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Abstract

This work presents a new measurement technique, mixed-
signal active harmonic load-pull (MSALP) developed by
Anterverta-mw in partnership with Maury Microwave, that
allows for wide-band ultra-high efficiency amplifiers to be
designed using GaN technology. An overview of the the-
ory behind active load-pull is presented and why load-pull
is important for high-power device characterization. In ad-
dition, an example procedure is presented that outlines a
methodology for amplifier design using this measurement
system. Lastly, measured results of a 10W GaN amplifier
are presented. This work aims to highlight the benefit of us-
ing this sophisticated measurement systems for to optimize
amplifier design for real radar waveforms that in turn will
simplify implementation of space-based radar systems.

1 Introduction

GaN devices are increasingly becoming an enabling tech-
nology for advanced space-based radar systems. The use
of GaN allows for improved system performance due to it’s
high efficiency and output power. In addition, the adoption
of GaN into commercial applications, such as cell phone
base stations has allowed the technology to mature and im-
prove reliability and device performance.

Such high priority missions as the proposed Earth Radar
Mission’s (ERM) DESDynl (Deformation, Ecosystem
Structure, and Dynamics of Ice) SAR Instrument (DSI) uti-
lizing the SweepSAR concept are made feasible by the use
of high power, high efficiency solid state power amplifiers
[1, 2]. In the design concepts for this mission, multiple high
power TRM (transmit/receive modules) (> 100 W output
power) that are thermally managed by the surface area of
the TRM acting as the thermal radiator. For typical duty cy-
cles and efficiencies, over 20 W of power must be dissipated
by this surface, requiring extremely large TRM, which are
not suitable for this space borne system.

GaN technology presents two benefits for the proposed
DSI: (1) a potential reduction of thermal stresses due to in-
creased efficiency and (2) ability to operate at higher junc-
tion temperatures. By easing the thermal requirement, the
radiator size may be decreased allowing for a more com-
pact TRM, reducing mission costs. In order to fully op-

timize the high power amplifier design using GaN HEMT
technology, the new characterization technique, active har-
monic load-pull, is being developed to increase efficiencies
and reduce harmonic levels over a wide-band [3]. Though
tuning load and harmonic impedances Class-J current and
voltage waveforms can be engineered that provide optimal
balance between performance, bandwidth, and linear re-
sponse. There is increasingly more literature on the use of
these systems for designing amplifiers for use with modu-
lated telecommunications signals, but to the authors knowl-
edge, no work has been demonstrated this technique for
typical radar signals.

This work will present an overview of a wide-band mixed
signal active harmonic load-pull system (MSALPS) [4] that
is capable of harmonic tuning over a real radar waveform
(such as a chirp) to optimize amplifier performance and
efficiencies to > 70 %. This system was developed by
Anteverta-mw in partnership with Maury Microwave and
a detailed discussion of the load-pull system is presented in
[5]. Section 1 will provide an overview the theory behind
the MSALPS system and the specific measurement setup
used for amplifier characterization. Section 2 will present a
design overview of an L-band GaN amplifier for use in the
proposed DSI TRM with the measured results of this design
presented in section 3.

2 Mixed-Signal Active Load-pull
Measurement Overview

The basic concept of “load-pull” is to present known
impedances to devices under test (DUT) in order to de-
termine their characteristic response, enabling performance
optimization for non-linear devices. Fig. 1 shows the signal
flow graph for a non-linear two-port device where a; 2 rep-
resent the incident waves and b, o are the reflected waves.
Sxx* represents the large signal s-parameters of the DUT.
For a small-signal network analyzer, the DUT is insensitive
to load impedance and therefore standard VNA error cor-
rection terms can be used to calibrate to the reference plane
of the device to extract s-parameters. However, for large
signal conditions, load-pull is necessary since the DUT
is no longer linear and therefore linear superposition and
simple two-port network theory is not valid. Impedance
tuners allow a simulated I';, presented to the device and
enables the measurements of the non-linear large-signal S-
parameters.
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Figure 1: Signal flow diagram for a large-signal load-pull
measurement system.

Traditionally, load-pull systems are passive, using mechan-
ical probes to create a mismatch that presents the desired
impedance by reflecting signal back to the DUT. These
system have been used for years for amplifier develop-
ment with modern tuners being electronically controllable
and able to tune fundamental and harmonic impedances.
Passive systems however are constrained due to tuner and
system losses that limit the maximum reflection coeffi-
cient achievable. For typical high power devices, output
impedances are below 5 €2, and therefore are difficult to
characterize on passive load-pull systems. Another limita-
tion for wide-band signal are the time-consuming tuner cal-
ibrations that are only valid to for single-tones and/or har-
monics requiring characterization at different fundamental
tones within the frequency band of interest to optimize the
amplifier design for wideband operation.

Many of these performance limitations of passive tuner sys-
tems can be addressed by active load-pull. As the name
suggests, active load-pull is achieved by injecting a signal
into the DUT to create the desired impedance. The ac-
tive injection can be performed by either closed- or open-
loop methods. The closed-loop method, Fig. 2a, injects a
sampled output signal back into the DUT with appropriate
phase and amplitude to produce the desired reflection. This
method optimal for fast device characterization, but can be
prone to oscillations and requiring filtering. The MSALPS
that is discussed in this work is an open-loop active system
(Fig. 2b), that utilizes independent arbitrary waveform gen-
erators to create independent channels for source and load
fundamentals and harmonics.

An open-loop system requires more signal processing and
software iterations since the reflected wave is generated in-
dependently from the incident wave. However, the added
complexity allows flexibility with the ability to tune wide-
band modulated signals and have independent control of
harmonics as well as the ability to achieve very high reflec-
tion coefficients as they are only limited by the power sup-
plied by the injection amplifier. Fig. 3 shows the MSALPS
configured for four tuning loops. Anteverta-mw and Maury
Microwave’s implementation utilizes a National Instrument
PXT chassis, which allows rapid sampling of the incident
and reflected waves. Each tuning loop requires a separate
digital AWG that generates the appropriate waveforms and
is unconverted to RF for injection into the device. This pro-
cedure is handled automatically through the software and
algorithms developed by Anteverta-mw. The directional
couplers are used to measure the a and b waves from the
input and output and digitized for software analysis. A
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Figure 2: Closed (a) and open (b) active load pull system
configurations. In (a) for the closed loop case, the injected
signal is a sampled version of the output signal while in the
open loop case (b) the injected signal is generated by an
independent source.

diplexer is used to power combine the fundamental and har-
monic signals for injection into the device. Tuning loop A
is used for the fundamental source, while tuning loops B, C,
and D are used for the load fundamental, second, and third
harmonic respectively.

For these measurements, the load fundamental, second,
and third harmonics are swept to determine optimum
impedance. The source fundamental can also be swept with
the match condition as close to the small-signal S;; conju-
gate match for optimum power transfer. In addition, a sta-
ble phase reference is used to determine the dynamic I-V
characteristics of the device, which can be used to optimize
the waveform for Class-J operation and more sophisticated
waveform engineering.

The measurement is performed in two steps. The first step
is to determine the proper injection signals for all powers
and impedance conditions. This step is achieved through
the use of the AWGs and adjusting the waveforms on a
pulse-by-pulse basis to achieve the necessary powers and
impedances at both the source and load fundamentals and
harmonics. The second step of the measurement routine
these calculated injection signals are used to fully character-
ize the device with both RF and DC parameters measured.
Detailed measurement theory of the MSALPS can be found
in[6,7, 8].

Another important feature of the MSALPS is the ability to
load-pull modulated signals that have both frequency and
amplitude variation. This allows for very precise amplifier
characterization and tuning to optimize the performance for
specific radar waveforms. The requirements for the pro-
posed DSI to achieve the desired resolution require chirp
bandwidths as wide as 80 MHz at L-band. Designing opti-
mal amplifier performance over this band is extremely chal-
lenging with conventional load-pull systems. Fig. 4 is an
example linear chirp waveform that can be programmed
into the MSALPS system.

3 Amplifier Design Overview

This section outlines the basic steps to use the MSALPS to
design a highly efficient HPA. The steps are as follows:
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Figure 3: Block diagram of mixed-signal active load-pull system (MSALPS). The system is configured for four tuning
loops, the fundamental source, and load fundamental, second, and third harmonics. Each of the loops require an individual
arbitrary waveform generator that produces the appropriate waveform to inject into the device to produce the desired I'.
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Figure 4: Modulated chirp waveform in the (a) I-Q time
and (b) frequency domains. The modulated waveform can
be used to synthesize actual expect input waveforms, im-
proving system design fidelity.

1. Perform DC output characteristic sweep to determine
appropriate quiescent point of operation. Class-J am-
plifiers are typically biased near class-B operation.

2. Measure small-signal S-parameters of device to deter-
mine input and output matching conditions.

3. Perform fundamental source and load-pull to deter-
mine optimal matching regions for given bias points

4. Perform harmonic tuning to adjust second and/or third
harmonic to present unmatched conditions at those fre-
quencies

An example load-pull sweep configuration from step 4 is
shown in Fig. 5, which shows the impedance points that
are used to tune the source fundamental, load fundamental,
and load harmonics. The sweep was performed from linear
to saturated power at 10 % duty cycle.

For reference, a sample single-tone measurement result is
presented in this abstract. Here, a 10 W GaN HEMT de-
vice is characterized in a high power test fixture, pictured
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Figure 5: Typical load-pull point constellation for tuning
source fundamental load fundamental and second harmon-
ics. The source and load fundamental are centered around
the small signal conjugate reflection coefficients, while the
second harmonic is tuned for maximum reflection.

in Fig. 6 with the bias tees. The device was biased near
class B operation since typical high power radar amplifiers
are operated in saturation, linearity is not a major concern
for radar HPAs. The measurement was calibrated to the
device reference plane, but still includes package parasitic
losses.

For the initial design, optimal source and load impedances
at the fundamental were tuned for the 10 W GaN HEMT
device biased in class B operation. The source match was
matched to the large-signal I';,, while the output was swept
around the small-signal So» conjugate match. Output power
of 40 dBm and 68 % PAE are shown in Fig. 7 without the



Figure 6: 10W GaN device in test fixture for load-pull
showing reference plane with fixture deembeded.

SO PAE (%)
<&@ Pout fo (dBm) [
&> Pout 2fo (dBm)
&> Pout 3fo (dBm)

0.6

0.5

041

0.3

0.2x x

Figure 7: Design of 10W GaN HEMT device in class B
operation with no harmonic control. Output power of of 40
dBm approaching 70% PAE are achieved.

use of active harmonic control. Even though this perfor-
mance is acceptable, the second and third harmonic com-
ponents are high (>20 dBm). The contours for PAE and
harmonics show a tradeoff between minimizing either sec-
ond or third harmonic content and optimal efficiency. For
example, by choosing a load impedance to reduce the sec-
ond harmonic, the third harmonic becomes larger, trading
off efficiency. Using the MSALPS for harmonic tuning
adds the additional control knobs to optimize impedances
independently for both the second and third harmonic, thus
improving the overall efficiency.

These results can be directly compared to Fig. 9, where
the additional two tuning loops of the MSALPS sys-
tem were used to control the second and third harmonic
impedances. In order to achieve maximum efficiency a re-
flective impedance (open or short) is used.

For this sweep, the source and load second and third har-
monic were tuned to optimal points within the given tun-
ing range as presented in Fig. 5, converging on the final
impedance matching values shown in Fig. 8. Sweeping the
fundamental load, the PAE and power contours are shown
in Fig. 9. By controlling the harmonic content, the effi-
ciency can be improved to over 76% while still achieving
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Figure 8: Final optimal matching impedances showing fun-
damental source, load, and harmonic impedances.
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Figure 9: PAE and output power contours for 1I0W GaN
HEMT device with a single tone stimulus. The PAE is
shown in magenta, with the fundamental, second, and third
harmonic shown in red, blue, and green respectively.

over 10 W output power, and reduced harmonic output. The
optimal point for PAE still highlights the tradeoff between
power at 2fo and 3fo. This technique can also be used to
reduce harmonic content to comply with international radio
emission guidelines.

To further gain insight of the amplifier characteristics
the dynamic I-V waveforms can be calculated using the
MSALP software. In order to fully understand the current
and voltage waveforms within the device as presented in
[9], the package parasitics and internal drain-source capac-
itance should be deembeded to the internal current gener-
ator of the transistor as shown in Fig. 10. Using a com-
mercial simulator tool, the fixture, package, and internal
device Cps were modeled and extracted with the match-
ing impedances translated to the internal device reference
plane as shown in Fig. 11.

Understanding this transformation from the package refer-
ence plane to internal current generator is important for har-
monically tuned amplifiers. The fundamental and harmonic
impedances must be controlled over a wide bandwidth to
maximize performance. As shown in Fig. 11 the parasitics
have a large effect on the matching conditions at the internal
generator.
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Figure 10: Model of package and device parasitics deembe-
ded to allow measurement of dynamic current and voltage
at the intrinsic device current generator.

Figure 11: Shifted matching impedances to present to in-
trinsic device removing effects of package parasitics and
drain source capacitance.

Once these parasitics are removed and the impedance points
are shifted to the internal generator reference plane, dy-
namic current and voltage waveforms can be calculated.
Fig. 12 plots the current and voltage versus time at 3 dB
compression, showing the peak voltage approximately at 55
V, with a peak current of 1.4 A. Fig. 12 plots the complex
load line for for the matched amplifier. This load line in-
dicates class B like waveforms due to the ideal circular na-
ture of the response. The negative portions of voltage and
current waveforms indicate that there are additional para-
sitics capacitances that were not successfully deembeded,
and therefore further optimization of the package model is
required.

4 Summary

In summary, this abstract presents an overview of mixed-
signal active load pull system that can be used for devel-
oping RF front-ends for space-based radars. The load-pull
system may be used to improve amplifier efficiencies over
a wide-bandwidth, reducing thermal constraints and space-
craft bus requirements for such missions as the proposed
DSI.

A 10 W GaN amplifier was designed to achieve over 76 %
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Figure 12: Current and voltage waveform at intrinsic de-
vice, showing peak currents and voltages.
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Figure 13: Complex load line for matching amplifier at 3
dB compression.

efficiency by optimizing the harmonic content. In addition,
dynamic current and voltage waveforms were calculated at
the intrinsic device current generator by removed packag-
ing effects and drain source capacitance. The purpose of
this work is to highlight the general procedure and achiev-
able performance of developing high power GaN amplifiers
using this technique and the benefit to the instrument de-
sign through optimization. Future work includes develop-
ing matching networks to achieve these impedances as well
as characterize the amplifier using a modulated response.
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