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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,
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INTRODUCTION

Recent emphasis on the biological effects and health hazards

of nonionizing electromagnetic radiation has been on the

quantitative relationship between observed biological effects

and the physical variables of electromagnetic radiation [1 ]-[3 ].

The observed biological effects are necessarily related to the

incident power density and the field generated_ inside the

biological system. Therefore a carefully executed microwave

biological-effect experiment must take into consideration the

constituency, geometry and size of the subject, and the micro-

wave source configuration, frequency and location.

Since most experiments involve the use of animals and tissue

samples of various species and types, it is necessary’ to in-

corporate into these experimental protocols low-loss dielectric

materials for purposes of restraining animals and holding

samples. The incident microwave field is complicated by such

things as scattering and refraction. Consequently, the total

exposure experienced by the restrained laboratory subject may

be considerably different from that experienced in the absence of

such foreign materials.

However, the analysis of the exposure actually experienced

by an animal in a restrainer is obviously very difficult. Ac-

cordingly, as a first indication of the effects of the restrainer on

the power absorbed by a restrained animal, an analysis of the

fields scattered by a simplified model of the restrainer alone is

presented. Although one must be very careful in drawing

conclusions about the effect of the restrainer on the power

absorbed by an animal from the calculations of the fields

scattered by the restrainer in the absence of the animal, the nature

of these scattered fields can give some indication of the effect of

~the restrainer. For example, if the animal were to be located in a

region where the scattered fields of the isolated restrainer are

very weak, one would expect that the restrainer would probably

have less effect on the power absorbed by the animal than if the

animal were to be located in a region where the scattered fields

of the isolated restrainer are very strong. The interaction between

the animal and the restrainer would have to be taken into account,

of course, to find the actual effect, but a koowledge of the scat-

tered fields should still be helpful as a first indication of how to

design the restrainer, even though the only sure way to minimize

the effects of the restrainer is to construct one and measure the

effects.

To provide this information about the scattered fields produced

by the isolated restrainer, an ,analysis is presented in this short

paper using simplified models of the restrainer, rectangular

Plexiglas, and soda-borosilicate glass slabs of thickness and

width commonly found in animal restrainers used in microwave

biological-effects research. The incident microwave radiation is

assumed to be a plane wave, and the slabs are taken to be

infinitely long. The method of solution employed closely follows

one previously developed [4], [5]. Although there is no re-

striction on the direction of the incident plane wave, the scattered

fields are evaluated for 90 and 180° angles of incidence.

METHOD OF SOLUTION

Consider the rectangular dielectric slab shown in Fig. 1; a

plane wave with exp (jcot) is incident on it. The electric field is

polarized along the axis of the slab. A general formulation has

been developed [4], [5] which gives the induced field inside a

dielectric cylinder of arbitrary cross section and the associated

scattering patterns. The technique is based on an integral

eqtration approach. The dielectric cylinder is divided into square

cells which are small enough such that the electric field in each
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Fig. 1. Section of infinitely long rectangular dielectric slab of finite width
and thickness.

cell is almost uniform. A system of linear equations is obtained
by enforcing at the center of each cell the condition that the total
field must be equal to the sum of the incident and scattered fields.
This system of equations is then inverted by known matrix
techniques to give the electric field in each cell. The scattered
field at any other point in space can be calculated by integrating
the induced fields over the cross section of the cylinder.

This technique has a number of advantages. The results
approach the exact solution if a sufficiently large number of cells
are employed. Solutions for arbitrary shape and composition
can be obtained systematically and efficiently by using a large
modern digital computer. In this short paper we are interested
in the numerical results obtained by applying the aforementioned
technique and the implications these results have on microwave
biological-effects research. Therefore, although we will not detail
the theory given explicitly in [4] and [5], we will present a brief
summary.

The total field E in the presence of the dielectric slab is given
by the sum of the incident and scattered fields, i.e.,

E= Ei+ Es. (1)

The scattered field Es is generated by an induced current J
inside the slab, given by

J = jmeo(c – l)E (2)

where co is the free-space permittivit y and e is the complex
relative dielectric constant of the slab.

If we divide the cross section of the dielectric slab into cells
which are sufficiently small so that the electric field strength is
essentially uniform over the cell, and moreover, if We replace the
rectangular cells with equivalent circular cells of the same cross-
sectional area, comparatively simple expressions can be derived
for the scattered field. Since, for ,uO equal to the free-space
permeability, the scattered field due to a current element dZ =
Jds parallel to the z axis is

dEs = - (COIIO/4)HO(2)(kP) Jds (3)

thus

Es(xy) = ( –jk2/4)
/f

(e - l)E(x’,y’)Ho(2)(kfl) dx’ dy’ (4)

where (x, y) and (x’,Y’) are the coordinates of the observation

point and the source point, respectively, k = 27r/L, A is the free-
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space wavelength, Ho(z)(kp) is the Hankel function of the second
kind and zeroth order, and p is the distance from the current

element to the observation point. Equation (4) is valid for the

scattered field at any point inside or outside the dielectric region.

If we now enforce the condition set forth by (1) at the center of

cell m, a set of equations is obtained such that

Em + ( jk2/4) ~ (en – l)En

L1
Ho(2)(kp) dx’ dy’ = Emi,

n=l

cell n

m = 1,2,. o., A7 (5)

where en and En are the complex relative dielectric constant and
the electric field strength at the center of cell n, respectively, N
represents the total number of cells, and

p = [(x’ – Xm)z + (y’ – ym)z ]1/2. .(6)

As indicated previously, if a circular region is taken for the cell,
the integral in (5) involving the zeroth-order Hankel function
reduces to a simple expression and the set of linear equations in
(5) can be represented by

$1 CmnEn = E;, m = 1,2,.. .,N. (7)

If a. stands for the radius of the circular cell, the elements of the
Cm. matrix become

Cm. = 1 + (c. – l)(j/2) [zkanHl(2)(kan) – 2j ], n=m (8)

Cm. = (jrckan/2)(en – l)Jl(kan)Ho(2)(kpmn), n#m (9)

with

Pm. = [(-% – X.)2 + (Ym – YIJ211’2. (lo)

Since (4) is valid for the scattered field at any point, the scattered

field outside the slab dielectric under the same conditions stated

previously is given by

E’(x, y) = - j(nk/2) ~ (en – l)EnanJl(kan)Ho(2 )(kpn) (1 1)
n=l

where pn is the distance from the center of cell n to the observation
point ‘(x, y).

The scattered field at large distances from the scattering object
can be obtained by using the asymptotic form for the Hankel
function of large argument and taking

p.=po–x. cos~–y. sin~ (12)

where PO and ~ are the polar coordinates of the distant obser-

vation point.

The scattered far field is then given by

Es(po, ~) = – j(rck/2)(2j/zkpo) l’2 $,(% - l)E~a~J~(katJ

. exp [–jkpn]. (13)

NUMERICAL RESULTS AND DISCUSSION

The scattered fields were calculated for Plexiglas and soda-

borosilicate glass slabs with the aid of an IBM 360/50 computer.

The computer program was checked against known results in

the literature [4]; in all cases there was complete agreement.

The complex relative dielectric constants are given in Table I.

The thickness and width of the slabs were 0.05h and 1.05A,

respectively. At 2450 MHz, a frequency often used for biological-

effects research, these values correspond to 0.006 and 0.13 m or

0.25 and 5 in. The slab was divided into 21 subsections along

TABLE I
COMPLEX RELATIVE DIELECTRIC CONSTANTS

~~

Complex Relative Dielectric Constant

TABLE II
SCATTEREDFIELDS AT A DISTANCE OF ONE WAVELENGTH IN

AND y DIRECTIONS FROM THE CENTER OF THE SLABS
BOTH x

Dielectric Material angle Near Field Formulation Far Field Formulation

Magrntude Phase Magnitude Phase

Plexidas 90° 0.06S986 ~ 158.07 0.064<)86 145.61

I Plexiglas

i

180° 0.205675 ~ 139.82 I0.209235 146.40
Soda-B Glass 90°

1:::% I w:
0.086.158 131.00

S.da-B Glass 180° 0.530773 113.21 I

the width of the slab for the internal fields. A l-V/m incident

field is assumed.

The field scattered by the dielectric slabs can be calculated at

any point outside by means of(11) and (13). For distances up to

1.5A, (11) was used and the distant field distribution may be

evaluated using (13). Table II indicates that at a distance of one

wavelength in both x and y directions the scattered fields given

by (11) and (13) are within 6 percent of each other except in the

normal incidence case for glass. Therefore for distances greater

than one wavelength, which is equivalent to 0.123 m at 2450 MHz,

it is sufficient to evaluate the scattered field strength using the

far-field formulation of (13).

The scattered fields in the vicinity of both Plexiglas and glass

were evaluated using (11) for a wide range of inc~dent angles.

Some typical results are shown in Figs. 2-5 for 90 and 180°

angles of incidence. These results are for distances of 0.0261

(0.003 mat 2450 MHz) to 1.51 (0.18 m) from the surface of the

dielectric materials. The electric field is polarized in the positive

z direction and the cross-sectional area of the slabs is in the xy

plane (Fig. 1). As expected, the scattered field distributions are

symmetric for normal incidence (90°) between the front and

back of the dielectric slab and about the center of the slab on both

sides of the x axis (Figs, 2 and 4). Although the scattered field is

highly nonuniform in the immediate vicinity of the slab and

approaches a cosine distribution, it decreases rapidly and

becomes nearly uniform approximately one wavelength from the
slab. The scattered field distribution for a parallel incident wave
(180°) is symmetric about the broad face of the slab and asym-
metric about the x axis. The maxima of the scattered field in this
case occur near the center of the slab but away from the incident

plane wave. Moreover, the maxima for parallel incidence are

greater by a factor of 2 than those for normal incidence. The

scattered field in the shadow region decreases much more slowly

than in other directions: it reduces to 1 percent of the applied

radiation about five wavelengths away. It should be mentioned
that for incident angles greater than 90° but smaller than 180°
the induced and scattered fields for both Plexiglas and soda-
borosilicate glass are vector sums of the corresponding normal

and parallel incidence cases and, in general, smalla than those

for parallel incidence.

It should also be mentioned that related studies have shown

that the scattered field for the parallel incidence case is nearly

proportional to the width of the slab, while the scattered field

for normal incidence remains practically unchanged for a given

dielectric slab. The scattered field is also a function of the thick-
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Fig. 2. Scatteredfield in the vicinity of a Plexiglasslab with a normally (d = 90°) incident plane wave.The orientation is the
sameasshownin Fig. 1 and the slab crossse$tlonk indwrded by the dark heavyline.
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Fig. 3. Scattered field in the vicinity of a Plexiglas slab by a parallel (~ =, 180°) incident plane wave. The orientation is the
same as shown in Fig. 1 and the slab cross section is indicated by the dark heavy line.

Fig. 4. Scattered field in the vicinity of a soda-borosilicate glass slab with a normally (d = 90°) incident plane wave. The
orientation is the same as shown in Fig. 1 and the slab cross section is indicated by the dark heavy line.

ness and composition of the dielectric slab. In general, the
thinner the slab and the closer the dielectric constant to that of
free space, the smaller the perturbation due to scattering con-
tributions as would be expected.

CONCLUSIONS

The scattered fields outside rectangular low-loss dielectric

slabs of finite width and thickness hav,e been studied for both

normal and parallel incidence. These numerical results are of

interest in investigations of biological effects of microwave

radiation. In particular, they serve to indicate the perturbation

produced by low-loss dielectric materials commonly used for

animal holding and restraining purposes.

The results for scattered field in the vicinity of the dielectric

slabs indicate nonuniform and enhanced field strength for

distances less than one wavelength away from the surface of the

dielectric material. The maxima of the scattered field of a plane

wave incident at 180° occur, for both Plexiglas and glass, near
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Fig. 5. Scattered field in the vicinity of a soda-borosilicate glass slab by a parallel (~ = 180°) plane wave. The orientation is
the same as shown in Fig. 1 and the slab cross section is indicated by the dark heavy line.

the center but shifted toward the back of the dielectric slabs in

contrast to the normal incidence case where maxima occur at

the point closest to the center of the slabs. The maxima of the

scattered fields for parallel incidence are generally greater than

those of normal incidence. ” This is in variance to some con-

jectures that when a Plexiglas wall lies parallel to the direction

of propagation of a plane wave it creates only a slight field

perturbation relative to that created by other wall orientations.

Keeping in mind the caution necessary in interpretation of the

results that were mentioned in the Introduction, the results of

this short paper suggest that for minimal perturbation the broad

face of an animal holder should be oriented toward the direction

of propagation. Moreover, the individual members of the

restraining device should be as thin as practicable and the di-

electric materials should be chosen to correspond as much as

possible to the characteristics of free space. It is also clear that

for the least amount of perturbation on both the incident and

induced fields, it is necessary to place the animal in a region

where the scat tered fields due to restrainer alone are insignificant.

This region is generally located in the forward portion of a

restraining device. For an animal placed in the aft portion of the

restraining device, the power absorbed could be altered sig-

nificantly for parallel incidence because the field scattered by the

isolated restrainer is strong in that region. However, the precise

amount of perturbation will depend on the material used and the

shape and size of the restraining device, as well as the animal

involved, and is beyond the scope of this short paper. It should

be emphasized that at the moment it is impossible to expose

animals without some degree of restraining.
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Afistract-A waveguide containing gyrotropic media is shown to be
bidirectional if it possesses at least one of the following symmetry

operations: reflection in a plane perpendicular to the waveguide axis;

180° rotation about an axis perpendicular to the waveguide axis; or
inversion in a point on the waveguide axis. The relation between the
modal electromagnetic field components for any complementary mode

pair is given for each symmetry case.

I. INTRODUCTION

The modes of a uniform waveguide have electromagnetic fields

which vary longitudinally as exp (– Yflz), where y. is the propaga-

tion constant for the rzth mode and z is the waveguide axis. For a

fixed frequency the mode spectrum of a uniform waveguide is

infinite, If the waveguide’s transverse boundaries are closed (for

example, perfect conductors), there is an infinite discrete spec-

trum. For all uniform waveguides of current techuical interest

whose transverse boundaries are open (the fields extend to

infinity), there are a finite number of discrete modes, plus a con-

tinuous spectrum. A uniform waveguide is termed bidirectional

if, at any frequency, for each mode with propagation constant

yn there exists a complementary mode with propagation constant

– Y..
It is well known that if the media filling a uniform waveguide

have permeability and permittivity dyadics which are symmetric

(~ = P, ~ = 8), the waveguide will be both bidirectional and
reciprocal. However, the absence of media with nonsymmetric

permeability and permittivity dyadics is only a sufficient and not

a necessary condition for bidirectionality. Under some con-

ditions waveguides containing media with nonsymmetric per-

meability and/or permittivity dyadics, such as gyrotropic media,

may be bidirectional. This short paper-establishes sufficient con-

ditions for bidirectionality in uniform waveguides containing

gyrotropic media. The discussion applies to inhc~mogeneous,

Iossy, uniform waveguides with open or closed bourl.daries.

Let S be a generalized medium susceptibility which relates a
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