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Abstract—This work presents the design and measured results of
a fully integrated switched power two-stage GaN HEMT high-
power amplifier (HPA) achieving 60% power-added efficiency at
over 120 W output power. This high-efficiency GaN HEMT HPA
is an enabling technology for L-band SweepSAR interferometric
instruments that enable frequent repeat intervals and high-
resolution imagery. The L-band HPA was designed using space-
qualified state-of-the-art GaN HEMT technology. The amplifier
exhibits over 34 dB of power gain at 51 dBm of output power
across an 80 MHz bandwidth. The HPA is divided into two
stages, an 8 W driver stage and 120 W output stage. The
amplifier is designed for pulsed operation, with a high-speed
DC drain switch operating at the pulsed-repetition interval
and settles within 200 ns. In addition to the electrical design,
a thermally optimized package was designed, that allows for
direct thermal radiation to maintain low-junction temperatures
for the GaN parts maximizing long-term reliability. Lastly, real
radar waveforms are characterized and analysis of amplitude
and phase stability over temperature demonstrate ultra-stable
operation over temperature using integrated bias compensation
circuitry allowing less than 0.2 dB amplitude variation and 2◦

phase variation over a 70◦C range.
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1. INTRODUCTION
Next generation Synthetic Aperture Radar (SAR) remote
sensing platforms utilize new concepts such as the Sweep-
SAR technique that provide increased swath size, high resolu-
tion, rapid global coverage, as well as sub-cm interferometry
and polarimetry. An L-band SweepSAR mission would use
multiple transmit/receive (T/R) channels and digital beam-
forming to achieving simultaneously high resolution and
large swath [1]. One of the key challenges in implementing
the SweepSAR concept is the development of space-qualified
efficient T/R modules (TRMs) that provide the amplitude and
phase stability necessary for repeat pass interferometery.
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Details of the SweepSAR concept are can be found in [2],
[3], and [4]. The large swath and the limited SNR of the
receiver requires the transmitter to have a high peak power.
For the proposed L-band SweepSAR mission, 24×100 W
transmitters are required. Given this high peak power, an
extremely efficient compact TRM is required to allow this
mission to be feasible. Gallium Nitride (GaN) High Electron
mobility transistors (HEMTs) technology has been shown to
provide high-power and high-efficiency making it the perfect
candidate for this next generation radar system [5].

Due to the large commercial interest in GaN, there is plenty
of literature targeting telecommunication applications. How-
ever, due to the specific requirements for space-flight opera-
tion (radiation and thermal environments), special care must
be taken in the design of a transmitter able to meet the needs
of a repeat-pass interferometery system. The resolutions of
these systems are limited by amplitude and phase stability.
This is complicated by the SweepSAR concept where in-
dividual per-channel errors cannot be corrected due to on-
board digital beamforming. One of the largest sources of
performance drift within the TRM are thermal effects on
amplifier and component performance. The TRM is designed
with internal calibration loops as described in [6] to achieve
on the order of 0.1 dB amplitude and 0.1◦ phase knowledge,
however, by designing both electrically and mechanically for
stable thermal operation, the calibration can be minimized
allowing more time to gather science data.

Typically, in most systems, the HPA is most sensitive to
thermal drifts due to the non-linear large signal operation,
therefore, a key focus on the TRM design for the proposed L-
band SweepSAR mission was to create a thermal stable HPA,
optimizing both the electrical performance and packaging
design. Electrically the HPA was stabilized by (1) operating
the device at or near saturation by creating a compressed two-
stage design and (2) a temperature compensated gate bias
circuitry. Mechanically, (1) HPA packaging was optimized
to provide an efficient path to the thermal radiator and (2) op-
timize thermal radiator area to maintain temperature. Section
2 will describe the detailed electrical design of the 8 W and
120 W stages. Section 3 will present the packaging design.
Section 4 and Section 5 presents the measured results of the
HPA over temperature and an analysis of the amplitude and
phase stability.
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2. HPA ELECTRICAL DESIGN
GaN HEMT’s offer many performance improvements for
HPA design and can be attributed to a confluence of opti-
mal material characteristics. GaN’s high-breakdown voltage
allows large drain voltages (>20 V) to be used, leading to
high output impedance per watt of RF power. In addition,
the high-electron mobility allows for increased power density
per unit of gate periphery. Smaller gate geometry reduces
capacitances per watt of output power. These two char-
acteristics (high-breakdown voltage and electron mobility)
couple resulting in easier matching and lower loss match-
ing circuits, improving amplifier efficiency. The excellent
thermal conductivity of both GaN and Silicon Carbide (SiC)
substrates allows for reduced channel to case thermal resis-
tance, simplifying thermal design. Table 1 highlight some of
the critical properties of modern microwave semiconductor
materials quantifying GaN’s performance advantages [7]. In
addition, GaN has been shown to be radiation tolerant to high
fluences, making it an optimal choice for space-borne HPAs
[8].

The two-stage HPA was designed using Sumitomo Electric
Device Innovations (SEDI) space-qualified GaN HEMT tech-
nology. To achieve over 100 W output power out of the TRM,
120 W was required to be generated at the HPA to overcome
front-end losses and driven by an 8 W GaN device. The 8 W
GaN HEMT was unmatched in a compact MK-style package
To improve efficiency at high-output power, the 120 W was in
an IV-package style , which combined two die with internal
pre-matching networks and power combining.

The devices were optimized for power and efficiency through
matching networks fabricated on a 50 mil Rogers TMM10i
substrate. The networks were designed and characterized on
a active load-pull system as presented in [9]. The transmitter
was designed to operate with a maximum duty cycle of 12%,
therefore to improve efficiency and reduce the contribution of
noise during the receive window, both 8 and 120 W parts were
DC switched. Due to the very large swath in the SweepSAR
concept, the receivers have valid data 100% of the time,
therefore the DC switching time between transmit and receive
events needs to be minimized to less than 500 ns.

Matching network design— Three RF matching network
boards (input, interstage, and output) were designed using
SEDI reference designs, load-pull data, as well as RF design
simulation tools. The first step was to migrate the existing
SEDI reference designs in AD1000 (εr = 10.2) to the
TMM10i (εr = 9.8) substrate. The SEDI reference designs
contained four total matching network boards, an input /
output for both of the 8 and 120 W parts. To reduce the
total area, the output board of the 8 W part was combined
with the input board of the 120 W part to form a single
interstage matching board of the combined HPA. In addition,
the SEDI reference designs contained additional tuning line
lengths to accommodate frequency and performance tuning,
these were removed to further reduce size. For the SEDI
reference design, the test fixture length is 4.25 in for the 8 W
and 3.25 in for the 120 W, totaling 7.5 in, while the JPL design
is only 5.6 in long (Figure 1).

The simulated performance of these matching networks were
compared against harmonic load-pull measurements to verify
matching network performance. Active harmonic load-pull
allows wide-band signals to be characterized under large-
signal conditions, helping to optimize amplifier design [10].
Finally, in order to meet the fast DC drain switching time,
the drain switching power MOSFETs were included on the
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Figure 1. SEDI Reference design and JPL design compari-
son. (not to scale)
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Figure 2. Impedance presented to 120 W part from output
match terminated in 50 Ω for JPL design (both simulated and
measured) and the SEDI reference design.

interstage board on the 8 W drain bias line and the output
board on the 120 W drain bias line.

Figure 2 plots the impedance presented to the 120 W device
with the output terminated in 50 Ω. Both designs, the critical
RF matching elements were simulated using momentum EM
simulator within Agilent’s Advanced Design System (ADS)
software. The JPL design and the SEDI reference design
are in close agreement. In addition, the load-pull optimized
impedances for the fundamental (1.25 GHz) and second
harmonic (2.5 GHz) are also shown and to be in agreement
with the matching network impedances.

The overall design was verified by implementing the SEDI
provided models within ADS and simulating the full two-
stage amplifier with the designed matching networks. The
saturated output power was simulated to be above 50 dBm
with the PAE greater than 65%. In addition, the power gain
was simulated to be approximately 35 dB, reducing required
drive power. Both and second and third harmonics were
simulated to be greater than 40 dBc.
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Figure 11. Measurement setup for testing the HPA in pulsed
CW or chirp configurations. Both scalar power measurements
were taken as well as input and output waveforms were
digitized to perform amplitude and phase measurements.

and deembedded from the measured results. A digitizing
oscilloscope was used to capture input and output waveforms
to extract amplitude and phase variation. For the pulsed CW
measurements, input power was swept at each frequency to
determine optimal gain compression point with the measure-
ment repeating approximately every 60 seconds. In addition
to measuring the output power, the spectral content was
measured using a spectrum analyzer to determine the power
levels at the harmonics. The pulsed chirp measurement setup
was similar to the pulsed CW setup except a fixed power level
was used and data was recorded every 30 seconds.

The thermal ambient temperature profile is shown in Figure
12, which plots the chamber temperature (in blue) and the
GaN device package temperature in green. The tempera-
ture rise of the GaN part above the chamber temperature
is approximately 5◦C. Given the channel to case thermal
resistance of 0.85 ◦C/W, and an DC power of approximately
16 W, the channel temperature is approximately 14◦C above
case temperature. For worst case qualification temperature of
60◦C, the maximum channel temperature should be no more
than 80◦C, which is well under the maximum derated channel
temperature of 125◦C.
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Figure 12. Temperature profile used to characterize the HPA
module. The GaN device package was measured to have a
5◦C rise over chamber temperature.

Figure 13 plots the output power and PAE over temperature
from 50◦C to -20◦C of the pulsed CW waveform for three
different frequencies. The chirp length was 50 µs with a 2
kHz pulse repetition frequency (PRF) with the input power
set to 16.5 dBm. The output power variation per tone is less
than 0.2 dB, while the variation across the frequency range
is ± 0.5 dB. The PAE is measured to be approximately 60%
over temperature for all frequencies. The rise and fall time of
the RF waveform was measured to be less than 10 ns, with a
settling time of 200 ns.
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Figure 13. Saturated power and power-added efficiency over
a base-plate temperature of (-20 C to +50 C). Measurement
was performed at three different pulsed CW frequencies.
The variation over temperature is less than 0.2 dB while the
frequency variation is less than ± 0.5 dB.

The stability over temperature of the HPA is derived from
both compressed operation as well as gate bias tuning to
compensate for the performance changes over temperature.
Under compressed operation, output power does not respond
to variations in input power. Figure 14 plots the slope of
the output power versus input power. At low input powers,
the slope is one, meaning that a 1 dB change in input power
corresponds to a 1 dB change in output power. However, at
3 dB compression, the slope is nearly zero over a 2-3 dB
change in input power. Therefore, the HPA is insensitive
to gain variations in pre-amplifier stages improving output
power stability.
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Figure 14. Slope of output to input power as a function of
input power, highlighting under compression output power is
insensitive to input power.

While compressed operation allows the HPA to be immune
to gain variation in the preceding stages, in order to stabi-
lize the gain of the HPA itself, temperature compensation
circuitry is necessary to account for bias shifts in the device.
As mentioned in section 2, the gate bias circuitry included
temperature compensation to allow the gate voltage to track
changes in temperature. By adjusting the gate voltage over
temperature, the average drain current was measured to vary
less than 10 mA (< 2%), which in turn stabilizes the gain and
output power of the HPA.
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Harmonic and time domain performance

A key advantage of using GaN HEMT technology is ability
to maintain high peak output power at high efficiency at
harmonic terminated amplifier modes. By using the active
harmonic load-pull system, matching networks can be de-
signed to reject harmonics at the output, which eliminates the
need for an output filter to control out of band spectra. Figure
15 plots the measured output spectrum of the TRM (including
the front-end module) with the NTIA spectral mask [12]
plotted in red. Taking the antenna rejection (show in green
at the harmonics) into account, the TRM output meets the
spectral mask for the second and third harmonic frequencies.
There is a slight violation around 200 MHz, which is due to
the video feedthrough from the DC switching. This leakage
can be reduced by not switching the 8 W part or staggering
the 8 W and 100 W turn on times, which will be investigated
in future designs of the DC board, but should have little
effect on the RF performance. The DC switching time may
increase, but still can be maintained within the turn on time
requirement.

justification for trl 6 designation of gan hemt devices 24

8.3 Harmonics

The spectral content of the transmitted waveform is shown in Figure 27
with the NTIA spectral mask overlaid in red. The scope of this require-
ment is for the entire instrument, which in this case will be radiated
from the reflector via the antenna feed. Since the antenna stands be-
tween the TRM and the final measurement, the antenna frequency
response must be considered to evaluate Requirement #5. A work-
ing prototype of the antenna does not yet exist, however, a simulation
model utilizing finite-element-method electromagnetic simulations of
the antenna exists for the purposes of system and antenna design.
From this model, we expect to get approximately 15 dB of additional
rejection from the antenna at the second harmonic and approximately
6 dB31 at the third harmonic. When these rejections are removed from 31 6 dB is the worst-case expected rejec-

tion on the V-pol TRMs. H-pol TRMs
are expected to get approximately 10 dB
of rejection.

the NTIA mask in Figure 4, that leaves a requirement for the TRM
to have 45 dBc rejection from the fundamental power at the second
harmonic and 54 dBc rejection from the fundamental at the third har-
monic. Figure 28 shows the plotted harmonic power levels as function
of temperature at the 120 W GaN device with a passing result.
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Figure 27: Output spectrum of the TRM
relative to the NTIA spectral mask re-
quirement. The HPA passes the spec-
ification at the harmonic frequencies
thanks to the additional rejection ex-
pected from the antenna.
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Figure 28: Spectral power of harmonics
over temperature. Dashed lines repre-
sent the mask limit when the expected
antenna rejection is included.

Figure 27 shows an area of the spectrum around 200 MHz that ex-
ceeds the mask limit. Our original requirement does not include this
band but we will need to address this in order to pass the NTIA re-
quirements. We also expect to get rejection from the antenna in this
band that would likely place the combined spectral output below the
mask limit. However, at this time we have no simulation data on what
that rejection will be. The reason for the spectral power itself is related
to the DC switching electronics in the HPA and changes based upon
the PRF. Part of our mitigation strategy will be to improve the switch
isolation to the RF path in the upcoming EM designs.

JPL/Caltech PROPRIETARY—Not for public release or redistribution.

Figure 15. TRM output spectrum with overlay of NTIA
spectral mask

To accurately characterize the HPA, the effects of the power
regulator (ESS) should be taken into account. The ESS is a
switched supply DC-DC converter that scales the proposed
spacecraft bus voltage of 70 V to the voltages required by
the TRM, including the pulsed current 50 V DC supplying
the HPA. The ESS was developed at JPL and achieves very
high-conversion efficiencies (approaching 90%). As the HPA
is pulsed, the energy from the capacitor banks are drained
leading to a potential droop on the 50 V HPA supply. Longer
transmit pulses could cause a larger droop resulting in a
significant impact on variation of the signal over the pulse.
Increasing the size of the capacitor bank as well as minimiz-
ing the parasitic inductance between the ESS and HPA will
help minimize the droop. Figure 16 is a screenshot from the
high-speed oscilloscope capturing the RF input and output
waveforms, an FFT of the output waveform, the ESS current
as well as the 50 V pulsed drain of the 120 W GaN HEMT
device. The input signal is a 40 µs, 40 MHz linear ‘up’
chirp. The voltage droop at the GaN device was measured
to be approximately 2.4 V, this combines with the frequency
response of the HPA to have a total droop of just over 1.1 dB.

To isolate the effects of the ESS from the HPA frequency
response, a CW pulse and ‘down’ chirp were measured as
shown in Figure 17. The CW pulse at the center of the band
shows a total droop of approximately 1 dB, which can be
attributed to the droop in the ESS voltage. The 40 MHz
‘down’ chirp acts to cancel the power droop due to the ESS
since the HPA’s output power is higher at lower frequencies,
which translates into an overall power droop of less than
0.3 dB.

ESS Current

FFT

RF#in#/#out

Drain#Voltage
2.4$V$droop

Time#(μs)
0 5 10 15 20 25 30 35 40

Figure 16. Oscilloscope screenshot of RF input and output
waveforms of a 40 µs 40 MHz linear ‘up’ chirp along with
the pulse DC voltage, ESS current, and FFT of the output
waveform.
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Figure 25: Measured pulse variation in
both the time- and frequency-domain as
a function of temperature at the 120 W
GaN HEMT. The total variation exceeds
the 1 dB requirement because of a worst
case combination of power supply droop
and HPA frequency response.

none of the effects of the HPA frequency response, and was found to
be approximately 0.5 dB for a 40 µs pulse. Finally, an 80 MHz down
chirp, also 40 µs in length, should cause the frequency response of the
HPA and the droop of the ESS to cancel out, producing the flattest
response. Figure 26 shows that this is indeed the case, and the down
chirp waveform variation has a maximum of 0.3 dB, well within the
requirement. There is no science requirement on the direction of the
chirp, so using down chirps is a valid method to meet Requirement #3.
Based on the 0.4 dB variation in magnitude seen in the up chirp over
the accepatnce temperature range, we are confident the requirement is
met with the 0.6 dB of margin at room temperature shown in Figure 26.
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Figure 26: Output power variation for
multiple waveform types. The CW pulse
shows only power supply droop. The
up chirp waveform combines this droop
with the tailing off frequency response at
higher frequencies to exceed the 1 dB re-
quirement. The down chirp uses these
two phenomena against each other to
produce the flattest response.
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Figure 17. Output power of CW pulse, up, and down chirps
that demonstrates the effects of ESS voltage droop as well
as combined HPA frequency response. By optimizing the
transmitted waveform by using a down chirp, the variation
in the pulse magnitude can be reduced to less than 0.3 dB.

Comparison to state-of-the-art

This work was compared to other state-of-the-art amplifiers
in Table 4. This amplifier has the highest gain, while still
maintaining high-efficiency and output power. In order to
compare the overall performance in a relevant TRM envi-
ronment, the efficiency of the driver stages should be also
taken into account. Assuming linear driver stages of 12%
efficiency, the overall transmit efficiency can be calculated.
With the high-gain of the amplifier reported in this work, the
change in efficiency is negligible, however, with other lower
gain HPAs, the overall transmit efficiency is reduced. The
improvement is due to the need for only lower power driver
amplifiers, thus consuming less DC power as well as reducing
the overall number of gain stages needed before the HPA.

Pout G fc PAE Transmit
Efficiency

dBm dB GHz % %
this work 51 34.5 1.25 58 58

[13] 47.6 15 1.191 68 58
[14] 51.5 12.5 1.25 60 49
[15] 51.7 15 2.1 54 48
[16] 50 10.5 3.8 64 46

Table 2. Comparison of GaN HPAs targeting space
applications.
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Figure 18. Extracted amplitude and phase at the peak of the
compressed chirp for 210 consecutive pulses of a 40 µs, 40
MHz linear ‘up’ - chirp at room temperature.

5. PULSED AMPLITUDE AND
PHASE ANALYSIS

For the 40 µs, 40 MHz linear chirp waveform pulsed at a PRF
of 2 KHz, 210 consecutive pulses (approximately 100 ms of
data, limited by memory depth of oscilloscope) of the input
and output waveforms were digitized at 10 GSPS using a
high-speed oscilloscope across temperature. Each data acqui-
sition was performed in 30 second intervals. The waveforms
were processed using a matched filtering algorithm extracting
the amplitude and phase at the peak of the compressed chirp
signal over temperature using a methodology discussed in
[17].

Analyzing the 200 consecutive pulses, approximately 0.01
dB amplitude and 0.1 ◦ phase variations were demonstrated
at room temperature (Figure 18). The variations in the
amplitude and phase over the 210 consecutive pulses do not
appear strongly correlated and likely the results of random
noise.

To analyze the amplitude and phase change over temperature,
the mean of the 210 pulses were computed at each data
acquisition across the thermal cycle. Figure 19 shows a
very stable 0.2 dB change in amplitude and 2◦ change in
phase from -20◦C to + 50◦C temperature range. The blue
circle data points show areas where the chamber has achieved
thermal stability during a ‘soak’ cycle, while the green dashed
line are areas of temperature ramp, which was set to 3◦C//min.

The amplitude variation correlates with the measured change
in output power as expected, however, analyzing the phase
during the thermal ‘soak’, a large change in phase is measured
for a fixed chamber temperature. This unexpected behavior
appears to be due to thermal gradients in the HPA as it
achieves thermal equilibrium. This effect is demonstrated in
Figure 20, which plots the temperature difference between the
GaN device package and the chamber temperature as well as
the compressed chirp phase over time for the full temperature
cycle. There is a slight thermal lag between the temperature
of the GaN device and the chamber as evidenced by the
spikes in the temperature difference. These temperature
spikes appear to be correlated to spikes in the phase of the
output waveform. Typically in space, the instruments will
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Figure 19. Amplitude and phase of a compressed 40 MHz
chirp across temperature, showing less than 0.2 dB variation
in amplitude with less than 2◦ change in phase.

experience ramp rates of much less than (3◦C//min) so the
thermal gradients in the HPA will be smaller, reducing any
phase variations.
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Figure 20. Temperature difference of GaN device package
and temperature chamber overlaying phase of compressed
chirp as a function of time during the thermal cycle. The
spikes in temperature represent the thermal lag between the
HPA and the chamber reaching equilibrium and correlate to
phase variations of the compressed chirp.

Key metrics to determine the quality of SAR images are the
integrated and peak sidelobe level ratios (ISLR and PSLR)
after compressing the waveform. These ratios help quantify
any distortions of the chirp signal that deviate from the ideal
impulse response. A low ISLR and PSLR could be caused
by changes in group delay, non-linear phase response, as
well as large amplitude variations. For this analysis, the
ISLR and PSLR were calculated as discussed in [18] are
presented in Figure 21. Both the mean ISLR and PSLR
(over the 210 pulses) is above 33 dB and 25 dB respectively
over temperature, which indicates that the HPA has minor
impacts to the quality of the chirp signal. In addition, the
flat response of these metrics indicate that the compressed
waveform is relatively insensitive to temperature variations,
which can greatly ease calibration requirements.
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Figure 21. Integrated and peak sidelobe level ratio for
compressed chirp at output of the HPA as a function of
temperature.

6. SUMMARY
This work presents the design and measured results of a
two-stage GaN HEMT based HPA for use in an interfer-
ometeric L-band SweepSAR mission. GaN HEMT devices
are a mission enabling technology, offering high peak output
power and efficiencies. The output power of the HPA was
over 51 dBm at 60% PAE with over 34 dB of power gain.
This designed focused on a thermally stable design, ensuring
high-quality science data as demonstrated by less than a 0.2
dB change in output power over 70◦C temperature range.
Electrically, the design was stabilized through compressed
operation in addition to bias compensation circuitry. Also,
the mechanical design was optimized to make efficient use of
thermal radiators to dissipate waste heat.

The HPA was characterized using a realistic radar waveform
of a wideband chirp over temperature. This signal was ana-
lyzed to extract the amplitude and phase of the compressed
chirp using a matched filtering algorithm. This analysis
demonstrates that with these expected radar signals, less than
2◦ phase change should allow very stable operational and
ensure accurate interferometeric signal processing, helping to
fulfill the science goals of this proposed mission.
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