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Injection Locking Performance of a 41-GHz
10-W Power Combining Amplifier

DALE W. MOONEY, MEMBER, IEEE, AND FRANKLIN J. BAYUK, MEMBER, IEEE

Abstract —Due to the ever growing and tremendous demand for satellite
communications channels, and the resultant spectrum crowding, there is an
increasing interest in developing hardware appropriate for communication
satellite use in the EHF frequency spectrum. Even with the advent of the
space shuttle, reliability is still of paramount importance for hardware
intended for satellite applications. While the traveling-wave tube (TWT) is
presently the industry workhorse for satellite downlink transmitter use,
their poor record of reliability becomes even worse as the operating
frequency is increased from 4 GHz to 12 GHz, 30 GHz, 40 GHz, and
beyond. For this reason and also the greater simplicity, particularly in the
power supply requirements, attention is naturally directed toward a solid-
state replacement for the TWT. This paper details the measured perfor-
mance of a solid-state amplifier which delivers 10 W of RF output power at
an operating frequency of 41 GHz. The development of this amplifier is a
significant milestone toward building a space-qualified high-power solid-
state transmitter for spacecraft use.

I. INTRODUCTION

SILICON DOUBLE-drift diodes have been employed in
the development of a 10-W solid-state amplifier operat-
ing at 41 GHz [1], [2]. The key component of this amplifier
is a 12-diode resonant rectangular cavity combiner. This
performance is a state-of-the-art value representing the
highest frequency, highest solid-state power achieved to
date. The development activity involved a variety of disci-
plines including device characterization, circulator design,
multiple-diode circuit design, and amplifier integration and
test.

II. APPROACH

The primary specifications of frequency (41 GHz), power
(10 W), bandwidth (100 MHz), gain (30 dB), and efficiency
(10 percent) were used to establish a two-stage amplifier
design which would simultaneously satisfy these require-
ments. Fig. 1 illustrates schematically the gain and power
distribution which led to state-of-the-art results. This con-
figuration, consisting of a multiple-junction circulator
module, a driver module, and a combiner module, estab-
lished the foundation for the milestone activities of device
characterization, multiple-junction circulator development,
driver and combiner module development, noise char-
acterization, RF test, and reliability projection.

The two-stage amplifier consists of a single-diode driver
stage operating in a TE,,, resonant cavity, and a twelve-
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Fig. 1. 41-GHz 10-W amplifier design.
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Fig. 2. Driver amplifier design parameters. (a) Classic Kenyon circuit.
(b) 41-GHz driver amplifier circuit.

diode TE, rectangular resonant-cavity power-combining
structure [3].

The single-diode driver amplifier consists of a coaxial
cavity magnetically coupled to a waveguide cavity which is
subsequently linked to the waveguide input—output inter-
face by means of an inductive iris. The configuration of the
amplifiers is similar to the classic “Kenyon” [4] type cir-
cuit. Fig. 2 presents the dimensional information pertinent
to the actual design.

Departure from the classic circuit is noted in two areas:
1) the termination element is abrupt rather than tapered;
and 2) the coaxial transformer is less than A, /4. These
changes were made on the basis of theoretical projections
of the bias-line impedance presented to the diode and the
empirical data acquired by testing actual circuit designs.
By removing the taper from the termination element, less
power is lost which improves circuit efficiency. Using a
flat-face termination, however, introduces a position-sensi-
tive parameter. In most cases, a length of A, /2 from the
waveguide cavity center line is an appropriate initial posi-
tion. The length of the transmission line and the coaxial
transformer are dependent on the impedance level that
must be presented to the diode for a conjugate match
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condition. The 0.024-in transformer length is physically
approximately A, /12 long; however, the dielectric sleeve
increases the effective electrical length by a factor of \/c,,

which in this case results in
Ao /12%Y2.56 = A, /8.

The exact dimensions were determined by iterating be-
tween the theoretical predictions and experimental results.
Using different diodes or diodes in a different package will
alter these coaxial dimensions accordingly. The waveguide
cavity is defined by the iris and the back wall or shorting
plane of the waveguide. A length consistent with A_ /2 is
appropriate for this design.

Fig. 3 presents design parameter information on the
twelve-diode power amplifier. As with the single-diode
circuit, departure from the classical circuit is noted. The
distribution of the coaxial lines along the waveguide is
altered from the theoretical A ¢/2 by approximately 2.5
percent. The addition of the coaxial scallops and the
perturbation created by the coaxial center conductors af-
fects the inherent resonant response of the waveguide
cavity, and therefore it is necessary to compensate for this
impact by decreasing or increasing the distance between
center conductors along the broad wall of the waveguide.
An approximation of the amount of compensation re-
quired can be determined by evaluating the resonant
frequency of a cavity with the prescribed number of scal-
lops and center conductors, and subsequently equating this
to an unperturbed cavity. This equivalent cavity prescribes
the coaxial line spacing for the desired resonant frequency.

The coaxial dimensions of the multiple-diode circuit are
also shown to deviate from the classic circuit. The interac-
tive loading of the coaxial circuits apparently affects the
coupled impedance and, thus, a new set of transformations
is required to present the appropriate conjugate impedance
to the diode. As in the case of the single-diode driver, this
is an iterative process between theoretical prediction and
experimental results.

In the development of the amplifier, all bias lines were
made identical in order to avoid an infinite select-in-test
matrix. This approach is very functional, but may result in
less than optimum performance if a wide variation in diode
parameters is present. The diodes used in the development
had been both dc and RF screened for uniformity in order
to minimize these variations.

1
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Power amplifier design parameters. (a) Classic presentation. (b) 41-GHz design.

Fig. 4.

Integrated amplifier assembly with cross-section pictorials.

The bias-line terminations in the twelve-diode circuit
were also modified from the design used in the single-diode
circuit. A totally flat termination configuration introduced
spurious behavior due to the multiresonant waveguide cir-
cuit and the ability of the coaxial modules to selectively
couple to more than one mode. A fully tapered termination
results in extremely stable operation at the expense of
excessive power loss. The final configuration was a par-
tially tapered termination, as shown, which provided an
acceptable compromise between efficiency and stable, non-
spurious behavior.

Fig. 4 displays the fully integrated amplifier along with
pictorials which provide cross-sectional details of both
stages.

This amplifier development is part of a larger program
for the development of a highly reliable millimeter-wave
satellite communication system. The scope of this effort
encompassed the design, fabrication, and evaluation of an
EHF solid-state amplifier. The amplifier assembly is in-
tended for internal mounting in a satellite transmitter.
Because of the wide bandwidth achieved, the amplifier
lends itself to a variety of space applications from a single
high data rate user to multiple low data rate users.

111

Due to the wide range of potential space applications
and the selected mode of amplification, the completed
amplifier was subjected to a series of operational and
environmental tests. The operational tests serve to verify
the applicability of the amplifier to a wide-band communi-
cations link. The environmental tests prove the survivabil-
ity of the amplifier when subjected to the adverse environ-
ments encountered in satellite launch and operation.

AMPLIFIER EVALUATION
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A. Noise Evaluation

Of major concern with any amplifier intended for com-
munications use is the noise performance characteristic of
that amplifier. In the case of an IMPATT amplifier, the
predominant noise contributor is avalanche noise [5], [6]..
Avalanche noise is the direct consequence of the ionization
process which results whenever any charge carrier pair does
not generate the expected single new carrier pair, but
produces no new carrier pair or possibly two or more. The
resulting fluctuations, random noise, are significant, partic-
ularly under high RF-voltage conditions present for an
injection-locked oscillator. For this reason, it is expected
that the injection-locked oscillator will have a higher effec-
tive noise figure than an equivalent stable negative-resis-
tance amplifier. Since the amplifier is configured as an
injection-locked oscillator, conventional noise-figure mea-
surements are not applicable. This is because an injection-
locked amplifier will produce full output power regardless
of the input condition. Therefore, a noise-figure meter
which switches a noise source at the input of the amplifier
on and off would not be able to discern any difference at
the amplifier output.

While conventional noise-figure measurement is pre-
cluded in the case of an injection-locked amplifier, other
tests are available which fully characterize the amplifier’s
noise performance, such as RF spectrum analysis, oscillo-
graphic baseband observation, and Bit Error Rate (BER)
measurement.

B. Spectrum Analysis and Baseband Evaluation

Fig. 5 is a photograph of the spectrum analyzer display
of the amplifier output spectrum when locked up to a
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41-GHz input signal. The low-level signal on the right is an
image signal generated within the spectrum-analyzer exter-
nal mixer. This data indicates that there were no discern-
able spurious signals within +500 MHz of the signal. By
tuning the spectrum analyzer across the band, it was dem-
onstrated that there were no spurious signals in the entire
waveguide band, 33 to 50 GHz, verifying the coherent
operation of the amplifier.

When the amplifier was swept across its locking range of
300 MHz, no spurious signals were detected within the
resolution limit of the spectrum analyzer and external
mixer of approximately 40 dB below the signal level.

The baseband observation of the amplifier output signal
is shown in Fig. 6 where the locking limits and power
variation are identified on the oscilloscope photograph.
Both of these noise evaluation techniques were employed
throughout the development of the amplifier to judge the
quality of both the circuit-diode match and the effective-
ness of the coaxial terminations utilized in the combiner
structure.

C. Bit Error Rate Measurements

The purpose of the BER test was to measure probability
of error (Pz) as a function of energy per bit to noise
density ratio (E,/N,), the digital system equivalent of
signal-to-noise ratio [7], [8]. This test compares the digital
input signal to the digital output signal and effectively
notes the difference in terms of a bit count. Any dis-
crepancies are noted as a bit error. A pseudorandom
cyclical bit generator is initiated at a chosen data rate with
the type of modulation desired. The counter is used to
establish the bit count and a comparison can be made
between the reférence of the input signal and the amplifier
signal. BER tests are sensitive to detect group delay disper-
sion and amplitude response dispersion by measuring the
degradation in the signal-to-noise ratio E, /N,,.

The availability of both a 38-GHz, 5-W power-combin-
ing amplifier and the required upconversion—downconver-
sion hardware from previous development efforts [9], [10]
from the BER test system’s baseband to Ka-band, provide
the rationale for completing the tests without the need to
duplicate the entire up and downconversion hardware at 41
GHz.

The tests were conducted at a data rate of 100 MBPS per
channel resulting in a QPSK composite data rate of 200
MBPS.

The energy per bit to noise ratio can be defined as the
carrier power to noise power plus a correction factor. The
correction factor is necessary to take into account
the difference between the noise bandwidth (B, ) and the
signal or data bandwidth (DBW). -

In equation form, these quantities are

E
£ cr,

BN
No NT CF= 1010g10m.

For 100 MBPS/channel QPSK, the data bandwidth
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DBW = 200 MHz. Therefore, the correction factor is

B 515
CF =10log,, ~DB—NW =10log,y 555 = 411 dB,

CF=4.11dB.

Probability of error versus E, /N, is plotted in Fig. 7 for
the cases of Kg-band terminal, Ka-band terminal plus
power driver (injection-locked); and Ka-band terminal plus
power driver plus power-combining amplifier (injection-
locked). Table I summarizes the degradation in BER for
each element in the system. The degradation attributable to
the power-combining amplifier was 0.2 dB or less over the
range of 1072 to 107¢ BER. Knowing the power (hence
gain) levels at each stage and that the Q.. for the combiner
is 30, the locking bandwidth for the combiner was calcu-
lated to be approximately 400 MHz. This is roughly two
times the composite data bandwidth of 200 MHz.

Theoretically, the energy in a phase shift key (PSK)
modulated signal is contained in an infinitely wide band-
width. In practice, a much narrower, finite, bandwidth is
adequate. As an example, for QPSK, roughly 90 percent of
the signal energy is contained within a bandwidth equal to
the composite data rate, in this case 200 MHz [11]. To
faithfully reproduce this signal, an amplifier bandwidth of
200 MHz would be adequate, provided the phase response
of the amplifier was flat over the entire 200 MHz. As this is
not usually the case, additional amplifier bandwidth is
required to assure a phase flat 200-MHz bandwidth. In the
case of the injection locked amplifier evaluated, a 2:1
bandwidth ratio was proven to be adequate for satisfactory
BER performance.

The results obtained at 38 GHz are representative of the
performance of the 41-GHz amplifier and indeed any
similar multidiode resonant-cavity injection-locked ampli-
fier.

Both AM and phase noise were measured for three
configurations. The first measurement was conducted with
the 10-W amplifier injection-locked to a low-noise 41-GHz
Gunn source. In the second measurement, the 41-GHz
Gunn oscillator was turned off and the 10-W amplifier was
allowed to free run. Finally, the 10-W amplifier was re-
moved and noise measurements were conducted on the
41-GHz low-noise Gunn oscillator,

Comparing the results of the three phase noise measure-
ments reveals that the free-running 10-W IMPATT ampli-
fier has a typical noise level 10-12 dB higher than that of
the low-noise Gunn oscillator. When the 10-W amplifier is
injection-locked to the low-noise Gunn source, the phase
noise for the combination is the same as for the Gunn
oscillator alone. This indicates that the noise characteristics
of the locking source (Gunn oscillator) dictates the phase
noise performance of the injection-locked amplifier.

The AM noise for the free-running 10-W amplifier was
approximately 10-20 dB higher than for the low-noise
Gunn oscillator. When injection locked to the Gunn oscil-
lator, the AM noise for the 10-W amplifier was 5-10 dB
lower than for the free-running 10-W amplifier.

As predicted by injection-locking theory, [12]-[14], the
phase noise performance of the 10-W injection-locked
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TABLE I ]
POWER COMBINING AMPLIFIER BER PERFORMANCE

Degradation from Ideal (dB)

BER Test System Power Driver Combiner
1072 1.7 0.1 0.1
073 2.3 0.3 0.1
107t 2.6 0.4 0.2
1078 2.8 0.7 0.1
1078 3. 0.7 0.2

amplifier is a faithful reproduction of the phase noise
characteristic of the driving signal. The AM noise perfor-
mance of the driving signal is degraded by approximately
5-10 dB by the 10-W, 30-dB gain IMPATT amplifier.

The results of these various noise evaluation techniques
(BER, spectrum analysis, baseband analysis, and close in
phase and AM noise) indicate that an injection-locked,
multidiode IMPATT amplifier is properly suited for
amplifying PSK modulated signals in a spacecraft com-
munications link,

IV. ENVIRONMENTAL TESTS

The completed 10-W 41-GHz solid-state amplifier was
subjected to a limited series of environmental tests. The
purpose of these tests was to verify the survivability of the
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Fig. 8. Amplifier output power, free-running frequency, and bandwidth
as a function of baseplate temperature.
TABLEII -
TEMPERATURE TEST DATA

#0 f # # # Fo "o BY Telem
Diode Base Base Driver Combiner (GHz) (dBm) (MHz) {Volts)
Plate Plate Plate (°c) (°c) . Free-

{°c) (°c) (°c) Run.

24,2 37.3 28.4 38.7 40.95 39,2 254 3.816

37.6  39.3 53.3 45.8 55.2 41,02 40.16 3.841
65.3  46.3 60.7 50,8 62.0 41,06 40.36 304 3,851
83.3 65.9 79.1 69.8 80.9 41,06 40,06 348 3,905
49.6 30.1 45.2 40.1 48 .2 © 40,94 38.2 259 3,}851

amplifier wheén subjected to some of the environmental
extremes that would be encountered on a spacecraft. The
first of the two tests that were conducted was operation
over an extended temperature range. After successful com-
pletion of the temperature test, the amplifier was subjected
to vibration for simulation of a spacecraft launch environ-
ment.

A. Temperature Test

The amplifier was subjected to temperature changes by
allowing the baseplate to deviate from 37°C to 79°C. Table
IT and Fig. 8 compare the output power, free-running
frequency, and locking bandwidth as a function of base-
plate temperature.

B. Vibration Test

The amplifier was subjected to a random vibration in
three axes to verify spacecraft launch survivability. During
vibration, telemetry was monitored to verify bias-line con-
tinuity. The data acquired gave no indication of inter-
rupted bias current, and thus verified the design integrity
from a dc perspective. After completion of the vibration
~ test, the amplifier was evaluated in terms of the RF perfor-
mance. A frequency shift of 120 MHz was noted; however,
the power and bandwidth performance were unchanged.
The change in frequency was traced to slight movement in
the dielectric sleeve which surrounds the bias line in the
driver stage. This sleeve was returned to its proper posi-
tion, and nominal performance was again observed.

V. RELIABILITY

A spacecraft alhpﬁfier is typically specified to have an
operational lifetime of 10 years. With the basic structural
integrity of the amplifier defined as indicated by survivable
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Fig. 9. IMPATT diode life test reliability projections.

thermal and vibration testing, the main-lifetime limiting
factor for a solid-state IMPATT amplifier is the IMPATT
diode. The primary parameter in this regard is the diode-
junction temperature.

Accumulation of diode lifetime data by accelerated tem-
perature aging is a continuous activity at many companies
to determine reliable junction temperature criteria. Life-
time data appropriate to the diodes employed in the 10-W,
41-GHz amplifier is presented in Fig. 9 [15]. Plotted as a
function of junction temperature in degrees Celsius are
median time-to-failure (MTTF) and time to S5-percent
failure.

The probability of a mission success can be calculated
based on the cumulative failure rates of the' individual
components. Table III shows the part failure rates used for
the current regulator. The rates are obtained from MIL-
HDBK-217, Revision C, based on a 30°C ambient temper-
ature and a stress ratio of 20 percent for all parts. The total
current regulator failure rate is 107.25 per 10° h. There are
13 regulators employed in the amplifier. The waveguide
circulator, of which there are four, has been assigned a
failure rate of 10 per 10° h. These component failure rates,
in conjunction with the reliability projection data of Fig. 9,
are used to calculate the probability of mission success,
which will be a function of diode-junction temperature.
Three mission profiles were considered: a 10-year mission
at 100-percent duty cycle; a 3-year mission at 100-percent
duty cycle, which is the same as a 10-year mission at
30-percent duty cycle; and a 3-year mission at 30-percent
duty cycle. For each of these mission profiles, two ampli-
fier configurations were evaluated. The first configuration
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TABLE III
CURRENT REGULATOR PART FAILURE RATE SUMMARY
Part Number Used Mﬁ NAIO_9
1C, Linear, LM117X (26T) 1 5.412 5.412
Diode, Zener 1 1.080 1.080
Resistor, RNC 55 2 0.002 0.004
Resistor, RCR 20 1 0.008 0.008
Resistor, RTR, Variable 1 0.720 0.720
Capacitor, CKRO& 1 0,025 0,025
Fuse 1 100.0 100.0
TOTAL 107.25

is a single amplifier as built and tested. Also examined is a
redundant amplifier configuration. If a part in one ampli-
fier fails, the backup amplifier takes over to complete the
mission. Probability of mission success as a function of
junction temperature for the six cases evaluated are plotted
i Fig. 10.

The implication of this reliability projection is that a
redundant amplifier chain is required to achieve a greater
than 90-percent probability of success for a 10-year 100-
percent duty cycle orbital mission. In addition, a junction
temperature of 208°C or lower must be maintained.

VL

The development of a solid-state amplifier at 41 GHz
has resulted in a unit which is capable of delivering 10 W
of output power at a 32-dB gain over 250 MHz of band-
width with an overall dc to RF conversion efficiency of 6.8
percent. The amplifier was tested in a traditional labora-

CONCLUSIONS
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tory setting during the development phase. After the
hardware was integrated, limited environmental tests were
performed. The results of the development and environ-
mental tests indicate that substantial progress has been
made in defining the necessary ingredients for fabricating a
highly reliable solid-state amplifier suitable for satellite
communications systems.
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Synchronization Effects in a Submillimeter
Josephson Self-Oscillator

J.-C. HENAUX, G. VERNET, anDp R. ADDE, MEMBER, IEEE

Abstract —We present an experimental and theoretical study of injec-
tion-locking in an- oscillator in the presence of noise. The experiment is
performed with a Josephson point-contact self-oscillator heterodyne’ re-
ceiver irradiated by a very weak = 1-THz signal. A general calculation of
the oscillator response at low injection level is made based on the theoreti-
cal treatment of Stratonovitch. We show that the Josephson oscillator
described by the RSJ model obeys the general locking ‘equation in the
présence of noise. We assume a simple evolution law of the oscillator
spectrum as a function of detuning and calculate its response. The experi-
mental results are compared with computer calculations and the implica-
tions are discussed.

I. INTRODUCTION

E STUDY HERE the partial synchronization of an

oscillator in the presence of noise on a very weak
external signal. We want more precisely to determine its
spectrum as a function of the detuning relative to the
injection frequency. The method of analysis does not de-
pend on the type of oscillator. We present a theoretical and
éxperimental study of synchronization in the superconduct-
ing Josephson self-oscillator mixer which is a system where
noise effects are significant [1]. In this heterodyne mode of
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detection, a Josephson junction acts simultaneously as the
local oscillator-and as the nonlinear down-converter ele-
ment. Our experimental interest is in applications of the
device at submillimeter wavelengths with large frequency
ranges of operation as may be required in a frequency-agile
receiver. Therefore, the Josephson point-contact junction is
coupled to a wide-band structure. In ths situation, noise
plays a crucial role in the treatment of synchronization
effects.

Injection locking in a Josephson point contact coupled
to an X-band cavity.was studied by Stancampiano and
Shapiro [2] and Stancampiano [3]. In these experiments,
noise was not considered since the junction was coupled to
a high-Q resonator. The results could be interpreted on the
basis of Adler’s theory [4] of phase locked electronic oscil-
lators because of the close similarity between the synchro-
nization equations describing an electronic oscﬂlator and -
the cavity-coupled Josephson oscillator.

For the wide-band Josephson self-oscillator mixer that
we investigate here, Adler’s theory cannot be applied since
noise results il large natural oscillation linewidths [1]. We
start from the general theoretical treatment of Stratono-
vitch [5] of injection in electronic oscillators in the presence
of noise. This theory was used previously by Stephen [6]
who calculated the effect of noise on the rounding of
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