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FOREWORD

In conductinz the research described ia this report, the in-
vestigators adhered to the '"Guide of Laboratory Auniwmal Facilities

and Care' as promulgated by the Committee on the Guide for Laboratory

Animal Resources, National Academy of Sciences, National Research

Council.
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BEHAVTORAL AND RIOLOGILCAL FFPECTS COF RESOMNANT

ETECTROMAGNETIC PUWER ABSORPTION IN RATS

Abstract

Past experiments of this project utilizing three separate and
distinct radiation facilities have determined the whole body and
distribution within the body of resonant electromagnetic power absorp-
tion for both man models and laboratory rodents. The absorption of
such energy is reliably determined by both the frequency of radiation
and the orientation of the model or rodent in electromagnetic energy
fields. For an ungrounded 1.75 m tall man, power absorption has been
determined for El!ﬁ, using scaled-down models, for the 23 to 570 MHz
band with resonant power absorption at 62-68 MHz. Power absorption for
the laboratory rat has been determined for the 300-800 MHz band with
resonant absorption being at 600 MHz for the E]li orientation. At
respective resonance frequencies in the Elli orientation for both man
and laboratory rodent, maximum power absorption is found in the neck
region of the body. For a grounded 1.75 m tall man, the resonance
region shifts to approximately one-half the free space resonance or
30-34 MHz. Man models or laboratory rats placed in proximity of metal-
lic reflecting surfaces experience considerably enhanced electromag-
netic energy depositions. Behavioral experiments with laboratory rats
have shown that frequency of radiation and animal orientation in the
fields are highly significant parameters in determining electromagnetic

energy absorption and consequential disruption of behavioral performance.




AR 2 S b okt e R A

Ohjective

Te2

The

objecti. -3 of the project ava:

To guantiiyv the electvomagnetic power absorpticn and its dis-
tribution for man when subjected to radlation at different
frequencies and under various exposure conditions.

To verify the important observations of (a) by exposure of
living organisms.

experiments for man are performed with reduced scale models

filled with biological-phantom materials which simulate the electromag-

netic properties of human tissue. The animal experiments consist of

behavioral and biological effects of electromagnetic power absorption in
rats.

The purpose of the project is to develop an understanding that
would lead to projections for humans.
Highlights of the Work Done
During the Last Year

1. The parallel plate radiation chamber was used to determine

the distribution of energy deposition for various parts of

the body for different sizes of biological phantom figurines.

This work is detailed in Quarterly Report No. 4. The high-

lights of the results are:

a. Maximunm rate of energy deposition is observed for the
neck for E[Iﬁ resonance and near-resonance conditions.
For this region, an energy deposition of nearly 12 times

the whole body average is observed. The pattern of energy




2.

deposition is very sin'l1ar to cnat obtuined from fro:

space irvadiation experimants. The hizher rate of enargy
depos vion of 29 tines the vhale Lody average ob.erved
for the necl resion Lo Trez onace evperimencs: is ascribed
- - 2
to the lerger powar densities of 100 mwW/cm™ uvszad there as
2

compared to a maximum field intensity of 26.5 mW/cm™ avail-

able in the parallel plate radiation chamber. The lower
field intensity needs a longer exposure time, which re-
sults in the heat being carried away from the "hot" neck
region to the cooler torso and head regions of the body.
b. For E,|£ orientation, a detailed examination of the leg
shows a higher rate of energy deposition in the knee and
ankle regions. A power deposition varying as (cross-
sectional area)—1 is observed. A similar result is
observed for the arm where the maximum rate of deposi-
tion is for the elbow region.
¢. For Kl,i orientation (power propagating from head to toe;
E from arm to arm), the maximum rate of energy deposition
is observed for the elbow region. The second highest
absorption rate is measured for the neck region.
The monopole-abecve-ground chamber was designed and installed
(Fig. 1). A new computer program was written to extend the
field intensity calculations to the near field region. This
is necessitated by the fact that high field intensities are
generally nceded for modeling, animal heating and lethality

experiments. This may tuerefore require that the working

- 3 -
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region b2 located no iror< than a few wivelengths from the

antenna. 7.2 computer prcegranl calculates th: vector sum of
near fic) - due to the & ole and it images (in assuued
infinite re’lictors). I order to apply the results to the

case of the monopola~-:hove-ground, the field components cal-
culated for the half-space above ground are used (because of
their physical realizability).

The field intensities calculated at various distances Z
from the corner of the reflectors for some values of the spac-
ing d of the monopole from the corner are given in Table 1.

Table 1. TForty-five degree corner reflector
monopole-above-ground antenna.

Power input = 100 W
Distance d = 33.75 cm

2
Ground plane field intensity in mW/cm

Distance Z 400 MHz i 500 MHz | 600 MHz ! 700 MHz
in meters d/\ = 0.45 | 0.56 0.675 | 0.788
i
1.5 26.0 b26.1 28.3 24.7
2.0 14.7 147 15.8 13.8
2.5 9.5 ! 9.4 10.1 8.8
3.0 66 6.5 7.0 6.1
4.0 : 3.7 | 3.7 1 3.9 3.4

In each case a transmitted power of 100 watts is assumed. A

point to note is that for distances beyond 2 meters, the
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flelds already satisfy th=> ]/r2 dependence that is character-
istic of far-¥ _lds. ‘7Tibis is ascribed to the fact that for
Lis oorent, the 2 U?/A c.otition Foy isw-Sie'ds is satis-
fied fovr ¢iu .noes on th ovder of 1(1d)2/l or 1.5-2.0n frr
rost of the operating band.

. The calculated radiation patterns of the antenna in
the yz(E-) and xz(H-) planes are shown in Fig. 2 for d/X =

€ 0.675. This value of d/A = 0.675 is selected to obtain
optimum input impedance and gain characteristics? of the radi-
ator. The 1 dB beam widths in the yz (the E-plane) and xz
(the H~plane or the plane of the ground) planes are on the

order of 13.08° and +6.54°, respectively. The targets oc-

cupying these regions are consequently exposed to power den-

sities varying by no more than *10 percent.

The radiation pattern of the corner reflector antenna

is relatively insensitive to small changes in d/A and monopole

lengths h/X. Table 2 gives the beam widths for various values

of d/X and h/)}. On account of a nearly 50 Q input impedance
of d/A = 0.675 quarter wave monopole antenna, this value of

corner to antenna spacing is used, as far as pos-it J

convenience of miatching over the fr SMH \
]

Two input purrs to whi i~ may be screwed

are 104 ~vter plotes are movable back and

AR 0.675 at each of the measurement
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' 7 Along the ground
E plane

(a) Field pattern in the yz (E-plane)

Reflector

pla;e/
-

.
Reflector .‘*~\~
Plate ~.

(b) Field pattern in the xz or the plane of the ground ‘

Fig. 2. Calculated pattern of a monopole-above-ground
radiator in a 45° corner reflector for h/A =
0.25, d/x = 0.675.




¢
Table 2. Monopole-above-ground radiator in a 45° corner
reflector. sugular widechs for differeant values
of field deviati - celative to maximum.
; n/al 0.20 . N30 0.2, 0.
_ d/x2 0,675 : "
4 ; L l
4 } T
- ' H-plane: - wotl® 1 6.65° | 4.65°
] S 0.54° |+ 6.54° 1 & 6.54° | £ 6.54°
v ds o 7.96° + 7.96° + 7.96° + 7.97° + 7.96°
-2.0dB | + 9.11° £ 9.11° + 9.12° + 9.11° + 9.11°
' -2.5 dB | £10.10° | £10.10° | £10.20°| £10.09° | £10.10°
; -3.0 dB | +10.96° +10.96° +10.97° +10.96° +10.96°
A
E-plane: -0.5 dB 9.49 9.03 8.77 10.67 9.71
! -1.0 dB 13.36 12.74 12.39 14.14 13.08
i -1.5 dB 16.27 15.55 15.13 17.18 16.70
i
-2.0 dB 18.69 17.89 17.45 19.68 18.34
-2.5 dB 20.79 19.91 19.41 21.84 20.40
~3.0 dB8 22.66 21.73 21.19 23.76 22.25
1 h/A = height of monopole in terms of wavelength.
2 d/» = spacing to the corner of the reflectors in wavelengths.
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vre been calibrated using the Ceneral Micro-
wave Lerperation field intensity probe Raham model 1 (300 to
18000 Mhz). The mezared field int. ~'+ies in tha ¥- and M-
places at 2 couple ol vepresentative fresucicies are #'coun in
Figs. 3 and 4. leczurements confir. the sisilarity of pat-
terns at other frequancies.
Proportionately scaled man-shaped cavities of height 3, 4, 5,
6, 8, 10, 13, and 16 inches were made in polyurethane. Start-
ing with wire frames, sculptured figurines were made of clay
in roughly the same proportions as those given in reference 3.
Each clay model was then molded of Silastic RTV silicone rub-
ber (Dow Corning type 3110). The reusable molds so formed
were used to cast epoxy figures. The epoxy figures were sub-
sequently cast in polyurethane blocks. After polyurethane
had been formed, the epoxy castings were cut in half around
the central frontal plane for their easy removal. Two
cavities, one resealed for filling with saline and the other
for stuffing with biological phantom materials, were formed
for each of the eight sizes.

The weights of the epoxy figures and the volume of the
final polyurethane cavities are given in Table 3. The volume
varies approximately as (height)3, which demonstrates the near
proportionality of these figurines.

Biological phantom materials were developed for simulating man

over the frequency range 13-230 MHz (including the important

»
! A
l k:
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Table 3. So=. peasured parvoneters of the
man mcdels used fur esxperiments.

Volure of the

Heigz' v »f the Deisbn T ha pol ruretha -

fiourine D I cavity
inches oS ‘ e

‘ 4" ! 21.7 15.0
; 5" | 45.7 33.2
6" 59.3 50.0
8" 139.5 111.4
10" 267.5 208.5
13" 548.5 410.5
16" 1063.0 842.0

resonance regions of 33 and 65 MHz). These materials are to
be used to fill the eight proportionately scaled figurines for
dosimetric measurements at 300, 400, 600, 915, and 985 MHz.
The compositions and their measured properties were described
in a paper presented at the 1976 USNC/URSI meeting, and a
copy of the same is attached here as Appendix A.

5. As a result of our extensive experiments spanning a period of
almost two years, the curves giving the whole body absorption
for man exposed to free space electromagnetic radiation have
been generated and are sketched in Figs. 5 and 6. For each of

W*

the indicated polarizations, the orientation® of maximum

*

A copy of this paper (Reference 4) is attached here as Appendix B for
ready reference.
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resonance frequency of 62-68 MHz. The

8.7 times tha E|

quantities plotted in Figs. 5 and 6 are:

a. The relative absorption coefficient S which is a measure

of the efficiency of power absorption

Microwave absorption (Total power absorbed (Field intensity

S = cross section - in watts) in watts/cn?)
Shadow area of the body

Shadow area of the body in cm2

b. The specific absorption rate (SAR) in watts/kgm.

¢. The SAR as units of basal metabolic rate (BMR).
-> ~
For the most absorbing EI]L orientation, the whole body
absorption curve may be discussed in terms of five frequency

regions:

e e NI o M

Region I -- Frequencies well below resonance (L/A < 0.1-0.2).

2
An " type deperni.rce derived theoretically and checked

5

experimentally by Durney and coworkers.

Region IT —-- Subresonance region (0.2 < L/A < 0.36).

An f2'75 to f3 dependence of total power deposition has

been experimentally observed for this region.

Rogion 11T -- Resonanco region (L/Y = 0.36-0.4).




i i

o v1-65 Muz and resonance SAR

Cioen tle. BIMRLE

B A Y

tgion IV —— Post-resonance region to frequencies on the or-

der of 8 to 9 times the resorance frequency f .
A whole body absorption reducing as (f/fr)'l from the

resonance value has been observed.

Region V -- f >> fr region.

The S parameter should asymptotically approach the
“optical” value which is (1 - power reflection coaf-

ficient) or about 0.5.

In comparing the graph of Fig. 5 with those of Fig. 6 (drawn

to

a.

the same scale), the following points are noteworthy:
For frequencies f > (A-S)Er, there is little distinction
between the total power absorbed for the various polari-
izations. For humans, this corresponds to (frequency in
MHz) x (height in meters/1.75) of about 250.

>y oA
The resonances for k,lL and HIIL orientations are not

> -~

very sharp. In fact, for H[lL orientation, the value

gradually reaches a peak value and stays at that value

for higher frequencies.

T




6. The frequency donendeace of Fig. 5 Las been used to dra: the

ceaerall . od cvrvves for voo o avd slve (Fig. i) for {ree speoc
Sl 8-t e L . R . B I : P .
‘rrad oa Tor oo oiwsh oL e bula: tbic (o L A
resuni oo 3 2016 {af r theore for ozn
sspecr ratlio L/28 0 5025 4 <0 0 wldats cnaorall )

takea to dv.w the graphs of Fig. 7. Als> si -wa in the sam:

figure are the values calculated from the lethality data of

Schrot and Hawkins.’ 1In calculating SAR's from their data,

it is assumed that:

a. A temperature elevation of 7.4° C results in convulsion.

b. The temperature increase occurs in an adiabatic manner;
i.e., the rate of deposition is high enough so that there
is no other mechanism for gain or loss of heat from the
animal body.

On account of the high field intensities of 150 mW/cm2
used in the experiments bv Schrot and Hawkins,7 the second
assumption may be quite justified. From Fig. 7, the correla-
tion of the empirical graphs with experimental values is good.

7. The total power absorption for a human with feet touching the
ground is shown in Fig. 8. These results are projected from

measurements with 4", 5", 6", and 8" tall saline-filled

* In order to determine the aspect ratio of the equivalent prolate spher-
oid, the bulk of the body is considered representable by a prolate
spheroid of length L and diameter 2b. The diameter 2b is calculated
from the average circumference of the animal body.
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figurines exposed to L, L radiation at different frequencies

in the roncopole—above-ground radiition chssber. Comparing the

resu'ts i those ¢f tree o rad toion (Fig. 5), pedak poeor
ab-orpid Lrothls cnce ds olse d i a Trogusvay ad Coae
nali ti value for ungreendad co tivas.  The pewv resoniincae

frequency is projected to be (30-34) x (1.75/Lm} MHz. At
resonance, a value about two times the resonance value for
ungrounded conditions is observed.

A point of concern is that the graph of Fig. 8 does
not completely agree with the data obtained with grounded
figurines in the parallel plate chamber (Fig. 16, Appendix B).
While the peak absorption frequency is very similar, the maxi-
mum absorption density observed in the monopole-above-ground
chamber is about half as large as that observed in the paral-
lel plate radiation chamber. This is unlike the observations
with ungrounded figurines where the parallel plate radiation
chamber measurements were in excellent agreement with free
space irradiation experiments. Further experiments are planned
to resolve the issue of 2 versus 4 times enhancement factors
observed with grounded figurines under respective resonant
conditions.
Judging from the success of the antemna theory in explaining
the resonance frequencies and absorption cross sections under
grounded and ungrounded conditions, highly enhanced values of
SAR are expected for rescnant bodies in the presence of 180°,
90°, and otner corner reflzcters.S Experiments detailed in
s

e — e e
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i
i
i
i
|
1




(@]

have indeed zivea SR enhancenent factors as bigh

o 33
Appendix

as 27 in proximitv of reflecting surfaces under resonant
condifio-

sult of 7 ose exparis oats, fhoowotal poder
; . . c- e . il
drocositet rman oo andnets Lebtacled o 10 wW/ e incident

ficlds has Loen caliulated for voricus exposcer . conditions
aand is r-bilated in Tablw 4. The rates of energy deposition
for resonunce conditions in the presence of ground effects
and/or reflectors are truly staggering. Resonance SAR values
as high as 56.5-103 times the BMR are predicted for adult
humans. The tines to convulsion of 100 gm rats (Fig. 9,
Appendix C) for incident field intensities of 3-20 mW/cm2
confirm some of the highest projections in the presence of
reflecting surfaces.

In order to fully appreciate the reflector-caused
enhancements in SAR's, it should be mentioned that, for target
length L, reflectors with dimensions 2d x 1.2 L (in the I3
direction) are considered adequate2 to simulate infinite
sheets for a target to corner distance d. Furthermore the
reflecting surfaces need neither be of good conducting materials
nor solid in construction to cause considerable enhancements in
SAR's. In fact, surfaces of insulating material with conduct-
ing rods (oriented along incident fields) that are spaced <0.1 A

act effectively as solid conducting surfaces. Experiments,

nevertheless, need to be done with reduced dimensions of




iable +. Total rower deposited in mar z.d animcls at 10 mW/em®.

fan (1.75 n height) 100 qm rat 400 gm rat
Prior krowiudca
38 v LEs assmin o veflsclooz2

19 vatts assuring 50 peecent roflectan:

I. At resonance for free space.

0

151 watts 0.8 watts 2 watts
f = 62-68 MHz f ~ 987 MHz f ~ 600 MHz

II. At resonance for conditions of elec-
trical contact with the gound plane.

(-

2 x 151 = 302 watts
f = 31-34 MHz

I1I. At resonance for placement in
front of a flat reflector.

-l

Z

d = 0.125 )
4.7 x 151 = 710 watts 3.8 watts 9.4 vwatts
f ~ 62-68 MHz f =~ 987 MHz f ~ 600 MHz




Tible 4 (continued)

Man (1.75 m height) 100 gm rat 400 < rat

—— e e

IV, At rescnance for placermant in a $0° corner reflector.
|
e |
/>\W

)

!

| —lap=>

] d=1.52 g

. 27 x 151 = 4077 watts 21.6 watts 54 vatts
; :

3 f = 62-68 MHz f = 987 MHz f = 600 MHz

V. At resonance in electrical contact with

; ground plane, in front of a flat reflector.
- —> d fe—

¢

) 7

" d = 0.125 A

R

2 x 710 = 1420 watts
f = 31-34 MHz

VI. At resonance in electrical contact with
ground plane, in a 90° corner reflector.

<

SONS

d=1.52\

2 x 8077 = 8154 watts
f ~ 31-34 lHz

- 25 -




4o

;

reflectors and for iwperfecl reflecting surfaces to determine
the erhancecent factors that actually result in such sitraz-
ticas.

Tz Cores ondl o duac for 400 rm cdiie rats bave Loien
run in tie nocopols-alove~-round chanlbe.. The resonance fre-
quancy for thzse animals was pinpointed in the first imnstance
to be 600 MHz in agreement with the graphs of Fig. 7. The
mean times-to-convulsion together with the standard deviation
for four animals is plotted in Fig. 9 for irradiation fre-
quencies of 500, 550, 600, 650, and 700 MHz. Minimum time-
to-convulsion is observed for irradiation frequency of 600
MHz. Below resonance, the time-~to-convulsion increases more
rapidly than that for frequencies above resonance. This ob-
servation is consistent with the graphs in Figs. 5 and 7, and
is in agreement with the lethality data of Schrot and Bawkins.’

The times-to-convulsion of 400 gm rats for different
locations in front of a 90° corner reflector are shown in
Fig. 10. Of the three locations that were evaluated, d** =

0.4 A is the most absorbing. For this location, the times-to-

convulsion for different incident field intensities are plotted

In actual experiments, animals within the weight range of 370-430
grams were used.

E3 3

On account of the fairly limited length (=2.5 m) of the monopole-
above-ground chamber, the more lethal placement d = 1.5 X (see
Fig. 5, Appendix C) could not be tried under these exposure con-
ditions.
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in Fig. 1!'.
Comparic: in tiis sit.ation th: mean time-to-convtlsion
uf 730 secuo Do 20 wiiicw dac o Tield., to the co:ce-
goondi tiune of 400 secunds £ TLYLL rved by § L
and liouxiaz S0 Trea e 1U.a noas 15% mv/em, ir is

apparent that ti:e d:;2sitis. enhaacement factor in the mono-

pole-above-ground chamb:r on the order of 7 is not as large as

11 observed for 100 gm rats for d = 0.4 X placement. It

should also be noted that Schrot and Hawkins' experiments7 .
were done at 710 MHz and they would have observed a slightly

lower convulsion time than 455 seconds had they worked at the

resonance frequency of 600 MHz for these animals. As dis-
cussed in the next paragraph, a lower enhancement factor has
also been observed in the monopole-above-ground chamber for
man models.

The average values of SAR for ungrounded resonant size saline-
filled figurines with and without reflectors have been mea-
sured in the monopole-above-ground chamber and are tabulated
in Table 5. Consistent with the 400 gm rat lethality data,
somewhat smaller enhancement factors of 2.5 and 6.9, as compared
to 4.7 arnd 11 observed under respective exposure conditions at
Walter Recd Laboratories (see Appendix C, Figs. 6 and 8), are
Further theoretical and experimental work is needed to

noted.

understand this observation. The reduced effectiveness of

reflectors in the monopcle-above-ground chambers is most
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Table

5. Coeverisen of the whele—-b. lv-averaze "ucgrounded"
SA ur reseniace with and without ruefleciors.

Data scaled for 1.75 m b an {rc1 the measdarements on un-

crovnted BY o<l

5

ine-filled i{izuvrines at 600 Mz (L/a = 0.408)

. e e . .2
LE Lol wident Ticids of 10 mW/cn

SAR SAR| -
no reflectoc - flat reflecter . R|90° reilector

d/x = 0.125 | d/x = 0.4

—

2.04 5.13 14.02

10.

1i.

probably due to the spherical nature of the wavefront as it
impinges on the planar reflectors. This problem was not as
severe for Walter Reed experiments on account of a larger
physical separation of 14' of the transmitting antenna from
the experimental area which would imply that the incident
waves were closer to plane waves for those experiments.

An implication of the above measurements is that while
higher enhancement factors are observed for plane waves, sig-
nificantly increased SAR's are observed also for nonideal wave
incidence conditions.

The averaze values of SAR for grounded resonant-size saline-
filled figurines with and without reflectors have been mea- ﬂ

sured in the monopole-above-ground chamber and are tabulated

in Table 6. The results of these experiments were used in 4

arriving at scme of the numbers given in Table 4.

On acccunt of a stroag absorption in the resonance region, our




Table 6. Comparison of the whole=tody-orase "rrouadod” SAK

at resenauce with and . 7thout rellectors.
Dite o Yoo 1.7 boan foon ciasur =nt. on
g fod L s Tlae-fiilew 0 uriaes )M (/o= 00200
)
SAY. LW/ e for facldent . cg of 12 i em
sml gk T aw
il = : [ : 1 SAN
“lno reflector ilat reflector “*190° reflector
! = N
d/x = 0.125 . d/x = 0.4
¥
4.5 10.3 28.1

work to date has concentrated on this region. Only recently
have we extended the work to about 8.7 times the rescnance
frequency which for man corresponds to a frequency on the
order of 570 MHz. While this has allowed us to generate
whole body absorption curves for man (Figs. 5 and 6) through
the important resonance region, we have not addressed the
question of power deposition in man at microwave frequencies.
To extend the measurements on whole body absorption and to
obtain distribution for man to 3300 MHz, covering thereby some
fairly important microwave bands such as the L- and S-bands
and the industrial heatinz frequency of 2450 MHz, it will be
necessary to use X-band irradiation if reduced scale models
are to be used for convenience of experimentation.

High power sources at X-band are not only expensive
but also are not readily available for power outputs larger

than 250 watts. A high gain waveguide slot array has

i
!
i

deme b e
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conge ankly boen desizu=d, faboic:s d, and tosted for u--
at thesz frequencices. The r-liatov duscri’ .1 in Appos: 70D
givos an {rnreesity vazt Do oo lostant w0 wishin 0.5 ¢ ever &
toc o aeale ef TRU6T 5 sl a0 L ad 1703 it E-pizoae.
On accoust of a sharp coduction of filelds Ir the H-plan:

beyond the work area (:7.8°), an antenna gain which is 2.45
times higher than that of a horn with a similar work area is
observed. This is on account of the saving in the power that
would otherwise have been radiated in undesired directions
because of the smooth roll off of the horn antenna.

For a working area of 55 x 55 cm2, a distance to the
radiator of 2 meters is needed. From the measured gain, a
field intensity of 46.4 mW/cm2 constant to within %0.5 dB is
calculated for a commercially available X-band power source
of 250 W. This field intensity is quite adequate for model-
ling experiments.

Numerical studies have been initiated to understand some of
the salient features of our observations. Among these are
the enhancements in SAR caused by ground and reflecting
surfaces, the 1/f reduction of the absorbed power in the
post-resonance region, etc.

Green's function methods such as the tensor integral
equation used by Chen® appear to hold the greatest promise for

calculation of SAR for models of mian at frequencies near whole-

body resanance. Chen claims to have solved the problem and
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corse Loducod Ly ocloctoos St oes ol frequel les rang-
i Froi AT
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Green's function methods, it is necessary to discretize by
representing the fields in terms of some finite basis. For
a pulse function basis, the scatterer is partitiona=d into a
number of cells N, where N is large enough that complex
permittivity and the complex time-independent electric field
may be assumed constant within each subvolume. Pulse func-
tions are commonly chosen as a basis and have been used in
Chen's calculations. If linear or higher order variation of
the electric field were allowed within each cell by a more
accurate basis, the storage limitations of computers would
require that fewer cells be used. The number of cells
possible with pulse functions is adequate to represent the
torso with arms, legs, etc., but such detail would not be
possible with a more elaborate basis.

Strictly speaking, pulse functions are not in the
domain of the operator and should not be used with the tensor
integral equation or related Green's function methods. In
practice usable results are obtained if enough cells are used.?
Since pulse functions fail to allow for any of the variation

of the elrctric field within each cell, an upper bound on ;
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usable cell size ~iy be found by determining the smallesc

]

ize gunrenzeed to have internal fields with significant

n

rigues. Theory is used to establish zn upper bound on usable
cell size for pulse function solutions. The bound has been
demonstrated to be useful in our computations. Calculations
made using the bound on cell size suggest that significant
error is present in Chen's calculations for the adult torso
beyond 100 MHz and the child torso beyond 200 MHz.

Two new discretization procedures have been developed
which give improved convergence by approximating the varia-
tion of the fields within each cell but do not require
increased storage or significant increase in computational
effort. The procedures are described in Appendix F which is
a copy of a paper submitted for publication to the IEEE
Transcctions on Antemnas and Propagation. The new methods
have been used suzcessfully in the two-dimensional problem of
TM excitation of an infinite cylinder of arbitrary cross sec-
tion shape. The extension to the three-dimensional problem
with and without ground and reflector effects is planned.

To verify important observations by animal experiments,

attention was devoted to proper design of the rat chambers.

To improve micrcwave transparency, the animal holders were

.. M‘H;Ll:.{- ; - 4 " o
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fabric o=l with ctrom wnld top mald: of rods pecpentizulac
to the electris field to v-duce possible reflewiions. The
sront ar? P adoges du o che plotan of thy o evooiris Tisll
voore tooof oor < o mize e el t é sign
2f othe ¢fanhzr o was reporiad o Culizoeviy Hopoow Dol 3ok

this contract, and photozrapits of the same are reproduced

in F;g. 12 for ready reference. We have found the holder

with styrofoam sides (holder B) to be adequate in coqtain—

ing 400 gram Long Evans rats for short time periods. We

have attempted to use this holder design for the behavioral
experiments., We find, however, that the styrofoam sides do
not provide adequate structural support for mounting a plastic
response lever and glass focd pellet tube. To alleviate this
difficulty we have replaced the styrofoam sides of this holder
design with 1/16~inch Plexiglas panels. We have contained
400 gram Long Evans rats in this holder (Fig. 13) for up to
eight-hour periods in 5 mW/cmz, 600 MHz, CW radiation fields.
The addition of the plastic response lever and glass food
pellet tube (Fig. 14) was easily accomplished on this holder.
We have used this chamber daily in training stable VI-30"
baseline responding in Long Evans rats and find this a
superior holder.

The first series of dosimetric measurements on the Long Evans

rat have been completed in the monopole-above-ground radiation

chamber. Sixteen Longz Evans male rats (380-300 grams) were
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Fig. 12.

Holder A

Holder B

Photographs of two rat holders that should be "relatively
transparent" to microwaves of [lL polarization.
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anesthetized wita Nembutal 55 mg/kg). The LCOF temperature

probelc v placed 7 e vt colon of eazh rat.  The vats

were [+ iividually drrac . -2 once to 400, 500, AD0, or Tud
2

gz, 10 00 = oo i lloorziisg, feroton Llaut s,

Ten, cvature vise of the Loloofs aren was recordsd using tiz

LCOF temperature probe znd a2 Hawlett-Packard stripchart
recorder. The results of this experiment are presented in
Table 7. The average o values indicate an enhanced absorp-
tion of energy at 600 MHz [0.67 (mW/gm)/(mw/cmz)] compared
with 400 [9.39 (mW/gm)/(mW/cmz}}, 500 [0.46 (mW/gm)/(mW/cmzﬂ,
and 700 MHz LO.SO (mW/gm)/(mW/cmz)]. These values of absorbed
energy compare quite favorably with calculated power absorp-
tion for a 400 gm rat at 650 MHz [0.60 (mW/gm)/(mW/cmz)].“
Colonic temperature rise for individual rats is shown in

Fig. 15. A stripchart recording of colonic temperature rise
is presented for each of the frequencies studied to date

(400, 500, 600, 700 MHz). Visual inspection of each record-
ing shows that the temperature rise during irradiation seems

a linear function. Use of 10 mW/cm2 field intensities is
adequate to demonstrate the resonance phenomenon in Long

Evans rats. We will, however, continue the dosimetric measure-
b

ments using higher field intensities and whole body calorimetry. ;

Three experiments have been completed to investigate thyroid
(Té) response to resonant electromagnetic power absorption in

rats.




Toble 7. faeray absorncinag in 470-rras Long Frans rals.
il
Fie ! dntensite: 10 m'om™) anesiletizeld
rats 55 wy/kao Nembus 1)
Ani Lire
We i tht ERIRE
4 (g0 AT°C (ain.) mhgm o «
! - ST . , T e
Ef 400 1. 412 . 0.40° 10 2.737 | 0.2737
’ /2. 395 . 0.55° 10 3.83 | 0.3830
3. 385 - 0.73° 10 ' 5.09 l 0.5090
\ 4. 392 . 0.59° 10 | 4.11 | 0.4110
3 ' i i
!
X 396 | 0.57° ! 3.94 | 0.3939
SO 11.5; 0.14° . 0.97 | 0.0967
R o o ' i
Y 500 | 1. 418 ; 0.77° 10 5.360 | 0.5360
: 2. 414 ! 0.45° 10 3.140 | 0.3140
3. 398 | 0.75° 10 5.230 | 0.5230
4. 408 0.71° 10 4.950 | 0.4950
X 409.5, 0.67° 4.67 0.4670
SD 8.7 0.15° 1.03 0.1034
i
————— -i
600 | 1. 380 1.23° 10 8.569 | 0.8569
2. 370 0.76° 10 5.295 | 0.5295
3. 428 0.90° 10 6.271 | 0.6271
4. 412 0.98° 10 6.830 | 0.6830
X 397.5] 0.97° 6.740 | 0.6740
SO 27.1{ 0.20° 1.370 | 0.1370
- | .l
700 | 1. 409 !o.83° 10 5.78 | 0.5780
| 2. 420 :0.45° 7 4.48 | 0.4480
I 3. 404 1 0.57° 10 3.97 ! 0.3970
| 4. 380 | 0.85° 10 5.92 0.5920
i
| _ {
' X 403.3] 0.68° 5.04 0.5038
S 16.9 ' 0.20° 0.96 0.0963
L ! —— .
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Fig. 15. Rat colonic temperature rise dursng irradiation at 400,
500, 600, and 700 MHz (10 mW/cm2
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Table

The fivst expeviment wos desigaed to investigats the
effect of short duration chronic exposure of rats to low
le. :i v ..cotlen at £0 0 vowonanss fre-coazve Foaar Lo BEveon
racs (Go cLt0 gme b T et nud vave wxpoased to S50 Mz
A
23.85 wl/o- 7 rediacicn at E, L ~cleatatica ia rthe parallel
plate radiat on cliimber. Exposures were 15 minuites duration,
daily, five days per week for three weeks. Colonic temperature
measurements were made with a BAT-8 digital electronic
temperature probe before and after each radiation exposure.
Average colonic temperature rise data during irradiation and
sham irradiation are presented in Table 8.

8. Average weekly temperature rise during irradiation and
sham irradiatiom.

Week 1 5 Week 2 Week 3

1

Radiated | Sham | Radiated ! Sham |Radiated | Sham
Animals Animals ! Animals Animals | Animals Animals

AT Mean °

Standard

Deviation °C

c 2.03 1.07 2.21 0.99 1.26 0.99

0.51 0.46 0.65 0.46 0.47 0.46

S

Four rats in the same weight range underwent identical handling
procedures and 15-minute confinement in the radiation chamber.
All animals were housed within the radiation chamber in the

styrofoam holder B showm in Fig. 12. Blood samples were drawn

from all animals under ether snesthesia by tail snip at the
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. levels due to repaated shors—term radiation
exposura. The data were analyvazed by repeated meazures analy-
sis of variance.!? The results of this test indicate no sig-
nificant difference between the control and irradiated animals
(P > .10). There was a difference across weeks (P < .01)
which was significant. This difference was most likely due to
the low measured values of T4 on week 2. Since the values for
control animals were also low, it seems evident that this
change is due not to microwave exposure but perhaps to some
other factor such as stress during the time the exposures were
carried out.
In the above study, blood samples were drawn 2 to 4
hours after radiation exposure and under ether anesthesia.
Two additional studies were conducted to:
a. Withdraw blood both as soon as possible and at
extended times afrer a single radiation exposare.
b. Collect blood samples by a method least stressful
to the animal.
Toward this goal twenty-six lLong bkvans rats (380-430 gms body

weight) had, undcr Nembutal anesthesia, in-dwelling catheters
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placed i fhe Tevoral arcess of o rishe Jo0, 7 catheters
were Jioon saboulogeously ur to the dovsal surface of tle neck
a0 Tar 1 plar P REOAC S d ! R
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Uik 8L wall ool erme % hecan 3 to 5 d0os

surgery.
To detzrmine the effezt of resonance frequeacy radiation
on thyroid function (T4 release), seventeen animals were
divided into five groups. A blood sample (.4 ml) was withdrawn
from each of the seventeen aanimals and was considered a base-
line value. Each group of animals was then exposed once to
600 MHz radiation in Elli vrientation at 100 (N = 3), 75 (N =
4), 30 (¥ = 4), and 25 (N = 2) mW/cmZ, respectively, for five
minutes. Tha fifth group underwent sham irradiation procedures.
All radiation exposures were done in the moncpole-above-ground
radiation chamber immediately after the withdrawal of blood
for a baseline value. During irradiation and sham irradiation
within the monopole-above-ground chamber, rats were housed in
the Plexiglas holder (Fig. 13) described im this report. Ad-
ditional samples were t.. wn from the animals at 15 and 90
minutes after the initial baseline sample was drawn. Average
body temperature rise during radiation and sham irradiation is
presented in Table 9. All blood samples were analyzed for T4

by Pantex radioimmuno assay of thyroxine. The results of this

analysis are presented in Fig. 17. Examination of these data
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Table S. Aver . ge colen o Seaperature rvio o durin. rodia-
tion and sham irradiation. i
Oi, Gro oo ! 'L‘uup IID Cooap Y Troup \
2 . Lo 2 . G Sham
! il 75 viicm Do e 25 00 D
Radiaci.
No= 5 (3 = 4) (N = 4) (K=2) . (N=4)
AT Mean °C ! 3.10 1.90 . 1.20 L 0.57 0.2% z
; ; !
: ! ' ! !
N Standard
' { Deviation °C 0.51 0.41 0.14% ‘ 0.10 0.28

L

again reveals little effect of low or high intensity resonant
radiation exposure on thyroxine (T4) levels.

To determine any long term effects of short duration
irradiation, the remaining nine animals were divided into two
j groups. Five animals were exposed to 600 MHz radiation for

five minutes at 100 mw/cm2 and four animals underwent sham

irradiation procedures as in the above study. Average body

¥ i s SN

temperature rise during radiatiorn and sham irradiation is

presented in Table 10.

Table 10. Average colonic temperature rise
during radiation and sham irradiation.

Croup 1 Group TI

100 mW/cm2 Sham Irradiationm

0.23
Standard
Deviation 0.66 0.13

|
i AT Mean °C 2.92
i
]

Lt ecm + e m——A cm e e A i A = ————— a2 ————— ———— o t—n
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Baseline bl 1 saimples were drawn as in the above

studv.  Irradiatli. s szaples v oove drawn from the nine vats 2o
6, J =, &Y, and 162 Toavs ait oot base’ e Lk AL

sav tes © ore ag Tovoopasomad f T4 v Pao o wadicioan as.
of layro-.ite. [he resules of this avilysis, Tig. i8, azain

reveal little effcct of resoivant radiation exposurc ou T,
4
respcrse in the rat as cumpared to sham irradiated animals.
In the three studies described above, there is a ;

gradual decrease in T4 with time. This effect, however, ' 1

appears for both irradiated and sham irradiated animals.

Animals of the first experiment subjected to repeated ex-
posure of low level radiation (23.85 mW/cmz) did appear very
docile and lethargic upon handling compared to the sham ir-
radiated controls. This may have been due to the daily
thermal load to which the animals were subjected. This ef-
fect was not observed for animals of the second and third
experiments. Nevertheless, the gradual decrease in T4 ap-
pears to be due not to microwave exposure but rather to some
other factor. Although the evidence is by no means conclusive,
it seems apparent, under the experimental conditions used,
that no direct effects of resonance frequency irradiation on
thyroid function were observed in the adult rat.

Experiments bhave recently been completed to determine the ef-

fect of resonant and nonresonant electromagnetic power absorp-

tion on rats performing a lever-pressing task on a variable
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adult (120-430 gram. fa vody wel "t) wece Lro'rwd to pocform
a leveo -, sin: tasl. o oao sil-r7 cle coespoaron oo oD in
the . L _=above con radiat’ 2 cha~" . e runs 4 ore
individual y aud vz ~mly cxposed te 400, S . LU0, w.i 700

MHz CW radiation at 20 mW/:mz field intensity; with th:: leagth
of the animal paralicl to the electric fields. All radiation
exposures produced behavioral deficits. The suppression of
behavior was greatest for exposures to 600 MHz radiatioa. The
six remaining rats were exposed to 600 MHz CW radiation at
fieldvintensities of 5, 7.5, 10, and 20 mW/cm2 while perform-
ing the behavioral task. The exposures at 20 and 10 mW/cm2
produced suppression of behavior, while exposures at 5 and
7.5 m'w'/cm2 showed no measurable effect on performance. In
addition some rats were exposed to pulsed 600 mHz radiation
(1000 pps at 3 and 30 microsecond pulse durations). Pulsad
radiation conditions showed no measurable effect on rat
performance. The data show that the resonant frequency of

power absorption for the adult Long Evans rat is 600 Mdz,

while suppression of VI-30 second responding, due to short- /
term radiation exposure, requires a field intensity of ;

10 mW/cm2 or greater. A copy of this paper (submitted to

Radio 8=t.nr2 for editorial review) is attached as Appendix G.
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APPENDIX A !

BIOLOGICAL PHANTOM MATERTALS FOR SIMULATING MAN
AT DIFFERENT FREQUENCIES

Om P. Gandhi and Kazem Sedigh :
Departments of Electrical Engincering and Bioenginecring
University of Utah, Salt Lake City, Utah

Abstract

The paper gives compositions of biological phantom materials :
for simulating man over the frequency range 13-230 MHz (including 2
the important resonance regions of 3" and 65 MHz). These materials

have been developed to f£ill eight proportionately scaled man-shaped -

cavities of height 7.6-40.6 cm for dosimetric measurements at 300,

400, 600, 915, and 985 Milz. Complex permittivity (€¢) measurements at
the irradiation frequencies were made using a wmodified version of the
coaxial line method used previously by Guy. Models reduced by B in
all dimensions allow simulation of man at frequencies given by
(experimentation frequency)/f, provided materials with e at the
(lower) simulated frequencies are used. Whole-body "average” values

of ¢, at simulated frequencies were first calculated on the basis of

65 percent nuscle and tissues of high water content and 35 percent

fat, bone, and tissues of low water content from extrapolated values
for these tissues from Johnson and Guy's article. Several compositious
of salt, polyethylenc powder, Superstuff, and water were first measured
for e.'s at the six experimental frequencies. Interpolated composi-
tions were then measured and modified, if necessary, for desired per-
mittivities.

Paper presented at the 1976 URST meeting, Series on Biological Effects
of Electromagnetic Waves, October 10-15, University of Massachusetts,

Amherst.




BIOLOGICAL PHANTOM MATERIALS FOR SIMULATING
MAN AT DIFFERENT FREQUENCIES
Om ¥. Gaudhi and Kazem Sedigh

Departuents of Electrical Engineering and Bioengineering
University of Utah, Salt Lake City, Utah

Introduction

An’ important aspect of electromagnetic wave bilological-effects
research is the quantification of absorbed dose and its distribution
in biological systems. For humans the experimentation may be done by
using either the full scale or reduced scale models that use materials
having the same complex p-rmittivity €, = (Er - jo/weo) as that of the
system that is to be simulated.

For whole body exposure situations, reduced scale models are
preferred for convenience of handling. From electromagnetic field
theory, a body reduced by a factor of B in all dimensions may be used
to obtain absorption characteristics of the full body, provided an
irradiation frequency scaled up by a factor cf B is used. For dis-
tribution of power deposition, high field intensities on the order of
50-150 mW/cm2 are generally needed to prevent the pattern from being
smeared by heat diffusion. A limitation often encountered is that the
high power sources needed for experimentation are not very widely
alterable in their operation frequencies. Use of carefully propor-

tioned different size models at a given experimental frequency nay

Paper presented at 1976 USNC/URSI weeting, Amherst, Massachusetts,
October 11-15, 1976.




therefore be uscd to simulate man at frequencies given by (experi-
ment.al freqﬁency)/ﬁ. It is necessary, héWever, that for suvch experi-
ments the complex permittivity for the mixtures used in the various
models be different and have the values corresponding to the values
for man at the roduced frequency that is being simulated. With these
scaling precautions, the distribution of power deposition in thé
reduced—;cale model is identical (though the magnitudes are higher
by a factor of B) to that of the full-scale body.

To simulate lower frequencies where wavelengths are consider—
ably larger than the dimensions of individual parts of the body, whole
body Maverage" values may be used for the sc's of the homogeneous
filler media. This is a valid procedure to frequencies on the ordér
of 200-300 MHz. At higher frequencies a more detailed representation
of the body is, however, needed. Different compositions of biological-
phantom materials should then be used to simulate the "average" elec-
trical properties of individual parts of the body. It is fortuitous
that at such frequencies the depth of penetration in the torso* is ¢n
the order of a few centimeters,1 and only the compositions of the top
layers may therefore be considered to calculate the "average"_ec.

For legs, arms, head, etc., a more careful determination of €, may be

in order, based in the first instance on the distribution of pover

deposition as though these parts were isolated from the rest of the

% . . . .
While detailed power distributions in the torso are not known and
this assumption may indeed need to be justified, the previous
experiments with spherical targetsl also showed that the penctra-

tion of waves at larger frequencies [A < diameter d] was super-
ficial in nature.
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body.

For pear~field or part-body exposure situations, full scale
models (B = 1) are quite convenient and may therefore be preferred.
Expericents of this type are often needed in arriving at the optimum

design for applicators.

Materials and Methods- of Procedure

As describad above it 1s necessary to develop biological-phantom
mixtures for complex permittivities at the experimeutal frequencies
that simulate man at lowver frequencies. For available experimeantal
frequencies of 300, 400, 600, 915, and 985 MHz, the ec's needed for
eight proportionately scaled man-models have been calculated and are
given in Table 1 for an illustrative case of 600 Milz. Corresponding
numbers have been calculated for the remaining four frequenciecs and
require sr's varying between 35 and 105 and ¢ varying between 2.3 and
14 mho/m.

Using the homogeneous compositions developed here, it should be
possible to obtain dosimetric measurements for man over the frequency
region 13-230 MHz, which includes the important resonance ¥egionsz’3
of 33 and 65 Milz.

Nine mixtures of compositions given in Table 2 were measured at
the five experimental frequencies, using the arrangement” of Fig. 1.

A slotted coaxial linc (General Radio type 874 1B) was filled with

the respective mixtures and used to measure the attenuation constants

a and propagation constants R through the media with the help of the

[RENOPRGRRET VISR S
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Table 2. The cumpositions of the nine mixtures used for
neasurcments of dielectric properties.
Percent by Weight
' * %
Mixture H20 NaCl SS PEP *
I 75 13.0 12.0 0
- 4
] 11 75 11.1 7.9 6.0
i III 75 9.8 8.2 7.0
v 75 9.0 8.0 8.0
: v 75 5.45 10.55 9.0
g
’ VI 75 4.45 10.55 10.0
’ VII 75 4.0 10.5 10.5
3
; VIII 75 3.9 10.1 11.0
IX 75 2.0 10.0 13.0

*
Superstuff -- A gelling agent, obtained from Whamo Manufacturing ;
Company, San Gabriel, California. {

ot

*x
Polyethylene powder —~ obtained from Wedco, Inc., California. 1
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Hevlett—Packard network analyzer model 8410A. Due to the high loss of
the materials, measurements were taken at 0.2 cm intervals and 4 to 6
readings were used for the calculations of o and B. In order to find

5

€. and o of the materials, the following equations”® were used:

B=2\5 G+1) W

(2)

Q
v
nle
Y
]
~~
(r
1
—
o’

where ¢ is the velocity of light (3 x 108 meter/secqnd) and

2 2
c-lr@e |, ( o ) 3y
1~ (a/B) WELEy

Upon rearranging the terms,

2
_ 26/ @/e))” @
o G~ 1
and
1/2 -~
g = (02 - 1) Qsoer = 2a2/(m/c)2 we_ {g ; i (5)

The values of €, and o, for the nine mixtures, measured at the five

. .
experimental frequencies are given in Tables 3 and 4. The values of

* For these mixtures with high o/weye,., G is very much higher than unity
which results in a and B being comparable in magnitude to one an-
other. Small errors in determination of either o or B results in a
much larger error in G and consequently €,.. This method, though
reasonably accurate for determination of o, does not appear to be
very good for e, for high loss (o/mcoer >> 1) materials.
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Table 3. Values of the dicleccric‘constant and conductivity of
the various mixtures measured at frequencies 300, 400
and 600 Mliz. :

300 Mtz 400 MHz 600 MU=

Mixture €y o] € o € o

I 63.52 14.09 71.6 12.73 51.80 15.70
1T 34.25 12.05 48.72 11.74 54.65 12.90
11X 21.35 11.73 67.89 9.?? 53.50 12.61
v 46.47 8.89 71.52 8.45 46.77 9.98
v 39.45 5.03 45.36 5.94 51.90 6.26
VI '64.37 5.06 58.79 4.20 55.99 5.44
VII 41.62 5.1 33.74 5.62 59.91 4.84
VIII 39.09 4.02 18.82 4.68 55.87 4.04
IX 57.82 2.59 62.11 2.25 38.64 ‘3.29

-A9 -
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Table 4. Values of the dielectric constant and conductivity of
the various nmixtures measured at frequencies 915 and

985 Mlz. .
f = 915 MHz . f = 985 MHz
Mixture
€ c €) = olwao €y o 52.=‘o/meo
jj I 33.88 | 12.78 251.18 44.38 | 13.62 248.66
1T 52.56 12.98 255.11 57.06 12.16 .222.01

IIL 49.52 9.74 191.43 51.57 9.95 181.66

i v 43.12 | 9.22 181.21 47.25 | 9.06 165.41
v 48.36 | 6.01 118.12 48.56 | 6.82 124.52
i VI 51.91 | 5.27 103.58 50.73 | 5.32 97.13 i
i VI 62.4 4.91 96.50 63.53 | 5.13 93.66
vitt | 52.08 | 4.28 84.12 48.44 | 4.13 75.40
X 52.89 | 2.68 52.67 27.05 | 1.49 27.20 f
1
3
~A10-

,
H
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conductivity at different R¥ frequencies are plotted in Fig. 2 for
different salt contents and compared with the dc® and low frequency“
(f = 0.1 MHz) values. The conductivity increases linéarly with the
percentage of salt and is relatively independent of the frequency.
For any required conductivity, therefore, a percenfage of sa}t needed
for the mixture caﬁ therefore be estimated from Fig. 2. To défe we
have not developed any simple relationship for er‘s needed for the
simulating media.

For simulation at lower frequencies (including the important
resonance regions), G/meo is 2 to 4 times €, (see e.g. Table 4) and
therefore dominates the complex permittivity of the medium. Matching
c/meo accurately with the reqﬁired values while allowing a slight mis-
match in €, therefore does not cause great errors in dosimetric measure-
ments for simulated frequencies less than about 200 Qﬂz. 'This poinﬁ
has been confirmed by measuring distribution of absorbed energy using
the liquid crystal fiber optic temperature probe’ for near-resonant
condition (L/A = 0.417) for free-space irradiation. The model was
filled with a biological phantom material* simulant of man at 71.6 MHz.

The distribution pattern scaled to values for the full scale body is

* For L/A = 0.417 or a 5" model at 985 MHz to simulate 1.75 meter man
(at 71.6 MHz), it is necessary that the complex permittivity e, -
joluwe, of the filler medium be 58.4 ~ j130.6, computed on the basis
of 65 percent muscle, skin, and tissues with high water conteat
and 35 percent fat, bone, and tissues with low water content. The
composition used for free-space irradiation experiments (5.75 per-—
cent NaCl, 10.25 percent Superstuff, 9 percent polyethylene powder,
and 75 percent water) has a measured permittivity of 49.5 - j131.7.
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shown in Fig. 3. For free-space irradiation specific absorption rates
(SAR) considerubly higher than the whole-body average are observed for
the neck, the legs, and the elbowé, with the lower torso recelving
SAR's comparable to the average value and the upper torso receiving
SAR's lower than the average value. Noting that the values indicated
in Fig. 3 are relative to whole-body saline—fillea average, it is re—'

3 markable that the weighted average of the numbers obtained with the

biological phantom mixture is not far off from one, or the vazlue ob-

& tained with the saline-filled figurine.
Conclusions
' .
In the foregoing we have given the measured properties of some

biological—-phantom mixtures for experimental frequencies to 985 Miz.

-
" From these results it is possible to obtain the salt content for a

conductivity required of the biological-phantom material. Vork is 3

continuing with mixtures of different water and Superstuff contents to

+ A

develop a ternary diagram that may be of help in obtaining required

[
{

5,

Acknowledgment . 7

This work was supported by U. S. Army Medical Research and

Development Cormand, Washington, D. C., under contract DAMD 17-74-C-~4092.




Distribution of power deposition for a human in free space.
The numbters indicated are xelative to whole body average
SAR of (1.75/1,) + 1.88 W/kgm for 10 mW/cm? incident ficlds.
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APPINDIX B

DISTRIBUTION OF ELECTROMAGNETIC ENERGY DEPOSITION
IN MODELS OF MAN WITH FREQUENCIES NEAR RESONANCE

Om P. Candhi,* Kazem Sedigh, and Cary S. Beck
Departments of Electrical Engineering and Bioengineering
University of Utah
Salt Lake City, Utah 84112

Edward L. Hunt
Department of Microwave Research
Walter Reed Arvmy Institute of Research
Washington, D. C. 20012

ABSTRACT

Experimental results are described for whole-body absorption (for orienta-
tions Eﬂ L, EIIL and H|| L) of a series of saline-filled and bilological~

phanton figurines of major lengths (L) that varied from 0.4 to 1.5 A. Measure-
ments are also reported for several exposure conditions on the density of energy
deposition for different reglons of the body. In the absence of grourd ef-
fects, a whole-body absorption cross_section as high as 4.2 times the shadow
cross section has been measured for EllL at the resonance frequency (in MHz) of
68 x (1.75/height L, of the human in meters). Under these frequency and
polarization conditions, a whole-body-average energy deposition rate of (2.15)

x (1.75/L,) watts/kgm is projected for incident plane waves of 10 mW/cm?. 1ne
highest rate of energy deposition is observed for the neck region of the body
where a value as high as 28.7 times the whole body average has beesn measured
under conditions of }'IL resonance. Maxinum whole-body absorption under
groundac eonditions is observed at a frequency about one half that of the un-
grounded body. For grounded resonance condition an absorption cross section as
high as 14 times the shadow area has been measured. Here, while the neck is
still one of the hot spots, the zone of maximum power deposition is the ankle
region.

1. INTRODUCTICN

We have previously [1, 2] reported on the observation of strong resonance
of whole-body absorption of electromagnetic waves in biological bodies. In
the absence of ground effects, highest rate of energy deposition occurs for
fields polarized along the longest dimeusion of the body for frequencies such
that the major length is on the order of 0.4 times free space wavelength (X) of
radilation. At resonance an effective absorption area of about 3-4 times the
shadow cross section has bzen measured using saline-filled prolate spheroidal
Yequivalents" of man. In these prolate spheroids, a major to minor axes ratio
of 6 was used. On the basis of somz prelimivary experiments, peak absorption,
in the presence of ground effects, has been observed for frequencies one half

*
Also consultant to the Division of Neuropsychilatry, Walter Reed Army
Institute of Research, Washington, D. C. 20012.

From Biological Effects of Electromagnetic Waves--Selected Papers of the
USNC/URSI Annual Meetiqg, Boulder, CO, Vol II, October 20-23, 1975  (HEW
Publication (FDA) 77-8011).
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as nuch as for bodies isolated iIn free space.

In this paper we report further results on this important phenomenon. In
particular, data arec presented on vhole-body absorptioa of salinc-filled
figurines of major lengths L varying from 0.3 to 1.5 A. Measurements are also
reported on the distribution of power deposition in biolegical-phantom figu-
rines exposed to free-space irradiation at both 985 and 2450 MHz and to fields
in the TEM parallel plate [2] chauber. The results obtained under the latter
irradiation conditions are shown to be remarkably similar to tho=e with free-
space radiation. The highest intensity of energy deposition in both chanbers
is observed for the neck region of ithe body. The a paramcter (defined as the
ratio of watts/kga of absorbed energy to mW/cm? of incident ficld intensity)
for the neck region is approximately 30 times that observed four the whole-body
average. Initial results are given on figurines with feet touching the ground
plane of the parallel-plate chamber.

2. MATERIALS AND METHODS

Cavities corresponding to huuan shapes were forued in styrofoam by using
12.1, 18.4, 22.3, and 23.5 en tall dolls 2s unlds. After styrofoam had been
formed, the dolls were cut in half around the sagittel plare for easy removal
of the molds. Three cavities, one resealed for filling with 0.9 percent saline
ard two for stuffing with biological-phantom materials, were formed for each of
the four sizes.

Different compositiovus of the bilological-phantom material were used to
fi11 the figurines for parallel-plate and free-space irradiation experiments.
From ouv previous results [1], the frequency of maximum absorption for a 1.75
meter tall human is on the order of 63-70 Mliz (L/X = 0.37-0.4). In order to
model human for this frequency band, an "average” electrical relative permit-
tivity e, was firs!{ calculated on the basis of 65 percent muscle, skin, and
tissues with high water content and 35 percent fat, bone, and tissues with low
vater content. The value of e, needed for mudeling for the 63-70 MHz band was
calculated [3] to be 60.5 - j143. The use of whole-body "average' e_ is justi-
fied because the dimensions cof individuzl constituents are so much smaller than
the wavelength of radiation for this bausd. For mse at 500 MHz in the parallel
plate chamber, the composition of the biological-phantom naterial was 3.26 per-
cent NaCl, 8.74 percent Superstuff (obtained from Whamo Mapufacturing Company,
San Gabriel, California), and 87.0 percent water. This hus a measured (4]
diclectric constant of 66 and a conductivity o of 4.39 mho/meter. At the
experimental frequency of 500 MHz, the complrx relative p-omittivity of the
vaterial is theref: ep = 66 - j ofwey = 66 -~ §157.9. 1 different composition
of §.03 NaCl, 13.2: rcent Superstuff, and 78.74 percent water was used for
frec-space jrradiaticu experiments at 985 MHz. For use at this frequency g, =
€6 - j164.3, once again close to the nceded value of 60.5 ~ jl43.

The fyradiation facilities used were the parallel plate TEM chamber at
Y7 MYs oand free-spacce enechoic chambers at 985 and 2450 MHz. For the parallel

Pite chauber [2], the vorking erea cousists of a copper plate of width 63.5 cwm
trpesated by a 25.4 ca clearance from the ground plane of 116.8 cm width. The
. rtel)l transmission length of 198.2 em is occupied by two symmetrical tapered
votieng of €61 em axial length, the central working area <f 61 cm length, and

/h cu e d sections cornzcted to UGS8/U input and output coaxial connectors.
v, 7200 to 500 MH: FEpsco signal source was used to ferd povar to this

‘" v. The fields in the centr:l (working) region of the che. >r were wapped
th. General Microwave Corporation Rzham model 1 (300-18,C00 Muz) field

y probe. The variation of the field intensity in the working region 1is

in Figu. 1(a), (b), and (e¢). The 985 and 2450 MHz frec space fields

irovided by Scfentific Atlanta pyr.. idal horns radiating into the
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respective anechoic chanbers at the Department of Microwave Research, Waltcer
Reed Army Institute of Rescarch, Washington, D. C.

The whole body power absorption was obtained from the temperature ris. of
saline-filled figurines. The temperature before and after irradiation was
peasurcd with a digital thermometer after shaking the styrofoam cavity figu-
rines in ordexr to equalize the temperature over the volume of the sauline. To
deternine the distribution of power deposition, biological-phanton figurincs
were exposed to the highest available radiation intensities to speed up the
heating process and thus reduce the heat diffusion to cooler areas of the hody.
Temperature under irradiation was recorded using the liquid crystal temperature
probe [5).

The incident field intensities used in the experiments were considerably
higher for free-space exposures on account of a 2000 W power source svailable
at Walter Reed Laboratories. The field intensities used for free-space and
parallel-plate irradiations were 100 and 26.5 n¥/cm?2, respectively.

From the measured increase in temperature AT, the density of power absorp-
tion in W/kgm is calculated from the expression (4180 AT x specific heat of the
pedium in calories/gm/°C)/irradiation time in seconds. This divided by the
fieid intensity in wW/cw? gives the « parameter either for the whole body (for
saline-filled figurines) or for different parts of the body (for biological-
phantom figurines). The values of the o parameter so calculated are then re-
duced by the model scaling factor (height of the human/length of the figurine)
to obtain the corresponding values for humans.

3. RESULTS
Free-Space Irradiation Experiments

The whole body average value of o defined in W/kgm of absorbed power
density divided by incident field intensity in mW/cm? is calculated (by scaling)
frou the weasured results at 983 and at 2&50 MHz and is plotted in Fig. 2. For
each of the orientations E||£, kllk, and Hlfi, two distinct exposure configura-
tions are possible. (The vectors E, H, and k are along the electric and mag-
netic fields and along the direction of propagation, respectively; L is along
the major length L of the body.) For electric field along the major length,
for example, these are:

1. Power propagating from front to back.
2. Power propapating from arm to arm.

A 5 to 10 perceat larger whole-body at- .rption is found for case 2 for
electric polarization. The results for this most absorbing configuration are
£lso plotted in Fig. 2. T7Table 1 summarizes the projected o for the six distinct
orientations under respective conditions of maximum_ab§orpt10n. The most dif-
ference in absorption is found for k-pnlarization (kIIL) vhere a 50 percent
{ncreese in overall absorption is measured for electric field from arm to arm
&% compared to the case where the electric field is from {front to back of the
hrbg The results observed with saline~filled figuriunes are qualitatively
fitilar to those observed with rectengular parallelopipeds (6] of biologlcal-
P?Enton material. At (63) x (1.75/Lm) MHz which is the frequency of ma§imgm
¥l body power deposition (sec Fip. 2), the a x (1,_/1.75) values for k|| L and
Li L orientations are 0.017 and 0.011}, respuLLivcly,nand both of these values
:r° tore than an order of magunitude sm2ller than the value for electric polar-
*2ation of 0.216 (W/kpm)/(mW/em?). From a parameter the relative absorption
cocfficient § (definnd as the electromagnetic absorption cross section divided

B4
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by the shadow area of the body) is calculated from the expression:

weight of the body
shadow area of the body

S = ax

The value of the S coefficieat thus calculated for El'ﬂ and ﬁlli orientations
is also shuwn in Fig. 2. At resonance an effective absorption area of 4.2
times the shadow cross section is measured. For the post-resonance regioa to
frequencies on the order of 3 to 4 tlmes the resonance frequency f., & whole-
body absorption reducing as (£/f, ) from the resonance value nay be seen from
Fig. 2.

The measured rates of temperature increase are used to calculate a's for
various parts of the body in a human for different exposure parametcrs. The
values of o multiplied by the field intensity in mwlcm2 give the rates of
deposition in W/kgm. Figures 3-5 give the rates of energy deposition for
10 mW/cw® incident fields for prescribed exposure conditions. While Figs. 3-5
give an idea of the rates of energy deposition, the temperaturec rise for the
various parts in an actual human would, of course, depend upon several complex
factors such as blood circulation, convective cooliung, etc.

Experiments in the Parallel-Plate Radiation Chamber

The TEM radiation chamber was used to measure the whole body a paraneter
of the four sizes of the saline-filled figurines at the highest puwer source
frequency of 500 MHz. The o parameters so obtained were scalcd to the ,values
for humans and these are plotted in Fig. 6 as a function of L/A. For Elll
orientation the results are noteworthy in two respects:

1. Maximum power absorption is observed for L{X = 0.37. This is in
agreement with the condition for maximum absorption observed with
free-space experiments (Fig. 2). This result is surprising in that
the parallel plate chamber seeus to simulate the frce-space plane
waves rather than the ground plane effects. As will be pointed out
later, physical contact with the ground plate does indeed allow this
chamber to simulate ground effects.

2. The value of ¢ at resonance observed with the parallel plate chambher
is about 80 percent of the value obtained from free-space irradiation

experiments. In view of the fact that different frequencies, figurine

sizes, and calibrating field probes were used for the two radiation
conditions, the two results should be considered in remarkably good
correlation.

_ While we have always been convinced of the validity of using a parallel
plate transmission line to provide a medium of plane waves, and the above re-
sults are a further confirmation of our feelings, doubts have, however, baen
expressed by some researchers in tlhe field regarding this transmission line.
Also a handicap of the paralle? plate line is the rather limited space avail-
able between the two plates, and this hinders its application to frequencies
where the tarpet size may be comparable to or larger than one half the frce-
space wavelength. On account of these reasons, we have designed [2] and in-
stalled a monopole-above-ground radiation chamber. The ancchoic chamber i:
formed by lining a 10' x 10' x 7.5' Faraday screen vroom with sheets of micro-
wave absorbing material of pyramidal (Eccosorb VHP-18) and planar (Eccosorb
AN-79) varieties. The radiator conslsts of a quarter-wave moropole above

ground mounted in a 45° corner reflector. Due to the high gain ol the antenna,

field intensities on the order of 13 mW/cmz have becn measured ot 2.4 moters
from the radiator for 100 watts fnput to the antenna.  An MCL wodel 11145
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FREE-SPACE IRRADIATION

Fig. 3. Power deposition in W/kgm for 1.75 m human under ﬁ![i resonance
condition (L/A = 0.4, 67.9 « (1.75/Ly) MHz). Inc’dent fields: 10 mW/

cme.

For a human of height rneters, the numbers marked alongside the
figure should be multiplied by (1.75/Lg).
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3 Py = 0-67 « (1.75/L;)
' (saline-filled)

FREE-SPACE IRRADIATION

Fig. 4. Pover deposition in W/kgm for 1.75 m human (L/X = 0,985, 169 *» (1.75/
Ly) MHz). Incident fields: 10 mW/cm?.

For a human of height L, meters, the numbers marked alongside the
figure should be multiplied by (1.75/L;).
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Pav =0.71 - (1.75/Lm)
(saline-filled)

4

k
FREE-SPACE IRRADIATION

Fig. 5. Power deposition in W/kgm for 1.75 m man for il]i resonance_condition
(L/x = 1, 169 « (1.75/1y) MHz). Incident fields: 10 mW/cm*.

For a human of height L meters, the numbers marked alongside the
figure should be multiplied by (1.75/Lg).
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1000 W output 40C-800 MHz RF amplifier is prescntl{ on order, and this vould be
used in the continuing desimetry experiments. While detailed data fron this

chauber are not avaoflable at this time, preliminary experiments have given o
values fairly comparable to those of Fig. 6.

Figures 7-11 give the rates of energy deposition in various parts of the
body deterwined from the parallel plate chawber for prescribed exposure condi-
tions. At least three measurements wuore taken to obtain the values indicated
on these diagrams. A standard deviation of less than 5 percent for holter
regions of the body and a value of less than 10 percent for the cooler reglons
wvere calculated from the experimental data. From Figs. 7-11 the important
features to note are:

1. Maxipmum rate of energy deposition once again is observed for the necck
for E||L resonance and near-resonance counditions. For this region an
energy deposition of nearly 10 times the whole body average is ob-
served. This ratio is considerably lower than 28.7 observed with
free-space irradiation (Fig. 3) on account of .-y field intensities
used to date with parallel plate chanber expe#~liients. This would
cause a Jower power deposition rate resulting in heat being carried
away from the "hot" neck region to the cooler torso and head regions
of the body. With the future availability of higher field intensities
(=150 mwlcmz), it is felt that energy deposition rates comparable to
those observed under freec—space irradiation conditions may indeed be
obtained with parallel plate TEM chaumbers.

2. Fox El!i orientation, a more detailed exemination of the heating of
leg shows a higher rate of energy deposition in the kunee and ankle
regions (Figs. 8 and 9). These also are the zones of smaller cross-—
sectional areas than the rest of the leg. The plot of a as a function
of the cross-sectional area over the entire length of the leg is shown
in ¥ig. 12. A rate of energy deposition varying inversely as the
cross-sectional area is observed. If a constant current were flowing
through the entire leg, a (cross-sectional area)—2 type dependence of
o« would be expected. However, even from antenna theory, a <iminishing
value of current is anticipated as one approaches the ankle region.
This may well be the reeson for the experimentally observed (cross-
sectional area)”l dependence of a.

3. A detailed examination of the heating pattern of the arm (Figs. 8 anrft
9) shows the maximuw rate of deposition in the elbow region. It
should be mentioned that the arms zre in the plane of the body in our
figurines. 1In Figs. 3, 4, and 9, the arws are shown protruding only
for clarity of marking the measured values.

4. For ﬁllﬁ orientation (Figs. 4 and 11), maximum rates of energy deposi-
tion are observed for the elbow followed by the neck region.

Power Deposition in the Presence of Ground Effects

Experiments were performed with the 18.4 cm saline-filled figurine ground-
ed to the bottom plate of the parallel plate chamber by means of a thin wire
probe forming the electrical connection through a rubber cork at the base of
the figurine. On account of an increased rate of energy deposition under these
conditions, only two minutes of irradiation time (as against five minutes in
experiments with ungrounded figurines) was found to be adequate for these
exposures. The values of o calculated from the measurements over the frequency
band 220-500 MHz are plotted in Fig. 13. Also shown in the same figure are the
values projected for humans of different heights and the relative absorption
coefficieut S. Peak power abcorption is observed for a frequency slightly

B12




Py = 1-68 + (1.75/1)
(saline-filled)

e . I

PARALLEL-PLATE RADIATION CHAMBER

Fig. 7. Power deposition in W/kgm for 1.75 m human (L/XA = 0.37, 63.5 - (1.75/

Lp) MHz). Incident fields: 10 mW/cm?.

For a human of height L, meters, the numbers marked alongside the
figure should be multiplied by (1.75/Ly).
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PARALLEL-PLATE RADIATION CHAMBER

Fig. 8. Power deposition in W/kgn for 1.75 meter human (L/A = 0.31, 52.6 -
(1.75/Ly) MHz). Incident fields: 10 mW/cm2.

For n human of height L, meters, the numbers marked alongside the
figure should be multiplied by (1.75/Lm).

Bl4




PARALLEL-PLATE RADIATION CHAMBER

Fig. 9. Power deposition in W/kgm for 1.75 m human (L/X = 0.31, 52.6 « (1.75/
Lp) MHz). incident filelas: 10 mw/cmz.

For a human of height L, meters, the numbers marked alongside the
figure should be multipiied by (1.75/1y).
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Py, = 0.38 « (1.75/Ly)
(saline-filled)

0.66

0.79—F

0.45

2.03

PARALLEL-PLATE RADIATION CHAMBER

Fig. 10. Power deposition in W/kgn for 1.75 m human (L/X = 0.2, 34.6 - (1.75/
Ly) MHz). Incident fields: 10 mw/cmz.

For a human of height L, meters, the numbers marked alongside the
figure should be multiplied by (1L.75/Ly).
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Fig. 11.

0.13 ———mme

1.39

0.33

2.09 — )

0.36

0.74

PARALLEL-PLATE RADIATION CHAMBER

Power deposition in W/kgm for 1.75 m man (L/X = 0.39, 67.1 - (1.75/
L,) MHz). Incident fields: 10 W/ cm?.

For a human of height L; meters, the numbers marked alongside the
figure should be multiplied by (1.75/Lp).
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.

a in (ka)/(m‘d/cmz)

* Value for varicus

20 1
AN regions of the leg
AN * s Value for various
regions of the arm
AN
\ o
AN .
10 .
EN
AN
a
*

. AN

6
AN
AN
4 N *
N
N
2 -2 L 3 e —— : - s 4
0.3 0.6 0.9 1.5

Cross-sectional area A of the figurine in cm

Fig. 12. Plot of o as a function of the cross-sectional area for arms and legs

(18.4 cm figurine; 500 Miz, L/A = 0.31).
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lower than one half the value for ungrounded conditions. At resonance an ef-
fective abtorption area of nearly 14 times the shadow cross section 1s measured
vhich is about 4 times the value measured at resonance under ungrounded condi-
tions in the parallel plate chamber. Both these results are predicted approxi-
mately by antenna theory. The derivations giving an 8 of 4.2 for {ree-~space
irradiation and a four-times enhancement in the absorption cross section of an
isolated versus a grounded body are illustrated in Figs. 14 and 15.

Judging from the success of the antenna theory in explaining most of the
vhole body absorption observations under grounded and ungrounded cenditiouns,
highly enhanced valves of S may result for bodies in the presence of 180°, 90°,
and other corner reflectors. Preliminary experiments in the monopole-above-
ground chamber have shown this to be true indeed. § parameters on the order of
1 20 &nd higher have been observed to date. Further experiments are in progress
F to completely understand these effects.

The distribution of power deposition under grounded resonance conditions
1 has been determined using the biological-phantom figurine with feet touching
& the ground plate of the parallel plate chamber. The rates of energy deposition
projected for a human exposed to 10 mW/cm? fields are shown in Fig. 16. The
points to note are:

oy

1. The whole body average value is fairly close to that obtained with
saline-filled figurine grounded by means of a wire probe, lending
some credence to this method of grounding for saline-filled figurines.

2. While the neck is still one of the hot spots, the region of maximum
power deposition shifts to the lower half of the leg under grounded
conditions.

3. Consistent with the previocus observations (Figs. 8 and 9) on the
detailed distribution in the leg region, the zones of maximum power
deposition are the ankle and the knee, which also correspond to the
areas of minimunm cross section in the leg.

- ﬁw&.zwtm it

4. CONCLUSIONS

In the absence of ground effects, a whole body absorption cross section as
high as 4.2 times the shadow c¢ross section has been measured for electric
polarization at the resonance frequency (in MHz) of (68) x (1.75/height L, of
the human in meters). Under these frequency and polarization conditions, a
vhole-body-average energy deposition rate of (2.15) x (1.75/1;) watts/kgm is
projected for incident plane wave fields of 10 mw/cm . At hliher frequencies
(to £ = 3-4 £.), the whole body absorption reduces as (£/£:) from the
resonance value. The distribution of power deposition is given for the various
regions of the body for several exposure conditions. For ” i, resonance condi-
tions, the highest rate of energy deposition is obscrved for the neck region of
the body, and a value as high as 28.7 times the whole body average is measured.

Maximum whole body absorption under grounded conditions is observed at a
frequency about one half that of the ungrounded body. For grounded resonance
conditfion an absorption cross section as high as 14 times the shadow area has
been measured. Autenna theory has been used to explain this highly enhanced
absorption cross section. The distribution of power deposition is determined
for grounded resonance condition. While the neck is still one of the hot spots,
the zone of waximum power deposition 1s the -ankle region. Judging from the
success of antenna theory in explaining most of the whole body absorption ob-
scrvations under grounded and ungrounded condition, highly enhanced deposition
Tates arc anticipated for bodies in the presence of 180°, 90° , and other
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Body of shadow area A in One half body placed above ground.

free space.
Resonance condition L = 0.5 A

Resonance condition L = 0.5 A
EM absorption cross section = 8.4 A

EM absorption cross section

= 4.2 A (From antenna theory, the gain of a
monopole above ground is twice as
much as that of a twice-length dipole.)

III v

!
)

f— e

————
S

Two bodies, each of shadow A body of shadow area A above ground.

area A, placed end to end.
Resonance condition L = 0.25 X

Resonance condition L = 0.25 A
EM absorption cross section =

EM absorption cross section 8.4 x 2A
= 4.2 x 2A

A four-times enhancement at resonance for conditions I and IV may
be seen while the resonance frequency is reduced to one half the value.

Fig. 15. Comparison of the S paraweter for a body in free space with the valu
for the same body in the presence of a ground plane.
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Py = 0.7 (1.75/Ly)
(saline-filled)

otk
e

Fig. 16. Energy deposition in mW/gm for 1.75 m tall human under resonance ’
condition (L/X = 0.15, 25.2 MHz) for feet touching ground; incident
power: 10 W/ cn.

dimabiaaiionch e

For a human of height L, meters, the mumbers marked alongside the |
figure should be multiplied by (1.75/Lg).
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APPENDIX C

Depasition of electromagnetic energy in animals and in models of man with and without grounding and
reflector effects

Om P. Gandhi

Departments of Electrical Engineering and Bioengineering, University of Utah, Salt Lake City, Utah 84112

Edward L. Hunt

Department of Microwave Research, Walter Reed Army Institute of Research, Washington, D. C, 20012

John A. D’Andrea

Departments of Electrical Engineering and Bioengineering, University of Utah, Salt Lake City, Utah 84112

Generalized curves are given for rates ol whole-body absorption of electromagnetic energy by
models of human beings as a function of frequency. Exposures were made in free space, or when the
model made electrical contact with the ground. The effects of the presence of reflecting surfaces also
we ¢ analyzed. Peaks of absorption with and without a ground, arc projected, respectively, to be
(31 to 34 MHz) and (62 1o 68 MHz) X (1.75/height of model in meters). Rates of energy deposition
are given for models ot man and for animals subjected to radiation at a power density of 10 mW/cm*
for the various conditions of e¢xposure. At resonance. values of whole-body absorption as high us
4,077 to 8,154 watts for the adult humap being are predicted. The times-to-convulsion of ~ 100-g

rats at power densities of 3 to 20 mW/em?

tion in the presence of reflecting surfaces.

1. INTRODUCTION

We have previously reported on the observation of a
strong resonance in the whole-body absorption of clec-
tromagnetic waves by biological bodies [Gandhi, 1974,
1975]. For plane-wave irradiation in free space. the
highest rate of encrgy deposition occurs in fields that are
polarized along the longest dimension of the body
(EIIL) and for frequencies such that the major length
(L) is approximately 0.36 to 0.40 times the free-space
wavelength (A) of radiation. Peaks of whole-body ab-
sorption for two other configurations (major length
oriented along the direction of wave propagation or
along the vector of the magnetic ficld) were also re-
ported [Gandhi, 1974, 1975] for L/X on the order of
L/4nbh where 2nb is the weighted averaged circumference
of the animals.

A handicap of past measurements has been that com-
mercially available dolls that have been used as molds
for models are not properly proportioned. Using care-
fully sculptured, accurately scaled figurines [Drevyuss,
1967] . measurements have now been extended to cover
the regen 0.2 < LA < 3.3, Specific absorption rates
(SARs) are given an this paper under thiee contigura-
tions in free space for the frequency range 0.5 to 8.7
times the EIIE resonance frequency f,. which, for
man. is 65 X (1.75/length in meters) MHz. From these
restlts. antenna theory s used to devglop an empirical
cquation for the SAR. for the Ellt orientation of
maodels. at resonant and suprarcsonant frequencies. A
comparison  with the lethality data of Schrot and

C1

confirmed predictions of extremely high rates of absorp-

Hawkins [1975] confirms the validity of the equation
for rats and mice of differing sizes.

Results are also presented for a simulated human being
with its feet in electrical contact with the ground. In
such an exposure, a resonant frequency one-half as high
with a peak absorption twice that of free-space irradia-
tion is observed.

Energy deposition rates are given for models of man
and for animals that were exposed to radiation at power
deusities of 10 mW/cm? under various conditions of
exposure.

2. ELECTROMAGNETIC ENERGY ABSORPTION IN
MAN IN FREE SPACE

The procedure for obtaining the mass-normalized rate
of electromagnetic energy deposition (SAR) through the
usc ol reduced-scale models has been detailed in earlier
publications [Gandhi, 1975, Gandhi ct al., 1975]. The
SAR in W/kg is calculated from the temperature rtise,
/T, of 76,102, 127,152, 20.3, 254, 33.0, and 40.6
cm high, saline-filled (0.9% NaCl) figurines from the
expression (4,180 =T X specific heat of the medium
in calories/g/"C)/irradiation time in seconds. The SARs
so calculated are divided by the model’s scaling factor
(height of the human/length of the figurine) to obtain
the value for a human being. At least three measure-
ments were taken to calculate the averaged SARs that
are given in this paper. Unless otherwise stated, the
standard deviation of the measurements is less than

Radio Seience, Vol, 12, No. 6 (S), !
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+ 3%. The values obtained with saline-filled figurines
were found to agree with the average of the values for
individual parts of the body for tissue-simulating
figurines, whch lends some credence to this method of
arriving at the whole-body absorption curves for man.
A more accurate procedure that is yet to be carried out
is calorimetric measurement of whole-body energy depo-
sition in figures that are filled with materials that dupli-
cate the differing conductive and dielectric properties of
various tissues.

Curves for whole-body absorption by models of man
exposed to radiation in free space are given in Figures
1 and 2. For each of the indicated polarizations, the
orientation resulting in a maximum rate of energy
deposition was used [Gandhi et al, 1975]. These
orientations correspond to propagation normal to the
sagittal plane -- from arm to arm (rather than from front
to back) -- for E| | L orientation: E normal to the sagittal
plane (rather than from front to back) for k|| L orienta-
tion; and E normal to the sagittal plane for H|| L orien-
tation.

To date, the experimental data have been obtained to
8.7 times the E|| L resonant frequency which lies
between 62 to 68 MHz. The quantities plotted in
Figures 1 and 2 are:

1. The relative absorption coefficient S, which is a
measure of the efficiency of energy absorption:

Microwave absorption
cross section

S =
Physical cross
section of the body

(Field intensity

(Whole-body rate of energy
in watts/fcm?)

absorption in watts)

Physical cross section of the body in cm?

2. The specific absorption rate (SAR) in W/kg.

3. The SAR as compared to basal metabolic rate
BMR).

In calculating the SAR-to-BMR ratios for Figures |
and 2, a basal metabolic rate [Guyton, 1968] of 100
kilocalories/hr is assumed which corresponds to 1.66
W/kg for a 70-kg man. A higher metabolic rate (MR) of
1.66 to 1.96 W/kg is assumed to occur during normal
activity such as standing while relaxed, dressing and
undressing, etc.; use of any number in this range would
not appreciably alter the SAR/MR ratios shown in
Figures 1 and 2.

For the most highly absorbing E{iC orientation, the
whole body absorption curve may be discussed in terms
of five regions of frequency:

Region 1 -- Frequencies well below resonance (L/A <
0.1.0.2). An f?.type dependence derived theoretically
and checked experimentally by Durney and coworkers
{Massoudi et al., 1975] .

Region 2 -- Subresonant regiot (0.2 < L/A < 0.36).
An f275 to f3 dependence of rate of encrgy deposition
has been experimentally observed for this region.

Region 3 - Resonant region (L/A = 0.36-04). A

relative absorption cross section S,

0.665 L/2b (derivable also from antenna theory [Gandhi
et al., 1975]) has been measured for this region, where
L is the major length of the body and 27b is its weighted
averaged circumference. For an adult human being,
L/2b = 6.34, S;¢s = 4.21. This corresponds to SAR-
(L,;/1.75) = 2.15 for an incident power density of 10
mW/cm?. For a man of height 1.75 meters, the resonant
frequency is on the order of 62 to 68 MHz and at
resonance, the SAR is 1.3 times the BMR.

Region 4 -- Supraresonant region. i.e., to frequencies
on the order of 1.8 § times the resonant frequency f,
(for human beings this covers the region f, < f< 8 f)).
A whole-body absorption rate reducing as (f/f,)™" from
the resonant value has been observed.

Region 5 - f >> f, region. The S parameter should
asymptotically approach the *“optical” value, which
is (1 - power reflection coefficient) or about 0.5.

In comparing the graph of Figure 1 with those of
Figure 2 (drawn to the same scale), the following points
are noteworthy:

1. For frequencies (4-5) f, < f < (8-9) f,, there is
little distinction between averaged rates of energy
absorption for the various polarizations. For humans,
this corresponds to {Trequency in MHz) X (height in
meters/1.75), to a range of frequencies between 250
and 550 MHz.

2. The resonances for k||{L and H||L orienta-
tions are not very sharp. Indeed, for the H||L orienta-
tion, the SAR gradually reaches a peak value and stays at
that value at higher frequencics.

3. ENERGY DEPOSITION IN RATS AND MICE FOR
FREE-SPACE IRRADIATION

Anienna theory and the observed frequency depend-
ence that is shown in Figure 1 have been used to develop
the following empirical equations for rats and mice and
for other animals that may be represented by an equiva-
lent prolate spheroid of dimensions L and 2b along the
major and minor axes, respectively.

Resonant frequency f,=1 .4/L‘:m n
S,es = 0.665L[2b @)
where
) 12
1 L 2 ‘
L{2b=0.724" m 3)
L

~ mass of the animaling

For the supraresonant frequency region f, < f <
(1.8 S;..)/f;, and at an incident power density of 10
mW/cm?

5954 L
; = _lem
SAR in W/kg r‘-GHz Mass in g 4)

The equations have been used to generate the general-
ized curves for rats and mice (Figure 3),under free-space

on the order of irradiation for the polarization (E|{L ) that produces

c2
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the highest SAR. A cross-sectional enhancement factor
S.o Of 2.16 (given from equation (2) [also. Gandhi et
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al,, 1975] for an aspect ratio L/2b = 3.25 equivalent
prolate spheroid) is assumed in the graphics of Figure 3.
Also shown in the figure are the values calculated from
the lethality data of Schrot and Hawkins [1975]. In
calculating the SAR from their data, it is assumed that:
(a) an elevation of temperature of 7.4 °C results in a
convulsion, and (b) The AT occurs in an adiabatic man-
ner; i.e., the rate of energy deposition is high enough so
that there is no other mecchanism for gain or loss of
heat from the animal’s body.

Because of the high power density (150 mW/cm?) used
in the experiments by Schrot and Hawkins, the second
assumption may be quite justified. From inspection of
Figure 3, it can be seen that there is a good correlation
between empirical and experimental values.

4. WHOLE-BODY ABSORPTION BY MAN IN
ELECTRICAL CONTACT WITH THE GROUND

Whole-body absorption by a model of & human being
with feet in electrical contact with the ground is shown
in Figure 4. The results are projected from measurements
with 10.2,12.7, 15.2. and 20.3 cm,(height) saline-filled
figurines tha' were exposed to E||L radiation at differ-
ent frequencies in the monopole-above-ground radiation
chamber [Gandhi, 1975]. This chamber. which uses a
radiator that is a quarter-wave ahove ground. provides in
comjunction with figurines a proper simulation of
grounding cffects on energy absorption. Comparing the
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Fig. 3. Theoretical projections (continuous lines) of whole-body

SARs of mice and rats of varying mass and axial length tor

microwave irradiation in the free field. Data points ire based on

experiments in the free field. or on irradiation in the monopole-
above-ground chamber.

results to those of free-space radiation, peak absorption
occurs at a frequency about one-half the value for the
ungrounded condition. The new resonant frequency is
projected to be (31-34) X 1.75/L;, MHz. At resonance,
the SAR is about twice that of irradiation in free space.

5. ENERGY DEPOSITION IN THE PRESENCE OF
FLAT REFLECTORS

Judging from the success of antenna theory in predicting
resonant frequencies and absorption cross sections
of different bodies under grounded and ungrounded
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Fig. 4. Projected SARs for a human being of height L (in

meters) as a function of L/A. Feet are in conductive contact

with ground. Sample size (V) is shown in parentheses in body
of figure.

conditions, highly enhanced SARs are expecied fo,
resonant bodies near flat (180°) reflectors and near 90°

and other corner reflectors [Jasik, 1961} . Gains or en-
hancements of absorption that are associated with half-
wavelength dipoles in the presence of a typically en-
countered corner reflector are given in Figure 5. To
test the validity of antenna theory in predicting enhance-
ments of rates of encrgy absorption. experiments were
performed with a near-resonant (L/X = 0.417) figurine
placed at different distances in front of a flat reflector
of dimensions 2.5 A X 2.5 A. The enhancement factors
relative to the free-space value and wrrcsponding
SARs are plotted in Flt,urc 6. Also plotted in the figure
are the values of E? that would be expected for a
standing wave if the target were absent. By comparing
Figures S and 6. one may note that the degree of en-
hancement of the SAR is given more accurately by
antenna theory than by standing-wave theory. As pre-
dicted by antenna theory (Figure S). a higher SAR is
observed for & = 0.125 X than for 0.25 X because of
coupling of the target to its image. Also, a maximum
gain of 4.7 was observed experimentally. This value is in
excellent agreement with antenna theory and is 17%
higher than the value of 4.0 predicted on the basis of
standing-wave theory.

Additional points to note in Figure 6 are: (a) Non-zero
energy deposition at d = 0.5 A, which may be ascribed
to absorption due to magnetic fields at this setting,
and (b} An enhancement factor of less than 4 at d =
0.75 X, which may be due to insufficiency of the reflec-
tor’s dimensions. From antenna theory, a retlector with
a width larger than 4 d (in the H plane) is recommended
to simulate an infinite plane.

The important features of the above results have been
confirmed by experiments that were performed with
100-g Wistar rats; the rats were placed at different loca-
tions in front of the flat reflector and were subjected to
incident fields at their resonance frequency of 987
MHz. The details and the results of these experiments
will be given clsewhere [Gandhi and Hunt, 1977].

The enhancement factor as a function of L/A was
measured (Figure 7) with different sizes of figurines at
987 and 2450 MHz. Because of the fairly broad lateral
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flat rctlectors.
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dimensions of the larger targets, a complete set of data
was possible only for d = 3 A/4. The points to note in
Figure 7 are: (a) The enhancement in SAR at frequen-
cies above resonance diminishes and asymptotically
approaches a value of about 2, (b) At frequencies below
resonance, a higher gain in SARs from the corresponding
free space values (Figure 1) is observed, and (¢) For
d = 0.125 A, a reduced enhancement factor is observed
for smaller targets, which is reminiscent of the standing-
wave point of view.

6. ENHANCED ABSORPTION CAUSED BY 90°
CORNERS OF REFLECTING SURFACES

Using the near-resonant (L/A = 0.417) saline-filled
figurine, energy deposition rates were measured at
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tion of the body's length in relation to wavelength of incident
radiation.
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different locations along the diagonal of the 90° corner
of severa) reflectors, each of dimensions 3.5 A X 2 A (in
the E direction). The measured enhancement factors
relative to the free-space value and the corresponding
SARs for man are plotted in Figure 8. Also shown for
compatrison in the same figure are the values of £2 as
calculated from standing-wave theory (the kind of
values that will be registered by a so-<called power-
density meter that is calibrated for free-space measure-
ments). As with the flat reflector, the results here also
conform to predictions based on antenna theory (Figure
5). Enhancement factors as large as 27 are observed for
d/x = 1.5. Another point of agreement with antenna
theory is a plateau in the enhancement factor at a value
of approximately 10.5 for d/A < 0.45. Reduced gains of
hot spots that are closer to the comer compared to
d = 1.5 X are predicted from antenna theory [Jasik,
1961] because of mutual-impedance effects.

A measured enhancement factor of 27 (Figure 8) in
the SAR is considerably larger than the value of 16 that
is predicted by standing-wave theory and is even higher
than lhc value of 20 that is given by antenna theory for
a 90° corner of a semi-infinite reflector. Gains higher
than those for semi-infinite reflectors have previously
been observed [Cotrony and Wilson, 1958) for corner-
reflector antennas of appropriate combinations of
width and length. It turns out that our reflector’s dimen-
sions of 3.5 A X 2 X are, fortuitously, the result of one
of the super-gain combinations. There are many other
combinations of width and length [Cottony and Wilson,
1958] that may also result in high SARs.

To confirm predictions of highly enhanced SARs,
experiments were performed with male Wistar rats
(104 + 8.3 g) that were placed 0.44 A and 1.5 X from
the corner of the reflectors. The d = 0.44 X location was
the minimum distance to the corner possible with the
relatively microwave-transparent rat holder (Figure 9)
that we used in our experiments. Also for the d = 0.44 A
experiments, 90° corner reflectors, each of dimensions
2 A X 2 X (rather than 3.5 A X 2 A), were used. From
antenna theory, reflectors of dimensions 2 d (= 0.88 A)
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Fig. 9. Semischematic drawing ol polycarbonate chamber that
was used in irradiation of young rats.

X 0.6 X would be quite adequate to simulate the semi-
infinite sheets that would ideally be needed for 90°
corners.

The mean times-to-convulsion together with the
standard deviations for four animals for power densities
of 3 to 20 mW/cm?® are shown in Figure 10. For
d = 0.44 A, the mean time-to-convulsion of 225 seconds
(for ~ 100-g animals) during irradiation at 15 mW/cm?
corresponds to the average of 260 seconds that was
observed by Schrot and Hawkins [1975] for free-space
irradiation at 150 mW/cm?. It is apparent, therefore,
that the presence of a 90 corner reflector causes an
enhancement in the SAR by a factor of almost 11 as
predicted from antenna theory [Jasik, 1961]. The rela-

ANIMAL PLACEMENT IN & 90°
CORNER OF REFLECTING SURFACES

1500-‘

-2ho

1000

500

TiME TO CONVULSION IN SECONDS

Fig. 10. Convulsive latencies (¥ SD) of rats (averaged mass near
100 g) as a function of measured power density of incident 987-
MHz radiation for two distances of the animal from the corner
of the reflector. (The dashed line and the data for d = 3 N2
were obtained with a comerzrcﬂcctor of dimensions: 3.5 A X

cé

tive enhancements at the two locations may be com-
pared b;' noting that, at power densities of 4.5 and 6
mW/cm? for d = 1.5 A, times-to-convulsion correspond,
respectively, to 9.85 and 13.02 mW/cm?® ford = 0.44 A,
For a target-to-corner separation distance, d, of 1.5 A,
a deposition rate larger by a factor of 2.18 as compared
with d = 0.44 X is consequently obtained from lethality
experiments. This result is amazingly close to the rela-
tive enhancement of 2.15 observed between the two
locations with man-shaped dolls (Figure 8).

The enhancement factors measured for different
values of L/ for a 90° corner reflector are shown for
d/\ = 044, 15, and 2.5 in Figure 11. As with a flat
reflector, the enhancement in SAR at supraresonant
frequencies diminishes and asymptotically approaches a
value, in this case, of about 8. Also, for closer spacing
to the corner, a reduction in the enhancement factor
occurs for smaller values of L/\. An asymptotic value of
9 would be projected from the simple-minded argument
that for targets large compared to a wavelength, a three-
sided rather than the four-sided exposure is more
realistic. The wave that, for smaller targets. would
bounce off the corner is largely masked for large values
of L/\.

From the point of view of standing-wave theory, the
fields at different locations in the vicinity of a 90°-
corner reflector can be written (sec Figure 12) as:

~
E=E|+EZ+E3+E4=E E

me

. . )

{1+ ek _ g oikd (s ky )
where k = 2m/\. Peaks of the E field are consequently
anticipated not only for axial locations but also for
several spots elsewhere (some of which are shown in
Figure 12) in the region in front of the reflecting corner.
In order to verify the existence of hot spots elsewhere
in the region of a 90°-comer reflector, whole-body
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lig. 12, F-field maxima ncar a 90 -corner reflector. Filled
circles denote arcas where a biological body will absorb maximal
quantities of energy.

SARs were measured (sce Figure 13) at d/A = 1.0 with
tift of the reflectors around the
E axis. The “cold™ region without the tilt becomes a
fairly “hot™ region upon tilting. Another implication of
this result is that regions associated with high rates of
encrgy deposition are also strongly dependent on direc-
tionality of the incident field.

In view of these observations and also since the hot
spots may shift rather readily upon placement of other
targets in close proximity. the entire region may be con-
sidered as one that is potentially capable of creating
large field enhancements.

gnd without the 26.57
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Vig. 13._Whole-body averaged SARs of models of human beings
for an EJIL orientation in a 90°%-corner reflector. Numerical
vatues in parentheses are enhancement factors relative to the
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Both for flag and for 90°;corner reflectors, targets
placed in k|{L and in H[|L orientations gave SARs
that were considerably enhanced as compared with their
respective free-space values. In general, SAR enhance-
ments commensurate with target-averaged E values
were measured for L/A on the order of 0.5 or less.
For larger L/X, enhancements lower than those predicted
from a simple-minded K£-averaged basis were measured
and these are ascribed to significant perturbation of the
tields by the targets.

7. CONDITIONS OF HIGHEST RATES OF ENERGY
DEPOSITION IN MAN AND ANIMALS

As discussed above, some of the highest SARs in
models of man and animals are observed for frequencies
close to the region of resonance. Fairly strong enhance-
ments are possible at higher frequencies in the presence
of reflecting surfaces, but the enhancement of SARs
here is considerably less than that which occurs at
resonant frequencies. Enhancement factors just as large
or somewhat larger are observed for frequencies below
resonance, but the net SARs here, too, are not as large
because of the rapid drop-off (see Figure 1) in the SAR
on the low frequency side of the resonant curve.

In order to appreciate fully the reflector-caused en-
hancements of SARs, it should be mentioned that
reflectors with dimensions 2 d X 1.2 L (in the E direc-
tion) are considered adequate to simulate infinite planes.
Furthermore. the reflecting surfaces need neither be
good conductors nor solid in construction to cause
enhancements. Indeed. surfaces of insulating material
with conducting rods (oriented along I fields) that are
spaced < 0.1 X act quite effectively as solid conducting
surfaces [Jasik, 1961}.

Whole-body rates of energy absorption for models of
man and for animals subjected to 10 mW/cm? incident
ficlds have been calculated for various exposure condi-
tions and are tabulated in Table 1. The rates of energy
deposition at resonant frequencies in the presence of
a ground plane or a reflector markedly increase and,
with grounding and reflection in combination they
are truly staggering.

8. CONCLUSIONS

Generalized curves have been given for whole-body
absorption of clectromagnetic energy by models of
human beings as a function of frequency for free space,
for electrical contact with ground, and for the pre-
sence of reflecting surfaces. Based on these curves,
generalized graphs for specific absorption rates for
rats and mice are drawn and the results are shown to
be in good agreement with experimental data. Tremen-
dous enhancements in rates of energy deposition result
for targets that are placed in proximity to reflecting
surfaces. Energy Jeposition rates are given for models of
man and for animals subjected to fields at a power
density of 10 mW/cm? under various conditions of
exposure; SAR values as high as 35 to 70 times the BMR
arc predicted for adult human beings at resonant fre-
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TABLL 1. Rate of whole-body encrgy absorption in watts by man and animats at 10 mW/jom® .

70 kg Man 100 g Rat 400 g Rat 70 kg Man 100 g Rat 400 g Rat
(1.75 m Height) (11.5cm Length) (18.9 cm Length) (1.75 m Height) (11 5c¢mLength) (18.9cm Length)
38 Watts IV. At resonance for placement in a 90°
(no reflectance) corner reflector.

0.54 W/kg

19 Watts

(50% reflectance)

0.27 W/kg

|. At resonance for free space.

27 x 151 = 4077 Watts 21.6 Watts 54 Watts
58.24 W/kg 216 W/kg 135 W/kg

151 Watts 0.8 Watts 2 Watts t= 62-68 MHz f =987 MHz t =600 MHz

2.16 W/kg 8 W/kg 5 W/kg . . .

f * 62-68 MHz f ~ 987 MHz f = 600 MHz V. At resonance in electrical contact with ground

1. At resonance for conditions of electrical
contact with the ground plane.

2 x 151 = 302 Watts
4.31 Wrkg
f = 31-34 MHz

1. At resonance for placement in front
of a flat reflector.

0

—| |«

d~0.1252
4.7 x 151 =710 Watts 3.8 Watts 9.4 Watts
10.14 W/kg 38 W/kg 23.5 Wrkg
t ¥ 62-68 MHz f = 987 MHz f =600 MHz

quencies. The times-to-convulsion of ~ 100-g rats for
incident waves of power densities of 3 to 20 mW/cm?
confirm some of the predictions of enhanced absorption
in the presence of reflecting surfaces.

piane, in front of a flat reflector.

ale—

d=01251

2 x 710 = 1420 Watts .
20.28 W/kg
f ~31-34 MHz - -

VI. At resonance in electrical contact with ground
plane, in a 90° corner reflector.

d=152
2 x 4077 = 8154 Watts - ——
116.48 W/kg
f ~ 31-34 MHz ; _
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APPENDIX D

Radiators for microwave biological effects research — waveguide slot array with constant
radiation intensity

Mark J. Hagmann and Om P. Gandhi

Departments of Electrical Engineering and Bioengineering, University of Utah, Salt Lake City, Utah 84112

A longitudinal-shunt slot array with reflectors has been desigaed, built, and tested. The antenna
is casily matched ncar the design frequency. The radiation pattern has an intensity within £ 0.5 dB
over a total angle of 15.6° in the // plane and 15.5° in the £ plane. Gain is 19.7 dB which is
3.9 dB above that of a horn with a similar work arca. By wsing enerpy-ubsorbing material, it is possible
to producce a patiera in which the fields drop suddenly from the neatly constant values to nearly

2ei0.

1. INTRODUCTION

Microwave biological studies with large targets or
multiple targets require a large working area that pro-
vides near-uniform exposures to energy. At high micro-
wave frequencies where high-power sources are not read-
ily available, it is desirable to use a radiator that provides
a constapt intensity beam so the working area may
receive almost all of the radiated energy.

A longitudinal-shunt slot array with reflectors has been
designed, built, and tested, and has been found io have
characteristics that are suitable for use in microwave
biological studies. Design theory and characteristics are
described in the following sections.

2. DESIGN THEORY

If finite width, thickness. and conductivity of the wall
are neglected, then the radiation of a longitudinal
resonant slot is identical to that of a half-wave dipole
of same orientation if E and H fields arc interchanged
[Compton er al., 1969]. A collinear array of half-wave
dipoles inay therefore be designed to obtain a desired
pattern in the plane of the array, and the design param-
eters may thei: be used for a longitudinal-shunt slot
array with a similar pattern of radiation intensity.

A half-wave dipole antenna that is located at the
origin and oriented on the z axis will produce radiation
with clectric field intensity

E = {jn/,, cos[(n/2)cos0)/(2nrqsing) } )
“[expi(wt — kro)}0

where 7 is the intrinsic impedance of frec space, /,, is
the peak current, w is the angular frequency, & is the
magnitude of the free-space propagation vector, rg
is thc distance from the point of origin to the point
of obscrvation, and @ is the angle from the positive 2
axis to the point of obhsecvation.

I a collinear array is formed with an odd number ¥V
of symmetrically fed half-wave dipoles that have center-
to-center spacing d and peak current in the nth dipole
I,, then superposition using equation (1) gives the
total E field

o 2)cos8
E; =I—-———n;2:£§:é Jcos6] expj(wt — kro)|

¢))

(N—1)/2 N
-f = 1, cos(nkd cos 0)]6
n=0 !

Equation (2) was used to design a collinear array of half-
wave dipoles having a radiation intensity that is nearly
constant within a specified beam width and is nearly
zero clsewhere. Weighted least squares werc used to
reduce the overshoot and ripple found in a Fourier
synthesis of a discontinuous pattern.

Let the desired pattern be given by

A PO St n+i
n [expi(wt —krg)]8 for— <8< —
ro 2 2
f(0)= 3)
0 elsewhere
Define the weighting factor as
- +
1 for To¥cgcntE
2
we) = 4

o elsewhere

For weighted least squares, we wish to minimize the
quantity:
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' (n—§)2
: cos[(m/2)cosf] (¥—1)/2 2
E b} S= / ———————— X I, cos(nkdcos9)}" £do
sin @ n=
] 0
(n+§)/2
t . f ( cos[(nf2)cosd] (N—1)/2 )
A e ————— e
J ind Z, I, cos (nkd cos 0) } df )
(n—¥)2
»1 4
L.'1 . / cos[(m/2)cosB] (V—1)/2 ”
. 1 Tang A 1, cos(nkd cos 0)} 848
(m+§)/2 ,
X
j Set 08/dl,,; = 0 and use symmetry of the integrands in 3
equation (5) about 8 = #/2 to obtain * .
(n—H)/2
cos[(m/2)cosf) V=12 :
f — P cos(mkd cos8) T 1, cos (nkd cos 8)Ad 6
0 sin 8 n=0
| |
.} w2 !
A cos{(n/2)cos8] ]
- ————————— cos (mkd cos 8) db (6)

@pr "0

n/2
y /‘ cos[(w/2)cos] 2 WN—1)/2
+ —————— }*cos(mkd cos@) X I cos(nkdcos@)dd =0
(ﬂ_$)I2 sin 8 n=0 n

Using all possible values of the index m in equation (6),
there are (N + 1)/2 linear equations involving the
(V + 1)/2 unknown currents. The system of equations
may be written using matrix notation

M, I =B, A )

The matrix elements in equation (7) are given by

{ (m—£)/2

2)cosd .
M, = { {fgi[%%?i—] P cos (mkd cos 6) cos (nkd cos 6) 2d8 A

®)

»/2
2)cosd _
+ f {f{%—)ﬁi—] P cos (mkd cos 8) cos (nkd cos 8)do »
—%)2

e s

D2




T

ae )

A e e -

2 s0
/‘ COS[ .1! CcO!

m

cos (mkd cos 8)d6  (9)
(n—¥)/2

A FORTRAN program was written in which quadra-
tures in equations (8) and (9) were performed using
Simpson’s rule with due respect for the indeterminant
form of the integrand in equation (8) at & = 0. The
matrix equation (7) is then solved with L — U decompo-
sition.

The beam width & was chosen as 12.5° to be small
enough for the radiation to approximate a plane wave,
yet give enough divergence for convenient chamber di-
mensions. For a resonant array the center-tocenter
spacing of slots should be an integral multiple of A/2,
so set d = Ag/2, or kd = 4.049 for a design frequency of
10.4 GHz with an RG-52/U waveguide.

The ANPLOT [Gandhi, 1974] program was used to
find the radiation pattern for a series of collinear dipole
arrays with currents satisfying the matrix equation (7)
with £ = 12.5°, kd = 4.049, and various values of
N and 4. A value of 2 = 0.002 was found to provide a
suitable compromise in reducing overshoot and ripple
with fast rolloff outside the chosen beam width. The
value N = 11 was found to be the minimum number
of dipoles required to give a resonable approximation of
the desired pattern. Table 1 gives the normalized cur-
rents found in the solution for 11 dipoles with A =
0.002.

Next, a longitudinal-shunt slot array was designed that
produces a pattern of radiation intensity similar to that
of the optimized dipole array.

The normalized conductance of a longitudinal slot at a
distance X from the axis of the broad face of a wave-
guide is given by [Ehrlich, 1961} :

g= 2.09(7\8/)\)(a/b)<:os2 (1r>\/27\g)sm2 (nXla) (10)

The currents in the fourth pair of dipoles are inconven-
iently small, so slots were not used in those positions.
Currents in the remaining slots have the same ratio as
those in the dipole array if

80°81:82:83:8s = lo”: 1,21 * 157 U §? an
For matching at the design frequency,
8o +28 +28;, + 28, + 285 =1 (12)

The conductances g,, in Table t were found by solving
the simultaneous equations given by equations (11) and
(12). Knowing the g,,, the locations X,, are found from
equation (10) and are given in Table 1. The slots are not
collinecar, but patterns found with ANPLOT suggest that
radiation in the A plane of the slot array is not signifi-
cantly altered from that for a collinear array. The stot
lengths in Table 1 arc for resonant slots with width ol
0.0625 inches with the values of X,, [Elrlich, 1961].

A sketch of the designed longitudinal-shunt slot array
is given in Figure 1. A sliding short is used to allow tun-
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TABLE ). Current, conductance, Jocation, and length of slots.

n lll LS Xn ln
Inchee laches
0 1.000000 0.244581 0.1781 0.5678
1 0.908742 0.201978 0.1598 0.5656
2 0.679020 0.112768 0.1165 0.5576
3 0.366270 0.032811 0.06159 0.5508
4 -0.0163023 - — -
5 -0.351113 0.030152 0.05900 0.5497

ing instead of using a fixed sho.i at the theoretical
location of 3\, /4 from the center of the last slot.

The radiation pattern from the slot array just described
is acceptable in the H plane but the pattern is slowly
varying in the E plane. Reflectors are therefore used to
improve the pattern in the £ plane.

Reflectors may be attached to the sides of the wave-
guide as shown in Figure 2. Let 4’ be the distance be-
tween the reflectors in the plane of the aperture and ¢
be the angle from a normal to the plane of the array to
the observation point in the £ plane. If we consider
only diffraction in the £ plane, then from [Sherman,
1970] we can define

U = (n/d’[N\)sing (13)
and the radiation intensity will follow
P~ (sinufu)? (14)

If we require the radiation intensity at ¢ = * 6° tobe
dpwn only ten percent from the peak value, then
a /A= 1.703. The reflector design is shown in Figure 2.
A photograph of the slot array with reflectors is given
in Figure 3.

3. ANTENNA CHARACTERISTICS

Figure 4 gives the VSWR characteristics of the slot
array without reflectors. The sliding short was adjusted
for minimum reflection at each frequency of measure-
ment. At the design frequency of 10.4 GHz, the mini-
mum VSWR was found to be 1.01 with a short posi-
tion 0.34 cm further from the center of the last slot
than the theoretical value of 3\, /4.

Figure 5 gives the VSWR characteristics of the slot
array with reflectors. The bottom curve gives the VSWR
with the short adjusted for minimum reflection at each
frequency of measurcment. At the design frequency
of 10.4 GHz, the minimum VSWR was 1.16 with a short
position 0.50 cm further from the center of the last
slot than the thoretical value of 3\ /4. Tuning with
the sliding short is relatively sharp so that a VSWR of
2.36 was found using the theoretically shorted position.
Figure 5 also gives the VSWR characteristics with the
short fixed at positions for minimum reflection at 10.0,

© i bneae dmma e e R A e = b s mie e
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Fig. 1. Design of the longitudinal-shunt siot atray.

102, 104, and 10.5 GHz. A sliding short with a set
screw is recommended for use with the antenna. All
of the pattern measurements that are described in the
following were measured with the sliding short adjusted
for minimum reflection.

All pattern measurements were made in a plane at a
distance of 2 meters from the plane of the array in an
anechoic chamber. The reflectors were used for all
patterns.

Figure 6 shows both the theoretical and measured
patterns in the plane of the array or in the H plane. The
radiation intensity varied by less than £ 0.5 dB over an
angle of 15.6°. The theoretical pattern was found by
neglecting the reflectors and approximating the slots
with half-wave dipoles as described in Section 2.

Figure 7 shows both the theoretical and measured
patterns in the E plane. The radiation intensity varied
by less than + 0.5 dB over an angle of 15. 5°. The theor-
etical pattern was found by assuming dlffrax,tlon from an
aperture having uniform irradiation as described in
Section 2.

The gain was determined by a substitution method in
which the same crystal detector was used to measurc
both transmitted and received values of power. An
open-ended RG-52/U waveguide was used as the receiv-
ing antenna at a distance of 2 meters from the plane
of the array. Attenuation was introduced so that the

0.4665" 0.4665"
i it B

| |

i !

l |

i |

] )

| |

' !

t

4.463" ! !
! 1

} |

| I

) |

| |

| |

! )

Fig. 2. Design of reflectors used with the slot array.

two measurements of power were made within 1 dB.
Gain of the array with reflectors was found to be 19.7
dB. The array with reflectors has radiation intensity
down less than 1 dB from peak over a total angle of
15.6° in the # plane and 15.5° in the £ plane. The two
angles define the work area if we will tolerate only + 0.5
dB variation in radiation intensity. An idecal radiator
that produces a -onstant radiation intensity over a rec-
tangle limited by the two angles and zero elsewhere
would have a gain of 22.3 dB so the gain of the array
with reflectors is 2.6 dB below ideal.

An optimal horn is defined as one where the dimensions
of the aperture are adjusted to give maximum gain for
given slant lengths of flare in the / and £ planes {Jakes,
}96l] Using design curves given by Jakes, an optimal
horn will produce a pattern with the same angles for
+ 0.5 dB variation with b/A = 2.08,afA = 2.87,and a
gain of 15.8 dB. Gain of thc array with reflectors is
consequently 3.9 dB above the horn.

4. INCREASING CONTRAST WITH ENERGY -
ABSORBING MATERIAL

There are biological applications in which it is desired
to have a region of constant irradiation and a region of

Fig. 3. Slot array with reflectors.
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Fiz. 4. Reflection characteristics of slot array without
reflectors.

near zero irradiation with a sharp common boundary.
Tests have been made in which a 4-inch thick sheet of
energy-absorbing material is used to interrupt part of the
beam from the slot array.

Figure 8 gives the H-plane pattern with and without
interruption by a sheet of energy-absorbing material.
Figure 9 gives the E- plane pattern found with and with-
out interruption by a sheet of energy-absorbing material.
In both figures diffraction effects broaden the boundary
between the irradiated and nonirradiated regions to an
inch or two. All measurements were made immediately
behind the plane of the dark side of the sheet of energy-
absorbing material.
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Fig. 5. Reflection characteristics of slot array with reflectors.
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5. CONCLUSIONS

A longitudinal-shunt slot array with reflectors has
been designed, built, and tested. The antenna is easily
matched with a sliding short at the design frequency and
does not require an additional tuner. The antenna
produces a pattern with a radiation intensity that is
constant within + 0.5 dB over a total angle of 15 6°
in the A plane and 15.5° in the E plane. Gain is 3.9 dB
above that of a typical horn with a similar work area.

Al design paramecters are given for the 10.4-GHz
antenna but the design theory is readily applicable to
other microwave frequencies.

Observed

Becibeln belov msximm

Fig. 7. E-plane pattern of slot array with reflectors at 10.4
GHz at a distance of 2 meters.
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Upper Bound on Cell Size for Moment-Method
Solutions

MARK J. HAGMANN, STUDENT MEMBER, IEEE, OM P. GANDHI, SENIOR MEMBER, IEEE,
AND CARL H. DURNEY, MEMBER, IEEE

Abstract—When pulse functions are used in moment-method solu-
tions, failure to allow for variation of the field within each cell limits
the maximum usable electrical size of the cells. Appreciable error is
expected for | k|1 > 2inoneor twodimensionsand [k |! > \/6inthe
three-dimensional problem where [ is the side of a cell and & is the
propagation constant in the material

I. INTRODUCTION

N ELECTROMAGNETICS, discretization fot transfor-

mation of an integral equation to a matrix equation is
often accomplished using pulse functions as a basis [1]-[4].
When using pulse functions, the scatterer is partitioned into
a number of cells N, where N is large enough that complex
permittivity and the complex time-independent electric field
may be assumed constant within each subvolume.

In a given problem, it is common to estimate the maxi-
mum usable cell size and try several values of N to test {or
apparent convergence of the resulting solutions [5]. An
approximate upper bound on cell size may be found from
observation of the oscillatory nature of the kernel in the
integral equation, which suggests that the cell size not exceed
4o /5, where Ay is the free space wavelength [6]. Itis the object
of this paper to establish a significantly tighter upper bound
on cell size in moment-method solutions with scatterers
when pulse functions are used as the basis.

II. EVALUATION OF THE BouND oN CELL SIZE

Consider a source-free region of space in which the
dielectric properties are homogeneous, linear, and isotropic.
All fields are assumed to have exp (jwt) time variation. We
may set up a local Cartesian coordinate system at any point
in the region and require that the homogeneous wave
equation be satisfied:

V2E + k*E = 0. ' (1)

Six points are chosen a distance S from the origin on halves
of each of the three local axes. f; will represent the value of
one component of E, say E,, at the ith point. Let

ofi=fi-, )

where f, is the value of E, at the origin.
If S is small enough so that there is little variation in E,,

Manuscript received November 29, 1976; revised April 4, 1977. This
work was supported by the US. Army Medical Research and Develop-
ment Command, Washington, DC, under Contract DAMD 17-74-C-4092.

The authors are with the Department of Electrical Engineering, Univer-
sity of Utah, Salt Lake City, UT 84112

the diflerence equation approximation of {1) may be used
with the result

6
Y ofi + kS, =0. (3)
i=1

The greatest (in absolute value) of the §f; must satisfy

1941 _ [k]*S?
T 2 . 4
=6 “

When (4) predicts large variations, we cannot expect the
prediction to be quantitative, but we may safely infer that
substantial variation of the fields will always occur within
the volume of a cell containing the six pointsif the predicted
fractional variation has a value of, say, one-hall, for which

|kis =./3. (5)
Restricting our attention to cubical cells, we note that the
smallest cube containing the six points has side

1=./28 ()

so large variations in the fields are expected for

|k|l = /6. (7)
The corresponding result for square cells with side I in the

two-dimensional problem or linear cells of length [ in the
one-dimensional problem is

|kjl>2. (8)

In an efficient moment-method solution such asin [1]-[4],
variation of the Green’s function within each cell is closely
approximated so that the primary source of error is imper-
fect representation of the fields by the basis. If pulse func-
tions are used, it is assumed that the fields are constant
within each cell. Then appreciable crror is expected if (8) is
satisfied in a one- or two-dimensional problem or if (7) is
satisfied in a three-dimensional problem. The smoothing
property of the integral operator causes the error in the
solution to be somewhat less than may be anticipated for a
simple basis, but we may still expect that (7) and (8) give a
reasonable upper bound for cell size.

III. EXAMPLES

The bound of (7) is tighter than that found from consider-
ation of the oscillatory naturc of the kernel for scatterers
having a relative permittivity ¢, such that |¢,| > 3.8. In
order to illustrate this, a couple of biological applications
using dielectric properties of muscle [7] will be considered

Copyright © 1977 by The Institute of Electrical and Electronics Engineers, Inc.
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TABLE 1
VALUES OF THE INDUCED ELECTRIC FIELD AT THE
CENTER OF MUsCLE CUBES AT 2450 MHz
As GIVEN IN {4]: ¢, /6o = 47.0, 6 = 2.21 mho/m

ofteits | M| Iele | ang | TElgeer
Cube one 1 1 6.37 0.144 0.0789
a=2 27 1/3 2.12 0.0481 0.0922
Cube two 1 1/4 1.59 0.0361 0.0592
a = 1/4 27 1/12 0.531 0.0120 0.0556
TABLE 11

ERRORS IN THE AVERAGE SPECIFIC ABSORBED POWER
DENSITY FOR AN INFINITE CYLINDER OF MUSCLE
WITH A 20- BY 20-cm CRoss SECTION AT 100 MHz:
€y /€p = 68.0, 0 = 0.890 mho/m

Nurber
of coris | ¥ Jx|2 L Error
4 0.367 2.76 0.0334% ~34.90%
9 0.245 1.84 0.0222 -16.40%
16 0.183 1.38 0.0167 -8.64%
25 0.147 1.11 0.0133 -4.96%

since the complex permittivity has a relatively large
magnitude.

Table I uses the results given in [4] for two muscle cubes
having sides of a = 1, and 4,/4, respectively, at 2450 MHz,
where 2, is the wavelength in the material. No analytical
solution is available for comparison, but variation of the
calculated electric field with cell size suggests that there is
significant error in the single-cell solution for the larger
muscle cube. The small values of [/, suggest that the
oscillatory nature of the kernel should contribute little error
in the four calculations. Values of |k |l and (7) suggest that
significant error should be found using one cell with the
larger cube, as is observed.

For the second example, Richmond’s method [1] was used

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-235, NO. 10, OCTOBER 1977

to calculate the average specific absorbed power density in
an infinite cylinder of muscle with a 20- x 20-cm square
cross section. A plane wave at 100 MHz with a power density
of 1 mW/cm? incident normal to one of the four congruent
flat surfaces was used for TM excitation. The average
specific absorbed power density found using 100 cells is
0.05534 mW/cm?, which was used as a standard, differing by
0.39 percent from the value found using 81 cells. Table II
gives the results found using fewer cells. Note that significant
error is encountered when (8) is satisfied even though l/4,is
so small that the oscillatory nature of the kernel contributes
negligible error.

IV. ConcLusions

When pulse functions are used in moment-method solu-
tions, failure to allow for variation of the field within each
cell limits the maximum usable electrical size of the cells.
Appreciable error is expected for |k|l1>2 in one or two
dimensions, and | k|l > \/‘6inthree-dlmensional problems,
where [is the side of a cell. The new upper bounds for cell size
are significantly tighter than those found from the oscilla-
tory nature of the kernel if the scatterer has a large relative
permittivity. The new upper bounds have been
demonstrated with two- and three-dimensional solutions.
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APPENDIX F
PROCEDURES FOR IMPRCVING CONVERGENCE OF HMOMENT-METHOD
SOLUTIONS IN ELECTI:NAGHET1GS™
M. J. Hagmann, 0. ¥. Gandhi, and C. H. Durney
Depariment of Electrical Engineering

University of Utah
Salt Lake City, Utah 84112

ABSTRACT

Two new methods, termed "Plane Wave Correction" and "Cylindri-
cal-Cell Correction", are presented for impréving convergence of
moment—-method solutions in elactromagaetics. Convergence is improved
because the calculations include approximation for the variation of

the field within each cell.
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I. INTRODUCTTON

In electromagnetics, discretization for transforming an integral
equatic. to a matrix equation is commonly accomplished using pulse

1-%  More elaborate bases such as modal fields

functions as a basis.
may be justified in a particular problem but are avoided in the matrix
formulation for the general scattering body.

Discretization with pulse functious requires that the scatter-
y ing body be partitioned into a2 number N of cells, where N is large
enough that complex permittivity and the complex time-independent

electric field may be assumed constant within each subvolume. In a

numerical solution the required storage is proportional to N2. With

Gaussian elimination, solution ¢f the matrix equation requires a

nunber of operations that are proportivnal to N3. If N is large so

that matrix storage and solution of the matrix equation are the
dominant factors, the cost of computation is proportional to the product

. 5 . . .
of storage and time, or N°. Procedures for improving convergence with

e £ 4

r the general scatteving body are of interest since even a 13 percent
reduction in the required number of cells would result in a cost sav-
ings of 50 percent when large N is required.

This paper describes two new procedures which have been found

-t

to improve convergence in solution of the two-dimensional problem of
TM excitation of an infinite cylinder of arbitrary cross section shape.
Convergence is improved because the calculations include part of the ]

variation of the field within each cell.




II. REVIEW OF EARLIER SOLUTIONS USING PULSE FUNCTIONS

' For TM excitation of an iafinite cylinder, both incident and
D>
scattered fields have E directed parallel to the infinite dimension

(z axis). The electric field is described by a scalar integral equa-

¢ i
tion:
] i s )
| E,(x,y) = E_(x,y) - —~ ” [er_(x',.v') - l]EZ(X',y')HO (kop)dX'dy'
P2 : 1)
where (x,y) and (x',v') are coordinates of the observation point and

source point, respectively; p is the distance betweer: the two points;

i I . . . .
Ez and Ez are incident and total electric field intensity, respectively,
i jat

: with e time dependence; er(x',y') is complex permittivity at the

. e 2),, . i . .
source point; k = m{uoeo, and H_ (&op) is the Hankel function of zaro

order.

The discrete anralog of Eq. 1 consists of the l-by-N system of

linear equations:

= E m=1, 2, ..., N (2)

Richmond performed the discretization using pulse functions.!
Each square cell was approximated by a circle of radius a having an

equal. area to simplify integration of ~  Bessel functions. His expres-

sions for the matrix elements follow:

jrk
AL =1+ (em - 1) [1 + —12—93 Hl(z) (koa)] (3)
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i jﬂkoa (2
Amn ST (arn - 1) J1(};03) Ho (kopmn) m#n (4)
?
In this method, the electric field intensity is considered to
be constant over the areca of a cell, an approximation that results in
! significant error if the cells are not very small. Larger cells can

be used if the variation of the eleciric field is included in the
calculations. A method of approximating the variation of the electric

field called "plane wave correction" is described in the next section.
P

)

- F4 -




1
ITIT. PLANE WAVE CORRECTION
I
Variation of EZ is initislly unknown, but we may make the
approximation of representing the fields within each cell by a super—
' position of plane waves. All member plane waves are required to have .
propagation vectors of magnitude k corresponding to the frequency of g
:: the incident wave and local complex permittivity of the dielectric body. ;
;’ ¢ If o, and Bi represent orientation of propagation and amplitudg of the é
ﬁ ith component, respectively, the superposition of plane waves may be
written as:
E (x',8") = X B, e T ( ) ai) (5) :
i
i | For small cell size we may expand the exponential In Eq. 5 to obtain
the approximation
1 Ez(r',e') = g B, [1 ~ jkr' cos (9’ - ai) - %"kzr'2 c052 (6' - ai)]
' (6)

If complex permittivity is constant within a cell and the approxima-

tion of circular cells is used in Eq. 1, thea the diagonal matrix

T e ke e g bt s e e

elements are:

jk2 (E _ 1) a 2n
_ (o) rm L. v gt (2) ' '
AL =1+ E, 0.07) l r'dr I E (r',0 ) H (kor) de N
0

From Eqs. 6 and 7, after performing the o' integrations;




-

I r Lo SR e —_— it * » -
!
. a .
jk (e - l) :
o \ rm n .2 ,2 (2)
=1+ o .(2 - —k l) . a3 ) 1 ]
! A 7y b, J[gsl ™ok }Ho (k,r') r'dr
i i
(8)
The summation in the integrand in Eq. 8 has a factor that is
}
independent of the summation index and may be removed from the summa-~
4 tion. Consequently, the diagonal matrix cleinents have no dependence
-
;  ) on the unknown coefficients in the expansion, a fortunate occurrence
2 indeed. Using a dummy variable in Eq. 8,
kba kba
: - LS (2) L _ 2),.,.3
‘ _ AL =1+ (*rm 1) JHO (x)xdx - =g (cm 1)em H®T (x)x7dx
9

Performing the integrations over the Hankel functions gives

for the diagonal elements:

ivk a

A =1+ (em - 1) [(em + 1) + 2° ( - f-:—“‘ (koa)2> H§2) (koa)

- AR S Y Yy
LY

. ]
+ JZ"- € (koa)z Héz) (koa) J‘ (10)

In evaluating the off-diagonal matrix elements, suppose that
the source point P' is in the nth cell and the observation point P is
at the center of the mth cell, as shown in Fig. 1. Let s a and r' be
distances from the center of the nth cell to the observation point and

'

source point, respectively. If the angle between Sha and r' is 8",

then the distance between the source point and obsarvation point is

- F6 -
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mth cell nth cell

Fig. 1. Notation used in evaluation of off-diagonal matrix elewents.

p = dr'z + sz - 2r's _ cos 8' (11)
mn mn wn

1f €_ is constant witain the nth cell and the approximation of circular

cells is used in Eq. 1, then the off-diagonal matrix elements ave:

TS SR I
A

2 a 2%
jk g; - 1)
= —9 rn vyt : Vo 2y ,. ,
Amn A EZ(O,O') J r'dr J Ez(r ,0") uo (kopmn) de 12)
0 0

From CGraf's addition theorem,3

e e et R Ay - ¥ P ain e = ot

B () = 1B (h%an) Ty () om0t G

From Eqs. 11, 12, and 13,

2 T OR®
jko(srn 1) gZ_m Ry (kosmn) ¥ 2
= ' [ "’ -
Ann 4 F, (0,9") [ Jg(kor )r dr [ E (r',8") cos 26'do’
.0

(14)




45“!.:1mevmu_ ciniea

LS N rpom - ¢ »’ -
i.
From Eqs. 6 and 14,
.2 N T a@
ik (Ern l) 2,-.}—.:—00 Hy (kosmn a
= 1 :
Amn 4 y B, f ']P (kor ) x'dr
i 0
VA
. o4 . _ 1.2 ,2 2 _ }
J' Z{'Bi {l jkr' cos (6' OLi) 5 k r'" cos (6' ui).) cos 268'de°’
0 : (15)

Performing the 9' integrations in Eq. 15,

.2 (2) a
jk* e -1} R (k s ‘) X
_ 7o \'rn o o mn
Amn = A ; B, J [E B, 21!J Jo (kor') r'dr'
i~ 0" g
. 2 (2) a
k - 1 }1 k b
_ J [o) (ern A ) BO ( osmn) I [2 B _'E LZ ,2 J /k r') r'd-’ I
z i i o ;
i 0
.2 (2) a |
2k e -1} H k
+ -2 (rn A % B% ( o mn) I P Binkr' cos ai] 3 (kor') r'dr’! ;:
N (6) §

The summations in all three integrands of Eq. 16 contain factors
independent of the summaticn index that may be removed from the summa-
tions. Also changing to a dummy variable,

koa

=47 - (2) \
Amn 7 (ern 1 “o (kosmn) Jo(x, xdx
(¢}
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Rz et -
k a
)
. W _ (2) /1 R
ig (Ern 1) €0 1y \kosmn) J Jo(h)h dx
0

z B, cos o, ©
i

+3 -1y o (ks i 7 ] 24 Qa7
2 (Ern ) ¥rn "1 ( o mn) { g B, 3 G dx .
i jo

Define

i i i
Y =2 T E, (18)
{1
Performing the integrations in Eq. 17 and using Fq. 18,
LS - ) (s o
Ara = 2 (Ern 1) i, (ko“mn> ko2 Jl(Lod)
i - (2) R
+ 4 (Ern 1) “rn Ho kbsmn)(kod) JZ (koa)
_Ar _ (2) , A3 \
8 (Ern 1) “rn Ho kkosmn)(koa} Jl (Koa)
x - — (2) RY )
*2 (fen 1) Jern Y H (kosmn’<koa) 3, (Loa) (19)

Since only the last member in Eq. 19 is dependent on the vaknown
coefficients in the plane wave expausion, we wish to delete the term

and use the first threc members for the off-dizgonal matrix elements:
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jrk a

3 o ( ) . (1 Frn,y ) €rn
A = T2 (Frn ) ( o mn) \ - ) (k ) + _§~'koaJ2(koa)

(20)

The use of Eq. 20 is justified only if the last member of Eq. 19 is
small. Fractional error in Amn due to neglecting the last member of

Eq. 19 is:

iy r‘n (2) (kos‘ ) kal, (k a)
W20 | (- (17) 2,05 * 52 0 3409

8
mn

(21)
Since the magnitude of the ratio of the Hankel functions is
greatest for small argument, we set Smn = vr a for adjacent cells.
Expanding the Bessel functions for small arguments gives:
Iqernl koa
< 22
IYm“'"mln 7y (22)
T/ k2,

where I' = ) = 1.78107, with y = Euler's constant.

In the plane wave correction method, Eqs. 10 and 20 are used
for the matrix elements and the solution corresponds to the value of
Ez at each cell center. Numerical considerations suggest that deletion
of the last member in Eq. 19 is the prir ipal source of error, so that
it is possible to use Eq. 22 with the condition number of the matrix
to give an error bound for the solution. Since no error bound is

available in the method using pulse functions that is described in

- F10 -
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Section 1I, the plane wave correction has the advancage of an cxnres—

A

sion for the error bound, in addition to improving convergence.
second method of approximating the variaticn of the electric field

called "cylindrical-cell correction" is described in the next section.
y
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IV. CYLINDRICAL-CELL CORRECTION

In the methods described in Sections II and III, the scattering
body is divided iunto cells that are approximated by circular cylinders
in calculation of the matrix elements. The method of cylindrical-cell
correction, which is presented for the first time in this paper,
enphasizes the properties of such a wodel of the original body.

Let the cross section of the scatterer be divided into square
cells, each having side s. For the model, replace each cell with a
circular cylinder having radius a, and assume properties of free space
betveen the cylinders. For the chosen geometry6 the effective relative
complex permittivity € aff of the model and the complex permittivity

e; of cach cylinder are related by

vt e e

Jf we require that the effective relative complex permittivity of the

model equal that of the original scatterer, ther
e'=1+i-(e -1) (24)
r T

If the electrical size of the cylinders is sufficiently small,
the inhomogeneities of the model will have no significant effeck, so
that scattering from the model satisfying Eq. 24 will duplicate that
of the physical scattercr. The model 15 useful since we may approxi-~

mate the variation of the electric field within each cylinder. A
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circular cylinder with TN excitation wili have internel fields given

by
<]
E = J b J (kr) cos (n(‘v + cn) (25)

where the bn and c  are determined by the excitation. If the cylinder
is sufficiently sinall, the zerc order term will domirace, so we may

use the approximation

E, = b, J_ (kr) (26) 7

From Eqs. 7 and 26 the diagonal matrix elemencs are given by:

T (c' -1) % 2
A =1 +J<° rm J (k'r') 12 e en prgee 8 (27)
mm ) 4 o v o K o )
0 0

where k' = Je! k .
r o
Performing the 9' integration and using a relatiornship irom
Ref. 7 for the r' integration, we obtain the followiuz expression used

to calculate the diagonal matrix elements:

() ;0 .\ .
1 \koa (28)

= %;-[k'a J; (k'a) Héz)(kon) -kaJ (k'a) H )

mm

From Eqs. 12 and 25 the off-diagonal ratrix elements are given by:

2 a 2%
k -1
A = % ( 1n ) J r'de’ J (k") 1 Pon) 48 (29) |
o 4 0 o o ( o mn. .
0
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Using Graf's addition thcorem® and notation of Fig. 1:

k2 a

o 27

e 97 (2) . k ! M PR Y I e

= (érn l) X Hi (kosmn) [ Jl( ¥ }Jo(k r')r'dr cos 26'de
0 0

J /

(30)
Performing the 6' integration, which collapses the suamztion, we get

a
Amn - %; kz (F;n - l) HSZ) (kosmn) [ Jo(k‘r') Jo(kor‘) r'de' (31)

Using a relationship from Ref. 6 for the r' integration, we obtain the

following expression used to calculate the off-diagonal matrix elements:

A= 123 “c(>2) (kosmn)[k'a 3, (') Jo(koa) - kaJ (k'a) Jl(koa)} (32)

m#n

In the cylindrical-cell correction method, Egs. 28 aud 32 are
used for the matrix elements aud the solution corresponds to the value
of EZ at each cell center. A solution is defined for any ratio of a/s,

but only two cases have been studied:

/,
Tangeat cylindrical cells: a = C; =1+ %-(sr - 1)

Overlapping cylindrical cells: a =-§§
T

For very large or very small values of a/s, the structure of the model




r - - I _ i - ‘ ) . . P ..

¢
.
differs significantly from that of the scatterer so that the solution,
}
which actually corresponds to cscattering from the cumnosite of circular
cylinders, will differ from that for the desired scatterer. Advantages
i of the ma2thod will be seen in the example in Section VI.

© Ve e amaton
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V. CALCULATION OF POWER ABSORPTION

With both plane wave correction and cylindrical-cell corrcction,
the solution corresponds to the value: of Ez at each cell center. The
plane wave correction leaves the variation of Ez within each cell
undefined, but with cylindrical~cell correction Eq. 26 describes the
approximate variation of Ez within each circular cylinder of the model.

If the value of power absorptioca is desired, then 1/2 GEin may
be computed within each cell using the values of I:'.z found using pulse
functions or plane wave corrections. In this sectioan the approximate
variation of EZ within each cell is used for an improved expression
for power ahsorption if cylindrical-c«ll correction is used.

Total power absorption in one circular cylinder is given by:

a
r- |
0

From Eq. 24 the conductivity of the cylinder is related to that of the

ki)

_l | R %
5 O E_E¥ rdrdo (33)

2
[
J
0

scatterer by

2
o' = —8—2 o (34)
Ta

Substituting Eqs. 26 and 34 in Eq. 33 gives:

a

2

- 80 * ' * ' -

P az bobo J Jo (k'r) Jo (k'r) rdc (35)
0

i ato St
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Using a relationship from Ref. 6 for the r' integration:

szob b* [k'a J (kK'*a) J, (k'a) - k'a J (I'a) J (k'*a)]
0 0 0 1 o 1
P = - 2 |' 2 -_.j_‘__-. ———— - (36)
a L(k') - (k'*)'J

Then the average absorbved powver density within the cell is given by:

Gbobg [k' a JO (k' *a) J](kla) ~ k'®a Jo (k' {1) J] (!i"Eal]
fa” ) 51 (37)
[(k'a) - (k'*a) J

Simplifying Eq. 37 we obtain the result

Im {k'a J%x(k'a) J (k'a)]]
L o L a (38)
Re(k'a) Im(k'a) J

=9
P, = 2 b

a b

(o]

vwhare bo is the caiculated value of Ez found using cylindrical-cell

correction.
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VI. NUMERICAL FXAMPLE: THE INFINITE CYLINDER MODEL OF MAN

The infinite cylinder has been suggested for usz as a wmodel for
body extremities or the chest cavity in evalvation of Liological
hazards from electromagunetic radiation.® Approximation of an extremity
or the whole body by an infinite cylinder may be made using the ratio
of volume to length for the cross-sectional area.

The model considered in this example is an infinitely long
cylinder with square cross section of 20 by 20 cm, having TM excita-
tion by a plane wave incident perpendicular to one of the four
congruent faces. The body is homoganecus with values of permittivity
and conductivity that are typical for muscle, =kin, and other tissues
having high water content.?

The methods described in this paper have been usad to calculate
average specific absorbed power for the model. Suitability of the
model can only be justified at high frequencies where end effects nay
be neglected, but calculations have been made over a wide range of 3
frequencies to allow comparison of convergence with the different
methods.

Figure 2 illustrates the Irequency depeundence of average
spacific absorption rate (SAR) for the model. The values obtained
using the accepted methiod of pulse functions with 100 cells are the
standard for comparison. Values obtained using pulse functions with
81 cells were found to differ from those with 100 cells by less than
1 percent for frequencies up to 200 MHz. Values found using 9 cells

with pulse functions, plane wave correction, and cylindrical-cell
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Variation of average specific absorption rate with fre-
quency for the infinite cylinder model of man.
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correction with tangent and overlapping cells are also given in the
figure. For 9 cells all four calculations arc in good agreement with
the standard at low frequencies, where the cells have small electrical
size. Calculations with the new methods appear to have comparable
accuracy and appear to offer a significant improvement in convergence
when compared to pulse functions.

rom Eq. 22, lﬁmnl < 3.3, 7.0, or 18.1 percent with 9 cells at
50, 100, or 200 MHz, respectively. Then significant error in the
calculations with plane wave corrections is not predicted until the
frequency is about 200 MHz, at which the curve deviates from the
standard in Fig. 2. It appears that Eq. 22 is usable for detcimining

maximum usable cell size for calculations at a given frequency.
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VII. CONCLUSLONS

Two mathods have been found which improve convergence in solu-
tion of the two-dimensional problem of TM excitation of an infinite
cylinder of arbitrary cross section shape. The extension to thz
three-dimensional problem has not yeb been completed.

& Convergence is improved becausa the calculations include ap-
proximation for the variation of the field within each cell. The new
;ﬂ methods give expressions for the matrix elements that are different

from those found using pulse functions, but values of the matvix

elements are in good agreement for electrically small cells.

N

IR

The matrix elements found with the new methods do rot require
a substantial increase in computational effort. For a homogeneous

scatterer, if equal size cells are used, the new methods require one

time computation of several additioual Bessel functions, but time for :

calculation of the matrix elements i< dominated by recalculation of i
: the zero-order Hankel function which is nee” " with or without the s
corrections made in the new methods. If the scatterer is not
homogensous or if differant cell sizes are used, then time for calcula-
tion of each matrix element is approximately doubled in the new methods.
Time spent in calculation of the matrix elements is proportional to - ;

2 . . .
N, whereas time spent in solving the matrix equation is proportional

to N3, go for large numbers of cells there is still no significant ]

increase in computation time with the new methods.
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APPENDIX G

Behavioral and thermal effects of microwave radiation at resonant and nonresonant wavelengths

J. A. D'Andrea, O. P. Gandhi

Departments of Electrical Engineering and Bioengineering, University of Utah, Salt Lake City, Utah 84112

J. L. Lords

Departments of Biology and Electrical Engineering, University of Utah, Salt Lake City, Utah 84112

Behavioral and thermal effects of radiating an animal with differing wavelengths of microwave
energy at the same power density were investigated in the first of two studies. Five Long-Evans rats
were trained to perform a lever-pressing task and were rewarded with food on a variable interval
schedule of reinforcement. Rats were individually exposed in random order to 400-, 500-, 600-,
and 700-MHz CW radiation at a power density of 20 mW/cm? with the long axis of the rat’s body
parallel to the vector of the electric field. Radiation at all wavelengths produced rises of body tem-
perature and stoppage of lcver pressing. The averaged rise in body temperature was greatest and
work stoppage was most rapid during exposures at 600 MHz. In the second study, six rats were
exposed in random order to 600-MHz CW radiation at power densities of 5, 7.5, 10, and 20 mW/cm?2
while performing the same behavioral task. Exposures at 10 and 20 mW/cm?2 resulted in work
stoppage, while exposures at 5 and 7.5 mW/cm?* did not. In addition, three of the rats were sub-
sequently exposed while responding to 600-MHz pulsed radiation (1000 pps, 3- or 30-us pulse dura-
tions at a peak power density of 170 mW/cm? (averaged 0.51 and 5.1 mWcm?). No work stoppage
occurred to pulsed radiation. Taken in sum, the data show that the mature Long-Fvans rat is resonant
at a frequency near 600 MHz while work stoppage during short-term exposures to 600-MHz radiation

occurs at a power density between 7.5 and 10 mW/cm?®.

1. INTRODUCTION

Biological effects of microwave radiation have gen-
erated considerable interest in recent years. Much of this
interest has focused on variables that control the amount
of energy absorbed by the living animal. Recent investi-
tations have shown that such variables as the animal’s
mass and geometry and the wavelength of radiation are
potent determiners in production of differential absorp-
tion of microwave energy [Justesen and King, 1970,
Gandhi, 1974; Githens et al., 1975;Schrot and Hawkins,
1976; D'Andrea et al., 1976]. The peak of a differential
curve of microwave absorption has been termed reso-
nance. A clear demonstration of resonance would re-
quire nonmonotonic rates of absorption across a range
of frequencies, the maximum occurring, by definition,
at the resonant frequency. Recently, D’Andrea et al.
[1976] demonstrated an increasingly larger rise of
body temperature and an increasing tendency for
behavioral disruption to occur in animals as frequency of
radiation was increased from 200 to 500 MHz. However,
500 MHz is below the resonant frequency of the rat.
The present study is part of a program to delineate a
predicted disruption of behavior at a frequency near
600 MHz, which approximates the resonant wavelength
of the long axis of the mature rat.

2. METHOD AND MATERIALS

2.1. Rationale.
Eleven rats were trained to perform a lever-pressing
task. The task was performed in a radiation chamber for

~

a reward -- a Noyes food pellet — on a variable interval
(30-second average) schedule of reinforcement. Over
many sessions one group of five rats was exposed in
random order to 400-, 500-, 600-, and 700-MHz CW
radiation at a power density of 20 mW/cm?. In addition,
the remaining rats were exposed in random order to
600-MHz CW radiation at 20, 10, 7.5, and 5 mW/cm?
to determine latencies of work stoppage. Subsequently,
three animals of this group were exposed to pulsed
600-MHz radiation at 3- and 30-microsecond pulse
durations and 170-mW/cm? peak power density.

2.2. Subjects.

Eleven male Long-Evans rats were obtained from
Simonsen of California and, at commencement of study,
had body masses ranging from 420 to 450 grams. All of
the rats had been partially deprived of food until their
averaged body mass stabilizated at 85 percent of that
before deprivation. All of the rats were maintained at
this level of Noyes 45-mg pellets and carefully metered
supplemental feeding one hour after each session with
Simonsen 4.5 rat chow. Each animal was housed separ-
ately in a 35 by 30 by 16 cm cage. Each rat was given
free access to water in the home cage and was kept on
a 12/12-hour light/dark cycle (on, 0700 hours; off,
1900 hours). Ambient temperature and relative humid.-
ity in the colony were maintained at 23 + 1°C and 10
to 30% respectively. The averaged length from snout to
base of tail of the animals was 19 cm.

2.3. Apparatus.
The microwave radiation chamber (Figure 1) consisted

From Radio Seience, Vol, 12, No. 6(S), 1977.
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PYRAMICAL ECCOSOR GROUND PLANE

TV CAMERA
STAND

MONOPOLE

FLAT ECCOSORB ANTENNA

)

Fig. 1. Monopole-above-ground radiation chamber.

of a Filshield grounded Faraday cage (3 by 3 by 3
meters). The interior of the cage was partially lined
with Eccosorb AN-79 material. One wall and one half
of the floor and ceiling of the chamber opposite a radiat-
ing antenna were covered with Eccosorb VHP-18 pyra-
midal material. The remaining wall was covered by a
2-mm thick copper sheet to form a ground plane.
A single brass monpole antenna (1/4 A length, 1.2-cm
diameter) was inserted through the copper sheet. A cop-
per sheet (3 m by 0.5 m by 2 mm thick) was formed
into a 45° reflector and was mounted on the copper wall
33 cm behind the antenna. An animal-response cage
(Figure 2) that was constructed of Plexiglas was located
143 c¢m from the antenna. The cage was held on the
vertical wall by a Styrofoam support that was con-
structed of 2.5cm thick Styrofoam sheet.

The chamber was equipped with a 50-watt spotlight
and a sensitive RCA television camera that was coupled
to an external video monitor. A ventilation fan was
mounted on top of the chamber and circulated air from
the room through the chamber at a rate of approxi-
mately eight cubic meters per minute.

Since standard metallic caging and behavioral operanda
cannot be used in a2 microwave field, an alternate system
of monitoring and reinforcing lever-pressing behavior
within the radiation chamber was devised. A plastic
response cage (Figure 2) was constructed using two,
24 by 16 cm, 2-cm thick Plexiglas panels. The panels
were joined at top and bottom by 32 rods (5-mm
dia by 13.3-cm long) of Plexiglas equally spaced to
form a grid floor and top. Two pieces of Plexiglas sheet
(12.7 by 15.2 cm) were used, one as an end panel and
one as a sliding guillotine door for the response cage.
A plastic lever was mounted on a Plexiglas rod (S mm by
13 cm) at one end of the cage. One end of the rod was

G2
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RESPONSE LEVER CUILLOTINE DOOR

Fig. 2. Plastic cage in which a rat worked for food during expo-
sure to sham or microwave radiation.

cemented to the cage, while the other end was free to
move. Depression of the lever was detected remotely by
its interrruption of a beam of light that normally passed
via Dupont Crofon fiber optic material to and from
the plastic response cage. A sensitive photocell relay in
conjunction with timing circuitry, digital printing
counters, and cumulative-response recorders served to
detect, to program and to record events of the experi-
ments. A BRS/LVE pellet feeder was mounted outside
the chamber. A Noyes food pellet (45 mg) was delivered,
when programmed, to the response cage by a tube of
flexible Tygon plastic (1.27 cm dia by 1.5 m length).
The microwave source used was an Epsco tunable
signal generator (200 to 750 MHz) with a minimum
power output of 100 watts. For the exposures to pulsed
radiation, an MCL-1114 one-kilowatt linear amplifier
(400 to 800 MHz) was used in conjunction with the
Epsco source. A Hewlett-Packard No. 214A pulse
generator was used to drive the signal source at 1000
pulses per second. Radiation frequency was monitored
by a DANA 7580 frequency counter. A Sierra Philco
168B power meter was used to monitor the forward
and reverse powers at the monopole antenna. A
Weinschell double-stub tuner was used to match the
signal source to an antenna (1/4 A for each frequency
used) and to reduce reflected power to a minimum. The
power density of the microwave field within the plastic
response cage in the radiation chamber at the position
normally occupied by the rat was measured in mW/cm?
by a General Microwave Corporation Raham Model 1
(300 to 18,000 MHz) probe. The probe was inserted
into the radiation chamber from the top with the
length of the probe perpendicular to the £-field vector
and was remotely monitored outside of the radiation
chamber before and after each exposure of a rat.

2.4. Procedure.

All rats were trained to press the lever for food pellets
on a variable interval schedule of reinforcement. The
clock time used for the schedule was three seconds, with
a probability of 0.10 of delivery of a food pellet. With
this arrangement a food pellet could be delivered at in-
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tervals of three seconds or longer, the averaged time of
delivery being 30 seconds. Each rat was scheduled daily
for a one-hour session of lever pressing, until a stable
rate of responding was achieved. Lever-pressing behavior
was considered stable when the total number of lever
presses during a session differed by less than 15% from
the total of a previous session. On the average, approxi-
mately 14 sessions were required to achieve stable
responding.

Once stable responding was observed the animals were
randomly divided into two groups. Each of the animals
of the first group (n = 5) was individually exposed in
random order to 400-, 500-, 600-, and 700-MHz CW
radiation at a power density of 20 mW/cm? while
responding in the radiation chamber. Each of the ani-
mals of the second group (1 = 6), also while responding
in the radiation chamber, was individually exposed in
random order to CW radiation at 600 MHz at 20, 10,
7.5, and 5 mW/cm?. In addition, three of the animals in
the second group were subsequently exposed to 600-
Mtz pulsed radiation (1000 pulses per second at 3-
and at 30-pus pulse durations; 170 mW/cm? peak power
density, 0.51 and 5.10 mW/cm? averaged. The long axis
of the rat’s body in each exposure was parallel to the
vector of the electric ficld.

Four to six retraining sessions were conducted for each
rat after each exposure to microwaves to maintain
stable rates of responding and to check for possible
carry-over of behavioral effects from sessions of prior
exposure. Exposures to microwaves began after the fifth
minute of each session and were terminated at the end
of the first one-minute period during which responding
fell below one-third of the rat’s normal rate of respond-
ing, as determined by data from the previous daily ses-
sion. If a rat responded consistently throughout the
session, as defined, irradiation was continuous for 55
minutes. The primary measure was time to work stop-
page after onset of irradiation until the 60th second of
the minute during which responding fell below the
33% criterion. Each rat was removed fiom the response
cage and radiation chamber at stoppage of work or at
session’s end, whichever occurred first.

Measurements of colonic temperature were made with
a BAT-8 digital electronic thermometer, first at the
beginning of a radiation session and again at the time of
work stoppage (or at sessions’s end) to determine the
amount of microwave-induced heating. Measurement
of colonic temperature was also made before and after
several training and retraining sessions on a random
basis. Ambient temperature of the radiation chamber
was controlled by room temperature (21° to 22 °C)
as monitored on the BAT-8 thermometer. Relative
humidity of the radiation chamber and surrounding
room was monitored by a Mason hygrometer during
radiation sessions (27% mean, 2.7% SE). During all
training and radiation sessions, each animal was moni-
tored on the closed-circuit television.

3. RESULTS

Frequency of microwave radiation proved to be an
important variable in heating of the rat and consequent
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stoppage of work. For the rats exposed to 400-, 500-,
600-, and 700-MHz CW radiation at 20 mW/cm?, the
most rapid stoppage of work (Figure 3) and the highest
elevations of body temperature (Figure 4) occurred at
600 MHz. Averages of both the rise in temperature and
the time to work stoppage reflect a nonmonotonic rela-
tion to frequency of radiation. In other words, the rate
of absorption of energy increased as did the likelihood
of behavioral disruption as frequency increased to 600
Mgz and then declined at the highest frequency of 700
2.

Irrespective of frequency, animals exposed to radiation
at 20 mW/cm? exhibited evidence of vasodilation, be-
came immobilized, and were prone upon removal
from the radiation chamber. The animals were clear-
ly stressed by heat. However, as reported earlier
[Justesen and King, 1970; D’Andrea et al., 1976], the
animals quickly regained an upright posture and mobil-
ity within minutes after removal from the radiation
chamber. At the time of work stoppage, nearly all
animals engaged in licking behavior, possibly to induce
evaporative cooling, which continued after the animal
was removed from the radiation chamber and was
placed in its home cage.

A repeated-measures analysis of variance [Kirk, 1968]
was used to evaluate the effects of the treatments. The
analysis revealed a significant difference among the
radiation frequencies with respect to time to work
stoppage (F = 1641, df = 3/12,P<0.01). A Newman-
Keuls test on the ordered means indicated a significant
difference in times to work stoppage between 600 MHz
and 500 MHz (P < 0.05), between 600 MHz and 700
MHz (P < 0.05), and between 400 MHz and all other
frequencies (Ps< 0.01). The difference between
exposures at 500 and 700 MHz was not significant
(P>0.05).

As an indicant of energy dosing, the rise of body tem-
perature of the exposed animal was divided by the
duration of exposure in minutes. Mcderate rises of
body temperatures were also observed during training
sessions. These data are presented in Figure 4 with the
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Fig. 4. Rise of colonic temperature (* SE) per unit of time as

a function of frequency of radiation at 20-mW/cm? power

density. Shaded area represents averaged increment of body

temperature (X SE) of rats that responded during training
sessions in the absence of radiation.

shaded area representing averaged increases of body
temperature during training. A repeated-measures
analysis of variance revealed significant differences
across radiation frequencies with respect to heating
(F = 6.06, df = 3/12, P < 001). A Newman-Keuls test
of ordered means revealed significant differences of
temperature increments for all possible comparisons
(Ps<0.01).

The measures of time to work stoppage and body
heating followed each other very closely and, of course,
inversely. As body temperature increased, time to
work stoppage became shorter. The coefficient of the
product-moment correlation between time to work
stoppage and rise of body temperature for all radia-
tion exposures is — 0.78 (at df = 18, P <0.001).

A comparison was made between the total of responses
during a session before and that after exposure of
the rats to radiation. This was done to determine if
a session of radiation influenced the animals’ responding
during the subsequent session of retraining. as compared
to responding during the training session prior to expo-
sure. A repeated-measures factorial analysis of variance
[Kirk, 1968] revealed no differences between the
average of total responses for the session before and that
after the exposure to radiation (F = 0.01, df = 1/28,
P >0.05).

A comparison was also made between the time to work
stoppage for each rat as a function of the order in which
treatments were given. This was done to determine if
the order (which was putatively random) of the radiation
sessions may have introduced an avoidance contingency,
i.e., may have resulted in a rat’s learning to stop working
in order to avoid radiation. An analysis of variance
[Kirk, 1968] revealed but chance differences between
the variable of ordering and that of work-stoppage
latency (F = 0.30,df = 3/16, P > 0.05).

For the rats exposed to 600-MHz CW radiation at
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power densities of 20 and 10 mW/cm?, stoppage of
work invariably occurred. As shown in Figure 5, the
averaged time to work stoppage and variability (ie.,
magnitude of standard errors) both tended to increase
as power density decreased. The earliest work stopp..ge
was observed in animals exposed to radiation at 20
mW/cm?. Exposures at 10 mW/cm? required nearly
twice the averaged duration to reduce the animals’
response rate to the work-stoppage criterion. Exposures
to 5 and 7.5 mW/cm? produced little evidence of work
stoppage. A repeated-measures analysis of variance
[Kirk, 1968] was used to evaluate the work-stoppage
variable as a function of power density. The analysis
revealed a highly significant difference (FF = 35.29,df=
3/15, P < 0.01). A Newman-Kculs test on the ordered
means of time to work stoppage revealed a significant
difference in time to work stoppage between 20
mW/cm? and all other exposures (Ps < 0.01), between
10 mW/cm? and 7.5 mW/cm? (P < 0.05), and between
10 mW/cm? and 5§ mW/cm? (P < 0.05). There was little
difference between exposures at 7.5 mW/cm? and
5 mW/cm? (P> 0.05).

The body heating induced by the exposures to 600-
MHz radiation at different power densities (Figure 6)
also followed a nearly monotonic function. The temper-
ature differential was greatest at 20 mW/cm? and
decreased by nearly one half at 10 mW/cm?. Body
temperatures at 5 and 7.5 mW/cm? were only slightly
higher than those of baseline measures (shaded area,
Figure 6). A repeated-measures analysis of variance
revealed a significant difference in body temperature as a
function of power density (F = 5389, df = 3/15,
P < 0.01). A Newman-Keuls test on the ordered means
of body temperature revealed a significant difference
in increase of body temperature as a function of power
densities between 20 mW/cm? and lower power densities
of (P < 0.05). All other comparisons were not significant.
The coefficient of the product-moment correlation
between times to work stoppage and temperatures across
power densities is — 0.83 (at df = 22, P < 0.01).

A comparison was again made between the total
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Fig. 5. Mean latency (% SF) of time to work stoppage as a
function of power density at 600 mHz.

(33



\

e ety M

BEHAVIORAL AND THERMAL EFFECTS OF MW RADIATION 255

; - !

L] s
POWER DENSITY 1N wwew?

Fig. 6. Rise of colonic temperature (* SE) per unit of time

as a function of power density. Frequency of radiation = 600

MHz. Shaded area represents average and increment of body

temperatures, (¥ SE) of rats that responded during training
sessions in the absence of radiation.

number of responses that were recorded during the ses-
sion before and that after exposures to radiation to
determine if a session of radiation influenced the ani-
mals’ responding during subsequent retraining. A
repeated-measures factorial analysis of variance [Kirk,
1968] revealed no diffeiences between the average of
total responses for a session before and that after the
radiation sessions (F = 0.07, df = 1/35, P > 0.05).

There was no reliable effect of pulsed radiation (1000
pps, 170 mW/cm? peak power) on suppression of lever-
pressing behavior at either 3- or 30-microsecond pulse
durations. All three of the animals exposed under these
conditions responded at near normal rates throughout
the radiation session. One animal stopped responding
near the end of a session of pulsed radiation at 3 micro-
seconds. The data on body heating for these exposures,
however, indicate but little elevation of body tempera-
tures.

4. DISCUSSION

Our study was conducted, first, to investigate the con-
tribution of radiation frequency on the rate of heating
of the living, active rat and, second, to investigate the
effects that such radiation may have in altering a well-
trained behavior. Considering the four frequencies of
radiation that were studied, our data indicate that 600
MHz approximates the resonant frequency of the adult
rate with a body mass of 380-400 grams and averaged
length (less the tail) of 19 to 20 cm for the long axis --
and with this long axis oriented parallel to the vector of
the electric field. The proximity to resonance is reflected
both by the time to work stoppage and by measures
of body heating, both of which yielded nonmonotonic
functions. Our findings of resonance near 600 MHz are
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in good agreement with previous work on the calculated
resonant frequency of this animal [Gandhi, 1975;
Johnson et al, 1976]. It was of some interest to us
that the tail of the rat did not seem to contribute to the
factor of resonance.

Our use of the rise of colonic temperature (AT)in the
behaving animal was only as an indicant of energy dos-
ing. Not only will the intact mammal dissipate thermal
energy, emotional reactions to the environment can pro-
duce psychogenic “fever” [cf. Justesen et al., 1974 with
Lu et al, 1977]). We have previously observed (unpub-
lished) that the active alert animal as compared with
the anesthetized animal has a much higher body temper-
ature. The indexing of absorbed microwave energy by
body temperature, as described in this report, should
only be construed, therefore, as a relative measure.

Radiation at a frequency of 600 MHz, given a 55-
minute maximum period of radiation, produced disrup-
tion of lever-pressing behavior. As measured by the
work-stoppage criterion,'disrugtion occurred at power
densities of 20 and 10 mW/cm?®. Disruption of behavior
was not evident at lower power densities at 7.5 and
S mW/cm?. However, our data do not infirm the possi-
bility that biological effects can occur at power densi-
ties below 10 mW/cm?.

The use of pulsed energy, albeit at an averaged power
density of S mW/cm?, showed no reliable effect on time
to work stoppage. This is not surprising since CW radia-
tion at the same power density did not disrupt behavior.
The “package™ (dose) of energy per radiated pulse was
about half that found by Guy et al. [1975] to be
necessary for threshold stimulation of an acoustic
response. Given full resonance, which may not have
been observed by us, and given the use of higher peak
values of power density than used by us, it is possible
that behavioral disruption will occur to pulsed radiation
at lower averaged power densities. Too, the greater sen-
sitivity of other behavioral tests ~ such as conditional
suppression - is much more likely to reveal effects of
radiation at low power densities [King et al, 1971].

As noted earlier [D'Andrea et al., 1976], no reliabie
carry-over of behavioral effects was observed from one
radiation session to the next. Visual observation of the
animals during responding in subsequent retraining
sessions did not indicate any attempts to escape from
the response cage, as one might see with rats upon their
return to an operant chamber where electric foot shock
has previously been administered. The lack of carry-
over suggests that the most reliable effect of the radja-
tion was sufficient heating of the animal to suppress
behavior but the radiation was not intense enough or
of sufficient duration to produce noticeable physical
damage.
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