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Electromagnetic Power Deposition in a
Dielectric Cylinder in the Presence

of a Reflecting Surface

R. RUPPIN

.. . . . . . . . . ..
Af@wct-A metfnxi for calcuIattng elecfromagnenc power aosorpnon

in a dielectric cyfinder in the presence of a reflecting plane, due to

irradiation by a normafly incident plane wave, is presented. The methodj

which combbres fmagfng with point matching, is apptied to tbe calculation

of the absorbed power density in tissue cylinders of arm and thigh size.

I. INTRODUCTION

D ETAILED theoretical investigations of the interac-

tion of electromagnetic waves with biological bodies

have been performed in recent years. The wide range of

geometries considered by various researchers included

slabs [1], [2], spheres [3]–[ 10], cylinders [1 1], [12],

spheroids [ 13]–[ 17], ellipsoids [18], [19], and shapes ap-

proximating human torsos [20]. In calculations of this type

it was usually assumed that the interaction between the

electromagnetic wave and the biological body takes place

in free space. However, in the evaluation of potential

hazards it is important to incorporate the effects of the

surroundings because these may cause substantial in-

creases in the absorption rate. Bernardi et al. [21] have

calculated the power absorbed in a layered slab of infinite

extent in the presence of a perfectly reflecting screen.

This, however, is an oversimplified model from which it is

difficult to draw conclusions about the absorption rate in

biological bodies of finite extent. One of the main draw-

backs of the slab model is that when the slab is thick

enough (in practice, thicker than 40 cm) the presence of

the screen is irrelevant. Gandhi et al. [22] have recently

performed absorption measurements on scaled figurines

and on rats in the presence of flat reflectors. In the

absence of an exact theory for the effects of reflectors on

the absorption rate, they employed antenna theory for-

mulas instead. In this paper we present a new method,

which combines imaging with point matching, to obtain

the absorption rate in a dielectric cylinder near a perfectly

reflecting plane. The method is applied to tissue cylinders

of radii corresponding to arm and thigh sizes.

II. THEORY

The geometry which we consider is shown in Fig. 1. An

infinite circular cylinder of radius R is located at a dis-
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Fig. 1. Geometry of dielectric cylinder located at a distance d from a

perfectly conducting plane, with normally incident TE or TM wave.

tance d from an infinite perfectly conducting plane. The

cylinder material is characterized by a complex dielectric

constant ~. A plane wave is incident normally, and our

aim is to calculate the energy absorption rate in the

cylinder. We discuss the two independent polarizations

separately.

A. TE Polarization

The incident fields are given by

Ei = E. exp (ikox)ay (la)

k.
Hi – exp (ikOx) a= (lb)

q-lo

1/2 and a and az are unit vectors alongwhere k.= O( pOcO)

the y and z axes, respec~ively. In the absence of the

cylinder the wave reflected from the conducting plane

would have the form

E’= – EOexp [2ikO(R + d) ] exp (– ikOx)aY (2a)

k.
H’= — EOexp [2ikO(R + d)] exp( – ikox)az. (2b)

WO

In order to satisfy all the boundary conditions we add to

the fields in the air, given by (1) and (2), two scattered

waves, which we expand in terms of the following cylin-

drical vector wave functions [23]:

A@(r) = ~ ~ X [a= H~(kor)ei”@] (3a)
o
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Y’ are

+,
x’ 1:

E;+ E:+ E:1+E;2=Ef ‘# (9a)

“*

d!5-
H;+ H,’+ H:’-t H:z= H’z. (9b)

/r
Using the expressions (l), (2), (4)–(6), we can write (9) in

Y
the form

Fig. 2. Tk e cylinder and its image and the two corresponding coordi-
nate systems.

(3b)

where H,, is the cylindrical Hankel function. The fields
where

scattered from the dielectric cylinder are written in the

form {
%= ~n+’ m(~o~)e’n”

[

(4a) + “

11
: Hn(kor’) sin(~ + o’) – H;(kOr’) COS(++ @’) e’no’

o

~sl= h
~-% ~ inal~j(r). (4b) (11)

n.—m
B;= – in+lJ;(ki#)e@ (12)

Another scattered wave originates from the image cylin-

der shown in Fig. 2. This wave is expanded in the form ~= [exp(ikox) -- exp[2ikO(R + 4 ] exp( - ikox) ] COS+ (13)

A;= – in[ H~(koR)ei”+ + H.(kor’)e’”+’] (14)
(5a)

(15)B~=e112inJ~(kiR )e’”+

(5b)

where r’= (r’, rp’,z’) refers to the origin of a coordinate

system centered in the image cylinder (Fig. 2).

The transmitted wave inside the cylinder is written in

the form

(6b)

where M; and N; are the appropriate vector wave func-

tions inside the cylinder, defined by

g= exp(ikox) + exp( – ikox) exp[2iko(R + d) ]. (16)

Here +, +’, r’, and x are the coordirtates of aoy point on

the surface r= R of the cylinder. A choice of @determines

the corresponding values of @’, r’, and x. In order to solve

the system of equations (10) for the coefficients a ~ and

b., we employ the point-matching method [24]. The sym-

metry of the problem is such that a; = a!. and b.= b _ n,

for all n. Therefore, if we truncate the expansions (4)–(6)

at n = N, we wiH have 2N + 2 unknown coefficients a& %

a{, bl, ~. . ,a,& bN. Imposing the boundary conditions (10)I

at N + 1 different points on the surface of the cylinder we

obtain 2N + 2 equations and we can solve for the expan-

sion coefficients aj, b.. From these we then calculate the

rate of energy absorption per unit length of the cylinder

%

[
+2~$1lb~12~Rlkir12 H‘[ J.(krr)12+ \J~(kir)12 rdr .where J. is the cylindrical Bessel function and k,=

@(yo6)l/~.

Having defined the fields we now impose the boundary (17)

conditions. At the conducting plane x = R+- d we have the ~ ere u is the tissue conductivity, which is related to the
condition imaginary part c“ of the dielectric constant E by e“ =

E; -i- Eyr+ Eys’+ E;’ = O. (8) U/@Co. The integrations in (17) are Performed n~lrneri~~lly.

Since E,; + E; = O at x = R + d, we have to satisfy the B. TM Polarization

condition EYS1+ E~2 = O on the plane. From (4a) and (5a) The incident field is given by
we find that this yields the relation at= —aj, for all n. On

the surface of the cylinder r = 1?, the boundary conditions E’= Eoexp(ikox)a= (18a)
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k.
Hi=– —Eoexp(ikox)q. (18b)

WO

The reflected wave in the absence of the cylinder is

E’= – EOexp[2iko(R + d) ] exp( – ikox)az (19a)

H,= _ ‘O— Eoexp[2iko(R + d) ] exp( – ikox)ay.
@po

(19b)

Again we use two scattered waves. The fields scattered

from the cylinder are

Es’ = iEo ~ inajNj(r) (20a)
~=.~

and those originating from the image cylinder are

ES2= iEo ~ i ‘a@~O(r’) (21a)
~=—~

H,2 _ ‘o
~fio EO 5 ina#fj(ti). (21b)

~.—*

The fields inside the cylinder are

E’= iEo ~ inb~N~(r) (22a)
~=—*

Hi – ‘O
~Ko EO ~ inb.ikfj(r). (22b)

n.—m

The boundary condition at the conducting plane

E:+ E=’+ E=” + E;2=0 (23)

holds if a; = a;, for all n. The boundary conditions on the

surface of the cylinder r = R are

H;+ H;+ H;1+H;2=H’ + (24a)

E:+ E=’+ E;l + E;2= Etz (24b)

which can again be written in the form (10), but with the
following redefinition of the coefficients:

%= in+ ’[~.(kOR)e’n” - H.(kOr’)ern+’] (25)

B;= - in+’J.(kiR)ein’ (26)

j= exp [2iko(R + d)] exp( – ikox) – exp (ikox) (27)

A~=itl

{
– H~(koR)ei@’ +

[“
+ Hfl(kor’) sin (++ ~’)

o

1)–H;(kor’) cos (O + ~’) ei”+’ (28)

(29)Bh=cl/2inJ~(kiR )ein$
n

g= [exp(%x) + exp 12iko(R + d)l exp ( – ikox)] COSO.

(30)

WJe again truncate the expansions at n = N and obtain the

1 bl,. . .unknown coefficients aj, bo, a 1, , a;, b~ by imposing

the boundary conditions at N+ 1 different points on the

surface of the cylinder. The rate of energy absorption per

unit length is

(W= TuIE012 lbo12~~\Jo(kir) 12rdr
o

1
+ 2 s \b.12~o~\J.(kir) 12rdr . (31)

~=1

III. NUMERICAL RESULTS AND DISCUSSION

We have applied the method developed in Section II to

the calculation of the absorption in tissue cylinders of two

sizes, R = 5 cm (arm size) and R =10 cm (thigh size). The

dielectric constant of the cylinder material was taken from

the data given by Johnson and Guy [25] for tissues with

high water content. The value of N at which the summa-

tions (4)–(6), (1 O), and (20)–(22) were truncated was cho-

sen large enough, so that no significant change in the

calculated absorption was noticed upon increasing it to

N+ 1. N and the corresponding size of the system of

equations tend to increase with R and also with co. For the

examples discussed here, the value N = 4 was found to be

satisfactory over the frequency range of up to 103 MHz.

In Figs. 3–6 the frequency dependence of the specific

absorption rate (SAR) is shown for two different distances

from the metallic wall. The SAR was obtained from W by

dividing by TR 2. Also shown, for comparison, is the SAR

in the same cylinders in free space, i.e., without the

metallic reflector, This was calculated from standard

scattering theory formulas [24]. When comparing with the

absorption in the free-space case, we find that in the TE

case (Figs. 3 and 4) and d= O (the cylinder touching the

wall) there occurs a large enhancement over the whole

frequency range considered. For a distance of 50 cm from

the wall the behavior is similar at the lowest frequencies,

but there appear oscillations for frequencies higher than

about 100 MHz. In the TM case (Figs. 5 and 6) and d= O

the absorption at the lower frequencies is reduced consid-

erably, but it rises and becomes slightly higher than the

free-space absorption for frequencies higher than about

100 MHz. For a distance of 50 cm the transition from the

region of reduced absorption to that of enhanced absorp-

tion occurs at a lower frequency of about 30 MHz. The

oscillatory character of the calculated SAR, which be-

comes more prominent as d increases, reflects the inter-

ference between the fields incident directly on the cylin-

der, (la) and (lb), and the fields which are reflected from

the conducting plane, (2a) and (2b).
We have presented results for the average SAR only,

and not for the absorption pattern inside the cylinder,

because the homogeneous cylinder model is too crude for

this purpose. However, the method of the present work

can also be applied to the more realistic triple layered

cylinder model with fat, muscle, and bone layers [11 ]. We

plan to calculate the absorption pattern in such a cylinder
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Fig. 3. Average SAR in a tissue cylinder of radius 5 cm at distance d
from a reflecting wall. The incident wave is TE polarized and has a
power density of 1 mW/cm2. The dashed curve shows the result for
tie free-space case.

I
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Fig. 4. Average SAR in a tissue cylinder of radius 10 cm at distance d
from a reflecting wall. The incident wave is TE polarized and has a

power density of 1 mW/cm2. The dashed curve shows the result for

the free-sjpace case.

Fig. 5. Average SAR in a tissue cylinder of radius 5 cm at distance d
from a reflecting wall. The incident wave is TM polarized and has a
power density of 1 mW/cm2. The dashed curve shows the result for
the free-space case.

near a conducting wall in the future, Furthermore, as the

infinite cylinder is an oversimplified model of an arm or a

thigh at lower frequencies [26], we suggest that dielectric

bodies of finite extent (e.g., spheres, spheroids, or finite

cylinders) near reflecting surfaces can also be treated by

the above presented method of imaging combined with

point matching.

103 L , ILJ
,.l ,02 ,~3

Frequency In MHz

Fig. 6. Average SAR in a tissue cylinder of radius 10 cm at distance d

from a reflecting wall. The incident wave is TM polari.zecl and has a
power density of 1 mW/cm2. The dashed curve shows the result for
the free-space case.
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A Possible Mechanism for the Influence of
Electromagnetic Radiation on

Neuroelectric Potentials
RONALD J. MAcGREGOR

Abstract-Thfs paper explores the idea that the eketrkd component of

applied microwave and radiowave radiation might induce trarrsrnendmane

potentials in nerve cells and, thereby, rffstnrb nervous function and be-
fmvfor. The paper estimates the transmembrane currents and potmstiafs
induced in nerve eeffs by appffed eleetrieaf fields and currents. IMfsnates

are made for steady and for oscillatirsg stinmfation. Tire prinmsy eonchr-
sion is that intracranial ekctrieaf fields associated with low-intensity

fmadiation in the frequency range of 106–1010 Hz may induce traosmem-
brarre potentials of tentfm of millivolts (or more) and that therefor% such
externally tsppkd fields may dklrwb normaf nervous function through this
meehanfsm. The paper also presents a dhcussion which indicates that the
induced trarrsmembrane potentktf shoufd exfribit a maxinmrn at about I@
X-Is.Although some researchers suggest that the direct mechanism explored

here may not represent the main influence of microwaves and rmfiowav~

on biological tissue, this model together with a reeent model by Barnes and
Hu [21] suggest that the resuks so produced may indeed be signffkant.

I. INTRODUCTION

T

FIERE IS a wide collection of intriguing phenomena

concerning the influence of applied fields and cur-

rents on nervous function and behavior. Steady electric

Manuscript received April 14, 1977; revised May17, 1978. An earlier
version of his model has been preprinted by the Rand Corporation,

Santa Monica, CA, as P-4398, June 1970.
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fields and currents applied to the brain are known to

induce a variety of behavioral responses, ranging from

hallucinations or the vivid reexperiencing of past events to

the performance of coordinated complex motor patterns

or the exhibition of rage or fright [1]. Stimulating steady

currents are used extensively to activate nerve cells in

neurophysiological research [2]. Such experiments are

used to investigate basic neuroelectric mechanisms and to

examine interconnecting pathways among cells. Less well

known in this country is a large body of research carried

out in the Soviet Union which indicates that low-intensity

electromagnetic radiation may induce insomnia, irritabil-

ity, loss of memory, fatigue, headache, tremor, hallucina-

tions, automatic disorders, or disturbed sensory sensitivity
in humans [3]. These effects seem to occur primarily in the

microwave and radiowave region and at mean intensities

well below safety standards currently in use for long-term

exposure. In this country, Frey has shown that both

low-intensity microwave and radiowave radiation applied

to the head induces auditory perception in human subjects

and neuroelectric potential fluctuations in the brain stem

of cats [4]. Reviews of the influence of microwaves and

radiowaves on neural function are contained in [3], [5],
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