
5652 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 66, NO. 12, DECEMBER 2018

Efficient Multisignal 2–4-GHz Power Amplifier
With Power Tracking

Maxwell Robert Duffy , Student Member, IEEE, Gregor Lasser , Member, IEEE,

Morten Olavsbråten , Member, IEEE, Eric Berry, and Zoya Popović, Fellow, IEEE

Abstract— The goal of the work presented in this paper
is to demonstrate an efficient method of amplifying multiple
concurrent signals over a large bandwidth using a supply
modulation approach. A single-stage octave bandwidth (2–4 GHz)
power amplifier (PA) with greater than 10-W output power
and drain efficiency ranging from 48%–60% is presented. The
amplifier is tested with several reduced-bandwidth supply modu-
lation trajectories that are constructed as an even-termed power
series of a 10-MHz LTE signal envelope. A greater than 30%
point increase in ηD is achieved while maintaining less than
−45-dB ACPR with digital predistortion (DPD). Two 10-MHz
LTE signals with 800-MHz spacing are then amplified using
a similar bandwidth-reduction technique. A greater than 20%
point increase in ηD is seen with an improvement in linearity
through the use of multidimensional DPD. The method presented
here can be extended to more than two concurrent signals of
arbitrary spacing for a PA with large RF bandwidth.

Index Terms— Broadband, carrier aggregation, efficiency,
GaN, power amplifiers (PAs), supply modulation.

I. INTRODUCTION

THE trend to replace multiple power amplifiers (PAs) with
a single component has resulted in increased interest

in multiband and broadband PAs for carrier aggregation of
high peak-to-average power ratio (PAPR) signals [1]. Several
approaches for improving backoff efficiency over a broad
bandwidth have been reported, including increased-bandwidth
Doherty [2], [3] and other load-modulated PAs [4], [5]. These
PAs require multiple amplifiers and are generally designed for
a specific signal type. On the other hand, supply modulation,
often referred to as envelope tracking, can be more flexible
and achieve increased average efficiency for a single-ended
efficient PA [6]. Multiple methods for single-ended GaN
broadband PA s with harmonic tuning have been demonstrated,
including a class-J [7], continuous class-F [8], load–pull

Manuscript received May 2, 2018; revised August 8, 2018; accepted
October 24, 2018. Date of publication November 16, 2018; date of current
version December 11, 2018. This work was supported by Lockheed Martin
under Award 4102673517.02. This paper is an expanded version from the
2018 IEEE MTT-S International Microwave Symposium, Philadelphia, PA,
USA, June 10–15, 2018. (Corresponding author: Maxwell Robert Duffy.)

M. R. Duffy, G. Lasser, and Z. Popović are with the Department of
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Fig. 1. Block diagram of a concurrent dual-signal transmitter with supply
modulation. The shaping functions, or trajectories, are expressed in terms of
the square of the envelope, or more generally a power series with even powers
of the envelope. The two signals VRF1 and VRF2 are at frequencies f1 and f2
that are arbitrarily spaced within the PA RF operating band.

optimized [9], and stepped-impedance-matched PA [10]. In all
cases, the output impedance at the fundamental is matched
for efficiency over the entire band, while the harmonics are
terminated in various manners, and the device is biased in
class AB or B. For maximum efficiency, the saturation level
results in the need to linearize the PA.

Due to the very large instantaneous bandwidths associ-
ated with carrier aggregation, continuous envelope tracking
is impractical. For example, if switching power supplies are
used for envelope modulation, due to the inverse relationship
between efficiency and switching speed [11], the overall trans-
mitter efficiency becomes limited as the instantaneous signal
bandwidth increases. The relationship between the supply
voltage, VD and the RF input voltage across a constant load,
Vin, is referred to as a shaping function, or trajectory. In order
to maintain the efficiency of the tracker, the trajectory can
be modified through slew-rate reduction [12]–[14] or the
use of discrete supply modulation [15]–[17]. When multiple
simultaneous signals are amplified, the resulting overall signal
bandwidth increases as a function of signal spacing, making
efficient tracking difficult. A possible solution is to track
the sum of envelopes (SoE), rather than the envelope of the
composite signal, as presented in [18]–[21]. This results in a
trajectory that can be tracked with a slower and more efficient
supply modulator. The goal of this paper presented here is to
demonstrate that an increase in average efficiency is possible
while maintaining linearity.
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Fig. 2. Solid lines: output impedance targets of the fundamental (2–4 GHz),
second (4–8 GHz), and third harmonic (6–12 GHz) from simulated load–
pull. Dashed lines: realized impedances of output matching network. Because
the second harmonic has a higher impact on efficiency than the third, it takes
precedence where the two overlap.

Fig. 3. Fabricated 2–4-GHz PA based on a Cree (Wolfspeed) CGH40010F
GaN on SiC HEMT with stepped-impedance matching line segments of
A-66 �, B-15 �, C-gate stability network, D-21 �, E-41 �, F-36 �, G-1.5 cm.
The substrate is a 0.762 mm Rogers 4835. To enable supply modulation, all
bypass capacitors on the drain bias line except for a 10 pF one are removed.

A method for overcoming the limitations of past slew rate
reduction techniques is proposed in [22]–[25]. The method,
referred to as power envelope tracking, or just power track-
ing (PT), only uses the even terms of a power series of the
signal envelope (see Fig. 1). Neither early trajectory designs,
reviewed in, e.g., [26], or more recent ones, e.g., [27] and [28],
aim to reduce envelope bandwidth. In the work presented
here, the PT approach is investigated by optimizing different
metrics, such as peak power-added efficiency (PAE), flat gain
and a trade between linearity and efficiency. First, we present
the results for a single signal, followed by an extension to
two widely separated signals. We show that the PT method
used in conjunction with average SoE tracking [29] results in
a band-limited trajectory for multisignal envelope tracking.

To demonstrate the approach, a high-efficiency octave band-
width (2–4 GHz) GaN high PA, based on the design originally
presented in [30] with two widely spaced signals, is expanded
to a supply-modulated transmitter. The PA is first characterized
statically for amplitude and phase variation over input drive
for trajectory design. Several different trajectories for PT
are designed and discussed in terms of bandwidth reduction
and linearity. The amplifier is tested using a 10-MHz LTE
signal with supply modulation, and results with and without

Fig. 4. Amplifier large signal performance at saturation over frequency. Solid
curve: measured results. Dashed curve: simulated results.

digital predistortion (DPD) are compared. Multisignal efficient
amplification is next shown using two 10-MHz LTE signals,
800 MHz apart, using a new supply modulation trajectory, and
efficiency improvement is demonstrated for a linearized PA.

II. BROADBAND AMPLIFIER DESIGN

The hybrid PA uses a Cree (Wolfspeed) CGH40010F GaN
on SiC HEMT and the broadband design is based on simulated
load–pull for maximum efficiency over 2–12 GHz, which takes
into account up to the third harmonic of the highest frequency
in the band. The sensitivity to the impedance at the fundamen-
tal frequency is examined to inform required matching for flat
efficiency across the band. The upper frequency range from
3.5–4 GHz is most affected by impedance variations. In the
lower frequency range (2–3 GHz), the PAE reaches over 80%
in load–pull simulations but was reduced in order to achieve
uniform gain response across the octave bandwidth.

To achieve broadband matching, short transmission line
sections that approximate lumped elements over the band are
implemented, similar to the stepped-impedance networks in
[10], [31]. The final topology is generated by constraining the
number of transmission line sections to three at the output,
and two at the input, with a goal of simplicity and reduced
footprint. The range of microstrip line impedances is con-
strained between 15 and 70 �. The ideal terminations found
from load–pull and the realized output matching network
impedances are shown in Fig. 2. A parallel RC network is
added in series at the gate terminal in the input match to ensure
stability. The fabricated amplifier is shown in Fig. 3, and the
continuous wave (CW) measured performance is summarized
in Fig. 4. In the operating range of 1.9–3.8 GHz, the amplifier
maintains a drain efficiency greater than 45%, output power
over 40 dBm, and large signal gain of 8–10 dB at 28-V drain
bias and 200-mA quiescent drain current.

III. TRAJECTORY DESIGN FOR SINGLE-SIGNAL AND

DUAL-SIGNAL SUPPLY MODULATION

To achieve high efficiency in an envelope-tracking PA,
a specific trajectory VD(Vin) is selected and will be different
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Fig. 5. Measured (a) gain amplitude, (b) phase, and (c) PAE versus output power. (d) Compression curves of the PA from Fig. 3 shown in gray lines as a
function of drain voltage (6–28 V in 1 V steps). Seven trajectories are superimposed onto static measurements. Darker lines: higher drain voltages.

from, e.g., a flat gain trajectory. Because switching power sup-
ply modulators degrade in efficiency as switching frequency
increases, a trajectory that minimizes envelope bandwidth is
used to improve composite transmitter efficiency. Traditional
methods of trajectory design aim to create an accurate tracking
function but do not minimize the envelope bandwidth of the
signal [27], [28]. Other methods of trajectory design aim
to reduce the required slew rate (or envelope bandwidth)
while sacrificing the accuracy of the tracking function and
eliminating the clear VD(Vin) function [12]–[14].

A. Signal Power Tracking

A method for overcoming the limitations of previous
slew-rate reduction techniques is proposed in [22]–[25]. The
method, referred to as PT, fits the desired VD(Vin) trajectory
by approximating it as a first- or second-order power series
of the envelope. This method uses only even exponents of
the series, resulting in a supply voltage that is proportional
to the power, square of the power, etc. of the signal. This,
in turn, results in a tracking bandwidth limited to integer
multiples of the signal bandwidth. For example, for a quadratic

series, it reduces to the signal bandwidth, while for a fourth
power of Vin, or second-order PT (PT2), the required tracking
bandwidth is twice that of the signal.

The envelope, Ve, of the RF signal can be used to generate
a tracking trajectory as

Ve =
√

V 2
I + V 2

Q

Be = ∞ (1)

Due to the presence of the square root function, the resulting
envelope bandwidth, Be, in general, is infinite, though there
are some cases such as an AM signal where the bandwidth is
finite. The increased bandwidth is explained mathematically
by looking at the infinite series expansions of a square root
function

√
x =

∞∑

n=1

(−1)n(−1 + x)n
( 1

2

)
n

n!
≈ a0 + a1x1 + a2x2 + a3x3 . . . . (2)

Raising a signal to the nth power increases the signal band-
width by a factor of n, and taking the square root of that
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Fig. 6. (a) Simulated normalized amplitude versus frequency for the four synthesized trajectories. Note that the PT trajectory results in a 9-MHz bandwidth,
while PT2 gives 18 MHz. In contrast, the traditional envelope trajectories extend to 28–37 MHz. (b) Drain supply voltage versus normalized input voltage
for the seven trajectories. The PT and PT2 trajectories are smoother, as they use fewer terms.

function results in an infinite sum and therefore an infinite
bandwidth. The coefficients an drop with higher values of n
due to the (1/n!) term. The higher frequency components can
be truncated when developing a trajectory, as their low values
do not have an effect on the performance.

Now, it is perhaps clearer why PT, based on even powers
of Ve, reduces the required tracking bandwidth by removing
the square root function, thus creating a band-limited trajectory
with a bandwidth matching that of the RF signal, BRF

V 2
e = V 2

I + V 2
Q

VPT = a0 + a2 · V 2
e

Be = BRF. (3)

This function can be extended to higher orders for more
accurate tracking. Second-order PT is given by

VPT2 = a0 + a2 · V 2
e + a4 · V 4

e
Be = 2 · BRF (4)

where the coefficients (a0, a2, and a4) can be selected to fit a
trajectory that optimizes a given metric.

B. Single-Signal Trajectory Design

Two trajectories are developed to compare the performance
of PT to a “traditional” trajectory, one for flat gain and one
for maximum PAE. The former sets the PA gain to a constant
value as the input voltage varies, while the latter follows the
peak PAE points for each of the drain supply voltage level
PAE(Pin) curves. The results from this analysis at 2.1 GHz
are shown in Fig. 5. Measurements are performed using a
power calibrated VNA with an external test set; this extracts
static AM/AM and AM/phase modulation data in a fully
calibrated environment. The drain voltage is swept in 1-V
steps from 6 to 28 V.

Fig. 5 shows the response of the PA with the seven trajec-
tories calculated from the static measurements. The traditional
trajectories better track the VD(Vin) characteristic they are
selected to follow. The maximum PAE (max-PAE) tracking

TABLE I

COMPARISON OF DIFFERENT TRAJECTORIES

function is able to hit the peaks of the PAE (Pin) for each
voltage level, while the flat gain function results in a perfectly
flat gain. The PT cases approximate these ideal trajectories.
It should be noted that all of these trajectories increase phase
distortion from ˜3◦ with a constant 28 V to ˜10◦ with a varying
supply.

The seven trajectories and their corresponding spectra are
shown in Fig. 6. The spectral benefit of PT can be seen in
Fig. 6(a): the 28–37-MHz bandwidth required for standard
envelope tracking of a 10-MHz LTE signal (including two
0.5 MHz guard bands) is reduced to 9 MHz, where bandwidth
is defined at frequencies where the spectrum amplitude drops
by 50 dB (excluding the dc offset). Fig. 6(b) shows that the
max-PAE PT trajectory is a shallower version of the traditional
max-PAE trajectory. A higher order function better approxi-
mates the shape, as seen with the PT2 case. The traditional
flat-gain trajectory is a kinked line which also cannot be
approximated by a first-order PT. The PT2 case offers a closer
approximation but still does not perfectly track the original
case, which implies that the AM–AM distortion is increased.

The performance of the amplifier is analyzed, as a first-
order approximation, by assuming a memoryless model and
applying the gain and phase trajectories developed from the
static measurements to a 10-MHz LTE signal. The results of
this analysis are given in Table I. Note that for all supply
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Fig. 7. Variation in PAE at several (2.5, 3, and 3.5 GHz) frequencies for
the max-PAE trajectory created at each respective frequency point versus the
one created at 2 GHz and applied at the other frequency points. Applying the
trajectory designed at 2 GHz to the other frequencies will result in a less than
1% point variation in PAE.

modulated cases, the PAE is approximately the same at 40%.
For the max-PAE tracking cases, the gain of the transmitted
signal is reduced compared to the static case, and there is a
3–7-dB decrease in normalized mean square error (NMSE),
calculated as

NMSE(dB) = 10 · log10

∑
n |x(n) − y(n)|2∑

n |x(n)|2 (5)

where x is the input and y is the output.
The flat-gain cases offer a better compromise than the

max-PAE case since the PAE remains the same while the
linearity is improved. An “optimized PT2” trajectory was
created by maximizing PAE and the linearity metric signal to
total distortion ratio (STDR), presented [32]. The optimiza-
tion consisted of identifying coefficients that improve both
STDR and PAE simultaneously, equal weighting was ascribed
to both metrics.

If the amplifier is operated at another frequency, a lookup
table of PT coefficients can be created for each operating point.
The effect of using the ideal (non-PT) trajectories developed
for a signal at 2 GHz and applied to different frequencies is
examined in Fig. 7 for the max-PAE case and Fig. 8 for the
flat-gain 10-dB case. As seen from Fig. 7, using the max-PAE
trajectory developed at 2 GHz at different frequencies will
have a small (less than 1% point) effect on PAE as a function
of output power. Applying the flat-gain trajectory developed
for 2 GHz to other frequencies results in an output with flat
gain (±0.5 dB) as a function of Pout but does not result in the
target gain, as shown in Fig. 8.

C. Two-Signal Trajectory Design

In carrier aggregation, an amplifier is driven by multiple
signals across its operational bandwidth. Supply modulation
for efficiency enhancement will differ in this case compared
to a single signal since the total signal bandwidth and PAPR
are increased. Generating a trajectory for two signals can be
done as in (1), where the I and Q components of the composite
signal are considered. However, doing this would result in a
tracking bandwidth of at least 5 · ( f2 − f1) for a two-signal
case. Due to the inverse relationship between switching supply
speed and efficiency, as signal spacing increases, this technique
becomes less practical.

Fig. 8. Variation in Gain at several (2.5, 3, and 3.5 GHz) frequencies applying
the flat-gain 10-dB trajectory made for 2 GHz. Note that even though the gains
do not stay constant at 10 dB, gain variation for the power sweeps is ±0.5 dB.

A method for overcoming this is called sum of
envelopes (SoE) tracking. Performing SoE tracking reduces the
bandwidth requirements for the supply modulator to that of the
largest individual signal bandwidth. There are two main SoE
approaches: peak SoE [20], [33], [34] and average SoE [29].
In peak SoE tracking, the peaks of the signals are tracked

VŜe = �N
i Vei (6)

where Vei is the envelope of one of the N multiple signals.
The alternative, average SoE tracking is defined as

VSe =
√

�N
i V 2

ei
(7)

Both methods provide an improvement in efficiency, though
average SoE is shown in [29] to provide a larger improvement.

The techniques discussed earlier for PT are easily applicable
to (7). Expanding this equation for two signals gives

VSe =
√(√

V 2
1,I + V 2

1,Q

)2

+
(√

V 2
2,I + V 2

2,Q

)2

. (8)

This is simplified to

VSe =
√

V 2
1,I + V 2

1,Q + V 2
2,I + V 2

2,Q . (9)

The function in (9) can then be used with (3) to produce
a PT trajectory that is band limited to the signal band-
width, or with (4) to twice the signal bandwidth. This method
can be used with average SoE tracking since squaring the
absolute value function eliminates the square root function
from the envelope. If this method were used with peak SoE
tracking, the square root of the calculation of the Vei would
not be removed, and the resulting function would not be band
limited.

Trajectories are designed for five cases of two 10-MHz
signals separated by 50 MHz: envelope tracking, peak SoE
tracking, average SoE tracking, average SoE PT, and average
SoE PT2. A 50-MHz spacing is used for this simulation to
allow easier visualization of the concepts discussed in this
paper, later testing is done with an 800-MHz spacing. The
resulting spectra are given in Fig. 9. The PT trajectories band
limit the required tracking spectrum to the signal bandwidth
for PT and twice the signal bandwidth for PT2. The average
SoE and peak SoE trajectories have tracking bandwidths
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Fig. 9. Normalized spectra of five trajectories for multisignal envelope
tracking. Two 10-MHz LTE signals are used with a 50-MHz spacing.

Fig. 10. Block diagram of measurement setup for validating trajectory design
applied to the 2-4-GHz GaN PA from Fig. 3.

of 32 and 50 MHz, respectively. Note that for a 50-MHz
signal spacing, traditional envelope tracking would require a
tracking bandwidth exceeding 500 MHz.

IV. MEASUREMENT SETUP AND CALIBRATION

A test bench developed to validate the tracking theory
described earlier is shown in Fig. 10. The signals are generated
with a Keysight E8267D Vector Signal Generator (VSG) in
conjunction with an N8241A Arbitrary Waveform Generator
(AWG) with a sampling rate of 1.25 Gs/s. This configuration
enables the generation signals with up to 1-GHz bandwidth;
however, at lower carrier frequencies (<3.2 GHz), the band-
width that the VSG can generate without distortion is reduced
to 130 MHz. To overcome this, the VSG operates in X-band,
and a mixer is used to downconvert the signal to the band
of interest (2–4 GHz). The signal is then received at both
the input and output of the DUT using an N9030A Vector
Signal Analyzer which has a maximum receive bandwidth
of 160 MHz. Measurements at the input of the DUT are done
to evaluate the linearity of the test bench itself.

The envelope signal is generated with an identical AWG to
that used for signal generation. The two AWGs use the same
clock and one is triggered off the other to ensure there is
no drift between them. Envelope measurements are performed
using a 5-Gs/s oscilloscope. The oscilloscope is set to match
the sampling rate of the AWG’s (1.25 Gs/s). An N2876A
low-capacitance RF probe is used for voltage measurements,
while an N2819A high-frequency differential probe is used for
ac current measurements.

Fig. 11. Drain current calibration and measurement. The left part of the
circuit is the current sense circuitry that can be connected either to the
amplifier board (top right) or the calibration board (bottom right).

Accurate measurements of envelope voltage and current are
required when characterizing a supply-modulated transmitter,
in order to determine the Pdc and therefore the efficiency of
the device. To illustrate the importance of accurate Pdc mea-
surements, consider the case of using just the dc component of
the envelope to calculate efficiency. For the 2–4-GHz PA, this
will result in an efficiency measurement that is 5 percentage
points higher than the correct value. The current is therefore
measured separately for ac and dc components.

1) Calibration of AC Current Measurements: Current
measurements are taken across the Rs = 0.2 � resistor
at the output of the linear tracker, Fig. 11. Due to the
interconnect used to probe the circuit and the differential
probe’s frequency dependence, a calibration needs to be
performed. A “calibration board” is created with the same
interconnects and shape as the amplifier board, but loaded
with a Rc = 22 � 1206 SMD resistor in place of the bias line
shunt capacitor, and with the RF transistor removed, shown
in Fig. 11. Measurements are then performed with a linear
tracker transmitting a 100-MHz multicarrier noiselike signal.
With the voltage measured across the load and the value of
the resistor known, the current through the load is determined.

These two signals, the ideal current, and the differential
voltage VI can then be converted into the frequency domain
and divided to create an equalization function that converts the
measured differential voltage to the actual current. Due to the
small value of the sense resistor Rs , the resulting equalization
function is noisy and a moving average smoothing function is
applied to the frequency response, shown in Fig. 13(a). The
equalization function is shown with and without smoothing
in the frequency domain. The smoothed version is converted
into the time domain, truncated and convolved with the raw
differential voltage measurements to give the corrected current.
The effect of this filter function can be seen in Fig. 13(b) in
the time domain current measurements.
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Fig. 12. Simplified circuit diagram of the linear tracker. The left side shows the differential-to-single-ended converter, the right side contains the power
op-amps which create the drain voltage. The interconnect enables either single-ended or differential operation of the supply modulator.

Fig. 13. (a) Equalization filter response generated to correct the parasitics
in the current measurement setup. (b) Effect of the equalization on the 4-ms
noiselike signal used for calibration.

2) Calibration of DC Current Measurements: For validation
of the differential probe for dc current measurements, we used
a voltmeter to probe the dc component of the input current and
apply this as an offset to the oscilloscope reading. This is done
because we noticed that the differential probe zero reading
is susceptible to variation with probe movement and thermal
drift. An RC network is placed around the sense resistor which
is also being used by the differential probe, Fig. 11. The values
of R1,2 and C1 are set such that the time constant of the
network is much greater than the signal length. A common
mode choke T1 further suppresses any interference from the
envelope signal, followed by an additional capacitor C2. This
voltage V1 is probed by a high impedance (1 G�) voltage

meter which measures the voltage drop across resistor Rs .
Loading the circuit with the “calibration board” and calculat-
ing the current through the resistor determines a factor which
converts the measured voltage drop V I to the dc component
of the current.

To further validate the measurement accuracy, we recharac-
terized the PA with a CW 2.1-GHz signal and saw an excellent
agreement with the PAE data obtained by the VNA bench.

3) Time Alignment of Envelope and RF Path: A time
alignment is performed using a 10-MHz band-limited noise
signal which looks similar to a pulse in the time domain.
A trajectory with a range from 6 to 28 V is designed to match
the settings of the linear tracker. The delay of the envelope
path is adjusted until a minimum NMSE is found [35], [36],
corresponding to the maximum power and efficiency point of
the amplifier. With the AWG used in the setup, a potential
6.4-ns resolution is possible for the signal delay.

4) Linear Tracker: The linear tracker is a modification
of the design from [20] and uses the Analog Devices
ADA4870 Current Feedback operational amplifier, chosen
for its high current drive (1 A), slew rate (2500 V/μs),
and bandwidth (>50 MHz). A schematic of the tracker is
shown in Fig. 12. For the peak PA drain current of 1.1 A,
two op-amps are connected in parallel. The output voltage
is centered around 17 V using the offset voltage Vo. The
slew rate, SR, specification of 2500 V/μs suggests that the
circuit is capable of distortion-free tracking of signals with
bandwidths up to 18 MHz for an output voltage swing
of 6–28 V (22 Vpp). The maximum bandwidth capabilities of
the tracker can be determined as

f = 2 · π · Vpp

S R
. (10)

Two 200-m� series resistors, R27 and R28, are added
to each amplifier output to compensate for slight gain
mismatches between IC3 and IC4, and help stabilize the
op-amps from capacitive loading under various biasing
conditions of the RFPA. An additional 200-m� resistor
between the output of the linear tracker and the PA drain line
is used in the current sensing circuit (see Fig. 11). The gain
is boosted by a differential to single-ended stage with three
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Fig. 14. Measured (a) ηD , (b) gain, and (c) NMSE versus output power for six different cases, with (faded dashed lines) and without (solid lines) DPD for
a single 10-MHz signal at 2.1 GHz.

TABLE II

COMPARISON OF DIFFERENT TRAJECTORIES AT 30- AND 33-dBm OUTPUT POWER

THS3202 op-amps configured as an instrumentation amplifier,
which are drawn on the left side of Fig. 12. This allows for a
lower gain setting of the power stages (IC3 and IC4), which
results in a lower output impedance of the tracker, favorable
for envelope tracking. No equalization is done on the linear
tracker itself, since it is confirmed by measurement that the
error between the tracker and AWG output is below the noise
floor.

V. MEASUREMENT RESULTS

A. Single-Signal Results

Linearity testing of the PA is performed using a 10-MHz
LTE downlink signal with PAPR = 8.5 dB generated in
MATLAB. Measurements are first done with the original
signal, and subsequently with DPD applied. The PA is
linearized using the model shown in [37] with a seventh-order
polynomial and seven memory taps—the long-term stability
of the DPD. The DPD is first applied to the signal and
then the predistorted signal is used to generate an updated

trajectory for the supply modulator, this maintains the same
VD(Vin) characteristic with or without DPD.

The PA output power is stepped in 0.5-dB increments
from 27–35 dBm. At each power level, the DPD algorithm
generates a new signal. The DPD algorithm linearizes to
the peak output power level achieved in the characterization.
It does not additionally adapt the input power to match the
characterization output power. The trajectories are designed
from Fig. 6(b) for the output powers shown in Table I. If the
PA is overdriven and the voltage expected to swing above 28 V,
we clip the trajectory that expands the bandwidth, though it
is possible to redesign the trajectory with clipping in mind.
If, on the other hand, the PA is underdriven and the peak
voltage does not reach 28 V, the trajectory remains the same
but the peak voltage is reduced. Measured results at 2.1 GHz
are shown in Fig. 14, where the drain efficiency, gain, and
NMSE are presented for 12 different cases (6 without DPD).
The DPD provides improvement, particularly, at lower power
levels and for trajectories that flatten gain. It is interesting
to observe that with the addition of DPD, the average output
power of the max-PAE case increases. This can be attributed



5660 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 66, NO. 12, DECEMBER 2018

Fig. 15. Measured (a) ηD , (b) gain, and (c) NMSE versus output power for six different cases, with (faded dashed lines) and without (solid lines) DPD for
two 10-MHz signals centered at 2.15 and 2.95 GHz (800 MHz apart).

TABLE III

COMPARISON OF DIFFERENT TRAJECTORIES FOR TWO SIGNAL OPERATION

to the expansive gain characteristic of the amplifier, as shown
in Fig. 5(a) when tracked for the max-PAE PT/PT2 cases.
Linearizing the amplifier in these cases requires an input signal
that has a higher average power than the signal without DPD,
resulting in a higher output power.

Selected results of these measurements are displayed
in Table II for 30-dBm average output power (top) and 33-dBm
average output power when the PA is compressed (bottom).
The following conclusions can be made.

1) Using a static supply provides the highest gain with the
lowest efficiency and a competitive linearity.

2) The PT and PT2 max-PAE cases provide the highest
PAE and ηD but these trajectories also have the lowest
gain and worse raw linearity.

3) The flat-gain cases and the optimized PT2 case for
minimized NSME and maximized PAE provide very
similar performance in terms of gain and efficiency.
Though the gain is designed to be 10 dB from the
static measurements, this is reduced by 1–1.5 dB in
the dynamic results. This reduction is a well-known

phenomenon in GaN related to trapping effect [38] and
was previously reported on in [39] and [40]. Dual-pulse
characterization of GaN devices and PAs has shown
the same effect [41]. This is also observed in the gain
performance of the other trajectories.

4) The optimized PT2 trajectory does improve linearity
over the two flat-gain cases and is seen to have better
performance even than the static bias case for some
measures of linearity.

5) The trends we see are similar to those calculated
in Table I. The differences between these results are
related to the simplicity of the memoryless model and
the use of static measurements to model an amplifier
operating in a dynamic fashion.

6) Supply modulation increases the drain efficiency by
more than 30% points with a greater than 20%
point improvement in PAE. At the lower drive level,
Pout = 30 dBm, in conjunction with DPD, and
for all but one trajectory, max-PAE PT, achieve less
than −45-dB ACPR for both upper and lower channels.
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Fig. 16. Measured spectra for Pout = 30 dBm with two signals. (a) Lower band. (b) Lower band with DPD. (c) Upper band. (d) Upper band with DPD.

For all but the max-PAE PT case, a NMSE < −30 dB
is realized.

7) At the higher output power level, Pout = 33 dBm,
a reduction in linearity can be observed for all but
two cases. The flat gain and optimized PT2 cases
both still show less than −45-dBc ACPR for both the
upper and lower channel and an NMSE of less than
−30 dB. A higher order memory polynomial might
benefit the other cases at a higher power level for
achieving ACPR < −45 dBc.

B. Multiple Signal Results

The amplifier is tested with two concurrent 10-MHz LTE
signals at 2.15 and 2.95 GHz for an 800-MHz total signal spac-
ing. DPD is performed using the algorithm presented in [42],
using seven memory taps and seventh-order polynomial for
each cross term. As the tracking trajectory changes (and if
the signal spacing changes), the DPD coefficients need to be
updated. A power sweep is performed for the same trajectories
as in the single-signal case. The power sweep results are shown
in Fig. 15.

The selected results of these measurements are summarized
in Table III. The two ACPR columns show the worse of the
two channels. Supply modulation offers a 14%–23% point
improvement in drain efficiency and 12%–16% percentage
points in PAE, compared to the static supply case. The trends
in gain are similar to those seen with one signal, though
there is a 0.5-dB higher gain for the flat-gain and optimized
PT2 trajectories, and a gain expansion with increasing drive
level for the two max-PAE cases. At the lower drive level
(Pout = 30 dBm) in conjunction with DPD, all but one

trajectory, max-PAE PT2, achieve ACPR < −45 dBc for
both upper and lower channels. For all but the max-PAE
PT2 case, a NMSE < −30 dB is realized. Spectra measure-
ments for the lower drive level case are shown in Fig. 16.
Similar conclusions can be drawn at the higher output power
level (Pout = 33 dBm).

VI. CONCLUSION

In summary, this paper demonstrates an efficient method of
amplifying multiple concurrent signals over a large bandwidth
using a supply modulation approach. An efficient broadband
hybrid PA based on a Cree (Wolfspeed) CGH40010F GaN
on SiC HEMT achieves octave bandwidth (2–4 GHz) using
stepped-impedance compact matching at the fundamental, sec-
ond and third harmonic frequencies. The amplifier operates
with 45%–60% peak drain efficiency, 10-dB saturated gain,
and >10-W peak output power.

The amplifier is first tested using a single 10-MHz signal
with several reduced-bandwidth supply modulation trajectories
that are constructed as an even-termed power series of a
10-MHz LTE signal envelope. With this PT approach, a greater
than 30% point increase in ηD is achieved while maintaining
less than −45-dB ACPR with DPD. Two 10-MHz LTE signals
with 800-MHz spacing are then amplified using a similar
bandwidth-reduction technique. A greater than 20% point
increase in ηD is seen with an improvement in linearity
through the use of multidimensional DPD, and several orders
of magnitude tracking bandwidth reduction. The method pre-
sented here can be extended to more than two concurrent
signals of arbitrary spacing for a PA with large RF bandwidth.

The efficiency improvement results presented here are
shown for the PA without taking into account the
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instrumentation linear tracker efficiency. Previous work has
demonstrated efficient 100-MHz switching GaN trackers, e.g.,
[11] with 90% efficiency at 10-W output power. To obtain
composite PAE, this efficiency multiplies the PA efficiency,
still resulting in overall substantial efficiency improvement.
The focus of the paper is to show that sum-of-envelope PT
significantly improves PA efficiency for two widely spaced
signals with potentially dynamic and arbitrary spacing, and
with a tracking bandwidth that is approximately that of a single
signal.
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[26] J. Hoversten and Z. Popović, “System considerations for efficient and
linear supply modulated RF transmitters,” in Proc. IEEE 12th Workshop
Control Model. Power Electron. (COMPEL), Jun. 2010, pp. 1–8.

[27] B. Kim et al., “Push the envelope: Design concepts for envelope-tracking
power amplifiers,” IEEE Microw. Mag., vol. 14, no. 3, pp. 68–81,
May 2013.

[28] N. Giovannelli, T. Vlasits, A. Cidronali, and G. Manes, “Efficiency
and linearity enhancements with envelope shaping control in wideband
envelope tracking GaAs PA,” in Proc. Workshop Integr. Nonlinear
Microw. Millimetre-Wave Circuits, Apr. 2011, pp. 1–4.

[29] Y. Lin, H. Jang, C. Quindroit, N. Naraharisetti, and P. Roblin, “New
supply modulation optimization methodology for concurrent dual band
envelope tracking power amplifier,” in Proc. WAMICON , Jun. 2014,
pp. 1–4.

[30] M. R. Duffy, E. Berry, G. Lasser, and Z. Popović, “An efficient linearized
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