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Limitations of the Cubical Block Model of
Man in Calculating SAR Distributions
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MAGDY F. ISKANDER, MEMBER, IEEE

Abstract —Block models of man which consist of a limited number of
cubical cells are commonly used to predict the internal electromagnetic
(EM) fields and specific absorption rate (SAR) distributions inside the
human body. Numerical results, for these models, are obtained based on
moment-method solutions of the electric-field integral equation (EFIE)
with a pulse function being used as the basis for expanding the unknown
internal field.

In' this paper, we first examine the adequacy of the moment-method
procedure, with pulse basis functions, to determine SAR distributions in
homogeneous models. Calculated results for the SAR distributions in some
block models are presented, and the stability of the solutions is discussed.
It is shown that, while the moment-method, using pulse basis functions,
gives good values for whole-body average SAR, the convergence of the
solutions for SAR distributions is questionable.. A new techmique for
improving the spatial resolution of SAR distribution calculations using a
different EFIE and Galerkin’s method with linear basis functions and
polyhedral mathematical cells is also described.
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I INTRO]_)UCTION

N THE STUDY of the possible biological effects of

electromagnetic (EM) radiation and in medical applica-
tions utilizing EM energy, it is important and desirable to
determine the internal EM fields and specific absorption
rate (SAR) distributions inside the human body. The exist-
ing models commonly used to predict the induced EM
fields inside the human body are block models consisting
of a limited number of cubical cells. Numerical results for
these models are obtained based on moment-method solu—
tions of the electric-field integral equation (EFIE) with a
pulse function being used as the basis for expanding the
unknown internal field [1}-[6]. Although the aforemen-
tioned models have provided significant information about
the average whole-body and partial-body SAR’s, there
remains a need to obtain a detailed and more accurate
SAR distribution in the human body. Specific suggestions
have been made that such accurate numerical results may
be obtained by using a larger number of mathematical cells
and by further using inhomogeneous models to accurately
represent the permittivity inhomogeneities in the body [6].

0018-9480 /84 /0800-0746$01.00 ©1984 IEEE
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In an attempt to improve the spatial resolution of SAR
distribution calculations and to calculate the EM power
absorption by a fetus when the expectant mother is irradia-
ted by RF near fields, we have studied the stability of the
moment-method solution of the EFIE [7]. We began our
study first by looking into the effect of subdivisions of cells
in a particular region of the body on the SAR distributions
in the other regions of the body. During the course of this
study, we have found that the pulse-function, moment-
method solution of the EFIE provides good values only for
whole-body average SAR, but the convergence of the solu-
tion for SAR distributions is dependent on the specific
subdivision of the model into smaller mathematical cells
and its accuracy is, therefore, questionable. In particular,
we have found that the expansion of the unknown fields in
terms of pulse basis functions cannot satisfy boundary
conditions at the mathematical cell surface boundaries.
Furthermore, we have shown by subdivision of mathemati-
cal cells that this method of solution has some serious
deficiencies particularly when applied to inhomogeneous
models.

In the next section, some calculated SAR data in some
block models are presented. Numerical results presented in
this paper are obtained by solving the EFIE, using the
method of moments with pulse basis functions. Chen and
Guru [1] and Hagmann et al. [2] have utilized this method
to calculate the induced fields and SAR’s inside block
models of man irradiated by an EM planewave. Penn and
Cohoon [8] have also applied this method to calculate the
internal fields and SAR distribution inside a lossy dielec-
tric sphere exposed to an EM planewave. Since a complete

description of the method and an upper limit on the-

dimensions of cells for the required accuracy are given by
these authors, we only describe the model and present our
calculated values. Qur computer program is adapted from
a program written by Livesay and Chen for planewave
irradiation [9]. We wish to thank Professor K.-M. Chen for
furnishing a listing of his program.

II. EFFECT OF SUBDIVISION ON SAR

The effect of subdivisions of mathematical cells in a
particular region of the body on the SAR distributions in
the other regions of the body is investigated, and numerical
results are presented in this section. First, calculations of
the SAR distributions are carried out in two types of
human models: a) a standing block model of an average
man, and b) a sitting block model of an average woman.
Then, a cubical model is considered to study the effect of
subdivision of cells on the local SAR values. The complex
dielectric constant values used in calculating SAR, for all
of the models considered in this paper, are taken from the
curves given in the second edition of the Radiofrequency
Radiation Dosimetry Handbook [10}.

Fig. 1 shows a standing model of man constructed with
114 cubic cells of various sizes ranging from (5 cm)® to (12
cm)®. The orientation of the model with respect to the
rectangular coordinate systems is also shown in Fig. 1 for
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Fig. 1. A standing model of man. The model is constructed with 114
cubic cells of various sizes. The dimensions are given in centimeters.

later reference. The model is 175 cm high and is similar to
the one reported by Chen and Guru [1], except for some
modifications in the thigh and leg regions. It can be seen
from Fig. 1(a) that the right half and the left half of the
model are the mirror image of each other and, therefore, in
numerical calculations, only 57 cells have been used.

Fig. 2 shows the SAR distribution inside the standing
model irradiated by an EM plane wave at 27.12 MHz. The
incident E-field, the incident H-field, and the propagation
vectors are along the x, y, and z axes, respectively. The
peak value of the incident electric field is 1 V/m. Since the
body is symmetrical, the SAR values are shown only in one
half of the body. The SAR values for planewave irradia-
tion, Fig. 2, are given here for the purpose of comparing
them with the SAR data in a more refined model, which is
considered next,

Fig. 3 shows the SAR distributions inside a standing
block model constructed with 156 cubic cells and is a
modified version of the one shown in Fig. 1. The modifica-
tions are as follows: six cells in the abdomen region (the
shaded region in Fig. 3) are each divided into eight cubic
cells. Comparison of the SAR data in Fig: 3 with those
given in Fig. 2 shows that the partitioning of the cells in
the abdomen region has changed the SAR distributions
in the remainder of the body, especially in the cells close to
the partitioned region. For example, the SAR values have
changed up to 50 percent in the cells adjacent to the
partitioned region. It can also be seen that the rate of
change in SAR values decreases as the distance from the
partitioned region increases. For instance, the maximum
change in the head and feet regions is less than.two
percent. It is also interesting to note that while the parti-
tioning of the cells in one region of the body, in this case
the abdomen region, causes a major change in the SAR
distributions, the average SAR in the body remains almost
the same. The difference in the average SAR for the model
shown in Fig. 2 and the one in Fig, 3 is found to be about
three percent.
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Fig. 2. SAR (uW /kg) distribution inside a standing model of man due
to an incident EM plane wave at 27.12 MHz. E‘||%, K'||2,|E'|=1
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17817
L7513
Lso| ea

.15] .87

581,21

36[22¢]

< 2401

3.19(2 42D.26 | .59

2.8312,520.35 1,07

3.706.04

3.372.47

3.25[2.181,42f .57

2 51{1.951.19] .84

Fig. 3. SAR (pW/kg) distribution inside a standing model of man
irradiated by an incident EM plane wave at 27.12 MHz.
E'fl%, K')I2, |E'| =1 V/m, =042 s/m, &/¢,=T6.

We then considered a sitting block model of an average
woman for calculations of the internal electric field and
SAR distributions. Fig. 4 shows such a model constructed
with 104 cubic cells of various sizes ranging from (4.8 cm)>
to (14.4 cm)?. The orientation of the model with respect to
the rectangular coordinate systems is also shown in Fig. 4.
Fig. 5 shows the SAR distribution inside the model when
irradiated by an incident EM planewave at 27.12 MHz.
The incident E-field, the incident H-field, and the propa-
gation vectors are along the x, y, and z axes, respectively.
The peak value of the incident electric field is 1 V/m.

Fig. 6 shows the SAR distributions inside a sitting model
of an average woman exposed to an incident EM plane
wave at 27.12 MHz. The irradiation conditions are the
same as those given in Fig. 4. The model is constructed
with 160 cubic cells and is similar to the one shown in Fig.
4, except for some subdivisions in the abdomen region (the
shaded region in Fig. 6). Comparision of the SAR data

x « 122.4 cm—>»

. T
@ ®) ©

Fig. 4. A sitting model of an average woman exposed to fields of an EM

plane wave. (a) Front view of the trunk. (b) Front view of the leg (from
knee to ankle). (c) Side view.

o
[.2!, .
949]. ’
1.95 1¢ | 'ml
1,05 1* |
W43, 0951{.0%
50(.51 [* 1.2
.28{.30 J.012  .008 ,009
62|.67
551.60 31136
30 18].26 A
.1 09|.17

Trunk
(second layer)

Fig. 5. SAR (uW /kg) distribution inside a sitting model of an average
woman due to an incident EM plane wave at 27.12 MHz
E'Y%, K'12,|E|=1V/m, 6 =042 S/m, ¢/¢,=T6.
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Fig. 6. SAR (uW /kg) distribution 1nside a sitting model of an average
woman irradiated by an incident EM plane wave at 27.12 MHz.
EY&,K'%,|E=1V/m, 0 =042 S/m, £/¢,=T6.

shown in Fig. 6 with those given in Fig. 5 shows that the
subdivision of cells in one region of the body has, again,
caused a major change in the SAR distributions.

The calculated SAR data presented in Figs. 2—6 raise the
following question. Why does subdivision of the cells in
one particular region of the body change the SAR distribu-
tions in the remainder of the body? This effect is particu-
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larly questionable since, for the cases considered so far, the
block models were homogeneous (i.c., the complex permit-
tivity was assumed to be constant throughout the models)
and, furthermore, the linear dimension of the largest cell in
all the models was chosen to be sufficiently small, com-
pared with the wavelength inside the cell, to comply with
the upper bound criteria. In an attempt to answer these
questions and in order to gain a better physical insight into
the moment-method solutions of the EFIE, we considered
simpler models, such as cubical models, and will first
present the effect of subdivision of cells on the SAR and
the convergence procedures in these models.

Fig. 7 shows a cubical tissue block model (30X 30X 30
cn’’) illuminated by an incident EM planewave. The
polarization of the EM field vectors and the orientation of
the cube with respect to the rectangular system of coordi-
nates are also shown in Fig. 7. The cube is first divided
into 27 cells, each having a side 10 cm long. Fig. 8 shows
the local SAR values in the center of each cell due to an
incident planewave at 27.12 MHz.

Fig. 9 shows the SAR distributions in a cubical tissue
block model for which a cell at the very center of the cube
has been subdivided into eight cells. Comparision of the
SAR data given in Figs. 8 and 9 shows that partitioning of
a cell at the center of the cube does not perturb the SAR
values in the neighboring cells. The only change occurs in
the value of the SAR in the partitioned cell. In this case,
the value of the SAR in the center of the cube has changed
by ten percent and the average SAR in the cube has
remained unchanged.

Fig. 10 shows the SAR distributions in a cubical tissue
block model for which a cell on one surface of the cube (a
cell at the center of the first layer in the x—y plane) has
been subdivided into eight cells. In this case, it can be seen
that the values of the SAR in the undivided cells have not
changed, compared to the values given in Fig. 8.

Fig. 11 shows the SAR distributions in a cubical tissue
block model for which a cell at a corner of the cube has
been subdivided into eight smaller cells. It is interesting to
note that partitioning of a cell at a corner of the cube has
changed the value of the SAR in the neighboring cells up
to 60 percent (compare these values with those given in
Fig. 8). The SAR value at the corner, i.e., in the subdivided
region, has increased, approaching a value 49 percent
greater than that estimated value using one cell. It is also
interesting to note that the change in the average SAR in
the cube is only four percent.

Fig. 12 shows the SAR distribution in a cubical tissue
block model for which a cell on one surface of the cube (a
cell at the center of the third layer in the y-z plane in Fig.
7) has been subdivided into eight cells. Note that the
subdivided cell is located in a surface which is perpendicu-
lar to the incident E-field vector. Comparison of the SAR
data given in Figs. 8 and 12 shows that partitioning of a
cell at a surface of the cube, which is normal to the
incident E-field, has changed the value of the SAR in
the neighboring cells up to 70 percent. The SAR value in
the subdivided region has increased approaching a value 55
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Fig. 7. A dielectric cube (30Xx30X30 cm’) irradiated by an incident
EM plane wave.

W067 | .03 o7

031 | 018 | L031

.039 | .022 |.030 w022 | .o | .02

.0s8 | .om | .ou8

2039 | .022 |,009

s

Fig. 8. SAR (pW/kg) distribution in a cubical tissue block model
(30X 3030 c’) irradiated by an incident EM plane wave at 27.12
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Fig. 10. SAR (uW/kg) distributions in a cubical tissue block model
(30X 30X 30 cm’) irradiated by an incident EM plane wave at 27.12
MHz. E'j|%, H'j,|E'|=1 V/m, ¢ =042 S/m, ¢/¢,=76. The aver-
age SAR is 3.105X107° mW /kg,.
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percent greater than that estimated using one cell. Once
agam, it is interesting to note that the change in the
average SAR in the whole cube is only one percent.

SAR calculations in cubical models were carried out to
study the effect of subdivision of cells on SAR and the
convergence procedure of the moment-method solution of
the EFIE using pulse-basis functions. Based upon the
calculated SAR data given in this paper, the effect of
subdivisions of the cells on the local fields and SAR values
can be summarized as follows.

1) If the subdivided cell is surrounded by other cells in
the body (a buried cell), or if the subdivided cell is
located on a surface which is parallel to the incident
E-field vector, the subdividing has almost no effect
on the SAR in the remainder of the cells in the body.

2) If the subdivided cell is located in a corner or on an
edge, or is on a surface which is perpendicular to the
incident E-field vector, the subdividing will cause a
considerable change in the value of the local fields
and SAR in the neighboring cells in the body.

3) While the partitioning of the cells in one region of the
body may cause a major change in the SAR distribu-
tions, the average SAR in the body remains almost
the same.

III. CONCLUSIONS AND REMARKS

Studies have been carried out to determine the general
accuracy of the local SAR values calculated by the pulse-
function, moment-method solution of the EFIE. We have
shown, by subdividing the mathematical cells, that the
aforementioned method has some serious deficiencies which
make accuracy of the SAR distribution calculations inade-
quate, especially for inhomogeneous models of humans
and test animals. The deficiencies of the method for calcu-
lating the SAR distributions are summarized as follows.

1) Numerical solutions of the electric-field integral
equation using a pulse function basis can only be
reasonably accurate if there is no variation of the
fields within each part of the dielectric identified as
a cell.

2) The pulse functions cannot satisfy the boundary
conditions at the surfaces between mathematical
cells of different permittivities. This occurs because
the boundary conditions generally require the field

~to have one value on one side of the cell and a
different value on the other side of the cell. Since a
pulse function is constant throughout the cell, it
cannot have different values at the various
boundaries, and therefore cannot satisfy the
boundary conditions between the cells.

3) The severe dielectric discontinuities, particularly at
the corners, have a strong effect on the accuracy of
the results. This has been demonstrated by subdivid-
ing one cell into smaller cells and comparing calcu-
lated SAR’s in neighboring cells before and after
subdivision. The reason for the strong effect appears
to be mainly related to the presence of field compo-
nents normal to significant dielectric discontinuities
at these corners.

In an attempt to develop a better method of calculating
SAR distributions, we have evaluated both the various
forms of the integral equations and the various types of
basis functions that can be used to expand the unknown
fields. Our initial evaluation indicates that:

1) The following electric-field integral equation is per-

haps the best one to start with:

- j% f_Jp(_r)tP(_r,_r’) dv'+E,(r) (1)

where
Y(r,r)=e*R/R,
r is the vector from the origin to the field point,
r’ is the vector from the origin to the source
point,
R =|R|=|r—r|,

R =R /R,
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J,(r") is the so-called polarization current density,
k, is the free-space propagation constant,

e, is the permeability of free space,

E, is the incident electric field.

=1nc

This EFIE appears to offer the greatest advantage in
SAR distribution calculations. This is due to the facts

that, first, it includes an explicit expression for the

electric charge density at the surfaces between the
various mathematical cells (see the first two terms in
(1)), and, secondly, it is less singular that the EFIE
used by Chen and Guru [1] and Hagmann et al. [2).

2) Pulse functions should be replaced by a better ap-
proximation. The next obvious better approximation
than pulse functions is a linear approximation; that
is, instead of assuming that the field is constant in a
cell (the pulse function), assume that the field varies
as ax + by + ¢z + d, and solve for the parameters a,
b, ¢, and d. Thus, the field would vary linearly with
x, y, and z in the cell, and could approximately
satisfy the boundary conditions at the surfaces of the
cell.

3) Cubical cells should be replaced by. polyhedrons In
similar work using a quasi-static solution for a two-
dimensional model {11}, it has been found that poly-
gonal cells appear to work well with the linear basis
functions. Consequently, we will use polyhedrons in
place of cubical cells. This would allow us to repre-
sent the curvature of bodies much more realistically.

4) We have also found, in the previously mentioned
two-dimensional quasi-static technique, that Galer-
kin’s method offers significant advantages over
point-matching - techniques. Consequently, we will
apply Galerkin’s method to obtain a matrix equation
from the integral equation with linear basis functions.
Galerkin’s method amounts to using weighting func-
tions that are equal to the basis function and integrat-

_ing over the cells to obtain a matrix equation.

Initial steps for formulation of the problem, as outlined
above, have been completed. As a test case, a computer
program for the SAR distributions inside homogeneous
and layered spheres has been developed. Since the analyti-
cal solutions for homogeneous and layered spheres are
known, the test program would allow comparison of our
numerically calculated results with known analytical re-
sults. Using our new technique, we have calculated the
phase and magnitude of the internal electric field at every
point in a homogeneous lossy dielectric sphere at low
frequencies with +7 percent for complex dielectric con-
stant up to 20~j20 [12]. A complete description of the new
technique, along with some preliminary data on test dielec-
tric spheres, will be presented in a forthcoming publication.
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Average SAR and SAR Distributions in Man
Exposed to 450-MHz Radiofrequency
Radiation
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Abstract —Fifth-scale phantom models were exposed to 2450-MHz elec-
tromagnetic fields to obtain the average specific absorption rate (SAR) and
SAR distribution in man exposed to 1 mW /em® 450-MHz radiofrequency
radiation for various polarizations and body positions. The average SAR
was measured calorimetrically aind SAR distribution was determined ther-
mographically using an interactive computer system. The mean SAR, as
averaged over the body, remained relatively constant at 0.050 W /kg, with a
standard deviation of + 0.007 W /kg for all polarizations and body postures
considered in the study. Peak SAR values were as high as 0.650 W /kg,
occuring typically in the wrist.
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I. INTRODUCTION

S ONE PART of a project for evaluating the health

of laboratory rats exposed under conditions simulat-
ing those of human exposure in order to assess the effects
of long-term low-level 450-MHz radiofrequency radiation
(RFR) on man [7], this paper reports the measurement of
the average specific absorption rate (SAR) of energy and
the SAR distribution in man under various conditions of
€xposure.

Basically, the same techniques were used in these studies
as had been previously reported [6]. Approximately 1/4- to
1,/10-scaled models of man composed of synthetic muscle
tissue were exposed to frequencies from 4 to 10 times
higher than the exposure frequency for a full-sized man. In
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