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Large-Signal, Dynamic, Negative Conductance
of Gunn Devices in Sharpless

Flanges

MYSORE R. LAKSHMINARAYANA, MEMBER, IEEE, AND LARRY D. PARTAIN, MEMBER, IEEE

Abstract —A good agreement between actual, Iarge-signaf Gunn device

operation and a first principles model has been actdeved in terms of

descriptive device parameters. An injection-locking tecbuique was used to

measure the variations of device conductance and capacitance with RF

voltage amplitude. The equivalent circuits developed aflow optimization of

Gunn oscillator circuits.

I. INTRODUCTION

T HE LARGE-SIGNAL ac conductance and suscep-

tance of Gunn devices determines their behavior in

microwave circuit applications. The large-signal ac conduc-

tance of Gunn device oscillators is specified as bing equal

to the negative of the stabilizing conductance [1], [2] intro-

duced into the circuit. Recently, techniques have been

developed to measure large-signal properties of oscillating

Gunn devices by a transient method [3] and by an injec-

tion-locking method [4]. However, these experimental re-

sults have not been successfully modeled theoretically. In

this paper, the injection-locking technique has been used to

measure the large-signal ac conductance and susceptances

of oscillating Gunn devices mounted in Sharpless [5]–[7]

flanges and coaxial circuits. This data has been compared

to a first principles device theory developed in an earlier

paper [8]. This study represents the first lumped element,

equivalent circuit modeling of a Gunn device in a Sharpless

flange. The Sharpless flange mount provides bias filtering,

efficient heat sinking, iris coupling, rugged construction,

and minimum intrusion into resonant cavities.

In the theoretical treatments of Section II, the predicted

values of large-signal ac conductance and susceptance are

given, the lumped element, equivalent circuit for the Sharp-

less flange is developed, and the equivalent impedance of a

cavity resonator is given. The predicted impedance of the

flange alone is presented and all the elements are combined

into a system equivalent circuit that models the frequency

tuning characteristics of the oscillator. In Section III, the

method for measuring the large-signal ac impedance by

injection locking is described. In the results of Section IV,

the measured conductance and susceptance of the Gunn
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Fig. 1. The theoretical Gunn device vahres of negative conductance and

capacitance as a function of RF voltage amplitude for various de-bias
voltages at 10 GHz.

device itself are compared to the predicted values. The

measured tuning curve for the Sharpless flange circuit is

compared to the theoretical curve, and the experimentally

measured impedance of the Sharpless flange is compared

to the theoretical curve.

II. DEVICE OSCILLATOR THEORY

The theoretical values of Gunn device conductance G~

and capacitance CD obtained with numerical simulation

developed in an earlier paper [8] for a Microwave Associ-

ates MA49 158 Gunn device are shown in Fig. 1 as a

function of the RF voltage amplitude for various de-bias

voltages. Note that the magnitude of G~ passes through a

maximum. In regions of positive slope, a small perturba-

tion increasing V~~ would also increase the conductance

magnitude leading to a further increase in V~~ and insta-

bility. Thus, the only stable regions of operation are for

V~~ values past the maximum where the slope is negative.

The GaAs chip for a MA49 158 device mounted in a S4

package has been well modeled by Getsinger [9], [10] and

by Owens and Cawsey [11] in terms of capacitance Cl and

Cz and an inductor L, as shown in Fig. 2 between termi-

nals T*– T and Tj – T~. These components have the values
Cl = 0.05 pF, C2 = 0.21 pF, and L,= 0.64 nH. This pack-

aged device was included in a Sharpless flange [5]–[7] with

the dimensions shown in Fig. 3. The insulated de-bias

terminal rod provides a convenient method of furnishing

dc power to the device. The capacitance between the rod

and the grounded metal body of the flange and the induc-
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Fig. 2. The lumped element, equivalent circuit for the total system
composed of the Gunn device, its package, the Sharpless flange, the
resonant cavity, and the waveguide load.
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Fig. 3. The Sharpless flange mounting for the package Gunn device. Afl

dimensions are given in inches.

tance encountered with the7/16-in-diameter hole provide

slow-pass filter that prevents RF frequencies generated at

the device from reaching the de-bias terminal. The mount-

ing of the Gunn device in the l/8-in-wide iris slot allows

efficient heat sinking. The400°K temperature used for the

preceding theoretical calculations is typical of Gunn de-

vices operated in this manner with an adequate heat sink

[12]. According to Heaton and Ramachandran [12], the

heat sink is sufficient if the threshold current of the

mounted device is greater than 0.95 of the factory tested

value. This criterion was met for the mounted devices

measured in this investigation.

The lumped element equivalent circuit description of the

composite microwave structure shown in Fig. 3 in the form

of a capacitive iris has been developed from Marcuvitz’s

treatment [13] in terms of two inductances L~ and a

capacitance C~ as shown in Fig. 2 where the terminals

T; – T~ and T; – T~ represent the planes at each side of the

flange as presented to connecting X-band rectangular

waveguides (see Fig. 3, side view), and where the terminal

T*– T is the plane cutting the flange in half at the center of

the iris. The theoretical values shown by the solid line

curve in Fig. 4 are the magnitude of input impedance that

this equivalent circuit gives as a function of frequency

locking in the T} – T~ plane with a matched load connected

to terminals T; – T~ and no device or package mounted in

the flange iris. This is used later to establish the validity of

the equivalent circuit for the flange.

If a cavity is formed by connecting the Sharpless flange

to a tuning short of length 1 at the plane T~ – T~, the

admittance of this short Y~ is a susceptance B~ so that

2111
Y~ = jB~ = – jYOcot —

Ag
(1)

where A~ is the guided wavelength. Accounting for the

2 I I
8.5 9.0 9.5 10.0 10.5 11.0 11.5

FREQUENCY (GHz)

Fig. 4. The theoretical and measured vahres of input Impedance as a
function of frequency of the empty (no Gunn Device or device package)

Sharpless flange terminated on one side by an X-band waveguide
connected to a matched load.

losses due to cavity walls and device mount by the loss

conductance Gc~c then gives the composite equivalent

circuit of Fig. 2 for the Gunn flange oscillator with the

output (at plane T; – T~) connected to a matched wave-

guide load of characteristic admittance YO. A means for

determining values for all the elements in this circuit have

been given with the exception of GCLC. Although GCLC can

be estimated from the wall losses or cavity Q measure-

ments, exact value GCLC is difficult to determine. Accurate

value of GCLC may be measured by using a miniature
coaxial probe across the T*– T terminals (looking towards

the short) with the packaged device disconnected from

those terminals. Authors did not pursue this measurement

technique. If this equivalent circuit, except for G~ and CD,

is reduced to an equivalent load conductance G~L and

equivalent load susceptance ll~L that loads the device chip

at the terminals T: – T~, then the stable oscillation condi-

tion of no net power loss and zero-phase shift requires that

GT=G~~+G~=O (2)

and

B,= B~L +211fC~= O. (3)

As stated earlier, stable amplitude performance requires

that – dG~ /dV~~ <0. When combined with an oscillator

system, the changes in G~~ with V~~ must be of the same

sign or be small enough with the opposite sign to allow

&( GDL+GD)=-#>O
RF

(4)

if stable output power is to be achieved. Similar frequency

stability arguments related to phase shift and discussed by

Kurokawa [14], [15] require that

dB~

df > 0“
(5)

These considerations allow the frequency tuning char-

acteristics of the total Gunn flange oscillator to be mod-

eled. The numerical simulation program [8] was used to

calculate values of CD as a function of the frequency with

de-bias voltage of 10 V and an amplitude of V~~ of 8 V.

The distance 1 the short would need to be from the flange,

to satisfy the zero-phase condition of (3), was then calcu-

lated. The results of this are plotted as the solid line curve

in Fig. 5. For reference, the frequency specified by 1= Ag/2
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Fig. 5. The experimental and theoretical values of frequency of the
Sharpless flange oscillator system as a function of the length between
the flange and the waveguide short.

is shown as the dashed line, spaced a small distance away.

Comparison shows that the oscillator susceptance is

dominated by the position of the short but that the

frequency is significantly shifted by the device and flange

reactance.

III. DEVICE MEASUREMENT THEORY

The zero-loss and phase-shift conditions of (2) and (3)

require that when stable operation is achieved, one can be

sure that device conductance is given by

B
GD=– GDL and CD=–—

2;f”
(6)

Thus, if the load impedance

YDL = GDL + jBDL (7)

can be varied in known ways, the device values of GD and

CD can be determined as a function of these variations.

From the theoretical plots of Fig. 1, where stable operation

is for V~~ values past the points of maximum magnitude in

GD, one would expect that V~~ will increase as GD~

decreases so that (2) temains satisfied. The output power at

the terminals T$ – TF should reflect such variations in ~RF

at the device.

A convenient way of providing controlled changes in the

load presented to an oscillator while monitoring its output

power can be achieved by injection locking. Injection lock-

ing is the phenomenon observed with free-running oscilla-

tors, where injecting an external signal into the oscillator

circuit at a frequency not too far from its free-running

value causes the oscillator to change its frequency to the

injected signal frequency but at a constant phase difference

between the injected and output signals. This follows from

Adler’s original small-signal work on vacuum tube oscilla-

tors [16] which was later extended to large signals by

Paciorek [17]. Recently Young and Stephenson [4] have

used injection locking to characterize Gunn and IMPATT
devices in coaxial cavity oscillator circuits. This approach

was utilized for this study as illustrated by the system

shown in Fig. 6. A circulator was used to inject an RF

signal (represented by a phasor with complex value VI)

into the output terminals T; – TF of the Gunn flange oscil-

lator and to monitor the output signal of complex voltage

value VO.The ratio of the amplitudes of VOand VI and the

*
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Vo

Fig. 6. The circuit configuration for the injection-locked measurements
of the Sharpless flange, Gunn oscillator system.

phase angle between them were conveniently determined

with a network analyzer connected to the input and output

signals through directional couplers.

Looking from the oscillator toward the circulator at the

terminals T: – TF, the incident signal is VOand the reflected

signal is VI so that the reflection coefficient r is

(8)

where p is the magnitude IV1/ VOI and @is the phase angle

between VI and VO at the plane ~ – TF. This reflection

coefficient defines the equivalent load impedance Y~ pre-

sented to the oscillator at the terminals T; – TF as

[

l–pz
yL=GL+jBL=yo

1+ pa +2pcosl#l 1
[ 2psin$

+ jYO
l+p2+2pcosr#s 1(9)

which shows that Y~ changes as the ratio IV1/ V. I = p is

varied by injecting stronger or weaker signals. With VI = O,

YL just equals YO. For very large VI’S, V. is essentially the

injected signal VI phase shifted so that p approaches one,

and the rest part of Y~ is arbitrarily small. As p varies, o

also varies in a highly symmetric manner dependent on the

frequency difference between the injected signal and the

free-running oscillator frequency. This was described theo-

retically by Michaelides and Stephenson [18].

Standard circuit analysis of the equivalent circuit of Fig.

6 allows any value of Y~ at T; – TF to be used to determine

what new admittance values are presented to the device at

T; – TD for each new value of Y~. Thus, a variable load YD~

is obtained as a function of Y~ to give YD~( Y~). For

convenience, the case when GCLC = O can be used to define

Y;L = G;L + jB;L M

‘DL(YL)IGCLC=O =Y:L(YL)” (lo)

Since, in general, this differs from the GCLC * O values,
correction terms AGD~ and ABDL can be defined by

GD~(Y~)=G~~(Y~)+AGD~(YL) (11)

BDL(YL) =B~L(YL)+ABDL(YL). (12)

Since accurate values of GCLC are unavailable, the zero-loss

G~~(YL) and ~~L(Y~) values are the most easily de-
termined. The desired values of the device conductance
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and capacitance are given in terms of these as

G.=– G:.(YJ-AG~.(Y.) (13)

and

(14)

The above indicates the experimental technique used for

measuring G~ and CD values to within the uncertainty

factors AG~~ and ABDL. To compare with the theory of

Fig. 1, VKF also needs to be found simultaneously. The

power output of the oscillator F’osc must equal the power

developed in the load impedance Y== G~ + jBL at the

terminals T;- TF specified by

~ I V,Fl’Pose = 2
(15)

where G= is determined by (9) and VTF is the sum of the

phasers VI plus VO at T: – TF. The magnitude of V~F is

given by

IvTFl = [yy +IVA’ +21vJlqcos41]”2

[1= 2P ‘/2
+ [l+p’+2pcos@] ’/2 (16)

0

where POis the output power of the injection-locked oscilla-

tor det@nined by VO. From conservation of energy, this

oscillator supplied power must equal the power developed

in the negative conductance of the Gurm device minus that

lost in the cavity due to Gc~c so that

V;F
P

V:F
Osc “ylGDl”~AGDL(yL) (17)

which reduces to

‘OSC=+[G:L(yL)+ AGDL(yL)]– ~AGDL(yL)

v’—+G;L(YL). (18)

From (14)-(17)

J7RF=[G&J2[:]’’2,, +p2+2pcosW’

(19)

where p, $, and POare measured and G~~ ( Y~) is calculated
from the Fig. 6 equivalent circuit (with. GCLC = O) using the

measured value of Y~ = G~ + jBL speclfled by (9).

The major disadvantage of the Sharpless flange oscillator

measurement described above is its inability to adjust for

the influence of the unknown loss conductance G~-c. This

disadvantage can be overcome if measurements can be

made of the cavity resonator admittance YD~ directly at the

terminals of the device package (T*– T of Fig. 2). With the

device mounted in a coaxial resonator and free running (no

injected signal), the circuit can be disconnected from the

device and connected directly to coaxial connectors of a

network analyzer for a direct measurement of the free-run-

ning Y~~. This permits the determination of YD~ as a

function of V~~ by the transformer method described in

Appendix A.

IV. RESULTS

Measurements were performed at a frequency of 10 GHz

on a Microwave Associates MA49 158 Gunn device

mounted in an S4 package. Sharpless flange data was

obtained for the device inserted into the flange of Fig. 3. It

was connected on both sides to rectangular waveguide. One

side of this waveguide was shorted at a distance 0.74 in

from the flange to form a 1O-GHZ resonant structure. The

other side was connected to a circulator and the Hewlett-

Packard Model 841OB network analyzer as shown in Fig. 6.

The coaxial cavity results were obtained with the Gunn

device mounted between the center conductor and a con-

ducting disk attached to the outer cylindrical conductor at

one end of the cavity. The other end was terminated by a

variable short adjusted to a distance of approximately 0.59

in from the device to provide oscillations at 10 GHz. The

dc power was inserted through a coaxial bias T which

provided a low-pass filter to prevent high frequencies from

reaching the dc power supply. Output power and signal

injection were obtained by radially inserting a capacitive

probe into the side of the cavity using a 50-0 coaxial cable.

Because the network analyzer ports are at some constant

distance from the plane T; – TF of Fig. 6 (and Fig. 9, see

Appendix A), the measured phase angle O differed from the

load impedance Y~, s phase angle @by a constant amount

I/Jso that $ = d – +. Data obtained by injection locking the

Gunn flange oscillator are shown in Fig. 7 for the free-run-

ning oscillation frequency of 10 GHz and a de-bias voltage

of 10 V. The results are plotted as the measured phase

angle versus the gain defined as PO/P1 where PI is the

power level of the injected signal. The injected power level

and frequency were varied as the experimental control

parameters to obtain the data. Different curves were ob-

tained depending on how much the injected signal

frequency fl differed from the free-running frequency f
(i.e., Af = fl – f ), According to the theoretical treatment

of Young and Stephenson, [4], these curves should be

symmetrically distributed about @= O. This allowed the

constant phase difference of ~ = 281 degrees to be identi-

fied. This data is the first clear experimental verification of

the theoretically predicted, symmetrical form for the

phase-gain relations for Gunn oscillators. Earlier measure-

ments contained such large errors that the symmetry was

not clearly demonstrated [4].

The values of the device negative conductance (assuming

zero-cavity loss, Gc~c = O and AG~~ = O) were obtained

from the values of Y~ measured with the network analyzer

as the injected signal strength PI was varied for a Af value

of zero. The equivalent circuit of Fig. 6 was used to

calculate G~~( Y~) as a function of VRF (which was calcu-

lated from measured PO values using (19)). Multiplying

these conductance values by minus one gives the “ zero-cav-

ity loss” values shown by the square data point in Fig. 8.
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These differ from the device negative conductance by the

unknown cavity loss term AG~~(YJ describedin(11).

For comparison the ‘device negative conductance ob-

tained with the coaxial cavity and the transformer equiva-

lent circuit analysis is shown by the triangular ‘data points

in Fig. 8 for a de-bias voltage of 10 V and an oscillation

frequency of 10 GHz. For comparison, the theoretically

predicted values given in Fig. 1 are plotted in Fig. 8 as the

circular data points and the solid line curve. Note that the

absolute values of the experimental and theoretical curves

agree to within 30 percent, the RF voltages for maximum

G~ agree to within 7 percent for coaxial circuit measw’e-

ment and agree to within 50 percent for the flange circuit

measurement and the negative slope of GD versus VW

agree to within a factor of two. The device capacitance CD

obtained from the injection-locked Sharpless flange data is

also shown in Fig. 8. It agrees with the theoretical values of

Fig. 1 to within 20 percent although the theory shows a

downward slope with VRF not evident in the measured

data. This difference is probably due to the theoretical

model which only used the fundamental component of

current waveform for the reactance calculations. The large

loss (approximately 50 percent) is a significant disad-

vantage .of the specific Sharpless flange configuration used

in this study.

,The tuning curves for the Sharpless flange oscillator

were obtained by replacing the shorted section of X-band

waveguide with a tuneable short. Frequency variation was

achieved by moving the position of the short relative to the

flange. The results are shown by the circular data points in

Figi 5. It agrees with the theory to within 3 percent

between 8 and ‘1O.5 GHz and to within 14 percent between

10,5 and 12 GHz.

As a check of the equivalent circuit used to model the

flange itself, the Gunn Device was removed from the

Sharpless flange and the flange alone was connected to

the network analyzer where its transmission and reflection

coefficients were determined as a function of frequency.

This was converted into input impedance by standard

equations and plotted as the circular data points in Fig. 4.

The agreement with theory is Within 13 percent which

serves as a verification of the equivalent circuit for the

flange developed here for the first time from Marcuvitz’s

theory [13].

V. CONCLUSIONS

Injection locked measurements of the large-signal con-

ductance and susceptance of Gunn devices has provided

data that agrees well with the theoretically predicted values

of device conductance, its variation with RF voltages, and

with theoretical values of device capacitance and with the

predicted tuning curves. Ideal matching of a device to its

resonant circuit and its load requires that the flange pro-

vide appropriate coupling. Calculations with the flange

circuit should ~low such coupling to be achieved for any

negative resistance device of known characteristics. The

agreement between theoretical and experimental values of

the flange impedance and for the device tuning curve

demonstrates the accuracy of the equivalent circuit. Its use

should allow analysis and optimization of Gunn device

oscillators and systems. The increased errors associated

with CD due to harmonic energy storage currents is evident

from the measured and modeled values. Good agreement

was found for absolute values of CD, but there was a

difference in the theoretical and measured variations with

signal amplitude.

APPENDIX A

TRANSFORMER EQUIVALENT CIRCUIT ANALYSIS

Directly connecting a coaxial resonant circuit to a net-

work analyzer at the point where a device can be inserted

allows the impedance presented to the device to be directly

measured. However, injection locking is not possible since

the device is no longer present to be injection locked.

When the device is returned ‘to the coaxial oscillator,

injection locking is possible, but then the impedance is

only known at the circulator terminals (7” – TF in Fig. 6)

where the injected signal is inserted. Since the equivalent
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Fig. 9. The transformer representation of the equivalent circuit used for
analysis of the injection-locked measurements of the Gums device in the
coaxiaf cavity.

circuit for a coaxial resonator (analogous to Fig. 6) has not

been developed, some method for obtaining the injection-

locked impedance at the device terminals (T3 – TD) is

needed as given below.

When a transmission line A makes an arbitrary transi-

tion to a transmission line B of length LB terminated by an

arbitrary load impedance Z~, a position LA along A can be

found so that the complex impedance at that point has the

same phase angle as Z~. If in addition, the transition is

lossless, the incident energy is conserved by that dissipated

in Z~ and that reflected back into A so that a simple

transformer equivalent circuit can exactly model [13] the

impedance transformation between LA and Z~. A special

case occurs with a lossy transition if LB is much less than a

wavelength long. Then the transition loss can be included

with Z~, and the simple transformer impedance transfor-

mation can again be made. If this loss is known, a simple

arithmetic correction transforms the real part of Z= be-

tween its actual and adjusted values. The equivalent circuit

for this transformer model of the Gunn device in the

coaxial cavity as seen from the output power and signal

injection terminal is shown in Fig. 9, The turns ratio N is

determined [4] from the free-running case when Y~ = YOat

T$ – TF and from the impedance at the package terminals

T*– T which is directly measured (by reconnecting the

network analyzer to this coaxial plane looking into the

cavity without the packaged device) and then transformed

by the package equivalent circuit to give the free-rmming

admittance YJ~ at the device terminal plane Tj – TD. This

gives

N2 – ‘o

Y:L .
(Al)

Returning the Gunn device to the coaxial cavity then

allows injection locking and variation of the load admit-

tance Y~ as specified by (9). In this approach, the device

negative conductance is then simply given as

–Y
GD=~

[

l–pz

N2 l+p2+2pCOS4J 1 (A2)

and the RF voltage by

[1VKF=N ~ “2[1-+-p2+2pcos@ ]’i2. (A3)
0
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Hold-In Characteristics of an Extended
Range Gunn Oscillator System

B. N. BISWAS, S. K. RAY, K. PRAMANIK, M. SADHU AND D. BANDYOPADHYAY, STUDENT MEMBER, IEEE

Abstract —This paper describes a new Gunn oscillator system having an

additional amangement for controlling the instantaneous frequency of the

oscillator through an automatic frequency control circuit. By utilizing this

new technique, based upon the principle of self tracking, the locking

bandwidth of an injection-locked Gunn oscillator can be increased to a

huge extent without affecting its stabiMy. Experimental observations are

found to be in gonrf agreement with the conclusions of the analytical

approach.

I. INTRODUCTION

I N THE LAST several years, quite a lot of work has been

done on the various aspects of an injection-locked Gunn

oscillator, As a result, it has been shown that an attempt to

increase the locking bandwidth of an injection-locked Gunn

oscillator by increasing the strength of the incoming signal

is always accompanied by the manifestation of art asym-

metric character of the locking bandwidth, i.e., the hold-in

ranges on the two sides of the center frequency of the

oscillator become different [1], [2]. Moreover, it is not

always possible to increase the strength of the synchroniz-

ing signal. On the contrary, the strength of the synchroniz-

ing signal is usually low. Therefore, the purpose of this

paper will be to develop an injection-synchronized Gunn

oscillator system that will have a much wider bandwidth

than that of an ordinary injection-locked Gunn oscillator,

even if the strength of the incoming signal is low. It is also
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Fig. 1. Schematic representation of the proposed system.

shown that in the proposed system the asymmetric nature

of the locking characteristic can be reduced to a great

extent. This will be demonstrated both theoretically and

experimentally in the sections to follow.

II. DESCRIPTION OF THE SYSTEM

The proposed Gunn oscillator system is shown in Fig. 1.

It is basically a dual control system consisting of a Gunn

oscillator, a frequency discriminator, and an arrangement

for controlling the Gunn bias. The output of the Gunn

oscillator is fed to the frequency discriminator, the output
of which in turn controls the instantaneous frequency and

amplitude of the Gunn oscillator through the variation of

the bias voltage. \
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