with the PAVE PAWS radar.

2. Geographical correlation by census tract of exposure to PAVE PAWS
radar and cancer incidence (analysis conducted by this NRC committee):

• Using available information on population density, topography, and di-
rection of the PAVE PAWS radar beam it is estimated that about 16,400 people in
Cape Cod reside in the sidelobes of the main PAVE PAWS beam.

• Analysis of the occurrence of specific cancers, including colorectal,
breast (female), prostate, and lung, did not identify any significant association
with estimated peak or average power-density exposure to the PAVE PAWS
beam.

• Statistical adjustment for socioeconomic status, utilizing the percent of
population below the poverty level, had little impact on the observed correlations.
The lack of census-tract level information on confounding factors such as smok-
ing and diet remains a limitation of our geographical correlation study. However,
for a confounding factor to have significant effect on the results, it needs to be
strongly related to the cancer incidence and inversely correlated with exposure
estimates.
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ANNEX 9-1: DATA SOURCES

• Cancer incidence data from 1986 to 1994 for 24 cancer types in 30 cen-
sus tracts in upper Cape Cod (Upper Cape Cod Cancer Incidence Review 1986-
1994[3])

• Peak and average PAVE PAWS power density from MITRE (Map4&7)
• Average PAVE PAWS power density from Broadcast Signal Lab—

PAVE PAWS Average Exposure.RMX [Map 8]
• Digital elevation model (DEM) downloaded from the GeoComm Inter-

national Corporation (http://gisdatadepot.com/dem [Map2 & Map 3])
• Total population in 1990 and 2000 by gender and by age at block group

level—Census bureau (web Table QT-P1A & P12) [Map 5 & Table 1]
• Total population in 2000 by census block in the form of GIS Datalayer

from Massachusetts Geographic Information System (http://www.state.ma.us/
mgis/cen2000_blocks.htm [Map 9])

• Poverty status in 1989 by gender and by age—Census bureau (web Table
P118) [Figure 2 & Figure 3]
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ANNEX 9-2: GEOBUGS CODE

Model association between cancer incidence and MITRE peak expo-
sure controlling for SES

{
 # X : exposure
 # S : SES
 for (i in 1 : N) {
 O[i] ~ dpois(mu[i])
 log(mu[i]) ← log(E[i]) + alpha0 + alpha1 * X[i] + gamma*S[i]+ b[i]
 RR[i] ←  exp(alpha0 + alpha1 * X[i] + gamma*S[i]+ b[i])
 SIR[i] ←  100*O[i]/E[i]
 SIR.smooth[i] ←  100*mu[i]/E[i]
 }
 # CAR prior distribution for random effects:
 b[1:N] ~ car.normal(adj[], weights[], num[], tau)
 for(k in 1:sumNumNeigh) {
 weights[k] ←  1
 }
 # Other priors:
 alpha0 ~ dflat()
 alpha1 ~ dnorm(0.0, 1.0E-5)
 gamma ~ dnorm(0.0, 1.0E-5)
 tau ~ dgamma(0.0001, 0.0001) # prior on precision
 sigma ←  sqrt(1 / tau) # standard deviation}
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10

Summary of
Conclusions and Recommendations

RADAR CHARACTERISTICS

Both phased-array antennas and reflector antennas have time delays at wide
angles.  Arrays and dishes of comparable size have comparable delays. PAVE
PAWS is a narrow-band system (5 MHz) with significant filtering for interfer-
ence reduction.  This results in waveform rise and decay times that are several
times the maximum delay time of 60 nsec.  Effects of delay time were not ob-
served in the extensive Phase IV measurements.

The large number of PAVE PAWS active elements (1792), and their irregu-
lar spacing, make the discrete-beam formation almost indistinguishable from a
continuous formation. There is no evidence to indicate that phased-array radar
effects are different from those of dish radars; the Phase IV-measured waveforms
affirm this.

Precursors are portions of the signal waveform that can travel faster or slower
than the main part of the signal.  Those precursors may occur in dispersive media
for signals with large bandwidths.  They have been calculated and measured, but
only for wideband signals, typically, 10,000 MHz bandwidth, in dispersive me-
dia.  They may decay slowly, but only after significant attenuation in the cellular
media.  With respect to narrow-band PAVE PAWS radar exposure, any precur-
sors introduced into the human body would likely be below the noise level, and
are unlikely to be of consequence. Precursor formation is directly related to band-
width (rise time) in nsec, and dispersion, but not to slope (V/m/nsec).

Extremely-low-frequency (ELF) electric fields have been shown to produce
biological effects at low-field intensities. Because PAVE PAWS is modulated at
ELF frequencies, it is theoretically possible that exposure to PAVE PAWS radar
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could result in inducing very low levels of ELF fields in the body. To determine
the possible levels of ELF energy induced by PAVE PAWS radar exposure, a
Fourier analysis could be made of a representative search-pulse pattern, including
the dead (maintenance) interval. This information, in combination with measure-
ments of the non-linearities in human tissue impedance at the carrier frequency,
would allow an estimation of the extent to which the sideband energy is con-
verted to ELF energy in an exposed body and this in turn could be evaluated for
possible biological effects if the ELF-exposure levels are large enough to corre-
spond to observed effects at ELF frequencies. It should be noted that many radars
employ diagnostic intervals in their waveforms that result in a small ELF modu-
lation.

EXPOSURE LEVELS

Power-density measurements recorded by different groups at different times
within the communities surrounding the Cape Cod PAVE PAWS radar are gener-
ally consistent with each other and with modeled results. They show distribution
patterns that are strongly influenced by site-specific local topography and inter-
vening terrain at any given location. The available data and models of the PAVE
PAWS power-density emissions adequately characterize the spatial distribution
of the exposures occurring throughout the communities of Cape Cod. The mod-
eled power densities tend to be higher than measured power-densities, perhaps
due to conservative assumptions made in the modeling effort.

BIOLOGY

No biological studies have been identified that used RF exposures identical
to the PAVE PAWS system. However, a variety of biological studies have been
undertaken based on short-term (hours), medium-term (weeks to months), and
long-term (years) RF exposures in the frequency range of PAVE PAWS.

Short Exposure Times

Many short-exposure-time studies (hours to days) have addressed the possi-
bility of DNA damage and other cellular responses following exposure to RF.
DNA damage is a normal occurrence in living cells, with estimates that mamma-
lian cells encounter thousands of DNA strand breaks/cell/day, most of which are
repaired without adverse effects. In numerous short-term exposure studies, no
reproducible effects on DNA damage have been observed, as measured by a num-
ber of different methods (micronucleus formation, DNA strand-break analysis,
apoptosis, and others). While some studies have shown significant effects on
gene expression due to modulated RF exposure of cells in culture, these do not
include endpoints traditionally associated with carcinogenesis.
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Intermediate Exposure Times

In studies involving exposure times on the order of weeks to months at levels
of 900/1900 MHz, and in one case, 60 Hz, there are reports of statistically signifi-
cant changes in development and differentiation of tissues and organisms. In par-
ticular, studies of exposures of chick embryos have shown a delay in develop-
ment and reduced fertilization. A decreased developmental stability was also
observed following exposure of fruit fly eggs. The implications of this observa-
tion for human embryonic development are unknown at this time.

Perhaps of greatest interest are the studies undertaken at 435 MHz (similar to
the central frequency of the PAVE PAWS system), which demonstrated a sub-
stantial and significant reduction in dopamine levels in exposed animals.

Long Exposure Times

Long-term exposure studies (multiple years) are principally two-year bioas-
say experiments or carcinogenesis studies in animals and studies of changes in
plant growth. A wide range of carcinogenesis studies have been conducted in
animals exposed to RF fields. Such studies can generally be described as those
with field intensities high enough to cause an increase in temperature in tissue
(thermal) and those with field intensities below that level (athermal; comparable
to the PAVE PAWS signal). Review of the lower-intensity animal studies identi-
fied some potential influences of exposure, but no reproducible indications of
increased cancer risk with exposure have been shown.

Tree growth studies have been undertaken with radar exposures similar to
those of PAVE PAWS at an early-warning radar installation in Latvia. Those
studies showed a dose- and distance-dependent decrease in tree-ring width. Plant
growth-response effects have been confirmed by changes in cell-wall synthesis
activity after RF exposure.

Theoretical Mechanisms

At the present time there has been no physical mechanism shown to connect
electromagnetic fields at the exposure levels associated with the PAVE PAWS
radar to changes in chemical reactions that would lead to biological effects.

Biology Recommendations

Given the observation of long-term RF-exposure effects in plants and the
several (though unreproduced) reports of effects in intermediate-duration expo-
sures, the committee concludes certain additional studies on the biological effects
of PAVE PAWS-specific RF exposures are warranted. In particular, studies using
large-scale genomic screening for gene and protein expression at the cellular level
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and studies of plant growth in the area around the PAVE PAWS facility would
improve our understanding of possible biological effects of long-term exposures
to this radar.

While biological responses do not necessarily translate into health effects, it
is important to follow-up on known biological effects to determine if they relate
to an identifiable health effect. The committee concludes that there is a need for
three types of studies:

1. Studies are recommended that include large-scale genomic and
proteomic screening to identify gene- and protein-expression patterns in cell and
animal studies after exposure to simulated PAVE PAWS radiation, both at levels
approximating peak-exposure levels of the CAPE COD population and at higher
power levels to identify potential threshold power densities for biological effects.
The committee recognizes that the limitation of these studies is that they may
have limited applicability to the human situation. However, the strength of these
studies is that they will provide information covering a wide range of cellular
activity in a limited number of experiments and the information gained may be
useful in generating theoretical mechanism-related hypotheses of the possible
effects of PAVE PAWS exposures.

2. Studies to further investigate the potential influence of PAVE PAWS
exposure on neurotransmitter (e.g., dopamine) concentrations in the central ner-
vous system are also recommended. The observation of a robust depression in
dopamine levels (~50%) with an onset concurrent with the start of exposure, and
lasting for the duration of the exposure, could prove to be of great importance if
this effect can be replicated. Dopamine is closely involved in motor control (e.g.,
depressed levels of dopamine are believed to be causal in the etiology of
Parkinson’s disease) and so there could be a direct link between these observa-
tions and health effects. It is recommended that these studies be undertaken utiliz-
ing modulation frequencies more representative of the PAVE PAWS system
rather than the 1 kHz utilized by Toler and others, as these lower modulation
frequencies are closer to dominant brainwave frequencies.

3. Studies of tree growth in the vicinity of the PAVE PAWS facility are
also recommended. Evaluation of tree-ring width, comparing rings from trees
before and after the facility became operational with similar trees in areas that
provide similar growth conditions outside the beam, should be possible with mini-
mal or no impact on the environment. While these studies have the limitation of
not being directly applicable to human health, they have the specific strength of
involving long-term exposures (years). In addition, if the findings replicate the
Latvian tree-growth results, it is anticipated that the information from these stud-
ies could lead to mechanism-generating hypotheses.
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EPIDEMIOLOGY

Massachusetts Department of Public Health Statistics for Upper Cape Cod

Using the upper Cape Cod cancer incidence review of 1986-1994 from the
Massachusetts Department of Public Health, statistically significant increases in
the standardized incidence ratio (SIR) are seen for the following cancers:
colorectal (SIR 112), breast (SIR 110), prostate (SIR 130), and lung (SIR 112)
(Table 9-2 in Chapter 9).

As an overall measure of health for the upper Cape Cod towns, premature
mortality before age 75 is a useful indicator. Based on 2001 data, Barnstable,
Falmouth, Mashpee, and Sandwich have lower mortality than the Massachusetts
state average, while Bourne has elevated mortality. The observed elevated can-
cer-incidence rates among residents of upper Cape Cod have not been adequately
explained through subsequent investigations.

 A comparison of the calculated SIR for 5 categories consisting of total can-
cers, breast, colon, lung, and prostate cancer during 1987-1994 versus 1995-1999
for 5 towns in upper Cape Cod (see Table 9-2) demonstrated no consistent pattern
of increase during the latter time period. During these two time periods, a de-
crease was observed in 15 out of 25 SIRS, no change in 4 out of 25 SIRS, and an
increase in 6 out of 25 SIRs, thus indicating that increasing duration of exposure
to the PAVE PAWS radar has not resulted in increased incidence of cancer.

Human Epidemiology of Pulsed-RF Exposures

Studies of the U.S. Embassy in Moscow, the Radiation Laboratory at MIT,
and of 40,000+ U.S. Navy personal all showed no health effects ascribable to the
exposure to radars. Studies of the Polish military and the populations near Skrunda
in Latvia can be considered as indicative of a possible need for follow-up studies.
However, the difficulties in defining possible confounders reduces the weight
given to these studies by the committee until they are supported by other epide-
miological studies.

Committee Analysis of PAVE PAWS and Cancer Incidence

Peak and average power-density measurements obtained by use of (1) digital
elevation maps, which take into account the height and operating angle of the
radar, (2) MITRE data, and (3) the BSL report, all provided similar estimates of
the exposure to the PAVE PAWS beam at each census tract within upper Cape
Cod (see Figure 10-1 below) with the exception that the modeled estimates are
consistently higher than the measured power densities.

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 181

The analysis conducted by the NRC committee, based on 2000 data (Table 9-
7 in Chapter 9), and using available information on population density, topogra-
phy, and direction of the PAVE PAWS radar beam, estimated that the proportion
of the population of upper Cape Cod residing (primary residence) in areas that
result in direct exposure to the PAVE PAWS beam was 11.8% in 1990 and 12.4%
in 2000.

The analysis conducted by the NRC committee of the occurrence of all can-
cers combined, as well as specific cancers, including colorectal, breast (female),
prostate, and lung, did not identify any increase in cancer risk with estimated
peak or average power-density exposure to the PAVE PAWS beam. Statistical
adjustment for socioeconomic status, utilizing the percent of population below
the poverty level, had little impact on the observed correlations (Figures 9-7 to 9-
11 in Chapter 9).

Epidemiology Recommendations

The size of the population on upper Cape Cod is sufficient (with 10 years of
observation) to design and conduct research, either prospective or retrospective,
that could address increases in risk levels between 40% and 100% for some of the
more common cancer outcomes (i.e., colo-rectal, lung, breast, prostate, bladder,
and non-Hodgkin lymphoma; see Table 9-6 in Chapter 9).

Because of the limitations of exposure estimates, confounders, and range of
health outcomes it is recommended that future investigations integrate (1) expo-
sure assessment and health at the census-block level; (2) personal exposure char-
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estimates. Census tracts 123 and 124 have zero exposure estimates based on MITRE data
and are omitted.
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acteristics other than just residential location; (3) extensive consideration of po-
tential confounders; and (4) health outcomes other than cancer. In addition, it is
recommended that geographical-correlation studies should be carried out for age-
specific strata (e.g., under 30 or 45).
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DIVISION ON EARTH AND LIFE STUDIES
Board on Radiation Effects Research

November 15, 2002

Lt. Col. Richard Ashworth, Chief
Bioenvironmental Engineering
Office of the Command Surgeon
Headquarters Air Force Space Command
150 Vandenberg Street, Suite 1105
Peterson AFB, CO 80914-4550

Dear Col. Ashworth,

The National Research Council has been asked to update its 1979 report on
the analysis of exposures to and potential biologic effects of the PAVE PAWS
radar system. This update will be completed at a later date after an extensive
review of available data. The committee is to first determine whether available
research data on continuous and pulsed radiofrequency (RF) energy are adequate
for determining the biologic and potential health effects of the PAVE PAWS
phased-array system (see Appendix, lines 1–3 of Statement of Task). The Air
Force has asked that this determination be communicated as a letter report. The
committee’s initial assessment is that the data on continuous and pulsed RF en-
ergy are not adequate for determining the biologic and potential health effects of
the PAVE PAWS phased-array system at this time. This conclusion is based on
two observations.

First, issues related to the rise and fall portions of the PAVE PAWS wave-
form have been raised, but cannot be addressed, because we have available only

Appendix A

Interim Letter Report

National Academy of Sciences 
National Academy of Engineering
Institute of Medicine 
National Research Council 

Advisers to the Nation on Science, Engineering, and Medicine
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preliminary, but inadequate, measurements of the PAVE PAWS waveform. These
measurements are important to characterize transient aspects of PAVE PAWS
radiation and to answer a question raised by others about the comparability of the
PAVE PAWS phased-array radiation with radiation emitted by non-phased array
systems. Hopefully, the significance of the PAVE PAWS wave shape will be
clarified by the Phase IV measurement data .

Second, although more than 2 decades of exposure to PAVE PAWS phased-
array radiation has been experienced by the Cape Cod population which should
allow a direct evaluation of any adverse health effects, there are currently inad-
equate data about the distribution of population exposures in the Cape Cod re-
gion. Adequate exposure data would be necessary to carry out this direct evalua-
tion of the effects of the PAVE PAWS waveform. The 1978 and 1986 PAVE
PAWS power-density measurements are limited to 37 locations in proximity to
the PAVE PAWS site. Apparently these measurements were not designed to cover
a wide range of census tracts for epidemiologic purposes. Use of epidemiologic
methods is considered by this committee to be important to the determination of
possible health effects of the PAVE PAWS radar. Accordingly, adequate power-
density measurements that discriminate the PAVE PAWS emissions and that
cover relevant census tracts are deemed necessary to facilitate the determination
of possible health effects. It is our understanding that power-density measure-
ments will be commissioned by the PAVE PAWS Steering Group for use in their
epidemiology effort and that this information may be available to our committee
as well. The committee considers access to these data to be important to items 2
and 3 of the committee’s Statement of Task (see Appendix, items 2 and 3 of the
Statement of Task). After the phase IV data are evaluated and during the
committee’s update of the 1979 National Research Council report, the committee
will re-evaluate the adequacy of the existing RF energy literature for determining
the potential biologic and health effects of the PAVE PAWS phased-array sys-
tem. The committee further expects that the Phase IV measurement data, addi-
tional power density measurements, and computed exposure estimates that in-
clude a propagation model will be extremely useful in its attempts to evaluate the
potential health effects of the PAVE PAWS radar on the Cape Cod population.
The committee recognizes that much research has been conducted over the past
23 years that may provide insight into the possible biologic and health effects of
PAVE PAWS radiation, and the committee will be reviewing the cellular, ani-
mal, and epidemiologic RF exposure and health effect data in detail. To this end
the committee has constructed a set of potentially relevant RF field characteris-
tics that will be used as guidelines in the identification of experiments in the
literature that could be relevant to the update of the 1979 Research Council report
(see Table).

The ranges described are to indicate the focus of the committee’s review,
though the committee may determine that certain data obtained under other expo-
sure conditions are relevant to its task. It is beyond the scope of this letter report
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to list all possible sources of data that fall within the committee’s proposed crite-
ria to be reviewed. The committee is using a database with more than 37,000
references in addition to the information that various members have acquired in
working in the field of bioelectromagnetics for many years. It should be further
noted that the extensive literature on power-frequency fields is not considered
relevant to the evaluation of PAVE PAWS health effects in our study because the
physical mechanisms of interaction between power-frequency fields and tissue,

Characterization of the PAVE PAWS Waveform and Identification of
Waveform Characteristics Suitable for the Evaluation of Biologic and Potential
Health Effects of PAVE PAWS Radar

Relevant Range of
Data to Be
Considered by

Characteristic PAVE PAWS the Committee Comments

Frequency 420-450 MHz 10 MHz-2 GHza There are common mechanisms
of interaction in the 10 MHz-2
GHz frequency range

Incident Average <280 µW/cm2b <1 mW/cm2 Specific Absorption Rate
Power Density or SAR <1 mW/g increases for a given incident

(<1 W/kg) power with increasing frequency

Modulation Pulse Pulse (CDMA, To include all existing RF
TDMA, IDEN, pulse-modulation technologies
GSM, etc.)

Pulse Width 0.25-16 ms 0.001-100 ms

Pulse Repetition Rate 0.02-20 Hz 0.01 Hz-10 kHz

Pulse Rise Time >20 ns 10 ns < τR < 10 µs τR should be less than the
(τR) charge relaxation time (ε/σ for

biologic tissue, where ε is the
dielectric permittivity of tissue,
and σ the conductivity. Max
estimated relaxation time is
10 ms.

Exposure Duration Continuous Continuous-1 hr/day

aUpper limit is intended to include cell-phone-frequency research (which goes as high as 1.9 GHz).
The 2.45 GHz research in the literature is continuous RF energy and would be excluded by the modu-
lation criteria (pulsed exceptions will be considered).

bThe MITRE report on PAVE PAWS (2000) indicates that at the perimeter fence line the energy
level does not exceed the IEEE thirty-minute average limit for human exposure. The IEEE limit is 280
microwatts per square centimeter.
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on the one hand, and RF energy and tissue at low field strengths, on the other, are
expected to be different. Furthermore, studies of power-frequency fields tend to
concentrate on the effects of magnetic fields whereas studies on the effects of RF
energy focus on power-density measurements or SAR’s. In addition, the commit-
tee proposes to focus on pulsed modulated fields rather than continuous wave
fields. Continuous wave RF exposure experiments do not involve the same broad
spectrum of energy and also utilize far lower peak exposure levels to attain the
same average exposure levels. As a result, inclusion of continuous wave studies
in the literature review may unfairly bias the observed results against any poten-
tial effects of exposure.

References Cited
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Sincerely,

Frank Barnes, Ph.D.
Chairman
Committee to Assess Potential Health Effects from Exposures to
PAVE PAWS Low-level Phased-array Radiofrequency Energy
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APPENDIX

An Assessment of Potential Health Effects from Exposures to PAVE
PAWS Low-level Phased-array Radiofrequency Energy

Statement of Task

The committee will first determine whether continuous and pulsed
radiofrequency (RF) energy research data are adequate for determining the bio-
logical and potential health effects of the PAVE PAWS phased-array system.
This determination will be communicated to the sponsor as a letter report. If the
research data from continuous and pulsed RF energies are considered to be appli-
cable for the determination of possible health effects of phased-array RF energy,
the committee will use this information to update the 1979 National Research
Council analysis of the exposure levels and potential biologic effects of the PAVE
PAWS Radar System. If the data are not applicable, the committee will use other
information that it determines to be relevant to phased array health effects to
update the 1979 report. In this update the committee will evaluate potential bio-
logical and health effects, evaluate exposures of the public to electromagnetic
energy from the PAVE PAWS system, and make recommendations for the need
for, and focus of, additional scientific studies to address continued scientific un-
certainty related to health outcomes and exposure to low-level radiofrequency
energy emitted by the PAVE PAWS Radar System. At the completion of its work,
the committee will provide an update of the 1979 Research Council report that
includes a discussion of:

1. The applicability of, and the level of uncertainty associated with, using
data derived from cell, animal, and epidemiological studies employing continu-
ous-wave exposure for evaluation of potential adverse health effects following
phased-array exposures;

2. The extent of the exposure of the public to electromagnetic energy from
the PAVE PAWS system;

3. Potential biological and health effects of the PAVE PAWS Radar Sys-
tem, and

4. Recommendations for appropriate follow-on study design issues, includ-
ing the strengths and limitations of the approaches suggested and the potential
value of the proposed work.

REFERENCE

NRC (National Research Council). 1979. Analysis of the Exposure Levels and Potential Biologic
Effects of the PAVE PAWS Radar System. Washington, DC: National Academy Press.

Copyright © National Academy of Sciences. All rights reserved.

An Assessment of Potential Health Effects from Exposure to PAVE PAWS Low-Level Phased-Array Radiofrequency Energy 
http://www.nap.edu/catalog/11205.html

http://www.nap.edu/catalog/11205.html


189

Appendix B

Acronyms and Abbreviations

α polarizability; or lowest frequency dispersion
AFB Air Force Base
AFRL Air Force Research Laboratories (at Brooks Air Force Base,

San Antonio, Texas)
AGNIR Advisory Group on Non-ionizing Radiation
ANSI American National Standards Institute

B magnetic flux density
B-dot sensor that measures the derivative of a magnetic field
BBB blood-brain barrier
BP blood bressure
BRFSS Massachusetts Behavioral Risk Factor Surveillance System
BSL Broadcast Signal Laboratories
β second frequency dispersion

CA Canada
Ca++ calcium ion
CCCR Cape Cod Commission Reporter
CCEC Cape Cod Environmental Coalition
CDMA Code Division Multiple Access (cellular telephone technology

originally known as IS-95)
CI confidence interval
CNS central nervous system
COPPS Coalition for the Operation of PAVE PAWS Safely
CRC CRC Press, Boca Raton, Florida
CW continuous wave
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D reflector diameter in
f/D

∆ = +





t
D

F

/ (cos
sin )

λ θ θ
2 8

D-dot sensor that measures the derivative of an electric field
Da dalton
dB decibel
DC direct current
DDT dichloro-diphenyl-trichloroethane
DED Directed Energy Directorate (of the Air Force Research

Laboratories at Brooks Air Force Base, San Antonio, Texas)
DEM Digital Elevation Model
DMBA 7,12-dimethylbenz[a]anthracene
DNA deoxyribonucleic acid
dsb double-strand breaks
° degrees
∆f bandwidth (delta frequency)

E electric field
EEG electroencephalogram
EHS Environmental Health and Safety
EIG Engineering Installation Group (Keesler Air Force Base,

Biloxi, Mississippi)
EIS Environmental Impact Statement
ELF extremely low frequency
EMF electro-magnetic field
EPA Environmental Protection Agency

f frequency; focal length in
f/D

∆ = +





t
D

F

/ (cos
sin )

λ θ θ
2 8

frs principal frequency of the rise time

F force; frequency in
f/D

∆ = +





t
D

F

/ (cos
sin )

λ θ θ
2 8

FDMA Frequency Division Multiple Access (cellular telephone
technology)

FM frequency modulation
ft feet

γ third frequency dispersion
GAO General Accounting Office
Gy gray

cGy centigray (10–2 gray)
GPS Global Positioning System
GSM Groupe Spécial Mobile (cellular telephone technology)

h Planck’s constant
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HCN Health Council of the Netherlands
HED Human Effects Division (of the Air Force Research

Laboratories at Brooks Air Force Base, San Antonio, Texas)
HPLC high performance liquid chromatography
HR heart rate
hsp70 heat-shock protein 70
Hz hertz

kHz kilohertz (103 hertz)
MHz megahertz (106 hertz)
GHz gigahertz (109 hertz)
THz terahertz (1012 hertz)

ICNIRP International Commission on Non-Ionizing Radiation
Protection

ILHI Incomplete Lipschitz-Hankel Integrals
IR infrared
IEEE Institute of Electrical and Electronic Engineers
IITRI Illinois Institute of Technology Research Institute

J drift current density; or joule (kJ = kilojoule = 103 joule)

k Boltzmann’s constant
kg kilogram (10–3 gram)

λ wavelength in
f/D

∆ = +





t
D

F

/ (cos
sin )

λ θ θ
2 8

m meter
cm centimeter (10–2 meter)
km kilometer (10–3 meter)

MA Massachusetts
Mag magnitude
MDPH Massachusetts Department of Public Health
MISER Massachusetts Institute for Social and Economic Research
MMR Massachusetts Military Reservation
MPE Maximum Permissible Exposure
MS Mississippi
µ mobility [in J = NµαV(E• ∇)E]

N particle density [in J = NµαV(E• ∇)E]
NA National Academies
NAS National Academy of Sciences
Nc not calculated
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NCRP National Council on Radiation Protection and Measurements
NIEHS National Institute of Environmental Health Sciences
NRC National Research Council
NRPB National Radiological Protection Board
NSWC Naval Surface Weapons Center
NYU New York University

PAVE PAWS “PAVE” is an Air Force program name and “PAWS” stands
for Phased Array Warning System

PCE perchloroethylene
PI Physics International
PPPHSG PAVE PAWS Public Health Steering Group
% percent
Φ azimuth angle

q charge
Q ratio of stored energy to dissipated energy
QPSK Quadrature Phase Shift Keying (a digital frequency modulation

technique for sending data over coaxial cable or radio)

R resistance [in <V2> = 4kT∆fR]; or distance [in 1/R2]
RF radiofrequency
RFEMF radiofrequency electromagnetic field
RG-8 type of coaxial cable
RNA ribonucleic acid

S siemen (conductivity is defined in S/m)
SAR Specific Absorption Rate
sec second

msec millisecond (10–3 second)
nsec nanosecond (109 second)
psec picosecond (10–12 second)

SES socio-economic status
SIR standard incidence rates or standardized incidence ratio
SMR standard mortality rates or standardized mortality ratio
SRI Stanford Research Institute (type of dish antenna)
ssb single-strand breaks
SSI Swedish Radiation Protection Institute
σ conductivity (is defined in S/m)

T tesla; or absolute temperature [in <V2> = 4kT∆fR]
mT millitesla (10–3 tesla)

TEM Transverse Electro-Magnetic (type of antenna)
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TPA 12-O-tetradecanoylphorbal-13-acetate
TR Transmit-Receive modules
TV television
θ polar angle
τr pulse rise time

UHF ultra-high frequency
UK United Kingdom
US United States
UV ulraviolet
UVA type of ultraviolet light
UVB type of ultraviolet light

v velocity
V volt; or volume of the ion or molecule in [in J = NµαV(E• ∇)E]

kV kilovolt (103 volt)
VHF very-high frequency

W watts; or energy [in W = hf]
kW kilowatts (103 watts)

W/cm2 watts per centimeter squared (power density)
µW/cm2 microwatts (10–6 watts) per centimeter squared (power density)
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