5. CONCLUSIONS

A quasi-TEM analysis of a three-line coupled microstrip
structure was utilized in a search for suitable dimensions of a
three-line coupler that meets certain design criteria. This
facilitated the construction of design curves. Measurements
performed on a prototype single-section coupler displayed
good agreement with theoretical results, and practically illus-
trated the merit of this approach. Additionally, a wideband
stepped coupler was designed with the use of conventional
two-line coupler synthesis techniques. Good agreement be-
tween theoretical and measured results for the coupling was
obtained. Measurements showed the coupler input ports to
be well matched, and good isolation between relevant ports
was achieved.
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ABSTRACT

In this work the scattering of an H-polarized surface wave from a
circular dielectric cylinder and a perfectly conducting infinitely thin open
circular screen is analyzed by the use of the surface potential approach.
Efficient numerical algorithms have been devised and applications to the

band-stop filters have been discussed. Sample numerical results for the
total scattered power and transmission and reflection coefficients are
presented. Two types of band-stop filters are compared. © 1996 John
Wiley & Sons, Inc.

1. INTRODUCTION

Recently a number of articles related to the problem of
open-waveguide mode scattering from obstacles with a reso-
nant behavior has been published. The principle of operation
of various microwave devices (such as band-stop filters) is
based on the modification of the surface mode field due to
these scatterers. Works [1-4] were devoted to the theoretical
and experimental treatment of cylindrical dielectric res-
onators with whispering-gallery (WG) modes. As for the
scattering of surface waves from open cavities, a circular
open screen over the impedance plane and inside a dielectric
slab was studied analytically in [5} and numerically in [6], and
some physical features of the scattering and mode conversion
were clarified.

The purpose of this study is to analyze numerically the
interactions of a surface mode field with a circular cylindrical
dielectric resonator and an open cavity with a circular cross
section, and to discuss their applications as band-stop filters.
In our treatment we took an impedance plane in the H-
polarization mode as the simplest (single-mode) open wave-
guide. We followed at first the idea presented in [7] for
scattering from a dielectric cylinder immersed into a dielec-
tric slab waveguide. However, the procedure of reducing the
integral equations to the matrix equation differs from the
point-matching method developed in [7]. Taking into account
the scatterer’s shape, we use expansions of all functions in
terms of entire-domain basis functions such as angular expo-
nents. The remainder of the article is organized as follows.

In Section 2.1 we present the mathematical formulation of
the problem of surface-wave scattering from a dielectric
cylinder. First we express the scattered field in the integral
form as a surface potential over the contour of the scatterer.
Then, imposing the boundary conditions, we obtain the inte-
gral equations. These integral equations can be reduced to a
matrix equation by using the expansion of surface potential
densities and the host media Green’s functions in terms of
angular exponents. Resulting matrix equation can be solved
numerically with the accuracy limited only by the computer’s
digital precision.

Section 2.2 is concerned with the scattering from a circu-
lar cavity. The main idea of the treatment is to reduce the
original scattering problem to the dual series equations, and
to regularize them by using the Riemann-Hilbert problem
technique. This approach is based on the inversion of the
static part of the full-wave operator. The resulting Fredholm
second-kind matrix equation is solved numerically with guar-
anteed accuracy.

The formulas for the transmission and reflection coeffi-
cients and far-field radiation patterns are obtained in Section
2.3. The optical theorem, based on the conservation of en-
ergy, and the principle of reciprocity are also presented in
this section. They have been employed to validate a numeri-
cal simulation.

The results of numerical analysis are depicted in Section
3. There we compare two types of resonators and discuss
their advantages as applied to band-stop and rejection filters.

We conclude the article with some estimations of the
method presented and suggestions for extending the analysis
to more complicated problems. All field quantities are as-

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 13, No. 3, October 20 1996 169



(b)

Figure 1 Geometries of the scattering problems

sumed to have time variation exp( —i w¢), and this time factor
is omitted throughout of the analysis.

2. METHOD OF ANALYSIS

2.1 Cylindrical Dielectric Resonator. Consider the scattering
problem depicted in Figure la. An H-polarized impedance-
plane surface wave is incident on the dielectric cylinder with
permittivity €. The total magnetic field in such a geometry
consists of the incident (F™) and scattered (H*) compo-
nents, and

HD = e‘““,"*")*lhukl. (1)

Here « =iZ, h,=V1+ a’, Z being the surface
impedance. Note that to have the function (1) corresponding
to a nondecaying surface wave, the impedance should be a
purely imaginary (lossless) value. The field inside the dielec-
tric body is denoted as HP® The total field satisfies the
Helmholtz equation:

(A + k%(MYH) =0, r=(r,¢) €D\L,,
D=(x,y> —-b), (2)

boundary conditions on the contour L of the scatterer,
H + H'" = Hh

1 9H"  9H™  sH™
— - —_ +
€ dn an

, relL,, (3)
an

and on the impedance plane,

JH
— + akH =0,
ay

y=—b, 4
and a modified radiation condition that takes the form

1/2

) eikr

T—1,x>0\ _aiy+b)ringal
+{ Rox<0 }e e

H5°(7)7—T¥¢>(6)(

imkr

We represent the scattered field outside and inside the
dielectric resonator in terms of the single layer surface poten-

tials:
(*) see a critical comment below

HYP) = [ o(FIG(F,F) dl,, (6)
LI

H(F) = [ $FIGr.T)dl,, 7
1“.\

and obtain a pair of integral equations with respect to the
unknown potential densities:

[ eGOGF T dl,
L,

- [ WEIGGE T dl, = HP),  Fel, )
LS

14 R
f o(F)G,(F.F) dl,
n L

E J
J (r)G(r, 7)) dl i HY(). (9
_Ef,‘\"”f e 7

Here G, is the Green’s function of the homogeneous
medium with permittivity €, and G is the Green’s function of
the half space with a planar impedance boundary; that is,

G, (7.7 = ;Hé”(k\/zl?~ 7, (10)

{
G(r.r) = ZH(‘,”(kl?~ )
I =1 g—«a
[ =2
47/ g g+ a

eikg(y +y o+ 2b)+ihk(x—x;) dh, (11)

where g = V1 — h*. Then, because of the geometry of the
scatterer, these integral equations can be reduced to a matrix
equation by using the expansions of potential densities and
the Green's functions in terms of angular exponents:

O
Un T k) + B,

x Y g (=D"D)'T k), .,
O+ )"

- Y " -ukh o]
7 (k)1 +iB,)° (12)
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where
Q, = _H;”(Zkb)
o l . n
f g zlkgb(ho —ia) dh, (13)
« g+ a

B — I (klea)Y, (ka) = Ve, (k/ea)Y, (ka)
") (k)T (kVea) — Vel (kea)J, (ka)

(14)

The resulting matrix equation can be solved numerically
to determine the coefficients of the scattered field potential
density expansion. The potential density expansion coeffi-
cients of the field inside the dielectric can be obtained via the
following relation:

J,(ka)
eHV(kVea)J, (kvea)

Pm =
x| 4, HV(ka) + i"(hy — @) e “kb

+ Y ¢ (-D"1 k), |- (15)

n=—mx

2.2 Cavity-Backed Aperture. The scattering geometry for this
casc is shown in Figure 1b. Let us now represent the scat-
tered field in this geometry in the form of a double-layer
potential:

He® = L [ w) =G 7 (16)

s

As in the previous subsection, this scattered field should
satisfy Eq. (2), (5), and (4), but on the cross-sectional contour
of the scatterer the following relation is valid:

relL an

L, being now a circular arc of the radius a. By following the
procedure described in [5], we obtain the integral equation
for the surface current density as

i (Q)——a G(r,r) dl aH‘ (r) reL
. = - —H" (S5 .
on fL "s on, Tl B an T TE L

(18)

Equations of this type are often encountered in scattering
problems. They can be solved numerically by directly applying
the method of moments. However, the solution scheme based
on the analytical inversion of the static part of (18) is much
more efficient. The current density function should be com-
pleted with identical zero on the slot. After expanding all the
functions of (18) in terms of the angular exponents, term-by-
term integrating and differentiating, we come to the dual
series equations of the expansion coefficients. Furthermore,
we regularize them by inverting the static part analytically [5]
and arrive at the following Fredholm second kind of matrix

equation:

B = 2

[AnTmn + im(ka) (= 1)"i"(ka)

X Z PJ(ka)Q “,

p=—=

p+n mp

+im(ka) Y T, i (ka)(hy —ia)"e™ kP,

n=—«

m=0,+1,..., (19)

where the coefficients 7,,,, are the functions of ¢, and 6 and
can be found in [5, 6]. They are easily computed as combina-
tions of exponents and the Legendre polynomials.

2.3 Far-Field Characteristics and Procedure Validation. To ob-
tain the amplitudes of the guided mode at x — + along the
interface, one has to use the contour deformation in the
complex h plane and take account of the residues at the poles
h= t+hy

- 4
<T 1} = e Y g (F0)'S (g £ @) (20)
R hU (n)

The far-field scattering patterns can be evaluated by ap-
plying the steepest-descent method to the integrals in (7) and
(16) in the far zone of the scatterers:

o«

D(e) = L £(-D"S
n=—x
X eill(p + tsm e — anIkb sin g—ing . (21)
isin ¢ + «

Here ¢, denotes ¢, for the dielectric resonator or u,, for
the cavity, and S, is J,(ka) or J,(ka), respectively.

The optical theorem, based on the energy conservation
principle, serves as an independent partial check of the
numerical codes. In addition, the theorem can be used to
minimize the time needed to compute the total radiated
power, as

sC

da n ]
Po=——["10(p)dp=1~ITF ~IRP. (22
7why /o

For the case of the cavity scatterer, the reciprocity theo-
rem should also be satisfied:

T(py) = T(m — ¢p). (23)

This means that the transmission coefficient of the incident
mode is invariant of the direction of incidence.

For three-digit accuracy in practical computations, it is
enough to take the matrix truncation numbers as Ny, =
kaVe + 3 and N_,, = ka + 10, respectively. As for the opti-
cal theorem and the reciprocity, they were satisfied with a
10~ accuracy for all the values of the problem parameters.
CPU time varies depending on the size of the scatterers. For
example, computing a dielectric cylinder of ka = 2, e = 10,
with the PC AT-486, 40 MHz and MS-DOS Fortran took 8 s.
For a cavity of ka = 2 it took 7 s.
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Figure 2 Far-field scattering characteristics versus ka for the di-
electric resonator (e = 4, b/a = 1.1, hy = 1.5)

Figure 3 Far-field scattering characteristics versus ka for the di-
electric resonator (e = 10, b/a = 1.5, h, = 1.5)

3. NUMERICAL RESULTS AND DISCUSSION

Let us first consider the dielectric resonator. In Figures 2 and
3, the plots of the far-field characteristics are shown as a
function of the normalized frequency parameter ka. One can
see that a dielectric cylinder can be used as a band-stop filter.
The principle of operation of such a filter is based on the
excitation of a WG mode in the resonator. At the resonances
the filter characteristics were calculated versus the spacing.
The results are plotted in Figure 4. In order to obtain an
optimum performance, the spacing between the plane and
the resonator must be selected properly.

The dielectric cylinders show the advantages of WG-mode
resonators, such as high quality factor and periodicity of stop
bands. Because of these advantages, the filters on WG-mode
resonators have undergone considerable development and
are widely used in various microwave active and passive
components. Note that the transmission level gets lower with
the increasing the resonant frequency. Besides, in order to
work on a high-Q resonance one must either enlarge the
cylinder radius or use dielectrics with large permittivity. How-
ever, the latter may fead to considerable ohmic losses. It is
worth noting that our accurate analysis shows that at High-Q
WG resonances the incident mode power may be 99% con-
verted to the radiation field.

Using an open metal cavity is a way to avoid these diffi-
culties and minimize the electric size of the filter. A high-Q-

-60 — N N

o N

N
-70 A N
AY
4 N
N

-80 — e ———————

1.0 1.5 2.0 2.5 3.0

b/a

Figure 4 Far field scattering characteristics versus the spacing
between the dielectric resonator and the impedance plane (e = 10,
ka = 2707, hy = L.5)

05 1.0 1.5 20 25 30

Figure 5 Frequency dependences of the far-field characteristics for
scattering from the cavity (b/a = 1.5, 8 = 30°, ¢ = 270°, h, = 1.5)

value resonance with a lower level of radiation losses can be
observed when the radius of the cylinder is smaller than the
wavelength. Figures 5 and 6 show the typical frequency
dependences of transmitted (P; = ITI®), reflected (Pg =
IRI®), and scattered (P,,) power fractions for the scattering
from the metal slotted cavity. When excited by the surface-
mode field, the cavity gives a resonant response provided that
the incident-wave frequency coincides with the real part of a
complex cigenmode frequency. Because of the splitting of the
closed cylinder’s doubly degenerated modes, these eigenfunc-
tion can be related to two families of modes, symmetric and
antisymmetric ones, by cutting a slot. It can be observed that
antisymmetric resonances have a larger Q factor then sym-
metric ones. The first low-frequency peak is due to the
Helmbholiz mode of a cavity-backed aperture (see [5, 6]). The
Helmholtz-mode frequency is a complex number tending to
zero when 6 — 0. So, by narrowing the slot one can obtain a
miniature low-frequency rejection filter with a remarkably
low parasitic radiation: More than 90% of the incident mode
power may be converted to the reflected mode.
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Figure 6 Frequency dependences of the far-field characteristics for
the same geometry as in Figure 5 but b/a =1
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Figure 7 Effect of the cavity’s rotation on the far-field scattering
characteristics (ka = 1.898, b/a = 1.5, 6 = 30°, hy = 1.5)

The values of transmission and reflection coefficients de-
pend considerably on the cavity orientation. So, unlike the
dielectric resonators, coupling with the waveguide can be
varied by rotating the cavity. The plots in Figure 7 demon-
strate the effect of the cavity’s rotation on the far-field

mances of microwave oscillators and filters. Although the
presented numerical examples deal the impedance-plane sur-
face-wave scattering from obstacles, the method is applicable
to various types of incident fields (plane wave, dielectric slab
eigenmode, etc.), and different host media.

We emphasize that due to the regularization, our solu-
tions are equally accurate near the sharp resonances, unlike
the conventional method-of-moments ones (see [8]). BEcause
of this, the former can be used for the computer-aided design
of resonant microwave devices.
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characteristics. (*) The field representation in terms of only the single-layer potential (6).(7) is not the most general one and leads to the appearance of the spurious

(real-valued) eigenvalues of resulting IE. They spoil the algorithm because the IE condition number has poles at the spurious-eigenvalue frequencies.
4. CONCLUSIONS The severity of assocoated numerical error depends, however, on the details of the IE discretization scheme used. The full remedy is the use of the
- Muller IE which is completely equivalent to the original boundary-value problem and thus free of spurious eigenvalues.

The proposed method is well suited to the analysis of band-
stop filters. Based on this approach, efficient numerical tech-
niques were developed, and rejection, transmission, and radi-
ated-field characteristics were calculated. Implementation of
the approach is considered here only for H-mode scattering,
but this method can also solve the discontinuity problems
with an E-mode incidence.

Sharp resonant phenomena were observed for scattering
from dielectric cylinders and metal cavities. These effects can
be used for the design of band-stop filters in surface-wave
guides. Our investigations proved the advantages offered by
such resonators, and these advantages led to excellent perfor-
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(*) The field representation in terms of only the single-layer potential (6).(7) is not the most general one and leads to the appearance of the spurious 

(real-valued) eigenvalues of resulting IE. They spoil the algorithm because the IE condition number has poles at the spurious-eigenvalue frequencies. 

The severity of assocoated numerical error depends, however, on the details of the IE discretization scheme used. The full remedy is the use of the 

Muller IE which is completely equivalent to the original boundary-value problem and thus free of spurious eigenvalues.
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