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Abstract—The next-generation (5G/6G) wireless communica-
tion aims to leapfrog the currently occupied sub-6 GHz spectrum
to the wideband millimeter-wave (MMW) spectrum. However,
MMW spectrums with high-order modulation schemes drive the
power amplifier (PA) at significant back-off, causing severe non-
linear distortions, thus deteriorating the transceiver’s (TRXs)
modulation process. Typically, the TRX efficacy is quantified
with standardized linearization matrices, which take advantage
of different predistortion (PD) schemes to handle deep compres-
sion of the PA. In this regard, TRX baseband signals are mostly
linearized in the digital domain, where digitally controlled lin-
earization needs higher sampling rates due to increasing MMW
bandwidths to compensate for intermodulation (IMD) prod-
ucts, resulting in increased system cost and power consumption.
Alternately, the digitally controlled analog-based linearization,
i.e., the hybridization of digital predistortion (DPD) and analog
predistortion (APD), is highly productive and cost-effective for
fulfilling the linearized energy-efficient design vision of MMW
networks. Therefore, this paper puts an extensive spotlight on
the progress in PD-based linearization for 5G and beyond com-
munications. It first provides background information on the
advancements of PD schemes through recent surveys, then clas-
sifies the general roadmap of PD waveform processing across
the TRX system models as preliminary. After this, we present
three prominent PD architectures and their design approaches
with intrinsic performance metrics. Finally, we explore four case
studies encompassing PD operation under certain nonlinear con-
straints of different communication schemes. We examine the
suitability of PD-based linearization solutions, both existing and
proposed till the first quarter of 2022, and identify the potential
prospects in this domain.
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I. INTRODUCTION

HE RAPID evolution in wireless cellular technology and
Tits increased usage has put an enormous responsibility
on the research organizations, industries, and academics to
work towards the new generations (5G/6G) of mobile com-
munications. In 2015, an interesting survey was conducted
where smart devices exceeded the world population [1]. Also,
the prediction made by the Ericsson of 29 billion devices
by 2022 has seemed possible [2], according to one of the
recent estimates [3]. From different surveys, all eyes were
on the early 2020s for the roll-out of 5G millimeter-wave
(MMW) technology [1], [4]. However, the common usage
of 5G cellular technology at the global level still looks far
away because of the stiff challenges that telecom operators
are facing [5]. These constraints are evident from the high-
order modulations at MMW frequencies [6]. If not treated
properly, such advanced modulation schemes can degrade the
entire modulation density, which results in significant signal
distortion.

The extremely high-frequency band spans the frequency
range of the 30 GHz MMW band to the 300 GHz terahertz
(THz) band. However, in 5G networks, the MMW (24.25 GHz
to 52.6 GHz) band has been blended with the conventional
sub-6 GHz (410 MHz to 7.12 GHz) to maximize the avail-
able spectrum towards the users [7]. According to release 13,
a peak data rate of 25 Gb/s is achievable by tapping 5 or 32
contiguous aggregated 5G NR component carriers [8]. This
feature opens up further interests in the non-contiguous carrier
aggregation (CA) of different frequency spectrums [9]. In addi-
tion, 5G orthogonal frequency division multiplexing (OFDM)
is reinforced by the combination of multiple subcarriers,
where each subcarrier has a dedicated modulation scheme with
an excessive peak-to-average power ratio (PAPR) level [10].
In this way, the 5G modulation schemes become extremely
immune to intermodulation (IMD) distortions. However, the
high PAPR at the significant back-off region increases the
system-level power consumption and exacerbates the trans-
mit power and efficiency, leading to a low signal-to-noise
ratio (SNR) at the receiver (RX). Over the years, clusters
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of works have been presented for PAPR reduction [10], [11].
The prime focus of each contribution is to reduce the PAPR
level while evading inherent signal distortion or compromis-
ing spectral efficiency (SE). However, such insistence demand
additional behavioral baseband optimization for the nonlin-
earity prediction at the transmitter (TX) or/and RX, which
ultimately increases the computational complexities, making
them unideal for large multiple-input-multiple-output (MIMO)
arrays [11], [12], [13], [14].

In 5G base station (BS) TXs, a power amplifier (PA) is con-
sidered the most critical component because of its dynamic
characteristics across the multi-connected front-end modules
(FEMs). The PA attributes are often signified with insuf-
ficient power added efficiency (PAE) corresponding to the
high PAPR signals [13], [14], [15], [16], [17]. Moreover,
the substantial back-off in wideband CA hampers the PA
performance, causing higher power consumption and, thus,
inefficiency. Consequently, heat dissipation induces inherent
nonlinear effects on PA characteristics [18]. To avoid such
constraints, predistortion (PD) in its digital (DPD) variant
is considered as the essential component of the amplifica-
tion chain [17], [19], [20], [21]. For the linearization of 4G
long-term evolution (LTE) waveforms, a standalone PA accom-
panied by a DPD solution is noticeably operate near the
saturation region while romping at the PAPR and adjacent
channel leakage/power ratio (ACLR/ACPR) levels of >8-dB
and >—45 dBc, respectively [22], [23], [24], [25]. Such an
appetite for LTE traffic was achievable mainly because of the
two reasons: 1) a limited number of antenna phased arrays
at macro-cells BS (MBS) transceiver (TRX) and thus 2) the
implementation feasibility of a dedicated digital baseband unit
for each antenna element [26]. Also, the traditional PAs were
anticipated to operate in the weakly nonlinear region where
dedicated DPDs in limited RF chains were comfortably able
to meet PAE and ACLR criteria [20]. However, this methodol-
ogy is unideal for 5G massive MIMO (mMIMO) densification
of small-cell BSs (SBSs) because each antenna is preceded by
a low-power compact PA, which operates highly nonlinearly.
For this reason, the PAE and ACLR limits of the MMW 5G-
NR (frequency range 2 (FR2)) spectrum are reasonably relaxed
compared to the sub-6 GHz (FR1) MIMO systems [27].

On the other side, the 5G-CA schemes have imposed major
limitations on DPD wideband running capabilities, especially
in targeting nonlinearities of the gigabit broadband spectrum.
In this way, it is important to determine an appropriate rate of
sampling bandwidth in the presence of memory effects (MEs)
to meet the target performance of intra-band (within carrier),
and inter-band (outside carrier) signal modulations [28], [29].
It is also worth highlighting that the worst-case scenario of
ambient MEs occurs in the wideband systems, where the
inter-band distortion coincides with DPD modulated intra-
band signal [15], [30]. Therefore, another variant of the PD
scheme, known as analog predistortion (APD), with its wide-
band operating capability, can target the out-of-band (OOB)
distortions more effectively than DPD [31]. Besides, APD can
provide a high degree of freedom in its cost-effective ana-
log techniques, comes in different typologies [32], [33], [34],
[35], [36], [37]. As a result, it is formidable in ultra-dense
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5G BS-FEMs to employ a compact APD before each PA,
significantly relaxing the digital hardware complexities and
safeguarding the OOB spectral regrowth. Such FEMs enable
the joint coordination or processing in a smart hybrid TX
where the memory-based DPD can strengthen the in-band
(IB) communication. Simultaneously, the memory-less ana-
log circuitry can maintain the array uniformity and minimize
the PA-induced OOB emissions. Hence, a promising tech-
nique that emerged from the hybridization of DPD and APD,
called hybrid predistortion (HPD), is anticipated to be highly
productive for the distinguished modulation schemes of 5G
networks.

A. Challenges of Designing MMW-PD Systems and
Motivation

There are various challenges to be addressed for the PD
mechanism of MMW systems. First, it is very challenging
to quickly find the optimal analog and digital PD matrices
in a real-time manner, e.g., sufficient feedback knowledge to
measure the radiated PA-induced emissions from the analog
signal division across an arbitrary number of RF chains. In this
pursuit, the main difficulties include: i) digital and analog pre-
coders to drive parallel connected RF branches at the TX, as
well as different feedback options (see [38] for the overview of
feedback configurations) at the RX end, all together, emulate to
bypass the practical non-convex TRX constraints for providing
sufficient feedback knowledge to extract nonlinear parame-
ters, ii) usually the analog precoders are established with the
network of phase shifters (PSs) and variable gain amplifiers
(VGAs), which often imposes additional constraints on the
elements of preceding digital baseband due to the limited
phase rotations or amplitude tapering [39], iii) when using a
truncated DPD (Volterra/ML-adopted) models aiming to avoid
highly non-linear orders (i.e., keeping the number of basis
functions as small as possible), the best optimal hyperparam-
eters lies in finite sets of optimization algorithms [40], which
often leads to the concomitant trade-off among modeling gen-
erality and run-time complexity [41], iv) the difficulty in
acquiring PA output signal with undersampling techniques at
the transceiver RX (ADC) side, because one-to-one reduction
of ADC acquisition bandwidth and sampling rate to below
that of the input signal (leads to signal aliasing) could also
make DPD channel estimation in both downconversion and
upconversion more complicated [31].

As such, given the importance of predistortion method-
ologies in MMW-mMIMO wireless communications, the
proposed solutions for the integration of PD techniques
into practical 5G and beyond cellular BS architectures,
and the existing approaches and challenges, we garner an
extensive survey of PD modeling for both standalone and
MIMO transceiver systems under different operating scenar-
ios, and cover their underlying performance-complexity profile
from various perspectives across the baseband processing
to the corresponding behavioral modeling and feasibilities
among the candidate communications schemes for contem-
porary and future networks; to provide a valuable guide
to the readers working on the related RF & microwave



HAIDER et al.: PREDISTORTION-BASED LINEARIZATION FOR 5G AND BEYOND MMW TRANSCEIVER SYSTEMS

TABLE I

A COMPARISON OF CONTRIBUTION BETWEEN RELEVANT SURVEYS AND OUR SURVEY
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Paper, Year

Brief Summary of Contributions

=

[15], 2014

e A comprehensive study on various PA-centric EE technologies at the device, signal, and net-
work level to minimize linearity-efficiency tradeoff concerning 3G and 4G green communications
e The linearization and PAPR-reduction techniques are partially discussed in terms of the
performance-complexity profile, including their advantages and limitations

@®

[42], 2021

e Comparison of three common linearization methods, i.e., feedforward, feedback, and predis-
tortion

e Conformity of distortion learning methods in traditional communications to 5G networks is
discussed

[43], 2021

e An algorithmic analysis of 5G OTA-based DPD linearization methods is presented in five
different real-time scenarios selected from the existing literature

®

[45], 2019

e Discussions of research challenges and trends on nonlinear equalization and interferer
mitigation techniques concerning 5G MIMO/digital array sensitivity to the spatial/spectral
interference

e Several open research challenges associated with high DR signals of MIMO systems are
reviewed from an evolutionary perspective

N

[76], 2017

e Comprehensive state-of-the-art discussion on system-level design approaches of DPD archi-
tecture
e The design choices of DPD subsystems in linearized TXs are elucidated in a general framework

This work

e The requirements for 5G channel modeling in PD linearization are reviewed

e We also present the most important PD system model preferences and approaches from different
perspectives of 5G channel modeling, which include an underlying roadmap of PD signal and
waveform processing across baseband, digital, and RF sub-components while highlighting current
research focuses with major limitations and solutions across these areas

e We classified the PD architectures into three paradigms and highlighted their implementation
feasibilities in several configurations

o We explained in detail the recent design strategies of PD-based linearization in four different
case studies and the linearity related difficulties encountered in further transmission and
application scenarios of sub-6 GHz/MMW communications with possible solutions in this regard

A: Signal Processing B: Baseband Waveform Design C: PD Technical Classifications D: BS Initiated Communication E: Application Scenarios

v— Given topic is covered. X— Given topic is not covered.

Notions: ®— Partial and/or scattered discussion (i.e., there was at least one dedicated section/subsection discussing a given topic).

domain to benefit greatly from a wider range of possible
solutions.

B. Contributions and Organization of the Paper

This paper aims to present a comprehensive, up-to-date
review of the power amplifier predistortion schemes in the
system, architecture, and different communications technolo-
gies, emphasizing the millimeter-wave technology of modern
telecommunication systems. Since the main focus of this sur-
vey comprises the discussion on recent research findings of
predistortion-based PA linearization dedicated solely to the
5G and beyond modules; and therefore, the survey does not
include the basics of linearization methods, as there exists an
ample review of these fundamentals in the open literature.
For example, the readers are encouraged to go through the
following surveys that cover the basics of various lineariza-
tion methods focused more on the 5G networks [42], [43].
Nevertheless, this work does include a brief overview that
encompasses fundamental insights and in-depth discussions
on well-established PD techniques and design approaches,
complexities, and potential future directions which can be har-
nessed to improve the PD processing across the emerging
telecommunication standards; so that the readers appreciate
the distinguishing features of traditional and current PD-
based linearization solutions. A comparison of contributions
between our survey and relevant works is summarized in
Table 1.

The rest of the paper is organized as follows: In Section II,
we present the background on three main modes of PD
schemes, i.e., digital, analog, and hybrid-based linearization
solutions from recent survey papers. Section III lists the
various system model perspectives of PD signal processing
through different stages of a transceiver. Section IV is about
the recent developments of three PD techniques. Section V
discusses the case studies involving four enabling communi-
cations schemes to illustrate the PD characterization in several
applications. The emerging research trends of the PD topic
are covered in Section VI, followed by the conclusions in
Section VIIL. In addition, the structure of this paper is shown
in Fig. 1 at a glance. Also, the list of important acronyms
commonly appeared throughout the article is given in Table II.

II. BACKGROUND: FROM AN EYE OF RECENT SURVEYS

The objective of this section is to familiarize the reader
with the fundamental background, state-of-the-art propos-
als, approaches, and application scenarios of the three PD
paradigms when developing MIMO technology for 5G BS
modules. The summary of general and relevant surveys [15],
[44], [45], [46], [47], [48] and magazine articles [19], [49],
[50], [51], [52] pertaining directly or indirectly to the PD
linearization schemes or technology can be found in Table I
and III, respectively.

An exhaustive survey has been presented in [15] to inves-
tigate distortion-free PA architectures’ system requirements
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Fig. 1. The overall organization of this paper.

in conventional 3G/4G communications. This survey carries
an extensive research study to validate the energy efficiency
(EE) and SE trade-off. The paper also discusses the fundamen-
tal limitations of non-linearity modeling in practical domains,
i.e., PA architecture, signals behavior, and network protocols.
All these limitations of the traditional systems have motivated
researchers to introduce distinct channel modeling techniques
which have been applied to the modern multi-connected
sub-arrays (SAs) utilizing adaptive, conductive, and over-the-
air (OTA) ACLR testing [43], [53], [54], [55], [56], [57],
which are the enabling features of MIMO linearization in 5G
TRXSs.

Cao et al. [41] overviews the interferer mitigation tech-
niques for 5G digital array technologies. These techniques aim
to investigate the effective solutions for MIMO arrays with
high dynamic range (DR) signals, asynchronous waveform
aggregation, and nonlinear equalization for OOB interference.
They further illustrate the pros and cons of adaptive nonlinear
predistortion (or pre-equalization) solutions to eliminate spec-
tral contamination in cost-effective 5G systems, based on the
fact that 5G communications are occupied with multi-carrier
OFDM transmissions. For this reason, researchers resort to
low complexity 5G PD schemes to engulf the major mile-
stone of dispensing high linearity, especially at large back-off
points [58], [59], [60]. Gilabert et al. [19] spunk to answer the
challenges involved in multi-dimensional DPD with concurrent
MMW multi-standard 5G communication signals. The authors
favored the envelope tracking and outphasing PA components
to amplify concurrent 5G sub-6 GHz (FR1) band signals.
Fager et al. [61] analyze the hindrances of 5G TX characteris-
tics based on PA and antenna codesigns’ mutual differences in
active MIMO arrays. Since the impedance mismatching of the
two components is the main source of crosstalk and mutual
distortions. Through simulations, the authors demonstrated a
behavioral framework of different MIMO transmitting test

boards to investigate the impact of dynamic load impedance
on linearity, efficiency, and output power.

In ultra-dense heterogeneous elements of 5G MIMO
arrays, the PD paradigms seek the possible technical bene-
fits of the forthcoming fully hybrid linearization solutions.
Hong et al. [46] studies the system characterizations’ fea-
sibility for 5G and 6G MMW networks. The paper starts
with the characterization of 5G BS modules which involve
active arrays, integrated circuits (ICs), user terminals mobil-
ity, system calibrations, and spectral models. Furthermore,
the authors present an extensive comparison among the ever-
emerging 5G beamforming techniques such as digital, analog,
and hybrid structures. Here, the authors articulated the impor-
tance of choosing the right PD method to maintain sufficient
hardware flexibility and performance trade-off for the dis-
tributed SAs of 5G networks. After that, the practicality of
symmetrical and asymmetrical beamformer (BF) chipsets in
fully digital and hybrid distortion learning environments asso-
ciated with 5G and 6G wireless evolutions are elucidated.
In addition, the authors claim that it is logical to yield full-
digital linearization in mMIMO asymmetrical nonreciprocal
arrays for high-performance capacity, hardware compatibility,
and broad-ranging signals coverage with sufficiently reduced
circuit volume and operational cost [62]. The thematic issue
from Chung and Boss [63] focuses on the recent surveys
toward 5G DPD and digital post-correction techniques. The
issue describes the execution of these techniques in wireless,
wired, and optical communication systems to meet lineariza-
tion challenges. Moreover, the authors review recent feature
articles to illustrate the feasibility of linearization solutions
in diverse digital signal processing (DSP) units of the three
communication mediums.

From the surveys [15], [17], [19], [45], [46], [63], it is
clear that 5G and beyond 5G (B5G) networks are expected
to comprise sophisticated elements where closely packed IC
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TABLE I

SUMMARY OF IMPORTANT ACRONYMS USED IN THIS PAPER
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Abbreviation| Definition Abbreviation| Definition Abbreviation| Definition

ABF Analog beamformer HM Hammerstein model SA Sub-array

ACLR Adjacent channel leakage ratio HPD Hybrid predistortion SBS Small-cell base station
ACPR Adjacent channel power ratio 1B In-band SDN Signal-dependent noise
ADC Analog-to-digital converter IBI Inter-beam interference SE Spectral efficiency
ADPD Adaptive digital predistortion 1C Integrated circuit SIC Successive interference
AM Amplitude modulation IDLA In-direct learning architecture cancellation

ANN Artificial neural network IF Intermediate frequency SISO Single-input-single-
APD Analog predistortion IMD Intermodulation distortion output

AWM Augmented wiener model ToT Internet of Things SLL Sidelobes level

B5G Beyond 5G ISI Intersymbol Interference SMP Sparse memory polyno-
BA Bussgang approximation LMN Load modulation network mial

BackComm | Backscatter communications LNA Low noise amplifier TDD Time-division duplex
BF Beamformer LMS Least-mean square THz Terahertz

BS Base station LO Local oscillator TRX Transceiver

CA Carrier Aggregation LOS Line-of-sight X Transmitter

CLC Closed loop configuration LS Least-square ULA Uniform linear array
CNN Convolutional neural network LTE Long-term evolution VGA Variable gain amplifier
cNOMA Code domain NOMA LTI Linear time-invariant VoS Volterra series

CSI Channel state information LUT Look-up table VSA Vector signal analyzer
CST Current steering topology MBS Macro base station VSG Vector signal generator
DA Digital array ME Memory effect WM Wiener Model

DAC Digital-to-analog converter MIMO Multiple-input-multiple-output 3G Third-generation

DBF Digital beamformer ML Machine learning 3GPP 3rd generation partner-
DLA Direct learning architecture MMW Millimeter-wave ship project

DMB Dense urban mobile broadband MP Memory polynomial 4G Fourth-generation
DNN Deep neural network MU Multi-user 5G Fifth-generation
DOMP Doubly orthogonal matching pursuit NMSE Normalized mean square error 6G Sixth-generation

DPD Digital predistortion NOMA Non-orthogonal multiple access

DR Dynamic Range NR New radio

DSP Digital Signal Processing OFDM Orthogonal-frequency-division-multiplexing

DUT Device under test OLC Open loop configuration

EE Energy efficiency OOB Out-of-band

EIRP Effective isotropic radiated power OTA Over-the-air

EVM Error vector magnitude PA Power amplifier

FC Fully-connected PAE Power added efficiency

FDD Frequency-division duplex PAPR Peak-to-average-power ratio

FEM Front-end module PD Predistortion

FH Full-hybrid pNOMA Power domain NOMA

FLOP Floating-point operation PS Phase shifter

FPGA Field programmable gate array PVT Power, voltage, and temperature

FR Frequency range PW Piecewise

GMI Generalized mutual information QAM Quadratic amplitude modulation

GMP Generalized memory polynomial RF Radio frequency

GPU Graphics processing unit RoF Radio over fiber

HB Hybrid beamforming RVTDNN Real-valued time delay neural network

HL Hidden layer RX Receiver

chips in sporadic connectivity ultimately need uniformity
with cost-effective yet smart PD solutions. The subsequent
sections present the surveys on digital, analog, and hybrid PD-
based linearization solutions from some of the seldom works

available in the 5G MIMO relevant systems literature.

A. Digital and Analog Linearization Solutions

The next-generation MMW solutions will enable high-speed
connectivity for users with a long-awaited extended footprint.

The network operators first have to conjure linearization defi-
ciencies without compromising power efficiency to make it
happen. The interrelated DPD challenges that should be con-
sidered while initiating massive deployment of MIMO arrays

include oversampling in wide bandwidths, fast speed data
converters to extract wideband nonlinear coefficients, com-
putational complexity, large circuit volume, implementation
cost, and high power consumption. Abdelaziz et al. [51] delve

deeper insights to analyze the less complex DPD structure for
spectrally agile non-contiguous CA. The use cases of DPD
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TABLE III

GENERAL SURVEY PAPERS ON THE LINEARIZATION OF 5G TRANSCEIVERS

Brief Description of Main Topics Covered

There is an extensive spotlight on the usability of multi-dimensional DPDs
from standalone high-power efficient PAs and MIMO systems. Measurements are
performed to compensate for the linear and nonlinear effects from the multi-band
transmission of envelope-tracking and outphasing PAs.

Different aspects of agile RF beamforming approaches are discussed. They are
validated through simulations for RF chain-free, analog, and hybrid BFs. Two ways
are defined to assign PS range resolutions, i.e., through infinitely fast and with
finite-speed analog/digital PSs. Under different PS switching-time, the performance
metrics include power efficiency, ACLR, EVM, and bit-error-rate.

A review of the MMW technologies of 5G communications includes the recent
developments in 5G-BS infrastructure, i.e., active antenna arrays, beamforming ICs,
antenna for BS and user equipment, system calibration, and channel characteriza-
tion. Such a study is of great significance for developing future 6G communications.

Study the recent HB activities by examining the performance matrices of existing
5G networks in terms of CSI availability, frequency bandwidth, RF mixed-signal
circuits, and analog/digital BFs. Furthermore, instructions containing requirements
and important features regarding HB are provided for B5G networks.

A summary of the current status of potential MMW-PAs for phased array MIMOs
and their design and technical challenges with large DR signals is presented. It
also reviewed various LM-PA structures in the MMW regime with high linearity
and nominal back-off. Prospects are also discussed in MMW-PAs for 5G and B5G
networks with high DR signals.

A review is presented for channel modeling in HB on N number of TRXs by M
number of antennas per TRX considered in a MU scenario. Also, the EE and SE
analysis is made by considering their relationship at green-point to examine the
impact of N for the trade-off between consumed energy and achieved SE.

A comprehensive survey is presented about the HB structures for seamless MU
connectivity in mMIMO systems. Further, a beamforming analysis examines the
amount of CSI acquisition in analog combiner/precoder part, complexity levels at
baseband and circuit levels, and signals processing range at centimeter-wave and
MMW frequencies.

Technical challenges are examined in the non-contiguous CA transmissions of
PA-induced spurious emissions. Moreover, quantitatively analyzed recent activities
and development techniques of DPD models for sub-band and full-band spurious
suppression of dual-band carrier signals.

Paper Year Survey Platform

[19] 2019 CA in 5G NR bands

[44] 2021 5G-NR FR1 and FR2 MIMO modules

[46] 2021 Flexible BFs for 5G/6G TRX modules

[47] 2020 5G and B5G wireless networks

[48] 2021 5G and B5G wireless systems

[49] 2015 Multi-user channel capacity of MMW
hybrid BFs for 5G systems

[50] 2017

[51] 2016 Nonlinearities on non-contiguous CA
waveforms in LTE-A mobile terminals

[52] 2019 MMW array architectures for SG-NR
usecases

Three array architectures, i.e., digital-only, partially-connected, and fully-connected
hybrid SAs are compared. The existing solutions of these structures have been
analyzed and optimized via the modeling of required transmission power. Several
open problems and directions in complexity-multiplexing gain contradictions that
have not been discovered so far have also been identified.

processing in the sub-band and full-band spurious emissions of
the sub-6 GHz LTE-A band have been outlined. The full-band
DPD complements to be more competent in 5G contiguous
NR waveforms. However, the cost consuming barriers linked
with this method unveils some open research issues, such as
the oversampling in the broadband transmission of MMW sig-
nals. In this context, [64] have studied the impact of sampling
frequency on single-band and multi-band DPD structures.
Moreover, the authors portrayed a major source that hinders
DPD effectivity at large-scale integration, such as a trade-off in
DPD modeling impairments and performance accuracy in the
sampling rates of single/multi-band DPD settings. The authors
propose pruning the multi-band DPD model with less com-
plexity and comparable performance than single-band DPD
processing.

Many potential benefits of mMIMO terminals include high
capacity, high data rates, low-cost RF subsystems, etc. It also
promotes some constraints related to hardware integration,
where finding the optimal number of antenna elements holds
paramount importance. This factor is even more important
in multi-user (MU) transmission, which is often entertained
via cost-consuming full-DPD equipment [65]. In this regard,

Yan et al. [52] has provided a detailed statistical overview
of the full digital array (DA), hybrid SA, and full-hybrid
(FH) connected arrays for optimized 5G baseband precoding.
More specifically, the simulations for three 5G use cases
such as dense urban mobile broadband (DMB), 50+Mb/s
everywhere, and self backhauling are performed to find an
optimal number of data streams and analog precoding chains
for fulfilling an output power and SE requirements for MU
transmissions. For DMB, by increasing the data streams, it
is observed that DA and FH take the lead over SA in less-
ening SNR requirements while obtaining a high signal gain,
which in the SA case is achievable at 2 dBm of high transmis-
sion power level. However, because of the common precoding
schemes of FH and SA, their performance is equivalent at
a 1 dBm higher power level than DA in self backhauling.
As a result, the effectiveness of DA is evident from the
authors’ analysis for adequate performance with reduced RF
(or APD) elements or transmission power required. Further,
the authors’ analysis has shown a negligible impact on SE
performance, irrespective of the number of PSs quantization
bits. Nevertheless, many bits in the agile radio connectivity
induce rapid updating of beamforming amplitude weights in
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different phase-shifting states. This ratio motivates the need
for a low-cost field-programmable gate array (FPGA) to mon-
itor the phase-shifting error into the graphically based look-up
table (LUT) [66], [67]. Payami et al. [44] presents a novel
framework of agile RF analog BFs. The authors have elab-
orated on the theoretical and practical aspects of PS speed
and resolution in multi-agile RF communication. Their unique
analysis includes the infinite and finite phase shifts at the profit
of the RF-chains free array system. Such credibility motivates
us to explore the use of agile RF-PD techniques in large-array
TXs over digital-only BFs.

In addition to the above, array uniformity is another impor-
tant parameter to characterize the mutual crosstalk and phase
differences for the prosperity of multi-dimensional transmis-
sion [57], [68]. For this reason, the compact APD circuits
lead the low-power PAs of MIMO arrays to tune the PSs
for uniform OTA signals so that the overall burden of
feedback acquisition on the DSP unit can be compensated.
Reference [21] categorizes a classic time frame of PD struc-
tures. Subsequently, the authors stretch the applicability of RF
analog feedforward linearization in landline telephone systems
to the digital feedback linearization of RF PAs. Finally, the
document lays out the remaining challenges of PA and PD
architectures that must be combated to pave the way for distin-
guished 5G modulation schemes [69]. These investigations are
beneficial for the ongoing research on MMW PAs for phased
array MIMOs. Hence, the researchers across the globe have
responded well to tackle these directions in recent years to
drive the PAs at significant back-off levels courtesy of the
DPD has become a new normal [70], [71], [72].

Another developing linearization trend for B5G cellular
BSs is to operate the PAs with wide DR signals. For this
purpose, Wang et al. [48] presents the latest review, which
analyzes a typical impact of MMW PAs on residual TX
subsystems with an eye on large DR modulation signals.
Moreover, the paper addresses the variants of load modulation
networks (LMN) in semiconductor technologies and their pro-
ficiency in supporting MMW modulation bandwidths. Besides,
the research trade-offs of power gain and linearity in vari-
ous semiconductor materials are addressed along with vital
load modulated MMW PA structures which eliminates the
option of external PD while facilitating the complex linear-
ity requirements in mMIMO channel measurements. Hence,
it gives the fundamental understanding and importance of
weak mutual coupling and mismatch in array-based digital
and analog sub-components.

B. Hybrid Linearization Solution

The incessant hardware constraints associated with com-
mon distortion learning methods have lifted the research focus
on hybrid linearization. Since the HPD preference is recently
raised in the equipment of dozens of active arrays, which is
the reason for rare overviews in the evolving domain. That is
why we will review the surveys devoted to hybrid beamform-
ing (HB), as its EE and SE specifications are interrelated with
PD procedures. Hence, we extract the relevant insights of HB
to correlate with the signal PD in 5G NR systems. The study
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by Han et al. [49] demonstrates the embryonic state of HB
structures for large-scale antenna systems. The authors scru-
tinize analog BF (ABF) and digital BF (DBF) separately to
learn HB optimality. Therefore, ABF is used to generate the
optimized reference beam signal from the number of optimal
SAs (denoted by M) and N numbers of RF TRXs. Here,
the purpose is to get a reference signal’s adequate channel
state information (CSI). Based on CSI, the digital precoding
is applied to dilute the unwanted spatial components from the
combined array response of ABF. Due to this, the authors can
find the optimal quantity of hybrid TRXs for the persistent
EE and SE graph. However, the behavior of CSI in dynamic
DSP units at different 5G NR bands (sub-6 GHz/MMW) is
still unclear; for example, the study by Molisch et al. [50]
present an extensive survey on the required HB-based CSI lev-
els for different MMW standards. Despite finding the optimal
number of analog/digital precoders for different CSI levels,
the authors still look for a hybrid structure to balance the
system overhead and performance trade-off. In this context,
Rihan et al. [47] visualize an up-to-date HB methods for 5G
and B5G networks. The authors contemplate multiple factors
such as the CSI inherence, frequency spectrums, system com-
plexity, analog, digital precoder designs, user existence, and
the number of RF chains. It is learned that the potential util-
ity of analog precoders is to bring uniformity to the nonlinear
RF chains and, thus, steer the phase-shifted beam with high
gain. The array uniformity also enhances the DPD compatibil-
ity to capture adequate (instantaneous) CSI, which as a result,
unstrain the hardware integration constraints.

C. Summary and Lessons Learned

The overviews mentioned above talk about the practicality
of PD solutions in 5G BS networks for different spectrum
scenarios such as standalone carrier frequency or CA and the
design challenges of integrated PA circuits in large DR mod-
ulations. Moreover, the potential assemblies of MMW PAs
in different substrate materials and the replacements of PD
circuits for various load-modulated PAs are discussed.

The joint optimization of analog and digital signal lineariz-
ers is ultimately needed. Also, the potential hybrid structures
should linearize the BF signals with nominal baseband com-
plexities. From an analog precoder (or APD) perspective, the
best possible uniformity of the subsequent arrays is expected
to meet the high beamforming gain requirements. Also, the
array uniformity should compensate for the dynamic impair-
ments of the multi-connected active arrays. After that, the
common/dedicated-DPD(s) is/are responsible for mitigating
the spectral pollution of the transmitted signals. Also, the CSI
screening in the MU mMIMO scenario becomes far-reaching,
burdening the DSP unit. Lastly, it is important to truncate the
optimal quantity of hybrid arrays to get the appropriate EE
and SE conclusion.

III. PREDISTORTION LINEARIZATION: A GENERAL
ROADMAP OF TRANSCEIVER SIGNAL PROCESSING

Predistortion is essentially a distortion mitigation procedure,
which typically suppresses the residual interference across the
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Fig. 2. A generic exploratory framework of PD waveform processing and coefficient modeling across baseband, transmission, and observation path.

entire PA unit to eliminate nonlinear characteristics for better
output performance. Since the invention of wireless commu-
nication, the linearity of transmitting signals hold paramount
importance [73], [74]. In this pursuit, over the past couple of
decades, DPD has been the center of focus to perceive effi-
cient spectral signaling [21], [75], [76]. However, with the
ambitious goal of keeping spectral consistency in modern,
closely located MIMO-TRXSs, it is very important to intro-
duce practical, suitable (real-time) DPD prototypes that could
support continuous data transmission and have simultaneous
beam-steering [55]. These factors have resulted in many DPD-
related studies, research, etc., thus enabling new technologies
to quickly enter the 5G market. For this reason, the ran-
dom search for DPD in IEEE digital library gives over 3000
publications compared to over 500 issues of its analog coun-
terpart (as of early 2022), suggesting the usefulness of DPD
in transceiving equipment.

Interestingly, the nonlinearity modeling is also evolved with
every mobile generation, based on the necessary distortion
(ACPR) levels assisted by the governing authorities [77]. From
the linearization of standalone TX elements to the mMIMO
TRX compounds [49] about maintaining the uniform phase
setting of the desired beam through analog circuitry [44], [78],
[79] or squeezing the IB nonlinear distortion via DPD assem-
bly [80], [81] intimates the successful deployments of PD
schemes from recent times.

In principle, the PD signal processing across the MIMO
arrays revolve around multi-connected RF chains with asso-
ciated digital engines, which comprises highly sophisticated
backstage procedures; starting from the software-defined basis
function of DPD polynomial algorithms in computer-aided
design tools (MATLAB, for instance) of baseband system
to the high-speed data converters further leads VGAs, PSs,
amplifiers, etc., as illustrated in Fig. 2. Each of the mentioned
system models has its characteristics, challenges, and adopted
set of applications, as is discussed in the subsequent sections.
Therefore, we classify the general road map of a PD signal

Predistortion
Signal Processing

/ Waveform Processing at
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[128], [129]
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/ Baseband Waveform \
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[67], [75], [82]-[89]
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Fig. 3. The existing work on PD signal and waveform processing across the
TRX can be classified into baseband, digital, and analog sub-components.

generation and system processing across the TRX system mod-
els in the following sections. In addition, Fig. 3 shows the
classification of existing works studying various aspects of
different system models.

A. Baseband Waveform Processing

The backbone element of the TRX module, known as
baseband, is responsible for configuring the high data rate
information from the collective beams of a FEM. The
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baseband processing complexity increases accordingly with
the spectrum resources; for example, an operating signal of
2.5-Gbaud/s with 500-MHz bandwidth signal in 384-elements
mMIMO TRX can easily compass the baseband data rates
to 10-Gbaud/s in 16 QAM signal [82] (which can be even
higher as the constellation modulation grows). In other words,
the baseband sampling frequency with the data rates of typ-
ically 5x or 7x higher than the input Nyquist modulation
bandwidth is needed to predistort the IB and OOB distortions.
However, high data rates increase the computational com-
plexities of baseband processing and exceed the prerequisite
bandwidth conditions of the existing digital hardware, irre-
spective of the single-carrier or multi-carrier communication
adopted [83].

The adaptive DSP algorithm in the baseband module can
either be compiled through the open-loop configuration (OLC)
or closed-loop configuration (CLC), where the OLC further
categorizes direct learning architecture (DLA) or in-direct
learning architecture (IDLA), see [53] for the overview of
these configurations. Meanwhile, it is important to realize
the adaption of DPD configuration from multiple dimen-
sions, especially in the presence of MEs, which includes the
convergence of algorithm with different levels of iteration,
associated trade-offs between error-rate and computational
complexity with the exploitation of microwave and MMW
frequency bands. However, it has been shown for complex
MMW systems, the CLC with inherent nonlinear deviations
can balance the performance-complexity trade-offs more effec-
tively with the selection of quantized pruned algorithms [39],
[55], [84].

In essence, analytical basis functions in software-based
algorithms are defined for these architectures to carry out the
back-and-forth operation of nonlinear coefficient filtering. A
set of polynomial orders (depends on the carrier bandwidth)
called memory depth (M) are assembled over several itera-
tions to predict the impendent nonlinearity at PA output [67].
After that, the delayed version of the initial iteration signal
with cross polynomial behavioral data streams of baseband
are passed on to the DPD observation engine, where high-
speed clock rates diminish the captured IMD of the PA output,
as illustrated in Fig. 2. Table IV provides the formulations
of baseband coefficient approximations of different nonlin-
ear polynomial models. In this pursuit, frequently applied PA
behavioral models of Volterra series (VoS) and machine learn-
ing (ML) are stimulated in a baseband programming, where
the former contains a complete set of polynomial adoption to
ascertain static and dynamic nonlinearities of the input sig-
nal. At the same time, the latter accommodates the universal
adaption of real-time envelope signals [75], [85]. However,
in this case, the VoS is considered as a complete polyno-
mial model to account for the distortion information of IB
and OOB spectrum, measured as normalized mean square
error (NMSE) and ACLR/ACPR, respectively. But it comes
at the cost of very high computational inefficiency, which
increases severely at the MIMO level due to the density of an
overdetermined coefficient matrix (a) for each input (X) and
output (y) polynomial function [86], [87], where output signal
Yout(n) of equation (1) can be expressed in a vector (matrix)
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The modeling systems extract pruning methods from VoS
to interpolate basis functions in a block-oriented structures to
avoid large coefficient assessment; see [88], [89], [90] for the
overviews, which can be classified in different variants as are
discussed in the succinct sections.

1) Volterra Series Based Pruning Models:

a) Linear memory-based models: The Wiener model
(WM) is the special pruning approach of VoS, which is the
block-structured combination of linear time-invariant (LTI) fil-
ter and LUT-based memory-less polynomial function as shown
in [91] and redrawn in Fig. 4(a). Meanwhile, in some places,
WM is also referred to as a linear-nonlinear model [40]. In
WM, each fraction of an input signal surpasses the cascaded
linear (LTI) and nonlinear (LUT) blocks for the identifica-
tion and modeling of the static and dynamic distortions of
the device under test (DUT). Because of the large coefficients
involved, the joint correlation of the nonlinear and linear
orders does not necessarily display the coherent convergence
of discrete input samples of WM, as given in equation (2) of
Table IV. The solution to this is an extension of the exist-
ing WM depicted in Fig. 4(b), which incorporate the parallel
LTI filter of an opposite magnitude known as augmented WM
(AWM) (as can be seen in the coefficient equation (3) |a[m]]
of Table IV), which as a result construct a weakly nonlinear
system with better accuracy of dynamic MEs display at the
output.

In contrast, the Hammerstein model (HM) has a reverse
block setting to the WM, as illustrated in Fig. 4(c). This
model has a better reputation than WM for having a linearity
block after the nonlinear basis function of LUT [40], [91]. In
other words, a minor replacement of HM polynomial blocks
can give a discrete linear output based on the priori nonlin-
ear information of the LUT, of what was achievable with the
augmented approach of WM, as given by the equation (4)
of Table IV. Meanwhile, from (5), another pruning edition of
VoS is in the form of the Wiener-Hammerstein (W-H) or H-W
model, which is the serial collaboration of each other where
three-block orientation is equipped to conjunct an LTI system
which precedes the nonlinear LUT followed by another LTI
filter, and vice versa, as shown in Fig. 4(d). This topology
enables the simple gradient-based learning algorithm to cover
several iterations according to the nonlinearities identification
of different systems such as filters, microwave mixers, and



2038 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 24, NO. 4, FOURTH QUARTER 2022

TABLE IV
IMPLICIT EXPRESSIONS OF DIFFERENT POLYNOMIAL ALGORITHMS FOR PA BEHAVIORAL MODELING

Model
Volterra Series [86]

Equation

Yout(n) Z( Z Z ap(ml mp) H xzn(n m?) (1)
n=1 m1=0 mp=0
Wiener model [90],
[91] XW]u(n) Zm 0 0m- L'I’L(n m)
Ywam(n) = Gw [ Xwar (n)[]- Xw o (n) wGwum[|[Xwum ()] = Gur + jGwg @
_ (k—1)
S Ywam(n) = Ek:l ak [Zﬂm{ & am . Xwmip(n —m) Z%:ol am - Xwmip(n — m)‘ }
Augmented Wiener v
Model [91] Xawm(n) =310 am1-Xawm (n —ma) + Zmz —o @m2-Xawmin(n — ma) 3)
Yawn = Gwam | Xaw m (n)]]- Xaw ar(n)
Hammerstein
Model [90], [91] Xam(n) = GamlXam ()| Xan(n)
Yim(n) = XN _gam - Xpar(n —m) 4)
2V (n) = SN0 am (G (X ()] X s (n) — G (| X sras (m)|]- X gar (m)]
Wiener-
Hammerstein M K M M k=1
Model [40], [90], Ywa(m)= > ame » bi | Y amXwan—mi—m2)—| Y ami Xwag(n—mi —ma) 5)
[93] mo=0 k=1 m1=0 m1=0
Basic Memory v K
Polynomial  [90], _
[96] Yarp(n) = D > ame-a(n — m)z(n —m)[F (©6)
m=0k=1
Generalized
Memory M Kg
Polynomial  [39], _ S _ _ k—1
(93], [96] Yaamp(n) = 7;0]; ami-Xaup(n —m)|z(n —m)|
M, Ky
+ Z Zzbnﬂm XG]WP(nfm)‘x(nfmfi)‘k_l (@]
m=0k=21i=1
Mg Ko J
+ 300D bk Xaup(n —m)lz(n —m+ 5)[F
m=0k=3j=1
Neural  Network N
Model [111]-[119] Ok(l) = Z] 1 wlktl + by ®)
ary = flormy)
SVM Model
[122]-[127]

r-/\ =
Bpnz = fpm(Aqn) qn,ia Aqn) + bpm

Zﬁpm

Re{z(n)}, Re{z(n — 1)}, Re{z(n — 2)}, ...,
Im{z(n)}, Im{z(n — 1)}, Im{z(n —2)},...,

)

Re{y"(n)} = fr { 10

Re{z(n)}, Re{z(n — 1)}, Re{z(n — 2)}, ...,

Im{z(n)}, Im{z(n — D)}, Im{z(n — 2)}, ..., an

Im{y™(n)} = f1 {

Notations: G /(| X (n)]] = G1[X(n)] + jGg[X (n)] represents the complex memoryless instantaneous gain obtained from the LUT while Y (n)
and X, (n) are the outputs and inputs to the system, and X s (n) is the output of the FIR filter of particular aforementioned models in (2)-(5).

PAs with full-duplex mode for large coefficients modeling of
real-time MIMO applications [40], [92], [93].

b) Memoryless: Likewise, those mentioned above, LUT-
based memory-less VoS models (as illustrated in Fig. 4(e)) are
exempted from complex coefficient analytics. However, their
memory-less nature forbids its implementation towards the
dynamical realistic MIMO PAs driven by a digital baseband
processing module. For this purpose, Dalbah et al. [94] have

taken the impact of MEs for dynamic nonlinear systems in
the bandwidth range of 100 MHz by deploying a typical
memory-less LUT with a hybrid LUT-based model referred
to as nested LUT sub-model. Since the MIMO beam scan-
ning constitutes an impulsive coefficient learning of high data
rates and beamforming algorithms, and as a result, the bot-
tlenecks of computational intensiveness hinder the iterative
runtime of dense memory depth orders [84], [95]. For this
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cause, additional pruning techniques for the correlated poly-
nomials of the nonlinear memory systems to confront 5G-NR
signal quality have been proposed.

¢) Nonlinear memory-based models: Becerra et al. [96]
have applied the different variants of the memory-polynomial
(MP) model to the commercially available PA designs.
Another subset of VoS kernels, the MP model, is prominent
for its high computational complexity in the cross-correlation
matrix of instantaneous complex signals. For this reason,
the cross-term effect is not usually endorsed for the basic
MP model, as given by the single basis equation (6) of
Table IV. In this regard, several algorithms from the family of
greedy pursuits techniques have been proposed to reduce the
cross-correlation complexity at high orders without losing the
nonlinearity prediction for the leading, and lagging terms of
IB carrier signal [97], [98]. A similar research group extended
their discussion for the sparse MP (SMP) model of VoS,
emphasizing the doubly orthogonal matching pursuit (DOMP),
which is a modification of the Gram-Schmidt orthogonaliza-
tion process [44], [81], [99]. The SMP formulation benefits
signal with high sampling rates or wideband modulations.
Moreover, it provides the freedom to model the discrete sam-
ples of past iterations and the cross-term MPs of the current
model. In this paradigm, the generalized MP (GMP) model

extends the limitations of the basic MP model by contemplat-
ing additional basis functions, including leading and lagging
cross-term MEs [45], [100], as shown in Fig. 4(f) and given in
equation (7) of Table I'V. Usually, the applicability of the GMP
model falls in between full-VoS and the basic MP model to
maintain a uniform fidelity between performance and compu-
tational complexity. Besides, the deficiency of large nonlinear
orders in non-singular matrix conditioning of MP is also well
addressed through GMP for multi-tone signals, such that in
the event of variable outputs from the multi-carrier signal of
the same waveform, one model will persistently converge the
training signals of various communication waveforms [101]. In
addition, for highly nonlinear systems with increased memory
depth, the GMP algorithm is partitioned (the so-called prun-
ing) into the wide range of input amplitudes for multi-carrier
CL-DPD functions [39], [64], [102]. Table V summarizes the
performances of different pruning models of VoS presented in
the recent literature.
e Complexity Discussion
— Although the VoS is considered one of the promising
ways of PA behavioral modeling due to its versatile series
of pruning algorithms and complex geometric channel
modeling, which represent realistic coefficient estima-
tion by adjusting an array of nonlinear PAs, however
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TABLE V

PERFORMANCE METRIC OF VOLTERRA-BASED BEHAVIORAL BASEBAND TEST MODELS

Paper Pruning DPD Nonlinear Memory ACPR & Mode & Signal Acquisition Remarks/Limitations
Model(s) Coeff.! Order (K) Depth (M) NMSE" Architecture
[39] Piecewise CL - 9 3 42 & (-) Single-user & Nrz=8 = Npgre= 8 e Similar PA behavior
Indoor sub-  via OTA feedback test-  with memory-less non-
connected hybrid  ing of 64-elements ULA  linearity is considered
MIMO array with 64 QAM signal  across the array
at 28 GHz sub-carrier
waveform
Piecewise IDLA - 9 3 36 & (-) e Impact of multipath
propagation in  far-
field communication
remains a challenge
[67] CRV™ 43 9 5 15 & 3.3 Single-user &  Four-stream CRV sig- e Multiple data
Multi-stream DPD  nal multiplexing with 64  streams increases the
engine QAM signal at 28 GHz FPGA timing and
resource constraints
[93] GMP 167 9t 2 13 & 12 Single-user & Sub-  Nrpga= 8 < Npy= 8 e An appropriate nor-
connected IB full-  via OTA feedback test-  malization is needed to
duplex MIMO ar-  ing of 64-elements ULA  account for high-order
ray with a 5G-NR OFDM  IMD
signal at 28 GHz sub-
carrier waveform
SPH* - 3 2 9& 10 e The proposed prun-
ing models can be ap-
plied at different steer-
ing angles to realize
multi-user TRX
SPWH** - 3 2 11 & 11
SPW** - 3 2 79 &93
MP [ 167 2 12 & 10.1
[96], CoSaMP/*** 52/25/52/17 3 6 50/46/53/53 Single-ended A 15 MHz LTE-OFDM, e Good reconstruction
[97], [99] & & Class-AB 20 MHz, and 30 MHz  performance and
38/37/40/40 and Class-]  5G-NR WCDMA sig-  accuracy due to the
commercial PA nals tested via conduc- selection operation of
tive (and coupler-based  needed regressors with
[99]) feedback method  a greedy algorithm
with multi-carrier wave-
form
SP/OMP/ 80/70/70/20 3 6 55/56/54/55
&
47/49/47/47
DOMP 25/65/70/20 3 6 56/56/55/56
&
47/49/47/47
[100] FIR cross-term MP - 5 3 384 & 19.8 Single-ended &  Two-tone signal with 24 e Offline processing
Class-AB  Short- KHz sub-spacing and costly commercial
Wave commercial equipment
PA
MP Only - 7 5 27 & 12.9 e No real-time adapt-
ability
GMP only - 5 5 309 & 15.3

Reduced number of DPD coefficients with greater ACLR/NMSE value depicts best models.
*Complexity reduced Volterra (CRV), T Cross-terms polynomial orders, 1Spline parallel Hammerstein (SPH), ** Spline parallel Wiener-Hammerstein (SPWH)
nSpline parallel Wiener (SPW), ***Compressive sampling matching pursuit (CoSaMP)/Subspace pursuit (SP)/Orthogonal matching pursuit (OMP)

this, powered by the high-quality linearization of time-
varying strongly nonlinear systems, is generally dom-
inated by large computational complexities which can
be broadly classified into three main categories—running
complexity, identification complexity, and adaption com-
plexity [103]. In the first category, the model param-
eterization is allowed to access the iterative procedure
until the optimal convergence. It becomes more chal-
lenging during recalculating the basis function matrix in
the case when a signal direction is modified in real-
world transmission [104]. While the second and third
operations are the most resource-intensive categories, the
model’s output signal calculations will be affected by
the number of model coefficients and training samples
in terms of FLOPs. To avoid such an intensive compu-
tation, it is advisable to divide the vector components of

the DPD input data symbols into a covariance matrix
that constitutes an efficient inverse matrix properties
[104], [105].

e Critical Analysis
— The majority of the representative works in sequential

W/H and memoryless equalization models have cap-
tured linear MEs, yielding stable learning convergence
while inherently obviating the suitability for real-time
systems with limited computational resources. However,
the recent advancements in such models, the move
towards developing the Wiener structure for online can-
cellation of TRX self-interference, and the flexible com-
bination of ANN with W/H models paved the way for the
recursive coefficient adaption in full-duplex strategy to be
an enabling linearization method for both contemporary
5G and future communications [106], [107].
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— As highlighted in previous sections, to enable the sta-
bility of computing algorithm relaying, some advanced
pruning algorithms should be adopted to reduce the basis
function orthogonalization to a tolerable level. To min-
imize prohibitively high computational complexity, it is
intuitive from a practical real-time applications point of
view to deploy a self-orthogonalized cooperative version
of the basis function as it has a powerful and smooth
MP convergence capabilities [108]. However, dedicated
self-orthogonalized learning can also be computation-
ally intensive for the DPD forward path. To avoid such
computational efforts, it is advisable, whenever applica-
ble (especially in MMW array linearization), to combine
orthogonalization transformation with an inverse covari-
ance matrix to guarantee smooth convergence in the DPD
main path [104].

2) Machine Learning-Based Models:

a) Neural network models: The nonlinear polynomial
convergence of VoS becomes unideal for the continuous vary-
ing MMW signals. For this purpose, an ANN model with
its universal approximation ability to counter nonlinear distor-
tion takes over, with the highly adaptive integration at MMW
frequencies [75], [109]. The polynomials convergence in NN
models is processed through multiple layers, including input,
output, and intermediate hidden layers (HLs) see Fig. 4(g).
For the real-time behavioral training, the baseband input sig-
nal splits into the complex real and imaginary data streams
(the so-called neurons), which are processed to the succeed-
ing HL (Ok(l)) where the synaptic weights (w;;) and biases
(bg,) of the complex signals are trained for the modeling accu-
racy, as given in equation (8) and (13), before the affirmative
validation at the DUT output is taken to observe the dynamic
convergence response over every epoch as illustrated in Fig. 4.

Y[n} = Iout(n) + Z'Qouiﬁ(n)

In general, a set of polynomial coefficients, called epoch
(e) in NN terminology, are predetermined to scale the com-
plex weights and biases of HL neurons N;. A particular
activation function (ak(l)) is defined to process the synop-
tic convergence of HL neurons as represented with f (.) in
equation (8), also see [110] for the overview of different acti-
vation functions. Here, the fastest convergence rate at the
reduced number of epochs considers the best model with
less distortion and error [111], [112]. One of the enabling
features of NN over MP-based VoS is the less modeling
complexity, such as the Kth-times coefficient extraction and
inverse functions are required in MP as the MIMO transmis-
sion path (K x K nonlinear orders) increases, as proposed
by the authors in [111] as future work. On the contrary,
a standalone NN model can deliberately model the MIMO
TX imperfections based on its universal approximations, as
proposed in [109], [113]. Moreover, MP-based models also
lose their audacity in characterizing nonlinearities other than
PAs, such as DC offset and I/Q imbalancing, as evaluated
in [114] case study.

However, for inverse NN models, the fastest and steady
convergence rate is achievable after multiple HLs, which
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comprises three processing stages of summing, multiplication,
and activation function, complicating the input signal’s training
process. Authors in [115] proposed a LUT-based predesigned
filter in a convolutional NN (CNN) model to extract com-
plete information of complex (//Q) input basis functions. This
approach significantly eases the burden of neuron modeling on
the successive intermediate layer referred to as a single fully
connected layer. Also, the training overhead is greatly reduced
as the synaptic weighting and biasing of the input neurons are
shared by the convolution structure.

Meanwhile, the modern beam-varying array integrated
structures encouraged the online system training with real-
valued time delay NN (RVTDNN) complex weights. Recent
research methods have presented sophisticated RVTDNN
structures to balance the number of epoch and training time
tradeoffs to avoid prohibitive real-time testing of communi-
cation signals [113], [114], [115], [116]. This tradeoff is well
managed by converging the online and offline training process
of input signal data through the deep NN (DNN) model [117],
[118]. In DNN modeling, all the input signal’s current and past
neuron samples are first selected offline. After that, the optimal
algorithm extracts the best suitable combination of envelope-
dependent terms for PA modeling in a real-time online
training [118], [119]. This approach also avoids the signal
processing bottlenecks of raw baseband data samples stranded
after continuous coefficient iterations [84]. Nevertheless, the
online input coefficient modeling with less training overhead
should always be the preferred ANN-based behavioral con-
vergence for the PD synthesis of MIMO-oriented PAs [109].
Table VI highlights the performance metrics of recent NN
models included in this survey.

e Complexity Discussion

— Even though the ANN models are more effective than
VoS in targeting high-order polynomials, it is because of
their well-built adaptive nature and approximation capac-
ity that allows one-step compensation capability in the
three most common hardware impairments, such as I/Q
imbalancing, DC-offset, and PA nonlinearity as proposed
in [114], [120], of TRX module. However, the complex-
ity of ANN during model extraction is much dependent
on the number of synaptic weights and biases. In what
follows, pruning methods are usually used to accelerate
the training process while reducing computational inten-
siveness with the main aim of disposing of unimportant
weights from each NN layer [120].

— The additional design constraints result in more involved
rates and optimization problems of overfitting in devel-
oping complex-valued NNs compared to the commonly
deployed ANN frameworks using RVTDNN parame-
ters. Thus, to address this problem, it is demonstrated
through numerical results in [121] that the complex-
valued parameters can be quantified with quadrate times
FLOP multiplications compared to the single multipli-
cation of its real-valued counterpart. While the research
in this area is still in its inception, the generalization
problem and computational complexity of the complex-
valued NNs should be properly configured and addressed
in the prospective ANN-related works.
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TABLE VI
PERFORMANCE METRIC OF NEURAL NETWORK-BASED BEHAVIORAL BASEBAND TEST MODELS
Paper NN Activation Hidden No. of ACPR & Mode & Signal Acquisition Remarks/Limitations
Model Function Layer(s) Coeft./(e) NMSE Architecture
Dense NN TanSig 1 3-30 e -35 & -30 Single-user & In-  Np,;=8 = Npg,= 8 via e Limited DPD performance
[111] door sub-connected ~ OTA feedback testing of  due to the longer NN training
hybrid MIMO-TX 64-elements ULA with 64  from multiple beam directions
QAM signal at 28 GHz o Implementation to MU sce-
sub-carrier waveform nario is not considered
Multilayer NN TanSig/ReLU 2 20e (-) & -33.7 Single-ended A 20 MHz LTE and 40 e Average modeling accuracy
[112] & Standalone MHz WLAN signals tested ~ due to the assumption of a
commercial PA via conductive feedback  similar group of hyperparam-
method at 3.5 GHz eters in randomly partitioned
NN training signals
- TanSig 2 431 -56.1 & -39.6 Single-user & A 15/30-MHz LTE signal . Consideration of
[113] Fully-connected for 2x2 MIMO via both frequency-flat  I/Q
MIMO TX-  coupler-based feedback  imbalancing and PA distortion
observation-RX method at 2.14 GHz
multi-carrier waveform
- TanSig 2 587 -52.8 & -37.9 A 15/30-MHz LTE signal e Complex identification pro-
for 3x3 MIMO via  cess makes it unideal for real-
coupler-based  feedback  time applications
method at 2.14 GHz
multi-carrier waveform
Augmented Different 1 100e -47.2 & -35.5  Single-ended & A 60 MHz LTE-A sig- e TX states are clustered
[114] RVTDNN Custom-designed nal via conductive feed-  into small groups which pre-
Doherty PA back method at 2.14 GHz  assume particular distortion
sub-carrier waveform model and thus reducing the
system complexity
Convolutional TanSig 1 158 -46.1 & -36.4  Single-ended & Do- A 16-QAM 100 MHz e High computational com-
[115]  RTDNN herty PA OFDM signal via coupler-  plexity in the convolutional
based feedback path at  model calculation for the ba-
2.14 GHz  sub-carrier sis functions of PA forward
waveform path
Envelope ReLU 1 30-100 -54.8 & -41.6 Single-ended & A 15 MHz LTE signal e Less computational com-
[116] TDNN Custom-designed via conductive feedback  plexity due to structured prun-
GaN Doherty PA path at 3.5 GHz sub-carrier ~ ing technique
waveform e Proposed DPD compensate
for the input signals whose
amplitude transcends the PA
saturation voltage
DNN Sigmoid 4 1997 -49.7 & -37.3 Single-ended & A 16-QAM 10/20/30/40 e Reduced ADC sampling
[117] commercial PA MHz sub-carrier waveform rate on the back of narrower
OFDM signal via con-  bandpass filter
ductive bandpass feedback e High implementation and
path hardware cost
DNN TanSig 3 297 -46.4 & -37.3  Single-ended & A 16-QAM  20/40/100 e Difficulties regarding the
[118], Commercial GaN  MHz OFDM signal via  curse of input signal dimen-
[119] Doherty PA coupler-based feedback  sionality in large bandwidths
approach at 2.14 GHz  remain a challenge
sub-carrier waveform

e Critical Analysis

— The literature on real-valued ANN implementations
forms the base for integrating ANN within different trans-
mission modes of 5G integrated communications. The
typical approach in most of the designs is to decom-
pose the refined I/Q baseband output signals envelope
to the NN’s input layer that accounts for the concate-
nated matrix-vector multiplication. Typically, once the
neurons are formed, and the modeling data (based on the
particular activation function) is established, optimal NN
hyperparameters are derived from the iterative procedure
until the model converges.
b) SVM-based models: Likewise, ANN, the support vec-

tor machine (SVM), is another subset of machine learning
(ML) recently developed for PA behavioral modeling due to
its outstanding features, e.g., preventing model over-fitting
(often associated with ANN) and less CPU training time.
Meanwhile, support vector regression (SVR) is considered one
of the building blocks of SVM modeling, which guarantees

improved behavioral modeling and distortion mitigation of
dynamic nonlinear systems. The core idea of this baseband
model is integrating real and imaginary parts of the input
signal on two different SVR machines to build models for
the output signal, as shown in Fig. 4(h). In doing so, recent
research has studied the applicability of SVR modeling at two
levels, i.e., for large-signal transistor level modeling [122],
and nonlinear circuit (PA) level modeling [123]. The first
application model (i.e., at transistor level) is based on
predicting the optimal load impedance conditions across the
Smith chart region, while the second approach (i.e., at PA
level) is to determine the optimal dynamic nonlinear model
parameters.

Transistor-level SVR modeling: The first approach to inte-
grate the SVR method into the behavioral modeling framework
of RF power transistor considers all possible loading condi-
tions by measuring device incident and reflected waves, which
can have a direct or indirect impact on the power and efficiency
contours throughout the Smith chart [124].
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In particular, for a frequency domain system, the RF tran-
sistor under all load impedance and harmonic conditions can
periodically excite the Ay, incident and By, reflected waves
with the model describing function fpy,, as given in (9) [124].
In addition, in (9), 5pm,i and by, respectively, express the
model coefficients and bias terms. Now, by embedding the
data symbols of real and imaginary parts of incident waves

/A/q? = A11,A19,...,A21,Aso, ..., into the SVR machines,
the behavioral model can be trained for the prediction of
transistor waveforms.

However, the SVR model proposed in [124] can only be
employed for a single frequency band while ignoring the
channel predictions at adjacent frequencies. In this pursuit,
Cai et al. [125] extended the work of [124] into a broad-
band SVR-based behavioral modeling. The modeling approach
includes the parameter of frequency information f as an input
with the following adjustment made to the (9), given as

PN k PN
Bpm = fpm(Aqu) = ZﬁpmtiK(Aqn,iv Aqn;f) + bpm
=0
(14)

In addition, the model takes into account the sensitivity of
DC offset imperfections across the frequency band. However,
the principle of this behavioral approach is simple and easy to
automate kernel K information at the scattered wave output,
though its transistor waveform prediction much depends on the
range of input power levels and amount of complex amplitudes
of incident waves.

PA-level SVR modeling: This solution aims to integrate
the advanced time-delay SVR-based modeling method into
the traditional SVR solutions to accelerate the CPU training
process, especially for large-sample PA behavioral modeling
in wideband systems. For this purpose, the most effective
technique to obtain the SVR model in a short time is a grid-
search method [123]. The main reason for using the empirical
grid-search method is to determine the best combination of
hyperparameters to train the SVR model without extensive
testing and validation automatically.

Fig. 4(h) shows a general block diagram of the SVR behav-
ioral model where the real and imaginary parts of the input
signal are separated and taken into their respective SVR
machines. The fundamental methodology of the basic SVR-
based PA model is to use all the present/past polynomial
amplitude and phase-modulated time-delay SVR signals to
convey real and imaginary parts to the SVR trainers for build-
ing the PA behavioral model. Then, the corresponding kernel
functions comprised of a large number of training samples in
basic or time-delay SVR models are accomplished to realize
a DPD mechanism [123], [126], [127]. According to [123],
the SVR nonlinear function f{x) for PA modeling can be
modeled as:

n
f(@) =) aiK (zi,3) +b

=1

15)

where «a; represents the model weights. Moreover, K(.) and b,
respectively, express the kernel function and bias term of the
radial basis functions based SVR method.
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Then, to account for the PA memory effects, the transmitted
signals need to have the present and the history polynomi-
als of phase and amplitude terms of an input signal. The
works in [126] and [127] have also included the higher-order
exponential terms of phase and amplitude characteristics of
the input signal referred to as an augmented time-delay SVR
model. After that we can obtain the relationship of received
output signal 7(n) to the given input signal Z(n) as follows:

:VJ(TL) = f(ﬁxv(n)v:f(n - 1);'%(” - 2)a ) )

Finally, the real and complex-valued functions in (15) and
(16), respectively, can be separated into real part Re{z(n)} —
Re{y*(n)} and imaginary part Im{z(n)} — Im{y*(n)} of the
current input signal to output signal as expressed in (10) and
(11) and shown in Fig. 4.

Table VII provides some comparisons in terms of
performance and limitations of the aforementioned SVR-based
behavioral modeling approaches.

e Complexity Discussion

— Overfitting issues often smear the ANN modeling, which
needs additional time-consuming computations to avoid
this. However, the SVR-based models provide well-
designed scalability by defining a soft margin £ boundary
to shield the nonlinear function from approaching the sen-
sitive region. As a result, an optimal model is achievable
in a short time with marginal complexity in the typical
scenarios of narrowband nonlinear mapping. However,
the complexity of such a design scheme becomes exces-
sive for wideband modulations in 5G. Therefore, gradi-
ent descent algorithms with less memory consumption
can be an approximate solution for wideband adaptive
applications.

e Critical Analysis

— As discussed in the previous item, the main goal in
SVM-enabled behavioral optimization with a transistor or
PA-level application model is to invoke suitable training
samples from the ¢ isolation zone. Hence, investigating
an optimum range of € is crucial in normalizing large
samples. With ANN models, longer training loops with
overfitting issues are expected because of the merito-
rious modeling of real-time systems. In contrast, SVR
offers flexible model extraction while accommodating
standalone and multi-transistor PA devices. Nevertheless,
some high complexity real-time behavioral prototyp-
ing and validation have to be invoked through SVM
with a compelling performance versus fitness complexity
tradeoff has to be struck.

(16)

B. Waveform Processing at Transmission and Observation
Path: From MIMO Perspective

A typical research and development environment of base-
band signal processing module encapsulate transmission and
feedback/observation (receiver) path, as illustrated in Fig. 2.
The digital baseband carrier frequency signal fed to the vec-
tor signal generator (VSG) for modulation purposes which
incorporates digital-to-analog converter (DAC), frequency
up-conversion of intermediate frequency (IF)-to-RF (desired
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TABLE VII

PERFORMANCE COMPARISON OF SVR-BASED BEHAVIORAL BASEBAND TEST MODELS

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 24, NO. 4, FOURTH QUARTER 2022

Paper  No. of Memory Extraction ACPR (lowest) NMSE DUT Signal Acquisition Limitations
Kernels Depth (M) Time (sec) dBc (dB)
4 1-3 1.125-1.843 37.1-51.9 LDMOS PA An eight-carrier 40 MHz o Unideal for multiple TXs as
WCDMA signal at 2.14  the number of coefficients will
GHz progressively increase
4 1-4 1.191-1.251 31.2-43.8 Single device A 160 MHz LTE signal
[123] GaN PA at 2.55 GHz multi-carrier
waveform
4 1-5 1.032-1.658 Doherty GaN PA A four-carrier 80 MHz LTE
signal at 3.5 GHz
1 CGH40010F A 10-Watt GaN packaged o Only static distortion is
[124] device set to 25 dBm input  considered while ignoring dy-
power level at 2.14 GHz namic (i.e., MEs) nonlinearity
4 CGH40010F/Class- A 10-Watt GaN packaged e Only suitable for memory-
[125] J PA device set to 20 dBm input less models
power level at 1.5, 2, and
2.5 GHz
1 3-5 5.95-6.36 38.4-44.4 Doherty PA A four-carrier 80 MHz LTE e Improved performance as
[126] signal at 3.5 GHz compared to the basic SVR at
the expense of increased ex-
traction time and a high num-
ber of model parameters
2 3 -55 39.79 Single device A two-carrier 40 MHz LTE e Lose its generality for wide-
[127] GaN Class-F PA signal at 1.9 GHz band communication system
2 2 8.5 -52.74 38.54 GaN Doherty PA A one-carrier 20 MHz LTE
signal at 2.14 GHz

band) courtesy passive mixers & local oscillator (LO), and
bandpass filtering. After that, the RF analog section provides
a uniformity against the phase and amplitude imbalancing
of the DUT, which comprises PA and antenna codesigns to
attempt carrier amplification and signal beamforming. At the
same time, the vector signal analyzer (VSA) encapsulates
the feedback loop to process the RX digitization through
frequency down-conversion and analog-to-digital converter
(ADC). Howeyver, practical TRX modules exhibit certain flaws
because of the erroneous test stimulus of data converters,
instability, and imperfections of feedback and signal pro-
cessing equipment (VSG/VSA). These discontinuities bring
marginal inconsistencies between simulated and measured
results [22], [25]. In this pursuit, the recent research works
present energy-cost efficient performances of data converters
under different operating conditions, e.g., [128], where the
performance constraints of high-precision ADCs are elimi-
nated after defining the PD codes at DAC input, which as
a result, characterizes the DAC/ADC co-testing at the same
time overcoming the sensitivity of large feedback overheads.
Whereas the paper [129] proposes a fast heuristic linearity
characterization of standalone PA, which effectively adjusts
the amplitude synchronization and phase-coherence of IB sig-
nal while considering the practical constraints of spectral
regrowth in up to the five channels of DUT. This solution
can be harnessed to improve the nonlinear characteristics of
multichannel ULA in the event of abrupt change in ampli-
tude/phase beamforming weights, which involves signaling
overhead and computational complexity in another case [130].

This section aims to overview the recent studies of TRX
baseline modules for PD operation that are suffered from
thorny performance evaluation problems, especially at high-
frequency integration. Starting from the sub-components of the
transmission path to handle the baseband generated PD signal
while alleviating the inferiorities of DAC/ADC, followed by

the APD sub-components such as PS and VGA, leading to the
efficient PD linearization of MIMO systems.

1) DAC and ADC Non-ldealities: The PD operation of
truncated digital signals is associated with the inherent
mathematical model defined in the software-based baseband
workstation. These algorithms drive the built-in black-box
(VSG/VSA) DPD structure. Recent research efforts are ded-
icated to reducing the high power consumption of black-box
data processors whose clock rate speeds encroach the teraflop
range to capture the nonlinear distortion of wideband modu-
lated signals [66]. High sampling rates are processed through
high-speed converters, which greatly consumes the operating
power. As a consequence, the reduction in sampling rates is
also risky for the main spectrum as the aliasing effects may
incur with it, as shown in Fig. 5(a), thus deteriorating the
modeling accuracy of down-sampled signals and SNR.

On the other hand, a software-defined radio (SDR) based
TRX with FPGA utility serves as a contrary solution to
alleviate high system cost and hardware integration of com-
mercial black-box TRX drivers. Kumar et al. [131] developed
a DPD platform with system-on-chip (SoC) embedded SDR-
based TRX. It has been shown that the real-time acquisition
of PA inverse model coefficients in SDR-based TRX has a
fast heuristic convergence speed than that of the commercial
DPD TRXs due to the high-speed SoC embedded proces-
sors. The complexity and power consumption factor can also
be reduced by the use of an undersampling transmission-
observation-receiver with a single ADC in the commercial
FPGA platform, as shown in [132]. In this paper, the authors
compare the performances of two different real-time DPD test
cases with FPGA-based PD engines. It advocates the use of
a parallel-processing-based DPD system with less number of
coefficients along with envelope-assisted coefficient modeling
at the RX. In addition to fewer hardware resources and less
power/time consumption in the FPGA-based DPD coefficient
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Fig. 5. Illustration of sampling rates: (a) insufficient sampling with aliasing
and (b) sufficient sampling without aliasing.

extraction, it is not feasible to arbitrarily increase the number
of bits for multiple iterations to enhance the DPD performance
because of the truncated bits in each DSP unit.

However, the FPGA-based TRX modules on the back
of built-in high bit-resolution DAC/ADC (> 8-bit with
> 150-MFLOPS) are well-known to handle better the high
sampling feedback acquisition of wideband (CA) nonlinear
systems [66]. While the high bit-resolution entails high power
consumption, the downside of separate coding and assembling
for each coefficient sample is a complex and laborious task
in FPGA. For this reason, the FPGA accuracy is lacking in
a large-scale MIMO operation. For this reason, the commer-
cial high-volume TRX instruments are still non-obsolete and
widely deployed because of high compatibility and reliability
in both offline and online testing of wideband MMW radio
signals.

One such approach is to steady the IB aliasing effects and
quintuple sampling rates of the digital processors while main-
taining an acceptable SNR without compromising the DPD lin-
earization performance [29]. It is worth understanding that low
frequencies spectrum is less susceptible to aliasing, as the 5x
of 10 MHz bandwidth signal could only require the 50 MHz
clock rate in realizing DPD implementation as depicted in
Fig. 5(b), where the system cost and power consumption is
bearable. The authors in [133] have adopted a time-interleaved
approach of multiple DPD baseline components for dual and
tri-band signals linearization. The modulation bandwidth of
the two bands is 3 MHz and 10 MHz, respectively. These
narrowband signals could not force the data converters to oper-
ate at a high clock-rate speed as the 5x sampling bandwidth
(15/50-MHz) can easily fall inside the maximum bandwidth
limit of DPD converters. The authors in [29] have extended
the feasibility of time-interleaved structure for the joint alle-
viation of aliasing effect distortion and DPD high sampling
rates. The band-limited DPD is introduced to adhere to the IB
linearization and limit the 5x sampling rates of DAC/ADC.
In addition, the authors opt for the bandpass filters to restrict
the OOB distortions as [134]. However, the input samples are
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distributed among the parallel (sliced) DPD blocks to con-
trol the clock rate speed. Although the authors were able to
prevent power consumption while scaling down the sampling
rates from 5x to 1.5x, the hardware complexity and cost
are also increased, making its implementation questionable for
distributed TXs.

The authors in [135] considered the reduced sampling rates
and aliasing effects for continuous MMW signals of the 5G-
NR FR2 band. The paper proposed a novel method of reducing
the sampling bandwidth at the baseband level. Since the out-
put nonlinearity is predetermined at the baseband level, the
oversampling rate of an incoming signal to the transmission
path is relatively low. This strategy significantly eases the bur-
den on TRX digital processors. In addition, the 5th order
kernels of the VoS sinc function are compiled in the base-
band to capture the nonlinear cross-terms of IB and near
OOB signal distortions, whose multiplications greatly increase
the computational complexity. However, a similar research
group extends their idea in [136] to ease the algorithmic
complexity. The authors assemble the linear-decomposition
model in the baseband to cover only the IB signal’s time-
aligned and leading cross-term memory polynomials. Finally,
the authors’ validation has shown a satisfactory performance of
linearly decomposed cross-term memory samples with reduced
polynomials and computational complexity over the former
Volterra-based model. Meanwhile, the extra polynomial func-
tions are required to recover lost input signal terms in bandpass
filters, which reduces the effectivity of under-sampled DPD.
Hence, a NN model approach provides a viable solution to
this topsy-turvyness [117].

In 2017, Analog Devices proposed an on-chip DPD cir-
cuit for 4G SBSs to pave the pre-5G mMIMO systems design
strategy [137]. This sort of on-chip DPD integration has given
new research directions to leverage the cost-effective bene-
fits of scaled semiconductor technology [131]. However, the
massive distributions of IC connections in MIMO systems
present unpredictable nonlinearities across the entire TRX sub-
systems, making it compulsory for the test signals to evade
the sine waves offset [128]. In the opposite scenario, the
causal dynamic drifts of the supply voltage hinder the desired
ACPR and error vector magnitude (EVM) of the modulation
signal [138], [139]. This strand emphasizes the importance
of potent DPD structures, which should be adaptable to the
inevitable dynamic effects and discontinuities of waveform
magnitudes in distributed TRX systems.

2) Effects of RF Sub-Components: For large arrays, it is
technically cumbersome to deploy a dedicated DPD with each
TX chain. Therefore the modern arrays prefer a fewer number
of digital streams than TX chains [140], [141]. However, the
unusual variations in load conditions of multiple SAs make
it difficult for the standalone ADPD drivers to maintain the
optimum efficiency and linearity in the arbitrary number of
identical PAs. In addition, the load modulations of antenna
impedance cause the beam-tilting towards the desired direc-
tion. These challenges thus make it mandatory to introduce
a hybrid way of PD aiming at providing a better compro-
mise of arduous PD tasks equally between digital and analog
circuitry [130].
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Fig. 6. Spatial linearization in the array far-field when SLL has —15 dB
threshold [57]. The DPD has been adopted to minimize the ACP of an
incidence angle with no impact on mainlobe power.

With their small form factor and low power consumption,
the RF sub-components enable them to be embedded before
each PA of the MIMO array. The VGA and PS are the two
potential components of APD application that are responsible
for providing wide gain control and accurate phase tuning to
minimize AM-AM, and AM-PM errors of the beam-steering
signal [142]. This concept can be understood that 1) the good
PS should yield the maximum handling of the wide range
of beam-steering rotations. After that, if PS can satisfy the
incidence angle requirements of different channels, this will
reduce the phase errors (AM-PM) and support user mobil-
ity [143]. 2) The VGA maintains constant gain (AM-AM)
characteristics at different phase angles. Thus, VGA provides
amplitude balancing to avoid any beam-tilting from PS toward
incidence angles. In essence, PS and VGA are the final com-
ponents in a TX chain to process the DPD data streams for
optimum beamforming weights. In addition to that, the phased
array DPD is used as an add-on to cancel the nonlinearities of
PA outputs in the wanted direction. In this way, the DPD-APD
collaboration jointly optimizes the beam gain and ACPR to
favor the desired steering angle, as illustrated in Fig. 6. In other
words, the DPD behavioral modeling is used to counter the
PA nonlinearities due to the high interference of load modula-
tions. At the same time, the APD sub-components ensure high
beamforming efficiency as they can offer an appropriate array
gain towards different steering angles. Consequently, adequate
array gain surpasses the interference from unknown directions
and protects the EVM degradation, essential in high constel-
lation modulation schemes [144]. Because of their fabrication
on silicon semi-conductor material, these analog components
have shown great area-effective performances in recent works.

Amplitude-Compensated Phase Shifter: The PSs maintain
uniform gain characteristics over different phase tuning states
with less possible insertion loss at each state. In this scenario,
the appropriate selection (active/passive) of PS is extremely
important for RF or hybrid predistortive TRX, such that to
provide high-resolution to the large DR beamforming of 5G
modulation schemes [145]. The PS in TRX systems can be
calibrated at different stages, including the digital baseband
stage, LO stage, or RF stage. Meanwhile, the readers are
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encouraged to go through [146], [147] to overview the PS
classifications. In the case of active (digital) PS, they require
auxiliary data converters to minute gain, and phase errors,
where high bits/speed converter can provide high accuracy
(i.e., near 360° isotropic beam-resolution) [148], [149], [150].
In this classification, most of the research studies consider
quadrature all-pass filter applications using lumped-elements-
based phase/amplitude compensation networks. Fair to say,
digital PS has much higher accuracy than its passive coun-
terpart. But for hybrid or digital predistortive TRX, additional
complexity in digital baseband cannot be afforded, given a top
priority of avoiding an input signal oversampling in a large
array TRX system.

Nevertheless, the compensation level of phase and ampli-
tude signals in digital-only PS lies between 1°~ 4° and
0~2 dB, respectively. To further improve the performance
characteristics of the active PS approach, the recent
designs [151], [152] adopted the PS calibration at the LO
stage, which shows a record performance in terms of OTA
testing of 64 elements TRX array. This calibration enhances
the accuracy of phase and amplitude variations to 0.08°~ 0.3°
and 0.01~0.1 dB, respectively.

Conversely, RF passive PSs have the commandment over
their active counterpart in reducing circuit complexity and giv-
ing near O-milli-watt power consumption [78], [153]. Since
RF signal is directly generated from VSG, no complex digital
waveforms from arbitrary baseband generators are involved in
this approach. That is why this calibration topology claimed
to have a smaller phase resolution and less beamforming
efficiency than others [152]. However, for the sake of com-
petitive performance, a simple PA-aware precoding baseband
algorithm can be defined (irrespective of DPD execution)
for passive PS to guarantee the optimum signal transmis-
sion [154]. Also, the recently developed concept of hybrid
PS is well-argued, where tuning states are defined in passive
form while the gain-neutral characteristics with low insertion
loss are obtained through active PS [79], [155]. In addition, the
leading VGA is used to compensate for the magnitude tilting at
various angles to ease the heavy-duty tasks of maintaining low
gain/phase errors and high beam-scanning resolutions of PS,
as discussed next. A rare method here could be implementing
a vector-sum differential (I/Q) phase shifting approach where
multiple VGA units are integrated into a single phase-shifting
core to adjust amplitude weights [156]. Hence, this technique
can also provide the joint compensation of I/Q imbalancing
and PA nonlinearity. The summary of recently reported works
on PSs and their effects are summarized in Table VIII.

Phase-Compensated and Low-Noise Variable Gain
Amplifier: The VGAs (or driver amplifiers) in phased array
TXSs are responsible for multi-tasks such as 1) compensating
the gain variations at different phase angles of PS by
2) providing a large gain control and linearity improvement
over a wide input power range [157]. For a PS, exposure
to insertion and switching loss is a common reference
point while tuning the beam angles. As described earlier, a
built-in digital calibration system can mitigate these losses
at the expense of large area occupancy. However, the recent
RF beamformers have shown an all-around display of
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TABLE VIII
PERFORMANCES OF RECENT PHASE SHIFTER ARCHITECTURES FOR THE AMPLITUDE ACCURACY OF ANALOG SIGNAL PROCESSING
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Ref. PS PS Gain Phase Power Complexity Salient Features Possible Drawbacks
Architecture Reso./Range  Variation Variation Consumption Level
Passive 4-bit/22.5° 0.37-1.17 2.1°-5.5° low medium e Custom-designed capac- e Complex design and
[78] dB @57-66 @= itors bring high quality  characterization
GHz factor at 60 GHz and low
insertion loss
Hybrid 5-bit 0.7 dB @57- 4°-5° @56- v.low medium e Passive PS is for low e Does not support dual-
[79] 65 GHz 67 GHz gain and phase errors over  polarization because of
broad frequency range limited beam-shaping
e Active PS is utilized e Proposed structure
to give high isolation to  cannot compensate
the VGA load variations  for the hardware
and maintain low insertion  nonidealities
loss at PS states
Active 6-bit/270° 0.6-09 dB 1.8°-3° v. high v. high o Added auxiliary DAC e Low linearity and high
[148] @12-18 @13-18 gives low phase/gain er-  power consumption
GHz GHz rors for high resolution e Interstage impedance
while baseband DAC sup-  mismatching causes
plies linear current to  high insertion loss
avoid DC oscillations
e Ideal for fulllDPD e Use of external PD
beamforming to compensate for high
phase errors would in-
crease the system re-
sources
Passive 5-bit/180° 0.8-1.2 dB  1.1°-3.3° v. low high e Inherent digital control e Hard to maintain a
[149] @33-43 @28-39 minimizes phase/gain er-  compact component size
GHz GHz rors and compensate the in coupled line coupler
high frequency losses of
passive PSs
e An amplifier with
high linearity/efficiency
is still needed to com-
pensate for high inser-
tion losses
Digital 7-bit/360° 0.3-0.5 dB 0.9°-1.1° high v. high e Eliminate DPD option at e Unideal for large ar-
[150] @24-44 = the expense of high com- rays due to long cali-
GHz plexity bration time and system
cost
LO-PS 10-bit/360° +0.2 dB  0.2°-0.3° medium v. high e LO-PS with 12-bit con- e Limited/narrowed area
[151] @28 GHz @= trol DAC for each RF  of coverage at an instan-
chain of eight elements taneous time
array ensure high beam-
forming resolution
e Subharmonic technique o Good overall perfor-
reduce the magnitude vari- mance at the expense
ations to extend PS range  of very high complexity
at different angles and hardware cost
Hybrid 6-bit/360° 2-2.2 dB  2.83°-3.7° low medium e Phase states of <22.5° e Loading effects due
[155] @52-57 @= are obtained with passive  to impedance mismatch
GHz PS, while >22.5° are ob-  could make I/Q genera-
tained through active tion process difficult
e Alone passive PS could
cause high interconnected
losses and large area, and
alone active PS could in-
troduce intrinsic parasitic
effects. So, hybrid PS bal-
ance these trade-offs

satisfactory outcomes [44]. Likewise, PS, the VGA, is also
appointed on both TX and RX sides, as shown in Fig. 2;
therefore, it is important to know the mutual responsibility of
each other.

At TX, VGA is deployed in conjunction with PS, called
phase-invariant VGA. Over the last five years, the research
studies on phase-invariant VGA have been urged to enhance its
dB-linear range [158], [159]. They must reduce gain errors at

different phase-shifting states for low sidelobes levels (SLL).
Thus to give sufficient amplitude weights for the main beam
and high beam-tapering for interfering SLs. These signals
improve the sensitivity and DR for the receiver VGA inte-
grated with a low noise amplifier (LNA) known as low-noise
VGA [147]. Apart from identical performance criteria, their
operating behavior differs in terms of bias voltages as optimum
biasing is needed in sufficient amplitude weighting for low
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TABLE IX
PERFORMANCES OF RECENT VARIABLE GAIN AMPLIFIER ARCHITECTURES FOR THE PHASE COMPENSATION OF ANALOG SIGNAL PROCESSING

Paper  Gain Control  Phase Error Circuit Gain Power Complexity Salient Features Possible Drawbacks
Range Stage Flatness Consumption Level
[78] 5dB 1.6°-3° 2 +0.67 Intermediate Intermediate e Added transistor stage e Limited output power
@57-66 dB of CST provides signifi- causes less gain due to
GHz cant phase compensation the reduced current at
and controlled transcon-  the common-gate stage
ductance
[79] 14 dB - 1 +6 dB  Least Least o VGA drives the PA with e An insertion loss and
@58-65 high isolation to the sys-  noise figure from PS im-
GHz tem noise figure pacted the overall per-
formance due to a co-
designed approach
[158] 40 dB - 4 +1dB Least Intermediate e Multi-stage CST-VGA e Further improvement
gives large gain control is needed to relax the
over >4 GHz Bandwidth stringent requirements
e Triode transistors in sec-  on small-signal gain and
ond and fourth stage en-  wide bandwidth
sure faultless biasing
[161] 50 dB - 3 +0.65 Least Highest o DC-offset cancellation e Narrow bandwidth
dB avoid tempera- e Each stage has a ded-
ture/transconductance icated control circuit to
variations maintain an exponential
I-V curve leads to high
complexity
[163] 83 dB <5° 4 +0.5dB  Highest Highest e Careful biasing degen- e Circuit complexity
erated VGA with shunt due to cascode structure
inductive network gives  which also requires high
AM-PM reduction with  supply voltage, causes
enhanced gain control PVT variations
[164] 16 dB 0.89° 2 +0.1 dB  Highest Least e An inductive phase in- e Narrow bandwidth
version circuit is added to ~ with low linearity and
reduce AM-PM error gain tuning range
e Accurate digital control e Large chip size due
voltages of two stages as-  to additional amplifica-
sure wide gain control and  tion stage for phase error
cancellation of phase in-  compensation
version

SLL [160]. Meanwhile, insufficient biasing exceeds the VGA
transistor’s maximum temperature limit, which induces DC
offset due to the severe parasitics [161]. Hence, the gate biases
are controlled to minimize the effective transconductance for
gain enhancement.

Different gain control techniques have been reported in
the literature of MMW analog-controlled VGA [162]. Among
these techniques, most of the establishment has been made
in the conventional designs of the current steering topol-
ogy (CST) [163]. Since CST enables the phase inversion
via adjustment of gate voltages; therefore, different gate
widths or biasing levels are given to minimize the parasitic
effects and increase the dB-linear range. For this reason,
CST-based VGA designs have also been realized through
both analog and digital control voltages [164]. However, the
design obstacle of CST in TRX VGA is the circuit vol-
ume, where the cascade (multi-stage) structure brings the
fine-tuning of dB-linear gain characteristics and effective
transconductance.

In contrast, a single-stage structure could form a large tran-
sistor to fulfill an adequate gain control range. The large
transistor size could also debunk stringent parasitics, lead-
ing to bandwidth degradation. The recent study has merged
RF sub-components in a common-leg TRX topology for
compact die-size, and low-temperature variations instead of

designing a separate PS and VGA for a standalone TX or
RX [165].

The RX-VGA alongside LNA is responsible for 1) con-
taining a large gain in-band flatness, such as to keep the low
noise figure against rigorous RX sensitivity, and 2) balanc-
ing the amplitude and phase response of incoming signals
to avoid I/Q mismatch for desensitization, and finally, 3) to
maximize the ADC DR for the establishment of reliable wire-
less link [166]. The incoming signals with constant phase and
gain control range are expected to have a minimum EVM rate
(< 5%) and high SNR for reasonably acceptable RX sen-
sitivity. Since the modulation of broadband signals, the RX
sensitivity can become subtler as the multiple IMD products
in the form of aliasing can easily intervene. Besides, the VGA
is placed before the ADC [167]; therefore, the aliasing com-
ponents need to be filtered out before ADC [29] to process
enough gain from the preceding VGA to realize the digitiza-
tion of incoming signals with their full input range. Table IX
provides the performance comparisons of the aforementioned
VGA designs.

C. Future Research Directions

Based on the review mentioned above, there are still many
debates and open research issues over the specifications of
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future high-performance PD waveform processing across TRX
subsystems.

As discussed earlier, the wideband systems exhibit strong
dynamic nonlinearities, where the high-ordering memory
depth becomes a challenge to cover sufficient DR. As a future
work in behavioral modeling, it is of interest to extend [103]
by slowing down the complexity growth rate in develop-
ing a fully basis-function rich nonlinearity modeling for the
leading/lagging cross-terms and linear/nonlinear MEs in a real-
time iteration of multi-antenna TXs taking into consideration
the problematic IB and OOB interferences. After that, the
applicability of undersampling techniques in the multiple feed-
back paths of massive FEMs is also an important design chal-
lenge. Therefore, an interesting research contribution extends
the under-sampling of both real and complex (I/Q) baseband
signal components to enrich the low feedback sampling of the
MIMO active array [168]. However, using an under-sampling
technique can also poach the aliasing effect. For this purpose,
a memory-less PA-aware precoding algorithm could provide
some freedom in extracting the partial kernel knowledge of
nonlinear basis functions [154]. In addition to this, for MMW
enabled HB, by taking advantage of computational and power-
efficient analog PS precoding algorithms, the reported strategy
of [169] can also be adopted to relax the high sampling
burden on digital processors. This strategy could frame an
optimization problem in MIMO transmission to minimize the
worst-case scenario of MU interference due to SL distortion.

On the analog circuitry side, the prospects include the
tiptop fabrication and testing of passive integrated RF sub-
components. Specifically, accurate PS and VGA are the
modern shapes of APD composition [72] to combat nonlin-
earities through proper beam shaping. In what follows, phase
and gain squinting errors should not exceed the maximum
threshold of EVM degradation [78], [166]. In future research,
improved scanning resolutions of PSs are needed to envoy
wide beam-steering for large-sized phased arrays. The MU
scenarios are also interesting to pursue because the dynamic
PSs must upstand with abrupt phase-shifting states according
to the user’s movement. Also, an interesting design challenge
offered by the PSs in terms of high insertion/parasitics losses
and PVT variations arrogates the mutual coupling and ideal
impedance matching conditions, leading to high phase and
gain errors, are worth exploring. On the other hand, to sup-
press SLLs with sufficient amplitude weighting, the TX-VGA
should provide a wide gain tuning range with low variations
over large input power. It will increase the directional gain
and transmission power efficiency, especially for the wideband
RXs with multi-standard communication signals, resulting in
a high spectral density of the classical main beam signal, lead-
ing to in-band gain flatness RX-VGA for proper quantization.
However, future research should also interrogate VGA transis-
tor parasitics’ deficiencies, mainly at high frequencies, which
badly affect the PS insertion loss and wideband operation.
Hence a compact RF VGA circuit with versatile gain tun-
ing and small phase variation in higher frequencies is needed
to empower the uniform linearity, which is an area of future
research.
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D. Summary and Lessons Learned

This section has discussed system model perspectives
(which include the roadmap and PD waveform processing
across baseband and DUT side) of PD linearization. The
modeling approaches and their references are summarized
in Table IV-IX. In summary, a PD process encompasses
computer-aided testing, signal processing across baseband
and precoders, and radio transmission areas. In all scenar-
ios, behavioral modeling is the most important avenue of
PD processing and is a large research topic of its own. The
review above of baseband waveform processing for DPD sig-
nal generation from a system model perspective has discussed
various nonlinear polynomial models to test the PA immunity
against static and dynamic nonlinearities. Specifically, the VoS
and ML-based models have remained the two key aspects of
PA behavioral assessment. The summarized key lessons from
Section III-A are as follows.

e It is learned that the cross-term MP extraction of con-
ventional DPD models, including the subsets of VoS models,
can be one of the most complex operations with the increase
of memory orders in wide bandwidths, which will remain a
vibrant research focus that needs further study to codify the
safety PD metrics for the concurrent MMW communication
standards.

e The augmented model of NN extends by explicitly
accounting for both static and dynamic distortions, mak-
ing them suitable for operation in wideband nonlinear
systems [114]. It also suggests targeting a tradeoff between the
extent of coaction among the system convergence and stringent
computational requirements while training online and offline
coefficients of the NN model. Hence, the DNN model for such
a setting can help to characterize this tradeoff.

e SVM-based models with prominent features outperform
their ML-based ANN counterparts carrying high generaliza-
tion ability by solving high-dimensional optimization prob-
lems [124], [125], [126].

In Section III-B, we have reviewed the methodology of
PD waveform processing across the different sub-components
of digital and analog precoders. The key lessons learned are
summarized as follows:

e The error-free test stimulus in TRX modules can increase
the frequency diversity of both VSG and VSA by mitigat-
ing the effects of the high-order distortions and resolving the
acquisition of modulation signals with large DR.

e To eliminate the factor of high sampling rates and hard-
ware complexities of black-box signal processors, effective
FPGA embedded SDR-based data converters are deployed to
project the fast and flexible under-sampled PD waveform, min-
imizing the system latency. Nevertheless, using black-box DSP
units as a testbed is considered a promising way of large-
scale integration. Several processors of coordinated arrays
provide ubiquitous coefficients extraction through array feed-
back diversity to compensate for the pre/post-PA losses at
MMW frequencies.

e The MMW large-scale systems’ spatial diversity relies on
the hybrid-precoded-based beamforming with low-dimension
DPD and high-dimension APD coordination. The array-based
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Fig. 7. The existing works on various predistortion architectures broadly classified into analog, digital, and hybrid predistortion-based models.
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Fig. 8. Various APD configurations: (a) Built-in structure. (b) IMD generator-based structure. (c) Tuneable diode-based structure. (d) Tuneable array-based

structure.

potential enablers of APD are VGA and PS [57]. In con-
trast, the DPD methods can utilize the established pruning
algorithms to facilitate the fast adaption of nonlinear memory
coefficients.

IV. PREDISTORTION ARCHITECTURE CLASSIFICATIONS
AND DESIGN APPROACHES

The modern MMW wireless channels encourage the sparse
connectivity between TRX modules with high SE and EE
to fulfill the tougher constellations of high-order modula-
tion schemes. With the intensive reconfigurability of array
architectures, the PD schemes need to be highly adaptive to
alleviate the adverse distortion effects of PAs nonlinearity.
Since PA is the hub for distortion as it invokes severe dis-
tortion effects of different nature. These nonlinear effects are
often categorized as IMD products, aliasing effects, OOB spec-
tral harmonic regrowth (ACPR/ACLR), or AM-AM/AM-PM
distortion, which can degrade the transmitter PAPR specifi-
cations, beamforming gain, spectral densities, receiver SNR,
and EVM. These nonlinear effects were negligible a decade
ago due to the limited bandwidths of conventional wireless
communications [21], [170]. Since then, the TRX lineariza-
tion preferences have taken a one-eighty degree turn where
most of the current BSs are equipped with digital domain

systems for high-fidelity linearization. Recent studies have
brought high-quality services in the demonstrations of PD-
based linearization [17], [19], [171].

This section is intended to survey the recent developments
reported in the analog, digital, and hybrid linearization solu-
tions of PD techniques, followed by the technical challenges
with basic advantages offered by the featured techniques in
modern wireless networks. Fig. 7 highlights the classification
of existing works on PD architectures. We also summarize
some of the important features of PD classifications in Table X.

A. Analog Predistortion (APD)

Analog-based communications have ruled the telecom
industries for over 50 years. The cost-effective and convenient
footprint of APD techniques has enabled its corporate identity
for the jumbo PAs used in satellites or radar-based communi-
cations [21], [172]. Since APD delivers the correction signal
before the nonlinear PA, therefore it can also be called the
feedback-based PD linearization, as shown in Fig. 8. Unlike
DPD, where the PD process starts from the PA output after
the first iteration of behavioral assessment, the APD directly
delivers the compensating linearized signal to the PA input.
So that the inverse characteristics of each other cancel the
nonlinearity, and hence, no prior information of distortion is
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TABLE X

COMPARISON OF PREDISTORTION CLASSIFICATIONS ON THE BASIS OF GENERAL FEATURES, MERITS, AND WEAKNESSES
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multiplier), delay line, PS, VGA

(DAC/ADC), adaptive control blocks)

e I e Digital Predistortion Hybrid Predistortion
Features
Flexibility Moderate Highest Intermediate
Sub-components Nonlinear generator (diodes, vector | DSP  system  (data  converters | Analog PD under adaptive DSP plat-

form

Hardware Complexity

Least

Highest

Intermediate

Cost Least Highest Intermediate
Power Consumption Least Highest Intermediate
Performance Least Optimal Near-Optimal
Compensation Bandwidth Wide Narrow Ultra-Wide

Target Distortion Static Dynamic Static and dynamic

Merits (Advantages)

e Capable to counter PAs dynamic
distortion [210]

e Ability to target multi-band or high-
order distortion products without con-
suming extra baseband bandwidth

e Array based APD circuits can both
be wideband and attractive candidates
for MMW applications

e Comes in various configurations, and
therefore, it is easier to integrate with
modern 5G BSs

e Does not require a feedback network
as DPD

e Rapid iteration in dynamic feedback
processing

e Effectively counter both static and
dynamic distortion

e Abilities to take advantage of FPGA
and digital processors at FR1 and FR2
based 5G-NR communications

e High linearity performance in real-
time adaptions

e Good compromise between band-
width, size, complexity, and linearity
e Ability to relax the high-speed
requirements on digital converters
[194]

e Capable of effectively compensat-
ing IB and OOB distortions

Weaknesses and Challenges

e Limited linearity

e Memory-based APDs can also in-
crease system complexity with addi-
tional analog compensation circuitry
e Lossy or inappropriate tuning of ana-
log components could further degrade
the operating bandwidth and lineariza-
tion performance

e Limited bandwidth support

e Lose its modeling generality at wide-
band or multi-band PD operation due
to numerical ill-conditioning

o Difficult for a dedicated operation at
MIMO level

e High sampling rates results in high
power consumption

e High computational/hardware re-
sources are needed in extensions of be-
havioral models to counter high-order
distortions maximizing the system’s

e Strengths and weaknesses of HPD
can be exchanged in between the
APD & DPD usabilities

e The drawback of high ADC
sampling rates during feedback ac-
quisition can be ratified with an
application-specific operating sce-
nario

e Accurate analog tuning in array-
based hybrid linearization is difficult

total power consumption

given to the APD from the baseband modem. This exempts
the need for 5x digitization bandwidths of high-speed data
converters in analog circuitry. In other words, the IF filter
bandwidth remains the same as the input signal bandwidth
to acquire linearization bandwidth, which leads to low power
consumption and hardware complexity. Over the recent years,
APD has been designed in various configurations, as are sum-
marized in Table XI, providing a high degree of freedom with
its area and cost-effective analog techniques, as discussed in
the following sections.

1) Internal/Built-in APD linearizer: This topology of the
APD linearizer is embedded inside the operating PA, mostly at
the input matching network, as shown in Fig. 8(a). The recent
works have demonstrated high gain and linearity performance
with little DC power consumption while eliminating the need
for an external PD control circuitry. In particular, the lin-
earizer is used as a shunt component to provide design
stability and high isolation against the detrimental effects of
the gate and drain bias conditions. This feedback neutraliza-
tion technique minimizes the impact of parasitic capacitance
and inductance at PA input. Also, the transistor back-gate bias-
ing is another approach to equalize the current distribution at
drain and gate nodes [173]. The back-gate biasing maintains

the desired quiescent drain bias current and output voltage
swing while assuring no current leakage due to device intrin-
sic transconductance sensitivity, thereby giving high efficiency
and linearity.

2) IMD Generator-Based APD Linearizer: The external
APD circuit comprises two parallel branches. Usually, these
branches are excited with the two-tone input signal, where
the upper (linear path) branch carries the original RF signal
to the PA for amplification. In contrast, the lower (nonlinear
path) branch deploys the IMD generator to form the opposite
(180° out-of-phase) characteristics of an original RF signal
as illustrated in Fig. 8(b). After getting the IMD nonlin-
ear response of PA, the delayed version of an original input
signal with reversal IMD components reaches PA input for
distortion cancellation. Here, the two paths need to have an
adjacent convergence delay for accurate reverse characteristics
of IMD compensation. The APD linearizers having an exter-
nal structure mostly cater to the effective cancellation of IMD3
close to the fundamental bandwidth. However, to compensate
for the fifth- and onward odd-orders IMD, additional analog
components can also be added [32].

3) Tuneable Diode-Based APD: This technique furnishes
the independent conversions of gain and phase waveforms,
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TABLE XI

PERFORMANCES OF VARIOUS ANALOG PREDISTORTION DESIGNS

Usability

Remarks/Limitations

Suitable for RF-SoC TRXs
with an ability to over-
come inherent PVT-based
substrate nonlinearities

e Complex input matching network
with a compensation transformer to
filter high-order harmonics [34]

e Limited linearity and bandwidth
[173]

e Limited ACPR correction [204]

e Difficult to maintain optimum in-
put impedance matching close to op-
timum source impedance point for
high power & efficiency [205]

Suitable for multiband PAs
and multicarrier radios with
conventional modulations

e High circuit complexity due to
the use of bulky vector multiplier
and several analog components [31],
[207]

e Limited distortion correction [262]
e Limited bandwidth due to the use
of input/output coupler [208]

e Challenging to design error ampli-
fier which could accurately generate
opposite characteristics to main PA
[208]

o Not feasible for 5G communication
as it does not support the MMW
constellation schemes

Aimed at high-power PA
devices with narrowband
characterization

o Difficult to tune the gain and phase
characteristics at the same time [35]

e Large circuit volume due to dedi-
cated APD units [36]

Linearizer Related Correction Level Salient Features
Topology Works
Built-in [33], [34], An effective IMD improve- o Low design overhead makes
[173], [204]- ment of >25 dB at very this linearizer ideal for MMW
[206] high frequency range [33] (above 100 GHz) PAs
ACLR/ACPR improvement e It can effectively linearize
of 7-10 dB is achieved to  high-order 5G  modulation
meet below -25dBc require- schemes with satisfactory PAE
ment of 5G-NR FR2 bands and output power at high
back-offs
Fulfill 5G MMW EVM re- e No external (DPD) control
quirement with decent av- circuitry is needed while giv-
erage output power (10-16  ing an excellent IB (EVM) and
dBm) and PAE (15-20%) OOB (ACPR) performance
e Additional care of accurate
biasing and supply voltage is
needed to eliminate large-signal
oscillation for stable high-power
operation
IMD generator [31], [207], An average IMD cancel- e High-order IMD can be
[208] lation of >12-20 dB is catered by adding nonlinear
achievable at different fre-  generator to the PD circuit at the
quency ranges expense of bulkiness [31], [207]
An ACPR improvement of e A simplified transistor based
13-25 dB can be achieved  PD circuit could eliminate the
at low frequency and 5 dB  nonlinear components but im-
[262] at high frequency sig-  proper tuning does not account
nal for high-order IMD improve-
ment
Fulfill the EVM require-
ments of an LTE signal [31]
Tuneable [35], [36] ACPR improvement of 9-13 e Effectively cancel third &
diode dB at 5-6 dB back-off fifth-order IMD for high-power
applications, which was not pos-
sible with previous topologies
[35]
AM-AM tuning of 3 dB at e Bias symmetry provides high
low frequency to 4.5 dB at  degree of freedom to realize
high frequency similar conversion time of inde-
pendent AM/PM tuning which
was possible after additional de-
lay line in previous method
AM-PM tuning of 33° at
low frequency to 23° at
high frequency
PS and VGA [57], [174], AM-PM error of £0.5° is e Sufficient amplitude weight-
[175], [197] achievable with 360° phase  ing and less rms phase/gain er-
control range [151] rors from PS prevent the SLL
growth and high ACPR
AM-AM OTA gain from o Higher the VGA gain control,
40.3 dB to +4 dB is pos-  higher will be the beam-tapering
sible with octave-PAs [197] towards SLL reduction
Effective SLL reduction by e Less power consumption and
up to 5 dB without DPD area occupancy than previous
[78] APD topologies
ACPR improvement of >20
dBm (after DPD) at low
SLL (-15 dBc) [57]

Suitable for future phased-
arrays with low power con-
sumption but not realiz-
able with attenuator-based
VGASs/PSs at MMW [174],
[175]

e Amplitude control prior to the
evaluation of similarly biased array
PAs leads to compromise ACPR and
EVM performance [57]

e Sensitive circuitry to parasitics
which limit their operation for nar-
rowband applications [174], [175]

e Consideration of memoryless poly-
nomials model in simulation-based
PA testing [197]

e Less reliable than previous APD
methods as minor amplitude/phase
error can degrade the array perfor-
mance

mostly implemented on III-V semiconductor technology.
Likewise, in previous methods, this approach also shapes two
parallel branches where the bias of two paths is adjusted
to enable the independent tuning for AM-AM and AM-PM
compensation, as illustrated in Fig. 8(c). Unlike previous tech-
niques, the delayed version of an input signal is exempted
here, making it easier for the two paths to correlate simul-
taneously. In addition, the bias voltages of a diode-based
nonlinear generator enable the equivalent reverse control of
gain and phase expansion (or compression) according to the

PA output response over a large input power range (>25 dBm).
This approach is suitable for linearizing high-power elec-
tronic devices such as solid-state PAs and traveling wave tube
amplifiers.

4) Tuneable Sub-Component Array Based APD: This cat-
egory is one of the emerging and preferred forms of APD
linearization along digital baseband paths of FEMs, as given
in Fig. 8(d). The analog signal processing (or RF beamformer)
block in hybrid TX systems is mostly comprised of low-cost
PS only (referred to as phase-shifting predistorter in [174]),
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where the accurate phase rotation is visualized to control the
phase mismatch and degradation of feedback signal for DPD
learning [140], [141]. However, the PS becomes prohibitive
in the millisecond adaption state of dense 5G networks incur-
ring high insertion loss, causing AM-PM errors. Therefore,
to further enhance the amplitude weighting and PS switch-
ing speed, an analog controlled VGA [175] and PS-based
APD beamforming unit is also well-argued in recent times
[571, [72].

B. Digital Predistortion (DPD)

The DPD has been recognized as the de facto approach
among the research fraternity for PA linearization. In contrast
to APD, the DPD approach involves a baseband and DSP units
that bring more flexibility and effectiveness to the wide DR
of modern communication signals. The DPD is well-known
for its user-friendly adaptivity. As discussed earlier, the non-
linear output signals captured at the RX path proceed to the
baseband modem, where a vendor (or custom-designed) kernel
control algorithm is compiled to reduce the sensitivity of dis-
tortion products, which is also shown schematically in Fig. 2.
Ideally, LUT stores the information of nonlinear coefficients,
and the convergence algorithm (see Table IV) weighted by
a set (memory depth) of coefficient polynomials process the
manipulation of LUT to shape DPD operation.

1) LUT-Based DPD: This simplest and cost-effective form
of DPD linearization with memory-less nature can also be
referred to as a non-adaptive solution. The LUT applica-
tion in DPD includes the storage of graphical magnitudes
information of original input and output signal entries after the
first iteration (or convergence). In this pursuit, the most rele-
vant discrete samples of uniform intervals among LUT entries
are usually picked to evaluate nonlinearities and to avoid the
complexities of large table sizes, referred to as bins in [76].

Generally, the LUT-based PA linearization is considered a
memory-less contestant. For this purpose, the WM or HM-
based LTI filter is used as a composite to account for memory
modeling [105], [176], as explained in Section III-A. However,
irrespective of the polynomial orders, LUT provides a degree
of freedom in avoiding analytical ill-conditioning cumbersome
of high order polynomials with power-efficient modeling, and
no extra cost [131], [177]. The solitary dominance of over-
sizing in LUT is well-reimbursed by replacing the pruning
subsets of VoS polynomials with cross-term interpolation and
extrapolation to form the less-complex linearized output in a
sole LUT-based DPD [178].

As stated in [76], the number of LUT entries may vary from
128 to 256 control points. But, in 5G-NR bands, the IB and
OOB standardized linearization matrices have been relaxed
in the OTA characterization. Therefore, the recent LUT-based
DPD [179] operating at FR2 with 16~32 LUT entries have
comfortably met the minimum ACPR limit of 28 dBc defined
by 3GPP [77].

Usecases: A variety of LUT-based DPDs have been
demonstrated in the recent literature to support challenging
usecases such as providing well-conditioned parameter esti-
mation in large-scale polynomial coefficients. One such lower
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complexity solution is an extension of the conventional direct
learning adaption of LUT coefficients, is the concept of lin-
early interpolated LUT implementation [105], [177], [178].
With this approach, a subset of necessary basis functions is
served and extracted from a wide distribution of many indi-
vidually controllable multi-LUTs, providing an extra degree
of freedom to the typical ill-conditioning problem. It has been
successfully applied in continuous DPD adaption to both FR2,
and MMW-enabled active array communications [105].

2) Adaptive DPD (ADPD): The modern PA phased arrays
exhibit strong MEs in the wideband OFDM test signals of
5G-NR-related transmissions. The OTA emissions of closely
packed TX elements suffer from insufficient isolation from
OOB irruptions which calls for an ADPD to mitigate the
intensive sensitivity of modern dynamical systems. The ADPD
based on canonical basis functions is the most productive and
established nonlinear modeling method. Also, an ADPD can
be computed in FPGA or commercial black-box digital TRX
modules. In addition, FPGAs, because of their lower hardware
cost and power consumption, are widely deployed in the real-
time testing of 5G-NR FR1 bands [60], [66], [132], [180].
At the same time, commercial DSP generators are highly
prevalent in MIMO systems to continuously track scattered
beam variations of FR2 bands. As such, a conventional off-
line learning approach of DPD coefficients has been emulated
in a real-time online environment to increase the potency of
commercial TRXs at MMW spectrums [39], [108], [181].

In a real-time 5G array modeling, the serials of nonlinear
basis functions are computed in DPD engines to counteract
in-band NMSE dominated by out-of-band ACPR. These func-
tions with real-time adaptions are preoccupied with ergodic
observation (i.e., PD) matrix, in the form of least-square
(LS) or least-mean square (LMS) algorithms, often leads to
numerical unstable (ill-conditioning) interpolation in ADPD
behavioral modeling. These circumstances are well-arduous
for a decent DPD system. Hence, two kinds of precaution-
ary measures can be taken to alleviate the ill-conditioning
issues in ADPD, that is 1) pruning of PD polynomial model to
update relevant coefficient sets of basis function [181], [182],
[183]; 2) applying regularization matrix to steady the train-
ing samples of weight vector especially in iterative online
linearization [60], [99], [177], [184], [185], [186].

The real 5G baseband is empowered with an in-expensive
and well-defined iterative algorithm with steady-state conver-
gence and a moderate amount of modeling coefficients to meet
the specified residual distortion. Besides, the smooth polyno-
mial convergence can be realized on the back of thousands
of training samples (or floating-point operation per second
(FLOPs)) captured over several blocks after the amplification.
As written in equation (12), a matrix formulation is carried out
to extract training samples. An LS/LMS data matrix of X-a
can be constructed in any of the polynomial models (given in
Table IIT), which is further assembled in a baseband worksta-
tion to build the memory basis for linearization. The number
of samples in each block can vary from 2k to 32k, as claimed
in [76]. In addition, regularization criteria of matrix inversion
to minimize the conditioning errors of an overdetermined X
matrix, such as Moore-Penrose pseudo-inverse [75] or singular
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value decomposition [76], is usually defined to guarantee good
stability and matrix convergence:

{axl.Y

a= ((XHX)_le)T -y (17)

where ()H represents the conjugate Hermitian transpose.

Recent studies have proposed effective methods of eas-
ing the high computational complexity of ADPD baseband
training samples. An improved ridge regression method in
FPGA-based baseband is applied to the OFDM operating PA
device [185]. The authors have compared their method’s effec-
tiveness with LS-based PD coefficient estimation under the
same amplitude of training samples. Therefore, the approach
has relaxed the high training samples requirement as a con-
sequence of reduced correlation effects among output vector
y components, which lacks in LS estimation. Hence, they
showed that their ridge regression approach significantly
reduces the training samples by 95%, i.e., from 32768 to 200
with satisfactory ACPR performance. A piecewise (PW) coef-
ficient estimation method is recently evolved due to its fast
adaption of nonlinear MEs in the DPD forward/transmission
path. In [186], a mesh-selecting-based ADPD identification
algorithm is proposed. Based on the minimized sample extrac-
tion of PW technique, the standard ACPR limit of LTE band,
i.e., -45 dBc, is comfortably met with high PAPR for multi-
carrier signals. References [39], [187], [188] have applied
a PW learning algorithm on 5G-NR waveforms to derive a
reduced-order DPD basis from the cross-term combinations
of near band samples. For MIMO arrays, the PW function
cooperates with the mutual characteristics of BF regions in a
subset orthogonalization form to guarantee the smooth conver-
gence of coefficient adaption. Hence a joint adaptive learning
and regularization matrix is properly embedded in the LMS-
based PD identification to circumvent the mutual divergence
among BF submodels.

Meanwhile, the probability of instability due to the
inevitable estimation errors during a longer estimate process or
the mutual differences in the PD models is an important design
challenge in providing LMS stability for real-time applica-
tions. Reference [189] expanded the study on LMS-based
ADPD iteration to include signal-dependent noise (SDN)
effects on the nonlinear memory-induced output weight vec-
tor. Since the SDN is accumulated in large iterations and
causes divergence or matrix ill-conditioning, it is also well
known from the authors’ illustration that the reduced sam-
pling rates are the initial source of SDN (or aliasing effects),
as the cut-off frequency of the RX low-pass filter lies close to
the first Nyquist zone. However, the authors strategy of vec-
tor update showed the elimination of SDN in large iterations
with adequate bias levels to balance the hardware resources
and computational complexity.

Usecases: Contrasted with LUT-based DPDs, ADPD offers
the opportunity to dynamically update the DPD coefficient
in response to the fast-changing PA nonlinearity. An ADPD
learning procedure can be thought of as another way of real-
izing optimal parameterization in the combined or dedicated
feedback of multiple TXs. Still, unlike LUTs, ADPD is not
constrained to support a smaller number of nonlinear orders.
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On the contrary, based on the mature pruning algorithms,
ADPD can keep an even larger number of BFs and coefficients,
ideal for the massive mobility and rapid beam-tuning for
5G/B5G channel modeling in frequent DPD adaptions.

C. Hybrid Predistortion (HPD)

The HPD method has recently emerged as a new fron-
tier to confront the targeted nonlinearities with intermediate
hardware costs and resources. In modern mMIMO beamform-
ing systems, a digital-only PD linearization is considered an
unrealistic option. The high energy consumption and cost inef-
ficiency from dedicated DSP units have brought the concept
of joint PD alleviation of APD and DPD in MMW com-
munication. It is envisioned in integrated hybrid TX that a
dedicated APD circuitry in an analog beamforming array mod-
ules provides a directive communication to ease the coefficient
identification process of shared DPD. The unusual correlations
between PA-antenna constitute the PD operation under very
nonlinear conditions, especially in FR2 established 5G bands
to reduce the initial ACLR reading from around 20 dBc to
28-30 dBc [39]. The DPD-based MIMO beamforming offers
satisfactory all-around accuracy at the expense of increased
system overhead. Likewise, in paper [190], the authors can
linearize the multipath transmitting beams of 5G-NR signals
through dedicated commercial DPD instrumentation for each
RF chain.

In contrast, APD-based RF beamforming is a cost-effective
solution to abstract optimal spatial multiplexing gain [44].
However, the optimization goal of APD from the perspective
of hybrid-MIMO TX is worth understanding since it has low
flexibility and linearization performance than dedicated DPD,
which is not to enhance the linearity of single-handed DPD but
to maintain the uniformity among interconnected IC-based PA
devices, as debated and experimented in [68], [191]. In con-
junction, HPD provides stability and serene performance to
both IB and OOB communication, as a part of APD, which is
efficient in suppressing OOB emissions, and DPD, a powerful
tool for IB linearization. The HPD solution with odds-on fea-
tures is anticipated to uplift the user densification forfeited in
high propagation loss of 5G and B5G cellular networks. This
section further covers the key contributions of HPD in dif-
ferent PA operating scenarios investigated in recent research
works.

1) HPD Linearization for Standalone PA: This method
provides a high level of nonlinearity compensation since it
alleviates PA static and dynamic distortions [192]. This HPD
testing mainly applies to low-frequency range signals (e.g.,
sub-6 GHz) as the preceding analog circuitry becomes lossy
and bulky at the high-frequency range. In some works, an
analog linearizer is employed as a compensation circuit along
with MP assisted DPD model to target both the static (short-
term MEs) and dynamic (long-term MEs) nonlinearities that
occur due to the stringent self-biasing oscillations [193], [194]
as depicted in Fig. 9. This approach alleviates the option of
custom-designed MP-based DPD identification algorithms. It
thus provides ingenuity to the built-in vendor-supported DPD
training model to achieve a satisfactory level of linearization.
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TABLE XII

PERFORMANCES OF VARIOUS HYBRID PREDISTORTION LINEARIZERS FOR STANDALONE PA DEVICE

2055

Related Works

Linearization Method

Test Signals

Correction Level

Remarks/Limitations

[66]

Digital compensation of
delay and gain/phase mis-

Wideband commercial PA in dual-
channel TX with 100 MHz and 50

20 dBc and 30.6 dBc ACLR
improvement at 50 MHz and

e No prior nonlinear informa-
tion is needed, which elim-

matches through FPGA
platform

MHz CA-LTE signal

Schottky diodes are used
to generate inverse analog
nonlinear function

inates the need for 5x the
higher bandwidth of baseband
sampling frequency

100 MHz, respectively

IMD3 and IMDS5 cancellation
is recorded from 9.5-15.5 dB
and 9.6-8 dB across lower and
upper OOB regions, respec-
tively

dynamic nonlinearities ing signal

Analog linearizer to com-
pensate static distortion

[192] FIR filter is used in dig- 85 Watts Class-B PA (0.9 GHz) The FIR-EMP records an aver- e Only EMP can be experi-
ital baseband to facilitate  and 20 Watts (1.9 GHz) Doherty- age ACLR improvement of 18-  mented with proposed APD
linear memory modeling PA are tested separately with 21 dBc
20/30/40/80 MHz CA-LTE signals
Envelop MP (EMP-APD) An EVM improvement of e Sensitive to inherent analog
engine is used in con- ~7% discrepancies during measure-
junction with digital base- mentation like noise, crosstalk,
band (FIR-EMP) to mit- or ambient PVT variations
igate static and dynamic
distortion
[193] Conventional GMP-DPD  The GaN PA centered at 2.47 GHz ~ An IMD improvement of 6.82 e Due to the fixed time-
to counteract short-term  with four-carrier GSM signal dB after GMP-APD constant magnitudes of APD,
MEs the design lacks an online pa-
rameters adaption and char-
acterization of large dynamic
variations of analog circuitry

A Schottky diode based

APD to correct the long-

term MEs due to the self-

biasing

[194] MP-DPD to compensate A 10 Watts PA with 3.5 GHz test- ACPR improvement by ~21 e Hybrid combination reduces

dBc with K=5 the model training complexity
with DPD reduced coefficient
numbers and APD fine-tuning
capability

NMSE improvement by 5 dB

with K=5

Nevertheless, the power-hungry DPD engines used in [193],
[194] exacerbate the linearization capacity to the wideband
parameter estimations.

On the other hand, the long-term MEs or cross-term
polynomials, if treated properly in HPD, effectively lin-
earize the broadband systems in compliance with the 5G-CA
schemes [66], [192]. Likewise, in [66], an FPGA-based base-
band is deployed to control the APD circuits for higher accu-
racy digitally. The FPGA-based DPD engines avoid the high
clock rate processing of baseband signals rendering the syn-
chronized phase characteristics of IMD function, which also
avoids the lossy APD nonlinear components of conventional
designs [31]. Different methodologies of HPD linearization for
standalone PA presented in the recent papers are summarized
in Table XII.

2) HPD Linearization for MIMO Systems: The HPD in
MIMO systems has been studied and implemented in vari-
ous typologies where dedicated or common digital processors
are employed to drive the multiple numbers of analog RF
processing chains, see Fig. 10. In array-based HPD, the pro-
cessed feedback calibration coefficients are digitally precoded
after the first iteration to estimate the nonlinear array behavior
caused by the imbalancing of analog amplitude and phase con-
trol circuits. Within the scope of MIMO-HPD, the DPD serves
in two ways for monitoring the feedback information, i.e., an

E
APD L g
Correction -
y You(n)
X out
(n) DPD. RF, ' PA
Correction

ADC and Model
Extraction

Fig. 9. A HPD linearization of a standalone PA that achieves the
compensation of both short-term (DPD) and long-term (APD) MEs.

error identification from only the phase-controlled feedback
signals of nonlinear PA responses in near-field coupling [195],
and error estimation from the amplitude and phase-controlled
beam-oriented streams in the context of far-field coefficient
propagation vectors [38].

With Single-DPD for Hybrid Array System: This lineariza-
tion model forms a dedicated APD for each PA of the
MIMO array to bring its nonlinearity to a uniform state
and ease the coefficient extraction of shared DPD. In other
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Fig. 10. Major configurations of HPD for the linearization of MIMO systems:
(a) A HPD linearization of MIMO TRX with per array digital predistortion
and its equivalent SISO model, (b) Dedicated digital predistortion per array.

words, single DPD conforms to the array structure as a
single-input-single-output (SISO) DPD system, as given in
Fig. 10(a). It is predominantly an example of stabilizing the
main beam signal by combining all the PA outputs of SAs,
as a part of the mean-DPD identification for a given ampli-
tude and phase distribution [196]. In [190], a four-channel
hybrid array is considered one virtual unit to obtain full-angle
linearization of the main beam and sidelobes. The authors
testing shows that a single-DPD can achieve the equivalent
performance of the full-DPD if the PA variations among
multiple RF chains are properly compensated with analog tun-
ing. Furthermore, the authors experimentation has also drawn
a comparison of different nonlinear distortion modeling sce-
narios, such as a combined PA response, dedicated DPD for
each chain, digital tuning of analog boxes to include memory,
and memory-less analog tuning. However, the PA characteris-
tics in large arrays are unavoidably different. For this purpose,
Liu et al. [195] presents a hybrid linearization of the main
beam signal from the large-scale array where the feedback
receiving points are integrated at the array edges across the
transmitting elements. The authors emphasize the importance
of proper analog beamforming vector tuning concerning the
dynamical nature of array integrated PAs. Consequently, the
optimized analog circuits form unaltered beamforming weights
as the authors use the principle of superposition theorem to
align the main beam signals of operating SAs. Moreover, the
developed iterative algorithm has near-optimal decoupling of
signal streams from the feedback signals, thus reducing the
computational complexity and power consumption.

Now in the far-field radiation, the large variation of
beam-steering resolutions ruins the amplitude tapering of
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analog PSs, which raises the importance of designing an
optimal amplitude-controlled PA array [196]. References [57],
[197] considers beam-shaping for the linearization of a hybrid
array system. The ABF section is equipped with VGA and
PS to simultaneously reduce the AM-AM error and ACPR
from SL emission and phase difference among parallel PAs.
It has been shown that slight variations of amplitude weights
have a notable impact on SLL, causing extra calculations to
determine the mean-DPD coefficients for different SLL cases
before assigning fixed beamforming weights in the direction of
the targeted user. An alternate optimization approach of DPD
and APD parameters is employed in wideband hybrid MIMO-
TX to avoid complex formulations from compromising DPD
algorithms [68], [198]. The presented HPD models are based
on the analog step uniformization to linearize all the PAs in
an array with a shared DPD. The similar layouts of testing
PAs enable the time-saving tuning of APD control voltages to
quickly reach the optimization goal of DPD iterative learning,
thus reducing the feedback overhead. A brief comparison of
referenced developments in HPD with single-DPD is enlisted
in Table XIII.

With Dedicated-DPD for Each Hybrid Chain: This config-
uration of HPD is extracted from full-digital beamforming,
also known as a fully connected (FC) hybrid array [52].
The dedicated DPD hardware effectively mitigates the cross-
interactions among TX chains since each channel works
independently, and hence, enables spatial linearization for
the MU scenario as illustrated in Fig. 10(b). However, this
approach might be outdated because of its hardware over-
head, especially with additional feedback processors where
the high clock samples could bring the maintenance cost to
an unimaginable state. The work, contrary to [190] mini-
mizes the multibeam interference per chain by constructing
a PD signal for each beam [191]. The modeling character-
istics of full-digital TX are used for analog multibeam TX
to alleviate mutual interference due to the PA input/output
deviations. For this purpose, the LS estimation of single-
channel DPD is adopted to effectively remove the linear and
nonlinear distortions. Interestingly, the alleviation of linear dis-
tortion is ignored in [190] by a similar research group since
the transmission of a virtual main beam was prioritized for
the direction-specific user. Nevertheless, multibeam commu-
nication encourages high spatial isolation in all directions to
enhance multiplexing gain [108].

In parallel SAs, the coupling among RF components
is much higher than that of individual array elements.
Ng et al. [199] presents one such system that mini-
mizes the mutual coupling and steering mismatch of a sin-
gle array. The nonlinear basis functions of pruned VoS model
from the MIMO system are assumed for SISO-DPD to exploit
the multiplexing gain of steering angles from analog sub-
components. Yan and Cabric [200] studied the combined
effects of ISI and inter-beam interference (IBI) to get the
near-optimal SE of fully connected hybrid TX. They further
evaluate the unit amplitude from the combined beamform-
ing weights of analog precoders for the user equipment to
run the digital compensation algorithm for the IBI molecules
of those side emissions that intervene with the main signal
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TABLE XIII
PERFORMANCE COMPARISON OF HYBRID PREDISTORTION FOR MIMO TRANSCEIVER WITH SINGLE-DPD
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Paper  APD Usability DPD Matrix Design Merits Signals Acquisition Performance Metrics Drawbacks
Taylor amplitude Sum  DPD  to  Evaluation of SLL-  OTA testing of 4-PAs  PACP;um={22,8,6}dBc e Amplitude control
[57] excitation at SLL, linearize array  based OOB emis- in 8 elements ULA* & before the PA
¢={—15,—-20,—30} response in near- sions (peak-ACPR with 5 MHz OFDM  PACPgu;rqy={22,6,5}dBc leads to insufficient
dBc field (PACP)) in the di- signal at 2.12 GHz at three SLL; having ACPR/EVM
rection of victim M=3, K=9 compromise directive
user and omni-directional
linearization
0° phase setting for  Array DPD based EVMurray={0.9,3.2,3.1}%
pure LOS propaga- OTA far-field lin- &
tion earization EVM;um={0.9,3.5,3.6}%
Digital tuning boxes  Virtual DPD  Full-angle Nrg=4 S Npgy=1 Average ACPR and e Reported ACLR
[190] to minimize the modeling from linearization at  via OTA feedback! NMSE improvement  does not follow the
channels differences the combined BF  5G-NR FR2 bands for 20&40 MHz mod. standard-compliant
(memoryless APD  weighting vectors signal by 21&17 dBc 3GPP-NR for 5G-
[204] can also be and 21&24 dB with FR2 bands due to
used) K=3~7, M=1~2 the consideration
of mildly nonlinear
operation point
PS only ABF with Iterative algorithm  Flexible single and ~ HBF with N7, (s4)=  ACPR improvement for e It does not consider
[195] vector weight equals  to separate  diverse feedback 4 = Np,= 1; where 120 MHz signal by ~ the impact of
1 for unaltered input  uncorrelated RX within the TX each SA comprise 8 16 dBc. EVM for 64- beam-dependent
signals of feedback feedback signals array chip X 8 elements QAM signal improved load modulation
embedded TRX of adjacent SA by 6.73% besides the simplified
assumptions of
identical PA
behavior, pure LOS
communication
Different deviations = Mean-DPD Relaxed training  System level simula- ACPRy,q.2 improves e Only simulations
[196] of amplitude,  with random  period due tions of 32 elements by ~10.5&12 dBc are performed
¢={1,3,5} dB LS coefficient  to specific  ULA at 28 GHz for mean-DPD  with
and phase control, estimation for 100  beamforming AM-AM=1&5 dB
0={2°,6°,10°} training samples weights and AM-PM=2&6°
circuits for each PA deviations
branch
Taylor amplitude ex- Sum DPD (10/16  Single polynomial  System level simula- Sum DPD and array e Only simulations
[197] citation PAs) and array model is assumed tions of 16 elements DPD with 14.6 & 23.1 are performed with-
DPD (6/16 PAs) for all array PAs ULA via OTA com- dBc ACPR improvement out considering prac-
to linearize array to avoid individual  bining at 15 GHz for 256-QAM at 30° an-  tical constraints of
response at low  estimation gle real array TXs, e.g.,
and high power LM, mutual coupling,
levels or crosstalk distortion
effects
Phase control with 4x(500 MHz in- SLL reduction up to -30
30° steering angle put) oversampling dBc
(410° variation) rate for 1024 train-
ing samples
Different biasing  Group DPD by LS  Iterative DPD One RF chain with  ACPR of dual-PAs with e Difficult to estimate
[68], combinations algorithm training after step  Np,=2, with five CA  40&80 MHz modulation  appropriate combina-
[198] to  bring  array uniformization of LTE-A signals at 3.5 signals is under -51&- tion of analog control
nonlinearity to a APD GHz [68] 58 dBc, while EVM  voltages resulting in
unified state is <2.7%; having K=7, time-consuming extra
M=4 tuning processes and
hardware constraints

*Uniform Iinear array(ULA).
1 N7, and Ng, represents number of transmitting and feedback receiving chains, respectively.
2ACPR 4. is the ratio between low and high adjacent power level for specific phase angle.

while ignoring other SLL. The authors’ analysis found that
optimal SE is more or less the same no matter how many
RF chains are used, even with the ideal PA. This constituent
depicts the importance of compensating for the nonlinear dis-
tortion from the beam signals toward the corresponding users.
Liu et al. [201] extend this focus to improve the analog PS
streams for adequate spatial isolation to remove IMD and
IST from OTA beams of dual-stream phased-array TX. Due
to the multi-dimensional MP-DPD model, the cross-channel
modulations are significantly suppressed at the cost of high

computational complexity. These authors have extended their
work in [202] by linearizing more (4) streams of the FC-
HPD array. It has been shown that the multi-variable DPD
model can effectively mitigate the high-order IMD radiations
imposed on the linear beam streams in a real transmission
scenario, which altogether deviated from the analog PS mod-
ulation. After that, the RF chains split into the main branch
and auxiliary branch to control the extraction overhead of the
DPD behavioral model. Based on this, the nonlinear distor-
tion is largely compensated by the main branch. However, if
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TABLE XIV
PERFORMANCE COMPARISON OF HYBRID PREDISTORTION FOR MIMO TRANSCEIVER WITH DEDICATED-DPD

pseudo-inverse LS
matrix conversion

Paper  APD Usability DPD Matrix Design Merits Signals Acquisition Performance Metrics Drawbacks
RF-PS based beam DVR* model for Multibeam Two RF chains withh  ACPR and NMSE im- e Limited beamform-
[191] distribution PA distortions and linearization of Np,app)= 4, with  provement by more than  ing gain
then truncation ~ ABF-TX for MU  two CA signals (dual- 14 dBc and 20 dB o Extra hardware cost
of multibeam  scenario beam) at 27 GHz of APD-TXs
interference via

Weighted array man-  SISO-DPD with  Distortion
[199] ifold vectors of inci-  zero-forcing cancellation  at
dent wave interference PA input/output
cancellation
RF-PS with steering
angles, 0= 0° & 15°

Two SA with Np,= ACPR and EVM are bet- e Low signal-to-
64 elements, with 800  ter than 40 dBc and 2%  noise ratio because
MHz OFDM signal at  for both users of the large far-field
28 GHz array distance
AM-AM and AM-PM e Difficult calibra-
with £0.5 dB and £+1°  tion of feedback loop
variations from RX to the TX

PS-only analog pre- LMS-based DPD  IBI and ISI mit-
[200] coding with unit am-  precoding of igation for 60%
plitude Kronecker power SE
scaled data symbols

Eight data streams Interference reduction e Reduced perfor-
with seven RF chains by 10 dB while SNR  mance based on the

for MMW PA improvement by 25 dB  assumption of identi-
increases effective SE  cal PAs
by 60% e Only simulations

are performed

product and Taylor rich multi-variable linearization
distribution vectors of fifth-order
behavioral modeling
Simulations-based
PS  rotations  at
01={20°,64°,110°,122°},
while OTA
lab-testing at
02={70°,99°} and
03={35°,100°}

Weighted amplitude Odd order multi- Mitigation of OTA combining of ACPR and NMSE im- e Overlooked
[201] beamforming vectors  dimensional DPD  cross-channel Dual-stream four el-  provement of more than  practical X
precoding IMD and inter- ements ULA, having 13 dBc and 9 dB at both  constraints gives
channel noise two 20 MHz CA sig-  beams limited linearization
nals at 3.5 GHz performance
PS with steering an-
gles, 0= 70° & 90°
Full ABF matrix  Full-basis function  Multi-stream Simulations on 4-  4-streams with ACPR, e Proposed
[202] based on Kronecker  with PH* and  spatial streams, 64-clements SLL, and NMSE im- multibeam array

ULA at 3.3-3.8 GHz provements at 61 by 16 can be operated at
dBc, -20 dB, and 12 dB;  different frequency
having K= 5, M= 2 bands [268]

Dual stream OTA lab- ACPR and NMSE

testing of two RF  enhancements by more

chains at 62, having than 12 dBc and 11

two 20 MHz CA sig- dB with OOB emission

nals at 3.3-3.8 GHz below -45 dBc; having
K=6,M=3

Dual stream OTA lab- ACPR and NMSE im-
testing of two RF  provements by 13 dBc
chains at 63, having and 12 dB

two 30 MHz CA sig-

nals at 3.4 GHz

Generalized Eigen-  Channel matched fil-  Anti-

[203] space resolution  ter and zero-forcing  beamforming
with angle-only  precoding for both  operation via
and angle-delay OFDM and single- reverse phase
ABF for OFDM carrier transmission shifting and
and  single-carrier auto-correlation
transmission
Bussgang

approximation  for
phase and amplitude
decomposition

System level simula- ~ACPR improvement by e Only simulations
tions of Ny,=100el- =5 dBc & 19 dBc for are performed
ements ULA through  multi-user and single-

12 RF chains for user having 256-QAM

MMW frequencies OFDM

3 user streams froma  GMI approach to im-

single BF prove mismatch effects
due to PA nonlinearity
for maximum AIR*

*Decomposed vector rotation (DVR), parallel Hammerstein (PH), achievable information rate (AIR)

the main beam IMDs severely aligned with auxiliary branch
streams, then the fully multi-variable rich basis functions are
considered an alternate calibration. The research work in [203]
conducts a computer simulation of FC analog precoder frame-
work to evaluate the sensitivity of OOB radiations, with a
technique, namely, generalized Eigen-space BF, to develop the
high power beam pattern. The achievable information rate is
the desired performance metric under PA mismatching non-
linearity. The Bussgang approximation (BA) is used in ABF

to provide phase and amplitude corrections for the desired
beam pattern of the intended group. It has been shown that
the alone FC analog TX cannot fulfill the system capac-
ity with minor OOB reduction at the desired user terminal,
even with conventional DPD. However, the generalized mutual
information (GMI) analysis is carried out in ABF to realize the
improved system capacity with conventional DPD, especially
at single-carrier and multi-carrier high-order OFDM modu-
lations. Table XIV enlist the summary of HPD architectures
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for the case of dedicated DPD structure with each RF ana-
log chain. Some exciting research focuses on subsidizing PA
predistortion structures and MIMO linearization schemes dis-
cussed in the next section. These research directions could
serve as a starting point for the designers to standardize the
linearity challenges envisioned for next-generation mMIMO
systems.

D. Future Research Directions

In future work for a built-in class of APD, it is important to
minimize the effects of stringent parasitic capacitances of the
transistor, especially at large input biasing [205]. Moreover,
wideband frequencies require high output power gain. Hence,
APD circuits are expected to synchronize the inverse transfer
characteristics (small-signal to large-signal) over an operating
frequency of interest to the PA for sufficient distortion cancel-
lation. By addressing these shortcomings, the active biasing of
high-linearity transformer-based predistorter in [34] could be
used as a gain and phase adjustment tool to linearize hybrid
phased array systems. Meanwhile, the challenges of delay mis-
matches in the dual-branch APD can be lessened in future
editions [208]. In addition, the modified HPD in [66] extracted
from a standalone APD of [31] can also be extended to CA-TX
and a more practical case of MU MIMO-OFDM 5G systems.

Moreover, the joint embodiment of [66] with the parallel-
processing fully-digital array of [132] will be interesting to
extend the scalable hybrid linearization for an FPGA-based
baseband. On the other hand, tuneable ABF sub-components
with limited digital baseband calibrations could be developed
to inoculate PA transfer functions dominated by the multipath
propagations and limited PS switching rotations to pursue high
SNR and low-EVM levels, especially in far-field isotropic
directions.

Since the amplitude beamforming weights of the SA beams
are mainly controlled by VGA, which, as a result, are inde-
pendent of PS beam-steering directions, as illustrated in [130],
therefore, it would be interesting to extend the PS network of
the RF-chain free BF in [44] by developing a VGA dependent
amplitude beamforming vectors to design a low-complexity
solution of an adaptive real-time array diversity.

Besides, building the basis functions of multidimensional
ADPD at MMW frequencies needs to be further investigated,
as concluded in [105]. Since in diverse deployments of BS,
each SA has an independent input driving signal responsi-
ble for transmitting true uncorrelated data sequences [209].
However, the impairments are always liable across PA
interconnections due to inadequate array spacing, which
induces strong correlation losses during spatially multiplexed
transmissions. These impairments due to the crosstalk effects
have been successfully demonstrated in [108]. However, the
additional variations of power gains (see, e.g., [210]) in the
multi-channel scenario should also be considered to uplift the
spectral containment for multi-directive beamforming.

For hybrid TX with shared DPD, the operating frequencies
with wide modulation bandwidths still need to be addressed.
Since PAs with wide bandwidths might exhibit stronger MEs
(depends on the array isolation characteristics [190]), which
will be oppressive for a single-DPD to compensate. As the
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cross-memory terms are shared across the array channels, it is
of interest to contemplate the geometric sets of SISO-DPD
coefficients [211] to amend wide signal modulation band-
widths in a common-DPD oriented MIMO system. On the
other hand, in FC hybrid MIMO system [202], a potential
research opportunity could be to reduce the high sampling
rates of DPD modules at continuous MMW bands. The linear-
decomposition-based DPD modeling in [136] can be explored
for FC-HPD architecture to limit the oversampling rates of
dedicated DSP units while preserving high linearity.

E. Summary and Lessons Learned

The characterization of large-scale MIMO-BS TRXs based
on their spatial distribution properties is a key to understanding
the linearization performance and the design of PD circuits in
a real-world implementation. Also, the bandwidths of present-
day communication standards are constantly evolving to fulfill
the public cravings with high data rates and high quality of
service. This section has discussed three PD learning archi-
tectures with their application scenarios in practice for both
standalone and MIMO transceiver systems. The approaches
with their references are summarized in Table X—XIV. The
key lessons learned from the section mentioned above are as
follows.

e For an APD operation, we can leverage the similar covari-
ance bandwidth of an input baseband signal to the PA for
linearization, which is not applicable in DPD that occupies
the five-fold of sampling bandwidth to an operating band.
Subsequently, to get maximum benefits from APD, one com-
mon principle is to ensure a careful shaping of drain and gate
bias voltages [21], since it is complementary in principle to
maintaining optimal instantaneous envelope of the RF carrier
towards achieving satisfactory linearity.

e The LUT must be equipped with sufficient distribution of
data points, owning to the information storage of input/output
signals magnitude, to select the most appropriate samples
among discrete table entries.

e Despite the most preferred method of nonlinear modeling
that empowers ADPD solutions in real-time testing and track-
ing of array conditions, the overall derivation of PD function
may affect due to improper construction of coefficient matrix
causes ill-conditioning. Hence, considering an ill-conditioning
problem, the PD regularization matrix should be properly
configured.

e The various hybrid distortion learning architectures are
application-specific, e.g., a TX with dedicated-DPD-based
beamforming can effectively safeguard the spectral pollution
from the adjacent bands while retaining the PD performance
traits at the expense of additional hardware resources. In
contrast, the low complexity hybrid TX with shared-DPD pro-
vides low spectral efficiency. Meanwhile, the power-hungry
resolutions of DPD engines and array uniformity from APD
sub-components play a pivotal role in spectral containment.

V. CASE STUDIES INVOLVING PREDISTORTION MEASURES

This section will illustrate the in-depth understanding of
essential PD metrics and their usability in analyzing the
performances of several application scenarios. Four different
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Predistortion
Case Studies

Cellular BS Communications Satellite Communications

[192], [217)-[234] [235]-[239]

Fig. 11.

case studies have been presented in this pursuit. These include
cellular BS communications, satellite communications, radio
over fiber (RoF) communications, and terrestrial broadcasting
systems. These application areas show the performances of
PD paradigms at different frequency waves of 5G BS systems,
and particularly, what would be the future strategies to real-
ize effective PD mechanisms for reliable communications on
various scales.

A. Cellular Base Station Communications

While considering cellular communications, the PD-based
linearization attributes have been well addressed in recent lit-
erature. Like, MBS, in cooperation with traditional 4G and
evolving 5G mMIMO networks, has been evaluated with high
throughput and linearity performance supporting up to two,
four, or eight up/down-link BS terminals [27], [212]. Whereas,
currently researched femtocells, pico-cells, micro-cells, or
metro-cells BS (taken as the subsets of SBS in general) enable
high power gain and independent beam-steering capabilities on
the back of closely-packed phased arrays ICs, starting from
the single TX element [79] to 32-64 [213], 8-256 [214], and
even up to 384-TRX elements [82]. Reference [215] presents
a thorough study addressing the design considerations and
challenges from the various dimensions of 5G BS access tech-
nology. Multiple aspects are needed to explore the feasibilities
of PD schemes at different scales of 5G and B5G networks,
such as dealing with linearization metrics of digital and
RF sub-systems at different power levels, and semiconductor
materials are ultimately needed to be addressed [216].

1) Predistortion Characterization in Small-Cell Base
Station: The low-power (in milli-Watt range) SBS is a more
substantial choice than the monolithic MBS to reuse the avail-
able spectrum for ubiquitous connectivity. The all-in-one pack-
age of high-volume MIMO terminals employs low-cost, low-
power PAs, where linearization requirements are significantly
relaxed or external PD calibrations are even exempted [217],
[218], [219]. However, the cross-tier interference in SBS
network densification always calls for additional equalization
arrangements to procure high EE [220]. Badal er al. [221]
conduct a review to delve deeper insights into various con-
figurations of CMOS-based micro BS TXs feasible for 2.4
GHz ISM band applications. In the light of these solutions,
a brief description of the design challenges associated with
CMOS downscaling factors in device parasitics, carrier leak-
age, and power consumption are also marked for different TX
configurations. The authors accentuate dual-conversion and

Radio over Fiber Communications

[240], [241]

Terrestrial Broadcasting Systems

[242], [243]

Existing works on PD-based linearization in different application scenarios employ various flavors of modern communications schemes.

direct-conversion TXs because of their enhanced linearization
capacity and power-saving ability.

It is well-noted that SBS is the potential enabler of MMW-
HB to realize the prevailing (1000x) network capacity of
B5G networks [222]. Hence, SBSs are envisioned to evade
contradictory hardware resources in large-scale linearization,
courtesy of low power consumption. The references [223],
[224] demonstrate indoor densification of small-cells operation
by employing single omnidirectional and multiple BF ele-
ments, and thus, efficient reuse of frequency spectrum among
short-spaced terminals. Moreover, BF nonlinearity in terms
of multi-path dispersion is highlighted, where a constructive
approach of a Rake receiver is proposed [223]. This strat-
egy significantly reduces the system overhead while providing
a substantial SE and EE performance and further validates
the effectiveness of a low-power RF-PD learning approach for
omnidirectional SBS antenna elements.

Westberg et al. [225] presents an evolutionary bar chart
shipment metric of 5G BSs, which are fuelled by the dra-
matic increase of mMIMO systems deployment, reaching over
100 million in 2021 for MMW spectrums. This is because
the exhaustive SBSs are usually preferred to increase network
capacity and efficiency, especially inside several hard-reaching
indoor environments, such as stadiums, airports, or shopping
malls, as [226] outlines the signal penetration caused by the
MBS in high-rise buildings. While doing so, the extravagant
cost and hardware complexities incurred by large-scale SBS
deployments have to be balanced. The special issue [227]
focuses on the practical challenges of large-scale MIMO
systems that would jointly pave the way to hardware-efficient
deployments of SBS and IoT applications. The key philoso-
phy is to derive the novel optimization solutions of analog
precoders and fast heuristic DSP algorithms to maximize the
SE and EE of low-power small-cell devices. However, strictly
speaking, the emphasizing DPD method is usually a not usable
form of linearization in SBS. The reference [223] has already
addressed a directive line-of-sight (LOS) communication using
an RF analog precoder acquisition in dense small-cell con-
stellations. It is evident that even low-power PAs does not
scale down the DPD criterion in terms of expense and power
requirements since the linearization metrics remain more or
less the same, independent of the DPD usability. Although,
the variations due to ME in broadband modulation signals
can significantly degrade the performance of RF linearizers.
Therefore, Campo et al. [228] addressed a real-time DPD
implantation for the linearization of high-throughput graphics
processing unit (GPU)-based baseband modem with operating
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PAs aimed inside SBS. The signals transmission and reception
run back and forth across GPU and CPU, respectively. The
authors further utilized PA sets that support commercialized
indoor and medium-range outdoor products. However, a DPD
is formulated to improve the PA’s inherent features by reduc-
ing the initial PAPR value of some 8.5 dB down to 7 dB and
raising the initial modulation bandwidth from 20 MHz LTE
to 100 MHz 5G-NR signal. Their investigation concluded that
using the complex MP with high M-orders could improve the
symmetry across PA spectra at the cost of more computational
adjustments and hardware resources, which was nonadjacent
in other cases due to insufficient memory.

2) Predistortion Characterization in Macro-Cell Base
Station: Likewise, the next-generation network, SBS, will
equally rely on MBS to enhance an outdoor environment’s
signal strength and throughput. The MBS is envisioned to
leverage high transmit power (up to several watts), supporting
MU transmission with multiple data streams through a limited
number of MIMO elements [229]. Unlike SBS, where APD is
predominant for enhancing the concomitant SE and EE trade-
off, the accustomed DPD is the viable linearization mode in
MBS to combat the MU interference while providing a flexible
compromise between large PAs back-off and SE. Furthermore,
the TXs with highly efficient PA topologies such as Doherty
amplifier, etc., permit less power wastage with ubiquitous sig-
nal transmission and area coverage of around 1-25 km. But
on the other side, such PAs also suffer from poor linearity
because of operation close to the saturation region [230].

Meanwhile, in [231], MBS are also assumed to jointly
optimize the analog and digital PD solutions to compensate
for impaired hardware constraints. The paper presents an early-
stage design model to study the impact of insufficient physical
information due to power-consuming RF and digital control
circuits and thus proposes the optimized energy-efficient sta-
tistical power model of candidate PA designs in 4G and 5G
MBS modules. The investigation, as a result, found the best
regression points for RF analog sub-components, including PA
and DAC/ADC, to derive an appropriate fitting function for
low power consumption of SG MBS.

To meet the growing traffic demands of users with ultra-
high data rates, the 5G and B5G MBS architectures will be
densely deployed; therefore, it is vital to design a wireless
infrastructure with high linearity and high efficiency, espe-
cially in large form-factor systems like MBS, to keep the
power consumption as low as possible. The GaN material is
one such proposition that has been carried out in PA designing
to balance the stringent linearization and PAE constraints of
5G MBS architectures [232]. Kuwabara ef al. [233] proposes
a highly integrated 5G active antenna array equipped with
480 transceiving elements to achieve high effective isotropic
radiated power (EIRP) for MBS coverage. The full digital
beamforming compound further harnessed the spatial reuse
of the 5G spectrum, supporting spatial multiplexing of 32
data streams from 15 elements SA. However, developing an
MMW mMIMO structure of MBS is often hindered by ther-
mal instability, especially in systems where DPD is considered
unrealistic. A remedy to this weakness has been addressed
in [233]. The design employs a unique thermal discharging
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mechanism where heat pipes are scratched underneath the
array unit. As a result, the effective temperature per channel is
reduced by 13°C. Another article [234] explores the energy-
efficient design of MBS-PA to harness heat emissions and
underlying hardware resources. The authors considered pico-
cell networking for the incorporation of MBS. The problem
of heat dissipation due to excessive transistor power supply
has been addressed to pave the way for energy and cost-
effective, readily installable solutions. On the other hand,
introducing commercial dual-stage balanced PA improves the
different performance metrics for efficient signal transmission
of outdoor pico BS. Based on these considerations, the overall
objective of operating a PA with a reduced DC power supply
while maintaining an acceptable quality of offerings in terms
of average output power and linearity has been accomplished.

B. Satellite Communications

PD-based linearization, while considering satellite commu-
nications, has been integrated with a more practical and sophis-
ticated adaptation process to meet the target performance of
future high throughput satellites [235], [236], [237], [238],
[239]. Both APD and DPD solutions may be considered
for realizing a near-optimal linearization across numerous
frequency applications [239]. Additionally, the DPD-MP met-
ric has been actively investigated for the onboard-aware
satellite transponder to counter the grave dynamic distor-
tions of transponder filters and high PAs. In [237], the main
architecture of the onboard satellite compound involving the
ground-station-based DPD operation with the multicarrier
mode is considered. In this satellite network, the MP resources
have been allocated based on the band limitation (high sam-
pling rate) constraints in DPD forward path. Additionally, the
nonlinear behavior of the sampling feedback signal has been
captured from the output multiplexing filter co-designed with
high PA to include deleterious MEs from the payloads fil-
ter. Hence, under the constraint of spectral regrowth at the
transponder, an adaptive estimation of DSP algorithms is inter-
preted either in DLA or IDLA, depending on the specific
application scenarios of adopted carrier waveforms. To this
end, the DPD model can either be exploited at onboard [236],
[237] or on-ground [238] level to evaluate the performance of
satellite when handling nonlinearities for higher transponder
throughput, includes:

e On-board predistortion: It optimizes bandwidth effi-
ciency and filters OOB radiations by utilizing DPD
gain adaptions in multicarrier waveforms with higher
modulation order and larger bit-error rate.

o On-ground predistortion: It offers joint optimization of
PD identification parameters to mitigate high PA nonlin-
earity and interfering carriers across the user’s terminal.

C. Radio Over Fiber Communications

The PD model has been used in an RoF transmission, taking
into account the realistic linear impairments of optical com-
ponents such as laser, photodiode, filters, and semiconductor
amplifiers. In detail, to efficiently analyze the nonlinear combi-
natorial effects of long-haul RoF transmission system, authors
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in [240], and [241] have incorporated the concept of DPD
and Schottky diode-based APD for broadband LTE and 5G
systems, respectively. In the proposed DPD approach, the feed-
back information is tested under the PVT variations without
facing delay. In a nutshell, the on-demand DPD operation can
only be invoked in the event of significant PVT variations,
providing an effective way to tune seldom coefficients of the
RoF downlink channel. With the aid of an APD approach, the
nonlinearities of the laser diode are compensated. Usage of an
identical equidistant Schottky diodes-based interference can-
cellation with the same impedance-matching has resulted in
the wide linearization bandwidth of 1.8 GHz, ideal for the 5G
bandwidth-intensive applications.

D. Terrestrial Broadcasting Systems

The plethora of high PA losses in terrestrial broadcast-
ing TXs has also been tested in conjunction with the DPD
recently [242], [243]. The DPD-based iterative correction and
non-convex optimization problem can be carried out to analyze
the quality of digital broadcasting signals with fast conver-
gence. In [242], the DPD model has been used as a convex
problem but is not necessarily a perfect design method due
to the complicated impedance mismatch between the correc-
tion and real PA. The memoryless solid-state PA has been
used, and achievable static linearization was obtained to test
the OFDM signal with AM-AM distortion of terrestrial broad-
casting transmissions. This simulation-based iterative analysis
shows that most convergence performance depends on the
additional parameters employed to optimize the associated
convergence assignment. A range of investigations related to
finding the feasible number of online convergence parameters
in broadcasting systems were carried out in [243]. This study
tested divergence issues of convergent output and large input
amplitude dissatisfaction using a signal-based DPD scheme
while proposing optimal coefficient extraction strategies at a
near-saturation level of high PAs.

E. Future Research Directions

The research efforts mentioned above have adequately
demonstrated the feasibilities of PD schemes at different
levels. These contributions serve as a valuable guide for fur-
ther amendments to devise versatile linearization solutions
seamlessly integrated with the future generations of wireless
communication.

1) Airborne Communications: The utilization of PD
schemes in aerial and ad hoc, such as UAV-enabled next gener-
ation frameworks, has a strong appeal for 5G and 6G standards
as it constitutes a wide coverage area and capacity [244]. In
this regard, fast heuristic real-time acquisition of feedback data
with near-zero latency for different flavors of user’s mobil-
ity and nonlinear system models can be considered for future
research. In the existing works, on the TX side, a one-to-one
mapping is formed between the PA and cascaded PD equip-
ment to support simultaneous uplink and downlink channel
estimation, or a high precision beam-steering link is estab-
lished to increase spectrum utilization. It is illustrated in [245]
if the steered beam in a single-target spatial linearization is
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developed, it leads to interference over space for different
spatial distributions while narrowing the user’s moving range
resulting in highly directive PD operation. This framework
of extending the multi-target linearization can be explored
for the coalition of different aerial communications schemes
to improve air-to-ground channel characteristics. The wide
linearization angle could support a high mobility scenario.

2) Backscatter Communications (BackComm): The PD
schemes in mMIMO-enabled BSs can be developed for the
ambient waves of BackComm networks which is a new and
appealing research area for the future-connected IoT devices
that demands ultra-low power consumption. Similar to the con-
ventional MIMO transmission scenario [108], the PD system
models with multiple digital and/or analog sources at backscat-
ter TXs/RXs need to be considered to facilitate the interference
mitigation between the transmitted ambient and received
backscattered signals. As indicated in [246], the BackComm
may still be degraded by the layout interconnect parasitic
components despite supporting complex modulation; it then
emphasizes the use of appropriate signal PD/equalization
mechanism at the TX/RX side to allow suitable biasing con-
ditions to the integrated backscatter TRX for supporting more
complex schemes, which is an avenue for future research.

3) Other Enabling Technologies:

a) Linearization scalibility: It is evident that the output
power requirements are accordingly relaxed as the frequency
bands deployment becomes dense; therefore, the scalable PD
configurations should be one of the most important consid-
erations for a viable placement of 5G and beyond networks.
Since the power overhead of existing DPD structures remains
the same, irrespective of the network densification. In this
regard, the further exploration of hybrid linearization solu-
tions will greatly balance the high power consumption towards
digital processing components and ease the implementation
complexities of integrated front-end circuitry utilizing MMW
spectrums.

b) Thermal management: The optimizations of heat
transfer solutions need further investigation to provide long-
lasting operation in the high packaging densities of differ-
ent communications schemes. Future research is possible to
reduce the strict heat removal requirements and subsequent
maintenance by commingling cost-effective PD solutions and
heat sinking fins for passive cooling in distributed radio
channels [247].

c) Concurrent transmission: The existing PD solutions
in SBS-TRXs schedule a communication link limited to the
single-user only [132], supporting either a frequency-division
duplex (FDD) [248] or time-division duplex (TDD) phased
array [38], [65]. It would be interesting to see the effi-
cacy of current linearization solutions for the concurrent
transmission of closely packed radio spectrums in future
wireless nodes, especially in non-standalone FDD/TDD-CA
systems. Although, such transmission has recently received
profound attention [249] after the successful trials of TDD-
FR1/FDD-FR2 CA proof-of-concept systems announced by
the Ericsson [9].

d) Interference management: Insufficient robustness to
the interference has always been a symptomatic issue for
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microwave-based and MMW communications. From the 5G
cellular BS point of view, it is an example of multi-tier
(or cross-tier) interference from the SBS to MBS, which
has been largely elucidated in recent research works [15],
[250]. Ultimately, the variable load conditions due to unsta-
ble PA interconnections are the main source of electro-
magnetic interference regardless of the small-scale or large-
scale networks. The latest PD designs and a paradigm shift
towards learning algorithms [61], [108] could be investigated
for maximized radiation power and SE in wider transmis-
sion bandwidths while dealing with practical constraints of
inter/intra-cell modulation distortions [58], [60].

FE. Summary and Lessons Learned

The linearization of strongly nonlinear MMW systems
is poised to be performed in dynamic broadband propa-
gation environments with a high density of transmission
modules and users. This highly saturated spectral environment
compound increases the linearization complexities towards
intended nodes. In addition, the sensitivity to interferers and
spurs in network densification can cause more nonlinearity
orders of memory depth, where the performance of various
PD aspects at the baseband and the architectural level becomes
a critical issue. Eventually, the severe nonlinearity of MMW
spectrums in denser 5G and B5G networks will raise many
new challenges worth exploring, such as power scalability of
PD subsystems, periodic optimizations for ambient thermal
variations, concurrent transmission protocols, and interference
management. The key lessons learned from this section are as
follows.

e In mMIMO communications enabled by sub-6
GHz and MMW frequencies, simultaneous deployment
of SBS and MBS are needed among different entities at
the hotspot and large levels using the same orthogonal
resources. To handle the cross-tier interference between the
transmissions, the joint coordination and optimization of
established PD techniques are essential, raising the system
cost and computational resources.

e In integrated SBS that adopt MMW communications, the
network EE and gains of FEMs can be complemented with the
assembly of low-power PAs. Thus, the communication func-
tion of SBS is typically integrable into the shorter transmission
distance between a user equipment and SBS with good channel
conditions [15]. However, the main challenge is understand-
ing the impact of cascaded coordination and optimization of
hybrid precoders in exploiting spatial diversity, encouraging
flexible and scalable distortion modeling.

e The 5G MBS networks add additional “operating-
expense” constraints, which can be contaminated by the
increased power consumption of communications equipment.
The optimization of PD functions can be remarkably compli-
cated to solve the power allocation problems in the MU-MMW
scenario. The DPD solutions for GaN-based FEMs should be
investigated in high-power macro cellular BSs in the presence
of linearizability clutters [251].

e The use of PD schemes in satellite-based communica-
tions can enhance the spectral density of the transponder
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by mitigating the spectral regrowth from the payload sub-
components and resolving the multicarrier reflections.

e In RoF architecture, long-range transmission bandwidths
may not indicate an optimal communication or downlink
performance. The reason is that ensuing the superimposed
multiplexing subcarriers through a fiber cable or free space
incurs a linearity loss in the centralized light source [241].

e In broadcast PAs, the linearization performance is affected
by the cumulative inefficient backoff and DPD convergence.
As such, the model identification in high broadcasting PAs
should be defined with optimal convexity bounds limit, which
is beneficial for the convergence of the input baseband symbols
having high-order modulation diversity [242].

VI. EMERGING RESEARCH TRENDS

The previous sections have presented the concrete and
promising solutions to the varieties of PD methods for exploit-
ing linearized 5G and B5G BS geometry, highlighting the
key offerings and technical challenges of various lineariza-
tion methods. This section is intended to present certain areas
which have received significant attention in recent times and
are expected to remain important topics for futuristic research
outcomes.

A. Millimeter-Wave MIMO Predistortion

Compared to the traditional wireless networks with stan-
dalone microwave bands, the MMW frequencies (with the joint
allocation of microwave bands in a unique propagation envi-
ronment [252]) in mMIMO systems are the real enabler for
future generations of wireless technology. The PD-based lin-
earization is also the firm substructure of evolving domain
to maintain reasonably good spectrum and power efficiency.
There is a growing interest in PD solutions to dictate the non-
linear terms of multiple and mutually different operating PAs
of MIMO active antenna arrays. This has led to consider-
able open research problems of nonlinear distortion modeling
and corresponding PD solutions that need significant attention
when designing MMW-mMIMO systems.

1) From Standard SISO to Diverse MIMO Predistortion
Systems: SISO-based PD processing and learning have been
widely adopted to design and analyze the sub-6 GHz mod-
ulated signals. It leverages the nonlinear reciprocity in a
single-block DPD model as a classical single set of DPD
polynomials-based learning architecture for individual PA ele-
ments. This has motivated the study to design a hierarchical
dual-input DPD model to provide a high-performance solu-
tion to the multi-element beamforming array [102], [253].
Based on the extended benefits of dual-input DPD modeling
by frequency reconfigurability, this architecture assists the
nonlinear characterization with multidimensional forward and
reverse inputs assigned for simultaneous monitoring of PA
outputs and potential antenna crosstalk. Under pure LOS con-
ditions, it is found that such DPD processing can minute
the direction (6, ¢) based OOB emissions in both narrow-
band [102] and wideband [211] BFs, which leads to the
performance improvement in terms of coverage and capac-
ity to the intended single-user. However, such a DPD learning
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method based on the improvisation of mildly nonlinear oper-
ation points limits the design feasibility of confronting the
standard-compliant ACLR metrics of 3GPP 5G-NR specifica-
tions for FR2 bands [77]. Moreover, the finite spatial domain
can cause an insufficient linearization for the desired user at
random directions or the victim user, originating in the swath
of intended RX.

The pioneering work that responded to such shortcomings
is [108], inspired by their earlier demonstration [140]. The
main philosophy behind it is to enhance the spatial cover-
age, and performance gain for MU scenarios in the form
of multibeam linearization [191] to compensate for the exis-
tence of arbitrarily affected users completely. It would be fair
to say that these research contributions on MU-MIMO PD
systems have observed the TDD transmission and reception
mode to evade the coefficient training and feedback overhead
for DPD parameter estimation. Moreover, in the high mobility
and obstruction zone, the TDD transmission mode support-
ing the MU beamforming is no longer constructive. However,
some recent works have been done which can help in improv-
ing the self-interference and impaired hardware constraints of
full-duplex mMIMO systems [254], [255]. However, to the
best of our knowledge, there are still no requisite real-time
adaptions or applications of FDD-based MIMO systems to
support seamless MU connectivity in the context of 5G-NR
BSs, which is a subject of the investigation with inputs from
recently presented ray-tracing simulations.

2) Mutual Coupling: This is another important metric to
evaluate the performance degradation of multi-antenna FEMs.
Such a condition may invoke the source and load impedance
deviation from its ideal 50-Q2 point. Hence, the issue must
be mitigated to deal with the realistic scenarios that employ
continuous real-time testing of MMW signals [39], [65].
This is generally challenging since the PD inversion of
strongly nonlinear systems needs high polynomial formula-
tions with MEs, where the encapsulated PA elements are
allocated to operate near the compression region for high-
efficiency performance [20]. Hence, such a scenario permits
maximizing the level of nonlinearity. In future work, it is of
interest to address the randomness of crosstalk or mutual cou-
pling distortion beyond the assumption of mutually identical
PAs [190].

3) Algorithm Complexity and Compressive Sampling: In
the existing algorithms seeking to tune the nonlinear
coefficients, issues still need to be considered (as discussed in
Section III-A), especially the wideband (CA) MEs in MMW
active array PA units. On the other hand, compressive sampling
is a fertile research topic in signal processing, specifically for
MMW communication, due to its sparse nature. The high spar-
sity of MMW channels with wide instantaneous modulation
bandwidths does not encourage large digitization bandwidths
(as discussed in Section III-B). However, the only limiting fac-
tor is the amount of required aliasing that must have enough
spectral regrowth to accurately estimate aliased time/frequency
domain samples [29], [136]. With a simplified DPD feedback
RX design considering aliasing minimization, the technique
reduces the signaling overhead and computational complex-
ity by employing band-limited DPD approach beacons to
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estimate the model coefficients, which significantly reduces
ADC acquisition bandwidth and sampling rate. It is an integral
technique of baseband precoders to design novel learning algo-
rithms with fewer data samples and computational resources.
Therefore, compressed sampling can also play a key role
in developing implicit model extraction algorithms for the
effective linearization of true MMW wireless BSs.

B. Predistortion Based on NOMA Scheme

Compared to the PD integration of MMW-MIMO with 5G-
NR OFDM signal, which is a well-studied domain [93], [111];
the amalgamation of PD methods in NOMA scheme with
developing PA architectures is still an underdeveloped area
of research with a large room of contributions. Generally, two
types of NOMA multiplexing methods are allocated in 5G-
MU communication: 1) power domain NOMA (pNOMA) for
various power-coefficients grouped users and 2) code domain
NOMA (cNOMA) for codeword modulated symbols grouped
users [256]. In what follows, we outline some of the promis-
ing research directions that can be leveraged to integrate
developing PD methods in the field of NOMA multiplexing
waveforms.

1) Predistortion Facets for pNOMA Waveform: As men-
tioned above, the real-time integration of NOMA into modern
PAs is in its infancy [257], [258], and much work needs
to be investigated in this area. Specifically, the problem of
high PAPR with a minimum bit-error rate per subcarrier
brings some unique challenges in acquiring downlink pNOMA
multiplexing signals. In particular, the lack of reliable decod-
ing at RX due to the nonlinear distortions of the downlink
NOMA system maximizes the error propagation effects for the
users sharing the same resources even if the perfect succes-
sive interference cancellation (SIC) technique is applied [258].
To accommodate successful SIC reception for the NOMA
communication networks requires high computational power
and processing time to run SIC algorithms, especially for the
real-time MMW-mMIMO systems that demand iterative non-
linearity profiling for all transmitting users. This constituent of
pNOMA makes it challenging for the SIC receiver to mitigate
multipath fading effects.

On the other hand, in OFDM systems, much ongoing
research works jointly optimizes the PAPR reduction and PD
matrices, for example, the work published in [259] and refer-
ences therein to explore the unified PAPR reduction and DPD
model that cooperate. However, in pNOMA networks, there
is a lack of research work or real applications discussing the
integration of PD solutions to strengthen downlink transmis-
sions. Although several high-PA standards based on analytical
assessments of pPNOMA schemes are recently proposed [257],
[258]; there is a need for further exploration as the PA in
modern TRX applications demands real-time adaption for a
high value of PAPR. Afterward, in [260], the SIC stability in
a downlink pPNOMA enabled scenario that normalizes the des-
ignated power with superposition coding to allocated NOMA
users has been proposed. In essence, the seamless customiza-
tion of such schemes and solutions in one form or other to
jointly combat the inter/intra-cell modulation distortions in an
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MU-pNOMA-enabled TRX system is an area worthy of future
work.

2) Predistortion Facets for cNOMA Waveform: The
cNOMA scheme can be thought of as another way of
perceiving analytical downlink communication with a non-
linear signal-processing system. Unlike pNOMA, it is not
constrained to support suitable power-allocated users. On the
contrary, the advantage of cNOMA is that it supports MU
diversity based on the unique codeword symbol for each user.
The integration of PD in the direction of the cNOMA setting
means that the reconfigurable properties of the trained PA
predistortion model can be utilized to reduce the unbearable
high PAPR for the desired accurate detection of user symbols
at the RX. However, the open question of how premier to
exploit the most optimized convergence algorithm of PA
distortion modeling to best suit cNOMA gains formation
is still in its preliminary phase, and only a few polynomial
models have been developed [261].

C. Linearizability of Monostatic Systems

An intelligent and smart design package of shared TRX
mode can benefit from the value-added features for large-scale
arrays having a reduced chip area and power consumption, and
compensate for the inadequacies due to the high noise figure,
gain and phase mismatches, parasitics in the aftermath of PVT
variations, etc. The joint TX-RX time-frames in a switch-based
TDD operation environment have ameliorated the applicabil-
ity of APD in coordinated FEMs [165]. However, the plethora
of losses in wideband matching networks or TRX switches
of such practical RF circuits at MMW frequencies is an
issue worth exploring. This is challenging for the frequency-
selective MIMO channels that may have high fading, making
the time-scale modulation process difficult for gain and phase
adjustments [72].

D. Hybrid Predistortion

Since HPD leverage the benefits of analog and digital PD
solutions while guaranteeing the linearity and performance
requirements of very nonlinear system applications. In par-
ticular, currently, the predistorter is widely implemented in
the hybrid baseband [52], which has emerged as an attrac-
tive proposition in terms of much lower implementation
complexity and outperforms the existing alternatives with
DPD-only [25], or APD-only [262] PA setup. With the design
objective of hybrid SAs in a consolidated MIMO platform,
a linear combination of RF signals and then performing the
parameter estimation, especially in coherence MMW band-
widths, remains a formidable challenge. Although pseudoran-
dom sequences of memory coefficients, in [108] and references
therein, have shown the good autocorrelation properties of
the SA output signals, close to the one obtained with the
architectures without SAs [61].

In MIMO systems, a co-designed HPD framework can be
treated as a group to jointly maximize the array uniformity and
spatial isolation provided by the APD biasing and behavioral
modeling offered by the shared DPD [198]. Interests in HPD
solutions for beamforming design are motivated because the
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number of DSP modules is only lower-bounded by the feed-
back paths from the PAs output. At the same time, the analog
phase and gain normalization circuits can only be deemed the
SLL upper-bounds. However, the extent to which the target
ACPR can be achieved is sensitive to the nonuniformity of ana-
log precoders [57]. Thus, it is important to consider the APD
uncertainties and individual PA’s nonlinear characteristics in
developing the hybrid linearization of MIMO systems.

Meanwhile, the exponential complexity and power con-
sumption of feedforward APD circuits in hybrid linearization
still need further investigation [193]. Among various possibil-
ities, the HPD solution with such a distortion compensation
circuitry has attracted increasing attention because of the capa-
bility to handle long-term MEs for the wideband waveforms.
An in-depth analysis of [263] serves as a guiding principle to
design energy-efficient baseband precoders at high frequencies
such as MMW to optimize the intractable distortions of a
broadband system.

E. Predistortion for 6G-Enabled Communications

While the early next-generation research on super-wideband
6G (or B5SG) communications is already intensified, it is
also of interest to develop an energy-spectrum efficient solu-
tion because the large bandwidths of 6G modulations require
high PAPR burst-like waveforms [264]. The technical issue
of energy dissemination assumes particular importance in the
context of massive deployments of superdense small-cell and
IoT devices [265], [266].

Furthermore, the usability of enhanced CA in future com-
munications will enforce the shared frequency spectrum to the
inevitable congestion, which necessitates the frequent updating
of distortion coefficients. This, in turn, raises the importance
of computational simplicity in the continuous acquisition and
extraction of DPD coefficients. In this regard, there has been an
effort to counterbalance the nonlinear dynamics effects during
DPD learning, in real-time, induced by the 6G frequency-
hopping carrier waveform signals [267]. Hence, the basic idea
of the proposed heuristic DPD model in [267] is to enhance the
coefficients training capacity under considerations of constant-
modulus waveforms with large subcarrier spacing in the lower
6G MMW (26 & 28 GHz bands) regime. However, benefiting
from the very large bandwidths of sub-THz frequencies, it has
not been adequately explored for the effectivity of SE with fair
transmit power, mainly because of the high path loss charac-
teristics. Works in [269] and [270] are the recent attempts to
study the impact of high propagation losses on PA lineariza-
tion metrics at the intended 6G frequencies. Such vital insights
would pave the way for developing MIMO systems yielding
satisfactory linearization performance in different evaluation
scenarios involving upper MMW and sub-THz frequencies.

VII. CONCLUSION

This paper provides the key concept and comprehensive
view of PD-based linearization, a critical criterion for the
5G and beyond wireless communications. While the previous
contributions on PA linearization focused more on specific
distortion learning architectures, this paper focuses on the
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evolution and advancements in baseband processing, system
model, and distinct PD aspects in various case studies. In par-
ticular, this work categorizes the PD utility into i) the general
roadmap of its signal processing through TRX baseband, dig-
ital and analog sub-components; and the resulting ii) APD,
DPD, and HPD hardware architectures; followed by iii) the
distinguished configurations and PD features of each architec-
ture, and the resulting linearization performance metrics; and
finally iv) the applicability of emerging PD solutions under
various practical environments. We gave an inclusive overview
of the current research trends for each of these topics. Also,
we discussed the complexities and shortcomings of possible
future directions of research related to the designs of PD-based
linearization.
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