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of using it in regions with low dielectric constants and the
difficulty of designing an interference-free lead wire sys-
tem for the probe. An implantable electric field probe
with an interference-free lead-wire system has subse-
quently been developed by our laboratory. This informa-
tion will be published in a future paper.
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Heat Potential Distribution in an
Inhomogeneous Spherical Model of a Cranial
Structure Exposed to Microwaves Due to
Loop or Dipole Antennas

ALTUNKAN HIZAL anp YAHYA KEMAL BAYKAL

Abstract—An inhomogeneous spherical model of a 3.3-cm radius cranial
structure is assumed to be placed symmetrically in the near field of a small
loop antenna or am electrical dipole antenna at 3 GHz. The transitions
between the layers are taken to be sharp but sinusoidal. Calculations of the
heat potential are performed using a spherical wave expansion technique in
which linear differential equations are solved for the unknown multipole
coefficients. The results are also compared with the plane-wave excita-
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tions. It is seen that a more uniform distribution of the heat potential
occurs for the dipole antenna excitation which is also similar to the
E-plane distribution in the case of plane-wave excitation. For the loop
excitation, a significant hot spot occurs near the center of the structure.

I. INTRODUCTION

HE PREDICTION of the heat potential distribution
in a cranial structure excited by a microwave radia-
tion is of interest for the purposes of medical treatment
and searching out the radiation hazards. For this purpose,
multilayered spherical models [1], [2] irradiated by a plane
wave have been analyzed. It is found that a nonuniform
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heat potential distribution, which gives rise to the “hot-
spots” in the structure, occurs mostly in the resonance
region where the radius of the structure ranges from about
6 to 16 percent of the free-space wavelength [2].

Previous investigations are based mostly on the assump-
tion of a plane-wave incidence. It might be of interest also
to study the heat potential distribution for sources other
than a plane wave. In this connection, Guy [3] has
analyzed layered biological tissues exposed to radiation
from a rectangular aperture. The results indicated that the
heating of the tissues exceeds that produced by a plane
wave. Ho [4] has presented results for the dose rate
distributions with the unit mass density, which is equiv-
alent to the heat potential, for five layered monkey heads
of 3.3 cm at 2.45 GHz for a TE;, contact aperture source.
The results indicate that the aperture source predomi-
nantly yields absorption on the surface, and microwave
energy penetration into the central region is weak. In the
present investigation, small loop or dipole antennas are
considered as the sources of radiation which excite an
inhomogeneous spherical model of a cranial structure
situated symmetrically in the near zone of these antennas.

The idealized model chosen is the six-layered spherical
model with a maximum radius of 3.3 cm which might
correspond to a monkey’s or an infant’s heat. The outer
five layers make up the inhomogeneous medium, the brain
being the homogeneous core. The frequency is chosen to
be 3 GHz at which peak internal heat potential makes a
maximum for the plane-wave excitation [2]. The permittiv-
ity and the conductivity of the layers are taken at this
specific frequency with sharp sinusoidal transitions be-
tween the layers. The choice of a continuously inhomoge-
neous model allows one to study the effect of these
boundaries on the heat potential distribution. The current
distribution on the infinitesimally thin loop and dipole
antennas are assumed to be constant and sinusoidal, re-
spectively.

II. FORMULATION OF THE PROBLEM

The scattering problem cited in Fig. 1 is solved by the
state-space method [5] after having it extended to the case
with a homogeneous dielectric inner core.

1) For the electrical loop excitation, the incident elec-
tric field for r < (a®+ d?)'/? may be expressed by the m =0
terms of the spherical vector harmonics expansion as

Eyr0)=20 3 ey () gE ()
where ¢, = {(2n+1)/[4an(n+ 1)]}'/?, j,(kr) is the spherical
Bessel function with k=2x /A being the wavenumber in
free space, P,= P,(cos #) is the Legendre function, and r,
8, ¢ are the spherical coordinates. Zy=(p/¢;)"/?=1207
ohms is the intrinsic impedance of the free space. The
multipole coefficient B/ is given by

Bi= — akM2mc,h"[ k(a*+d*)"?] 4 p

das n (2)
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Fig. 1. Geometry of the problem for loop or dipole antenna excita-

tions.

where I, is the current in amps, A{V(kr) is the spherical
Hankel function, and §, =tan~'(a/d). The scattered elec-
tric field in the inhomogeneous dielectric layer for 7, <r <
r, for exp (—jwf) time dependence is expressed by

00
Ef(r8)=2Z, X «,

n=1

[ Bl krYiu (k) + Bk hO(kr) |2, (3)

where the multipole coefficients satisfy the first-order cou-
pled linear differential equations (state equations) for
Bl(kr)+ B! and BS(kr) given in [5]. The unknown multi-
pole coefficients are found by solving these differential
equations subject to the boundary conditions

B (kry)=E,(kir)[ B, (kr)+ 8] 4
B, (kry)=0. )
Here, F,(kr;) is the Mie scattering function [6] given by

F,(kyry)=jkryj,(kr)T, /[jn(klrl)—-jkrlhr(tl)(krl)Tn] (6)

T,= [rljn(krl) ]/jn(klrl) —jn(krl)‘:rljn (kl"l)] (7)

where the prime indicates the derivative with respect to #,,
k,=k(e))"/? and €, = ¢, +jo,/(we,) is the complex dielec-
tric constant of the homogeneous inner core.

The total field in the homogeneous inner core for 0< r
< r; is given by

c ~12 % . g d
E¢(r,0)=Zo(el) 1/2 Zl ann]n(klr)géPn (8)
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where the multipole coefficient B¢ is obtained from
Ey(r,0)=Ey(r,0)+ E)(r,0) and the orthogonality of
the Legendre’s functions on a spherical surface. It can
easily be shown that

Bi=(e)'*([ B (kry)+ By, (kry)
+ B}f(krl)hftl)(krl)}/jn(klrl)' ©)

The heat potential is given by P,=(1/2)o|E,|*, where
E, is the total electric field in the dielectric and is given
by E,=E,+ E}, (1) and (3) for the inhomogeneous layer
and E,= £, and (8) for the homogeneous inner core.

2) For the electric dipole excitation, the incident elec-
tric field for r<<(d—h) may be expressed by the m=0
terms of the vector spherical harmonics expansion as

El(r,0)=—2Z,> n(n+ l)cna,'ljn(kr)—];;l’n (10)
n=1

0 . ) 1
Eé(r’9)= —ZO 2 Cnari[Un(kr)]

n=1

dPn

o a0 (11)

where the multipole coefficient a, is given by

o = kloc, { k(d—hYAO[ k(d—h)] + k(d+ k)P

[k(d+h)]~2kdn"(kd ) cos kh} (12)

for the sinusoidal current distribution I(r)= I, sin [k(h—|r
—d|)]. The scattered electric field in a vacuum gap of
vanishingly small thickness at » in the inhomogeneous
dielectric layer for |, < r <r, is expressed by

[eo]

EX(r,0)=—2Zy > n(n+1)e,

n=1]

[ab(krYi, (k) + 0 (kAP (k)] = P, (13)

EF(8)==2, 3, ¢, {al(kn) i (kr) ]

d

+ a,f(kr)[rh,(,‘)(kr)]’} 761; i P, (14)

where the multipole coefficients a,(kr) and «S(kr) satisfy
the state equations for o, (kr)+a, and af(kr) given in [5]
which should be solved subject to the boundary condi-
tions

“;(k”l):Fn(klr:)“;:(k’l)+0‘,§ (15)
(16)

where the Mie scattering function F,(k,r,) is given by (6),
but now

T,= [rljn(krl)]/jn(klrl) -

a)(kry)=0

[rljn(klrl)]/' (17)

jn(krl)
€
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The total field in the homogeneous inner core for O <7
<r, is given by

E’C(r’0)= —ZO(EI)‘I/Z 2 n(n+1)cnancjn(klr)—];—l_‘})n
=1 |
(18)
E‘-'(r 0)=— (E )“1/2% Cac[’j (k r)]'——l——d-P
. o e B N N R
(19)

where the multipole coefficient « is obtained from
Ej(r,0)=Ej(r,0)+ Ej(r;,0) and the orthogonality of
the Legendre’s functions as

anc=€1{[ar3(krl)+ar:] [rljn(krl):l/

+ a,f[rh,(,l)(krl)]’}/{r,jn(kr)]’. (20)

The heating potential for the dipole excitation is given
by P,=(1/2)0(|E,|*+|E,|"), where E, and E, are the
spherical components of the total field and are given by
E,=(e&)"(E!+ E), E;= E}+ E;° for the inhomogeneous
layer and E,=Ef, E,=E; for the homogeneous inner
core.

1.

The profiles shown in Fig. 2 correspond to those given
by Shapiro et al. [1] at 3 GHz. The sinusoidal transitions
between the layers can be made sharper or smoother by
adjusting the values e, e,,e; and d,,d,,d,.

A computer program is developed which calculates the
multipole coefficients of the scattered field for the prob-
lem illustrated in Fig. 1 and Fig. 2. The state equations are
integrated by Hamming’s modified predictor corrector
method [8] for each n, and linear interpolation is applied
to the scattering coefficients to find a close estimate of
these coefficients at points where the heat potential is to
be found. To make sure that the incident field, which is
the near field of the loop or dipole antenna, is found
correctly, these fields are also calculated by numerical
integration for the loop antenna and from the analytical
expression [7] for the dipole antenna. For the comparison
ka=03, kh=7/2, and d (6.3 and 13 cm) are taken for the
antennas and the electric field is computed at § (30 and
90°) and r (0.159 and 3.3 cm). In the expansions (1), (10),
and (11), n,, = N=11 terms are used. It is found that the
multipole expansions calculate the incident fields correctly
up to four significant digits. The computer program
calculating the multipole coefficients and, hence, the
scattered fields is also checked by solving a homogenecus
sphere as an inhomogeneously coated sphere by the pre-
sent formulation and comparing the results with those
obtained from the analytical Mie formulation [6] for both
loop and dipole antenna excitations. A very good agree-
ment is obtained between the two results. Table I presents
the results of the comparison for the loop antenna excita-
tion. The convergence of the spherical wave expansions
used slows down as the complex dielectric constant and

NUMERICAL RESULTS
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Fig. 2. The variation of the dielectric constant and conductivity with
radius in Fig. 1.

TABLE 1
HEAT POTENTIAL DISTRIBUTION (W/m?) IN A HOMOGENEOUS
SPHERE EXCITED BY A SMALL LOOP ANTENNA (r;=2.68 cm,
r,=3.3cm, #=90°, ka=03, f=3 GHz, I,=1pA, ¢=42,0=2

mho/m, N=11)
T T
As coated sphere by As homogeneous sphere
r{cm) nresent formulation by Mie formulation dycm)
}._—,.___
-1 -1
0018 0 12206410 4.12217x10
1 3559 0 166981077 0 16700x107
2 6800 3.43830x107 1Y 0 4384810710 63
-10 -10
2 9900 0.46984x10 0.47184x10
- -1
3.3000 0 50617x1071° 0 51208¢107'"
0.0318 0 80916x10713 0 80939x107 3
1.3559 u.12627x1071° 0 12632310717
2 6800 0 80832x107 0 80867x107 " 12.3
2 9900 3 9266131071 0 93026x107
3 3000 u 37570x107 1! 0.y8183x107 "

the optical radius (kr,) increase and the radial separation
of the antenna and the field point decrease. In the present
applications it is found that, with N=9 and 11
coefficients, the expansions converged satisfactorily. The
computer time required increases with N, the thickness of
the inhomogeneous layer, and the slope of the variation of
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the complex dielectric constant. Table I is produced in 20
min using double precision arithmetic in an IBM-370/145
system.

The heat potentials (P,) are shown in Figs. 3-5 for the
loop excitations and in Figs. 6-8 for the dipole excita-
tions.
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Fig. 6. Distributions of heat potential due to a half-wave dipole at
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For the loop excitations, heating the exact center of the
sphere is not possible, as the loop does not radiate in the
direction of its axis. However, a peak is observed close to
the origin in the #=90° plane. Increasing the distance of
the loop to the sphere decreases the peak. The dip in the
heat potential in the vicinity of the 31-mm radius is
obviously due to the small conductivity of the bone and
fat layers. It is seen that this dip shifts slightly with the
radius of the loop. The results shown are for e, =2.0 mm,
dj—e;=25 mm, dy—d, =135 mm, and ¢,=097 mm.
When the values e; =0.955 mm, d, = e,=0.192 mm, d,=d,
=0.675 mm, and e;=0.478 mm are used for sharper
transitions between the layers, the results did not change
significantly except that the dip around the 31-mm radius
raised up slightly.

For the dipole excitation, the heat potential shows un-
dulations with a more uniform distribution compared to
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the loop excitation. The effect of the distance of the dipole
to the sphere and the length of the dipole (Figs. 7 and 8)
on the heat potential seems to be only to change the level
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of the variations. The smoother and the sharper transi-
tions did not make any significant change in the results.
The results for plane-wave excitations are obtained
from the literature [1} for comparison and given in Fig, 9.
These results correspond to profiles with abrupt transi-
tions, and the heat potential is normalized with the mean-
squared incident power. For comparison, the curves at
0=90° for loop and dipole excitations are normalized by
the near-field mean-squared incident powers (Fig. 10) and
also given in Fig. 9. It is seen that a similarity exists
between the normalized heat potential for the plane-wave
excitation in the direction of the incident electric field and
the dipole excitation at §=90°. For the case of the loop,
both the incident power and the normalized heat potential
show a large variation towards the center of the brain.

IV. CoNCLUSION

Multilayered and inhomogeneous spherical models of a
cranial structure of 33-mm radius at 3 GHz are rather an
idealized model of a real physical structure. Nevertheless,
the numerical results could have some relevance to the
actual case.

It is seen that no considerable hot spots occur for the
dipole excitation and a rather uniform heat potential
distribution occurs. On the other hand, a hot spot is
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observed close to the origin for the loop antenna excita-
tion at #=90°. When compared with the plane-wave
excitation, it is seen that the exact center of the head can
best be heated by the plane-wave incidence. Also, for all
excitations, a concentration of heat at this frequency and
size can be observed at the skin because of the high
conductivity of this outermost layer.
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