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Abstract—This work presents multi-level supply modulation
of a load modulated balanced amplifier (LMBA). The RFinput LMBA employs dynamic active matching for efficient
operation over an octave bandwidth. Supply modulation is a
natural candidate to further enhance the back-off efficiency of
this broadband amplifier due to its independence on RF carrier
frequency. In the ET-LMBA prototype demonstrated here, an
efficient hybrid multi-level converter (power DAC) produces
supply levels from 10 to 30 V to modulate the drain of the
balanced amplifier. Digital predistortion is used to linearize the
ET-LMBA behavior at discrete steps and over frequency. This
system is demonstrated at 2.1, 2.7 and 3.5 GHz with a 20-MHz,
10-dB PAPR signal showing composite efficiency improvement
between 9 and 12 percentage points when supply modulation is
employed, while maintaining linearity.
Index Terms—load modulated balanced amplifier, LMBA, envelope tracking, supply modulation, power-DAC, power amplifier.

I. I NTRODUCTION
Amplification of wide instantaneous bandwidth, high peakto-average power ratio (PAPR) signals for multiple carriers
is driving the development of radio-frequency (RF) power
amplifiers (PAs) which trade efficiency, bandwidth and linearity while maintaining output power. Various PA architectures
address a part of this tradeoff space, through e.g. Doherty
[1], envelope tracking (ET) [2] and Chireix outphasing [3],
usually accompanied by some form of linearization. Combining multiple approaches can provide solutions for wideband
linear-efficient operation, e.g. [3].
The load modulated balanced amplifier (LMBA) was introduced recently in [4], [5] as an approach that addresses the
bandwidth limitations of conventional Doherty and outphasing
techniques, while enabling efficiency enhancement in backoff.
The LMBA is based on a classical balanced amplifier with
wideband input and output quadrature couplers. A control
signal is injected into the normally terminated isolation port of
the output coupler, modulating the load presented to the two
devices, and producing an active and controllable match. The
control signal can optionally be generated from the modulated
RF input using an input splitter and appropriately designed
control PA, thereby producing an RF-input LMBA [6]. This
architecture is attractive for its wide bandwidth and efficiency
enhancement through load modulation. In this work, we show
that the back-off efficiency of an LMBA can be extended by
modulating the supply voltage of the balanced amplifier.
Supply modulation is a natural candidate to further enhance
the back-off efficiency of a broadband PA, since the modulator
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Fig. 1. Simplified schematic of the single RF-input load modulated balanced
amplifier (LMBA) with supply modulation. A multi-level power-DAC is used
to dynamically vary the supply voltage of the balanced PA part of the LMBA
for efficiency enhancement.

is independent of the carrier frequency. We note that static
supply modulation of the LMBA has been originally proposed
in [5]. Here, we apply dynamic supply modulation of the
LMBA using a fast hybrid GaN-on-Si multilevel converter
[7], in the first demonstration of modulated signals of the ETLMBA architecture.
II. ET-LMBA A RCHITECTURE
A simplified block diagram of the ET-LMBA is shown in
Fig. 1. Supply modulation is implemented with an efficient 8level power-DAC, which produces discrete power supply steps
ranging from 10 V to 30 V. The hybrid RF-input LMBA is
implemented with Wolfspeed GaN-on-SiC packaged devices.
The control PA is scaled in both device size (6-W compared
to 10-W balanced amplifier devices) and supply voltage (20 V
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Fig. 2. Measured (CW) maximum P AE and POU T of the RF-input LMBA
with fixed bias between 1.7 to 4 GHz [6].

compared to 30 V). As a result, it compresses at a lower
input power than the PAs in the balanced amplifier, resulting
in a input-power-dependent relative injected signal level and
thus a power-dependent match presented to the main PAs.
This nonlinear characteristic, along with frequency-dependent
phase compensation, maintains dynamic active matching over
greater than an octave bandwidth with a fixed supply voltage,
summarized in Fig. 2.
In order to maintain asymmetry between the balanced
and control amplifiers, only the drain supply voltage of the
balanced amplifier PAs is varied, while keeping a fixed 20-V
control PA supply. This approach degrades the match provided
by the control PA as the drain supply of the balanced amplifier
is varied. Fig. 3 shows the simulated load trajectories presented
to the balanced amplifier devices across frequency for supply
voltages of 30 V and 15 V. The active match provided by the
control signal is optimized for the design voltage of 30 V.
However, the overall system efficiency remains high due to
the higher absolute PAE values.
III. E XPERIMENTAL S ETUP
A photograph of the experimental setup is shown in Fig. 4.
The input RF signal is generated and analyzed by a National
Instrument PXIe-5840 (“VST2”) which features 1 GHz I/Q
bandwidth for carrier frequencies up to 6.5 GHz. The output
of the VST2 is linearly amplified by an instrumentation driver
amplifier with up to 32 dBm at the input reference plane of the
LMBA. The output of the LMBA is then attenuated before the
input port of the VST2. Power calibration of the experimental
setup is performed at the two edge frequencies of 2.1 and
3.5 GHz and at a frequency of 2.7 GHz within the band.
The digital control bits of the Power-DAC are generated by
the FPGA within the VST2, which is customized to include
the control of the supply modulator synchronized with the RF
signal generation. The I/Q sampling frequency is 1.25 GHz
while the power-DAC control signals are sampled at a lower
frequency of 312.5 MHz.
Fig. 3 shows the simulated frequency variation of the PAE
contours and the load trajectories of the balanced amplifier at
30 and 15 V, while the drain voltage of control PA is held constant at 20 V. Since the PA is originally designed to operate the

(b)
Fig. 3. Simulated PAE and load trajectories at 2.1, 2.7 and 3.5 GHz. (a)
Simulated PAE at vD = 30 V. (b) Simulated PAE at VD = 15 V. The control
PA supply voltage is held constant at 20 V.

balanced PA at 30 V, the load trajectories are better matched
in this case as reported in Fig. 3. As the drain supply of
balanced amplifier is lowered, the active match provided by the
control signal degrades, which in turns degrades the efficiency.
However, the simulated LMBA efficiency still improves as
a result of supply modulation. Therefore, in this ET-LMBA
architecture, we choose to keep the drain of the control PA
fixed at 20 V while the drains of the balanced PA are connected
together and supply modulated between 10 and 30 V.
An efficient 8-level supply modulator (i.e. Power-DAC) is
used to this purpose [7] and its output voltage can be expressed
as
3
X
VD = VOS +
bi VDCi ,
(1)
i=1

where VOS = 10 V is the offset voltage at the output of
the supply modulator; VDC1 = 3.2 V, VDC1 = 5.6 V, and
VDC3 = 11.2 V are three isolated voltage sources at the input
of the Power-DAC. With such voltage selection it is possible
to generate eight voltage levels (one is 10 V) up to VD =
VD,M AX = VOS + VDC1 + VDC2 + VDC3 = 30 V .
DPD of the ET-LMBA is extracted and applied off-line
on the computer controlling the setup. Pre-pulsing characterization [8] is employed to extract the nonlinear behavior
with memory of the LMBA at every supply level and at the
three carrier frequencies. A generalized memory polynomial
is employed to describe the intra-level behavior of the LMBA,
parametrized with the non-linearity order of five and a crossterm and memory order of two.
A. ET-LMBA Characterization
The ET-LMBA architecture is characterized in pulsed RFand DC-mode at 2.1, 2.7 and 3.5 GHz. The total LMBA
efficiency is defined as (POU T − PIN )/(PCA + PBA ) where
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Fig. 5. PAE characteristics of the ET-LMBA at the eight voltage levels and
at two carrier frequencies at the band edges, 2.1 and 3.5 GHz. The discretized
supply shaping table for 2.1-GHz also shown.

Fig. 4. Photograph of the setup (oscilloscope not visible).

the denominator is the sum of the DC power drawn by the
control and balanced amplifiers. The PAE characterization
gives trajectories shown in Fig. 5 for the two edge frequencies
at 2.1 and 3.5 GHz. The plot highlights the benefits of supply
modulation with the LMBA architecture as also shown in [5]
with static measurements. The PAE reaches 50% for a wide
range of output powers at 2.1 GHz and 40% at 3.5 GHz. We
note that moving towards higher frequencies the efficiency degrades as can be seen in Fig. 2. Here, the backoff efficiency of
the LMBA is further enhanced by means of supply modulation
and the benefits are evident in the plot.
Supply-modulator efficiency is included in the composite
power-added efficiency of the supply modulated balanced PA
(with fixed control PA bias) as

modulator and PA, which is currently a connection between
two separate boards.
In Table I, we compare the supply-modulated LMBA to the
same LMBA operated at a fixed supply voltage. Linearity, both
in terms of NRMSE/EVM and ACLR is slightly degraded from
the fixed supply case while the total DC power PDC,T OT is
significantly reduced. The average output power is somewhat
improved most likely due to the pulsed mode of operation of
the supply-modulated case. We note also that the DC power
consumption ratio between the balanced PAs and the control
PA changes over frequency; this phenomenon is most likely
due to the varying load impedance of the balanced PAs over
frequency as also shown in the load trajectories of Fig. 3.

POU T − PIN
CP AE =
(2)
PCA + PDC,T OT
P3
where PDC,T OT = POS + i=1 PDCi is the total DC power at
the input of the supply modulator, POS is the power supplied
by the offset voltage (10 V) and PCA is the DC power drawn
by the control PA. These input powers are measured accurately
with a wide-band 120-MHz current probe (Tek TCP0030) and
a digital oscilloscope (Tek DPO2024).

This paper details the operation of an envelope-tracked
load-modulated balanced amplifier (ET-LMBA). A broadband
experimental setup based on a National Instruments VST is
used to explore the characteristics of the ET-LMBA at 2.1,
2.7 and 3.5 GHz. Results with and without supply modulation
are compared and show an improvement between 9 and 12
percentage points with good linearity when discrete supply
modulation is employed together with digital predistortion of
the wideband RF-input LMBA.

IV. M EASUREMENT R ESULTS
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