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Fig 6. TEgsmode frequencies and unloaded Q,-factor values versus the
imaginary part of substrate permuttivity Imf(e,,). The results have been
obtained by means of the complex mode-matching method with N =15.
Dashed lines indicate Q,-factor values computed by means of perturbation
theory with real mode-matching method.

small. For the systems considered in Fig. 6, a small Im(¢,,) value
means any value smaller than 1. As is seen, only in relatively
narrow ranges of Im(e¢,,) must complex frequency formalism be
used for the resonant frequency and Q,-factor computations.
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Composite Inductive Posts in Wavegunide —
A Multifilament Analysis

GAD S. SHEAFFER, MEMBER, IEEE, AND
YEHUDA LEVIATAN, MEMBER, IEEE

Abstract — A multifilament moment solution for the analysis of com-
posite dielectric posts in rectangular waveguide is presented. This method
permits the analysis of inductive posts composed of disparate regions, each
with its own homogeneous complex permittivity. The solution uses the
fields generated by sets of fixed-amplitude current filaments to simulate
both the field scattered by the posts and the field inside every homoge-
neous region comprising the posts. Point matching the electric and mag-
netic fields on the boundaries between regions of different permittivity
yields the as yet unknown amplitudes for the current filaments. These
currents can in turn be used to calculate ficld-related parameters of
interest such as the scattering matrix and the equivalent circuit parameters.
Inductive posts of any shape, composition, size, location, and number can
be handled by this method accurately and with very good numerical
efficiency. The results obtained are in good agreement with the few cases
for which data are available. They also behave well in the limiting cases
studied. The solution is further applied to other situations for which no
experimental or calculated results are known.

I. INTRODUCTION

The study of dielectric waveguide posts of the inductive type is
gaining momentum, with a number of works published. In a
recent work by the authors [1}, a rapidly converging moment
solution for the analysis of homogeneous dielectric posts of the
inductive type in rectangular waveguide has been suggested. The
solution in [1] is numerically efficient and general in that induc-
tive posts of arbitrary smooth shape, size, location, and number
can be handled. It is, however, restricted to homogeneous posts
and, furthermore, the formulation introduced there deals ex-
plicitly with a single post.

A list of useful references to a large body of work on homoge-
neous dielectric posts can be found in [1). Composite posts, that
is, posts homogeneous only in parts, have received much less
attention. Perhaps the only analysis of anything that can be
classified as a composite post problem is the work initiated by
Nielsen [2] and pursued by Gotsis, Vafiadis, and Sahalos [3]. In
these works, a circular post composed of two concentric regions,
each with its own permittivity, was analyzed with the goal of
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defining a method for measuring the dielectric constant of liquids.
However, the method used in {2] and [3] is inherently limited to
centered circular posts and cannot be extended to composite
posts of general construction.

The study of composite posts is not only of academic interest.
A number of practical applications exist. One of them is the
method for measuring the dielectric constant of liquids and
powders suggested in [3]. Another use can be in hyperthermia
treatments, where a patient in a waveguide applicator can be
modeled as a dielectric post composed of different regions, whose
location and size can be determined by a CT scan {4].

It is the purpose of this paper to expand and generalize the
work presented in [1] to handle posts of composite construction.
The formulation given here deals with any number of posts,
composed of any number of regions of arbitrary shape and
location, each with its own complex homogeneous permittivity.
Furthermore, posts such as dielectric coated metallic posts, com-
posed of both dielectric and metallic parts, can be handled as
well.

II. PROBLEM SPECIFICATIONS

The physical configuration of the problem under study is
shown in Fig. 1, together with the coordinate system used. Here,
we consider a cylindrical waveguide of rectangular cross section
in which a number of composite inductive posts are situated. The
width of the guide is a and its height is b. The guide walls are
perfect conductors and the guide is filled with a homogeneous
medium of constitutive parameters p,, and €. We refer to the
waveguide region surrounding the various posts as region w. The
posts are composed of a total of M regions with smooth
boundaries. We refer to each of these M regions as region p,
p=1,2,---, M. Each region p is characterized by a permeability
p, and a permittivity €,. The various post regions may be lossy;
thus p, and €, are in general complex scalars. We denote the
boundary surface between the waveguide region and an adjoining
post region p by $*” and the boundary surface between adjacent
post regions p and ¢ by S¥9.

The wave incident upon the post is the dominant TE;, mode
traveling in the positive z direction. An exp(jw?) time depen-
dence is assumed and suppressed. We confine our consideration
to a frequency band within which the TE,, is the only propagat-
ing mode. Because the electric field vector of the incident mode
has only a y component, which is independent of y, and since
the properties of the post, both physical and electrical, are
uniform along the y direction, the total field in the waveguide
does not vary with y. The problem thus reduces to a two-dimen-
sional one.

The objective, in general, is to determine the field scattered by
the post and the fields inside the various post regions. Once these
fields are known, specific field-related parameters of interest such
as the reflection and transmission coefficients, the parameters of
the T equivalent network representation for the post two-port
junction, and the specific absorption rate (SAR) in the various
regions can be readily obtained.

III. SIMULATED EQUIVALENT SITUATIONS

We now divide the original situation into a set of M +1
simulated equivalent situations (SES’s). An extension of the
method suggested in [1] is followed. In the first SES, we simulate
the scattered electromagnetic field in region w. In the other M
SES’s, we simulate the total electromagnetic field in the various
homogeneous post regions. In each SES, the simulated field in
the corresponding region is generated by a set of current sources
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Fig. 1. Composite inductive posts in a rectangular wavegmde.

located outside that region. It will be discussed later why some
distance from the region boundary is needed. Specifically, in the
SES for region w, the physical posts are removed and the field
they scatter into the waveguide region is simulated by the field of
a set of N™ fictitious filaments of electric current situated in the
areas originally occupied by the posts. We denote this field by
(EY, H"). These filaments are y-directed, extended from top to
bottom inside the waveguide, and carry yet to be determined
constant complex currents { I}, i =1,2,- - -, N*. They are treated
as source currents in a homogeneous waveguide region filled with
a medium of constitutive parameters p,, and €. In addition to
the field generated by the filamentary sources, the incident field
(E™, H'™) must be retained in this SES. In the SES for region
p. with p=1,2,--+, M, the total field penetrated into the post
region p is simulated by the field of a set of N7 fictitious
filaments of electric currents situated around the area originally
occupied by region p. These filaments are p-directed, infinite in
extent, and carry yet to be determined constant complex currents
{17}, i=1,2,---, N?. They are treated as source currents in an
unbounded space filled with homogeneous material identical to
the one composing post region p. Expressions for the incident
TE,, field (E'™°, H™) and for the fields (E”, H") and (E?, H?),
p=12,---, M, will not be made explicit here. They can be found
in [1, sec. IV].

The electromagnetic fields in the various SES’s are related by
the continuity conditions on the boundaries between them.
Specifically, these fields have to satisfy the following equations:

A X(E? —E") = A X E™
Ax( )=4 . on each $*7 )
AX(H? —H") = h X H™
AX(EP—E9)=0
AX(H? —H7) =0

)

where 7 is a unit vector normal to the respective surface. If
current sources for every SES were found which satisfy (1) and
(2), then the field in each SES would be equal to the exact field in
that respective region in the original situation. Our solution uses
a finite set of sources whose fields, due to the distance between
them and the boundary surfaces, constitute a basis of smooth
field functions suitable for representing fields on the smooth
boundary surfaces. The key advantage here is that we represent
smooth quantities on the various boundary surfaces using sources
whose fields are known analytically, thereby avoiding laborious
surface current integrations when computing the fields at the
various stages of the solution. Furthermore, since the fields on
the various boundaries are actually represented by means of
smooth expansion functions, a simple point-matching procedure
can be adopted for testing (1) and (2). Of course, being numeri-

} on each §79
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cal, the solution is never exact. Our objective is thus to approxi-
mate the fields to some desired accuracy. The solution can be
verified by checking the degree to which the required boundary
conditions are satisfied over a denser set of points on the
boundary. This is easily accomplished as field calculations are
summations of trivial analytic terms. Clearly, the boundary con-
dition check can immediately point out results that are definitely
inaccurate. In addition, for lossless posts, the unitary condition,
which must be satisfied by the scattering matrix; can provide an
even simpler and faster check.

IV. FORMULATION

Following the above-outlined procedure, the functional equa-
tions of (1) for each boundary surface $*7 reduce to the matrix
equations

(32)
(3b)

[z2]P ~[z2]1" =V,

[z?]IP - [z 11" =V,.

Similarly, the functional equations of (2) for-each boundary‘

surface S79 reduce to the matrix equations

[22) P ~[ 2] Fr=0

(4a)
(4b)

In (3a), [ZP] and [ Z)'] are generalized impedance matrices whose
(1,7) elements are, respectively, the electric field intensities E,
due to a filament I? of unit current and E} due to a filament ; "
of unit current, both evaluated: at (x;, z;) on S™7; I? and " are
column vectors whose ith elements are, respectlvely, I? and IY;
and V is-a column vector whose /th element is Eymc at observa-
tion point (x,, z,) on $*7. In (3b), [ Z] ] and [ Z}'] are generalized
impedance matrices whose (/, i) elements are, respectively, the
tangential magnetic field intensities due to a filament I7 of unit
current and due to a filament I” of unit current, both evaluated
at (x;,z;) on §™7; and Vh is a column vector whose /th clement
is the tangential magnet1c field intensity of the incident wave at
observation point (x,,z,) on S*P. Finally, in (4a) and (4b), the
various matrices are defined in a manner similar to the defini-
tions above with the observation points taken on:- $79,

The 2(M +1) matrix equations in (3) and (4) can now be
combined to form a single matrix equation of the form

(217 ~[ 2] Fi=0

[Z]T= )

This matrix equation is solved for the unknown filamentary

currents by inversion or elimination. Once the filamentary cur-
rents are known, the solution of the problem is completed as the
fields in regions of interest and field-related quantities of interest
can be readily evaluated by trivial summations.

V. NUMERICAL RESULTS

The results given in this section will be of three types. First, a
comparison will be made with other known results. Second, the
results for a few limiting cases will be given. Finally, data for
some cases for which no other results are available will be
presented.

A case that can be classified as a comp051te post problem is
given in [3]. The case analyzed there is a post made up of two
concentric layers. The outer layer is a glass test tube of 3.34 mm
outer radius and 2.38 mm inner radius and with permittivity of
3.78¢,. The inner layer is a liquid column whose complex permit-
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Fig. 2. Plots of magnitude and phase of the transmission coefficient 7" as a
function of the complex permittivity ¢, (¢, — je;) at 10 GHz for a dielectric
core inside a glass test tube. The width of the guide is ¢ = 22.86 mm. The
dielectric core is of 2.38 mm radius. The surrounding glass tube is of 3.34
mm outer radius and with permittivity of 3.78¢.

tivity €, (€, — je;) is to be determined. A graph for determining
that permittivity, based on the results of measurement at 10 GHz
in a-WR 90 waveguide, is given in [3] and is replicated in Fig. 2
using results generated by our method. The results are identical.
Note that in order to determine both the real and the imaginary -
part of the tested permittivity it is necessary to measure two
parameters. These parameters can be, for example,; the magnitude
|7} and phase ¢, of the transmission coefficient, as in the case of
Fig. 2. It would, however, be considerably easier to measure only
a single parameter such as the magnitude of the reflection coeffi-
cient. This would require only a scalar network analyzer and a
one-port measurement. A measurement of the reflection coeffi-
cient at two different locations of the post, for example, when the |
post is centered and when it is offset (along the x axis), can also
yield data sufficient to determine the complex permittivity of the
material under test. This latter technique is not possible with the

~ method described in [3] as this method can handle only centered

posts. It is, however, possible with the method described here,
since posts at any location can be handled.

The study of limiting cases has a twofold advantage. It permits
the verification of the theory involved and at the same time
provides a check on the accuracy of the computer program
written based on that theory. Fig. 3 illustrates some of the
limiting cases studied. Both a dielectric shell and a solid dielectric
post are studied. To better test the program, the results for the
solid post are actually the results of a post composed of two

_concentric layers, both with the same electrical parameters, a

limiting case in itself. In both the solid post case and the
dielectric shell case, the inner radius (the radius of the inner layer
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Fig. 3. Plots of normalized parallel reactance X,/Z, of the equivalent T
network versus the parameter € for the following cases: (1) solid dielectric
post of permittivity ¢3(€= j0); (2) solid dielectric post of permittivity
€o(1— j€); (3) dielectric shell of permittivity €,(é — j0); (4) dielectric shell
of permittivity €q(1 — j€); and (5) metallic post (perfectly conducting). The
solid post is of radius 0.1a, the shell is of inner radius r, =0.05a, and
thickness ¢ = 0.054 (a =\ /1.4).

in the case of the solid post) is #,, = 0.05a. The outer layer is of
thickness 1 = 0.05a. Here, A=1 m and a= A /1.4. For all cases
the real and imaginary parts of the dielectric constant were given
(one at a time) increasingly large values, with the goal of ap-
proximating a metallic post. The figure shows plots of the nor-
malized parallel reactance X, /Z, of the T equivalent network
representation [1] versus the parameter € for the following dis-
continuities: (1) solid dielectric post of permittivity €,(€ — j0);
(2) solid dielectric post of permittivity ¢,(1— j€); (3) dielectric
shell of permittivity ¢,(€ — j0); (4) dielectric shell of permittivity
€,(1— j&); and (5) metallic post (perfectly conducting). As is
evident from Fig. 3, for large values of either the real or the
imaginary part of the dielectric constant, the results for a metallic
post are retrieved.

The versatility of the present method is evident from the data
presented in Fig, 4. In the four cases studied, a dielectric shell
with permittivity of 4¢, and varying thickness ¢ surrounds a core
of 0.05a radius. The outer shell thickness ¢ varies between 0 and
0.254. Here, a=A/1.4. The inner core in graphs 1-4 is com-
posed, respectively, of a perfectly conducting material, a dielec-
tric of permittivity €, =10¢,, a dielectric of permittivity €, = 4¢,
(identical to that of the outer layer), and free space €. = ¢,. Thus
the four cases studied are (1) dielectric-coated metallic post, (2)
dielectric post composed of two concentric layers of contrasting
permittivities, (3) solid dielectric post, and (4) dielectric shell.
Notice the resonance in the last three cases that occurs when the
thickness of the outer layer is about 0.19a. The reflection then is
very close to zero, even though the post blocks almost half the
width of the waveguide. Similar resonance behavior can be found
for homogeneous posts in [5] and [6].
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Fig. 4. Plots of the magnitude of the reflection coefficient R as a function of
the shell thickness ¢ for a dielectric shell of permittivity 4¢, surrounding
various inner cores of radius 0.05¢ (a=2A/14). Cases treated are (1)
perfectly conducting core; (2) core of permittivity €. =10¢p; (3) core of
permittivity €, = 4¢, (identical to that of the outer layer); and (4) core of
permittivity e, = ¢, (free space). .

VI. APPLICATION NOTES

In order to ease the application of the previously given general
formulation, a few guidelines are offered. The two main issues for
a successful application of the method are the location and the
number of both the sources and the matching points.

Location of Matching Points: These points will in general be
equally spaced. A nonuniform spacing might, however, be ‘ad-
vantageous in certain situations, and there is an incentive to use
more matching points in areas where the field is expected to vary
rapidly. In most cases the same points will be used for matching
both the electric and the magnetic fields. That, however, is not
mandatory and different matching. points for the electric and
magnetic fields might sometimes be useful. In most of the cases
studied by us, separating the matching points did not yield any
noticeable improvement, and for convenience these points were
chosen to coincide. ,

Location of Current Sources for a Specific Region: These will be
outside that region, at a certain distance from the boundary.
From both intvition and experience, the optimal location for the
sources is on a contour of the same shape as, and concentric with,
the region boundary. In the case of an annular region with an
inner radius r;, and an outer radius 7, for instance, the sources
will be located on two contours, both circular in shape. One
contour will be of radius 0.5r,, and the other of radius 2r_,. It
should be noted that this choice is only a recommendation as the
suggested method is relatively insensitive to this parameter, pro-
vided the sources are sufficiently distant from the boundary. As
to the placement of the sources on that contour, as long as the
boundary is smooth, uniformly spacing the sources on the con-
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tour is both simple and numerically efficient. For less regular
boundaries, a good practice would be to locate more sources in
the vicinity of the irregularities in the contour’s shape and have
these sources closer to the boundary.

Number of Sources and Matching Points: Let us denote by N,
the number of sources in the SES for a certain region. Also, let
N, and N, be, respectively, the number of matching points for
the electric and magnetic fields on the region’s boundary. Having
N, = N, = N, for each SES is quite convenient and useful in most
cases, but is not mandatory. The only restriction is that the total
number of matching points (notice that each matching point is
common to two adjacent regions) be equal to or larger than the
total number of sources so as to have a sufficient number of
equations. Despite the freedom afforded by the above, the size,
shape, and composition of the region should be taken into
consideration when setting N,, N,, and N,. For metallic regions,
since only the electric field has to be matched (to zero) at the
boundary, let N, =0 and N, = 0. The number N, is a function of
the curvature and the length of the boundary. If the radius of
curvature is smaller than A /5, one should fix the matching
points approximately half the radius of curvature apart. On the
other hand, if the radius of curvature is larger than A /5, one
should consider about ten matching points per wavelength. For
dielectric regions, the number of matching points N, = N, is also
a function of the boundary curvature and length. Again, if the
radius of curvature is smaller than A /5, one should fix the
matching points approximately half the radius of curvature apart.
On the other hand, if the radius of curvature is larger than A /5,
one should consider about ten matching points per wavelength in
the region. Thus, a region of a higher permittivity would usually
require more matching points. The number of sources can be
equal to the number of matching points.
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TE~-TM Mode Conversion of an Optical Beam Wave
in Thin-Film Optical Waveguides
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Abstract —This paper describes the TE-TM mode conversion efficiency
when a Gaussian beam wave propagates in thin-film optical waveguides.
For film thicknesses at which strong coupling between the TE and TM
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modes is obtained, two hybrid modes have oppositely rotating circular
polarizations, or linear polarizations perpendicular to each other with equal
magnitude of TE and TM wave components. In the former (i.e., circular
polarization), complete TE-TM mode conversion is impossible. In the
latter (i.e., linear polarization) complete TE-TM mode conversion is
available. These claims are based on the fact that the direction of power
flow of the hybrid modes depends on the polarization.

I. INTRODUCTION

Many studies have been made on thin-film optical waveguide
devices utilizing the principle of TE-TM mode conversion, such
as optical switches, modulators, and circulators [1}-[9]. For effi-
cient TE-TM mode conversion, phase matching between the TE
and TM modes is required. For this purpose, anisotropic media
are used in part (or all) of the waveguide.

In general, the eigenmodes of the waveguide containing aniso-
tropic media are hybrid modes. The pbenomenon of the TE-TM
mode conversion can be described as coupling between two
hybrid modes [5], [6]. But, the direction of power flow of the
hybrid modes is generally different from that of the wave-normal
(a phenomenon called “walk off”) [7]-[10]. Moreover, the direc-
tion of power flow of one of the two hybrid modes is not always
the same as that of the other mode [11]. Therefore, when an
optical beam wave is employed in the TE-TM mode conversion,
it is expected that the coupling between the two hybrid modes
gradually ceases as they travel down the waveguide even if both
wave-normals are in the same direction. But, the conversion
efficiency taking into account these effects has not been reported
so far.

In this short paper we investigate TE-TM mode conversion
efficiency when a Gaussian beam wave propagates in a thin-film
optical waveguide with uniaxial anisctropic substrates. The dif-
fraction of the beam wave is neglected. The uniaxial anisotropic
substrates are gyrotropic or anisotropic media, and the dielectric
tensor has longitudinal or polar configuration [1]. As the analysis
of the hybrid modes in the thin-film waveguides has been re-
ported [2], [5]-[10], only the conversion efficiency is given. It will
be shown that complete TE-TM mode conversion is impossible
for circularly polarized hybrid modes and that complete TE-TM
mode conversion is available for linearly polarized hybrid modes.

II. TE-TM MoDE CONVERSION

Fig. 1 shows a thin-film optical waveguide consisting of three
sections: I (input), II (converter), and III (output). The top layer
and film are lossless isotropic dielectric media with refractive
indices of n, and 7/, respectively. The substrate is a lossless
uniaxial anisotropic dielectric mediurn having ordinary and ex-
traordinary refractive indices of n, and n,, respectively. The
permeabilities of the three media are equal to p, (permeability of
vacuum). The optic axis of the uniaxial anisotropic medium is
parallel to the y axis for z < 0 and [ < z, but is at an angle { with
respect to the y axis for 0 <z </, as shown in Fig. 1. Then, the
eigenmodes are TE and TM modes in sections I and III, and are
hybrid modes in section I The film thickness of the waveguide is
taken to d = d, at which TE; and TM,, modes are degenerate in
sections I and III and two hybrid modes Hy and H; can
propagate in section II. At the film thickness d,, the two H;
and H; modes have right- and left-handed circular polarizations
for longitudinal gyrotropic and polar anisotropic cases, or linear
polarizations perpendicular to each other with equal magnitude
of the TE and TM wave components for longitudinal anisotropic
and polar gyrotropic cases [2]. Here, the direction of power flow
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