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Abstract

Increasing demands for data rate, energy efficiency and reliability in wire-
less communications have resulted in the introduction of radio frequency (RF)
multiple input multiple output (MIMO) transmitters. However, MIMO trans-
mitters suffer from additional crosstalk impairments along with the power
amplifier (PA) and I/Q imbalance distortions observed in single input single
output (SISO) transmitters. Therefore, this thesis focuses on the character-
ization and compensation of these hardware impairments in RF SISO and
MIMO transmitters.

PA distortions are often compensated using the Volterra series, but it
suffers from high computational complexity. Therefore, a non-parametric
method based on density estimation has been proposed in this thesis to es-
timate the PA transfer function, from which pruned Volterra models can be
developed. The method is validated for a Doherty PA and achieves competi-
tive error performance at a lower complexity than its competitors.

For MIMO transmitters, a characterization technique that uses multitone
excitation signals has been proposed. Multitone signals yield non-overlapping
tones at the outputs of the MIMO Volterra kernels. These kernel outputs
are used to identify the dominant crosstalk impairments, from which block
structure and base-band behavioral models are developed. The method is
validated for 2 × 2 and 3 × 3 MIMO transmitters and it is shown that the
derived models achieve a better complexity accuracy trade-off than the other
pruned MIMO Volterra models considered in this thesis.

Finally, the thesis presents compensation models for joint static I/Q im-
balance and MIMO PA distortions based on conjugate pair and real-valued
basis functions. The models are augmented with sub-sample resolution to
compensate for dynamic I/Q imbalance distortions. The proposed models
are validated for a 2 × 2 RF MIMO transmitter and achieve a better com-
plexity accuracy trade-off than the other state-of-the-art models considered
in this thesis.
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Sammanfattning

Ökande krav på datahastighet, energieffektivitet och tillförlitlighet i tråd-
lös kommunikation har resulterat i införandet av radiofrekventa (RF) multipla-
insignaler-multipla-utsignaler (MIMO) sändare. MIMO-sändare lider emeller-
tid av ytterligare överhörnings störningar i följd tillsammans med förstärka-
re (PA) och I/Q obalansförvrängningar observerade i enkel-insignal-enkel-
utsignal (SISO) sändare. Därför fokuserar denna avhandling på karaktäri-
sering och kompensation av dessa hårdvaruhinder i RF SISO och MIMO-
sändare.

PA-snedvridningar kompenseras ofta med Volterra-serien, men den lider
av hög beräkningskomplexitet. Därför har en icke parametrisk metod baserad
på densitetsuppskattning föreslagits i denna avhandling för att uppskatta PA-
överföringsfunktionen, från vilken beskjutna Volterra-modeller kan utvecklas.
Metoden är validerad för en Doherty PA och uppnår konkurrenskraftig fel-
prestanda vid en lägre komplexitet än sina konkurrenter.

För MIMO-sändare har en karaktäriseringsteknik som använder multito-
ne excitationssignaler föreslagits. Multitonsignaler ger icke-överlappande to-
ner på utgångarna i MIMO Volterra-kärnorna. Dessa utgångarna identifierar
de dominerande överhörnings störningarna, varifrån blockstrukturer och bas-
bandsbeteendemodeller utvecklas. Metoden valideras för 2×2 och 3×3 MIMO-
sändare och det visas att de härledda modellerna ger en bättre komplexitets-
noggrannhet avvägning än de andra beskurna MIMOVolterra-modellerna som
behandlas i denna avhandling.

Slutligen presenterar avhandlingen kompensationsmodeller för gemensam
statisk I/Q obalans och MIMO PA-snedvridningar baserat på konjugatpar
och realvärdesfunktioner. Modellerna förstärks med delprovupplösning för att
kompensera för dynamiska I/Q obalansförvrängningar. De föreslagna model-
lerna valideras för en 2 × 2 RF MIMO-sändare och uppnår en bättre kom-
plexitetsnoggrannhet avvägning än de andra toppmoderna modellerna som
behandlas i denna avhandling.
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Chapter 1

Introduction

1.1 Background

Wireless communication is the spine of the contemporary world affecting each and
every aspect of human life. Wireless communication permits users to communi-
cate remotely using technologies such as mobile phones, Global Positioning System
(GPS), Wi-Fi, satellite communication, bluetooth, broadcast radio, wireless sen-
sors, embedded systems etc [1]. The emergence of wireless communication can be
traced back to the discovery of electromagnetism by Hans Christian Oersted and
Andre-Marie Ampere in the 1820s [2]. At the end of the 19th century, James C.
Maxwell laid the theoretical foundations of wireless propagation by describing the
existence of electromagnetic waves which were later verified and demonstrated by
Heinrich Hertz [3]. These efforts culminated into Guglielmo Marconi transmitting
wireless signals across the Indian ocean in the early 20th century [2]. Since then,
wireless communication has evolved into its current form where the utilization of
millimeter wave massive MIMO systems has been proposed for future fifth genera-
tion (5G) wireless communication networks [1, 4, 5].

Contemporary wireless communication networks offer high reliability, low la-
tency, good quality of service, ubiquitous handovers, large scale coverage, ease of
access and high throughput. However, the demands for improvements with respect
to each of these performance metrics from the users have been increasing exponen-
tially [6]. Therefore, the requirements on the infrastructure that supports these
networks become more challenging in terms of cost, energy efficiency, resource opti-
mization, flexibility and compatibility. To meet these challenges, extensive research
is being carried out in both academia and industry with regards to resource effi-
cient solutions. In this regard, the system hardware plays a central role consisting
primarily of the RF transmitters and receivers. Transmitters are responsible for
processing the information to be sent over the wireless channel with sufficient en-
ergy such that it can be received with high reliability at a high transmission rate [7].
The receiver is responsible for processing the received signals such that the relevant

3



4 CHAPTER 1. INTRODUCTION

Figure 1.1: Overview of the research area related to the thesis.

information can be extracted from them. This thesis focuses on the transmitter
side of the communication system.

Electromagnetic signals transmitted over a wireless channel decay exponentially
in power with the distance. Therefore, the transmitted signals need to be radiated
from the antennas with sufficient power. However, achieving the required power
levels with the available local oscillators (LOs) that generate these signals is un-
feasible. Hence, RF transmitters deploy PAs to ensure that the signals are trans-
mitted at the required power levels. For this purpose, the PAs are driven with
high input power but this results in unwanted nonlinear distortions. Furthermore,
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Figure 1.2: Experimental setup deployed to perform SISO measurements.

Figure 1.3: Experimental setup deployed to perform 3× 3 MIMO measurements.

frequency selective response of the PAs in comparison with the signal bandwidth
generates dynamic nonlinear distortions or memory. These distortions yield inac-
curate signals at the receiver deteriorating reliability (the so-called in-band error)
as well as cause spectral regrowth where the transmitted signals leak into the spec-
trum of the neighboring channels (the so-called out-of-band error) deteriorating the
overall system reliability and throughput [7–9]. Additional impairments resulting
from cheap hardware such as I/Q imbalance [10], phase noise [11] and impedance
mismatch [12] coupled with dynamic nonlinearities further deteriorate the system
performance [13]. Thus, operating the deployed hardware at its performance limits
to achieve resource optimization with respect to energy efficiency and cost effec-
tiveness, results in impairments that deteriorate the system performance.

Therefore, two different research tracks have been pursued to overcome the
trade-off between resource efficiency and performance degradation. First, extensive
research is being performed to improve the deployed hardware in communication
systems. Secondly, digital techniques that supplement the analog domain have been
developed to compensate for the hardware distortions.
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With regards to improvements in the deployed hardware, the following research
activities have been pursued.

• PA designing has been investigated extensively yielding new solutions that
provide higher efficiency than the conventional PAs (class A, B or AB). For
this purpose, envelope tracking amplifiers have been designed in which the
supplied power to the PA is varied continuously with the envelope depen-
dent input power to ensure high efficiency [7]. Furthermore, Doherty PAs
that use two different amplifiers in stages, separately for low and high input
power, are being used extensively to achieve efficiency improvements [14]. Fi-
nally, amplifiers that use improved semiconductor materials such as gallium
nitride (GaN) or gallium arsenide (GaAs), are also being deployed in various
applications for efficiency enhancement [15].

• Transmitters have conventionally been implemented in a SISO configuration
over the years. However, hardware configurations have evolved with the intro-
duction of MIMO transmitters in fourth generation (4G) long term evolution
(LTE) [16, 17] and massive MIMO transmitters in future 5G wireless net-
works [1,5]. These transmitters improve the system throughput exponentially
and can also be used to improve reliability. However, MIMO transmitters in-
troduce additional hardware impairments not observable in SISO transmitters
due to crosstalk. Crosstalk is the RF leakage that occurs due to poor isolation
between the multiple transmission paths of a MIMO transmitter being im-
plemented on the same chip-set [18]. The isolation between the transmission
paths is poor due to the cheap hardware being deployed within the commu-
nication system. Finally, correlation between the input signal streams also
effects the hardware impairments in a MIMO transmitter. It is shown that
on average, crosstalk degrades the transmitter performance equally for corre-
lated and uncorrelated input streams. Hence, correlated input streams may
improve or degrade the performance of an RF MIMO transmitter impaired
by crosstalk [19,20].

With regards digital techniques, extensive research has been carried out for
the characterization, modeling and compensation of hardware impairments in RF
transmitters as described in the following.

• Characterization deals with digital techniques that provide an insight to the
behavior of the hardware impairments such that high accuracy resource effi-
cient compensation methods can be developed. Some of the prominent charac-
terization techniques in literature include frequency response function (FRF)
estimation [21, 22], two-tone and three-tone tests [23–28], frequency selective
linearization [29] and multitone excitation [30–32].

• Behavioral modeling refers to the development of accurate mathematical de-
scriptions for the hardware impairments that can be used in digital plat-
forms [33,34].
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• Digital predistortion (DPD) refers to techniques that are designed for the
compensation of hardware impairments. In DPD, the input signals are trans-
formed using a model that is an inverse of the distortion being generated by
the hardware [35].

Therefore, it is necessary to characterize the relevant hardware impairments such
that accurate and cost effective behavioral models can be formulated. The behav-
ioral models can then be used to develop DPD techniques required to compensate
the hardware impairments.

This thesis focuses on the second research track which deals with digital tech-
niques for combating and understanding hardware impairments in conventional
SISO and MIMO transmitters. Accordingly, experimental setups are used to vali-
date the proposed methods that mimic the transmitters being used in contempo-
rary 4G telecommunication. Three different experimental setups are used in thesis
to mimic SISO, 2 × 2 MIMO and 3 × 3 MIMO transmitters, respectively. The
SISO transmitter setup measures outputs from a single power amplifier driven to
nonlinear behavior as shown in Fig. 1.2. For MIMO transmitters, only the 3 × 3
experimental setup is shown since the 2×2 experimental setup is a reduction of the
3×3 experimental setup (cf. Fig. 1.3). The MIMO setup is different from the SISO
setup due to the use of directional couplers which mimic the effect of crosstalk in
MIMO transmitters. The experimental setups are described in detail in Chapter 2.

Finally, an overview of the topics related to the thesis is presented in Fig. 1.1.

1.2 Thesis Contribution

The thesis contributes by presenting characterization and compensation techniques
for some of the hardware impairments in RF SISO and MIMO transmitters. It tack-
les the limitations of parametric compensation models for SISO PAs by presenting
a non-parametric kernel estimation method. Furthermore, mitigation methods for
I/Q imbalance impairments in RF MIMO transmitters are described. Finally, a
method that indicates the dominant hardware impairments and identifies the cor-
responding Volterra kernels in RF MIMO transmitters is presented. All of the
proposed methods are validated with experiments using the aforementioned setups
that mimic 4G LTE SISO and MIMO transmitters. A summary of these contribu-
tions follows.

Non-Parametric Kernel Method for SISO
Behavioral modeling of dynamic nonlinearities generated by PAs is commonly per-
formed using the Volterra series, which can be considered as a series of memory
polynomials [36–38]. However, polynomials require a large number of parameters
to model nonlinearities and therefore Volterra based behavioral models suffer from
complexity infeasibility. To this end, the thesis contribution that overcomes these
limitations are listed in the following.
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• A non-parametric method that estimates a static nonlinear transfer function
for the PA using density estimation is presented in paper [A].

• The information obtained from the estimated static PA transfer function is
used in paper [C] to estimate dynamic nonlinear transfer functions for the PA.
This method uses orthogonalization to separate the distinct memory levels of
different nonlinear orders.

• The resultant dynamic functions are then used to develop low complexity
parametric models that achieve the same performance as the Volterra based
models.

• Finally, papers [A] and [C] use the experimental setup depicted in Fig. 1.2.
This setup is detailed in Chapter 2.

With respect to author contributions, the candidate was the main contributor
in paper [A] and was responsible for the algorithm design, experimental work and
manuscript writing. The co-authors provided valuable feedback with regards to
refining the experimental results and in reviewing the manuscript.

For paper [C], the candidate was involved in the experiential work and manuscript
writing. The main contributor of this paper was Efrain Zenteno. The other co-
authors were involved in refining and pointing out the focus of the paper.

2× 2 MIMO Characterization using Intrinsic-Integer Periodicity
(IIP)
Within the Volterra framework, kernels describe the level of the various nonlinear
interactions between the delayed versions of the input signal that form the basis
functions of the Volterra model. The Volterra series was originally presented for
SISO systems which consider nonlinear interactions between delayed versions of
the same input signal. For MIMO dynamic nonlinear systems, the MIMO Volterra
series has been proposed [21], which describes two types of kernels. First, the
self-kernels which are the same as the SISO Volterra kernels. Secondly, the cross-
kernels which arise from the nonlinear interactions of different input signals. Due
to these additional kernels, MIMO Volterra systems are even more complex than
SISO Volterra systems and their characterization is even more challenging. To this
end, the thesis contribution for time domain MIMO characterization as well as the
limitations of the proposed method are listed in the following.

• A characterization technique that uses periodic noise-like signals is presented
in paper [B] for a 2× 2 MIMO transmitter.

• This method uses the concept of IIP decomposition with excitation signals
that differ in periodicity to isolate the contribution of the self- and cross-
kernels from the measured output.
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• However, the individual kernel contributions are not determined.

• It must be noted that paper [B] uses an experimental setup similar to Fig. 1.3
but for a 2 × 2 MIMO transmitter. This setup is depicted in the attached
paper and detailed in Chapter 2.

With respect to author contributions, the candidate was involved in the ex-
periential work and manuscript writing for paper [B]. The main contributor in
designing the IIP decomposition was Efrain Zenteno. The other co-authors were
involved in shaping the manuscript.

2× 2 MIMO Characterization using Multitones
The thesis contribution with regards to frequency domain characterization for a
2 × 2 MIMO transmitter as well as the limitations of the proposed method are
listed in the following.

• A method for extracting the individual third order kernel contributions is
presented in paper [E] for a 2× 2 MIMO transmitter using multitone signals.

• This method exploits the additional degrees of freedom provided by a MIMO
system to propose excitation signals that yield frequency isolated kernel con-
tributions at the output.

• However, the analysis of crosstalk arising from multiple channels is not pos-
sible with a 2× 2 MIMO transmitter.

• Furthermore, a generic design procedure for the multitone signals is also not
described.

• Finally, it must be noted that the experimental setup in paper [E] is similar
to the setup used in paper [B].

With respect to author contributions, the candidate was the main contributor
in paper [E] and was responsible for the algorithm design, experimental work, ana-
lytical framework and manuscript writing. The co-authors were involved in refining
the experimental results and sharpening the focus of the paper in manuscript.

3× 3 MIMO Characterization
The thesis contribution for frequency domain characterization of a 3 × 3 MIMO
transmitter as well as its limitations are listed in the following.

• The multitone method presented in paper [E] for the extraction of the third
order 2 × 2 MIMO Volterra kernel outputs is extended for a 3 × 3 MIMO
Volterra in paper [F].
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• A 3× 3 MIMO transmitter is chosen to study the effects of crosstalk arising
from multiple channels yielding six possible configurations, that have not yet
been analyzed in the state-of-the-art.

• The individual kernel contributions obtained from frequency isolation can
then be used to identify the relevant crosstalk configuration prevailing in a
MIMO transmitter.

• Furthermore, a design procedure for the multitone signals for a generic K×K
MIMO transmitter is also presented.

• Papers [E] and [F] present a method for determining the outputs of the kernels
and not the kernels themselves (referred to as kernel identification).

• Finally, it must be noted that paper [F] uses the experimental setup depicted
in Fig. 1.3. This setup is also detailed in Chapter 2.

With respect to author contributions, the candidate was the main contributor
in paper [F] and was responsible for the multitone signal design, development of the
3 × 3 MIMO test configurations, experimental work and manuscript writing. The
co-authors were involved in providing feedback with regards to the presentation of
results and manuscript writing.

3× 3 MIMO Identification
The thesis contribution for the identification of MIMO Volterra kernels is listed in
the following.

• The kernel outputs extracted in paper [F] are used in paper [G] for the iden-
tification of the individual third order 3 × 3 MIMO Volterra kernels. An
identification algorithm that uses least square estimation (LSE) [39] with
comb-like filters cascaded to Volterra systems [40] is presented.

• The identified kernels are used to develop block structures that describe the
mechanism with which the input signals interact in each kernel.

• Additionally, base-band models are also derived from the identified kernels
to achieve the optimum complexity accuracy trade-off for MIMO behavioral
modeling.

• Finally, it must be noted that paper [G] uses the same experimental setup as
described in paper [F].

With respect to author contributions, the candidate was the main contributor in
paper [G] and was responsible for the design of the identification algorithm, exper-
imental work, model development from the obtained kernels, complexity analysis
and manuscript writing. The co-authors were involved in structuring the experi-
mental results and refining the manuscript.
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2× 2 MIMO I/Q Imbalance
Finally, the thesis studies joint I/Q imbalance and MIMO PA distortions. I/Q
imbalance distortions are described as static or dynamic. Static I/Q imbalance
introduces imaging effects to the output whereas dynamic I/Q imbalance introduces
phase and time misalignements. Hence, the thesis contribution with regards to I/Q
imbalance for a 2× 2 MIMO transmitter is listed in the following.

• Compensation models that use complex conjugate and real-valued basis func-
tions to account for static I/Q imbalance distortions are presented in paper
[D].

• These models are appended with a sub-sampling technique to compensate for
dynamic I/Q imbalance distortions.

• The proposed models are then validated for different signal bandwidths and
crosstalk levels.

• Finally, it must be noted that paper [D] uses an experimental setup similar
to papers [B] and [E].

With respect to author contributions, the candidate was the main contributor in
paper [D] and was responsible for model development, experimental work, complex-
ity analysis and manuscript writing. The co-authors were involved in reviewing the
experimental results and in focusing the message of the paper during manuscript
writing.

List of papers included in the Thesis
The papers included in this thesis are listed below:

[A] Z. A. Khan, E. Zenteno, M. Isaksson, and P. Händel, “Density Estimation
Models for Strong Nonlinearities in RF Power Amplifiers,” Proc. IEEE Asia
Pacific Microwave Conference (APMC), Sendai Japan, Nov. 2014, pp. 116-
118.

[B] E. Zenteno, Z. A. Khan, M. Isaksson, and P. Händel, “Using Intrinsic Integer
Periodicity to Decompose the Volterra Structure in Multi-Channel RF Trans-
mitters,” IEEE Microwave Components Letters, vol. 26, no. 4, pp. 297-299,
Apr. 2016.

[C] E. Zenteno, Z. A. Khan, M. Isaksson, and P. Händel, “Finding Structural In-
formation about RF Power Amplifiers using an Orthogonal Non-Parametric
Kernel Smoothing Estimator,” IEEE Transactions on Vehicular Technology,
vol. 65, no. 5, pp. 2883-2889, May 2016.
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[D] Z. A. Khan, E. Zenteno, P. Händel, and M. Isaksson, “Digital Predistortion for
Joint Mitigation of I/Q Imbalance and MIMO Power Amplifier Distortion,”
IEEE Transactions on Microwave Theory and Techniques, vol. 65, no. 1, pp.
322-333, Jan. 2017.

[E] Z. A. Khan, E. Zenteno, P. Händel, and M. Isaksson, “Multitone Design for
Third Order MIMO Volterra Kernels,” Proc. IEEE MTT-S International Mi-
crowave Symposium Digest, Hawaii USA, Jun. 2017, pp. 1553-1556.

[F] Z. A. Khan, E. Zenteno, P. Händel, and M. Isaksson, “Extraction of the Third
Order 3× 3 MIMO Volterra Kernel Outputs using Multitone Signals,” IEEE
Transactions on Microwave Theory and Techniques, accepted, Jul. 2018.

[G] Z. A. Khan, E. Zenteno, P. Händel, and M. Isaksson, “Identification of Third
Order 3 × 3 MIMO Volterra Kernels using Multitone Excitation Signals,”
IEEE Transactions on Microwave Theory and Techniques, submitted, Aug.
2018.

1.3 Thesis Outline

The thesis is organized as follows. Chapter 2 describes the experiments performed in
the thesis. This includes the experimental setup, excitation signals and evaluation
metrics. Chapter 3 details the SISO characterization and compensation techniques
presented in the thesis whereas Chapter 4 details the corresponding MIMO charac-
terization and compensation techniques. Finally, conclusions and future challenges
are described in Chapter 5.



Chapter 2

Experimental Investigation

The proposed characterization and compensation methods presented in the thesis
are designed in the base-band digital domain but the experiments are performed
in the analog radio frequency domain. This chapter details the procedures for
performing experimental investigations used in the thesis, which can be described
in terms of the measurement setups, excitation signals, PAs and evaluation metrics.

2.1 Measurement Setups

The experiments carried out in the thesis consist of a common set of software
techniques and hardware deployed. The inputs used in this thesis are complex-
valued base-band signals that are created in a PC and uploaded to Rhode and
Schwartz (R&S) SMBV100A vector signal generators (VSGs) to excite the device
under test (DUT). The signals can be sampled at a maximum frequency of 150
MHz. The power levels of the outputs from the DUT are controlled using different
RF attenuators. The attenuated outputs from the DUT are then measured using
wideband down-converters cascaded to a 2 channel 14-bit resolution analog-to-
digital-converter (ADC) operating at a sampling frequency of 400 MHz. The ADCs
and the VSGs are then connected through a PC for control. The dynamic range of
the measured signals is improved using coherent averaging with an integer number
of periods [41]. The input and output signals are then synchronized using sub-
sample resolution to compensate for both the time and phase delays [42,43].

The most advanced measurement setup used in the thesis to mimic a contem-
porary fourth generation 3× 3 MIMO transmitter is shown in Fig. 2.1.

SISO

Papers [A] & [C] deal with the characterization and compensation of RF SISO
transmitters. The experimental setup used in these papers is shown in Fig. 1.2.
Input signals generated in the PC are uploaded to the VSGs and upconverted to

13
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Figure 2.1: Setup for the measurement of a 3× 3 MIMO transmitter.

2.14 GHz to excite the DUT. The output of the DUT is downconverted to 100 MHz
with the aforementioned wideband down-converter using a 2.04 GHz RF signal.

2× 2 MIMO

Papers [E], [D] & [B] use an experimental setup that mimics a contemporary 4G
2× 2 RF MIMO transmitter. The setup uses two input signals generated in a PC
that are uploaded to the VSGs and upconverted to 2.14 GHz to excite the DUT. It
must be noted that MIMO measurements require the input signals to be base-band
synchronized. Therefore, the VSGs deploy a master-slave configuration such that
they are triggered simultaneously. Furthermore, phase coherence of the VSGs is
enhanced using a HS9003 signal generator from Holzworth Instrumentation [44].
The HS9003 is used as a common external LO that generates phase coherent RF
outputs. Similar to SISO measurements, the outputs of the DUT in a 2× 2 MIMO
measurement are downconverted to 100 MHz with two wideband down-converters
using a common 2.04 GHz RF signal. The resultant signals are measured with the
aforementioned 2-channel ADC.

In a 2 × 2 RF MIMO measurement setup, the DUT consists of two identical
PAs placed between two Narda 4243B-10 directional couplers used for introducing
crosstalk effects [18]. The coupling stages at the input of the DUT are referred to
as input crosstalk whereas the coupling at the output of the DUT is referred to as
output crosstalk. Therefore, 2× 2 RF MIMO transmitter results in three different
configurations for the crosstalk, i.e., (I) input crosstalk, (II) output crosstalk and
(III) input and output crosstalk. Paper [E] considers configuration (I) and (II),
paper [D] considers configuration (II) only, whereas paper [B] considers all three
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configurations. The crosstalk in papers [E] and [B] is fixed at its conventional level
of -20 dB [18] whereas the crosstalk level in paper [D] varies from -40 dB to -10 dB.

3× 3 MIMO
Papers [F] & [G] use an experimental setup that mimics a contemporary 4G 3× 3
RF MIMO transmitter shown in Fig. 1.3. The setup is configured in a similar
manner as the 2× 2 RF MIMO transmitter. The setup uses three VSGs and three
PAs, the upconversion is performed again at 2.14 GHz and the downconverison at
100 MHz as well. Crosstalk is introduced by manufacturing three transmission lines
on an FR4 substrate with -19.7 dB and -37.0 dB isolation between the adjacent and
non adjacent channels, respectively. The resultant signals are measured using the
aforementioned 2-channel ADC with an electronic switch.

In RF MIMO transmitters, crosstalk follows the principle of reciprocity. It
means that the level of crosstalk between two channels is independent of the di-
rection [45]. Furthermore, the level of crosstalk between two channels is also inde-
pendent of the crosstalk between any of the other channels and dependent only on
the hardware [18]. Thus, for a 3× 3 RF MIMO transmitter, there are a total of 6
possible configurations based on the permutations of the presence (or absence) of
input and output crosstalk, as shown in Fig. 2.2. Note that, α and β denote the
input and output crosstalk arising from adjacent channels, respectively, whereas γ
and ρ denote the input and output crosstalk arising from non-adjacent channels,
respectively. All these configurations are considered in paper [F] whereas paper [G]
considers only full input full output crosstalk.

2.2 Power Amplifiers

Papers [A] and [C] that study RF SISO transmitters use different PAs because
paper [A] analyzes static nonlinearities whereas paper [C] analyzes both static
and dynamic nonlinearities. Therefore, paper [A] uses a Narda DBS microwave
(DB000394) PA. It has a gain of 52 dB in the frequency range of 450 MHz to 2
GHz, and a 1 dB compression point of 35 dBm. However, paper [C] uses a Freescale
MRF8S21120HS Doherty PA with 14 dB gain in the operation frequency of 2.1 GHz
to 2.2 GHz, and a 1 dB compression point of 44 dBm.

Papers [E] and [D] that study 2 × 2 RF MIMO transmitters use two identical
ZVE8G+ PAs that have a gain of 30 dB each in the frequency range of 2.0 GHz
to 8.0 GHz and a 1 dB compression point of 30 dBm. Paper [B] also investigates
2 × 2 RF MIMO transmitters but with two identical Mini Circuits ZHL42 PAs
with a gain of 30 dB each in the frequency range of 0.7 GHz to 4.0 GHz and a 1
dB compression point of 30 dBm. Finally, papers [F] and [G] that analyze 3 × 3
RF MIMO transmitters use three identical Mini Circuits ZHL42 PAs. Note that
identical PAs refer to being provided from the same manufacturer with the same
specifications. The PAs used in the thesis are summarized in Table 2.1.
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Table 2.1: Power amplifiers used for experimental investigation.

Setup Commercial ID Gain Frequency P1dB
Papers

(dB) (GHz) (dBm)

Narda DB000394 52 0.45 - 2.00 35 [A]
SISO Freescale MRF8S21120HS 14 2.10 - 2.20 44 [C]

Mini Circuits ZVE8G+ 30 2.00 - 8.00 30 [E], [D]
MIMO Mini Circuits ZHL42 30 0.70 - 4.00 30 [B], [F], [G]

2.3 Excitation Signals

The characterization and compensation methods described in this thesis use differ-
ent types of excitation signals. Paper [A] uses a noise like excitation signal with
a peak-to-average power ratio (PAPR) of 11.2 dB and consists of 106 complex-
valued samples. The signal is narrow-band with a 4 MHz bandwidth since paper
[A] studies static nonlinearities. Paper [C] uses two independent noise like exci-
tation signals with a PAPR of 11.2 and 11.4 dB respectively, and consist of 105

complex-valued samples. The signals are wide-band with a bandwidth of 12 and
24 MHz respectively, since both static and dynamic nonlinearities are studied in
paper [C].

Paper [D] studies I/Q imbalance distortions for a 2× 2 RF MIMO transmitter
in which the DUT is excited by two independently generated quadrature amplitude
modulated (QAM) signals with a PAPR of 7.5 dB and consist of 105 complex-
valued samples. The bandwidth varies from 4 MHz to 65 MHz since both static and
dynamic I/Q imbalance distortions are studied. For I/Q imbalance, the amplitude
imbalance of the VSGs is set to 0.05 and -0.04 respectively, the phase imbalance is
set to 4◦ and -5◦ respectively, and the gain imbalance is set to 0.9, in accordance
with [46].

Paper [B] uses periodic noise-like signals with a bandwidth of 10 MHz for ana-
lyzing the kernel outputs of a 2× 2 MIMO transmitter. The two input signals have
co-prime periods with 2399 and 2411 samples respectively, for the implementation of
the IIP decomposition. Hence, the output is measured for 2399×2411 = 5.78×106

complex-valued samples.
Finally, papers [E], [F] and [G] use multitone signals with a bandwidth of 20 MHz

consisting of 104 complex-valued samples. Furthermore, the signals use random
phases distributed uniformly over [−π, π], to generate communication-like signals
whose PAPR ranges from 8 dB - 10 dB. The multitone signals exciting the MIMO
system differ in both the tone spacing and offset, the design of which is described in
Chapter 4. The excitation signals used in the thesis are summarized in Table 2.2.
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Table 2.2: Excitation signals used for experimental investigation.

Setup Type PAPR Bandwidth Samples Papers
(dB) (MHz) (#)

Noise-like 11.2 4 105 [A]
SISO Noise-like 11.2, 11.4 12, 24 105 [C]

QAM 7.5 4 - 65 105 [D]
MIMO Periodic Noise-like 8.5 10 5.78× 106 [B]

Multitone 8.0 - 10.0 20 104 [E], [F], [G]

2.4 Evaluation Metrics

The evaluation metrics used in the thesis to validate the proposed methods are the
normalized mean square error (NMSE), the adjacent channel power ratio (ACPR),
the adjacent channel error power ratio (ACEPR), condition number and the number
of FLOPs. The metrics are defined in the analog RF domain but calculated in the
base-band digital domain.

NMSE

NMSE is used to analyze the accuracy for the proposed methods by quantifying the
difference between the measured and desired output. The NMSE is thus defined
as [8],

NMSE =
∫

Φe(f) df∫
Φy(f) df

, (2.1)

where Φy(f) is the power spectrum of the measured output and Φe(f) is the power
spectrum of the difference between the measured and desired output. It must
be noted that for NMSE, the integration operator spans the complete available
bandwidth. Furthermore, it must also be noted that the power spectrum in this
thesis is estimated digitally from the measured data using the Welch method with
a Tukey window that has a segment length of 512 samples [47,48].

ACPR

The ACPR is used to analyze the power of the measured output leaking into the
adjacent channels due to the nonlinear behavior of the DUT and is defined as [8],

ACPR =
∫

adj. ch. Φy(f) df∫
ch. Φy(f) df

. (2.2)
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Note that the integration operator spans the adjacent channel bandwidth with the
largest amount of power in the numerator, and over the input signal bandwidth in
the denominator.

ACEPR
The ACEPR is used to analyze the power of the difference between the measured
and desired output, leaking into the adjacent channels due to the nonlinear behavior
of the DUT and is defined as [8],

ACEPR =
∫

adj. ch. Φe(f) df∫
ch. Φy(f) df

. (2.3)

Again, note that the integration operator spans the adjacent channel bandwidth
with the largest amount of power in the numerator, and over the input signal
bandwidth in the denominator.

Condition Number
The condition number quantifies the stability of the regression matrices used in the
identification of the nonlinear behavioral and compensation models. It is deter-
mined as in [39],

κ (A) = σmax (A)
σmin (A) , (2.4)

where κ (A) is the condition number of an arbitrary matrix A, σmax (A) is the
maximal singular value of A and σmax (A) is the minimal singular value of A.

FLOPs
Computational complexity of the nonlinear behavioral and compensation models
is conventionally described in terms of the number of parameters [34]. However,
the number of FLOPs provides a more accurate description because the number of
operations per sample are more relevant for digital platforms than the number of
parameters [49]. The number of FLOPs in this thesis are calculated in terms of the
number of multiplications and additions. Furthermore, complexity can be classified
in terms of identification and running complexity. Identification complexity refers
to the number of FLOPs required to identify the behavioral model whereas running
complexity refers to the number of FLOPs required when the model is being used.
Since, identification is only performed once for a particular DUT, its complexity is
not critical to the implementation of the model. Therefore, in this thesis, the com-
plexity of a behavioral or compensation model refers only to its running complexity.
Thus, following the methodology in [49], the complexity of the models considered
in this thesis are evaluated as the sum of the total number of FLOPs required in:
(1) creation of the basis functions and (2) multiplication of the basis functions with
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Figure 2.2: Crosstalk configurations for a 3 × 3 RF MIMO transmitter. (a) Full
input crosstalk. (b) Full output crosstalk. (c) Full input full output crosstalk.
(d) Full input partial output crosstalk. (e) Partial input full output crosstalk. (f)
Partial input partial output crosstalk.

their respective model parameters referred to as the filtering process. The number
of FLOPs required for different arithmetic operations is also given in [49].





Chapter 3

Modeling and Analysis of RF SISO
Transmitters

As described in Chapter 1, PAs are necessary for energy efficient RF transmitters
but introduce unwanted dynamic nonlinearities. Therefore, the characterization,
modeling and compensation of the dynamic nonlinear behavior of PAs has been
an intensive research topic for both academia and industry over the years. From
the introduction of traveling wave tube amplifiers (TWTAs) in the first quarter of
the twentieth century [50], behavioral models that utilize the physical knowledge
of the electronic device were developed (referred to as gray box models) [51]. How-
ever, these models result in complex mathematical relationships thus effecting their
implementation feasibility [23].

However, with the advent of digital computers, hardware designers focused on
achieving higher analog efficiency at reduced cost. This trend gave rise to low cost
energy efficient RF transmitters that generate higher levels of hardware impair-
ments which can be compensated for digitally [52]. Therefore, black box models
that are based on empirical data were developed with the introduction of the mem-
oryless (or static) Saleh [53] and Rapp [54] models for TWTAs and solid state power
amplifiers (SSPAs), respectively. Dynamic nonlinear models were introduced with
the advent of the Volterra series which describes the input output relationship of dy-
namic nonlinear systems, for example PAs, with a set of polynomial basis functions
with memory [36–38]. However, the complexity requirements for digital platforms
that implement the Volterra model were unfeasibly high. Therefore, several pruning
methods have been developed over the years that achieve acceptable accuracy with
lower complexity [55–68]. These models are described briefly in the next section.

Black box models are developed empirically with a priori assumptions regard-
ing the model structure, i.e., polynomial basis functions with memory. Therefore,
these models can also be classified as parametric black box models. However, non-
parametric models that do not assume a priori structures for the model have also
been presented. To this end, artificial neural networks (ANNs) [69–71] and statis-
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tical models [72,73], have been introduced. These models are also described briefly
later in this chapter.

3.1 Parametric Methods

As described previously, parametric models are developed empirically with a priori
assumptions about the structure of the model. To model dynamic nonlinearities,
polynomial basis functions with memory have been proposed. These models are
based on the Volterra series and have been used extensively in both literature and
real-time applications due to their modeling accuracy.

Volterra Model
The Volterra model can be described as a Taylor series with memory that can be
used to model weakly nonlinear systems with fading fading memory [36–38]. For a
discrete complex-valued base-band input u(n), where n = 0, 1, 2, ...., N and N is the
number of samples, the corresponding discrete complex-valued base-band output
y(n) for the p-th nonlinear order is described as [74],

y(n) = y(1)(n) + y(3)(n) + y(5)(n) + . . . y(p)(n), (3.1)

where,

y(1)(n) =
∞∑

m1=0
h1(m1)u(n−m1),

y(3)(n) =
∞∑

m1,m2,m3=0
h3(m1,m2,m3)u(n−m1)u(n−m2)u∗(n−m3),

...

y(p)(n) =
∞∑

m1,...,mp=0
hp(m1, . . . ,mp)

dp/2e∏
q=1

u(n−mq)
d(p−1)/2e∏

r=1
u∗(n−mr),

(3.2)

where h1(m1), h3(m1,m2,m3) and hp(m1, . . . ,mp) are the linear, third and p-th
order Volterra kernels and * is the complex conjugate operator. From (3.2), it can
be noted that the Volterra series is linear in parameters. Therefore, the Volterra
model and its pruned forms can be identified using least square estimation (LSE).

Pruned Volterra Models
The Volterra series suffers from instability and high complexity requirements as the
number of kernels that need to be identified grow exponentially with the nonlinear
order and memory [59]. Therefore, pruned Volterra models have been proposed that
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require lesser number of FLOPs while maintaining competitive error performance.
In this regard, the Wiener and Hammerstein were amongst the earlier reductions of
the Volterra model. The Wiener model groups correlated Volterra kernels to reduce
complexity [56] whereas the Hammerstein model considers kernels where m1 = m2
= . . . mp = m (referred to as diagonal elements) [55]. The parallel Hammerstein
(PH) model is proposed in [57] which uses multiple Hammerstein blocks in parallel
to improve model flexibility. The generalized memory polynomial (GMP) model
considers kernels wherem2 =m3 =m1 +m2 (referred to as off-diagonal terms) [62].
The sparse delay model uses a sparse delay tap filter to describe the fading memory
property of Volterra systems [58]. The dynamic deviation reduction (DDR) model
exploits the decay in dynamic behavior of PAs with with increasing nonlinear order
to prune the Volterra model [61]. The orthogonal memory polynomial (OMP)
model is used to mitigate instability issues related to LSE [60]. The envelope
memory polynomial (EMP) model follows the PH model but does not consider
memory for the linear terms [63]. The Kautz Volterra (KV) model is proposed for
modeling long term memory effects [64]. Finally, piecewise techniques are used to
model PAs that exhibit distinct behavior changes at different levels of input power
such as the Doherty, out-phasing and envelope tracking (ET) PAs [14,75,76]. The
most prominent piecewise models are the circular switched (CS) [65] and vector
switched (VS) [66] models. Thus, several black box models with varying pruning
degrees have been proposed. Finally, black box models for advanced transmitter
technologies such as cognitive radio and carrier aggregated transmission have also
been proposed [67,68].

Apart from the aforementioned black box models, gray box parametric models
were also developed. In [77], the base-band dynamics are described by a low fre-
quency feedback path whereas band-pass dynamic effects are described by a high
frequency feedback path. Several black box models such as the PH, GMP and EMP
models can be described in terms of this feedback model as shown in [8]. Further-
more, circuit based gray box models that use physical knowledge of the PAs have
also been proposed [78,79].

3.2 Non-parametric Methods

Non-parametric models do not consider a priori model structures and estimate
nonlinear transfer functions for the PA behavior. Unlike pruned parametric mod-
els, non-parametric models offer greater flexibility for the compensation as well as
development of a wider class of nonlinear systems. These models also provide an
insight to the behavior of the PA that describe the physical mechanisms generating
the dynamic nonlinearities. Furthermore, empirical testing with respect to nonlin-
ear order and memory depth is also not required. Finally, non-parametric models
can also be used to prune the Volterra series such that low complexity parametric
models can be derived from them.



24
CHAPTER 3. MODELING AND ANALYSIS OF RF SISO

TRANSMITTERS

ANNs

ANNs tackle the modeling of dynamic nonlinearities as a curve fitting problem
by iteratively learning the PA behavior through training and optimization. The
learning process consists of a topological network of neurons interconnected through
hidden layers and nodes. Various ANN techniques have been proposed in literature.
Time delay neural networks (TDNNs) are feed forward neural networks (FFNNs)
with an added tap delay line (TDL) to predict the dynamic behavior of the PA [69].
Radial basis function neural networks (RBFNNs) model the dynamic behavior of
PAs in the same manner as TDNNs using multivariate Gaussian basis functions [70].
Adaptive Neuro-Fuzzy Inference System (ANFIS) combines the advantages of ANNs
and fuzzy logic for the purpose of modeling PAs [71]. However, in all ANNs used for
PA modeling, the network architecture with respect to the number and topology
of the hidden layers, nodes and inputs, as well as the activation functions needs
to be set a priori. This results in uncertainties regarding convergence and it is
not known if the network can be designed for joint model accuracy and complexity
optimization.

Statistical Models

Statistical models estimate a static nonlinear transfer function of the PA by aver-
aging the noisy output signal using the cumulative distribution function [72] and
Histogram methods [73]. However, these methods do not model the dynamic non-
linear behavior of PAs and are restricted to real valued bandpass signals only.
Therefore, this thesis develops a non-parametric method for the characterization
of dynamic nonlinearities generated by complex-valued base-band signals in papers
[A] and [C].

Kernel Method

Paper [A] presents a non-parametric method for estimating a static transfer func-
tion for the PA using a kernel smoothing estimator [80, 81]. The kernel estimator
measures the transfer function by averaging the measured output using a trian-
gular weighting function as the kernel estimator. The proposed method does not
assume an a priori structure for the PA model. Therefore, the proposed method
provides insight to understanding the PA behavior and can also be used to prune
the Volterra series. Finally, the kernel method is numerically stable since it uses
weighted averaging and does not require matrix inversions as in LSE.

The nonlinear transfer function is estimated at x(i) where i = 1, 2, ...., Ni and
Ni is the number of averaging points as,

g(x(i)) =
N−1∑
n=0

ψ(x(i), u(n)) y(n). (3.3)
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Figure 3.1: Kernel method for estimating the PA transfer function.

Note that ψ(x(i), u(n)) is a triangular kernel estimator described as,

ψ(x(i), u(n)) = Ki (1− |x(i)− u(n)|) I(n, i), (3.4)

where, g(·) is the estimated PA transfer function, Ki is a normalization factor
such that

∑N−1
n=0 ψ(x(i), u(n)) = 1. Furthermore, I(n, i) is an indicator function

describing the samples of the measured output that lie within the kernel aperture
δ (normalized with respect to the input signal amplitude). The kernel method is
depicted in Fig. 3.1.

Fig. 3.2(a) and 3.2(b) plot the amplitude and phase of the estimated PA transfer
function, respectively. It can be noted that the PA behavior can be described
with amplitude dependent basis functions as proposed in [7, 82]. Furthermore,
compression effects can also be observed from Figs. 3.2 at higher amplitudes as
expected for PAs [7].

The kernel method is extended for the characterization and low complexity
compensation of dynamic nonlinear systems in paper [C]. The results from Fig. 3.2
are used to derive amplitude dependent transfer functions for complex-valued base-
band input and output signals. Furthermore, since realistic communication signals
involve highly correlated input signals, a linear combination of the inputs in the
orthogonal memory space is used. The inputs are orthogonalized by subtracting
the projections of the input signals and their delayed versions iteratively from each
other [83]. For realistic communication signals, these projection can be determined
a priori from the power spectral density (PSD) of the input signals. The transmitter
output is then given as,

y(n) = g0(s0(n)) + g1(s1(n)) + . . .+ g01(s01(n)) + . . . . (3.5)
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where s01(n) is the Gram Schmidt orthogonalization of u(n) |u(n− 1)| in accor-
dance with [84]. The orthogonalization of the memory space yields orthogonal PA
transfer functions from which their individual contributions to the measured out-
put can be determined. These contributions for a Doherty transmitter for 12 MHz
and 24 MHz signals are shown in paper [C]. The corresponding dominant transfer
functions are shown in Fig. 3.3. It can be noted that the functions are smooth and
can therefore be used to prune the Volterra series. Therefore, paper [C] derives a
6 parameter model for the considered Doherty transmitter which achieves the best
complexity accuracy trade-off for 24 MHz excitation signals.

Hence, papers [A] and [C] present a non-parametric method based on density
estimation (kernel method) to characterize and compensate for both the static and
dynamic nonlinear distortions in SISO PAs. The proposed methods are then val-
idated with experiments achieving competitive performance at low computational
complexity compared to other state-of-the-art models.

Finally, it must be noted that the kernel method refers to a triangular window
estimator for the non-linear transfer functions whereas the Volterra kernels in (3.2)
refer to the complex-valued coefficients of the basis functions that describe the
Volterra series.
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Figure 3.2: The PA transfer function over the complex input domain. (a) Ampli-
tude. (b) Phase.
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Chapter 4

Modeling and Analysis of RF
MIMO
Transmitters

With the exponential growth of user demands in terms of data rate, reliability,
latency, coverage and quality of service [6], MIMO technology was introduced in
4G LTE communication systems [16,17]. MIMO systems deploy multiple antennas
at both the transmitter and the receiver which provide additional degrees of freedom
that can improve the system capacity, reliability and coverage through multiplexing
diversity and beamforming [16, 17, 85, 86]. However, as the system architecture
becomes more complex, compensation of the corresponding hardware impairments
becomes more challenging as well [87]. This chapter focuses on the characterization
and compensation of such hardware impairments in RF MIMO transmitters.

In contrast to SISO transmitters, additional RF leakage effects are observed
between the different transmission paths of an RF MIMO transmitter being imple-
mented on the same chip-set. The RF leakage is referred to as crosstalk [18] and
is amongst the predominant impairments in MIMO transmitters. Input crosstalk
refers to RF leakage prior to the amplification stage whereas output crosstalk refers
to RF leakage after the amplification. Since the access points of the transmitter are
available outside the DUT as shown in Fig. 2.2, both the input and output crosstalk
need to be considered for the compensation of dynamic nonlinearities. To this end,
the MIMO Volterra series has been proposed for the modeling and compensation of
nonlinear MIMO systems [21, 22, 27, 28]. However, with an increase in the number
of inputs compared to SISO, the complexity requirements of the MIMO Volterra
series become even worse than the SISO Volterra series. Hence several black box
pruning mehtods have been proposed for the MIMO Volterra series [87–92].

Therefore, similar to SISO systems, characterization techniques that describe
the mechanisms generating the MIMO Volterra kernels are required. Identification
techniques for dynamic nonlinear MIMO systems are presented in [21,22,27,28]. It
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must be noted that the MIMO Volterra system contains both self- and cross-kernels
where the symmetry properties of the self-kernels are the same as the SISO Volterra
kernels whereas cross-kernels cannot be symmetrized in the same manner [21, 22].
These, intrinsic differences render the characterization and compensation of MIMO
Volterra system even more challenging than SISO Volterra systems.

Identification techniques for nonlinear MIMO systems are presented in [21, 22,
27, 28]. The output of the MIMO Volterra system is derived in the frequency
domain to determine the relative nonlinear inter-modulation contributions in [21,
22]. Additionally, the frequency response functions of the MIMO Volterra system
are also derived in these papers. Third order 2×2 and 3×3 MIMO Volterra kernels
are identified using several frequency sweeps of a combination of two or three-tone
signals in [27, 28]. Furthermore, symmetry properties for the cross-kernels are also
derived. However, two or three-tone signals do not excite the entire Volterra system
and require a large number of measurements.

Therefore, paper [B] presents a technique that can separate the self-kernel out-
puts from the cross-kernel outputs of a 2× 2 MIMO Volterra system using periodic
noise-like signals that differ in periodicity using an IIP decomposition [93,94]. Pa-
pers [E] and [F] describe a method for extracting the individual third order kernel
contributions from the measured output using multitone signals for 2× 2 and 3× 3
MIMO Volterra systems. The primary advantage of multitone signals is that the
Volterra kernels are excited completely and instantaneously. Finally, the multitone
method is extended for identification of the individual third order 3 × 3 MIMO
Volterra kernels in paper [G].

Furthermore, additional hardware impairments such as phase noise, impedance
mismatch and I/Q imbalance also need to be tackled for MIMO transmitters. DPD
schemes for joint impedance mismatch and PA nonlinearity for a MIMO transmitter
impaired by crosstalk effects is considered in [92]. This thesis investigates the I/Q
imbalance distortions prevailing in a MIMO transmitter. Compensation methods
for I/Q imbalance distortions in MIMO systems have been developed, for example
in [95,96]. However, joint dynamic nonlinear PA and crosstalk effects are not con-
sidered in these papers. Therefore, compensation methods for joint I/Q imbalance
and PA distortions impaired by crosstalk are presented in paper [D] for a 2× 2 RF
MIMO transmitter.

4.1 MIMO Volterra

The characterization and compensation techniques presented in this thesis for dy-
namic nonlinear MIMO systems are based on the MIMO Volterra series. To describe
the MIMO Volterra, let uk(n) and yk(n) denote the complex-valued base-band in-
put and output signals, respectively, where k = 1, 2, . . .K and K is the total
number channels. Similar to the SISO Volterra outputs described in (3.1), the
MIMO Volterra outputs can also be described as a sum of odd order kernel out-
puts, i.e, linear, third order and so on. Since, the thesis focuses on third order
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kernel outputs, their contributions can be described as [87],

yk;k1k2k3(n) =
∞∑

m1=0

∞∑
m2=0

∞∑
m3=0

hk;k1k2k3 (m1, m2, m3)×

uk1 (n−m1) uk2 (n−m2) u∗k3
(n−m3) ,

(4.1)

where hk;k1k2k3 (m1, m2, m3) are the third order MIMO Volterra kernels and
yk;k1k2k3(n) are the corresponding third order kernel outputs. These kernels are
called self-kernels when k1 = k2 = k3 and cross-kernels otherwise. The indices
k1, k2, k3 of the self- and cross-kernels for the third order MIMO Volterra are
listed in paper [F]. It can be noted that self-kernels follow the same symmetry
properties as SISO Volterra systems. However, only the cross-kernels where k1 =
k2 can be symmetrized in the same way, but not otherwise.

4.2 Extraction of MIMO Volterra Kernel Outputs

Characterization techniques for the extraction of the MIMO Volterra kernel out-
puts are presented in this thesis. For this purpose, the MIMO Volterra system is
excited with excitation signals that fulfill certain requirements. The design of cor-
responding excitation signals is described and the proposed methods are validated
experimentally.

Time Periodic Signals
Paper [B] presents a method for separating the self- and cross-kernel contributions
from the measured output using periodic input signals that differ in periodicity.
Thus, let Tk is the k-th input signal periodicity, Hs

k1,k [uk] is the output of the self
kernel and Hc

k [uk1 , uk2 ] are the outputs of the 2×2 cross kernels. Then, the period
of Hs

k1,k [uk] is the same as the period of uk, whereas the period of Hc
k [uk1 , uk2 ]

is the least common multiple (l.c.m) of the periods of uk1 and uk2 , for realistic
communication signals. Furthermore, the the period of the output signal yk(n) is
the same as the cross-kernels [21].

The proposed method is based on an IIP decomposition that can separate the
T periodic output signal yk(n) into d-periodic orthogonal IIP components v(d)(n),
where d is the set of positive integral divisors of T [94]. Thus for example, if
T=10 then d = {1, 2, 5, 10}. The IIP components can be described in terms of the
Ramanujan sums as a T -point circular convolution [93],

v(d)(n) = 1
T

T∑
z=1

yk(z)λd(z − n), (4.2a)

λd(n) =
d∑

w=1
g.c.d(w,d)=1

cos(2πwn
d

). (4.2b)
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Figure 4.1: IIP decomposition for separating self-kernel contributions from cross-
kernel contributions at channel 1 as an example for a 2×2 MIMO Volterra system.

where, λd(n) is the d-periodic Ramanujan sum and g.c.d refers to the greatest
common divisor. If d is a set of prime numbers, then the IIP decomposition reduces
to a coherent averaging for realistic communication signals [93]. Thus, if the periods
Tk of the input signals are prime numbers, then the self- and cross-kernel outputs
can be separated using coherent averaging. The self-kernel outputs have the same
periods as the corresponding input signals and can be extracted directly. The cross-
kernel outputs, whose period is the product of the prime input signal periods, can
be obtained by subtracting the self-kernel contributions from the measured output
as shown in Fig. 4.1.

Results

Fig. 4.2 shows the contributions of the self- and cross-kernel outputs in a 2 × 2
RF MIMO transmitter for input crosstalk, output crosstalk and input and output
crosstalk. For input crosstalk, it can be noted from Fig. 4.2(a) that the non-linear
self-kernel Hs

1,1[·] has a dominant contribution whereas the self-kernel Hs
1,1[·] has

a weaker linear contribution. Fig. 4.2(b) shows that for output crosstalk only the
self-kernels contribute both of whom have a non-linear response. Finally, for input
and output crosstalk, it can be concluded from Fig. 4.2(c) that both the self- and
cross-kernels observe nonlinear contributions. Thus, the extracted kernel outputs
provide an insight to the dominant crosstalk impairments in the MIMO transmitter.

Pros and Cons

The proposed method can be used to reduce identification complexity by revealing
the dominant MIMO structures. Furthermore, IIP decomposition can be used to
develop complexity reduced models. However, higher order MIMO systems require
longer IIP sequence. This results in longer measurement times and tougher ADC
and storage requirements. Additionally, the individual kernel outputs cannot be
extracted using IIP decomposition.

Multitone Signals
Papers [E] and [F] present a method for extracting the third order kernel outputs
for a 2 × 2 and 3 × 3 RF MIMO transmitter, respectively. Frequency domain
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Figure 4.2: PSD of the IIP extracted self- and cross-kernel outputs for a 2× 2 RF
MIMO transmitter impaired by (a) input cross-talk, (b) output cross-talk and (c)
input and output crosstalk.

techniques for the characterization of SISO Volterra kernels have been proposed
in literature due to the simplicity of interpretation that can be achieved in the
frequency domain than time domain. Two-tone and three-tone tests that sweep
the frequency domain to excite regions of interest in the kernel space have been
proposed for SISO [23–25] as well as MIMO Volterra systems [27, 28]. However,
these techniques do not excite the complete kernel space and require a large number
of measurements as well. Hence, multitone signals are proposed for measurement
of Volterra kernels in [30–32].

Excitation of a Volterra system with multitone signals yields a frequency grid
at the output which consists of all the permutations of the sums of the input signal
tones. This a priori information can be used to design multitone signals that fulfill
certain requirements. Hence, multitone signals are used to measure the second
order SISO Volterra kernels in [30, 31]. The concept of differing tone spacing is
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Figure 4.3: K multitone signals exciting a MIMO Volterra system. Only the kernel
outputs at channel 2 are shown for illustration.

presented that yields non-overlapping kernel outputs in [32].
Therefore, based on the work done in [30–32], multitone signals are used in

papers [E] and [F] to extract the non-overlapping or partially overlapping third
order 2× 2 and 3× 3 MIMO Volterra kernels, respectively (cf. Fig. 4.3). The basic
principle of the proposed method is presented in paper [E] whereas a detailed study
of the design parameters and characterization analysis is performed in paper [F].

Signal Description

The multitone signals used in papers [E] and [F] deploy equally spaced integer
valued frequency grids of the form,

fk(i) = ck ± (i− 1) ∆k, (4.3)

where ck is an input frequency offset and ∆k is an input frequency spacing. It can
be noted that the third order kernel outputs yield frequency grids that are a per-
mutation of the sums of the input signal frequency grids. That is, fk1k2k3(i1, i2, i3)
=
∑

i1

∑
i2

∑
i3

[fk1(i1) + fk2(i2) − fk3(i3)]. Furthermore, the resultant grids have
the same amplitude
|h(3;K)

k;k1k2k3
(m1, m2, m3)| and phases equal to Ψ1+Ψ2−Ψ3+∠h(3;K)

k;k1k2k3
(m1, m2, m3).

Thus, the resulting kernel outputs yield specific frequency grids (both static and
dynamic contributions). Hence, frequency grids at the output that are yielded by
the input frequency grids in (4.3) are,

fk1k2k3(i) = ck1,k2,k3 ± (i− 1) ∆k1k2k3 , (4.4)

where ck1,k2,k3 and ∆k1k2k3 are the offset and frequency spacing of the multitone
kernel outputs. The output offsets ck1,k2,k3 are given as resultant of ck1 + ck2 − ck3 .
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The output spacing ∆k1k2k3 is given as the g.c.d. of the individual input spacings
∆k1 , ∆k2 and ∆k3 . Therefore, the kernel output frequency offsets and spacings
depend on the input frequency offsets and spacings. Hence, conditions for input
frequency offset and spacing are derived using these relationships such that the
output frequency grids are non-overlapping. These conditions are described in the
following. frequency spacing.

Even Odd Split

Since the third order kennel outputs are permutations of sums of input signal tones,
if one input occupies an even frequency grid while the other inputs occupy odd
tones, then the kernel outputs are split into groups of even and odd frequency
grids respectively, as listed in paper [F]. This split provides an additional level of
simplicity in the extraction of the individual third order kernel outputs.

Spacing Design

It is shown in paper [F] that for frequency isolated kernel outputs, ∆k1k2k3 should
be twice the number of kernel outputs required to be extracted, denoted by G.
Therefore, ∆k are multiple integers of 2G and hence multiples of each other. For a
3 × 3 MIMO Volterra with even odd split, it can be noted that G = 8. However,
for yk;222, yk;121 and yk;233, the offset c222 = c121 = c233. Therefore, these kernel
outputs will always overlap each other and can only be extracted jointly. Hence, five
individual kernel outputs and one group of three kernel outputs can be frequency
isolated, therefore G = 6.

However, the overlapping kernel outputs can be partially frequency isolated if
the input spacings are unequal. Thus, if ∆2 = 4∆1 and ∆3 = 2∆1, then ∆121
= ∆1, ∆233 = 2∆1 and ∆222 = 4∆1. These settings yield partially overlapping
tones for yk;121, yk;233 and yk;222, and hence their contributions can be determined
iteratively as shown in Fig. 4.6.

In conclusion, the spacing design for the proposed multitone signals for com-
pletely or partially frequency isolated kernel outputs for minimum bandwidth and
an even odd split with G = 6 requires ∆1 = 12, ∆3 = 24 and ∆2 = 48.

Offset Design

For frequency isolated kernel outputs, the frequency offsets are analyzed for all
possible overlaps as shown in paper [F]. The resultant offset relations for non-
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overlapping kernel outputs are,

c1 6= c3 ±
µ∆1

2 ,

c1 6= 2c2 − c3 ± µ∆1,

c1 6=
2c2 + c3 ± µ∆1

3 ,

c1 6= 3c3 − 2c2 ± µ∆1,

(4.5)

where, µ = 1, 2, 3, . . . with c2 → even and c3 → odd.

Input Swapping

Finally, the method can be repeated for the remaining third order kernel outputs
by swapping the input signals. Therefore, u1 and u2 are swapped first, and yk;111,
yk;122 and yk;133 form the partially overlapping group whereas yk;221 and yk;331 form
the non-overlapping kernel outputs. Next, u3 is swapped with u2 and yk;333, yk;131
and yk;232 form the partially overlapping group whereas yk;113 and yk;223 form the
non-overlapping kernel outputs.

Crosstalk Configurations

The proposed multitone method is validated for a 3 × 3 RF MIMO transmitter.
Paper [F] describes the crosstalk configurations that arise for a 3 × 3 RF MIMO
transmitter shown in Fig. 2.2. From the extracted kernel output contributions,
the relevant crosstalk configurations can be identified. As described in Chapter
2, the input and output crosstalk between channels arise independently from one
another and follow the principle of reciprocity. Therefore, 6 possible configurations
arise for a 3 × 3 RF MIMO transmitter. Also, if the channels are implemented
in parallel with equal distances, then γ ≈ α2 and ρ ≈ β2 [45]. Finally, since the
adjacent channel crosstalk level is set conventionally to -20 dB [18], the non-adjacent
channel crosstalk level is -40 dB [18]. Thus, α, β ≈ -20 dB, and γ, ρ ≈ -40 dB.

Results

PSD of the extracted third order MIMO Volterra kernel outputs for a 3 × 3 RF
MIMO transmitter are plotted to identify the dominant hardware impairments in
the different configurations. Self-kernels arising only from the PA on the channel
output under consideration and not the crosstalk yield the dominant contributions
in each configuration. For kernel outputs arising from crosstalk, the level depends
upon the order and orientation of crosstalk. Therefore, linear adjacent channel
crosstalk yields strong contributions whereas nonlinear adjacent channel crosstalk,
linear non-adjacent channel crosstalk or a combination of adjacent channel input
and output crosstalk yield weak contributions.
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Figure 4.4: PSD of the third order kernel outputs at channel 1 for full input crosstalk
(cf. Fig. 2.2(a)) that partially overlap (a) y1;111, (b) y1;222, (c) y1;333, (d) none.

The PSD of each of the kernel outputs for full input crosstalk at channel 1 and
2 are plotted in Figs. 4.4 and 4.5, respectively. It can be noted that y1;111 is the
dominant self-kernel output whereas the other self-kernel outputs do not contribute.
For the cross-kernel outputs, y1;121 and y1;112 have a dominant contribution due to
linear adjacent channel input crosstalk. Furthermore, y1;122 and y1;221 have weak
contributions close to the noise floor due to a second order adjacent channel input
crosstalk whereas y1;131 and y1;113 also have weak contributions due to linear non-
adjacent channel input crosstalk. For channel 2, similar results are observed with
y2;222 being the dominant contribution, y2;122, y2;221, y2;232 and y2;223 achieving
strong contributions, and y2;121, y2;112, y2;233 and y2;332 yielding weak contributions.
However, additional weak contributions are observed for y2;123, y2;132 and y2;231 due
to nonlinear adjacent crosstalk resulting from a combination of crosstalk arising
from both channels 1 and 3.

Similarly, the PSD of the third order MIMO Volterra kernel outputs for a 3× 3
MIMO transmitter for full output crosstalk are also shown in Fig. 7 in paper [F].
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Figure 4.5: PSD of the third order kernel outputs at channel 2 for full input crosstalk
(cf. Fig. 2.2(a)) that partially overlap (a) y2;111, (b) y2;222, (c) y2;333, (d) none.

It is noted for both channels 1 and 2 that only self kernels contribute to the output.
Thus, if no cross-kernel outputs are observed, then only output crosstalk is present
in the transmitter.

The kernel contributions for full input full output crosstalk are also plotted
for channels 1 and 2 in Figs. 8 and 9 in paper [F]. It can be noted that the
kernel contributions are a sum of the contributions for input and output crosstalk.
However, for channel 1, y1;232 and y1;223 arise additionally due to a combination of
input crosstalk between channels 2 and 3 and output crosstalk between channel 1
and 2.

Pros and Cons

It must first be noted that the proposed method can be applied for any MIMO
Volterra system. Thus for communication applications, the method can be applied
for different PAs and coupling hardware. Additionally, these methods can also be
used for applications other than RF transmitters that deploy dynamic nonlinear
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MIMO systems. It can also be noted for a larger number of channels that kernel
outputs upto K − 1 non-adjacent channels contribute to the output, such that the
product of αK (or βK) with the dominant self-kernel outputs reaches the noise
floor. Therefore, the kernel contributions can also be used to estimate the level
of crosstalk in a MIMO transmitter. Furthermore, it is noted in paper [F] that
each hardware configuration is associated with significant differences in the con-
tributions. Therefore, the proposed method can be used to identify the relevant
crosstalk effects and their predominance. This can be particularly relevant for RF
massive MIMO transmitters where identification of the relevant crosstalk config-
urations will become significant. Moreover, massive MIMO transmitters can be
analyzed with the proposed method in terms of blocks of limited inputs, for exam-
ple as 3 × 3 RF MIMO sub-blocks described in paper [F]. Finally, the frequency
isolated kernel outputs can also be used in the identification of the individual ker-
nels using LSE. However, a drawback of the proposed method is that it suffers from
bandwidth inefficiency for higher order MIMO systems as the number of nonlinear
kernels increases exponentially with the MIMO order.

4.3 Identification of MIMO Volterra Kernels

Due to the extensive use of the Volterra series in electrical, mechanical, biological
and other applications, identification techniques are an essential key into the study
of nonlinear systems, enabling the development of complexity efficient behavioral
and compensation models [38]. Since the Volterra kernels are highly correlated in
time domain and their outputs overlap in the frequency domain, characterization
techniques need to be designed for the identification of the Volterra kernels. To
this end, as described previously, tone sweeping has been used extensively for the
characterization of Volterra systems, but this technique only excites areas of interest
in the kernel space and requires a large set of measurements. Hence, multitone
signals are proposed to overcome the limitations of tone sweeping yielding frequency
isolated kernel outputs.

Papers [E] and [F] use multitone signals to extract the kernel outputs of a 3× 3
RF MIMO transmitter. The extracted outputs are then used to analyze the dom-
inant hardware impairments arsing from crosstalk in a 3 × 3 MIMO transmitter.
However, the extracted outputs can also be used by researchers for system iden-
tification purposes and by computational modelers working within the Volterra
framework.

Therefore, paper [G] uses the multitone signals designed in paper [F] for the
identification of the third order 3×3 MIMO Volterra kernels. The identified kernels
help analyze dynamic effects which is not possible with the kernel outputs extracted
in paper [F]. This analysis is used to develop base-band behavioral and block model
structures for each of the individual third order 3×3 MIMO Volterra kernels. Block
structures describe the nature of nonlinear interactions generating the correspond-
ing kernels. This decomposes the MIMO Volterra system into sub-blocks which not
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only provide analysis simplifications but can also be used to develop other MIMO
Volterra systems with desired characteristics. Behavioral models developed from
the identified kernels can be used to develop pruned MIMO Volterra models. These
models can then be used to analyze the complexity accuracy trade-off by comparing
with other state-of-the-art models.

Thus, paper [G] overcomes the limitations of two-tone and three-tone identifica-
tion techniques while also exploring the advantages of multitone signals not studied
in papers [E] and [F].

Identification Algorithm

Paper [G] presents an algorithm for identifying the third order kernels from the
kernel outputs extracted in paper [F]. For the identification algorithm, let
uk = [uk (1) uk (2) . . . uk (N)]T and yk = [yk (1) yk (2) . . . yk (N)]T; where T
denotes the transpose operator. The third order MIMO Volterra kernel outputs
yk;k1k2k3 can then be described as a product of the third order MIMO Volterra
basis functions φm1, m2, m3

k1k2k3
and the parameter vector θk;k1k2k3 describing the third

order MIMO Volterra kernels hk;k1k2k3 (m1, m2, m3) [87].
With this formulation, the identification process can be carried out iteratively

as shown in Fig. 4.6. For the multitone signal design in paper [F], the kernel
outputs yk;112, yk;332, yk;123, yk;132 and yk;231 yield completely non-overlapping
grids, whereas yk;121, yk;233 and yk;222 yield partially overlapping grids.

The non-overlapping third order MIMO Volterra kernels can be identified di-
rectly using LSE. The partially overlapping kernels are identified iteratively using
Volterra structures cascaded to comb-like filters with a similar technique as pre-
sented in [40]. For this purpose, the comb-like filter is described as a vector with ’1s’
at frequency locations of the non-overlapping tones in the spectrum of Yk;k1k2k3

and ’0s’ otherwise. Since, Yk;121 is only partially overlapped by Yk;323, it can
be identified using LSE after removing the overlapping tones from Yk;323 using
the aforementioned comb-like filters. Then, for Yk;323 , which overlaps completely
with Yk;121 but only partially with Yk;222, the kernel hk;323 (· · · ) is identified by
first removing the overlapping contributions of Yk;222 by comb-filtering and then
subtracting the contribution of the already identified hk;121 (· · · ). Finally, since
Yk;222 overlaps completely with Yk;323 and Yk;121 but only partially with Yk;2,
the kernel hk;222 (· · · ) can be identified in the spectral regrowth region using comb
filtering and subtracting the contribution of the already identified hk;121 (· · · ) and
hk;323 (· · · ).

The identified kernels obtained from the proposed algorithm are plotted in paper
[G] along with the derived base-band and block model structures. The base-band
models are obtained by analyzing the structures of the plotted kernel amplitudes
and the block structures can then be used to validate these base-band models using
synthesis techniques as proposed in [34, 38]. Furthermore, due to the principle of
reciprocity, groups of kernels at different output channels follow the same structure.
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Figure 4.6: Flow diagram for the identification of third order 3× 3 MIMO Volterra
kernels.

Figure 4.7: Block structure of the self-kernel h2;111 (· · · ).

Therefore, not all the kernels are discussed in paper [G]. The relevant kernels
discussed in the paper along with the corresponding equivalent kernels are listed
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in Table. I in paper [G]. Moreover, only the amplitude of the obtained kernels is
plotted from which the base-band and block models are derived. However, in this
chapter, only the amplitude of the self-kernel h2;111 (· · · ) is plotted along with the
corresponding base-band and block model structures, as an example. The results
for the remaining kernels are only described in text and the corresponding results
can be referred to from paper [G]. Finally, the identified kernels are discussed
separately in terms of the self- and cross-kernels for simplicity of interpretation.

Self-Kernels

The obtained result for the amplitude of the self-kernel h2;222 (· · · ) is shown in
Fig. 2 in paper [G]. Since this kernel is generated solely from the PA and not the
crosstalk, the kernel can be described by a Wiener Hammerstein block structure
shown in Fig. 3 in paper [G] where H[·] is the operator describing a finite impulse
response (FIR) filter. The resultant base-band model for h2;222 (· · · ) is described
by (11) in paper [G].

Fig. 4.8 shows the obtained result for |h2;111 (· · · )|. This self-kernel is gener-
ated by output crosstalk, therefore an FIR operator β[·] is appended to the block
structure for h1;111 (· · · ), as shown in Fig. 4.7. The resultant base-band model is,

y2;111(n) =
∞∑

m1=0

∞∑
m2=0

h2;111 (m1,m2)×

u1 (n−m1) u1 (n−m1 −m2) u∗1 (n−m1 −m2) .
(4.6)

Cross-Kernels

The obtained result for the amplitudes of the cross-kernels h2;221 (· · · ) and h2;212 (· · · )
are shown in Figs. 6 and 7 respectively, in paper [G]. It is noted that these kernels
are generated by input crosstalk for which an FIR operator α[·] is appended to the
block structure of the self-kernels (cf. Fig. 8 in paper [G]). Additionally, it can
be noted from the amplitude plots that h2;212 (· · · ) is excited for m1 = 0 along m2
and is bounded by m3, and the kernel h2;212 (· · · ) is excited for m1 = 0 along m2
starting at m3, and along m1 = m3 for all m2. The resultant base-band models
describing these structures are given by (14) and (15) in paper [G].

The obtained result for the amplitude of the cross-kernels h2;112 (· · · ) and h2;121 (· · · )
are respectively shown in Figs. 9 and 10 in paper [G]. Since cross-kernels are gen-
erated from non-linear adjacent channel input crosstalk, they can be described by
appending two input crosstalk filters to the nonlinear inputs to H[·] (cf. Fig. 11 in
paper [G]). Additionally, it can be noted from the amplitude plots that h2;112 (· · · )
is excited for m1 = 0 at m3 = m2, and for m1 6= 0, along m2 = m1 + m3, for all
m3, and h2;121 (· · · ) is excited along m3 = m1 +m2, for all m1 and m2, and along
m1 = m3 for m2 = 0. The resultant base-band models are described by (18) and
(19) in paper [G].
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Figure 4.8: Amplitude of the third order 3 × 3 MIMO Volterra kernel
h2;111 (m1,m2,m3) with m1 = (a) 0, (b) 1, (c) 2, (d) 3, normalized with respect to
the amplitude of u2.

Similarly, the obtained result for the amplitude of h1;223 (· · · ) and h1;232 (· · · )
are shown respectively in Figs. 12 and 13 in paper [G]. It is noted that the obtained
cross-kernels h1;223 (· · · ) and h1;232 (· · · ) arise from a combination of input crosstalk
between channels 2 and 3 and output crosstalk between channels 1 and 2, thus
these kernels are described by appending β[·] to each of the block structures for
h2;223 (· · · ) and h2;232 (· · · ) (cf. Fig. 14 in paper [G]). Additionally, it can be noted
from the amplitude plots that h1;223 (· · · ) is excited along m1 +m2 bounded by m3,
and h1;232 (· · · ) is excited along the same structure as h1;212 (· · · ) and along m1 =
m3 for all m2. The resultant base-band models are described by (21) and (22) in
paper [G].

Finally, for the cross-kernels generated from nonlinear interactions of combina-
tions of u1(n), u2(n) and u3(n), block structures describing these kernels are excited
in three different configurations as shown in Fig. 15 in paper [G]. The kernel am-
plitudes are shown in Figs. 20 and 21 in paper [G] and the resultant base-band
models are given in (26) and (27) in paper [G].

Complexity Accuracy Tradeoff
The base-band models derived from the identified kernels are collectively referred
to as the multitone model in this thesis. The multitone model is compared in
terms of the complexity accuracy trade-off with the MIMO Volterra model, the
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Figure 4.9: Complexity accuracy tradeoff for a 3×3 RFMIMO transmitter impaired
by input and output crosstalk, measured at channel 2.

MIMO memory polynomial (MP) model described in paper [D] and the extended
generalized memory polynomial (EGMP) model [89]. Note that, the EGMP model
considers the kernels being excited for m2 = m3 = m1 +m2, for all m1, whereas the
MIMO MP model adds a further simplification to the EGMP model and considers
only the diagonal structures where m1 = m2 = m3 = m. Fig. 4.9 plots the NMSE
achieved by the considered models against the number of FLOPs for channel 2.
It can be noted that the multitone model achieves the best accuracy with -60
dB NMSE that is only matched by the MIMO Volterra model but requires 80
%fewer FLOPs than the MIMO Volterra model. Thus, kernel identification with the
multitone method yields behavioral models that achieve a better complexity trade-
off compared with state-of-the-art models considered in this thesis, by identifying
the relevant structures in the nonlinear system.

4.4 Compensation of I/Q Imbalance in MIMO Transmitters

I/Q imbalance impairments are the dominant distortions in the modulation stage
of RF transmitters [97]. I/Q imbalance generates additional in-band and out-of-
band distortions that degrade the DPD performance [98]. I/Q imbalance results
in complex-valued scaling of the input signal uk(n) as well as the generation of an
image signal u∗k(n). The level of these impairments depends on the amplitude and
phase imbalance within each source. Finally, it must be noted that I/Q imbalance
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distortions are quantified in terms of the image rejection ratio (IRR), which is the
power ratio of the image signal to the scaled input signal and ranges from -40 dB
to -20 dB in RF transmitters [99].

Joint I/Q imbalance and PA nonlinearity compensation techniques have been
proposed extensively for SISO transmitters. To this end, compensation techniques
for static I/Q imbalance distortions are presented in [100, 101] whereas compensa-
tion techniques for dynamic I/Q imbalance distortion are presented in [99,102,103].
For RF MIMO transmitters, compensation schemes that deal with crosstalk and
[87–90] and I/Q imbalance [95,96] have been presented. However, these works com-
pensate these impairments independently from one another. Therefore, paper [D]
presents compensation methods for joint I/Q imbalance and crosstalk impairments
(along with the PA dynamic nonlinear distortions). Note that, PA distortions with
crosstalk are referred to as MIMO PA distortions in paper [D]. Accordingly, com-
pensation models for the joint static I/Q imbalance and MIMO PA distortions are
presented by extending the work done for SISO Volterra systems in [99, 102] to
MIMO Volterra systems. These techniques are then appended with multi-rate pro-
cessing to tackle dynamic I/Q imbalance distortions based on the method proposed
in [42,43].

Compensation of Joint Static I/Q Imbalance and MIMO PA
Distortion
Different compensation models are proposed in paper [D] for joint static I/Q imbal-
ance and MIMO PA distortions. The augmented complex conjugate (ACC) model
extends the work done in [102] for SISO transmitters to MIMO by adding a complex
conjugate branch to the MIMO MP model as,

yACC
k (n) =

P∑
p=1

p odd

H(k)
p

[
{uk(n)}K

k=1

]
+

P∑
p=1

p odd

H(k)
p

[
{u∗k(n)}K

k=1

]
+ ck, (4.7)

where ck is the k-th local oscillator leakage DC offset compensator and H(k)
p [·] is the

p-th order MIMO MP kernel output for the k-th channel. For RF transmitters with
predominant linear distortions, the Augmented Linear Complex Conjugate (ALCC)
model is proposed by adding a complex conjugate pair only to the linear terms of
the MIMO MP model. Finally, the real-valued memory polynomial (RMP) model
is proposed based on the work done for SISO transmitters in [99], by applying the
MIMO MP model on the real valued in-phase and quadrature data as,

yRMP
k (n) =

P∑
p=1

p odd

H(k)
p

[
uR

1 (n), uI
1(n), . . . , uR

K(n), uI
K(n)

]
, (4.8)

where uR(n) and uI(n) denote the respective real and imaginary parts of the
complex-valued input signals.
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Figure 4.10: The sub-sample FIR basis for mitigating dynamic I/Q imbalance dis-
tortions.

Compensation of Joint Dynamic I/Q Imbalance and MIMO PA
Distortion

Dynamic I/Q imbalance arises with increasing signal bandwidth and is responsi-
ble for amplitude distortions and time misalignments between the in-phase and
quadrature components. Therefore, dynamic I/Q imbalance impairments can be
described as a set of FIR basis functions in sub-sample resolution [42, 43, 104]. In
this method, the input signal is first upsampled by a factor η, delayed by Ms sam-
ples, and then down sampled by the same factor η to generate basis functions in the
same time-scale. The sub-sampled basis functions are then used in (4.7) and (4.8)
for compensating the joint dynamic I/Q imbalance and MIMO PA distortions. The
generation of sub-sampled FIR basis functions is shown in Fig. 4.10.

Results

The proposed method is validated with a measurement setup that mimics a typical
4G 2 × 2 RF MIMO transmitter. The proposed methods are compared for DPD
performance with I/Q imbalance parameters set according to [46] and listed in
paper [D].

The DPD performance of the proposed models over different crosstalk levels
ranging form -40 dB to -10 dB for 10 MHz signals are shown in Fig. 4.11. The NMSE
for the proposed models deteriorates with increasing crosstalk without sub-sample
resolution. The deterioration is particularly severe as the crosstalk increases from
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Figure 4.11: DPD error performance in terms of NMSE of the proposed models for
10 MHz signals with crosstalk levels ranging from -40 dB to -10 dB.

-20 dB to -10 dB where the NMSE deteriorates from -44 dB to -35 dB. However,
the additional distortions introduced by joint dynamic I/Q imbalance and MIMO
PA distortions are compensated by sub-sampling which improves the performance
by more than 10 dB as the models achieve -54 dB NMSE for -20 dB crosstalk and
-48 dB NMSE for -10 dB crosstalk. Furthermore, it can be noted that the RMP
model achieves the best performance since it tackles the I/Q imbalance distortions
separately for the in-phase and quadrature components. The DPD performance is
also analyzed for bandwidths upto 65 MHz (cf. paper [D] Table IV.). It is noted that
the proposed models achieve competitive error performance for all bandwidths but
at higher computational complexity. Thus, the sub-sample RMP model achieves
the best performance with -48.2 dB NMSE for 65 MHz bandwidth but requires 4
times more FLOPs than 20 MHz signals.





Chapter 5

Conclusions and Future Challenges

This chapter summarizes the contributions of the thesis and presents the future
challenges related to characterization and compensation of hardware impairments
in wireless transmitters.

5.1 Conclusions

This thesis presents characterization and compensation techniques for hardware im-
pairments in RF SISO and MIMO transmitters. Hardware impairments in wireless
transmitters arise due to manufacturing imperfections and cheap hardware. The
thesis focuses on impairments arising from dynamic nonlinear distortions that are
generated by PAs being driven to compression. Furthermore, joint effects of ad-
ditional distortions arising from crosstalk and I/Q imbalance impairments in RF
MIMO transmitters are also analyzed. Thus, a non-parametric characterization
method for SISO transmitters is presented in papers [A] and [C] to overcome the
complexity and instability issues related to the Volterra series. For RF MIMO
transmitters, characterization techniques in both time and frequency domain are
proposed. Paper [B] describes a time domain technique for separating the self-kernel
outputs from the cross-kernel outputs using periodic signals that differ in periodic-
ity. Papers [E], [F] and [G] present a method based on designing multitone signals
that yield non-overlapping frequency grids at the output of the third order kernels.
The non-overlapping kernel outputs can then be used to extract and identify the
individual third order MIMO Volterra kernels. Finally, compensation techniques
for the joint I/Q imbalance (static and dynamic) and MIMO PA distortions (PA
distortion plus crosstalk) are presented in paper [D].

Density Estimation for SISO Transmitters

The Volterra series has been developed over the years for the behavioral modeling
and compensation of weakly nonlinear systems with fading memory. However,

49
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the Volterra series suffers from the so-called "curse of dimensionality" in that the
computational requirements rise exponentially with the memory depth. Therefore,
several parametric methods that tailor and prune the Volterra series based either
on empirical or physical information have been proposed. However, these methods
assume a priori model structures and are limited to certain classes of nonlinear
systems. Therefore, papers [A] and [C] present a non-parametric approach that
estimates nonlinear transfer functions for the PA behavior using triangular window
averaging. The conclusions obtained from the proposed method are listed in the
following.

• The proposed method in paper [A] achieves competitive performance com-
pared to the PH model but does not suffer from numerical instabilities.

• The complex-valued static transfer function of the PA estimated in paper [A]
is amplitude dependent. This information is used in paper [C] to develop
an orthogonal space that describes the individual memory interactions of a
dynamic nonlinear PA.

• The dynamic transfer functions estimated in paper [C] quantify the contribu-
tions of the individual memory interactions to the output.

• The estimated transfer functions of the different memory interactions are
smooth.

• The proposed method in paper [C] is used to develop a complexity efficient
6-parameter behavioral model for the considered DUT. This model achieves
the best complexity accuracy trade-off compared to state-of-the-art models
considered in this thesis.

IIP Decomposition for MIMO Transmitters

A time domain characterization technique for separating the self-kernel outputs
from the cross-kernel kernel outputs for a 2 × 2 MIMO transmitter is presented
in paper [B]. The proposed method uses periodic noise-like signals that differ in
periodicity. The kennel outputs can then be separated using IIP decomposition.
The results of the proposed method are summarized in the following.

• For co-prime signal periods, the IIP decomposition converges to a coherent
averaging of the measured output with respect to the input signal periods.

• Self-kernel outputs arise due to output crosstalk whereas cross-kernel outputs
arise due to input crosstalk.

• The extracted kernel outputs provide an insight to the dominant crosstalk
impairments in the MIMO transmitter.
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Multitone Decomposition for MIMO Transmitters
A frequency domain characterization technique for RF MIMO transmitters is pre-
sented in papers [E], [F] and [G]. The basic idea is presented in [E] for 2×2 MIMO
Volterra systems. The method uses multitone signals with different tone spacings
to extract the individual third order kernel outputs. Multitone excitation signals
generate kernel outputs whose tone positions can be determined a priori as the
sums of permutations of the input signal tones. Therefore, the tone positions of the
input signals can be designed to yield completely or partially overlapping frequency
grids for the individual kernel outputs. The input signal design is presented for the
6 possible crosstalk configurations of a 3 × 3 RF MIMO transmitter in paper [F].
The design process describes the conditions for the frequency spacing and offset of
the input signals. The obtained conclusions from the characterization in papers [E]
and [F] are listed in the following.

• Crosstalk arising form the adjacent channels is responsible for the dominant
kernel output contributions.

• Weak kernel contributions arise from nonlinear adjacent channel crosstalk,
linear non-adjacent channel crosstalk, or a combination of linear adjacent
channel input and output crosstalk.

• The relative contributions of the kernel outputs for each configuration can
then be used to identify the corresponding configuration prevailing in a MIMO
transmitter. This result is of particular interest for massive MIMO systems
where identification of the dominant crosstalk impairments between the differ-
ent channels is more significant than the actual identification of the nonlinear
kernels.

• The extracted kernel contributions can be used to simplify the analysis of
higher order MIMO systems by decomposing them into blocks with lower
number of inputs.

The extracted kernel outputs are then used in paper [G] to identify the individual
third order 3× 3 MIMO kernels. The identified kernels are used to construct base-
band and block model structures. Block structures describe the nature with which
dynamic nonlinearities arise from interactions between different inputs through
crosstalk. Behavioral models describe the mathematical relationships between the
complex-valued input and outputs for each of the third order kernels. The obtained
conclusions from the kernel identification in paper [G] are listed in the following.

• For the considered DUT, the dynamic nonlinear system (i.e., PAs) follows a
Wiener Hammerstein block structure whereas the input and output crosstalk
can be modeled as linear FIR filters.

• State-of-the-art behavioral models consider the same structure for all the third
order kernels. However, the proposed method identifies relevant structures for



52 CHAPTER 5. CONCLUSIONS AND FUTURE CHALLENGES

each of the third order kernels. The resultant behavioral models are collec-
tively referred to as the multitone model and it is a pruning of the MIMO
Volterra model.

• The multitone model achieves the best complexity accuracy trade-off among
the state-of-the-art models. It achieves -60 dB NMSE which is the same as
the MIMO Volterra model but uses 80% fewer FLOPs.

Complex-Conjugate and Real Valued Compensation of I/Q
Imbalance for MIMO Transmitters
Finally, compensation models for the joint I/Q imbalance and MIMO PA distor-
tions are presented in paper [D]. Static I/Q imbalance distortions are compensated
with the ACC and RMP models. The ACC model appends a complex conjugate
branch to the MP model to account for imaging effects created by I/Q imbal-
ance distortions. However, the RMP model uses a modeling approach by applying
the MP model on the real-valued in-phase and quadrature components separately.
The proposed models are then enhanced using sub-sampled resolution FIR basis
functions to compensate for dynamic I/Q imbalance distortions. The models are
validated for a 2× 2 RF MIMO transmitter for crosstalk levels ranging from -40 to
-10 dB and signal bandwidths upto 65 MHz. The results of the proposed method
are concluded in the following.

• Increasing the crosstalk level deteriorates the DPD performance of the pro-
posed models without sub-sample resolution, especially as the crosstalk in-
creases from -20 dB to -10 dB.

• Sub-sample resolution improves the DPD performance of the proposed models
by 10 dB for signals ranging to 20 MHz bandwidth with marginal increase in
complexity. The proposed models achieve at least -50 dB NMSE for -20 dB
crosstalk and -48 dB NMSE for -10 dB crosstalk, in sub-sample resolution,
for 20 MHz bandwidth signals.

• The RMP model achieves the best complexity accuracy trade-off among the
proposed models with -48.2 dB NMSE for -10 dB crosstalk crosstalk and 65
MHz signal bandwidth.

5.2 Future Work

Joint Compensation of MIMO Hardware Impairments
The thesis focuses primarily on the joint compensation of dynamic PA nonlinearities
in MIMO transmitters impaired by crosstalk and presents compensation models for
joint I/Q imbalance, crosstalk and PA distortions. However, other hardware impair-
ments such as phase noise of the local oscillators, quantization noise form the ADC
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and impudence mismatches arsing form imperfections in the matching network,
also need to be investigated for MIMO systems, jointly with the aforementioned
distortions considered in this thesis.

Crosstalk Decoupling
As discussed in the thesis, crosstalk arises from RF leakage due to poor isolation
between multiple paths being implemented on the same chip-set. The joint analysis
of PA nonlinearity and crosstalk is responsible for the high complexity associated
with the corresponding characterization and compensation techniques for MIMO
trasmitters. As shown in paper [G], crosstalk can be estimated as a linear FIR
filter. Therefore, characterization techniques that can estimate these filters need to
be developed. Crosstalk estimation would reduce theK×K MIMO Volterra system
to K SISO Volterra systems, thus simplifying the analysis of MIMO transmitters
appreciably.

Hardware Impairments in Massive MIMO
Massive MIMO systems are the proposed technology for future fifth generation
wireless networks [1]. Massive MIMO brings huge improvements in throughput and
energy efficiency by employing a large access of service antennas [1]. Consequently,
massive MIMO necessitates the need for higher efficiency and cheaper hardware
compared to conventional MIMO transmitters. Hence, the hardware in massive
MIMO is more prone to impairments resulting in channel estimation errors, capacity
ceilings and performance limitations [1, 5, 105–110]. Therefore, characterization
and compensation techniques need to be developed to tackle these challenges. The
multitone decomposition proposed for kernel output extraction in paper [F] provides
a road map for identifying hardware impairments (arising from crosstalk) in massive
MIMO transmitters.

Fifth Generation Wireless Transmitter Challenges
Apart from the aforementioned challenges related to massive MIMO and joint com-
pensation of hardware impairments, additional research questions arise for fifth
generation (5G) wireless transmitters. 5G proposes a complex interconnected net-
work of low power small cell implementations in conjunction with high power
macro cells [1]. Therefore, power dependent DPD techniques need to be devel-
oped. Furthermore, higher efficiency PAs such as GaN or GaAs amplifiers that
exhibit long term memory effect have also been proposed [15] and require com-
plexity efficient characterization and compensation. Similarly, DPD techniques for
concurrent multi-band operation of 5G PAs pose research challenges as well [1].
Additionally, with advancements in computational power, the digital part of the
transmitter has a more noticeable impact on the power consumption. Therefore,
digital complexity becomes the predominant factor with regards to power efficient
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wireless transmitters. Finally, for the proposed wide-band millimeter wave propaga-
tion [1,5,106–110], signal processing techniques such as characterization, behavioral
modeling, DPD and crest factor reduction (CFR), also need to be developed.
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