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Scattering parameter of 4p0rt junction circulator versus frequency,

E. = a, + rz~cos 3(78)+ d)

where ao and as are arbitrary constants and 73

through which thetz =+3 modes are rotated.
The boundary conditions at the 4 ports are

Ez(@=O) =aO+a~cos3~3=+l

is the phase angle

EZ(@=7r/2) =aO+a, cos3(rt+ ~/2) = +1

Ez(4=~) =a0+a8cos3(,3+~) =0

Ez(@=3rr/2) =ao+a, cos3(,, +3rr/2) =0.

The result is

r, = 150

aO = 1/2

a,i= l/x/2.

The ferrite material used, in the experimental work was a garnet with

a magnetization of 0.05 Wb~mz and a dielectric constant of 6,=14.4.
The radius of the ferrite disks was R=12.7 mm and the thickness

wash/2=2.54 mm. The dimensions of the stripline were determined
by iV/b=l.45which corresponds approximately toa50-~line for an

infinitely thin center conductor. Here, W is the width of the center

conductor and b is the ground plane spacing.
Fig. 8showsthe scattering parameters of thejunction versus fre-

quency with the device magnetized with a direct magnetic field of
19 kA/m at the frequency at which then= A3 modes are resonant

in the demagnetized junction. No external tuning was used to obtain

this result. The condition for resonance of then= *3 modes in the

demagnetized junction is obtained at the frequency for which .S11
=.Slz=.Sll =Oand.S13=l. The frequency atwhich this last condition
is experimentally satisfied coincides with that at which the junction
works as a circulator. The experimental radial wavenumber is
kR = 4.75, which compares with the theoretical value for the n = ~ 3
modes of kR =4.20. The experimental radial wavenumber for n=O
in the demagnetized junction was kR =4.12, compared to the theo-
retical value of 3.83. The rz= ~1, +2 modes were also measured for

completeness. TheresuIts, kR=2.06, compared to 1.84 andkR =3.44
compared with 3.04. The demagnetized permeability was used in

obtaining the theoretical wavenumbers [17].
The circulator described in this section should prove attractive

using microstrip techniques.

This short paper has described the operation of two 4-port single-
junction circulators. Axial junction modes were used in the (case of

the waveguide device which was established in a systematic way with
the help of theeigenvalue approach. A higher order radial mode was
used in the stripline case. This allowed one of the adjustment stages

to be omitted, leading to a device which consisted of only a simple
magnetized disk.
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The Circular Waveguide Step-Discontinuity

Mode Transducer

WILLIAM J, ENGLISH

AbstYacf-Power conversion coefficients and the launch phase of
propagating modes excited by a symmetric step-dlscontimuity in
circular waveguide are accurately predicted by a modal analysis of
the di8contfnuity which includes only a few evanescent modes. The
relative power in transmitted and reflected propagating modes is
presented as a function of normalized frequency for two step-
discontinuity ratios to indicate typical solution results.

I. INTRODUCTION

The use of bigher order waveguide modes in a circular radiating

aperture for beam shaping and sidelobe control has received atten-

tion in recent years [1 ]– [3 ]. The inclusion of TMII and TEIz modes,
along with the f undameutal TEII mode, in the radiating aperture

permits: a) symmetric radiation patterns; b) low E- and H-plane
sidelobes; and c) improved polarization characteristics.

Wexler [4] and Clarricoats [5], [6] have developed a modal ana!-

ysis approach to waveguide discontinuity problems in which the

transverse electromagnetic fields in the discontinuity aperture are
expanded in terms of tbe normal modes of the two connected wave-
guides, and two simultaneous sets of equations for the complex reflec-

tion and transmission coefficients are formed by invoking continuity
and zero-field conditions on the transverse components. This short
paper summarizes the results of applying this approach to a circular
waveguide step-discontinuity mode transducer which is ideally ter-

minated at the source and load.

Manuscript received July 26, 1971; revised May 23, 1973. This short paper is
based upon work performed in COMSAT Laboratories under corporate sponsorship.

The author is with COMSAT Laboratories, Clarksburg, Md. 20734.
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Fig. 1, Mode trsmducing properties (relative power rmd launch phase) of asymmetric step-
discontinuity wsvegnide junction illuminated with an incident fundamental TEII mode.
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Fig.2. Mode t~nsducing properties of asymmetric step-discontinuity waveguide
junction illuminated withsn incident TM,, mode.

IL STEP-DISCONTINUITY PROPERTIES

Fig. 1 illustrates typical mode transducing properties of the step-
discontinuity illuminated with a fundamental TEII mode. The rela-

tive power in transmitted and reflected propagating modes is pre-
sented as a function of normalized frequency for a given step size
b/a. The launch phase of the TMI1 and TEIz modes relative to the
TEII mode is also shown. The calculated results are in excellent
agreement with experimental data previously reported by Agarwal

and Nageiberg [7]. In addition, experimentally measured reflection
coefficients are shown to confirm that the analysis predicts the high
reflection coefficients encountered when the frequency is close to TMII

cutoff in the larger output guide. This feature is one of the distinct
advantages of the rigorous modal analysis approach which includes
reflected wave components in the input waveguide.

Fig. 2 illustrates themode transducing propertiesof the junction

when it is illuminated with a TMII mode. These properties are infor-
mative for the design of multistep transducers. An incident TMII
mode only couples strongly to other TMln modes for the symmetric
step-up. junction and a large reflected power exists until the TM12

mode propagates.

In-phase radial electric field components on each side of the dis-

continuity aperture are compared in Fig. 3. Ideally, the tangential

electric field is continuous across the common aperture area and zero

on the metallic portion of thediscontinuity aperture, As the number
of modes considered intheanalysis procedure incre=es from 10t020,
the fine structure of the field components continues to change and
the ideal boundary and continuity conditions are approached. The
radial electric component experiences a singularity at the 90° corner
in the smaller guide which is evident in the Fourier series summation.

Convergence results as a function of the number of normal modes
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TABLE I

JUNCTION PARAMETERS AS A FUNCTION OF THE NUMBER OF NORMAL MODES?

Number of Output

Guide Modes

MT

3

4

5

10

20

TE1 , Transmission

Coefficient

0.809 @ -1.88”

0.790 @ -3.05”

0.792 @ -2.34”

0.787 @ -2.48”

0.785 @ -2.35°

Relative

PE ~ ~ Power

0.733

0.699

0.702

0.695

0.691

TM1 ~ Transmission

Coefficient

0.386 @ 22.99°

0.408 @ 20.70°

0.407 @ 21,42”

0.411 @ 20.74°

0.414 @ 20.57°

i

Relatlve

TM I ~ Pow er

J
0.265

0.297

0.295

0.302

0.305

- Note: bla =1.4, f. a =15 GHz cm.
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‘ Note: bja =1.4, f.a =15 GHz. cm.

considered are presented in Table I for a frequency where TEU and
‘rMll modes both propagate in the output guide. Mode power con-

version and launch phase coefficients converge rapidly and are essen-
tially constant after six to eight evanescent modes on each side of the

discontinuity are included. The ratio of the number of input to out-
put waveguide modes considered is not significant if more than six

evanescent modes are included; this supports a similar conclusion by
Clarricoats [6].

The relative reactive power in the evanescent modes is shown in

Table II, in which 20 modes are considered. The modes are numbered

in terms of increasing cutoff frequencies. The reactive power quickly

diminishes as the mode order increases and the inductive or capaci-

tive nature of the discontinuity is provided by the total reactive

power.
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Radiation Loss from Open-Circuited

Dielectric Resonators

J. WATKINS

Abstract—The Q factor of an open-circuited resonator is in-
fluenced by dielectric, conductor, and radiation losses. Thk short
paper discusses these losses and shows that insight into the radiation
loss can be obtained by an extension to the analysis given by Lewirt.
This shows that the radiation loss is a maximum for the dominant

Manuscript received November 3, 1972; revised May 21, 1973. This work was
carried out under a contract sponsored by the U. K. Science Research Council, in
the Department of Electronics, Chelsea College, University of London.

The author is with the Department of Electronics, Chelsea College, University
of London, London, S.W. 3, England.

Fig. 1. Patterns of the conduction current for various modes.

mode and that provided the permittivity is not less than 9,0 the
radiation losses are at a minimum for the second mode.

It is suggested that these results may be applied to the design of
filters based on dielectric resonators. The application of the resulte to
stripline reeonatora in which the dielectric extends past the termina-
tion of the upper conducting strip is more difficult, and it is suggested
that experimental work is required to investigate postulated im-
provements. Finally, some of the radiation patterns of the open-cir-
cuited dielectric resonators, obtained in this paper, show interesting
directional properties which may be applied to the design of antenna
systems.

I. INTRODUCTION

Resonators involving ceramic substrates whose upper and lower
surfaces have been coated with metallic conductors have previously
been reported by Napoli and. Hughes [1]. To avoid the degenerate
resonances which would occur with a square resonator, a rectangular
geometry is chosen and simple theory shows that

where

x
c

:,
yLz

Y
m, n

resonant frequency;

velocity of light;
relative permittivity;

larger side;
shorter side;

<1;
integers.

(1)

The assumption is made here that there are no variations in the fields
across the thickness of the dielectric. Fig. 1 (a)–(h) shows some of
the patterns of the conduction current for resonances with different
combinations of m and n. Fig. 2 shows the dimensions of the resonator
and the coordinate system used in this paper.

The Q factor of these resonances are due to losses from four

possible mechanisms: 1) coupling with the load and generator; 2)


