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Interaction of the Near-Zone Fields of a Slot

on a Conducting Sphere with a Spherical
Model of Man
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Abstract —We consider the geometry of a lossy dielectric sphere, simu-
lating a human body, placed in the proximity of a conducting sphere with a
radiating slot, simulating a leaking microwave oven. An exact solution is
obtained for this idealized problem by using two spherical coordinate
systems and employing the addition theorem to translate the vector spheri-
cal harmonics between the coordinate systems. Multiple scatterings of the
EM wave between the two spheres are determined by solving the boundary
value problems iteratively. An extensive numerical computation has been
conducted to determine the induced SAR in the dielectric sphere, and the
body-source coupling effect was evaluated. It was found that a serious
error in the SAR estimation can be caused if the body—source coupling is
neglected, a common approximation used in most of the existing studies on
the subject.

I. INTRODUCTION

N RECENT YEARS, due to the widespread use of

microwave radiation in medical, industrial, and house-
hold applications, and to the controversy over its potential
adverse health effect, studies of the interaction of micro-
wave radiation with the human body have developed into a
scientific field called bioelectromagnetics. In the field of
bioelectromagnetics, one of the important subjects is
dosimetry. This subject deals with theoretical predictions
and experimental measurements of the induced electro-
magnetic (EM) field in the biological body excited by a
known impressed EM field or a given EM source.

Numerous studies [1]-[4] have been conducted to predict
the induced EM field in biological bodies when they are
irradiated by the far-zone EM field or a plane EM wave.
These studies contributed to an understanding of the cou-
pling of EM energy into the human body and also led to
the modification of the nonionizing radiation safety stan-
dards.

Unfortunately, in most of the medical, industrial, and
household applications of microwave radiation, the human
body is exposed to the near-zone field of an EM source.
One most common situation is the human body exposed to
the potential leakage field of a microwave oven. Since the
nature of a near-zone EM field is different from that of a
far-zone EM field, and since the body—source coupling
may becomie important when the body is located close to
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the EM source, knowledge of the interaction of the far-zone
EM field with a human body may not be applicable to the
case of the interaction of the near-zone EM field with a
human body.

Recently, a number of studies [5]-[9] on the interaction
of the near-zone EM field with biological bodies have been
conducted. In all of these studies, the important
body-source coupling effect has been neglected for the
sake of simplicity. This neglecting of the body-source
coupling, however, raises the question of the accuracy of
those theoretical predictions. In a study [10] conducted by
our group on the coupling between a dipole antenna and a
human body, a significant body-source coupling was
found. The purpose of the study was to examine carefully
the nature of the interaction between the near-zone field of
an aperture EM source on a conducting structure and a
human body in the proximity. Through this study, the
importance of the body—source coupling will be evaluated
for this type of EM source.

One of the simplest geometries for an aperture EM
source is a radiating slot on a conducting sphere. If this
source geometry is combined with a spherical model of
man, an exact solution can be obtained to predict the
interaction of the near-zone field of an aperture EM source
with the human body. This geometry can also simulate the
situation of a human body exposed to the leakage field of a
microwave oven.

In the present study, we adopt the geometry of a lossy
dielectric sphere (simulating a human body) placed in the
proximity of a conducting sphere (simulating a microwave
oven) with a radiating slot (simulating a leakage gap). The
induced EM field inside the dielectric sphere and the
scattered EM field surrounding the conducting and the
dielectric sphere maintained by the radiating slot were
determined. Fortunately, for this geometry, an exact solu-
tion could be obtained. An exact solution was sought
because only through such a solution could the body—source
coupling effect be accurately estimated.

To solve this problem, two spherical coordinate systems
were used to describe the conducting sphere (source) and
the dielectric sphere (body). The EM fields were expressed
in terms of vector spherical harmonics and the addition
theorem was used to translate the EM fields between these
two coordinate systems. Multiple scatterings of the EM
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wave between the conducting sphere and the dielectric
sphere were determined by solving the boundary value
problems iteratively. Final solutions of the EM fields were
obtained when the results of multiple scatterings converge.
An extensive numerical computation was conducted to
calculate the induced field inside the dielectric sphere. The
body—source effect was evaluated numerically. It was found
that more than 50-percent error in the estimation of the
SAR in the body can be caused if the body-source cou-
pling is neglected.

II. GEOMETRY OF THE PROBLEM -

The geometry of the problem is shown in Fig. 1. A
perfectly conducting sphere of radius a¢ with a narrow
radiating slot on its surface is described by a unprimed
coordinate system (0 system). A lossy dielectric sphere of
radius b placed in the proximity of the conducting sphere
is described by a primed coordinate system (0’ system).
These two spheres are located in free space and ‘their
centers are separated by a distance of ry. The polar axes,
the z and the z’ axis, of these two coordinate systems
coincide. The radiating slot is located on the surface of the
conducting sphere at r=a, § =6,, and —a<¢<a, as
described in the 0 system. The dielectric sphere is assumed
to be homogeneous and possesses permittivity €, conductiv-
ity o, and permeability p, (free-space permeability).

This idealized geometry was adopted because it was
simple enough to yield an exact solution and yet simulated
the practical situation of a human body interacting with
the near-zone leakage field of a microwave oven. An exact
solution was needed because only an exact solution could
lead to an accurate estimate of the coupling effect between
‘the body and the source, the conducting sphere. -

III.

The approach used in analyzing this problem is ex-
~ plained in Fig. 2. The final objective was to calculate the
total induced field -inside the dielectric sphere, and to
achieve this goal the picture of multiple scatterings of the
EM wave between these two spheres was employed. In the
analysis, the addition theorem for the vector spherical

DEVELOPMENT OF THE THEORY

harmonics played the key role in translating the vector

spherical harmonics between the two coordinate systems.
As indicated in Fig. 2, the first step was to determine the
near-zone field [E”®, H"®] maintained by the slot in

terms of vector spherical harmonics in unprimed coordi-

nates (r, 8, ¢). The second step was to translate [ E"®, H"O]
into primed coordinates (r’, 8, ¢"), using the addmon theo-
rem, to give the first-order incident field [E”®, H"®] to
the dielectric sphere. Note that the prime in the super-
scripts of fields indicates that the fields are expressed in
terms of primed coordinates. The third step was to de-
termine the first-order scattered field [ E*, H”®] by the
dielectric sphere and the first-order transmitted field
[E*D H"D] in the dielectric sphere by solving the
boundary value problem on the surface of the dielectric
sphere. The fourth step was to translate the first-order
scattered field [E~®, H*"W] by the dielectric sphere into
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Fig. 1. A lossy dielectric sphere in the proximity of a conductmg sphere
with a radiating slot.
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Fig. 2. Scattered and transmitted fields created by the multiple scatter-
ing of an EM wave of a radiating slot between a conducting : and a'lossy
dielectric sphere.

unprimed coordinates (r, 6, ¢) to give the first-order inci-
dent field [E‘®, H'®] on the conducting sphere The fifth
step was to deterlmne the first-order scattered field
[E*®, H*®] by the conducting sphere based on the
boundary condition on the surface of the conducting sphere.
The sixth step was to translate the first-order scattered
field [E*®, H*®] by the conducting sphere back to the
primed coordlnate system (r7, 0%, ¢") to give the. second-
order incident field [ E"®, I?’i(z)] to the dielectric sphere.
Subsequently, the procedure of the third to the sixth step
was repeated until the sums of multlple ‘partial fields
converged '
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The total induced field inside the dielectric sphere is
then the sum of the multiple partial transmitted fields
[E"D, H"®] in the dielectric sphere. The total scattered
field surroundmg the two spheres can be obtained by
summing up the initial near-zone field [E"®, A"©] of the
slot and all the multiple partial scattered flelds [EsD, {50
by the two spheres.

In the following sections, details of the development of
the theory are given.

A. Near-Zone Field Maintained by the Slot

The slot on the perfectly conducting sphere was assumed
to have an aperture field given by

E(a,0,¢)

9%6(0—00)005('”(1)/20(), for —a<o<a

0, elsewhere on r = g
1)
E, is a cosinusoidal function of ¢ and it vanishes at the
ends of the slot. It also implies a potentlal difference of 1 V
across the slot at its center.

The EM field maintained by the slot aperture field at
any point in space can be expressed in terms of vector
spherical harmonics [11]. Thus, the near-zone field
[E™®, H"®] of the slot can be written as

EO(r0.8)= Y Y [A0H}(r,0,6)

n=0m=-n

+ BON(r.0,9)] (2)

[\/]:

[B:8,(r,0,9)

. o0
oo -L§

-n

+ AN (r,0,9)] (3)

where the vector spherical harmonics M,,, and N, are

given as

M, (r,0,9)= a[ (kr)
@[Z,,(kr) zéPn'"(cosﬁ)efm‘*’] (4)

z,(kr)n(n +1)Pm(0080)e1'”¢]

P’”(cosﬂ)ef”“"]

N, (r,0 ¢)=f[
1 d
E E[rzn(kr)] WPn’”(cosﬁ)e/’""’}
4
dr

[rz,(kr)] ——P’”(cos0)e/’”4’}.

ing" "
()

In (4) and (5), z,(kr) represents any kind of spherical
Bessel function of order n. The selection of z,(kr) depends
on the nature of the field and whether or not the origin of
the coordinate system is included. In our analysis, two
kinds of z,,(kr) were used; the first kind of spherical Bessel
function j,(kr) implied an incoming wave, and the second
kind of spherical Henkel function 4@ (kr) implied an
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outgoing wave. For example, the superscript # for M,ﬁ,,
and N, in (2) and (3) indicates that /@ (kr) was adapted
for z (kr) Slmllarly, when the superscript j is used for
M}, and Nj_, it means that Ju(kr) was adapted for
z,(kr). The propagation constant k appearing in the ex-
pressions of M,,, and N,,, takes the value of k, = w/ge,

for the scattered fields in space and the value of k, = w\/ue

V1— jo/we for the transmitted fields in the dielectric
sphere. P"(cos#) is the associated Legendre function of
order n and degree m. 7, is the impedance of free space
and is equal to yp,/€,. The coefficients 4”0 and B©
associated with M and N’ in (2) and (3) are to be
determined by matchmg the fleld on the surface of the
conducting sphere.

It is noted that, in the derivation of (3), the following
relations were used:

VX E® = — jop HO

N, xM,,, M, =

II

x| =
<

M, =N, =0, form=n=0.

If the electric E”®(a, §, ¢) given in (2) is matched to the
slot aperture field E,(a, 8, ¢) given in (1) on the surface of
the conducting sphere at r = g, the following equation is
obtained:

D=

(4500, (a.0,9)+ B,ON (a,0,9)]

00
2
n=20

— R

_ {9%6(0—00)005(7@/20(), for —a<¢<a
0

s elsewhere

(6)

The coefficients A7) and B/ can then be determined
using the orthogonal properties of vector spherical harmon-
ics to be

Macos ma (2n+1)
T a(a —amia?) (1+8,)n(n+1)
(n—m)! P(cost,)
(nt+m)t hP(koa)

0) —
A:rgn)__

(7)

acosma(Zn +1)° (n—m)!
202 (n+m)!

0 _
B = 7% — 4m’a

sinf, [ P (cos6,)]’
n(n+1)kya?(1+38,,) -

. [ahff’(koa)]'
{(n+1)[A2 1 (koa)]*+ n[ 82 (Koa)]?)

(8)



ZHU et al.: INTERACTION OF NEAR-ZONE FIELDS WITH SPHERICAL MODEL OF MAN

where

[Pir(eosty)] = { 5 2r(eosO)}

=V

/ d
(@ (k@) = { Z [P ko))
8,=1if m=0 and &,=0if |m|>0.

Details of the derivations of (7) and (8) are available
elsewhere [12]. Once A, and B are obtained, the,
near-zone field [E ErO, H ’(0)] of the slot is completely de-’
termined.

B. Translation of the Near - Zone Field of the Slot from the
Unprimed Coordinate System to the Primed Coordinate
System

To analyze the interaction of the near-zone field of the
slot with the dielectric sphere which is described by the
primed coordinate system, it was necessary to translate the
near-zone field [E"®, H"®] of the slot into the primed
coordinates to give the first-order incident field
[E*D H"D] on the dielectric sphere. Also, [E"®, H7V]
should be expressed in terms of vector spherical harmonics
that are finite at the origin 0. This lead to the following
relation:

E'O(r,0,¢) =E’i(1)(r’ ', ¢')

-3 Y [40ii(ree)

v=0u=—-v

+ BN (r,0%,¢)] ©)
where the superscript j for M/ and N, meant that the
first kind of spherical Bessel function j,(k,7r’) was used
for z,(kyr’), and the prime in the superscript implies that
the vector spherical harmonics were expressed in terms of
primed coordinates.

To equate E"O(r,8,4) given in (2) to E"V(r’,6’,¢)
given in (9), the vector spherical harmonics of two different
coordinate systems need to be related. According to the
addition theorem for vector spherical harmonics [13]-[15],
M} (r,0,¢)and N} (r,0,4) in unprimed coordinates can
be expressed as the double summation, over the indices of
u and v, of Mu’i(r’, 9’,¢') and Nu’j(r’, 8’,¢). For our
chosen geometry, since the polar axes of the two coordinate
systems coincide, the index m of MZ,(r,0,¢) and

(r 0,¢) is identical to the index u of M,j{,'(r’,ﬂ’, )
and N/(r,8’,¢’) because they represent the same azimuth
variation rate. With this simplification we could write

0

M (r,0,8)= Y [Cm,n/m,v) M (r,0°,¢)
v=\m]
+D(m,n/m,v)ﬁn;{,(r’,ﬂ’,q)’)] (10)
Nk (r,0,6) = ) [D(m,n/m,v)ﬂ,;/u(r’,ﬂ’,qb’)
v=|m|

+C(m,n/m,v)NS(r' 0’¢)] (11)
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where
C(m,n/m,v)=(-1)";"""
Pmax
- 2 kP (kory)a(m /p,n,0)  (12)
Prun
D(m,n/m,v)=(-1)"j"""
Pmax
' ZhS)Z)(kOrO)B(m/p9nsv) (13)
Pmin
pmin={|v—n|—1, forv=/=n; =m0+l
0, forv=n
a(m/p, n,v) = j*{(20 +D)a(m, ~m/p.n,0)

, v+m+1
+Jk0r0Ta(m, m/p,n,v+1)
-—jkorov—ma(m,—m/p,n,v—l)}

(14)

Jkor Qv+ 1)m B

B(m/p,n,v)=j* Pt ) a(m,—m/p,n,v)
(15)

a(m,—m/p,n,v)
j(; 7er (cosa)P™(cosa) P, ™(cosa)sinada

j;ﬂ[Pp(cosa)]zsinada

or
a(m,—m/p,n,v)

_ Qe +D){(p)(v+n—p—1!
(n+v—p)Mv+p—n)o+n+v+1)!

X i (_1)(n-v+p)/2+m+t
1=0

. (n+m+i)(v+p—m—i) (16)

(Me—i)n—-—m—i)(v—p+m+i)!
()M=et(t—-2)(¢—4)---20r1, and (O)!1=(-1)!=1.
Details of the relations of (10) to (16) are available elsewhere

[12}.
Now, the substitution of (10) and (11) in (2) leads to

EO®r,8,6)= ¥ XL

n=0m=—n

o0
()
{ A0

v=|m|

-[C(m,n/m,v)ﬂ,;fv
+D(m,n/m,v)N}

+B9 Y [D(m,n/m,v)

v=|m|
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Jrl,;,’v +C(m,n/m,v)]v,,;{; }

[o.0]
by [C(m,n/m, v)A79

n=|m|

55|

v=0m=—-v

+D(m,n/m,v)BO| MY (r,0,¢)

o0
+ ) [D(m, n/m,v) A%

n=|m|

+C(m,n/m,v)BO|NZ(r,0 ¢)}

(17)
Since u = m, (9) can be rewritten as
oo v
EO(r,00¢)= L ¥ [40H7(r,0,¢)
v=0m=—-v
+BIONI(r, 07, ¢)] (18)
and then
1
Hﬂ(l)(r/’or,qy)__ni Z Z [B/I(I)M/j ,, N ¢,)
A"“)N'I (r,6%,¢)]. (19)

Comparing (17) with (18), we have

A0 = % [Clm,n/m,0) 432+ D(m,n/m, ) B0
n=|m
im| (20)
B/ = i [D(m,n/m,v)Af,E‘,’)+C(m,n/m,v)B,;(,?)]
T @1)
or in a matrix form as
40| & | C(m,n/m,v), D(m,n/m,v)]
B LS| D(mnym,v), C(m,n/m,v)

A"O
A4 (22)

B
Since 47D and B have been determined in Section
III-B, A2 and B/ can be calculated from (22). Then

the first-order incident field [E”®, H"®] to the dielectric
sphere is completely determined.

C. Transmitted Field in and Scattered Field by the
Dielectric Sphere

The first-order incident field [ 7Y, H”™] on the dielec-
tric sphere generates the first-order transmitted field
[E"®, "] in _the dielectric sphere and the first-order
scattered field [E*®, H*®] by the dielectric sphere. The
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latter two fields can be expressed in terms of vector spheri-
cal harmonics as follows:

Z Z [A”(I)M"’,jv r 0/ ¢/)

v=0m=—v

E"O(r,0,¢) =
+ BN (r,0%,¢7)]  (23)

. 00 14

ﬁrt(l)(r/, 0/’ ¢l) — L Z Z [B’:l()l)ﬂr:{v(rla 0,3 qy)

Na v=0m=-—vo

+ ASONA (1,07, ¢)]  (24)

where
={po/e(1— jo/we)
and
BP0 0¢)= Y Y (42081 (v, 0%, ¢)

+ B0,

#)] ()

A0 (07, ¢) = [BaOM" (r,8%,47)

+ ;N (r,0%, )] (26)

It is noted that the propagation constant for M 7 and N2

in (23) and (24) is k, and that for M and N"’ in (25)

and (26) is k(2 The unknown COCfflClCIltS A"(l) B/®
)

my myv
As®, and B2Y are determined based on the boundary

conditions on thc surface of the dielectric sphere at ' = b:
E{D(b,60%,¢') = E;V(b,0",¢)+ E;V(b,6",¢') (27)
H{V(b,6",¢') = H{D(b,0",¢')+ HP(b,0", ¢).

(28)

The substitution of (18), (23), and (25) in (27), and (19),
(24), and (26) in (28) yields the following equations:

45,5, (kb)) = 4705, (kob)
+ ALORD (kob) (29)
B [bj, (kb)) /Kb = { B[ 1), (kob)]’
+ BV [BhP (kob)] '} /kob  (30)

B,t(l) v(kdb) = nd [Br::l(}) U(k b)

+ Brf(fl)hf,z)(kob)] (31)
7 n 1 7 : ’
A ] kit =1 L (429 [0k
+ 4,0 [bhP (kob)] '} (32)

From (29) to (32), the transmission coefficients 47D and
B\", and the scattering coefficients 47" and B’S(D of the
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dielectric sphere, can be determined in terms of the inci- -

dent coefficients A7) and B! as

P A 1 a1l i
4D _ [Tv “@ o |[42® (3)
(1 AB s(l
50| 0 B
and
[ s A4 M 40 ]
A
1 A B 7l
| By VR |-
where
T/(A)=

14k 4y (kob)[6hD (kob)]” — gk P (ko) [ bj, (kob)]’
ndkdju(kdb)[bhgz)(kob)] - nOkOhfzz)(kOb)[ij(kdb)] ’

(35)

/B =
v

ﬂdkdfv(kob)[bh(vz)(kob)] — "ldkdhf;l)(kob)[ij(kob)] '
nok 4 J, (kb)Y [ bR (kob)]" — mkoh® (Kkob)[ bj, (K b)]

(36)
S/(A)= T:),(A).U(kdb)_ju(kob) (37)
’ hP (kob)
S/(B)= :I;)l(B)anv(kdb)_—T’djv(kob)’ (38)
’ hP(kob)

E/s(l)(r/’ 0;’ (p/) — Z Z

{ 0
n=0m=—-n\v=|m|
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The appropriate expressions for [E'D, H'®] are

o0 n
EO(0,9)= 5 % (4D, (r,0,9)
n=0m=-n

+ BN (r,0,0)] (39)
HO(r0.9)=:- L ¥ [BM,(r.0.9)

M 0 m=—n
+ AN, (r,68,9)]. (40)
To ¢quate [El(l)’ j?l(l)] of (39) and (40) to [E;s(l)’ I—{‘,s(l)] of
(25) and (26), we need the following addition theorem
[13}-[15]:

M (r,0,¢)= Y [C’(m,v/m,n)ﬂ,{;n(r,ﬂ,cj))
n=|m|
+D'(m,v/m,n)Nj,(r,0,9)] (41)
NI(r,6,¢) = 3 [D’(m,v/m,n)M,{m(r,&,qb)
n=|m|

+C’'(m,v/m, n)ﬁ,{m(r,G,cp)] (42)

where

Comyo/m,m) = (=1)" 57 35 KO Koty (m /0,0, )
Pmin (43)

D/(m,/m,m)= (=1)" " 3 KO kot )B*(m /p,0,m)
" | (44)

and a*(m/p,v,n) and B*(m/p,v,n) are the conjugates
of a(m/p,v, n) and B(m /p,v, n) which have been defined
in (14) and (15).

The substitution of (41) and (42) in (25) leads to

Y [4zDc (m,v/m, n)+ BiOD (m,v/m, n)]

.M/nn(r,ﬁ,cj))+ by [A;:l(vl)p/(m, v/m,n)+ B VD (m,v/m, n)]ﬁ,{m(r,ﬁ,qb)}. (45)

v =|m|

The first-order transmitted field [E”®, H”"] in the
dielectric sphere dissipates inside the dielectric sphere,
while a portion of the first-order scattered field
[E*D, H*®] by the dielectric sphere becomes the first-
order incident field [ E‘®, H'®] to the conducting sphere.

D. Translation of the Scattered Field by the Dielectric Sphere
from the Primed Coordinate Systems to the Unprimed
Coordinate System

The first-order scattered field [E”®, H*®] by the di-
electric sphere can be translated from the primed coordi-
nate system to the unprimed coordinate system to give the
first-order incident field [E'®, H'®] on the conducting
sphere. This incident field is scattered by the conducting
sphere and a portion of it becomes the second-order inci-
dent field to the dielectric sphere.

By setting E'® of (39) equal to E”™ of (45), we have

A0 & | C'(m,u/m,n), D'(m,v/m,n)
BV S| D(myv/m,n), C’'(m,v/m,n)

s5(1)
o | (46)
With 420 and B already determined in Section III-C,
Ay} and B} can be calculated from (46). Thus, the
first-order incident field [E'D, H'®] to the conducting
sphere is completely determined.

E. Scattered Field by the Conducting Sphere

The first-order incident field [E'®, H'®] on the con-
ducting sphere is completely scattered at the surface of the
conducting sphere. The radiating slot on the conducting
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sphere is narrow so that it is reasonable to assume the
conducting sphere to have a closed surface in analyzing the
scattered field by the conducting sphere.

The first-order scattered field [E*®, H*D] by the con-
ducting sphere can be expressed as

ED(r0,6)= Y L |40}, (r.0,4)

n=0m=-—n

+ BN (r, 6,0)] (47)

. o
BO(r,0,6)=L ¥ [Bsﬂ)Mh (r,0,9)
Mo n=0m

"M=

+ AN (r,0,9)]. (48)
It is noted that the propagation constant k for M!, and
N! in (47) and (48) is k,. The coefficients 45> and BV
can be determined from the boundary condition on the
surface of the conducting sphere at r =a

E;V(a,0,¢)+ E{V(a,0,9)=0. (49)
Equation (49) leads to
AORP (koa) =~ A% j, (koa) (50)
ByY [ahP (koa)]" = — B @), (koa)]”  (51)
or, in a matrix form, as
A5D S 0 A
mn — n mn (52)
B\ 0 SPBY
with
S3 == j,(koa)/hD (koa) (53)
Sn(B) == [ajn(koa)]'/[ahf)(koa)]'. (54)

Up to this point, the first-order scattered field
[E*®, H*V] by the conducting sphere is completely de-
termined. This field can be translated into the primed
coordinate system to give the second-order incident field
[E"® H"®] to the dielectric sphere. After that, the sec-
ond-order fields can be determined by repeating the pro-
cess of Sections III-B to III-E.

F. Multiple Transmitted and Scattered Fields by Iterative
Calculation

In the preceding sections, the first-order fields have been
determined. The second-order incident field to the dielec-
tric sphere will initiate the second-round calculation of the
second-order transmitted and scattered ficlds. After that,
the calculation of the third-order ficlds can be repeated.
This iterative calculation of higher-order fields will be
continued until the sums of multiple partial transmitted
fields and multiple partial scattered fields converge.

The calculation of the /th-order fields starts from the
(! - Dth-order scattered field by the conducting sphere as
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follows:

[A/iu)} o
WA D>
1

By | i

C(m,n/m,v) D(m,n/m,v)
D(m,n/m,v) C(m,n/m,v)

L
. [BS(H)] (55)

[ 410 | ~ (70 o ][40 .
B0l | o 78 || g (56)
[ 450 ] [ g2 Al
A"s'fo -|* /(<)B) [A:?(UI)} (57)
_B’:IU _ | 0 Sv Bmv
40 & [C(myu/mn) D'(m,v/m,n)
Bril(z) v=|m]| Dl(mﬂ)/m’n) C’(m,v/m, n)
a0
=) o
and
40 SO0 || 48D
Bs(l) - 0 S(B) Bi(1)' (59)

After the determination of A5 and B3, the (/+1)th-
order fields can be calculated by repeating the process of
(55) to (59). The total transmitted field in the dielectric

sphere is

L v
E(r0ng)= X L % [4s0m(r0,9)

I=lv=0m=-—
+B”(’)N’/ (r,8, ¢

)] (60)
L N i
LY Y [BOHLee)
[=lv=0m=-v

+ AN (r,0%,¢)]. (61)
Equations (60) and (61) imply the summations of multiple
transmitted fields from the first-order up to the Lth-order.
The selection of an upper limit is dictated by the conver-
gence of the total transmitted field given in (60) and (61).
This limit is dependent on the electric dimensions of the
spheres and the distance between the spheres. In our
numerical example given in the following sections, the
choice of L =10 was found to be sufficient.

Similarly, the total scattered field surrounding the spheres
is obtained as

ﬁ/t(r/70/’ 4)/) = ;’J_

[

[Es Hs]_[Er(O) Hr(O)]+ Z
=1

[EsO, Fs0]

I~

Z [E/S(I) H/s(l)] (62)
1_

Of course, the two coordinate systems used in the fields of
(62) need to be unmified in the calculation of the total
scattered field surrounding the spheres.



ZHU ef al.: INTERACTION OF NEAR-ZONE FIELDS WITH SPHERICAL MODEL OF MAN

IV. NUMERICAL CALCULATION AND RESULTS

The main result of the analysis in the preceding sections
is the total transmitted field in the dielectric sphere because
it represents the total induced field in a biological body
placed in the proximity of an aperture EM source. The
numerical calculation of this result is discussed here.

The total transmitted electric field in the dielectric sphere
given in (60) can be rewritten as ‘

E(r0,¢)= L ¥ {[ZA”"’} AGAS

v=0m=-v

L
+[ 5 B,::,s”]ﬁ,,:f,,(r',az )

=1

00 00 .
= X X {4nML(re.9)

m=—o v=|m|

+Br:1tv mv(r 0, ,)}

where the total transmission coefficients A4,
defined as

(63)

I
and B are

L

A= A5 (6
=1
L

B, = X B (65)
[=

Also, the order of summation over m and v in (63) have
been reversed to facilitate the computation. Since the value
of the product of the coefficient and the vector spherical
harmonic decreases rapidly as the values of m and v
increase, it is possible to limit the computation for m =0
to |m|=M and for v=0 to v=V. Thus, (63) can be
further simplified to

M 14
E’t(rl70/7¢,)= Z Z {A;:IUM’;‘J;)(I'/,H,, 4),)

m=0v=m
+Br:ltl) mv(r 0, ¢)
+4", M7 (r, 0' ¢')
1
+ B N2 (r,0,4) 1 (66)

where 8,, =1 for m=0 and §,, =0 for m+ 0.
To use (66), we need the functions of negative m used in
the analysis as given below:

Pn""(cosﬁ)=(—1)"'§n+ HACHENC)
A;é‘;>=(—1)”+‘%% G (68)
O TN
_(n=—m)! (v+m)!
C(=m,n/=m,v)= (n+m)! (v—m)
C(m,n/m,v) (70)
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(n—m)! (v+m5!

(n+m)! (v—m)!
-D(m,n/m,v) (71)

(v=—m)! (n+m)!

(v+m)! (n—m)!
C'(m,v/m,n) (72)

(v—m)! (n+m)!

(v+m)! (n—m)!
-D'(m,n/m,v) (73)

D(-m,n/—m,p)=~

C'(-m,o/—m,n)=

D(-m,v/—m,n)=—

m (U ) -
=(- M 74
_ m (v m) N .
()" (75)
Derivations of the above relations are available elsewhere

[12].

In the numerical calculation, we first assign a value for
m and then compute A, and B, for v=|m| to v="V,
and also compute C(m,n/m,v), D(m,n/m,v),
C'(m,v/m,n), and D’(m,v/m,n) as two-dimensional
arrays for the indices of n and v. For the numerical
example to be discussed in the following sections, it was
found to be sufficient to set M =10 and ¥ = 50, and also
L =10 as mentioned before.

A. Geometry of Numerical Example

The geometry of the numerical example is shown in Fig.
1 with the following assumed dimensions. The radius of the
conducting sphere (microwave oven) a is 20 cm. The
location of the radiating slot (leakage gap) is at 6, =10°,
and the slot length subtends an azimuth angle of 2a = 60°.
The slot radiates at a frequency of 2.45 GHz with a slot
field given in (1), which indicates a potential difference of
1 V across the slot at its center. The dielectric sphere
(simulated body) has a radius of =25 ¢m and a conduc-
tivity of 6 =2.21 S/m and a relative permittivity of ¢ /¢,
=47 at 2.45 GHz. The distance r, between the centers of
the two spheres is assumed to be variable. Based on this
geometry, the following results have been computed. .

B. Couplzng Effect Between the Dielectric Sphere and the
Conducting Sphere

The most important goal in this study was to estimate
the coupling effect between the source (conducting sphere)
and the body (dielectric sphere). In calculating the total
induced field in the body excited by the near-zone field of
an aperture source on a conducting structure, if the
body-source coupling effect is ignored, as in most existing
studies, the total induced field in the body can be de-
termined exclusively by the first-order transmitted field
[E"®, H"®] in the dielectric sphere. This ignores the
multiple scattering phenomenon between the two spheres.
In fact, the actual total induced field inside the body
should be determined by the sum of all the multiple partial
transmitted fields [E”=YFE E"D, H"=YL H"D] as
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mentioned before. Thus, by comparing the values of E”
and E"®, both the body—source coupling effect and the
error caused by neglecting this effect can be estimated.

To examine the difference between E” and E” D it was
only necessary to calculate the transmitted field at a repre-
sentative point in the dielectric sphere. That representative
point was chosen tobe at r’=b, 8’ =177/18, and ¢'=0, a
point directly facing the radiating slot. The local SAR or
the dissipated power density at that point was then com-
puted as a function of r,, the distance between the centers
of the two spheres. The local SAR at the representative
point was calculated as

L
Z Ezt(l)

=1

2

P=1/2¢ in (mW/Kg) or (W/m*)

and the corresponding value by ignoring the body—source
coupling was calculated as

P, =1/26|E"®|? in (mW /Kg) or (W,/m’).

The percentage error caused by the neglecting of the
body—source coupling was indicated by

Error = [P — Py|/P in (%).

Numerical values of P, P, and Error as functions of r,
are shown in Table I and the values of P and P, are
graphically compared in Fig. 3. It is seen in Table I that,
when r,=48 cm (minimum distance between the two
sphere =3 cm), P =0.287 mW/Kg, P,=0448 mW /Kg,
and neglecting of the body-source coupling causes an
over-estimation of SAR by 56.4 percent; on the other
hand, it may cause an underestimation of SAR by 11.85
percent when r, =50 cm. The behaviors of P and P; as
functions of r, can be easily observed in Fig. 3. The value
of P, decreases smoothly with the increase of 7, while the
value of P fluctuates in both sides of the P, curve. The
values of P; and P converge when r, becomes large as
expected because, for large 7,, the higher order fields
become insignificant and the multiple scattering phenome-
non may be ignored. The conclusion that can be drawn
from the results of Table I and Fig. 3 is the following: In
the analysis of the interaction between a body and the
near-zone field of an aperture source on a conducting
structure, neglecting the body-source coupling will cause a
serious error.

C. Penetration of Transmitted Field in the Dielectric Sphere

To study the nature of the transmitted field as it
penetrates into the dielectric sphere, the transmitted field
was calculated as a function of the radial coordinate r’
starting from the representative point, r'= b, 8’ =177/18,
and ¢’ =0, toward the center of the dielectric sphere. For
this calculation, the distance r, between the centers of the
two spheres was assumed to be 50 cm. The distribution of
the SAR as a function of / is indicated in Table IT and
shown graphically in Fig. 4. The SAR has a maximum
value at the surface of the dielectric sphere (/= b) and
decays exponentially toward the center of the sphere. The
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TABLE 1
THE LocaL SAR AT A REPRESENTATIVE POINT
(r'=b, 0’=17r/18, AND ¢’ = 0)

ON THE SURFACE OF THE DIELECTRIC SPHERE AS A FUNCTION
OF THE SEPARATION BETWEEN THE SPHERES, COMPUTED
FOR THE CASES OF WITH ( P) AND WITHOUT ( P;) TAKING
INTO ACCOUNT THE BODY~SOURCE COUPLING EFFECT.
THE PERCENTAGE ERROR CAUSED BY THE
NEGLIGENCE OF THE BODY-SOURCE
CouPLING EFFECT IS ALSO INCLUDED.

local SAR with body-[ 1ocal SAR without percentage
source COUD1zl? 2 bod{ source couplingl  error
O(cm P—o[ Z oE't 1)]2 |P-p,|/p
48 0.2866  (mH/Kg) 0.4483  (mW/Ka) | 56.41 %
50 0.2800 0.2468 11.85
52 0.1718 0.1505 12.42
54 0.0780 0.0955 22.46
56 0.0679 0.0623 8.17
58 0.0449 0.0417 7.89
60 0.0246 0.0283 15.13
70 0.0060 0.0056 6.0
80 0.0018 0.0018 1.3
0.5
L4
\ ©-- -~ local AR (P)
04 Y @--- - Tocal SAR 1gnoring body-
N source coupling (P;)
AY
03| \\
o \\o
— \\
g2l AN
g N o
= A
0.1 | ‘\G.)\\
“~§\~~~§9
(1] i --a‘-

L L . . "
a6 48 50 52 54 56 58 60

distance between the centers of spheres, r_ {cm)

o

Fig. 3. The local SAR at a representative point (r’=b, 6’=177/18,
and ¢’=0) on the surface of the dielectric sphere as a function of the
separation between the spheres, computed for the cases of with and
without taking into account of the body-source coupling effect.

penetration depth, the distance for the SAR to decay to
(1/e)* times the maximum value at the surface, is
determined from Fig. 4 to be about 1.75 ¢m. This value is
very close to the penetration depth of 1.7 cm for the plane
geometry at 2.54 GHz.

D. Distribution of the SAR on the Surface of the
Dielectric Sphere

The induced EM field or the induced SAR in the dielec-
tric sphere has its maximum value at the surface of the
sphere and then decays exponentially toward the center of
the sphere. Thus, distribution of the SAR inside the sphere
can best be described by the distribution of the SAR on the
surface of tthe sphere. It was found unexpectedly that the
distribution of the SAR on the surface of the dielectric
sphere varies greatly as a function of the distance between
the two spheres. This phenomenon is due to the complexity
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TABLE II
THE DISTRIBUTION OF THE SAR ALONG A RADIUS STARTING FROM
A SURFACE POINT (#'=b, 8" =177/18, AND ¢’ = 0) TOWARD THE
CENTER OF THE DIELECTRIC SPHERE. THE DISTANCE BETWEEN
THE CENTERS OF THE SPHERES (7;) IS 50 cm FOR THIS CASE.

X__(mm) 0 5 10 153 20
P(mh/Kg)| 0.2800 0.1580 0.0892 0.0504 0.0284
x_ (mm) 25 30 35 40 45
p(m/Kg)| 0.0161 0.0091 0.0051 0.0029 0.0016

0.6¢

relative amplitude of SAR

Q L PR o

0 10 20 50 40 50 60 70

distance from a surface point toward the center of
dietectric sphere, x (mng '

Fig. 4. The distribution of the SAR along a radius starting from a

surface point (r'= b, 8’ =177/18, and ¢’= 0) toward the center of the
dielectric sphere.

SAR n (mh/Kg),

W)

Fig. 5. The distribution of SAR’s on the surface of the dielectric sphere
that faces the radiating slot on the conducting sphere. The distance
between the centers of the spheres is 50 cm.

793

SAR in (0.1 mH/Kq), ro = 80 cm

X
bo =0

?;’%’s /T

046 =037 027 —019 —012 ~007-004-002—p= y '

Y /
YN /
I/\ //‘n\'m}
231/1“ :?oz.‘io
"‘L /)s§|‘ /// \ =120°
! \

148 <074
{ 048

\ 095 \.6|
—n "

, s = 180°

Fig. 6. The distribution of SAR’s on the surface of the dielectric sphere
that faces the radiating slot on the conducting sphere. The distance
between the centers of the spheres is 80 cm. The unit of SAR is 0.1
mW /Kg for this case.

of the near-zone field of the slot and also by the multiple
scattering of the EM wave between the two spheres.

Fig. 5 shows the distribution of the SAR on the surface
of the dielectric sphere looking from the §”=180° axis, or
it is the distribution of the SAR on that side of the surface
of the dielectric sphere which faces the radiating slot on the
conducting sphere. The distance between the centers of the
two spheres is 50 cm for this case, and the calculated values
of SAR’s are given in mW /Kg. It is observed in Fig. 5 that
the maximum SAR occurs near 0’=175° and ¢’ =0°, the
region directly facing the radiating slot. The value of SAR
then decays when moving away from this maximum SAR
region toward the smaller 4’s. Eventually, the SAR is
reduced to an insignificant value in the shadow region of
ﬂ/ <90°,:

Fig. 6 shows a similar distribution of the SAR on the
surface of the dielectric sphere when the distance between
the centers Of the two spheres is increased to 80 cm. The
values of SAR’s are given in 0.1 mW /Kg. The distribution
of the SAR 'shown in Fig. 6 indicates that the region of the
maximum SAR is shifted to the lower half of the sphere
from the upper half, the region directly facing the slot. This
unexpected phenomenon can be explained by examining
the radiation patiern of the far-zone field maintained by
the slot on the conducting sphere. At a distance of 80 cm
from the center of the conducting sphere, the slot main-
tains practically a far-zone field and its E-plane radiation
pattern is shown in Fig. 7. This radiation pattern contains
many lobes, and it clearly indicates that the slot maintains
a stronger field at the lower half of the dielectric sphere
than at the upper half. This phenomenon, combined with
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o = 150°

\ s = 30°

8 = 180°

9 = 30°

N

8 = 60°

8 = 120°
L i Y A

Fig. 7. E-plane radiation pattern maintained by a radiating slot on a
conducting sphere of 20-cm radius at 2.45 GHz. Slot location: ¢ =10°,
—30°< ¢ <30° and r=20 cm.

the fact that the multiple scattering effect is insignificant
when the spheres are separated by 80 c¢m, should explain
why a higher SAR is induced in the lower half of the
dielectric sphere.

It is worth noting that the slot, in fact, radiates more
power in the back side of the conducting sphere, as can be
observed in Fig. 7. This unusual phenomenon is caused by
the surface current excited by the slot on the surface of the
_conducting sphere which is electrically large in dimension
at 2.45 GHz. This same phenomenon has been reported in
a previous study [16].

The results given in this section indicate that the distri-
bution of the SAR inside the body induced by the near-zone
field of an aperture source on a conducting structure is
strongly dependent on the distance between the body and
the source, and neglecting the body—source coupling may
yield an erroneous SAR -distribution in the body."

V. CONCLUDING REMARK

This study presents an exact solution to an idealized
problem of the interaction between the near-zone field of
an aperture source on a conducting structure and a human
‘body in proximity. The analysis is very complex, and the
results require an extensive numerical computation. This
type of analysis is not recommended for usual practical
situations that may involve quite different geometries.
However, the main purpose of this study was to evaluate
the effect of the body—source coupling, and this could be
achieved only through an exact solution. Findings of this
study lead to the warning that, if the body-source coupling
effect is ignored in the study of the interaction between the
near-zone field of an aperture source on a conducting
structure and a human body, a serious error in the estimate
of induced SAR in the body may result. On the other hand,
in many practical situations, the geometry of the problem
is too complex to allow the body-source coupling to be
taken into account. In this case, the estimate of induced
SAR neglecting the body—source coupling can only offer
an order of magnitude accuracy, and a reliable estimate of
1nduced SAR should be verified by expenmentauon
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The Absence of Significant Short-Term
Electromagnetic Bioeffects in Giant
Algal Cells Exposed to CW and
Pulse-Modulated X-Band Bursts

ASHOK V. GOKHALE, KATHLEEN MONTAIGNE BRUNKARD,
AND WILLIAM F. PICKARD, SENIOR MEMBER, IEEE

Abstract —Giant cells of the algae Chara brauni and Nitella flexilis
were exposed to continuous wave and pulse-modulated bursts of X-band
microwaves and the vacuolar potential was monitored for immediate radia-
tion-correlated offsets. No such offsets were observed despite a resolution
of approximately 5 in 105, and despite the wide variety of frequencies,
power levels, and pulse protocols employed.

I. INTRODUCTION

HE BIOLOGICAL EFFECTS of nonionizing electro-
magnetic radiation now appear to be numerous and
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are being studied intensively (e.g., [1]-[4]). Those which
seem to arise from direct electromagnetic heating of the
test preparation (i.e., thermal effects) are generally the best
characterized and least controversial. They tend to be
associated with incident fields on the order of 100 W /m?
(10 mW /cm?) or greater. There are, however, in addition
to putatively thermal effects, many others which, because
of their occurrence at low power levels or because of the
form of their variation with system parameters, can not
readily be explained in ordinary thermal terms. These
so-called athermal effects tend to be less well characterized
and more controversial. They have been reviewed compre-
hensively by Adey [5].

Two characteristics common to most thermal and
athermal phenomena are 1) a prolonged period of irradia-
tion (at least minutes) is necessary for the effect to mani-
fest itself and 2) the ability to resolve shifts in the vari-
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