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Abstract

A novel Ka-band high efficiency asymmetric waveguide four-port combiner for coherent combining
of two Monolithic Microwave Integrated Circuit (MMIC) Solid State Power Amplifiers (SSPAs) having
unequal outputs has been successfully designed, fabricated and characterized over the NASA deep space
frequency band from 31.8 to 32.3 GHz. The measured combiner efficiency is greater than 90 percent, the
return loss greater than 18 dB and input port isolation greater than 22 dB. The manufactured combiner
was designed for an input power ratio of 2:1 but can be custom designed for any arbitrary power ratio.
Applications considered are NASA’s space communications systems needing 6 to 10 W of radio
frequency (RF) power. This Technical Memorandum (TM) is an expanded version of the article recently
published in Institute of Engineering and Technology (IET) Electronics Letters (Ref. 1).

Introduction

Ka-band communications links for a number of NASA Science and Exploration Missions will need
amplifiers with 6 to 10 W of RF output power to satisfy the data rate requirements. For example, relevant
Lunar exploration links include those between the Crew Exploration Vehicle ( Orion) and the
International Space Station (ISS) and the Tracking and Data Relay Satellite System (TDRSS) and
between the Lunar Lander (Altair) and the Lunar Relay Satellite. The highest power Ka-band (31.8 to
32.3 GHz) Solid State Power Amplifier (SSPA) to have flown in space had an output power of 2.6 W and
an overall efficiency of 14.3 percent. This SSPA was built around discrete GaAs pHEMT devices and
flew aboard the Deep Space One spacecraft (Ref. 2). A second example is a 2.5 W SSPA, which will fly
on the Juno spacecraft in the NASA New Frontiers Mission to Jupiter scheduled for launch in August,
2011 (Ref. 3). This SSPA will not be used for data communications to Earth but as part of a gravity
science experiment.

The maximum power output at Ka-band frequencies of state-of-the-art GaAs monolithic microwave
integrated circuit (MMIC) pHEMT based power amplifiers (PAs) ranges from about 3 W with a power
added efficiency of 32 percent to about 6 W with a power added efficiency of 26 percent (Ref. 4). Hence
power combining of two or more PAs is needed to achieve the required higher power levels.
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Conventional binary waveguide power combiners, such as the short slot and magic-T, require MMIC PAs
with equal amplitudes and phases for high combining efficiency. However, due to manufacturing process
variations, the output powers of MMIC PAs tend to be unequal. Rectangular waveguide unequal power
combiners investigated in the past are based on a hybrid ring (Ref. 5), shunt/series coupling slots (Ref. 6),
E-plane septums (Ref. 7) or H-plane T -junctions (Ref. 8), all of which were designed to operate at
frequencies at or below X-Band (12.4 GHz). The only waveguide unequal power combiner for operation
at Ka-band is the 2-way branch-line combiner reported by the authors of this TM (Ref. 9).

This paper presents the design and characterization of a Ka-band high efficiency waveguide
asymmetric unequal power combiner and also the results using two MMIC PAs with output powers of 1.0
and 0.5 W. Although the combiner input power ratio was 2:1 in this case, it can be custom designed for an
arbitrary power ratio. One other constraint is that the two input signals should be in phase for maximum
combining efficiency. The combiner design is based on the 4-port L-band (508.6 MHz) asymmetric high
power divider reported by Takahashi et al. (Ref. 10), but scaled and dimensions optimized for operation
as a combiner over NASA’s deep space network (DSN) frequency range of 32.05±0.25 GHz. This
combiner has additional advantages: (1) it enables the combining of different types of PAs, e.g., a lower
power GaAs with a higher power GaN MMIC PA; (2) it enables high efficiency power combining of
three PAs using either two asymmetric power combiners or an asymmetric power combiner with a
conventional magic-T; and (3) it is potentially applicable for use with very high power amplifiers, as was
shown in the high efficiency power combining of two Ka-band traveling wave tubes (TWTs) with a
magic-T as the power combining element (Refs. 11 and 12).

Asymmetric Combiner Design and Fabrication

The design incorporates a horizontal rod (0.8 mm diameter), vertical inductive post (0.5 mm diameter
and 5.0 mm height) and capacitive iris (0.65 by 0.08 mm) sized and internally positioned to achieve the
desired asymmetric power transmission, phase equality and high port isolation. Figure 1(a) shows the port
configuration and relative sizes and positions of the rod, post and iris. Figure 1(b) is a cross-section
drawing showing the dimensions of the combiner junction in a plane parallel to coplanar ports 1, 2, and 3.
For combiner operation, power input is at ports 2 and 3 and the combined power output is at port 1. Port 4
is the isolated port. The circuit was initially modelled and simulated as a power divider, with the input
signal at port 1, using the transient solver package of the CST Microwave Studio software (Ref. 13). The
design goals were (1) a 2:1 power ratio (lS31 l2 = 2×lS21 l2) with equal phases at ports 2 and 3 for maximum
power combining efficiency, (2) a high return loss (S 11) at port 1, and (3) high isolation between ports 1
and 4 (S41) and ports 2 and 3 (S23). The design procedure included adjustments to the horizontal position
of port 4 for a 2:1 power split, the distances of ports 2 and 3 from the junction with port 1 to achieve
phase balance and the iris width and post height to increase isolation (S41) and decrease reflection (S 11),

respectively. Thus, in the fabricated combiner the location of port 4 with respect to ports 2 and 3 is offset
by 0.74 mm closer to port 2 while the location of port 1 with respect to ports 2 and 3 is offset by 0.84 mm
closer to port 3. To simultaneously optimize the combiner for low insertion loss, high isolation, and good
impedance match over 32.05±0.25 GHz, the model required non-standard internal dimensions for the
waveguide (3.0 by 6.1 mm). A linear taper of length 1 mm was added at each port to transition to standard
WR-28 waveguide (3.556 by 7.112 mm) for Ka-band operation and ease of network analyzer testing. The
fabricated combiner shown in Figure 1(c) was precision machined from aluminium and measures 40 by
39 by 39 mm.
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Simulated and Measured Power Divider Results

The circuit was first characterized as a power divider (signal input at port 1) with both a computer
simulation (Microwave Studio) and network analyzer measurements over a 6 GHz span (29 to 35 GHz).
Figure 2 shows the measured and simulated return loss (S 11) at the divider input port 1 as a function of
frequency. The measured data shows that the best return loss occurs at a frequency higher than the simulated
frequency. The reason for the shift in frequency is because of the challenge in precisely manufacturing the rod,
post and iris in accordance with the design dimensions. Nevertheless, the measured return loss over the desired
32.05±0.25 GHz is greater than 18 dB, which is adequate for a proof of concept demonstration. The measured
isolation between ports 2 and 3 (S23) and between ports 1 and 4 (S41) over the above frequency band, shown in
Figure 3, were greater than 18 and 22 dB, respectively. These results also vary slightly from the simulated data
due to manufacturing tolerances, but are adequate for a proof of concept demonstration. Figures 4 and 5 show
the measured and simulated ports 2 and 3 (combiner input ports) power division over 6 GHz and 500 MHz,
respectively. These results show that the measured and simulated data are in good agreement over the
32.05±0.25 GHz frequency band. Figure 6 shows the measured and simulated power ratio and the phase
difference between ports 2 and 3. The measured power ratio, (IS 31 I 2 / IS21 I 2), was within 1 percent of 2 and the
measured phase balance was within 2.6°, resulting in near perfect agreement with the design goals. Based on
the above S21 and S31 network analyzer measurements, the efficiency (IS21 I 2 + IS31 I2) over the above frequency
band is in the range of 95 to 97 percent.
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Experimental Power Combining Results

Figure 7 shows a schematic of the complete power combiner test circuit and Figure 8 is a photograph
showing the benchtop layout. Figure 9 is another schematic of the power combiner test circuit showing
specifically the two GaAs pHEMT MMIC PAs, XP 1026 and XP 1027, manufactured by Mimix
Broadband (Ref. 14). Figures 10 and 11 are close up views of the test circuit showing the asymmetric
power combiner and the two MMIC power amplifiers.

The microwave powers were measured at five frequencies across the 32.05±0.25 GHz frequency
range with input powers for each frequency at 0.5 W (XP 1026) at port 2 and 1.0 W (XP 1027) at port 3 for
a total input power of 1.5 W. The phase was adjusted at each frequency for maximum power output at
port 1. Figure 12 shows the measured combined powers, which ranged between 1.35 and 1.37 W. The
corresponding combining efficiency is about 91 percent. A measure of the sensitivity to variation in input
phase of combined power output and efficiency is shown in Figure 13. The combining efficiency was
observed to be at or above 90 percent for a phase imbalance of ±6° in the two input powers.
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Conclusions

A novel high efficiency Ka-band two-way asymmetric power combiner has been successfully
designed, fabricated and characterized for operation over the 32.05±0.25 GHz frequency range. Although
designed for a 2:1 input power ratio, it can be easily designed for an arbitrary power ratio. The measured
power ratio when tested as a power divider was very close to 2 and the phase balance was within
2.6° resulting in near ideal performance. When tested as a combiner, an efficiency greater than
90 percent was demonstrated over the above frequency range using two MMIC PAs with 2:1 power
output ratio. In addition, the combining efficiency was observed to be at or above 90 percent for a phase
imbalance of ±6° in the two input powers. These results show the combiner reported here to be a good
candidate for high efficiency power combining of two or more PAs needed to achieve the 6 to 10 W of
microwave power required by space communications systems of future NASA missions.
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