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Abstract

Since they appeared, wireless technologies have deeply transformed our so-
ciety. Today, wireless internet access and other wireless applications demand
increasingly more traffic. However, the continuous traffic increase can be un-
bearable and requires rethinking and redesigning the wireless technologies in
many different aspects. Aiming to respond to the increasing needs of wire-
less traffic, we are witnessing a rapidly evolving wireless technology scenario.
This thesis addresses various aspects of the transmitters used in wireless com-
munications. Transmitters present several hardware (HW) impairments that
create distortions, polluting the radio spectrum and decreasing the achievable
traffic in the network. Digital platforms are now flexible, robust and cheap
enough to enable compensation of HW impairments at the digital base-band
signal. This has been coined as ’dirty radio’. Dirty radio is expected in future
transmitters where HW impairments may arise to reduce transmitter cost or
to enhance power efficiency. This thesis covers the software (SW) compensa-
tion schemes of dirty radio developed for wireless transmitters. As described
in the thesis, these schemes can be further enhanced with knowledge of the
specific signal transmission or scenarios, e.g., developing cognitive digital com-
pensation schemes. This can be valuable in today’s rapidly evolving scenarios
where multiple signals may co-exist, sharing the resources at the same radio
frequency (RF) front-end.

In the first part, this thesis focuses on the instrumentation challenges and
HW impairments encountered at the transmitter. A synthetic instrument (SI)
that performs network analysis is designed to suit the instrumentation needs.
Furthermore, how to perform nonlinear network analysis using the developed
instrument is discussed. Two transmitter HW impairments are studied: the
measurement noise and the load impedance mismatch at the transmitter, as
is their coupling with the state-of-the-art digital compensation techniques.
These two studied impairments are inherent to measurement systems and are
expected in future wireless transmitters.

In the second part, the thesis surveys the area of behavioral modeling and
digital compensation techniques for wireless transmitters. Emphasis is placed
on low computational complexity techniques. The low complexity is moti-
vated by a predicted increase in the number of transmitters deployed in the
network, from base stations (BS), access points and hand-held devices. A mo-
deling methodology is developed that allows modeling transmitters to achieve
both reduced computational complexity and low modeling error. Finally,
the thesis discusses the emerging architectures of multi-channel transmitters
and describes their digital compensation techniques. It revises the MIMO
Volterra series formulation to address the general modeling problem and
drafts possible solutions to tackle its dimensionality. In the framework of
multi-channel transmitters, a technique to compensate nonlinear multi-carrier
satellite transponders is presented. This technique is cognitive because it
uses the frequency link planning and the pulse-shaping filters of the individ-
ual carriers. This technique shows enhanced compensation ability at reduced
computational complexity compared to the state-of-the-art techniques and
enables the efficient operation of satellite transponders.
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Sammanfattning

Den trådlösa teknikens insteg har den förvandlat vårt samhälle på dju-
pet. Idag rymmer och kräver trådlöst internet och andra trådlösa applika-
tioner mer och mer trafik. Men, det kontinuerliga kapacitetsökningskravet
kan vara svårburet, och kräver nytänkande och omformande av de trådlösa
tekniker vi känner, i många olika aspekter. För att svara upp mot det ökade
behovet, bevittnar vi idag en snabb utveckling inom trådlös teknik. Denna
avhandling behandlar olika aspekter av sändare inom trådlös kommunika-
tion. Sändarnas hårdvara innehåller flera ickeideala element vilka distorderar
radiospektrum och begränsar den möjliga trafikkapaciteten i nätet. Digitala
plattformar är idag flexibla, robusta och tillräckligt billiga för att kompensera
för hårdvaruimperfektioners inverkan på den digitala basbandsignalen. Om-
rådet benämns ’dirty radio’. ’Dirty radio’ väntas bli viktigt för kommande
sändare där hårdvaruimperfektioner krävs för att minska kostnaderna, eller
för att öka en sändares energieffektivitet. Denna avhandling innehåller mjuk-
varumässiga kompenseringstekniker inom ’dirty radio’, utvecklade för trådlösa
sändare. Som det beskrivs i avhandlingen, kan dessa tekniker ytterligare för-
bättras med kunskap kring den specifika signalöverföring som används, t.ex.
genom utveckling av kognitiva digitala kompenseringstekniker. Detta kan
vara värdefullt för dagens snabba föränderliga scenarier, där flera signaler
kan samexistera och dela på de resurser som finns, på samma radiofrekvens,
och för samma hårdvara. Avhandlingens första del behandlar mättekniska
utmaningar och hårdvaruimperfektioner för sändare. Ett syntetiskt instru-
ment för nätverksanalys, utvecklat för att möta mättekniska behov, föreslås.
Vidare diskuteras hur detta syntetiska instrumentet kan användas för icke-
linjär nätverksanalys. Två ickeideala egenskaper hos sändare studeras: mät-
brus, samt för sändaren icke anpassad belastningsimpedans, och dessas kop-
pling till moderna digitala kompenseringstekniker. Dessa två imperfektion-
er finns inom mätsystemen själva, och är förväntade för framtidens trådlösa
sändare. I den andra delen, behandlar avhandlingen området för beteende-
modellering och digitala kompensationstekniker för trådlösa sändare. Tonvik-
ten läggs inom tekniker för låg beräkningskomplexitet. Låg komplexitet mo-
tiveras genom en predikterad ökning av antalet sändare i kommande nätverk,
från såväl basstationers accesspunkter som handhållna enheter. En modeller-
ingsmetodik är utvecklad, som gör det möjligt att modellera sändare för att
samtidigt uppnå låg beräkningskomplexitet och lågt modelleringsfel. Slutli-
gen diskuterar avhandlingen kommande arkitekturer för flerkanalsändare, och
beskriver möjliga digitala kompenseringstekniker. Volterraserien revideras för
att gälla MIMO, och ett generellt modelleringsproblem formuleras och möjli-
ga lösningar för att behandla hög dimensionalitet föreslås. Inom ramen för
flerkanalsändare, presenteras en kompenseringteknik för ickelinjära satellit-
transpondrar med flera bärvågsfrekvenser. Denna teknik är kognitiv eftersom
den använder aktuell frekvenslänkplanering och de individuella bärvågernas
pulsformande filter som information. Denna teknik visar kompenseringsför-
måga med reducerad beräkningskomplexitet jämfört med dagens moderna
kompenseringstekniker, och möjliggör därvidlag en effektiv drift av satellit-
transpondrar.
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Chapter 1

Introduction

1.1 Wireless communications

The development of wireless communications dates back to the end of the nine-
teenth century. With the theory of James C. Maxwell and Michael Faraday, it was
possible to predict the existence of electromagnetic waves that could travel with-
out physical conductors [1]. In parallel to the theoretical formulation, pioneering
experimental work was pursued by Jagadish Chandra Bose, Thomas Edison and
Guglielmo Marconi. The fruits of this intense search led to telegraphic wireless
transmission across the Atlantic Ocean in 1901 and to Marconi being awarded the
Nobel Prize in physics in 1909 for his contribution to wireless telegraphy [1]. Since
then, our lifestyle has been shaped by the use of wireless technologies. Radio and
TV are key examples of wireless communications that have deeply transformed so-
ciety. In today’s technological society, we extensively use cellular communications
and access to the internet, turning them into inherent needs. The impact of this
technology is notorious to the point that it is being considered for inclusion in the
constitutional rights in several countries [2].

Two parts are distinguished in a wireless communication system: the trans-
mitter and the receiver. The transmitter is a key part in wireless communication.
It is in charge of several tasks: first, it transforms the message into a suitable form
to propagate it over the wireless channel. Second, it radiates enough electromag-
netic power to enable the correct message reception. This thesis addresses on the
transmitters used in wireless communication systems.

For over more than a century, since the deployment of the first wireless systems,
the handled traffic has been continuously increasing. Furthermore, some predictions
indicate that the amount of traffic will grow exponentially in the coming years
[3]. Most of this traffic will originate from internet access, both uploading and
downloading data. To meet the growing needs, the capacity of wireless networks
must continuously increase. Aiming to address this problem, several research tracks
are simultaneously pursued.

3
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Capacity can be enhanced by augmenting the radio spectral band used in com-
munication, although, radio spectrum is a scarce resource and its efficient use is
being actively researched [4]. Another way to enhance capacity is to modify how
we transmit and process signals, e.g., increasing the digital modulation format or
forcing the signals to be more compact in spectral bandwidth or accelerated in time
[5]. Other methods to tackle the capacity needs include re-designing the network
architecture. For instance, shrinking the coverage area of independent transmi-
tters and increasing the number to serve the same area [6]. Finally, redesigning
the transmitter and receiver to use multiple antennas has been suggested [7]. The
solution for the need of increasing capacity will probably come from a combination
of these research activities.

As a consequence of the high demands in wireless networks, dynamic commu-
nication standards are needed. More radio spectrum resources is already being
allocated to handle communications [8]. Scenarios where the transmitters change
their output power to serve different numbers of users and areas can be foreseen
(referred to as cell-breathing [9]). Other scenarios consider spectral coexistence
of several communications. Thus, they will be simultaneously handled within the
same hardware (HW) [6]. The settling of these dynamic standards will change
wireless networks into dynamic entities. This requires agile transmitters, that is,
transmitters that can operate under different conditions.

Traditional wireless transmitters are composed of a single power amplifier de-
livering power to a single antenna. The efficient operation of the amplifier causes
undesired levels of nonlinear distortion [10]. These nonlinear distortions pollute
the radio spectrum which is heavily regulated and can cause penalties for the
operators. Nonlinear distortions also degrade the signal in-band in detriment to
the data traffic. This has been noted as a tradeoff between efficiency and linearity
in power transmitters [11]. Nonlinear mitigation techniques have been studied to
combat the tradeoff in signal quality (linearity) and power efficiency. Digital predis-
tortion (DPD) is one of these techniques, and due to its flexibility and competitive
cost its use became widely widespread. In DPD, the mitigation of the nonlinear
distortions is performed by digital platforms pursuing efficient and linear power
transmitters. In a broad sense, DPD is the mitigation of HW impairments. This is
a general trend in modern transmitters, where many other effects are considered in
addition to non-linearity. This trend is sometimes referred to as ’dirty radio’ [12].
In dirty radio, the designers may accept higher levels of HW impairment with the
idea that digital mitigation techniques will alleviate them. Typical examples of HW
impairments encountered in transmitters are IQ modulator imbalances [13], quanti-
zation errors [14], phase noise from oscillators [15], and load impedance mismatches
[16].
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1.2 Transmitter challenges and open problems

In addition to the high capacity needs of wireless systems, the cost of transmitters
and their power efficiency are other important factors. From the radio perspective,
the transmitters have to deliver enough power to enable communication. Thus,
they spend the most energy, and their efficiency directly impacts the cost of the
network operation. This is an important factor in cellular communication, where
one transmitter operates for many receivers. The transmitter power efficiency is
also important for hand-held transmitters because it means longer battery-life time.
This is a challenge that has existed since the beginning of wireless systems, that is,
enhancing the transmitter efficiency.

Dynamic communication scenarios imply that a transmitter needs to be agile;
both its HW and its software (SW) must be compatible to operate under several
different conditions. From a HW point of view, the transmitter design should avoid
components that limit its operation, for instance, frequency selective components,
such as, filters, isolators and circulators, are not desired. Furthermore, multiple
antenna transmitters are in the early stages of development, which suggests the
need for studies for efficient transmitter design handling multiple signals in an agile
environment. From the SW point of view, the transmitter agility refers to the
digital processing algorithms that operate under changing scenarios, that is, signal
processing algorithms that appropriately handle the signals to produce the desired
transmissions according to specific conditions. One can extrapolate the HW dirty
radio trend of transmitters to the SW dynamic scenarios by developing cognitive
compensation techniques. For instance, knowing the operating conditions, e.g., the
frequency, power, bandwidth and the amount of simultaneous transmissions, and
using this knowledge at the transmitter can yield agile SW routines.

In addition to the agility, low complexity SW algorithms are required because
the transmitters will be likely to handle lower power to sever smaller areas. This
reduces the transmission power, which may become comparable to the power con-
sumed in its digital part, making the SW routines relevant and requiring low compu-
tational complexity. More research studies are required to understand the interplay
of the analog and digital power efficiency of the transmitters. These will greatly
benefit hand-held transmitters, which are populating markets faster than ever. It is
enough to observe the number of smart-phones, tablets, phablets and other similar
devices in today’s lifestyle.

Multi-antenna transmitters are a strong candidate technology for large data
traffic in wireless networks. However, the implementation of multi-antenna transmi-
tters is not mature, and there is plenty of room for HW studies. In addition to
the HW issues, scalable digital processing algorithms for an increasing number of
signal transmissions are not available and are an open door for further studies.
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1.3 Thesis contribution

The thesis gives a general overview of wireless transmitters. It describes the
measurement challenges and instrumentation needs of current and future wireless
transmitters. It contributes to the instrumentation by proposing two different mea-
surement techniques that combat the observed challenges. Additionally, the thesis
addresses the behavioral modeling and digital compensation techniques for single
input single output (SISO) transmitters and multi-channel transmitters.

With the increased use of the radio spectrum, bandwidth is one of the require-
ments in modern instrumentation. Paper [E] presents a technique to extend the
bandwidth of the RF applications suitable for testing with repetitive signals. The
instrumentation needs of agile HW and SW are noted in paper [D], which shows
the feasibility of performing network linear and nonlinear measurements in the
framework of synthetic instrumentation.

Behavioral modeling and nonlinear compensation techniques for various trans-
mitter types are studied. A new modeling technique is presented for SISO RF power
transmitters in papers [B] and [G]. This technique is suitable for pruning and for
tailoring parametric structures for a specific transmitter. By using a non-parametric
formulation to fit measured data, this approach aims to reduce the computational
resources at model deployment compared to the current techniques. Paper [G]
shows the possibility of using this technique in the modeling and compensation of
transmitters. The interaction effects of the digital compensation techniques with
two HW impairments in SISO transmitters are studied in this thesis. The two
studied impairments are measurement noise and load impedance mismatch. Paper
[A] studies the impact of measurement noise in the identification of the predis-
torter, whereas paper [F] presents a qualitative and quantitative analysis of the
load impedance mismatch in linearized transmitters.

The thesis ends by addressing the forthcoming multi-channel transmitter archi-
tecture. The multiple input multiple output (MIMO) Volterra series is revised for
the complex-valued base-band domain and is used as an analytical tool for mo-
deling and digital compensation. The dimensionality of the MIMO Volterra series
is addressed in this thesis, where a basis pursuit approach is followed to render mo-
dels that are amenable for implementation. The proposed basis pursuit approach is
similar to the least absolute shrinkage and selection operator (LASSO). Papers [C]
and [H] discuss the implementation of the basis pursuit in two distinct scenarios.
Paper [C] addresses a MIMO transmitter, and paper [H] considers a concurrent
satellite system. Finally, a digital mitigation technique for multi-carrier satellite
systems is presented in paper [I]. This technique outperforms the state-of-the-art
mitigation techniques at a lower digital computational complexity because of the
compensation in cognitive form, that is, using the frequency link planning of the
multi-carrier system to introduce the distortion effects of different carriers.
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List of papers included in the Thesis

The papers included in this thesis are listed below:

Conferences

Part of the enclosed material in this thesis has been presented at the following
conferences:

[A] S. Amin, E. Zenteno, P.N. Landin, D. Rönnow, M. Isaksson, P. Händel, Noise
impact on the identification of digital predistorter parameters in the indirect
learning architecture, Swedish Communication Technologies Workshop (Swe-
CTW), Lund Sweden, Oct. 2012, 36-39.

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

[C] E. Zenteno, S. Amin, M. Isaksson, D. Rönnow, P. Händel, Combating the
Dimensionality of Nonlinear MIMO Amplifier Predistortion by Basis Pursuit,
Proc. 44th European Microwave Conf. (EuMC), Rome Italy, Oct. 2014, 833-
836.

Journals

The contents of this thesis have been based on the following journal publications:

[D] M. Isaksson, and E. Zenteno, A Synthetic Vector Network Analyzing Measure-
ment System, IEEE Trans. Instrum. Meas., vol. 60, no. 6, pp. 2154-2161,
Jun. 2011.

[E] E. Zenteno, M. Isaksson, P. Händel, Pilot Tone Aided Measurements to Extend
the Bandwidth of Radio Frequency Applications, Under review in Elsevier
Measurement journal.

[F] E. Zenteno, M. Isaksson, P. Händel, Output Impedance Mismatch Effects on
the Linearity Performance of Digitally Predistorted Power Amplifiers, IEEE
Trans. Microw. Theory Tech., vol. 63, no. 2, pp. 754-765, Feb. 2015.

[G] E. Zenteno, Z. Khan, M. Isaksson, P. Händel, Finding Structural Informa-
tion of RF Power Amplifiers using an Orthogonal Non-Parametric Kernel
Smoothing Estimator, Accepted for publication in IEEE trans. on Veh. Tech.
2015.

[H] E. Zenteno, R. Piazza, B. Shankar M.R, D. Rönnow and B. Ottersten. Low
Complexity Predistortion and Equalization in Nonlinear Multicarrier Satellite
Communications, EURASIP J Adv Signal Process. vol. 2015, p. 30., Mar,
2015.
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[I] E. Zenteno, R. Piazza, B. Shankar M.R, D. Rönnow and B. Ottersten, A MIMO
Symbol Rate Signal Digital Predistorter for Nonlinear Multicarrier Satellite
Channels, Under review in IET Journal of Communications.

1.4 Thesis outline

The thesis outline is as follows: Chapter 2 describes the instrumentation needs for
wireless transmitters. It details the needs of current transmitters and highlights
those for the emerging multi-channel transmitter architectures. This chapter con-
tributes to the instrumentation of transmitters by proposing techniques to extend
the measurement bandwidth and demostrating the feasibility of performing vector
network analyzer (VNA) measurements using non-dedicated equipment.

Chapter 3 surveys single channel wireless transmitters. It briefly describes be-
havioral modeling and digital compensation techniques for these transmitters. This
chapter describes current modeling methodologies, presents the proposed metho-
dology for wireless transmitters and reviews the indirect learning architecture (ILA)
principle widely used in the digital compensation of wireless transmitters. Further-
more, it summarizes the two HW impairments studied in this thesis: the mea-
surement noise and the load impedance mismatch effects for compensated power
transmitters.

Chapter 4 covers multi-channel transmitters. These transmitters are classified as
multiple input multiple output (MIMO) and concurrent architectures. This chapter
presents the MIMO Volterra series as a tool for the modeling and compensation
of multi-channel transmitters. Because of the high dimensionality of the series, it
explores two forms of pruning aimed to reducing model complexity.

Chapter 5 summarizes the thesis; it discusses the implication of the work and
presents future research paths.



Chapter 2

Wireless Transmitters

Instrumentation

This chapter reviews the HW instrumentation needs and measurement requirements
for wireless transmitters. The radio frequency spectrum has become a highly ap-
preciated resource as the data traffic in wireless networks is continuously increasing.
This creates strict regulations for the transmitter emissions to avoid polluting RF
spectrum. The data traffic increase can be handled using more frequency spectrum;
for instance, by allocating several spectral bands for the same communication. In
Long term Evolution (LTE), these bands can be allocated contiguously and non-
contiguously in a process called carrier aggregation [8]. This requires agility from
the transmitter to adapt to the new transmission mode fulfilling the strict spectral
regulations and having signal quality required for the high data rate. Thereby,
this process introduces tough requirements for the HW at the transmitters. The
transmitters are often considered weakly nonlinear systems. This is because the
level of nonlinear distortions is relatively small compared to the level of the trans-
mitted signal. However, both the strengthening of the communication standards
and the high data traffic requires low distortions and creates challenges in the
instrumentation at the transmitter. These needs are discussed in the following.

2.1 Instrumentation Needs

• Signal quality: high quality signal generation is a requirement in modern
wireless communications. In order to enhance the spectral efficiency, the
digital modulation formats increase their complexity. This is basically reduc-
ing the distance between the digital symbols. In consequence, these digital
formats became more sensitive to HW degradations. E.g., higher modula-
tion formats, such as, 64 quadrature amplitude modulation (QAM) and 32
amplitude phase shift keying (APSK). On the other hand, the transmitter
measurements require high fidelity. First, to ensure the transmitter fulfills

9
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the strict spectral regulations from regulatory bodies, but more importantly,
to characterize distortion effects which are relatively small compared to the
desired signal. In most cases, the distortion measurements are used to esti-
mate the digital compensation techniques required. Thus, the performance
the compensated transmitter is coupled to the quality of its measurements.

• Bandwidth: The system bandwidth has a major role in the instrumentation.
We are witnesses of the bandwidth increase in wireless communication sys-
tems [8]. This rises the required front-end bandwidth of the transmitter and
simultaneously stresses the need of large bandwidth measurements. Note
that, the transmitter undesired nonlinear effects cause bandwidth expansion
and exacerbates the need of measurement bandwidth at the transmitter.

• Flexibility: As previously mentioned, the HW at the transmitters must be
able to operate under changing scenarios: different modulation formats, car-
rier aggregation, and several communications in different frequency bands,
between others. Thus, HW components of limited frequency operation as
filters, diplexers and isolators are not desired as they bound the transmitter
flexibility. Furthermore, the transmitter digital compensation often requires
output measurements and hence follows similar requirements for its instru-
mentation. Moreover, its digital part requires as well the agility changing the
model of compensation or adapting when need it.

• Signal control: Multi-channel transmitters are an emerging technology within
the framework of wireless communication. Particular interest is observed for
MIMO and concurrent carrier systems. Theoretically, these transmitters have
the potential to largely increase the capacity of the network. However, they
bring new challenges and needs for the instrumentation. The signal generation
over multiple channels is a challenge, particularly, the time synchronization
between the independent complex-valued base-band signals. These signals
need a common ’reference’ time. This condition is referred to as base-band
coherency. Furthermore, the RF carrier frequencies (for the up-conversion)
should have relatively stable frequency oscillations with respect to other car-
riers; this has been referred as RF phase coherency [17]. Moreover, towards
an integrated RF front-end the multiple signals will interfere with each other
creating undesired distortion effects.

The transmitters studied in this work are depicted in Fig. 2.1 and can be broadly
classified into two categories: single channel and multi-channel transmitters. The
latter category accounts for concurrent and MIMO transmitters. Fig. 2.1 depicts
the two basic architecture blocks for a transmitter: the power amplifier (A) and the
modulator (M). The power amplifier (A) is the sub-system in charge of providing
enough electromagnetic power to enable a successful transmission. The other, the
modulator (M) is the sub-system in charge of the analog up-conversion to a carrier
frequency. The modulator (M) architecture is depicted in Fig. 2.2.
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Figure 2.1: Studied wireless transmitters. a) SISO, b) Concurrent, c) MIMO
transmitters

Figure 2.2: IQ modulator (M) architecture. The dashed line depicted the boundary
between digital and analog stages.
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2.2 Bandwidth extension

In general receiver architectures, bandwidth and dynamic range are in trade-off.
In wireless communications, the IQ receiver architecture shown in Fig. 2.3 has
widely spread use. The IQ demodulator due its popularity to its relatively high
dynamic range compared to other receiver architectures. In fact, that is achieved as
a compromise to the measurable bandwidth. Moreover, in digital communications,
the IQ demodulator it is the dual of the modulator in Fig. 2.2.

The IQ receiver demodulator, has a down-conversion scheme by which an analog
RF signal is transformed to a lower frequency where it can be measured with
digital to analog converters (ADCs). Several HW impairments have been discussed
for the IQ modulator / demodulator architecture, e.g., IQ imbalance [13], local
oscillator phase noise [15], imperfect analog to digital conversion and digital to
analog conversion.

Figure 2.3: IQ demodulator (D) architecture. The dashed line depicted the bound-
ary between analog and digital stages.

Paper [E] presents a contribution aligned to the mentioned instrumentation
needs exploiting the properties of multisine signals and the relatively high dynamic
range of IQ receivers. Multisine signals are important in measurement setups for
characterization of microwave devices. In particular, they have been designed to
enhance the estimation of linear response functions [18, 19, 20] or to mimic the sta-
tistical properties of realistic excitation signals [21, 22]. Because multisine signals
are periodic signals the measurement noise can be reduced using averaging. Co-
herent averaging [23] has been extensively used in RF instrumentation in research
labs to decrease the noise level [24, 25, 26], albeit high frequency components may
be removed in this operation [23].

Stitching techniques are used to increase the bandwidth of RF measurement
setups [27, 26]. The stitching technique concatenates several measurements of fre-
quency overlapped bands. Basically, there is a common signal between two adja-
cent measurements. This common signal is encountered at the overlapped spectral
band. Although the adjacent measurements were made at different time instants,
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this common signal can be used to time align the two adjacent measurements and
hence, its frequency concatenation is possible. In summary, the signal contained in
the overlapped frequency measurement is a time reference for concatenating subse-
quent measurement bands. Thus, the heart of the stitching techniques is time delay
estimation. However, the time delay estimation will include errors. These errors
will add up as new bands are concatenated. Hence, stitching techniques present
an inherent error propagation which limits measurable bandwidth [28]. This error
in stitching techniques propagates in a nonlinear fashion increasing with each con-
catenated band.

Paper [E] presents a technique to limit the error propagation in stitching tech-
niques. The method is suitable for repetitive signals and relies on the use of a
reference signal (called pilot). This technique is depicted in Fig. 2.4. It exploits
the relatively high dynamic range from an IQ receiver and concatenates measure-
ment of different spectral bands. This technique eliminates the need of overlapped
measurements requiring lower amount of measurement bands and speeding the over-
all process. The pilot signal tones measured in each band allow to estimate and
compensate for the the time and phase delay in the measurement system.

Figure 2.4: A stitching based technique that relies on a external signal to avoid
error propagation.

Similarly to stitching techniques, the technique presented in paper [E] is esti-
mation based. However, each band estimates are independent. Thus, it avoids the
error propagation throughout the measurement. That is, the measured signal is
constructed by the compensating for the estimated time and phase delay in each
measured band. By analyzing the error caused by the estimation, optimal tone
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location of the pilot signal is proposed for a minimal reconstruction error. Further,
the study discusses the experimental conditions and uncertainties, as the inexact
knowledge of the pilot signal and its relative power level. As a result of the im-
plementation of the technique presented in paper [E], measurements over 250 MHz
were successfully performed using a IQ receiver (in a VSA) with a bandwidth of 20
MHz. As an example Fig. 2.5 presents the input and output of a power amplifier
with two input carriers separated by more than 70 MHz. This measured signal has
amplitude and phase coherency like those obtained with single acquisition recei-
vers. Finally, it presents a high dynamic range rarely encountered in commercial
instrumentation for this observation bandwidth.
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Figure 2.5: Normalized power spectrum at the input and output in a power trans-
mitter working in saturation.

2.3 Flexible setups

Synthetic Instruments

The need of flexibility in the measurement setup for transmitters increases as the
complexity of the digital communication standards evolves. For instance, by using
the carrier aggregation process established for Long Term Evolution (LTE) systems.

Synthetic instruments (SIs) are a response to the needs of agile instrumentation
at the transmitter. The SI architecture is shown in Fig. 2.6. SIs are based on the
software defined measurements (SDM) approach [29, 12]. This approach moves the
instrument intelligence towards the software layers and relies on generic HW for its
performance [30].
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Figure 2.6: Architecture of a software defined measurement instrument.

Paper [D] presents a vector network analyzer (VNA) constructed as a SI. Similar
efforts are reported in [31, 32]. The VNA architecture is depicted in Fig. 2.7 it
uses as excitation source a vector signal generator (VSG). That is in essence an
IQ modulator. The receiver uses a vector signal analyzer (VSA) which performs
the IQ demodulator. Thus, the overall instrument capability can be achieved using
IQ modulator and demodulator generic HW. The proposed instrument presents
a coupling stage to separate the signals at the device ports. However, it uses a
single receiver reducing the instrumentation costs. In contrast to traditional VNA
architecture, it uses multisine excitations. This allows simultaneously measuring
several frequency points covered by the IQ modulation / demodulation bandwidth.
This bandwidth is larger than traditional VNA which measure individual frequency
points per measurement. Thus, this architecture favors measurements over large
frequency spans or with large amount of points as they can be performed faster than
with a traditional VNA architecture. However, by increasing the instantaneous
measurement bandwidth, the dynamic range is reduced compared to traditional
VNA architecture, as depicted in Fig. 2.8.

The RF measurements require calibration to remove the systematic deviations
from the HW instrumentation. Paper [D] describes the calibration procedure of the
instrument. The classical thru-open-short-match (TOSM) has been implemented
using a 12 error model. The results shows that the measurements performed with
this instrument are similar to those obtained with industrial calibrated VNAs.
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Figure 2.7: The architecture of a synthetic vector network analyzer (SDM VNA).

Since the instrument measures modulated waves in a spectral band larger than
current VNA architectures, it can be used for nonlinear characterization [33, 34].
Enabling nonlinear measurements for transmitters will be a future need. In that
regard, Fig. 2.8 depicts a map of the compromises in three different receiver ar-
chitectures for instruments which are capable of nonlinear measurements. Fig. 2.8
shows the nonlinear vector network analyzer (NVNA), the digital sampling oscillo-
scope (DSO) and the developed software defined measurements VNA (SDM VNA).
The proposed instrument can be seen as a compromise of dynamic range and mea-
surement bandwidth of the other two architectures. However, it must be noted
that SDM VNA cannot measure directly harmonic carrier signals, while NVNA
and DSO are capable of such measurements. On the other hand, using the band-
width extension technique developed in paper [E] the SDM VNA can be enhanced
to perform harmonic measurements. This approach is similar to the phase cali-
bration of NVNA which uses an external well-calibrated phase source to combine
spectral components measured at different time instants.
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Figure 2.8: A comparison of three instruments capable of nonlinear measurements.





Chapter 3

Single Channel Transmitters

This chapter deals with the modeling and nonlinear compensation of RF power
transmitters intended for wireless networks applications. The compensation is per-
formed in digital stages because of its flexibility and competitive costs. In this
scenario, then, the compensation is referred to as digital pre distortion (DPD).
Figs 3.1a and 3.1b depict a power transmitter and its DPD scheme, respectively.

Figure 3.1: a) Wireless transmitter considered. b) Digital compensation (pre dis-
tortion) in place.
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3.1 The evolution in modeling power transmitters

A model of a power transmitter is a mathematical description of the output signal
as a function of the input signal (cf. Fig. 3.1a). In broad sense, there are mainly
three modeling approaches to construct a transmitter model: physical, behavioral
and mixed approaches, which are covered in the following.

Physical models

Using the knowledge of the specific electronic components in the transmitter, a
model can be derived. This modeling approach is referred to as circuital modeling.
However, due the transmitter complexity, this process is cumbersome, difficult and
yields complex mathematical relationships. Thus, these models present high com-
putational cost [35].

Behavioral models

Behavioral models are obtained using solely measured input and output data. These
models follow a ’black box’ approach, e.g., finding a mathematical description that
is not necessarily related to the underlying physical behavior, but fits the measured
data. For this reason, behavioral models are sometimes referred to as empirical
models. Behavioral models can be parametric, as the Volterra series [36] and non-
parametric models as neural networks [37, 38].

Mixed models

Combining the two previous approaches, mixed models can be constructed. Some-
times this approach is referred to as ’gray’ modeling. The reader is referred to [35]
for a recent review of the modeling methodologies.

Evolution

From a historical perspective, the use of power transmitters dates back to 1920s [39]
with the use of traveling wave tubes amplifiers (TWTAs). At that time, physical
models were used both for design and to explain measurement effects [40]. Later,
the advent of digital computers joined to an increased network complexity enable
the emerge of black box behavioral modeling of these transmitters. Early works on
this area are the celebrated Saleh model [41] developed for TWTAs and the Rapp
model [42] for solid state power amplifiers (SSPAs). These modes are referred to as
static models as they could not represent any dynamic behavior of the transmitters.

Over the years, with an increasing model accuracy required, polynomial based
models that include memory were introduced [43]. These models dominate today’s
landscape of behavioral modeling of power transmitters. These polynomial based
models can represent dynamic effects of transmitters coupled to the transmitter
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hardware [44]. These models are subsets of the Volterra model (covered in detail
in a section later).

Fig. 3.2 shows a SISO wireless transmitter and a feed-back loop deployed to
monitor the transmitter output. The feed-back loop is required to characterize the
distortions and in the estimation of the digital compensation techniques.

Figure 3.2: Architecture of a single carrier wireless transmitters using feed-back
loop monitoring its output.

Towards an energy efficient ’green’ transmitter usage, transmitter designers be-
come more prone to accept hardware (HW) impairments if they can be traded off
for analog power efficiency. In general, impaired HW increase the level of undesired
distortions and require of high performance behavioral models [45, 46]. That is, di-
gital mitigation techniques need to be in place compensating the HW impairments.
HW impairments are also expected in cheaper HW. Thus, better signal quality is
obtained at lower transmitter cost using these mitigation techniques.

In order to reach the required signal quality and with a more notorious presence
of HW impairments at the transmitter, empirical models need to enlarge their
modeling ability. However, such modeling ability is usually obtained at the expense
of digital computational complexity [45]. This is beneficial when the efficiency
savings and cost reduction in the analog domain are greater than the expenses in
the digital part. This is true for transmitters where their analog part consume most
of its power compared to its digital processing. For example broadcast and cellular
base station (BS) transmitters.
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On the other hand, with the anticipated exponential increase of the wireless
usage [3] joined with the deployment of large number of transmitters, poses a
slightly different scenario. There, the transmitters handle less power and serve
smaller areas sometimes referred as femto-cells [6]. Thus, the low transmitted
power makes the digital part more relevant for the overall transmitter efficiency.
Further studies are required to understand the interplay role of digital compen-
sation and its expense in efficiency compared to the analog power savings in this
scenario. Furthermore, this case is exacerbated for hand-held transmitters which
have limited power handling and require low-complexity compensation techniques.

3.2 Performance metrics

The evaluation of a transmitter model or a nonlinear compensation technique can
be carried out using signal error metrics, e.g., NMSE and ACPR [11].

NMSE

The normalized mean square error (NMSE) measures the difference of the trans-
mitted signal and the ideal one. The NMSE is computed as [11],

NMSE =

∫

Φe(f)df
∫

Φy(f)df
, (3.1)

where Φe(f) and Φy(f) are the power spectrum of the error signal e and the output
signal y, respectively. The error signal is defined as the difference between the
transmitter output and the ideally output. The integrations are performed across
the complete observation bandwidth.

ACPR

The adjacent channel power ratio (ACPR) measures the out-of-band error of the
transmitted signal. That is, the amount of spectral pollution for adjacent trans-
missions. The ACPR is computed as [11],

ACPR =

∫

adj. ch.
Φy(f)df

∫

ch.
Φy(f)df

, (3.2)

where the numerator integral is performed across the adjacent channel with the
largest amount of power and the denominator integrates over the channel band.

DE

When considering DPD, an important metric is the transmitter efficiency quantified
by the Drain efficiency (DE) as [47],

DE =

(

PRF out

PDC

)

100%, (3.3)
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where PRF out is the transmitter output power and PDC is the power delivered
by the power supply. Although this metric was developed for power amplifiers,
it also depicts the transmitter efficiency. However, PDC has to include the power
consumed by the modulator circuits.

TD

The total degradation (TD) is a link metric. It measures the losses of bit error rate
(BER) caused by the distortions in the link. TD also penalizes the loss in power
efficiency (measured as output power back off (OBO)) [48],

TD =
Es

N0

D

−
Es

N0

I

+ OBO, (3.4)

where Es

N0

D
and Es

N0

I
are the average symbol energy to noise ratios required to

achieve a target BER in the link with distortions and an ideal link, respectively.
The ideal link is linear and only affected by additive white Gaussian noise (AWGN)
and it is used for benchmarking to determine the level of degradation caused by the
distortion. Typically, TD is used to evaluate nonlinear distortions, carrier phase
noise, and other sources of distortion. The output back off (OBO) is defined as
the ratio of the output power of a single carrier at saturation to the total power of
the output signal in the specified conditions which usually can be set by the user.
The TD has an extended use in satellite systems, but it is less often encountered
in terrestrial systems.

Digital computational complexity

When considering the model deployment, computational complexity is a metric of
importance. Traditionally, computational complexity has been associated to the
number of parameters in the model structure [11]. Although this metric contains
some information in the model complexity, it can be misleading of the computa-
tional resources utilization in modern digital platforms. In this regard, the number
of floating point operations (FLOPs) is a more reliable metric [49]. However, it
must be noticed that the computational complexity is intrinsically coupled to the
hardware available for the implementation. Hence, the answer for which metric is
more suitable to measure the computational complexity (resource utilization) can-
not be obtained without knowledge of the main features of the hardware available
in the application.

3.3 Behavioral models

Volterra series

The general framework of Volterra theory [36] has been extensively used to model
weakly nonlinear devices with fading memory. The discrete complex-valued base-
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band representation of Volterra series allows representing the series using solely the
odd order nonlinear components [50]. Truncating the nonlinear Volterra model to
a p-th nonlinear order, the complex-valued discrete base-band output y(n) takes
the form,

y(n) = y(1)(n) + y(3)(n) + y(5)(n) + . . . y(p)(n), (3.5)

with the corresponding terms,

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)
i (n) =

∞
∑

m1,...,mp=0

hp(m1, . . . , mp)

⌈p/2⌉
∏

i=1

u(n − mi)

⌈(p−1)/2⌉
∏

j=1

u∗(n − mj),

(3.6)

where u(n) denotes the complex-valued discrete base-band input to the model.
The discrete Volterra kernels of linear, third and p-th order are denoted by h1(m1),
h3(m1, m2, m3) and hp(m1, . . . , mp), respectively.

This approach suffers from an increase in complexity as the number of com-
ponents in each kernel increases with the nonlinear order and memory depth [51].
This limits the practical applicability of Volterra series. To combat this problem,
pruned forms of Volterra series have been proposed for transmitter modeling. Ham-
merstein, Wiener, the General memory polynomial (GMP) [52], dynamic deviation
reduction (DDR) [53, 54] are some examples that fall into the category of pruned
Volterra models.

Pruning Volterra series follows several tracks: one is to combine the basis of
different block structures, for instance Hammerstein and Wiener [52]. Other forms
assume the device to be composed of linear dynamics and static nonlinear blocks
[54]. Finally, in a more gray approach, the use of physical device knowledge is pro-
posed [44, 55]. However, slightly different forms of pruning or physical assumptions
led to different model structures sometimes with few differences between them [56].

Non-parametric models

In contrast to Volterra series which uses predefined (parametric) basis functions, a
non-parametric model does not assume any predefined form of its basis functions.
Several non-parametric methods to model and compensate for nonlinear distortion
in RF power transmitters are available in the literature.

The use of statistical techniques can be exploited to render non-parametric
models. In particular, the cumulative distribution function (CDF) [57, 58] and the
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histogram [59, 60]. However the limitation of these works is that they consider
solely the static part of the transmitter. Hence, they are ineffective to model and
compensate for dynamic effects.

Artificial neural networks (ANN) using multilayer perceptrons [37] and radial
basis functions [38] are reported as non-parametric modeling techniques for transmi-
tters. Time delay neural networks (TDNN) are a form of ANNs which inputs are
sample delayed enabling to model dynamic effects [61]. In ANNs, the network ar-
chitecture needs to be set initially, for example, the number of layers in the neural
network, the number of hidden nodes, and the number of inputs, etc. Alternatives
to reduce the uncertainty in these initial choices can be found in [38, 62]. However,
in all neural network methods for PA modeling, the activation function is set a
priori and it is unknown if this function can be designed to reduce the network
complexity or to provide better model performance.

Other models

The quest for a parametric model description with low complexity and good per-
formance has attracted the attention of several research groups. Towards this aim,
an extension of the Volterra series can be obtained expanding its basis functions
around a set of determined poles. For instance, using real-valued poles as Laguerre
functions [63] or using infinite impulse response (IIR) filters with orthogonal im-
pulse responses as Kautz functions [64, 65]. Due to the IIR responses in Laguerre
and Kautz Voltterra series, they can potentially model large memory effects in the
transmitters.

A different approach is to split the input space into non-overlapping sub-spaces
(regions) and use a empirical model for each sub-space. For instance, the input
space can be the input signal amplitude span, and hence the sub-spaces are non-
overlapping intervals. These models are referred as switched models and they
present relatively good performance when compared to single region models [66].
Furthermore, they have been designed using hardware knowledge of the transmitter
as in envelope tracking (ET) transmitter architectures [67].

Look up tables (LUTs) are an appealing DPD implementation method in mo-
dern digital platforms, e.g., FPGAs. The use of LUTs is usually motivated by
low-complexity requirements [68]. It has been discussed that the model capability
of LUTs is similar to polynomial based techniques. Albeit, polynomial based tech-
niques need to be numerically improved by creating orthogonal basis [69].

Other model structures can be obtained using some physical insights of the
devices. In this approach, assumptions are made such that the desired model is of
lower computational cost than their purely ’black’ counterpart. As in [55], where
the feedback structure of the power transistors has been used to prune the Volterra
series. This depicts the need of low resource complexity models that perform to
low level of error.

Another approach to reduce the model complexity is to select only relevant
basis that contribute significantly to the model error. This approach is referred



26 CHAPTER 3. SINGLE CHANNEL TRANSMITTERS

to as basis pursuit [70]. Although basis pursuit is not a modeling form in itself,
it presents a methodology to select basis functions that are relevant in minimizing
the model error. Basis pursuit has been reported for amplifier modeling [71] and
for DPD [72, 73, 74]. A contribution of the present thesis is the application of
the basis pursuit approach to multi-channel transmitters. Paper [C] and paper
[H] discuss this topic. Interestingly, besides the savings by reducing the number
of basis functions, an improved performance is observed in [74]. The performance
enhancement can be linked to a more accurate identification (reduced variance in
the estimates) in LSE techniques encountered in smaller size estimation vectors.

Kernel methodology

A non-parametric method to obtain a transmitter model structure has been pre-
sented in paper [B]. The proposed non-parametric method relies on the kernel
smoothing estimator [75, 76] and enables to model the transmitter static trans-
fer function. Further, this method is extended by adding dynamic effects to its
representation and reducing its computational requirements in paper [G].

Figure 3.3: Modeling architecture presented in paper [G] for SISO RF power
transmitters.

The idea behind this method is to obtain a model structure that uses the low
computational resources for the level of error required. The modeling methodology
is presented in Fig. 3.3. The model is composed of a linear input combination
followed by static nonlinear functions. This model has similar architecture as the
Wiener system. However, in contrast to Wiener systems, the linear combination at
its input is chosen to create an orthogonal memory space for the input signal. That
is, E {si(n)sk(n)} = 0 for i 6= k. Hence, the weights in the input linear combination
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can be obtained a priori using statistical knowledge of the input signal and can led
to efficient software implementations.

Further, this orthogonal representation allows the nonlinear static functions to
be estimated and pruned individually. The nonlinear static functions are non-
parametric and estimated using a kernel methodology. Hence, the method results
can be used to construct basis functions of any desired mathematical form. That is,
tailoring the model to the measured data. Thus, paper [G] shows a way to obtain
models with both low digital implementation complexity and low error model.

The input orthogonal space s0(n), s1(n), . . . can be represented as a linear com-
bination of the original sample space by,

s0(n) = u(n),

s1(n) = u(n − 1) − P1,0u(n),

s2(n) = u(n − 2) − P2,1u(n − 1) − P2,0u(n),

...

(3.7)

the scalar weight Pk,ℓ is a projection of the signal sℓ(n) over u(n − k) defined by,

Pk,ℓ =
∑

n

u∗(n − k)sℓ(n). (3.8)

Note that, the projection can be computed a priori using the input signal statis-
tics. This process is an orthogonalization. Thus, it can be performed with a
Gram-Schmidt process which is mature and deeply studied [77]. In this domain,
the transmitter model is written as the sum of nonlinear static functions of these
orthogonal variables as,

y(n) = g0(s0(n)) + g1(s1(n)) + . . . + g01(si(n)) + . . . . (3.9)

Table 3.1 presents the individual NMSE and ACEPR contribution of the functions
gk(·) in measurements conducted in a Doherty transmitter. The three largest con-
tributors to the NMSE are shown in Fig. 3.4. This Fig. suggests that the functions
that describe the power transmitter are smooth, thus, few terms are required to
model them. Moreover, in extensive measurement campaigns and as shown in Ta-
ble 3.1, it was found that only few static functions were required to model the
transmitters providing an efficient way for pruning the model structures. For ins-
tance, paper [G] device a 6 parameter model for the considered Doherty transmitter.
Thereby, this process renders models of reduced computational complexity.
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Table 3.1: Individual NMSE and ACEPR contribution of the static functions using
the kernel methodology with measured data from a Doherty transmitter.

Basis

Metric

NMSE ACEPR

[dB] [dB]

ĝ0(·) -32.5 -50.8

ĝ1(·) -6.7 -0.4

ĝ2(·) -2.3 0.3

ĝ3(·) -0.4 0.0

ĝ0,1(·) -0.4 -0.2

ĝ0,2(·) -0.1 0.1

ĝ0,3(·) -0.0 0.0

ĝ1,2(·) 0.0 0.0

ĝ1,3(·) 0.0 0.0

ĝ2,3(·) 0.0 0.0

ĝ0,1,2(·) -0.1 -0.0

ĝ0,1,3(·) 0.0 0.0

ĝ0,2,3(·) 0.0 0.0

ĝ1,2,3(·) 0.0 0.0

Total -42.5 -51.0
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3.4 Digital nonlinear compensation

The digital compensation of nonlinear effects, referred to as DPD, relies on the
cascading connection of a predistorter with the transmitter. The aim is to increase
the linearity of the transmitter (referred as linearized transmitter cf. Fig. 3.1b).
Thus, the desired output is an amplified copy of the input signal. In general, DPD
requires a nonlinear transformation representing the pre-inverse of the nonlinear
system to be compensated. This nonlinear transformation can take many math-
ematical forms, in particular all modeling methodologies described before can be
used to describe the DPD model.

Lets define mathematically the transmitter as a transformation T {·} acting on
the input u to yield the output y as,

T {u} = y. (3.10)

In similar fashion, the predistorter can be defined by the transformation D {·}.
Assuming a unitary gain, the ideal predistorter achieves,

T {D {u}} = u. (3.11)

This is the pre-inverse of the nonlinear transformation T {·}.

Figure 3.5: Illustration of a wireless transmitter pre-distorted with an indirect
learning approach.

It has been shown that the inverse 1 of a Volterra system has also the same form
as a Volterra system with known relationships for the direct and inverse kernels
[78, 36]. Furthermore, It is also known that the post-inverse is the same as the
pre-inverse, which has practical implications and theoretically supports the indirect

1The inverse is defined as the tandem response (cf. eq. (3.11)) having the ideal input plus
higher nonlinear orders equal to zero up to the truncated order of the predistorter.
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learning architecture (ILA) for the identification of the DPD [79]. The ILA exploits
the fact that the post-inverse solution is equal to the pre-inverse. Thus, it solves for
the post-inverse problem which is a simpler problem compared to pre-inverse. A
DPD scheme deployed using the ILA is shown in Fig. 3.5 depicting its two stages:
the identification (training) and the deployment. In the initial stage, the post-
inverse is identified using the measured transmitter output and the ideal input. In
the second stage, the post-inverse is deployed as pre-inverse.

3.5 Hardware impairment effects

This section presents some of the hardware impairments encountered in DPD lin-
earized transmitters. The architecture considered is depicted in Fig. 3.2. This ar-
chitecture presents a coherent feedback loop and a digital signal processing (DSP)
part where the digital compensation is computed.

Measurement noise

Noise present in the output measurements in the feed-back loop makes the least
squares estimation (LSE) unsuitable as they create a bias in the model estimates
of the DPD [25, 13]. Paper [A] discusses the noise in the LSE indirect learning
architecture reporting analytical expression for the bias similarly to those presented
in [13]. However, paper [A] describes the effects of the noise in a much larger SNR. It
is worth noticing that for the measurements reported in paper [A], ACPR becomes
a misleading figure of merit to analyze bias detrimental effects in the predistorter.
Interestingly, a model of the transmitter system can still be found optimally (in least
square sense) when considering the output measurement noise. Thus, a ’noiseless’
simulated output can be obtained using this optimal model and then estimate a
DPD model that does not include the bias in its estimates [25, 80].

Impedance mismatch

It is well-known in microwave theory that an impedance mismatch creates a re-
flected wave [81]. In a power transmitter, the load impedance mismatch degrades
its performance in several aspects. First, the total radiated power reduces and does
the coverage of the transmitter. Secondly, the change in impedance alters the stan-
dard transmitter operation and breaks the compromises made at the design stage
which in most cases lead to an increase of the nonlinear distortion [16].

Fig. 3.6 plots the normalized AM/AM of the transmitter under load impedance
mismatch. Two load impedance values are depicted with return loss (RL) of 10 dB
but with phases of 0 and 180 degrees. Despite that the two cases have the same RL
value, the level (gain) of the transmitter changes and also the linear degradations
are significantly different within these two cases.

Paper [F] analyzes the effects of the load impedance mismatch for digitally
predistorted power transmitters. In particular, a class AB and a Doherty power
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Figure 3.6: Normalized AM/AM under load impedance mismatch in a power trans-
mitter. a)∠Γ ≈ 180 ◦. a)∠Γ ≈ 0 ◦.

transmitter are used in the study. The effects caused by the load impedance change
are qualitatively described. These effects change the designed operation of the
amplifier and may create vast amount of degradations. Paper [F] focuses on the
performance of the linearized transmitter reporting linearity performance variations
of different DPD model structures. For instance, for the Doherty transmitter, the
variations of the NMSE to a change in the load impedance are shown in Fig. 3.7.
This shows the robustness of the linearized transmitter.

Figure 3.7: NMSE variability (robustness) under load impedance mismatch in a
linearized Doherty transmitter. a) Memory-less polynomial model. b) Generalized
memory polynomial model.
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The measurements performed confirm that both static and dynamic nonlinear
effects can be associated to the load impedance mismatch in power transmitters.
This highlights the need of memory in the model structures used for DPD. Fur-
thermore, depending on the hardware structure and design it is possible to obtain
transmitters which are robust to load impedance changes. Despite of the good
NMSE achieved using a GMP model at match conditions seen in Fig. 3.7, the
linearized transmitter degrades relatively to the same level as the static memory
polynomial which is a considerable simpler model structure. This points out the
need of adaptive DPD schemes as the changes in the transmitter can be large as
depicted in Fig. 3.6.

The study also reports the steady-state performance of the same models when
adaptively used to compensate for the mismatch effects. That is, it compares the
robustness and flexibility (adaptivity) of the linearized transmitter. Fig. 3.8 shows
the effect of the adaptive DPD using a GMP model. As it can be observed in Fig.
3.8 the level of NMSE is improved. However, for this transmitter, its efficiency
reduces with an increasing value of the return loss.

Figure 3.8: NMSE with and without adaptive DPD under changes to the load
impedance in a Doherty transmitter. a) DPD without adaptivity. b) Adaptive
DPD.

Table 3.2 shows the percentage of the Smith chart in which the NMSE was
better than -40dB. For the two transmitters studied with and without an adaptive
DPD scheme. Adaptive DPD outperforms the non-adaptive case and tackles the
linearity degradation to a larger extend.
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Table 3.2: Percentage of load impedance points with NMSE ≤ -40 dB

Transmitter Adaptivity
Model

MLP GMP KV

AB
non-adaptive DPD 52% 72% 71%

adaptive DPD 53% 100% 100%

Doherty
non-adaptive DPD 0% 24% 26%

adaptive DPD 0% 77% 72%



Chapter 4

Multi-Channel Transmitters

This chapter covers the new emerging architectures of multi-channel wireless transmi-
tters. These transmitters have appeared in response to the increasing data rate
requirement of wireless networks [3].

4.1 Transmitter types

Depending on the transmitter architecture, two types of multi-channel transmitters
are distinguished: Concurrent band and MIMO transmitters. These types are
covered in the following.

MIMO transmitter

The MIMO transmitter architecture is depicted in Fig. 4.1. In this architecture,
several carrier signals occupying the same frequency band are simultaneously trans-
mitted. Thus, this parallel architecture is different than the current designs con-
templating single input and output.

MIMO transmitters have been proposed to increase the capacity in the wire-
less networks [7]. Although it is yet discussed about the potential gains of these
systems in realistic scenarios, it is accepted that capacity scales with the number
of transmitter and receiver antennas and hence this number is expected to raise in
future wireless systems [82].

In the MIMO transmitter, each input signal has ideally an independent and
isolated path and output. However, towards an efficient hardware implementation,
the transmitter will have amplification that can be associated to nonlinear distortion
[83]. Moreover, the use of multiple input signals in the same front-end HW is
associated with leakage between different signal paths. This leakage or coupling
can cause significant degradation is not properly considered [84].

35
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Figure 4.1: MIMO transmitter, all modulators (M) operate at the same carrier
frequency.

Concurrent transmitters

In a concurrent carrier transmitter also referred to as multi-band transmitter, seve-
ral signals are frequency multiplexed and share the same amplification hardware.
The architecture is presented in Fig. 4.2.

Figure 4.2: Concurrent transmitter, modulators (M) and de-modulators (D)
operate at different carrier frequencies.

The concurrent transmitter is a multiple input single output (MISO) system.
However, by considering its frequency multiplexed (combined) signal it can also be
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consdiered as SISO. Moreover, if the frequency de-multiplexing process is consid-
ered; like in a receiver or feed-back loop, concurrent transmitters can be regarded
as single input multiple output (SIMO), and finally multiple input multiple output
(MIMO) as depicted in Fig. 4.2.

The multiple input signals located at different frequency bands are then am-
plified by a weakly nonlinear system (amplifier at transmitter). Then, the output
distortions appear at multiple combinations of the input frequencies. Thus, tra-
ditional digital compensation schemes require large bandwidths and may become
infeasible. Thus, MIMO or MISO processing has been proposed to avoid the in-
crease in digital and analog requirements in a predistorter which input signal covers
a large frequency span [85]. For instance, as depicted in Fig. 4.3, the output of a
two carrier system with input carriers separated by B Hz. has third order inter-
modulation products are separated by 3B Hz. and fifth inter-modulation at 5B Hz.
apart. Hence, digital compensation of these products become computationally de-
manding and expensive by the increased hardware requirement that would require
to excite the complete band (5B) to compensate for these products.

Figure 4.3: A concurrent transmitter with 2 input signals and nonlinear amplifica-
tion output.

Although different SISO transmitter architectures can be converted to multi-
channel, such as the dual Doherty [86] or digitally-controlled envelope transmitter
[87], these multi-channel transmitters are out of the scope of this thesis. The multi-
channel transmitters studied in this work are those with several transmission signals
created from independent sources.

4.2 Behavioral models

Similarly to its SISO counterpart, behavioral modeling of multichannel can be used
in simulations. In particular, as networks become more complex, their simulation
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is relevant to predict network behavior and to avoid extensive measurement cam-
paigns or expensive development. Thereby, behavioral models will reduce costs in
designing and deployment stages. Furthermore, behavioral models of multichannel
systems can be used in digital compensation techniques. In particular, as it is em-
pirically observed that this type of transmitters present inter-carrier interference
(where different input signals interact within each other) and create the need for
different compensation schemes [83].

MIMO Volterra series

The well-known Volterra theory to model nonlinear dynamic systems with fading
memory has been extended to model the MIMO systems [88, 89, 90, 91]. By
combining the MIMO Volterra theory with the complex base-band representation
[92, 50] in a transmitter using K input and output signals, the complex-valued
discrete base-band output yi(n) of the i-th output signal truncated up to its p-th
nonlinear order takes the form:

yi(n) = y
(1)
i (n) + y

(3)
i (n) + y

(5)
i (n) + . . . y

(p)
i (n), (4.1)

with the corresponding terms,
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(n − mj).

(4.2)

with ui(n) being the i-th complex-valued discrete base-band input signal. The
linear, third and p-th order kernels are denoted by hk1

(m1), hk1,k2,k3
(m1, m2, m3),
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and hk1,...,kp
(m1, . . . , mp) respectively. ki and mi denote the carrier location and

memory depth respectively. Notice that, the MIMO Volterra formulation in (4.2)
assumes that the K channel MIMO system can be decomposed into K MISO sys-
tems, each one for each output [89]. Similar expressions to the MIMO Volterra series
have been derived for the case of polynomial modeling of wireless transmitters [93].
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Figure 4.4: Number of parameters versus the nonlinear order in the Volterra series
in SISO and MIMO systems using 2 memory depth for all nonlinear orders. In
dashed the series symmetry is accounted.

Compared to SISO Volterra, in MIMO Volterra series the problem of an in-
creased number of parameters is aggravated. This number rises dramatically both
with the nonlinear order and the memory depth. This is illustrated in Fig. 4.4 where
the number of parameters in two MIMO systems is depicted and compared to the
number in the SISO case. The notion of symmetry in SISO Volterra series relies
on the commutativity of the products [51]. However, the MIMO Volterra series has
lower symmetry than the SISO series as the terms do not commute. E.g., the terms
x1(n − m1)x2(n − m2)x∗

3(n − m3), associated with the kernel h1,2,3(m1, m2, m3)
have no symmetry as all factors are different. Fig. 4.4 shows the total number of
parameters in all kernels with and without symmetry considerations. For a nonlin-
ear order 5, the number of parameters increases by 1000 times from the SISO to
5x5 MIMO series considering the symmetric representations.

The problem of large dimensionality of the MIMO Volterra series has been
addressed in the thesis. Paper [C] and paper [H] propose the use of basis pur-
suit approaches (sparse estimation techniques) to find suitable modeling structures
amenable for deployment. Paper [C] addressees the MIMO transmitter with a con-
sidering a terrestrial application, while paper [H] does for concurrent transmitter
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in a satellite application. The latter refer in the literature as multi-carrier satellite
operation.

4.3 Mitigation for MIMO PAs

Several models for the digital compensation of MIMO transmitters are reported in
the literature [84, 83]. All these models are sub-classes of the MIMO Volterra. The
compensation of MIMO transmitters requires measurements for all outputs, where
similar metrics as in the SISO case can be used to quantify the level of linearity at
each output. A MIMO setup for measuring a MIMO transmitter is depicted in Fig.
4.5. The setup can be reduced to a single branch when using repetitive signals.
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Figure 4.5: Measurement setup for a N × N MIMO amplifier.

The problem of large number of parameters of Volterra series is aggravated in
the MIMO series and requires effective pruning techniques that can yield models of
transmitters with reduced complexity. Several methodologies can be applied with
this purpose.

• A nonlinear block approach. That is, decomposing the transmitter into sub-
systems which follow a simpler form. e.g., Wiener, Hammerstein, and Wiener-
Hammerstein.

• Use physical knowledge. For instance, assume larger interaction (leakage)
between adjacent channels or negligible in other cases.

Paper [C] describes a basis pursuit approach to combat the dimensionality prob-
lem of the MIMO Volterra series. The aim is to reduce the model complexity,
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providing efficient structures amenable for implementation. This paper exempli-
fies the procedure, using a 2x2 MIMO amplifier and a symmetric MIMO Volterra
representation with more 1400 parameters. When using the proposed basis pursuit
approach, the number of basis functions is reduced to 220 basis by compromising
the model error. The number of basis functions versus the model error is depicted
in Fig. 4.6. It can be noticed that a large reduction in the number of basis can be
made compromising for the model error. For instance, setting the desired NMSE
performance to -42 dB renders the model of 220 basis functions. This model uses
around 7 times lower number of parameters than the full MIMO Volterra series.
Further, this has the added advantage of making the LSE more numerically stable
as the total MIMO series tested of 1400 parameters could not be evaluated due to
its numerical instability.
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Figure 4.6: NMSE performance in a 2 × 2 MIMO transmitter output against the
number of parameters used in the Volterra series.

Inverse of MIMO systems

ILA assumes that the post-inverse of the system is equal to the pre-inverse. However,
to the best author knowledge, in a MIMO system, it is unknown if the post-inverse
of the system is equal to its pre-inverse. Further, it is also unknown under what
conditions such inverse exists. This calls for further studies on the inverses of non-
linear systems. In particular, extending the results of [78] to MIMO systems and
providing a theoretical background for the use of ILA in nonlinear compensation
of MIMO transmitters. Despite of the lack of theoretical studies, the measurement
results in [83, 84] showed that ILA is useful for digital mitigation of realistic MIMO
transmitters.
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4.4 Mitigation for concurrent PAs

The considered architecture of the DPD technique in a concurrent carrier trans-
mitter is depicted in Fig. 4.7. The nonlinear mitigation for concurrent transmitters
becomes important around the carrier signals while other frequency products are
often ignored considering them to fall out away from the analog band of the sys-
tem and hence naturally filtered out (cf. Fig. 4.3) [94, 95, 96]. However, this
consideration needs to be verified in each application.

Figure 4.7: Architecture of the DPD for a Concurrent transmitter.

Inverse of Concurrent systems

Concurrent transmitters have SISO architecture when considering the frequency
multiplexed signals. This enables the use of the solid framework of the p-th order
inverse theory for finding inverse of concurrent transmitters. Thus, the derivation
of the concurrent transmitter model employs a SISO description. The input for this
SISO model is a summation of frequency shifted signals (frequency multiplexed).
Then, by algebraic manipulations, the terms corresponding to each carrier can be
isolated and used as a pruned model [97, 98]. Thus, the concurrent transmitter is
treated as MIMO reducing the computational complexity and HW costs. This has
been the preferred approach described in several studies [83, 95, 84].
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Papers [H] and [I] present digital mitigation techniques for multi-carrier satellite
systems. This scenario corresponds to a concurrent transmitter. The proposed
architecture is depicted in Fig. 4.8. In this scenario, the frequency multiplexed
signal is filtered out by a input multiplexing filter (IMUX), amplified by a HPA
and further filtered by an output multiplexing filter (OMUX). Because of the band-
limited pass-band of the IMUX and OMUX filters, the different carrier signals are
up-converted to closely frequency spaced carriers at the gateway. The nonlinear
effects in the system are produced by the nonlinear amplification coupled to the
dynamic effects from the filters in the satellite transponder (cf. Fig. 4.8). This
system is simulated using 3 carriers with the settings indicated in Table 4.1.
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Figure 4.8: A concurrent carrier satellite system using K carriers amplified simul-
taneously in the same on-board satellite transmitter.

Table 4.1: Simulation settings of a 3-carrier satellite channel

Signal

Modulation format 32 APSK
Symbol rate (1/Tr) 7 M symbols/s
Carrier Spacing 1.25/Tr

Coding scheme LDPC 9
10

LDPC Iterations 50

Channel

Pulse-shaping filter SRRC ρ = 0.25
IMUX - OMUX 3 dB band 26 - 32 MHz
Simulation rate 20/Tr

HPA Saleh’s model

Since all carriers are up-converted to close spaced frequencies, the scenario
enables the use of SISO techniques in the frequency multiplexed (combined) sig-
nal [99, 100]. This thesis compares different mitigation techniques for the satellite
channel, from solutions using single carrier mitigation (described in previous chap-
ter) and using MIMO compensation techniques developed from the MIMO Volterra
series.
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The satellite system is analyzed using the MIMO Volterra formulation. Paper
[H] describes a basis pursuit approach using a LASSO (least absolute shrinkage and
selection operator) algorithm to achieve an efficient basis representation, avoiding
large digital computational complexity, in selection of predistorter model. The
technique presented is referred as data DPD because it operates at the symbol
rate. It was found that the DPD model can be notably reduced with nearly no
losses compared to MIMO Volterra model of larger order. By using a simulation
of the satellite link in Fig. 4.8, the basis functions selected with this approach are
indicated in Table 4.2.

Table 4.2: Basis functions obtained in a basis pusuit for the DPD of the system in
Fig. 4.8

Carrier 1 Carrier 2 Carrier 3
u1(n) u2(n) u3(n)

u1(n − 1) u2(n − 1) u3(n − 1)
u1(n − 2) - u3(n − 2)

u2(n)u2(n)u∗
3(n) u1(n)u2(n)u∗

1(n) u1(n)u3(n)u∗
1(n)

u1(n)u3(n)u∗
3(n) u1(n)u3(n)u∗

2(n) u2(n)u2(n)u∗
1(n)

u1(n)u2(n)u∗
2(n) u2(n)u3(n)u∗

3(n) u2(n)u3(n)u∗
2(n)

However, data DPD techniques have limited compensation abilities due to that
they do not consider the bandwidth expansion from nonlinear operators. For ins-
tance, the third order nonlinear terms uiuiui

∗ of the Volterra series creates alias
products if computed using only a digital bandwidth of ui. Aiming to address this
problem, paper [I] proposes a nonlinear compensation scheme for the multicarrier
satellite system. The technique relies on multi-rate digital processing to capture
the nonlinear effects that are not accounted in data DPD schemes. The technique
is depicted in Fig. 4.9 for a three carrier scenario. Fig. 4.9 shows the formation of
a basis function of the predistorter. The MIMO Volterra kernels to be used are in-
dicated in paper [I] and coincide with those derived from independent studies [97].
The technique is called symbol rate signal DPD (SRS DPD) and it offers signal
(waveform) like mitigation abilities but predistorts at data level.

Further, the technique achieves substantial improvement in the output signal
quality by considering the nonlinear effects at different frequency bands and in-
cluding them into the symbol formulation of the predistorter. Notice that the
up-sampling and isolation of the distortion products (cf. Fig. 4.9c) can be made
using the pulse-shaping filter. This is the natural signal flow through the multi-
carrier channel. Furthermore, this approach allows to reduce the digital processing
rate of the predistorter and in consequence its associated digital complexity and
HW costs.

Using a three carrier system simulation, the studied nonlinear compensation
schemes are compared in Fig. 4.10 and in Table 4.3. Fig. 4.10 shows the con-
stellation diagrams of noiseless received symbols with and without compensation
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for the inner carrier. For each of the studied techniques reported in Fig. 4.10 the
HPA is operated at the optimal OBO point. That is, when the total degradation
(TD) is minimized. All DPD schemes have a positive effects on the satellite link as
the signal quality is improved. This can be observed in the NMSE. However, each
DPD scheme offers different levels of compensation and different optimal operating
OBO.

Notice that, signal DPD is a SISO technique while the other DPD schemes are
MIMO. Hence, their deployment has different HW needs, and Their SW algorithms
run at different digital processing rate. SISO signal outperforms data DPD both in
NMSE and operates at lower OBO, this is due that it exploits the whole available
link bandwidth for the compensation. On the other hand, SRS DPD outperforms
signal DPD because it minimizes the received distortion at the symbol level while
signal DPD does it at the waveform level (frequency multiplexed signal). Hence,
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Figure 4.10: Noiseless constellation diagrams of the inner carrier received symbols
for different DPD schemes. The HPA is operated at optimal OBO point in each
scheme.

Table 4.3: Three DPD schemes of third order nonlinear compensation in a 3-carrier
uncoded satellite link using 32 APSK 9/10 LDPC per carrier and HPA operated at
OBO of 3.8 dB

DPD scheme
DSP # basis rel. NMSE NMSE
rate functions FLOPS Outer Inner

No compensation - - - -17.6 dB -18.2 dB
MIMO data in [H] 1/Tr 17 1 -19.9 dB -20.9 dB
MIMO SRS in [I] 4/Tr 126 26 -26.8 dB -26.3 dB
SISO signal [99] 13/Tr 62 55 -24.0 dB -24.2 dB

in signal DPD, the unmitigated distortions propagate through the pulse shaping
filters and produce distortion effects.

Table 4.3 indicates the NMSE of the noiseless received symbols, the total number
of basis functions, the digital processing rate of each DPD scheme and the amount of
floating point operations per second relative to MIMO data DPD presented in paper
[H]. Finally, the total degradation (TD) of the simulated three carrier satellite link is
presented in Fig. 4.11, the proposed SRS DPD outperforms the other DPD schemes
in TD offering a lower operating OBO for the satellite transponder enhancing its
power efficiency.
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Chapter 5

Discussions and future work

5.1 Discussions

This thesis has explored the needs for transmitters used in wireless communications.
Two aspects of the transmitters are considered: the instrumentation (HW) and the
digital compensation techniques (SW).

The modeling and digital compensation of single channel wireless transmitters
have been deeply studied [11]. The proposed models have moved from completely
black box approaches toward more physically motivated ones [44]. By the volume of
reported research, it can be argued that the proposed models are mature. The most
representative model architectures are the parallel Hammerstein or memory poly-
nomial (MP), the generalized memory polynomial (GMP) [52] and the dynamic
deviation reduction (DDR) [53]. This thesis reports a modeling methodology in
papers [B] and [G]. This methodology does not aim to compete with the mature
models indicated previously. The aim is to provide a more comprehensive analy-
sis tool to prune model structures using the measured data. Using the proposed
approach, the digital complexity for a model of a Doherty transmitter was reduced
by at least a factor of 3 with respect to the FLOPS compared to other competing
modeling techniques.

From the instrumentation point of view, the transmitter is rapidly evolving.
Lowered cost and improved power efficiency is foreseen in future generation of wire-
less transmitters. This may increase the HW impairment in these transmitters. The
impairments are to be tackled by the use of digital mitigation techniques, as de-
scribed in the ’dirty radio’ approach. Additionally, the quest for capacity in wireless
networks results in dynamic transmission scenarios and opens the possibility for cog-
nitive compensation schemes and signal shaping, increasing the overall transmitter
efficiency (digital and analog) by integrating the compensation schemes with the
signal generation. This will bring the benefits of cheaper and more efficient HW
with reduced digital complexity in the mitigation algorithms at the transmitter.
Furthermore, this is even more important for hand-held battery-driven transmi-

49



50 CHAPTER 5. DISCUSSIONS AND FUTURE WORK

tters because this type of transmitter will dominate the markets. Papers [13, 101]
and [I] report works aligned with this view.

For single channel transmitters, two common HW impairments are the mea-
surement noise and the load impedance mismatch. The interaction of these two
effects, together with digital compensation techniques has been discussed in papers
[A] and [F]. Microwave theory indicates that an impedance mismatch creates a
reflected wave [81], of which the magnitude and phase are governed by the load
impedance. Thus, a way to understand the impedance mismatch is to consider it
as signal injection. This has led to the development of active tuning systems. The
load impedance mismatch is also observed in multi-antenna transmitter architec-
tures due to the coupling of closely spaced antennas causing output signal injection.
Thus, similar studies to the one presented in paper [F] are needed for the scenario
of multiple antenna transmitters.

Multi-channel transmitters are considered a strong candidate technology to ad-
dress the increasing capacity needs of wireless networks. However, experimental
work on emerging multi-channel transmitters has reported an increase in the HW
impairments compared to traditional single channel transmitters [83, 84]. The
MIMO Volterra series has been revised, and it is used as a tool for multi-channel
transmitters in the thesis. Similarly to the SISO Volterra, the number of parameters
increases dramatically, hindering its practical use. Despite the high dimensional-
ity of the MIMO Volterra series, this thesis has shown that amenable models for
implementation can be obtained using basis pursuit algorithms.

5.2 Future research

Significant research work has been performed in the field of wireless transmitters.
However, there are several topics left untouched; some ideas that the author con-
siders worth pursuing are described in the following.

Reducing the digital computational complexity

Within the current trend of reducing the analog transmission power of the wireless
transmitter, the digital part will have a more noticeable impact on the overall power
efficiency. Parallel to the reduction of the transmission power, the SW part (algo-
rithms) in the transmitter will perform the compensation of more HW impairments
due to the desire for lower costs. Hence, the algorithms for transmitters will need to
evolve, including more HW impairments, and they can be integrated with the signal
generation resulting in shaping techniques. As a summary, low computational cost
yielding low digital dissipation power is realized for wireless transmitters.

Implementing multi-channel transmitters

Both concurrent and MIMO transmitters are technological candidates for future
wireless networks. However, the implementation of such transmitters is not mature;
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particularly, power efficient designs are yet to be developed. Attention should be
paid to the level of HW impairments in different multi-channel transmitter designs.
First, the amount of HW impairments in each design can be used as a metric
to select better designs for these transmitters. Second, the ease of compensating
these HW impairments can also be considered when evaluating and comparing
different transmitter designs. With the evolution of transmitter HW design, new
digital compensation techniques and model architectures will be required for this
type of transmitter. Moreover, following the previous discussion point, these SW
algorithms will also require low digital computational complexity.

On the inverse of MIMO systems

The inverse of MIMO systems requires more theoretical work. The widespread use
of the ILA [79] for the compensation of single carrier systems has been theoretically
motivated by the p-th order inverse theory [78]. These results should be extended
to the MIMO scenarios and conditions for the existence of the system inverse are
required. This work will provide theoretical support and a solid background for
today’s ongoing research in the compensation of MIMO transmitters.
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