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From the equivalent circuit of Fig. 4(b), we can write the

expression for normalized admittance, presented to guide

I, in terms of equivalent network parameter as follows:

,n=(,+--L-)+-&. (20)

Fig. 8 shows the variation of real and imaginary parts

of input admittance as a function of slot length computed

from (20) using (16) for A= 3.2 cm and slot displacement

from center =2 mm.

VI. CONCLUSION

Theoretical results for coupling, input VSWR are in

good agreement with the experimental results for the two

adjacent waveguides coupled by means of a long narrow

slot in the common narrow wall, as well as for the case of

H-plane Tee junction. The present theory leading to a

closed-form expression for the equivalent circuit parame-

ter for coupling apertures is quite general and can be

applied for the analysis of electromagnetic coupling be-

tween any two arbitrary guides.
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Abstmet-Nmnericaf caleufations of absorbed energy deposition have

been made for a block model of man that is defined with carefuf attention

given to the biometric and mratomfcaf features of a human Wing. Cafcu-

Iated pt-resormnt absorption and distribution of energy deposition

through the body have better agreement with experimental remdts than

previous cafcufations made using leas realfstic mndefs.
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L INTRODUCTION

W E HAVE used numerical methods with a realistic

model to calculate the deposition of electromag-

netic energy in man. A block model of man was chosen to

allow maximum freedom in defining both the shape and

content of the model. We have used the moment-method

solution of the electric-field integral equation with a pulse

function basis and delta functions for testing [1], [2]. The
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Fig. 1. Improved model of man.

following sections of this paper contain brief descriptions

of the improved model and numerical methods, as well as

a comparison of the calculations with other numerical and

experimental results.

11, DESeRIP~ION OF THE MODEL

We have given careful attention to biometric and

anatomical diagrams in defining the shape and content of

a model having improved realism. A total of 180 cubical

cells of various sizes was used to obtain a best fit of the

contour on diagrams of the 50th percentile standard man

[3]. Sizes and placement of the cells are shown in Fig. 1.

Height of the model is 1.75 m.

Partitioning of bone, fat, skin, muscle, lung tissue, air,

heart, brain, kidney, liver, and spleen through the cells

was done with the aid of anatomical cross sections [4], [5].

Whole-body volume fractions of each tissue type are in

agreement with published values. The volume-weighted

complex permittivity of each cell was found using proper-
ties reported in the literature [6]–[8].

We have forced a plane of symmetry between the left

and right body halves in selecting the size, placement, and

volume-weighted complex permittivities of the cells. The

symmetry has been utilized so that the size of the matrix

used in the numerical solutions is determined by 90 cells

rather than the total of 180 cells. The symmetry may only

be utilized for incident fields in which both ~ and k’ are

contained in the plane of symmetry.

111. SOLUTION OF mE MATRIX EQUATION

Since one plane of symmetry is used and there are three

unknown field components in each cell, the matrix is 270

by 270 complex, which corresponds to a system of 540

simultaneous equations in 540 real unknowns. Solution of

the matrix equation is complicated by the matrix being

both full and asymmetric. Utilizing symmetry, or (cells

having different sizes or permittivities, would each be

sufficient to destroy symmetry of the matrix.

We have used the successive overrelaxation (S(OR)

method [9] for iterative solution of the matrix equatiol n. It

is known that a matrix having at least one complex

eigenvalue, as in the present case, will not allow conver-

gence with SOR unless all eigenvalues have real parts with

magnitudes less than unity. Convergence of SOR has the

further restriction that the relaxation parameter must be

less than a critical value that depends upon the matrix [9].

We have found that convergence with SOR requines a

relaxation factor less than unity at 10 MHz, and the

critical value decreases with increasing frequency until it

reaches zero near 90 MHz. Convergence with SOR is not

possible at frequencies exceeding 90 MHz with the prwent

model of man, so we have been forced to use Gauss–

Jordan and other noniterative methods [10]. In the prwsent

problem when SOR may be used in place of nonitemtive

methods, the computer time is typically reduced by albout

a factor of four.

We have ordered numbering of cells in the modd in

such a way that the difference between the numbers for

two cells is an increasing function of the distance between

the cells. We have formed the matrix using an arra:y of

3 X 3 blocks for each cell pair which is inside–out frOnll the

structure used previously [11]. The two changes just de-

scribed have caused the matrix to have a rapid decrease in

magnitude of the elements with increasing distance from

the diagonal. For all frequencies used so far with the

realistic model of man ( 10–600 MElz), the only matrix

elements having appreciable magnitude are contained in a

band about the diagonal, which amounts to approxi-

mately 10 percent of the entire matrix. The approximation

of forced banding may be applied to such a matrix to

allow either a large reduction in cost of computations or a

significant increase in number of cells [12]. We have not

yet implemented forced banding, but we estimate tha[. the

method will allow enough cells so that reliable calcula-

tions may be made for a realistic model of man to

frequencies as high as 2450 MHz.

IV. CONVERGENCE CONSIDERATIONS

Numerical solutions using a pulse fu~ction basis can

only be exact if there is no variation of E within each cell

of the model. Solutions having large differences in calcu-

lated energy deposition for adjacent cells must have signi-
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ficant variation of ~ within the cells, which suggests lack

of convergence. Previously reported solutions for block

models of man have a ratio of 239:1 for energy deposi-

tion in one pair of adjacent cells at 10 MHz [1]. The

arrangement and different sizes of cells in the present

model cause the maximal ratio of energy deposition for a

pair of adjacent cells to be 8:1 at the same frequency.

If A is the side of a cubical cell and k represents the

magnitude of the complex propagation vector within the

cell, then substantial variation of the electric field must

occur within the cell if kA > 1% [13]. Thus the pulse

function approximation may not be justified at frequen-

cies above 200 MHz with the new model, suggesting an

increasing error at higher frequencies. Volume-weighting

of the complex permittivity within each cell may also be

unjustified at frequencies above 200 MHz though the

results appear reasonable to at least 500 MHz.

A numerical solution using a p<lse function basis re-

sults in a single value representing E within each ~e~. It is

possible to use the E values to calculate 1/2uE”E* for

each cell, and to use a volume average to estimate the

specific absorption rate (SAR). Large numbers of cells

must be used in order to find accurate values of SAR by

such a procedure. For example, our calculations of the

SAR of a 12-cm muscle cube at 1 MHz show an error of

37 percent with 8 cells, 26 percent with 27 cells, and 20

percent with 64 cells. The delta functions used for testing

enforce the integral equation at the center of each cell so

that the calculated ~ values are most representative of the

cell centers. Ins~ection of the solutions suggests that the

local values of E have appreciably less error than occurs

in the SAR.

If there is much variation of ~ with@ a scattering body,

then even if we had exact values of E at the cell centers,

appreciable error would be expected in the calculated

SAR. The N, supposedly exact, local values of energy

deposition constitute samples of an otherwise unknown

population so that if large cell-to-cell variation is present,

statistical procedures may be used to calculate confidence

limits for values of whole-~od~ or p~rt-body SAR [14].

For man at 80 MHz with E {1L and k front-to-back, the

80-percent confidence limits for whole-body SAR are

k 12.2 percent of the mean for the realistic model of man,

and A 14.9 percent of the mean for calculations reported

earlier having somewhat greater cell-to-cell variation [1].

We have found that accuracy is impr-ved by using a
three-dimensional interpolant with the E values initially

calculated for each cell to account for some of the varia-

tion of ~ within each cell [15]. Trilinear and triquadratic

interpolants have both been used to estimate the variation

of ~ between the cell centers. The interpolant is integrated
in calculating the SAR, For the 12-cm muscle cube at 1

MHz, the SAR found with 27 cells and the triquadratic

interpolant have error comparable with the calculation

based on 64 cells without the interpolant. The increase in

cost due to use of the interpolant is about 1 percent. All

values of energy absorption in this paper have been

calculated using interpolants.

V. COMPARISON OF CALCULATIONS WITH OTHER

RESULTS

Fig. 2 shows the values o: whole-body SAR calculated

for man in free space with E II~ and an incident intensity

of 1- mW/cm2. Points on Fig. 2 represent the results of

numerical solutions for the realistic model of man, both

with and without the use of an interpolant. The homoge-

neous approximation of two-thirds the complex permittiv-

ity of muscle was used in all calculations for the figure. It

is seen in Fig. 2 that the fractional correction which is

made by the interpolant increases at high frequencies

where increasing error is expected.

Values of whole-body SAR below resonance in Fig. 2

are typically within 10 percent of values calculated for

prolate-spheroidal and ellipsoidal models using the same

homogeneous approximation of complex perrnittivity [16].

Experimental results have shown that the SAR for E-

polarization is inversely proportional to frequency for

frequencies from about 1 to 6 times that of resonance [17],

[18]. For small animals, such as the rat, the high value of

the resonant frequency allows a reduced magnitude for

the relative permittivity of tissue so that post-resonant

calculations for prolate-spheroidal models may be made

using the extended boundary condition method [16]. Such

results show the experimentally observed 1/j behavior,

but the calculations there cannot be directly applied to

man. A 1/j dependence of the post-resonant SAR is also

expected from antenna theory. The anticipated 1/f post-

resonant behavior is evident in Fig. 2. Earlier numerical

solutions suggested a significantly faster roll off between
f-1.3 andj-1.4”[~].

Fig. 3 als~ s~ows the whole-body SAR of man in free

space with E IIL and an incident intensity of 1 mW/cm2.

The solid curve in Fig. 3 was obtained by splining the 20

values obtained in numerical solutions for the homoge-

neous realistic model of man. Points on Fig. 3 represent

experimental values obtained for human-shaped figurines

filled with saline or biological phantom mixtures [17], [18].

The numerical solutions suggest that the resonant

frequency is 77 MHz which is somewhat higher than the

value of 68–71 MHz determined experimentally.

An important contribution that can be expected from

numerical solutions for a realistic model of man is the

distribution of energy deposition through the model. Pro-

late-spheroidal and ellipsoidal models cannot be expected

to provide an accurate description of the distribution of

energy deposition since the distribution is strongly depen-

dent upon detailed geometry. When the homogeneous

approximation of complex permittivity is used, the distri-

bution of energy deposition in the realistic model of man

is in good agreement with that found experimentally for

homogeneous models [17], [18]. Table I contains numeri-

cal and experimental values for the distribution of energy
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Fig. 2. ~ole-body SARforhomogeneous model ofmanti free space. ~[1~, ~front-to-bac~

incident intensity=l mW/cm2.

807

Fig. 3. Whole-body SAR for homogeneous model of man in free space. ~1[~, ~ front-to-back,

incident intensity=l mW/cm2; Squares represent experimental points for saline-filled figurines;

Triangles represent experimental values for figurines containing biological phantom mixtures.
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TABLE I

DISTRIBUTION OF ENRRGYDEPOSITIONFORMAN NMR
RESONANCEIN FREE SPACE’

ExperfLle.ta12
Numerical 80 M31z3 Numericalk

Body Part 68 mz standard Model I Thin-Neck Model

Eye

Neck

Heart

Pelvic region

Thigh

calf

0.043

6.165
3.13

0.415

0.154

0.519

0.456

0.0161

0.0717

0.131

0.192

0.302

0.166

0.00869

0.137

0.104

0.211

0.370

0.220

0.0415

0.286

0.251

0.171

0.398

0.543

0.0427

0.318

0.327

0.233

0.509

0.661

lAff values are in uniis .waJts per kilogram (W/kg) for incident
intensity of 1 mW/cmJ; E IIL, k front-to-back.

2Phantom models of man [Gandhi et al., 1975].
3[Chen ei al., 1977].
4Calculations for a realistic model of man by the authors.
scomerci~ dolls used as forms for the phantoms are thought to have

exaggerated neck constriction. Neck heating for the dofls is about ten
times that of the expected for man.
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Fig. 4. Imcal SAR values (watts/kg per mW/cm2) x 100 for homoge-
neous model of man with vertical polarization at 80 MHz.

deposition for man near resonance in free space. The

deposition of energy in the regions of the eye, heart, thigh,

and calf has been severely underestimated in previous
calculations made with less realistic models [1], [11].

When the inhomogeneous complex permittivities are

used with the model, a change of less than 2 percent

typically occurs in the whole-body average SAR, but the ‘

distribution of energy depostition is changed. Figs. 4 and
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Fig. 5. Local SAR values (watts/kg per mW/cm2) X 100 for inhomo-
geneous model of man with verticaf polarization at 80 MHz.

5 illustrate the distribution of absorbed energy in man at

80 MHz in free space for the homogeneous and inhomo-

geneous models, respectively. One difference is that the

inhomogeneous model has reduced absorption in regions

with high bone content. Earlier workers have not reported

results for inhomogeneous models having a cell-by-cell

representation of the dielectric properties.

VI. CONCLUSIONS

Numerical calculations of absorbed energy deposition

have been made for a model of man that has been made

with careful attention to both biometric and anatomical

diagrams. A total of 180 cells was used in the model,
which is a relatively large number for numerical solutions

but facilitates accurate modeling.

Calculated post-resonant absorption and distribution of

energy deposition through the body have been found to

have better agreement with experimental results than pre-

vious calculations made using less realistic models.
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Head Resonance: Numerical Solutions
and Experimental Results

MARK J. HAGMAINN, MEMBER, IEEE, OM P. GANDHI, FELLOW, IEEE, JOHN A. ~ ANDREA, AND

INDIRA CHATTERJEE, STUDENT MEMBER, IEEE

Abstract-We have used mrmericaf solutions and experiments with
phantom models of rmq and experiments with the Long Evans rat to show
the existence of head resonance. Greatest absorption in the head region of

man occurs at a frequeney of about 375 MHz. Ahsorption is stronger for

wave propagation from head to toe than it is when the electric field is

parallel to the long axis. The highest absorption cross seetfon for the
human head is projected to be approximately 3.5 tfmes its physical crow

section.

I. INTRODUCTION

w E HAVE previously reported numerical solutions

for the deposition of electromagnetic energy in a

realistic model of man whi~h showed the existence of

Manuscript received October 16, 1978; revised February 23, 1979.
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resonances for body parts such as the head and arms, as

well as for the whole body [1]. Further work has been

done regarding head resonance, since we believe the phe-

nomenon may be important in the study of lbehavioral

effects, blood-brain barrier permeability, cataraetogenesis,

and other microwave bioeffects.

Our results show that the first resonance of the intact

human lhead occurs at a frequency of about 375 MHz and

has an S parameter (ratio of absorption cross section to

physical cross section) of about 3.3 for incident plane

waves propagating from head to toe. Earlier calculations

for a spherical model of the isolated human Iwktl showed
a geometrical resonance with S = 1.1 ~mear450 MHz, and a

second resonance with S = 1.4 occurring near 2.1 GrHz

when allowance is made for the inhomogeneous structure

by using a multilayered model [2]. The results of our stud,y
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