
nal; therefore, the total output power of a dis-
tributed amplifier is determined by the break-
down voltage of an individual device. Readily
available GaAs pseudomorphic high electron
mobility transistor (pHEMT) MMICs, covering
2 to 20 GHz, have breakdown voltages typically
less than 20 V, resulting in about 0.5 W output
power. Newly announced devices have break-
down voltages around 25 V, which sets a limit
on saturated output power on the order of 1 W.
The development of efficient combining meth-
ods is necessary to further increase the power
capability of broadband amplifying systems and
several approaches have been developed over
the years.

PENGCHENG JIA
CAP Wireless Inc.
Newbury Park, CA

High power broadband amplifiers are a
crucial element for a variety of de-
fense electronics and telecommunica-

tion systems. However, the product of power
and bandwidth is fixed for a specific amplify-
ing device, that is, the broader the bandwidth,
the less the output power. Hence, a variety of
broadband power combining techniques has
been developed for achieving higher output
power than is available from a single device. 

Distributed amplifier designs have been
widely used to achieve chip level solid-state
amplifiers with a decade and greater band-
width. This method sums the output power of a
series of small devices while maintaining broad
bandwidth by utilizing an “artificial” transmis-
sion line.1 However, a crucial limitation of this
design for high power is that the device at the
last stage must sustain the summed output sig-

A 2 TO 20 GHZ
HIGH POWER AMPLIFIER
USING SPATIAL POWER
COMBINING TECHNIQUES

Combining high power microwave amplifiers with performance covering decade bandwidths is
difficult to achieve. Commercially available MMIC chips offer power levels only in the 1 W range.
Traveling-wave tube amplifiers (TWTA) that provide high broadband power are limited to about a 4
to 1 bandwidth. Combining the output power of a large number of MMIC amplifiers using a coaxial
waveguide spatial power combining method described here offers a highly efficient approach for
manufacturing reliable, high performance broadband solid-state power amplifiers. Using this
structure, 5 to 10 W of saturated output power has been achieved across a 2 to 20 GHz bandwidth.
Although this is the highest demonstrated power known in a commercially available product, the
power level is strictly limited by today’s readily available MMICs. The amplifier structure can support
power levels exceeding 100 W and, as higher power MMICs become available, the basic design can
provide a concomitant increase in output power.

Reprinted with permission of MICROWAVE JOURNAL® from the April 2005 issue.
©2005 Horizon House Publications, Inc.



In general, an N-way combiner
can be represented as N parallel
identical channels, as shown in Fig-
ure 1. Each branch of the combin-
er/divider is assumed to be identical
and each output port gets the same
amount of power. If the input port
has a characteristic impedance of Zin,
each separated parallel channel will
have an input impedance of Zin•N.
The output impedance for P1 to PN
will remain as ZL. The key require-
ment of a good combiner is to design
a broadband impedance transformer
to match the impedance from Zin •N
to ZL.

A typical transmission line imped-
ance matching network is shown in
Figure 2 with ZS being the input im-
pedance and ZL the load impedance.
Each section of the transmission line
is a quarter wavelength at the center
frequency. For a matching network
with only one section of transmission
line, the characteristic impedance of
Zc is (ZS•ZL)1/2. The impedance ratio,
Qr, which is defined as ZS/ZL, will de-
termine the combiner’s bandwidth.

Figure 3 shows simulation results for
different Qr ratios. 

To broaden the bandwidth, a mul-
ti-section quarter-wavelength trans-
former must be used to reduce the
impedance ratio at each section. A
Chebyshev equal-ripple passband
transformer can be synthesized by
manipulating the characteristic im-
pedance of each section. The Cheby-
shev transformer is optimized to have
minimum ripple inside the passband.
However, to realize a 10:1 ratio trans-
former from 2 to 20 GHz, a 10-sec-
tion transformer is required to
achieve a –20 dB reflection coeffi-
cient, as shown in
Figure 4.

Typically, Zin and
ZL are all 50 Ω. As a
result, Zin • N will be
too high to be practi-
cally realized by pla-
nar circuitry when N
is higher than 4. For
N>4, a multi-stage
combiner must be
used. The problem
here is that the re-
sulting transmission
lines will be extreme-

ly long in order to meet the bandwidth
requirement, resulting in high combin-
ing loss and a physically large circuit. A
fundamental limitation is that when a
large number of devices are combined,
a point of diminishing returns is
reached where the combining losses
approach the increased power antici-
pated by adding more devices.

COAXIAL WAVEGUIDE SPATIAL 
N-WAY COMBINER DESIGN

The coaxial waveguide spatial
power combiner addresses these
bandwidth and loss issues by effi-
ciently combining a large number of
elements over a very broad band-
width. Figure 5 shows the concept of
a coaxial waveguide spatial N-way
power combiner.

Here, a “tray” approach is used to
build an amplifier using a coaxial
waveguide N-way combiner. The am-
plifier system has a number of wedge
shaped trays, each of which is 1/Nth
of a cylinder. By radially mounting
the wedge shaped trays, a coaxial
waveguide structure is formed. Input
and output coaxial waveguide tapers
are used to feed the input of the
coaxial waveguide structure and also
to collect the output wave from the
coaxial waveguide structure to an out-
put port. Each wedge tray has circuit
elements, which include an input
broadband finline transformer, an ac-
tive device, which is typically a
MMIC amplifier, and an output
broadband finline transformer. When
trays are stacked together, the finline
transformers are transformed into an
array located between the inner and
outer conductor of the coaxial wave-
guide structure. The transformer pro-
vides a match from the high imped-
ance at the waveguide end to the ac-
tive devices, typically 50 Ω.
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▲ Fig. 5  Coaxial waveguide spatial N-way power combiner.
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The N-way spatial combiner can still
be described by the original represen-
tation. Instead of using planar circuits
as in traditional combiners, however,
the coaxial waveguide spatial combiner
uses coaxial waveguide finlines for im-
pedance matching. Since a coaxial
waveguide is used, a TEM wave is
propagating inside the waveguide. The
coaxial waveguide finline is also a TEM
transmission line, which has its own
characteristic impedance. Conventional
circuit theory can be used for matching
and impedance transformation. Fur-
thermore, because the characteristic
impedance of a coaxial waveguide fin-
line is very high, it is much easier to
match from its high input impedance
to the input of each active device.

There is very small dispersion
even over a multi-octave bandwidth
since the dominant mode that propa-
gates along the coaxial line is TEM.
The dense finline array helps sup-
press higher modes in the coaxial
waveguide. The bandwidth of the
transformer can be fully exploited be-
cause the coaxial waveguide does not
have a cut-off frequency, as in a rec-
tangular waveguide. Moreover, the
uniform illumination of all the anten-
nas helps to keep the amplifier sys-

tem’s linearity much the same as for
each individual MMIC amplifier.
Since the minimum spacing between
the trays is determined by the indi-
vidual amplifier module size, the
coaxial waveguide combiner has the
benefit that the number of trays can
be increased to provide very high
output power. A high thermal con-
ductivity metal is used for the wedge
trays and this, along with the high
thermal dissipation capacity of the
tray approach, makes large-scale
power combining feasible by en-
abling efficient and reliable heat re-
moval solutions.

When the amplified signals from
different MMICs are combined, the
power is added since all the signals
are in phase. But the residual phase
noise from each MMIC amplifier is
not correlated with that of the other
modules. As a result, the phase noise
at the amplifier system output is the
same as for a single module, while
the output power is N-times the pow-
er of a single module (less the com-
bining loss), which can provide a sub-
stantial improvement in the ratio of
carrier power to phase noise.

AMPLIFIER SYSTEM POWER
SUPPLY

The power amplifier system uses
an innovative biasing scheme, shown
in Figure 6, to maximize the combin-
ing efficiency for the N-way spatial
power combiner. Loss can be caused
by amplitude and phase variations
among the elements and the maxi-
mum combining efficiency will be
achieved when all the MMICs have
uniform performance. For the most
part, the power modules use com-
mercially available GaAs HEMTs,
which can have significant variations
from die to die at a fixed gate voltage.
However, the gate voltage can be
used to control the output current. To
ensure each element is biased at the
same current level, a feedback bias
circuit is utilized to sense the drain
current and lock it to a fixed value by
adjusting the gate voltage. This serves
to minimize output power variation
across the large number of amplifying
elements used in the array, which
helps to improve the overall combin-
ing efficiency. 

HIGH POWER AMPLIFIER USING
COAXIAL WAVEGUIDE SPATIAL
COMBINER DESIGN

Figure 7 shows the complete am-
plifier system. It should be noted that
the test unit was thermally designed
so that it can be a platform for testing
much higher power MMIC modules.
The initial 10 W unit will fit in a stan-
dard 18 in. rack. Figure 8 indicates
that the amplifier system exhibits flat
small-signal gain across the 2 to 20
GHz band. 

Figure 9 shows the output power
at the 1 dB compression point (P1dB)
along with the saturated output pow-
er (Psat) over the frequency band
(due to test equipment limitations,
measurements above 18 GHz are not
currently available). The sum of the
Psat from each individual MMIC am-
plifier is also plotted as Psat_ideal,
showing the system’s high combining
efficiency. 

The exceptional combining effi-
ciency has proved the commercial
feasibility of several important design
concepts for coaxial waveguide spatial
combiners. First, very low loss can be
achieved using coaxial waveguide fin-
lines in a combining and dividing ar-
ray. Second, the incident wave is
evenly distributed to each channel
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▲ Fig. 6  Power supply for the coaxial
power combining system.

▲ Fig. 7  A broadband, high power, coaxial
waveguide combiner.

| S 11
|, |S

22
|, |S

21
| (d

B
)

FREQUENCY (GHz)

30

0

−30

−60
 2 6 10 14 18 20

▲ Fig. 8  Small-signal S-parameters.
P

sa
tid

ea
l, P

sa
tm

ea
su

re
d, P

1d
B
 (dB

m
)

FREQUENCY (GHz)

50

 40

30

20

10

0
 2 6 10 14 18

▲ Fig. 9  Psat and P1dB as a function of
frequency.



and summed equally. Third, the regu-
lation of the bias conditions of the in-
dividual amplifier elements ensures
consistent output power across the
entire array. All of these advantages
result in an exceptionally efficient
and reliable broadband amplifying
system. In addition to high output
power, the low noise figure (see Fig-
ure 10) and low intermodulation dis-
tortion (see Figure 11) result in a
wide dynamic range for the amplifier
system.

HERMETICITY AND POWER
AMPLIFIER MODULES

Subsystems in defense electronic
systems typically require survivability
under adverse environmental condi-
tions, with most systems requiring
semiconductor devices to be hermeti-
cally sealed. While moisture seals us-

ing various plastic and epoxy materi-
als are inexpensive and acceptable for
most commercial applications, such
methods are generally considered in-
adequate for most military standard
specifications.

The coaxial spatial combining de-
sign uses stacked trays to form the
waveguide opening. Hermetically
sealing the entire system is not only
an impractical approach from a cost
standpoint, it makes it virtually im-
possible to service and repair the am-
plifier system. To overcome these
problems, rather than sealing the en-
tire system, each individual MMIC
amplifier is hermetically sealed be-
fore its assembly into the system.

Broadband low loss packages using
low temperature co-fired ceramic
(LTCC) have been developed. To
eliminate lead parasitics, a surface
mountable approach is used. As
shown in Figure 12, the package has
a Cu/W base, which has a good match
with the thermal expansion coeffi-
cient of the GaAs substrate material.
The ceramic package is on top of the
Cu/W base with a solder ring frame
used to hermetically seal the package
with another ceramic lid. 

The package is resonant free from
DC to over 20 GHz while maintain-
ing low loss across the band, with the
added benefit that the surface-mount
approach greatly simplifies the as-
sembly process.

Individual hermetic amplifiers are
manufactured and tested before as-
sembly into the amplifier system along
with the individual bias stabilization
and monitoring circuits. 

Using solid-state devices com-
bined with good thermal manage-
ment results in high mean time be-
tween failure (MTBF), especially
when compared with a TWTA. In the
event of module failure, the amplifier
output power and gain will gracefully
degrade — “soft fail” — with the
modular design lending itself to
straightforward repair by replacing
just the module. 

CONCLUSION
The coaxial waveguide spatial power

combining technique has resulted in a
solid-state amplifier system that pro-
vides broad bandwidth and high linear
output power. At 5 to 10 W across the
entire 2 to 20 GHz band, it is believed

to provide the highest power yet
demonstrated with a commercially
available solid-state amplifier. Employ-
ing off-the-shelf MMICs, the amplifier
system combines 16 power amplifier
modules, each of which has an output
power of 25 dBm at P1dB and 26 to 28
dBm saturated. Using newer MMICs
with a minimum saturated output pow-
er of 29.5 dBm, it is expected the units
will provide 10 W minimum across the
band. Importantly, the design is scal-
able; as higher power MMICs become
available simply replacing modules will
result in concomitant power output.
For example, a 6 to 18 GHz amplifier
has been built and tested, providing
over 40 W of output power.2 Using this
improved spatial combining technique,
a power amplifier covering that band
that is being developed, will provide
greater than 50 W.

Coaxial space combined high pow-
er amplifier systems will soon be re-
placing broadband TWT amplifiers
below the 100 W level with solid-
state reliability, soft-fail characteris-
tics, maintainability and improved
power-added efficiency. While the
primary applications are for the de-
fense community in EW, ECM,
ECCM, jammers, towed decoys and
tri-band military satellite communica-
tions applications, commercial appli-
cations in research institutes for labo-
ratory test systems and commercial
test equipment markets can also be
considered.  ■
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