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Electromagnetic Absorption in Multilayered
Cylindrical Models of Man
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Abstract-—The absorption characteristics of multilayered cylindrical
models of man irradiated by a normally incident electromagnetic plane
wave are investigated. Numerical calculations for a specific skin-fat-muscle
¢ylindrical model of man predict a layering resonance at 1.2 GHz with an
average specific absorption rate (SAR) about double that caiculated for the
corresponding homogeneous model. The layering resonance frequency is
found to be the same for incident waves polarized parallel and perpendicu-
lar to the cylinder axis. The effects of layers on whole-body absorption by
man are determined by averaging the effects obtained for many combina-
tions of skin and fat thicknesses. Absorption effects due to clothing are
also investigated.

I. INTRODUCTION

HE absorption characteristics of multilayered

spherical models of the human head exposed to
electromagnetic (EM) plane waves have been investigated
by Joines and Spiegel [1] and by Weil [2]. They have
shown that there is a layering resonance in the specific
absorption rate (SAR) versus frequency curve for the
multilayered spherical model that occurs at frequencies
higher than the geometrical resonance. The SAR is the
average absorption in watts per kilogram or milliwatts per
cubic centimeter (assuming a tissue density of 1 g/ cmd). A
multilayered planar model has recently been utilized by
Barber e al. [3] to examine the dependence of whole-body
power absorption on the configuration of surface layers.
They found the following.

1) A planar model can accurately predict the layering
resonance frequencies for a nonplanar geometry.

2) The resonance due to the gross geometry of the body
and the resonance due to the layers are independent of
one another if the layers are a small fraction of the
maximum dimension.

3) Calculations for a multilayered planar model of an
average man predict a whole-body layering resonance at
1.8 GHz with a SAR 34 percent greater than that predic-
ted by a homogeneous model.

Since the layering effect appears to be significant, and
since it occurs in the frequency range where a cylindrical
model gives good results for the homogeneous case [4], the
effect of skin-fat-muscle layering, as well as the effect of
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Fig. 1. An electromagnetic plane wave incident upon a multilayered
lossy circular cylinder.

clothing, on the average SAR in a multilayered cylindrical
model of man have been investigated and the results are
presented in this paper.

II. FORMULATION

Consider an EM plane wave incident normally on an
infinitely long multilayered circular cylinder. The coordi-
nate system with respect to the cylinder is oriented as
shown in Fig. 1. The x axis is the axis of propagation of
the incident plane wave. Let the cylinder consist of m
lossy homogeneous layers, each layer being a circular
cylindrical shell. The complex permittivity of layer m is
denoted by ¢, =¢,—je,, and the permeability of each
layer is assumed to be equal to that of free space y,.

The average SAR is calculated for the following two
different polarizations.

1) The incident E-field parallel to the axis (E-polariza-
tion).

2) The incident H-field parallel to the axis (H-polariza-
tion).

For the case of E-polarization, the expressions for electric
field outside the cylinder E, and the electric field inside
each layer E,,, are given as [5]

0
E,=E@ 3 [e,j (ko) + C,HP (kor) Jcosng (1)
n=0
o0
Ez,m = EOelwt ‘: {Amn‘ln(kmr) + an Yn(kmr)]cos n(i) (2)
n=0
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and the magnetic field in each layer is
1 9

¢,m=jw‘u0 —a_; z,m (3)
where

E, peak value of the incident electric field,
ky 2af/ec,
k, kVe,,
S frequency,
jo(=n\
¢ velocity of light in vacuum,

o = { 1, forn=0

" 2, for n>0.

J,(x) and Y,(x) are the cylindrical Bessel functions of the
first and the second kind, respectively, and H,fz)(x) is the
Hankel function of the second kind. The unknown coef-

ficients 4,,,, B,,,, and C, can be determined by matching
E,, and H,, across each cylindrical boundary. For a

cylinder consisting of m layers, a set of 2m simultaneous
equations with 2m unknowns must be solved; ie., the
inversion of a 2m square matrix with complex elements is
to be performed. However, Bussey and Richmond [5] have
used a recursion method for calculating the scattering
amplitude of a lossy multilayered cylinder, thus avoiding
the necessity of inverting the complex matrix. Their tech-
nique is applied here for calculating the average SAR in
the multilayered cylindrical model of man, as outlined
below. The calculated scattered far field, using the
asymptotic form of the Hankel function, is

o0

ES=Ey2j/mkyr)'/?e/@ =k 3 e D, cosne (4

n=0

with

DII =ann/en' (5)

The scattering amplitude is given by [6]

oo
T(¢)= 2 e,D,cosng. (6)
n=0

From (6), the extinction and scattering efficiencies are
obtained as [6]

Q= 75 Re(T(0)) ™)
Oui= i J. 1T ®)

where a is the outside radius of the cylinder. The absorp-
tion efficiency is the difference between the extinction and
scattering efficiencies. Using (6)—(8), the absorption
efficiency for the cylinder is determined as

Qabs= Qext - Qsca

2 o [eo]
=—-{Re{ 2 enDn]— 2 enIDniz}‘ (9)
k od n=0 n=0
The absorption efficiency is also defined as the total
power absorbed (average SAR Xvolume) divided by the
power incident on the geometrical cross section. From this
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Fig. 2. Average SAR in a triple-layer cylindrical model of an average
man, E-polarization. The two outside layers (and thickness) are skin
(0.2 ¢cm), fat (1 cm). The radius of the inner muscle cylinder is 10.08
cm. The incident power density is 1 mW /cm?,

definition and using (9), the average SAR for an incident
power density of 1 mW /cm? in the cylindrical model is

2 Qabs ( 10)

SAR= —=2=
7a
where a is given in centimeters. The above relation holds
both for E- and H- polarizations. In the numerical calcu-
lations that follow, the frequency dependent complex per-
mittivity of the various tissue types is taken from [7].

mW /cm®

ITI. EFFECTS OF LAYERS ON ABSORPTION

The surface layers of man generally consist of skin-fat-
muscle or skin-fat-muscle-bone-muscle arrangements.
SAR results for a triple layer skin-fat-muscle cylindrical
model of an average man are compared to a homogeneous
muscle tissue model for E-polarization in Fig. 2. The
layering has caused a significant effect on the average
SAR as compared to the homogeneous results. For this
three-layered model with 2-mm skin and 1-cm fat thick-
nesses, the average SAR is increased by 108 percent at 1.2
GHz and reduced by 55 percent at 4.5 GHz. Similar
results have been obtained for a semi-infinite planar
model with the same skin and fat thicknesses as in our
cylindrical model [Barber, unpublished report]. The re-
sults shown in Fig. 2 support the idea of Barber er al. [3]
that the layering resonance is independent of the gross
geometry of the absorber.

Fig. 3 shows the average SAR for the triple-layer and
homogeneous models for H-polarization. Note that the
average SAR is increased by 53 percent at 1.3 GHz and
reduced by 58 percent at 4.5 GHz, compared to the
muscle cylinder. It is also interesting to note that the
resonance due to layering for both polarizations occurs at
the same frequency, suggesting that the frequency of the
layering resonance is independent of the polarization.

The dependence of the absorption resonance on skin
and fat thicknesses for a triple-layered cylindrical model
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Fig. 3. Average SAR in a triple-layer cylindrical model of an average
man, H-polarization. The layers are the same as those in Fig. 2. The
incident power density is 1 mW/cm?,
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Fig. 4(a). Layering resonance frequency as a function of skin and fat
thicknesses for a skin-fat-muscle cylindrical model of man, E-polariza-
tion. The outer radius of the cylinder is 11.28 cm. (b) Layering
resonance frequency as a function of skin and fat thicknesses for a
skin-fat-muscle cylindrical model of man, H-polarization. The outer
radius of the cylinder is 11.28 cm.

of an average man with a skin-fat-muscle arrangement has
been investigated numerically by making calculations for
all combinations of normally occurring [8], [9] skin and fat
thicknesses. The resonance frequency as a function of skin
and fat thickness for E-polarization is shown in Fig. 4(a).
Fig. 4(b) illustrates similar results for H-polarization. For
both E- and H-polarizations it can be seen from Fig. 4(a)
and (b) that the resonance frequency is inversely propor-

tional to the thickness of layers. The resonance frequency
increases as either or both layer thicknesses decrease.
Although it seems clear that the resonance effect is caused
by an interference-like phenomenon in the layers, we have
not been able to identify a simple relationship between
layer thickness and wavelength (such as some combina-
tion of thicknesses related to a half-wavelength) that will
explain the resonance.
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1V. EFrecTS OF LAYERS ON WHOLE-BoDY SAR IN
Man

In order to study the effects of layers on the whole-
body absorption characteristics of man, tissue thicknesses
were examined in 52 horizontal cross sections of a stand-
ing man. For example, each arm was represented by a
combination of eight short-layered cylinders, each cylin-
der having a different combination of layers of bone,
muscle, fat, and skin. The thickness of each layer was
estimated from published data on anatomical cross sec-
tions [8], [9]. Average thickness of the layers of skin, fat,
muscle, and bone were calculated over each cross section.
Calculations of the average SAR were made for each of
the 52 layered cylinders. Then the average SAR for the
whole body was obtained from the following expression:

SAR=( S (SAR),-v,.) / S o

i=1 i=1

where N=52 and v, is the volume of each cylinder. In
these calculations, the SAR in each short-layered cylinder
was calculated as though each cylinder were infinitely
long. This neglects, of course, the coupling between cylin-
ders. However, at high-enough frequencies, this would be
a reasonable approximation. At lower frequencies,
though, the approximation would not be valid. Thus in
the data presented, care should be taken in interpreting
the results, especially at the lower frequencies. The lowest
applicable frequency for a cylindrical model of an average
man has been determined to be 400 MHz [4]. The solid
curve in Fig. 5 represents the whole-body average SAR
for E-polarization. The dashed curve in Fig. 5 represents
the average SAR in a layered cylindrical model of man
consisting of six cylinders. For this model each part of the
body (arms, legs, head, and torso) was represented by a
single-layered cylinder. The dotted curve represents the
average SAR for the homogeneous model consisting of six
cylinders.

It can be seen from Fig. 5 that the average SAR in the
layered cylindrical model with 52 cylinders is nearly the
same as that of the layered cylindrical model with six
cylinders. Note that the averaging over many cylinders
has diminished somewhat the strong peaks that occur in a
single-layered cylinder (Fig. 2). However, there is still an
absorption enhancement over homogeneous muscle tissue
of 44 percent at 1 GHz and a reduction of 50 percent at 5
GHz. Furthermore, comparison of the solid curves in
Figs. 2 and 5 shows that for frequencies above 400 MHz,
the average SAR in the model consisting of 52 cylinders is
about 60 percent higher than that of the triple-layer
model. This difference in the SAR values in the two
models is caused by differences in the shadow area of the
models with respect to the incident wave.

The results of the foregoing analysis have been used to
modify previous SAR calculations that have been ob-
tained for homogeneous models of man. Fig. 6 shows the
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Fig. 5. Average SAR characteristics of the multilayer cylindrical model
of man consisting of several cross sections, E-polarization. The inci-
dent power density is 1 mW /cm?,
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Fig. 6. Average SAR in homogeneous and multilayered models of an
average man for an incident power density of 1 mW/cm? for two
polarizations.

average SAR for both a homogeneous and a multilayered
model of man, for E- and H-polarizations. The homoge-
neous results have been obtained using a combination of
prolate spheroidal and cylindrical models [7].

The data presented in Fig. 6 suggest that the effect of
layers in general is to change the SAR in the frequency
range of 0.4-8 GHz in man-sized models. The enhance-
ment of absorption at about 2 GHz and reduction at 5
GHz represent the greatest deviation from the homoge-
neous results. At frequencies below 400 MHz, the layers
are so thin compared to a wavelength as to have a
negligible effect, and at frequencies above 10 GHz the
depth of penetration is so low that the transmitted power
is all absorbed in the surface skin layer, which has the
same permittivity as that of muscle material of the homo-
geneous model.
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Fig. 7. Average SAR characteristics of the triple-layer cylindrical
model of an average man with and without clothing, E-polarization.
The incident power density is 1 mW /cm?
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Fig. 8. Average SAR characteristics of the triple-layer cylindrical
model of an average man with and without clothing, H-polarization.
The incident power density is 1 mW/ cm?,

V. ABSORPTION EFFECcTS DUE TO CLOTHING

The average SAR has been calculated for a multilayer
cylindrical model of man consisting of clothing-air-skin-
fat-muscle (CASFM). The underlying skin-fat-muscle cyl-
inder is the same model as used in Figs. 2 and 3. Fig. 7
shows the average SAR as a function of frequency with
air space as a parameter, along with the SAR for the basic
triple-layered model, for E-polarization. In Fig. 7, ¢, and ¢,
represent. the thickness of clothing and air space, respec-
tively. The complex permittivity of clothing is chosen to
be €=10—5 for all frequencies. The choice of this value
is based on published data on the complex permittivity of
wet clothing [10], [11] and also upon measurements in the
400-915-MHz frequency range of the dielectric constant
and the conductivity of wet clothing (100-percent water
content) made by the authors. Fig. 8 shows the average
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SAR as a function of frequency for the same model for
H-polarization.

It is interesting to note that for frequencies below 2
GHz, the frequency dependence of the average SAR in
the model with wet clothing remains the same as for the
triple layer itself and the clothing has very little effect on
the SAR. This result was expected because of the low
dielectric constant and low-loss tangent of the wet cloth-
ing material compared to the high complex permittivity of
the skin. However, for frequencies between 2 and 8 GHz,
some secondary peaks can be seen in the average SAR.
value for the model with lossy clothing. The frequency of
these secondary peaks depends on the thicknesses of the
clothing and the air space, and also on the complex
permittivity of the clothing. The results of SAR calcula-
tions for the model with dry clothing (with ¢.=4.0, a
typical value for wool fibers in the low gigahertz range)
show that the dry clothing has negligible effect on the
SAR characteristics.

V. CONCLUSIONS

The absorption characteristics of multilayered cylindri-
cal models of man exposed to perpendicularly incident
EM plane waves have been investigated. Previous SAR
calculations for homogeneous models of man have been
modified to include the effects of layers on absorption.
The calculated data presented in this paper lead to the
following conclusions.

1) The effect of layers is generally to change the
average SAR values in the frequency range of 0.4-8 GHz.
The effects are not considerably large, since the greatest
increase, which occurs at about 2 GHz, is approximately
double that of the homogeneous model, and the greatest
decrease, which occurs at about 5 GHz, is approximately
half that of the homogeneous model.

2) The location of the layering resonance and the en-
hancement of the absorption due to layers are found to be
almost identical for both planar and cylindrical models.

3) The frequency of the layering resonance is found to
be independent of the polarization.

4) For given permittivities of the layers, the layering
resonant frequency is inversely proportional to the thick-
ness of the layers.

5) For frequencies below 2 GHz, the clothing has very
little effect on the SAR value. However, for higher
frequencies, some secondary peaks have been found in the
average SAR values for the model with lossy clothing.
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Computer-Aided Large-Signal Measurement of
IMPATT-Diode Electronic Admittance

BARRY A. SYRETT, MEMBER, IEEE

Abstract—A technique for the measurement of the large-signal elec-
tronic admittance of IMPATT diodes as a function of frequency and RF
voltage level using the network amalyzer is described. The method de-
embeds the admittance of the active region of the device from the
mounting and measurement circuitry without physical disturbance of the
diode. The small series resistance of the diode at breakdown is included in
the embedding network together with the mount and diode package
parameters. The determination of transformation networks between the
measurement port and the active chip through a simple calibration proce-
dure, a knowledge of the diode admittance below breakdown, and com-
puter-aided optimization constitute the de-embedding procedure. Experi-
mental electronic admittance curves are given for a low-power (100-mW)
silicon IMPATT diode in the frequency range 5.7-6.5 GHz and with RF
voltage levels applied across the active chip in the range 0-24 V, with an
estimated error of less than 20 percent (typically 5 percent) in admittance
values.

I. INTRODUCTION

ARGE-SIGNAL characterization of an IMPATT diode
in situ is essential to the investigation of nonlinear
phenomena occurring in IMPATT-diode amplifiers. A
fundamental problem in these measurements is deembed-
ding the active-chip electronic admittance Y, from the
passive packaging and mounting network with its many
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work was supported by the National Research Council of Canada under
operating grants.
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parasitic reactances. This paper describes a rapid accurate
technique for the measurement of large-signal IMPATT-di-
ode electronic admittance as a function of RF voltage
level and frequency. The method combines and refines the
features of several published small-signal measurement
procedures and extends them into the large-signal region,
viz.,, 1) the use of a network analyzer for rapidity of
measurement [1]-[3], [5], 2) direct tradsformation of elec-
tronic admittance to device terminal admittance [3]-[5], 3)
determination of the transformation network without
physical disturbance of the diode and circuit [3]-[6], 4)
computer reduction of measured data [1]-[6], and 5) ac-
curacy enhancement by the use of an optimization routine
in the calibration and measurement process [3]-[5]. The
present method is more accurate than the large-signal
technique of Young and Stephenson [7] which does not
incorporate features 2)-5).

II. EXPERIMENTAL SETUP

A schematic diagram of the admittance measurement
setup is shown in Fig. 1. The measurement technique
allows the diode under test to be operated in a microwave
cavity under typical operating conditions while the
measurements are carried out. For present purposes, the
IMPATT diode is end-mounted in a precision 50-Q coaxial
cavity with movable slug tuning, although other config-
urations are also suitable. Constant bias current is applied
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