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Abstract—1In this letter, we report on the realization of a
two-stage 16-way solid-state power amplifier (SSPA) in the
Ka-band. To this end, we describe the design of a high-power
amplifier (HPA) in a 100-nm gallium nitride (GaN) process and its
integration into a split-block waveguide module. The PA module
achieves an output power of more than 7.6 W between 28 and
39 GHz. In conjunction with 16 of these PA modules, we then
employed a custom low-loss radial splitter and combiner to
create a compact SSPA system. The two-stage SSPA configuration
exhibits a small-signal gain of up to 44 dB and a peak output
power of 127 W at 31 GHz in 5 dB of gain compression.
Furthermore, we measured output power of close to 100 W
and state-of-the-art efficiency values of more than 19% between
28 and 38 GHz. To our knowledge, this is the most broadband
high-power SSPA demonstrated so far in this frequency range.

Index Terms— Gallium nitride, Ka-band, power combining,
solid-state power amplifier (SSPA), waveguide.

I. INTRODUCTION

ITH the introduction of the fifth-generation mobile
Wcommunication and in future communication stan-
dards, the required data rates are steadily on the rise. To enable
the transmission of these data volumes, the adoption of
significantly higher operating frequencies is crucial. In this
context, the millimeter-wave (mmW) spectrum between 30 and
300 GHz is arguably the most promising candidate. Using
higher frequencies, larger absolute bandwidths can be allo-
cated, allowing for significantly higher data rates. On the other
hand, the free-space attenuation is considerably increased. As a
result, relatively high output powers in the order of 100 W and

more are needed for some future systems.
In recent years, as solid-state transistor technologies con-
tinue to improve performance at mmW frequencies, they
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have evolved to be a tangible alternative in applications that
could previously only be realized using traveling-wave tube
amplifiers (TWTAs). However, the output power delivered
by power amplifiers (PAs) realized using a single microwave
monolithic integrated circuit (MMIC) is still severely limited.
PA MMICs based on gallium nitride (GaN) have been shown
to deliver the highest power density in the lower mmW region.
Due to limitations in efficiency and device cooling, Poy in
continuous-wave (CW) mode is limited to around 20 W in the
Ka-band [1]-[5].

Consequently, to reach an output power in the range of
100 W and more, a large-scale power combining approach
is essential. In conjunction with a suitable power splitter
and combiner, a number of unit amplifiers form a solid-
state PA (SSPA). In the W-band, the state-of-the-art is set
by Schellenberg et al. [6], who reported on a full-band SSPA
with an average output power of 37 W. In the lower end of the
mm-wave spectrum, Yoon et al. [7] showed a saturated Py
of greater than 100 W between 27 and 31 GHz. Furthermore,
a recent product by Qorvo Inc. provides a Poy of over 105 W
between 32 and 38 GHz [8].

It can be seen that the state-of-the-art in Ka-band SSPAs
is limited in its relative bandwidth to below 18%. However,
for multiband communication terminals and high-power mea-
surement equipment, significantly larger bandwidths would be
highly beneficial. Consequently, in this letter, we describe the
development and evaluation of a compact broadband and high-
power SSPA covering most of the Ka-band.

II. TECHNOLOGY

The MMIC process used for this project is required to
provide both a large bandwidth and high output power density.
Therefore, a GaN-on-SiC technology with a nominal drain
voltage of 15 V was used. It features 100-nm T gates,
a complete frontside process with two metal layers, air bridges,
nickel-chromium resistors, and MIM capacitors. Moreover,
through-substrate vias and backside metalization are available.
The silicon carbide substrate thickness amounts to 75 xm.

For increased reliability, a final passivation layer was
applied to all MMICs presented in this publication. Typically,
this process delivers a power density of 2 W/mm and enables
designs at W-band and beyond [9].

III. HPA-MODULE DESIGN AND MEASUREMENTS

A micrograph of the developed high-power amplifier
(HPA) MMIC is depicted in Fig. 1. It features three stages
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Fig. 1. Micrograph of the developed three-stage high-PA MMIC.

~_Cooling Interface

Fig. 2. Split-block amplifier module manufactured for this work. It contains
the HPA MMIC, transitions to the WR-28 waveguide, and biasing circuitry.

with a staging ratio of 1:2 each, which results in two, four,
and eight high-electron-mobility transistors (HEMTs) in the
first, second, and third stages, respectively. The unit gate
width of all HEMTs is 60 um, with eight gate fingers.
As the amplifier is targeted toward system integration, low
input and output reflection coefficients are crucial to avoid
standing-wave phenomena. Thus, we implemented a balanced
architecture, using Lange couplers at the input and output.

All stages are matched reactively: two parallel low-loss
output matching networks combine the output power of four
HEMTs, each, and transform the impedance level to 50 Q.
The two signals are then combined using a Lange coupler
on the output. The matching network design was carried out
by first synthesizing passive equivalent circuits of the large-
signal input and tradeoff load impedances. Next, low-loss pro-
totype networks were designed using basic microstrip Process
Design Kit (PDK) elements. Due to the desired compact
layout and rather thick substrates, extensive coupling effects
occur, especially in the final interstage matching networks
(ISMNSs, as seen in the inset in Fig. 1). As a result, the
translation of the prototype networks to a layout first yielded
poor electromagnetic (EM) responses. To improve this, space-
mapping techniques [10], [11] were used extensively for each
of the networks, which resulted in significantly improved EM-
simulated matching bandwidth.

As a basis for large-scale power combining, we integrated
the HPA MMIC into a self-contained split-block module
(cf. Fig. 2). To reduce losses in the interface to the combiner,
we use a standard WR-28 waveguide flange for the input and
output. To allow for a radial combiner and splitter in the
system center, the RF flanges are located on the same face of
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Fig. 3. Comparison of the developed HPA’s small-signal measurements, both

on-wafer and at the module’s waveguide flanges.
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Fig. 4. Small-signal measurements of 17 modules. In (a), S-parameter
magnitudes are shown, while (b) depicts the relative insertion phase offset.

the module. The waveguides are connected to the MMIC via
E-field probes and short bond wires. The E-field probes were
manufactured separately on a custom fused-silica substrate
with a thickness of 135 ym. Furthermore, the module contains
low-frequency stabilization elements and bias circuitry that
merge the various bias voltages to a single gate and drain
bus, which is routed to the bias connector.

The MMIC’s small-signal measurement results are depicted
in Fig. 3, both in the case of the on-wafer measurement and for
the split-block module. Both measurements were acquired at
a drain voltage of 15 V and a current density of 150 mA/mm.
The module measurement shows a peak S,; of 22.6 dB, while
the on-wafer measurement exhibits a maximum of 19 dB. This
difference can be attributed to the better thermal attachment
in the module when compared to the on-wafer environment.
As a result of the balanced architecture, the on-wafer input and
output reflection coefficients are below —19.1 dB in the entire
Ka-band. With values below —14.1 dB, the module exhibits
slightly higher but still tolerable reflections, which are caused
by the E-field probes and the bond wire transitions.

IV. SSPA DEVELOPMENT AND CHARACTERIZATION

A total of 17 PA modules have been manufactured and
individually characterized for use in the SSPA. Fig. 4(a)
depicts the S-parameters between 25 and 42 GHz for all of
them. Their S,; exhibits a spread of below 1.5 dB. Moreover,
the relative small-signal phase difference A/ZS,; as shown
in Fig. 4 indicates a phase spread of below £25°. We also
conducted individual module-level large-signal measurements
at 30 GHz, which indicated a P,y between 38.9 and 39.4 dBm
and a PAE of 27.14+ 1.5% at a constant P, of 21 dBm.

A simplified overview of the SSPA architecture is illustrated
in Fig. 5 (top). It includes a waveguide splitter that divides
the input signal into 16 individual parts of equal amplitude
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Fig. 5. Single- and two-stage SSPA system diagram (top) and photograph
of the single-stage SSPA configuration including cooling plate (bottom). The
system diameter is 16.4 cm.
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Fig. 6. Small-signal measurements of the one- and two-stage SSPA
configurations and S»; sweeps of all 17 modules (light red).

and phase. The 16 waveguide modules are fed by this signal—
each contains one of the MMICs shown in Fig. 1. The modules
are individually biased from a dedicated printed circuit board
(PCB) (not shown). The amplified output signals are then
combined using a radial combiner structure [12] identical to
the splitter. Furthermore, in the two-stage setup, an additional
PA module is connected to the splitter input, roughly doubling
the SSPA’s gain.

A photograph of the single-stage SSPA assembly can be
seen in Fig. 5 (bottom). The SSPA’s characterization was car-
ried out after biasing each of the modules with Vp = 15 V and
ip = 150 mA/mm, which equals a quiescent supply current Ip
of 33.6 A. Fig. 6 depicts the small-signal measurement results.
As can be seen, the single-stage S»; is consistent with the
single-module measurements (same plot, light red). Moreover,
the SSPA’s S;; and S, exhibit very similar values to the
characteristics of the single modules, which indicates good
matching of the splitter/combiner system. In the two-stage
setup, the transducer gain is roughly doubled, reaching a
maximum of 44 and over 20 dB in the entire Ka-band.

The large-signal CW characterization was carried out using
the measurement setup shown in Fig. 7 (top): three high-
power loads are connected to the SSPA via a power splitter,
the output power is detected using a 30-dB coupler. The
results in 5 dB of gain compression are depicted at the
bottom of Fig. 7. A maximum P, of 127 W at 31 GHz and
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Fig. 7. Large-signal measurement setup and CW measurement results from
the two-stage SSPA configuration in 5 dB of gain compression.

TABLE I
RECENT PUBLICATIONS OF WIDEBAND Ka-BAND SSPAs

Ref. # MMICs  Freq. Sa1 Pout PAFE
GHz dB w %

[7] 16 27-31 22-24 145-190  20-24
[8] 16 32-38 1727 115-145 15-18
[13] 16 34-36  20-24  315-330* 15-17
[5] 4 31-34 23-24 20-32 30-32
[14] 1+16 35-37 n/a 19-21 18-21
[15] 32 31-36 n/a 15-50 3-11

[16] 1+1+16 37-42 65 21-22 15-17
This 1+16 28-38  31-44 96-127 18-24

* Pulsed excitation, 50 % duty cycle.

power exceeding 100 W in a large part of the Ka-band were
measured. Additionally, a PAE of close to 20% was measured
in the same frequency range, showing close agreement with
the single-module efficiency measurements. Comparison to
recent publications of Ka-band SSPAs as depicted in Table I
illustrates this work’s favorable characteristics in bandwidth,
efficiency, and also gain values.

V. CONCLUSION

In this letter, we describe the design and characteriza-
tion of a wideband SSPA system in the Ka-band frequency
range. By using an advanced 100-nm GaN-on-SiC process
and extensive EM simulations, we design a wideband PA
which is subsequently integrated into a waveguide split-block
module. In conjunction with waveguide-based power splitters
and combiners, the modules form a two-stage 16-way SSPA.
The SSPA characterization demonstrates a peak Pyy of 127 W
and a peak gain of 44 dB. The unique wideband design
enables a P,, of more than 100 W in most of the Ka-band.
To our knowledge, this is the most broadband high-power
SSPA demonstrated in this frequency range to date.
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