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in Body-of-Revolution Models of Man
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Abstract—Internal electromagnetic (EM) fields and power abserption in
a homogeneous lossy dielectric body of revolution are evaluated using the
surface integral equation method. The method yields moment method
solutions for the induced current densities on the body surface. The
interior fields to the body are then evaluated via the reciprocity theorem
and the measurement matrix concept. The bulk body power deposition is
obtained by the integration of the surface Poynting vector. The method
applies for a wide range of dielectric parameters (with ¢, from 1.1 to 10?
and o from 0 to 10> mhos/m) in the resonance region. Numerical results
for EM fields and power deposition in a body-of-revolution model of a
human torso with height of 1.78 m are evaluated for frequencies of 30, 80,
and 300 MHz. It is found that the strongest power deposition in the torso
model occurs for fields polarized along the longest dimension and for
frequencies near the first resonance (i.e., 80 MHz) of the torso body. Hot
spots are also observed in the neck region of the torso body.

I. INTRODUCTION

IVING in today’s electromagnetic (EM) wave

bombarded environment, scientists have become con-
cerned about the problem of possible biological hazards
of microwave radiation. In the past, many analytical
works have been presented to investigate the EM power
absorption patterns and total absorption in simple three-
dimensional models of man, e.g., spheres [1], spheroids [2],
[3], and ellipsoids [4]. It was found that the power absorp-
tion characteristics are dependent on the frequency and
orientation of those models with respect to the EM wave-
field vectors. For realistic models with arbitrary contours,
the integral equation method should prove to be advanta-
geous. Recently, a volume integral equation (VIE) method
has been developed by Livesay, Chen, and Guru [5], [6] to
evaluate the internal fields and absorbed power density in
finite slabs and thin cylinders of biological tissue as well
as human torso models made of small cubical blocks.
Some interesting hot spots were found in the neck or groin
region of their models when it is illuminated by an EM
wave with a frequency in the resonance region. The ex-
perimental work by Gandhi [7] also shows hot spots in the
neck and thigh regions.

To detect these hot spots, a surface integral equation
(SIE) method involving integrals of induced currents on
the interface between air and the biological body of
revolution is developed in this paper. The SIE method has
been previously used by Wu and Tsai [8] to evaluate the
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EM fields induced inside arbitrarily shaped biological
cylinders. There it has been shown that the SIE method is
more advantageous than the VIE method in treating
larger sized homogeneous dielectric bodies. The SIE
method has also been successfully used to calculate the
EM scattering by an inhomogeneous dielectric cylinder of
biological tissue by using an invariant imbedding tech-
nique [9]. The feasibility of using the SIE method to
evaluate the induced surface currents and far-field
patterns of a homogeneous biological body of revolution
has also been demonstrated in a recent paper [10]. There-
fore, the interior fields to the biological body are now
obtained from the previously calculated surface currents,
the reciprocity theorem, and the measurement matrix con-
cept. By energy conservation principles, the time-averaged
Poynting vectors of the total surface fields are also in-
tegrated to yield the total power deposition of the body.

To test the validity of this method, SIE solutions for the
interior fields and power absorption of a homogeneous
lossy dielectric sphere are compared with the exact solu-
tions. Numerical results for the internal EM fields and
power deposition in a body-of-revolution model of a hu-
man torso are next given to determine the power depen-
dence on the frequency and polarization of the incident
plane wave and to detect the so-called “hot spots.”

II. METHOD OF SOLUTION

Fig. 1 shows the geometry of a homogeneous lossy
dielectric body of revolution with ¢, and o as the dielectric
constant and conductivity, respectively. The solution
method for determining the induced surface currents J
(electric current density) and K (magnetic current density)
has been presented in [10} when the body is illuminated
by an incident plane wave. Thus in this section we will
outline the SIE solutions for J and K and develop the
formulas for computing the internal fields and the power
deposition. The notation is that used in [10].

Starting from Maxwell’s equation, Green’s theorem,
and the boundary conditions, one may easily formulate
the following matrix equation [10]:

Ly, —Lpid _| E (1)
L, Ly || K, H
where L, L,,, and L,, are integrodifferential operators

given in [10]. J; and K, are the unknown electric and
magnetic current densities on S, and E’ and H’ are the
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Fig. 1. Geometry and coordinate system of a body of revolution.

electric and magnetic fields of the incident plane wave.
Notice that the above equation is implicitly valid for
tangential components only. Since the body is rotationally
symmetric about the z axis as shown in Fig. 1, the induced
current densities can be represented by

M N
Js = 2 E (ami"riu' + bmtJrﬁt)

m=—M =1
K= > (c.K,+d,.Kg

@)

i mi mitmi

where a,,;, b,,;, ¢, and d,, are constants to be determined
and J;

s IS, K., and K2, are expansion functions of the
type

mi>

3

g5 =K% =¢f(¢) exp (jme) ©)
where the ¢-expansion is a Fourier series in ¢,  and ¢ are
the unit vectors of the orthogonal coordinate system (¢, ¢)
for a point on S, and f(¢) is a triangular function divided
by the distance p from the z axis. Allow next the testing
functions to be

{J,:,, = K., = {f(1) exp (jmo)

Wiu=(0) exp (—jmo) @
W =af(1) exp (—jmo)
and the inner product of two vectors A and B to be
(4,B>= f A-BdS. (5)
s

After testing each side of (1) with W, the constants a,,,;,
b,., ¢.» and d,,; are readily obtained from

[2][1]=[V] ©)
where [Z] and [V] are the generalized impedance and
voltage matrices as given by [10, (12) and (10)], and

[11=[@m] [ bm][m][4m]]" 0

where T means transpose. The details for evaluating the
above matrix elements can be found in [10].

To further evaluate the fields interior to the body, one
may consider a current element I/, at r, as shown in Fig.
1. From the reciprocity theorem [10]-[13], the electric
tield E(r) everywhere interior to .S is determined by

u-E(r)= Iil fs [E%J,— H"K,]dS" (8)
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where E¢ and H? are the dipole fields of the current
element /4. and are given by

Eé=—jud—Vy

=1 VxA ©)
Ko
where 4 and ¢ are the vector and scalar potentials
P _ 5 ol exp (—jk|r—r'))
A= rAuOIch)2— u, 4 lr_ r/l (10)
J
=L v.u4 (11)
v wE,
©=¢€€—jo/w (12)

and

exp (—Jjk|lr—r
k=ko(e/ €)%, ko=2m/Ny, ®@,= piw[ilr'[ |)

(13)

Equation (8) may be rewritten in terms of the measure-
ment matrix similar to that in [12], i.e.,

i, E(r)= }17 > y [R,][L.] exp (jme)

(14)

where [1,] is obtained from (7), [R,] is the near-field
measurement matrix and is given by

[Rm]=I:[eru][tht][Eria][Erzt]] (15)
The bracketed quantities on the right-hand side of (15) are
two-dimensional surface integrals. For example:

R=—1[ar(of) [ [ 2-(V®,%4,)] exp (jm).
(16)

To evaluate the above double integrals, similar approxi-
mations to those in [11] are used. That is, for the ¢
integration, four flat pulses are used to approximate the
triangle basis function. Further approximation similar to
that in [11, (46)—(55)] is used to eliminate the ¢ integral.
For the ¢’ integral, the numerical integration scheme of
Gaussian quadrature [14] is used.
The bulk body power deposition may now be computed
via the energy conservation principle [15] as
P=—Re f(ExH"‘)ﬁdS (17)
s
where E X H* is the time-averaged Poynting vector of the
total surface fields (i.e., the induced current densities J,
and K). Thus in terms of the current coefficients of (2),
(17) may be rewritten as

P=—Re f (KT %% — K9] '%)dS
A

M N
= —Re [277 S 3 G duar) [ ”“’pﬁ(t)dt]
0

m=—Mi=1
(18)
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where * denotes complex conjugate and Re (4) means the
real part of the complex quantity A. Here the ¢ integral
may be evaluated using the two-point Gaussian quadra-
ture integration routine.

The absorption efficiency Q,;, as defined in [3] is next
calculated as

P
Qabs - A—S;

(19)
where A is the geometric cross section of the body and S;
is the incident power density.

HIS

The accuracy and convergence rate of the SIE solution
for the induced surface current densities J; and K, on a
dielectric sphere has been studied in [10]. It is recognized
that the convergence rate for the currents on a dieleciric
body [10] is apparently of the same order as that for a
conducting body [11]. Once the surface currents are ac-
curately determined, using the formulas developed in the
previcus section, one may readily estimate the total power
deposition and fields everywhere interior to the body.
Table T shows the absorption efficiency Q,,, of a lossy
dielectric sphere (with radius “a” and complex permittiv-
ity €,) illuminated by an axially incident plane wave. Here
m=*1 and nine triangles, i.e., N=10, are used for the
current’s expansions. The SIE solutions for Q,,, are in
good agreement with the results obtained by the extended
boundary condition method [3]. The interior fields along
the z axis of a muscle sphere (¢, =60, 0 =1 mho/m, f=300
MHz, and a=0.2)\) are plotted in Fig. 2, with a vertically
polarized plane wave (E'= —1 V/m) propagating in the
—x direction. Notice that no E, component is induced
along the symmetric axis (i.e., z axis) for this polarization.
The absorbed power densities (i.c., p=(o/2)E-E*=
(o/D(E | +|E,|* +|E,*) are next plotted along the x, ,
and z axes as shown in Fig. 3. As can be seen, excellent
agreement is obtained between the SIE and exact solu-
tions, which is obtained using the standard separation of
variables method [15]; thus the SIE solution can be con-
sidered valid. It is also interesting to note that due to the
dielectric loss, the absorbed power density, as shown in
Fig. 3, is reduced greatly from the surface to the center of
the sphere and from front to back.

One of the main objectives of this study is to demon-
strate the applicability of the SIE method in the evalua-
tion of the power absorption dependence on the frequency
and polarization of the EM waves and the detection of
resonance effects and possible hot spots. Toward that end,
the interior fields and the total power deposition in a
body-of-revolution model of a human torso are evaluated
for a vertically or horizontally polarized incident plane
wave at three frequencies, i.e., 30, 80, and 300 MHz. Here
the human torso is modeled by a homogeneous dielectric
body of revolution of muscle tissue with a height of 1.78
m, as shown in Fig. 4. Figs. 4-6 show the magnitude of
interior fields E, and E, along the z axis, with a vertically

NUMERICAL RESULTS AND DISCUSSION

TABLE 1
ABSORPTION EFFICIENCY OF DIELECTRIC SPHERES (WITH RADIUS
“a” AND PERMITTIVITY €,)

NG,

koa ™ 1 3.536(1-4) |7.071(1-3)| 14.142(1-1)
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Fig. 2. Internal fields |E,| and |E,| along the z axis of a muscle sphere
(=60, o=1 mho/m, 4=02 m, f=300 MHz) with a vertically
polarized plane wave (E;= —1 V/m) propagating in the — x direction
(m=0, +1, and N=10).
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Fig. 3. Absorbed power densities along the x, y, and z axes of the same
muscle sphere as in Fig. 2, vertical polarization (m=0, £1, %2, £3,
and N =10).

polarized plane wave (i.e., E/=—1 V/m) propagating in
the — x direction for frequency at 300, 80, and 30 MHz,
respectively. Similar to the sphere case, no E, component
is induced along the z axis. The absorbed power density
can be easily determined by the sum “(a/2)(|E,]*+
|E,|*).” Note that the z axis is chosen to be the symmetry
axis and aligned with the longest dimension of the torso
model. As can be seen, the strongest induced electrical
field occurs at 80 MHz, since at this frequency the torso
model exhibits the first resonance phenomenon in re-
sponse to the vertically polarized plane wave. Hot spots
are also found in the neck region for all three frequencies.
In the case of a horizontally polarized plane wave (i.e.,
Ej=1V/m) illuminating the same torso in the —x direc-
tion, the interior fields |E,| along the z axis are much
smaller than those of the vertical polarization case and are
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Fig. 4. Internal fields |E,| and |E,| along the z axis of a body-of-revo-
lution model of man, vertical polarization, f=300 MHz (m=0, *1,
and N=21).

Fig. 5. Internal fields |E,| and |E,| along the z axis of the same torso
model as in Fig. 4, vertical polarization, f=80 MHz (m=0, %1, and
N=21).

.28

Fig. 6. Internal fields |E,| and |E,| along the z axis of the same torso
model as in Fig. 4, vertical polarization, f=30 MHz (m=0, *1, and
N=11).

not shown here. Local hot spots for this horizontal polari-
zation case are also found in the neck region. The total
power deposition in this torso model with the vertical (i.e.,
E]=—1V/m) or horizontal (ie., Ej=1 V/m) polariza-
tion are given in Table II. As was observed in other
independent works [2], [6], [7], the strongest power deposi-
tion in the torso is found for the case of vertical polariza-
tion and for frequencies near the first resonance of the
torso body. It should be noted that though only fields
along the z axis are shown, fields elsewhere interior to the
body may also be readily evaluated.
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TABLE IT
BurLk Bopy POWER DEPOSITION P (IN MILLIWATTS) IN THE
Torso MoDEL

(m=0, =1, £2, +3)

‘\\Freq. (in MHz)
~
~
polarization~ ~ 30 80 300
~
vertical 0.271 2.557 0. 544
Horizontal 0.051 0.053 0.472

IV. CoNCLUDING REMARKS

In this paper, the feasibility of using the SIE technique
to analyze the EM fields and power deposition in a
homogeneous dielectric body of revolution of biological
tissue has been demonstrated. The method also applies for
any arbitrarily shaped body-of-revolution models of man
and animals, e.g., human torsos, monkeys, rats, etc.
Although the illuminating sources considered here are
plane waves, for near zone sources such as manpack radio
antennas [13], direct-contact aperture sources, corner re-
flectors, etc., this technique still applies.

If the internal EM fields vary both rapidly and drasti-
cally inside the biological body, some resonance peaks
and nulls might be missed by using the VIE method
because of its resolution limit. While using the SIE
method, fields everywhere interior to the body are ac-
curately evaluated. Furthermore, the SIE method may be
generalized to analyze inhomogeneous bodies by employ-
ing the invariant imbedding technique [9], and the method
applies for a wide range of dielectric parameters (with e,
from 1.1 to 10% and o from 0 to 10° mhos/m). In closing,
because of the versatility of moment method solutions to
changes in geometry, a myriad of body configurations
may also become tractable, e.g., a human torso with
outstretched arms and legs, or even carrying a manpack
transceiver.
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