
548 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, MAY 1974

widths, it would be advantageous to use below-resonance operation,
and th~ should be further investigated.

Further work is required to realize experimentally the splitting ob-

tained in the analysis and to evaluate the practical bandwidth and
frequency limitations of this approach. It is anticipated that the
crossoverless miniature lumped-element circulator will be particularly

important at the higher microwave frequencies since the close
tolerances and critical processing steps required in the crossover
approach are avoided.

Computer generated and measured results are in qualitative agree-

ment verifying the validlty of extending the assumptions of the Y

theory to the crossoverless device. It should be noted, however, that

the analysis assumes an ideal 100-percent coupling between the

inductors without considering where the coupling is physically ob-

tained.
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Slot-Line Transitions

JEFFREY B. KNORR, MEMBER, IEEE

Absfracf—Coax–slot and microstfip-slot transitions are discussed.

Experimental VSWR and impedance data are presented and com-

pared with values computed using equivalent circuits for these

transitions. Thick-fihn chip terminations are also investigated.

I. INTRODUCTION

Coax–slot and microstrip-slot transitions have been employed by a

number of investigators and some experimental VSWR data have
been reported [1], [2]. Equivalent circuits for these transitions
have also been proposed [3]. However, no comprehensive comparison
of experimental and theoretical performance hns yet been published.
The purpose of this short paper is to present the results of a study
which was undertaken to compare the theoretical and experimental
performance of these transitions.

II. COAX-SLOT TRANSITION

The tom–slot transition is shown in Fig. 1. It is constructed by
placing miniature coaxial cable against the conducting surface and

perpendicular to the slot at one end of the substrate. The outer
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Fig. 1. Coax–slot transition.

conductor of the cable is electrically connected to one side of the dot
with solder or epoxy and the center conductor is extended across the
sl@ and bent down to meet the opposite edge where it is similarly
secured. This is a rather easy transition to construct.

An approximate equivalent circuit for this geometrically complex

transition hae been obtained [3] through analysis of the simplified
model shown in Fig. 2 (a ). The equivalent circuit is shown in Fig. 2 (b )

where

v(r)
— = ; I lccrH,o) (b-) I‘= v,

( {})
~, 2 1/2

k.=j:l– y .

(1)

(2)

In these equations, V(r) is the voltage at radius r, VO is the voltage

directly across the slot, h’ is slot wavelength, and HI(I) (k.r) is a
Hankel function. The coax–slot transition maybe shunted by a short

length of open-circuited slot line as well as by fringe capacitance at

the open end of the slot. These effects are accounted for in the
equivalent circuit by the lumped capacitance C. Typically, a
millimeter of open-circuited 75-Q slot line on a substrate with c. = 20
has an input susceptance which is approximately equivalent to that

of a 0.2-pF capacitor. L is the self-inductance of the semiloop of
radius r.

Two coax–slot transitions were built and tested. The results were

very similar for both and only one will be discussed in detail here. The
transition was constructed with 50-Q O.141-in semirigid coaxial

cable. ThH was coupled to a slot line etched from a O.] 25-in-thick
Custom Materials HI-K 707-20 (c, = 20) substrate which was

plated with 1 oz copper. Since the equivalent circuit predicts that the

slot impedance will be transformed to a lower value, a slot impedance

of about 75 Q (W/D = 0.55) was selected. The slot was terminated
at its other end with a 75-!2 thick-fihn chip resistor. The chip termin~

tion wss obtained from EMC Technology, Inc., and consisted of a
resistive film deposited on a 0.060- X 0.120- X 0.01 8-in alumina

8ubstrate. The chip was mounted upside down with epoxy thereby
placing the resistive film directly across the slot. The termination has

the same equivalent circuit as the transition, that of Fig. 2(b), with
n=l.

Experimental data for this transition were obtained using a micro-
wave network analyzer. The reference plane was set at the transition

and the data clearly indicated that the observed reflection coefficient

was the vector sum of the reflection coefficients of the transition and

the chip. The data were reduced accordingly using the theory of small
reflections and the reflection coefficients of the two discontinuities

were thus obtained. The method used did not account for losses
due to radiation or attenuation in the slot, but these effects are

believed to be very minor and any error is thus small.
The equivalent circuit of Fig. 2(b) was used to write equations for

transition impedance and VSWR and these were then programmed.
The values of slot impedance and slot wavelength required in the
program were obtained from published curves [1]. Since there is no

precise way to calculate L, C, or r, the program was used only for
analysis in this study. The self-inductance L waa measured using a
TDR and found to be 0.61 nH so this value” was used in all calcula-

tions. TKE left two undetermined parameters, C and r, and these
were varied within reasonable limits to obtain agreement with ex-

perimental results.
The theoretical and experimental VSWR’S of the transition are

shown in Fig. 3. It can be seen that the experimental curve is in
reasonable agreement with the theoretical curve for C = O pF. A
radius r = 0.1 in was used in these calculations. This is about 50
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(a)
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Fig. 2. (a) Simplified model of coax-zlot transition. (b) Equivalent
circnit of coax-zlot transition.
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Fig. 3. VSWR versus frequency for O.141-in coax–slot transition.

percent greater than the actual height of the center conductor above
the slot. Theoretical curves computed using smaller values of radius
were not in agreement with measurements.

It is possible to suggest two reasons for the need to use a larger

than actual radius in making theoretical calculations. First, the
actual geometry differs from that of the simplified model of Fig. 2(a).

It is difficult to make the inner conductor of the coax follow a circular

path, and further, it must emanate from the coaxial cable on one side

of theslot andthus cannot form afull semiloop. Second, the Hankel
function approximation to the electric field on the air side of the
metal was used in deriving the equivalent circuit and this becomes

inaccurate in the immediate neighborhood of the slot. In practice,
the transition must be constructed with the coax directly across the

slot if the transition is to have a broad bandwidth. The penalty
for not placing the coax directly across the slot is a rapidly increasing

high VSWR at the high-frequency end of the operating range. Thk is

caused by a decreasing induced voltage as the fields become more

tightly bound to the slot with increasing frequency. Thus, in the
equivalent circuit, the use of a radius equal to one-half the cable

diameter does not result in a proper transformer turns ratio.
These conclusions were confirmed in experiments with a second

identical slot line having a 50-Q 0.085-in semirigid coax transition.
The closer proximity of the center conductor to the slot and its

somewhat lower self-inductance resulted in a lower VSWR. It was
again found that use of an effective radius about 50 percent greater

than the actual radius produced the best correlation between theory
and experiment.

A Smith chart plot of the theoretical and experimental impedance

of the 0.141-in coax transition isshown in Fig. 4. Theoretical parame-
tersare thesame asthose used forthe calculations of Fig. 3. The fre-
quencyrange for each of the curves is 1.6>5.05 GHz. Thecorrel>

tion between theory (C = OpF) andexperiment isquitegood up to
about4 GHz. At this point, theexperimental data indicate a rapidly

increasing component of inductive reactance which is not predicted

by the equivalent circuit. This same phenomenon was observed
again in experiments with the 0.085-in transition mentioned earlier.

The VSWR of the 75-Q chip termination is shown in Fig. 5. Below

4 GHz, it is less than 1.15. Above 4 GHz, the VSWR begins to

increase due primarily to the self-inductance. For reference, the slot
impedance varies from about 73 to 7S Q over the frequency range

shown.

III. MICROSTRIP-SLOT TRANSITION

The microstrip–slot transition is shown in Fig. 6 (a). The slot,

which is etched on one side of the substrate, is crossed at a right

angle by a microstrip conductor on the opposite side. The microstrip

extends about ouequarter of a wavelength beyond the slot and
similarly, the slot extends about one-quarter of a wavelength

beyond the micmstrip.
An equivalent circuit for the microstrip–slot transition is given in

[3]. This equivalent circuit is shown in Fig. 6(b) where

Z,l
0,1
x,,
z m,

em,

c 0.

and

slot impedance;
electrical length of slot stub;

equivalent reactance of shorted slot;
rnicrostrip impedance;
electrical length of microstrip stub;
equivalent capacitance of open microstrip;

D D
n=cos2r ~u-cotqO’ sin 2T~u

D

()

u
qo’ = 2T; u + tan–l –

v

[ 01
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(3)
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Fig. 4. Smith chart plot of impedance versus frequency for O. 141-in coax=lot transition.
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Fig. 5. vSWR versus frequency for 75-f2 chip termination.
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Fig. 6. (a) Microstrip%lot transition. (b) Equivalent circuit of micro-
strip*lOt transition.

(6)

From an inspection of the equivalent circuit it ie clsar that a
perfect match can reachieved at agivenfrequency by making

(7a)

B,i” = () (7b)

xm,’~ = o (7C)

where l?,l’~i sthesusceptanc elookin ginto theshort,ed slot stub and
X.,,’” is the reactance looking into the open-circuited microstrip stub.

A computer program based upon the equivalent circuit of Fig.
6(b) was written forthe purpose of analyzing anddesigriing micro-

stri~slot transitions. The curvee of [1] were again used to obtain
the necessary values of Z,l and x’/x. The equivalent inductive
reactance of a shorted slot has been measured experimentallyin our
laboratory apd slot end effect was accounted for in this manner [4].

The equivalent capacitance of the microstrip open cirmit was

determined from [5].
The material from which the microstrip transition was constructed

was 0.125-in-thick Custom HiK 707-20 (e, = 20). The microstrip
impedance was chosen ae N) Q and the computer program was used

to optimize the transition for al%WR of one at 3 GHz. The pro-
cedureused wastochoose avalueof (~/~),1 giving a slot impedance

somewhat greater than Z,,,,. The stub lengths were chosen forreso-
nanceat3 GHz. Thecomputer program wasthen used to obtain the

(real ) impedance seen by the slot at the design frequency of 3 GHz.
The slot stub length was rezdjnsted and the procpss was repeated

until the design was optimized. The impedance and VSWR of the
transition were then computed.

Convergence by the process described is quite rapid. In our com-
putations, anini~ial valueof Z.~ = 70Q was chosen. The computer
program indicated a second iteration using Z,l = 80 Q at 3 GHz
and this resulted in a VSWR of about 1.01 at 3 GHz. This was
considered close enough tooptimurnand atransition was fabricated.

After the transition was fabricated, dimensions were checked and

found to be close to theintended design values. Actual dimensions

are shown in Fig. 6(a). In the design, it was assumed that stub length

should remeasured from line center.
The nominal 80-Q slot was terminated with a 75-Q chip resistor

and VSWR measurements were made looklng into the microstrip-

slot transition. .4 network analyzer was used as before. The experi-
mental data points which were obtained are plotted in Fig. 7. In

those regions where transition VSWR is high, any reflection from the
chip termination is effectively masked and thus no attempt was made
to separate reflections through data reduction. In the 2–4-GHz range,
some ripple due to the reflection from the termination can be seen,
however.

The theoretical curve in Fig. 7 was computed using the actual

dimensions of the fabricated transition. The flat bottom of the curve

in the neighborhood of 3 GHz resulted becauee the two stubs were

resonant at slightly different frequencies. We also note that the

experiment al data show the center frequency of this transition is
somewhat greater thap the 3-(3Hz design frequency. Thk indicates
that the effective stub lengths were somewhat less than the distance
measured from line center to stub end.

In view of the discrepancy between theory and experiment re-
vealed by Fig. 7’, a second theoretical computation was made. In
this case, each stub length was measured from, the edge of the opposite
line. The resultof this computation is displayed in Fig. 8 along with
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Fig. 7. VSWR versus frequeficy for microstrip-slot transition. Stub
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Fig. 8. VSWR versus frequency for microstrip–slot transition. Stub
lengths measured from line edge.

theexperimental data points. It is evident that this choice of stub
length results in very good igreement between theoretical and

experimental VSWR.
The theoretical and experimental values of impedance for the

microstrip transition are shown in Fig. 9. The theoretical curve was
computed for the same conditions aS the calculations of Fig. ?3with
stub length measured from the edge of the opposite line. As pointed
out earlier, the experimental data contain components due to both

the transition andthechip termination~ The. contribution from the
chip is small, however, and,thus’a valid comparison of theory and

experiment can”be made. The data reveal that wide the experi-

mental reflection coefficientl~ approximately the same magnitude
aspredicted theoretically there is a considerable phase error. This
error is about 50° @the frequency extremes of 1.5 and 5 GHz shown
in Fig. 9.

IV. RADIATION EFFECTS

During the course of this study, it was discovered that radiation

took place in the i%inityof coax–slot transitions and chip terminw
tions. This wasobservable asa'very minor change in reflected power

(VSWR ) when a ~eflecting object was moved around the end of the
substr~te. The movement of a hand, for example, could crerite this

effect at a distance of I–2 ft. It is believed that this effect was due
totheopen-ended slot line. The fact that nore,diation w~ observed

during preliminary investigation of a coax–slot transition backed by a

shorted stub tends to substantiate this theory. The microstrip–slot
transition did not radiate.

V. CONCLUSIONS

Coax–slot andmicrostrip–slot transitions have been investigated
andtheir experimental performance has been compared with theory.

The equivalent circuits of these transitions are of the correct form

and give a reasonably accurate prediction of the VSWR. There is

some discrepancy, however, between’ the impedance predicted by
these equivalent circuits andthat observed experimenta.lly.

Practically, the performance of the coax–slot transition is best
when the center conductor of the coax is as close as possible to the

slot. Performance thus improves with decreasing diameter of the
coax. The limiting factor with these transitions appears to be the
self-inductance which results in a VSWR which increases at the
high-frequency end of the operating range.

The microst,rip to siot transition has the advantage that it may be
fabricated using ordy an etching process and is thus easiiy repro-

ducible. AVSWR <1.5 was obtained over a60-percent fracticmal
bandwidth. Since ailtheelectrical properties of this transition scale

‘with wavelength it is an attractive choice forthehighei frequencies.

Secondarily, this study hasshown’ that anopen-ended slot line is
suspect us a minor source of rs&ation and that thick-film chip
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Fig. 9. Smith chart plot or impedance versus frequency for rnicroetripdot transition.



554 mm tiANs.4cT10Ns ON kfrcrtowAvE TEEORY AND TeChniqUeS, MAY 1974

resistors provide reasonably good terminations at least to 5 GHz.

.The performance of the chip termination further documents the
case forplacing any transducer of this type directly across the slot.
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Analytic Model for Varactor-Tuned Wave@de

Gurm (oscillators

A. S. TEMPLIN AND R. L. GUNSHOR, SENIOR MEMBER, IEEE

Absfracf—An analytic model for electronic tuning of an X-band

waveguide transferred-electron oscillator is presented. The oscillator

is electronically tunable byavaractor, andmechanically tunable by

movement of a short circuit. The model is used to predict oscillation

frequency, maximum electronic tuning range, and electronic timing

versus varactor bias voltage. TWO different methods, the ‘(zero

reactance theory)> and the Water perturbation theory, are used to

calculate the electronic tuning. The results of these calculations are

compared to experimental results for two cliff erent oscillator con-

figurations.

INTRODUCTION

The objective of this short paper is a theoretical prediction of both

the mechanical and electronic tuning characteristics for a varactor-
tuned oscillator using a transferred-electron device operated CIW

and mounted in full-height X-band waveguides. Wide electronic
tuning ranges can be obtained ueing coaxial structures [1] or re-

duced-height waveguides [2]. When low FM noise is desired, higher
Q structures involving w~veguide cavities with their associated
emaller tuning ranges are useful.

The input data for the calculations reported consist of the dimen-
sions of the waveguide and mounting poets together with the usualIy
specified varactor and Gunn diode parameters, includlng device
package parameters for both. In thie short paper we present an
analytical model, and compare calculation based on this model

using two different theories, with experimental data. Several Gunn
diodes and varactors have been used in two oscillator configurations
with typical results reported here.

ANALYTIC MODEL

The basis for the calculations in this paper is an extension of a
previously reported model used to predict the mechanical tuning of
a waveguid-mounted Gunn device, with and without a coupling
iris [3]. In this equivalent circuit representation the mountilng post
is represented by the Marcuvitz theory for a finite diameter in-
ductive post [4], while the capacitive gap in which the device is
placed is included using the theory of Eisenhart and Khan [5].
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VARACTOR TED ADJUSTABLE
WAVE GUIDE SHORT

(a)
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Fig. i. (a) Oscillator configuration for case 1; case 2 is obtained by
interchanging the varactor and Gunn device. The wave$uide inside
dimensions are 0.900 X 0.400 in; the two posts have a diameter of
0.120 in. (b) The equivalent circuit. Xc and Xa represent the post(s)
as given by the Marcuvitz theory; X~ is the gap reactance from
Eisenhart and Khan [5.]. C= and LP are varactor .pac@ge parameters;
R. is the varactor series resistance; and Cj is the nmctlop capacitance.
C=,, C2Z, and LPI are Guun device package parameters: CD and Bn
are to represent tne GaAs chip. The Gunn devices for the data shown
here are Microwave Associates MA49156; the varactors are MA45103.
L, and L, are lengths of waveguide with characteristic impedance Zg ( a).

In this paper we add an additional mounting post for the varactor,
together with the varactor and associated package parameters, to
the previously deecfibed model. The resulting equivalent circuit is

shown in Fig. 1. The varactor and Gunn diode parameters are those
specified by the commercial manufacturers.

Computations are performed with a digital c~mputer using two
different methods to determine the change in frequency due to a
change in varactor bias.

In the first method, which we call the “zero reactance theory”

[3]-[7] the center frequency of the Gunn oscillator is calculated

using a search for frequencies such that the conditions corresponding
to stable circuibcontrolled oscillations are met, namely,

XT(O) = XL)(6))+ XL(6)) = o (1)

where XD (a ) is the reactance of the Gunn device at the oscillation
frequency and XL (u) is the load reactance seen by the Gunn device.

Electronic tuning is calculated as a shtit in oscillation frequeney
as the varactor de bias is varied. This, of course, necessitates ex-
pressing the varactor junction capacitance as a function of bias

voltage, such that the change in load reactance seen by the Gurm
device may be calculated for a change in varactor bias voltage.

One of several differences between these calculations and those
previously reported [7] is the retention of the varactor series re-

sistance R,. Th~ loss element affects the range of electronic tuning,

and is especially significant for the calculation of electronic tuning

using our second method which is based on’ Slater perturbation
theoiy [8].

SLATER PERTURBATION THEORY

The Slater perturbation theory is often applied in techniques for
determining electromagnetic field configurations in resonant struc-
turm by introducing a perturbing volume and measuring the red+
ant shift in resonant frequency. In our second method for calculating
electric tuning, the varactor may be thought of as a perturbing
volume within the larger oscillator resonator. It ean then be shown
that (see Appendix)

af QJPV + PJQV

f– - (Po + Po)QL
(3)

where Q. k the varactor Q given by

Q. = l/coR.Cj. (5)


