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

properties My and H,. 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 (1)-(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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FElectric-Field Distribution Along Finite Length Lossy
Dielectric Slabs in Waveguide
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Abstract—A procedure is given to calculate the reflection and trans-
mission coefficients of 4 full-height dielectric slab centered in arectangular
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 several materials and
the pupae of Tenebrio molitor.

1. INTRODUCTION

The presence of standing waves in biological specimens,
caused by internal nonuniformities, or by reflection from the
boundaries of the specimen, can lead 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 lossy, 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
lossy 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. THEORY

Consider a slab of dielectric material of width D, length [,
relative dielectric constant ¢,, and loss tangent tan J, 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 TE,, wave is incident from — co, 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 I}): — 0 < z < 0
[xo]
E, = fi(x)e™"* 4 Y afux)e (12)
n=1,3,5---
oo
Hy= 20X oz § G e (1h)
Zy n=1,3,5-+- Ly
In the Slab (Region II): 0 < z < |
o0
Ey = 2 am,gm(x)enymz
m=1,3,5- -
0
+ Y b ga(x)e™ (2a)
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Fig. 1. Configuration of a finite length lossy dielectric slab located in a
rectangular waveguide. (a) Cross-sectional view in a yx plane (i.e., down
the guide) for which 0 < z < [. (b) Cross-sectional view in a yz plane
for whichd < x < d + D.
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Beyond the Slab (Region III): ] < z <
E, = Z a,'f.(x)e™ " (3a)
t=1,3,5---
0 a ’ .
H,= - ) tfxe™ (3b)
1=1,3,5.-+ Z;

Here the quantities a, & are complex-mode amplitudes. The
amplitude of the incident field is taken as unity; 4, and y,, are
the longitudinal propagation constants of the empty guide and
inhomogeneously loaded guide, respectively. The mode functions
are of the form

£ = \/ 2 sin X @

a a

where a is the waveguide width, and

Lsin KimX, 0<x<d
im
CoS kimd

cos k x — a
KamD 2m 2)’

In(X) = Wn {kypp sin ==

d<x<d+ D

d+D < x < a

- L sin ky,,(x — a),

1m

(5)

The normalization factor W, (see the Appendix) is obtained from

(6)

0

f ’ In(%) gm” (x) dx = 1.

The wave impedances of the empty and the dielectric loaded-
guide are given by

Z, = ko \/@ (7a)
hn &g
and
z, = iko \/@ (7b)
Ym )
where k., ko and v, satisfy the following equations:
kom® — kim® = (& — Dko® — jeko® tan & ®)
klm2 - k02 + 7m2 )
k2m2 = erkoz(l - jtan 5) + ymz (10)
where ky = w/c; ¢ is the speed of light in vacuum. Also
nm\?
h? = ko* — (—a—> y forn = 1,3,5---. an

1II. FiELD PROBLEM AT THE WAVEGUIDE DISCONTINUITIES

At the boundaries z = 0, [, E,, and H, are continuous. By
matching the fields at the boundaries the following system of
linear equations results:

Atz = 0:
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i+ Y af®) = Y (an + by gmx)
n=1,3,5- 1+ m=1,3,5¢
(12)
L) | o a, f,(x)

Zl n=1,3,5 Zn

S _ G b

- I ( o+ zm') () (13)
Atz = 1:

t=1,3,5¢¢+ t

Using Chang’s procedure [16] and recognizing that the f,(x)
form an orthonormal set, i.e.,

f i) A = o (16)
o]
(12) and (13) yield
1+ a = Z (@y' Piyy + b’ Prm) a7
m=1,3,5+-
1, a Y (_ﬁ'_"_.l.b_ml) . (18)
Z1 Z1 m=1,3,5--- Zml Zm
and
o0
a, = Z (a,’ + b, )Pum» n#1 (19)
m=1,3,5+--
Lo ¥ PN p.,  m#E1 (0
Z, n=1,3.5--- \ Zp' A
where
Py = j [0 g(x) dx, n=135--, m=135--.
4]
21

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

Y i+ & an + 4 by | Piw = 1.
m=1,3,5-++ 2 Z Zy ;
(22)
In a similar fashion (19) and (20) yield

0
¥ L [(1 + —Z—) ay + (1 - Z",) b,,,’] Pum =0,
m=1,3,5-+- 2 z, Zy,
n

(23)

= 3,5 --

These may be written as

w -
Y L (1 + —Zi,) a, + (1 - Z—"I) by | Pum = Onts

m=1,3,5--- 2 Zm Zm d
n=135--. (24

Likewise, from (14) and (15), one obtains
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) .}_ — L e")’mlam’ + __l_ + _1__ e'ymlbmr an
z, Z, Z, Z,

=0, n=135"--. (25

Equations (24) and (25) represent two infinite sets of linear
equations with two infinite sets of variables which may be solved
simultaneously, by numerical means, to find values of the
complex a,,’, b,’. The reflection coefficient for the TE,, mode in
Region I is given by (17). The transmission coefficient, in Region
Iil, is obtained by multiplying both sides of (14) by fi(x) and
integrating over the waveguide width

m=1,3,5...

o0
a =™ ¥ [an'e" " + by'e"™ P (26)
m=1,3,5.+.
The relative heating in the lossy slab depends on
0 0 «
BIP= % % [aye e mtnt
n=1,3,5+- m=1,3,5++-
+ Gy by e~ mmvE 4 p g, * gm0
+ bm’bn,*e(ym*.y"*)z]gm(x)gn*(x)-

27
IV. RESULTS ‘

Since the higher order modes generated at the ends of the
slab decay rapidly for large » and m, it is reasonable to truncate
the infinite system of equations and use an N x N matrix in the,
computations of the a, and b,. 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 sample 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 / = 25.4 mm, D = 5.0 mm, & = 2.04,
tan 6 = 0.0, @ = 22.9 mm, and f = 9.0 GHz. Fig. 2 compares
calculated values of |E,|?x = af2 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 |E;|% |E,)? and |E;}? denote, respectively, the squared
amplitudes at the first maximum, the minimum, and the second
maximum. The comparison of the ratios |E,|?/|E,|? and
|E5|%/|E,|? 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—Silicon with /=222 mm, D= 67 mm, g = 12,
tan 6 = 1.0. Normalized |E,|?> x = a/2 for the measured and
calculated values are plotted in Fig. 3. Note that the field decays
rapidly for this lossy sample.

1E12(db)

12 16 24

0 4 8 20
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, /
& .04, and tan 6 = 0, at 9.0 GHz. Calculated ¢
Measured (A).

= 25.4 mm,
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TABLE 1
COMPARISON OF STANDING-WAVE RATIO INSIDE TEFLON SLAB
(|E1|?/|E2}? and |Es[*/|E,[?)

Measured Calculated
2
E
IE, | ) 2,09 2.02
IE, |
e, 12
/2 1.95 1.87
[E,|
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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, / = 22.2 mm,
E'A)z 12, and tan § = 1, at 9.0 GHz. Calculated (: ). Measured
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Fig. 4. Calculated squared magnitude of normalized eléctric field as a
function of position along center line of lossy dielectric slab with
D = 5.0mm, / = 15.0 mm, & = 30, and tan § = 0.6, at 9.0 GHz.

3) The width of the slab (D = 5.0 mm), its dielectric constant
(s, = 30), and its loss tangent (tan § = 0.6) are chosen to match
those reported by Lindauer ef al. [10] for a Tenebrio pupa.

The calculated |E,|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{c')f the ‘incident
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TABLE 11
REFLECTION AND TRANSMISSION COEFFICIENTS AND ABSORPTION FOR
= 30, tan é = 0.6, D = 5.0 mm, / = 15.0 mm As A FUNCTION OF

FrREQUENCY
Frequency Reflection Transmission Fraction
(GHz) Coefficient Coefficient Absorbed
8 0.844 /-172.6° 0.0058 /1.08° 0.288
9 0.778 /-173.40 0.0044 /-153,4° 0,395
10 0.727 /-168.3° 0.0079 /—27.9o 0,471
11 0.617 /-176.1° 0.0096 /157.42° ) 0.619
12 0.544 /-175.9° 0.0118 /-169.3° 0.704
TABLE III

REFLECTION AND TRANSMISSION COEFFICIENTS AND ABSORPTION FOR THE
SLAB OF TABLE I1 AT 9.0 GHZ AND A VARIETY OF DIELECTRIC CONSTANTS

Reflection Transmission Fraction
23 Coefficient Coefficient Absorbed
21 0.794 /-168,.4° 0.0126 /-82,7° 0.369
30 0.778 /-173.4° 0.0045 /-153.4° 0.395
51 0,801 /179.8° 0.0026 /130.36° 0.358

power absorbed for this lossy slab are given in Table II for
several frequencies and in Table III for several different dielectric
constants at 9 GHz. The fraction of incident power absorbed is
more sensitive to frequency than to relative dielectric constant.
The absorption at 9.0 GHz and ¢, = 30 (39.4 percent) compares
favorably with that observed in real pupae (32 percent) [10].

V. DIscuUssION

The agreement between theory and experiment which is dis-
played in Figs. 2 and 3 and in Table I leads us to believe that the
five-term field approximation technique will be adequate for a
variety of applications.

For the cases examined here, maximum heating always oc-
curred at the front surface of the slab and no significant secondary
maxima were observed. We believe, however, that other com-
binations of slab parameters could well result in significant
standing waves along the slab and a resultant inhomogeneity of
heat input.

The effect of partial filling in the height of the guide was not
examined due to its complexity and due to the agreement between
the power absorption calculated for a full-height slab and that
observed for actual pupae. We note, however, that the calculated
and observed field distributions for this configuration do differ
significantly and caution therefore against the uncritical ap-
plication of these techniques to partial-height obstacles.

APPENDIX

The normalization factor W, for function g,(x) in (5) is given
by -

Il

m

1 {sin Gim — kim)d
’k1m|2 klm - klm*

+ fcos k,,.d|?

sin (kym + kim)d
klm + klm*

2
Ky sin 2m
—-1/2
sin (kyp, — kzm*)§ sin (ko + kzm*)lz—)
klm - klm* k2m + k2m*
(A1)
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Scattering of Microwaves by Dielectric Materials Used in
Laboratory Animal Restrainers

JAMES C. LIN anp CHUAN-LIN WU, STUDENT MEMBER, IEEE

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 analysis of the animal-restrainer combination, an analysis is made of
the scattering of microwave fields by a simplified model of the restrainer
with no animal present. The model chosen is that of a plane wave incident
at an arbitrary angle upon a rectangular slab of finite width and thickness.
Numerical results indicate that the scattered fields within a square region
of one wavelength in distance from the slab surfaces are greatly enhanced
and highly nonuniform. In particular, the maxima for parallel incidence
exceed those for normal incidence by almost a factor of 2.
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