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Abstract

The ever-growing demand for increased network capacity and higher data rates has in-
stigated, in recent years, a shift towards harnessing millimeter-wave (MMW) and sub-
Terahertz (sub-THz) frequency bands, o ering abundant and untapped spectrum resources.
Nevertheless, transmitting wideband signals at these frequencies faces formidable chal-
lenges due to signi cant propagation path loss and the limitations of semiconductor de-
vices. This doctoral thesis adopts a comprehensive approach to tackle these challenges by
integrating advanced modeling and analysis methodologies with the development of inno-
vative system-level architectures and leveraging advanced signal processing techniques and
algorithms.

To mitigate the signi cant path loss challenge inherent to MMW/sub-THz wireless
links, beamforming arrays are commonly employed, where a high count of closely spaced
antenna elements are used to achieve high e ective radiated power. These arrays are
deliberately operated within their optimal operational range to maximize radiated power
while concurrently promoting environmentally sustainable communication links. Yet, the
deployment of closely spaced antenna elements brings forth new challenges e.g., antenna
mutual coupling, which precipitates a degradation in array linearity. This thesis introduces
a seminal closed-form analysis elucidating the nuanced interplay between array nonlinearity
and array beam steering. Building upon this theoretical foundation, a novel optimization
algorithm is formulated to meticulously design tapering coe cients aimed at minimizing
variation in the array nonlinearity, due to antenna mutual coupling, across a wide range
of array beam steering angles. Comprehensive numerical and experimental validation are
provided, substantiating the capacity of the proposed scheme to enhance the linearizability
of beamforming arrays when beam steering.

The thesis further addresses the challenge of implementing the transmitter observa-
tion receiver (TOR) in beamforming arrays needed for array calibration and linearization
training. Traditionally, the TOR feedback mechanisms in single-antenna systems have been
reliant on couplers situated at the output of power ampli ers (PAs). However, the integra-
tion of such couplers within MMW/sub-THz beamforming transmitters presents formidable
technical hurdles. This thesis propounds a pioneering paradigm shift, advocating for the
utilization of near- eld (NF) probes intricately embedded within the array architecture
itself. Di erent algorithms are presented in this thesis that enable harnessing the informa-
tion received from these NF probes, enabling accurate estimation and compensation of the
array's linear and nonlinear impairments. The proposed TOR and enabling algorithms,
facilitate in-situ calibration and/or digital-predistortion training, thereby engendering a
marked enhancement in system performance. Furthermore, the thesis proposed an active
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array calibration scheme that leverages the signals received from the NF probes to enable
simultaneous calibration of the array without resorting to element-wise sequential calibra-
tion or a far- eld receiver. Extensive experimental validation on two beamforming arrays
operating at 28 GHz and 39 GHz are presented showcasing the capacity of the proposed
schemes.

The generation of wideband vector-modulated signals in the MMW/sub-THz bands
poses a formidable technical challenge, especially at frequencies where PA based transmit-
ters have limited performance. This thesis endeavors to surmount this obstacle through
the exploration of frequency multipliers (FXs), which are characterized by the capacity to
generate signals that can surpass the transistor unity-power-gain frequencidg). The
thesis presents linearization algorithms that can mitigate the inherent nonlinearity associ-
ated with FXs thereby enabling the generation of wideband vector-modulated signals with
signi cantly increased bandwidths compared to existing methods. Furthermore, the thesis
delves into the scalability of these linearization algorithms for FX-based array systems,
thereby underscored by their inherent resilience to antenna mutual coupling vis-a-vis PA-
based arrays. These algorithms and ndings are validated in simulation and experimentally
on di erent single channel FXs and FX-based arrays with di erent multiplication orders
and operation frequencies.

In tandem with these innovations, this thesis introduces a pioneering novel measurement
system tailored for comprehensive testing of components and systems operating at sub-THz
frequencies. Leveraging frequency extenders traditionally reserved for continuous-wave
(CW) characterization, the proposed measurement system enables components and systems
under both CW and modulated signal excitation conditions. The enabling algorithms used
by the proposed measurement system are also developed and presented. Speci cally, an
iterative learning control linearization algorithm and a receiver signal stitching algorithm
that enable the linearization and capture of wideband signals using narrowband receivers,
are presented. The e cacy of the proposed measurement system and associated algorithms
are rigorously substantiated through experimental validation.

In summary, this thesis represents a seminal contribution toward mitigating hardware
limitations endemic to MMW/sub-THz radio frequency systems. By espousing a holistic
approach that seamlessly integrates advanced modeling and analysis techniques, novel
system-level architectures, and state-of-the-art signal processing techniques, this work lays
the groundwork for the development of future-proof, high-capacity, and high-data-rate
radio systems poised to thrive within these transformative frequency bands.
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Chapter 1

Introduction

1.1 Motivation

The rapid evolution of wireless radio technology has been a de ning feature of recent
decades, marked by the successive deployment of new mobile communication systems, each
generation o ering transformative capabilities. Initially, 1G/2G networks provided basic
tetherless speech services, setting the stage for a revolutionary shift. Within two decades,
the advent of 3G/4G technologies ushered in an era of broadband internet access, bringing
wireless data rates of up to 100 Megabits per second (Mbps) to the palm of our hands.
This remarkable leap in performance was primarily enabled by the adoption of spectrally

e cient signals and the implementation of pioneering techniques such as multiplier-input-
multiple-output (MIMO) transceivers, signi cantly enhancing system capacity.

The relentless demand for higher data rates driven by data-intensive applications shows
no signs of abating. While upcoming releases of 5G standards promise data rates of up to
20 Gigabits per second (Gbps), projections indicate a future landscape where peak data
rates could reach into the Terabits per second (Tbps) realm by the 2030s. lllustrating
this exponential growth, global mobile data tra ¢ surged to an impressive 97 exabytes per
month in 2022. Projections suggest a staggering increase to 403 exabytes per month by
2029, representing a remarkable 315% rise from 2022 [1]. When factoring in xed wireless
access (FWA), this projection escalates to an anticipated 563 exabytes per month by the
end of 2029, as depicted in Fig. 1.1. These gures underscore the urgent imperative for
network infrastructure to evolve in tandem with this escalating demand.

With the insatiable demand for data pushing current wireless networks to their limit,
millimeter-wave (MMW)/sub-Terahertz (sub-THz) frequencies (30-300 GHz) emerge as
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Figure 1.1: Global mobile network data tra c [1].

the future cornerstone for ultra-high data rates. Accessing this vast spectrum will unlock
the transmission of multi-GHz bandwidth signals and unleash the potential for spatial
multiplexing techniques through the use of advanced beamforming architectures, promising
signi cant capacity gains. While sub-6 GHz frequencies will retain their signi cance for
ubiquitous coverage, MMW spectra below 50 GHz will target Gbps wireless access for
xed and semi- xed applications and frequencies above 50 GHz in the sub-THz bands are
poised to revolutionize xed links with Tbps data rates. However, while MMW and sub-
THz frequency bands hold immense promise, they also introduce unique challenges that
must be addressed to fully realize their potential.

The primary challenge in MMW and sub-THz frequency bands lies in their propagation
characteristics. Unlike lower frequencies (sub-6 GHz) that o er good signal penetration
and range, MMW and sub-THz signals su er from increased free-space path loss, resulting
in a rapid weakening of the radiated signal as it travels through space and consequently lim-
iting coverage range. Beamforming techniques present a solution to this path loss challenge
by utilizing large antenna arrays with hundreds or even thousands of elements to focus the
signal toward speci c users. However, extending the coverage range of these beamformers
requires careful consideration of the radio hardware design. One viable strategy involves
operating the radio hardware within these arrays in their e cient yet nonlinear region to
maximize radiated power and enhance the deployment economics of beamforming systems.
While this approach holds the potential to boost signal strength and reduce wasted power
dissipation, thereby improving heat management and potentially reducing the carbon foot-



print, it also introduces complexities. The nonlinear operation introduces distortions and
unwanted signal components, ultimately leading to system performance degradation.

To address this challenge, recent research has delved into the utilization of digital-
predistortion (DPD) to improve the e ciency-linearity trade-o of MMW/sub-THz radio
hardware and hence the coverage of beamforming arrays operating at these frequencies.
While DPD techniques for sub-6 GHz systems are well-studied and typically rely on cou-
plers at the power ampli er (PA)-antenna interface to serve a transmitter observation
receiver (TOR), extending their applicability to beamforming arrays presents signi cant
challenges. For instance, the high level of integration required in MMW/sub-THz beam-
forming arrays, prohibits the use of couplers at the PA-antenna to serve as TORs for DPD
function training. Furthermore, the close proximity of antennas in beamforming arrays
leads to a phenomenon known as antenna mutual coupling. This occurs when the radi-
ated signals from one antenna couples to its neighboring antennas. In sub-6 GHz systems,
isolators are typically used at the PA-antenna interface to mitigate antenna mutual cou-
pling. However, due to feasibility constraints, isolators are not suitable for MMW/sub-THz
applications. The combined e ect of circuit nonlinearities and antenna mutual coupling
creates unique system nonlinearities that di er fundamentally from those experienced in
sub-6 GHz systems. To address these challenges, researchers have explored DPD tech-
niques tailored for MMW/sub-THz beamforming arrays. However, these e orts have often
either employed unrealistic PA models, overlooked issues associated with implementing
the DPD TOR, or proposed computationally complex solutions validated on low antenna
count systems.

While DPD techniques can potentially compensate for the nonlinearity exhibited by
MMW/sub-THz antenna systems and improve their linearity-e ciency tradeo, beam-
forming antenna systems also require the deployment of calibration techniques to com-
pensate for the linear errors exhibited between their di erent RF chains and ensure their
proper functioning (e.g., minimize user spatial interference and maximizing link capacity).
Di erent array calibration techniques have been discussed in the literature. These can be
classi ed into two categories; i) element-wise array calibration and ii) active array calibra-
tion. Using element-wise calibration, the array's RF chains are calibrated sequentially one
antenna at a time with the remaining elements disabled. Such an approach however does
not calibrate for antenna mutual coupling, current loading, and thermal grading e ects
experienced by large-count antenna systems. Conversely, using active array calibration,
the array's RF chains are calibrated simultaneously. While active array calibration can ac-
count for current loading and thermal e ects, the existing solutions in the literature yield
a sub-optimal calibration solution when the number of RF inputs to the array is less than
the number of antennas. Moreover, most of the calibration techniques rely on a receiver
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located in the far- eld (FF) to acquire the feedback signal and hence are not suitable for
in- eld testing. The development of in- eld array calibration techniques tailored for large-
count antenna systems that can combine the bene ts of passive and active calibration is
extremely desirable and is an active area of research with interest from both academia and
industry.

Another challenge MMW/sub-THz wireless radio systems arises when operating at car-
rier frequencies approaching the transistor's unity-power-gain frequencyg). At these
frequencies, signal generation and achievable ampli cation using conventional PA-based
beamforming arrays become limited. This is exacerbated by the low performance of semi-
conductor devices and passive structure yielding low power e ciency and low output power
at the transmitters. Hence, the viable deployment of commercial high-frequency radio hard-
ware operating close to the transistor'ss.og hecessitates the rethinking of the conventional
transceiver architectures. To that end, frequency multiplier (FX) -based architectures have
been recently identi ed as a promising solution as they allow for a frequency of operation
that approaches the transistor's 5o and reduce the design complexity of the circuitry
that precede them as the latter are operated at a lower frequency. These architectures,
however, are inherently nonlinear and hence require the use of spectrally non-e cient con-
stant envelope signals or the deployment of linearization techniques. Nevertheless, existing
linearization techniques discussed in the literature have only been demonstrated on nar-
rowband signals. To accommodate the high data rates envisioned for these high-frequency
systems, developing e ective linearization techniques capable of mitigating nonlinearities
in FX-based transmitters driven with wideband modulated signals is crucial.

1.2 Thesis Objectives

Building upon the identi ed challenges, this thesis aims to contribute to the advancement
of high-performance MMW)/sub-THz radio systems through the following objectives:

1. Modeling Nonlinear E ects in MMW/sub-THz Beamforming Arrays [Publications
[, 11 ]: Develop a comprehensive modeling framework that captures the impact of antenna
mutual coupling and other nonidealities on the nonlinear behavior of RF beamforming
arrays.

2. Mitigating the Impact of Mutual Coupling on MMW/sub-THz Beamforming Ar-
rays Nonlinear Behavior During Beam SteeringFublications | ]: Design a novel signal
processing algorithm speci cally tailored for MMW/sub-THz beamforming arrays to miti-
gate the detrimental e ects of antenna mutual coupling on system nonlinearities and thus
enhance the DPD linearization performance across a wide range of steering angles.
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3. Overcoming TOR Feedback Challenges in MMW/sub-THz Beamforming Arrays
[Publications 1lI, IV  ]: Develop a novel near- eld(NF) -based TOR and associated en-
abling algorithms for array calibration and DPD training that overcomes limitations associ-
ated with traditional FF feedback acquisition methods, enabling practical implementation
in real-world scenarios.

4. Developing Linearization Algorithms for FXs driven with Wideband Modulated
Signals Publications V, VI ]: Design computationally e cient DPD techniques capable
of linearizing high-order FXs driven by wideband modulated signals and minimizing the
bandwidth complexity requirements of both the transmitter and the TOR in these systems.

5. Characterization of High-Frequency Components/System#${iblications VII ]:
Design a measurement system and associated signal processing algorithms speci cally tai-
lored for characterizing high-frequency components and systems driven by wideband mod-
ulated signals using vector network analyzer (VNA) frequency extenders traditionally only
used of continuous-wave (CW) measurements.

1.3 Thesis Contributions and Organization

The articles within this thesis are organized as follows:

Chapter 3 presents the contributions fromPublications I, Il ]. It starts with a theo-
retical analysis and modeling approach to investigate the intricate interplay among array
nonlinearity, antenna mutual coupling, and steering anglesPpblications I, 1l ]. This
analysis yields a closed-form equation encapsulating these relationshipeljlications | ].
Subsequently, an optimization algorithm is developed to synthesize tapering coe cients
to mitigate the array's nonlinear behavior dependency on beam-steering, particularly in
the presence of antenna mutual couplingPublications | ]. These ndings are validated
through simulations and experiments conducted on a 64-element PA-based RF beamform-
ing array. Additionally, a circuit-inspired analysis explores the impact of antenna mutual
coupling on FXs nonlinearity Publications Il ]. This investigation reveals that FX-based
arrays exhibit greater resilience to antenna mutual coupling compared to PA-based ar-
rays, with validation provided through simulation and experimental results obtained from
a four-element FX-based beamforming array.

Chapter 4 delves into the contributions outlined in Publications IlI, IV ]. It intro-
duces the concept of using NF-based TORs for array calibration and linearization. First,
the chapter introduces a NF-based DPD formulation under the assumption of at fre-
quency coupling between the antenna elements and NF prob&blications 11l ]. This
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includes the development of a NF to FF transformation, NF channel identi cation, and
DPD function training. Experimental validations illustrate the e cacy of the proposed
NF-based DPD in linearizing a 16-element 28 GHz RF beamforming array. Subsequently,
the chapter introduces active array calibration and linearization algorithms tailored to ad-
dress phase-dependent beamforming errors and nonlinearity in beamforming arrays using
NF-based TORs, particularly in the presence of frequency-selective coupling between the
NF probes and the radiating antenna elementsPublications IV ]. Experimental valida-
tions of these algorithms are conducted on a 16-element RF beamforming array operating
at 39 GHz.

Chapter 5 focuses on the contributions fronHublications V, VI, VII  ]. It begins with
a DPD formulation aimed at linearizing FXs under limited transmitter and TOR band-
widths [Publications V ]. Experimental validations demonstrate improved linearization
performance under these constraints. Subsequently, a novel DPD formulation is introduced
to mitigate deviations of multipliers from an ideal power function, showcasing resilience
to calibration inaccuracies in the transmitter chain and suitability for linearizing high
multiplication order FXs [Publications VI ]. Experimental results exhibit signi cant im-
provements in linearization performance compared to state-of-the-art techniques, validated
across various multiplication orders ranging from 2 to 8 and output frequencies ranging from
14 GHz to 62 GHz. Finally, a measurement system for high-frequency component/system
characterization is presented, leveraging VNAs frequency extenders for modulated signal
testing [Publications VI ]. An iterative learning control (ILC) and a receiver stitching
algorithms are proposed that are leveraged to linearize FXs within these frequency ex-
tenders, with experimental validation conducted using an OML VNA frequency extender
operating at 58 GHz and on a custom-designed frequency doubler operating at 120 GHz.



Chapter 2

Background and Literature Review

In this chapter, a comprehensive exploration of the foundational concepts and contem-
porary research surrounding beamforming arrays in wireless radio systems is presented.
Beamforming arrays stand as pivotal technologies for bolstering signal transmission and
reception e ciency, particularly within the challenging MMW/sub-THz frequency bands,
where heightened free-space propagation path loss poses signi cant obstacles. To culti-
vate a profound understanding of beamforming arrays and their practical rami cations, we
delve into the fundamental principles underpinning various transmitter and beamforming
architectures tailored for high-frequency signal generation and transmission, encompassing
both PA and FX based beamformers. Our inquiry extends to scrutinizing the formidable
challenges engendered by nonlinear behavior within these systems, along with the multi-
faceted strategies deployed to mitigate such challenges, including the application of DPD
techniques. Furthermore, we undertake an in-depth examination of antenna mutual cou-
pling, an omnipresent phenomenon within array con gurations that exerts a substantial
impact on system performance. Through an exhaustive review of pertinent literature, our
objective is to lay a robust groundwork for our research endeavors while identifying pivotal
areas for further investigation. This chapter serves as an essential gateway to unraveling
the intricacies and subtleties inherent in beamforming arrays, thereby priming the stage
for the subsequent exploration of our contributions and insights within this domain.

2.1 Single Channel Transmitter Architectures

In this section, we delve into di erent transmitter architectures discussed in the literature
tailored for MMW and sub-THz signal generation and transmission.
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Figure 2.1: (a) Last stage PA-based transmitter, (b) harmonic mixer-based transmitter
architecture, (b) FX-based transmitter architecture.

2.1.1 Overview

The intricate task of transmitter design necessitates the seamless integration of multiple
components working harmoniously to meet application-speci ¢ requirements, encompass-
ing linearity, output power, signal integrity, and various key performance indicators (KPI).
Broadly speaking, a transmitter can be conceptualized through three primary building
blocks: the data converter, the frequency converter block, and the signal ampli cation
block. As operational frequencies increase and demands for wider signal bandwidths grow,
the design of these building blocks becomes progressively challenging, often demanding
innovation at both the component and system levels. Additionally, at high frequencies,
critical system considerations come to the forefront. Factors such as transmitter chain
noise gure, local oscillator (LO) phase noise, and modulation schemes, with their inter-
dependencies, require careful attention. To address these complexities, diverse transmit-
ter architectures have emerged in the literature, each o ering distinct advantages, facing
unique challenges, and addressing di erent applications. Fig. 2.1 illustrates three exem-
plary transmitter architectures reported in the literature.

In this thesis, particular emphasis is placed on the last-stage PA-based and FX-based
transmitter architectures depicted in Fig.2.1 (a) and 2.1 (c) respectively. Nevertheless,
before proceeding, it is imperative to brie y discuss the harmonic mixer-based transmitter
architecture shown in Fig.2.1 (b). This architecture employs a heterodyne or homodyne
fundamental mixer-based upconverter to translate the baseband signal to an intermediate
frequency (IF). Subsequently, the output of the fundamental mixer undergoes processing
through Iters and signal ampli cation blocks before being fed to a harmonic mixer to
yield modulated signals at the desired high frequency. This approach allows the frequency
ceiling of the generated modulated signals to closely approach the transistoBgc. This
con guration has been implemented in seminal works such as [3] and [9], showcasing the
generation of digitally modulated signals with carrier frequencies extending up to 300 GHz



and achieving a data rate of 105 Gbps. While this technique holds promise, literature
recognizes intrinsic challenges in its design. Notable issues include severely limited output
power and a pronounced presence of unwanted spurious frequencies near the desired fre-
guency due to the harmonic mixing process. Addressing such challenges would necessitate
high-order analog lters to suppress these spurious products which would yield high losses.
Moreover, the architecture's susceptibility to the mixer's nonlinearity presents an addi-
tional hurdle, requiring careful compensation to avoid degraded signal quality that may
fall short of meeting regulatory requirements. We next provide an overview of PA-based
and FX-based transmitter architectures.

2.1.2 Power Ampli er Based Transmitter Architecture

Last-stage PA-based transmitters (see Fig.2.1(a)) have gained widespread adoption for
generating radio frequency (RF) signals with exceptional signal integrity. This architecture
typically incorporates a heterodyne or homodyne fundamental mixer-based upconverter to
generate the RF signal. The signal is then ampli ed using a cascade of driver ampli ers and
PAs before being radiated by the antenna. In this con guration, components following the
mixer, including lIters, driver ampli ers, and PAs, operate at RF frequencies. To minimize
the design complexity associated with implementing a high-frequency LO source, FXs are
commonly integrated into this architecture. FXs help generate a high-frequency LO from
a low-noise, low-frequency high-performance LO source, which is then employed to drive
the mixer LO port.

While last-stage PA-based signal sources/transitters are highly e ective in generating
RF signals tailored to meet the system's KPIs in terms of output power and e ciency,
their operational frequency is constrained by the transisto&og [10,11]. Consequently, at
MMW and sub-THz frequencies, unless sophisticated and expensive transistor technologies
are adopted, the use of this architecture becomes less suitable. For example, attempts have
been made to implement last-stage PA-based architectures at frequencies above 100 GHz.
However, the reported performance in terms of power, e ciency, linearity, and bandwidth
were limited. This restricted most reported results to modest signal modulation schemes
with constant or minimally varying envelope pro les [10{20]. Furthermore, the signal qual-
ity produced is limited by the LO source phase noise, the FX's multiplication order, and
the linearity characteristics of the PA, which is typically operated nonlinearly to maximize
output power and enhance system e ciency. These limitations have prompted the devel-
opment of alternative transmitter architectures in the literature, particularly for systems
that need to operate at frequencies above 100 GHz.



Figure 2.2: Block diagram of a single-transistor PA.

Basic Principle

Unlike driver ampli ers, which prioritize gain and linearity, PAs are typically the nal stage

in a transmitter and are designed for e ciency. Fig. 2.2 shows a simpli ed block diagram
of a single-transistor PA. To determine optimal biasing voltages, various system KPIs such
as gain, e ciency, and linearity need to be considered.

PAs can be biased in dierent classes of operation, which are determined based on
the conduction angle, representing the portion of the RF signal cycle during which the
transistor conducts current. Class A and Class B (push-pull) PAs are considered linear
classes of operation, i.e., the fundamental output power is linearly proportional to the PA
input power. In Class A, the transistor is biased to be "ON" throughout the entire input
signal cycle, resulting in a theoretical peak e ciency of 50% and a 36@onduction angle.
Conversely, Class B PAs bias the transistor to conduct for only half the input signal cycle
(ideally 180 conduction angle), achieving a theoretical peak e ciency of approximately
78%. A smaller conduction angle generally leads to higher PA e ciency but comes at the
cost of lower gain and increased nonlinearity due to signal clipping when the transistor
is not conducting. Class AB and class C are nonlinear classes of operation and have
conduction angles between 36(and 180 for class AB PAs and lower than 180for class
C PAs. Note, class AB PAs are linear is back-o while class C PAs are nonlinear across
the entire range of input powers.

Once the gain-e ciency trade-o is determined, and the biasing is selected, the input
matching network (IMN) and output matching network (OMN) for the transistor can be

10



designed. The OMN is designed to show a load impedance at the transistor drain theo-
retically chosen based on the load line to maximize the power transferred to the load. In
practice, a process called load-pull is used to sweep the load impedance seen by the transis-
tor in simulation to nd the optimal load for maximum e ciency and output power while
accounting for transistor parasitics. On the other hand, the IMN is typically designed for a
conjugate match to maximize power transfer from the driver stage to the PA. A signi cant
drawback of Class A, B, AB, and C operating modes is that their e ciency typically drops

at lower input power levels. This is particularly problematic for communication signals
with a high peak-to-average power ratio (PAPR). If the PA is operated such that the input
signal's peak aligns with the PA's peak e ciency, the average e ciency of the PA (which

is experienced by the average power of the signal) will be signi cantly lower.

At its core PAs transform direct current (DC) power into RF power. The e cacy of
this power conversion mechanism can be quanti ed using the drain e ciency (DE) metric,

de ned as,
_ %pc

[ = % (2.1)

where %.pds the output power at the fundamental frequency ando is the DC power.
In order to quantify the e ciency of a PA at amplifying an input RF signal with power
%= the power added e ciency (PAE) is commonly used and is de ned as follows,

10/Q>DC 0/@:0
e =79
0

where is the PA power gain.

Distortion in RF Power Ampli ers

An ideal linear ampli er is assumed to have an input power independent gain,, de ned

as,
%pc
=—= 2.2
Vo (2.2)
While this equation holds true for small signal operation (i.e., within the linear region),
it's not achievable for PAs when the input power is varied over a wide range. When the
PA is operated outside the linear region (nonlinearly), its gain becomes a function of the

input power. Furthermore, when the input power is increased beyond a certain point,
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Figure 2.3: Gain distortion (Left) and AM-PM (Right) of a non-ideal PA exhibiting non-
linear behavior.

the PA output power no longer increases proportionally, and this is commonly referred to
as the saturation region. For most PA designs, the nonlinear behavior can be mitigated
by operating the PA in the back-o region where the gain is more power-independent.
However, this approach comes at the expense of degraded DE/PAE and reduced output
power. System designers must carefully consider this trade-o when selecting the operating
point and back-levels the PA is to be operated based on the application needs. While
back-o is a common technique, DPD is another approach to manage nonlinearities and is
discussed in a subsequent section.

The PA nonlinearities signi cantly impact signal delity. These nonlinearities can be
classi ed into static (memoryless) and dynamic (memory-based) categories. Static nonlin-
earities, caused by factors like transistor characteristics and clipping, are independent of
the input signal's history. They can be modeled with simple polynomials, as follows,

HC=Uy, UGC, LGIC , UsGLC , soe (2.3)

where GC and HC are the PA input and output signals respectively andJ. are the poly-
nomial coe cents. Dynamic nonlinearities, on the other hand, depend on the past values
of the input signal. These can be further divided into short-term and long-term memory
e ects. Short-term memory e ects, in uenced by the immediate past values of the signal,
arise from factors such as the PA IMN and OMN non- at frequency responses and the
transistor's parasitics. Long-term memory e ects, impacted by a longer time constant of
the signal past values, can be caused by the transistor trapping e ects [21]. Modeling
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Figure 2.4: PSD (Left) and constellation (Right) of a non-ideal PA exhibiting nonlinear
behavior.

dynamic nonlinearities requires more complex approaches like augmented Weiner or Ham-
merstein models that account for memory [22, 23]. Both static and dynamic distortions
contribute to spectral regrowth, intermodulation distortion, and adjacent channel inter-
ference, all of which degrade PA performance. Understanding the type of nonlinearity
present (static vs. dynamic, short-term vs. long-term) is crucial for selecting appropriate
mitigation techniques.

Gain or amplitude-to-amplitude (AM-AM) and amplitude-to-phase (AM-PM) distor-
tion plots are visual tools used to quantify the PA's nonlinear behavior. In the gain
distortion plot, the PA's power gain is plotted versus the input power. For PAs that ex-
hibit nonlinear behavior, the gain distortion curve shows a gain drop as the input power
increases. Similarly, in the AM-PM plot, the phase response of the power gain is plotted
versus input power. The AM-PM plot illustrates the power-dependent phase distortion
created by the PA. An example of the gain and phase distortion curves of a nonlinear PA
driven by modulated signals is shown in Fig. 2.3. The scattering behavior shown in the
gain and AM-PM plots in Fig. 2.3 (Red) showcase the memory in the system which may
be due to linear or nonlinear behavior in the PA. If the PA is memoryless, the gain and
AM-PM plots in Fig. 2.3 would not experience this scattering behavior and would yield
the curves shown black. Additionally, these nonlinearities lead to out-of-band spectral
regrowth, expanding the occupied spectrum and potentially interfering with neighboring
channels as shown in power spectral density (PSD) plot in Fig. 2.4 (Left). The nonlinearity
also degrades the error vector magnitude (EVM), a metric for signal constellation quality
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in communication systems (see Fig. 2.4 (Right)). Minimizing these detrimental e ects
through proper PA design, bias optimization, and pre-distortion techniques is essential for
achieving high- delity signal ampli cation and maximizing the outputted power.

2.1.3 Frequency Multiplier Based Transmitter Architecture

An alternative architecture to PA-based transmitters, which exhibit limited performance

at operating frequencies approaching the transistokg, are FX-based transmitters, as
depicted in Fig.2.1(c) where FXs are inserted as last stage before the antenna. These
have recently garnered attention for signal generation and transmission tailored for high
frequencies. FX-based transmitters not only enable operation at frequencies surpassing
the transistor's 5.oc but also relaxes the design constraints on components preceding the
FX, which now operate at IF with enhanced performance. In radar applications, for in-
stance, FX-based transmitters are commonly adopted to up-convert frequency-modulated
continuous-wave (FMCW) signals to the desired radar operational frequency. While this
architecture holds considerable advantages, its predominant application has been con ned
to scenarios where generated signals exhibit constant envelope characteristics, coupled with
low spectral e ciency. This limitation stems from the intrinsic nonlinearity of FXs result-

ing in varying power gains depending on the instantaneous signal envelope input power.
Consequently, when applying this approach to generate signals with varying envelopes, such
as orthogonal frequency division multiplexing (OFDM) signals, the produced signal su ers
from signi cant nonlinear distortions that cannot be corrected using linear equalizers at
the receiver.

To overcome this challenge, pioneering research in [24] and [25] introduced the con-
cept of outphasing FX-based transmitters. In this approach, the non-constant envelope
modulated input signal is divided into two constant envelope signals, subsequently fed to
two multipliers, with their outputs combined to reconstruct the desired modulated signal.
While this method successfully facilitates the generation of OFDM signals using FX-based
transmitters, the inherent bandwidth expansion introduced by outphasing brings forth in-
tricate challenges. These complexities complicate the design of the constituent components
of the transmitter and heighten sensitivity to imbalances among di erent branches, ren-
dering this approach challenging for the generation of wideband, high-quality modulated
signals, and thus limiting its adoption to communication systems in the literature. We now
proceed to discuss the basic principle behind FXs design and will then investigate their
nonlinear characteristics.
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Figure 2.5: Block diagram of a transistor-based frequency doubler.

Basic Principle

FXs at their core are nonlinear devices that enable frequency translation of an input CW
signal to a higher frequency proportional to  the input signal frequency and where

is the multiplier multiplication order. Contrary to mixers, that also allow frequency
translation operation by multiplying an input signal centered at5 with a CW LO signal
with frequency 5g , resulting in an output frequency at5 , 5¢ , FXs on the other hand
performer a power operation on the input signal resulting in an output frequency centered

5 and does not require an LO signal. FXs can be classi ed into two categories: pas-

sive and active. Passive FXs are typically implemented using diodes [26] [27]. They can
achieve good fundamental suppression and wide RF bandwidth but su er from high con-
version loss. On the other hand, active FXs, in addition to frequency translation, they can
be designed to have a power gain, higher output power, and improved e ciency. Various
circuit topologies have been proposed in the literature for the realization of active frequency
doublers and triplers, with higher frequency multiplication orders achieved through cas-
cading multiple stages of these components. For instance, [28, 29] proposed Gilbert-cell
mixer-based topologies that achieved high conversion and good fundamental suppression
at the expense of increased power consumption. This approach relies on feeding the input
signal to the mixer's input and LO ports resulting in the doubling operation. Other studies,
such as [30{40], focused on exploiting the nonlinearity in the transistor transconductance
to design frequency doublers with improved power e ciency. For instance, if the transistor
is biased in a nonlinear class of operation such as class C, it is possible to leverage the
harmonic signals generated to achieve the frequency translation operation.
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Fig. 2.5 shows a high-level diagram of a transistor-based doubler. In order to maximize
the second harmonic transistor transconductance at the doubler output, the transistor can
biased in deep Class C mode with a conduction angle of 1461]. While class C PAs are
commonly not used for communication systems due to their nonlinearity and limited input
power range, for FXs this nonlinearity is harnessed to achieve the frequency translation
operation. Furthermore, as we will see later, linearizing FXs would require the use of @h
root function which interns limits the modulated signal PAPR to a lower value, typically
for OFDM signals the PAPR is around 8-12 dB after taking the square root, for instance,
this is reduced to 3-6 dB which further motive the use of class C FXs for such applications
given the lower requirement on the input signal power range. The output matching network
in Fig. 2.5 is chosen ideally to provide the optimal impedance for power transfer at the
second harmonic derived from the load line and provides a short at the other frequencies.
Furthermore, the input matching network is typically designed for the conjugate match at
the fundamental and provides a short at the second harmonic for doublers.

Distortion in Frequency Multipliers

An ideal FX is designed to provide the power function and can be expressed as follows,

HC= . G1C- (2.4)
where + is the FX conversion gain. The RF signalGC can also be expressed as a
function of its complex basebands C as follows,
GQC= % gcs C gi1e48 C_ (2.5)
where | is the signal's angular frequency. Substituting (2.5) in (2.4) and assuming

the FX is designed to show a short impedance at the fundamental and harmonic output
frequencies other than the desired harmonic at 5 , we have the following,

1

HC= . ée.lc‘248' C e 1c48 C. (2.6)
From (2.6) we clearly see that if the desired out signal is to be
31C = % e © 3ieg 8l C (2.7)
q—

This can be achieved by settinggC = 3*C. In practice, ideal FX behavior is hard to
design for and more importantly even if possible would not be maintained at higher input
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