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A Multi-IMPATT Injection-Lock:ed
Oscillator at 35 GHz

MICHAEL G. ADLERSTEIN, SENIOR MEMBER, IEEE, AND JAMES FINES

Abstract —A 35 GH.z sofid-state injection-locked oscillator giving 38 W

peak power with 30 percent duty cycle is described. The power source

utilizes a total of ten GaAs IMPATT diodes grouped in two stages. In this

paper, we dkeuss the performance of the source as well as the systematic

design and measurement procedures used to deyelop the multidiode cavi-

ties employed.

I. INTRODUCTION

R ECENT ADVANCES in demonstrated power and

efficiency of pulsed GRAS IMPATT diodes [1], [2]

have made possible the development of high-power pulsed

solid-state millimeter-wave sources. In this paper, we de-

scribe the design and performance of a two-stage solid-state

injection-locked oscillator giving 38 W peak power at

35 GliIz.

The oscillator configuration is shown in Fig. 1. The first

stage is an iris coupled two-diode rectangular Kurokawa

cavity [3] and the second stage is an E-probe coupled

eight-diode cylindrical TM020 Kurokawa cavity.,

The source operated with a 500 ns pulse width and a 30

percent duty cycle. The locking bandwidth was 500 MHz,

with locking gain of 13.3 dB at the highest output power

point in the band. Overall dc to RF conversion efficiency

was around 6 percent.

Cylindrical resonant cavity combiner structures were

first described by Harp and Stover [4]. Many references to

this type of structure are cited in a review paper by Chang

and Sun [5]. Bayuk and Raue reported on a 37 GHz, 5 W

amplifier using an eight-diode cylindrical resonant cavity

[6]. Rectangular Kurokawa circuits have been used by

a number of workers to combine the power of several

IMPATT diodes in the millimeter-wave frequency bands

[5], [7].

The development of the millimeter-wave cavities used in

the amplifier reported here was conducted systematically.

We employed a generalized S-parameter analysis, de-

scribed in Section II and the Appendix. Once built, the

cavities were characterized using an automatic network

analyzer as described in Section II.

Locked oscillator performance is summarized in Section

III. To our knowledge, the results presented here represent
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Fig. 1. Block diagram of two-stage locked oscillator

the highest combination of peak and average powers ever

reported for such a source. However, we have not yet fully

utilized the demonstrated capabilities of the high-power

GaAs IMPATT diodes. We conclude that further circuit

development work can lead to additional improvements in

power source performance.

II. CAVITY CHARACTERIZATION

Systematic procedures were used to design the power-

combining cavities. The general approach is to determine

by measurement the load impedance for each diode at a

fixed reference plane within the cavity. A large-signal

model is used to calculate the diode impedance. Trans-

formers near the diode are then selected to achieve the

desired reflection gain.

Both the two-diode and the e@ht-diode cavity can be

represented by the generalized network shown in Fig. 2.

There are N equivalent diode ports and one input/output

port. The S matrix describing this network is

[ 1
Soo I Slo . . . s~~
–––f–––.. –– __

[sl= ‘:”! [S’INXN (1)

S;. :

where [S’] is “circulant.” Each successive row of [S’] may

be obtained from the preceding raw by rotation. For

example, if N = 4 and the symmetry of the structure is

used to eliminate Slq, we have

h, ‘~, S13 S121

(2)
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Fig. 2. Ports of a symmetrical power combiner.

It is shown in the Appendix that in terms of the above S

parameters, such a power combiner can be represented as

an equivalent two-port network with an S matrix given by

[se] =

where

,, (m%)

(;slO) s, ‘[ 1s s,00
s, so (3)

N

so= ~ Skn (any k). (4)
~=~

It is further shown in the Appendix that for equivalent

diodes, each with reflection coefficient I’d, the terhnation

on port 2 of the network described by (3) is also rd. Thus,

the reflection coefficient at port 1 (input/output) is

rds;
rE= Soo+

I – sord”

The power gain is lr~l 2.

The power added circuit efficiency, defined

net power added at port 1
qA =

net power added at port 2

is

poo+rds,~l’-l
‘~= lrd~l’- IF12

(5)

as

(6)

(7)

where

St
F=

1 – sord”

In the limit of infinite gain, the power added circuit

efficiency approaches the oscillator efficiency for a multi-

diode cavity [8]:

1s,12 NISO112

‘0=1–1s.12= N 2“

(8)

1– ~sln
172=1 I

Thus, if the IMPAT”T’ diode reflection coefficient is

known, one can predict gain and power added circuit

efficiency from measurements of S1 and So. Both St and S0

can be determined by placing equivalent short circuits in

all the diode ports and moving them simultaneously to at

least three different reference planes while monitoring r~.

Equation (5) can then be solved for the equivalent two-port

S parameters.

A useful representation of the gain for the power com-

biner may be obtained by plotting on the 1/ 17~ plane

contours of constant Ir~ I which correspond to constant

gain contours. By algebra, it can be shown that these

contours are circles with centers at

s:
:=s. +

‘OO(lrE/sOOl’–l)

(9a)
d

and with radii

s:lrE/sooI
Soo(l- lrE/sool’) “

(9b)

It can further be shown that in the limit of a lossless

circuit, the gain circle centers lie on a line between So and

the origin. For high-gain amplifiers, the gain circle centers

are near So.

A. Dual-Diode Rectangular Cavity

The above analysis was applied to measurements made

on the two-diode cavity used as the first stage of the

locked oscillator. A schematic of the cavity is shown in

Fig. 3(a), and a photo of the cavity built is shown in Fig.

3(b). The cavity is formed from a WR-22 waveguide sec-

tion machined in a brass block. The waveguide is open at

one end to allow termination in an adjustable short circuit.

At the other end, half a guide wavelength away, the

termination is provided by a coupling iris.

Penetrating the broad walls of the cavity are two gold-

plated steel bias pins, nominally 0.032 in. in diameter.

These pins are positioned symmetrically along the side

walls of the waveguide. The RF currents driven in these

pins by the IMPATT diodes couple power to the cavity.

Each pin is terminated, on opposite sides of the block, in a

matched tapered coaxial load. The IMPATT diodes and

appropriate coaxial transformers of approximately 10 0

impedance are mounted at the ends of the pins opposite

the loads. By placing the diodes on different sides of the

cavity, thermal “crosstalk,” or mutual heating between the

diodes, is minimized.

Fig. 4(a) shows the measured values of So. According to

(5), So represents the reflection coefficient to which each
identical diode operating in phase must be matched by the

transformers near the diode for the power-combining
structure to operate as an oscillator.

The oscillator circuit efficiency calculated from (8) for

the two-diode circuit is shown in Fig. 4(b). The best
oscillator efficiency was around 80 percent and was ob-

tained with irises having diameters in the range of 0.120 to

0.140 in. For larger irises, an excessive fraction of power

available at the diode is lost in the coaxial load: for smaller

irises, excessive power is dissipated in the cavity walls. The

circuit efficiency is found to be very nearly constant over

the 500 MHz band centered around 35 GHz. In fact, there

is little change in oscillator efficiency for the optimum

irises over the full 1 GHz band of the measurement.
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Fig. 4. (a) Measured ,SO for two-diode cavity with various irises. The
reference plane is along the coaxial lines at the rnidplane of the cavity.

(b) Measured oscillator efficiency for two-diode cavity using various
irises.

(b)

Fig. 3, (a) Two-diode waveguide cavity. (b) Two-diode cavity parts.

The measured S parameters were used to calculate the

expected amplifier response of the cavity from (9). Fig. 5

shows calculated contours of gain at 35 GHz and gives an

indication of the changes in the 6 dB gain contour with

frequency. Plotted for comparison is a calculated contour

for l/17d versus frequency for 800 mW RF drive per diode.

For the purpose of the calculation, we have used an

analytical model of the IMPATT diode described else-

where [9]–[11]. At any given frequency, the predicted gain

is determined by the intersection of the 1/ r~ point at that

frequency and the gain contours at that frequency. The

example in the figure predicts about 6 dB gain at 35.5 GHz

and at 35.0 GHz with lower gain at 34.5 GHz.

Power added circuit efficiency contours calculated from

(7) are shown in Fig. 6. It is evident that at the gain levels

in the locked oscillator chain, the dual-diode cavity will be

operating at nearly the full oscillator efficiency (around 75

percent).

B. Eight-Diode Cylindrical Cavity

As noted earlier, the second Stalge of the locked oscilla-

tor employs an eight-diode cylindrical TMOZO cavity as the

active module. A schematic representation of the cavity for

the case of four diodes is shown in Fig. 7. Coaxial trans-

mission lines are positioned in a radially symmetric pattern

to excite the desired cylindrical cavity mode. Power is

coupled out of the cavity through an E-probe inserted

axially into the cavity. The E-probe is the center conductor

of a coaxial transmission line which in turn couples to

waveguide through a coax to WR-22 waveguide transition.

In addition to the E-probe, a dielectric tuner can be

inserted axially from the opposite end of the cavity to
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Fig. 5. Gain contours on the l/rd plane for the two-diode cavity.
Diode I/I’d is also shown. Diode parameters: I~C = 1.9.4, A, = 1.5 E-4
cmz, Pin = 0.8 W/diode. Circuit parameters: 0.140 in. iris, 0.31 in.
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Fig. 6. Power added circuit efficiency contours on the l/rd plane for
the two-diode cavity. Circuit parameters: / = 35 GHz, 0.140 in. iris,

0.310 in. backshort.

adjust the resonant frequency. Thus, cavity adjustment. of

frequency and loading are roughly independent of each

other.

The relationship between the S-matrix analysis given in

the Appendix and the cylindrical cavity can be described

in terms of the mode chart of Fig. 8. The chart relates the

cavity resonant frequencies to cavity dimensions [12]. The

modes of interest in the conventional cylindrical cavity are

the TMO.P modes since, as shown in the Appendix, these

can couple to the E-probe.

Field Corkial Transformers
and IMPATT

Fig. 7. Schematic representation of a four-diode cylindrical cavity com -

biner.
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Fig. 8. Cylindrical cavity mode chart. D and h are the diameter and

the height of the cavity respectively [12].

Compared with the TMOIO mode at a given frequency,

the TMuO mode has a larger associated cavitY diameter
and can accommodate more diode ports around the pe-

riphery. A diameter of 0.59 in. is obtained from the mode

chart of Fig. 8. For the TM020 mode, however, there is a

greater possibility of excitation of unwanted modes. The

general condition for unwanted excitations is shown in the

Appendix to be TdSm = 1, where S~ is a “modal” S pa-

rameter. The values of S~ have their greatest variation

with frequency near the resonant frequencies of the associ-

ated cavity modes.

To avoid possible excitation of the TE modes and oth-

ers, the cavity height was chosen to be 0.12 in. The

circumference of the cavity is 1.85 in., which is sufficient

to accommodate the eight diodes and associated threads

for mounting into the heat sink block. The most trouble-

some remaining unwanted mode is TM210, whose reso-
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nance falls nearest that of TM020 at the cavity design point

shown in Fig. 8. The unwanted mode may be suppressed

by appropriately loading the cavity [13].

The design principles discussed above were used to

construct the eight-diode TM020 cavity shown in Fig. 9.

The coaxial lines used in the cavity are similar to those

employed in the two-diode first stage: diode and trans-

former combinations may be used interchangeably in ei-

ther cavity.

As was done for the two-diode circuit, we carried out

measurements of the even-mode S parameters for the

TM020 circuit. Eight sets of identical coaxial offset short

circuits were used in the diode lines. The reflection coeffi-

cient at the waveguide port was measured with the auto-

matic network analyzer after first setting the’ dielectric

tuner to resonate the cavity at 35 GHz. The cavity reso-

nant frequency was defined as that frequency where SO at

the cavity midplane crosses the real axis of the Smith

chart. The tuner setting was determined crudely using

three (the minimum number) short circuit sets. A full

measurement using nine short circuit sets was then carried

out.

Measured values over a 1 GHz band of SO are shown in

Fig. 10. As expected, the curves move radially with E-probe

insertion, rendering E-probe insertion the primary gain

adjustment.

Oscillator efficiency can be calculated as was done for

the two-diode cavity. The results are plotted in Fig. 11.

The maximum oscillator efficiency obtained was around

72 percent midband, falling off to 40 percent at the band

edges. Measurement of unloaded cavity Q indicted a value

of around 2200, so that we were not experiencing excessive

losses in the cavity walls. Most of the power available at
the diode ports not appearing at the output port was being

dissipated in the coaxial terminating loads.

Based on the S-parameter measurements described

above, the gain and power added circuit efficiency con-

tours for the even mode of the eight-diode cavity were

Fig. 10. & at midplane for eight-diode TM020 cavity for various E-

probe penetrations. No load spacers are used.

100I
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Fig. 11. The dependence of oscillator efficiency for the eight-diode

TM020 cavity m placement of the coaxiaf loads. Each spacer has a
thickness of 0.018 in. -E-probe penetration is 0.325 in. ~

calculated. The results are shown for 35 GHz in Fig. 12

plotted on the 1/ 17d,plane. In the region to the right of SO

(the point of infinite gain), gain and power added circuit

efficiency contours are Coinciderlt. Between 6 and 9 dB

gain, the power added circuit efficiency is seen to be

between 65 and 70 percent.

It would certainly be desirable to increase the power

added circuit efficiency. It may be possible to improve this

efficiency by using flat-faced loads having a significant

mismatch to the coaxial line. This must be done without
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Fig. 13. Swept frequency measurements of thetwo-diode cavity.

unduly sacrificing bandwidth or diode stability. The effi-

ciency might be improved further by increasing the effi-

ciency of the waveguide to coaxial transition from its

measured value of90 percent.

III. CAVITY PERFOItMANCE

All GaAs IMPATT diodes used in the power source

were fabricated in our laboratory. Diodes operate at ap-

proximately 2 A, peak bias current at around 30 V. The

waveform was 500 ns pulsed at 30 percent duty cycle. The

RF performance obtained may be summarized as follows.

A. Dual-Diode Cavity

The two-diode waveguide Kurokawa circuit was evalu-

ated in swept-frequency amplifier tests. The results are

shown in Fig. 13. Input power at the cavity flange was

1.68 W. Peak output power is between 11 and 12 W across

the test range.

There was no observable frequency chirp during the

pulse. The spectral purity was such that, at high resolution,

\ Soo ns PUke, soy. Duty cyCk

35

30

25

1

PIN= 1.77W

t
20~

34.7 34.8 34.9 35.0 35.1 35.2 35 3

FREQUENCY (GHz)

Fig. 14. Two-stage pulsed IMPATT amplifier performance.

the Fourier components of the pulsed waveform were

clearly visible on the spectrum analyzer. Noise sidebands

observed 20 dB below the carrier were caused by

feedthrough of noise from the TWT exciter.

B. Eight-Diode Tikfolo Cavity

Using the gain and efficiency contours shown in Fig. 12,

we designed a set of coaxial transformers to test the

eight-diode cylindrical cavity. Diodes were selected based

on the results of single diode evaluation. In the qualifica-

tion process, diodes were paired with particular coaxial

transformers. This combination was used together in the

cylindrical cavity. A minimum power output level of 7 W

peak at 30 percent duty cycle was required of the diodes

for qualification. Diodes which operated with similar tun-

ing at similar frequencies giving similar power output were

grouped. It was found to be possible to use simultaneously

in the cavity diodes from several cliff erent wafers.

The dual-diode stage was used with an intervening at-

tenuator to drive the eight-diode stage tuned as a 35 GHz

oscillator with maximized power output. At the eight-

diode cavity flange, output power varied smoothly with

drive from 31 W with zero input power to 35 W with 3 W

of drive. Output power remained saturated between 3 and
5 W of drive.

In conducting the tests, the dual-diode stage was trig-

gered 20 to 30 ns prior to triggering the bias on the

eight-diode cavity. Such pretiming of the stages resulted in

a faster rise time for the RF output of the amplifier.

Swept-frequency measurements are summarized in Fig.

14. The cavities were retuned to give maximum power over

a 500 MHz band with 1.77 W input. Maximum power was

obtained in the low-frequency portion of the band, an

effect most likely due to a relative angle between 1/ Td and

SOon the l/rd plane. Frequency lock was lost beyond the

band edges at the input power provided.
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TABLE I

TWO-STAGE LOCKED OSCILLATOR OPERATING SUMMARY*

Stage 1 Stage 2

Diodes per stage 2 8

Gain at cavity flange (dB) 8.0 6.3
Input power to stage (W) 1.77 9.72
Input power at cavity (W) 1.69 9.28
Power added at chrp (W) 6.14 5.19
Power added at cavity (W) 8.97 30.33
Power output of stage (W) 9.72 37.84

*See Fig. 1 for definition of stages.
~= 35 GHz.

Nominaf power added circuit efficiency= 73 percent.

Circulator loss = 0.2 dB.

To assess the performance of the locked oscillator rela-

tive to measured performance levels of individual diodes,

we have used results of the S-parameter analysis to track

the power flow within the RF chain as shown in Table I.

Here, we have taken into account not only the losses in the

RF chain but also the inherent power added circuit effi-

ciency of the Kurokawa cavities. It was found that each of

the two IMPAIT diodes in the first stage added approxi-

mately 5.6 W peak at 10 percent dc to RF conversion

efficiency. Those in the eight-diode cavity added 4.7 W at

8 percent dc to RF conversion efficiency. Since each of the

ten diodes used in the locked oscillator gave 7 W peak at

13 percent efficiency in single diode tests, it is likely that

we have not yet achieved optimum diode match in the

multidiode cavity. Improved performance with further cir-

cuit refinements can be expected.

IV. CONCLUSIONS

A systematic design and analysis procedure for multi-

IMPATT diode cavities has been presented. The proce-

dures have been applied to the development of a dual-

diode rectangular Kurokawa cavity and an eight-diode

cylindrical TM ~20 cavity. In a two-stage configuration,

38 W peak power was achieved at 35 GHz. Average power

was around 12 W. Similar performance was obtained

when the source was operated as a locked oscillator with

500 MHz bandwidth.

Further work will be required to extract the full avail-

able power of the GaAs IMPATT diodes. This work must

involve improving the power added circuit efficiency of the

cavities as well as providing improved matching to the

diode chips.

APPENDIX

The S-parameter relations used in the foregoing sections

may be derived by describing the input and output waves

at the ports shown in Fig. 2 in terms of column vectors a
and P, which are related by the scattering matrix equation

p = [S]a.
Consider the eigenvectors of [S’] of equation (1) defined

by the vector equation

577

where SH is a constant. The ‘column vectors x~ have the

normalized form

1
——

-%-~

I~1( N–l)my

(A2)

where y = 2w/N and m = 0,1,. ... N – 1. The associated

eigenvalues are

N

(A3)

The number of distinct eigenvalues is the same as the

number of distinct values of S’l~, which is (N/2)+1 for N

even and (N+ 1)/2 for N odd.

Define the N + 1 by N + 1 matrix [X] shown below:

The inverse of [X] is the transpclsed complex conjugate

of [X], denoted by [X]-l.

Taken as vectors, the columns of the matrix [X] form an

orthonormal basis. Any possible set of inputs from the

diode ports can be expressed as a linear combination of

these vectors. The coefficient of each vector is considered

to be the wave excitation of the associated “modal port.”

Consider again the scattering equation ~ = [S]w This is

equivalent to

where

and

so that

b= [SM]a (A5a)

b=[x]-’p ~==[q-la

[sM] = [X]-l[S][X] (A5b)

[sM

(Jmo) I o .0(i%,,)& f ““–––––-–––––-––––4-- ––––––––––--–––

——

(A6)

transforms the power flow from the

the modal port basis.[S’]xm = Smxm (Al)
The matrix [X] -1

diode port basis to
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Fig. 15. Waves and termination for the modes with m >0.

If a power wave IX enters the diode ports, then the total

power entering the network is the vector dot product,

a*. a. Likewise, the total power entering the network in the

“modal” representation can be expressed as

a*. a. (A7)

Consider, for example, identical waves of amplitude a

entering each diode port. Expressed in the modal basis we

have

a=[X] -la. (AS)

The total power input in either basis remains Nlal 2, as it

must. The power flowing into the m th mode is Iaml 2,

where a ~ is the m th entry in the modal column vector.

The form of the S matrix in the modal representation

shows that there is isolation between the N modes. Also,

there is no coupling between modes 1 through N – 1 and

the output port. This corresponds to phase cancellation at

the output port of the waves entering the diode ports.

Mode O, referred to as the even mode, does couple to the

output .

Let the reflection coefficient at each diode port looking

toward the diode be I’d. r~ would be the reflection coeffi-

cient of the semiconductor chip transformed by the inter-

vening circuitry. Generally, Ir~ I >1. If B is the wave

incident on the diode port terminations, then the reflected

wave is a = I’d(l In the modal representation, we have

a= [x]-l~= [X]-lrdp =rd[X]-lfI=rdb (A9)

so that the reflection coefficient of the modal wave is the

same as that of the termination on each diode port.

Although the modes m = 1 to N – 1 do not couple to the

output port of the cavity, IMPATT diodes have broad-band
negative resistance and can deliver power into these modes

under certain conditions. Each of these modes can be

considered to be a one-port termination of the active

elements, as shown in Fig. 15.. The equations governing

the termination are

bw = S~atit

am = rdbm (A1O)

which show a sustained oscillation if r~S~ =1. Thus, to

avoid oscillation, l/rd should be adjusted to avoid the

above condition at all frequencies.

For the cylindrical cavity, there is a relationship between

the modes in Fig. 8 and the N modes discussed above. For

example, the angular symmetry of the transverse magnetic

modes is given by the first index, q, in the mode designa-

tion TM~~P. Any excitation of a modal port with index m

must involve a linear combination of cavity mode solutions

with

q=m+kN form= 0,1,2,. ..,l–l

with k= 0,1, . . . . (All)

It is not a simple matter to determine the values of S~

for m >0 due to the isolation of the output port from

these modes. One approach is to measure the diode port-

to-diode port S parameters through appropriate transi-

tions and construct S~ by diagonalizing the resulting S

matrix using [X] -1.

For the two cavities used in the present case, we have

not measured S.,, but have ensured that the unwanted

modes are sufficiently removed from the operating fre-

quency so that they do not affect cavity operation.

The two ports consisting of the even mode and the

output have all the properties of a standard two-port

network. The S matrix describing this network is the upper

left submatrix of (A6) as used in equation (3).
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