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Abstract— This paper presents a broadband efficient power
amplifier (PA) targeting sub-6-GHz 5G base station applications.
Due to the demanding requirements in both peak-to-average
power ratio (PAPR) and bandwidth in 5G systems, we employ a
combination of both load and supply modulation for efficiency
enhancement. Active matching, implemented using an RF-input
load-modulated balanced amplifier (LMBA) architecture, enables
efficient octave-bandwidth operation. Supply modulation, which
is carrier frequency agnostic, is then used to further extend the
back-off efficiency. This paper focuses on a study of supply modu-
lation strategies for the load-modulated PA using an efficient GaN
eight-level discrete supply modulator. To overcome the bandwidth
limitations associated with discrete-level switching, a commuta-
tion rate reduction (CRR) filter is applied in digital baseband
and its effects are analyzed theoretically and experimentally. The
supply-modulated LMBA is characterized across 1.8–3.8 GHz
with 100-MHz, 10-dB PAPR signals. An output power of 34 dBm
with average composite (total) PAE ranging from 22.4% to 43.9%
across the band is demonstrated, with an ACLR of about −50 dBc
after digital predistortion.

Index Terms— Base station, carrier aggregation (CA), dig-
ital predistortion (DPD), fifth generation (5G) network, new
radio (NR), orthogonal frequency-division multiplexing (OFDM),
peak-to-average power ratio (PAPR), power amplifier (PA),
power-DAC, supply modulation (SM), waveform.

I. INTRODUCTION

INCREASING demands for high data rates, reduced latency,
and increased device density are driving the development of

fifth generation (5G) wireless systems. To support these needs,
both millimeter-wavebands and existing radio resources below
6 GHz will be employed. As with 4G, downlink transmission
in 5G systems will be based on orthogonal frequency-division
multiplexing (OFDM), with system advantages including high
spectral efficiency, low computational complexity, and ease of
integration in multiple-in multiple-out (MIMO) systems [1].
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Fig. 1. Conceptual block diagram of the proposed architecture for 5G
base stations. An SM-LMBA is used to efficiently transmit high-PAPR
waveforms across a 1.8–3.8-GHz band. Supply modulation provides
frequency-independent back-off efficiency enhancement, while load modu-
lation allows for broadband impedance match.

OFDM signals, however, are challenging for efficient power
amplifier (PA) design due to high peak-to-average power
ratio (PAPR) and high instantaneous bandwidth. An additional
demand on the PA is operation over a broad RF bandwidth in
order to reduce the number of PAs in an agile radio envi-
ronment, which exacerbates the challenge of high-efficiency
operation. In this paper, we present a PA architecture with
simultaneous broad RF bandwidth, high back-off efficiency
over the band, and the ability to amplify multiple concurrent
signals with large instantaneous bandwidth. The approach,
illustrated in Fig. 1, combines load and supply modula-
tion (SM) to improve efficiency over a wide range of output
power levels, while frequency agility and linearization are
enabled by a flexible digital baseband design.

The challenge of high signal PAPRs can be addressed
through signal design, PA design, or a combination of both.
Digital signal processing (DSP) techniques, for example,
clipping, crest factor reduction, or partial transmit sequence
techniques [2], can be used to reduce the signal PAPR.
Drawbacks generally include increased digital complexity,
decreased spectral efficiency, and reduced flexibility in wave-
form design.

From a circuit design perspective, on the other hand, the PA
can be designed to maintain high performance over a wide
range of output power levels through efficiency enhancement
techniques. Load modulation achieves efficiency enhancement
in back off with a minimum of two PAs that interact through
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active loading, such as in the case of Doherty [3]–[6] and
Chireix outphasing [7]–[10] PAs. In these active matching
techniques, additional power is consumed by the modulating
device and is reused by the circuit architecture. For exam-
ple, a passive inverting element in the Doherty configuration
helps recover the auxiliary power at the output; however,
this is a bandwidth limitation and can only be used for
modulating the main device impedance along the real axis.
The load-modulated balanced amplifier (LMBA), introduced
in [11]–[14], is an important new development where the
main device impedance can be modulated both resistively and
reactively, while whatever power required from the auxiliary
control device is fully recovered at the output. This enables the
LMBA to be used in broadband applications, as shown in [14].

An alternative efficiency enhancement method is SM,
in which a dynamic power supply tracks the signal envelope
according to some “trajectory” [15]. In SM transmitters,
the dynamic supply modulator’s efficiency degrades with an
increased signal bandwidth, limiting the total (composite)
transmitter efficiency. Typical supply modulators consist of an
efficient slow switcher and a linear fast amplifier [16], [17]
and are limited to relatively narrowband signals considering
the 5–10 times bandwidth expansion of the envelope relative
to the IQ bandwidth. The required supply modulator slew
rate can be reduced with shaping functions [18], [19] or
through power envelope tracking, see [20]. Another approach
is to switch the supply between several discrete levels for
coarse amplitude control, sacrificing linearity. This approach
is applied successfully to single-ended PAs with drain [21],
as well as gate and drain modulation [22], for large band-
width signals. Load-modulated PAs can be further enhanced
with SM, demonstrated with Doherty [23]–[25] and Chireix
outphasing PAs [26].

In this paper, we leverage the combined benefits of
supply and load modulation to develop a PA with efficiency
enhancement over a wide range of both output power and
frequency, with the sub-6-GHz octave-bandwidth 5G downlink
applications as a target. Active load modulation performs the
octave-bandwidth active match, and SM enhances back-off
efficiency. Reconfigurability and frequency agility are enabled
by a flexible digital baseband design employing digital
predistortion (DPD). A primary contribution of this paper
is in demonstrating SM applied to a more complicated and
broadband “base” PA, required for 5G systems, as compared
to previous supply-modulated transmitter demonstrations.
Additionally, we demonstrate that DPD can be employed
for 100-MHz high-PAPR signals to maintain the ACLR
below −50 dBc over the entire 1.8–4-GHz band, with a
time-average composite power-added efficiency ranging from
22.4% at the high end to 43.9%, including both the PA and
the supply modulator efficiency.

This paper expands on the related conference paper [27],
which demonstrated initial envelope-tracking results with the
RF-input LMBA (ET-LMBA) for a 20-MHz LTE signal.
Here, we present an analysis of the RF-input LMBA under
more general SM (SM-LMBA) and perform a detailed inves-
tigation with 100-MHz signals over an octave bandwidth.
Section II provides detail on the LMBA design and char-

acterization for SM. Signal requirements for 5G relevant to
PA design are discussed in Section III, along with digital
baseband challenges associated with wideband discrete-level
SM. Section IV presents the experimental system operating
over 1.8–4 GHz with 100-MHz, 10-dB PAPR signals, with a
study of how linearity and efficiency tradeoff over bandwidth
and PAPR.

II. SUPPLY-MODULATED LMBA

Implementation of SM architectures can be characterized
as belonging to one of two modes. The term envelope track-
ing (ET) usually refers to a mode in which the RF device
is operated linearly, i.e., the amplitude of the output voltage
swing remains lower than the supply voltage at all times.
In this approach, the gain and matching conditions are not
substantially modulated by the supply voltage variation, and
the output power remains a nominally linear function of the
input signal drive level.

More generally, dynamic SM can allow clipping on the
supply rails at some predetermined supply level. In practice,
the transition between these two SM modes will not be clearly
defined, due in main part to the gradual incursion of the
I–V trajectory into the knee region of the device characteris-
tics. Such incursion is almost inevitable when high-efficiency
operation is being sought, and this applies especially when
using GaN devices which usually display a relatively soft knee
characteristic. In both cases, some significant modulation of
the device gain and matching characteristics will result from
the large supply variations, and if conventional, fixed passive
matching is used and this may result in nonlinear effects which
cannot be fully corrected using DPD. This problem is com-
pounded when attempting to design a broadband RFPA, where
passive matching networks cannot, in practice, be designed
to present optimum load impedances over the extended RF
bandwidth. In this paper, the novel use of simultaneous,
real-time load modulation is employed to compensate for the
changes in gain and impedance caused by the SM and to do
so over an octave RF bandwidth.

A. SM-LMBA Architecture

A simplified block diagram of the SM-LMBA is shown
in Fig. 2. At the core of this architecture is the RF-input
LMBA [14], in which the two amplifiers comprising a bal-
anced amplifier (BA) are load modulated by a control PA.
Details of the design and implementation of the RF-input
LMBA used in this paper are given in [14] and summarized
below. Initial experiments with SM are described in [27],
in which the system is demonstrated with a 20-MHz, 10-dB
PAPR signal.

In the RF-input LMBA architecture, the control PA drive
signal is derived from the RF input through a coupler. Dynamic
load modulation is achieved by implementing the control PA
with a small-periphery device (here, the CGH40006 6-W
device from Wolfspeed) relative to those in the BA (each
10 W, i.e., Wolfspeed CGH40010) so that it compresses at a
lower input power than the BA. Therefore, the relative level of
the injected control signal compared to that of the BA varies
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Fig. 2. Block diagram of the RF-input LMBA [14]. A control signal derived
from the RF input modulates the impedance “seen” by the BA devices.

Fig. 3. RF-input LMBA operation under nominal supply conditions VD,B A =
28 V and VD,C A = 20 V. (a) Asymmetric sizing of the control and balanced
PA paths generates an input power-dependent difference between the main
and control amplifier levels. (b) As input power increases, the load moves
toward the center of the Smith chart [14].

over power, as illustrated in Fig. 3. The BA is matched for
efficiency at 6-dB output back off (OBO). As the relative
power Prel of the main signal increases (i.e., at high output
powers), the reflection coefficient “seen” by the BA devices
moves toward the center of the Smith chart, where the BA
output power is higher.

To achieve this load modulation characteristic across an
octave bandwidth, a bandpass filter (BPF) is inserted in the
BA path (see Fig. 2). This octave-bandwidth BPF does not
affect the amplitude response of the LMBA but produces a
frequency-dependent phase between the BA and control paths.
By appropriately designing the filter response [Fig. 4(a)],
the target load impedance of the BA devices (found from
simulated load–pull) is tracked across frequency [Fig. 4(b)].

Fig. 4(b) shows the simulated nominal design case as
developed in [14], i.e., VD,B A = 28 V and VD,C A = 20 V. The
load trajectories behave as desired: they nearly intersect the
load corresponding to maximum PAE at each of the shown fre-
quencies, tracking the counterclockwise rotation in the Smith
chart. In measurement, we find that performance is slightly
enhanced by operating the BA instead at VD,B A = 30 V due to

Fig. 4. Active match across the octave bandwidth is achieved by inserting
a BPF in the BA path. (a) BPF frequency response [14]. (b) Simulated load
impedance trajectories across frequency for the nominal supply condition as
simulated in [14], i.e., VD,B A = 28 V and VD,C A = 20 V [27].

Fig. 5. Simulated load impedance trajectories across frequency when
VD,B A = 20 V and VD,C A = 20 V, corresponding to approach (2) or (3).

slight differences between simulated and measured behaviors.
When SM is then applied to one or both of the BA and control
amps, the back-off efficiency of the individual amplifier is
expected to further improve. As seen in [27], however, at
the LMBA architectural level, SM modifies the asymmetric
behavior of the BA and control amps because the relative
power of the two amplifiers depends on their respective supply
voltages. For example, Fig. 5 shows the load modulation
trajectories of the BA devices when VD,B A = VD,C A =
20 V. Compared to the nominal conditions in Fig. 4, the BA
trajectories do not intersect the peak PAE contours found
from the load–pull simulation of the device. Therefore, it is
not immediately clear whether SM will improve the RF-input
LMBA performance. To investigate this further, the LMBA
performance is characterized by five possible SM cases.

1) No SM.
2) SM of both the balanced and control amplifiers together,

i.e., with VD,B A = VD,C A.
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Fig. 6. (a) Block diagram of the experimental setup. A broadband calibration
from 1.5 to 4 GHz is performed to calibrate the setup at the LMBA input
and output connectors. The drain voltage and currents are monitored with a
sampling oscilloscope for characterization purposes. The modulated signals
are generated by a 1-GHz NI VST. (b) Photograph of the experimental setup
with an enlarged picture of the ET-LMBA in the inset.

3) SM of the BA only, with the control amplifier supply
voltage held fixed at its nominal value of VD,C A = 20 V.

4) SM of the BA only, with the control amplifier supply
voltage fixed but increased to VD,C A = 30 V, thereby
reducing the extent of compression in the CA.

5) SM of both the balanced and control amplifiers, with
a fixed ratio of the two voltages such that VD,C A =
0.8×VD,B A, corresponding to the ratio of these voltages
in the nominal design.

Of these, all but case 5 can be implemented using the experi-
mental system. A potential sixth option is to supply modulate
the control amplifier only, keeping the BA fixed at its nominal
design voltage. However, intuition and simulations predict that
this will not enhance back-off efficiency and so this case is
not measured.

The block diagram and photograph of the experimen-
tal setup for this and subsequent measurements are shown
in Fig. 6. A computer-controlled National Instruments Vector
Signal Transceiver (VST) generates the modulated signal
which is amplified by a benchtop driver (G) at the input PIN(t)
of the LMBA. The output power POUT(t) is attenuated (A)
and sampled by the VST. An oscilloscope monitors the drain
voltage of the BA, as well as the drain currents during the

Fig. 7. Simulated SM-LMBA performance at 3 GHz for the five supply
load modulation cases. (1) No SM, i.e., fixed bias (black). (2) SM of both
PAs together, i.e., VD,C A = VD,B A (green). (3) and (4) SM of BA only, with
VD,C A = 20 V (blue) and with VD,C A = 30 V (red). (5) S SM of both
as VD,C A = VD,B A × 0.8 V (brown). Simulations include efficiency of the
LMBA only.

Fig. 8. Measured PAE trajectories at 2.1 GHz for various combinations of
supply voltages (gray curves), and comparing four possible supply strategies
of the SM-LMBA: without SM (black continuous curve), equal SM of both the
control and balanced PAs (green dotted curve), and SM of the BA and fixed
supply of the control PA (blue and red dashed curve). These measurements
include the efficiency of the LMBA only.

characterization phase. Power calibration over frequency is
performed at the input and output of the LMBA. Details of
the supply modulator are given in Section IV.

Simulated results for various supply voltage combinations
are shown in Fig. 7, while measurements with static supply
voltages corresponding to cases (1)–(4) are shown in Fig. 8.
These simulations and measurements are made with static
supplies only, i.e., the supply modulator efficiency is not
considered and no shaping function is applied. It can be
seen that a fixed supply produces the lowest overall PAE,
while supply modulating both PAs together gives the high-
est performance. Interestingly, measurement modulating both
supplies together leads to only marginal PAE improvement,
and only below 7-dB OBO. Although there is as much as
a 5% point improvement in PAE at 10-dB OBO, the nearly
identical performance in the higher power range leads us to
conclude it is preferable to modulate the BA supply only. This
is based on bandwidth considerations—the physical connec-
tion between the two supplies adds inductance that degrades
the possible modulation bandwidth and can lead to timing
mismatch between the two supply levels [21]. In the remainder
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Fig. 9. POUT,MAX and PAEMAX versus frequency for the minimum, inter-
mediate, and maximum supply levels (8, 20, 30 V). Active load modulation
performed by the control PA enables good impedance matching for high
efficiency throughout the amplifier bandwidth.

of this paper, therefore, we supply modulate the BA and keep
the control PA supply fixed.

Output power and PAE measurements across frequency for
various BA supply voltages are shown in Fig. 9 when the BA
alone is supply modulated. Peak output power is relatively flat
across a 1.8–3.8-GHz range, whereas there is an efficiency
peak at 2 GHz. The frequency-dependent amplifier gain and
PAE also depend on supply level, as captured in Fig. 10 at
2.1 GHz. A supply shaping function [see Fig. 10 (right axis)] is
used to select the BA supply voltage for a given desired output
power level. Supply level selection tradeoffs gain flatness and
PAE. In practice, the supply shaping function is discretized
for use with the discrete-level supply modulator (Fig. 11),
with a different shaping function required at each operating
frequency.

III. DIGITAL BASEBAND SIGNALS AND GENERATION

A. 5G Waveform Analysis

In order to understand the PA and digital baseband
operating requirements in terms of bandwidth and dynamic
range, we first examine the up- and down-link OFDM
waveforms for 5G systems. In general, an OFDM signal can
be expressed as [29]

x(t) =
NC∑

k=1

xke j2πk� f t =
NC∑

k=1

Ake j (2πk� f t+φk) (1)

where xk = Ake jφk is an array of complex symbols
that modulate a set of NC orthogonal subcarriers, and
� f = 1/(NC T ) is the carrier frequency spacing, fixed in 4G
systems to 15 kHz. For the higher bandwidth 5G signals,
the carrier spacing is varied as

� f = 2μ × 15 kHz. (2)

Here, 15 kHz is the baseline 4G spacing and μ is the
numerology [30] that can take on values of 0, 1, 2 [31],
leading to a subcarrier spacing of 15, 30, and 60 kHz in
the sub-6-GHz bands. The maximum bandwidth for 5G is,
therefore, between 50 MHz (� f = 15 kHz) and 200 MHz
(� f = 60 kHz), which further increases the PAPR.

Fig. 10. Measured gain (a) and PAE (b) at 2.1 GHz for the SM-LMBA with
variable drain supply between 8 and 30 V at 2-V steps for the BA and fixed
supply voltage on the control PA (20 V). The gate biases are −2.6 V for the
balanced and −3 V for the control PA. Superposed is the extracted trajectory
of the supply shaping table.

Fig. 11. Discretized shaping function as obtained by the continuous bias
characterization. Eight equally spaced voltage levels are selected between
8 and 30 V. The threshold is selected accordingly to maximize intralevel
efficiency. Two pdfs are superposed for OFDM signals with 512 carriers and
two PAPRs (10 and 6 dB).

The probability that the PAPR of an OFDM signal exceeds
a certain threshold value PAPR0 can be expressed as

P(PAPR > PAPR0) ≈ 1 − (1 − e−PAPR0)NC (3)

assuming NC is sufficiently large (> 64). The resulting
probability is a complementary cumulative distribution func-
tion (CCDF), as shown in Fig. 12, which compares the
PAPR CCDFs of an LTE/LTE-A OFDM signal within two
extreme values of 72 and 1200 subcarriers [31] to that of 5G
new radio (NR) as in Release 15 with two extreme values
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Fig. 12. Cumulative probability of PAPRs comparing OFDM signals for
LTE/LTE-A (72 < NC < 1200) and 5G NR (333 < NC < 6600). Higher
PAPRs are significantly more likely with the new generation of radio systems.

Fig. 13. Waveforms generated with the multisignal algorithm [28]. (a) Tone
amplitude Ak and spacing � f can be individually set, while the phase is
used to achieve a predetermined PAPR. (b) Sequences with PAPRs ranging
from 12 to 5 dB. For a high enough number of random, Gaussian distributed
I/Qs, the envelope can be approximated with a Rayleigh probability density
function (red contours).

of 333 and 6600 [31], [32]. The probability of higher PAPRs
is significantly higher with the new generation radio systems,
creating challenges for efficient PA design.

Various techniques have been proposed for PAPR reduction.
The most common is clipping and filtering [33], [34] in which
the signal is first clipped to a certain level and then filtered to
reduce in- and out-of-band distortion. Other techniques such
as selected mapping and partial transmit sequence carry high
computational complexity and typically degrade bit error rate
(BER). No one technique has been proven to be optimal for
a given OFDM signal [34].

In this paper, which focuses on the SM-LMBA performance
across frequency and PAPR, our goal is to characterize the
PA with arbitrary signals corresponding to the range of PAPR
values expected in 5G systems, as indicated in Fig. 12. Rather
than generating an OFDM signal and applying reduction
techniques, therefore, we use a multisignal algorithm detailed
in [28] to generate an OFDM signal with an arbitrary number
of subcarriers, band distribution, and PAPR (see Fig. 13).
In this algorithm, the phase φk of the complex symbols xk

is controlled by an iterative algorithm to generate offline
sequences of I/Qs with arbitrary PAPRs, band distributions,
and Rayleigh pdf, which are useful to mimic the statistics of
an OFDM signal for 5G from a PA standpoint.

B. Commutation Rate Reduction Filter

The wide bandwidths targeted for 5G communications,
combined with the bandwidth expansion associated with

Fig. 14. Block diagram of the digital baseband. An envelope extraction block
generates the envelope from the input I/Qs. A quantizer extracts the 3-bit
representation of the original envelope and it is followed by the commutation
reduction algorithm which generates the level of the supply modulator.

the envelope operation [35], makes conventional tracking
challenging [36]. Therefore, it is necessary to limit the enve-
lope bandwidth used to control the discrete supply modulator.
In this paper, we employ a nonlinear filter to limit the commu-
tation rate of the supply modulator and so decouple the signal
bandwidth requirements from those of the supply modulator.
The operation of the filter can be described as [35], [37]

L(n) = max[Q(n), Q(n − 1), . . . , Q(n − NMIN)] (4)

where NMIN is the number of taps of a delay line. The
algorithm operates as a sliding window on NMIN + 1 samples,
computing the maximum value within the window for every
clock cycle, and generating an output L(n) = Q(n) with
a minimum pulse duration TMIN = 1/ fS for NMIN = 0.
For NMIN > 0, the algorithm generates a sample L(n) with
an amplitude which is the maximum between Q(n) and
the NMIN past samples, and with a minimum time duration
TMIN equal to T · (NMIN + 1). Thus, the parameter NMIN
sets the minimum pulse duration at the output of the supply
modulator, selected based on the capabilities of the hardware,
e.g., the interface between the supply modulator and PA.

When the filter is placed after the quantizer, the digital
hardware complexity of the algorithm is very low: a low
bitwidth shift-register and a max computational block that
can be efficiently implemented using comparators. The block
diagram of the digital baseband with the commutation rate
reduction (CRR) filter is shown in Fig. 14.

Fig. 15 demonstrates operation in the time domain with a
100-MHz, 10-dB PAPR signal generated with the multisignal
algorithm [28]. The filter anticipates the peak envelope of
the sequence at tPK = 467 ns and maintains a level which
is always greater than the minimum required (Fig. 15, “no
filter” case). The different minimum pulse cases demonstrate a
tradeoff between PA and SM efficiency and linearity. While the
finite rise and fall times and nonideal transient characteristics
of the SM require a filter, a long minimum pulse time lowers
PA efficiency. The effect of the filter is shown in Fig. 11,
where the actual supply voltages (gray) are bounded by the
ideal discretized shaping function (black). Clipping is avoided,
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Fig. 15. Time-domain envelope of the input signal |x(n)| and supply control with two different minimum pulse durations. (a) TMIN = 10 ns. (b) TMIN = 100 ns.
When the filter is disabled (TMIN = 0 ns), the supply command follows the discretized shaping table with all the levels, and when the filter is used (TMIN = 10
or 100 ns), the control command loosely follows the envelope of the signal and some levels are lost.

Fig. 16. Average switching frequencies fSW for an eight-level quantization
as a function of the minimum pulse duration TMIN parameter of the max
filter. The switching frequency increases with the signal bandwidth fBW (blue
continuous) and with lower PAPRs (red dashed). In both cases, the CRR filter
presents a low-pass behavior able to reduce the average switching rate of the
supply modulator, limiting power losses.

but the supply level is not always optimal for efficiency. This
tradeoff is explored experimentally in Section IV.

C. Filter Analysis

The filter operation is a critical part of the SM technique but
cannot be analyzed using deterministic approaches due to the
highly nonlinear behavior of the quantizer. The quantization
error can be modeled as an additive noise source with white
Gaussian distribution (if the number of levels of the quantizer
is high enough) [38]. Therefore, in this section, we analyze
the filter effects using a statistical approach.

Fig. 16 compiles simulations of the average switching rate
of the supply modulator fSW

1 for an eight-level quantization
when the baseband signal bandwidth fBW and PAPR are
swept. Switching losses in the supply modulator are propor-
tional to fSW [39], and thus this value should be minimized.
As expected, when PAPR is fixed at 10 dB and the baseband
signal frequency fBW is increased, fSW increases (Fig. 16,
blue curves).

1 fSW is the average switching rate and is defined as the number of
commutations (L(n) �= L(n − 1)) divided by the L(n) sequence length.

Fig. 17. (a) Histogram of two 100-MHz OFDM sequences with 6- and
10-dB PAPR. Superposed to the histogram is the most likely Rayleigh pdf.
(b) Histogram showing the probability of the supply level at the output of
the discretized shaping function for the two sequences. With a lower PAPR,
the levels are distributed toward higher values.

For a fixed signal bandwidth fBW = 100 MHz and
swept PAPR, the commutation rate increases at lower PAPRs
(Fig. 16, red curves). This result, although perhaps counterin-
tuitive, is related to the quantization process. Fig. 17 compares
two OFDM signals with 6- and 10-dB PAPR. As can be seen
in Fig. 17(a), the 6-dB PAPR signal pdf intersects the higher
envelope values with greater probability. The probability of
using each supply level value is shown in Fig. 17(b); with
lower PAPR, the levels are more evenly distributed, resulting
in a greater number of supply modulator transitions.

When both the signal bandwidth and PAPR are fixed,
the system can alternatively be analyzed in terms of the
effect of TMIN on the probability with which a given supply
level will be used. When the filter’s max algorithm is dis-
abled (TMIN = 0), the probability of using each supply level
matches that of the discretized signal as in Fig. 17. As illus-
trated in Fig. 18 for a 10-dB PAPR signal, increasing TMIN
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Fig. 18. Probability of each of the supply levels for a 100-MHz, 10-dB
PAPR OFDM signal. When the CRR filter is disabled, the supply modulator
commutates at the maximum rate (TMIN = 0.8 ns). If the CRR filter is
enabled, it is possible to increase the pulse duration (i.e., TMIN = 8 or 80 ns),
thus reducing the impact of the supply modulator switching speed. The last
case corresponds to fixed bias operation (TMIN = ∞).

redistributes the probability of using each level. The prob-
ability shifts with increasing TMIN toward the limit case of
TMIN = ∞, which corresponds to the fixed bias condition.
This analysis can be used to determine the required number
of dc levels in a particular system and for a given TMIN and
signal PAPR. In this paper, the flexible efficient eight-level
dynamic supply allows us to fully characterize the SM-LMBA
performance across frequency and PAPR, although in practice,
a reduced number of levels could be used.

D. Digital Predistortion

The I/Q test sequence is generated with the multisig-
nal algorithm presented in [28] and with the characteristics
detailed in Section III-A. The numerology μ = 0 is selected
which leads to a subcarrier spacing of � f = 15 kHz. The
SM-LMBA is demonstrated with an instantaneous bandwidth
of fBW = 100 MHz, which leads to 6667 carriers. The
sampling frequency of the VST PXIe-5840 is selected to
be 600 MHz which is enough to accommodate the targeted
bandwidth of fBW = 100 MHz and the necessary bandwidth
expansion due to predistortion. The resulting I/Q sequence has
4 · 105 samples which are used to train and verify the DPD.
The amplitudes of subcarriers are randomized while the phases
are controlled to set a PAPR of 10 dB [28].

First, the architecture is tested with ideal indirect learning
control (ILC) DPD to verify the feasibility of broadband signal
operation and provide a performance benchmark. A gain-based
learning approach is employed [40] and only two iterations are
performed to optimize the modulated input sequence. Once
the SM-LMBA performance is verified, a more conventional
and realistic generalized memory polynomial (GMP) DPD is
used with a nonlinearity order of KL = {5, 5, 7, 7, 7, 7, 7, 9}
and a memory order of QL = {1, 3, 3, 1, 1, 1, 1, 1} for the
Lth level. When more levels are used, the DPD complexity
increases; if Tmin → ∞ (fixed bias operation), only the
last DPD model is used. In the following work, a different
DPD model is extracted for each operating frequency of the
SM-LMBA.

Fig. 19. Time-domain waveforms at 2.2 GHz of a 100-MHz, 10-dB PAPR
signal with DPD. A minimum time step of TMIN = 32 ns is set for the supply
modulator. The ideal signal is compared to the SM-LMBA output signal with
ILC DPD.

Fig. 20. (a) AM/AM and (b) AM/PM plots of the SM-LMBA driven by a
100-MHz, 10-dB PAPR signal. A minimum time step of TMIN = 32 ns is set
for the supply modulator.

Fig. 21. Spectrum of the SM-LMBA output at 2.2 GHz of a 100-MHz,
10-dB PAPR signal with DPD. A minimum time step of TMIN = 32 ns is
set for the supply modulator. The ideal output is compared to the SM-LMBA
output signal with ILC DPD and GMP DPD.

IV. SM-LMBA MEASUREMENT RESULTS WITH

MODULATED SIGNALS

The measurement setup in Fig. 6 is used to characterize the
SM-LMBA with modulated signals. Dynamic SM is imple-
mented using a hybrid eight-level power-DAC implemented
using discrete GaN-on-Si power switches [36]. Based on a
3-bit input command, the power-DAC produces an output
voltage that is the summation of three binary-scaled isolated
voltage sources supplied to it. The high figure of merit of
the power switches [41] results in previously demonstrated
efficiencies of 92% and 83% for 1.4- and 10-MHz LTE signals,
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TABLE I

PERFORMANCE COMPARISON WITH STATE-OF-THE-ART GaN WIDEBAND PAs WITH SIMILAR FREQUENCY AND OUTPUT POWER RANGE

Fig. 22. Time-domain waveforms at 2.2 GHz for a 100-MHz, 10-dB PAPR
signal with DPD. A minimum time step of TMIN = 200 ns is set for the supply
modulator. The ideal signal is compared to the SM-LMBA output signal with
ILC DPD.

Fig. 23. (a) AM/AM and (b) AM/PM plots of the SM-LMBA driven by a 100-
MHz, 10-dB PAPR OFDM signal. A minimum time step of TMIN = 200 ns
is set for the supply modulator.

respectively [36]. This power-DAC architecture has been used
to demonstrate multilevel SM of several PAs [42], including an
MMIC Chireix PA [26], where the multilevel supply modulator
is integrated in a GaN-on-SiC MMIC [43].

The experimental goals of this work are to validate the
performance benefits of using load modulation for wideband
operation combined with SM for high efficiency of high-PAPR
signals. Additionally, the measurements verify the digital
baseband and filtering approach described in Section III and
demonstrate the effectiveness of the DPD.

Figs. 19–24 compare the time-domain waveforms, AM/AM,
and AM/PM nonlinearities of the SM-LMBA at 2.2 GHz for
a 100-MHz, 10-dB PAPR signal when the filter minimum

Fig. 24. Spectrum of the SM-LMBA output at 2.2 GHz of a 100-MHz,
10-dB PAPR signal with DPD. A minimum time step of TMIN = 200 ns is
set for the supply modulator. The ideal output is compared to the SM-LMBA
output signal with ILC DPD and GMP DPD.

Fig. 25. Efficiency (CPAE) and linearity (ACLR) tradeoff at various
minimum pulse durations (TMIN) for the presented SM-LMBA driven by a
100-MHz, 10-dB PAPR signal at 2.2 GHz. At shorter TMIN’s, efficiency is
higher, thanks to SM, and it degrades for longer TMIN’s. Conversely, ACLR
linearity improves going toward fixed-bias operations. A tradeoff between
efficiency and linearity is observed between 100 ns and 1 μs.

time step is varied. In Figs. 19–21, the digital filter sets the
minimum pulse duration of the supply modulator to be TMIN =
32 ns. The linearized time-domain waveforms in Fig. 19 show
ringing in the BA supply voltage. This ringing is primarily a
result of the resonant circuit formed by the wire interconnect
between the power-DAC and PA, and the output capacitance
of transistors and bias network used in the BA. In practice,
this ringing will degrade the system linearity since it is not
corrected for in the predistortion. It can only be reduced
by careful design of the supply modulator–PA interface.
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Fig. 26. Broadband performance of the SM-LMBA at different frequencies (1.8–4 GHz) with the same modulated signal with 100-MHz bandwidth and
10-dB PAPR (transmitted nonconcurrently). Iterative predistortion is used and a minimum pulse duration of TMIN = 200 ns is selected as a compromise
between efficiency (CPAE) and linearity (ACLR). The linearized gain over the whole bandwidth is fixed at 9.5 dB. The spectral amplitudes are normalized
to the average power POUT,AVG = 34.2 dBm at 2.2 GHz.

The effects of the highly volatile supply voltage are apparent
in Fig. 20, where the GMP described in Section III-D is unable
to linearize the system. The output spectrum shows a −47-dBc
ACLR with the ILC DPD and −35-dBc ACLR with the GMP.

When the minimum pulse duration is increased to 200 ns
as in Figs. 22–24, the increased settling time between supply
transitions results in improved linearity. This signal, with
the same 100-MHz bandwidth and 10-dB PAPR as in the
TMIN = 32 ns case, has a −52-dBc ACLR with the ILC DPD
and −42-dBc ACLR with the GMP, but with degraded
efficiency.

A study of the effects of TMIN on both ACLR and effi-
ciency is shown in Fig. 25, for a 100-MHz, 10-dB PAPR
signal centered at 2.2 GHz. Here, the composite PAE (CPAE)
describes the overall efficiency of the SM-LMBA, including
supply modulator efficiency ηS M , and is defined as

CPAE = ηSM(TMIN) · PAE(TMIN). (5)

As the minimum pulse time increases from 32 ns to 4 μs,
the efficiency initially increases slightly due to the reduction
in commutation losses within the supply modulator, but ulti-
mately decreases as a result of the PA efficiency dependence
on supply voltage (see Fig. 10). The decoupling benefit of this
filter is highlighted by the ACLR improvement with increasing
TMIN, as expected from the results in Figs. 19–24. On the
other hand, we observe that as the operation moves toward
more of an averaged supply, i.e., TMIN → ∞, the supply
modulator losses are mostly ascribable to the conduction losses
in the power switches of the supply modulator and the static
driving losses in the driving circuitry [36]. Here, an ACLR
of −49 dBc and CPAE of 14.8% are observed which are also
representative of the LMBA operated with fixed bias. For this
system, we select TMIN = 200 ns as a compromise between
linearity and composite efficiency.

The SM-LMBA is evaluated over 1.8–4 GHz with a
100-MHz, 10-dB PAPR signal as summarized in Fig. 26.
At each center frequency, characterized nonconcurrently,

the same modulated signal is used. A minimum pulse duration
of TMIN = 200 ns is used in each case, along with ILC
predistortion. In order to directly compare the composite PAE
and average output power at each center frequency, the lin-
earized gain is fixed at 9.5 dB over the entire bandwidth. The
SM-LMBA shows consistent performance across an octave
band, with composite PAE ranging from 43.9% to 22.4%
across 1.8–3.8 GHz, and with ACLR values approximately
constant at −52 dBc. Compared to the pulsed CW measure-
ments of the SM-LMBA in Fig. 9, the shape of the efficiency
across the band is as expected.

A summary of state-of-the-art GaN PAs with similar
frequency and output power range is given in Table I.
In comparison, this paper shows a substantially higher mod-
ulation bandwidth over a large RF frequency range. In [21],
a 120-MHz signal is amplified using SM, demonstrating very
high efficiency at 10-dB output back off, but the PA itself is
narrowband around 1.8 GHz. Furthermore, the performance
advantage of the SM-LMBA compared to the LMBA without
SM can be seen in the higher efficiency at 10-dB output back
off. Overall, the SM-LMBA compares favorably to the state
of the art and is well-suited for 5G-like signals.

V. CONCLUSION

This paper presents the application of the discrete-level
SM to an RF-input LMBA for broadband, efficient amplifi-
cation. The PA design targets 5G sub-6-GHz systems, where
wideband high-PAPR OFDM signals place demanding require-
ments on PA performance. In the SM-LMBA technique,
the broadband operation is achieved through active matching
within the RF-input LMBA PA, while back-off efficiency is
extended through SM. Based on our study of SM approaches
for the LMBA, a modulated BA supply with fixed control
amplifier supply is found to be the most practical solution
while still giving performance benefits. This paper extends the
related conference paper, presenting a detailed investigation
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of how digital filtering within the discrete-level SM tradeoffs
efficiency and linearity, and validating the theory through PA
characterization using 100-MHz signals. The digital filtering
approach, in which a minimum duration TMIN is enforced
between each supply level transition, decouples the perfor-
mance of the supply-modulated PA from the signal character-
istics (i.e., PAPR) and bandwidth.

The SM-LMBA is demonstrated with fixed control ampli-
fier supply voltage and modulated BA supply voltage for a
generalized OFDM-like signal with 100-MHz bandwidth and
10-dB PAPR across its 1.8–4-GHz operating range. The char-
acterization of CPAE and ACLR versus the minimum pulse
duration TMIN clearly shows an efficiency-linearity tradeoff
at a given frequency point. For this system, a 200-ns TMIN
value represents a good compromise between linearity and
CPAE. When this value is applied and ILC predistortion
is used for linearization, the SM-LMBA shows consistently
good performance across the band, with ACLR values approx-
imately constant at −52 dBc, and 22.4%–43.9% average
CPAE matching the expected characteristics from the pulsed
characterization.
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