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Abstract-When the body of man, small compared to a wavelength, is thennographically determined power absorption measurements 

exposed to high frequency (HI-') electromagnetic (EM) fields, ~e in scale phantom models of man exposed to VHF fields are 

absorbed power density patterns and total aosorbed power may be . used to obtain power absorption characteristics in full sca:Je 
approximated by the simple superposition of the internal electric fields 
obtained from the quasistatic coupling characteristics of the electric man exposed to HJ: fields. 

and magnetic field components detenpined independe~tly. These. 
characteristics were obtained · for full scale Iiian by · thermographic 
studies of power ab~q>tion in scale models of man exposed to fields at 
frequencies scaled up inversely proportional to the mo4el size. A VHF 

resonant. cavity was 'used to provide the necessary field. strengths for 
producing measuiable _power absorption patterns under simulated HF 

exposure conditions.; The results indicate that peak power absorption 
densities as high as 5.63 W /kg can be produced in man exposed to 
10 mW /cm 2 31 MHz radiation fields. The results show that the absorp• 
tion decrea~s as the square of the frequency as predic!ed by theory for 
frequencies below Ji MHz. · · 

II. DISCUSSION OF TECHNIQUE 

It has been shown that when ellipsoidal~shaped biological 

tissue bodies, small compared to a wavelength, are exposed to 

plane wave fields, the absorbed power density patterns may 

'be approximated by· the sµnple superposition of the internal 

eiectric fields obtained from· the quasistatic electric and quasi

static magneti~ field couplirig equations that are independently . 

derived. Thus, the solutions may be used to determine the 

absorbed power characteristics for any arbitrary- combination_ . · 

of electric and magnetic fields as long as the proper relative 

I. INTRODUCTION amplitudes and phases of the incident field components are 

THE ABSORPTION of high frequency (HF) electromag- used when the solutions are superimposed." We would expect 

netic (EM) fields in· exposed living systems has been similar conditions to hold for arbitrary shapes corresponding· 

theoretically studied using spherical [l]', spheroidal [2], [3], to the body of man as long as the height is small.compared to 

and cylindrical [ 4] models of muscle tissue. It was found that a wavelength .. 

· when the object was sufficiently small compared to a wave- It appears doubtful, however, that any useful theoretical or 

length the induced electric fields and power absorption in the numericai solutions can be economically obtained for figure 

model exposed to EM fields could be approximated simply by shapes as complex a~ man. The most efficient method appears 

the addition of quasistaUc electric and quasistatic magnetic to be the experimental thennograph and phantom mqdel · 

solutions. · techniques used successfully for obtaining dosimetric informa-

The electrically induced component of the absorbed power tion pertaining to microwave exposures of small animals [SL 

in exposed spheres and spheroids is unifonn and independent and of human anatomicai structures [6], [7]. 

of object size, while the absorption due to the magnetically The major problems for whole body exposure of a phantom 

induced field varies as the square of the linl:lar dimensions of man in_ the HF band are 1) the phantom model would be 

the object. Ai.though the solutions for the spherical models excessively large and cumbersome, and 2) the HF power flux 

have been very useful, and considerable physical understanding densities required to produce thennographically measurable 

has been obtained from them regarding the power deposition temperature increases would require impracticably high trans

mechanisms and internal distributions, they fall far short of mitter powers, large_ antennas, and a huge working space. -Toe 

representing the. power absorption for an actual human body most logical and economical approach is the ·use of phantom 

exposed to RF fields. More refined solutions are needed for models of man scaled down in size and exposed to fields scaled 

the tissue geometries and properties corresponding to real man up in frequency. This can be accomplished py using synthetic 

in order to quantify po~-er absorption to the extent needed tissue material with the same dielectric constant of actual 

for the setting of realistic safety guides for HF frequencies. .. tissue, but ·with the ,electrical conductivity ·and exposure fre-

This· paper discuises an experimental technique in which quency· increased by· the scale factor. The power absorption 

, · · patterns for the scale model exposed to the model frequency 
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will then be the same as those for a full scale model exposed. 

to the modeled frequency with the exception that the magni

tude of the absorption will be increased by the .frequency scale 

factor ·for a given applied field inte~sity. This allo\_VS a great 

reduction in applied power, since the required field volume is 

decreased and the absorbed powe~ density is increased. In 
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.. summary, if we denote the height of an actual man by h, the· 

actual frequency by f, the tissue dielectric constant by e, the 
electrical conductivity by a, the power absorption density by 
W, and the frequency scale factor by sf, the equivalent model.• 
parameters denoted by primes are 

h, 1 ( ) 
= ef h 

f' = sf(J) 

e' = e 

o' ~ sf(a) 

w' = sf(W). 

(I) 

, At the wavelengths we are concerried with, the externally 
applied field. components will have the same effect on the 
pciwer absorption whether they originate from a· propagating 
wave or a quasistatic source: Thus, we are free to use any . 
· source that will illuminate the model with uniform electric and 
magnetic field components.. A resonant cavity provides the 
most . efficient conversion from a given amount of source 
power to high~tensity electric and magnetic field compo-

. nents. · Such a cavity and suitable scale models of phantom 
tissues were developed for this study. . . 
· Fig. 1 illustrates a phantom scale model of a man exposed to 

· .the resonant cavity fields. The · 1.1s~m X 1.29-m X 2~58-m 
cavity was designed for TM110 and TE10,. mode resonance at 
144 MHz .. Each mode is fod by a separate prob~ with variable 
control of th~ relative phase · and amplitude ·of the power 
delivered to the feeds .. The scale model man or other exposed 
subject is typically oriente.d in the center of the cavity at the 
position of maximum electric field and zero magnetic field for 
the TM 110 mode. and maximum magnetic field and zero. elec
tric field for the TE102 mode. The resultant electric and 
ma~etic fields are, therefore, in space quadrature and inde
pendently controllable in phase and magnitude at the position 
of the exposed model so that any field impedance condition 
can be simulated, including plane wave. The model is bisected 
and oriented such that the induced electric field components 
are parallel to the plane of separation. The model is then 
exposed for a given short period of time and the resulting two
dimensional temperature distribution is recorded as a thermo
gram of the plane of separation and converted into power 
absorption density (W /kg) by the, formula · 

W' = 4.186 X 10
3 

cl:::.T 
t 

(2) 

where c is the specific heat of the synthetic tissue in kcal/kg · ° C, 
t::.T is the . temperature rise in degrees Celsius, and t is the 
exposure time. · 

The cavity input power is delivered by two separate amplifier 
chains fed from a single source shown by the block diagram in 
Fig. 2 .. The phase and amplitude of one source may be . 
adjusted with respect to the other by attenuators and phase 
sqjfters located in the iow-power portion of one of the ampli
fier chains. The frequency source is a Hewlett-Packard 608F 
signal generator stabilized by a Hewlett-Packard 8708A syn
chronizer. The 5-mW maximum output of the signal generator 
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Fig. 1. Exposure of phantom scale model of man i~ a resonant cavity. . 
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Fig. 2. Block diagram of resonant cavity driving system. 

. . ' . 

is amplified to 5 W by an ENI 406L linear amplifier. The out-
put is then split by a hybrid into two 2.5-W sources ~ith 
relative _amplitude and phase relationships controlled by an 
attenuator and line stretcher. Each 2.5-W signal is amplified 
by a Henry Radio 802B linear amplifier to a 90-W levei and 
further amplified to as high as 800 W by a Henry Radio 6N2 
linear amplifier. · . , 

Under low power conditions, the excitation probe for th~ . 
TM11 o mode is matched to the cavity by adjusting its iengih. 
It is matched to the generator by adjusting a stub tuner. The . 
cavity match is determined by the resp~nse of I!- I-cm diameter .. 

· shielded loop sensor located at a position of maximum rriag- . 
netic field stre_ngth of this mode. The voltage out }1e of this 
shielded loop gives .the electric field at the position of the 
model by 

E = }1eZ 
, · 21T['µ 0 1Tr2 (3) 

where 

. a2 + b2 
Z= , 2 ,2/ e0 ab 

(4)' 

is the field impedance, r is the radius of the sensing loop, e0 

and µ 0 are the permittivity and permeability or' free space, 
respectively, a = 1.7 5 m · is the height, and b = 1.29 m is the 
width of the cavity. The fields calculated. from (3) agreed 
with measurements by .· a National Bureau of Standards 
EDM-lC field survey meter with the probe inserted through a 
small hole in a cavity access port. 
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The T£102 mode is tuned to the.source frequency by adjust
able stubs located on the four access ports coincident with the 
maxima of the electric field of the mode. The excitation loop 
for the mode' is matched to the cavity by adjustment of its 
cross-sectional area that penetrates into the cavity. It is 
matched to the generator by tuning stubs. The magnetic field 
of the TE 102 mode is determined from the voltage l',i observed 
at the output of a 1-cni diameter shielded loop sensor located 
at a maximum magnetic field position of the mode. The 
magnetic field at the position of the model is 

1.35 l'Ji 
H= 1 2· 
· 21Tf µ01rr 

(5) 

· A photograph ~f the entire system is shown in Fig; 3. · · .. · 
· The size of the model man may be chosen to simulate. a full 

~ale man exposed to a given HF. frequency within a wide 
range; To prevent imaging effects, the length .of the man 
should· be small compared to the dimension~ of the cavity. In 
the initial tests; two (2) hollow anatomical toy models, one of 
37 .6 cm inside length, and the other of 26.5 cm inside length,_ 
were use<l' as . forms for the molds. The required frequency 
scale factors for simulating a 70-kg man 1.74 m high for the 
larger model, and 1.58 m high for the shorter model are 

. sf= 1.74/0.376 = 4.62 and sf= 1.58/0.265 = 5.95, respectively; 
The final phantom models were· fabricated as described in 

the following steps: 1) the transparent plastic model shown at 
the center of Fig. 4 was filled with Dow Coming RTV 3111 
silastic rubber. The outer forms were removed, exposing the 
solid model shown at the right of the transparent mold in 
fig. 4, and the model was bisected along the cardinal frontal 
plane so that the cross-sectional area on any given plane per-

. pendicular to the frontal plane of each half were as nearly 
equal as possible; 2) the resulting cut surfaces were glued n~t 
to a plexiglass · sheet forming . half-man forms which were 
coated with Dow Coming DC4 mold release. RTV 3110 
silastic rubber was poured over each half-section to form a 
cast. The hardened, but flexible, mold was removed from the 
·form .and· also coated with Dow Coming DC4 mold release. 
Another- c·asting was made in this second mold form with 
RTV 3111 and anchor screws were imbedded to protrude 
from the flat frontal plane surfaces of each half-man form 
(third man figure to the right in Fig. 4); 3) the final casting 

· of the half-man was removed from the mold, bolted to a plexi
glass sheet, coated with paste wa,x, and a wooden form built 
around it; 4) Emerson and Cuming, Inc., FP Eccofoam with 
catalyst was warmed and poured over the final mold form; 
5) the form was then inverted and weights were placed on the 
plexiglass sheet while the foam cured for 24 h; 6) the form was 
removed, leaving a polyfoam mold which was then coated with 
Dow Coming DC4 silicone' grease (block to the left of the 
three-man figures in Fig. 4); 7) a plexiglass sheet was laid over 
each foam mold while it was filled with synthetic tissue 
(shown at the right in Fig. 4). The synthetic tissue was made 
by gelling a saline solution with TX 1501 gelling agent powder. 

;;The material was tested for proper conductivity by the four 

1 Oil Center Research; Lafayette, LA 70501, 
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Fig. 3. Photograph of cavity exposure system. 

i 

.i 
.1 

Fig. 4. · Materials and molds for synthetic tissue models, left to right: . 
1) conductivity sensor filled with synthetic tissue; 2) five ellipsoids of 
various shapes; 3) transparent toy man model; 4) silicone rubber ~ast
ing of model man; 5) frontal plane half-section of man in silicone· 
rubber mold; 6) polyfoam form for holding man shaped synthetic· 
tissue; 7) polyfoam model man form with synthetic tiss~e; 8) bag of 
TX 150 gelling agent. · 

electrode method in a plexiglass cylinder shown at the extreme 
left of Fig. 4. The characteristics of the synthetic tissue as a 
function of ingredients is shown in Fig. 5. Similar scale man 

· models bisected along the median plane were also made. 
The thermographic measuring technique requires mirror 

· image symmetry. on each side of the plane of separation of the 
modeLparallel to the applied electric field to be truly accurate. 
This is required to insure that the induced currents ~re all 
parallel to the plane of separation. Otherwise the magnitude 
of currents perpendicular to the plane would vary according to 
surface irregularities of the two contacting surfaces. This 
requirement can be eliminated if the two halves are placed in 
perfect electrical contact. In order to bypass this problem for 
the initial experiments, symmetrical models of the phantom 
men were exposed by assembling either two backs or two 
fronts in order to obtain the frontal plane power absorption 
distributions. 

.,. 
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In the experiments, it was useful to· compare the power 

absorption characteristics of the exposed phantom man 
models to those of equivalent volume spheroids for which 
theoretical solutions are available. This served two purposes: 
I) to verify that the cavity was operating and calibrated 
properly and 2) · to determine the validity of using spheroid 
models to simulate man for power absorption studies. Hemi
spherical and hemiellipsoidal -molds with volumes equivalent 
to half the volume of the phantom men were milled in poly
foam blocks so that they could be filled with synthetic tissue; 
as shown on the left side of Fig. 4, and assembled to form a 
complete sphere or ellipsoid. A 552-cm radius model sphere 
was used to simulate the full scale 25 .6-cm radius sphere 
exposed to 31 MHz and a 4.3-cm radius sphere was· used to 
simulate the same conditions at 24.1 MHz. Also, a 2a = 
43.16-cm long ellipsoid with an axial ratio of a/b = 7 .73 was 
used to simulate a full scale 2-m long ellipsoid exposed to 
31 MHz and a 2a = 25.14-cm long ellipsoid with an axial ratio 
of a/'> = 5 was used to simulate a 15-m long ellipsoid exposed 
to 24.1 MHz. In each case, the objects simulated full scale 
objects with a mass of 70 kg. 

It was possible to maintain the same imaginary part of the 
complex dielectric constant e2 ( e* = e 1 + je2 ) for the model as 
for a full scale man composed of muscle material by properly 
scaling the conductivity as given by (I). ( e2 = 444 at 
24.1 MHz and €2 = 365 at 31.0 MHz.) On the other hand, 

· the maximum real part of the dielectric constant e 1 possible 
with the synthetic muscle mixture was 66 in contrast with 
€1 = 121 at 24.1 MHz and e1 = 107 at 31 MHz for real muscle. 
This presented· no problems in this case, however, since e2 is 
almost an order of magnitude larger than e1 , and is the dom
inant facto_r in dete,pnining power absorption characteristics. 

III. EXPERIMENTAL RESULTS 

A. Spheroids 

It has been previously shown [1] that the induced electric 
fields in a spherical tissue model exposed to an HF plane wave 
is,given by . .,.. ' 

-_ -jwt [ 3 ,... _kR " . ,... ] 
Et -Eoe e* X - r2-(cos </>6-ws 0 sm </>cl>) (6) 

where w is the angular frequency, e* = .e - j( a/we0 ) is the 
complex dielectric constant, e0 is the permittivity of free 
space, k is the free space propagation constant, R, 0, </> are the 
coordinates of a spherical coordinate system, and x is the usual ·. 
rectangular coordinate, all with origins at the center of the 
sphere. The carets over the coordinates represent the usual 
unit vectors, and £ 0 is the electric field strength of an incident 
plane wave. 

The field is a simple superposition of the two field compo
nents, the first induced by the electric field independent of the 
magnetic field component, and the second term induced by 
the magnetic field independent of the electric component. 
The first term corresponds to an electric field distributed 
uniformly throughout the volume, while the second is a circu
lar electric field pattern about the axis of the sphere parall~l to 
the magnetic field vector and varying linearly in amplitude . 
with the radial distance from the axis. For a tissue sphere · 
equivalent in volume to that of man exposed to plane wave 
fields, the magnetically induced term is usually an order of 
magnitude greater than Jlie electrically induced term. Taken · 

· ~separately, the electric field will produce uniform power 
. absorption density and_ the-magnetic field would produce a 

power absorption density pattern varying with the square of . 
the. radial distance from the. sphere axis parallel to the mag-
netic field. - · · - . · · -

Similar type equations, derived from Durney et al. [2] for 
ellipsoids, show that when· the electric field is parallel to the 
major axis 2a, and the magnetic field is parallel to the minor 
axis 2b, the induced internal field for an incident plane wave 
with a unit electric field is · · . 

E =B/i [-ja/weoFi -jk [uio yz/(2Uio - I) 

+ (1 - Uio) zy/{2uio - 1)] (7) 

where 

Be= [uio - 11-1 [(u10/2)ln [(u10 + 1)/{u10 - I)] :-IF1 , ._ 

(8} 

(9) 

and the (x,y, z) coordinate system is centered in the ellipsqid 
with the z axis along the major axis and the x axis along a 
minor a~s. This derivation is based on the assumption that 
displacement currents are negligible compared to conduction 
currents. This is a reasonable approximation for the fre
quencies of interest. Again, as for the spherical case, the total 
field is a combination of a uniform field induced by the elec- . -
tric field and a circulating eddy current field induced by the 
magnetic field. For this case, however, the uniform electric 
field induced component is much larger than -the circulating 
eddy current field induced component when the axial ratio a/b 
becomes large. 

Table I illustrates the coupling characteristics of the TM 
d ( 

. 110 

mo e electric) field to the various phantom models. The first 
column lists the various models, ·the second column the 
resonant frequency of the cavity, the third column the net 
input power to the cavity, the fourth column the electric field 
calculated from (4), the fifth column the exposure time, the 
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TABLE I 
. TM110 MODE EXPOSURE CONDITIONS 

OBJECT FREQUENCY INPUT ELECTRIC 
(HHz) POWER FIELD 

(\I) STRENGTH 
(V/m) 

EHPi"Y 

8.6cm DIA SPHERE 143.5 760 60,600 

11cm DIA SPHERE 143.4 785 32,600 

5/1 ELLIPSOID 11,3.1 · 695 llt,500 

7.73/1 ELLIPSOID 1'11.li 735 5,400 

I. 74m HAN, BACK 141.7 580 lt,100 

1.74m HAN, FRONT 141.1 695 3,640 

1.74m HAN, SIDE 141. l , 785 4,300 

·l.58m HAN, BACK 142.8 68 2,900 

1.58m HAN, FRONT 142.6 73 2,500 .. 
L. 

1.58m HAN, SIDE 142.5 6/i 2,700 

sixth column the temperature change, the seventh column the 
measured peak power absorbed from (2), the eighth column 

the theoretical peak absorbed power density from (6) and (7), 

where applicable, and the last column is the Q of the cavity. 
There was a significant change in frequency and Q depending 

on the various shapes and sizes of the exposed subjects. The 

small reduction in Q from an empty cavity to the sphere 

loaded cavity indicates very little electric power coupling to 
the sphere, which is to be expected by (6). The ellipsoids and 

man models reduce the Q, indicating an increase in electric 
coupling as predicted by (7). 

Table II illustrates similar data for the cavity excited in the 
TE102 mode (magnetic) field. There is much less change in 

frequency and Q with various size models. 
The top of Fig. 6 illustrates the thermographic results of 

exposing the 4.3-cm radius sphere to the 144 MHz TM110 elec

. · tric field in the cavity simulating a 25 .6-cm radius sphere 
·· - exposed to 24.1 MHz. The electric field was parallel to the 

plane of separation. The· thermograms were taken with a· 
medical AGA 680 thermograph camera. The upper left dis

play is the intensity scan with brightness proportional to 

power absorption. At the upper right is the profile scan with 

multiple linear scans across the surface with vertical deflection 

proportional to temperature. A single linear scan was taken 

before and after exposure of the model along the line A'-A, 

indicated on the intensity scan. The resulting double exposure 

is shown directly below the intensity scan. A similar double 

scan was taken along the line B'-B, indicated on the intensity 

scan and brighJened along the profile scan. The results are 
shown directly below the profile scan. The measured power 
absorption from Table I was corrected to the equivalent value 

for the full scale sphere and normalized for a mean-squared 
electric field at 1 V2/m2 by dividing it by the square of the 

_ cavity field. Squared field values are used, since they are pro

.;;.i portional to the absorbed power displayed by the thermo
grams. The experimental and' theoretical values of the. power 

absorption density W, calculated for the point indicated by the 

EXPOSURE TERP W' EXP W'THEORY Q 
TIHE P.lS'E (W/kg) (II/kg) 

(SEC) . ("C) 

70.3x103 

20.0 3.2 580 550 14.SxlOl 

20.15 . 1.5 210 190 9.2xl03 

15.0 6.4 1540 1180 2.6xio3 

16.25 4.0 890 702 242 

5.65 11.4 7260 197 

9.0 8.4 3320 121 
,. 

(S.OS 8.8 2100 138 

30.1 5.6 670 . 789. 

30.0 7.2 86() 612 

30.0 6.0 720 704 

'· 

arrow, are shown unger the figures. The full scale radius R, 
scale factor sf, and simulated frequency f are shown at the top 

of the figure. 
The intensity arid profile scans for the electric field exposure 

illustrate very well the poor coupling of the electric field to 

spherical shaped tissue. After exposure, the surrounding foam 

was heated more than the synthetic tissue by .the external I 

electric fields, producing a halo effect observed on the thermo• • 

grams, even though the foam is a relatively lossless material. 

The uniform heating illustrated in the A '-A and B'-B cross 

sections· of the synthetic tissue, however, closely c.orresponds 

in form and magnitude to that predicted by theory. The edges 

of the spheres are indicated by the vertical white lines on the 
A'-A.and B'~B scans. 

The bottom of Fig. 6 illustrates the thermographically deter

mined results of exposing the sphere to the magnetic fie~d. In 

this case, the peak measured and theoretical power absorption 

characteristics listed on Table II are normalized to a squared 

magnetic field intensity of 1 A2/m2
• The exposure of the 

sphere to the magnetic field (perpendicular to the sepa'ration 

plane) produced the classical absorption increasing with the 
square of the distance from the center. Note that the peak 

value of W = 0 .366 W /kg agrees very well with the. theoretical 
value. 

We can easily calculate what the values of absorbed power 

would be for fields corresponding to a plane wave flux density 
of 10 mW/cm2

, the American National Standards Institute 
C95.l standard for continuous safe exposure, by multiplying 
W by the square of the equivalent fields. Thus, the electric 
field coupling alone would produce W=(l94)2,26.4X 10-9 = 

0.994 X 10-3 W/kg, and the magnetic field coupling alone 

would produce W = (0.515)2 0.366 = 0.971 X 10-1 W/kg. 
Thus, the power absorption density for the magnetic field 
coupling is two orders of magnitude higher than 'that due to 
the electric field coupling, as predicted by (6). 

A comparison of the peak power absorption density in 

various models exposed in the cavity to simulate full-scale sub-
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• TABLE II 
T£102 MoDE! ExrosuRE CoNDIT1oi,;s 

OBJECT FREQUENCY INPUT MAGNETIC 
(HHz) POI/ER FIELD 

(11) STRENGTH 
(Alm) 

EMPTY 

8.6cm DIA SPHERE 11i3.5 7/iO 37.7 

I lc:m OIA SPHERE. 1/iJ.5 765 25.lt 

5/1 ELLIPSOID 1ti3.1t 6li5 41.8 

7-73/1 ELL)PSOID 11i3.1t 670 27.8 

I. 74m HAN, BACK l'i3.li 570 21.5 

1.74m HAN, FRONT :11i3.li 670 24.6 

1.74m HAN, SIDE ·'143.li 730. 31.li 

I. 58m HAN, BACK 11t2.7 71 11.9 

1.58m HAN, FRONT lliJ.lt · 74 13.9 

l.!i8m HAN, SIDE 143.4 695 /i8.J 

EXPOSURE TE11P 111
ExP 

111
THEORY Q 

TIHE RISE (II/kg) (II/kg) (SEC) (•c) 

6].6xl03 

10.0 8.8 3170 3100 5.lixlo3 

15.0 · 7.8 1870 1990 2.9xlo3 

5.5 8.0 52lt0 lili50 7.5xlo3 

17,5 11.6 2390 2200 li. lxlo3 

5.9 11.0 6710 . 3 2.9xl0 

5.6 12.0 7780 3.0xlo3 

10.05 .9.2 3300 li.7xlo3 

30.0 8.2 980 6.lixl03 

30.0 6.2 750 6.6xlOJ 

5.9 8.8 5370 9,8xlo3 

.. 

ellipsoid with the major' a:ids oriented parallel to the electric 
field and perpendicular to the magnetic field. · The plane of 
separation was also perpendicular to the magnetic field. Again, 
the results match very well with the theoretical distributions, 
which for this case are given by (7) .. The results for the small 
ellipsoid were similar. The uniform absorption due to the 
electric field is much more apparent and considerably higher 
than that for the corresponding spheres (factor of 44 for the 
smaller ellipsoid and 133 for the larger ellipsoid). The absorp
tion due to magnetic coupling is also considerably different 
from that of the spheres with the absorption increasing sharply 
with distance from the major axis and decreasing gradually 
with distance from the minor axis along the periphery. Note 
for the larger ellipsoid that the absorption due to electric field 
coupling exceeds that due to magnetic coupling fo'r a plane · 
wave field. · 

· B. Phantom Models of Man 

MEASURED. ·W, =0.366 W/k9'.':f ~~()R£Ti~AL 
. (b) 

Fig. 6. (a) and (b) Scale model thermograms and calculated peak · 
absorbed power density for 70-kg sphere exposed to 24.1-MHz fields: 
vertical divergence= 2°C; horizontal divergence= 2 cm. 

jects exposed to 24.l MHz and 31 MHz is shown in Table III. 
H.Mf of the data on the table are based on applied unit fields, 
and the other half on fields corresponding to a 10-mW /cm2 

plane wave power density (i.e., E = 194 V/m, H = 0.515 A/m). 
Fig. 7 illustrates the absorption characteristics for the large 

Fig. 8 illustrates the thermograms taken for the larger-scale 
model man composed of two front sections exposed with the 
electric field oriented parallel to the long axis, simulating a 
1.74-m high 70-kg man exposed to a 3lsMHz electric field. 
Single profile scans were taken through · regions of intensive 
absorption .. The edges of the man for each scan are indicated 
by white vertical lines. The arrow indicates the position at 
which the peak absorbed power density was calculated. Areas 
of maximum absorption .occur in smaller cross sections of the 
body such as the knees, ankles, and neck. Note from the 
values in Table III that the maximum absorption of 149 µW /kg· 
per V2/m2 in the ankles of the phantom is more than _three 
orders of magnitude higher than that of an equivalent volume 
sphere and approximately 26 times greater than that for the 
equivalent volume ellipsoid with a/b = 7.73. The high absorp
tion in the narrow cross sections of the body is due to con
striction of the induced axial current through the body, 
thereby increasing the current density. and electric fields in · 
those areas. · The arms are not affected since they are parallel 
to the large cross-se.ctional trunk that shunts most of the 
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TABLE III 
'''i . PEAK POWER ABSORPTION DENSITY (WI kg) IN SUBJECTS EXPOSED TO 

HF FIELDS 

~; 
APPLIED MAGNETIC FIELO APPLIED ELECTRIC FIELD 

SUBJECT & f • 24.1 HHz f • 31 HHz SUBJECT & f•2°1t.1HHz f • 31 HHz 
LOCATION LOCATION 

I A/m 0.515 A/m I Alm 0.515 Alm 1 V/m 194 V/m I V/m 194 V/m 
. 

SPHEROID ' 70kg RADI.US • 25.6cm SPHEROID 70kg RADIUS • 25.6cm 

a/b • -l 0.366 0.097 0.5913 0.15'3 a/b • 1 26.lt xl0-'3 0.'394xl0-3 lt3.6xlD-9 J.64x10-3 

a/b • 5 -6 O.Oltli a/b • 5 0.503 . o. 133 -- -- l.16xl0 -- --
a/b • 7.73 -- -- i:>.670 0.178 a/b • 7.73 -- -- 5.8xlo-6 0.219 

HAN, FRONT 70kg h • 1.58m 70kg h • l.71im HAN, FRONT 70kg h • L58m 70kg h • ·l.74m 

ANl<LE -6 0.942 -6 5.63 ARK 0.738. 0.196 0.11 0.188 25.0 xlO 149.5xl0 . 
. -6 

0.550 . 54.lxlO-G. 2.04- ·. 
l'ERINEUK · 0.121 o. 191 i.88 o.499 KNEE llt.6 xlO 

NECK' -6 0.503 29.6xlo-6 1.12 ABDOKEN, 0.685 0.182 -- -- 13.3 xlO 

·o.6"8' 
;. CALF -6 o.403 -6 1.89 CIIE~ 0.172 1.51 0.401· 10,7 xlO 50,2xl0 

,. 5.6 x10·6 .. ··• 

25.7xlo-6 
AXILI.A • o.lt88 0.,129 2.52, 0.67' THIGH o.2i2 0.967 

SH04LDER j o:1iso n.127 1 .31 · 0.347 PERINEUII -- -- 8.7xl0-6 .0.329 

HIP. -6 o.44 
HANO- . - 0.305 0.081 -- -- -- -- ll .7xl0 

., 
o.lt58 IIIP 0.251 0.067 0.121 

i 
~•:, ,,. 

STERNWI· 0.161 . O.Olt-3 -- -- .. 
--

TABLE III (CoNTINUED) 

APPLIED MAGNETIC FIELD APPLIED ELECTRIC FIELD 

SUBJECT & f • Zit.I HHz f ~ 31 HHz SUBJECT & f • 211.1 HHz f • 31 HHz 
LOCATION LOCATION 

I Alm 0,515 A/m I A/m 0.515 A/m :· I ·v/m 194 V/m 1 V/m 194 V/m 

HAN, BACK 70kg h • I .SBm 70kg h • J.71tm HAN, BACK 70kg h • 1.58m 70kg h • 1.74m 

AXILLA 1.19 0.316 3.13 0.830 ·NECK -6 13.2 xlO · o.1t98 18.32xl0-6 ·- c·.96i · 

PERINEUN 0,358 0.148 2.56 0.619 ANKLE 8.96xl0 -6 0.338 92.52xl0 -6 3.1t9 
-6 . -6 ,. 

SHOULDER - 0.388 0.103 o.81t3 0.224 KNEE · 8.lt9xl0 0.320 44.86xl0 1.69 

STERNUM 0.235 0.062 -- -- ABDOMEN lt,25xl0-6 0.160 ~- -- -. 
! 

ARK 0.170 o.1iso -- --
NECK 0.122 0,032 -- --
HIP -- -- 0.952 0.253 

HAN, SIDE HAN, SIDE 

STOHACN 0.3'32 O.JOlt 0.685 0.182 NECK ' -6 17,I xlO 0.645 
' -6 

24.12xl0 · 0.909 

BACK 0.389 0.103 0.702 o. 186 BACK 2.95xl0 -6 0.111 8.20xl0-6 0,309 

.PERINEUK 0.302 0.080 o.442 - 0.117 STOMACH -- -- 5,lt6x10-6 0.2D6 

SHOULDER 0,173 0.046 o.497 0.132 

HEAD 0.094 0.025 0.205 0.054 

NECK -- -- O.li22 0.112 

induced currents past the smaller diameter arms. The absorbed 

power density in a real man exposed to the electdc field could 

be significantly higher since regions such as the neck and 

ankles which contain bo~e would have even narrower cross 

sections of the highly conducting muscle tissue. 

Fig. 9 iliustrates the thermograms taken for the same double 

front model man e·~posed to a magnetic field perpendicular to 

the frontal plane simulating a 31.0-MHz exposure for a full 

scale man. For this case, circulating eddy currents are pro

duced. There is generally high a,bsorption along the sides of 

the body in the area of the ribs of approximately· i .0 to 

1-?S W /kg per A 2/m2 of magnetic field intensity. _ Peak absorp

tion occurs in regions where the flow of the eddy currents 

circulating through the trunk of the body is forced into smaller 

cross-sectional areas or is diverted by severe angular changes of 

the tissue such as the region- near the axilla {2.52 W/kg)and 

the perineum {1.88 W /kg). Since the maximum power absorp

tion due to electric field exposure occurs where there is mini

mal power absorption due to magnetic field exposure, we · 

could predict the maximum power absorption density for a 

10-mW/cm2 plane .wave field from values given in Table HI. 
for the case just discussed, we would expect a peak absorption 

in the ankles of 5.63 W/kg and near the axilla of0.67 W/kg. 

Fig. 10 ilh,1strates thermographic data for the median plane 

for simulated exposure of 1.74-m high man to a 31.0-MHz 

electric field. The 21.5-24.l µW /kg neck absorption density is 
consistent with the previous data. · · 

Fig. 11 illustrates the results of exposing the above subject 

to a magnetic field perpendicular to the median plane. The 

peak absorbed power values are approximately one-third of 
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E::L.UPSS a=74.8cm\;;\,=50 • 
. ·". -~ 

(b) 

Fig. 7. (a) and (b) Scale model thennograms and calculated peak 
absorbed power density for 70-kg t ellipsoid (a= 74.8 cm) exposed to 
24.1-MHz fields: vertical divergence = 2°C; horizontal divergence = 
2.65 cm. 

the values measured for the frontal plane exposure due to the 
decrease in cross-sectional area of tissue spanned by the mag
netic field. Since the magnitude of the circulating eddy cur
rents is related to cross-sectional areas, we would expect 
increases with larger bodies. Note that the absorption is 
maximum at the periphery as one would expect. 

The characteristic heating patterns for the other exposed 
objects of the same shapes but different sizes were similar to 
those discussed, with the exception of changes in relative 

. magnitudes illustrated in Table III, which are consistent with 
theory [8]. Differences in body shape and cross section 
resulted in dissimilarities when comparing the back-to-back 
man models to the front-to-frbnt man models discussed above. 
We could expect similar type changes with the normal varia-

:•? 

tion of body shape from one individual to another, so the 
measured results fo( the man models cannot be exactly gener
alized to cover all individuals. The results should, however, be 
more useful than those obtained from ellipsoids or other crude 
models. The measured absorption patterns described above 
also would be characteristic for all lower frequencies .since 
only the absolute amplitudes could be ,expected to differ. 

~ .. 

M~f,f. ... _.{.FRONT f<li.OMH, 

(b) 

(c) 

Fig. 8. (a)-{c) Scale model thertnograms and measured peak absorbed 
power densities for 70-kg 1.74-m height frontal plane front model 
man exposed to 31.0-MHz electric field: vertical divergence = 2°C; 
horizontal divergence = 4 cm. (Exposure level reduced and time 
increased to 68W for 30 s for scans A'-B, B'-B, and G-G.). 

IV. CONCLUSIONS 

It has been demonstrated that the thermographic technique 
may be used to quantify power absorption in biological tissues 
with regular geometries corresponding to spheres or ellipsoids 
or in irregular geometries corresponding to man exposed to HF 
fields. By use of ½ or less scale models and a dual mode 
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(c) 
Fig. 9. (a)-{c) Scale model thermograms and measured peak.absorbed 

power densities for 70-kg 1.74-m height frontal plane front model 
man exposed to 31.0-MHz magnetic field: vertical divergence = 2°C; 
horizontal divergence = 4 cm. 

resonant cavity operating at. 144 MHz, relatively low power 
and inexpensive soii'i-ces are sufficient to produce the necessary . ' 
rapid temperature i:ise in scale m_odel phantom tissues to allow 
thermographic measurement of · the absorption patterns. 
Except for the change in magnitude, the resulting patterns are 
identical to those which would occur in actual full scale 
subjects·exposed to fields of 30 MHz, or less, in frequency . 
.JJ'he accuracy of the technique has been verified by good 
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· Fig.JO. Scale model thermograms and measured peak absorbed power 
densities for 70-kg 1.74-m height medial plane model man exposed to 
31.0-MHz electric field: vertical divergence = 2°C; horizontal diver
gence = 2.6S cm. 

agreement between the experimental r~sults and theoretical 

predictions · for spheres arid spheroids exposed to high . 
-- •frequencies. . 

Measured absorption ,patterns in free body phantom models 
of man indicate that peak power absorptiqn densities can 
exceed those produced in equivalent. volume spheres by as 
much as three orders or' magnitude. for electric field exposures 
and a fact9~ ()f up to 6 for magnetic field exposures. The elec
tric field perpendicular to the transverse plane produced 
maximum absorption in· areas where transverse. cross. sections 
are small, such as the neck, the ankles, and the knees. Large 
cross-sectional areas such as the trunk and head are affected · 
much less. There is also little effect in the arms when in the 
down position because of the shunting effect of the trunk and 
lower extremities. The magnetic field perpendicular to the 
frontal plane induces eddy currents with magnitudes that tend 
to increase. with distance from the saggital plane and attain 
high values at the .periphery of the torso. Peak values occur in 
the region near the axilla and the perineum where there· are 
sharp angular variations. The power absotption density in
creases with the square of the frequency for exposure to either 
electric or magnetic field~, and also the square of the dimen
sions for magnetic field exposure: The measurements of 
absorption for exposure under a giv_en set of conditions at one 
frequency can be used to predict the results for all HF fre
quencies and sizes of bodies with the same geometric shape .. 

In order to measure values for exposure to an arbitrary 
combination. of E and H fields, the cavity must be resonated at 
the same frequency for both modes. Since the resonant fre
quency of the cavity TM110 mode changes with object size, 
while the frequency of the TE 102 mode remains stable, careful 
tuning must be made by mechanical means for the former. 
This has been found to be extremely difficult with a single 
tuning probe adjustment. It has been found that by the use of 
four adjustable probes, placed through the cavity walls at each 
of the maxima of the TE I 02 electric field, that proper tuning 
can be accomplished. The technique can be used to make 
measurements for sophisticated models with inhomogeneous 
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<a> 

(b) 

(c) 
Fig. 11. (a)-(c) Scale model therrnograms and ·measured peak absorbed 

power densities for 70-kg 1.74-m height medial plane model man 
exposed to 31.0-MHz magnetic field: vertical divergence = 2°C; hori
zontal divergence= 2.65 cm. 

. ,,.,.·. 

tissue structure for .. different model postures, and! for the mode 
model standing on, or in contact with, conducting planes or 
other structures under arbitrary field impedance con_ditions. 
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