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A Two-Stage lMPATT-Diode Amplifier

HARRY A. WILLING

Abstract-The sytem aspects and packaging of a two-stage FM
IMPATT-diode arnplitier are described. The amplifier combines the

output power of 4 IMPATT diodes in the finaf stage to provide an

output power of greater than 4 W at 6 GHz. The system has a locking
bandwidth of greater than 200 MHz with a 16-dB gain and a noise
figure of less than 50 dB. Both the design and the experimental
performance of the smpliiier and each of its stages are discussed.
The noise characterization of IMPATT-diode amplifiers, operating as
injection-locked oscillators or stable amplifiers, determined the
mode of operation for each stage. Included in the paper are ezperi-
mentaf results of large-signal noise characterization of both Si and
GSAS IMPATT diodes, as are the noise characteristics related to the
output power and gain.

I. INTRODUCTION

D
ESIGN CRITERIA for a 6-GHz 4-W IMPATT FM

power amplifier and the packaging philosophies em-

ployed in its development are discussed. System as-

pects are also discussed and performance results are given.

The power amplifier comprises two amplifier stages. The first,

or driver stage, employs dual GaAs IMPATT diodes that are

power combined; the second, or output stage, employs four

Si IMPATT diodes that are split into separate or dual amplifiers

with power combining. The amplifier design includes the use

of microstrip, stripline, and coaxial circuit techniques. The

integration of these circuit techniques is discussed. This

paper considers the salient features of device selection,

Measured data relating to the large-signal noise performance

of devices is presented and discussed. Determination of the

operating mode of the IMPATT diodes—locked oscillator–

amplifier or straight amplifier-was arrived at by power-noise

characterization of the devices.

II. SYSTEM ASPECTS

This FM power amplifier utilizes IMPATT diodes to obtain

the desired RF power output. It was designed to develop 4 W

or greater of RF power in the 6-GHz band. An overall gain of

greater than 16 dB is derived from two stages of amplifica-

tion. The amplifier is mechanically tunable to cover the 5.9-

6.4-GHz band with an instantaneous bandwidth greater than

200 MHz.

The block diagram for the power-amplifier system is shown

in Fig. 1. Fig. 2 illustrates the RF signal flow through the

respective modules. The system comprises nine basic modules,

four of which are employed in the direct RF signal path.

Power generation in the first stage, or the driver amplifier, is

developed by dual GaAs diodes. These diodes are driven and,

subsequently, the output power is combined through a 3-dB

2-branch line hybrid. The diodes are mounted in separate

coaxial packages which also contain the diode-matching struc-

tures. Interstage isolators are included at the input and out-

put ports of the power-combining hybrid. The power output

of the driver amplifier is hybrid split to dual output ports. The

RF circuitry for the amplifier, excluding the dual coaxial

Manuscript received February 21, 1973; revised May 14, 1973.
The author is with Communications and Electronics, Martin Marietta

Aerospace, Orlando, Fla.

structures, is contained within a common package. SMA-type

connectors are used to provide the RF interconnections be-

tween the coaxial structures and the auxiliary circuitry.

Either diode may be replaced witbout disabling the entire

amplifier stage.

The second-stage amplifier comprises dual output am-

plifiers that are power combined. Both amplifiers are identical

and each uses two high-power Si IMPATT diodes. The asso-

ciated circuitry is similar to that within the driver amplifier.

The dual high-power diodes are contained within a common

coaxial structure; this is mechanically fastened to its micro-

wave integrated-circuit module to form an integral module.

Either of the dual output amplifiers can be removed inde-

pendently from the system while maintaining system opera-

tion. The output powers of the dual power amplifiers are

combined through a final hybrid combiner.

Dual power supplies—de-to-de converters—are used within

the power-amplifier subsystem providing the necessary trans-

formation from the – 24-V dc input source to the bias voltages

required by the IMPATT diodes. Each supply provides the

biasing voltages to one of the dual GaAs IMPATT diodes in the

driver amplifier and to both dual Si IMPATT diodes contained

in one of the dual output amplifiers. The implementation of

this form of biasing arrangement with dual supplies in con-

junction with multiple diode operation provides the fail

“soft” feature of the power amplifier. Loss of operation in the

second-stage amplifier, of one, two, or three devices, will re-

sult in an output power degradation of 2.5, 6.0, or 9.0 dB, re-

spectively. Failure of operation of all four devices will result

in an output signal derived from the driver amplifier and

attenuated by the path loss of the output amplifier. Loss of

either or both of the dual driver amplifier diodes will result in

a reduction in the system bandwidth. Catastrophic failure

can occur only if a break takes place in a primary RF con-

ductor line.

Monitoring networks and in-system test facilities are

provided at key points in the subsystem. An operating failure

will be translated to an output signal and a light-emitting-

diode display indicating the fault location. The RF signal

conditions that are monitored and translated to output signal

alarms when a respective fault occurs include the input, in-

terstate, and output power levels. Fault alarms are trans-

mitted when the output power is degraded by 2.0 dB, or when

the input and interstage power levels are degraded by 3.o dB

below their respective nominal levels. Among the conditions

that are monitored are the bias voltage levels of each of the

IMPATT diodes. A meter for in-system test is located on the

front panel of the subsystem drawer in conjunction with a

test-selector switch for selecting a gi~en test function. Sep-

arate linear detector–amplifier circuits monitor the sampled

input, interstage, and output power levels. Each of the

monitored levels, as determined by the test-selector-switch

position, can be displayed by the front panel meter. The

front panel meter also displays the IMPATT-diode biasing cur-

rents and all auxiliary supply voltages.
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Fig. 3,

The power-amplifier subsystem, consisting of the RF

modules, their dual power supplies, and the auxiliary modules,

is contained in a standard 10~ X 16-in drawer for rack mount-

ing. Fig. 3 is a photograph of the power-amplifier drawer. The

backwall of the drawer and portions of the sidewalls are

fabricated with integral heat fins. The coaxial structures con-

taining the high-power devices of the output amplifiers are

mounted directly against the backwall for maximum heat

dissipation. The power supplies and the driver amplifier

diodes are heat sinked to the sidewalls.

The 6-GHz circuitry, within the power-amplifier system,

is formed by the integration of microstrip, stripline, and co-

axial circuitry. The coaxial circuitry consists of the IMPATT-

diode matching structures and the associated diode mounts.

Simple coaxial transformers [1] are used to match the diodes,

and single screw tuning within a resonant cavity located in

each of the diode mounts provides a means for mechanical

tuning over the 5.9–6.4-GHz band. The microstrip elements

are fabricated on a 0.026-in Duroid sheet which is copper clad

on one surface only; the opposite surface is bonded to an

aluminum plate. The aluminum plate serves not only as the

ground plane for the microstrip elements and a rigid carrier,

but is also machined to serve as the bottom plate for the RF

module enclosure. The 6-GHz microstrip circuitry consists of

hybrids, couplers, and quarter-wave dc biasing lines; the as-

sociated discrete passive devices are bonded to their respec-

tive microstrip elements. The circulators are fabricated using

both microstrip and stripline techniques. The RF ports of the

circulator resonator are bonded directly to their associated

microstrip impedance-matching elements. The techniques

that are employed in the integration of the microstrip and

stripline elements assure continuous ground plane integrity.

The dc biasing, developed from the dual – 24-V de-to-de

converters, is applied to each of the IMPATT diodes through

series resistors that are integrated with each of the amplifier

modules. To minimize the low-frequency baseband noise char-

acteristics, SO-Q carbon resistors were used with each of the

Si diodes in the output amplifier and each of the GaAs

diodes employed 1OO-Q resistors [2].

III. SYSTEM PERFORMANCE

The system specifications for the power amplifier included

an input-drive power level of +18 dBm and an overall

amplifier gain of greater than 18 dB. The resultant output

power level was required to be 4 W or greater. Device char-

acterization indicated that the amplifier would meet these

goals, yet provide the best noise performance if it were de-

signed as a single-stage injection-locked oscillator. However, to

obtain the high gain, an output power level within a single-

stage injection-locked oscillator would result in a narrow lock-

ing bandwidth. System distortion requirements established a

third order or parabolic delay distortion of less than – 13

dBrncO (84.6 dB, NPR) and a second order or slope delay

distortion of less than – 5.5 dBrncO (77 dB, NPR). The ex-

pressions for the second- and third-order distortion for injec-

tion-locked oscillators have been developed by IRamadan [3].

The second-order distortion to signal-ratio (NPR) expression

is

[

16f 2AjOz
D~,s = 10 log —— 1(72(2—j/jEJ , f < Zjb. (1)

BLC

The third-order NPR expression is

where

f
fb
BL

Cr

Aj ,

[

8 j2cr4
D~/s = 10 log 1;EL;(3 – j2/j52) , j ~ jlI (2)

modulation frequency (MHz);

top baseband frequency (MHz);

total locking bandwidth (MHz);

composite rms frequency deviation (MHz);

frequency difference between the locking signal and

the free-running oscillator.

A frequency difference AfO between the locking signal and the

free-running oscillator of 35 MHz was permitted to provide

for temperature variation, long-term device parameter

change, and factory alignment. To obtain a second-order

distortion to signal ratio of less than 77 dB in an 1800-

channel system with an allowed frequency difference of 35

MHz required a system locking bandwidth of 200 MHz or

greater. Consequently, it was necessary to design the power

amplifier as a two-stage amplifier. Both stages were designed

to provide approximately 9–10 dB of midband gain at the de-

vice ports. The first stage, or driver amplifier, was designed to

operate as an injection-locked “soft” oscillator. The subsys-’

tern locking bandwidth of the driver stage only is greater than

500 MHz. The dual output amplifiers, comprising the second

stage, were also designed as injection-locked “soft” oscillators

with a locking bandwidth of 225 MHz, which defines the

system bandwidth. Further considerations in the design of the

system amplifiers and device selection are discussed in Section

IV. Also included in Section IV are amplifier and device per-

formance curves.

The output power responses of the power amplifier, under

the conditions of full operation and, subsequently, at output

levels equivalent to single- and multiple-output device

failures, are plotted in Fig. 4. The horizontal grid lines ap-

pearing on the graph indicate the predicted power degrada-

tion, attributed to successive output device failure. Curve 5

is the output power response after complete failure of each

device in the output amplifier. This response curve is an out-

put power plot of only the driver amplifier operating through

the system. The much wider operating band of the driver

amplifier only can be seen.

The locking bandwidth, output power, and noise figure of

the power amplifier, measured with respect to the input-

drive power, are plotted in Fig. 5. The wide locking band-
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widths and the increase in output power with increasing

driver power indicate the degree of “softness” of the driver

and output-stage injection-locked oscillator–amplifiers. The

noise figure as measured at 8 MHz from the carrier is a direct

function of the input power. This phenomenon was of para-

mount consideration in device selection and is discussed in

Section IV.

The AM-PM conversion of the power amplifier was de-

termined by the two-tone signal method. At the + 18-dBm

input-signal Ieve!, the AM–P.M conversion was determined to

be 7.4°/dB [4].

IV. DEVICE CONSIDERATIONS AND MODULE DESIGN

The overall system design established an input level of

+18 dBm to the power-amplifier system with a required gain

of 18 dB to develop a minimum output power level of +36

dBm. A maximum 50-dB noise figure was assigned to the

power amplifier; however, the goal was to develop the output
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Fig. 6. Output power–noise characteristics of Si IMPATT-diode amplifier-oscillators.

power level with a minimal noise figure. The realization of the

gain and power output requirements was attained through

two stages: a driver and an output amplifier stage.

The selection of the IMPATT diodes in the driver and output

amplifier stages and the establishment of their mode of op-

eration were based upon measurements of the interdepen-

dence of power output and noise performance. The diodes

were characterized in coaxial test fixtures equivalent to the

structures used in the amplifier modules. Their mode of

operation, as amplifiers or as locked oscillator–amplifiers, was

changed by altering the impedance-matching transformer in

the coaxial fixture. Under the differing operating conditions,

measurements were made to establish the power output and

noise-performance characteristics of the devices.

The output amplifier design utilized four 1.5- W Si IMPATT

diodes to establish the system output requirement of 4.0 W

at 6.0 GHz. To determine the power-noise characteristics of

the devices, Si diodes having breakdown voltages of 107 V dc

and 122 V dc were tested. The junction areas of the devices

are 6.5 X 10–1 cm2 and 8 X 10–4 cmz, respectively. Each device

type was operated in the free-running oscillator mode and as an

amplifier or injection-locked oscillator–amplifier, and their

performance characteristics were measured. In the free-

running oscillator mode, the noise measure was determined

from experimental data taken for both devices using the rela-

tionship [1]

kToMB 112

()
Aj rms = fo/Qe.t ————

P,
(3)

where

Aj rms

fo

Qext
M
B

Po

rms noise deviation at modulation frequency f in a

narrow window of width B;

oscillator frequency;

external circuit Q;

large-signal noise measure;

measurement bandwidth;

oscillator power output.

In the amplifier or locked oscillator–amplifier mode, the noise

figure was determined from the relationship (see the note,

as follows)

Af rms = (k TONJB/C) llzf (4)

in addition to the terms previously defined:

C input carrier power (watts);

j frequency in modulation spectrum (hertz).

Note: This is as derived from the expression (see [5])

(S/No) = (C/Ni) (~/W (A~m/].)2

where

J.
A F.

B

Bc

N,

so

NO

=j—frequency in modulation spectrum;

= @ AFna,~, ;

IF bandwidth;

channel bandwidth or measurement bandwidth;

=2k TBNf;

= (AFm/d2)2;
= (Af rrns)’.

Therefore,

l/(Af rms’) = C/(kTN~) (l/Be) (1/f)2

or

Af rms = [(k TNjBc)/C] 1/2f.

Fig. 6 illustrates the noise figure as a function of output

power for the Si devices operating under differing conditions.

The measured characteristics shown plotted in curves A, B,

and E were taken of an Si diode having a breakdown voltage

of 122 V and a junction capacitance at breakdown of approxi-

mately 1.0 pF. The same diode load resistance was employed

in plots A and E. In plot E the diode was operated in the free-

running oscillator mode and the output power was varied by

adjusting the dc biasing current to 150, 175, and 200 mA. The

oscillator was subsequently operated at the 175-mA level

and phase locked at increasing injected signal levels. The

measured output power versus noise-figure characteristics

are shown in plot A. The measurements shown in plot B were

obtained from a wider band lower gain oscillator–amplifier

operating at a current of 200 mA.

Employing a diode with a reduced breakdown voltage

(104 V de), with an equivalent junction capacitance at break-

down, resulted in degraded output power–noise-figure char-

acteristics. The results are plotted in curve D for the free-

running oscillator mode, and in C for the locked oscillator–
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amplifier mode. Included in these sets of curve6 is the power–

noise-figure characteristic of an IMPATT oscillator (curve ~),

employing an Si diode with a breakdown voltage of 125 V,

as given by Irvin et al. [4]; a close agreement exists between

the reported data.

The input–output power response curves of the oscillator–

amplifiers characterized in Fig. 6 are shown in Fig. 7. Their

gain–noise characteristics are illustrated in Fig. 8. It can be

noted in Fig. 7 that the oscillator–amplifier, whose response

is shown in plot B, exhibited the greatest change in its input–

output power response. It is operated more as a ‘(soft” oscil-

lator or straight amplifier, i.e., with the lowest external Q,

Qext, and -muently, the widest locking bandwidth and re-
duced gain. It can be noted from these sets of curves that at a

fixed biasing condition and at Iarge-signal conditions, over a

fairly wide range of input power, the amplifier will add a

constant amount of FM noise; however, at higher input power

levels, the signal intermodulation distortion is decreasing

[see (1) and (2) ]. Hence, a wider operating band at a reduced

/

:=
o 0.1 0.2 0.3 0.4

Diode Peak Rf Voltage/Diode Breakdown Voltage

Fig. 9. Noise characteristics of Si IMPATT diodes as a function of the
ratio of peak RF voltage to breakdown voltage.

gain is realized at the expense of a degraded noise figure

[see (4)].

Known values of the output loading across the diode

terminals permitted the determination of the diode’s peak

RF voltage in operating modes and power output levels in-

dicated in Figs. 6-8. The ratio of the calculated peak RF volt-

age to the diode breakdown voltage is plotted against the

respective levels of noise measure or noise figure in Fig. 9. In-

cluded for comparison in this figure are curves published by

Hewlett-Packard [1].

Based upon anticipated improvement in their output

power–noise-figure characteristics, GaAs IMPATT diodes were



WILLING : TWO-STAGE IMPATT A.MPLIFIER 713

30

[

GaAs Diode; VB = 72V

~dc = 55 mA
fo = 6.2 GHz

fm = 8 GHz

101 I I I I I 1

25 30 35 40 45 50

Noiss Figure or Measure – dB

Fig. 10. output power–noise characteristics of GaAs lMPATT-diode amplifier-oscillator.

30

[

GaAs Diode: V8 = 72V

I fo = 6.2 GHz

fm =8 MHz

Input Power – dBm

Fig. 11. Power-response characteristics of GaAs IMPATT amplifier-oscillators.

chosen to be employed in the driver amplifier. The diodes

selected were rated as 0.5-W devices operating at a nominal

current of 80 mfl with a typical breakdown voltage of 72 V.

Tests were conducted to determine the power-noise charac-

teristics of these devices. The measurements were similar to

those taken for the 1.5- W Si devices, and the results are

plotted in Figs. 10-13.

The series of plots in Fig. 10 are measured data taken with

the GaAs device operating in the free-running oscillator mode

and the locked oscillator–amplifier mode. In the free-running

oscillator mode, output power–noise characteristics were

taken at the specified steps in the dc biasing current for load

values of 2.4 and 2.0$2, and are illustrated in curves E and F.

In the locked oscillator–amplifier mode, the output power was

increased by increasing the level of the injected or locking

signal. The measured output power–noise-figure characteris-

tics are plotted for differing load lines and biasing currents

(curves A, B, C, and D).
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lx
1“ ,

oscillator–amplifier that exhibited the greatest change in

output power versus input power and the widest locking

bandwidth or lowest ~e.t. That is, it performed as the “softest”

oscillator. Conversely, it can be seen that the best noise per-
1

. . ~ 0’65 mA formance can be obtained for a given output power level by

/’o~mA
/( fo = 6.2 GHz

~ = 2.3f2 060 ~A fm = 8MHz

-055 mA I 1 I
0.1 0.2 0.3 0.4

Diode Peak Rf Voltage/Diode Breakdown Voltage

Fig. 13. Noise characteristics of GaAs IMPATT diodes as a function
of the ratio of peak RF voltage to breakdown voltage.

Analogous to the Si-device characteristics, the degrada-

tion in the noise-figure performance of the GaAs device from

the free-running oscillator mode to the locked oscillator–

amplifier mode can be noted. The poorest output power–

noise-figure performance is illustrated by plot D of Fig. 10.

This plot was derived from data obtained from a locked

designing a high-gain narrow locking band oscillator-am-

plifier. It is also to be noted that output power–noise-figure

characteristics of the amplifier are degraded if the injected

power is increased to compensate for a reduction in the

biasing current.

Figs. 11 and 12 show the input–output characteristics and

the gain–noise-figure characteristics of the oscillator–am-

plifiers plotted in Fig. 10. From the oscillator data derived

and plotted in curves E and F of Fig. 10, the ratios of the

peak RF voltages to the diode breakdown voltages were de-

termined. A plot of the voltage ratios to their respective noise

measures or figures is shown in Fig. 13 Comparing the GaAs

noise-performance plot in Fig. 13 to the Si noise-performance

plot in Fig. 9, improved GaAs versus Si lMPATT-device noise-

figure performance is achieved for diode peak RF voltage to

breakdown voltage ratios of less than approximately O.1;

above this ratio, comparable performance was obtained.

Each of the dual output amplifiers was designed as an

injection-locked oscillator to provide the best noise per-

formance. They operated with a locking bandwidth of greater

than 200 MHz and provided a power output of greater than

+33.5 dBm at an input drive level of +23 dBm. The match-

ing loads to each of the dual diodes is 1.6 Q, and the biasing

current operating each of the Si IMPATT devices is 200 mA,

The biasing current was established by restricting the device

junction temperature rise to less than 165°C, where the
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maximum thermal resistance was specified to be 6° C/W or

less. From Figs. 6 and 7, plot B, it is seen that at this drive

level the output power should be +31.5 dBm per device and

a noise figure of 49 dB should be obtained. The actual mea-

sured performance of the output amplifier k shown ;n Fig. 14.

At the +23-dBm input level, an output power level of +33.9

dBm, a noise figure of 48.7 dB, and a locking bandwidth of

270 MHz are obtained.

The driver amplifier design provided the input power-level

requirements at the output amplifiers. The amplifier is de-

signed to have a gain of greater than 9.0 dB, at an input level

of +18 dBm (i.e., approximately +14.0 dBm to each of the

dual diodes). The diode’s load resistor is 2.4 Q and the biasing

current is 65 mA. Referring to Figs. 10 and 12, plots C, a

noise figure of less than 45.0 dB can be expected at a 9.0-

dB-gain + 18-dBm input level. The driver amplifier per-

formance is plotted in Fig. 15. As shown, at the + 18-dBm

input level, the output power at each of the output hybrid

ports is greater than +24.0 dBm, while the locking bandwidth

is 400 MHz and the noise figure is 43.5 dB.
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Based upon the driver stage gain of 9 dB and the respec-

tive noise figures of both stages, the composite noise figure of

the two-stage amplifier is calculated to be 45 dB. The mea-

sured noise figure for the two-stage amplifier as plotted in

Fig. 5 projects a noise figure of +47 dB at an input drive

level of +18 dBm.

V. CONCLUSIONS

A strong interdependence exists between the output

power, gain, and noise figure of IMPATT amplifiers or injection-

locked oscillators (oscillator-amplifiers). An IMPATT-diode

oscillator–amplifier exhibits the most desirable output power–

noise-figure relationship when the device is operated under

minimum injected signal levels. The noise figure of an XMPATT

oscillator-amplifier, designed to provide a specified output

power level under a given biasing condition, is minimized

when the device is matched to provide this output in the free-

running mode. It is operated as a high-gain narrow locking

band amplifier-oscillator. Increasing the RF load resistance

at the diode will reduce the free-running output level and im-

prove the small-signal noise figure. However, this oscillator-

amplifier, with lower gain and wider band features under the

drive conditions necessary to reestablish the output power of

the high-gain oscillator–amplifier, will exhibit a degraded

noise figure.
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lMPATT-Diode Power Amplifiers for Digital

Communication Systems

S. F. PAIK, P. J. TANZI, AND DOUGLAS J. KELLEY

zibsfracf-lMPATT-diode amplifiers with a power output of 1.0
W have been developed for use in an 1I-GHz digital radio. Two types
of amplifiers, a multistage reflection amplifier and a hybrid amplifier
containing an injection-locked oscillator stage, have been evaluated
by measuring the bit error rate degradation due to the amplifier.
System test data show that the stable amplitier introduces little or
no errors wldle the injection-locked oscillator (ILO) often introduces
an error-rate floor.

I. INTRODUCTION

I

M PATT-diode amplifiers with power outputs of I W or

more have been found useful as power amplifiers in micro-

wave communications systems. As the need for high-

speed data transmission rises, it is important to establish the

capability of the new type of amplifiers to transmit digitally

modulated microwave carriers. The purpose of this paper is to

present experimental results describing transmission charac-

teristics of IMPATT-diode amplifiers designed for use in an

11-GHz digital radio equipment. The equipment is designed

Manuscript received February 14, 1973; revised April 30, 1973.
S. F. Paik and D. J. Kelley are with the Special Microwave Devices

Operation, Raytheon Company, Waltham, Mass. 02154.
P. J. Tanzi is with the Communication Systems Laboratory, Ray-

theon Company, Norwood, Mass. 02062.

to transmit quadrature phase-shift-keyed

modulated at the data rate of 40 Mbit/s.

(QPSK) [1] carrier

Two different types of IMPATT-diode amplifiers have been

tested for this system: a multistage reflection amplifier [2]-[4]

and a hybrid amplifier containing an injection-locked oscilla-

tor (I LO) stage [5 ]– [8]. Both types of amplifiers have a gain

of 30 dB at the output power level of 1.0 W. Design considera-

tions and the performance characteristics of the two types of

amplifiers are described in Section II.

The most meaningful indicator of the system performance

in data transmission is the bit error rate (BER). To assess the

“quality” of the amplifiers, the BER degradation introduced

by the amplifiers is measured by comparing the system BER

with and without the amplifiers in the transmission path. In

Section III the experimental results are presented, with a

short description of the equipment and test conditions.

II. AMPLIFIERS

The power output requirement for the amplifier is 1.0 W.

The input signal to the amplifier is derived from an up-con-

verter whose output level is in the range of 1–2 mW [9], and

thus the minimum gain of the amplifier at the saturated out-

put level of 1.0 W is 30 dB. Since the spectral width of the


