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Internal EM Field and Absorbed Power
Density in Human Torsos Induced
by 1-500-MHz EM Waves

KUN-MU CHEN, reLLow, IEEE, AND BHAG S, GURU, MEMBER, IEEE

Abstract—Numerical results on the internal electromagnetic
(EM) field and absorbed power density inside a human torso induced
by EM waves of frequencies ranging from 1 to 500 MHz and of both
vertical and horizontal polarizations are presented. The induced fields
inside the torso are shown to be dependent on the frequency and the
torso geometry. Theoretical results are obtained based on the tensor
integral equation method and some theoretical predictions are
compared to existing experimental results.

1. INTRODUCTION

N THE STUDY of biological effects induced by electro-

magnetic (EM) waves and in medical applications utiliz-
ing EM radiation, it is important and desirable to know the
internal EM field and absorbed power density induced by an
EM field inside a human torso.

The existing methods commonly used to predict the
induced EM field inside a biological body are based on
simplified models of a plane slab [1], [2], a sphere [3]-[5], a
cylinder [6], and spheroids [7], [8]. Although these simple
models provide estimates of the internal EM fields, the
results have limited applicability to biological bodies with
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irregular shapes illuminated by an EM wave with a
frequency higher than the VHF range.

This paper presents numerical results on the internal EM
field and absorbed power density inside a human torso
induced by EM waves of frequencies ranging from 1 to 500
MHz and of both vertical and horizontal polarizations.
Numerical results are obtained based on a recently
developed “tensor integral equation method” [9]. This
method was found to be quite powerful in quantifying the
induced EM field inside an arbitrarily shaped biological
body such as a human torso.

The accuracy of this method has been verified theo-
retically by convergence tests [9] and experimentally by tests
conducted in scaled models containing saline solution [10].

For the reader’s benefit, the tensor integral equation
method and its experimental verification are briefly outlined
in Section II. Numerical results on the internal EM field and
the absorbed power density in human torsos of various
shapes induced by EM waves of various frequencies with
different polarizations are presented in Section II1.

II. THE THEORETICAL METHOD AND ITS ACCURACY

Since the tensor integral equation method [9] has been
published, only two key equations are quoted here.
If a finite biological body of arbitrary shape, with permit-
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tivity e(r), conductivity o(r), and permeability uq, is illu-
minated in free space by an incident EM wave with electric
field E‘( #), the total induced electric field E(F) inside the body
can be determined from the following tensor integral

equation:
|+ 59 ) - v [ )2
- GEP) dV' = Ei@) (1)

where ©(7) = o(¥) + jo(e(F) — &o), &o is the free-space permit-
tivity, the PV symbol means the principal value of the
1ntegra1 G(##) is the free-space tensor Green’s function, and
V is the body volume.

If the body is partitioned into N subvolumes or cells, and
E(?) and =(F) are assumed to be constant within each cell,
equation (1) can be transformed into 3N simultaneous
equations for E,, E,, and E, at the centers of N cells by the
point matching method. These simultaneous equations can
be written into matrix form as

[G.] [G] [G]|[(EA] [Ei]
[ny] [ny] [Gyz] [Ey] = [E ] (2)
[G..] [G.)] [G.]I[E] [E:]

The [G] matrix is a 3N x 3N matrix, while [E] and [E'] are
3N column matrices expressing the total electric field and
the incident electric field at the centers of N cells. The
elements of the [G] matrix have been evaluated in [9].
Therefore, with the known incident electric field E'(F), the
total induced electric field E( r) inside the body can be
obtained from (2) by inverting the [G] matrix.

In numerical analysis such as the present tensor integral
equation method, it is important to establish an upper limit
on the dimensions of the cells for the required accuracy. In
[9], two convergence tests have been performed for this
purpose, one in a muscle cylinder and the other in a muscle
cube. It was found from these tests that reliable numerical
results can be obtained if the cell edge does not exceed a
quarter free-space wavelength.

Other factors which dictate the selection of the cell size are
the computer storage capacity and the size of the biological
body. Our numerical computation was performed with a
CDC 6500 computer which has a maximum capacity of
inverting a 120 x 120 matrix. This limits the maximum
number of cells to 40. In this paper a typical adult torso of
1.7-m height is considered. When the symmetries between
the right half and the left half and between the front layer
and the back layer of the torso are assumed, for s1mp1101ty,
a cell size of 10 ¢cm? seems appropriate.

Once the 10-cm* cell size is adapted, the highest frequency
we can consider without violating the criterion that the cell
edge not exceed a quarter free-space wavelength is 750 MHz.
However, to provide a safe margin of accuracy., we consider
a frequency range with an upper bound of 500 MHz.

The validity of the theoretical method and the accuracy of
the numerical results can be provided by experimental
results: The results of two experiments are discussed below
and are compared with corresponding theoretical results.
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Fig. 1. Theoretical and experimental values of the dissipated power due
to E,, (6/2)| E,|?, as a function of Y along x = 0.5 cm. Frequency = 2.45
GHz; 0 = 5.934 U/m; ¢ = 68.487¢,. Salt concentration = 0.5 normal.

Fig. 1 shows a comparison of theoretical and experimen-
tal results on the absorbed (dissipated) power in a 12- x
12- x 2-cm rectangular box containing 0.5-normal saline
solution induced by a 2.45-GHz microwave with a vertical
electric field incident normally upon the box. A conductivity
of 5.930/m and a permittivity of 68.487¢, were assumed for
the saline solution at 2.45 GHz. In the numerical calculation,
the box was divided into two layers and each layer was
subdivided into 144-cm? cells. The induced electric field and
absorbed power density were calculated at the center of each
cell. In Fig. 1, theoretical and experimental results for the
dissipated power due to the vertical component of the
induced electric field E,, which is determined aso/2 | E, |* (o
is the conductivity), are plotted as a function of y along
x = 0.5-cm lines passing through the centers of the first and
second layers. The distribution pattern of the absorbed
power density is, in general, quite complicated as shown in
the figure. The absorbed power density in the first layer is
several decibels higher than that in the second layer, as
expected. An interesting observation, however, is that the
distribution patterns of the absorbed power densities differ
significantly in these two layers. Excellent agreement be-
tween the theory and experiment is observed except for a
minor discrepancy at the very edges of the box. This
discrepancy between the theory and experiment at the body
edges is due to an inherent experimental error associated
with an implantable field probe as discussed elsewhere [10].

Fig. 2(a) and (b) shows a comparison of the theoretical
and experimental results on the absorbed power density in
an I-shaped model, filled with a saline solution of 0.5
normality, induced by a 2.45-GHz microwave with a vertical
electric field and at end-on incidence. The theoretical and
experimental results for the absorbed power density due to
the vertical component of the induced electric field E,,
6/2|E.|>, as a function of y along x=3.5-cm and
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cm. Frequency =245 GHz; o =35934 U/m; ¢= 68487, Salt
concentration = 0.5 normal. (b) Theoretical and experimental values of
the dissipated power due to E,, (6/2)|E,|% as a function of Z along
x =3.5 cm and x = 0.5 cm. Frequency = 245 GHz; ¢ = 5.934 U/m;
& = 68.487¢,. Salt concentration = 0.5 normal.

x = 0.5-cm lines are compared in Fig. 2(a). The patterns of
the absorbed power densities are quite complicated func-
tions of the location, but the agreement between the theo-
retical and experimental results is very good. Fig. 2(b) shows
the theoretical and experimental results on the absorbed
power density due to the horizontal component of the
induced electric field E,, /2| E_|*, as a function of y along
x = 3.5-cm and x = 0.5-cm lines. Very good agreement
between the theory and experiment is again observed in this
figure except at the very edges of the model.
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torso by a vertically polarized EM wave of 80 MHz with an incident
electric field of 1 V/m.

With the convergence tests and the experimental
verification discussed above, we feel that the numerical
results in the following sections should be quite reliable.

III. INDUCED ELECTRIC FIELD AND ABSORBED
PoweR DENSITY IN HUMAN TORSOS

After the validity and accuracy of the tensor integral
equation method were confirmed experimentally, this
method was used to quantify the internal electric field and
absorbed power density inside human torsos induced by
incident EM waves of various frequencies, ranging from 1 to
500 MHz, with both vertical and horizontal polarizations.
Extensive results have been summarized in [11]. For the sake
of brevity, however, only a few examples are discussed in this

paper.

A. Induced Electric Field and Absorbed Power Density
in an Adult Torso

An adult torso with a height of 1.7 m and a shape as shown
in Fig. 3 is considered. An EM wave of 80 MHz with ¢ither
vertical or horizontal polarization is assumed to be incident
normally upon the torso. A frequency of 80 MHz is chosen

"because at this frequency the torso exhibits a resonance

phenomenon in response to a vertically polarized EM wave.

Fig. 3 shows the x component of the electric field induced
by a vertically polarized EM wave of 80 MHz with an
incident electric field of 1 V/m at normal incidence. In the
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numerical calculation, the torso was divided into 124 ten-
cubic-centimeter cells and the electric field was calculated at
the centers of the cells. Due to symmetry, only half of the
torso is shown. The strongest induced electric field is about
0.426 times the incident electric field and is located at the
hatched area, as shown in Fig. 3. It is also noted that
the induced fields in the front layer (the first layer) and in

" the back layer are quite different and that at 80 MHz

the latter is stronger than the former over the major part of
the torso. Figs. 4 and 5 show the y and z components of the
induced electric field. Fig. 6 shows the corresponding ab-
sorbed power density given by a/2(E2 + EZ + EZ).

When the same torso is illuminated by a horizontally
polarized EM wave of 80 MHz with a unity incident electric
field, the strongest induced electric field is in the y direction,
as expected. Figs. 7-9 show the x, y, and z components of the
induced electric field, respectively. As shown in Fig. 8, the
strongest induced electric field in the y direction is about
0.0622 times the incident electric field and is located at about
the same area as in the case of vertical polarization. Itis also
noted that the induced electric field for the horizontal
polarization case is generally smaller than that of the case of
vertical polarization at 80 MHz. However, this will not be so
at higher frequencies. This will be discussed later. The
absorbed power density is shown in Fig. 10.

It is important to point out that from extensive results for
various frequencies [11], it is observed that the value and
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location of the strongest induced electric field inside a
human torso vary as functions of the frequency and polari-
zation of the incident EM wave.

B. Maximum Induced Electric Field and Total Absorbed
Power as Functions of Frequency

The results on an induced field in an adult torso 1.7 min
height over the frequency range of 1-500 MHz are sum-
marized in Fig. 11. The total power absorbed by the torso is
expressed in terms of the relative absorption area A4,, which
is defined as [(total absorbed power/incident power
density)/total torso surface area), because the heat dissipa-
tion capability of a human torso is essentially determined by
the total surface area of the torso. The maximum induced
electric field is represented by its value normalized by the
incident electric field: |E . |/|E*|.

From Fig. 11 it is observed, for vertical polarization, that
the normalized maximum induced electric field reaches a
sharp maximum and the relative absorption area attains a
weak peak at around 80 MHz. This implies that a resonance
occurs in a human torso when the torso height is about 0.453
times the free-space wavelength of the incident EM wave.

For horizontal polarization, the induced electric field
seems to have two local maxima at 170 and 230 MHz. At 230
MHz the maximum horizontal dimension of the torso is
about 0.46 times the free-space wavelength of the incident
EM wave and this may be considered as a resonance
condition. The absorbed power for the horizontal polariza-
tion case tends to increase monotonically with the frequency
first and then stay rather constant for frequencies higher
than 170 MHz.

It is true at frequencies lower than 100 MHz that the
induced field in an adult torso is much stronger for the
vertical polarization case than for the horizontal polariza-
tion case. However, for frequencies higher than 170 MHz a
horizontally polarized EM wave, in general, induces a
stronger field than a vertically polarized EM wave inside
a typical adult torso.

C. Induced Electric Field and Absorbed Power Density
as Functions of Torso Geometry

The induced fields presented in Figs. 3-11 have been
calculated inside a somewhat simplified human torso to
facilitate the numerical computation. A recent experimental
study by Gandhi [12] has shown that a hot spot can be
created in the neck region of a simulated human model when
it is illuminated by an EM wave with a frequency in the
resonance region. This result tends to imply that absorbed
power density can be enhanced at a narrowed region of a
torso. To observe this phenomenon theoretically, and to
examine the general effect of the torso geometry on the
distributions of the induced electric field and absorbed
power density inside the torso, three cases of modified torsos
are considered.

The first modified torso is the previous torso with the neck
region thinned as shown in Fig. 12. This modified torso is
then illuminated by a vertically polarized EM wave of 80
MHz with a unity incident electric field. The induced electric
field and absorbed power density are then calculated inside
this modified torso. Figs. 12-15 show the x, y, and z
components of the induced electric field and the absorbed
power density in this modified torso. When these results are
compared with the corresponding results in the previous
torso with a thick neck, as shown in Figs. 3-6, it is observed
that a local hot spot is indeed created in the thinned neck
region, while the induced fields at other parts of the torso are
only slightly altered from the previous case. Physically, this
phenomenon is reasonable because the induced vertical
current is now squeezed into the thinned neck region and the
current density at the neck region is increased resulting in a
local hot spot.

The second modified torso is the previous torso with
outstretched arms as shown in Fig. 16. This torso is assumed
to be illuminated by a vertically polarized EM wave of 30
MHz with a unity incident electric field. Figs. 16-18 show
the x and y components of the induced electric field and the
absorbed power density in this torso. The z component of
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the induced electric field is not shown here because it is quite
small compared with the other components. It is also noted
that only the induced fields in the front layer are shown
because the induced fields in the back layer are nearly the
same as that in the front layer at this low frequency. When
the results shown in Figs. 16-18 are compared with the
corresponding results in the previous torso, as shown in
Figs. 19-21, it is observed that the distributions of the
induced ficlds are significantly changed, especially the y
component of the induced clectric field in the arms. This
change is reasonable because the geometry of the second
modified torso is significantly different from the previous
torso and the outstretched arms now provide a good path
for the horizontal component of the induced current.

The third modified torso is a child’s torso with a height of
1.02 m and a shape as shown in Fig. 22. This torso is assumed
to be illuminated by a vertically polarized EM wave of 80
MHz with a unity incident electric field. The x component of
the induced electric field and the absorbed power density are
shown in Figs. 22 and 23, respectively. When these results
are compared with the corresponding results in an adult
torso 1.7 m in height, as shown in Figs. 3 and 6, significant
changes are observed between these two cases. The induced
fields in the child torso are considerably smaller than those
in the adult torso. The location of the maximum induced
field in the child torso appears in the groin region of the front
Jayer of the torso. It is noted that the induced fieldsin a child
torso can be stronger than that in an adult torso if the
frequency of the incident EM becomes higher [11}
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Fig. 20. The y component of an induced electric field inside an adult Fig. 22. The x component of an induced electric field inside a child torso.
torso. Incident EM wave: vertical polarization, 30 MHz. Incident EM wave: vertical polarization, 80 MHz.
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IV. CoMPARISON WITH EXISTING EXPERIMENTAL
RESULTS

Theoretical results on the induced fields inside a typical
adult torso presented in the preceding section were
compared with existing experimental results of Gandhi [12]
and a good qualitative agreement was obtained. The com-
parisons of some theoretical results with major experimental
findings of Gandhi are summarized in Table I for the case of
an adult torso illuminated by vertically polarized EM waves.

It is noted that the total absorbed power is expressed in
terms of a different quantity by Gandhi in his paper. He used
the relative absorption coefficient S which was defined as
[(total absorbed power/incident power density)/physical-
shadow area)]. In this paper, S is equal to 3.7424,, where 4,
is the relative absorption area as defined in Section III-B.

Gandhi obtained his experimental results mainly on a
scaled-down phantom figurine 18.4 cm in length and mice
exposed to 710-3000-MHz EM waves. Since the geometries
of the experimental and theoretical models used in our study
are not very similar, the qualitative agreement shown in
Table 1 is considered to be quite satisfactory.

V. DIscUSSION

This paper presents some theoretical results on the inter-
nal electric field and absorbed power density induced by EM
waves of various frequencies and polarizations inside typical
human torsos. Extensive results for other frequencies are
available in a recently published report [11] and can be
obtained from the authors.
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TABLE I
COMPARISONS OF SOME THEORETICAL RESULTS WITH
EXPERIMENTAL RESULTS OF GANDHI ON INDUCED FIELDS INSIDE
AN ADULT TORSO ILLUMINATED BY VERTICALLY
POLARIZED EM WAVES

Theoretical Results
(Tensor Int. Eq. Method)

Experimental Results
(Gandhi's exp. )

Resonant length

of torso (L) L/Ao = 0.453

L/)\O = 0.4

f = 80 MHz
(for L = 1.7m)

£ =65 75 Mz

Resonant frequency (e 3
or L = 1.75m

for an adult torso

[Effective abgsorption

3
area at rescnance (3.742 Ar) 34
Hot spot local hot spot hot spot at
at neck area neck area

It is noted that in some cases there is a great jump in the
induced field between adjacent cells such as in Fig. 3. This
phenomenon can occur only between adjacent cells where
no continuity of the induced current is required. For exam-
ple, E, in Fig, 3 can jump greatly from one cellin one column
to the adjacent cell in the next column. However, no such
jump is observed in the adjacent cells in the same column
because of the continuity of the induced current. The great
jump between one column to the next column indicates a
strong standing wave pattern of the induced field inside the
torso. This phenomenon was observed experimentally also

[10].

In the course of our numerical computation, it was
observed that the induced fields are quite sensitive to the
torso geometry, especially in narrow or thin regions of the
torso. For this reason, we plan to calculate the induced fields
in a more realistic torso model in the future.
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Modal Characteristics of Crossed
Rectangular Waveguides

FENG-LING CHENG LIN

Abstract—The modal solution for the crossed rectangular wave-
guide is presented. Cutoff frequencies and meodal fields are
determined by formulating an integral eigenvalue equation which can
be solved by application of the Ritz-Galerkin method. Field equa-
tions are given for both TE and TM modes. The calculated cutoff
frequencies of several lower order modes agree very well with the
available experimental results in the literature.

1. INTRODUCTION

N PHASED ARRAY antenna systems, open-ended

waveguides are commonly used as the radiating elements.
In order to provide dual-polarization capability, circular or
square waveguides are used because they can support two
orthogonal modes [1]. In addition, a wide bandwidth is
required for the propagation of the dominant mode.

It has been known for years that ridged waveguides have
been useful in microwave systems due to their wide band-
width properties. For double-ridged waveguide, the
TE,-TE,, modal bandwidth is increased with the ridge
loading. However, a system capable of operating in two
polarizations is desirable in practical applications. Thus the
waveguide with a 90° rotational symmetry is adopted.
Chen et al. [2] have performed detailed modal analysis on
quadruple-ridged circular and square waveguides by means
of Silvester’s finite element program [3]. It was shown that
for square waveguides, quadruple-ridged loading always
decreases the TE;,-TE,, bandwidth, whereas for circular
waveguides, a finite amount of additional separation be-
tween TE,; and TM,; modes can be achieved when the
ridge dimensions are chosen properly.

The crossed rectangular waveguide possesses 90° rota-
tional symmetry, thus providing dual-polarization proper-
ties. It can also be viewed as ridged waveguide with square

Manuscript received June 28, 1976; revised March 22, 1977. This
research was supported by the National Aeronautics and Space Adminis-
tration under contract NAS5-23000.

The author is with Sachs/Freeman Associates, Inc., Hyattsville, MD
20784, for Johns Hopkins University Applied Physics Laboratory, Laurel,
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ridges loading its corners. It is of physical interest to
investigate the modal characteristics and to determine the
cutoff frequencies and the transverse field patterns.

With the complete knowledge of the waveguide’s
eigenvalue spectrum, one can solve many problems cur-
rently encountered. One such problem for instance, is the
radiation of crossed rectangular waveguide clements in an
array environment where excitation of asymmetrical higher
order modes may create blind spots in the array scan
pattern. Another problem is to predict the transmission
characteristics of a plane wave incident at any arbitrary
angle through an infinitely thin conducting sheet perforated
periodically with crossed rectangular shaped apertures. The
latter is particularly useful in the design and development of
dichroic subreflectors for ground station and spacecraft
antenna systems [4].

Modes of crossed rectangular waveguide have been
determined by Stalzer et al. [5] with the aid of a com-
puter program developed by Konrad and Silvester [6]
using the triangular finite element method. In their studies,
the transverse fields for each mode can not be obtained in
explicit forms for further numerical manipulation. The
Ritz-Galerkin method [7] has been successfully applied by
Montgomery [8] to obtain the complete eigenvalue solu-
tion of dual-ridged waveguides. In this paper an integral-
eigenvalue problem is formulated for the crossed rectangu-
lar waveguide and solved numerically by applying the
Ritz-Galerkin method. The modal fields obtained are in the
form of Fourier series which can be conveniently used for
phased array analysis and aperture reflection coefficient
determination for a waveguide element in an infinite array
environment.

I1. THEORETICAL FORMULATION

The geometry of the crossed rectangular waveguide is
shown in Fig. 1. The plane x = 0 is a symmetry plane of the
waveguide and the field is calculated for only half of the cross



