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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 Iossy dielectric sphere, simu-

lating a hnman 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 ideafized problem by using two spherical coordinate
systems and employing the addition theorem to translate the vector spheri-
caf harmonics between the coordinate systems. Multiple scattering of the

EM wave between the two spheres are determined by solving the boundary

valne problems iteratively. An extensive numerical computation has been

condncted to determine the indnced SAR in the dielectric sphere, and the
body-sonrce coupling effect was evafuated. It was found that a serious

error in the SAR estimation can be caused if the body-sonrce coupling is

neglected, a common approximation used in most of the existing studies on
the subject.

I. INTRODUCTION

I 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 become 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 scattering 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 scattering 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 (O system). A lossy dielectric sphere of

radius b placed in the proximity of the conducting sphere

is described by a primed coordinate system (O’ system).

These two spheres are located in free space and their

centers are separated by a distance of rO. 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, @= 8., and – a < + < a, as

described in the O system. The dielectric sphere is assumed

to be homogeneous and possesses permittivity c, conductiv-

ity”u, and permeability PO (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. DEVELOPMENT OF,THE THEORY

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 scattering of the

EM wave between these two spheres was employed. In the

analysis, the addition theorem for the vector spherical

harmonics played the key role in translating the vector

spherical harmonics between the two coordinate systems.

As indicated in Fig. 2,~he first step was to determine the

near-zone field [~ ‘(o), H’(o)] maintained by the slot in

terms of vector spherical harmonics in unprimed coordi-

nates (r, 19,o). The second step was to translate [ E ‘(o), fir(o)]

into primed coordinates ( r‘, 6‘, o’), using the addition theo-

rem, to give the first-order incident field [~ ‘i(l), ~’i(l) ] to

the dielectric sphere. Note that the prime in the super-

scripts of fields indicates that the fields are expressed in

tcmns of primed coordinates. The third step was to de-

termine the first-order scattered field [~ ‘s(l), fi’’(l) ] by the

dielectric sphere and the first-order transmitted field
[~’t(l), E“(l)] in the dielectric sphere by solving the

boundary value problem on the surface of the dielectric

sphere. The fourth ste~ was to translate the first-order

scattered field [~ “(1), H ‘~(1)] by the dielectric sphere into

x

Y
conducting sphe.a

x ,,, ..., . . . . .

,,,’

dielectric sphere

Y
front view of

conducting sphere

\._/’
Fig. 1. A lossy dielectric sphere in the proximity of a conducting 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 10SSY
dielectric sphere.

unprimed c~ordi~~tes (r, f3,+) to give the first-order inci-

dent field [E’(l), H’@)] on the conducting sphere. The fifth

s~p w~s to determine the first-order “scattered field

[E’(l), H’(’)] by the conducting sphere based on the

boundary condition on the surface of the conducting sphere.

The s~th ste~ was to translate the first-order scattered
field [E’(l), Hs(l)]l by the conducting sphere back to the

primed coordinate system (r’, 8’, +’) to give the second-

order incident field [~ ‘i(*), ~ ‘i(*)] to the dielectric sphere.

Subsequently, the procedure of the third to the sixth step

was repeated until the sums of multiple 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

[~’’({), ~“(~)] in the dielectric sphere. The total scattered

field surrounding the two spheres can- be o~tained by

summing up the initial near-zone field [E ‘(0), H’(o)] of the

slot and all the multiple partial scattered fields [~’(i), %({)]

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 aper@re field given by
,.

~~(a,f3,@)

{

4:a(&eo)cos(7r@/2 a), for–a<~<a.

0, elsewhere on r = a

(1)

J?. is a cosinusoidal function of #1 and it vanishes at the

ends of the slot. It also implies a potential 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 D 11. Thus, the near-zone field
[jj’@), fir(o)] of the sloican be wr;tten as

+A~~)iQ~n(r,d,@)]

where the vector spherical harmonics ~~ ~ and fin ~

(2)

(3)

are
given as

[
X?~n(r, O,#) = 8 z~(kr)fiPnm(cos 8)eJ’@ 1

(+@‘A[rzn(kr)] zPm(cos O)eJm+
kr dr d6’ n }

+i(+:[r.n(kr)l~~:(cose) e’~’).
(5)

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.(/cr) were used; the first kind of spherical Bessel
function j. ( kr ) implied an incoming wave, and the second

kind of spherical Henkel function h!2)(kr) imdied an

outgoing wave. For example, the superscript h for fi~~

and fi~~ in (2) and (3) indicates that h$z)(kr) was adapted

for z. (kr). Similarly, when the superscript j is used for

~~~ and #~~, it means that jn(kr) was adapted for

z. ( kr ). ‘The propagation constant k appearing in the ex-

pressions of timn -and Nmn takes the value of k. = u=

for the scattered fields in space and the value of k~ = ufi

~ for the transmitted fields in the dielectric
sphere. P.m(cos 6 ) is the associated Legendre function of

order n and degree m. q. is the impedance of free space

and is equal to ~m. The coefficients A~~) and l?~~)

associated with fi~~ and fi~. in [2) and (3) are to be

determined by matching the field on the surface of the

conducting sphere.

It is noted that, in the derivation of (3), the following

relations were used:

V X 2’(0)= – japolir(o)

finm=;vxMmn, Iimn=;vxiimn

iil~”=iV~~=O, form= n=O.

If the electric ~’(”)(a, d, +) given in (2) is matched to the

slot aperture field ~~ ( a, 13,O) given in (1) on the surface of

the conducting sphere at r = a, the following equation is

obtained:

[

@(e-( 90)cos(74#2a),. for–a<q<a

o, elsewhere

(6)

The coefficients A~~) and B#’) can then be determined

using the orthogonal properties of vector spherical harmon-

ics to be

Ar(())= _ j ‘acosma (2n+l)
mn

a(772 –4m2a2) (l+~w)n(n+l)

. (n-m)! F’fl(cosf30) (7)

(n+m)! h$2)(koa)

B,(0) = acosma(2n +1)2 (n – m)!
mn

~2-4rn2~2 (n+m)!

sin do [ P~~(cos 8.)]’

n(n+l)koa2(l+8m)

[ah~’)(koa)]’

((n+l)[h\2~1(koa)] 2+n[h$2~1(koa)]2} ‘8)
,’ ./,
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where

[P:(cosoo)]’=(~[P:(cose)])8=,o

[ah$’)(koa)]’=(:[rhj’)(kor)])~=~
d~=lifm=O and d~=Oiflml>O.

Details of the derivations of (7) and (8) are available

elsewhere [12]. Once ~J~) and B;$) are obtained, the,

near-zone field [~ ‘to), H’(o)] 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_systey, it was necessary to translate the

near-zone field [E ‘(o), H’(o)] of the slot into the primed

coordinates to give the first-order incident field

[~’’(1), ~’i(l)] on the dielectric sphere. Also, [~’’(1), fi’i(l)]

should be expressed in terms of vector spherical harmonics

that are finite at the origin O’. This lead to the following

relation:

jjr(o)(r, e,+) = jj’i(l)(r’, (?’,@)

where the superscript j for fi;~ and fiU~ meant that the

first kind of spherical Bessel function jU(kor’) was used

for zn(kor’), and the prime in the superscript implies that

the vector spherical harmonics were expressed in terms of

primed coordinates.

To equate fir(o)(r, 0, +) given in (2) to ~ ‘i(l)(r’, 8’, @’)

given in (9), the vector spherical harmonics of two different

coordinate systems need to be related. According to the

a~dition theorem for vector spherical harmonics [13]–[15],

M~~(r, 0, +) and fi~u(r, 6, ~) in unprimed coordinates can

be expressed as the double summation, over the indices of

u and u, of fi;~(r’, 8’, +’) and fiU~”(r’, 0’, +’). For our

chosen geometry, since the polar axes of the two coordinate

systems coincide, the index m of fi~m(<, ~, +) and

N~n(r, 0, +) is identical to the index u of A4&(r’, O’, ~’)

and fiU~(r’, d‘, $’) because they represent the same azimuth

variation rate. With this simplification we could write

fi~~(r,d,+)= ~ [C(m, n/m, u)ti#(r’,6’, #)
o=lml

+ C(m, n/m, u) N~j(r’, @’, #)] (11)

where

C(m, n/nz, v)=(-l)rnj”-”

Pmax

. x &)(koro)~(rn/p, n,u) (12)

Pm

D(m, n/nz, u)=(-l)rnj”-n

Pmax

“ ~ &)(Wo)fl(rn\p, n,u) (13)
Pmi.

(Iu–nl–1, foro#n. p~a=T+V+l
Pmin= o

9 forv=n’

(a(m/p, n,u)=jP (2u+l)a(m, –mjp, ~,u)

u+m+l
+ jkoro ~ + ~ a(m, –m/p, n,u+l)

– jkoro v ~‘a(m, –m/p, n,v–1)
)

(14)

jkoro(2u+l)m
~(m/p, n,u)=j P ~(v+l) a(m, -m/p, n,u)

(15)

a(m, –m/p, n,u)

j“~p(cos~)p:(cos~ )p;m(cos~)sin~d~
n.*

~[p,(cosa)]’sinada -

or

a(m, –m/p, n,v)

(~ P+l)(p)!(u +n-p- l)!!

= (n+u-p)!!(u+ p-n)! !(p+n+u+l)!!

P

x ~ (_l)(n–~+p)/2+m+l

,=0

(n+m+i)!(u+ p-m-i)!.—
(i)!(p- i)!(n-m -i)!(u-p+kz+i)! ’16)

(t)!! =t(t-2)(t -4)””. 2orl, and (0)!! =(–l)!! =1.

Details of the relations of (10) to (16) are available elsewhere

[12].

Now, the substitution of (10) and (11) in (2) leads to

[C(m,n/m,u)fi’J mu



788 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. Mrr-32, NO. 8, AUGUST 1984

-,
“ii;: +c(m, n/Tn,l))lf;i 1}

.
i i ( E [Wv@v+’%’

u= Om=–u n=lml

+ D(m, n/m,u)B~$)]fi;j(r’, e’,@’)

m

+ z [D(nLn/nz,u)A’@)mu
n=lml

}
+ C(rn, n/m,u)B;:)] i;:(r’, e’,+’) .

Since u = m, (9) can be rewritten as

and then

Ii’z@)(r’,e’, +’)= J ~ ~ [B:$w;:(r’, e’, (#q
~o”=om=–”

Comparing (17) with (18), we have

m

(17)

(18)

(19)

~,1(1)
mo = ~ [C(m, n/m, u) A~~)+D(m, n/m, u) B;$)]

n=lrnl

(20)

B::) = ~ [D(m, n/m, u) A\:J+c(m, n/m, v) B;$)]
n=lml

(21)

or in a matrix form as

[%l=n$ml[%%: x%::]
“11::. (22)

mn

Since Aj~) and B~# have been determined in Section

III-B, A~~) and l?~jl) can be calculated from (22). Then

the first-order incident field [E “(l), E ‘~(l)] to the dielectric

sphere is completely determined.

C. Transmitted Field in and Scattered Field by the

Dielectric Sphere

The first-order incident field [E ‘i(l), ~’i(l~ ] on the dielec-
tric sphere generates the first-order transmitted field

[~’’(1), fi’’(l)] in the dielectric sphere and the first-order
scattered field [~ ‘S(l), E ‘S(l)] by the dielectric sphere. The

latter two fields can be expressed in terms of vector spheri-

cal harmonics as follows:

Z“(’)(r’,t l’,@’) = ~ ~ [A~$)ti~J(r’,tl’,@’)
“=om=—”

+ B#)iV&(r’, O’,@’)]

fi’’(l)(r’, 6’, +’)= L ~ ~ [B#)fiJJV(r’, 8’, +’)
~du=om=–u

where

(23)

(24)

(25)

fi’’(1)(r’,61’,#) = L ~ ~ [B#)fi&(r’, f3’,#)
no”=om=–”

+ A~$)fi;~(r’,O’, #)]. (26)

It is noted that the propagation constant for fi~u and ~JJ

in (23) and (24) is k~ and that for fi~~ and N~~ in (25)

and (26) is k . The unknown coefficients A~~~, B~~),
A;?), and B;}) are determined based on the boundary

conditions on the surface of the dielectric sphere at r‘ = b:

E;t(l)(b,&,#) = E;i(l)(b,O’,@/) +E;’(l)(b,O,@J) (27)

I@)(b, 6’,+’)= H;’(’) (b, f?’, o’)+ I@)(b, 4’, r#I’).

(28)

The substitution of (18), (23), and (25) in (27), and (19),

(24), and (26) in (28) yields the following equations:

A;~)jU(kdb) = A~~)jU(kob)

+A&M2)(~ob) (29)

B#l) [bjo(k~b)] ‘/kdb = ( B;:) [bjU(kob)] ‘

+ B;:) [bh~2)(kob)] ‘}/kob (30)

~~’(l)ju(kdb) = ~ [B&ju(/toq
mu

?JO

+ B;$)h$’)(kob)] (31)

‘%)[b~u(kdb)]’/kdb = u L
no kob (A:!) [bj.(kob)]’

+ A;:) [bh~’)(kob)] ‘) . (32)

From (29) to (32), the transmission

B&, and the scattering coefficients

coefficients A#) and

~~$) and B#) of the
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dielectric sphere, can be determined in terms of the inci- The appropriateexpressionsfor [Z’(lJ, l?’(l)] are

dent coefficients Aj~) and B;$) as

[$I=[T:) Zl[%] ’33)

@qr,e, @) = ‘~ f [A:Jilin(cMJ
~=o~=—~

+ B#iv~n(r, f?, +)] (39)

and @l)(r,e, +) = ‘~ ~ i [B:)m;n(LfL40

[:;l=[s$) $1[%] ’34)

!Ion=om=–n

+ fqyvjn(r, e,+)] . (40)

To equate [~z(l), ~;’(l)] of (39) and (40) to [~ “(1), fi’’(l)] of

where (25) and (26), we need the following addition theorem

[13]-[15]:

ti’~(r’, e’,+’)= ~ [c’(rn, u/m,n)M;n ~>TudA) =
mu ‘“ ( 9,+)

qdkdju(kob)[bh:2)(kob)]’ – ~d~d~y)(~o~)[~~”(~o~)l ‘ Pmax

c’(rn, u/m, n)= (–l)mj”-” ~ t’z$)(koro)a*(n’z/p, u,n)

~Okd&(kdb)[bh$) (kOb)]’-~d kOh\2)(kOb)[b?”(kdb)]’ Pmi.

(36) (43)
Pmax

D’(m, u/m, n)= (–l)mj”-” ~ lZy)(koro)~*(nl/p, u,n)
s,(A) = ‘u’(A)~o(kdb) – ~u(kOb)

u (37) Pm.

hy(kob) (44)

and a*(m/p, v, n) and @*(m/p, v, n) are the conjugatesT’(~)qojU(~~b)-qdjo(kOb)’+~)(lo = u
v (38) of a(m/p, u, n) and ~(nz/p, u, n) which have been defined

h\2)(kob) in (14) and (15).

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

.ti~. (r, f3, $)+ ~ [A~$)D’(m, v/m, rz)+B~U
}

“(’)D’(m, v/m, n)]i VJ~(r,O,@) . (45)
u=lml

The first-order transmitted field [~ “(1), fi’’(l) ] in the

dielectric sphere dissipates inside the dielectric sphere,

while a portion of the first-order scattered field

[~ “(1), H“(l) ] by the dielectric sphere becomes the first-

order incident field [ ~i(l), fit(l) ] 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 [~ ‘S(l), i%’’(l)] 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 [~i(l), ~’@)] 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.

With AJ~) and E#) already determined in Section III-C,

A\~ and llj~) can be calculated from (46). Thus, the

first-order incident field [~’(l), ~’(1) ] to the conducting

sphere is completely determined.

E. Scattered Fielal by the Conducting Sphere

The first-order incident field [ii(l), fii(l) ] on the con-

ducting sphere is completely scattered at the surface of the

conducting spherle. 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’(l), H’(l)] by the con-

ducting sphere can be expressed as

+ B;;)N;n(r, 8, +)] (47)

+Aj:)iyn(r, e,(f))]. (48)

It is noted that the propagation constant k for fi~. and

~J~ in (47) and (48) is ko. The coefficients A~~ and 11~~)

can be determined from the boundary condition on the

surface of the conducting sphere at r = a

E&)(a,f3,@) +E~(1)(a,6, @)=0.

Equation (49) leads to

A~~)h~2)(koa) = – A~~j. (koa)

B~~)[ah~2J(koa)]’= – B#)[aj~(koa)]’

or, in a matrix form, as

with

~(~)= – jn(kOa)/h~2)(koa)

s~~) = – [aj~(kou)] ‘/[ah$2)(koa)]’.
n

Up to this point, the first-order scattered

(49)

(50)

(51)

(52)

(53)

(54)

field

[~’(i), ~(’)] by ihe conducting sphere is completely de-

termined. This field can be translated into the primed

coordinate system to give the second-order incident field

[fi’t(2), ~’i(2)] 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 fist-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 fields. After that,

the calculation of the third-order fields 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 lth-order fields starts from the

(1 – l)th-order scattered field by the conducting sphere as

follows:

[%l=.:.l[

c(7n, n/?n, u) D(rn, n/m, u)

D(m, n/m, o) C(rn, n/m, u) 1

[1
.A@)

(58)
~:;[)

and

After the determination of Aj~) and B;#, the (1+ l)th-

order fields can be calculated by repeating the process of

(55) to (59). The total transmitted field in the dielectric

sphere is

~“(r’,t l’,+’) = ~ ~ ~ [A#)M~~(r’, tl’, #)
l=lu=Om=–v

(
+ Bfr([)jv~J ~~, (j~

mu mn , o] (60)

fi’’(r’, d’,+’) = ~ ~ ~ ~ [B~$)fi;~(r’,O’,#)
~d[=lu=om=–u

+ A~$Xj~(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

[s’, m]= [fi’@), &@)]+ ~ .[@(o, &(O]
/=1

L

, H’s(’)]. (62)+ ~ [jf$(o -

/=1

Of course, the two coordinate systems used in the fields of

(62) need to be unified in the calculation of the total

scattered field surrounding the spheres.
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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“(r’,&,#) = ii i
{[ 1

i 4$2 fi;’o(r’, e’,+’)
~=o~=–” [=1

~=–m”=lml’

+ B~Ufi;~(r’, 8’, @’)} (63)

where the total transmission coefficients A~U and B& are

defined as

1=1

Also, the order of summation over m and u 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 u

increase, it is possible to li@t the computation for m = O

to Iml =M and for u=O to v =V. Thus, (63) can be

further simplified to

_m”(r’,6’,#)} * (66)+ Bfmu~tJ

m

where 8.=lform=Oandi3. = Oform #O.

To use (66), we need the functions of negative m used in

the analysis as given below:

~(n-m)!~#(coS6) (67)p~rn(cosd)= (–1) (n+m)!
n

~~:)=(_l)m+l(n–m)!~r(o)
(n+m)! -~”

(68)

B;$)=(–l)~ (n–m)!B~(0)
(n+m)! ““n

(69)

C(–m, n/–m, u)=
(n-m)! (u+m)!

(n+m)! (u-m)!

“C(m, n/m, u) (70)

D(–m, n/–m, v)=-
(n-m)! (u+m)!

(n+m)! (u-m)!

.D(m, n/m, u) (71)

C’(–m, u/–m, n)=
(u-m)! (n+m)!

(u+m)! (n-m)!

“C’(m, u/m, n) (72)

D’(–m, v/–m, n)=–
(u-m)! (n+m)!

(u+m)! (n-m)!

.D’(m, n/m, u) (73)

M.m” = ~_l~m(u-m)!~.
(u+m)! ‘“

8_m” =
~_l)rn(u-m)! -

(~+m)!N;U”

(74)

(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~O and B~O for u = Iml to u = V,

and also compute C(m, n/m, u), D(m, nim, 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 V= 50, and also

L =10 as mentioned before.

A. Geometiy 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 60= 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 (l), which indicates a potential difference of

1 V across the slot at its center. The dielectric sphere

(simulated body) has a radius of b =25 cm and a conduc-

tivity of u = 2.21 S/m and a relative permittivity of C/Co

=47 at 2.45 GHL. The distance r. between the centers of

the two sphere: is assumed to be variable, Based on this

geometry, the following results have been computed..

B. Coupling Effect Between the Dielectric Sphere and the

Conducting Sphere

The most impcmtant 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 tlte 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

[2 ‘t(l), ~’i(l)] 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 [ S‘~ = x;= ~fi ‘r(~), fi’f = X;= ~H ‘~(’)] as
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mentioned before. Thus, by comparing the values of ~ ‘r

and ~ ‘t(l), both the body–source coupling effect and the

error caused by neglecting this effect can be estimated.

To examine the difference between ~ ‘t and ~ “(1), it was

only necessary to calculate the transmitted field at a repre-

sentative point in the dielectric sphere. That representative

point was chosen to be at r’= b, 0’= 17r/18, and #= O, 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 rO, the distance between the centers

of the two spheres. The local SAR at the representative

point was calculated as

2

P=l/2iJ ~ l?’’(’) in (mW/Kg) or (W/m3 )
/=1

and the corresponding value by ignoring the body–source

coupling was calculated as

PI= l/2ul~’r(l)12 in (mW/Kg) or (W/m3 ).

The percentage error caused by the neglecting of the

body–source coupling was indicated by

Error = [P – P1l/P in (%).

Numerical values of P, PI, and Error as functions of rO

are shown in Table I and the values of P and PI are

graphically compared in Fig. 3. It is seen in Table I that,

when rO= 48 cm (minimum distance between the two

sphere = 3 cm), P = 0.287 mW/Kg, PI= 0.448 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 rO= 50 cm. The behaviors of P and PI as

functions of r. can be easily observed in Fig. 3. The value

of PI decreases smoothly with the increase of ro, while the

value of P fluctuates in both sides of the PI curve. The

values of PI and P converge when r. becomes large as

expected because, for large rO, 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, O‘ = 17Tr/18,

and $J’= O, 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 r’ is indicated in Table II and

shown graphically in Fig. 4. The SAR has a maximum

value at the surface of the dielectric sphere (r’= b) and

decays exponentially toward the center of the sphere. The

TABLE I

THE LOCAL SAR AT A REPRESENTATIVE POINT
(r’=b, 0’=17T\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 ( PJ 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- l~cal SAR without percentage

r ;:y;e~co+q(;ylz
bod -so~rce coupling

Y
error

‘(cm 2 g.=1
P,=_ o[E’t(l)]2 I P-P, I fP

48 0.2866 (mW/Kq) 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

?
04

‘! 0---- local SAR (P)

‘, ----- 1...1 SAR lwrl.q body-
‘,, source coup llng (P, )

03 ‘\

0 ‘\\ ~

k,,
~

02
‘.

: .,:
.
% ~.

0,1 -.,
-9.

0 -“ ’-&. --%g----

0
--8-

46 48 50 52 54 56 58 60

0,,7...,, between the centers of ,vheres, ,0 (m)

Fig. 3. The local SAR at a representative point (r’= b, 0‘ = 17w\18,
and 1#1’= O) 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 tie body–source coupling effect.

penetration depth, the distance for the SAR to decay to

(1/e)2 times the maximum value at the surface, is

determined from Fig. 4 to be about 1.75 cm. 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
Trm DISTRIBUTION OF THE SAR ALONG A RADIUS STARTING FROM
A SURFACE POINT (r’= b, 8’= 17m/18, AND @ = O) TOWARD nm

CENTER OF THE DIELECTRIC SPmuz n-m DISTANCE BETWEEN
THE CENTERS OF THF SPmrws (rO) IS 50 cm FOR mm CASE,

x (mm) o 5 10 15 20

P(mW/Kg) 0.2800 0.1580 0.0892 0.0504 0.0284

x (nun) 25 30 35 40 45

P(mW/Kg) 0.0161 0.0091 0.0051 0.0029 0.0016

1.0

x

0.8- f9-0, z
b

0.6 - ,=~.r,

04 .

02 .

o~
0 10 20 50 40 50 60 70

d? stance from a swface m nt towavd the center of
dielectric sphere, x (m Y

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

surface point (r’ = b, f?’= 17rT/18, and @ = O) toward the center of the

dielectric sphere.

SAR J. (mlmg), .O = 50 cm

.+ .=”.

\

Fig. 5. The distribution of SARS 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.

20+6 -&, —.027 —019 -0,2 -007-- y ,

Fig. 6. The distribution of SARS 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 ase.

of the near-zone field of the slot and also by the multilple

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 0‘ = 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 giveln in mW/Kg. It is observed in Fig. 5 that

the maximum SAR occurs near O‘ = 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 th~e smaller d ‘s, Eventually, the SAR is

reduced to an insignificant value in the shadow region of

e’<90°,’

Fig. 6 shows a similar distribution of the SAR on the

suiface 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

maximqm 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 radiatio~ pattern of the far-zone field maintained by

the slot OQ the conducting sphere. At a distance of 80 cm

from {he center c)f the conducting sphere, the slot main-

tains practically a far-zone field and its E-plane radiation

pattefn 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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x
\ (

8 = 1209 0 . 90.

e = 150~ A n

1/ r--+\\ ‘

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: o = 10°,
–30°<@< 300, andr=20 cm.

the fact that the multiple scattering effect is insignificant

when the spheres are separated by 80 cm, 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 l&~

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

induced SAR should be verified by experimentation.
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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
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AND WILLIAM F. PICKARD, SENIOR MEMBER, IEEE

Abstract —Giant cells of the rrtgae Chara brauni and Nitelhz flexilis

were exposed to continuous wave and pulse-modulated bursts of X-band

microwaves and the vacnolar potentiaf was monitored for immedfate rarfia-
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

T HE BIOLOGICAL EFFECTS of nonionizing electro-

magnetic radiation now appear to be numerous and
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are being studiedl 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 ir~cident fields on the order of 100 W/m*

(10 mW/cm2 ) 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 athermai 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 vmi-
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