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Abstract—This article investigates an analog phase correction
method for a K-band 4-W drain-modulated power amplifier (PA)
in 150-nm GaN-on-SiC technology. A tuneable phase modulator
monolithic microwave integrated circuit (MMIC) is integrated
directly in the PA RF input path to counteract the output
phase shift of the PA under supply modulation and reduce
output phase distortion. The phase modulator does not require
an additional control signal as it directly takes the supply-
modulated drain voltage of the PA as its control input and
has negligible power consumption with an insertion loss below
3.4 dB. Modulated measurements with a 33.75-MHz 16-QAM RF
input signal with 6-dB peak-to-average power ratio (PAPR) at
20.5 GHz show a power-added efficiency (PAE) improvement of
6.5-9.5 percentage points (pp) for a variety of tracking functions.
Moreover, with the phase modulator enabled, the PA output
phase variation is reduced from 30° to 14°. Simultaneously, with
phase compensation, the adjacent channel power ratio (ACPR)
is improved by up to 5.2 dB to a value of —40.2 dB, while the
rms error vector magnitude (EVM) is improved by up to 4.4 pp
to a value of 6.9%, showing better linearity compared to a static
20-V bias case, while the average PAE is significantly improved.

Index Terms—Efficiency, monolithic microwave integrated cir-
cuits (MMICs), nonlinear distortion, phase modulation, phase
shifter, power amplifiers (PAs), predistortion, supply modulation.

I. INTRODUCTION

ODERN microwave transmitters for communication

systems have to adhere to stringent linearity require-
ments with highly efficient operation at back-off for high
peak-to-average power ratio (PAPR) input signals [1], [2], [3].
Recent literature shows a variety of methods for improving
back-off efficiency or linearity, such as the Doherty power
amplifier (PA) [4], [5], the outphasing PA [6], [7], or the
load-modulated balanced amplifier (LMBA) [8], [9]. These
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PA architectures comprise multiple parallel amplifiers biased
in different operating classes to achieve a high output back-off
of 9-2 dB at the cost of increased design complexity.

An alternative to these approaches is supply modulation,
which can, for example, be implemented in the form of
envelope tracking (ET), yielding more versatility and shifting
the complexity to the supply modulator design [10]. With this
method, the drain voltage of the supply is dynamically varied
based on the RF input power level, improving back-off effi-
ciency [11], [12]. ET can even be employed to further improve
back-off efficiency for a Doherty PA [13], [14], outphasing
architecture [15], or LMBA [16]. Practically speaking, discrete
supply modulators can achieve >90% efficiency with large
bandwidths for high output power PAs, although generally
being limited by two or four voltage switching levels, introduc-
ing envelope distortion due to fast switching transients [17],
[18]. Moreover, discrete supply modulators with eight voltage
levels have also been demonstrated previously in [15], [16],
and [19]. Continuous drain modulators tend to be significantly
less efficient with smaller available bandwidths but can offer
more accurate tracking with less envelope distortion [20], [21].

The amplitude linearity of the PA can be improved by
exploiting the nonlinear gain characteristics for varying supply
voltages [22]. However, one drawback of supply modulation
is a significant reduction in the PA output phase linearity
[23]. Especially for GaN PAs, a significant phase variation
for different drain voltages is observed [24], while GaAs PAs
are more resilient to these phase variations [25]. Often, these
phase nonlinearities are counteracted with digital predistortion
(DPD) algorithms in the form of a generalized memory
polynomial (GMP) model [26], [27].The downside is that these
digital methods require knowledge of the in-phase—quadrature
(IQ) baseband data. If such knowledge is unavailable, analog
predistortion (APD) is a solid solution to solve the nonlinear-
ities imposed by supply modulation. Recently, the influence
of the presented source impedance in terms of linearity, gain,
and efficiency for supply-modulated GaN PAs was investigated
[28]. Thereafter, literature has shown that the gain and phase
distortion of supply-modulated PAs could be reduced with a
deliberate mismatch of the PA source and load impedance for
a specified tracking function [28], [29], [30]. Hence, this form
of static APD does not require any additional hardware or
software for linearization.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Fig. 1. Simplified block diagram of the drain modulated PA with output
phase correction using a tuneable phase modulator. The phase modulator
has an inverse phase characteristic (in blue) compared to the PA (in purple),
linearizing the output phase (in red). Each distinct color represents a separate
PCB in the system.

This work presents a tuneable analog phase correction
method for ET PA systems by integrating a phase modulator
monolithic microwave integrated circuit (MMIC) directly in
the PA RF input path, as shown in Fig. 1. The phase modulator
implements an inverse phase characteristic compared to the PA
phase characteristic, thus correcting for the phase distortion at
the PA output. Compared to the phase modulator published
in [31], no additional control path is required since the phase
modulator directly uses the time-varying drain voltage, Vy(¢),
of the PA as its control signal. The phase modulator presented
in this work has negligible dc power consumption and only
presents a moderate RF signal loss. The circuit extends the
work of [31], adding a high impedance control input and
variable attenuator that is directly compatible with the drain
voltage of the GaN-on-SiC PA. The variable attenuator allows
to program the phase slope and offset of the modulator through
voltages Vgope and Viger such that it matches the phase
response of the PA for a certain operating frequency. In the
past, PA output phase linearization has been applied in the
form of a phase detector feedback loop [32] and ET feedback
loop [33], both requiring additional control circuitry, which in
turn adds more complexity and power consumption.

The phase correction method is experimentally demon-
strated with a modular system, where the phase modulator is
combined with a custom linear driver amplifier. This is needed
to be able to drive the PA into its compression region while
simultaneously ensuring that the phase modulator operates in
its linear region. Fig. 1 presents an intended application where
the system is further complemented with a directional coupler
to feed the RF input signal to an envelope detector, which will
provide a specified shaping function to the drain modulator,
leaving the entire system in an analog fashion.

This article is organized as follows. Section II presents the
entire system and discusses its modular parts in more detail.
Section III discusses the tracking function design and synthe-
sis, complemented by continuous wave (CW) measurements
for verification. In Section IV, the modulated measurement
setup is shown. Section V focuses on the calibration procedure,
including dynamic power calibration and time alignment.
Section VI shows the modulated measurement results for
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Fig. 2. Fully assembled amplifier, highlighting its five modular parts with
dimensions 16.5 x 20 x 10 cm.

33.75 MHz of RF bandwidth. Finally, Section VII provides
conclusions drawn.

II. SYSTEM OVERVIEW

The fully assembled amplifier is depicted in Fig. 2, where all
custom modular parts are annotated. For thermal reasons, the
drain modulator is mounted on a heatsink with a fan blowing
air from the bottom. A bias interconnect PCB connects the
modulated drain bias of the PA, Vy(), to the modulated bias
control voltage of the phase modulator for dynamic phase
correction. This section presents the PA, phase modulator, and
driver amplifier in more detail.

A. Power Amplifier

The PA is designed in a 150-nm GaN-on-SiC process,
utilizing a 100-um SiC substrate and supporting a drain voltage
up to 28 V. It is a three-stage design with staging ratio
1:2:8 optimized for drain modulation on the last two stages,
which is published in [24]. The final stage of the PA employs
power combining of two 8 x 100 um devices to achieve a
high output power, while the first two stages are single-ended
with a device size of 4 x 50 yum and 8 x 50 um. For static
characterization, all PA stages are biased at a drain voltage of
20 V with a quiescent current density of 100 mA/mm. Under
these biasing conditions, the PA reaches a saturated output
power of 36.5 dBm with a peak power-added efficiency (PAE)
of 40%-45%. Moreover, the PA has a large-signal saturated
gain of 25 dB with a bandwidth that spans from 18.5 GHz up
to 24.0 GHz, corresponding to a fractional bandwidth of 26%.

Dynamic characterization of the PA with varying drain
voltages between 10 and 20 V for the last two stages of the
PA has been previously published in [24] and [31]. Under
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Fig. 3. Measured PA phase variation for increasing drain voltages versus
output power at a frequency of 20.5 GHz [31]. Light gray indicates a drain
voltage of 10 V and black indicates a drain voltage of 20 in 1-V steps. The
PA phase variation is illustrated for a typical tracking function, varying 42°
over output power.

dynamic biasing conditions, both the gain and phase linearity
of the PA are compromised. With a flat gain tracking function,
the gain nonlinearities can be resolved, although the phase
nonlinearities remain. Fig. 3 depicts the PA output phase
variation for an illustrative ET trajectory, exemplified by a
flat gain tracking function, at a frequency of 20.5 GHz. This
frequency was chosen as it yields the maximum PAE with
static characterization. From Fig. 3, it can immediately be
seen that the PA output phase varies by approximately 4° per
1 V step with dynamic bias. Consequently, the total output
phase variation is 42° over the varying drain voltage and output
power, severely impacting the linearity of the PA.

B. Phase Modulator

The phase modulator was custom designed in the WIN
Semiconductors PIH1-10 E-mode pHEMT process, using a
100-um GaAs substrate. Fig. 4 shows the chip photograph
and simplified schematic, where the bypass capacitors at
the supply nodes are omitted. The core circuit of Fig. 4(a)
replicates a reflective tuneable phase modulator identical to
the one published in [31]. As an extension, the bias voltage
for the diode-connected HEMTs Q4—Q7 that act as varactors
is provided through the resistive voltage divider formed by
Ry and Rjg, allowing the time-dependent drain voltage, Vy(?),
that feeds the PA to be connected directly to this circuit. Vi
provides the negative reference voltage for this voltage shift
and thus can be used to set the operating voltage range of the
modulator. The bypass capacitor Cs and the input capacitance
of the four varactors load the high impedance voltage divider
and would create a low-pass frequency response with a cutoff
frequency of 50 kHz, prohibiting wideband modulated signals.
This is counteracted by the bypass capacitor C4 to complete
the frequency-flat voltage divider.

An adjustable shunt resistor that allows for reduction of
the voltage swing across the varactors is implemented by
three devices, denoted by Q;—Qj3, together with Rg—Rg. It is

Control Attenuators

O Vsnift
Ry 1.93kQ

g o
J%T

2x25 pm

I_Ql

3 dB Hybrid
()

Voftset Vslope Vsnift

(b)

Fig. 4. Phase modulator (a) simplified circuit diagram and (b) chip photo-
graph, presenting stepped attenuators to control the slope and offset of the
phase, as well as the core circuit published in [31]. The dimensions of the
MMIC are 1.92 x 1.17 mm.

controlled by Vope and yields a continuous slope adjustment
for the phase modulator, providing a voltage attenuation from
Va(#) to the diode bias by 21-45 dB. Transistors Q;—Q3 are not
terminated at Vg, but rather at Vg, Which can be set closer
to the center operating voltage (0.35 V), such that Q;-Q3 are
operated in the ohmic region. To extend the usable range of the
shunt attenuator, the three devices are connected to the varactor
bias point through the resistor ladder R¢—Rg, while the gate
bias to them is provided through the resistors R|—Rj3, ensuring
that Q3 will turn on before Q. Additionally, bypass capacitors
C—C5 are reciprocally sized to R¢—Rg to ensure that the
bypass capacitance across the variable shunt resistor formed by
01-03 and R¢—Rg increases with decreased resistance, keeping
the voltage divider approximately flat across frequency.

A simulated frequency response of the varactor control
signal is shown in Fig. 5(a), where the effects of frequency
compensation capacitors C;—C4 are demonstrated. This sim-
ulation is for an attenuation setting of 40 dB, corresponding
to Vgope = 1 V. It is observed that C, is crucial to prevent a
drop at high frequencies, while C;—C3 help to flatten out the
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Fig. 5. Simulation results of (a) control voltage transmission coefficient versus
frequency with Vijgpe = 1 V for varying drain voltages. Measurement results of
(b) normalized phase and (c) insertion loss versus drain voltage at a frequency
of 20.5 GHz for varying Vjope and a fixed Voser of 0.5 V.

frequency response across different control attenuator settings.
Moreover, the figure shows that due to the changing varactor
capacitance, the small-signal frequency response also depends
on the drain voltage itself, which cannot be prevented without
introducing active buffers or other power-consuming circuits.
In summary, the phase modulator bandwidth exceeds 200 MHz
for all available voltage levels, and it can exceed 1 GHz of
modulation bandwidth for a drain voltage of 20 V, opening a
path for phase linearization of very wideband signals. How-
ever, the main limitation for extremely wideband signals is
the deterioration of the reflection coefficient at the modulation
port, Vinea(#), and fluctuations in the phase response [31]. The
phase modulator was characterized in terms of small-signal
modulation performance using a VNA. The measured phase
response for different slope voltages is shown in Fig. 5(b),
where the effect of the variable shunt resistor controlling
the phase slope is evident. At the same time, the measured
insertion loss of the phase modulator is presented in Fig. 5(c),
being around 3.0 4+ 0.15 dB. For the required 40° phase
variation to linearize the PA, this corresponds to an undesired
gain modulation of less than 0.2 dB, as depicted by the
Vilope = 0.8 V setting.

C. Driver Amplifier

A custom driver amplifier has been designed and man-
ufactured in the WIN Semiconductors NP12-01 120-nm
GaN-on-SiC process, targeting mm-wave applications through
50 GHz. It is manufactured on 100-mm SiC substrates and
uses a source-coupled field plate design for high breakdown
voltage and reliable operation at a drain voltage of 28 V.

To be able to drive the PA into full saturation, the driver
amplifier employs a two-stage architecture for sufficient gain.
The layout and schematic of the driver amplifier are presented
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Fig. 6. Driver amplifier (a) simplified circuit diagram and (b) chip photograph,
showing the different matching network topologies used. The dimensions of
the MMIC are 2.84 x 1.40 mm.

in Fig. 6. Both the 2 x 50 ym device and the 4 x 50 ym
device have a 20-V drain bias with a quiescent current of
94.3 mA/mm as a tradeoff between gain, PAE, and output
power. In measurements, the driver amplifier has a maximum
small-signal gain of 21.0 dB with a half-power (3-dB) band-
width spanning from 17.9 up to 24.5 GHz. Next to that, the
saturated output power is 27.5 dBm with a peak PAE of 25.4%
at 23.8 GHz.

III. TRACKING FUNCTION DESIGN

A variety of tracking functions are synthesized to achieve
flat gain or maximum PAE, where the drain voltage, Vg, is
mapped to the RF input power of the PA, Py,. This mapping is
computed from the static measurements of the PA for varying
drain voltages from 10 to 20 V in 1-V steps and will exploit
the RF envelope, V.. The RF envelope is computed as

Ve=/VI+ V] (1)

where V; and Vg are the RF voltages of the / and Q compo-
nents, respectively. For pure ET, the envelope bandwidth, B,
is infinite due to the square root term in (1). Some previous
works focused on accurate tracking function design without
minimizing B, [34], [35], while this work uses power tracking
(PT) to fit the V4(P;,) trajectory as a band-limited even-order
function of the Taylor series expansion of the RF envelope
to reduce B.. In contrast to ET, this method yields a tracking
bandwidth that is bound to an integer multiple based on the
PT order [36].

For both flat gain and maximum PAE tracking, three distinct
tracking functions are investigated. These are PT, second-order
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Fig. 7. Synthesized tracking functions for flat gain and maximum PAE
tracking versus input power.

PT (PT2), and reduced PT2 (PT2R). In all of these trajectories,
the square root term of B, is eliminated, thus yielding band-
limited signals. The PT trajectory, Vpr, is defined as

VpT =ay)+ay- Vg (2)

where @ and a; are tracking coefficients [36]. In this case, B.
is limited to the RF bandwidth, Bgg. Next, the PT2 trajectory,
Vpr2, is given by

VPT2=QO+Q2‘V62+CY4‘V: 3)

where a third tracking coefficient, a4, is added. Due to the
higher order terms, B, extends to two times Bgg. Finally, the
PT2R trajectory, Vprogr, is defined as

Vpror = @ + ay - Vi 4

which is similar to the Vpry trajectory, eliminating the V72
term. An identical B, is obtained as for the PT2 case, namely
two times Bgp, since the fourth-order term is still present.
All aforementioned tracking functions compared to a pure ET
function for flat gain and maximum PAE tracking are depicted
in Fig. 7. For the flat gain scenario, it can be seen that the PT
and PT2 trajectories have similar trends, but the PT2 trajectory
is more accurate for a higher input power level. However, the
PT2R trajectory is not a good fit compared to the desired
tracking function. For maximum PAE tracking, it shows that
PT tracking cannot accurately follow the desired trajectory,
while the PT2 and PT2R trajectories are an almost perfect fit.

Fig. 8 depicts the CW characterization of the complete
system for static voltages from 10 to 20 V in 1-V steps without
phase correction, as well as the synthesized tracking functions
with phase modulator correction at a frequency of 20.5 GHz.
The constant flat gain value is set to 44.5 dB, defined by the
drain voltage lower limit of 10 V. For maximum PAE tracking,
the peaks of the PAE curves are followed for all available
drain voltages. First, it can be seen that the pure envelope
flat gain tracking function exhibits an excellent response with
a gain variation of +0.05 dB within the measured 16-dB
dynamic range (DR). The PT and PT2 trajectories are a
good approximation of the pure envelope flat gain trajectory,

having a gain variation of +0.5 dB within the measurement
boundaries, whereas the PT2R trajectory is a significantly
worse approximation.

The pure envelope maximum PAE tracking function nicely
follows the peaks of the static PAE for each voltage level.
The PT2 and PT2R trajectories exhibit a similar response to
the pure envelope maximum PAE tracking function. However,
the PT tracking function lacks accuracy in back-off but is still
able to nicely follow the maximum PAE peaks for a higher
output power level. All in all, it shows that the maximum PAE
PT trajectory is a tradeoff between flat gain and maximum
PAE tracking. At an output power level of 32 dBm, the PAE
is improved from 22.7% for static 20-V drain bias to 29.5%
for flat gain tracking and 32.9% for maximum PAE tracking.
Looking at the normalized phase response for both flat gain
and maximum PAE tracking, it can immediately be seen that
the phase modulator corrected the output phase from 42° (as
shown in Fig. 3) to only 8°-10°, thus significantly improving
the phase linearity under drain modulation.

IV. MEASUREMENT SETUP

Modulated measurements are performed with a Keysight
N5247B-423 vector network analyzer (VNA) configured in
spectrum analysis (SA) mode. A detailed schematic of the
measurement setup for modulated signal testing with the VNA
is shown in Fig. 9(a), highlighting the internal connections
and components of the VNA in blue and the external ports of
the VNA in magenta [21]. Fig. 9(b) presents a photograph of
the assembled measurement setup. By rerouting the internal
hardware of the VNA, it is possible to calibrate down to the
device under test (DUT) while simultaneously being able to
change components outside of the internal VNA directional
couplers. For example, after calibration, the driver ampli-
fier and arbitrary waveform generator (AWG) can freely be
changed, as highlighted in red. The AWG, namely Keysight
MB8195A, produces real-time baseband communication signals
with a sampling rate of 16 GSamples/s, which are then
upconverted to the target frequency of 20.5 GHz with an
external mixer. Moreover, the AWG produces the tracking
signal for the drain modulator and a trigger signal for the
oscilloscope, namely Keysight DSOX3104G. The oscilloscope
is configured such that it can capture the entire tracking signal
in time domain with a sampling rate of 2.5 GSamples/s to
accurately measure the real-time dynamic drain voltage and
current. Multimeters are used to extract the average currents
of the driver and PA stages. From the VNA, the input and
output spectra are extracted in the frequency domain, which
are postprocessed to obtain the I- and Q-components in the
time domain, respectively. The resulting time-domain voltage
waveforms for the drain and RF output are depicted in Fig. 10.
The entire setup is controlled by MATLAB.

A. Coherence

To ensure coherence, it is important to correctly set the tone
spacing, A fione, in the multitone environment for the SA mode
on the VNA to be able to capture the signal generated by the
AWG. The tone spacing is computed as

.fS VNA
A one = S (5)
i Nawa
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Fig. 8. CW measurement results of (a) gain versus output power, (b) normalized phase versus output power, (c) PAE versus output power, and (d) compression
characteristics versus input power at a frequency of 20.5 GHz for flat gain and maximum PAE tracking. The light gray to black lines correspond to static
drain voltages spanning from 10 up to 20 V in 1-V steps with the phase modulator disabled. Traces denoted with PM indicate that the phase modulator is

enabled.

where f; vna is the sampling rate of the VNA and Nawg is the
number of samples of the AWG signals. The DR is improved
by vector averaging, yielding more accurate measurements at
reduced measurement times.

B. Drain Modulator

Fig. 11 shows the simplified schematic of the laboratory-
grade continuous drain modulator, whereas the PCB is shown
in the fully assembled system in Fig. 2. A reconfigurable
design is made for both GaN and GaAs devices, supporting
voltage ranges from 10 to 20 V and from 0 to 4 V, respectively.
It is a three-stage design based on THS3491DDA current-
feedback operational amplifiers (op-amps), having a maximum
supply voltage of 32 V, a slew rate of 8000 V/us, and a
gain—bandwidth (GBW) product of 900 MHz. The first stage
is a gain stage with differential to single-ended conversion,
the second stage is a single-ended gain stage with a voltage

offset, Vi1, and the third stage is a load-sharing power stage
with a voltage offset, V5. Each op-amp has a linear output
current of 0.42 A, so combining six op-amps in parallel yields
a linear output current of 2.52 A for high-power PAs up
to 50 W. If the op-amps operate at their maximum linear
output current of 0.42 A, a significant voltage drop of 4.2 V
is observed over the six 10-Q stability resistors, denoted by
Ry3—R33. These resistors are necessary to improve isolation
from potential highly capacitive loads. The PA in this work
only has a current draw of 0.6 A at the maximum PAE point
for a 20-V drain bias, so the voltage drop over the six 10-Q
stability resistors is limited to 1 V. This voltage drop has been
overcome by increasing the AWG output amplitude. Since
this laboratory-grade continuous drain modulator is built with
commercial off-the-shelf op-amps, the efficiency will be very
low (typically below 50%). Therefore, the power consumption
of the drain modulator is not taken into account for the overall
system efficiency calculations.
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Fig. 9. Measurement setup for modulated signal testing with drain modula-
tion. (a) Detailed schematic and (b) assembled setup. All internal components
and connections of the VNA are highlighted in blue, the external ports of the
VNA are highlighted in magenta, and the calibration plane is highlighted in
orange. Any components within the red boundaries can freely be changed
after calibration.

At the output, a current sensing circuit is added to accurately
compute the average and dynamic efficiency of the PA [20]. A
differential probe is connected over the 0.2-Q output resistor
to compute the dynamic current over time, while the average
output current is accurately measured with a multimeter at
the decoupled output, V;. Fig. 12 depicts the drain modulator
characterization to evaluate the gain, bandwidth, and peaking
behavior for a 50-Q resistive load together with two capacitive
loads to emulate the drain impedance of the PA. A half-power
bandwidth of 190 MHz is achieved, derived from the point
where the gain drops by 3 dB. Furthermore, a flat frequency
response and output impedance below 5 Q up until 80 MHz
is obtained. It is desired to keep the output impedance as low
as possible to avoid unwanted envelope distortion. The gain
peaking value is limited to 1.5 dB for the 111-pF capacitive
load. Preferably, the gain peaking is as low as possible to
prevent potential stability issues. High gain peaking could
also be used to extend the available half-power bandwidth in
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Fig. 10. Measured time-domain signals for a flat gain PT2 trajectory. The
drain voltage is acquired from the oscilloscope in the time domain and the
time-varying I- and Q-components are obtained by postprocessing the output
spectrum in the frequency domain.

practice, which can then be equalized in postprocessing to
ensure a flat frequency response for the gain, as demonstrated
in [37].

V. CALIBRATION PROCEDURE

Accurate measurements of the modulated drain voltage and
current for dynamic dc power calculation are important to
correctly compute the dynamic PAE. This includes separately
extracting the dc and ac components of the drain envelope, as
well as aligning the voltage and current waveforms to each
other and to the RF input signal.

A. Dynamic Power Calibration

Both the dc and ac components of the modulated drain volt-
age, Vq4(1), are extracted simultaneously with a compensated
voltage probe connected to the oscilloscope. To verify that
the oscilloscope reads the correct voltage, the drain modulator
output voltage was measured with a multimeter at a static
level of 20 V, resulting in a 50-mV dc offset compared to the
compensated probe reading.

With the drain current sensing circuitry presented in
Fig. 11, the dynamic drain current is computed as a
voltage drop over the 0.2-Q sensing resistor. Prior to
the measurements, the exact value of the 0.2-Q sensing
resistor is determined by connecting a known 48-Q termi-
nation to the output of the drain modulator. For a static
output voltage of 20 V, the current through the 48-Q
load is calculated, after which the sensing resistor value
is computed by dividing the decoupled output voltage, V;,
measured with a multimeter by the calculated load current.

The ac component of the time-varying drain current, I4(?),
is extracted by measuring the voltage drop over the 0.2-Q
sensing resistor with a differential probe. The differential
probe model is Keysight DPOO12A, which has a common
mode rejection ratio (CMRR) of —-30 dB from 5 MHz all
the way up to 250 MHz for the used 17:1 attenuation setting.
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Fig. 12. Simulated and measured large-signal response of the drain modulator
for a 50-Q resistive load in conjunction with two different capacitive loads,
as well as the simulated output resistance.

A multimeter is used at the decoupled output to measure the
average dc component, I;. The calibrated differential probe
is not accurate enough to compute the dc component as it
is prone to voltage drifts due to variations in temperature
and probe positioning. Finally, the time-varying drain voltage
and current waveforms are time-aligned on the oscilloscope
by computing their respective cross correlation for a band-
limited noise signal with the 48-Q load connected. This skew
is applied for all future measurements.

B. RF and Envelope Signal Time Alignment

The delay in the RF path differs from the delay in the
envelope path since the cable and PCB trace lengths vary,

o
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Fig. 13. Measured transmitted and received time alignment signals for

synchronization of the RF and envelope path including (a) full signal time
span and (b) zoomed-in on area of interest, yielding a delay of 10.9 ns.

effectively introducing a different path delay. To ensure that
the correct drain voltage is presented for its corresponding
input power level for linearity improvement, the delay between
the RF and envelope path is computed [38]. As presented
in Fig. 13(a), the RF signal is a 64-us-long sequence with
16-QAM modulation from 8 to 40 us and a static amplitude
elsewhere for the I- and Q-signals, while the drain modulator
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Fig. 14. Measured normalized output spectra for (a) flat gain PT2 and
(b) maximum PAE PT2 at a frequency of 20.5 GHz and an average output
power level of 32 dBm. A 16-QAM modulation format with 33.75-MHz RF
bandwidth and 6-dB input PAPR is used. Traces denoted with PM indicate
that the phase modulator is enabled.

signal is a 64-us-long sequence with amplitude modulation
(AM) from 48 to 56 us and a static amplitude of 15 V
elsewhere. Hence, at the output of the PA, both the RF signal
with 16-QAM modulation and the delayed drain modulator
signal with AM will be visible, after which the time difference
of the envelope signal can be computed as a cross correlation
of the PA output signal and the synthesized drain modulator
signal [39]. As shown in Fig. 13(b), a delay of 10.9 ns is
observed between the RF and envelope path. This delay is
subsequently counteracted by offsetting the synthesized digital
envelope signal with 10.9 ns to ensure that the RF and
envelope path are aligned.

VI. MEASUREMENT RESULTS

For the modulated measurements, a 16-QAM modulation
format with 33.75-MHz RF bandwidth and 6-dB input PAPR
is used, which is upconverted to the target frequency of 20.5
GHz. To validate the phase correction method, measurements
with and without the phase modulator, as well as static
measurements, are performed. These are then compared in
terms of the output spectra, gain and phase characteristics,
efficiency, and linearity.

A. Output Spectrum Analysis

The normalized output spectra for flat gain and maximum
PAE PT?2 tracking at an average output power level of 32 dBm
are presented in Fig. 14. Immediately, it can be seen that the
spectral regrowth is increasingly worse with a dynamic supply
voltage compared to the static 20-V bias case. Enabling the
phase correction yields a reduction in the adjacent channel
power level, which reduces the adjacent channel power ratio
(ACPR), achieving similar or even better performance com-
pared to having a static 20-V bias. Furthermore, there is an
asymmetry in the spectrum caused by the memory effects of

the amplifier, which becomes more evident when looking into
the gain and phase characteristics.

B. Gain and Phase Characteristics

The gain and phase characteristics at an average output
power level of 32 dBm for maximum PAE and flat gain PT2
are shown in Fig. 15. Contrary to the CW measurements
presented in Fig. 8, a rising gain slope is observed for flat gain
tracking, while a flat gain response is observed for maximum
PAE tracking. This is due to the fact that the tracking functions
were synthesized under CW characterization, thus not taking
into account the memory effects of the PA, as described in
[40]. Hence, the gain reduction at lower output power levels
is attributed to trapping effects within the GaN epistructure
[41]. A more accurate way of characterizing the PA with
supply modulation in a controlled trapping state environment
can be done with prepulsing, as reported in [19]. For a static
20-V bias, the highest gain is observed while simultaneously
showing a declining gain slope due to soft compression of
the PA.

Regarding the phase characteristics, the phase modulator
correction is clearly visible. Without correction, the output
phase varies between 25° and 30°, while with correction, the
output phase varies by 14° versus output power. With a static
20-V drain bias, the output phase varies by only 9°. Finally, it
seems that for the current bias settings of the phase modulator,
the output phase is slightly overcompensated for an output
power level greater than 33 dBm, which could be improved
further by sweeping Viope and Vogsee Of the phase modulator
for a set average output power level. However, the best settings
for various average output power levels might not be the same.

C. Efficiency Improvement

In Fig. 16, the PAE curves and PAE improvement compared
to the static 20-V bias case versus average output power
are presented. Immediately, it can be seen that the static
20-V bias case has significantly lower PAE at back-off com-
pared to having a modulated bias. The PAE is improved by
6.5-7.2 percentage points (pp) for flat gain tracking and
8.7-9.5 pp for maximum PAE tracking at 6-dB back-off. Sim-
ilar to the CW characterization, the maximum PAE tracking
functions have the best improvement of PAE at back-off.
In these calculations, the power consumption of the phase
modulator, driver amplifier, and PA is considered. The power
consumption of the laboratory-grade continuous supply mod-
ulator is not taken into account since it has a poor efficiency.
The laboratory-grade continuous supply modulator is seen as
part of the measurement equipment.

D. Linearity Improvement

Fig. 17 depicts the ACPR and rms error vector magnitude
(EVM) with and without phase modulator correction. Looking
at the flat gain PT trajectory, it can be seen that the ACPR
improves by up to 4.0 dB to a value of —38.0 dB at an average
output power level of 25.0 dBm with phase correction, and
the best EVM improvement of 2.0 pp to a value of 5.0%
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versus average output power at a frequency of 20.5 GHz for flat gain and maximum PAE tracking. A 16-QAM modulation format with 33.75-MHz RF
bandwidth and 6-dB input PAPR is used. Traces denoted with PM indicate that the phase modulator is enabled.

is obtained at an average output power level of 29.3 dBm.
The flat gain PT2 trajectory shows an ACPR improvement
of 42 dB to a value of —39.2 dB at an average output
power level of 25 dBm, while the EVM is improved by up to
2.1 pp to a value of 5.9% at an average output power level of
31.9 dBm. Furthermore, the flat gain PT2R trajectory exhibits
a near-static 12-V bias up to an average output power level of
27 dBm, showing similar ACPR and EVM with and without
phase correction. However, at an average output power level
of 29.1 dBm, the ACPR is improved by 5.0 dB to a value
of —39.3 dB. Similarly, at an average output power level of
31.7 dBm, the best EVM improvement of 2.2 pp is obtained
over the case without phase correction, resulting in an EVM
of 5.6%.

For the maximum PAE PT2 and PT2R trajectories, it should
be noted that the ACPR and EVM are almost equal to each
other for an average output power up to 29 dBm, since
the tracking functions follow a near-static 10-V bias in this
region. At an average output power level of 33.3 dBm, the
ACPR improves by up to 4.1 dB to a value of —-27.0 dB,
translating to an EVM improvement of 4.4 pp to a value of
6.9% compared to not having phase correction. The maximum
PAE PT trajectory has an ACPR improvement of up to 5.2 dB
to a value of —40.2 dB at an average output power level of
27.9 dBm, while the best EVM improvement of 3.1 pp to a
value of 7.8% is achieved at an average output power level
of 34.0 dBm with the phase modulator present. The output
ACPR is limited by the minimum value of the input ACPR,
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Fig. 17. Modulated measurement results of (a) ACPR versus average output power for flat gain tracking and (b) maximum PAE tracking, and (c) rms EVM
versus average output power for flat gain tracking and (d) maximum PAE tracking at a frequency of 20.5 GHz. A 16-QAM modulation format with 33.75-MHz
RF bandwidth and 6-dB input PAPR is used. Traces denoted with PM indicate that the phase modulator is enabled.

which can only reach as low as —58 dB due to the available
8-bit resolution of the AWG.

Another noticeable finding is that the maximum PAE track-
ing functions generally show better linearity compared to the
flat gain tracking functions. As mentioned before, the tracking
functions were synthesized under CW characterization, thus
not taking into account the memory effects of the PA. For
an average output power below 28 dBm, the memory effects
are less prominent due to a decreased voltage swing on the
drain, thus yielding a better ACPR for the flat gain tracking
functions. Moreover, the maximum PAE tracking functions
can achieve similar or even better linearity performance with
phase correction compared to the static 20-V bias case for all
measured average output power levels since both the gain and
phase are more linear under modulated signal testing.

VII. CONCLUSION

To summarize, this article presents an analog phase lin-
earization method for drain-modulated PAs using a phase

modulator MMIC in the RF path. The phase modulator is
custom designed to directly use the drain voltage of the PA as
a control signal while simultaneously having negligible power
consumption and an insertion loss of less than 3.4 dB, thus
not affecting the overall efficiency. The slope and offset of
the phase modulator are tuned such that it has a counteractive
phase characteristic compared to the PA. On top of that, a
reconfigurable laboratory-grade continuous drain modulator
is designed and optimized for high bandwidth envelope sig-
nals up to 190 MHz, although being limited by its output
impedance to 80 MHz.

A variety of tracking functions are synthesized for flat
gain and maximum PAE tracking, following a band-limited
even-order PT characteristic. In CW measurements, the back-
off PAE is improved by 6.8-10.2 pp due to the supply
modulation, and the phase nonlinearity is counteracted through
the additional phase modulator, reducing the output phase shift
of the PA from 42° to only 8°-10°. Afterward, the PA is
characterized with a 33.75-MHz 16-QAM modulated signal
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with an input PAPR of 6 dB at 20.5 GHz showing similar
output phase shift reduction from 25°-30° to 14° with analog
phase correction.

Simultaneously, under modulated signal testing, the back-
off PAE is improved by 6.5-7.2 pp for flat gain tracking and
8.7-9.5 pp for maximum PAE tracking compared to a static
20-V bias point. The power consumption of the continuous
drain modulator is not taken into account for the efficiency
calculations. However, in the literature, it is shown that discrete
supply modulators can be made >90% efficient at 10-W output
power [42], [43], thus improving the overall efficiency of the
PA. Finally, the ACPR is improved by up to 5.2 dB, and the
highest measured EVM improvement is 4.4 pp with analog
phase correction. For maximum PAE PT, a similar or even
better ACPR and EVM can be achieved compared to the static
20-V bias case with significantly higher back-off efficiency.
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