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Abstract—This paper presents a broad-band spatial power-
combining system based on tapered-slot antenna arrays inte-
grated in a standard WR-90 waveguide environment. The system
is designed using a modular tray architecture, providing full
waveguide-band frequency coverage and an excellent thermal
environment for a set of monolithic-microwave integrated-circuit
(MMIC) amplifiers. The shape of the tapered-slot or finline
structures was optimized to minimize return loss and provide a
broad-band impedance transformation from the waveguide mode
to the MMIC amplifiers. A prototype eight-element array using
commercial GaAs MMIC power amplifiers yielded a maximum
of 41-W output power (continuous wave) with a gain variation
less than�1.2 dB within the entire band of interest. The average
combining efficiency over the operating band was estimated at
73%. The results suggest the efficacy of the design and a strong
potential for higher powers by moving toward a greater number
of MMIC’s per tray and a larger number of trays. Should the
100-W system be realized in the near future, our combiner system
will become a promising candidate to challenge the dominant
position currently claimed by the traveling-wave tube amplifiers.

Index Terms— Finline structure, power combining, spatial
power combiner.

I. INTRODUCTION

H IGH-POWER amplifiers are a necessary component of
wireless transmitters at microwave and millimeter-wave

frequencies. Solid-state amplifiers have desirable character-
istics, but are generally unavailable at high-power levels
and/or broad bandwidths, forcing systems designers to use
vacuum-tube devices. This has motivated research activities
in the area of spatial power combining or multiple solid-
state amplifiers [1]. Many circuit-level combining approaches,
such as corporate combining, suffer from increased loss (and,
hence, reduced combining efficiency) as the number of devices
increases. On the contrary, loss is relatively independent of
the number of devices in a well-designed spatial combiner. As
a result, spatial power combining is favored in certain high-
power applications requiring a large number of amplifiers [2].
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For the implementation of high-power spatial combiners,
where the output power is at the level of tens or hundreds of
watts, several issues have to be incorporated in the design
to achieve the desired performance. When dealing with a
large number of high-power amplifiers, thermal management
is extremely important since device performance degrades
drastically if waste heat cannot be removed efficiently. The
combiner must be compact, but large enough (physically and
thermally) to accommodate the desired number of amplifiers.
Minimizing output combiner losses is also critical as far as
combiner efficiency is concerned. It is worth emphasizing
that for combiner systems based on high-gain amplifiers, only
the loss associated with the output network is important [2].
A well-designed combiner should ideally exhibit broad-band
characteristics, i.e., a frequency-independent 50-impedance
environment so that the performance of the individual (iso-
lated) monolithic-microwave integrated-circuit (MMIC) am-
plifiers can be retained. In this way, the combiner system is
also technology independent, requiring only that the MMIC’s
are unconditionally stable inside of the desired operating band.

In a previous paper, we reported a new waveguide-based
spatial power-combiner circuit that addressed these issues
[3]–[5]. The concept is illustrated schematically in Fig. 1(a);
we exploit the inherent spatial distribution of the field energy
in the dominant waveguide mode to distribute and collect
power to and from a dense array of amplifiers. Transitions
between the amplifier and waveguide mode are made via
electrically close tapered-slot antennas (or finline structures).
The enclosed waveguide provides an excellent heat-sinking
environment for the power devices and is a natural choice for
most high-power applications.

In this paper, we present the design and fabrication of a
new version of a spatial power combiner, as illustrated in
Fig. 1(b), which is based on the same operating principle, but
provides solutions to many problems encountered in the previ-
ous design. Efforts have been devoted to further improvements
on heat sinking, characterization, and optimization of pas-
sive waveguiding structures, integration of high-performance
MMIC amplifiers, and enhancement of overall system design.

II. CIRCUIT DESIGN

The prototype spatial combiner was implemented by using
a 2 4 array of active devices, integrated with input/output
antenna arrays in a standard-band waveguide environment.
This design was to serve as a proof-of-concept toward an
ultimate goal of a 100-W combiner system at -band.
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(a)

(b)

Fig. 1. (a) Schematic diagram. (b) Graphical illustration of the operating
principle of the combiner circuit.

Fig. 2 shows the schematic plot of the test fixture, which
forms the main body of the combiner circuit. It adopts a
modular tray architecture, which makes the packaging com-
pact and assembling straightforward. The fixture consists of
four identical trays, along with the top/bottom covers and
a base plate. The completely enclosed structure eliminated
radiation loss in the system, a problem which plagued earlier
designs [2]–[4]. The prototype designs were constructed from
aluminum for ease of fabrication; however, copper will be
used for the future high-power systems.

Each “H”-shaped tray was designed to accommodate sep-
arate input and output “antennas,” which rest in grooved
channels so that the antenna surface is flush with the tray
surface. The MMIC’s and associated radio-frequency (RF)
feed and dc bias circuitry were mounted directly onto the metal
crossbar of the tray. Bondwires were used to make connections
between antennas and MMIC amplifiers, resulting in a crude,
but effective slotline-to-microstrip transition.

(a)

(b)

Fig. 2. (a) Schematic plot of the test fixture. (b) Layout on a single tray.

When all the components are stacked and bolted together,
two WR-90 waveguide apertures are formed at the input and
output ends of the test fixture. Alignment pins were used to
hold the fixture in exact position. At each side of the test
fixture there are notched openings on each tray, which allow
for distribution of dc bias to the MMIC amplifiers from an
external power supply.

Tapered slot antennas are broad band in nature and, there-
fore, attractive for this combiner system. 10-mil-thick alu-
minum nitride (AlN) substrates with single-sided metallization
were used to realize the antennas. By using standard pho-
tolithographic processes, the antenna pattern was defined and
etched in a 3.4-m-thick gold layer. The taper shape of the
finline structure was optimized to minimize the return loss
and provide appropriate impedance transformation from the
waveguide to the MMIC amplifiers (see Section III).

The commercially available MMIC GaAs power amplifiers
used in this work were individually attached to a heat-spreader
by the manufacturer using vacuum-reflow eutectic soldering
techniques. These MMIC’s were subsequently attached di-
rectly onto the test fixture using conducting silver epoxy. This
arrangement provided for dissipation of approximately 150-W
of dc power with a 41 C rise above the ambient at the
base of the MMIC’s. Note that more MMIC amplifiers can be
laterally added to the space adjacent to the existing amplifiers.
In addition, the number of trays could also be increased so
that more active elements can be integrated into the combiner
circuit. The number of trays is ultimately limited by the
waveguide aperture and the minimum achievable thickness of
the trays, as well as by thermal management.

III. OPTIMAL TAPER DESIGN

In order to minimize the return loss of the taper slot antenna
arrays, the shape of the taper structure has to be properly
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Fig. 3. Shape of the taper slot antenna structure has to be determined to
minimize return loss and provide proper impedance transformation between
MMIC amplifiers and the waveguide.

Fig. 4. The taper shape was optimized and determined. The plot shows the
relationship between the (normalized) gap width and the position along the
taper.

designed. Klopfenstein developed similar “optimal tapers” for
TEM structures based on the theory of small reflections [6].
These designs specify the impedance value at each point along
the taper in order to achieve a specified maximum allowable
return loss in the passband. With proper modification (using
wave impedances instead of characteristic impedances), the
original design concept can be extended and applied to non-
TEM waveguiding structures [7]. Finlines operate in a quasi-
TE mode, where the longitudinal electric-field component
is negligible when compared to the transverse components.
This knowledge establishes an important link between the
propagation constants (which can be easily computed) and the
wave impedance.

Fig. 3 shows the schematic plot of a single antenna card,
which outlines the design problem of interest. Before the
optimal tapered structure can be designed, both the gap sizes
at the input and output ends of the taper have to be specified,
along with the taper length and required maximum return loss.
The output gap size was set by the size of the waveguide
opening and the number of antennas. Ideally, we would like to
choose the input gap size so that the MMIC amplifier could see
a 50- environment; however, it was practically impossible to
do that in this particular case. At an input gap size of 52m,
the slotline characteristic impedance was found to be approx-
imately 100 . Therefore, an additional microstrip taper was
designed and incorporated into the existing circuitry to serve
as an 100–50- impedance transformer. The microstrip carrier
was mounted on the tray much like the MMIC amplifiers,
and were also used to carry bias to the innermost reaches
of the tray.

(a)

(b)

Fig. 5. (a) Test circuit and (b) results for the return-loss measurements for
a 2� 2 system, with the end of microstrip taper terminated with 50-
 chip
resistor.

Once the input and output gap sizes were determined,
the wave impedance along the position of the taper line
could be derived from the design equations that apply to
non-TEM structures [7]. In order to realize the physical
layout of the optimal taper, the relationship between the
propagation constants and geometric parameters of the finline
array then had to be established. The spectral-domain method
[8] was used to set up integral equations, which were then
solved by the method of moments. Consequently, under the
assumption of TE operation for finlines, the corresponding slot
width to specific wave impedance, which is a function of the
propagation constant, could be determined. Fig. 4 shows the
resulting optimized taper shape for the structure, with a design
goal of return loss better than20 dB for the entire operating
band of 8–11 GHz.

Return-loss measurements were performed to verify the
taper design for a 2 2 system. The test circuit is shown in
Fig. 5(a), where the end of the microstrip taper is terminated
with a 50- chip resistor. The measured return loss shown
in Fig. 5(b) was better than 15 dB for the entire waveguide
band, which was sufficiently close to the design goal for this
work. It is worth noting that theoretically there is no upper
limit for the bandwidth of the gradual taper and, therefore, the
bandwidth is currently limited by the waveguide and MMIC
amplifiers.
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Fig. 6. Power measurements for individual MMIC amplifiers. Output power
was measured when incident RF power was 21 dBm. The plot is shown on
a linear scale.

Fig. 7. Pout versusPin measurements for individual MMIC amplifiers.

IV. MMIC POWER AMPLIFIERS

The MMIC amplifiers used in this work were commercially
available parts from the TGA9083-EEU, Texas Instruments
Incorporated (now TriQuint-TI), Dallas, TX. The amplifiers
were mounted on individual carriers for better handling and
easy attachment. External bias capacitors were epoxy-mounted
onto the test fixture in close proximity to the MMIC ampli-
fiers for low-frequency stabilization. Gold wires with 1-mil
diameter were used for electrical connections for both RF and
dc purposes. Careful attention was paid during the assembly
process in minimizing bondwire lengths and avoiding potential
electrical shorting of components due to excessive epoxy.

The nominal specifications for this MMIC amplifier was
8-W continuous wave (CW) at 9-V drain bias over the range
of 6.5–11 GHz, with a small-signal gain of 19 dB and
power-added efficiency (PAE) of 33%–40%. On-chip active
gate biasing was used to simplify the biasing setup. Each
MMIC amplifier was characterized in isolation for perfor-
mance screening and bias setup. Fig. 6 shows a plot of output
RF power versus frequency (linear scale) for the MMIC’s used
in this work. Fig. 7 illustrates the output power versus input
power measurements at 9 GHz, showing some differences
in saturated power and linear gain among MMIC amplifiers.
On average, the actual maximum output RF power from a
single MMIC was approximately 6.9 W when driven into
saturation.

Fig. 8. Photograph of the overview circuit layout on a single tray.

Fig. 9. Photography of the combiner circuit based on 2� 4 arrays.

V. COMBINER PERFORMANCE

A finished tray and the assembled four-tray combiner system
are shown in Figs. 8 and 9. CW power measurements were
performed using the measurement setup illustrated in Fig. 10.
Coaxial-to-waveguide adapters were used to create a coaxial-
based environment for measurements. A traveling-wave tube
(TWT) amplifier, along with a sweeper, was utilized to gen-
erate an input RF signal of approximately 30 dBm. A 20-dB
attenuator was placed directly after the output adapter to bring
down the output power level and prevent the power sensor
from receiving excessive power. At the input, a directional
coupler was used to sample the input power level, while at
the output, the other coupler was employed to monitor the
output RF signal with a spectrum analyzer. Measurement data
were taken up to 11 GHz, where the performance of MMIC
amplifiers starts to degrade.

A maximum output power of about 41 W was observed
at 8.7 GHz, with a corresponding gain of about 16.5 dB, as
shown in Fig. 11. The gain varies within the range from 13.8
to 16.5 dB, indicating a remarkably broad-band characteristic,
with only less than 1.4-dB gain variation. The PAE of the
combiner circuit fluctuates, in the range from 17% to 27%, as
the frequency varies. About 150 W of dc power and 17 A
of drain current by average were consumed by a total of
eight MMIC amplifiers when the combiner was in operation.
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Fig. 10. Power measurement setup.

Fig. 11. Power measurements for the combiner circuit.Pin = 30 dBm.

Thermocouples were used and attached to various positions
on the body of test fixture for temperature measurement. Ap-
proximately 41 C of temperature difference existed between
the bottom surface of the metal carrier directly underneath
the MMIC amplifiers and the base plate, which was about
25 C. These numbers suggest that the MMIC amplifiers were
operated under a benign condition and the waste heat has been
efficiently removed during the measurements.

The return-loss characteristic for the combiner circuit, as
shown in Fig. 12, is better than 10 dB for the entire fre-
quency band. It can be seen that Figs. 6 and 12 both show
results with similar shaped curves, indicating that the combiner
circuit presents a consistent return-loss characteristic, as was
seen in the passive/tapered structure. The graceful degradation
property of the combiner is shown in Fig. 13. Two MMIC
amplifiers, located on two outer trays, were intentionally
turned off to examine the corresponding effect on the power
performance. No catastrophic failure or resonant dips were
observed as a result of the loss of these amplifiers. The output
power and gain gradually reduce when the number of operating
MMIC amplifiers decreases; however, the combiner lost about
19% and 37% of original output power, respectively, for the
cases when one and two MMIC amplifiers were turned off.
Ideally, this would be 12.5% and 25% if the devices were
perfectly isolated.

VI. I NFLUENCE OF NONUNIFORM FIELD PROFILE

Since the waveguide operates in the dominant mode,
there is a nonuniform excitation of the trays. The MMIC

Fig. 12. Return-loss property of the combiner circuit.

Fig. 13. Graceful degradation characteristic of the combiner circuit.

amplifiers that are located close to the center of the waveguide
receive more incident RF power than the ones at the outer posi-
tions. This should lead to some degradation in output power for
a given input power, especially when MMIC amplifiers operate
in or near saturation, which, in turn, affects the combining
efficiency and PAE. However, it is difficult to quantify this
analytically without detailed electromagnetic analysis.

To begin to address the issue experimentally, measurements
were made using a two-tray combiner system. In this case,
each MMIC amplifier should receive the same amount of
incident RF power, and an accurate estimate of combining
efficiency can be made using earlier measurements of the
individual MMIC performance. The combining efficiency is
shown in Fig. 14, calculated by dividing the actual saturated
power from the combiner by the total saturated power from
all the MMIC amplifiers. The averaged combining efficiency
is approximately 77%. Since this is essentially a measure of
output losses in each tray, this number sets an upper limit on
the combining efficiency of the four-tray system.

The effect of the nonuniform illumination in the four-tray
system was examined using a simple calculation. We assume
eight identical MMIC amplifiers, each generating 7 W of
saturated power and 20 dB of linear gain, which approximates
our actual MMIC’s. The saturation characteristics were then
modeled by [9]

(1)
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Fig. 14. Combining efficiency of the combiner circuit, based on 2� 2 arrays.

Fig. 15. Losses due to mode mismatch and nonuniform illumination.

where , , , and represent the output
power, saturated power, input power, and linear gain, respec-
tively, for the th MMIC amplifier in the combiner circuit.
The input power to each MMIC was estimated by assuming
a -mode excitation and accounting for the location of
each tray in the waveguide. Based on these assumptions,
it was calculated that the two center trays jointly receive
approximately 67% of the total incident power, while the two
outer trays jointly receive approximately 33% of the total
incident power.

The total output power can be calculated by summing up
all the output power from each MMIC amplifier

(2)

The percentage of loss in available power was calculated by
using

- (3)

and is shown in Fig. 15. Somewhat surprisingly, the loss
peaks at only 3.8% at W, suggesting that the
nonuniform field distribution of the incident RF power does
not seriously impact the RF power level available from the
MMIC amplifiers in this particular combining structure. This
is a result of clustering the cards toward the center of the
waveguide.

We also need to consider the coupling loss caused by the
mismatch between the waveguide-mode profile and the output

Fig. 16. Effect of nonuniform illumination of incident power on output
power. The inset plot outlines the actual positions of the trays and each
supports two MMIC amplifiers. Sinusoidal field distribution is assumed for
the nonuniform case.

field distribution from the MMIC amplifiers. This effect is
important only when the MMIC amplifiers operate in or near
saturation. The coupling factor between two mode profiles can
be calculated based on the following expression:

(4)

The output field distribution, calculated by using (1), (2), and
the waveguide-mode profile, shown in the inset of Fig. 16,
are represented by and , respectively. Both and
were normalized, and the integration was performed over the
entire waveguide cross section. The estimated coupling loss
was derived as shown in Fig. 14. It can be seen that the
coupling loss increases as the incident RF power increases.
The coupling loss peaks at1.3% ( W) where all
the MMIC amplifiers saturate and each outputs the same
amount of power. The total loss, accounting for losses due to
mode mismatch and nonuniform illumination, is approximately

4.2% at W. Fig. 15 shows the curves for available
power from the MMIC’s and the actual power coupled to the
waveguide. At W, the available power was 46.6 W
and the actual power was 44.6 W, with a loss of approximately
2 W, or 4.2% of available power.

Combining the measured results from the two-card system
(Fig. 13), which describes the power loss due to losses in
the system, along with the estimate of power loss due to
the nonuniform field profile and mismatch of mode profile
(Fig. 15), we, therefore, estimate an average combining effi-
ciency of approximately 73% for the four-tray combiner. The
dominant loss mechanism is clearly ohmic and/or transition
losses, and only a small part is related to the nonuniform field
profile. This could apparently be increased through improved
design of the transitions between the MMIC and antenna.

VII. CONCLUSION

We present a maximum 41-W (CW) result for a spatial
combiner circuit based on eight commercial GaAs MMIC
power amplifiers, integrated with 2 4 tapered finline arrays.
Broad-band characteristics were achieved with a gain variation
less than 1.4 dB covering the band from 8 to 11 GHz. The
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average combining efficiency was estimated to be approxi-
mately 73%. It is worth mentioning that the resulting PAE and
bandwidth of the combiner circuit were primarily limited by
the MMIC amplifiers. The combining structure itself was quite
efficient and broad band. The results suggest the efficacy of
the design and a strong potential for higher powers by moving
toward a greater number of MMIC’s per tray and a larger
number of trays. Should the 100-W system be realized in the
near future, our combiner system will become a promising
candidate to challenge the dominant position currently claimed
by the TWT amplifiers. A patent has recently been issued to
the University of California regarding this invention [5].
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