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variations in Gunn-device terminal current with changing

operation conditions have also been described by Mizushina

and Takao [17].

The hysteresis that limited measurement accuracy in these

experiments may have been due to thermal effects. The power

density that must be dissipated in Gunn devices is extremely

high so that the operating temperature in the bulk of the Gunn

device is elevated to values well above ambient. Thus any small

change in average dc current input could cause significant

changes in the device temperature and its operational charac-

teristics which would lead to hysteresis.

The microwave load-dependent current variations reported

here may be much stronger with Gunn oscillators than with

IMPATT oscillators. When an IMPATT diode was used to

replace the Microwave Associates Gunn device in the Gunn

flange, microwave oscillations were obtained when the IMPATT

was properly biased and the flange was connected to a cavity.

However, insertion of the $-in-diam Teflon sample resulted in

no detectable change in the average dc current flowing through

the flange as monitored by a digital ammeter with 1O-,UA

resolution.
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A Variable Directional Coupler Using InSb Thin Films

IKUO TANAKA, MEMBER,IEEE, AND MASAHIDE OHSHITA

Abstract—A variable directional coupler whose coupling is varied by

an applied dc magnetic field is presetsted in this short paper. Tbe direc-
tional coupler is of the two-hole type having InSb thm films in the

coupling apertures to which the magnetic field is applied perpendicularly.

The directional coupler was tested at room temperature at frequencies

from 32 to 36 GHz. At a frequency of 33.1 GHz and magnetic flux

densities of up to 13 kG, the coupling varies from 14.2 to 40.2 dB with

the directivity exceeding 24.6 dB, the insertion loss of about 1 dB, and
the VSWR of 1.2.

INTRODUCTION

One sometimes encounters inconvenience in laboratory work

because the coupling of the directional coupler is too loose or

too tight, or it changes with frequency, or the power from the

source fluctuates with frequency. A variable directional coupler

certainly offers a convenient alternative in such circumstances.

Variable directional couplers, including the Bethe’s hole coupler,

the slab-linetype coupler, the circular-electric-type coupler, and

so on, have been developed. However, they employ a moving

mechanism, which calls for a tight mechanical tolerance and tends

to limit their practical applications.

A variable directional coupler whose coupling is varied by

means of applied dc magnetic field has been developed by using

InSb thin films in two coupling apertures to achieve variable

coupling. Microwave devices such as the isolator have been

developed by using thin InSb samples [1 ]– [5 ]. A drawback

common to these devices is a rather high insertion loss.

The thin InSb films used in the present work, which are pre-

pared by the controlled evaporation method [6], have a thick-

ness of about 1 pm. The small thickness combined with high

electrical qualities of the films results in a reduced insertion loss

as well as a low dc magnetic field.

STRUCTURE OF THE VARIABLE DIRECTIONAL COUPLER

The structure of the variable directional coupler is illustrated

in Fig. 1. Referring to Fig. 1(a), a part of the power incident on

port I is coupled out from port II by means of a pair of coupling

rectangular apertures cut along the center line of the common

broad wall of the waveguides with a separation of about three

quarters of a guide wavelength. Unlike the conventional two-hole

coupler, thin InSb films are placed in the coupling apertures, as

detailed in Fig. l(b) and (c). An external magnetic field is applied

perpendicularly to the films to vary the coupling. The prototype

model described in this short paper employs the WRJ-320 wave-

guide (inside dimensions: 7.112 x 3.556 mm; outside dimen-

sions: 9.14 x 5.59 mm) and two InSb films haying slightly

different dimensions: a = 2.77, b = 1.74, c = 1.02 for A-1 and

a = 2.75, b = 1.65, c = 1.02 mm for A-2. The coupling rect-

angular apertures measure 0.70 x 1.98 for A-1 and 0.70 x 2.05

mm for A-2, respectively. The film dimensions were determined

by a cut-and-try procedure to maximize the directivity over a

frequency range from 32 to 36 GHz. The films were prepared by

evaporating InSb onto a cleaved mica sheet about 200 ,um thick,

and covered by another mica sheet for protection.
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Fig. 1: Structure of the variable directional coupler. (a) Schematic.
(b) and (c) Side view and front view of the coupling structures. (B =
magnetic field, 1 = 8.40, a = 2.77, b = 1.74, c = 1.02 mm for A-1
and a = 2.75, b = 1.65, c = 1.02 mm for A-2.)

The film has a 1.O-,um thickness and the following properties:

the Hall mobility is 2.5 x 104 cm2/V. s; the Hall coefficient is

294 cm3/C; the carrier density is 2.12 x 1016/cm3; and the

conductivity is 85/fl. cm,

EXPEMMENTAL RESULTS

Performance of the coupler can be described in terms of the

coupling C, directivity D, input VSWR, and insertion loss L

in the primary waveguide as functions of the applied magnetic

field and the operating frequency.

These parameters of the prototype coupler were measured at

room temperature by the methods given in [7] and [8]. Results

are presented in Figs. 2 and 3, which show dependence on the

magnetic field and the frequency, respectively.
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Fig. 2. The coupling, the directivity, and the input VSWR as a function
of magnetic flux density at a frequency of 33.1 GHz.
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Fig. 2, indicate that the coupling C is variable from 14.2 to 40.2
: 2(3

COUPLING “k,

dB by adjustment of the dc magnetic field from O to 13 kG,

giving an average slope of 2 dB/kG. With no InSb films in the

coupling apertures, the structure gives a coupling of about 55 dB

or more. The coupling at low magnetic field is strongly dependent

on electronic properties of the InSb film as well as the shape and

dimensions of the coupling apertures and the films. Dependence

of C on the magnetic field shows a strong resemblance to that

of the magnetoresistance [6], [9], indicating that the magneto-

resistance effect in the InSb films in the apertures is at work to

achieve the variable coupling. Hence the device is reciprocal with

respect to the direction of the applied” magnetic field.

The directivity D decreases from 29.8 to 24.6 dB as the

magnetic field increases from O to 13 kG, though it is desirable

that D remain constant at a high value. However, the minimum

value of 24.6 dB may be regarded sufficiently high for many

applications. With no InSb films in the apertures, it was not

possible to measure the directivity, for the backward output

power from port II’ was below the threshold of the instrument

sensitivity.

The input VSWR is roughly constant, as shown in Fig. 2.

The frequency characteristics of the device were measured at

frequencies from 32 to 36 GHz, which were limited by the source

available at our laboratory. Results are presented in Fig. 3, where

w
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Fig. 3. The coupling, the directivity, the input VSWR, and the insertion
loss versus the frequency of operation. The magnetic flux density is
taken as the parameter; solid line at zero and dotted line at 5 kG.

the solid and dotted lines correspond to magnetic fields of Oand
5 kG, respectively.

The coupling C varies little with the frequency, and its devia-

tion is within k 0.5 dB over the band of frequency.

The directivity D varies parabolically from 25.9 dB at 32.1

GHz to 13.7 dB at 35,8 GHz at the magnetic field of 5 kG. How-

ever, the minimum value of 13.7 dB may be regarded acceptable
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for most of the applications. As the directivity depends strongly

on the balance of the couplings of two apertures as well as 1 in

Fig. l(a); the couplings should be made approximately the same

to achieve a high directivit y. The particular design shown in

Fig. 1 is a result of a compromise between the directivity and the

bandwidth of the device obtained through a cut-and-try pro-

cedure. During. the optimization procedure, it was possible to

obtain a 36-dB directivity for a much narrower bandwidth of

around 33.1 GHz. To achieve a good directivity by using the

hole-type coupler over a wide band of frequencies, a coupler

with many apertures which have InSb films should be used.

The input VSWR stays below 1.4 over the frequency range

from 32 to 36 GHz.

The insertion loss L has the minimum value of 1.0 dB at about

33.2 GHz and 2.5-3 dB at 36 GHz, depending on the applied

magnetic field. Although these L values are smaller than the

reported values of the insertion loss of other microwave devices

using InSb [1], [2], [4], [5], it may be required to reduce the

L value and its dependency on the magnetic field for certain

applications of the coupler. Our experience shows that L in-

creases with the thickness of the InSb film. The thinnest film that

can be prepared by our present technique without sacrificing its

electrical properties is about 1 ,um.

An inspection of Fig. 3 shows that the coupler has a center

frequency of operation at about 33 GHz. This is slightly below

the design value of 34.1 GHz at which the separation 1 of the

coupling apertures, referring to Fig. 1, corresponds to three

quarters of a guide wavelength, The slight discrepancy may be

attributed to the presence of the mica sheets and the finite

thickness of the coupling apertures.

The device performance was independent of the input-power

level up to 20 mW, which was the limit of the source available

at our laboratory.

CONCLUSION

The results obtained for the variable directional coupler at

room temperature may be summarized as follows: 1) the coupling

varies from 14.2 dB at a O magnetic flux density to 40.2 dB at

13 kG, with an average slope of 2 dB/kG; 2) the directivity is

larger than about 14 dB over the frequency band of 32-36 GHz;

3) the insertion loss is 1–3 dB for an InSb film thickness of 1 ~m;

and 4) the variable coupling appears to be achieved by the

magnetoresistance effect in the InSb films in the coupling

apertures.

Problems left for future studies include: 1) finding relation-

ships between performance characteristics of the coupler and the

properties of InSb films; 2) achieving a high directivity over a

wide band of frequencies; 3) assessment of the temperature

dependence; 4) reduction in the insertion loss; and 5) theoretical

analysis to optimize design.

The authors consider that the directional coupler described

in this short paper is usable for the shorter millimeter waves,

for it employs the evaporated InSb thin films that require a

relatively low magnetic field and offer a low insertion loss. The

principle also offers a method of trimming the fixed directional

coupler with the aid of a permanent magnet, relaxing mechanical

tolerance requirements.
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The Segmentation Method—An Approach to the Analysis of
Microwave Planar Circuits

T. OKOSHI, MEMBER, IEEE,
Y. UEHARA, AND T. TAKEUCHI

Abstract—In many practical planar circuitries, the circuit pattern

cars be Wlvided into several segments which themselves have simpler

shapes such as rectangles. The segmentation method proposed in this

short paper is a method iu which the characteristics of a planar circuit

are computed by combining those of the segmented elements. It features
a relatively short computer time required. The principle and computer
algorithm are described. Finally, as an example, the application of the
proposed method to the trial-and-error optimum design of a ladder-type
3-dB hybrid is described.

I. INTRODUCTION

A planar circuit is a 2-dimensional circuit that should be

classified between the distributed-constant (1-dimensional) cir-

cuit and waveguide (3-dimensional) circuit. It is defined as an

electrical circuit having dimensions comparable to the wave-

length in two directions, but much less thickness in one direction

[1].

Several methods have been known for the analysis of planar

circuits. When the circuit pattern is as simple as square, rec-

tangular, circular, ,or annular, the impedance matrix can be

obtained in a series-expansion form from the Green’s function

of the wave equation [1]. When the circuit pattern is more

arbitrary, the numerical analysis based upon the contour-

integml i+apresentatiofi of the wave equation is mast efficient [1 ].

Other numerical approaches applicable to arbitrary circuit pat-

terns are the variational method, relaxation method, and the

finite-element method [2].

When the circuit pattern is entirely arbitrary, we must rely

upon one of those numerical analyses. However, in actual planar

circuitry, an entirely arbitrary circuit pattern is not very com-

mon; in many cases the pattern consists of several “segments,”

which themselves have simpler shapes such as rectangles.

The “segmentation method” proposed in this short paper is

a method in which the characteristics of a planar circuit are
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