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Fig. 7. Effect of outer dielectric thickness D, (¢, = 5.24).

TABLE I
SEPARATE COMPUTATIONS TO SHOW THE AGREEMENT OF
E,/B.W. AND Q-FACTOR

AL

M B 2 3 i 5 6
¥ /B.W. 17.76 76.6€0 242.0 635.5 1477 3132
TEM © »
' 9 18.86  76.22 245.0 633.9 1476 3140
/B, 35.12 126.5  370.0 930.7 2106 K383
oo 35.88  125.0 366.2 926.2 2100 4375

Note: Results for both TEM and TE;, cases are presented for the filter
with D, =1 em, D, = 0.8 cm, and ¢, = 5.24

increased. Thus more energy will be stored within the central
dielectric slab to enhance the corresponding Q-factor and to
reduce the bandwidth as D, or N is increased.

Illustrated in Fig. 7 are the curves to demonstrate the effect of
varying the thickness D, of the outer diclectric slabs. The center
frequency is indeed determined by the thickness of the central
dielectric slab by comparing the curve for D, = 0 with those for
other D,’s. As shown, the variation of D, has little effect on the
center frequency. On the contrary, the magnitude of D, still has
considerable influence on the bandwidth, although its effect is
not regular.

An actual plasma always exhibits losses whose relative dielec-
tric constant may be expressed as [7]

€, =€, j&; (6)
where
. Vi
< 1+(v/w) ™
(w,/0)(v/0)
(e Lot At At 8
“ 1+(v/0) ®

Here, €, accounts for losses in plasma and » is the collisional
frequency between electrons and molecules or ions. Fig. 8 pre-
sents curves (for the TE,, case) to characterize the lossy effect
with v /w as a parameter. The complete transmission window is
found to disappear when a loss is introduced, and the reflection
becomes pronounced as v /w becomes large.

IV. CONCLUSIONS

A phenomenon of having complete transmission in some fre-
quencies and large reflection in other frequencies has been utilized
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Fig. 8. [Illustration of lossy effect for D; =1.0 cm, D, = 0.8 cm, and ¢, = 5.24
(TE,, case).

to implement a new tunable bandpass filter in a microwave
regime. Many useful results for specifying the filter performance
have been presented and investigated in detail.

The new filter is analyzed based on a simple model of cold
plasma. Hence, an experimental work is definitely needed as a
future study in complementing the simplified theory developed in
this study.

The leaky resonance phenomenon may be useful in construct-
ing other new devices for special purposes, e.g., as an on—off
switch or a modulating device. The characteristics of the plasma-
dielectric structure may also be tuned externally by applying a
steady magnetic field across the plasma.
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Dielectric Waveguide Corner and Power Divider with
a Metallic Reflector
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Abstract —The right-angle corner and T- and Y-junction-type power’
dividers with the metallic reflector are experimentally investigated which
are useful for dielectric waveguide millimeter-wave integrated circuits.

Manuscript received December 29, 1982; revised August 10, 1983.
The author is with the Faculty of Engineering, Shizuoka University, Hama-
matsu, 432 Japan.

0018-9480,/84 /0100-0113$01.00 ©1984 IEEE



114 TEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-32, NO. 1, JANUARY 1984

These devices have been fabricated from the rectangular dielectric image
line and have been tested in the 20-26-GHz range. The tested corner
exhibits the bending losses 1.0-1.75 dB for single-mode operation and
0.23-0.7 dB for multimode operation. The tested Y-junction-type power
divider exhibits the power division of about 4.4 dB and the isolation is
above 20 dB. The metallic reflector can be applied to other passive
components.

I. INTRODUCTION

Millimeter-wave integrated circuits using dielectric waveguides
[1], [2] have been extensively investigated under the stimulus of
the rapid development of integrated optics [3]. Millimeter-wave
dielectric waveguides are usually made of plastic, high-purity
alumina, high-resistivity semiconductors such as Si, GaAs, and
ferrite. In the future, semiconductors and ferrite will be more
widely used for realizing the active and nonreciprocal devices. A
bending structure is an essential component in integrated circuits.
However, it is difficult to form the curved structure made of
semiconductors, ferrite, etc. by machining, which is commonly
used. In addition, a radiation loss is always present at the curved
section, since the dielectric waveguide is an open structure. In
order to decrease the bending loss, one must make the bending
radius large. This often comes into question in practical applica-
tions. ‘

One way to overcome these problems is to use a reflector
instead of the curved section. The basic idea of the corner with
the reflector has already been proposed by King [4]. Although its
principle is very simple, the properties have not been sufficiently
investigated.

This short paper discusses the right-angle corner with the
reflector and proposes the T- and Y-junction-type power dividers
as a variation of the corner with the reflector. The experiments
are conducted in the K-band. The corner and power divider with
the reflector seem to be practical in millimeter-wave integrated
circuit applications from the standpoint of low loss, size, and ease
of fabrication.

II. PRINCIPLES OF OPERATION AND EXPERIMENTAL
METHODS

In this section, we describe the principles of operation of the
corner and power divider with the metallic reflector and a method
for measuring their losses. Fig. 1 shows the geometries of the
right-angle corner and T-junction-type power divider, and the
experimental setup. The waveguide used in this short paper is a
rectangular dielectric image line made of polypropylene (€, =
2.25).

The corner with the reflector is based on the principle similar
to an optical mirror. The reflector is placed at 45° with each
waveguide axis. The fundamental Ej; mode is excited through a
metal waveguide system and the insertion loss is measured. The
bending loss of the corner can be obtained by comparison of the
insertion loss of the bent waveguide shown in Fig. 1 (¢) with that
of a straight waveguide of identical length (40 cm). The bending
Joss includes the radiation loss, mode conversion loss, and the
return loss toward the input port. Strictly speaking, the dielectric
loss and conductor loss cannot be perfectly isolated from the
measured loss since the field distribution of the bent waveguide is
not identical with that of the straight waveguide in the neighbor-
hood of the corner. Therefore, the bending loss contains these
discrepancies t0o. In our experiments, to increase the accuracy of
measurements, two straight sections and a corner section were
separately formed and were fixed on a ground plane with adhe-
sive tape. When the location of the reflector is changed, only the
corner section is exchanged. The loss at the junction between the
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Fig. 1. (a) Corner with the reflector. (b) T-junction-type power divider with
the reflector. (c) Measurement setup for determining the bending loss of the
corner.

straight and corner sections has been measured to be negligibly
small. The additional loss caused by the adhesive tape is about
0.7 dB/m. This value was determined from the difference be-
tween insertion losses with and without the tape.

The principle of operation of the power divider with the
reflector is as follows. The millimeter-wave power incident at the
input port is equally reflected into two output ports by the
metallic wedge with a 90° angle. The ratio of the output power to
the input power depends on the insertion depth of the wedge.
The millimeter-wave incident at one output port is effectively
reflected into the input port and the remaining power is trans-
mitted to the other output port. In addition, the radiation, mode
conversion, and the reflection toward the millimeter-wave source
take place. The isolation between output ports increases as the
insertion depth of the wedge becomes large. For operation of this
type of power divider, all of the ports must be terminated
appropriately.

The attenuation of the power divider is measured in a similar
way. However, the absorber (tapered polystyrene foam contain-
ing carbon) is attached to the image line of the untested port to
achieve the reflection-free termination. Little influence of the
reflection on measurements was confirmed by hanging the loca-
tion of the absorber.

III. RESULTS AND DISCUSSION

The corners and power dividers were fabricated from image
lines with different cross sections and tested in the 20-26-GHz
range using a mechanically tuned Gunn oscillator. The thick-
nesses b of the waveguide used in the experiments are 3 and 5
mm, and the aspect ratio a /2b is 1.2. The waveguide with b= 3
mm (case A) supports only the fundamental E;; mode, whereas
the waveguide with b =5 mm (case B) supports the E};, E3,, E,,
and Ef modes.

Fig. 2 shows the bending loss of the right-angle corner as a
function of the location of the reflector. Although King [4] has
pointed out that the optimum location of the reflector is at the
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Fig. 2. Bending loss of the corner with the reflector as a function of the
location of the reflector. (a) Single-mode operation. (b) Multimode opera-
tion.

intersection of the two waveguide axes, strictly speaking, this is
not correct. The optimum location is about 1.5 mm away from
the intersection for the single-mode corner, and about 1 mm
away for the multimode corner. Fig. 2 shows also that the
location is not too critical when attempting to achieve minimum
loss.

Fig. 3 shows the measured performance of the right-angle
corner with the reflector. The reflector is placed at the intersec-
tion of the two wavegnide axes. The insertion losses of the
straight waveguide, including the loss at the transition between
the metal waveguide and image line, were 2.22-3.22 dB for case
A, and 2.43-2.92 dB for case B. The bending loss of the corner
operated in the single-mode region is greater than that of the
corner operated in the multimode region.

We compare the bending loss of the corner with that of the
curved waveguide measured by Solbach [5]. Although the operat-
ing frequency and waveguide parameters in our experiments are
different from those in his experiment, the aspect ratios and

115

4 T T T T T T T

A: a=72mm b=z3mm

:as=12mm b=5mm 4

(dB)

Bending loss
(

0 —l —L 1 1 1 1
20 22 24 26
Frequency (GHz)

Fig. 3. Measured performance of the right-angle corner with the reflector.

T T T T

@ unit: mm
15 - 72[—: .

(d8)
s
®
|
@

c L
2
; b
=
5 T A
sl SN O-0 i
< \
A B pomebmmt
r ®-@
0 L 1 1 | 1 | i
20 22 24 26
Frequency (GHz)

Measured performance of the T-junction-type power divider with the

Fig. 4.
reflector,

dielectric constants of both waveguides resemble each other. In
this case, the waveguide is characterized by the normalized
frequency 4/ab/2,/e,—1 /A. Although this normalization in
terms of the equal cross section [6] is not in agreement with the
commonly used one (4by/e, ~1 /A), it is appropriate for a small
aspect ratio (a/2b=1). If the waveguide of case 4 is trans-
formed to the waveguide (a/2 = b= 2.4 mm, €, = 2.22) shown in
Fig. 2 of Solbach’s paper, the corresponding frequency range
becomes 27.7-36.0 GHz. It is found that the bending loss of the
corner with the reflector is comparable to that of the curved
waveguide of large bending radius R(R /(a /2) >10).

Fig. 4 shows the measured performance of the T-junction-type
power divider with the reflector. The top view of the structure is
shown in the inset in Fig, 4. The vertex of the wedge is located
0.5 mm inside from the intersection of the three waveguide axes
to increase the isolation. The average attenuation between the
input and output ports (D -@ and @D -Q)) is 4.26 dB, and
the isolation between the output ports (O -(d)) is greater than
8.5 dB. The perfect power division is equal to 3 dB. Although the
isolation of this type of power divider is not very high, we expect
that the Y-junction geometry increases the isolation.
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Fig. 5. Measured performance of the Y-junction-type power divider with the
reflector.

Fig. 5 shows the measured performance of the Y-junction-type
power divider with the reflector. The top view of the structure is
shown in the inset in Fig. 5. In this example, the waveguide axes
of output ports are inclined at 45° to that of the input port. The
vertex of the wedge is located at the intersection of the three
waveguide axes, and each face of the wedge is placed at 22.5°
with the output waveguide. The average power division is 4.42
dB, and the isolation is greater than 20 dB. Although the isolation
is improved, the power division is not improved unexpectedly.
The performance of this type of power divider depends on the
angle between output waveguides. It scems that the power divider
with small output angle exhibits good performance. The reason
why the power division was not improved has not been made
clear at the present stage. The reflection characteristics at the
input port are also shown in Fig. 5. The cause of the difference
between experimental and ideal power divisions is considered to
be due to the radiation, since the reflection is small (return loss
>10 dB).

IV. CONCLUSION

The corners and power dividers with the metallic reflector have
been fabricated from the rectangular dielectric image line and
have been tested in the 20-26-GHz range. It is found that the
bending loss of the corner with the reflector is comparable to that
of the curved waveguide of large bending radius. The proposed
Y-function-type power divider exhibits good performance. The
metallic reflector can be applied to other passive components for
dielectric waveguide millimeter-wave integrated circuits.
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Broadside-Coupled Slot-Line Field Components
RAINEE NAVIN SIMONS, MEMBER, IEEE

Abstract —This paper presents expressions for the odd- and even-mode
electric field components and also the magnetic field components in the air,
overlay, and dielectric regions of the broadside-coupled slot-line structure.
These expressions are numerically computed, and the fields in the cross
section and the longitudinal section are illustrated. The surface current
distribution on the metal surfaces are also illustrated.

I. INTRODUCTION

The slot-line on a diclectric substrate [1] is a very useful
transmission line for realizing nonreciprocal MIC components
[2]-[5]. Recently, Cohn [6] has presented the electric and mag-
netic field components in the dielectric and air regions of a single
slot-line. Besides, Simons and Arora [7] have presented expres-
sions for the odd- and even-mode electric field components and
the magnetic field components in the air and dielectric regions of
an edge-coupled slot-line.

In this paper, expressions for the odd- and even-mode electric
field components, and also the magnetic field components in the
dielectric and air regions of a suspended broadside-coupled slot-
line with an overlay [8], are presented. The dielectric substrate
and the overlays are assumed to be isotropic and homogeneous
and are of arbitrary thickness and relative permittivity. The
conducting cover and the zero-thickness metallization on the
substrate are assumed to have infinite conductivity. These expres-
sions are numerically computed at various points in the dielectric
region and the air regions of the structure. The odd- and even-
mode electric field, the magnetic field in the cross section, and
the odd- and even-mode magnetic field in the longitudinal section
through the slot are illustrated. Besides, the current distribution
on the metal surfaces and the magnetic field tangential to the
metal surfaces are illustrated. Finally, a slot-line with a lower
ground plane is considered. The current paths on the lower
ground plane and the magnetic field tangential to the lower
ground plane are illustrated.

II. DERIVATION OF THE FIELD COMPONENTS

The suspended broadside-ccupled slot-line with an overlay is
illustrated in Fig. 1(a). For the case of even excitation, a magnetic
wall is placed along the plane of symmetry. It then suffices to
restrict the analysis to the upper half of the structure (Fig. 1(b)).
A similar simplification is possible for the case of odd excitation,
except that the magnetic wall at the plane of symmetry is
replaced by an electric wall (Fig. 1(b)). As in the carlier analysis
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