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Characterization of Rectangular Waveguide With a
Pseudochiral
 Slab

Krzysztof Dorko and Jerzy Mazur

Abstract—A mode matching approach has been employed for
evaluating the matrix of the section of rectangular waveguide
with pseudochiral 
 slab. Scattering characteristics for different
localizations of the
 slab in the guide are predicted numerically
and verified by measurements. Based on the numerical analysis,
the scattering properties of the guides are discussed. Scattering pa-
rameters are next applied in an optimization procedure to extract
constitutive parameters of the
 slab used in experiment.

Index Terms—Pseudochiral media, scattering matrix, waveg-
uides.

I. INTRODUCTION

E LECTROMAGNETIC properties in guides have been
recently analyzed by several authors [1]–[4]. Engheta and

Saadaun [1], [2] have studied modes in rectangular guide with
slab shown in Fig. 1. They have predicted the field displace-

ment effect similar to the one appearing in ferrite waveguides.
It was noted [4] that the field displacement is always perpendic-
ular to the plane of magnetic and electric field vectors induced
in the particles. Hence, this effect was also perceived [4] in
the guides where the slab takes on other positions. The novel
properties of guides have suggested their possible application
in the design of microwave components [1]–[5] so the deter-
mination of material parameters [5] becomes an important
task. For this reason, we have decided to investigate the scat-
tering problem of the waveguide shown in Fig. 1, which has
no analysis yet in literature. The analysis and simulation of the
scattering characteristics are carried out by using the full-wave
theory based on the mode-matching method. Theslab is as-
sumed to be homogeneous and defined by constitutive equations
[1]. The slab is extended over the waveguide height and can be
arbitrarily placed in the guide. The excitation is chosen to be

modes of the input rectangular waveguides so that the
scattered fields, due to the localization of theparticles in the
slab [1], can be defined only by waves. In our approach,
the influence of the evanescent higher-order modes that exists
near the waveguide junction interfaces is considered and, there-
fore, it yields very reliable and accurate values for scattering
parameters. The calculated and measured results were used to
extract three complex material parameters. This approach is
based on the Marquardt–Levenberg optimization procedure.
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Fig. 1. Rectangular waveguide with
 slab and geometry of the investigated
structure.

Fig. 2. (a) An
 sample used in experiment, parametersW = 10 mm,L =

10 mm,h = 10:2 mm, andl = 0:2 mm; (b) a single
 element, parameters
r = 0:915 mm, r = 1:046 mm,w = 0:131 mm,d = 2 � d = 1:6 mm,
and' = 5:96 rad.

II. RECTANGULAR WAVEGUIDE WITH SLAB

A. Specification of the Slab

The particles are arranged in the slab as shown in Fig. 2.
The medium parameters appearing in the constitutive equations
have dyadic representation. The relative electric permittivity and
magnetic permeability are of the form

and . The magnetoelec-
tric coupling is defined by dyadics and

where is a pseudochirality admittance. The sign of
changes when the particles take on opposite positions. The

sample of used in our experiments was fabricated as com-
pound of 30 duroid plates ( ) with a chemically etched
matrix of nine particles, as illustrated in Fig. 2(a). The poly-
styrene glue used to stick together theplates has . In
order to calculate the unknown material parameters, we applied
the equivalent model of medium presented by Engheta and
Saadaun in [2]. Frequency responses are plotted in Fig. 5 in ac-
cordance with experiment for bandwidth 8–10 GHz.

B. Symmetry Properties of theWaveguide

Earlier, Engheta and Saadaun indicated [1], [2] the different
modal properties of the guides with opposite arrangements of
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Fig. 3. Symmetry properties of the
 guide: (a) an
 slab rotates of�; (b) an

 waveguide rotates of�.

particles in the slab. It occurs whenparticles are turned of
with respect of their local or axis. After transformation

[see Fig. 3(a)], the changes to the guide, having dif-
ferent wave properties. Another situation is shown in Fig. 3(b),
where after guide rotation with respect to theor axis or to
the reflection in the plane perpendicular to theaxis, the
is transformed to . Here, both of the guides preserve in-
variant wave properties. In general, for investigated guides, one
can develop the following symmetry condition .
In the situation when the slab in the guideor is turn of

their modal properties are different, so . The
above discussed properties indicate the appearance of the field
displacement effect in the investigated guide. There is much re-
semblance between the pseudochiral and the ferrite waveguides.
In reality, if pseudochiral and ferrite waveguides are compared,
the similar changes in field displacements are observed in both
guides when the slab is turned of and the magnetization
of the ferrite is reversed. However, theguide has the same
properties regardless of the propagation direction. Hence, it is a
reciprocal guide in contrary to the ferrite guide, which is a non-
reciprocal structure.

C. Scattering Matrix

Fig. 1 shows the geometry of the investigated waveguide and
the location of the coordinate system used. The structure con-
sists of two waveguide regions ( ) and a interac-
tion region. In the waveguide regions, a set of modes is
to be considered. The modal fields in theregion are formu-
lated by the transfer matrix approach [6]. Then, the continuity
of the transverse electric and magnetic fields over each interface

yields, respectively

(1)

where and , are complex coefficients of the in-
cident and reflected waves and, are the transverse electric
and magnetic field functions in . and are the for-
ward and backward wave complex coefficients, is the prop-
agation constant, and , are the transverse eigenfields
in the region. Equation (1) is converted into a linear matrix
form taking the inner products of both sides of this equation with
eigenfields of orthonormal sets of modes in guides. In this
approach, the region fields are orthogonalized by eigenfields
of guides. The resulting matrices are truncated to a total of
N modes in each of the region. After some manipulations, the
amplitudes of the fields in the region are eliminated. Finally,
the solutions is expressed in the scattering matrix formulation as

(2)

III. V ERIFICATION AND RESULTS

The convergence behavior of the modal expansion method
used was investigated by studying the magnitude of theand

for the different slab positions of as a function of the
number of eigenfields considered in (1). We have found that
good convergence is already protected by few modes. However,
the precise computation of higher-order mode coefficients is re-
quired for accurate field patterns, so12 eigenfunctions have
to be taken into account. First, we verified the predicted guide
behavior for two symmetrical position of theslab in the guide.
Calculated and measured frequency responses of the reflection

and transmission coefficients are shown in Fig. 4. A no-
table difference between the expected stopband filter response
of both guides is observed and proved by experiment. It ver-
ifies the condition that . This effect disappears
when the slab in one of the positions is reversed. Hence, we
have that . It is also expected in the situation when
the magnetoelectric coupling inmedium vanishes i.e., the slab
stands dielectric. Having accurate values of calculated and mea-
sured scattering parameters, we can make an attempt to find the
proper values of the medium used in our experiment. For ex-
traction of the material parameters, we use an optimization
procedure based on the modified Marquardt–Levenberg algo-
rithm. The problem is stated as follows.

(3)

where is a search vector of the
complex dispersive material parameters. The remaining values

and are assumed to be real and equal to
host medium (duroid) parameters . The goal of the opti-
mization procedure is the minimization of (3) with

, where and are magnitudes of scattering co-
efficients measured and calculated at the fixed fre-
quency for positions of the slab in the guide. Hence,

goal functions define (3).
As shown in Fig. 4, the simulated results calculated with

the Engheta and Saadaun model medium parameters agree well
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Fig. 4. Theoretical (dashed line) and experimental (solid line)
characterizations ofS and S of waveguide with
 slab placed at (a)
W = 2 mm and (b)W = 10:86 mm.
 medium parameters from the Engheta
and Saadaun model (see Fig. 5).

Fig. 5. The
 material parameters with added noise characteristics (dashed
line—the parameters calculated using the Engheta and Saadaun model; solid
line—the optimization results)� = � � 
 where� —intrinsic impedance of
the free space.

with the measured ones. Therefore, the quantities of the param-
eters performed in Fig. 5 have been used to form the vector of
starting data .

We expect, then, that the output will be close to the global
minimum of (3), giving a unique solution. For a stability check,
noisy scattering parameters were generated with their mean
values and different standard deviation %. Only altered
scattering parameters that fulfill energy conservation were
considered. The extracted mean values of medium parameters
with their deviations are plotted in Fig. 6. For these quantities
(see Fig. 6), the agreement between theoretical and measured

-characteristics of the slab in the majority investigated posi-
tions is better then 3% and it is limited by 6% for other ones.

(a)

(b)

Fig. 6. Theoretical (dashed line) and experimental (solid line)
characterizations ofS and S of waveguide with
 slab placed at (a)
W = 2 mm and (b)W = 10:86 mm. 
 medium parameters after the
Marquardt–Levenberg optimization procedure (see Fig. 5).

IV. CONCLUSION

We have examined a rectangular guide with a slab of pseu-
dochiral medium. Several unique and notable features asso-
ciated with the considered structure were presented. The nu-
merically and experimentally obtained differences between the
scattering characteristics of the guides whereslab takes on
symmetrical position have confirmed the previously predicted
[6] field displacement effect. The opposite direction of the field
displacement is observed when theslab in the guide is re-
versed. The development of optimization Marquardt–Levenberg
method using measured and calculated-matrix parameters of

guide allowed extracting constitutive parameters of thema-
terial.
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