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MICROWAVE TRANSISTOR POWER AMPLIFIERS

Harold Balshem
Microwave Semiconductor Corp.

100 School House Road
Somerset, New Jersey 08873

ABSTRACT

The availability of both silicon bipolar and gallium arsenide field effect microwave power
transistors has been responsible for the development and manufacture of relatively high
power, reliable, solid state amplifiers from L-band to K-band. Pulse power of a kilowatt at
1 GHz and 100 watts at 3.5 GHz are representative of what is practically achievable in
pulse amplifiers while powers of 50 watts at 1.6 GHz, 6 watts at 6 GHz and 1 watt at
13 GHz are similarly representative of CW amplifiers. State-of-the-art development has
currently achieved 1 watt at 21 GHz from a single device.

Transistor characteristics, design considerations and performance of power amplifiers will
be described.

INTRODUCTION

Over-the past decade, improvements in the design and processing technology of SiBipolar
(SiBi) power transistors has resulted in transistors having substantial RF output power in L
and C band along with high DC to RF efficiency and excellent reliability. These devices in
turn have allowed the design of solid state power amplifiers exhibiting similar
characteristics. Progress has been such that, short pulse, low duty cycle, peak power of
1000 watts and CW power of 50 watts at 1 GHz is currently available from discrete
production transistors. Within the next two years, increase of 50% to 100%, in selected
bands, are predicted.

More recently, Gallium Arsenide Field Effect Transistors (GaAs FET) have entered the
market place with CW output powers of 3.5 watts at 6 GHz and 1 watt at 15 GHz
presently in production.

Utilizing the available devices as building blocks, power amplifiers can be constructed
which produce even higher powers by suitably combining these devices with external 



circuitry. The achievable combined output power is ultimately limited by the combining
efficiency and the maximum operating junction or channel temperature of the transistors.

SILICON BIPOLAR POWER TRANSISTORS

Most high power transistors available today which operate in the low microwave
frequencies, 1 to 4 GHz, are Class C, common base, internally matched devices designed
for either pulse or CW operation. The trend in pulse performance due to market
requirements has been away from general purpose types and toward the development of
devices for particular applications such as avionics (TACAN, DME, IFF) and radar. This
is indicated by the shape of the power vs. frequency curve shown in Figure 1. All the data
points represent the output power at the upper frequency end of a matched band e.g., 960
to 1215 MHz, 1.2 to 1.4 GHz, etc. Short pulse conditions are generally 10 µ sec at 1%
duty cycle while medium to long pulse conditions vary from 100 µ sec to several msec at
10% to 20% duty factors. Power gains of these devices are in the 6 to 7 dB range and the
collector efficiencies vary from 40% to 50% at 1 GHz to about 30% at 3.5 GHz.

The CW data plotted on Figure 2 follow the more classic slope of power vs. frequency.
This data is mostly for matched parts and generally the power gains and collector
efficiencies are about the same as for the pulsed parts.

The improvements in device design that have resulted in these performance levels are
generally directed at minimizing the thermal impedance and hence the junction temperature
of the devices while maintaining the fine line geometries and small parasitic elements
necessary for useful gain at these frequencies. Table I lists some of the important
characteristics incorporated in these modern power transistors.

TABLE I
CHARACTERISTICS OF HIGH POWER TRANSISTORS

1. Multiple isolated base areas (cells)
2. Improved metallization systems
3. Emitter site ballasting
4. Internal matching
5. Low thermal resistance, hermetic packaging
6. Wide emitter metallization

A simplified drawing of a section of one cell is shown in Figure 3, while Figure 4 shows a
schematic representation of a multi-cell device. The multi-cell design allows pellets to
increase in size so higher output powers can be achieved with lower junction temperatures.
But the increased size results in low input impedances which require the use of internal



matching to realize the device capability. Internal matching makes use of the bond wire
inductances along with MOS capacitors to provide an impedance match to the individual
cells. This matching distributes the input power more uniformly to the cells and raises the
device impedance at its terminals to a level which the circuit designer can more easily
handle. Typically, a high power device, if unmatched, would have an input impedance of
<<1 ohm while the same device matched would have an input impedance of from 5 to 25
ohms depending. on its power level. Matching is also done on the output side of the device
since it has been found to increase the device’s collector efficiency, by reducing the output
circuit loss. Even if the transistor were to be used at a single frequency, internal input
matching would still be necessary to uniformly distribute the input power so as to avoid
thermal problems due to nonuniform power distribution. A schematic of an internally
matched tranistor is shown in Figure 5, where part (a) shows the physical representation of
the device and part (b) shows the approximate equivalent circuit.

In a well designed transistor, the primary factor affecting reliability is the operating
junction temperature. Therefore, a pellet and package combination is used that minimizes
the thermal resistance between the junction and the case, 1j-c. The multi-cell design
achieves this by thermally isolating the base areas and more effectively distributing the
heat generated. Additionally, the heat path from the cells to the heat sink is minimized by
making the pellet as thin as practicable and finally by mounting the pellet on a surface
which has a high thermal conductivity. Since the collector must be electrically isolated, the
material most commonly used for this is beryillium oxide (BeO). To confirm that the
device meets the design criteria, it is thermally scanned by an infra-red (IR) microscope
while operating at rated RF conditions to evaluate its thermal profile scanning is used
instead of a )Vebf vs. temperature measurement since it gives a more accurate picture of
the thermal profile and can observe “hot spots” within its resolving power. “Hot spots” are
areas of the device which have a higher temperature than their surroundings and are
regions where failures are most likely to occur. In general, good device designs result in
temperature profiles that are uniform to within 10E C.

Using hot spot temperatures as a parameter in accelerated operating RF life tests, the long
term reliability of the device, in terms of its MTTF (Mean Time To Failure), can be
determined. This data is usually presented in the form shown in Figure 6 where the device
mean life is plotted against its hot spot temperature. Data is usually taken at elevated
temperatures (200E C to 300E C), to accelerate the failure mechanism, and then
extrapolated down to temperatures where the device would normally be used. For Class C
operation, devices are optimized at a given output power and collector voltage. Operation
at other conditions are permissible as long as operating temperature and breakdown limits
are not exceeded.



GaAs FET POWER TRANSISTORS

At about 4 GHz and up the gain of the SiBipolar transistor becomes impractical due to the
limited mobility of the carriers in silicon. The most successful candidate for power
transistor application (i.e., Pout > 1 Watt) in the frequency range 4 to 20 GHz is the GaAs
FET.

Generally, these devices are operated in a CW, Class A linear, mode to obtain practical
gain along with power output. Figure 7 shows both the availability of production type parts
along with the state-of-the-art performance achieved in the laboratory.

At the lower frequencies, gain runs about 5 to 6 dB with power added efficiencies of 25%
to 30% while at the higher frequencies gains fall into the 3 to 5 dB range with 15% to 20% 
associated efficiencies. Traditionally, the efficiency associated with FET’s is power added
efficiency, defined as

while the bipolars use collector efficiency defined as

Power added efficiency is more correct since it takes into account the RF input power and
must be used when making temperature calculations.

At the higher frequencies, package parasitics cause too much gain loss and some form of
multi-cell internal matching construction is required with output powers of 3 Watts and
greater. Above 8 GHz, either a chip carrier or matched chip carrier must be used even at
the 1 Watt level. As with the SiBi power transistors, channel temperature is the dominant
factor affecting device reliability and designs are directed at reducing the thermal
resistance of the device as well as the parasitic elements.

Many of the improvements in power FET’s are similar to that listed in Table I with the
exception of site ballasting. Since the FET transistor is a majority carrier device with
different operating principles, it does not suffer from the same thermal runaway
phenomenon as the bipolar device. Most designs try to minimize both the thermal
resistance and the source inductance so as to achieve low operating temperature with high,
stable gain. At present there appears to be three competing designs.



1) Conventional (i.e., ‘right’ side-up mounting with source overlay)
2) Conventional mounting with “via” holes
3) Flip Clip mounting

These constructions are shown schematically in Figure 8.

As with bipolar transistors, manufacturers run life tests to determine reliability, in terms of
MTTF, of the devices under a given set of conditions. Since the FET’s are relatively new,
much less data has been accumulated on them and the reliability studies have yet to be
fully substantiated by field data. However, the data so far indicates that power FET’s
should have about the same order of magnitude of reliability as silicon bipolars. However,
since the slope of the MTTF curve for FET’s appears to be steeper than for bipolars, it
seems prudent to operate them at a somewhat lower channel temperature (•20E C) for a
given MTTF.

Figure 9 is the latest data on the MTTF of power FET devices manufactured at MSC and
appears to be in agreement with measurements on other power FET’s. It is used in the
same manner as the data presented in Figure 6.

POWER AMPLIFIERS

DESIGN CONSIDERATION

Simply stated, the problem of power amplifier design reduces to designing an amplifier
producing the desired output power with the fewest number of available devices possible
while maintaining best efficiency and lowest junction operating temperature. The intended
application will determine the mode of operation, i.e., Class C pulsed, Class A linear, etc.
The power available from a single device is primarily constrained by frequency, operating
mode, (CW or pulse) and temperature, and the selection of an output device is limited to a
few types and manufacturers. If insufficient power is available from a single device, then
some form of combining is required to generate higher powers. Usually, a power module is
designed as a basic building block and this module is then further combined for higher
output power. The module configuration is a trade-off between power, size, complexity
and dissipation. While there are many forms of power combining, the most common way
of combining transistors, within a module, is to use 3 dB, 90E, hybrid couplers (2). They
provide isolation between devices, good to excellent bandwidth (depending on number of
coupling sections) and low input VSWR when combining devices with equivalent
characteristics even if their individual input VSWR’s are poor. Figure 10 is a block
diagram of a three stage amplifier module with four output devices and is typical of a
hybrid combined power module. The associated Table shows the penalty paid for various
coupler insertion losses.



While only four output devices are shown in the figure, in theory an unlimited number can
be combined. In practice, however, the recommended maximum number of devices to be
combined per module should be eight. Problems of testing, assembly, size, thermal
dissipation and combining efficiency with a convenient transmission line medium, such as
microstrip, become prohibitive. Generally, better form factors and lower loss combining
techniques can be utilized when combining at the module level (2).

Hybrid combining has several advantages:

1) Uses lower power, less complex parts
2) Has “graceful” degradation of power due to output device failure
3) Can provide interstage matching with high VSWR parts

A disadvantage is that it requires more parts, implying a higher MTBF, but this has to be
looked at and evaluated in light of the possible higher junction temperature of fewer
“larger” parts and a higher price due to their complexity and lower yields.

An alternate approach to the hybrid coupled amplifiers is the use of ferrite isolators or a
combination of isolators and couplers. The trade-offs are still performance, reliability and
cost. Figure 10 also shows a possible alternate approach to the hybrid coupled module
described above assuming the same device availability and results in an amplifier using
one less device. In many power amplifiers, the use of a ferrite isolator may be required in
the output stage to protect high power transistors from load mismatch. This is particularly
true for devices operating in a Class C, high efficiency mode and may be true for some
Class A linear parts. When combining devices in a module, even devices rated at 4 load
VSWR will require protection. The reason for this is that high power parts are designed to
optimize efficiency and thereby reduce both power dissipation and voltage/current stresses
on the part. High VSWR’s upset these conditions and increase either one or both of these
conditions until a failure (either hot spot or breakdown) occurs. While some power devices
are capable of surviving a high load VSWR individually at their rated output, when they
are combined the high reflected power they see is greater than when operated individually
and failure can occur.

Two circuit design techniques utilized for power devices are either (a) S-parameter
analysis or (b) “load pull”. In the S-parameter design, the signal level is considered small
relative to the device transfer function and the S-parameters are constant at a given bias
level. Many analytical design techniques are then available. For narrow band designs an
S-parameter approach can be used as an approximation to a large signal design but for
optimum performance at large signal a load pull technique is preferred (3). In this
approach, impedances are physically presented to the device and its performance evaluated
under various source and load conditions. Plots are then made of the locus of impedances



which give optimum performance in terms of power, gain and efficiency. This approach is
more tedious than the S-parameter approach since it involves more difficult and careful
measurements. Some manufacturers have had success with a mixed analytical/empirical
technique (4). Whichever approach is used, a synthesis technique, generally in conjunction
with CAD, is required to generate a practical circuit which will present the required
impedance to the device terminals. There are many other factors besides those mentioned
which dictate power amplifier design but in general the more linear the requirement, the
lower the available output power.

AMPLIFIER PERFORMANCE

Figure 11 shows the power output of various amplifiers as a function of frequency. While
not intended to be all inclusive, it does represent what is currently being achieved both in
production and in the laboratory. In some cases, the performance is technology limited
while in others it is market or amplifier constrained. All of these amplifiers have been
designed using devices and techniques described above and in all but one or two cases,
use a matched part or parts in at least the output stage. Figures 12 through 14 show power
output performance and representative block diagrams of short pulse, long pulse and CW,
Class C silicon bipolar amplifiers, respectively. The short pulse amplifier is used in a high
power DME application, the long pulse amplifier in a digital data link and the CW
amplifier in the shipboard transmitter of a satellite communications link. Figures 15
through 17 are performance and block diagrams of linear GaAs FET amplifiers at C band
and Kµ band, respectively. These are used in telecommunication links, either terrestrial or
satellite, where lower power and better linearity are required.

SUMMARY

The characteristics of modern high power microwave transistors has been presented along
with important considerations in their design and use in power amplifiers. Representative
and projected performance of transistors and several types of power amplifiers in the
frequency range from 1 to 30 GHz has also been presented.
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