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ABSTRACT

Two amplifier developments centered at 20 GHz based on GaAs IMPATT diodes will be
discussed. The on-going developments of a 20 GHz communication amplifier sponsored
by NASA Lewis using injection locking and resonant cavity combiner will be reviewed. A
wideband 20 GHz amplifier to achieve 20 Watt 1 GHz bandwidth based on 3-dB hybrid
couplers and stable mode of amplification, along with the results obtained from the
constant voltage mode of amplification will be discussed.

A wideband solid state amplifier designed as a driver for a 44 GHz terminal transmitter
will be described. The amplifier is designed for 2 GHz 1-dB bandwidth centered at 44.5
GHz, with an overall gain of 40 dB. A six-stage design is used to accomplish 500 mW
output power. Low cost construction and mechanical ruggedness are emphasized in this
design.

THE 20 GHz NASA TRANSMITTER DEVELOPMENT

TRW is currently under contract with NASA Lewis Research Center to develop three
proof-of-concept (POC) models of 20 GHz high power IMPATT transmitter with 20 Watts
power output. The effort will involve design and development of a high power combiner
using GaAs IMPATT diodes, as well as development of high power and high efficiency
GaAs IMPATT diodes for use in the combiner development. A three-stage transmitter will
be constructed using the combiner developed to achieve the output power of 20 Watts with
30 dB gain. The key program goals for the transmitter are summarized in Table I.



TABLE I.  PERFORMANCE REQUIREMENTS FOR THE 20 GHZ NASA
TRANSMITTER

Center Frequency 19.95 GHz
RF Band (500 MHz) 19.7 to 20.2 GHz
RF Output Power $20 Watts
RF Gain (500 MHz) 30 dB ± 1 dB
Gain Variation (500 MHz) ± 1 dB
DC-to-RF Conversion Efficiency $20%
Noise Figure (19.7-20.2 GHz) $25 dB
AM/PM Conversion 5 ± 1EdB
Phase Linearity (500 MHz) 10E P-P
Harmonic Response (at Saturation) 50 dB below carrier
Spurious Response (at Saturation) 60 dB below carrier

The transmitter is designed to operate in the injection-locking mode. Because of the
moderate bandwidth requirement (2 1/2 percent), a careful gain-bandwidth tradeoff
analysis indicates that two single-diode driver stages followed by one six-diode power
combiner stage suffice to provide the required power and bandwidth. Figure 1 shows the
power allocations for the various stages.

Two types of single-diode oscillator circuits have been found useful for evaluating
IMPATT diodes in terms of power output and frequency and also as driver modules.
These are the so-called reduced height waveguide circuit and the tapered-hat circuit as
depicted schematically in Figures 2 and 3, respectively. In the reduced height waveguide
circuit, the diode is generally mounted at the bottom of a coaxial line which is cross-
coupled to the reduced height waveguide. The coaxial line serves to transform the
relatively low device impedance to a higher value compatible with the waveguide
impedance. The reduced height waveguide results in a lower waveguide impedance which
helps ease the burden on the coaxial line as a broadband impedance transformer. At the
top end of the coaxial line, a low pass filter is generally introduced to isolate the RF from
the DC bias and to suppress possible low frequency oscillations. This circuit has been
analyzed extensively by numerous researchers.(1,2) In the tapered hat circuit configuration,
the impedance matching to the diode is accomplished by the hat dimensions and the bias
filter position. The hat represents a resonant circuit and effectively reduces the circuit
impedance presented to the diode, thus eliminating the need for a reduced height
waveguide. Figures 4 and 5 show the hardware for both types of circuits.

The power stage consists of a six-diode power combiner in the well-known Kurokawa
circuit configuration as shown in Figure 6. This type of circuit falls into the category of
resonant-mode combiners and is the method of combining most widely used for two-



terminal device power accumulation at millimeter wave frequencies. The diodes are
mounted in coaxial modules near the waveguide cavity sidewall. The waveguide cavity
supports a TE103 resonant mode whose magnetic field lines interact with those of the
coaxial modules to effect power accumulation. Such a power combining scheme has been
proven successful from X-band all the way up to 140 GHz (D-band).

POWER COMBINING

The waveguide resonator combiner has been used for both two-diode and four-diode
experiments. Using diodes which produced 1.85 to 2.25 Watts in a single-diode test
cavity, an output power of 2.95 Watts at 18.1. GHz has been obtained for a two-diode
combiner with a combining efficiency of 85 percent. For a four-diode combiner, we have
observed a total output power of 6.95 Watts at 18.7 GHz with a combining efficiency of
85 percent. This clearly established the feasibility of the combiner approach and paved the
way for the eventual six-diode combining experiment. The operating frequency of 18.7
GHz is lower than the design target of 19.95 GHz. This is believed to be caused by the
non-optimum parasitic reactances associated with the diode package.

Injection locking experiments have also been performed on the four-diode combiner.
Preliminary results indicated a locking bandwidth of 200 MHz with a gain of 8 dB and an
output power level of 6.5 Watts. To increase the locking bandwidth from 200 to 500 MHz
the output iris size must be increased to reduce the resonator Q. Such a change, however,
will also necessitate a corresponding adjustment in the coaxial module quarter-wave
transformer dimensions in order to maintain the same power output.

WIDEBAND CONSTANT VOLTAGE AMPLIFIER AND POWER COMBINING

The bandwidth of an injection locked oscillator is limited by the external quality factor Qext

of the circuit defined in the Adler’s relationship:

The lowest possible Qext is limited by the Q factor of the diode package. To illustrate this
point, let us consider the ideal circuit with an IMPATT diode in a 0.030 inch diameter,
0.005 inch high ceramic ring package which is mounted in a perfectly matched circuit with
no additional reactance between the diode and the external load. This ideal circuit,
representing the lowest possible external Q, defines the upper limit of the amplifier
bandwidth. The limit, in this case, is imposed by the package parasitics.



Using the proper values of package parasitics, the equivalent circuit is shown in Figure 7.
Assuming a typical IMPATT diode with -2 ohm negative resistance, a matched load
resistance of 2 ohms will give the following approximate value of Qext:

Thus, for the ideal case of perfect match, the best possible injection- locking bandwidth
with 3 dB gain is approximately 5 percent. To achieve wideband (BW > 5%) performance,
stable amplification must be used in place of injection locking.

Recently, it has been observed by J.W. McClymonds(3,4) that much improved performance
in gain and bandwidth can be achieved if the IMPATT diode is biased with a constant
voltage rather than the more widely used constant current. In the constant voltage amplifier
mode of GaAs IMPATT diode operation, the diode bias current increases with the input
drive power. This is the result of large ac voltage swing across the diode reaching a value
comparable to the dc bias voltage. The rectification of the ac voltage causes a dc current to
flow through the diode. The net bias current, therefore, increases as the drive power
increases. For oscillator operation, the current is not self-limiting. As the oscillation builds
up, the ac voltage across the diode increases, resulting in higher current.

The higher bias current allows the diode to produce a higher ac voltage, thus resulting in a
runaway condition. To prevent oscillator failure, constant bias current must be used.
Constant voltage mode amplifiers, on the other hand, are stable because the ac diode
voltage depends only on the amplifier input power level, which, in conjunction with the
supplied constant dc voltage, determines the operating dc diode current. The reliability of
the diode is thus assured by selecting the operating current at the highest possible drive
level . In many respects, the constant voltage amplifier resembles a classical vacuum tube
triode amplifier; for small ac diode voltage (low input drive), the amplifier behaves as a
class A type. As the ac voltage increases across the diode, however, the amplifier
resembles a class B or class C type, where the tube current becomes a function of the ac
grid voltage.

The operation of this mode is best illustrated by Figure 8 in which the output power and
bias current values of a 2.1 Watts amplifier are plotted as a function of input drive level. A
Commercial Varian diode produces 1.41 Watt at 19.4 GHz with 17 percent efficiency. As
seen in Figure 8, the power added by the diode to the amplifier reaches a maximum value
of Padd = 1.1 W; at this output level the amplifier efficiency is 15 percent. It should be
emphasized that beyond 600 mW, an indication of high linearity for this amplifier also
shown in Figure 8 is the bias current increase as a junction of drive input, illustrating the
constant voltage mode of operation.



In addition to the improved amplifier linearity shown in Figure 8, the constant voltage
amplifier is capable of higher output power than a constant current amplifier. In a constant
current amplifier, because of the hard saturation of the power output, it is generally
impossible to extract the maximum diode power in a wideband amplifier. Severe non-
linear effects usually set in at high drive for the constant current amplifiers as a result of
current limiting. As a figure of merit, the power added to an amplifier can be compared
against the free running oscillator power output, which is the maximum diode power
possible. We can define the power-added efficiency n of an amplifier

As seen from Figure 8 for a constant current IMPATT amplifier, 0 at the highest drive
level is 40 percent with 1 dB gain. For a constant voltage amplifier, on the other hand, an
impressive 86 percent was achieved with a respectable gain of 3 dB.

Both the tapered-hat and reduced height waveguide circuits have been evaluated for their
bandwidth capability. Figure 9 presents the bandpass characteristics of a tapered-hat
amplifier. Using a commercial Varian diode capable of 1.42 W with 18.2 percent
efficiency as an oscillator biased at 300 mA, the constant voltage amplifier produced
2.2 W output power with 3.5 dB gain. The 1 dB bandwidth was 1 GHz and the power-
added efficiency was 16.9 percent or 0 = 92 percent. The amplifier bias current was
280 mA at the 2.2 W output level.

In this amplifier, the 1 GHz bandwidth objective was achieved. In fact, a number of
amplifiers demonstrated over 1.3 GHz bandwidth with slightly lower gain. In wideband
amplifier design in which several amplifier stages are either cascaded or combined to
achieve high output power, the ultimate bandwidth is invariably narrower than the
bandwidth of each individual stages. The tapered-hat circuit was found to be inadequate
for fulfilling the greater than 1 GHz bandwidth requirement owing to its relatively high
circuit Q. After some experimentation, it was soon apparent that the reduced height circuit
is capable of substantially improved bandwidth. Figure 10 shows the bandpass
characteristics of one such constant voltage amplifier to be 2.77 GHz at 1 dB points. The
power output of the amplifier was 2.2 W with a power-added efficiency of 16.8 percent.
This result represents a factor of 2.5 improvement in gain-bandwidth product over the
result achieved in the tapered-hat structure.

TRW is currently engaged in an internal R&D program to develop a 20 W amplifier/
combiner with 1 GHz bandwidth using 3 dB hybrid couplers and stable amplifier modules.
Figure 11 shows a photograph of the combiner hardware. It consists of a two-diode driver
stage followed by a four-diode power stage. Each hybrid coupler combines two individual
amplifier modules without the use of a ferrite device to separate the input from the output.



Unlike the resonant cavity combiner, the hybrid coupler combiner is capable of wide
bandwidth (>5 percent). To a large extent, the combiner design can be accomplished
independent of the hybrid characteristics. The hybrid coupler also has high port-to-port
isolation (approximately 25 dB) which eases the design of a multiple-diode combiner with
minimal interference among diodes. This combiner approach is well-established at
frequencies as high as 60 GHz. Our work at the present time is concentrated on the
selection of IMPATT diodes which are well matched in terms of their rf charactersitics and
the fabrication of wideband amplifier modules suitable for power combining.

44 GHz WIDEBAND SOLID STATE AMPLIFIER

TRW is currently under contract to MIT Lincoln Laboratories to develop a six stage
wideband EHF amplifier with the following performance objectives:

Power Output 500 mW (min)
Overall Gain 40 dB
Frequency Band 43.5 to 45.5 GHz
Operating Temperature 0E to 40EC

Figure 12 is a block diagram of the Lincoln Lab amplifier. The overall amplifier design is
based on the stable amplification mode. The four stage driver utilizes a commercial GaAs
Gunn device to achieve wide bandwidth, high gain and low loss operation. It is designed to
deliver 50 mW of output power with 30 dB gain. The driver is followed by a two- stage
IMPATT amplifier to achieve the 500 mW power requirement with 10 dB gain. Full band,
low loss (0.15 dB typical) TRW circulator will be used to achieve the amplifier output
power with high efficiency; the wide bandwith assures proper out-of-band amplifier
behavior for spurious-free performance.

The basic Gunn amplifier module utilizes the reduced height waveguide circuit described
earlier. Three stages of the Gunn drivers have been fabricated and preliminary results are
encouraging. Table II shows the rf performance of a one-stage, two-stage, and three-stage
driver.

TABLE II.  GUNN DRIVER RF PERFORMANCE

One-Stage I Two-Stage Three-Stage
Gain (dB) 8 15 22
Power Input (dBm) 2 2 -6
Power Output (dBm) 10 17 16
RF Band (GHz) 43.1-45.6 43.4-45.7 43.3-45.8



A single-diode IMPATT amplifier has also been fabricated. The IMPATT diode has a
double drift structure with a breakdown voltage of 29 volts and a junction capacitance of
1.47 pf. With an input driver of +17 dBm, the gain of the amplifier varies from 5.5 to 6.0
dB for the frequency range from 43.2 to 45.5 GHz. A second IMPATT amplifier for the
last stage is currently under rf evaluation.

CONCLUSIONS

High power solid state amplifier developments at 20 and 44 GHz have been reviewed.
Particular attention has been focused on wideband performance which is increasingly
important for covert satellite communications requiring spread spectrum and frequency
hopping techniques to ensure antijam (AJ) and low probability of intercept (LPI)
capabilities. At 20 GHz, very wide band performances have been observed with
doubledrift GaAs diodes operating in the constant voltage amplification mode. Over 10
percent bandwidth has been obtained from a single-diode amplifier with an impressive 90
percent power-added efficiency. The dc-to-rf efficiency is close to 19 percent. Using
injection-locking a power combiner with 6.5 Watts power output and 200 MHz bandwidth
near 20 GHz has been fabricated using four double-drift GaAs IMPATT diodes. It is
believed that the bandwidth can be increased to the program goal of 500 MHz by
modifying the circuit to effect a lowering of the circuit Q. As a complementary effort, a
hybrid coupled combiner/amplifier utilizing the constant voltage wideband single-diode
amplifier modules is also underdevelopment. Finally, the development of a 500 mW
wideband driver amplifier operating around 44 GHz was presented. In this work a three-
stage Gunn driver capable of 22 dB gain with a 2.5 GHz bandwidth has been achieved.
Furthermore, preliminary result of a one-diode IMPATT amplifier has shown a gain from
5.5 to 6.0 dB with 17 dBm input between frequencies 43.2 and 45.5 GHz. These results
indicate that the performance goal of 500 mW power output can be achieved without much
difficulty.
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Figure 1.  NASA 20 GHz Amplifier Block Diagram



Figure 2.  Reduced Height Waveguide Circuit Schematic

Figure 3.  Tapered-Hat Circuit Schematic



Figure 4.  Tapered-Hat Circuit Hardware

Figure 5.  Reduced Height Waveguide Circuit Hardware



Figure 6.  Kurokawa Circuit Power Combiner

Figure 7.  Simplified Equivalent Circuit for Diode Package
Matched into an Ideal Load

 

 



Figure 8.  Comparison Between Constant Voltage and
Constant Current Operation



Figure 9.  Bandpass Characteristics of Tapered-Hat Circuit Amplifier

Figure 10.  Bandpass Characteristics of Reduced Height Waveguide
Circuit Amplifier



Figure 11.  Two-Stage Hybrid Coupled Power Combiner/Amplifier at 20 Ghz

Figure 12.  Block Diagram of Lincoln Lab Amplifier


