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Fig. 2. Normalized differential phase shift versus magnetic field for
different configurations. co = 18 GHz, 4rrM0 = 2.8 kOe, H. = 9.0 kOe
(for Zhz Y [3]).

properties AZ. and Ha. This limits the use of a particular slab
in a narrow band of frequencies. Dielectric loading [4] may
improve the band performance.

It is noteworthy that (l)-(4) are approximately valid only for
very thin slabs. The rigorous derivation of differential phase
shift and its applications are currently under investigation. The
results will be published later.
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Abstracr—A procedure is given to calculate the reflection and trans-

mission coefficients of a full-height dielectric slab centered in a,rectangular

waveguide. The effects of loss and of finite length are included. The
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magnitude squared of the electric field along the slab is calculated in

order to predict inhomogeneous heat input to the sample. These results

are compared with experimental measurements on sever’al materials and

the pupae of Tenebrio molitor.

I. INTRODUCTION

The presence of standing waves in biological specimens,

caused by internal nonuniformities, or by reflection from the

boundaries of the specimen, canlead to localized heating. The

distribution of the electromagnetic (EM) fields induced in such

tissue has been modeled for planar, cylindrical, and spherical

bodies under plane-wave or near-field illumination [1]-[8].

Experiments in which the biological specimen is placed in a

waveguide for the purpose of irradiation have also been re-

ported [9]–[11]. Field concentration effects occur in wave-

guides inhomogeneously loaded with a dielectric medium. If the

dielectric is 10SSY, these effects can produce excess absorption

of the microwave energy [12]– [14] in addition to the nonuniform

absorption caused by the standing waves.

In this short paper, the biological specimen is modeled as a

10SSY dielectric slab of finite length inserted along the center

line of a waveguide and calculations are presented for the

following: 1) the magnitude of the electric field along the slab,

2) transmission and reflection coefficients, and 3) the percentage

of incident power absorbed. The techniques and results to be

presented here can also be applied to the calculation of power

dissipation and heating in waveguide components such as

attenuators and phase shifters.

II. TFiEORY

Consider a slab of dielectric material of width D, length 1,

relative dielectric constant 8,, and loss tangent tan 6, located

along the center line of a rectangular waveguide of width a as
shown in Fig. 1. The slab fills the height b of the waveguide.

Assuming that a TEI o wave is incident from – m, the transverse

components of the electric and magnetic fields can be expressed

as a linear combination of higher order modes [15] in each of

the three regions shown in the figure.

In Front of the Slab (Region 1): – co < z < 0

Ey = fl(x)e-jh’z + ~=1$,.. an~(~)e’h”z (la)

H = ‘fI(x) e-jh,z + f
x > fn(x)ejhnz. (lb)

Z1 n=l,3,5 . . . ~

In the Slab (Region 11): O < z < 1

J%= ~ (zm’gm(x)e-Ymz
m=l ,3,5...

+ ~ bm’g~(x)e’wz’
ra=l ,3,5. . .

I I

(2a)

(a) (b)

Fig. 1. Configuration of a finite length Iossy dielectric slab located in a
rectangular waveguide. (a) Cross-sectional view in a YX plane (i.e., down
the guide) for which O < z < 1. (b) Cross-sectional view in a yz plane
forwhichd<x<d+D.
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fL = - ~=1:5 $ gm(x)e-’”’
,.. ..m

fI(x) + i 4A(X)=
~=,~, (am+ h)%(x)11=1,3,5.!. ,, ...

+ ~=,$5,.> Qm(x)e’mz (2b)
. ..m –f,(x) + a. fn(x)

Z1
Ty

Beyond the Slab (Region ZZI): 1< z < co
11=1,3,5... ~

(12)

“ =,=1$5at~(x)e-j’tz,, ...,
(3a)

‘x= - ‘f $fi(~)e-~’tz (3b)
t=l,3,5 . . . ~

Here the quantities a, b are complex-mode amplitudes. The
amplitude of the incident field is taken as unity; k~ and YMare
the longitudinal propagation constants of the empty guide and
inhomogeneously loaded guide, respectively. The mode functions
are of the form

(4)

Atz=l:

~ (am’fj--ym’ + bm’ey~’)gm (X)

m=l,3,5 . . .

=,=, $5 a~~(x)e-’”t (14)
,s . . .

where a is the waveguide width, and
Using Chang’s procedure [16] and recognizing tlhat the ~(x)

1-

1 form an orthonormal set, i.e.,
sin kl~x, O<x<d

k Im

COS klmd

()

J

a~n(X)~m(X) dx = dnm (16)

cosk2m X—? , 0

k2mD 2
%(x) = w. 1 k,. sin ~ (12) and (13) yield

1
d<x<d+D

1 l+ al= f (amfP1m + bm’l’J (17)
—_ sin klm(x — a), d+ D<x <a. m=l,3,5 . . .

klm

(5)
‘~+~=m=l$s (-~+~)plm “8)1

The normalization factor Wm (see the Appendix) is obtained from and

J
a

&(X) gM*(x) dx = 1.
0

(6) an = ~ (a~’ + bm’)Pnm, n # 1 (19)
m=l,3,5 . . .

The wave impedances of the empty and the dielectric loaded-

guide are given by 5 ‘n=,,~,... (++ ~) p.., 71 # 1 (20)Zn m’ m

J
— where

zn=~ ~ (7a)
n &(J Pn. =

J

a~n(X)~m(X) dx,

and

n = 1,3,5 ..., m = 1,3,5 . . . .
0

(21)
(7b)

From (17) and (18) al can be eliminated with the result

where klm, kzm, and ym satisfy the following equations:
S ~[(1 +~)a. + (1 -~) b.’”]pl.= 1.

m=l,3,5 . . .
k2m2 – klmz = (e, – l)koz – je,ko2 tan 8 (8)

(22)

klm2 = koz + Ym2 (9)
In a similar fashion (19) and (20) yield

~ kzmz = e,koz(l – j tan d + Ymz (lo)

where k. = co/c; c is the speed of light in vacuum. Also i :[(1 ‘5)””’+ (1 -%)bm’lpnm=0’m= 133,5. . .

()
2 n c 3,5 . . . . (23)

hnz=koz– : , fern = 1,3,5 ..-. (11)
These may be written as

III. FIELD PROBLEM AT THE WAVEGUIDE DISCONTINUITIES

At the boundaries z = O, 1, E,, and HX are continuous. By 2 ~[(1 ‘S)am] + (1 -$) bm’lp”m = ‘“”m=l ,3,5...

matching the fields at the boundaries the following system of

linear equations results:
n = 1,3,5..0. (24)

Atz=O: Likewise, from (14) and (15), one obtains
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co

= [(11

m=l ,3,5... F. - Zm’-) ‘-ymtam’ + (i+ae’m’bm’lpnm
. 0, n = 1,3,5, . . . (25)

Equations (24) and (25) represent two inlinite sets of linear
equations with two infinite sets of variables which may be solved
simultaneously, by numerical means, to find values of the
complex am’, bin’. The reflection coefficient for the TEIO mode in

Region I is given by (17). The transmission coefficient, in Region
111, is obtained by multiplying both sides of (14) by ~l(x) and
inte~ating over the waveguide width

al II = ‘W
~=1$,.., [a~’e-””z + b~’e7mz]P,~. (26)

The relative heating in the 10SSYslab depends on

[q’ = f $ [am’c2M’*e-(ym+yn*)z
n=l,3,5 . . . rn=l,3,5 . . .

+ a~’b~’*e–(ym-yn*)z + b~’a”’*e(ym-yn*)Z

+ b~~b~r*e(Ym+yn*)z]g~(x)g”*(x). (27)

IV. RESULTS

Since the higher order modes generated at the ends of the
slab decay rapidly for large n and m, it is reasonable to truncate

the infinite system of equations and use an N x N matrix in the,

computations of the am and bm. The computation was carried

out on a PDP-11 computer using double precision arithmetic.

For the numerical results to be presented here only five modes

were included since samde calculations showed that the use of
N = 5 yields the same transmission and reflections coefficients

as does the use of six or more modes. Some experimental results

for X-band waveguide are summarized in the following along

with the predictions of our theoretical analysis.
1) Teflon slab with 1 = 25.4 mm, D = 5.0 mm, 8, = 2.04,

tan C$= 0.0, a = 22.9 mm, and f = 9.0 GHz. Fig. 2 compares
calculated values of [EY)2 x = a/2 with values measured by

probing the field along the center line of the slab using a slotted

line. The curves were normalized to the same maximum
amplitude.

Let IEl 12, Il?zj 2, and IE312 denote, respectively, the squared
amplitudes at the first maximum, the minimum, and the second
maximum. The comparison of the ratios ll?l 12/jE212 and
1.E,12/lE,l 2 between the calculated and measured values is
summarized in Table I. Some experimental error results from
surface waves launched in the slot by the probe; but, generally,

the agreement is good, particularly at the extrema.

2) n—SiIicon with 1 = 2.22 mm, D = 6.7 mm, e, = 12,

tan 6 = 1.0. Normalized I-EYl2 x = a/2 for the measured and
calculated values are plotted in Fig. 3. Note that the field decays
rapidly for this 10SSYsample.

‘L——____
04812162024
DISTANCE FROM FRONT SURFACE (mm)

Fig. 2. Magnitude squared of normalized electric field as a function of
position along center line of Teflon slab with D = 5.0 mm, 1 = 25.4 mm,
E, = 2.04, and tan d = O, at 9.0 GHz. Calculated (
Measured (A).

).

TABLE I,
COMPARISONOF STANDING-WAVE RATIO INSIDE TEFLON SLAB

(lE,12/lEZ12 and lEs12/lEzlz)

I I Measured I Calculated I

IE312

/

1.95 1.87

IE212

-5

~ \,,,,,,,

8

-lo -A

~ .,5

N-
.

-20
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Fig. 3. Magnitude squared of normalized electric field as a function of
position along center line of silicon slab with D = 6.7 mm, 1 = 22.2 mm,
.?, = 12, and tan d = 1, at 9.0 GHz. Calculated ( ). Measured
(A).
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Fig. 4. Calculated squared magnitude of normalized electric field as a
function of position along center line of lossy dielectric slab with
D = 5.0 mm, 1 = 15.0 mm, e, = 30, and tan C!= 0.6, at 9.0 GHz.

3) The width of the slab (D = 5.0 mm), its dielectric constant

(e, = 30), and its loss tangent (tan d = 0.6) are chosen to match

those reported by Lindauer et al. [10] for a Tenebrio pupa.

The calculated IEY[ 2 ‘x = a/2 distribution along the center line

of the slab is shown in Fig. 4. Clearly, the maximum heating

should occur at the front surface of the slab, and the heat input

will be nonuniform along the length of the sample. Standing

wave measurements on sample pupae [10] show a maximum field

near the center of the pupae.

This difference may be due to the fact that the experimental

sample fills only about one-third of the waveguide height: it is

possible that the relative maximum near z = 0.8 in Fig. 4 in-

creases in the partially filled height case. Calculated reflection

and transmission coefficients and the fraction of the ‘incident
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APPEN~IX

The normalization factor W~ for function g~(x) in (5) is given

by

r

Abstract—In most experimental investigations of the biological effects

of microwave radiation, it is necessary to use low-loss dielectric’materials

for restraining animals under irradiation. Because of the complexity of

the aualysis of the animal–restrainer combination, an analysis is made of

the scattering of microwave fields by a simplified model ot” the restrainer

with no animal present. The model chosen is that of a plarrc wave incident

at an arbrtrary angle npon a rectangular slab of finite width and thickness.

Numerical results indicate that the scattered fields within n sqnare region

of one wavelength in distance from the slab surfaces are greatly enhanced

and highly nonuniform. [n particular, the maxima for parallel iucidence

exceed those for normal incideuce by almost a factor of 2,

[(w.= J- sin (klm — klm*)d sin (klm + klm*)d

Ik,ml’ k,iu - k,m+ klm + klm* )

ICOS kl=dl’

k sin k2mD 2
2m —

2

+

– 1/2

sin (r%2m + k2m*) ~

+ *kzm + kzm )1~(
D

sin (k2m – k2m*) ~

k klm”Inl —
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