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Abstract

This manuscript presents a millimeter-wave GaN high-power amplifier (HPA) intended for
next generation inter-satellite links (ISLs). The proposed architecture achieves a fractional
bandwidth wider than 18% in the V-band spectrum, to deliver a 10 Gbit/s throughput com-
patible with multi-thousand-km ISLs. Core of the HPA is the monolithic microwave integrated
circuits (MMIC ) power amplifier which covers the whole 59-71 GHz band with high efficiency
through innovative topologies and a cutting-edge gallium nitride on silicon carbide (GaN-on-
SiC) process. The MMIC is then parallelized by means of a 1-to-8 splitter/combiner to obtain a
V-band 10 W GaN HPA. Measurement results show a peak small-signal gain of 25.6 dB, 6.5%
peak power-added efficiency, and a maximum P45 of 40.3 dBm.

Introduction

Future non-geostationary-satellite-orbit constellations, geosynchronous orbit (GSO) relay satel-
lites and multiple access telecom reconfigurable satellite systems strive for larger and larger data
rate to accommodate futuristic applications. Among them, a meshed satellite network architec-
ture allows relay interconnections with reduced number of Earth stations while still providing
global coverage. Currently, channel data throughput represents the bottleneck of such systems,
hence jeopardizing such architectures. Typical microwave inter-satellite links (ISLs) achieve
nowadays 1-2 Gbit/s of data rate through channels only a few tens of MHz wide. Higher capac-
ities can be obtained by means of optical inter-satellite links such as in the European Data Relay
Satellite System, in which data relay satellites are maintained in geostationary orbit to relay
information to and from non-geostationary satellites, other vehicles and fixed Earth stations
that otherwise are not able to permanently transmit/receive data. The use of optical ISLs allows
up to 1.8 Gbit/s over long distances and 5.625 Gbit/s over short distances. Optical systems are
however hampered by several complex challenges, such as stringent thermal control and point-
ing accuracy requirements, together with the performance of the components and the high
recurring cost of equipment.

An alternative or complementary solution to satisfy the main technical and equipment cost
objectives of this technological scenario is the possibility of using radio frequency (RF) data
links working with channels significantly larger than before. This is possible in the millimeter-
wave frequency region, today available and less-crowded, although careful planning must be
undertaken at constellation and inter-constellation level ([1] and its evolutions). The present
work addresses the frequency range between 59 and 71 GHz (V-band), which corresponds to
an available fractional bandwidth of more than 18%. Such a bandwidth enables >10 Gbit/s
data rates for distances of about 5000 km and even higher data rates for shorter distances by
using currently available receivers. Aiming at enabling RF ISL at >10 Gbit/s, the main technical
objectives are hence: (i) support a very large bandwidth to allow for either a single wideband
channel or for multiple parallel simultaneous data channels, and (ii) generate and handle the
required high transmit power. This opens the use of higher-order modulations, increasing the
number of bits per symbol and ultimately carrying more information per time unit.

An earlier version of this paper was presented at the European Microwave Integrated Circuits
Conference and was published in paper [2].

The overall result derived from the combination of the two approaches described before
has driven the work presented here: the development of a high-power amplifier (HPA) module
capable of 10 W of RF output power with a high power-added efficiency (PAE). The activ-
ity involved several technical advancements, outlined in this manuscript: (i) the system-level
analysis to select the module architecture, described in the “System overview and V-band HPA
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Figure 1. System architecture of the foreseen module.

Table 1. High-level requirements of SSPA with P45 = 40 dBm and gain = 60 dB

HPA
Power
Pre-amp. stage  Power splitter ~ Each PA recombiner
Gain (dB) 375 -15 25.5 -15
P14g (dBm) 29.3 // 33 //

building blocks design” section, as a configuration with multiple
paralleled power amplifiers (PAs) [3-7], (ii) the design of all the
critical building blocks including the monolithic microwave inte-
grated circuit (MMIC) PA in a gallium nitride technology, input
and output (I/O) interfaces, transitions, division-recombination
network and mechanical arrangement (described in the “GaN
V-band MMIC: Design and measurements” section and the
“Splitter/Combiner development” section), and (iii) experimen-
tal validation, whose measurement results are described in the
“Experimental result” section. Finally, the “Conclusion” section
summarizes the achieved results.

System overview and V-Band HPA building blocks design

The proposed V-band HPA constitutes the final stage of a trans-
mitter line up, called solid-state power amplifier (SSPA), able to
deliver a 10 W average modulated output power, an overall P4
of 40 and 60 dB of gain. The SSPA is stable over temperature and
aging. A system-level study has been carried out to define the
transmission chain and the requirements of each block. From a sys-
tem perspective, the RF chain is composed of two stages, namely
the pre-amplification stage and the HPA. The proposed system
architecture of the whole module has been sketched in Fig. 1. An
external RF power control loop can be introduced for a fine gain
and power adjustment, relying on power detectors after each active
stage of the HPA to monitor and control the performance of each
stage.

The whole SSPA is enclosed as a module with WR15 I/O
waveguide ports. The MMIC design will be presented in the
“GaN V-band MMIC: Design and measurements” section and the
power splitter and recombiner networks will be described in the
“Splitter/Combiner development” section.
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According to this study, the following Table 1 summarizes the
high-level requirements.

Since the pre-amplification stage is not critical in terms of
gain and power handling, the focus of the activities has been the
development of the GaN PAs, and the HPA module based on
the parallelization of eight amplification stages through a 1-to-8
splitter, as shown in Fig. 1.

GaN V-band MMIC: Design and measurements

In this section, the choice of the technology is briefly discussed,
the load pull analysis on the transistors for the PA stages is
analyzed, the block diagram and the layout of the MMICs is
discussed and the measurement and the simulation results are
reported.

Technology overview

The design of a PA with a P43 close to 33 dBm at V-band and
with a high PAE is still a challenge also by using cutting-edge tech-
nologies, either gallium arsenide (GaAs) or gallium nitride (GaN)
based. The first one is a consolidated process and well covers this
frequency range but, as an example on a 100-nm GaAs process,
load-pull simulations on Pseudomorphic High Electron Mobility
Transistor (pHEMT) devices have shown that, at the upper-edge
frequency (71 GHz), 21 dBm of P, 45 can be achieved with an asso-
ciated gain close to 6 dB. Consequently, a 33 dBm P43 can be
achieved by parallelizing 16 Field-effect transistor (FET)s or more,
which implies a very difficult design.

Gallium nitride on silicon carbide (GaN/SiC) technology,
on the other hand, can reach more easily 33 dBm at Pgyry.
Unfortunately, the gain of GaN devices vs output power shows early
compression compared with GaAs ones. Therefore, P43 is typi-
cally 6-8 dB far from Pg,y. This limitation can be sidestepped by
exploiting a Doherty topology.

The 100-nm GaN/SiC process from Fraunhofer (IAF), opti-
mized toward high efficiency at millimeter-wave frequencies, has
been selected for the V-band PA of this project. Grown on
4-inch semi-insulating 4H-SiC substrates by using metal-organic
chemical vapor deposition, the IAF GaN process features high-
performance active devices with a current-gain cut-off frequency
(fr) around 110 GHz and a maximum oscillation frequency up to
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Figure 2. Simulation results of 6 x 90 um FET at 71 GHz: P 4
(max = 25.5 dBm, step 1 dB), Gp (max = 7.4 dB, step 1 dB) and
PAE (max = 14%, step 2%) contours.

290 GHz. The peak output power density is higher than 2 W/mm,
according to load pull measurements taken at 38 GHz with a drain
supply voltage of 15V [8].

GaN MMIC design

IAF 100-nm GaN/SiC PDK provides coplanar FET models,
with two sources directly connected to the ground plane. This
configuration allows to increase the power gain (GP) by minimiz-
ing the parasitic inductance effect between sources and ground
plane otherwise introduced by backside via-holes. The transis-
tor model is based on the so-called “integral transform” model
approach which has been published in papers [9] and [10], and it
takes into account trapping. Internally the model has a structure
similar to a low-pass/high-pass frequency diplexer, in which the
DC/low-frequency response and the trap-affected high-frequency
response can both be combined/added to the resulting drain
current. The model has a thermal subcircuit (i.e. “electrother-
mal”). The “baseplate” temperature is provided as a parameter
by the user, and the thermal resistance is geometry-dependent
(number of fingers, total gate width). For the model extrac-
tion, both DC/CW measurements and pulsed measurements are
used. The pulsed measurements are taken from two quiescent
points, hot-pinchoff and class-AB quiescent point. The “class-AB”
quiescent pulse point is a quite high current (on the order of
300 mA/mm) and it is close to the bias that has been used for the
V-band PA.

The 6 x 90 pm FET selected for the PA design exhibits the best
trade-off among P 45, GP, and PAE. Moreover, load pull simulation
results have shown that the maximum of these three parameters
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is placed in the same area of the Smith chart, as reported
in Fig. 2, allowing an easier design of the output matching net-
works. Another important point to be taken into account has been
related to the derated voltage required by European Space Agency
(ESA) and compliant with the ECSS standard [11, 12] for space
applications. For this reason, the nominal voltage (V, = 15 V) has
been derated by 25%, leading to 11.25 V. Biasing the 6 x 90 um
FET with 11.25 V @ 300 mA/mm the maximum values of P4z,
PAE, and Gp are 25.5 dBm, 14%, and 7.4 dB, respectively. Thermal
FEM simulation estimates a junction temperature (Tj) of 153°C
with Tyagg = 85°C. The MMIC complies with the junction tem-
perature limit of Tj < 160°C, compliant with the ECSS standard
[11, 12] for GaN technologies.

A budget analysis, based on these simulations, has shown that
taking into account the losses due to the output matching network,
the bondings from die to alumina test-board and the compression
of previous stages, four FETs must be parallelized in the last stage
in order to achieve a saturated power of 34 dBm. Based on this,
the next subsections describe the technique devised to increase the
P, 4g up to the required value of 33 dBm for the PA.

Several topologies of PAs have been analyzed during the pre-
study phase as the continuous class F [13] and other solutions
described in [8, 14, 15], that provide very high-level of PAE at
Pgar. For this design, a Doherty-like topology has been selected
due to the well-recognized and consolidated solution, favorable to
a successful first-run design. This topology allows to cover both
the wide operating bandwidth (i.e. 59-71 GHz), and the PA spec-
ifications given in Table 1: 33 dBm of P 4, and 25.5 dB of GP.
The block diagram of the PA with the details of the FETs size and
the current density of each stage is reported in Fig. 3 and Table 2.
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Figure 3. V-band GaN Power Amplifier block diagram.

Table 2. FET sizes and current density at each stage

Sivverini et al.

POUT

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
n° FET Size n° FET Size n° FET Size n° FET Size n° FET Size n° FET Size n° FET Size
1 4 x 40 1 6 x 40 1 6 x 45 2 6 % 90 2 6 % 90 2 6 x 90 4 6 % 90
@300 mA/mm @300 mA/mm @300 mA/mm @300 mA/mm Main: Deep class AB @300 mA/mm @300 mA/mm
Peak: Almost class B

Driver Stage
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Figure 4. V-band GaN PA: Simplified schematic of driver and amplification stages; the subscripts M and P indicate the main and the P the peak, respectively.

The simplified schematics are reported in Fig. 4. The PA consists of
seven stages divided in two sub-blocks. The first three stages con-
stitute the first sub-group, namely the driver stage, that provides
a 21 dBm P,4p. The last four stages instead constitute the second
sub-group, namely the Doherty-like amplifier. In this sub-group
the FETs at stages 4th, 6, and 7th are biased close to class A
(11.25 V @ 300 mA/mm) and the two FETs of the fifth stage are
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biased in Doherty mode. More in detail, in the fifth stage, the FET
in the main branch is biased in deep class AB and the FET in the
peak branch is biased almost in class B. It is worth to note that,
the design is not a pure Doherty structure due to the strong project
requirements in term of P1dB and PAE@P1dB. The PAE@P1dB has
been maximized by developing two Expander, the first on the main
branch and the second on the peak branch. For these reasons, the
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typical Doherty behavior is not clearly visible due P1dB is close to
Psar, and the double peaks of PAE that usually are 6 dB separated
cannot be seen.

To improve the P, 45 of the whole chain, the Doherty operating
point has been applied only at the fifth stage, as shown in Table 2.
This bias configuration allows to achieve the gain expansion nec-
essary to move the P,4p point close to Pgyr. The need to cascade
seven stages is mainly due to the very low gain of fifth stage (close
to 0 dB). Resistors connected at both gates and drains of the output
stage prevent odd mode oscillations. The Doherty-like amplifier
has been implemented by a classical topology [16], that includes
a Lange coupler at the input to create, between main and peak
branches, a delta phase unbalance of 90°. This phase unbalance is
then compensated with the quarter-wavelength impedance trans-
former at the output of the main branch. Regarding the layout
of the V-band PA, almost all the matching networks have been
designed by using coplanar waveguide with lower ground plane
(CPWG). Only the last stage of the Doherty Amplifier has been
designed by using classic microstrip (MS) structures at the input
and output matching networks. This design strategy has been
adopted because, as confirmed by electromagnetic (EM) simula-
tions, passive structures implemented with MS have lower losses
compared to CPWG solutions. The four FETs at the output stage
are coplanar, so they require a MS-CPWG transition on the gate
side while, at the drain side, a CPWG-MS transition is present.

GaN V-band PA implementation and measurements

The seven-stage PA has been manufactured in two separate dies
(driver and amplifier) in order to optimize the area in the available
reticle, and to reduce the risk in case of performance issues allow-
ing the redesign of the driver or the amplifier independently. A final
layout that includes the two circuits into a single MMIC will reduce

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press

Figure 5. V-band GaN PA: Driver and Doherty amplifier die
micrographs.

the uncertainty related to assembly and bondings. The MMIC
areas, including pads, are 4.125 mm? for the driver and 13.75 mm?
for the amplifier, respectively. The total power consumption is
16.8 W with the two dies powered on together. Chip photographs
are reported in Fig. 5, whereas Figs. 6 and 7 show the full assembly
of the MMICs with the passive structures and the test bench. Each
DC-pad of the MMICs is connected to a chip capacitor toward
ground and then wire-bonded to the printed circuit board (PCB)
manufactured on FR4 substrate.

All the gates have a 20 (2 resistor in series on the PCB to sup-
press oscillations. These resistors do not affect the DC bias point
of the stages. No gate current was measured even at high com-
pression level. All measurement results reported in this paper are
referred to the test-jig reference plane. The driver input and the
Amplifier output are bonded respectively to a 5-mils-thick MS on
an internally processed thin-film alumina substrate.

Each MS line on alumina is shaped to work as launcher respec-
tively for input and output MS-waveguide transitions in WR15,
as shown in Fig. 6. It is worth to note that, since the MMICs
are mounted on a module with WRI15 waveguide interface, a
low frequency instability cannot be observed on RF output. The
amplifier behaves as expected in simulation, and no evidence of
instability has been observed. Further, the bias lines on the PCB
have filtering capacitors (10 nF and 1 pF) and 47-(2 series resistor,
only on gate lines, to minimize the risk of auto-oscillation. The PA
covers with reasonable margins the desired 59-71 GHz operating
bandwidth and well fits simulation and measurement results, con-
firming the design robustness also with such a complex assembly
structure. The comparison between simulation and measurement
results of S,; @ 25°C of eight separate PAs is reported in Fig. 8a.
The observed spread between the measured samples is ascribed to
process variations (in MMICs, alumina MS lines and waveguide
transitions) and to the manual assembly of the eight modules (wire
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Figure 7. Photo of the full connected V-band GaN PA used in the test bench.

bonding). The maximum |S,;| ranges from 26 to 29.5 dB across the
eight-characterized PA samples and occurs close to the lower oper-
ating band limit. Measurement and simulation results of scattering
parameters are shown in Figs. 8 and (input/output MS-waveguide
transitions included).

The PA has been measured also by varying the tempera-
ture from -25°C to 85°C, and the results are shown in Table 3.
Simulation and measurement results of P,43 and PAE @ P45 are
shown in Fig. 10a and b, respectively. All the results confirm that
the FET models provided by the foundry are quite accurate for all
the FETs biased at 300 mA/mm. A minor discrepancy has however
been observed for the two FETs of the fifth stage, those biased in
deep AB class. In this case, the current density used in simulation
does not produce the expected gain expansion needed to shift the

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press
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P, 4p close to Pg,r. This inconsistency was indeed expected, since
the FET models provided by the foundry were extracted for class
A operation.

However, by reducing the current density of fifth stage, it was
possible to further increase the fitting between measurements
and simulations results, as shown in Fig. 11 where gain, Poyr,
and PAE vs. Py @65 GHz are shown. An accurate comparison
with other works in the literature is very challenging since this
work is focused on the performance of a PA biased for space
environment (i.e. applying derated voltages) and great attention
has been paid to the yield analysis and to the robustness in
terms of performance of the entire module assembly. However, a
rough comparison can be done with other works summarized in
Table 4:
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Table 3. V-band PAs: Measurements versus temperature
S21 (dB)? P1gg (dBm)? PAE@P, 45 (%)?
Frequency (GHz) 59 65 71 59 65 71 59 65 71
T, =25°C 28.8 25.1 24.2 32.8 329 31.6 9.0 8.7 7.7
T, =-25°C 335 30.0 29.5 331 331 31.8 9.1 9.1 7.5
T; = 85°C 25.0 21.7 20.5 32.6 32.7 32 9.2 8.9 7.3

2All these values are referred to a specific sample used for the measurements at several temperatures and are used to analyze the performance variation of PA in temperature.
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Figure 10. V-band PA: measured (8 samples, coloured lines) and simulated (dashed line) P 4z and PAE @ P45 at 25°C.
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Table 4. V-band power amplifiers: Comparison with the state of the art
Ref. Tech. process Freq. (GHz) Gainyay (dB) Psatyay (dBm) PAEyax (%) Test config. Year
[12]2 0.10 pm GaN/SiC HEMT 50-75 30.0 29.3 13.5% On die 2018
[16] 0.10 pm GaN/SiC HEMT 57-61 19.1 36.9 25% On die 2021
[18] 0.10 pm GaN/SiC HEMT 63-73 27 29.6 17% On die 2023
[19] 0.10 pm InAIN/GaN/SiC HEMT 54-60 22 31.0 17% On die 2023
[20]° 0.15 pm GaN/SiC HEMT 62-72 11.3 313 14.7% On die 2023
[21] 0.10 pm GaN/SiC HEMT 74-81 15 36.0 15.3% On die 2023
This work? 0.10 pm GaN/SiC HEMT 59-71 29.5 34.2 11.9% Module 2023
2Derated Vp
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H — :
W
=
2
s 0 M

(a)

Figure 12. (a) Top view of the designed waveguide tree with the overall dimensions and the pitch between the ports. (b) lateral view of the manufactured waveguide splitter.

Splitter/Combiner development

The design of the power splitter/combiner relies on a standard
WR15 metallic hollow waveguide branching with three binary
levels of H-plane tees. The choice of avoiding balancing resistors
guarantees the best insertion loss and lower manufacturing com-
plexity at the cost of poor isolation between the active chains.
However, this behavior does not imply a performance degrada-
tion since the splitting block is perfectly symmetric: only manu-
facturing tolerance contributes to possible phase and amplitude
variations. A 3D EM simulator (Ansys Electronics Desktop envi-
ronment) has been used to perform simulations and final opti-
mizations. The H-plane tee junction and the H- and E-plane 90°

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press

bends have been designed and optimized independently and then
connected through standard WR15 sections, sketched in Fig. 12a.
From a mechanical point of view, the final assembly for the HPA is
made by two CNC milled bodies: the bottom one with the planar
H-plane waveguide structures while its cover is a thick body which
serves as lid for the waveguide and includes WR15 openings for the
ports toward the MMICs.

The bodies are made by CNC machined aluminum alloy fin-
ished with 3 pm of silver treatment; the mechanical assembly
is shown in Fig. 12b. Since this HPA is conceived for space-
oriented subsystems, specific attention has been dedicated to save
weight. One considered option is to avoid the screw assembly and
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Figure 13. (a) Top: superposition of all the measured transmission parameters; bottom: overlap between all the |S,;|, measured when each amplifier port was under test
with the others terminated on a WR15 waveguide matched load. (b) top: measured phase difference between the first reference channel and all the other waveguide
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Figure 14. 3D model view and photo of the 10 W GaN HPA.

directly solder the two bodies, since steel screws account them-
selves for 15% of the overall mass. For prototyping purposes, the
PAs are currently glued each to a metal carrier, which provides
an easier-to-handle base for bonding and precision assembly of
the dies. In future perspective, carriers can be avoided, and the
active circuits will be mounted directly on the lid of the com-
biner. This step ahead will save weight and ease the thermal
dissipation.

The scattering parameters have been measured by means of a
Rohde & Schwarz ZVA50 vector network analyzer, combined with
two ZVA-Z75 frequency extenders.

Figure 13a shows the magnitude of S-parameters of the passive
division/recombination network. All the waveguide routings have
shown a matching better than 15 dB, even with some margin out-
side the intended frequency spectrum. Moreover, the average mean
insertion loss is approximately 0.6 dB (plus 9 dB intrinsically given
by the three levels of tee junctions), and the ripple superposed to
the transmission parameter is limited within 1 dB.

Finally, the behavior of phase versus frequency behavior is
reported in Fig. 13b. Phase coherence between the paths is cru-
cial for the parallelization of PAs. In fact, phase unbalances directly
lead to recombination losses with penalty in the overall HPA gain
and maximum output power. The picture shows the wideband
phase difference between the first reference channel and all the
other waveguide outputs. Additionally, an enlarged view focused
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on the middle of the band (65 GHz) highlights the maximum phase
deviation between paths, which is limited to 15°. This value leads
in the worst case a gain penalty of less than 0.05 dB in the overall
HPA.

Experimental results

The 10-W GaN HPA has been realized assembling eight of the
GaN PA modules described in the “GaN V-band MMIC: Design
and measurements” section, each one tested stand alone, with
the waveguide splitter/combiner developed as discussed in the
“Splitter/Combiner development” section. Figure 14 provides a 3D
view and a photograph of the HPA. The overall weight of the
HPA module is 770 g, without specific weight-saving solutions
implemented yet.

An internally developed bias board controlled by a dedicated
graphical user interface software has been used to control all the
voltages.

Particular attention has been dedicated to the connection of the
ground and drain lines by choosing a wire diameter and intercon-
nection topology able to carry up to 15 A with minimum voltage
drop. The HPA temperature has been monitored by using PTC
thermistors mounted near the MMICs. During the measurement
sessions, at thermal equilibrium, the measured temperature was
close to 40°C.
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The biasing of the whole HPA has been achieved by tuning the
bias of each of the eight modules individually to maximize the
output Pygz. Once all the modules are powered together with a
drain voltage of 11.25 V, the total absorbed DC current is 12 A
(1.5 A for each PA module).

The test-bench used to characterize the HPA is shown in Fig. 15,
where the number of connections stand as evidence of the com-
plexity of the component, involving 32 separate bias voltages and
several control components.

The small-signal gain is greater than 22 dB (considering a total
loss for I/O waveguide splitter/combiner of 2 dB) over the whole
operating bandwidth with a maximum of 25.5 dB at 59 GHz, as
shown in Fig. 16. The target frequency bandwidth is fully cov-
ered with some margin at both upper and lower bounds. Input
and output matching is also better than 10 dB within the target
bandwidth.

L s
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& | extender 2
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Figure 15. 10 W GaN HPA: Test bench.
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Regarding large signal tests, the biasing of all the modules has
been maintained at the same values used for S-parameters, i.e.
Vp = 11.25 V and a total quiescent current (Ip) of 12 A. A P43
higher than 39.4 dBm over all the operating frequency band with
a maximum of 40.3 dBm has been measured. The saturated power
(Psar) is higher than 39.6 dBm over all the operating frequency
band with a maximum of 40.6 dBm. P, 43 is close to Pg,r by about
0.5 dB as shown in Fig. 16.

These measurement results confirm the simulated ones since
the gain expansion created with stage 5 has increased the P43 to
a value close to the saturated power. Another important parameter
considered during the measurement campaign has been the PAE.
PAE has been evaluated at P43 and it is in the range between 6.2%
and 6.5%.

It is worth to note that, all presented results are obtained in
continuous wave (CW) conditions. Fan is used to cool the device
under test (DUT), its temperature is monitored using thermistors.
All measurements are taken when thermal equilibrium is reached.

Table 5 summarizes the measured performances and the key
features of the GaN HPA.

Further tests have been carried out with modulated signals
to evaluate the HPA’ linearity. Maximum powers levels at the

Table 5. 10-W GaN HPA: Performance summary

10-W GaN Frequency
HPA key features (GHz) 59 65 71
Technology process GaN Gain (dB) 25.6 23.4 22.1
100-nm
RF IN/OUT WR-15 Pk 403 403  39.4
connection (dBm)
n° of parallelized PA 8 Psar 40.6 40.5 39.6
(dBm)
Power consumption 180 PAE@P;4p 6.5 6.2 6.5
(W) (%)
07
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Figure 16. Linear and non-linear measurement results for V-band GaN HPA with bias: Vp = 11.25V, I, = 12 A.
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Figure 17. Measured output spectrum (blue) and ETSI 68.5 70.5 72.5 68.5 70.5 72.5

mask (red). Test signal used is 4 QAM with 1-GHz
channel bandwidth (a) and 256 QAM with 1-GHz
channel bandwidth (b).

output of the HPA, compliant with ETSI emission mask [17], of
36 dBm for 4-QAM with 1-GHz channel bandwidth and 31 dBm
for 256-QAM signal with 1-GHz channel bandwidth have been
measured. A standard digital polynomial predistortion technique
has been leveraged in the transmitter, whose predistortion coef-
ficients have been manually adjusted to partially compensate the
nonlinear behavior of the HPA. The use of this predistortion pro-
vides the result shown in Fig. 17, complying with ETSI emission
masks.

Conclusions

This manuscript demonstrates a V-band 10 W GaN-based HPA
suitable as final transmitter stage of a V-band ISL. The proposed
structure relies on the parallelization of state-of-the-art GaN-on-
SiC PAs branched together by a waveguide combiner, which serves
also as mechanical support and I/O interface. The paper reports the
design of all the involved building blocks in the HPA assembly and
the measurement results in the whole 59-71 GHz operating band-
width. The entire structure features 25.6 dB of small-signal gain,
40.6 dBm of Pgyr, and 6.5% of PAE with a maximum power con-
sumption of 180 W. The first prototype exhibits an unoptimized
weight of 770 g, whereas studies already conducted highlight the
possibility to match a half-kilogram weight target. The achieved
performances have been proved in a controlled environment, but
future developments intend to prove the HPA readiness for the real
use-case.

Funding statement. This work was funded by ESA through ARTES AT
program (4000132546/20/NL/MM).

Author contributions. This declaration remarks that all the authors con-
tributed equally during the work described in the submitted manuscript and
in the writing phase of the paper. Each author has specific skills which have
been individually exploited to achieve the final goal and the composition of the
manuscript. Please, see here below the detailed contribution from each author:

Mr. Giuseppe Sivverini, Mr. Andrea Meazza, Prof. Matteo Oldoni,
Mr. Antonio Traversa, and Dr. Alessandro Fonte (listed as corresponding
author) had in charge the analysis of the use-case and they worked on the defi-
nition of the specification following the requirements from ESA. Dr. Alessandro
Fonte also drafted the preliminary form of the manuscript. Mr. Giuseppe
Sivverini and Mr. Andrea Meazza designed the GaN V-band MMICs (power
amplifier and the amplifier). Dr. Friesicke Christian contributed to provide
information on the GaN technology and took preliminary on-wafer measure-
ments of the MMICs. Dr. Stefano Moscato and Dr. Steven Caicedo Mejillones
performed the full-wave simulations of the V-band splitter/combiner and took

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press

Frequency [GHz]

Frequency [GHz]

(@) (b)

into account the measurements of the realized passive circuits. Mr. Alberto
Colzani contributed to the main section of the characterization of the V-band
PA mounted on metal carrier and the full high-power-amplifier. Moreover, all
authors contributed equally to analyzing data and reaching conclusions, in writ-
ing the paper, and in the finalization of the manuscript for each submission
steps.

References

1. ITU-R S.1591 “Sharing of inter-satellite link bands around 23, 32.5 and
64.5 GHz between non-geostationary/geostationary inter-satellite links
and geostationary/geostationary inter-satellite links”, 2002, https://www.
itu.int/dms_pubrec/itu-r/rec/s/R-REC-S.1591-0-200209-1!' PDF-E.pdf

2. Sivverini G, Meazza A, Traversa A, Colzani A, Fonte A, Moscato S and
Friesicke C.“GaN/SiC V-band 33 dBm power amplifier with 10% PAE for
inter satellite communications,” 2023 18th European Microwave Integrated
Circuits Conference (EuMIC), Berlin, Germany, 2023, 1-4.

3. Oldoni M, Moscato S, Biscevic G, Solazzi GL and Skiadas G
“A mmWave power booster for long-reach 5G wireless transport’,
Microwave Journal, 2009 https://www.microwavejournal.com/articles/
38820-a-mmwave-power-booster-for-long-reach-5g-wireless-transport

4. Soric J, Kolias N, Saunders J, Kotce J, Brown A, Rodenbeck C and
Gyurcsik RS (2022) A 100-W W-band GaN SSPA. IEEE Microwave and
Wireless Components Letters 32(6), 712-715.

5. Schellenberg J, Tran A, Lani Bui AC and Watkins E, “37 W, 75-100
GHz GaN power amplifier,;” 2016 IEEE MTT-S International Microwave
Symposium (IMS), San Francisco, CA, USA, 2016, 1-4.

6. Estella N, Camargo E, Schellenberg J and Bui L, “High-efficiency, Ka-
band GaN power amplifiers,” 2019 IEEE MTT-S International Microwave
Symposium (IMS), Boston, MA, USA, 2019, 568-571.

7. Moscato S, Oldoni M, Cannone G, Tresoldi D, Pini A and Colzani A, “8-
way paralleled power amplifier for mm-wave 5G backhauling networks,”
2021 15th European Conference on Antennas and Propagation (EuCAP),
Dusseldorf, Germany, 2021, 1-5.

8. Ture E, Leone S, Briickner P, Quay R and Ambacher O, “High-power
(>2 W) E-band PA MMIC based on high efficiency GaN-HEMTs with
optimized buffer;” 2019 IEEE MTT-S International Microwave Symposium
(IMS), Boston, MA, USA, 2019, 1407-1410.

9. van Raay F, Quay R, Seelmann-Eggebert M, Schwantuschke D,
Peschel D, Schlechtweg M and Ambacher O (2013) New low-frequency
dispersion model for AIGaN/GaN HEMTs Using integral transform and
state description. IEEE Transactions on Microwave Theory & Techniques
61(1), 154-167.

10. van Raay F, Quay R, Seelmann-Eggebert M, Schwantuschke D, Maier T,
Schlechtweg M and Ambacher O, “Integral transform and state model-
ing of 0.1 pm AlGaN/GaN HEMTs for pulsed-RF and CW operation,”
2013 European Microwave Integrated Circuit Conference, Nuremberg,
Germany, 2013, 288-291.


https://www.itu.int/dms_pubrec/itu-r/rec/s/R-REC-S.1591-0-200209-I!!PDF-E.pdf
https://www.itu.int/dms_pubrec/itu-r/rec/s/R-REC-S.1591-0-200209-I!!PDF-E.pdf
https://www.microwavejournal.com/articles/38820-a-mmwave-power-booster-for-long-reach-5g-wireless-transport
https://www.microwavejournal.com/articles/38820-a-mmwave-power-booster-for-long-reach-5g-wireless-transport
https://doi.org/10.1017/S1759078724000655

188

11. ECSS-Q-ST-60-12C - Design, selection, procurement and use of die form
monolithic microwave integrated circuits (MMICs), 2008. https://ecss.
nl/standard/ecss-q-st-60-12c-design-selection-procurement-and-use-of-
die-form-monolithic-microwave-integrated-circuits-mmics/.

12. ECSS-Q-ST-30-11C Rev.2: Derating - EEE components, 2021. https://
ecss.nl/standard/ecss-q-st-30-11c-rev-2-derating-eee-components-23-
june-2021/.

13. Carrubba V, Lees J, Tasker PJ and Cripps SC, “A novel highly efficient
broadband continuous class-F RFPA delivering 74% average efficiency
for an octave bandwidth,” 2011 IEEE MTT-S International Microwave
Symposium, Baltimore, MD, USA, 2011, 1-4.

14. Schellenberg J, Kim B and Phan T, “W-band, broadband 2W GaN
MMIC,” 2013 IEEE MTT-S International Microwave Symposium Digest
(MTT), Seattle, WA, USA, 2013, 1-4.

15. Nakatani K, Yamaguchi Y, Komatsuzaki Y, Sakata S, Shinjo S and
Yamanaka K, “A Ka-band high efficiency Doherty power amplifier MMIC
using GaN-HEMT for 5G Application,” 2018 IEEE MTT-S International
Microwave Workshop Series on 5G Hardware and System Technologies
(IMWS-5G), Dublin, Ireland, 2018, 1-3.

16. Giannini F, Colantonio P and Giofré R, “The Doherty amplifier: Past,
present & future,” 2015 Integrated Nonlinear Microwave and Millimetre-
wave Circuits Workshop (INMMIiC), Taormina, Italy, 2015, 1-6.

17. EN 302 217-2 - V3.3.0 - Fixed Radio Systems; Characteristics and require-
ments for point-to-point equipment and antennas; Part 2: Digital sys-
tems operating in frequency bands from 1 GHz to 86 GHz; Harmonised
Standard for access to radio spectrum (etsi.org)

18. Schwantuschke D, Briickner P, Amirpour R, Tessmann A, Kuri M,
Rieflle M, Mafller H and Quay R, “Broadband GaN-based power ampli-
fier MMIC and module for V-band measurement applications,” 2018 13th
European Microwave Integrated Circuits Conference (EuMIC), Madrid,
Spain, 2018, 9-12.

19. Guo E Xu Y, Wang W, Wu S and Tao H, A 4W V-band MMIC
power amplifier with 24% power-added efficiency;” 2021 International
Conference on Microwave and Millimeter Wave Technology (ICMMT),
Nanjing, China, 2021, 1-3.

20. Bao M, Cimbili B, Schwantuschke D, Andersson K, Briickner P, Quay R
and Hansryd J, “A 63-73 GHz GaN power amplifier with a compact power
combiner;” 2023 18th European Microwave Integrated Circuits Conference
(EuMIC), Berlin, Germany, 2023, 1-4.

21. Bouslama M, Piotrowicz S, Michel N, Trinh-Xuan L, Leroy J,
Aroulanda S, Driad S, Hamidouche L, Jacquet J, Lésvesque Q, Oualli M,
Chang C, Fellon P and Delage S, “V-bnd power amplifier MMIC on
InAIN/GaN/SiC HEMTs Technology,” 2023 18th European Microwave
Integrated Circuits Conference (EuMIC), Berlin, Germany, 2023,
165-168.

Giuseppe Sivverini received the M.S. degrees
in electronic engineering from the University
of Palermo in 1996. From 1998 to 2008 he
worked for ERICSSON in the design and veri-
fication of MMICs and SIPs used in the point-
to-point and point-to0-multi point radios for
telecom infostructures. From 2008 to 2010, he
worked for HUAWEI, designing high efficiency
power amplifiers in Ku Band. From 2010 to 2014,
he worked for TRIQUINT Semiconductor (now
QORVO) designing highly efficient power ampli-
fiers, up/down converter mixers (with LNAs, Multipliers) in GaAs and GaN
for different customers worldwide operating in different products, from X to V
band. From 2014 to 2023, he worked for SIAE MICROELETTRONICA, design-
ing and testing high efficiency power amplifiers, LNA and Mixer in GaAs and
GaN technology from 6 to 90 GHz. He is involved in projects regarding space
applications where high PAE power amplifiers are used.

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press

Sivverini et al.

Andrea Meazza received the M.Sc. degree in elec-
tronic engineering from “Politecnico di Milano’,
Italy, in 1990. From 1990 to 1998, he worked
for Alcatel Telettra as RF and digital circuits
designer. He has involved in design and test of cir-
cuits for baseband signal processing. From 1998
to 2007, he worked for Ericsson Lab Italy as
MMIC designer. He has been involved in design
and test of many integrated devices operating at
microwave frequencies for applications in Telecom
systems. Since 2007, he has been working for STAE
MICROELETTRONICA, designing and testing MMIC devices used in point-
to-point radios up to 86 GHz for back-hauling applications. His activity
includes millimeter-wave testing using manual and automatic test bench. He
is currently involved in design of E-band GaAs power amplifiers for telecom
markets. He has actively contributed to the design of high-power amplifier for
the VISTAM project.

Alberto Colzani received the M.Sc. degrees in
electronic engineering from Politecnico di Milano,
Italy, in 2000. From 2001 to 2002, he worked
for Fresnel Wireless System as RE/MW designer,
he has been involved in design and test of
transceiver up to 38 GHz used in telecom sys-
tems. From 2002 he has been working for SIAE
MICROELETTRONICA, designing and testing
TX and RX module/SIP used in point-to-point
radios. In 2008, he joined the SIAE MMIC team
designing GaAs/GaN/SiGe analog MMICs (power
amplifiers, LNAs, mixers, multipliers ...) in the frequency range between 6 and
86 GHz.

Antonio A. Traversa received the M.Sc in
Electronic Engineering at the “Universita La
Sapienza” in Roma, Italy, in 1997. Since 2005, he
is with SIAE Microelettronica mainly involved
in the design and industrialization of MMIC
components, he has actively contributed to the
design of MCM and SIP microwave modules
of SIAE PtP OutDoor Units up to 86 GHz.
Previously, from 2002 to 2005, he worked at
Motorola Turin to the design and qualification of
mobile phones RF Front End modules. From 2000
to 2002, he worked at Ericsson Lab Italy as MMIC designer. From 1998 to
2000, he was with Hewlett Packard-EEsof and from 1997 to 1998 with Space
Engineering S.p.A. as microwave designer involved in waveguide filters and
diplexer design for space applications. He holds patents on MMIC VCOs and
resonant structures.

‘ niﬁn‘l' {:I’l:i:ﬁti :
| ."“w

Alessandro Fonte received M.S. degree and
Ph.D. in electronic engineering at the University
of Pisa (Italy), in 2005 and 2008, respec-
tively. Since 2011, he has been with the SIAE
MICROELETTRONICA S.p.A. (Milan, Italy),
where he is a Senior Microwave Engineer and
Member of the Technical Staff. His current
research interests include the design of micro-
and millimeter-wave system-on-chip front-ends
in silicon and III-V semiconductor technologies
for point-to-point radio link applications. He
has authored several papers in peer-reviewed international journals and
conference proceedings and two book chapters. He is the SIAE contact person
for European and ESA projects.



https://ecss.nl/standard/ecss-q-st-60-12c-design-selection-procurement-and-use-of-die-form-monolithic-microwave-integrated-circuits-mmics/
https://ecss.nl/standard/ecss-q-st-60-12c-design-selection-procurement-and-use-of-die-form-monolithic-microwave-integrated-circuits-mmics/
https://ecss.nl/standard/ecss-q-st-60-12c-design-selection-procurement-and-use-of-die-form-monolithic-microwave-integrated-circuits-mmics/
https://ecss.nl/standard/ecss-q-st-30-11c-rev-2-derating-eee-components-23-june-2021/
https://ecss.nl/standard/ecss-q-st-30-11c-rev-2-derating-eee-components-23-june-2021/
https://ecss.nl/standard/ecss-q-st-30-11c-rev-2-derating-eee-components-23-june-2021/
https://doi.org/10.1017/S1759078724000655

International Journal of Microwave and Wireless Technologies

Stefano Moscato (S’12) was born in Pavia, Italy
in 1988. He received the Ph.D. degree in elec-
tronics engineering from the University of Pavia,
Italy, in 2016. He was a visiting Ph.D. student
at Georgia Tech, Atlanta, GA, USA, in early
2015. He became part of the R&D microwave
group of SIAE MICROELETTRONICA in May
2017. His research activities have been focused on
RF-to-millimeter-wave passive components. From
September 2022, Dr. Moscato is the coordinator of
the 1337 R&D group devoted to the design and val-
idation of millimeter-wave passive components, antennas, and subsystems. He
is involved in innovation programs and founded research for microwave back-
hauling, O-RAN equipment, and space-oriented assemblies. He was a recipient
of an IEEE MTT-S undergraduate/pre-graduate scholarship in 2012. He is
author of more than 50 papers on international journals and conferences. He
has been the Chair of the IEEE Student Branch, University of Pavia, from 2013
to 2016.

Matteo Oldoni was born in Milan, Italy, in 1984.
He received his Ph.D. degree in Information
Technology from the Politecnico di Milano,
Milan, Italy, in 2013. Mr. Oldoni was the
recipient of the Young Engineers Prize of the
39th European Microwave Conference. He has
worked as Microwave Designer in the Passive
Microwave Components Laboratory of SIAE
Microelettronica, becoming Member of Technical
Staff, and cooperated with several companies
and research institutions internationally. From
June 2022 he is a full-time researcher at the Electronics, Information and
Bioengineering Department of Politecnico di Milano. His research interests
include synthesis and design techniques for microwave filters, algorithms
development for computer-aided tuning, and antenna design.

https://doi.org/10.1017/51759078724000655 Published online by Cambridge University Press

.-.\

189

Christian Friesicke received the Dipl.-Ing. degree
in electrical engineering from Hamburg University
of Technology, Germany, in 2008. From 2005 to
2006, he was a Visiting Scholar with the University
of California at Berkeley, USA. From 2008 to 2015,
he was with the Institut fiir Hochfrequenztechnik
at Hamburg University of Technology, where he
was involved in several projects with the German
Space Agency (DLR). In 2015, he joined the
Fraunhofer Institute for Applied Solid State Physics
(IAF), Freiburg, Germany, where he is leading a

team that is involved in the design of hybrid and monolithically integrated cir-
cuits. His research interests include design of efficient power amplifiers and
transceivers/front-end MMICs, especially in GaN technologies.


https://doi.org/10.1017/S1759078724000655



