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Abstract. This paper shows design and development of
a highly integrated solid state power amplifier (SSPA) oper-
ating in X-Band. The last amplifying stage is realized in GaN
technology. To the best of authors’ knowledge, for the first
time in the high power amplifier, the vertical orientation of
the last amplification stage was used, which allowed to signif-
icantly minimize the footprint of the device while maintaining
high output power and PAE. The device includes full digital
control over the entire RF chain using a custom BIAS ASIC
controlled via SPI interface, assuring high flexibility and sta-
bility of the SSPA. The SSPA operates in a wide frequency
range of 8.025–8.4 GHz with 20 watt output power at input
power range of –20 dBm to 0 dBm and power added efficiency
(PAE) reaching up to 35%. Although the main application of
presented SSPA is earth observation (EO) it can be used in
ground segment, e.g. for radar application as well.
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1. Introduction
A typical satellite consists of a hundreds of RF or mi-

crowave devices, allowing proper receiving, processing and
transmitting of the data. Among different types of on-board
equipment, some of the most critical components are trans-
mitters including power amplifiers. The transmitters are used
for multiple purposes, such as sending telemetry data, mea-
surement instruments data or relaying received data. In most
of cases the transmission is made from the satellite towards
the Earth. A traditional satellite includes a number of typ-
ically dual-redundant transmitters operating at different fre-
quencies and at different power levels. The power level de-
pends on the frequency, orbit and the bandwidth of the trans-
mitted signal, determining the parameters of the high power

amplifier included in the transmitter. A classical approach
to generate high power RF/microwave signals on board of
a satellite was based on using traveling-wave tube ampli-
fiers (TWTA). In case of a TWTA, the RF/microwave power
is increased by absorbing power from a beam of electrons
passing through a tube between electron gun and collector.
The TWTAs are still widely used due to a number of bene-
fits, such as ability to reach output power levels in the area of
hundredwatts - kilowatts, high power added efficiency (PAE)
in the area of 60% at X-Band and others. Although very
powerful, the TWTAs also have some drawbacks, among
which the highest are necessity to use very high voltage
power supplies (in the range of kV), large mass and size
and high cost, especially important from the perspective of
the emerging ”new space” market, requiring low cost at high
reliability [1], [2]. An alternative to TWTA technology is
use of solid-state power amplifiers (SSPAs). For many years,
the high frequency SSPAs based on GaAs devices, allowing
to reach typical output power levels of tens ofwatts were
used. The limitations of GaAs technology, such as rather
low electron bandgap, low breakdown field and low thermal
conductivity limited for many years the maximum output
power level and the PAE of the HPAs [2]. With emerging
of GaN technology, manufacturing of highly efficient high
power amplifiers became possible. Thanks to a high thermal
conductivity of GaN, high breakdown voltages and a much
wider electron bandgap, the GaN-based SSPA can provide
higher output power (hundreds ofwatts per single compo-
nent) and higher power efficiency exceeding 50% at X Band.
Additional benefits for space equipment involve their inherent
radiation hardness and tolerances of higher bus-voltages and
operational temperatures. With use of GaN devices the HPA-
based SSPA can bring the following benefits to the design in
comparison to the TWTA-based transmitter such as smaller
volume and footprint, lower cost, use of voltages in a range
of 28–100V and overall higher reliability [1], [2]. Although
the GaN-based SSPAs are behind TWTA technology in some
aspects, such as lower output power (typically tens-hundreds
ofwatts), slightly lower max. PAE, lower maximal frequency
(current devices operating below 40GHz), necessity to use
thermal stabilization / compensation and necessity to dissi-
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Ref. Cent. freq. [MHz] BW [MHz] Out. pow. [dBm] Gain [dB] PAE [%] Dim. [L×W×H mm3]
[3] 8450 100 41.75 38 32.5 150×120×62

ESA SPOT-5 [3] 8153–8365 50 43.4 - 24.2 -
ESA SPOT, Helios, Skynet [3] X-Band - 42.3 - 24.4 -

NASA MER [3] X-Band - 42.3 - 28.8 -
[4] 7200 - 42.3/44 - 30/37.5 separate modules
[5] 8200 200 41.95 38 21 180×140×50
[6] 8425 60 42.3 41.3 28.8 171×133×44.5
[7] 9900 900 50 (in pulse) 47 28.2 -
[8] 9850 1000 53.2(in pulse) 41.4–43.1 36.5–43.6 -
[10] 10640 150 40 20* 40 50×60×40

This work [9] 8212.5 375 43 64 31/26.5** 188×35×96
* Amplifier module including upconverter.
** First value - typical PAE (up to 35% for some frequencies) of the SSPA without the DC/DC unit. The second value - PAE including a typical
DC/DC converter efficiency

Tab. 1. Comparison of the developed SSPA with other solutions at similar output power and frequency.

pate heat from point-sources, the GaN-based SSPAs meets
with great interest from the space industry. This was themain
motivation for the work presented in this paper. The modern
cost-effective GaN components allow to achieve high output
power level at power added efficiency exceeding 50% at X-
Band. With these benefits, use of this technology for low
cost, new space large scale satellite constellations becomes
an obvious choice. The main use case for such amplifiers /
transmitters is data transmission from space to Earth from
Earth Observation Constellation satellites. A typical op-
eration frequency band for such transmitters is 7.9–8.4GHz.
The presented amplifier should operate in the frequency range
of 8.025–8.4GHz, allowing use with a dedicated modulator
providing wideband PSK signal with up to 256 symbols.
The amplifier, modulator and a control unit should be inte-
grated into a single, highly integrated transmitter, showing
high efficiency, high transmission speed and low footprint
and mass of the entire assembly, offering many advantages
for the new space market over the existing transmitters. As
the total PAE of the SSPA is significantly influenced by the
insertion losses of the output structures (output isolator, RF
connectors, outputwaveguide/cavity filter, output biasing and
matching structures etc.) and by dissipated power in other
RF and DC components included in the SSPA, the total effi-
ciency of the entire SSPA is typically significantly lower in
comparison to the PAE of the power stage alone. Still, PAE,
output power level and power gain of the power amplifier are
the most critical parameters of the HPA to characterize the
performance of the entire SSPA. There have been designed
SSPAs with efficiency exceeding 30%, as can be found in
Tab. 1, summarizing some of the recently developed SSPAs
for space applications. The currently developed SSPA shows
advantages in the total operational bandwidth, very high gain,
full digital control over all parameters thanks to use of a BIAS
ASIC and the smallest footprint.

One of the most critical requirements for the space-
bourne SSPA is the output power stability versus change of
temperature, which in a typical case of an EO satellite, is
in a range of −35◦C to +65◦C. The necessity to compensate
the output power in a wide temperature range comes from

the operation environment, which requires operation during
a direct exposure of the satellite to sun radiation (very high
outer temperature) and during operation in the shadow of the
Earth (very low temperature). Although satellites include
temperature control systems, the SSPA needs to keep the
same output power level in a wide range of temperatures.
In order to stabilize the output power level, ALC (automatic
level control) has also been introduced to the SSPA. TheALC
circuit sets the gate voltages of the variable gain amplifiers,
thus regulating the gain of these amplifiers, to keep the out-
put power level stable at different environmental conditions.
Typical input parameters for the ALC algorithm are voltage
from the power detector and voltage from the temperature
sensors. The ALC also allows to control the total gain of
the SSPA at different input power levels from the range of
–20 dBm to 0 dBm. This wide power level is a typical output
power range of the modulator providing the input signal for
the SSPA. The ALC, along with other parts of the SSPA will
be described in detail in the following sections. The next
section shows basic assumptions and the design of the SSPA.
In the following section experimental verification of the am-
plifier is presented and described in detail. The last section
concludes the paper.

2. Design of the SSPA
The designed SSPA needs tomeet 20Wof output power

requirement in the 8.025–8.4GHz frequency band. In a typ-
ical case, contact area between the SSPA and the baseplate
of the satellite is maximized in order to minimize the ther-
mal resistance between the components generating most of
the heat (mainly HPA) and the baseplate / TIM (Thermal In-
terface Material). Such mounting, although beneficial from
thermal point of view, is not optimal as vertical mount of
the device allows to design a much more compact integrated
transmitter including the SSPA slice, modulator slice and
the Customer Interface Unit slice including DC/DC and all
the equipment handling TM/TC (Telemetry/Telecommand)
communication. A conceptual depiction of the device can be
found in Fig. 1.
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Fig. 1. Depiction of the vertically mounted SSPA. Fig. 2. Block diagram of the +43 dBm SSPA.

Having the mounting method fixed, the block diagram
of the SSPA has been defined. As the device needs to assure
more than 63 dB of the total gain at a nominal temperature
(25◦C) in order to reach +43 dBm output at –20 dBm in-
put, the structure of the RF chain needs to include multiple
elements assuring the required gain and output power lev-
els. The actual gain required to generate 20watt output is
higher by more than 10 dB due to insertion losses of mul-
tiple passive structures, microstrip paths, compression and
thermal drifts of the devices. The goal for design of this
device was to use off-the-shelf, cost-effective packaged de-
vices, allowing easy transition to bare die MMIC design in
the EQM (Engineering Qualified Model) and the FM (Flight
Model) projects. The block diagram of the device includ-
ing the RF path, control circuits and the DC circuits and
allowing to achieve the required performance can be found
in Fig. 2. The DC circuits include voltage regulators for pos-
itive and negative voltage. The negative voltage regulator,
providing stable voltage for the the BIAS ASIC, was based
in this approach on an integrated component including low
internal noise from Texas Instruments (TPS7A3001), which
in the target device should be replaced by a discrete design-
based voltage regulator or a rad-tolerant component. The
positive voltage regulator was based on discrete design of
a linear regulator based on a low noise operational amplifier
(Analog OP27), opening or closing channel of the p-channel
MOSFET transistor (Infineon IPD042P03) depending on the
difference between the actual output voltage of the regulator
and the voltage of a stable voltage reference. In order to as-
sure high stability of the regulated voltage, temperature stable
2.5V voltage reference (Linear LT1009) and thermally stable
resistors sampling and dividing the output voltage needed to
be included in the design.

The discrete design allows to have a higher control over
radiation effects for lower grade components. By using in-
tense RC filtering in the main line of the regulator, influence
of SET (Single Event Transients) pulses, which are caused by
heavy ions hitting on-chip structures and causing short-term
short circuit, typically to rail, the transient response of the
regulators can become much smoother and milder, protect-
ing the electronics from overvoltage (drain) or overcurrent
(gates). Also appropriate choice of active components is
necessary to assure resistance of the regulators to ionization

radiation doses. The most critical components are integrated
circuits, such as operational amplifier and voltage reference
and MOSFET transistors. The choice of the MOSFET tran-
sistors for new space equipment is especially difficult and
requires careful choice of components in respect to TID (To-
tal Ionization Dose) and SEB (Single Event Burnout) and
SEGR (Single Event Gate Rapture) performance.

The voltages made available for the SSPA are +28V
for the high power stage, +6V for the low power stages and
–6V for the control circuit and gates of the GaAs and GaN
amplifiers. As the lower voltages are only roughly regulated,
additional regulation and filtering needs to be added on the
SSPA level (regulation to +5.5V for the positive and to –5V
for negative voltage using both discrete and integrated linear
voltage regulators). The 28V is already well regulated so
only additional filtering has been added to the SSPA PCB.
The control circuit includes a custom bias ASIC (application-
specific integrated circuit) designed and manufactured by the
project partner. The ASIC includes 8 DAC (digital-analog
converter) outputs and 4 differential ADC (analog-digital
converter) inputs. Additional inputs are used to read out
device parameters such as board temperature (2 diodes used
as temperature sensors included in the SSPA) and output
power level using detector diode circuit based on a Schottky
detector diode. The diode is used to sense a part of the out-
put signal coupled using a directional coupler. Additional
features include, use of drain current controllers (each inde-
pendently stabilizing drain current for low power devices),
functions allowing to turn on and off certain amplifiers in-
cluded in the SSPA and implementation of the ALC - Auto-
matic Level Control. The ALC is based on information from
the temperature sensors (information from general purpose
Si diodes based on temperature change of forward voltage),
output power sensor (DC voltage from a Schottky-diode de-
tector sampling output power via a directional coupler) and
look-up tables (LUTs) including characteristics of the VGAs
(variable gain amplifiers). Basing on the input information
(typical examples of the LUT input data in Fig. 3) the ALC
algorithm (PID regulator included in the bias ASIC) calcu-
lates gate voltage values for the VGAs included in the RF
path in order to compensate the thermal drifts of the am-
plifiers assuring stabilization of the output signal level. The
control over biasASIC is being done using SPI serial protocol
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Fig. 3. Typical data gathered in bias ASICs LUTs allowing to
calculate the output power level basing on the detector
voltage (top figure) and the required gate voltage for the
VGA to set the right gain level (bottom figure) at different
temperatures.

connecting the control ASIC with a higher level control de-
vice performing Telemetry/Telecommand functions. Use of
the custom, high performance and space-qualified bias ASIC
allows to achieve full digital control over the amplifier, which
allows to reconfigure the SSPA even during its operation
(change of output level, gain, compression etc.).

The RF path includes in total 6 amplification stages,
which can be divided into 3 groups:

• Low power stages - UMS CHA3024-QGG - the device
includes 4 low noise amplifiers including VGA (Vari-
ableGainAmplifier) functions. The components allows
to set gain/attentuation in a range of 30 dB by changing
2 dedicated gate voltages. A typical max. gain value of
a single stage is between 12–15 dB, depending on the
temperature. The distributed LNAs/VGAs are manu-
factured in 0.15 μm GaAs pHEMT process. The first
stage is set to low NF (noise figure), 2nd and 3rd stages
are used for gain compensations (based on ALC algo-
rithm response) and the 4th stage is set for high linearity
(high current), driving the Medium Power Amplifier,

• Medium Power Amplifier - Qorvo TGA2701-SM -
GaAs amplifier capable of generating high output
(P1dB above 2watts) and including high gain (18 dB).
The amplifier is manufactured in 0.25 μm GaAs
pHEMT process. The MPA gate voltage of the MPA is
kept on a constant level,

• High Power Amplifier - CREE CGHV96050F - high
PAE (theoretically exceeding 50%), high power gain
(up to 12 dB) GaN HEMT on SiC amplifier including

internal pre-matching structures. The device is included
on a Molybdenum-Copper carrier to reduce the thermal
resistance to the baseplate. The nominal drain volt-
age for this component is 40V (about 50Watt output),
however in the currently described SSPA the drain volt-
age is limited to 28V due to limitations of the typical
voltage bus on small EO satellites and a lower required
output power.

The amplifier stages are based on off-the-shelf packaged
components with additional planar matching (MPA, HPA)
and biasing structures (HPA) included on a 4-layer PCB. The
PCB is based on a low loss Megtron-family material from
Panasonic. The PCB is gold-plated. To assure low operat-
ing temperatures of components, the PCB includes multiple
ground vias and mounting screws for improved heat transfer,
especially in proximity of the MPA and HPA. To further im-
prove the heat transfer between the active components and
the chassis, high thermal conductivity thermal paste was used
below the MPA area of the multilayer PCB and between the
HPA and the chassis. The target design is to be based on
bare dies only. Other structures included in the RF path are
planar filters, passive equalizer circuit and output structures
such as output coupler including a detector circuit and out-
put isolator assuring good matching of the SSPA towards the
output bandpass filter and the antenna. The filters are based
on 3rd order interdigital bandpass structures reducing gain
outside the required frequency band. A typical in-band inser-
tion loss of the filter is 0.6 dB. Other circuit is the equalizer,
which was based on four open stubs connected via resistors
to the through RF microstrip lines. Change of slope can
be achieved by changing lengths of the open stubs and by
changing resistor values. The output structures of the SSPA
include an output directional coupler based on coupled lines
with coupling factor of –25 dB and an output isolator from
NOVA showing a relatively high value of –0.4 dB of in-band
insertion loss and 25 dB of isolation. The output structures
significantly influence the overall PAE of the device.

The PCB including all the devices has been attached
to an aluminum chassis designed in a way allowing to mini-
mize the thermal resistance between active components and
the satellite baseplate for the vertical mounting, especially
for the HPA. This is important in context of high reliability,
which needs to be assured also for new space components,
designed to survive up to 7 years in a low earth orbit (LEO).
By using a high thermal conductivity Aluminum alloy, opti-
mizing the area of the foot (plane of contact with the satellite
baseplate) and location of the heat generating components as
close as possible to the baseplane of the satellite, it was pos-
sible to achieve junction temperatures for all active elements
below the values required by the ECSS (European Com-
mission for Space Standardization) requirements, which are
115◦C for GaAs pHEMT junction (125◦C allowed condition-
ally) and 160◦C for GaN HEMT transistors. Due to a very
high amount of gain in a compact chassis it is crucial to
assure highest possible isolation between different amplifier
stages. To assure this, a number of grounded vias were added,
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which together with aluminumwalls included in the top lid of
the SSPA form cavities, which minimize interstage couplings
between the amplifiers. To make the mechanical design inde-
pendent of PCB height tolerances, conductive rubber gaskets
were added into groves included in the cavity walls. The
external interfaces include two SMA screw-on type female
receptacles with appropriate pins as RF input and output. DC
voltages are connected via screwed-in feedthrough filters for
additional voltage filtering. The SPI connection is via micro
15-line D-Sub connector. A visualization of the entire SSPA
including the PCB, components, chassis and section through
the top lid showing the cavity walls, can be found in Fig. 4.
The full model has been manufactured and tested. The initial
verification results were published by authors in [9].

3. SSPA Performance
The nominal operating point (NOP) of the SSPA is

–10 dBm input and 20watt (+43 dBm) output. Wideband
measurement of the input reflection and total gain at –10 dBm
input and 20watt output can be seen in Fig. 6. For the worst
case scenario (–20 dBm input, 20watt output), the in-band
ripple was at a level of 0.3 dB, which can be seen in Fig. 7.
The in-band ripple tends to increase at higher power levels
due to increased compression at the edges of the frequency
range. This was caused mainly by the necessity to manually
tune the HPA matching due to a problem with an invalid
non-linear model from the component manufacturer.

Fig. 4. Model of the SSPA including all components, PCB hous-
ing and section of the lid including the cavity walls.

Fig. 5. Fully assembled X-Band SSPA including the chassis,
PCB and components. Additional wires added to moni-
tor gate voltages levels of the active components.

The increased compression at the edges of the band is
especially visible in Fig. 8 showing output power in a func-
tion of the input power for configuration set by the bias ASIC.
Figure 9 shows the corresponding PAE of the entire device
including losses of the output isolator and the voltage regula-
tors. The increased compression at the band edges influences
significantly the harmonics levels. Figure 10 shows the 2nd
harmonics levels for different in-band frequencies at 20W
output. At higher power levels the harmonics levels at the
edges of the frequency range increase due to increased com-
pression. As described, this phenomenon is caused due to
a non-optimal tuning of the output power stage.

Fig. 6. Total gain and the input reflection scattering parameter
of the X-Band SSPA at –10 dBm input.

Fig. 7. The close-up of the total transmission of the SSPA for
–20 dBm input and 20watt output configuration.

Fig. 8. Output power versus input power at different frequencies
for a typical high output power configuration.
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Fig. 9. PAE of the entire device including the output isolator ver-
sus input power level at different frequencies for a typical
high output power configuration.

Fig. 10. 2nd harmonic levels for the corresponding in-band fun-
damental frequencies (8–8.4GHz) at 20W output.

One of the most critical parameters of the SSPA
used with wideband signals including complex modulation
schemes is the AM/PM distortion, which can be character-
ized as undesired phase variation (PM) caused by amplitude
variations (AM). The AM-to-PM conversion is critical in
systems where phase (angular) modulation is used, causing
analog signal degradation or increased BER (Bit Error Rate)
in digital communication systems.

In case of the presented SSPA the target PSK-type mod-
ulation should include up to 256 symbols, which results in
AM/PM requirement of 2.5 deg/dB. The SSPAAM/PMmea-
surement for the 0 dBm configuration with 20W output can
be seen in Fig. 11. It can be seen that the maximum value of
the AM/PM distortion reaches 2 deg/dB, which is an accept-
able value. Similar results were obtained for all other config-
urations of the SSPA. As a linearizer is to be used with the
target SSPA, the AM/AM distortions are not that critical.

Another important parameter is spectrum purity at the
output of the SSPA. The main sources of the spurious sig-
nals can be found in the DC/DC (especially the switching
frequency) and in the bias ASIC, especially at the junction
of digital and analog domains, which are the DACs steer-
ing the gates of the RF amplifiers. To limit the influence of
the DC/DC, voltage regulators with significant RC filtering
have been added, allowing to filter out the unwanted signals.
In order to clean the DACs from the unwanted signals, 2nd
order RC filters were also added to these output. As no cur-
rent is flowing through gate lines, significant RC filtering has
been added, allowing to get rid of the unwanted signals in

Fig. 11. AM/PM distortion measurement of the SSPA for 20W
output at 0 dBm input configuration.

Fig. 12. Wideband spurious signals measurement showing lack
of spurious signals other than from the measurement
device. Measurement done at 20W output including
output attenuators (34 dB of attenuation added in total
not included in the measurement).

Fig. 13. Output power level of the SSPA during change of input
power level at a constant temperature. Measurement
done at 8.2GHz.

the range starting from single kHz. As a result, the output
spectrum of the SSPA is free from spurious signals, which
can be seen in Fig. 12. This has a significant impact on the
target BER during communication between the satellite and
the ground station. As the SSPA needs to operate in an au-
tonomous mode, i.e. it needs to be capable of compensating
for drifts caused by change of the input power level and by
change of the SSPA reference temperature, tests using ALC
including the defined LUTs needed to be performed. The ini-
tial tests included investigation of the ALC algorithm during
change of the input power level at a single frequency. This
tests show if the LUTs for the detector and the VGAs at a con-
stant temperature are defined properly. The performance of
the ALC algorithm can be seen in Fig. 13. It can be seen that
the output power is kept at a constant level for a wide range of
input powers. The maximum deviation of the ALC algorithm
was 0.070 dB for 20 dB of input power level variation.
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Fig. 14. ALC performance (output power level) at different fre-
quencies in function of temperature. Data set (LUTs)
prepared at 8.2GHz.

Fig. 15. Fully assembled X-Band SSPA during thermal tests.

After tests at a constant temperature, further tests of
the ALC in autonomous mode at different temperatures were
carried out. Figure 14 shows performance of the entire SSPA
in fully autonomous mode at three different frequencies in
the required temperature range. In order to define the ther-
mal LUTs, characteristics of the amplifier, diode temperature
sensor and diode detector were collected using dedicated test
boards at 8.2GHz. It can be seen in the figure that the out-
put level drops at high temperatures, which was caused most
probably by thermal drift of other components not character-
ized during definition of LUTs (DAC/ADC, output isolator
etc.). This would not be the case if the entire SSPA would
be used to gather characteristics necessary to form the LUTs.
Still, the bias ASIC always indicated the right power level
showing its proper operation. At 8.025GHz and 8.4GHz,
LUTs for 8.2GHz were used showing rather good stabil-
ity, however with field for improvement. Figure 15 shows
the fully integrated X-Band SSPA attached to the radiator
during thermal tests. The final dimensions of the amplifier
188 × 35 × 96 mm3, making it a very compact design. The
final weight including all components was 472 g, however
the mass was not fully optimized in this breadboard.

4. Summary
The SSPA operating in X-band has been designed, man-

ufactured and tested. The SSPAbased on high efficiencyGaN
HPA is capable of reaching 20watt output (up to +44.4 dBm)
with average PAE of approx. 31% (up to 35%). The SSPA is
able to generate the required output for the entire input power
range, showing good in-band flatness and phase compression
characteristics. The built-in ALC based on the custom bias
ASIC worked well in all test conditions, however additional
tuning of the ALC algorithm and LUTswould be necessary to
further improve the overall performance of the amplifier. The
SSPA has reached technology readiness level TRL 5, which
corresponds to validation of critical functions of the ampli-
fier/breadboard in the relevant environment. Further devel-
opment up to EQM (Engineering Qualified Model - TRL 7 is
planned. With use of a higher power gain and more reliable
matched GaN MMIC power amplifier, the SSPA should be
able to meet PAE levels close to 40% for the entire device.
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