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Abstract—This paper demonstrates a high-efficiency dual-
band RF power amplifier (PA) for sub-6 GHz 5G carrier aggre-
gation. The dual-band PA is tested with modulated signals gener-
ated by a new algorithm designed to provide realistic waveforms
for carrier aggregation scenarios, allowing flexible complex (IQ)
modulated sequences with arbitrary peak-to-average power ratio
(PAPR), bandwidth, and band distribution. A single-stage PA is
designed with a packaged 6-W transistor and a diplexer-like
output matching network that separates the two bands into two
outputs. It achieves an output power of 36.7 and 37.1 dBm
and a power-added efficiency (PAE) of 40.4% and 39.9% at
3.5 and 5.5 GHz, respectively. Under concurrent, dual-band drive
with 10-MHz, 6-dB PAPR signals and with digital predistortion
applied to varying frequency notch bandwidths, an average PAE
of 25.6%, a normalized mean square error of 2.4%/1.0%, and
an adjacent channel power ratio of —46.8/—48 dBc in the two
bands (3.5/5.5 GHz) is measured.

Index Terms— Carrier aggregation, concurrent operation, dig-
ital predistortion (DPD), dual band, gallium nitride (GaN), Long
Term Evolution (LTE) Advanced, multiband, multitone, peak-to-
average power ratio (PAPR), power amplifier (PA).

I. INTRODUCTION

HE need for efficient RF transmitters capable of con-

current multisignal amplification is increasing due to the
development of 5G systems, characterized by increased spec-
tral efficiencies and instantaneous signal bandwidths [1]-[4].
Several complex signal scenarios are anticipated, includ-
ing carrier aggregation of Long Term Evolution (LTE)-like
signals [5]. Carrier aggregation increases overall required
bandwidth by utilizing several bands within the available
spectrum, aggregated contiguously, noncontiguously, or in
broadly separated spectral allocations [6]—[8]. In addition,
multiple-input multiple-output (MIMO) front ends require
active antenna elements and arrays with different feeds and
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Fig. 1. Block diagram of the dual-band, dual-output PA. Instead of using two
separate amplifiers operating at two broadly separated frequencies, the com-
posite input signal is amplified by a single-transistor GaN PA and deliv-
ered to two separate antennas. Three transmission scenarios are supported.
(a) Nonconcurrent contiguous in a single band. (b) Nonconcurrent noncon-
tiguous in a single band. (c) Concurrent contiguous on two bands.

separations for carrier frequencies that are spaced far apart
(see [9]). In carrier-aggregated MIMO front ends, different
carrier frequencies correspond to different antenna array ele-
ment spacings, requiring multiple antenna elements fed by
the same power amplifier (PA). For the dual-band case,
a single array with a A;/2 period designed for the lower
frequency will result in grating lobes and thus loss of power in
unwanted directions at the higher band, while a 4,/2 spacing
at the higher frequency will result in reduced directivity and
increased coupling between antenna elements at the lower
frequency. An antenna element for each band is needed to
maintain the radiation pattern performance, which implies two
loads for the same broadband PA.

In this paper, a high-efficiency dual-band PA (DB-PA) with
an output diplexer for carrier aggregation is demonstrated.
The architecture, shown in the block diagram representation
in Fig. 1, targets MIMO arrays by partially performing the
function of the dual-array feed networks with its dual-output
output matching network (OMN). This paper describes the
adaptation and expansion of single-band design techniques
for the multifrequency operation, an investigation of signal
interaction within the transistor under dual-band concurrent
operation, and a method for reducing unwanted mixing. The
development of a new algorithm is presented which gen-
erates carrier aggregated signals, simulating an arbitrarily
shaped multiband signal with a given peak-to-average power
ratio (PAPR) and Rayleigh probability density function (pdf)
without the reliance on a particular standard. The algorithm
can be easily adapted to 5G up- and downlink orthogonal
frequency-division multiplexing signals and further general-
ized for future study of multiband PAs [10].
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Fig. 2. Different transmission scenarios in carrier aggregation schemes. (a) Contiguous carriers in a single band. (b) Noncontiguous carriers in a single band.
(c) Contiguous carriers on different bands. (a)—(c) Spectra are the result of the algorithm initialized with PAPR = 6 dB, fg = 100 MHz, and fgw = 20 MHz.
(d) Decomposition of the spectra in a multitone signal; the frequency bins are shaped by setting the amplitudes Ay to obtain the desired spectrum profile.

Existing work in multiband PAs explores the design
space along many axes of operating conditions including
frequency, class of operation, and load modulation. For exam-
ple, the harmonic control for modulated signals is investigated
in [11] and [12], the incorporation of envelope tracking
in [13] and [14], and dynamic load modulation in [15]. This
paper extends the approach in [16], which presents a single-
input/dual-output OMN for a DB-PA with two separate loads.
We apply the design approach from [16] to a complete PA
design and characterize the resulting DB-PA for a variety of
signals representative of 5G requirements.

Multifrequency operation can be classified as either con-
current or nonconcurrent. The former indicates that a single
PA is amplifying multiple bands simultaneously, and the
latter indicates a set of single-band PAs operating in par-
allel with a combiner. Both concurrent [17]-[21] and non-
concurrent operation [11], [22] have been investigated with
various technologies, including gallium nitride (GaN) as well
as silicon [23], and varying signal bandwidths, from 5 to
20 MHz. The concurrent operation is particularly challenging
as it often results in lower efficiency, degraded spectral emis-
sions, and adjacent channel power ratio (ACPR). For example,
Rawat and Ghannouchi [24] present a PA where the interaction
of the two signals results in faster saturation, lower efficiency,
and degraded ACPR. Subsequent work in [25] introduces
the intermodulation impedance tuning to reverse engineer
this mechanism for the improved efficiency. An example of
the concurrent multisignal linearization with closely spaced
carriers is shown in [26], where in-band, cross, and inter-band
modulation by-products are jointly extracted for dual-band
digital predistortion (DPD), resulting in 5-dB improvement in
linearity for two 40-MHz LTE signals 40 MHz apart.

From a digital signal processing perspective, there is no
difference between contiguous or noncontiguous bands, as dis-
cussed in [27]; however, from a PA point of view, these
different cases affect both PA design and RF test hard-
ware requirements. As more subcarriers are added to the
signal, PAPR may increase up to 10-13 dB, impacting PA
efficiency [28]. Therefore, when characterizing PAs for con-
current bands with aggregated signals, it is critical to generate
test signals with arbitrary band distributions, PAPRs, and
bandwidths.

The signal PAPR in carrier aggregation scenarios is typically
controlled by processing the signal in the digital baseband
with a crest factor reduction (CFR) algorithm [29], [30]. These
algorithms can be based on the clipping and filtering [31],
partial transmit sequence [32], or selective mapping [33] tech-
niques. This paper takes an alternative approach and syn-
thesizes an arbitrary signal without reliance on a particular
standard. Multitone signals with preselected envelope statistics
and modulation bandwidths can be employed to evaluate
the PA performance [34]-[38]. In [36], a telecommunication
signal is approximated with a multisine sequence by means of
an iterative algorithm that conserves the first-order statistics
and bandwidth of the original signal. The new algorithm
presented in this paper replicates and generates various signal
scenarios, including arbitrarily shaped spectral bands.

This paper is organized as follows. In Section II, the algo-
rithm capable of controllable-PAPR signal generation is
detailed. Section III describes the design, implementation, and
performance of the dual-band, dual-output PA under continu-
ous wave (CW) excitation, with a gain model for DB-PA given
in the Appendix. The setup and calibration of a test bench
for modulated concurrent signals is presented in Sections IV
and V, before the application of DPD to the amplifier under
both nonconcurrent and concurrent DB drives in Section VI.

II. CARRIER-AGGREGATED SIGNAL GENERATION
WITH ARBITRARY PAPR

In order to characterize the dual-band, dual-output PA
with both nonconcurrent and concurrent signals, a new signal
generation algorithm for multiband signals is presented. This
algorithm can replicate different spectral scenarios typical of
carrier aggregation [6], [7], as summarized in Fig. 2(a)—(c),
with arbitrary signal PAPR. Such flexible signal generation
enables the comprehensive characterization of PA for a more
thorough understanding of the system performance. Whereas
conventional methods such as CFR operate on an existing
signal to produce a desired PAPR, this algorithm described
in this section directly synthesizes a signal with the required
statistics.

Consider a discrete-time system in which a signal x(¢) of
period T and bandwidth fgw is sampled at fs > 2 fgw. This
results in a sequence of samples x;, which can be written in
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polar form as
xp = Axe!%*, k=1,...,Ng Ns=Tfs. (1)

If the sequence of symbols x; is modulated by Nc-
independent subcarriers with N¢ = T fgw, the resulting
multicarrier signal x(¢) is given by

N¢ Nc
x(t) — ZxkejQHkAft — ZAkej(anAft+¢k) )
k=1 k=1

where Af is the frequency spacing between adjacent carriers.
Af corresponds to the fundamental frequency 1/7 of the
sequence. The minimum number of carriers can be estimated
by Nc > 1.2 fgw/Af [39].

PAPR of signal x(¢) is defined as the ratio of the peak to
the average power over period T

max |x(1)|> @)
ZROR —5 PAPR(Ag, ¢). (3)

As demonstrated analytically in [40], PAPR of the mul-
ticarrier sequence (2) depends on the choice of amplitudes
Ay and of phases ¢, and a nonlinear relationship exists
between the PAPR, the amplitude, and the phase distributions
of the N¢ subcarriers. Here, we adjust amplitudes Aj of the
subcarriers to achieve a preselected spectral shape, while the
phases are chosen to impose an arbitrary PAPR upon signal
x(t). This is accomplished through an iterative method, such
as the Gauss—Newton algorithm [41], and the definition of a
least-squares cost function

PAPR =

J(#x) = min [PAPR(¢) — PAPR p|* 4)

where PAPRp is the desired PAPR of the sequence. At every
iteration, the Gauss—Newton algorithm performs a local lin-
earization of function PAPR(¢;) with respect to the phases
¢ and converges quadratically to one of many possible local
minima. Therefore, the algorithm requires a proper initializa-
tion to converge to a solution.

In [40], a PAPR reduction technique for multicarrier signals
is described and parabolic phase shaping suggested for the
PAPR control

(k= Dk —2)
h=r 5)

In this paper, (5) is employed to initialize the algorithm
for the fast convergence toward arbitrary values of PAPRs
and spectral shapes. Fig. 3 shows a possible initialization
of the algorithm; the A; amplitudes of the subcarriers are
initialized with a Gaussian white random distribution, whereas
phases ¢y are shaped as in (5). With this parabolic initial-
ization, the phase of each sinusoidal component is iteratively
adjusted by Ag¢y, with the ith iteration of the algorithm
given by

ot =gl + A (6)

where Aqﬁ,i represents the optimal phase increment in the
least-squares sense and can be calculated as [41]

Apl = (STS)~'sT APAPR'. 7
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Fig. 3. Possible initialization sequence of the algorithm with random

amplitudes and parabolic phase distribution. The sequence is characterized
by fBw = 10 MHz bandwidth, N¢ = 100 subcarriers, 7 = 10 us period,
and a sampling frequency fg = 100 MHz.
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Fig. 4. Convergence of the algorithm for different PAPRs. The sequences are
initialized with parabolic phase shaping [40] and with randomized subcarrier
amplitudes. The algorithm converges in two-to-three iterations for PAPR > 3.

In (7), APAPR! = PAPR/(¢;) — PAPRp is the output
residual while S is the sensitivity array whose elements are
the partial derivatives of PAPR(Ag, ¢x) with respect to each
phase

¢ (aPAPRi OPAPR! aPAPRi) ®
ool oy, 0Piy,

The algorithm can be explained as follows. Fig. 2(a)—(c)
shows three target spectral profiles. The amplitudes of the
harmonics are controlled by array Ag. For instance, frequency
notch A f can be introduced at the center of the band as shown
in Fig. 2(b) by setting A1 = 0. For a broader notch, the array
of zeroed amplitudes can be expanded to multiple subcarriers
[Fig. 2(c)].

The algorithm is impractical for use in cases of very broad
signal spacing (larger than the relative bandwidth of each
channel). The complexity of the problem scales quadratically
with the number of carriers N¢ which is proportional to fgw.
To address this problem, we generate a sequence with a given
PAPR (e.g., 6 dB) with a single frequency notch at A} =0 as
qualitatively depicted in Fig. 2(d). The frequency-domain com-
plex samples {xnyg/2+1, ..., Xng} are modulated around f; and
transmitted on the first band, while samples {x2, ..., xng/2}
are modulated around f; and transmitted on the second
band. With this method, two broadly separated signals can

PRI
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Fig. 5. Envelope histogram of three realizations of sequences generated with

the algorithm, with equal bandwidths but different PAPRs (4, 10, and 14 dB).
The most likely Rayleigh pdf is fit to bins of each sequence.

be transmitted with a total PAPR controlled by the algorithm.
We note that the individual PAPR of the two signals is not
controllable by the algorithm.

Fig. 4 shows the convergence of the algorithm for different
PAPRs. For high PAPRs, the desired result is achieved in
only two-to-three iterations. For PAPRs lower than 4 dB,
the algorithm struggles to converge because only the phases
are controlled while the amplitudes are constrained by the
preselected spectral shape. However, the purpose of this algo-
rithm is the generation of high-PAPR signals such as those
found in 5G systems [42], and the slow convergence speed
at PAPR <4 dB is not critical. Fig. 5 shows the histogram of
the amplitudes of three generated sequences, with the same
spectral shaping and different PAPRs. Superposed with the
numerical results of the algorithm are Rayleigh pdfs showing
good agreement with the numerical simulations.

III. DUAL-BAND/DUAL-OUTPUT PA

The DB-PA described in this section demonstrates the feasi-
bility of the dual-output carrier aggregation concept, delivering
modulated signals at two frequencies to two independent loads.
The DB-PA topology is depicted schematically in Fig. 6. The
layout of the 8.7 cm x 6.3 cm prototype is shown in Fig. 7.
Following the method detailed in [16], the updated OMN
consists of four subcircuits in two separate branches. Each
branch is designed to present the target impedance within its
band, while behaving as an open circuit in the other band.
This reduces the loading effects between the two branches
and prevents the signal transmission outside of the design
frequencies of the two bands, as is experimentally verified
in Section VI.

While the method applies generally, in this case, the
3.5-GHz WiMAX and 5.8-GHz ISM bands are chosen as ini-
tial carrier frequencies. Load—pull simulations are performed
using Keysight ADS and the manufacturer-provided nonlinear
transistor model at two operating frequencies, f; = 3.5 GHz
and f» = 5.8 GHz. Simulated load—pull contours, taken at the
Z1p planes at the two design frequencies, are shown in Fig. 8.
For this single-tone (nonconcurrent) scenario, the point of opti-
mal power-added efficiency (PAE) is found for fundamental
load impedances of (14.4+ j2.7) Q at f; and (26.8 — j62) Q
at f>. No harmonic termination is done in the design. The
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simulated impedances at the Zyp reference plane at 2 f, 3 f1,
2f2, and 3f, are given in Table I. Note that exciting the
transistor with a DB signal would yield a slightly different
set of target load—pull impedances for PAE and output power
in both bands. Because the presented PA is intended for use in
both concurrent and nonconcurrent operating modes, only one
mode can be optimized for. Here, separate single-frequency
load—pull simulations are found to be the most appropriate
ones for design. Certainly, the simulation complexity and
expected accuracy of load—pull simulations are expected to
be higher for the single-tone condition. This design choice is
validated by the measurements in Section VI.

With the target load impedances determined, transforma-
tions are performed to match the desired impedances to the
output-port 50-Q loads. Starting from the two output ports and
moving back toward the transistor drain, a real-to-real transfor-
mation is first performed on both 50-Q loads to “intermediate”
impedances (Rpp,1 and Ry p,2). This real-to-real transformation
is a Chebyshev network created following tables in [43]. Real-
to-complex transformations then present the desired load—pull
complex impedances (Zyp,; and Zp,») at the reference plane
after the bias network and tee-junction (see Fig. 6) at the two
frequencies of interest. The tee-junction reference planes are
defined where each band presents an approximate RF open
at the other frequency band of interest; at the Zyp,; plane,
the network is simulated to present at f, an impedance of
(114 ;7207) Q. At the Zy p> plane, the network presents at fi
an impedance of (163 4+ j1010) Q. The simultaneous dual-
band match-open design between f; and f, is determined
through an iterative process of tuning the magnitude of the
near-open circuit presented at one frequency while revising
the PAE match at the second frequency.

The design of the DB-PA is performed with a
Wolfspeed-Cree 6-W CGH40006P packaged GaN transistor
on a 30-mil Rogers 4350B substrate. A quiescent point
in the deep class-AB region is selected, with Vps = 28 V and
Ips = 40.8 mA. A parallel RC circuit (ATC600S 2 pF,
KOA0402 50 Q) at the gate, along with a 100 € resistor
in the gate bias line, is added for stabilization. Because
f>» = 5.8 GHz approaches the upper limit of this transistor’s
frequency range, resulting in a drop in gain at the higher
band, load—pull simulations are performed with a 28-dBm
input drive, 2 dB higher than at the lower band.

As described in [16], a stub-tuned design was chosen to
implement both of the real-to-complex transformation sub-
circuits. This approach uses resonant networks to produce
“loops” in the Smith chart to match the desired impedance,
as shown in Fig. 8(c), where the simulated input reflection of
the dual-band matching network from [16] is plotted across
the two frequencies of interest and compared to the simulated
load—pull contours. Lumped-element capacitors (ATC600S)
were used in [16] to reduce circuit size, but these degrade the
amplifier efficiency due to their lower Q (<100 at the upper
operating frequency). By removing these lumped elements and
using 500S capacitors in the bias tee, the insertion loss (IL)
and its impact on PAE are reduced.

The OMN of the amplifier presented in this paper is a
new iteration using exclusively low-loss microstrip lines and
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Block diagram of the dual-band, dual-output PA. (a) The dual-band input matching network is designed from simulated source—pull and includes

an RC stability network. (b) Details of the layout topology of the OMNs (dimensions not to scale) with corresponding reference planes of the transformed

impedances.
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Fig. 7. Layout of the output network, including dimensional guidelines for
the matching stub networks and the transistor and lumped element placements
depicted in blue.

omitting lossy lumped elements. The simulated return loss
and IL for each path of the three-port OMN are shown
in Fig. 9. The simulated return loss of each path is 19.5 and
43 dB at fi = 3.5 GHz and f> = 5.8 GHz, respectively,
with IL of 0.3 and 0.6 dB. Insertion loss is here defined as
IL = 1010g10(|521|2/(1 —18111%)) and takes into account the
impedance mismatches. The relatively low magnitude return
loss is a result of a tradeoff in design between reducing IL
and improving return loss.

Fig. 10 shows the measured PAE, delivered power, and
gain under CW, single-band excitation across frequency. A flat
output power within each band is measured, with slightly
higher output power at the upper band due to the higher
input drive. Measured efficiency is a few points lower than
the simulated value, and the gain is 2 dB lower, with narrower
bandwidth at the lower band. This discrepancy is attributed to
a combination of fabrication inaccuracy and device deviation

TABLE I

IMPEDANCE PRESENTED BY EACH BRANCH AT
SECOND AND THIRD HARMONICS

2f1 3f1 2f2 3f2
(7GHz) (10.5GHz) (11.6 GHz) (17.4 GHz)
Zipa | 39—81j | 38+35; | 29— 105 | 176 — 19;
Zipa | 6424 | 168+ 768) | 2845 | 16— 81j

from the large-signal model. The maximum PAE is measured
at 3.4 and 5.5 GHz, which are both within 5% of the design
frequencies. In the upper band, the shift is likely due to
fabrication tolerances and can be mitigated with more exact
circuit-printing methods. Thus, for all subsequent measure-
ments of the amplifier presented in this paper, the upper
operating frequency is 5.5 GHz. Table II summarizes the
simulated and measured results of each band characterized
individually at maximum PAE.

IV. EXPERIMENTAL SETUP

An experimental setup based on two National Instruments
vector signal transceivers (VSTs) is used to characterize
and linearize the DB-PA with multiband signals. A block
diagram and a photograph of the experimental setup are
shown in Fig. 11. The two VSTs are programed to generate
complex modulated signals x(¢) and x»(¢) at f; = 3.5 GHz
and f» = 5.5 GHz, respectively. VST 1 is a PXIe-5646R
with 200-MHz instantaneous bandwidth, while VST 2 is a
PXIe-5645R with 80 MHz. Each VST contains a 16-bit vector
signal generator (VSG) and a 16-bit vector signal analyzer
(VSA), with an internal local oscillator and upconverter to
provide the frequency shift at the carrier frequencies fi
and f>. The setup is controlled via LabVIEW. Input and output
calibration parameters are automatically de-embedded by the
software, and time-alignment constants are extracted during
the calibration of the setup.

The two VSTs are precisely synchronized to enable the
predictable generation and acquisition of signals. The local
oscillators of VSG 1 and VSA 1 are phase locked, as are
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Fig. 8. Simulated single-tone load—pull contours, taken at the Zy p plane (see Fig. 6) of the CGH40006P device biased at Vpg = 28 V and Ipg = 40.8 mA.
Output power and PAE contours are shown for two nonconcurrent input tones of (a) Py; = 26 dBm at 3.5 GHz and (b) PNy = 28 dBm at 5.8 GHz. (¢) Input
reflection (|S11| parameter) of the previous iteration of OMN fabricated in [16] is plotted across the two frequency bands of interest, with the response at

3.5 and 5.8 GHz marked accordingly.
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Fig. 9. Simulated negative IL and return loss of the three-port network for
/1 (dashed) and f7 (solid), under single-band, nonconcurrent excitation. The
designed network provides the isolation greater than 40 dB between bands.

those of VSG 2 and VSA 2. The two VSTs are mounted
in a PXI-express rack and share the same 10-MHz clock
reference. The generation and acquisition of the two signals
are performed with a master—slave triggering architecture. The
generation of x1(¢) and x,(¢) is synchronized with a hardware
trigger generated by VST 1, and the sampling of the two
outputs of PA, yi(¢) and yy(¢), are activated by the same
trigger.

The outputs of the two VSTs are combined with a resistive
combiner (Keysight 11667B) and the resulting signal amplified
by a bench-top driver amplifier (Mini-Circuits ZVE-3W-83+).
The output of the driver is calibrated for amplification up
to 28 dBm at 3.5 and 5.5 GHz. A high-pass output filter
(Mini-Circuits ZX75HP-2400-S+) is used to attenuate the
significant intermodulation products at 5.5 — 3.5 = 2 GHz
and [3.5 — 5.5| = 2 GHz generated by the driver.

Precise time alignment is required between all the four
signals in the setup {x;(t), x2(¢), y1(t), y2(t)}. Three con-
stant time delays are obtained during the calibration from

PAE (%) — Gain (dB) --- Power Delivered (dBm)
50 50
40 40
8 30f e et 30 :"
Ef . !
B '
< 20 20 '
10/\ 10
0 ) I
3.0 32 34 36 52 5.4 5.6

Frequency (GHz) Freqﬁency (GHz)

Fig. 10. Measured CW PAE, gain, and output power over the two bands.
Peak PAE and output power are observed around 5.5 GHz.

small-signal measurements. First, the delay time between x (¢)
and y|(¢) is evaluated with the other channel turned off
(x2(t) = 0). Similarly, the delay between x(¢f) and y(t)
is extracted with the other channel disabled. The difference
between these two delays is largely due to different models
of VSTs. Finally, the cross-delay between the two channels
is extracted. To verify the accuracy of this alignment process,
a cross correlation of the signal envelopes is done in post-
processing.

The linearity of the setup is verified with a two-tone test
and a spectrum analyzer (VST PXIe-5840) connected at the
input reference plane Py of DUT. The results are shown
in Fig. 12(a) which demonstrates a spurious-free dynamic
range (SFDR) up to 40 dB for a 28-dBm CW tone at both oper-
ating frequencies. While the setup is unable to discriminate
between the nonlinearities generated by the driver amplifier
and that of PA, the two-tone test indicates that the most
significant nonlinearity is introduced by PA, and therefore
DPD can linearize the overall driver-PA chain. The linearity
of the setup is also verified with modulated signals in the
two bands of interest, and the resulting spectra are reported
in Fig. 12(b) and (c).

With the setup verified in terms of the large-signal linearity,
power calibration is performed in each band individually.
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Fig. 11. Experimental setup for the test of the dual band, dual-output PA with the concurrent signal generation and analysis. (a) Block diagram of the

setup. Two NI VSTs are synchronized at baseband by means of 10-MHz lock and a hardware trigger. The outputs of the two VSTs are power-combined and
amplified by a bench-top driver. A high-pass filter rejects the intermodulation products at low frequency. The PA is a single transistor with dual-band and
dual-output OMN. The two outputs are attenuated separately and acquired by the setup. (b) Photograph of the setup.
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Significant spectra of the DUT input signal generated by the setup. (a) Broadband spectrum acquisition of a two-tone signal with 28-dBm power

each and 2-GHz spacing, SFDR of the calibrated setup is over 40 dB. (b) and (c) Narrowband acquisition around the two carriers for two concurrent signals

with 10-MHz bandwidth and 6-dB PAPR.

TABLE 11
CW PERFORMANCE OF THE FABRICATED DUAL-BAND PA

Lower Band Upper Band
Sim. (3.5) | Meas. (3.4) | Sim. (5.8) | Meas. (5.5)
PAE 46.0% 40.4% 43.3% 39.9%
Output Power 37.3dBm 36.7dBm 37.5dBm 37.1dBm
Gain 11.3dB 9.7dB 8.6dB 6.4dB
Gain BW (-1dB) 7.0% 4.4% 4.3% 4.5%

A single tone is first generated in the lower band with VST 1,
and the RF power at the DUT reference plane Pjn is measured
with a power meter. Subsequently, the upper band is calibrated
in a similar fashion. To measure the output attenuations, an RF
source (Keysight 83650A) generates spectrally clean input
tones, first at f] and then at f>. These two signals are injected
at the two output reference planes Pp; and Py of DUT.
The attenuation values before and after the receiver chains are
measured and result in 30.6 dB for f; and 31.4 dB for f>.

V. PA CHARACTERIZATION FOR DUAL-BAND OPERATION

For this dual-output design, the two bands can be linearized
independently about their center frequencies in the nonconcur-
rent operation. If the amplifier instead had only a single output,
the application of DPD would require a wide bandwidth

covering the entire frequency span. For concurrent operation,
however, a theoretical framework is needed to describe the PA
gain under the concurrent operation. The DB-PA gain model
developed for this characterization is described in detail in the
Appendix and used in this section to characterize the DB-PA
under nonconcurrent and concurrent operations.

A. Characterization in Nonconcurrent Mode

In this characterization, DB-PA is alternately stimu-
lated with a pulsed signal modulated at fi 3.5 GHz
and f>» = 5.5 GHz. A Gaussian amplitude-modulated pulse
of 10-us duration and 100-us period is employed as in [44]
while the other channel is disabled. This single-frequency
characterization enables the evaluation of the gains, |G| and
|G22|, and of the cross-gains, |G 12| and |G| (see Appendix).

The results of this characterization are provided in Fig. 13
for the two bands of interest. When a pulsed input sig-
nal centered at f; is amplified by DB-PA, the power gain
|G11(Pr1,0)| is approximately 10 dB, whereas the cross-gain
at the other port is |G21(Pr1,0)] & —27 dB. For the other
carrier, the power gain |G22(0, Pr>)| is approximately 9 dB
while the cross-gain results in |G 12(0, Pr2)| ~ —26 dB. These
low cross-gain values result in low RF power leakage between
opposite ports and are the result of the diplexer-like OMN
design discussed in Section II.
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Fig. 13. Measured gains in the nonconcurrent mode (single signal). (a) Gain
|G11] and cross-gain |G71| at 3.5 GHz. (b) Gain |G>3| and cross-gain |G 13|
at 5.5 GHz. The low cross-gain values are enabled by the presented matching
network.

B. Characterization in Concurrent Mode

The DB-PA is next tested with two concurrent signals in
the two bands of interest. An AM pulse with the Gaussian
shaping is synchronously injected into the amplifier together
with a rectangular pulse. Both signals have 10-us duration
and 100-us period. In this characterization, we employ the
gain model formulated by (13) (see Appendix).

Fig. 14 shows how the gain in each band varies as the input
power in the opposite band increases. The superimposed signal
in the opposite band is swept from a small-signal level up to
the maximum value (i.e., P;; max = 28 dBm). As the input
power increases, the gain of the DB-PA reduces significantly
with about 4-5 dB of variation. This could be due to the faster
saturation of the PA as hypothesized in [24] or perhaps a shift
in the target impedances.

Fig. 15 shows the variation of the DB-PA gain in com-
pression due to the cross-modulation between the two bands.
In this plot, we can identify three regions. The central region
corresponds to the small-signal operation, in which both input
signals are low enough (i.e., P;; < 18 dBm) and do not affect
each other. In this region, the DB-PA behaves linearly and
a 1-D DPD can be used separately in both channels, largely
for AM/phase modulation (PM) corrections. In the two other
regions (i.e., —18 < P;; < 28 dBm) on either side, the gain of
DB-PA at peak compression is affected by the second signal.
Predistortion must take into account both signals (e.g., using
a 2-D memory polynomial).
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Fig. 14.  Measured gains in the concurrent mode (two signals super-

posed). (a) Gain variation of |G| at discretized power levels Pjp =
{—o00,18,21,24,27,28} dBm. (b) Gain variation of |G| at discretized
power levels P;y = {—o0, 18, 21, 24, 27,28} dBm.
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Fig. 15. Measured gain at maximum output power for fi and f>. Significant
gain variation due to the cross-modulation is evident. |G| gain variation
when P;; =28 dBm and Pjp = {—o0, 18, 21, 24, 27,28} dBm (left). |G72|
gain variation when Py = 28 dBm and Pjy = {—o0, 18, 21, 24, 27, 28} dBm
(right).

VI. EXPERIMENTAL RESULTS

This section presents the results and a performance sum-
mary of DB-PA operated in three different carrier-aggregation
scenarios shown in Fig. 2: independent, nonconcurrent ampli-
fication of two contiguous and noncontiguous signals in each
band, and operation with concurrent signals in the two bands.

For a fair comparison for the PA operation with different
inputs, the algorithm is used to generate sequences with a fixed
PAPR of 6 dB for all measurements. The DB-PA is biased in
the deep class-AB mode with Ipg = 41 mA and Vps =28V,
with a 28-dBm peak power input defined for both bands. A 50-
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Fig. 16. AM/AM and AM/PM distortion characteristics and relative output spectra, with and without DPD, of the PA operated nonconcurrently in the lower
and higher bands. (a) and (c) Response of the DB-PA to a 10-MHz contiguous spectrum. (b) and (d) Response of the DB-PA to a 30-MHz noncontiguous

spectrum (10-MHz frequency notch in the middle).

s sequence is generated with the algorithm which results
in 12500 samples for VST 1 and 6000 samples for VST
2. The output sequence is averaged 16 times to reduce the
noise level. An indirect learning approach is adopted for DPD,
and no iteration on the coefficient extraction is performed.
The postinverse coefficients of the DPD are obtained by
means of a conventional least-square algorithm. ACPR and
normalized mean square error (NMSE) are used to evaluate
the performance of the linearized DB-PA.

A. Nonconcurrent Single- and Dual-Band Operations

The first test is performed with the DB-PA operated in the
single-band mode at each frequency with a 10-MHz, 6-dB
PAPR signal. A generalized memory polynomial DPD [45]
is used to predistort the input signal. For the lower band,
a nonlinearity order of 7, a memory order of 3, and no
cross-terms are selected, with 17 total coefficients. For the
upper band, the number of cross-terms is 3, and the resulting
number of coefficients is 89, with the remaining parameters
unchanged.

The AM/AM and AM/PM characteristics of the DB-PA at
the two bands are shown in Fig. 16(a) with and without DPD.
The profile of the upper frequency band shows more distortion
than the lower frequency, even with DPD enabled. The output
spectra, with and without DPD, are shown in Fig. 16(c).
In Fig. 16(c), the lower band shows better spectral purity
compared to that of the higher band. This is most likely due
to a misalignment error occurring during the extraction of the
AM/AM and AM/PM characteristics. As reported in Table II,
with 6-dB PAPR and narrowband DPD applied, the amplifier
reaches average efficiencies of 29.6% and 19.7% at 3.5 and
5.5 GHz, respectively, when operating nonconcurrently with
contiguous signals.

The second test is performed with two signals modulated
around each carrier and amplified nonconcurrently by the DB-
PA. These two signals are generated with the algorithm with
a total PAPR of 6 dB, a relative bandwidth fgw = 30 MHz,
and a central frequency notch of 10 MHz. Given the non-
concurrent transmission scenario, a monodimensional DPD,
i.e., the generalized memory polynomial [45], is employed.
In this test, the DPD algorithm is initialized for both bands
with a polynomial order of 7, memory order of 5, and no
cross-terms. The AM/AM and AM/PM characteristics of this
transmission scenario are shown in Fig. 16(b). Compared to
the characteristics of Fig. 16(a), the nonlinear distortion of the
DB-PA is higher, most likely due to the higher total bandwidth
of the signal (30 MHz versus 10 MHz).

Similar observations and conclusions can be applied to the
spectral domain plot shown in Fig. 16(d). DPD is effective
in reducing the nonlinear distortion by about 15 dB in the
considered frequency range, apart for a single tone at the center
of the spectrum that is possibly caused by 7/Q unbalance.
Table III summarizes the linearity and efficiency performance
for both non-contiguous and contiguous signals; the non-
contiguous signal test achieves average PAEs comparable to
that of the contiguous test, as expected due to comparable
PAPRs and pdfs. However, linearity performance, in terms of
NMSE and ACPR, degrades for noncontiguous signals.

B. Concurrent Dual-Band Operation

Next, the behavior of the DB-PA under concurrent signal
operation is characterized. The two signals, each with 10-MHz
bandwidth and a total PAPR of 6 dB, are generated simulta-
neously by VSTs and injected into the DB-PA. The outputs of
the DB-PA are sampled by the setup and time-aligned with
the procedure reported in Section IV. For this test, a 2-D
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TABLE IIT
PERFORMANCE SUMMARY OF THE DB-PA

Active Band (i) | Bandwidth (MHz) | PAPR (dB) | NMSE (%) | ACPR (dBc) | Gain (dB) | Priave W) | Poiave W) | PAEsve (%)

Non-Concurrent Single-Band Operation

1 10 6 0.8 -54.9 11.4 0.10 1.39 29.6
2 10 6 1.3 -51.1 9.0 0.09 0.70 19.7
Non-Concurrent Dual-Band Operation
1 30* 6 2.5 -52.1 11.4 0.09 1.22 29.0
2 30* 6 1.9 -50.3 8.4 0.13 0.90 22.0
Concurrent Dual-Band Operation
1+2 - 6 - — 0.25 1.45 25.6
1 10 79 2.4 -47 8.2 0.12 0.8 —
2 10 7.6 1.0 -40 7.0 0.13 0.65 —
* 10-MHz frequency notch at the center of the band.
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Fig. 17.  AM/AM and AM/PM distortion characteristics, with and without
DPD, of the PA operated concurrently in the lower band (left) and higher
band (right). The signal has 10-MHz bandwidth and 6-dB PAPR.

memory polynomial model [46], as in (11), is implemented.
An indirect learning architecture is employed for the extraction
of the DPD coefficients. A nonlinearity order of 7 and memory
order of 1 are considered. When DPD is applied to the
concurrent mode, the DB-PA has an NMSE of 2.4%/1.0% and
ACPR of —46.8/—48.0 dBc, respectively, in the two bands.
The average output power is 0.8/0.65 W, with 4.92 W of dc
power consumed for a total PAE of 25.6%. Because of the
fixed PAPR in all measurements, the PAE in the concurrent
case falls between the two extremes shown in Table II, with
the exact values depending on the output power level. The
DB-PA performance under concurrent dual-band operation
is summarized in Table III, in which the performance is
shown both for the overall signal and broken out into the two
individual bands (under the concurrent operation). As can be
seen, while the signal generation algorithm precisely controls
the total signal PAPR, the PAPRs of the two bands considered
independently are not controlled to a particular value.

The results of the concurrent dual-band operation are
reported in Fig. 17. Significant distortion caused by the
cross-modulation within the device is evident from the
AM/AM and AM/PM plots which are not present in the cor-
responding case of a nonconcurrent 10-MHz signal [see
Fig. 16(a)]. DPD is nonetheless capable of improving the
linearity of DB-PA in the concurrent mode. The resulting
spectra, with and without DPD, are shown in Fig. 18.

Fig. 19 displays a broadband acquisition of the two out-
puts of the DB-PA performed with the VSTs (maximum

Freguency Offset (MHz) from 3.5GHz Frequency Offset (MHz) from 5.5GHz

Fig. 18.  Output spectra, with and without DPD, of the PA operated
concurrently in the lower band (left) and higher band (right). The band is
occupied with a 10-MHz 6-dB PAPR contiguous spectrum.
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Fig. 19. Broadband spectra of two outputs of the DB-PA operated with two
concurrent signals. (Pp; are normalized to the peak value of 36.1 dBm at fj
and 34.7 dBm at f). The DB-PA is capable of amplifying two concurrent
signals with low leakage on the other load (—35.8 dBm at fj and —41.3 dBm

at f).

frequency range 0.065-6 GHz). The output powers at fj
and f» are normalized to O dBm in order to highlight the
dynamic range of the spurs. Power leakage is present on the
opposite output of f; =3.5 GHz and f, = 5.5 GHz but is
significantly attenuated by the OMN of DB-PA, resulting in
the —41.3-dBm leakage at load 1 and —35.8-dBm leakage at
load 2. At these two frequencies, no intermodulation products
fall in the two bands of the amplifier, and only leakage power
is present. The two most significant spurs generated by the
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TABLE IV
COMPARISON WITH PUBLISHED DUAL-BAND PAS IN CONCURRENT MODE

Ref. Architecture | Freq. (GHz) | Bandwidth (MHz) | PAPR (dB) | np (%) | PAEsv¢ (%) | Po,Ave (dBm) ACPR (dBc)
[17] Doherty 2.25/3.25 20/20 9.5 34.8 - 37.1 -46/-45.3
[18] Doherty 1.9/2.6 10/10 50.1 458 36.82/36.83 -45.1/-44.5, -46.9/-46.4
[19] Doherty 1.8/2.4 5/10 - 35.6 33.2 -46.3/-47.9, -49.4/-47.7
[20] Doherty .85/2.33 10/15 7.5 26.7 - 31.75 -47.3/-47.1, -49.4/-49 4
[21] | Single-ended 22.3 - 9 343 - 30.3/30.9 -46.7/-46.1
multi-mode
Thi DB-PA
S 1 single-ended 3.5/5.5 10/10 6 29.5 25.6 29.03/28.13 -46.8/-48.0
‘Work
dual-output

amplifier when operated in the concurrent mode appear at
2 and 1.5 GHz, corresponding, respectively, to the second-
and third-order intermodulation products. (The fundamental
frequency is 500 MHz.) Considering the frequency spacing of
the carriers, these mixing products can be easily attenuated by
a filter or by the inherent match of the antenna connected to
the output of the DB-PA.

Table IV displays the results of this paper alongside
other recent studies in dual-band concurrent operation with
modulated signals and DPD, although this DB-PA is not
necessarily directly comparable to these works due to its
unique dual-output nature, higher frequencies of operation, and
lower power level of this single-ended PA (when compared
to Doherty PAs) [17]-[20]. The DB-PA operates over the
widest noncontiguous absolute bandwidth (2 GHz) compared
to the other published results and exhibits comparable ACPR
after linearization. The class-AB DB-PA provides a proof-
of-concept demonstration of diplexer-like, dual-output carrier
aggregation which can be extended to more complex PA
architectures.

VII. CONCLUSION

This paper presents a dual-output, dual-band RF PA for the
concurrent amplification of signals in two broadly separated
sub-6-GHz 5G bands, centered at 3.5 and 5.5 GHz. This
amplifier is designed with a diplexer-like OMN that presents
an impedance match or a near-open reflection at each fre-
quency on each branch in order to separate two bands into two
loads. The DB-PA operates efficiently with carrier-aggregated
signals, in which different configurations of bands are present.
A new algorithm for the generation of contiguous and non-
contiguous spectra with arbitrary PAPRs and Rayleigh pdfs
is presented and used to investigate the performance of the
DB-PA in different modes of operation. An experimental setup
with two synchronized vector signal sources and analyzers is
presented and used to generate two signals with 2-GHz carrier
separation. A simplified 2-D model of the DB-PA is developed
for the characterization over two bands for both nonconcurrent
and concurrent operations and given in the Appendix. The
quantitative measurement of how concurrent signals of varying
power affect gain in each band is presented and discussed.
When the PA is used in the nonconcurrent mode, it achieves
a gain of 10 dB at 3.5 GHz and 9 dB at 5.5 GHz. A gain

variation of 4-5 dB in compression due to cross-modulation
is observed when two signals are amplified concurrently.

The presented DB-PA is tested in different transmission sce-
narios expected in 5G up- and downlinks: with nonconcurrent
amplification of contiguous and noncontiguous signals. Low
leakage power is measured in the opposite port loads, thereby
verifying the diplexer function of the DB-PA in the nonconcur-
rent operation. In concurrent operation, unavoidable second-
and third-order intermodulation products are observed at 2 and
1.5 GHz. These can be reduced in practical applications
through filtering, or through the use of narrowband matched
antennas. The class-AB DB-PA presented in this paper is a
demonstration of an efficient dual-output DB amplifier with
carrier aggregation, and the concept can be extended to more
complex PA architectures.

APPENDIX

A 2-D polynomial model is assumed for the amplifier,
in which the amplitudes of two input signals are the only
cause of nonlinear distortion and the relative phase is not
relevant [46]. This allows for a simplified study of the char-
acteristics of the DB-PA by considering only 2-D versus 4-D
required if phases are taken into account. This hypothesis is
later verified by using the 2-D memory polynomial model of
the DB-PA for predistortion.

Given the two separate output signals, y; and yp, and the
single input, xyN, a general relationship for the gain of the
DB-PA can be defined as

I:yli|_|:Gl(xIN) 0 :||:XIN:|
2| 0 Gz(xIN) XIN

where G; represents the normalized complex gain of PA with
respect to the single input and two output ports. As shown in
the block diagram of Fig. 11(a), the DB-PA input signal xN is
a function of x| and x». However, we can assume that the two
signals, x| and x», are linearly combined and amplified around
the two bands of interest, as discussed in Section IV. Therefore,
it is possible to de-embed the input gain stage of the setup
and consider x; and x as two separate signals at the DB-PA
input reference plane. Gain G can be split into two gains
611 and 612, which are the gains from input x; to output y;
and from input x; to output y», respectively. Similarly, we can

©)
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split Gain éz into two gains Gzz and 621. Given the input
signal separation, (9) can be rewritten as

|:y1} _ [@11()61,)62) @12()61,)62)} |:X1}
»2 Gai(x1,x2)  Goo(xr, x2) | [ X2
Let us assume a model structure for gain G,-j of the

DB-PA based on the dual-band extension of the memory
polynomial [46]

M K i
yi(n) = Z chl,mijxl(n —m)

m=0 i=0 j=0

(10)

x|x1(n —m)[" |xz2(n — m)}!

M K i
@ =D D> camijxaln —m)

m=0i=0 j=0

x|x2(n —m) "™ |x1(n — m)|

Y

in which ¢ ;;; and c2 ;i are the complex coefficients of the
polynomials of order K. We note that (11) is in general only
valid around the two carrier frequencies and is not able to
predict (or correct) the out-of-band intermodulation products.
However, in the following characterization of the DB-PA, only
narrowband pulses (e.g., 10-us duration) will be employed;
therefore, it is possible to discard the memory part of the
model (11) by setting M = 0. This results in a very compact
form of (10) that does not depend on the previous samples
[yl} _ [Qn(lml, Ix2l)  Gra(lxil, IX2|)i| [X1i| (12)
y2 G (xil, [x2])  Gaa(lxil, [x2]) ] L*x2 ]

If we express (12) in terms of input and output powers in
place of the envelopes, this results in
[Pm} _ [IGM(PU, Pp)|  1Gua(Pr1, P12)|} [Pn} (13)

Pox | LIGu(Pr, Pra)l 1Go2(Pr1, Pr2)l | [ Pr2 |’

In particular, G1; and Gy, are the direct gains between
corresponding input—output ports, while G and G»; repre-
sent the cross-gains from ports 1 to 2 and from ports 2 to
1. Equation (13) is used in this paper for characterizing the
DB-PA in various modes of operation.
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