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Abstract

This thesis is dedicated to the analysis, characterization and compensation
of nonlinear effects in wireless communication systems, starting with a
review of the main standards in the current wireless landscape. Most of
them are based in the orthogonal frequency division multiplexing (OFDM)
technique. Hence, a description of this technique is studied along with the
fundamental keys of these new standards.

At the beginnings of this research work, some nonlinear behavior is
detected in the first block of a communication system that involves a
radiofrequency (RF) module: the quadrature modulator. A model to
describe the nonlinear behavior of the quadrature modulator is obtained
by means of a two-tone test characterization, in which the asymmetrical
behavior is explained due to the memory effects. An asymmetry observed
at the second-order intermodulation products takes on especial importance
and is theoretically explained with the employment of nonlinear transfer
functions (NLTFs) in the baseband and RF paths of the transmitter output.

The behavioral modeling of power amplifiers (PAs) is also studied in
this thesis, starting with a review of the principal approaches reported in
the literature during the last decade. An interesting application of a PA
behavioral model is also presented in which the low-frequency memory
effects are accurately modeled and their impact over different data rates in
a communication system are evaluated.

The necessary compensation of these nonlinear behaviors is tackled
in two different approaches. A first effort is devoted to a compensation
technique based on the memoryless solid-state power amplifier (SSPA)
model. Closed-form expressions for the inverse AM-AM and AM-PM
characteristics are found, providing a simple and effective linearization
technique in the receiver side. This technique is validated with the reduction
of the measured error vector magnitude (EVM) characteristics and the
improvement of the bit error rate (BER) performance.

On the other hand, this thesis proposes a technique for the precom-
pensation of the nonlinear behavior in a power amplification chain by
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means of a novel digital predistortion (DPD) technique. The proposed
DPD technique is optimized for the in-band distortion mitigation, which
is validated with OFDM-based signals like those employed in the second
generation Terrestrial Digital Video Broadcasting (DVB-T2) and Long Term
Evolution (LTE) standards. This approach is employed in the linearization
of an efficient class J PA based on a 15 W GaN device, obtaining an EVM
enhancement and an appropriate mitigation of the out-of-band emissions.
In this study, signals of the third generation (3G) and fourth generation
(4G) mobile standards are involved.



Resumen

La Ingenierı́a de Microondas y Radiofrecuencia ha ido adquiriendo una
importancia cada vez mayor en los últimos años, incentivada en particular
por el excepcional crecimiento de las comunicaciones móviles digitales. Es
evidente una tendencia hacia frecuencias de operación más altas y mayores
anchuras de banda. Uno de los principales retos que se plantea en el análisis
y diseño asistido por computador de los sistemas de alta frecuencia es el
desarrollo de técnicas de modelado y algoritmos de simulación precisos,
robustos y eficientes, que tengan en cuenta el comportamiento no lineal de
los dispositivos.

La última década en particular, se ha caracterizado por la necesidad
de una eficiente utilización del espectro en comunicaciones móviles. Los
requisitos de linealidad exigidos a los principales bloques que componen
estos sistemas de comunicaciones son un punto crı́tico, ya que está presente
el recrecimiento espectral, ensanchamiento del espectro de la señal causante
de potenciales interferencias, debido a las no linealidades.

Un primer paso en el análisis de los dispositivos de microondas en general
consiste en modelar de forma precisa el comportamiento de los mismos,
teniendo en cuenta su caracterı́stica lineal y no lineal. Los modelos de
comportamiento (behavioral models) son modelos de “caja negra” a nivel de
sistema que proporcionan un método eficiente para relacionar las señales de
entrada y salida sin necesidad de realizar un análisis fı́sico del dispositivo
o sistema.

Una clara tendencia en los sistemas de comunicaciones inalámbricas en
la actualidad es el empleo del acceso múltiple por división en frecuencias
ortogonales (OFDMA), basado en la técnica de multiplexación por división
en frecuencias ortogonales (OFDM), en la interfaz de radio de los mismos.
A juicio del autor, el estudio de las no linealidades en sistemas basados
en OFDM no ha sido lo suficientemente abordado desde el punto de vista
experimental. En la literatura técnica se pueden encontrar un número
considerable de publicaciones donde se considere un canal no lineal para
representar el comportamiento de un amplificador de potencia cuando
está siendo excitado por una señal OFDM. Sin embargo, estos estudios se
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enmarcan en un entorno de simulación (Costa & Pupolin, 2002; Diet et al.,
2004; Ligata et al., 2010; Tseng, 2010a). Empleando simulaciones también,
la compensación de los efectos indeseados generados por este dispositivo
no lineal es tratada en (Ryu & Lee, 2003; Ai et al., 2007; Chiu et al., 2008;
Omer et al., 2009; Y. Chen et al., 2009, 2010; Z. Li & Mu, 2011; Varahram &
Ali, 2011).

Esta tesis esta dedicada al análisis, caracterización y compensación de los
efectos no lineales en sistemas de comunicaciones inalámbricos. Como se
ha mencionado con anterioridad, los sistemas basados en la técnica OFDM
constituyen aparentemente la solución para satisfacer las necesidades de
los usuarios de banda ancha inalámbrica. De ahı́ que esta técnica sea
estudiada con relativa profundidad junto a los aspectos fundamentales que
caracterizan a estos nuevos estándares de comunicaciones inalámbricas,
como son Long Term Evolution (LTE) y la segunda generación de Digital
Video Broadcasting (DVB-T2).

En los inicios de la investigación llevada a cabo durante el desarrollo de
esta tesis, algunos comportamientos no lineales son detectados en el primer
bloque de un sistema de comunicaciones inalámbricas que involucra algún
módulo de radiofrecuencia: el modulador en cuadratura. A través de una
caracterización de dos tonos se obtiene un modelo capaz de describir el
comportamiento no lineal de este dispositivo, en el cual la asimetrı́a entre
los productos de intermodulación de un mismo orden se explica mediante
la presencia de efectos de memoria. Toma especial interés la asimetrı́a
observada en el producto de intermodulación de segundo orden, siendo ésta
explicada teóricamente mediante el empleo de funciones transferenciales no
lineales en las secciones de banda base y de radiofrecuencia del modulador
en cuadratura.

Los modelos de comportamiento desarrollados para amplificadores de
potencia también son estudiados en esta tesis, comenzando por la revisión
en la literatura técnica de los principales planteamientos obtenidos hasta la
fecha. Los mismos son estudiados a través de dos grandes grupos, aquellos
que fueron deducidos mediante el empleo de algún conocimiento fı́sico
del dispositivo o, si por el contrario, han sido obtenidos en conformidad
con la filosofı́a ad hoc, donde simplemente se intenta encontrar la función
matemática que describa de forma más precisa un conjunto de medidas.
Se presenta una interesante aplicación del modelado comportamental
en amplificadores, en la cual los efectos de memoria de baja frecuencia
para diferentes tasas de sı́mbolos son modelados correctamente. Además
se consigue evaluar el impacto de los mismos sobre indicadores que
caracterizan el funcionamiento de un sistema de comunicaciones.

Finalmente, la compensación de estos efectos no lineales se lleva a cabo
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a través de dos enfoques distintos. En un primer enfoque se consiguen
funciones inversas de las caracterı́sticas AM-AM y AM-PM descritas por
el amplificador que se estudia para ser aplicadas en el extremo receptor,
obteniéndose una forma sencilla pero efectiva de linearización. Se demues-
tra la validez de la técnica con la reducción de la magnitud del vector error
(EVM, por sus siglas en inglés) y con una mejora en la caracterı́stica de
probabilidad de bit erróneo frente a relación señal a ruido. Como forma
alternativa de compensación, o complementaria a la anterior, se propone la
precompensación de una cadena de amplificación a través de una novedosa
técnica de predistorsión. Esta técnica de predistorsión es optimizada para
combatir la distorsión dentro de la banda que contiene la señal útil, la cual
es validada de manera experimental con señales de estándares basados en
OFDM: LTE y DVB-T2. Además, esta técnica se utiliza en la linearización de
un amplificador eficiente clase J, el cual contiene como elemento activo un
dispositivo GaN de 15 W, obteniéndose mejoras de EVM y disminuciones
del recrecimiento espectral. En este estudio en concreto, el amplificador de
potencia ha sido excitado con señales correspondientes a la tercera y cuarta
generación de estándares móviles, 3G y 4G, respectivamente.
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Note:

A detailed list of abbreviations and symbols in alphabetical order can be
found at the end of the thesis.



1 Introduction

Microwave and radiofrequency (RF) engineering have been gained an
increasing importance in the recent years, stimulated in particular by the
exceptional growth of digital mobile communications.

There is a trend toward higher operating frequencies and the employment
of higher signal bandwidths, what constitutes a big challenge to the RF
circuit designers. In turn, this generates the necessity of the development of
accurate, robust and efficient modeling and simulation techniques that take
into account the nonlinear behavior of devices at these high frequencies to
be applied later in the analysis and computer aided design (CAD).

Before going more in depth into nonlinear processes and their conse-
quences for wireless communication systems, it is necessary to know the
current scenario of mobile communications. In similar terms to those
used for the representation of the current wireless landscape in (Ergen,
2009; Holma & Toskala, 2009), Fig. 1.1 shows the expected mobility of the
principal standards versus the theoretical speed delivered by them. Note
the position in this plot of the second, third and fourth generation of mobile
systems, widely referred to as (2G), (3G) and (4G) mobile systems, respec-
tively. A logical evolution could be followed, as could not be otherwise,
from the 2G which introduced higher capacity and coverage to the basic
mobile voice service of the first generation to the 3G systems, where higher
speeds are supported. The International Telecommunication Union (ITU),
through its radiocommunication specifications on the international mobile
telecommunications 2000 (IMT-2000) was the responsible to the evolution
and development of the 3G. Separate evolution to the 3G was followed by
3rd Generation Partnership Project (3GPP), employing the Global System
for Mobile Communications (GSM) core network. However, the 2 Mbps
rate claimed in the standard were not supported in practice.

The 3G has been developed until the incorporation of an important
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2 Chapter 1. Introduction

Figure 1.1 Current wireless standard landscape in a representation of the
mobility versus the speed delivered by each standard.

standard provided by the IEEE, the IEEE 802.16e standard for mobile
broadband wireless access, introduced as an evolution of the IEEE 802.16
standard for fixed broadband wireless access. It can be considered that the
main contribution of IEEE 802.16e (widely known as Mobile WiMAX) is the
employment of the orthogonal frequency division multiple access (OFDMA),
a big step in the wireless broadband landscape. Since this point, mobile
broadband technologies are converging to an IP-based network architecture
with OFDMA based air interface technology, or what it is referred in (Ergen,
2009) as the IP-OFDMA-based mobile broadband standards. Hence, as
Fig. 1.1 shows, standards in charge of bringing up the 4G make use of
the orthogonal frequency division multiplexing (OFDM) techniques. The
4G mobile systems are characterized by the development of Long Term
Evolution (LTE) and LTE-advanced. Chapter 2 goes more in depth into the
LTE and other OFDMA-based standards.

In parallel to the IEEE 802.16 and IEEE 802.11, wireless local area networks
family standards, the 3G-4G cellular systems transition was supported
by the High Speed Downlink Packet Access (HSDPA) and High Speed
Uplink Packet Access (HSUPA), where both combined are referred in Fig.
1.1 as HSPA. In 2008, new enhancements of HSPA were summarized in the
termed HSPA Evolution, or commonly known as HSPA+, the previous step
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to LTE. All of these “small” steps have been motivated for the achievement
of higher spectrally efficient usages, resulting in higher speed data services.

As it can be seen by the summary above, the current wireless scenario is
characterized by the necessity of an efficient spectrum usage to deliver in
practice those data rates projected in their goals. Linearity requirements
demanded to the main blocks present on these communication systems
are a critical point. Nonlinear components, like the power amplifier (PA)
needed in the transmitter front-end, cause that the final transmission data
rate must be affected in these systems with strict requirements. In other
words, it is highly probable that the transmission has been done in a lower
output power in order to avoid the saturation region of the PA to comply
with stringent spectral masks. This is an inefficient common solution
adopted by base stations nowadays, driving the PA in a linear zone to avoid
nonlinear effects. However, to obtain high power efficiency, the PA must
operate in its saturation region. Nonlinear effects cause distortions over the
original signal, detectable in the generation of spectral regrowth or out-of-
band emission and causing other undesirable effects like the intersymbol
interference or intercarrier interference for multicarrier systems. Hence,
linearization techniques should be developed that simultaneously achieve
high efficiency in the amplification chain and a reduction of the nonlinear
adverse effects, mainly those affecting the efficient usage of the spectrum.

1.1 Motivation

A typical model for representing a wireless communication system is shown
in Fig. 1.2. This system is considered along the thesis for the study of
the nonlinearities that affect its performance. Note that in a full-duplex
communication Fig. 1.2 may represent any direction in the communication.
In wireless communications this is referred to as the downlink or uplink,
depending on if the communication has been done in the base station-mobile
device direction or mobile-base station direction, respectively. Chapter 2
pretends to familiarise the reader with this basic knowledge about standards
in the current wireless landscape.

It this thesis, we consider the transmitter as the top part of Fig. 1.2, starting
with the baseband digital processing block, followed by the quadrature
modulator, an amplification chain composed by one or more PAs for the
RF signal amplification and ended with a bandpass filter and the antenna.
In term of architecture, the receiver side is similar to the transmitter. The
major differences are the use of a low noise amplifier (LNA) and the analog
to digital converters (ADC) instead transmitter’s PAs and digital to analog
converters (DAC), respectively.
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Figure 1.2 Typical representation of a wireless communication system.

The transmitter digital signal processor (DSP) unit performs tasks related
with the digital signal pre-processing, involving signal coding, digital
modulation (M-ary QAM, M-ary QAM-OFDM), digital filtering and other
processes. In the receiver side, the DSP unit must implement the matching
filter, the demodulation and decoding of the received signal.

Most transmitters are composed by a quadrature modulator. As it can be
seen in Fig. 1.2, in quadrature modulators/demodulators there are DACs
and ADCs, depending if we are considering the transmitter or receiver
side, mixers and also they include pre-amplifiers and filters. Following the
wireless communications transmitter-receiver link, these elements present
in the quadrature modulator seem the first source of nonlinearities that it
can be found along the entire system.

Furthermore, consider that most microwave laboratories employ vector
signal generators, based on quadrature modulator architectures, for the
RF waveforms generation to be employed in experimental studies. Some
studies have been reported in the technical literature for the study of both,
linear and nonlinear effects in quadrature modulator (Faulkner et al., 1991;
Wisell & Oberg, 2000; Wisell, 2000; Cavers & Liao, 1993; Cavers, 1997; Ding
et al., 2008; Cao et al., 2009).

The other important source of nonlinearities is the amplification chain in



1.2 Aims and scope 5

the transmitter, formed by at least one PA. Despite the international scientific
community has devoted great efforts to the nonlinear characterization and
modeling of this device, new architectures and active components are
in a continuous further development. Motivated by the high efficiency
necessity and the employment of broadband electrical sub-circuits and
circuits, current PAs are characterized by strongly nonlinear behaviors.

Classical studies describing the theory for the modeling of nonlinear
circuits were reported long ago (Bedrosian & Rice, 1971; Bussgang et al.,
1974; Benedetto et al., 1979). The behavioral modeling of nonlinear channel
has been supported by the Volterra series approach, which has been widely
applied in the modeling of PAs as it will be studied in Chapter 5.

Despite that some efforts have been devoted to the research in OFDM-
based systems distorted by nonlinear channels, experimental nonlinear
analysis of these systems has not been sufficiently studied. In simulation
environments, many reports can be found in the literature considering
a nonlinear channel to represent the behavior of PAs driven by OFDM
signals (Costa & Pupolin, 2002; Diet et al., 2004; Ligata et al., 2010; Tseng,
2010a). Also in simulation contexts, reports that consider some type of
compensation can be reviewed in (Ryu & Lee, 2003; Ai et al., 2007; Chiu
et al., 2008; Omer et al., 2009; Y. Chen et al., 2009, 2010; Z. Li & Mu, 2011;
Varahram & Ali, 2011).

1.2 Aims and scope

After the introduction of the current wireless scenario, its threats for reaching
the promised data rates and RF designer’s challenges, the principal goal of
this thesis is the contribution to the experimental characterization, modeling
and compensation of nonlinear effects that degrade the performance of
wireless communications systems. The different developed approaches
should be experimentally validated. To deal with these objectives, the
following division into smaller goals will be helpful:

• Experimental characterization of the quadrature modulator, a priori,
the first block that poses impairments in the communication system
described in Fig. 1.2. This characterization should consider both linear
and nonlinear effects.

• Fitting of a model that represents the real behavior of the quadrature
modulator.

• Study of a transmitter with its experimental approximation to a quadra-
ture modulator followed by a PA.

• Identification of the main nonlinear source in the wireless commu-
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nication system and achievement of accurate models to represent its
nonlinear behavior.

• Compensation of the nonlinear behavior detected in OFDM-based
communication systems, like those mentioned above in the current
wireless landscape, through appropriate techniques.

Secondary tasks should be completed before achieving the described
goals. For example, we know that an algorithm for the OFDM signals
synchronization is needed in order to study and fit behavioral models with
input and output baseband complex signal representations of the subsystem
under study. Moreover, routines for the automated characterization process
are also needed due to the big amount of required measurements.

Among our priorities, we pretend to evaluate the impact of the nonlin-
earities at the “highest levels” of the communication systems, which means
that we will do the best to extend the nonlinear analysis based in the widely
employed figures of merit in the RF field into the error vector magnitude
(EVM), modulation error ratio (MER) and bit error rate (BER), figures of
merit closer to the characterization of the entire communication system.

1.3 Thesis overview

The above aims of this thesis will be developed through eight chapters,
starting from the current introduction in which the motivation for the
performance of this thesis and its objectives themselves are discussed.

As it is evident from Fig. 1.1, the OFDM-based standards apparently are
the solution to satisfy the broadband wireless user requirements. Therefore,
Chapter 2 will be exclusively devoted to reviewing the characteristics of
the main standard with cellular architecture for mobile broadband com-
munications, LTE. Another OFDM-based standard will be reviewed in this
chapter, the second generation terrestrial digital video broadcasting (DVB-
T2) standard. We expect to achieve a useful summary for RF researchers in
order to understand and generate their own signals formatted under the
specifications of these standards.

The experimental validation of the different approaches developed along
the thesis demands our major efforts. Hence, Chapter 3 will summarize
some basics about the experimental nonlinear characterization and explains
more in detail the different experimental setups employed for the validation
of the nonlinear modeling and compensation techniques proposed in this
work. This chapter will include the principal figures of merit used in the
nonlinear analysis and those employed in this thesis.

Chapter 4 will be aimed at the experimental nonlinear characterization
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of a quadrature modulator following a standard approach based on a
two-tone test. A revision of the previously employed models will be made
and a simple nonlinear model will be adopted according to experimental
observations. Measurements will be presented showing the behavior of the
intermodulation (IM) products versus carrier levels, and suggesting that
distortion is dependent on the baseband rates of the complex envelope input
signals. An asymmetry observed at the second-order intermodulation (IM2)
products takes on especial importance and will be theoretically explained.
Simulations of the asymmetrical behavior of IM2 based on the proposed
model will be presented showing good agreement with measurements.

Chapter 5 will provide an extended state-of-the-art review of behavioral
model approaches for PAs. In this chapter we will summarize the last
decade enhancements in this important field of study, starting from the first
types of pruning of the Volterra series based in a “black-box” perspective,
and followed by physical knowledge-based pruning approaches and other
techniques applied to this topic. Some of these behavioral models for
nonlinear systems include even-order nonlinear terms in their definitions,
which have been included due to the achievement of benefit in baseband
modeling of the PA and in enhancing predistortion performance (Ding &
Zhou, 2004).In Chapter 5, an experimental characterization of the signifi-
cance of even-order nonlinear terms will be carried out based on a two-tone
test for both a quadrature modulator -study performed in Chapter 4- and a
PA. Measurement results will be discussed in Section 5.6.

The low-frequency nonlinear memory effects caused by a PA will also be
studied in Chapter 5. Two of the models described in this chapter will be
adopted for the PA to perform simulations of an M-ary communications
system, both able to predict the desired effects. An experimental setup
allowing the identification of the coefficients by using time-domain data
acquisitions will be employed, with the capability to represent the distorted
signal in the constellation plane and to make EVM measurements. A
good agreement between the simulations performed with the adopted
models and measurements is obtained, showing the degradation of the
communications system due to low-frequency nonlinear memory effects.

Chapter 6 will be devoted to the compensation of the nonlinearities
that degrade the performance of two OFDM-based standards: LTE and
DVB-T2. Firstly, a post-compensation technique applied in the receiver
side to LTE signals will be proposed, which provides a simple and effective
linearization technique, allowing a reduction in the EVM characteristics.
Furthermore, in this chapter we will propose a novel digital predistortion
technique suitable for the implementation in OFDM transmitters in order
to optimize the in-band interference caused by the nonlinear distortion
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generated in the amplification chain. As we have been emphasizing, these
approaches will be experimentally validated by their application in DVB-T2
and LTE standards.



2 RF considerations on wireless
standards

The main objective of this chapter is to present the principal characteristics
of the wireless standards from an radiofrequency engineering point of view,
giving the fundamental keys to deal with and analyze this signals.

This chapter begins with the Universal Mobile Telecommunications
System (UMTS), in particular with the radio technology employed in its
specifications: Wideband Code Division Multiple Access (W-CDMA). The
UMTS is supported by the 3GPP, which was founded in 1998 as (3GPP,
1998) reveals. On this agreement, the scope of the 3GPP was to produce
Technical Specifications and Technical Reports for a 3G Mobile System.
Another important issue is that the GSM core networks and the radio access
technologies that they support would be the mainstay of the 3G Mobile
System.

The 3GPP documents are organized in Releases. The documents are
generated mainly by Technical Specification Groups (TSGs) during the
plenary meetings and revised versions are published after these meetings
that take place up to four times a year. For the RF engineers, the group to
follow must be the TSG Radio Access Network (RAN), which is divided into
five Working Groups (WGs). The principal activity that these groups need
to perform is the definition of the functions, requirements and interfaces
of the Universal Terrestrial Radio Access (UTRA) and Envolved-UTRA
(E-UTRA) network in its two modes, Frequency Division Duplex (FDD)
and time division Duplex (TDD). These involve the specification from layer
1 (physical layer) to layer 3, specification of the access network interfaces,
operations and maintenance, and conformance test specifications for testing
of all aspects of base stations and user equipment.

This union of organizational partners, the 3GPP, is in charge of the
development of the 4G mobile system too, in which a W-CDMA signal will

9
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not meet the user’s new requirements. As the natural emerging technique
to deal with the current demand, the 4G of mobile communications is
characterized for the employment of the Orthogonal Frequency Division
Multiplexing (OFDM) technique. This technique has been widely applied in
various broadcasting systems such as the new second generation terrestrial
digital video broadcasting (DVB-T2) standard, the IEEE 802.16 Wireless
Metropolitan Area Network (MAN) standard (WiMAX) and now, the
promising Long Term Evolution (LTE) that belongs to the 4G.

2.1 On the basics of W-CDMA and new trends

UMTS supports CDMA in both variants FDD and TDD (3GPP, 2011c, 2011d).
CDMA is the most widespread system and the head of the 3G in mobile
communications nowadays. Therefore, the communication researchers
community and specially, the radiocommunications groups validate their
studies with W-CDMA formatted signals.

The main characteristic of W-CDMA is the use of a Direct-Sequence Code
Division Multiple Access (DS-CDMA). This multiple access method is based
in the spread spectrum (SS) technique, in which the transmitted signal is
spread over a frequency range much greater than the message bandwidth.
For W-CDMA in particular, the adopted method to spread the message
bandwidth is the direct-sequence spread-spectrum (DSS). This method is
accomplished by the multiplication of the message x(t) by a pseudorandom
binary wave c(t), consisting in rectangular pulses called chips (Carlson et
al., 2002). The signal c(t) corresponds to a wideband pseudonoise (PN)
sequence, also referred to as PN code.

The multiple access obeys to the fact that, if multiple users share a
common channel, each of them has assigned a unique spreading code
employed by the receiver to spread the interference spectrum, in this case
the rest of users, and de-spread the spectrum information of each PN code
owner. This codes need to satisfy the property of a high autocorrelation
value to ease the synchronization tasks and a low crosscorrelation between
different codes to minimized the interference of other users during the
de-spreading process.

W-CDMA employs a chip rate of 3.84 Mcps, occupying a channel band-
width of 5 MHz. The digital modulation stablished to be used in this
standard is a modified Quadrature Phase Shift Keying (QPSK). In the FDD
mode the transmission of the mobile to the base station (uplink) is separated
190 MHz with respect to the downlink (from the base station to the mobile)
while the TDD commutates between uplink and downlink, occupying
alternatively the same frequency bandwidth. The user data rate supported
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in W-CDMA is variable with the demand but is kept constant during each
frame of 10 ms. Another characteristic of the W-CDMA signal is the em-
ployment of a root-raised cosine (RRC) shape filter with a roll-off α = 0.22,
which gives to a signal a final bandwidth of (1+α)3.84 MHz. The RRC
filter is applied in the transmitter to deal with the spectrum emission mask
and the matched filter should be used at the receiver side. An extended
reference that discusses in depth W-CDMA is (Holma & Toskala, 2007).

As it was recognized since last decade (Honkasalo et al., 2002), the 3GPP
was the responsible to transform W-CDMA those days and it brings the
continuous enhancement of this technology into what we know nowadays.
However, emphasizing that W-CDMA is the most used radio technology
employed at these times, new trends prevail for the 4G of mobile communi-
cations. These new trends are seeking a more efficient usage of the available
bandwidth, an increase of the downlink and uplink peak data rates and
more flexibility and scalability of the system, among other necessities.

The OFDM is the technique called for the enhancement and development
of the current wireless communication scenario. Section 2.2 goes more in
depth into this technique, necessary to generate signals in compliance with
the new trends.

2.2 OFDM

The principles of orthogonal multiplexing were proposed in (Ballard, 1962).
The same author of this contribution also provides the orthogonal subcarrier
waveforms applied to communication systems (Ballard, 1966). In this year
too, the concept of the parallel data transmission in a Frequency-Division
Multiplexing (FDM) is ascribed to Chang in (Chang, 1966) with patent
(Chang, 1970). Other important contributions to this transmission scheme
were reported in (Saltzberg, 1967, 1970), where efficient parallel data
transmission is considered by means of overlapping channels. These and
other publications make possible the realization of what we know nowadays
like the Orthogonal Frequency Division Multiplexing (OFDM).

The main idea of OFDM is that the available bandwidth can be divided
into narrow-band parallel subchannels as Fig. 2.1(a) shows, where each
subchannel contains the information that we want to transmit with a
signaling rate lower that the rate employed for the transmission of all these
subchannels. Consequently, the OFDM can be considered as a multicarrier
transmission mechanism in which some data symbols are allocated into
subcarriers. The basic principle of this technique is that these subcarriers
need to guarantee the orthogonality principle to avoid the interference
between adjacent channels. In order to express this in a mathematical form,
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consider two subcarrier complex waveforms denoted pm(t) and pn(t), both
defined in baseband by:

pk(t) = e j2πk∆ f t , (2.1)

where ∆ f is the frequency spacing between two adjacent subcarriers in an
OFDM system and k∆ f is the frequency of the subcarrier k. Then, pm(t) and
pn(t) are orthogonal, if in a common repetition period Ts, they satisfy the
condition:

1
Ts

∫ T s

0
pn(t)p∗m(t)dt =

1
Ts

∫ T s

0
e j2π(n−m)∆ f tdt =

{
1, n 6= m
0, n = m

. (2.2)

A symbolic representation of the implications of (2.2) is shown in Fig.
2.1(a). In this subfigure, the main energetic contribution in the central
frequency of each subchannel is only due to the corresponding subcarrier. If
we focus on one of any of these subcarriers, it can be seen that the adjacent
ones have a null contribution to the center frequency of this subcarrier. The
power espectral density of each subcarrier can be expressed as (Khan, 2009):

Pk( f ) =

sin
[
π

(
f

∆ f − k
)]

π

(
f

∆ f − k
)


2

, (2.3)

which implies that a rectangular pulse waveform rect(t), the simplest
pulse shaping that can be applied in a subchannel, is considered on each
subcarrier, where:

rect(t) =

{
1√
Ts

0≤ t < T0

0 elsewhere
(2.4)

In Fig. 2.1(b) is illustrated an example of the power spectral density
(PSD) of twelve subcarriers that contain symbols with equal complex value
1+ j were measured. A central subcarrier was added with a symbol
fixed to “0” like in LTE, in order to preserve the information from the
carrier leakage due to dc components in transmitter baseband blocks. The
clearness achieved between two adjacent subcarriers is notable when the
orthogonality principle is satisfied, which avoid the intercarrier interference,
a clear advantage of this modulation scheme.

Usually, in OFDM the information to be transmitted is provided by
the well-known digital modulation schemes, where the information is
modulated in magnitude, phase or simultaneously in magnitude and phase,
for example: QPSK, 16-QAM, 64-QAM, etc. The time-domain representation
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Figure 2.1 In (a), a symbolic picture of the individual subchannels for an
OFDM system with subcarriers spacing of ∆ f . The subcarriers
are represented in dashed vertical lines. In (b), the subcarriers
of one PRB were measured by means of an spectrum analyzer
trace, where the central subcarrier is reserved because of the
carrier leakage.

of one OFDM symbol can be obtained from the next equation:

s(t) =
N−1

∑
k=0

X(k)pk(t) =
N−1

∑
k=0

X(k)e j2πk∆ f t rect(t−Ts), (2.5)

where X(k) is the complex modulation symbol allocated in the k-th sub-
carrier, being k = 0,1, ...,N−1. Therefore, the OFDM baseband waveform
generated by a transmitter based on subcarrier oscillator models, adopted
by many authors (Hanzo & Keller, 2006; Hara & Prasad, 2003; Khan, 2009),
is:

s(t) =
∞

∑
i=−∞

N−1

∑
k=0

Xi(k)e j2πk∆ f (t−iTs) rect(t− iTs), (2.6)

assuming that i is the OFDM information symbol number. So, the i-th
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OFDM symbol contains N elements of X(k).
In the adopted oscillators bank model, the receiver perform a multipli-

cation by e− j2πk∆ f t and an integration in the OFDM symbol period Ts in
order to estimate the complex information coded in each subcarrier, that is
denoted by X̂(m). Assuming a perfect time and frequency synchronization
and a direct connection transmitter-receiver without noise (ideal channel),
an OFDM transmitted symbol is recovered as:

X̂(m) =
1
Ts

∫ T s

0
s(t)e− j2πm∆ f tdt

=
1
Ts

∫ T s

0

N−1

∑
k=0

X(k)e j2πk∆ f te− j2πm∆ f tdt

=
1
Ts

N−1

∑
k=0

X(k)
∫ T s

0
e j2π(k−m)∆ f tdt, (2.7)

where the orthogonality principle in (2.2) will be necessary to obtain the
transmitted signal, in which the non-null contribution is obtained only for
k = m. This principle makes possible, in the channel assumed for theoretical
explanation purposes, the recovery of the information transmitted, i.e.:

X̂(m) = X(k). (2.8)

2.2.1 OFDM implementation

Above, the OFDM transmission has been examined by means of subcarrier
oscillators bank. However, notice the similitude between the baseband
waveform representation of (2.5) and the expression corresponding with
the Inverse Discrete Fourier Transform (IDFT) of a signal represented in
the frequency-domain with a total of N samples and denoted by Y (k):

y(n) =
1
N

N−1

∑
k=0

Y (k)e j 2π

N kn, (2.9)

where y(n) corresponds with the discrete representation in the time-domain
of Y (k), being n = 0,1, ...,N. Thence, important reports in (Salz & Weinstein,
1969; Weinstein & Ebert, 1971) demonstrate that the full digital modu-
lation and demodulation of an OFDM can be achieved by an efficient
implementation of the Discrete Fourier Transform (DFT) and the IDFT,
respectively. This full digital modulation has been performed by the Fast
Fourier Transform (FFT) algorithms and the corresponding demodulation
through the Inverse Fast Fourier Transform (IFFT). Therefore, an OFDM
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signal is mainly generated and demodulated with:

s(n) = IFFT{X(k)} (2.10)

and
X(k) = FFT{s(n)}, (2.11)

respectively, where IFFT and FFT are the operators to execute the corre-
sponding algorithms on each case.

These studies retain their validity nowadays. So much so, a typical
single input single output (SISO) OFDM system considered at the present
time is shown in Fig. 2.2. In this schematic representation, the OFDM is
generated from a random bit source whose bits are mapped into any of
the digital modulation schemes (QPSK, 16-QAM, etc.) and these symbols
are assigned to the N available subcarriers on each OFDM symbol through
a serial-to-parallel converter. Then, these parallel-allocated symbols go

Figure 2.2 Schematic representation of an OFDM communication system.

into an IFFT block with a power-of-two points and are parallel-to-serial
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converted into a vector that contains the time domain samples. At this point,
it is convenient to adopt a common terminology in OFDM systems where
the signal or samples before the IFFT are referred to as in the frequency
domain and after this operation in the time-domain, similar considerations
were adopted in (Stuber et al., 2004).

The baseband time domain samples are conducted to the block denoted
by CP, in which a cyclic extension of each OFDM symbol is performed, but
whose functionality and importance will be discussed more in depth later.
After that, the signal is up-converted to the RF carrier frequency using a
transmitter (Tx) front-end and sent to a real channel or a theoretical channel
under study. The inverse operations, beginning with the CP removal
(RCP) process, are performed at the receiver (Rx) side. The signal from the
time-domain is converted into the frequency-domain with the FFT and the
transmitted bits are recovered with the appropriate M-QAM demodulator.

2.2.2 The cyclic prefix extension: necessity and implications in the use

Once the fundamental principle of the OFDM has been discussed and
the transmission and reception of this signal were explained it is time to
introduce another important issue of this modulation scheme: the cyclic
prefix (CP). For this purposes, consider a multipath environment typical in a
wireless communication system as the channel of Fig. 2.2. A superposition
of attenuated and retarded copies of the original transmitted signal are
“observed” by the receiver as Fig. 2.3 shows.

To explain the importance of the CP it is enough to consider the impulse
response of the multipath channel as:

h(t,τ) =
P(t)−1

∑
p=0

hp(t)δ (τ− τp(t))≈
P−1

∑
p=0

hpδ (τ− τp)≈ h(τ), (2.12)

where P is the number of the different paths, τp and hp the delay and
amplitude corresponding with the p-th path, respectively. The OFDM
symbol duration Ts was assumed small enough with respect to the variations
in the impulse response of the channel in order to simplify the discussion
of the CP functionality, therefore, the approximation in (2.12) (Agusti et al.,
2010).
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Figure 2.3 Signals at the receiver due to the multipath channel. si denotes
the i-th OFDM symbol transmitted.

The multipath effects in Fig. 2.3 can be mathematically modelled with:

s̃(t) =
P−1

∑
p=0

hps(t− τp)

=
P−1

∑
p=0

hp

∞

∑
i=−∞

N−1

∑
k=0

Xi(k)e j2πk∆ f (t−τp−iTs) rect(t− τp− iTs), (2.13)

where s̃(t) is the estimated baseband signal in the receiver, holding the
notation in (2.6). Let us see what happens when the receiver implements
the demodulation process as a bank of subcarrier oscillator for the data
information allocated in the m-th subcarrier and for the OFDM symbol i = 0,
following the notation X(i,m). The result of the integration in one symbol
period Ts, which implies that τ0 = 0, is:

X̂(0,m) =
1
Ts

∫ T s

0
s̃(t)e− j2πm∆ f tdt = h0X(0,m)+

1
Ts

P−1

∑
p=1

hp× (2.14)

×
N−1

∑
k=0

e− j2πk∆ f τp

[∫
τp

0
X(−1,m)e j2π(k−m)∆ f tdt +

∫ Ts

τp

X(0,m)e j2π(k−m)∆ f tdt
]
,︸ ︷︷ ︸

I

where the term I can be splitted into a part that considers k = m and another
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for k 6= m, obtaining:

X̂(0,m) = h0X(0,m)+
1
Ts

P−1

∑
p=1

hpe− j2πm∆ f τp
[
X(−1,m)τp +X(0,m)(Ts− τp)

]
+

+
1
Ts

P−1

∑
p=1

hp

N−1

∑
k=0

e− j2πk∆ f τp

[∫
τp

0
X(−1,m)e j2π(k−m)∆ f tdt+ (2.15)

+
∫ Ts

τp

X(0,m)e j2π(k−m)∆ f tdt
]
.

In the integration process of (2.14) and (2.15) for an OFDM symbol period,
the signal through the path 0 is the only of them perfectly synchronized to
demodulate the symbol si, see Fig. 2.3. However, samples of the previous
symbol si−1 have been also integrated due to the delays associated with the
assumed impulse response. The result of the demodulation made in the
receiver is the desired information transmitted in the subcarrier m (X̂(i,m))
scaled by h0 and two other non-null terms, as shown in (2.15). The first
of these un-desired contributions is the consequence of the inter-symbol
interference (ISI) due to information contained in the subcarrier m of the
previous OFDM symbol X̂(i−1,m). While, the second contribution is produced
by a loss of orthogonality, because of the dependence of the information
on the subcarrier m with the information contained in other subcarriers,
i.e.: non-null contribution for k 6= m. This last one is known as inter-carrier
interference (ICI).

Important contributions were reported to mitigate the effects of ISI and
ICI (Cimini, 1985). However, the implementation of the CP is the most
widespread solution nowadays. The first work on this is apparently (Peled
& Ruiz, 1980), according to (LaSorte et al., 2008). This technique is simple
to be applied and basically consists in an addition to the beginning of the
symbol of Ng samples that are copied from the end of the symbol. Fig. 2.4
illustrates the cyclic extension of the original IFFT output with Ng samples,
this is the reason to be termed cyclic prefix (CP).

With the use of a CP, each OFDM symbol is now extended to a duration
of:

Ts = Tu +Tg, (2.16)

where Tu is the OFDM symbol duration without CP and Tg is the time in
which the samples of the CP are transmitted, or the guard interval duration.

Consider that the transmission has been made with the CP extension,
a new scenario for the receiver is represented in Fig. 2.5. The length of
the CP is fixed to guarantee that no sample of the previous symbol si−1 is
integrated in the period from 0 to Tu. Therefore, the condition Tg > τ must



2.2 OFDM 19

0 50 100 150 200 250 300
0

0.2

0.4

0.6

0.8

1

1.2

Time−domain samples

N
or

m
al

iz
ed

 a
m

pl
itu

de

AA
copy

OFDM symbol length

IFFT length

CP
length

Figure 2.4 Representation of a cyclic extension of time-domain samples
corresponding with an OFDM symbol.

be satisfied to ensure that the total delay-spread energy of the radio channel
impulse response is covered with the duration of the CP extension.

Figure 2.5 Signals at the receiver due to the multipath channel. si denotes
the i-th OFDM symbol transmitted and cpi the CP corresponding
to each symbol.
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Following a similar procedure as in the previous deduction of equation
(2.15), the integration in the same period, but denoted now as Tu as a
consequence of (2.16), results in:

X̂(0,m) = h0X(0,m)+
1
Tu

P−1

∑
p=1

hp

N−1

∑
k=0

e− j2πk∆ f τp×

×
[∫

τp

0
X(0,m)e j2π(k−m)∆ f tdt +

∫ Tu

τp

X(0,m)e j2π(k−m)∆ f tdt
]
, (2.17)

= h0X(0,m)+
1
Tu

P−1

∑
p=1

hp

N−1

∑
k=0

e− j2πk∆ f τp

∫ Tu

0
X(0,m)e j2π(k−m)∆ f tdt,

and applying the orthogonality principle it can be obtained:

X̂(0,m) = X(0,m)

P−1

∑
p=0

hpe− j2πm∆ f τp . (2.18)

As it can be deduced from (2.18), the information allocated in the sub-
carrier m and OFDM symbol i = 0 should be recovered without losses.
Definitively, an appropriate implementation of the CP eliminates both the
intercarrier and intersymbol interference in a multipath channel.

The use of a CP has other implications. Consider the bandwidth (BW) of
the signal in terms of its main lobe as (Hara & Prasad, 2003):

BW =
2
Ts

+
N−1

(1−αg)Ts
, (2.19)

where αg = Tg/Ts and N is the number of subcarriers. Equation (2.19) can
be rewritten in the form:

BW =
2
Ts

+
N−1

Tu
. (2.20)

The term 2/Ts corresponds with the bandpass first zero crossing of a
(sinπx)/πx = sinc x function in the frequency-domain (Carlson et al., 2002).
The second term is deduced by the fact that the subcarrier separation is
1/Tu.

The inclusion of a cyclic extension, required to deal with a time dispersive
environment, produces the next disadvantages:

• If the available time to transmit one OFDM symbol is Ts and the CP is
necessary in the system, the solution is represented in Fig. 2.6(a). For
a large number of subcarriers the equation (2.20) can be approximated
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Figure 2.6 Signals at the receiver due to the multipath channel. si denotes
the i-th OFDM symbol transmitted and cpi the CP corresponding
to each symbol.

to:
BW =

N
Ts−Tg

. (2.21)

This implies that the new separation between subcarriers is ∆ f = 1/Tu.
So, if the number of subcarriers is conserved, the bandwidth of the
signal is increased with the use of the CP. This case is the one described
in (Hara & Prasad, 2003) and (Simois-Tirado, 2005).

• In the systems where the OFDM symbol period could be enlarge to T ′s
like in Fig. 2.6(b) in order to include the CP, there are not modifications
in the bandwidth of the signal transmitted with the CP respect to the
case where it is not used because Ts = Tu. However, the duration of
the OFDM symbol has been extended.

• The CP is removed at the receiver for a correct demodulation of
the OFDM signal. A redundancy of the information is transmitted,
employing clock pulses of the communication system for this purposes
which implies that the efficiency of the OFDM transmissions is reduced
by a factor of Tu/(Tu +Tg).

• In the process of adding and removing the CP, the time needed for the
pre-processing and post-processing of the OFDM signal is increased.

Besides the aforementioned consequences, after the introduction to the
CP in (3GPP, 2003) there is a warning that alerts about the necessity of
a filtering to reduce the transmitted out-of-band power produced by the
ramp-down and ramp-up at the OFDM symbol boundaries in order to meet
the spectral mask requirement of the standard related with this document.
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2.3 LTE

As it can be induced, by magazines, newspapers and technical literature in
general, the LTE definitely looks like the imminent standard for the next
years in wireless broadband access technologies.

OFDM is the air interface technology and the modulation scheme selected
for the implementation under this standard. To introduce the physical
layer in LTE, we should review how this standard adapts OFDM under its
necessities (3GPP, 2003). This standard implements for the downlink multi-
ple access the Orthogonal Frequency Division Multiple Access (OFDMA)
while the uplink multiple access is based on the Single Carrier Frequency
Division Multiple Access (SC-FDMA).

2.3.1 Radio access techniques in LTE: OFDMA and SC-FDMA

As mentioned before, the downlink in an LTE system is characterized by
the implementation of the OFDMA. With the use of the OFDM described
in Section 2.2, this access technique is close to be implemented, only the
logic for the allocation in different subcarriers the information symbols of
each user would be necessary, or the designation of a set of subcarriers
to each user. OFDMA uses characteristics of the Time Division Multiple
Access (TDMA) too, in which the subcarriers reserved to one user can
be dynamically assigned and vary from one OFDMA symbol or a group
of symbols to others. Fig. 2.7 illustrates how the information symbols
of the users, X(k), are allocated into the available subcarriers to generate
the OFDMA symbols that will be transmitted. This dynamical allocation
is re-used by LTE, building a robust system and making possible the
performance of scheduling strategies, an important characteristic of LTE.
More details about the implementation of OFDMA in the standard under
study will be provided in Subsection 2.3.2.

Another important issue in LTE is the consideration of Multiple Input
Multiple Output (MIMO) technique, in which the spatial multiplexing as
well as transmit diversity are employed. The basic principle in spatial
multiplexing is sending signals from different antennas with different data
streams, separating the data streams in the receiver, hence increasing the
peak data rates. On the other hand, in the transmit diversity the same
signal is transmitted for all of the available antennas in order to exploit
the multipath environment and obtain a more robust communication link.
With the previous touches of MIMO, the final expression that describes the
baseband signal generation in LTE downlink is intentionally similar to (2.6),



2.3 LTE 23

Figure 2.7 Possible allocation of different users information, X(k), in an
OFDMA symbol with a total of N subcarriers.

and can be rewritten from the standard (3GPP, 2011a) as:

s(p)
i (t) =

∞

∑
i=0

 −1

∑
k=−NDL

RB NRB
sc /2

X (p)
i (k−)e j2πk∆ f (t−NCP,iiTs)+ (2.22)

+
NDL

RB NRB
sc /2

∑
k=1

X (p)
i (k+)e j2πk∆ f (t−NCP,iiTs)

]
, 0≤ t < (NCP,i +N)Ts,

where the index p represents the antenna port in a MIMO system, N takes
a value of 2048 when the subcarrier spacing ∆ f is 15 kHz and 4096 for
∆ f = 7.5 kHz, NCP,i is the length of the cyclic extension for the symbol i, the
constant value resulting from NDL

RB NRB
sc will be described in subsection (2.3.2)
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and k± are:

k− = k+NDL
RB NRB

sc /2, (2.23)
k+ = k+NDL

RB NRB
sc /2−1. (2.24)

One of the major drawbacks of OFDM is the high rate between the peak
value in the instantaneous power characteristic of this signal in the time
domain and the mean value of it (E{·}1). This quantity is the peak-to-
average power ratio (PAPR) and is computed for a sampled signal s(n) in
decibels as:

PAPR [dB] = 10log
max

{
|s(n)|2

}
E {|s(n)|2}

, (2.25)

The consequence of the large peaks experienced in an OFDM signal is the
random variable characteristic of this signal in time-domain since it is the
contribution of different subcarriers that may all line up in phase at some
instant.

Due to the nature of the uplink, where a limited transmission power at
the user equipment and an efficient usage of it is needed, the PAPR values
generated by the OFDMA can not be allowed in the uplink. Therefore, the
3GPP implements SC-FDMA modulation technique for the communication
in the link: user equipment-base station.

Fig. 2.8 is an schematic representation of the transmitter in a localized
SC-FDMA system. In a first view, it looks very similar to the representation
of an OFDMA system. However, the data bi are mapped into Mary-QAM
symbols and them sent to a previous FFT or an FFT-precoded of K samples.
This kind of mapping in which the data sequence is allocated into contiguous
subcarriers through the FFT-precoded results in a localized transmission in
the frequency domain, giving the name to this type of SC-FDMA (Ergen,
2009; Khan, 2009). After this new block, the process continues similar
to the OFDM modulation described in Fig. 2.2 with an N-points IFFT
and the parallel-to-serial conversion, obtaining the complex samples in
the time-domain. Similarly to OFDMA, the signal is up-converted and
them, the inverse order should be followed by the SC-FDMA receiver to
demodulate the signal, starting with the down-conversion and the removal
of the CP.

An example of the mechanism in which the signals generated by two users
are multiplexed in SC-FDMA is also shown in Fig. 2.8. It should be noted
that each data modulation symbol is spread out on all the subcarriers used
by one user and the K-points FFT-precoded output is allocated in different
inputs of the N-points IFFT . Each user completes with zeros the IFFT

1E{·} represents the expectation
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Figure 2.8 Example of two users conducted by a SC-FDMA system. The
user 1 has assigned more bandwidth than the user 2 (K1 > K2).

inputs reserved to the other user. The quantity Q = N/K is an integer that
indicates the number of simultaneous users without any interference that
can be handled by the system. If one user employs a K1-point FFT-precoded
and the other K2 then the users have been using a different bandwidth.

The baseband signal generated with this modulation technique can be
rewritten from the standard (3GPP, 2011a) as:

s(p)
i (t) =

∞

∑
i=0

 NUL
RB NRB

sc /2−1

∑
k=−NUL

RB NRB
sc /2

X (p)
i (k−)e j2π(k+1/2)∆ f (t−NCP,iiTs)

 , (2.26)

where the nomenclature is maintained from (2.22), except that k− = k+
NUL

RB NRB
sc /2 and that the frequency-domain content in X (p)

i comes from the
FFT-precoded, necessary to generate the SC-FDMA signal.

Basically, SC-FDMA spreads the energy of each symbol over all the
subcarriers available to each user, providing a peakiness complex envelope
signal. A comparative between the two techniques can be found in (Rumney,
2009; Myung et al., 2006). However, we must emphasize that in the
LTE downlink, which employs OFDMA, it is necessary to deal with the
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high PAPR values, a big challenge for the RF designers, specially in the
amplification chain in the transmitter to perform an efficient usage of the
PAs.

2.3.2 LTE Physical Layer Overview

This section provides a brief description of the LTE physical layer in order
to generate a signal under this standard specifications and so that, it can be
employed in a radiocommunication study context.

First of all, the frame structure should be presented and it depends on
whether the system under consideration implements FDD or TDD. The type
1 frame is shown in Fig. 2.9 and is reserved for the duplexing technique
FDD. This frame is available for both the downlink and the uplink.

The 3GPP specifies a time unit of Ts = 1/(15000 ·2048) seconds, expressing
all the time length of frames, subframes and slots in multiples of Ts. The
subcarriers spacing (∆ f ) in LTE is 15 kHz and the recommended IFFT size
is 2048. Fig. 2.9 shows the structure of an FDD radio frame, with a length of
Tf = 307200 ·Ts ms, containing 10 subframes with each subframe of 2 slots.
The subframe structure is important because it is the minimum unit that
can be handled by the scheduler, which is the responsible to allocated the
radio resources dynamically.

Figure 2.9 Frame structure employed in FDD mode.

One slot contains 6 or 7 OFDM symbols, it depends of the CP configura-
tion, where a normal configuration employs 160 samples for the first OFDM
symbol and 144 for the next 6 symbols as shown in Table 2.1. Besides, the
extended CP configuration uses a constant CP length of 512 samples for
the 6 OFDM symbols that each slot contains. All the previous CP lengths
are established to a 2048-points IFFT.

When the TDD mode is implemented, the type II frame should be
employed. This mode has frames of 10 ms and subframes of 1 ms as in FDD
mode. Fig. 2.10 illustrates the structure of the TDD frame, where the second
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Table 2.1 CP configuration for the downlink and uplink in LTE.

CP Configuration
Downlink CP length Uplink CP length
NCP,i NCP,i

Normal ∆ f = 15kHz
160 for i = 0 160 for i = 0
144 for i = 1,2, . . . ,6 144 for i = 1,2, . . . ,6

Extended
∆ f = 15kHz 512 for i = 0,1, . . . ,5 512 for i = 0,1, . . . ,5
∆ f = 7.5kHz 1024 for i = 0,1,2 not applicable

and the sixth subframes need to guarantee the correct downlink and uplink
transmissions. For this purpose, these special subframes contain three fields:
Downlink Pilot Timeslot (DwPTS), Uplink Pilot Timeslot (UpPTS) and the
Guard Period (GP). The DwPTS is used in the downlink transmission for
primary synchronization and in some cases can transport data as in the
UpPTS that contains a short preamble of two OFDM symbols, increasing
the efficiency of the system. Appendix B contains the six uplink and
downlink possible configurations, where the data rate in each direction can
be controlled by means of the switch-point periodicity of 5 ms or 10 ms. In
this appendix the different configurations of the special subframes DwPTS,
GP and UpPTS and their respective lengths in terms of Ts are also drawn.

Figure 2.10 Frame structure employed in TDD mode.

Once the structure of the frames for the downlink and uplink have been
presented, it is necessary to define the physical resource block (PRB) or the
resource block (RB). A physical resource block in the uplink consists of one
slot in the time domain and 180 kHz in the frequency domain. Thus, the
mapping of physical channels is made in terms of PRBs, each including
12 adjacent subcarriers in the frequency domain (NRB

sc = 12) in each OFDM
symbol during 7 consecutive OFDM symbols in the time domain, denoting
NDL

Symb = 7 for the downlink and NUL
Symb = 7 for the uplink. The previous is

valid for the use of a normal CP and ∆ f = 15 kHz, being NDL
Symb = NUL

Symb = 6
when the extended CP is employed. Consequently, the transmitted signal in



28 Chapter 2. RF considerations on wireless standards

each slot of 0.5 ms duration is described by a resource grid in the frequency
and time domains as detailed in Fig. 2.11. For the extended CP in the
downlink NRB

sc = 24 and NDL
Symb = 3 when a ∆ f = 7.5 kHz is used.

Figure 2.11 One slot representation in the time (l) and frequency-domain
(k) for: (a) the uplink and (b) the downlink slot.

In each PRB it is possible to transport symbols from the modulations
schemes: QPSK, 16-QAM and 64-QAM for the downlink. The uplink
employs mostly QPSK and 16-QAM and depending on the user equipment
capacity could also include 64-QAM (Agusti et al., 2010).

One of the major advantages in LTE is the flexibility achieved in the
system. A proof of that is represented in Table 2.2, where the spectral
content of the signals used for the communication can be allocated in a
diversity of channel bandwidths (BWchannel) (3GPP, 2011b). Depending of
BWchannel , the available PRBs can vary from 6 to 100, which implies that the
number of subcarriers per each OFDM symbol takes values from 73 to 1201,
including the central subcarrier that intentionally is reserved due to the
baseband dc leakage.

At some bands of frequency there is the possibility to create signals with
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Table 2.2 Channel bandwidth configuration in LTE.

Channel bandwidth
1.4 3 5 10 15 20

BWchannel [MHz]

Resource blocks (NDL
Symb or NUL

Symb) 6 15 25 50 75 100
Available subcarriers (NRB

sc ) 73 181 301 601 901 1201

higher bandwidth than those that are summarized in Table 2.2. These

Figure 2.12 Aggregated Channel Bandwidth examples: a) Contiguous
intra-band carrier aggregation of five component carriers (CCs)
(20 MHz CC x 5), b) Non-contiguous intra-band carrier aggrega-
tion of 4 CCs (20 MHz CC x 4) and c) Non-contiguous intra-band
carrier aggregation of 2 CCs (20 MHz CC x 2). GP represents
the guard band between channel bandwidth configuration
BWchannel .

technique is known in the standard as carrier aggregation (CA) and makes
possible the creation of signals up to 100 MHz of bandwidth, combining
signals with lower bandwidth as in Fig. 2.12.

At this point, the reader should know the basis to create their own LTE
frames and test them in infinity of possibilities, starting with multiple
simulation environments until several combinations of experimental setups
in the laboratory. Besides, the LTE description provided in this chapter is
useful to understand and use applications that manage this type of signals.
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Table 2.3 Principal characteristics of DVB-T2 standard. Note1: approximate
values.

Characteristics
Modes

1k 2k 4k 8k 16k 32k

Channel BW [MHz] 1.7 5 6 7 8 10
FFT size 1k 2k 4k 8k 16k 32k
Available

853 1705 3409 6817 13633 27265
subcarriers

Subcarrier spacing
8929 4464 2232 1116 558 279

∆ f [Hz]1

2.4 DVB-T2

The OFDM technique has been applied to the new second generation
terrestrial DVB (DVB-T2) standard too (ETSI, 2011a). DVB-T2 introduces
the latest modulation and coding techniques to enable highly efficient use
of valuable terrestrial spectrum for the delivery of audio, video and data
services to fixed, portable and mobile devices. This standard is considered
the most advanced in digital terrestrial transmission (DTT). Despite being
an European Standard, countries outside Europe have implemented this
standard or are considering its inclusion for the digital television system.

2.4.1 Principal characteristics of the standard

As this is an OFDM-based standard and the characteristics of this technique
were studied in Section 2.2, the present Section will be limited only to the
fundamental aspects that characterized the DVB-T2 standard.

This version of the standard is an update of DVB-T, in which new baseband
coding techniques like LDPC and BCH are recommended. Besides the
digital modulations QPSK, 16-QAM and 64-QAM suppported by DVB-T
(like in LTE), a 256-QAM is also available, with a notable increase of the
data that each OFDM symbol can be carry.

DVB-T2 considers different available lengths for the CP, or guard interval
as denoted by the standard. However, all OFDM symbols use the same CP
length once this is fixed. The CP length could be 1/4, 19/128, 1/8, 19/256,
1/16, 1/32 or 1/128 of the total samples in each OFDM symbol.

As an OFDM-based standard, the PAPR takes high values, specially
when high order constellations are employed. Therefore, the DVB-T2
includes specifications for the implementation of techniques to deal with
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this problem.

2.4.2 PAPR reduction techniques

Many methods have been proposed in the literature to reduce the PAPR
(Han & Lee, 2005; Jiang & Wu, 2008). The simplest ones are based on
clipping or clipping and filtering (X. Li & Cimini, 1998; Armstrong, 2002).
These methods may increase the bit error rate (BER) since clipping is a non-
linear process. Alternative methods are based on block coding (Ryu & Lee,
2003), selected mapping (Bauml et al., 1996), and partial transmit sequence
(J.-C. Chen, 2010; Varahram et al., 2010). In this case, the main drawback is
that a side information has to be transmitted which results in a reduction
of the useful data rate. The Active Constellation Extension (ACE) method
proposed in (Krongold & Jones, 2003) reduces the PAPR by changing the
constellation of the signal without changing the minimum distance. This
method provides high performance in terms of PAPR reduction in low
order constellations such as QPSK and 16-QAM. The tone reservation
(TR) method uses allocated subcarriers to generate an additional signal
that minimizes the PAPR. These two methods, ACE and TR, have been
defined in the DVB-T2 standard to limit the PAPR in the OFDM signal, and
consequently to improve the RF PA efficiency.

The ACE consists on extending the outer signal constellation points
toward the outside of the original constellation. This concept can be easily
observed in a QPSK constellation, see Fig. 2.13(a). In this case, it can be
seen that the movement of a constellation point inside its grayed region
will not affect the system performance. Moreover, whit these movements
the protection margin is increased and lower error rate can be achieved but
this is not true if we consider that the energy of the constellation should
remain constant. If some constellation points move outwards, the overall
constellation energy increases so the energy of each point should be reduced
to keep the same energy.

The ACE technique can be applied to 16-QAM as Fig. 2.13(b) shows.
It is necessary to distinguish between interior, corner or side points. The
interior points cannot be moved; the corner points can be moved in all
directions of the grayed area; and finally, the side points can be extended in
only one direction. In the case of a QPSK constellation all the points can be
moved. However, for higher constellation order, there are several interior
points that cannot be moved. This is the reason why the ACE algorithm is
more suitable for low order constellations.

Fig. 2.14 shows the block diagram of the adapted ACE technique to
the one iteration method proposed for DVB-T2. In the first stage, the
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Figure 2.13 ACE extension regions of (a) a QPSK constellation and (b) a
16-QAM constellation. The constellation points represented by
white circles cannot be moved.

mapped signal is turned into the time-domain OFDM signal, resulting
x(n). Subsequently, this signal is clipped to a threshold Vclip. The clipped
signal xclip(n) is then subtracted from the original signal in the frequency
domain X(k). Then, the result is multiplied by a gain G and added to the
original signal. The saturation block operates separately with real and
imaginary components, ensuring that individual component magnitude
cannot exceed a given value L and finally Xace(k) is then constructed by
simple selection of real and imaginary components from those of X(k) or
Xc(k). This last block guarantees the distance between adjacent points in the
constellation in order to avoid degradations in the BER performance. The
signal Xace(k) has a lower PAPR than X(k) when both are OFDM modulated
into the time-domain.

The TR technique is specially recommended for constellations with a
high number of levels, where the ACE technique is insufficient to deal with
high PAPR values due to the low number of points in the constellation
available to perform this technique. For the correct application of the TR,
it is necessary to reserve some subcarriers where user data can not be
transported, reducing the efficiency of the system. These subcarriers are
referred to as peak reduction carriers (PRCs). However, the number of
PRCs can be optimized to reduce the PAPR with the minimum of them
(Tellado, 2000).

The goal of this technique consists in obtaining a time-domain signal that
can be added to the original one to cancel the main peaks that produce a high
value of PAPR. Adding a frequency-domain vector C = [C0,C1, ...,CN−1]

T to
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Figure 2.14 Block diagram of the ACE algorithm adapted to DVB-T2.

X = [X(0), ...,X(k)]T , the new time domain signal can be represented as:

x+ c = IFFT{X+C}, (2.27)

where c contains the samples of the time domain signal c(t) due to C.
Assuming that PRCs are known in the receiver side, the algorithm to
implement the TR needs to choose adequate values for C to decrease the
PAPR by means of (Tellado, 2000):

PAPR(c?) =
min c‖x+ c‖2

∞

E{‖x‖2
2}/N

<
‖x‖2

∞

E{‖x‖2
2}/N

, (2.28)

where the optimal solution c? = argmin c‖x+ c‖2
∞, being ‖‖2

∞ and ‖‖2
2 the

∞-norm and 2-norm, respectively. With the TR the authors also provide
a gradient-based algorithm to obtain C. In addition, the standard (ETSI,
2011a) summarizes the TR algorithm to be implemented in DVB-T2.

Despite the ACE technique is recommended when low order constel-
lations are employed in the OFDM modulation process, while TR was
developed to deal with peaks produced by high order constellations; both
techniques may be used simultaneously. When this happens, the ACE
technique shall be applied to the signal first.





3 Measurement environment

An important component of this thesis is the experimental work to
support the validation process of the different results achieved. This chapter
describes the principal characteristics of the experimental setups that were
employed in the development of the thesis and it tries to summarize the
experience gained in this field of study. Moreover, this chapter provides a
compilation of the figures of merit that we employ for the presentation and
discussion of the results derived from the different approaches. However,
before that some basic concepts need to be reviewed in the next section.

3.1 Basic concepts associated to the nonlinear experimental characteriza-
tion

The one-tone characterization can be the first experimental test to start with
the information extraction process about any device under test (DUT). This
test consists in the use of a sinusoid x(t) as the excitation signal. Then, if
the input

x(t) = Ai cos(2π f t) (3.1)

produces only changes in the output amplitude (Ao) and output phase (φo),
making possible the representation of the output signal as:

y(t) = Ao cos(2π f t +φo), (3.2)

it can be affirmed that the device mainly presents a linear behavior. On the
other hand, if the measurement reveals a non-scaled output replica of Ai
and the relative phase φo varies nonlinearly with the stimulus level, it is
necessary to check the harmonics in the output signal because the DUT is a
nonlinear device. The expression that represents the behavior of this DUT

35
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under a one-tone characterization is (J. C. Pedro & Carvalho, 2003):

y(t) =
∞

∑
r=0

Aor( f ,Ai)cos [2πr f t +φor( f ,Ai)] . (3.3)

This characterization provides important qualitative figures of merit
such us the AM-AM conversion and the AM-PM conversion. Note that in
fact, the nonlinear device can convert input amplitude variations into
output amplitude and phase changes, which is the same than affirming
that it can transform a possible amplitude modulation (AM) associated to
its input, into an output amplitude modulation (AM-AM conversion) or
phase modulation (AM-PM conversion), respectively. Then, the AM-AM
conversion describes the relation between the output amplitude of the
fundamental frequency with the input amplitude at a fixed input frequency
being the same for the AM-PM conversion but in this case revealing the
phase shifts introduced by the DUT.

The above figures of merit are not exclusive for the one-tone charac-
terization. The AM-AM and AM-PM characteristics, widely-used terms
instead AM-AM and AM-PM conversion, of a PA that has been driven
with an LTE signal are represented in Fig. 3.1. The PA output signal has
been down-converted and sampled with the equipment described in the
next sections, which makes possible its representation with black dots
in the characteristics of Fig. 3.1. In Fig. 3.1, the AM-AM conversion
would be visible whether or not the nonlinear system presents memory
effects. However, the AM-PM conversion shown in Fig. 3.1(b) is exclusive
of dynamic nonlinear systems or also known as nonlinear systems with
memory (M. J. Madero-Ayora, 2008; J. C. Pedro & Carvalho, 2003). Systems
revealing memory effects will be firstly addressed in Section 4.6 and more
in depth in Chapter 5.

From Fig. 3.1(c) it is easy the extraction of an important figure of merit
widely known as the 1-dB compression point and referred to as P1dB. A clear
definition can be found for this figure in (J. C. Pedro & Carvalho, 2003):
the P1dB is the output power level at which the signal output is already
compressed by 1 dB, as compared to the output that would be obtained
by simply extrapolating the linear system’s small signal characteristic. Fig.
3.1(c), in which the instantaneous gain is plotted versus the input level
immediately reveals this value, in spite of the possible expansion of the
measured characteristic like in this case. The 1-dB compression point can
be specified in relation to the input or the output level.

The one-tone test gives us an idea of the nonlinear behavior exhibited
by the DUT due to the presence or not of harmonics and their strength.
Nevertheless, the two-tone characterization also provides information
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Figure 3.1 Instantaneous characteristic: (a) AM-AM, (b)AM-PM and (c)
gain versus the input level for an LTE signal. The black dots
represent the measured samples while the green ones the static
transfer functions of the PA.

about the harmonics performance and, in addition, allows the identification
of new mixing components closer to the fundamental tones. This test
is widely-used in the experimental nonlinear characterization due to the
fact that the in-band components will be the fundamental source of the
growing intermodulation products that the bandpass behavioral models
try to explain in a nonlinear system.

The stimulus signal in a two-tone test can be represented by:

x(t) = Ai1 cos(2π f1t)+Ai2 cos(2π f2t), (3.4)

where Ai1 and Ai2 are the amplitude of the sinusoids of frequencies f1 and
f2, respectively. The output of a nonlinear system under the stimulus (3.4)
is described by the general equation in (J. C. Pedro & Carvalho, 2003):

yNL(t) =
∞

∑
r=1

Aor cos(2π frt +φor), (3.5)
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where fr = m f1+n f2 and m,n∈Z. The output of the nonlinear system yNL(t)
possesses a long amount of mixing products.

Under the consideration of a bandpass narrowband RF signal, defined
as a bandpass signal whose centre frequency is much higher than the
occupied bandwidth and so that it can be expressed in terms of its complex
envelope, a two-tone test provides information about the in-band distortion
generated by the DUT if m+n = 1. Besides the obvious measurements at the
fundamental frequencies f1 and f2, in-band measurements can evaluate the
third-order distortion components (|m|+ |n|= 3) at 2 f1− f2 and 2 f2− f1, fifth-
order components (|m|+ |n| = 5) at 3 f1−2 f2 and 3 f2−2 f1, seventh-order
components (|m|+ |n| = 7) at 4 f1− 3 f2 and 4 f2− 3 f1, and so forth. These
measurements are referred to as two-carrier intermodulation distortion
(IMD) response of the system (S. C. Cripps, 2002), in which the different
pth-order intermodulation products (IMp) are measured. The signal-to-
intermodulation distortion ratio, or simply the intermodulation ratio (IMR)
is defined as the ratio between the output power in the fundamental
components and the IM products. This can be computed with the lower or
upper IM products with respect to the fundamental tone in the same side
of the carrier frequency by:

IMR =
Pf1, f2

PIMnl,u

. (3.6)

Equation (3.6) is specially useful when the distortion due to the nonlinear
device in the system presents an asymmetrical behavior. This figure takes
an especial role in Chapter 4.

Associated to the two-tone characterization, the power in the fundamental
tones and the IM3, there is another important figure of merit: the third-
order intercept point, referred to as IP3. This quantity is a fictitious point
that is obtained when the extrapolated 1 dB/dB slope line of the output
fundamental power intersects the extrapolated 3 dB/dB slope line of the
IMD power. The IP3 is a particular case when the extrapolated component
is the IM3. It can be generalized as IPp depending on IMp products under
consideration (Maas, 1988). These intercept points can be referred to the
DUT input or output levels.

It is important to remark that the IP3 can only be extrapolated from the
small-signal zone where IMD presents a distinct and constant 3 dB/dB
slope, ensuring that the nonlinear behavior remains from a third-order
nonlinearity. Mathematically, IP3 is obtained by the equating of the linear
output power of one of the fundamental tones, in a symmetric system,
and the third-order IMD output power in the sidebands of the selected
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fundamental tone. However, this figure could be easily determined in a
common AM-AM characteristic for both the fundamental tone considered
and the respective IM3 product. Besides, as well as for the previous method
to estimate the IP3 where being in a small-signal region should be ensured,
equation (3.7) can be also employed. This equation provides a relationship
between the fundamental output power per tone Po( f1, f2) at which IMR
was measured, and the IP3 referred to the output level as:

IP3o[dB] = Po( f1, f2)[dB]+
1
2

IMR[dB]. (3.7)

This thesis performs the two-tone characterization test considering the
frequency region where m+n = 1 and using a spectrum analyzer for the
measurements of the IM products as it is detailed in Section 3.2. In the
case where m+n 6= 1, the distortion outside of the fundamental region is
under consideration. The analysis of this case is in the harmonics region
of each of the tones, a similar case like to one-tone test, including the dc
with m+n = 0 and new mixing products at m f1 +n f2 that fall close to the
harmonics at m+n = 2,3, . . . ,H. In narrowband systems, these distortion
components are filtered due to the fact that they appear at spectrum zones
quite far from the fundamental harmonic.

3.2 Experimental setup for the quadrature modulator characterization

The measurement setup employed in the study of quadrature modulators
consists of a Rohde & Schwarz SMIQ02B communications signal generator
with built-in arbitrary waveform facility due to the option SMIQB60 and
an Agilent E4407B spectrum analyzer. Both are controlled by the software
Matlab installed in a PC via a General Purpose Interface Bus (GPIB) interface,
as shown in Fig. 3.2.

The SMIQ02B was used as the quadrature modulator under test whose
nonlinear characteristics were evaluated. The arbitrary waveform facility
consists in an internal memory where the user’s baseband complex signal
is loaded, in each baseband path of the quadrature modulator: the in-phase
(I) path or the quadrature (Q) path, to be later transmitted. In an schematic
internal structure of the equipment provided by the manufacture, this block
of memory is followed by a DAC and analog filters. Finally, the front-end
of this arbitrary signal generator is composed by RF components.

The center frequency fc = 915 MHz was chosen to evaluate the impair-
ments and nonlinear response of this device. A two-tone power sweep
was performed, for which the two tones were generated by using a double-
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sideband suppressed-carrier signal modulated by a sinusoidal baseband
waveform with frequency fm. Several I and Q baseband input pairs can be
employed for the generation of a two-tone signal justifying the use of each
case during this study. All of them involve one or two sinusoidal baseband
inputs with fm = 1/2∆ f .

SMIQ02B

COMM. SIGNALS

GENERATOR.

E4407B

SPECTRUM

ANALYZER.

PC-MATLAB

GPIB GPIB

Figure 3.2 Diagram of the experimental setup employed for the characteri-
zation of the quadrature modulator.

The output spectrum was measured with the spectrum analyzer whose
configuration parameters were dynamically adjusted so that the resolution
bandwidth and reference level were properly selected for each measured
point. In Fig. 3.3, the intermodulation products are clearly observed when
two tones are generated by the quadrature modulator with a weak carrier
level of -25 dBm. The displayed average noise level of the spectrum analyzer
used can be up to -167 dBm. For the configuration shown in Fig. 3.3, a
noise floor below -125 dBm can be obtained. Measured points for different
configurations that were smaller than -140 dBm were not used.

A two-tone test was performed varying both carrier power and tone spac-
ing in the dynamic behavior characterization of the quadrature modulator.
A careful measurement strategy was implemented and the average value of
seven measurements was taken for all IM products level, observing small
standard deviation values. It is important to note that, despite the very
low distortion levels observed in some cases, the IM products were clearly
distinguishable above the noise floor for each measurement.
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Figure 3.3 Spectrum at the output of the quadrature modulator for a -25 dBm
two-tone signal and detail of the upper and lower spectrum with
optimized noise floor. Spectrum Analyzer settings: Ref. Level
-90 dBm, Span 3.2 MHz and RBW 10 Hz.

3.3 Synchronizing measured signals

In the experimental setup described above, it was not possible to employ the
module of the Agilent E4407B that allows the acquisition of the signal, re-
sulting in a baseband complex representation of the RF received signal. The
reason for which this module was not employed is because an experimental
limit was found, making that only those contributions of nonlinear terms
within a dynamic range of 40 dB are expected to be adequately measured
with the acquisition module. These results led to the decision of adopting
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the approach based on a two-tone test, for which the spectrum analyzer
(Agilent E4407B) possesses sufficient dynamic range. However, for the
majority of the studies that involve behavioral modeling, the approach
employed in Section 3.2 is not enough. For an accurate extraction of the
model coefficients, it is necessary to have well synchronized both the input
and output signals of the DUT that we want to model.

In addition, the experimental instrumentation does not guarantee the
values provided for the error vector magnitude (EVM), a widespread figure
of merit that will be presented in Section 3.4, above certain threshold.
Therefore, along this thesis the EVM values were not measured directly
from the vector signal analyzer or VSA software in Agilent’s equipments.
The employment of an off-line synchronization algorithm is recommendable
in these cases due to the fact that the demodulator block does not know
the transmitted data when the acquired signal is strongly affected by
the nonlinear effects, making difficult to deduce the correct reference.
Computing the EVM with knowledge of the reference symbols results in a
more accurate approach.

Fig. 3.4 shows the block diagram of an algorithm developed for the
OFDM signals synchronization. After the acquisition of any type of signals
in a vector signal analyzer, often ỹmeas(n′) instead of ỹmeas(n) is obtained 1,
where ỹmeas(n) is the signal in which the samples have been acquired at
the desired sampling frequency. In addition, the measured signal is not
synchronized with the theoretical one or the signal that was loaded into the
generator, as Fig. 3.5 illustrates. For the configuration employed with the
vector signal analyzer in our experimental setup, we need a down-sampler
with rate 25/32 to compensate the oversampling of 1.28 of the anti-alias
filter in bandpass acquisitions mode. Once the measured (ỹmeas(n)) and
theoretical signal (x̃theor(n)) have the same sampling frequency, ỹmeas(n) is
normalized with respect to the average power of x̃theor(n). Previously a
constant was extracted, as the scale factor of the system, and later used to
restore the original amplitude of the measured signal.

Signals ỹmeas(n) and x̃theor(n) are cross-correlated as shown in Fig. 3.4,
providing us with the time delay between them. In case the OFDM signal
has been transmitted with the CP, it is removed to transform both signals
into the frequency domain through an FFT, obtaining Ỹmeas(k) and X̃theor(k).
It is possible to find the phase shifts between these two signals, describing
in the frequency domain a line with slope mΦ(k) for the active subcarriers
zone. Then, the measured signal can be compensated with the inverse slope

1This acquisitions have been done with the vector signal analyzer configured in raw
mode instead of demodulator mode, retaining multiple samples per transmitted symbol
without interpolation between them
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Figure 3.4 Block diagram of the syncronization algoritm employed for
OFDM signals.
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Figure 3.5 Few first samples of the magnitude of the signal loaded in the
vector signal generator x̃theor(n) and the received signal in the
vector signal analyzer ỹmeas(n′).

phases extracted from a linear function response and is later transformed
into the time domain. Note that along all the process described in Fig. 3.4,
the measured signal only suffers linear operations, providing at the end the
synchronized signal with x̃theor(n): ỹsync(n), as it is shown in Fig. 3.6.
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Figure 3.6 Magnitude, real and imaginary values of the baseband complex
envelope signals x̃theor(n) and the synchronized signal ỹsync(n).

3.3.1 Experimental setup for the study of PAs

A simple experimental setup has been employed to study the presence of
even-order terms in nonlinear systems, as depicted in Fig. 3.7, consisting
in the same Rohde & Schwarz SMIQ02B signal generator and an Agilent
E4407B spectrum analyzer that were employed in Section 3.2. In this case,
the evaluation board of a MAX2430 device (MAXIM Integrated Products)
was employed as the DUT, a silicon medium power amplifier operating
in the range of 800-1000 MHz. All measurements were taken at 915 MHz
using the bias point of 3.6 V recommended by the manufacturer, where the
circuit operates as a class AB amplifier.

The experimental setup in Fig. 3.7 will be employed in Section 5.6.
Some modification in this experimental setup allows us to reuse it in
Section 5.7. These modifications were performed to test a full system under
stronger low-frequency memory effects, replacing the MAX2430 PA by
a medium high PA (model ZHL42W of MiniCircuits Inc., Brooklyn, NY)
with a minimum gain of 30 dB in the frequency range 10-4200 MHz and
a minimum output 1-dB compression point of 28 dBm. The approach in
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Figure 3.7 Diagram of the experimental setup employed for the study of
PAs.

Section 3.3 was employed for the synchronization between the received
and transmitted signals, once the Agilent E4407B spectrum analyzer with
built-in modulation analysis option had been used to down-convert the RF
signal into complex baseband samples.

In Chapter 6 the experimental setup where the DUT is the ZHL42W PA
will be reused again for the experimental validation of a post-compensator
in the receiver side that will be obtained in Section 6.2.1.1. The difference
between this experimental setup and the employed in Section 5.7 is that,
for the signal acquisition process, an Agilent EXA N9010A vector signal
analyzer was employed, equipped with the VSA software. Furthermore,
in this same chapter another update in the experimental setup has been
employed for testing PAs, a Rohde & Schwarz SMU200A vector signal
generator replaced the SMIQ02B while the EXA N9010 was replaced by an
Agilent PXA-VSA89600 to acquire the RF signal and down-convert it into
baseband complex signals. The updated test bench is represented in Fig.
3.8.

3.4 Figures of merit

In this chapter some figures of merit have been already defined, such as
the AM-AM and AM-PM characteristics, the gain versus the input power
and the 1-dB compression point. Other important figures of merit are
widely-used in the nonlinear characterization and they will be necessary
along this dissertation.

To have an idea about the region in which a PA is driven, it is not enough
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Figure 3.8 Diagram of the updated experimental setup employed for the
study of PAs.

to provide the input or output level to the DUT, it is also necessary to
provide the saturation point of this device. The input back-off (IBO) and
output back-off (OBO) figures of merit allow to express the point where a
PA is driven with one value, because of the relative nature of these figures
with respect to the PA input or output saturation levels. These figures
are widely employed by the scientific community (Banelli & Cacopardi,
2000; Costa & Pupolin, 2002; Ryu & Lee, 2003; Ermolova & Vainikainen,
2004; Chiu et al., 2008; Gilabert et al., 2008). Due to the fact that the output
saturation level of a PA is usually provided by manufacturer’s data-sheets,
the most popular of these figures is the OBO, defined in decibels as:

OBO [dB] = 10log
(

Psat

Pout

)
, (3.8)

where Psat is the output saturation power of the DUT and Pout the current
average output power. This figure is very useful to know how far the
PA operates from its saturation level, indicating the amount of expected
nonlinear distortion. The IBO is defined as in equation (3.8) but employing
the input saturation power of the PA and the current average input power.

One of the first figures that researchers give an special attention to know
if a nonlinear response of the device exists is the out-of-band distortion.
Nonlinear systems generate this out-of-band distortion, detectable in the
spectral regrowth of the adjacent communication channels. The spectral
regrowth can be quantified by means of the adjacent channel power ratio
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(ACPR), usually defined as:

ACPR =
Padj

Pinband
, (3.9)

where Padj is the total power in the adjacent channel and Pinband is the power
in the desired channel. Most of the spectrum analyzers or vector signal
analyzers include modules for the computation of this important figure of
merit as shown in Fig. 3.9. In this figure, it can be seen the central channel,
containing the desire information to be transmitted and adjacent channels.
If only the lower or upper adjacent channels are of concern, it is necessary
to make references in order to specify which channel is involved in the
computing of the ACPR, as ACPRl to the lower adjacent channel or ACPRu
to the upper adjacent channel. Both can be computed by:

ACPRl =
Padj,l

Pinband
(3.10)

and

ACPRu =
Padj,u

Pinband
, (3.11)

where Padj,l and Padj,u are the lower and upper adjacent channel power,
respectively. In the frequency-domain, any of the power values above
-represented by {·}- can be computed as:

P{·} =
∫ f2

f1

S{·}( f ) d f , (3.12)

where f1 and f2 are the left and right limits of the considered channel,
respectively, being S( f ) the power spectral density. A numerical reference
should be included to compute second or higher adjacent channels. By
the way, note that the 13.515 MHz bandwidth signal is highly distorted as
shown in Fig. 3.9, being ACPRl =−27.8 dBc and ACPRu =−27.0 dBc.

Nonlinear distortion not only produces spectral regrowth. Another
undesirable effect, maybe the most important, is the in-band distortion.
We refer to the degradation due to the nonlinear effects suffered inside
the original signal bandwidth, containing the desired information to be
transmitted, as in-band distortion. When a receiver demodulates the signal
to extract the transmitted information, only this bandwidth is taking into
account. To evaluate the strength of the in-band distortion, the root mean
square EVM is the correct figure of merit to be employed, quantifying the
distance between the transmitted x̃t,l and received ỹr,l symbols over the
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Figure 3.9 Picture taken from an spectrum analyzer in adjacent channel
power measurement mode.

complex plane as:

EVM [%] =

√√√√√√√√√
L

∑
l=1
|ỹr,l− x̃t,l|2

L

∑
l=1
|x̃t,l|2

×100, (3.13)

where l is the symbol index, being L the total number of symbols used in
simulations or measurements. The EVM is usually expressed in percentage
(%). An equivalent figure of merit, widely-used in DVBT context, is defined
in (ETSI, 2011b) as the modulation error ratio (MER). If we employ the
decomposition in real and imaginary parts: x̃t,l = xI,l + jxQ,l and ỹr,l =
yI,l + jyQ,l , the definition of MER for L transmitted symbols can be written
as:

MER [dB] = 10log


L

∑
l=1

x2
I,l + x2

Q,l

L

∑
l=1

(
yI,l− xI,l

)2
+
(
yQ,l− xQ,l

)2

 (3.14)

One figure of merit is widely employed to assess the predictive accuracy
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in a PA behavioral model. This is the case of the normalized mean square
error (NMSE) (Muha et al., 1999; Liu et al., 2012; Zhu, Pedro, & Brazil, 2006;
Fares et al., 2011; Lima et al., 2011; Moon & Kim, 2011). It is common to
compute this figure with the baseband complex representation of the PA
output measured signal ỹmeas(n) and the model output signal ỹmod(n) when
both cases have been driven with the same input signal. The expression to
compute the NMSE is:

NMSE [dB] = 10log


N

∑
n=1

[ỹmod(n)− ỹmeas(n)]
2

N

∑
n=1
|ỹmeas(n)|2

 . (3.15)

Other application of this figure will be used in Chapter 6. Note that the
NMSE takes into account all the complex samples of the signal and it can
be employed to compare any pair of signals.

We have mentioned the big challenge that represents for RF system
designers the tradeoff between the nonlinear distortion that may be allowed
in a real application and the efficiency of this system. We already know how
the nonlinear distortion can be quantified, we should also know how to
evaluate the performance in terms of energy efficiency in a PA. The power
added efficiency (PAE) figure is widely-used in these cases and it can be
computed as:

PAE [%] =
Pout −Pin

Pdc
×100, (3.16)

where Pout is the RF average output power delivered to the load, Pin the
average input power to the DUT and Pdc the total dc power dissipated by
the device.





4 Experimental nonlinear
characterization and modeling of
quadrature modulators

In a wireless communication system, the first block that uses a radiofre-
quency element is the transmitter, due to a component such as the local
oscillator (LO). The more extended transmitter’s architecture is based on
the use of a quadrature modulator. Quadrature modulators constitute a
fundamental element in any communications transmitter.

If the quadrature modulator is not properly characterized, distortion
behaviors caused by itself could be wrongly attributed to other devices,
such as power amplifiers, mixers or active filters. This would render
linearization techniques applied to them useless.

The principal objective of this chapter is to explain the nonlinear behavior
of a radiofrequency transmitter by means of an analytical model. This
transmitter is composed by a quadrature modulator followed by a power
amplifier (PA).

4.1 Imperfections in a quadrature modulator

Despite the important advances achieved in the characterization of power
amplifiers and signal predistortion in order to compensate for their nonlinear
behavior, quadrature modulators have not been sufficiently studied yet. The
ideally linear behavior of these systems can be affected by impairments that
produce non-negligible intermodulation (IM) products and a degradation of
the bit error rate (BER) when combined with the rest of the communications
system (Cavers & Liao, 1993; Cavers, 1997).

The analog implementations of quadrature modulators suffer from several

51
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Figure 4.1 Squematic representation of a quadrature modulator and it’s
linear imperfections associated to hardware implementation.

deficiencies that lead to the presence of some impairments. Fig. 4.1 shows a
simple representation of a quadrature modulator where the in-phase (I) and
quadrature (Q) paths do not present exactly the same gains, i.e. aI,1 6= aQ,1.
We referred to these different gains in the I and Q paths as gain imbalance.
Another impairment is the imperfection of the 90 degrees-shift needed
between the in-phase and quadrature paths, leading Φ 6= 0. And finally,
there can be a direct current (DC, or commonly dc) offset of the in-phase
and quadrature components represented as aI,dc 6= 0 and aQ,dc 6= 0, due to
the analog to digital converters (ADC) dc offset and active filters, that gives
place to a carrier leakage at the output of the modulator. Besides, the local
oscillator signal can be coupled directly at the output of the modulator.

4.2 Linear models for quadrature modulators

During the last decades, some linear models for the characterization of the
impairments present in quadrature modulators have been proposed. In
(Faulkner et al., 1991), Faulkner proposed an automatic technique to correct
the imperfections of modulators. He focused precisely in the compensation
of the dc offset on one or both the I and the Q baseband paths, differential
gain error between these paths and the phase mismatch error.

This technique is applied in different steps, compensating one by one the
previous imperfections in the next order:

• The quadrature modulator dc offset must be corrected first with a
vector [0,0] that follow the notation [I,Q] and in this case indicates that
no signal is applied to the I or Q paths. Then, small values are adjusted
by means of aI,dc and aQ,dc in Fig. 4.1 until the dc leakage is eliminated.
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• The gain imbalance can be found with the test vector [A,0] and [0,A].
The first of these vectors is used initially, where only the I path is
generating the output signal at the quadrature modulator to compare
when the other vector is applied, in which only the Q path contains
information while the I path is set to 0.

• When the dc offset and the gain imbalance are corrected, the quadra-
ture phase error Φ should be estimated using a signal vector like
[cos(ωt),sin(ωt)]. This vector generates a circular constellation with
a constant amplitude rotating phasor if Φ = 0. In case an ellipse is
detected in the complex plane, the maximum and minimum amplitude
should be extracted to compute Φ, as in (Faulkner et al., 1991), and
latter compensate the quadrature phase error.

The effects of the quadrature modulator impairments have been studied
with a CDMA signal and reported in (Runton et al., 2000). This study
is based in the modulator compensation circuitry proposed by Faulkner.
By artificial introduction of dc offset, gain imbalance and quadrature
phase error the authors show the spectrum degradations due to these
imperfections. The original spectrum is modified mainly by the dc-offset
and the quadrature phase error, in which the authors report a 6 dB of ACPR
degradation when quadrature phase is shifted 12◦.

Another frequency-independent or static model, as the Faulkner’s model,
was also proposed by Cavers in 1993. This analytical model can be seen
in Fig. 4.2 and is reported in (Cavers & Liao, 1991, 1993; Cavers, 1996,
1997). In these contributions the authors have begun their studies with the
physical structure of a quadrature modulator and a knowledge of the main
impairments that can be found in a quadrature modulator. These works
summarized these imperfections and it is convenient to formally define
them with the nomenclature of this thesis as:
• Gain imbalance: This quantity informs about the ratio between the

gain along the path I, denoted by aI,1, and aQ,1 the gain along the path
Q. The gain imbalance is denoted in these works as εm and can be
computed as:

εm =
aI,1

aQ,1
−1. (4.1)

It can be deduced that this imbalance is produced by the mismatch
between the electronic components on each path, i.e. DAC, mixers.

• Phase imbalance: Denoted by Φ, as it was mentioned before, it is the
quantity that differs with the ideal 90◦ needed between the I and Q
paths.

• dc offset: It is introduced in these works as aI,dc in the I path and
aQ,dc for Q path and represents the dc components generated by the
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Figure 4.2 Analytical model of a quadrature modulator proposed by Cavers.

active components in the quadrature modulator as the DAC, active
reconstruction filters, etc. can be. Moreover, the local oscillator signal
coupled directly at the output of the modulator is another cause to
detect a dc component in baseband representation of the output signal
or carrier leakage in the bandpass form.

The above imperfections can be quantized due to figures of merits
obtained by Cavers. In (Cavers, 1997), the output vq(t) of Fig. 4.2 is
approximated to:

vq(t)≈ vd(t)+Bv∗d(t)+C, (4.2)

where C represents the complex dc offset and B was previously approxi-
mated to:

B =
εm + jΦ

2
. (4.3)

The approximations mentioned before are justified due to the small values
that are usually presented by the quadrature modulators, as it is recognized
in (Cavers, 1997). The complex conjugate of vd that appears in equation (4.2)
gives us an immediate idea that the term B is associated to the image of the
desired signal vd(t). A simple form to identify this term is when an offset
tone is injected in the quadrature modulator as it will be demonstrated later.
The power associated to the center of the channel is computed from |C|2,
being C = aI,dc + jaQ,dc the term associated with the carrier leakage due to
the dc offset.

Cavers provides the Image Supression Ratio (ISR) figure of merit that can
be computed as:

ISR = |B|2 = ε2
m +Φ2

4
(4.4)

and the DC Supression Ratio (DSR) figure of merit that uses a term related
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with the power of the input signal, denoted by xm in equation (4.5).

DSR =
|C|2
xm

, (4.5)

Note that these quantities are easily measured with a spectrum analyzer
when the quad mod input is a single offset tone: DSR is the residual carrier
level, and ISR is the level of the image on the opposite side of the carrier,
both of them relative to the level of the tone (Cavers, 1997).

In addition to these frequency-independent or static models, a frequency-
dependent model and compensation technique was presented in (Ding et
al., 2008). Despite their different approaches, these works are based on the
use of simple linear analytical models for the quadrature modulator that
only account for dc offsets, differential gain and quadrature phase errors
between the I and Q paths.

4.3 Experimental linear characterization of a communications transmitter

The first problem to be addressed for the correct characterization of the
transmitter is the assessment of the impairments studied in Section 4.1.
In this way, an experimental linear characterization, reported in (Allegue-
Martı́nez, 2010), is conducted following the model proposed by Faulker
combined with Cavers’s contribution, which have been both reviewed in
Section 4.2. This linear characterization is accomplished with an experi-
mental setup adapted to the standard equipment available nowadays in a
communications laboratory, which has been described in Section 3.2.

4.3.1 Measurement of ISR and DSR

With the use of an spectrum analyzer, the measurement of the ISR defined
in equation (4.4) is simple as was mentioned before. Note that this quantity
is relative to the power of the injected offset tone and the power measured
at its frequency image as can be seen in Fig. 4.3. The DSR is obtained
similarly as the ratio between the power of the tone and the power residue
in the frequency employed for the RF carrier ( fc = 915 MHz).

Fig. 4.3 was obtained when the carrier power was fixed to -15 dBm
and an arbitrary waveform modulation was employed in the quadrature
modulator in which the signals in I and Q paths correspond with cosine and
sine functions, respectively. As can be seen in this figure too, the frequency
of the offset tone fm was fixed to 1 MHz. In order to obtain Fig. 4.4, the
modulation frequency fm was swept from 10 KHz to 5 MHz and the output
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Figure 4.4 Modulation frequency sweep, fm, for an input power of -15 dBm,
(a) power values of the offset tone, RF carrier and image residue
of the injected tone; (b) ISR and DSR values for each fm.
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Figure 4.5 Modulation frequency sweep, fm, for an input power of -15 dBm
when two tones are generated with [cos(2π fmt),0] in I and Q
paths, respectively. The power values correspond with the upper
tone, lower tone and the dc leakage.

power levels were measured for each value of fm in a spectrum analyzer.
Note that the accuracy of these measurements was optimized by changing
the span, the resolution bandwidth and the reference level of the spectrum
analyzer for each fm value.

From Fig. 4.4(a), a slight variation of the measured power in the image
and RF carrier frequencies can be observed along the fm sweep. Fig. 4.4(b)
presents the values of ISR and DSR obtained for a set of different modulation
frequencies and confirms that those variations are insignificant.

4.3.2 Computation of the gain and phase imbalances

Two tones were generated in the vector signal generator with a cosine
function in the I path and zeros in the Q path, which is referred to as
[cos(2π fmt),0], with a tone spacing ∆ f = 2 MHz. This signal allows us to
Faulker’s algorithm for the gain imbalance estimation. In Fig. 4.5, the
output power of the modulator has been measured for the tones frequencies
fc + fm and fc− fm while a sweep of fm has been performed too.

Fig. 4.5 shows the similitude in the power values obtained for each
tone along the fm sweep. The red line, that corresponds with fc + fm, is
overlapped with the power measurement in black for the tone at fc− fm.
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(a) difference between the power on each tone ( fc+ fm and fc− fm)
for the input signal [cos(2π fmt),0] and [0,cos(2π fmt)]; (b) gain
imbalance computed with equation 4.1 and the measurements
in (a).

The next step is to use the cos(2π fmt) function that was employed for the
I path in the Q path now, represented as [0,cos(2π fmt)] which means that
the I path was set to zero. A measurement similar to the case of Fig. 4.5 was
performed and the same results were obtained, so the figure will be omitted.
However, Fig. 4.6(a) reveals some gain imbalance. This figure presents the
difference between the measured power level at the same frequency point
when first, the signal [cos(2π fmt),0] is used and in a second measurement
the signal [0,cos(2π fmt)] is loaded to generate the two tones signal.

The gain imbalance is computed with equation (4.1) for each fm value
in Fig. 4.6 (b). There are differences between the gain along the I and Q
paths for both the lower and the upper tone although they produce a gain
imbalance varying from -0.2 dB to 0.2 dB only for all the tone spacing values
employed.

In Fig. 4.7 the error in the quadrature phase is estimated with the use of
equation (4.4). This error in the ideally 900 needed is not greater than 30 for
any of the fm values employed in the measurement.
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Figure 4.7 Phase imbalance estimation.

4.4 Nonlinear modeling of quadrature modulators

4.4.1 Neccesity of the nonlinear modeling

If Caver’s model in Fig. 4.2 is used with a signal uI(t) in the I path and uQ(t)
in the Q path, the output complex envelope of the quadrature modulator
S̃lmod(t) is:

S̃lmod(t) = aI,dc +aI,1uI(t)+aQ,1uQ(t)sinΦ+ j
[
aQ,dc +aQ,1uQ(t)cosΦ

]
. (4.6)

Let us consider that two tones are generated by two identical cosine
driving signals in the I and Q paths as:

uI(t) = AI cos(ωmt), (4.7)

uQ(t) = AQ cos(ωmt). (4.8)

When equations (4.7) and (4.8) are evaluated in (4.6) the result is:

S̃lmod(t) = aI,dc +aI,1AI cosωmt +aQ,1AQ sinΦcos(ωmt)+

+ j
[
aQ,dc +aQ,1AQ cosΦcos(ωmt)

]
, (4.9)

and applying the bandpass equivalence (4.10) equation (4.11) is obtained.
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SlmodBP(t) = Re
{

S̃lmod(t) · e jωct
}
, (4.10)

SlmodBP(t) = aI,dc cos(ωct)−aQ,dc sin(ωct)−aQ,1AQ cosΦsin(ωct)cos(ωmt)+

+aI,1AI cos(ωct)cos(ωmt)+aQ,1AQ sinΦcos(ωct)cos(ωmt). (4.11)

Equation (4.11) can be expanded into:

SlmodBP(t) = aI,dc cos(ωct)−aQ,dc sin(ωct)+

+
aQ,1AI

2
{cos [(ωc +ωm)t]+ cos [(ωc−ωm)t]}+

+
aQ,1AQ

2
sinΦ{cos [(ωc +ωm)t]+ cos [(ωc−ωm)t]}−

−
aQ,1AQ

2
cosΦ{sin [(ωc +ωm)t]+ sin [(ωc−ωm)t]} . (4.12)

Note that equation (4.11) explains the carrier leakage with the two
first terms at the output of the quadrature modulator due to the causes
explained before. The terms corresponding with the fundamental tones are
also symmetrical, it means that the same amplitude is obtained in upper
(ωc +ωm) and lower (ωc−ωm) tones. Then, as the linear model that it is, it
cannot explain traces like the one in Fig. 4.8.

Fig. 4.8 shows the measured output spectrum of the modulator for two
tones centered at fc = 915 MHz with a separation ∆ f = 2 MHz and a carrier
level of 10 dBm. A considerable amount of intermodulation products can be
observed, with non-negligible levels. There are odd-order and even-order
intermodulation (IM) products at frequencies fc±m fm for m = 0,2, ...5. This
signal should not be considered as the ideal two tones for testing our DUT,
when in fact, it is degraded by nonlinear distortion. As it is well known,
quadrature modulators are present in most of the RF experimental setups
to generate arbitrary or formatted standard test signals employed in the
validation of theoretical approaches.

4.4.2 Nonlinear models for quadrature modulators

Different approaches for the nonlinear characterization of quadrature
modulators have been considered in the last decades. These studies have
been addressed initially by Wisell by means of a frequency-independent
nonlinear model, reporting simulations in (Wisell & Oberg, 2000) and
measurements in (Wisell, 2000). In these papers, the identification of
nonlinearities was supported by a separate study of amplitude and phase
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Figure 4.8 Two-tone spectrum at the output of the modulator for a carrier
power of 10 dBm.

distortions, deducing the coefficients of the model by means of total phase
error measurements for a fixed power level and for a specific value of ∆ f in
a two-tones measurement. The total phase error is computed as indicated
by equation (8) in (Wisell, 2000).

Another approach to identify the coefficients of a nonlinear quadrature
modulator model consists in considering different signal levels, like in (M. Li
et al., 2006). This publication assumes that the baseband nonlinearities can
be represented in each path by the envelope complex power series G̃I and
G̃Q as:

G̃I [uI(t)] =
N

∑
n=0

ãI,2n+1u2n+1
I (4.13)

G̃Q
[
uQ(t)

]
=

N

∑
n=0

ãQ,2n+1u2n+1
Q , (4.14)

being ãI,2n+1 and ãQ,2n+1 the coefficients of the complex series and the
order of the nonlinearities is addressed by 2N +1. Note that this approach
considers only the odd-order terms of the complex power series to represent
all the impairments of a quadrature modulator. Fig. 4.9 shows the block
diagram of this model and it can be seen that baseband nonlinearities for
the I and Q paths are independently established (M. Li et al., 2006).
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Figure 4.9 Baseband equivalent nonlinear model proposed by Li et al.

Nonlinear models for quadrature modulators consider not only their
classical linear impairments but also the nonlinear behaviors due to the
elements used to construct them. This means that they consider the
nonlinear behavior of the RF power amplifier and also the nonlinearities in
both the I and Q paths, that are attributed to the baseband digital-to-analog
converters, the active reconstruction filters, mixers and baseband amplifiers.

An additional example of model coefficients identification varying the
input level was presented in (Gadringer et al., 2008). This model has a
strong similitude with the model of the quadrature modulator impairments
in Fig. 4.1 but with the inclusion of baseband nonlinearities in both paths
and in the output of the modulator modeled by third-order polinomials
and a third-order power series, respectively.

For the extraction of the coefficients involved in the model, one-tone
and two-tone characterizations were combined taking into account linear
and nonlinear distortion during the fit. The asymmetry between the upper
and the lower distortion products and their frequency dependence were
measured. A multi-sine baseband signal composed of 100 tones located
in baseband frequencies from 0 to 20 MHz was employed for the model
validation with excellent agreement between measurements and simulation.

One of the most recent works about quadrature modulator nonlinear
characterization is reported in (Cao et al., 2009). A dual-input nonlinear
model based on a Volterra representation was proposed as Fig. 4.10 shows.
Note that a relationship between the baseband paths was considered.

A 8 MHz bandlimited white noise signal was employed for the vali-
dation of the model and the inverse model was implemented as an I/Q
imbalance precompensator with excellent results. However, a total of
570 real coefficients were necessary to achieve better results than a linear
FIR filter proposed in (Ding et al., 2008). This contribution proposes a
frequency-dependent linear model to apply compensation of gain and phase



4.5 Adopted nonlinear model and experimental characterization of the communication transmitter 63

Figure 4.10 Baseband equivalent nonlinear model proposed by Cao et al.

imbalance in predistortion linearization too and adopts a linear baseband
model with architecture similar to (Cao et al., 2009), with coefficients that
relate the I and Q paths. Both reports employ a fixed operation point.

4.5 Adopted nonlinear model and experimental characterization of the com-
munication transmitter

To predict the behavior of the quadrature modulator employed in the
experimental setup, a nonlinear approach is necessary due to the limitations
discussed in Subsection 4.4.1. By means of these nonlinear models, it is
possible to explain all the IM products observed in Fig. 4.8.

Taking into account all the impairments that should be explained and
the different approaches in the literature, the nonlinear analytical model of
Fig. 4.11 is adopted (M. J. Madero-Ayora et al., 2009, 2011). A simplified
scheme like that shown in Fig. 4.11 could be assumed for all these nonlinear
models, where the input signals are the baseband I and Q channels and
the output is the RF bandpass modulated signal, represented in terms of
its complex envelope. Diverse alternatives can be considered within this
model. In its most general form, it presents different characteristics for the
I and Q paths containing a dc offset, which allows the model to account
for gain and phase imbalances and carrier leakage. While the output RF
amplifier exhibits a bandpass nonlinear characteristic, the I and Q paths
constitute baseband nonlinear blocks.

As one of the objectives of this thesis is the nonlinear characterization of
the modulator, the model shown in Fig. 4.11 will be adopted with some
simplifications based on the results of a preliminary linear characterization
of the modulator under study in Section 4.3, in which no relevant gain or



64 Chapter 4. Experimental nonlinear characterization and modeling of quadrature modulators

Amp

BB 

NL

BB 

NL

90 !"

( )Ix t( )Iu t

( )Qu t ( )Qx t

( )x t ( )lx t ( )y t 

L.O

cos( )ct 

l

Figure 4.11 Simplified scheme of the nonlinear model for a quadrature
modulator.

phase imbalances were found. Furthermore, no error is assumed in the
quadrature shifter as a result of the study in Section 4.3 too. Thus a balanced
modulator will be considered in which both I and Q paths are modeled
by fifth-order polynomials, being baseband nonlinear blocks that consider
odd- and even-order terms as it can be found in (Maas, 1988; Weiner &
Spina, 1980):

xI,Q(t) =
R

∑
r=0

arur
I,Q(t), (4.15)

with a1 = 1 and Φ = 00. The different signal levels will be considered by
means of an ideal linear block with variable gain, which differentiates this
scheme from the previously proposed. Finally, the following third-order
(P = 3) memoryless bandpass nonlinear response will be assumed for the
RF amplifier, following the equation (J. Pedro & Maas, 2005):

ỹ(t) =
P

∑
p=0

g2p+1|x̃l(t)|2px̃l(t), (4.16)

where the g2p+1 are odd-order coefficients for the relationship between
the input complex envelope x̃l(t) entering the RF amplifier and the output
complex envelope ỹ(t).

4.5.1 Model Coefficients Extraction

In contrast to (Wisell, 2000), where a fixed operation point is used to identify
the parameters of the model, in this approach different signal levels will be
taken into consideration.
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For the extraction of the model coefficients a power sweep in the trans-
mitter is performed along the l parameter in Fig. 4.11. Due to the analysis
of Fig. 4.8 an experimental setup was prepared to follow the fundamental
tones, the carrier residue and the intermodulation products up to 5-th order
while the input level is swept. The experimental setup is described in
Section 3.2.

A two-tone power sweep was performed, for which the two-tones were
formed by using a double-sideband suppressed-carrier signal modulated
by a sinusoidal baseband waveform with frequency fm = 1 MHz producing
two coherent tones with the same level and an exactly constant tone spacing
∆ f = 2 fm with a center frequency fc = 915 MHz. With the purpose of
characterizing both baseband paths of the quadrature modulator the next
signal was used to generate the two-tones:

uI(t) = A0I cos(2π fmt +φ1)

uQ(t) = A0Q cos(2π fmt +φ2), (4.17)

making A0I = A0I = 1 and absolute phases φ1 = φ2 = 00. The magnitude
of the IM products was measured in the spectrum analyzer. It should
be mentioned that, despite being a standard method for PAs, two-tone
tests are a quite novel approach for the nonlinear modeling of quadrature
modulators (Gadringer et al., 2008).

Evaluating u(t) = uI(t) = uQ(t) in equation (4.15) with R = 5, the complex
envelopes x̃(t) and x̃l(t) can be obtained (Allegue-Martı́nez, 2010). Note
that the same baseband nonlinearity is being assumed for the relationship
between uI(t) and xI(t) than for the relationship between uQ(t) and xQ(t),
with a unique set of parameters a0,a1, . . . ,a5 since a balanced model is being
assumed.

Once x̃l(t) is computed, equation (4.16) is employed to obtain the complex
output of the transmitter ỹ(t). All these substitutions were checked up in
the Matlab toolbox Symbolic Math. The terms associated with the amplitude
of each IM product are obtained with equation (4.10). As an example, for
the second order IM products (IM2) the following equation was obtained:

y(t)| fc+2 fm
=

1
8

g1a4l +2g3l3 (C1 +C2 + . . .+Cc) , (4.18)

where each of the terms C1,C2, . . . ,Cc represent scaled combinations of the
baseband coefficients. The closed-form expression was truncated in order
to avoid the inclusion here of the twenty-seven terms between brackets.

The parameters involved in the balanced nonlinear model have been
estimated in the least-square-error sense, an extended approach for the
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estimation of model coefficients (Cao et al., 2009; Morgan et al., 2006; Zhu,
Pedro, & Brazil, 2006). This method is expressed in matrix form as:

θ = (XT X)
−1 XT Y, (4.19)

where X is a matrix in which each column contains product terms that
are defined by the model whose coefficients need to be estimated. In the
least-square-error approach, the data that we want to fit are allocated in the
vector Y, where the samples correspond with the same sampling rate that
the input samples employed to compute the matrix X. Along this thesis, the
vector Y is usually created with measurements taken from an experimental
setup. The coefficients of the model are obtained in vector θ with equation
(4.19). An example is provided in equation (4.20).

Using the expressions that characterize each of the IM products, an strat-
egy to obtain the coefficients is followed. The coefficients were estimated
in a logical order and using certain simplifications based on the power
sweep performed; depending on the range of power level considered, it is
possible to separately estimate groups of coefficients that will later help to
find the unknown ones. For example, employing the measurements with
low power levels the coefficient g1 could be extracted, ensuring a linear
behavior of both the transmitter and the receiver for which each spectral
component is measured.

After the identification of g1, the baseband even-order coefficients a0,a2
and a4 were computed using the IM products in which they have important
contribution as it is represented in matrix form by:

θ =

a0
a2
a4

=



g1l 1
2 g1l 3

8 g1l
...

...
...

· · · · · · · · ·
0 1

2 g1l 1
2 g1l

...
...

...
...

...
...

· · · · · · · · ·
0 0 1

8 g1l
...

...
...

...
...

...



+

·



ymed | fc
...
· · ·

ymed | fc±2 fm
...
...
· · ·

ymed | fc±4 fm
...
...



, (4.20)

where X+ = (XT X)
−1 XT , (1). In (4.20) the measurements at each IM product

1X+ stands for the pseudoinverse of matrix X
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Table 4.1 Estimated coefficients.

Coefficient Estimated values

a0 0.0009340
a2 -0.0010174
a3 -0.0008589
a4 0.0014006
a5 0.0010228
g1 0.9953000
g3 0.0570360

ymed | fc
, ymed | fc±2 fm

and ymed | fc±4 fm
are delimited by the horizontal dots line.

As a symmetrical model, the behavior at the lower second-order IM product
( fc−2 fm) and the upper IM2 product ( fc +2 fm) are explained by the same
equation (4.18).

A similar procedure is followed for the estimation of the rest of parameters
involved in the model to fill the Table 4.1. It can be observed that the
coefficients of the baseband polynomials are substantially smaller than the
linear term, which is in concordance with the weak levels measured for the
intermodulation products in general.

4.5.2 Comparison between simulation and measurement

The measurements employed for the extraction of the coefficients are
summarized in Figs. 4.12-4.15 (Allegue-Martı́nez, 2010; M. J. Madero-
Ayora et al., 2011). Different slopes can be experimentally observed in
these measurements. The fundamental tones presented in Fig. 4.12 show
a 1 dB/dB slope for virtually the whole range of power levels available
in the generator while the third-order IM products (IM3) exhibit both
1 dB/dB and 3 dB/dB slopes, indicating a nonlinear operation zone of
an RF amplifier (which represents the cascade of the RF amplifier in the
quadrature modulator and the RF stages in the spectrum analyzer used as
the receiver) for large values of the input level. Notice that the fundamental
tones have a linear performance for all the values used in the sweep and a
symmetrical behavior is detected between the lower and upper tones. Also,
the symmetry is conserved in the IM3 as indicated in Fig. 4.12. As it can be
observed, the simulated power sweep presents a good agreement with the
measurements for the fundamental tones and the IM3.

In Fig. 4.13 the carrier residue at the output of the modulator is shown.
Its level presents a 1 dB/dB slope with the input level for the whole range of
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Figure 4.12 Level of the fundamental tones and IM3 at the output of the
modulator versus the carrier power. Measurements (marks)
and simulation (solid line).

powers available, but the measured level is very weak. The carrier residue
is more than 60 dB below the fundamental tones. Moreover, this figure
reveals that the second-order IM products (IM2) present a 1 dB/dB slope,
in contrast to the theoretical 2 dB/dB slope expected for a second-order
distortion component, and a notable asymmetry between the measurements
in fc +2 fm and fc−2 fm. The asymmetrical behavior of IM2 detected can
not be explained by a balanced polynomial model for the in-phase and
quadrature paths. However, the model is adjusted to the tendency of
this performance and the carrier residue presents an excellent agreement
between measurements and simulation.

Fig. 4.14 shows the fourth-order intermodulation (IM4) products that
present a 1 dB/dB slope, similarly to the IM2 in Fig. 4.13. However, the
asymmetry between them has been considerably reduced and the modeled
output y(t) predicts the measured values.

The fifth-order intermodulation (IM5) products are represented in Fig
4.15, in which again two different slopes are observed. The 1 dB/dB slope
implies that the RF amplifier is behaving linearly. As the nonlinear terms in
the RF amplifier start being important, a 3 dB/dB is observed. The reason
why the simulated fifth-order intermodulation products do not reach the
3 dB/dB slope can be attributed to the fact that higher input levels are
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Figure 4.13 Level of the carrier residue and IM2 at the output of the mod-
ulator versus the carrier power. Measurements (marks) and
simulation (solid line).
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Figure 4.14 Level of the IM4 at the output of the modulator versus the
carrier power. Measurements (marks) and simulation (solid
line).
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Figure 4.15 Level of the IM5 at the output of the modulator versus the
carrier power. Measurements (marks) and simulation (solid
line).

necessary for the change of slope to be noticeable.
It must be noticed that, despite its simplicity, the adopted nonlinear model

is able to explain the measured characteristics, predicting the measured
slopes of the different distortion components. The standard deviations,
in (Papoulis, 2002), of the measurements at the intermodulation products
with respect to the predictions of the estimated model are gathered in
Table 4.2. It can be observed that the deviation between the model and the
measurements increases in some cases, where an asymmetrical behavior
has been detected between the upper and the lower IM products.

4.6 Sweeping the modulation frequency

A two-tone test was performed by varying both carrier power from -30 dBm
to 10 dBm and tone spacing between 20 kHz and 10 MHz to assess the
frequency dependence of the distortion products. Measurements of the
resulting IM products are depicted in circles in Figs. 4.16-4.18 versus both
the tone spacing and carrier power. They present nonconstant levels with
the different tone spacings, which is an indication of the presence of memory
effects (Vuolevi, Rahkonen, & Manninen, 2001).
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Figure 4.16 Level of the carrier residue versus tone spacing and carrier
power. Measurements (circles) and simulation (wireframe).
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Figure 4.17 Level of IM2 versus tone spacing and carrier power. Measure-
ments (black and white circles for IM2l and IM2u, respectively)
and simulation (wireframe).



72 Chapter 4. Experimental nonlinear characterization and modeling of quadrature modulators

Table 4.2 Standard deviations between simulation and measurement.

Frequency Standard deviation Frequency Standard deviation

fc 1.5795 · · · · · ·
fc + fm 0.1218 fc− fm 0.1137

fc +2 fm 4.1725 fc−2 fm 10.3086
fc +3 fm 3.6818 fc−3 fm 3.9412
fc +4 fm 1.9561 fc−4 fm 1.3146
fc +5 fm 7.2480 fc−5 fm 9.9546
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Figure 4.18 Level of IM3 versus tone spacing and carrier power. Measure-
ments (black and white circles for IM3l and IM3u, respectively)
and simulation (wireframe).

The observed variation has been confirmed to be consistent and therefore
it cannot be attributed to noise or measurement errors but to a real behavior
of the device. However, the prediction of a memoryless model, shown in
Figs. 4.16-4.18 with a wireframe, does not depend on ∆ f and it only adjusts
the average value of the measured IM levels. Again, the observed change
in the slope of IM3 is adequately predicted by the model.

In addition to this, experimental observations suggest that there is a
threshold carrier level before which the RF amplifier behaves quasilinearly
and the output nonlinear distortion components, both even-order and
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odd-order, are attributed to the baseband I and Q paths. Above the
aforementioned threshold, the odd-order nonlinearities of the RF amplifier
prevail and a slope of 3 dB/dB is measured for IM3. Some interesting
characteristics in the variations with ∆ f must be noticed: they occur for
carrier power levels for which the IM products are very weak, at least
60 dB below the tones level. In the case of the product, presented in Fig.
4.18, this dependence disappears when the carrier level is above -5 dBm.
Furthermore, the slope of 1 dB/dB maintained until this point changes to the
expected 3 dB/dB slope for levels above -5 dBm. Two distinguished zones
can be noticed from the behavior of IM3: the 1 dB/dB slope dependent on
∆ f and the 3 dB/dB slope with a weak dependence on tone spacing. The
intermodulation products at fc± 3 fm have the same behavior along the
two swept variables and no significant asymmetry was measured between
them.

Furthermore, an asymmetry up to ±15 dB between the upper and the
lower IM products (IMu and IMl , respectively) is recognizable in some of
the measurements, being specially remarkable for IM2 as observed for the
black and white circles shown in Fig. 4.17. These features indicate that
the observed memory effects are caused mainly by the nonlinear transfer
functions modeling the baseband I and Q paths.

For a better visualization of these behaviors, the measured level of all
IM products have been depicted separately in Appendix C. This appendix
mainly presents the measurements for the sweep in the input level and
modulation frequency performed in this section. The first figure of Ap-
pendix C is used to represent the symmetry between the fundamental tones
along the modulation frequency sweep.

4.6.1 On the asymmetryc in the quadrature modulator

The nonlinear symmetrical model identified in Section 4.5.1 explains the
fundamental behavior of the transmitter. However, in some cases, it would
be desirable to explain some additional experimental observations like the
ones presented in Figs. 4.16-4.18.

For all the measured IM products, the asymmetry between the upper
and lower IM2 products is one of the most relevant observations of the
measurements performed. Fig. 4.19 represents only the measurements of
IM2l and IM2u. Appendix A contains the rest of the IM products measured.

This notable asymmetrical behavior is clearly observed in Fig. 4.20 for the
IM2 products. The slope of 1 dB/dB is the same for both and a dependence
on tone spacing is clearly present. We take advantage of the linear behavior
at fc± fm and its independence on the modulation frequency to provide a
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Figure 4.19 Measurement level of IM2 products versus the carrier power
and tone spacing: (a) IM2l and (b) IM2u.
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better display of the asymmetry, as it is shown in the vertical axis of Fig.
4.20.

To explain the previously mentioned asymmetrical behavior at IM2, where
the quadrature modulator exhibits the major differences of measured levels
between fc +2 fm and fc−2 fm, a study has been conducted to reproduce
the experimental observations in a simple form (Allegue-Martı́nez et al.,
2010). Notice that the RF power amplifier nonlinearities are not present for
low carrier levels, where the asymmetry at IM2 and dependence on ∆ f are
already observed.

A Volterra series analysis has been carried out. To study more in depth the
Volterra analysis, the derivation, significance and importance of Nonlinear
Transfer Functions (NLTFs), please refer to Subsection 5.4.2.

While only the linear coefficient g1 has been considered in the RF power
amplifier for low carrier levels, two sets of NLTFs at baseband are needed,
HIn/Qn( f1, ..., fn), one per each I/Q path as shown in Fig. 4.21. Subscripts in
H represent I or Q baseband model path and nth-order NLTF, respectively.
Consider the same signal used in (4.17) for both baseband paths expressed
by convenience as:

uI(t) = uQ(t) =
A
2
(
e j2π fmt + e− j2π fmt

)
. (4.21)

Following the analytical model proposed in Fig. 4.21, the linear output for I
and Q paths, xI1/Q1, can be obtained in terms of the linear transfer functions
HI1/Q1:

xI1/Q1(t) =
A
2
[
HI1/Q1( fm)e j2π fmt +HI1/Q1( fm)e− j2π fmt

]
. (4.22)

As mentioned before, only the linear coefficient g1 is needed to explain the
observed behavior. Therefore, the linear output complex envelope of the
quadrature modulator is simply obtained as

ỹ1(t) = g1l
[
xI1(t)+ jxQ1(t)

]
. (4.23)

In a similar way, the second-order signals xI2/Q2(t) and ỹ2(t) are obtained
in equations (4.24) and (4.25) in terms of the baseband NLTFs, respectively.

xI2/Q1(t) =
A2

4
[
HI2/Q2( fm,− fm)+HI2/Q2(− fm, fm)+

+HI2/Q2(− fm,− fm) · e− j2π2 fmt+ (4.24)

+HI2/Q2( fm, fm) · e j2π2 fmt
]
,
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Figure 4.21 Analytical model for the characterization of the asymmetry
measured at IM2.

ỹ2(t) = g1l
[
xI2(t)+ jxQ2(t)

]
. (4.25)

After the substitution needed in equation (4.25), the output complex enve-
lope is described by

ỹ2(t) =
g1lA2

4
[HI2( fm,− fm)+HI2(− fm, fm)+

+HQ2( fm,− fm)e jπ/2 +HQ2(− fm, fm)e jπ/2+

+H∗I2( fm, fm)e− j2π2 fmt +HI2( fm, fm)e j2π2 fmt+ (4.26)
+H∗Q2( fm, fm)e− j(2π2 fmt−π/2)+

+HQ2( fm, fm)e j(2π2 fmt+π/2)
]
,

where (∗) stands for complex conjugate. Note that the first four terms in
equation (4.26) are the dc contribution of the second-order terms, or carrier
residue in the real output signal. Regrouping the terms that contribute
to the output signal at fc±2 fm, the envelope resulting from the analytical
model can be expressed in terms of the magnitude and phase of the NLTFs
as:

ỹ fc±2 fm
(t) =

g1lA2

4
×

×
{
|HI2( fm, fm)| · e± j[2π2 fmt+ΨI2( fm, fm)]+ (4.27)

+|HQ2( fm, fm)| · e± j[2π2 fmt+ΨQ2( fm, fm)±π/2]
}
,

where Ψ is the phase of the NLTFs. For the sake of simplicity, the phase
difference ∆Ψ = ΨI2( fm, fm)−ΨQ2( fm, fm) can be defined. The model output
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Figure 4.22 Level of the lower IM2 (IM2l) product versus tone spacing and
carrier power. Simulation (mesh surface) and measurements
(in black dots).

level at the upper and lower IM2 products, referred to a real Z0 load, can be
expressed as

Pfc±2 fm
( fm) =

l2g2
1A4

16 ·2Z0
×

×
{
|HI2( fm, fm)|2 + |HQ2( fm, fm)|2± (4.28)

± 2|HI2( fm, fm)||HQ2( fm, fm)| · sin(∆Ψ)
}
.

The parameters involved in equation (4.28) have been estimated by the
least-square approach discussed in Section 4.5.1. Fig. 4.20 shows the level
predictions at fc + 2 fm and fc− 2 fm for an input level of -10 dBm. An
asymmetry is observed that reaches up to 25 dB in both, measurement and
simulation. A good aggrement between these is achieved. Furthermore,
Fig. 4.22 and Fig. 4.23 were obtained to demonstrate the good performance
of the adopted model to predict the asymmtries in the even IM products
for all the modulation frequency values applied to the transmitter.
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5 Behavioral models for power
amplifiers

The behavioral modeling in the RF research field has been dedicated in
a large percentage to the characterization of the observed effects in the
PAs. Behavioral models for PAs could be defined as black-box methods
that predict the output of the device without knowledge of its nonlinear
internal structure. It is only necessary to review the call for papers of the
most important conferences in the last decade to realize that a considerable
number of studies are dedicated by the international scientific community
to this topic.

Nonlinear devices and specially PAs generate co-channel and adjacent-
channel interference due to the intermodulation and spectral regrowth.
Therefore, behavioral models need to reproduce a big amount of nonlinear
effects that are continuously found in laboratory measurements.

It is convenient to establish the type of models that we are interested in
describing in this thesis. First of all, based in the applications that we are
studying, this work deals with system-level models instead of circuit-level
models. Furthermore, the wireless communication environment can be
studied with low-pass equivalent models since the envelope information
signal it is enough to provide a full prediction of the performance of the
entire system, and later, this modeling can be applied beyond the prediction
of an input signal. Some models have been studied in terms of the complete
RF signal, but in our case the baseband complex representation is able to
describe the PA response in the fundamental zone. Both approaches are
mathematically represented if the expression (4.10) is reused for a bandpass
signal in the next form (J. Pedro & Maas, 2005; Schreursj et al., 2008):

sBP(t) = Re
{

r(t) · e j[2π fct+φ(t)]
}
, (5.1)

79
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being
sLP(t) = s̃(t) = r(t) · e jφ(t) (5.2)

the complex envelope that modulates the RF carrier frequency fc. A general
classification in (Schreursj et al., 2008) refers to this as application-based
classification.

Other classifications are possible, for example, depending on the PA under
characterization and the RF operation point under use a certain model can
include short-term and/or long-term memory effects (Schreursj et al., 2008).
We will describe them in a later subsection. Also, depending on the degree
of nonlinear behavior of the PA, we can classify it as linear or quasi-linear,
weakly nonlinear, mildly nonlinear and strongly nonlinear. Continuing
with a classification of behavioral models, the model structure involves
other properties of the models. This thesis considers only the parametric
models, which means that the system input and output are related by a
matrix or a vector of parameters that we denote as coefficients and whose
extraction was detailed in Section 4.5.1, while the nonparametric models
have a tendency to employ look-up table methods. Also, the majority of
models describe the relation between an equidistantly sampled input and an
equidistantly sampled output to perform predictions in a discrete-domain,
instead of a continuous-time representation by a nonlinear differential
equation. Mainly, in this text, the reader will be able to distinguish between
models that either consider or not different memory effects.

5.1 Memoryless models

The simplest form to obtain a behavioral model is the assumption that
the device do not contains memory effects. This means that the output
envelope reacts instantaneously to variations in the input envelope. In the
case that the device under study can be considered as a purely resistive
circuit, its model is strictly-memoryless, i.e. a system that can be modeled
with real-valued coefficients and possesses a constant AM-PM conversion
(Raich & Zhou, 2002). In this thesis we referred to as memoryless model to
the quasi-memoryless case, which possesses AM-AM and AM-PM conversion
(Bosch & Gatti, 1989).

5.1.1 Saleh models

The development of the first behavioral models were accomplished for
traveling-wave tube (TWT) amplifiers. The studies that performed these
models began with the analysis of the AM-AM conversion and AM-PM
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conversion separately. One example of this type of model was reported
in (Saleh, 1981a). The original formulation to explain the behavior of the
AM-AM distortion introduced by a TWT amplifier is:

A[r(t)] =
αar(t)

l +βar2(t)
, (5.3)

where r(t) is the modulated input envelope in the time domain, the in-
stantaneous amplitude response of the system is the envelope amplitude
function A[r(t)]. The AM-AM characteristic response of this model can
be obtained when the coefficients αa and βa have been estimated from a
measured AM-AM characteristic. If the function (5.3) is evaluated for very
high values the envelope output amplitude takes the form 1/r(t).

As it was mentioned above, the AM-PM conversion is computed by other
function. The equation proposed by Saleh in this case is

Φ[r(t)] =
αφ r2(t)

1+βφ r2(t)
. (5.4)

The AM-PM characteristic Φ[r(t)] is represented again by two coefficients,
in this case αφ and βφ . A tendency of (5.4) to a constant phase for very high
values of the input level is observed.

It is not difficult to deduce that when the Saleh model was used to predict
the behaviour of solid-state power amplifiers (SSPAs) some problems
arose. The behavior of this class of PAs is quite different with respect
to the TWT amplifier, especially in the phase shift introduced by each of
them. Some modifications of the model were necessary to explain the
AM-PM conversion in an SSPA. Note that equations (5.3) and (5.4) have the
generalized form:

z[r(t)] =
αrη(t)

[1+β r2(t)]ν
, (5.5)

where η = 1,2 or 3 and ν = 1 or 2 (Schreursj et al., 2008). Adding two more
coefficients (γ and ε) to equation (5.5) the generalized form of the modified
Saleh model is written as:

z[r(t)] =
αrη(t)

[1+β rγ(t)]ν
− ε. (5.6)

Now, equation (5.6) offers the possibility to find a set of values (η , ν , γ , ε)
that optimizes α and β to fit a certain AM-AM or AM-PM characteristic.
For example, in (Schreursj et al., 2008) after an optimization process to
find the best solution that fits a measured AM-PM characteristic, it was
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Figure 5.1 Schematic representation of memoryless models that explains
AM-AM and AM-PM conversions by separated functions
f{|x̃(t)|} and g{|x̃(t)|}.

deduced that this characteristic could be represented by the two coefficients
expression:

Φ[r(t)] =
αφ[

1+βφ r4(t)
] 1

3
− ε, (5.7)

while the AM-AM-characteristic was optimized with (η ,ν ,γ,ε)= (1,1/2,3,0)
which reduces (5.6) to:

A[r(t)] =
αar(t)√

[1+β r3(t)]
. (5.8)

More than the above models equations, the previous formulations pretend
to describe an alternative approach or another modeling “style” in which
the AM-AM and AM-PM characteristics are studied independently. Fig. 5.1
summarizes the method that should be followed to compute a prediction
of this type of models. First of all, the notation in the figure is changed to
a more extended nomenclature as the used in Section 4.5, equation (4.16),
where the input and output baseband complex envelopes are denoted
by x̃(t) and ỹ(t), respectively. Now, this notation is in concordance with
the employed in equation (5.2) and with the rest of models that will be
addressed in this chapter.

As it is shown in Fig. 5.1, after the correct estimation of the coefficients
of these models with the use of measurement data sets, the procedure to
compute the output complex envelope starts with the extraction of the
magnitude and the phase of x̃(t). We have emphasized that the models
described until now compute the AM-AM conversion by a function that
depend on certain coefficients and the absolute instantaneous value of the
input complex envelope. In another fit, following the inferior path in Fig.
5.1, the phase shift introduced by the PA is estimated as a function that
depends on |x̃(t)| too, which is computed to be added later to the original
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phase of the input.

5.1.2 Memoryless polynomical model

Other type of memoryless models are those based in a polynomial form
to compute the output complex envelope. The basis on which this is
supported is imposed by the nonlinearities present in the systems, where
a memoryless nonlinearity should be represented by power series, like
a polynomial, while a dynamic system needs to be described with the
generalization of the power series approach as it will be discussed later
(J. C. Pedro & Carvalho, 2003).

In (Weiner & Spina, 1980) an example can be found where a pentode
amplifier, based on a vacuum tube circuit, is modeled by means of a
nonlinear transconductance with the polynomial:

ip(t) =
K

∑
k=1

akek
g(t), (5.9)

where K is the considered order to represent the nonlinearity, ak the
coefficients of the power series, ip(t) the current source in parallel with the
load and eg(t) the cathode voltage. However, a power series expansion
consists in an infinity number of terms, which leads to interpreting equation
(5.9) like a representation of a nonlinearity that can be truncated in the K-th
term because the rest of coefficients do not bring enough information to the
purpose of the model like the previous ones.

A generalized expression can be written in a bandpass form for the
polynomial approach as:

y(t) =
∞

∑
k=1

hkxk(t) = h1x(t)+h2x2(t)+h3x3(t)+ . . . . (5.10)

The system level model, instead of the circuit model, is of our interest as in
the case of equations (5.9) and (5.10). It was demonstrated a long time ago,
(Bussgang et al., 1974), that the contribution to the band of interest, around
the fundamental frequency of the system, is due to the odd-order nonlinear
terms of a series expansion. A suitable analysis that explains this can be
followed in (Maas, 1988; Giannini & Leuzzi, 2004). Therefore, equation
(5.10) and equation (1) in (Kim & Konstantinou, 2001), can be rewritten as:

ỹ(t) =
K

∑
k=0

h2k+1|x̃(t)|2kx̃(t). (5.11)
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Note that in this equation K does not match directly with the considered
order of the nonlinearity, but it is 2K +1. Equation (5.11) now has the form
of equation (4.16) that was applied in Section 4.5 to represent a nonlinearity
of an RF amplifier. In the following, the coefficients of a any power series
will be referred to as h{·} in order to be in concordance with the more
extended nomenclature used in the PA behavioral modeling topic.

5.2 Memory effects: long-term and short-term effects

Other definition of a memoryless circuit is the circuit in which no charge or
magnetic-flux storage elements exist, no capacitors or inductors, so that the
voltage and currents at any instant do not depend upon previous values of
voltage or current, (Maas, 1988). Therefore, a memoryless representation
of a PA is an approximation to the real behavior of this device, but in
some studies in particular, memory effects are not necessary or introduce
additional complexity. An example of this last case will be provided in
Chapter 6 and Section 6.2.1.

However, real power amplifiers not always can be explained by a memo-
ryless characteristic like above (Section 5.1). Fig. 5.2, provided in (Vuolevi
et al., 2000; Vuolevi, Rahkonen, & Manninen, 2001; Vuolevi & Rahkonen,
2003), represents in a more realistic way the behavior of a PA. The IM3
phase response of a memoryless nonlinear characteristic to a tone spacing
sweep with a two-tone signal is represented in this figure, keeping constant
for all the values of tone spacing as it is expected for a characteristic without
frequency dependence as the employed in equation (5.10) or (5.11).

Memory effects can be detected as shifts in the amplitude and phase of
IMD components caused by changes in the modulation frequency (Bosch
& Gatti, 1989). In fact, this is the concept of memory effects employed
in (Vuolevi et al., 2000; Vuolevi, Rahkonen, & Manninen, 2001) which is
illustrated in Fig. 5.2. The phase of IM3 in a real PA that is represented in
this figure may deviate for low or high values of the modulation frequencies,
indicating the existence of memory effects. In the literature, this phenomena
is also referred to as bandwidth-dependent IMD behaviour (Brinkhoff, 2004).

The classification used in (Vuolevi, Rahkonen, & Manninen, 2001; Vuolevi
& Rahkonen, 2003) differentiates the electrothermal memory effects, which
typically appear at low modulation frequencies (below 100 kHz) from the
electrical memory effects appearing above 1 MHz modulation frequencies
as it is illustrated in Fig. 5.2 also. In a more extended way, the memory
effects due to electrothermal causes are referred to as long-term memory effects
or also low-frequency memory effects as in (Cabral et al., 2005; J. C. Pedro &
Carvalho, 2003; M. J. Madero-Ayora, 2008). On the other hand, the electrical
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Figure 5.2 Phase of the lower third-order IM product denoted by ∠IM3l
versus the tone spacing of a system with (solid line) and without
(dashed line) memory effects. Figure remake from Vuolevi et al.
publications.

effects of the active device and the matching networks are the principal
source of short-term memory effects or high-frequency memory effects. Let us
examine more in depth the causes of these effects:
• Long-term or low-frequency memory effects

The long-term memory effects mainly are a consequence of the
bias/matching networks, and the thermal effects present in active
devices. The bias/matching networks are implemented with energy
storage elements and introduce a certain frequency response from
the dc to a few tens of MHz. Therefore, any signal components in
this frequency range will experience memory effects. Temperature
variations caused by the dissipated power are determined by thermal
impedances as it is addressed in (Vuolevi, Rahkonen, & Manninen,
2001), which describes the heat flow from the device. Furthermore,
the temperature changes caused by the dissipated power do not oc-
cur instantaneously, which means that the thermal impedance is not
purely resistive provoking frequency dependence of the phase shifts.
Equation (9) in (Vuolevi, Rahkonen, & Manninen, 2001) relates the
temperature in a silicon chip with the frequency. The temperature
distribution within the semiconductor devices, packages, and their
relation with the currents and voltages within the electrical network
are studied in depth in (Hefner & Blackburn, 1993).
The time constants associated with thermal transients are generally of
the order of milliseconds, which is close to the timescale of low modu-
lation frequencies, in the range of 100 KHz and below (M. J. Madero-
Ayora, 2008). This is the reason why this effects can be also referred to
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as low-frequency memory effects.
Furthermore, in (Brinkhoff & Parker, 2005) it is also recognized that
low-frequency dynamics such as dispersion in FET drain conduc-
tance and transconductance may be caused by charge trapping or
the above mentioned thermal effects. The charge trapping are due
to the imperfections and defects in the semiconductor that occur in
several locations at the internal structure of the transistors. These
imperfections produce available states that can capture and release
electrons and holes, changing the charge density in the channel of the
transistor with a rate on a timescale of kilohertz through megahertz.
Therefore, the charge trapping is other of the contributions for the
observance of long-term memory effects.

• Short-term or high-frequency memory effects
For small-signal characterization, the short-term memory effects
are simply the frequency response of the transistor, which is bias-
dependent and requires that the capacitances describing the linearized
charge storage behaviour in the transistor are also bias-dependent.
Under large-signal conditions, the voltage- or current-dependence
of the charge storage functions becomes important. The changing
dynamic behaviour with signal drive manifests when measuring AM-
AM and AM-PM characteristics of the system. The AM-PM effects are
essentially the nonlinear behavior that is often referred to as short-term
memory effects (M. J. Madero-Ayora, 2008).

A difference between the upper and lower IM products for a two-tone
input or between the upper and lower adjacent channels for a modulated
input is referred to as an asymmetry, and it is another indication of memory
effects (M. J. Madero-Ayora, 2008). In (Borges-Carvalho & Pedro, 2000)
it has been mathematically proven that the small-signal two-tone IMD
asymmetry can be attributed to the biasing matching networks, while
a comprehensive study has been later reported by the same authors in
(Borges-Carvalho & Pedro, 2002).

The presence of the effects mentioned in this Section are also detectable
by the hysteresis in the AM-AM and AM-PM plots (Cabral et al., 2005). For
example, in Fig. 5.3 the AM-AM and AM-PM characteristics of an state-
of-the-art amplification system are plotted, in which we have knowledge
of the strong long-term memory effects that degrade this system, revealed
by a two-tone test with a modulation frequency of 100 kHz. Furthermore,
the long-term memory effects can be seen in the AM-AM characteristic of a
regular RF power amplifier as a spread around the mean gain compression
curve.

Vuolevi and Rahkonen compensated these effects also. This study
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Figure 5.3 Example of an instantaneous RF characteristic: (a) AM-AM and
(b) AM-PM of an state-of-the-art amplification system under a
two-tone test with fm = 100 kHz.

was reported in (Vuolevi, Manninen, & Rahkonen, 2001) applied to both
amplitude and modulation frequency sweeps. However, due to the interest
in compensating the memory effects produced in PAs and the existence
of many other publications, this topic will be reviewed in more details in
Chapter 6.

5.3 Considering memory effects

In the majority of the applications where a behavioral model should be
employed to have an estimation of the performance of the system, a model
that includes memory effects is the right choice. As a first approximation,
it is convenient to discuss what it is referred to as the classical model in
(Weiner & Spina, 1980). This model considers that a weakly nonlinear circuit
can be represented by two linear filters and a memoryless nonlinearity. A
block diagram is provided in Fig. 5.4 (Weiner & Spina, 1980; J. C. Pedro &
Carvalho, 2003).

The classical model considers the filters H(ω) and O(ω) of the input
and output circuit networks, respectively, which is not very far from a
hardware implementation of a PA. These filters are selective in frequency
and there is not other explanation for their use, that a claim in the modeling
of energy storage elements. The linear transfer functions of the filters can



88 Chapter 5. Behavioral models for power amplifiers

Figure 5.4 Representation of the classical model.

be estimated separately and the memoryless nonlinearity can be computed
with any of the approaches presented in Section 5.1.

There are other two models that have a close relation with the classical
model. Theirs names are the Wiener and Hammertein models depicted in
Fig. 5.5(a) and Fig. 5.5(b), respectively. These two models are referred to as
two-box models for an obvious reason.

It is useful to represent these two models in a discrete time domain
and in the baseband complex representation instead of the RF bandpass
formulation. Let us write the complex output envelope of the filters in Fig.
5.5 as

x̃′(n) =
Q−1

∑
q=0

g(q)x̃(n−q) (5.12)

or

ỹ(n) =
Q−1

∑
q=0

g(q)ỹ′(n−q) (5.13)

for the linear dynamic block in the Wiener model or Hammerstein model,
respectively. The variable q is dedicated to take into account previous
samples in the discrete time domain which is usually truncated to a
finite memory length Q. Evaluating a nonlinearity that affects around
the fundamental zone frequencies, where our efforts will be focused for
wireless communication applications, the Wiener model is obtained with
the power series of equation (5.11) in the discrete time domain as:

ỹ(n) =
K

∑
k=0

h2k+1


∣∣∣∣∣Q−1

∑
q=0

g(q)x̃(n−q)

∣∣∣∣∣
2k Q−1

∑
q=0

g(q)x̃(n−q)

 . (5.14)

Despite that the linear filter and the nonlinear block were represented
with different coefficients g(q) and h2k+1, respectively, in the identification
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Figure 5.5 Schematic representation of the: (a) Wiener model and (b) Ham-
merstein model. The nonlinear block (NL) can be represented
also by a polynomial or separate static analysis of the AM-AM
and AM-PM conversions.

process these parameters can be estimated into a single one for each order
of nonlinerity.

Proceeding in a similar form as above, the Hammerstein model can be
expressed as:

ỹ(n) =
Q−1

∑
q=0

g(q)

{
K

∑
k=0

h2k+1|x̃(n)|2kx̃(n)

}
(5.15)

The memory effects considered above are also referred to as linear
memory effects. However, in some cases, the models previously studied
in this section represent adequately the behavior of nonlinear systems. A
clear advantage makes these models more than suitable to be considered:
they are the simplest ones that consider memory effects or frequency
dependence. In (Schreursj et al., 2008), other approaches that consider this
type of models are summarized, as it is the case of the frequency-dependent
model proposed by Saleh (Saleh, 1981b). Also, in (Clark et al., 1998) an
auto-regressive moving average (ARMA) filter is included at the input and
the second block denotes a conventional Bessel series model that is used to
represent the memoryless nonlinearity in a Wiener-based model.

5.4 Considering nonlinear memory effects

The long-term memory effects that appear when the PA is driven in
a significant nonlinear region present dynamic effects that only can be
described by the dynamic interaction of two or more nonlinearities through
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Figure 5.6 General nonlinear feedback structure of a PA presented by Pedro.

a dynamic network as in (J. Pedro et al., 2003; J. Pedro & Maas, 2005). An
alternative representation is used in (Vuolevi & Rahkonen, 2003) considering
two blocks of a static nonlinearity and a filter between them. Fig. 5.6 shows
the Pedro’s structure for modeling PAs, where the filters H(ω) and O(ω)
represent linear memory effects related to the input and output matching
networks, while the feedback filter F(ω) stands for nonlinear memory effects
due to the electrothermal and bias circuitry dynamics. Both structures are
also capable of showing nonlinear memory effects to the carrier (AM-PM)
and/or to the envelope whenever the feedback filter or interstage filter in
(Vuolevi & Rahkonen, 2003) shows dynamic behavior at the carrier, the
carrier harmonics or the demodulated envelope (J. Pedro & Maas, 2005;
J. Pedro et al., 2003).

As it was mentioned before, in order to represent a memoryless nonlin-
earity, the use of a power series is appropriate, like a polynomial, while a
dynamic system capable of describing the complexity of memory effects is
explained by the generalization of the power series approach: the Volterra
series.

5.4.1 Volterra series: the mathematical tool applied to nonlinear systems

In two important publications such as (Bedrosian & Rice, 1971) and
(Bussgang et al., 1974) it was recognized that Norbert Wiener was the
first one in applying the Volterra functionals to the characterization of
nonlinear circuits, what took place in 1942. It is estimated that Vito Volterra,
a mathematician from Italy, firstly proposed his series around 1910 (Weiner
& Spina, 1980), despite in 1887 some notions of them were introduced as a
functionals theory (Schreursj et al., 2008). Since the Wiener contributions
before the 1950’s, demonstrating that certain nonlinear systems involving
memory could be represented by Volterra series expansion, there have been
many efforts in their application to the nonlinear system theory.

An interesting definition of the Volterra series can be read from (J. C. Pedro
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& Carvalho, 2003): A Volterra series is, in fact, nothing more than a Taylor series
with memory. Other point-of-view is that the Volterra series can also be
interpreted as the extension of linear dynamic systems such as the classical
model of three boxes and the two-box models of Wiener or Hammerstein.

The original contribution of Volterra was that the representation of any
functional continuous in the field of continuous functions can be represented
as an expansion (Bussgang et al., 1974):

G[x] =
∞

∑
p=0

Fp[x], (5.16)

where Fp[x] is a regular homogeneous functional. The expression (5.16)
is known as a Volterra functional series. This approach allowed Wiener to
perceive that the output of a nonlinear system y(t) is some functional of its
input x(t). Then, y(t) can be represented as a functional expansion of x(t)
being the first few terms

y(t) =
∫

∞

−∞

h1(τ)x(t− τ)dτ +
∫∫

∞

−∞

h2(τ1,τ2)x(t− τ1)x(t− τ2)dτ1dτ2+

+
∫∫∫

∞

−∞

h3(τ1,τ2,τ2)x(t− τ1)x(t− τ2)x(t− τ3)dτ1dτ2dτ3 + . . . . (5.17)

Here we are working with the relevant mathematical relation of the Volterra
series applied to the nonlinear circuits in the continuous time-domain. Let
us use the index p to represent the pth-order Volterra kernel to use the
same index as in the functionals of equation (5.16). The Volterra kernel,
hp(τ1,τ2, . . . ,τp), are also referred to as the nonlinear impulse response of order
p. The previous is supported by the fact that a linear system with memory
can be described in terms of its impulse response h(τ) by the convolution
integral:

yld(t) =
∫

∞

−∞

h(τ)x(t− τ)dτ (5.18)

where yld(t) is the linear dynamic output of this linear system, not so
different of equations (5.12) and (5.13), but now expressed in the continuous
time-domain.

A very useful formulation can be rewritten from equation (5.17). This
is the generalization used in many important texts (Bussgang et al., 1974;
Weiner & Spina, 1980; J. C. Pedro & Carvalho, 2003) that allows the
topic unfamiliar readers to understand the representation of nonlinear
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mechanisms. Finally, let us start this generalization by:

y(t) =
∞

∑
p=1

yp(t), (5.19)

where yp(t) is the representation of the pth-order nonlinearity. The merit in
equation (5.19), and in general of the power series analysis and the Volterra
series comes from the fact that they can be conceived as a direct extension
of the widely known linear techniques. At the same time, yp(t) is extended
to

yp(t) =
∫

∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

hp(τ1,τ2, . . . ,τp)x(t− τ1)x(t− τ2) . . .x(t− τp)×

×dτ1dτ2 . . .dτp, (5.20)

being its generalization:

yp(t) =
∫

∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

hp(τ1,τ2, . . . ,τp)
p

∏
i=1

x(t− τi)dτi. (5.21)

Note that the re-formulation in (5.19) is consistent with the principle
of Volterra’s functionals and that equation (5.18) is a particular case of
the generalization (5.21). Therefore, the cause for which the Volterra
kernels hp(τ1,τ2, . . . ,τp) are immediately associated with a nonlinear impulse
response. Then, the impulse response with n> 1 characterizes a nonlinearity
order, e.g h2(τ1,τ2) is the second-order nonlinear impulse response of a
nonlinear system, h3(τ1,τ2,τ3) describes a third-order nonlinearity and so
on for high-order nonlinearities.

5.4.2 Operating the Volterra series in the frequency domain and nonlinear transfer functions

The formulation of Subsection 5.4.1 is also widely-used in the frequency
domain. In fact, this thesis partially employs a formulation of NLTF in
the frequency domain in Subsection 4.6.1. It is common to express the
input of a nonlinear system in the frequency-domain X(ω) to obtain the
response in the time-domain y(t) or either in the frequency-domain Y (ω).
The reader could note that from the beginnings of this dissertation the
Fourier transform of a time-domain function is denoted by the same capital
letter as the lower case letter denoting time-domain functions. Following
the previous agreement, the input signal x(t) can be represented by 2K +1
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sinusoidal functions in form of complex exponentials as:

x(t) =
1
2

K

∑
k=−K

Xke j2π fkt . (5.22)

After the substitution of (5.22) into the obtained representation of a pth-
order nonlinearity response in equations (5.20), it is achieved (J. C. Pedro &
Carvalho, 2003):

yp(t) =
1
2p

K

∑
k1=−K

K

∑
k2=−K

. . .
K

∑
kp=−K

Xk1
Xk2

. . .Xkp
e j2π( fk1+ fk2+...+ fkp )t× (5.23)

×
∫

∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

hp(τ1,τ2, . . . ,τp)e
− j2π( fk1 τ1+ fk2 τ2+...+ fkp τp)dτ1dτ2 . . .dτp︸ ︷︷ ︸

I

.

Equation (5.23) provides with the term I which is known as the multidi-
mensional Fourier transform, a generalization of the conventional Fourier
transform. Let us rewrite the term I as:

Hp( fk1
, fk2

, . . . , fkp
) =

∫
∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

hp(τ1,τ2, . . . ,τp)×

× e− j2π( fk1 τ1+ fk2 τ2+...+ fkp τp)dτ1dτ2 . . .dτp, (5.24)

where Hp( fk1
, fk2

, . . . , fkp
) represents the nonlinear transfer functions of pth-

order. As the reader can summarize, the NLTF emerges naturally from the
Volterra series describing the frequency-domain kernels that arise from this
powerful mathematical tool. In fact, Wiener and Spina refer to the Volterra
analysis as the NLTF approach.

A weakly nonlinear circuit can be represented by the block diagram of
Fig. 5.7 as in (Weiner & Spina, 1980). It is a good moment for the reader
to compare this diagram block with equation 5.19 and its expansion in the
terms:

y(t) = y1(t)+ y2(t)+ y3(t)+ . . .+ yp(t)+ . . .+ yP(t). (5.25)

Note that Fig. 5.7 is composed by P parallel blocks and each output of these
blocks is denoted by yp, where p = 1,2, . . . ,P, being the total response of the
weakly nonlinear circuit y(t) computed by equation (5.25).

The relation between each term of yp and the input of the system x(t) has
been achieved by the employment of NLTFs. Output y1 is related with the
input x(t) through the linear transfer function H1( fk1

). The second order
NLTF H2( fk1

, fk2
) generates the second order components of the nonlinear

response y(t). The cubic response of the circuit, the most important
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Figure 5.7 Schematic representation of the nonlinear transfer functions
approach relating the input and output signals of a nonlinear
system in the time-domain used in (Weiner & Spina, 1980).

contribution of a nonlinear circuit and the first considered in a bandpass
application, is represented by H3( fk1

, fk2
, fk2

) and so on until the truncated
NLTF of order P. The same as in the continuous time-domain representation
(5.25), and as it could not be otherwise, the total response of the nonlinear
system is represented as a sum of the P individual responses. The previous
principle, applied by the NLTFs, is the employed in Subsection 4.6.1.

Making use of the NLTFs approach, each pth-order nonlinearity for an
input signal represented by equation (5.22) can be written in the form:

yp(t) =
∫

∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

Hp( fk1
, fk2

, . . . , fkp
)

p

∏
i=1

X( fki
)e j2π fki t d fki

, (5.26)
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and with the employment of equation (5.19), finally it can be expressed as:

y(t) =
∞

∑
p=1

[∫
∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

Hp( fk1
, fk2

, . . . , fkp
)

p

∏
i=1

X( fki
)e j2π fki t d fki

]
. (5.27)

5.5 Models that consider nonlinear memory effects

A large amount of Volterra-based models have been proposed for the
behavioral modeling of PAs. An excellent summary of many of them can
be followed in (J. Pedro & Maas, 2005) with a paper that also contributes to
the organization of this research area until the date of publication.

This section is dedicated to reviewing the principal approaches in the
behavioral model field that consider short-term or low-frequency memory
effects. During the study, a common nomenclature will be followed in
concordance with the above formulation but now, focussing our efforts in
the equivalent discrete baseband PA models and bandpass nonlinearity.

5.5.1 Memory polynomial models

A good point to start the review of the memory behavioral models is that
in which tap delays are added to a memoryless polynomial like the one
described in equations (5.10) or (5.11), despite that the original formulation
was proposed in (Kim & Konstantinou, 2001) taking into account odd- and
even-order terms. This representation in the discrete time-domain and
using the baseband equivalence begins with:

ỹ(n) = x̃(n)
K

∑
k=1

hk|x̃(n)|k−1, (5.28)

where the memory incorporation was proposed with a delay of one sampling
interval q and a total memory depth of Q−1 as:

ỹ(n) =
Q−1

∑
q=0

Bq
[
bq, x̃(n−q)

]
, (5.29)

where

Bq
[
bq, x̃(n−q)

]
= x̃(n−q)

K

∑
k=1

hq,k|x̃(n−q)|k−1. (5.30)

It is interesting to use an schematic representation of this model for a
better understanding of the principles that characterize the development
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of behavioral models. At the same time, let us expand the first few terms
involved in the original approach proposed in (Kim & Konstantinou, 2001)
like:

ỹ(n) = x̃(n)
[
h0,1 +h0,2|x̃(n)|+h0,3|x̃(n)|2

]
+

+ x̃(n−1)
[
h1,1 +h1,2|x̃(n−1)|+h1,3|x̃(n−1)|2

]
+ (5.31)

+ x̃(n−2)
[
h2,1 +h2,2|x̃(n−2)|+h2,3|x̃(n−2)|2

]
+ . . . ,

where the model has been evaluated until fourth-order and a total memory
depth (Q−1) = 2. Note that the first row in equation (5.31) corresponds
with a memoryless response, the second row uses the previous sample of
the discrete sequence x̃(n) for computing ỹ(n) while the third row employs
two unit taps and so on. Fig. 5.8 represents the internal organization of the
model and it is very useful to describe how the model computes the output.

Figure 5.8 Schematic representation of the memory polynomial with uni-
form time delay taps.

Fig. 5.8 is widely-used by model developers to describe the interconnec-
tions between the different branches of filters but in some cases, due to the
own model complexity, this kind of representations are not so clarifying. It
is common to represent the unit delay tap as z−1. Concretely, the schematic
representation of the model proposed by Kim and Konstantinou shows, in a
clear form, what was discussed above with the equation (5.31); each retard,
or for each q value employed over the input signal x̃(n) to generate the
output, there is associated one function Bq

[
bq, x̃(n−q)

]
. Note that in this

model, each tap delay is associated with an specific vector of coefficients
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bq. Also, this structure can be assimilated to a Hammerstein model where
there are different filters for each order.

Through the development of this thesis, we will referred to the Kim and
Konstantinou approach as the memory polynomial (MP) model, knowing
that the memory was introduced with uniform delay taps.

Until now, this model has been discussed as in (Kim & Konstantinou,
2001). However, only odd-order terms contribute to the generation of non-
linear components in the frequency zone of interest, since the components
generated by even-order terms are far from the central frequency as it is
supported by the classical nonlinear theory (Bussgang et al., 1974; Maas,
1988; Giannini & Leuzzi, 2004). Despite that, as was mentioned before, in
(Ding & Zhou, 2004) was found that one benefit of including the even-order
nonlinear terms is increased modeling accuracy, which allows the use of
lower-order polynomials with better numerical properties. We rewrite the
MP model with uniform taps as:

ỹ(n) =
K

∑
k=0

Q−1

∑
q=0

h2k+1(q)|x̃(n−q)|2kx̃(n−q), (5.32)

where it will be helpful to expand the first terms as:

ỹ(n) = x̃(n)
[
h1(0)+h3(0)|x̃(n)|2 +h5(0)|x̃(n)|4

]
+

+ x̃(n−1)
[
h1(1)+h3(1)|x̃(n−1)|2 +h5(1)|x̃(n−1)|4

]
+ (5.33)

+ x̃(n−2)
[
h1(2)+h3(2)|x̃(n−2)|2 +h5(2)|x̃(n−2)|4

]
+ . . . .

Another approach to include memory effects into a polynomial formula-
tion was proposed in (Ku & Kenney, 2003). However, in this occasion the
distribution of the time delay taps is addressed non-uniformly. This model
was proposed originally for bandpass nonlinear characteristics, which
implies that considers only odd-order nonlinear terms. Equation (3) in (Ku
& Kenney, 2003) also can be written as:

ỹ(n) =
K

∑
k=0

m

∑
q=0

h2k+1(q)
∣∣∣x̃(n−d(m)

q

)∣∣∣2k
x̃
(

n−d(m)
q

)
, (5.34)

where d(m)
q are the sparse delay tap values for a number of branches m+1

in Fig. 5.9. Note that now in this figure the delay taps can take the values
Z−d1 ,Z−d2 , . . . ,Z−dm instead of the uniform distribution of Fig. 5.8. The
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Figure 5.9 Schematic representation of the memory polynomial with non-
uniform time delay taps.

expansion of equation (5.34) in its first terms:

ỹ(n) = x̃
(

n−d(2)
0

)[
h1(0)+h3(0)

∣∣∣x̃(n−d(2)
0

)∣∣∣2 +h5(0)
∣∣∣x̃(n−d(2)

0

)∣∣∣4]+
+ x̃
(

n−d(2)
1

)[
h1(1)+h3(1)

∣∣∣x̃(n−d(2)
1

)∣∣∣2 +h5(1)
∣∣∣x̃(n−d(2)

1

)∣∣∣4]+
+ x̃
(

n−d(2)
2

)[
h1(2)+h3(2)

∣∣∣x̃(n−d(2)
2

)∣∣∣2 +h5(2)
∣∣∣x̃(n−d(2)

2

)∣∣∣4]+ . . .

(5.35)

demonstrates that the structure of the memory polynomial with sparse
delay taps is quite similar to the structure expanded in (5.33). However, Ku
and Kenney improved the MP model presented in (Kim & Konstantinou,
2001) and they also revealed that the memory polynomial with the optimum
delay taps is able to predict in a more accurate way the memory effects in a
PA, with special emphasis in the asymmetry of the IM products.

The extraction of an optimal set of d(m)
q is a difficult task as it is warned

by the own authors of this approach and then, the use of an additional
method to identify the set of sparse delays as the ones proposed in (Etter &
Cheng, 1987; Cheng & Etter, 1989) should be necessary.

Both of the above models, the MP and MP with non-uniform time delay
taps, employ in the product terms samples that correspond with the same
time instant as it can be seen in equations (5.33) and (5.35). However, the
Volterra series formulation, in (5.21) or more clearly in (5.20), involves the
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well-known cross terms, which are composed by different time delay taps in
the same product term, i.e. (. . .+ x̃(n)x̃(n−1)+ . . .).

As it is explained in (Morgan et al., 2006), one simple way to introduce
memory cross terms is using the Wiener model in equation (5.12) rewritten
as:

ỹ(n) =
K

∑
k=0

a2k+1

{
Q−1

∑
q=0

g(q)x̃(n−q)

}2k+1

. (5.36)

Let a2k+1 represent the coefficient of this power series. The cross terms are
added in the next form:

ỹ(n) =
K

∑
k=0

a2k+1x̃(n)

{
Q−1

∑
q=0

g(q)x̃(n−q)

}2k

. (5.37)

For example, the inclusion of cross terms can be used with the MP model
as it was indicated in (Morgan et al., 2006) by:

ỹ(n) =
K

∑
k=0

Q−1

∑
q=0

h2k+1(q)|x̃(n−q)|2kx̃(n−q)+

+
K

∑
k=1

a2k+1x̃(n)

{
Q−1

∑
q=0

g(q)x̃(n−q)

}2k

. (5.38)

Similarly to the extended revision of the different behavioral model
approaches until that date in (J. Pedro & Maas, 2005), the report in (Morgan
et al., 2006) also provides a review of the most advanced models presented
until 2006. Furthermore, this report also introduced a new structure formed
with the MP model structure combined with cross terms, which is referred
to as the generalized memory polynomial (GMP) model.

The original formulation of the GMP model in (Morgan et al., 2006) can
be rewritten in the form:

ỹ(n) =
Ka−1

∑
k=0

Qa−1

∑
q=0

ak(q)|x̃(n−q)|kx̃(n−q)︸ ︷︷ ︸
I

+

+
Kb−1

∑
k=1

Q1b−1

∑
q1=0

Q2b

∑
q2=1

bk(q1,q2)|x̃(n−q1−q2)|kx̃(n−q1)︸ ︷︷ ︸
II

+ (5.39)
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+
Kc−1

∑
k=1

Q1c−1

∑
q1=0

Q2c

∑
q2=1

ck(q1,q2)|x̃(n−q1 +q2)|kx̃(n−q1)︸ ︷︷ ︸
III

,

where the term I corresponds with the aligned signal and envelope, similar
to the MP model, while II addresses for signal and lagging envelope terms
and III for signal and leading envelope. The coefficients ak(q), whose
number is defined by the quantities (Ka, Qa), are the same as in the MP
model, while positive and negative cross-term time shifts are computed by
coefficients bk(q1,q2) and ck(q1,q2) associated with variables (Kb,Q1b,Q2b)
and (Kc,Q1c,Q2c), respectively.

This model is originally defined ad hoc so that it can include even-order
terms. However, the authors provide a general formulation based on index
arrays as (Morgan et al., 2006):

ỹ(n) = ∑
k∈Ka

∑
q∈Qa

ak(q)|x̃(n−q)|kx̃(n−q)+

+ ∑
k∈Kb

∑
q1∈Q1b

∑
q2∈Q2b

bk(q1,q2)|x̃(n−q1−q2)|kx̃(n−q1)+ (5.40)

+ ∑
k∈Kc

∑
q1∈Q1c

∑
q2∈Q2c

ck(q1,q2)|x̃(n−q1 +q2)|kx̃(n−q1),

where now, the index arrays represented by vectors (Ka,Qa), (Kb,Q1b,Q2b)
and (Kc,Q1c,Q2c) can take the convenient values to model the behavior
of a PA. This formulation provides the possibility to compute only the
odd-order nonlinear terms for bandpass applications and, depending on
the signal bandwidth and sampling rate, all delay taps may not be necessary
over a given delay range. Note that the GMP model can compute all the
memory polynomial models described along this section when its different
parameters are adjusted for that.

Other approach that employs the cross terms was reported before the
GMP model. In (Zhu et al., 2003; Zhu & Brazil, 2004), starting with the
Volterra series and using V-vector algebra, a pruned Volterra model was
discussed. This model removes the redundant items associated with kernel
symmetry, and also the even-order terms, whose effects can be omitted in
band-limited modulation systems. Furthermore, this approach employs
particular justification to prune the Volterra series.

5.5.2 Pruning the Volterra series with physical knowledge

One of the first criteria to prune the Volterra series is based on the fact
that in the discrete time-domain elements with longer time delay taps in
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the input vector of the model have less effect on the output signal, and
the coefficients corresponding to them are accordingly very small. The
previous observation was used in (Zhu et al., 2003; Zhu & Brazil, 2004).

Before describing this approach, it is convenient to re-use the mathemat-
ical description of Volterra series in Subsection 5.4.1. Let us rewrite the
Volterra series in the next form: (Tseng, 2010b)

ỹ(t) =
K

∑
k=0

ỹ2k+1(t), (5.41)

ỹ2k+1(t) =
∫

∞

−∞

∫
∞

−∞

. . .
∫

∞

−∞

h2k+1(τ1,τ2, . . . ,τ2k+1)
k+1

∏
i=1

x̃(t− τi)×

×
2k+1

∏
j=k+2

x̃∗(t− τ j)dτ1dτ2 . . .dτ2k+1, (5.42)

where the Volterra series is formulated by the complex baseband rep-
resentation of a bandpass application under the narrowband condition.
Furthermore, it is convenient to rewrite both equations (5.41) and (5.42), in
the discrete time-domain as follows:

ỹ(n) =
K

∑
k=0

ỹ2k+1(n), (5.43)

ỹ2k+1(n) =
Q1−1

∑
q1=0

Q2−1

∑
q2=0

. . .
Q2k+1−1

∑
q2k+1=0

h2k+1(q1,q2, . . . ,q2k+1)
k+1

∏
i=1

x̃(n−qi)×

×
2k+1

∏
j=k+2

x̃∗(n−q j), (5.44)

Now, we are in conditions to expand the Volterra series, in the discrete
time-domain and complex baseband representation, up to their fifth-order
terms as:

ỹ(n) = ỹ1(n)+ ỹ3(n)+ ỹ5(n)+ . . . , (5.45)



102 Chapter 5. Behavioral models for power amplifiers

ỹ(n) =
Q1−1

∑
q1=0

h1(q1)x̃(n−q1)+

+
Q1−1

∑
q1=0

Q2−1

∑
q2=0

Q3−1

∑
q3=0

h3(q1,q2,q3)x̃(n−q1)x̃(n−q2)x̃∗(n−q3)+

+
Q1−1

∑
q1=0

Q2−1

∑
q2=0

Q3−1

∑
q3=0

Q4−1

∑
q4=0

Q5−1

∑
q5=0

h5(q1,q2,q3,q4,q5)× (5.46)

× x̃(n−q1)x̃(n−q2)x̃(n−q3)x̃∗(n−q4)x̃∗(n−q5) . . . ,

where, as through this thesis, h1(q1), h3(q1,q2,q3) and h5(q1,q2, . . . ,q5) are
the Volterra kernels up to fifth-order and q1,q2, . . . ,q5 are the indices used
to represent the nonlinear memory of the PA that considers Q1,Q2, . . . ,Q5
delay taps.

One difficulty of modeling an amplifier using the Volterra approach
is its high computational complexity (Tsimbinos & Lever, 1996b, 1996a).
Note that equations (5.45) and (5.46) are only expanded up to a fifth-order
nonlinearity representation. The great number of coefficients required for
the description of systems with a strong nonlinearity and long memory
has steered the work of many researchers in order to reduce the number of
model parameters.

Publications (Crespo-Cadenas et al., 2007) and (Zhu & Brazil, 2004) agree
in the affirmation that probably the most manageable solution to reduce
the number of coefficients is the diagonal Volterra or memory polynomial
(MP) model proposed in (Kim & Konstantinou, 2001), which is described in
Subsection 5.5.1. Despite this solution reduces the number of coefficients, it
has also significant behavioral consequences in the fidelity of the model,
because, in some cases, the off-diagonal terms are more important than the
diagonal terms.

The observations at the beginning of this subsection were employed
by Zhu and Brazil to prune equations (5.45) and (5.46). Basically, this
observations can be summarized by saying that, in practical situations,
memory effects in real amplifiers decline with time. If we consider that the
MP model has the limitation that any two different delay taps satisfy the
condition |qm−qn|= 0, which implies the use of diagonal coefficients only,
the approach in (Zhu & Brazil, 2004) consists in the employment of near
diagonal elements with |qm−qn| ≤ l for some small integer l. This approach
gives some increase in flexibility at the expense of a corresponding increase
in the number of parameters.

The general Volterra model is limited to model weakly or moderately
nonlinear systems due to convergence problems because of the large number
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of coefficients. The also referred to as near-diagonal model proposed by
Zhu and Brazil allows us to truncate the memory depth for each lower-
order Volterra kernels, drastically reducing the number of total coefficients
employed in the model and offering the possibility to add higher-order
coefficients. The previous makes possible the modeling of higher-order
distortions without convergence problems. This approach also provides
the inclusion of different values of l in each kernel order, e.g. smaller for
higher order nonlinearities (Zhu & Brazil, 2004).

Note that the model presented in (Zhu & Brazil, 2004) is based on the
pruning of redundant kernels in the full Volterra-series model so that the
coefficients with less effect on the output signal are discarded following an
a posteriori procedure. However, to avoid these non-relevant coefficients the
physical knowledge that the memory effects vanish with the increase of time
delays has also been used. This could be considered a first approximation
to what we will refer to as truncation of the Volterra series based on physical
knowledge.

One of the first reports that considers the relation between the physical
effects through an equivalent circuit and the behavioral modeling is (Kenney
& Fedorenko, 2006). The tendency of the behavioral models developed up
to date has been mainly based on a pure black-box approach, or they were
mostly constructed from blind nonlinear system identification algorithms.
An specific truncation of the Volterra series is not supported by theoretical
approaches in most of these cases.

The model in (Kenney & Fedorenko, 2006) was extracted with the
employment of the IMD amplitude and phase asymmetry measurements
over a range of tone spacing and output power. The deduction of the
model is based on knowledge of the physics of the device operation, and
on equivalent circuit models that represent their operation. This approach
that represents thermal self-heating and bias voltage feedback is obtained
from the equivalent circuit in Fig. 5.10. In this figure, the first branch
represents the memoryless complex gain function G(A) and the RF frequency
response HRF(ω)≈ 1 over the operation bandwidth of the PA. The second
branch is dedicated to consider the device self-heating or thermal feedback
represented by the junction temperature Tj, which is a function of the power
dissipation.

The third branch of the model represented in Fig. 5.10 pretends to address
the bias effect due to exclusively electrical phenomena. This effect is taken
into account by a simple RLC network where its impedance contributes to
the IM residual products.

The contribution of these three branches provides a good approximation
to a behavioral model that has the merit of relating physical effects with
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Figure 5.10 Representation of the behavioral model developed by Kenney
and Fedorenko including physically- based memory effects.

the terms that have been used until these days in the behavioral modeling
field. However, new theoretical approaches would be necessary to justify
this kind of modeling.

5.5.2.1 Volterra behavioral model for wideband amplifiers (VBW)

A model deduced from NLTFs with no restrictions in the number or kind of
nonlinear devices composing the amplifier was firstly reported in (Crespo-
Cadenas et al., 2006) and later extended in (Crespo-Cadenas et al., 2007).
In order to prune the Volterra series the frequency independence of the
amplifier response inside the RF bandwidth is exploited in a new model
referred to as Volterra behavioral model for wideband amplifier (VBW). As
it will be shown, this model deduced from a theoretical approach achieves
most of those terms simultaneously proposed by the GMP model in an
empirical approach.

Fig. 5.11 has an important relevance for the deduction of this approach.
In this figure a circuit that represents a general amplifier is drawn where
the nonlinearities are divided into their linear components, included in the
associated linear circuit, and nonlinear sources. These nonlinear sources
are considered dependent on two control voltages v(a) and u(a).

The approach in (Crespo-Cadenas et al., 2007) is deduced under the
consideration that in wireless applications the bandwidth of the signal is
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Figure 5.11 General representation of a nonlinear circuit employed by
Crespo-Cadenas et al. to deduce an amplifier model.

negligible with respect to fc, which corresponds to the bandpass assumption.
In order to summarize this interesting approach, let us re-use equations
(5.45) and (5.46) but now, in the simplified form:

ỹ(n) = ∑
q1

h1(q1)x̃(n−q1)+

+∑
q3

h3(q3)x̃(n−q1)x̃(n−q2)x̃∗(n−q3)+ (5.47)

+∑
q5

h5(q5)x̃(n−q1)x̃(n−q2)x̃(n−q3)x̃∗(n−q4)x̃∗(n−q5) . . . ,

where h2k+1(q2k+1) represents the discrete Volterra kernels of order 2k+1,
and q2k+1 is a (2k+1)-dimensional vector composed of the integer-valued
delays qi(i = 1,2, . . . ,2k+1) for k = 0,1, . . . ,K.

To relate the voltages of the independent ports of the associated linear
network in Fig. 5.11 it is necessary to employ NLTFs of order p, represented
by vector H̃p and obtained as (Crespo-Cadenas et al., 2007):

H̃p =−Y−1
(
ξ1 +ξ2 + . . .+ξp

)
F̃p(ip), (5.48)

where Ỹ(ξ ) is the admittance matrix of the associated linear network and
F̃p(ip) is a vector with the spectral components of the nonlinear currents
exciting the independent ports.

The deduction of the VBW model has been carried “by using” the
nonlinear circuit representation in Fig. 5.11 and the bandlimited condition of
the wireless signal that allows to extend the wideband amplifier assumption
to all the harmonic zones. The wideband amplifier assumption consists in
an amplifier with a bandpass larger than the RF signal bandwidth. Hence,
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the admittance matrix can be approximated by Y(lωc +ω) ≈ Y(lωc) for
l = 1,2, . . ., at all relevant values of ω . Based on the NLTFs approach studied
in Subsection 5.4.2, a particular frequency dependence of the transfer
functions H̃p was obtained by a combination of the probing method and the
nonlinear currents method, widespread procedures out of the goals of this
thesis and well explained in (Bussgang et al., 1974; M. J. Madero-Ayora,
2008; J. C. Pedro & Carvalho, 2003).

The previous approach allows after some manipulations the achievement
of the third-order term of the output voltage of Fig. 5.11 in the discrete
time-domain as:

ỹ3(n) = ∑
q

h3(q)|x̃(n−q)|2x̃(n). (5.49)

Equation (5.49) has been obtained with the combination of a frequency
independent transfer function that generates the memoryless term observed
in this equation and a frequency dependent NLTF, which causes the terms
with delay tap.

For the fifth-order kernel of this approach a first type of terms can be
directly computed that contributes only to memoryless nonlinear effects as
in the case of the third-order terms in equation (5.49) and a second type of
terms denoted by a superscript (2) were obtained as:

ỹ(2)5 (n) = ∑
q

h(2)5 (q)|x̃(n−q)|2|x̃(n)|2x̃(n). (5.50)

Other four types of terms were grouped into a generic fifth-order transfer
function with frequency dependence. This generic function produces the
terms:

ỹ(4)5 (n) = ∑
q

h(4)5 (q)|x̃(n−q)|4x̃(n) (5.51)

and
ỹ(5)5 (n) = ∑

q1,q2

h(5)5 (q1,q2)|x̃(n−q1)|2|x̃(n−q2)|2x̃(n). (5.52)

The coefficient h(3)5 related with a third type of terms is a particular case of
equation (5.52).

The previous model structure can be extended to higher orders following
the expression:

ỹ(n) = h1x̃(n)+
∞

∑
k=1

∑
qk

h2k+1 (qk)
k

∏
i=1
|x̃(n−qi)|2x̃(n). (5.53)

Note that this approach is a particular form of truncating the Volterra series
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in equations (5.47), which results in the VBW model. So, this model provides
a new structure based on “off-diagonal” terms, avoiding the “diagonal”
terms of the MP model. It is worth noticing the demonstration of the terms
|x̃(n− qi)|2x̃(n) in equation (5.53) also present in the models obtained by
Kenny and Fedorenko in Fig. 5.10 and the GMP model, involving samples
without any delay tap. In terms of the total number of coefficients involved
in the model, for a fifth-order model and Q = 3 the VBW model uses 21
coefficients while 244 coefficients are necessary with the general Volterra
model.

This model has been deduced with the assumption of complex-valued
flat NLTFs at all frequency zones with exception of the baseband zone.
However, a combination of both MP and VBW models can be obtained if
the hypothesis of a flat response in the first harmonic zone is released. The
new formulation was reported in (Crespo-Cadenas et al., 2008) as:

ỹ(n) =
K

∑
k=0

Q

∑
q=0

h2k+1(q)x̃(n−q)2kx̃(n−q)︸ ︷︷ ︸
I

+

+
∞

∑
k=1

∑
qk 6=0

h2k+1 (qk)
k

∏
i=1
|x̃(k−qi)|2x̃(n)︸ ︷︷ ︸

II

, (5.54)

where the term I contains diagonal coefficients as in the MP model while the
term II corresponds with the VBW approach. This new model is referred
to as Extended VBW (EVBW).

5.5.2.2 Pruning of Volterra series proposed by Zhu et al.

Another different approach to prune the Volterra series has been proposed
in (Zhu et al., 2007), where the coefficients that are either redundant or
unrelated to the actual PA physical characteristics are removed.

It is convenient to remember that the origin of the nonlinear distortion is
associated with voltage-dependent current sources and nonlinear capaci-
tances usually modeled as voltage-dependent charge sources. However,
these causes of nonlinearities could be considered as memoryless due to the
assumption of a narrowband signal, i.e the center frequency is much higher
than the signal bandwidth. The distortion generated by low-frequency
memory effects is the principal target to prune the Volterra series. As it
was studied in Section 5.2, these effects are due to electrothermal nonlin-
ear phenomena and also to the energy storage elements in bias/matching
networks.
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Figure 5.12 Circuit representation of a FET-based PA used by Zhu et al. to
deduce its behavioral model.

The model in (Zhu et al., 2007) is obtained from the simplified circuit
schematic of an FET-based PA with a pruning strategy directly linked to
the physical behavior of this kind of device. The schematic employed is
redrawn in Fig. 5.12. One of the first considerations is that the matching
networks have almost a flat response in the frequency-domain due to
the wideband amplifier and narrowband or bandpass assumptions. The
nonlinear active device is thus represented by its nonlinear output current
source ids, which is dependent on the input vgs, and the output vds, i.e control
voltages ids

(
vgs,vds

)
as in (Crespo-Cadenas et al., 2007).

Note that vgs is obtained from x(t) through the linear dynamic matching
network Mi in time or frequency-domain, but the interaction between
the static nonlinearity ids

(
vgs,vds

)
and the output dynamic linear filter

should be considered as a feedback process. In this point, it is unavoidable
to associate this schematic representation with the nonlinear feedback
structure of a PA proposed by Pedro et al., studied in Section 5.4. Before
explaining this feedback process we should establish the next relations in
the frequency-domain (Zhu et al., 2007):

IDS(ω) = F
{

ids
[
vgs(t),vds(t)

]}
(5.55)

VDS(ω) = ZL(ω)IDS(ω), (5.56)

where F{·} represents a Fourier transform to translate from the time to
the frequency domain and ZL(ω) is the output impedance in the frequency
domain. The relation between IDS(ω) and VGS(ω) is nonlinear, which implies
the generation of new mixing products. The current IDS(ω) flows through
a linear filter of transfer function ZL(ω) and produces an output voltage
VDS(ω). The feedback mechanism is explained due to the fact that VDS(ω) is
nonlinear remixed back with the original drain-source current because ids
also depends on vds (Zhu et al., 2007).
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Figure 5.13 General block diagram of the model structure proposed by Zhu
et al. to prune the Volterra series.

Comparing Fig. 5.12 with the conceptual feedback model in Fig. 5.6
from Section 5.4, the input and output matching networks Mi(ω) and Mo(ω)
correspond with the linear dynamic blocks H(ω) and O(ω), respectively.
Additionally, the nonlinear transformation of ids

(
vgs,vds

)
can be associated

with the static nonlinearity while the dynamic output impedance ZL(ω)
constitutes the feedback loop F(ω). Then, the memoryless nonlinearities of
the PA have been considered in this representation in addition to a linear
dynamic circuitry in which the PA is embedded to compute the memory
effects through a feedback structure.

Taking some considerations justified in (Zhu et al., 2007), the equivalent
schematic circuit in Fig. 5.12 and the conceptual feedback model in Fig.
5.6 could be represented now by Fig. 5.13. In this new representation, the
matching filters have been removed and the filter F(ω) is converted into a
new function G(ω). Any derived term in the discrete time-domain with
delay taps, such as x̃3(n−q) or x̃(n)x̃2(n−q), will not enter again the filter
G(ω) because it has been considered that the output of the nonlinear block
only enter once the filter. This consideration truncates the memory depth
to a finite value Q and converts the feedback loop into an approximated
feedforward system.

In this approach, the filter G(ω) has an impulse response equal to zero for
the fundamental frequency, which implies the same term x̃(n) at the signal
output like in the approaches (Kenney & Fedorenko, 2006; Crespo-Cadenas
et al., 2006, 2007). The second-order or superior terms without any delay
enter the filter G(ω), generating tails to these nonlinear terms that will be
recombined with the original input signal as it can be seen in Fig. 5.13.
The output of the filter can be considered as a linear combination of terms
x̃p(n−q) for p = 2,3, . . . ,P with the same delay tap q. Following the next
step indicated by the block diagram, the output signal takes the terms
generated by the static nonlinearity with an input obtained from the mixing
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of x̃(n) and the output of the filter G(ω).

The procedure described above allows us to obtain a set of equations
describing the general fomulation of this model as (Zhu et al., 2007):

ỹ1(n) = h1(0)x̃(n) (5.57)

for the linear term obtained in the total model output ỹ(n). The third-order
terms are obtained with

ỹ3(n) = h3(0,0,0)x̃3(n)+
Q

∑
q=1

h3(0,q,q)x̃2(n−q)x̃(n) (5.58)

and the fifth-order terms can be computed as:

ỹ5(n) = h5(0,0,0,0,0)x̃5(n)+
Q

∑
q=1

h5(0,0,q,q,q)x̃3(n−q)x̃2(n)+

+
Q

∑
q1=1

Q

∑
q2=q1+1

h5(0,q1,q1,q2,q2)x̃2(n−q1)x̃2(n−q2)x̃(n)+ (5.59)

+
Q

∑
q=1

h5(0,q,q,q,q)x̃4(n−q)x̃(n)+

+
Q

∑
q1=1

Q

∑
q2=1

h5(q1,q1,q2,q2,q2)x̃3(n−q2)x̃2(n−q1).

Here is another example that provides a pruned Volterra model with a
significant reduction in the number of coefficient due to the employment
of physical knowledge through schematic circuitry representations in the
pruned process.

In (Wisell & Isaksson, 2007) the conceptual model proposed by Pedro
et al. is also used to obtain another different behavioral model based in
the pruning of the Volterra series. Another example that employs this
conceptual model to achieve a pruned version of the Volterra series was
reported in (Cunha et al., 2007). Furthermore, in (Cunha et al., 2010) a polar
Volterra-based model has been developed using physical knowledge. Other
authors directly associate the equivalent circuit to the pruned version of the
Volterra-based model, through the NLTFs as the VBW approach and finally
other models are obtained without this physical knowledge association as
in (Kim & Konstantinou, 2001; Morgan et al., 2006; Crespo-Cadenas et al.,
2010a).
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5.5.3 Volterra behavioral modeling employing dynamic deviation reduction (DDR)

5.5.3.1 DDR-based model

Before beginning with the description of the dynamic deviation reduction
(DDR) approach, it is important to know that this technique is not necessarily
unassociated with the employment of physical knowledge to deduce
behavioral models for PAs as it was described in Subsection 5.5.2. In fact,
the reader will see how both kinds of approaches are used in some reported
models.

The DDR has its origin in the modified Volterra series, also referred to as
dynamic Volterra series in (Ngoya et al., 2000). This formulation is based
on a fundamental concept to which we have been getting closer along all
this Chapter 5: a nonlinear system with memory can be represented by a
memoryless nonlinear block plus a purely dynamic contribution. In (Zhu,
Dooley, & Brazil, 2006; Zhu, Pedro, & Brazil, 2006) it is used to introduce
the dynamic deviation function e(n,q) that is expressed by:

e(n,q) = x(n−q)− x(n). (5.60)

The formulation in 5.60 represents the deviation of the delayed input signal
x(n− q) with respect to the present sample in the discrete time-domain
(Zhu, Pedro, & Brazil, 2006). If equation 5.60 is substituted in the Volterra
series that represents the input/output RF signals relation of a nonlinear
system in the discrete time-domain, see equations (5.19) and (5.21), the next
equality is true (Zhu, Pedro, & Brazil, 2006):

y(n) =
K

∑
k=1

Q−1

∑
q1=0

Q−1

∑
q2=0

. . .
Q−1

∑
qk=0

hk(q1,q2, . . . ,qk)
k

∏
i=1

[x(n)+ e(n,qi)] (5.61)

and with the introduction of the new coefficients ak and wk,r{·} it can be
rewritten as:

y(n) =
K

∑
k=1

akxk(n)+ (5.62)

+
K

∑
k=1

k

∑
r=1

xk−r(n)×
Q−1

∑
q1=0

Q−1

∑
q2=0

. . .
Q−1

∑
qr=0

wk,r(q1,q2, . . . ,qr)
r

∏
i=1

e(n,qi),

where ak is a coefficient of the polynomial and wk,r{·} represents the rth-
order dynamic kernel of a kth-order nonlinearity. Note that the first term of
the sum in equation (5.62) represents a static characteristic and the second
term corresponds with a dynamic characteristic, usually referred to as ys(n)
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and yd(n), respectively. Hence equation (5.62) has the form:

y(n) = ys(n)+ yd(n). (5.63)

A transformation from the coefficients in the dynamic series ak and wk,r{·}
to the widely-used Volterra coefficients hk(q1,q2, . . . ,qk) was performed in
(Zhu, Pedro, & Brazil, 2006). After the evaluation of the first dynamic-orders
controlled by r, the authors have obtained a generalized representation for
this approach as:

y(n) =
K

∑
k=1

hk,0(0,0, . . . ,0)xk(n)+
K

∑
k=1

{
k

∑
r=1

[
xk−r(n)

Q−1

∑
q1=1

Q−1

∑
q2=1

. . .
Q−1

∑
qr=qr−1

×

×hk,r(0,0, . . . ,0,q1,q2, . . . ,qr)
r

∏
i=1

x(n−qi)

]}
, (5.64)

where hk,r(0,0, . . . ,0,q1,q2, . . . ,qr) is the kth-order Volterra kernel. Note that
the first k− r indices are 0 which means that the input is represented by
terms with the form xk−r(n)x(n−q1)x(n−q2) . . .x(n−qr).

With the variable r the dynamic-order involved in the model is controlled,
implying the amount of dynamic deviation (e(n,q)) included in the input
vector to generate the model output vector. This approach can be graphically
summarized as Fig. 5.14, since the authors represent a switched system to
evaluate the contribution of each branch to the distortion of the output y(n)
in (Zhu, Pedro, & Brazil, 2006).

The main advantage of the DDR approach is that the output of the model
conserves the linearity with respect to all the coefficients as the Volterra
series while the modified Volterra series loses this important property.

5.5.3.2 Behavioral model with DDR for wideband amplifier (DVBW)

The DDR approach has been later applied in (Crespo-Cadenas et al., 2010b,
2011) with a double pruning of the Volterra series, using approaches
inherited from the VBW and DDR models and obtaining a new simpler
structure, referred to as DVBW model.

Physical knowledge is used again to obtain the DVBW model as it was
the case of the VBW. The equivalent circuit of a MESFET used in (Minasian,
1980) and redrawn in Fig. 5.15 is now the basis of this new approach.
In (Crespo-Cadenas et al., 2010b, 2011), it was considered that the drain
source, the gate capacitance and the feedback capacitance contribute to
the nonlinear distortion. Besides, in order to include in the analysis the
nonlinear effects caused by intermodulation content of the PA thermal
frequency response, the gain of the amplifier is considered as a variable
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Figure 5.14 Block diagram for the evaluation of the dynamic distortion
through the DDR approach proposed by Zhu et al..

function of the device temperature. The temperature effects are included
as:

Td = TD +θ(t), (5.65)

where TD is the temperature under dc conditions and θ(t) is an incremental
temperature that can be considered as the voltage at the output node of a
thermal filter in Fig. 5.15. The drain current source ids(t) is controlled not
only by the gate-to-source capacitor voltage v(t), but also by the thermal
voltage θ(t). Omitting the explicit dependence on time, ids(t) can be
expanded in Taylor series (Crespo-Cadenas et al., 2010b, 2011) as:

ids(v,θ) =
∞

∑
k=1

gkvk +
∞

∑
k,l=1

γk,lvkθ l +
∞

∑
l=1

γ0lθ
l. (5.66)

The subcircuit in Fig. 5.15 models the coupling between the nonlinear
currents and θ by an RC lowpass filter with several time constants, a widely-
accepted approach in thermal analysis for equivalent circuit models. Then,
there exists an electro-thermal path that produces a frequency-dependent
feedback of the nonlinear currents, only at baseband frequencies, in the
control variable θ . Since the temperature variation is produced by power
dissipation, there is no linear relation between the thermal voltage θ and
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Figure 5.15 Nonlinear model for a FET amplifier with self-heating thermal
subcircuit employed by Crespo-Cadenas et al..

the input voltage, so that γ0,1 = 0 and the linear thermal response is θ1 = 0.
Using these and others considerations, a continuous-time baseband model
is obtained and the discrete-time approach can be also derived in a similar
form to that for the VBW model. Consider that transfer functions Hgn, Hn
and Hθn relate the complex envelopes ṽ(t), ỹ(t) and θ(t) with the input x̃(t),
respectively. Also, Hθ1 = 0 and the output impedance Z0(ωc) is supposed
flat in the band. The second-order thermal transfer function can be written
as (Crespo-Cadenas et al., 2010b, 2011):

Hθ2(ω1,ω2) =−g2|Hg1|2Zθ (ω1 +ω2). (5.67)

Since there is not electro-thermal path interconnecting the drain and the
thermal-node, no low-frequency dispersive terms are produced, which
implies that Hθ3(ω1,ω2,ω3) = 0.

On the other hand, the linear and third-order output transfer functions
can be written as (Crespo-Cadenas et al., 2010b, 2011):

H1(ω) =−g1Hg1Z0(ωc) (5.68)

H3(ω1,ω2,ω3) =−g3|Hg1|2Hg1Z0(ωc)︸ ︷︷ ︸
I

−γ11Hg1(ω1)Hθ2
(ω2,ω3)Z0(ωc)︸ ︷︷ ︸

II

.

(5.69)

Equation (5.69) is applied to the fundamental zone and H3 is zero otherwise.
Note that the term I is memoryless and the term II takes into account the
interaction between the drain current and θ(t) through the electro-thermal
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path, and is the responsible for the low-frequency dispersive effects. Finally,
the discrete-time domain output complex envelope for the third-order
component is obtained as:

ỹ3(n) = h3,0|x̃(n)|2x̃(n)+
Q

∑
q=1

h(θ)3,1 (q)|x̃(n−q)|2x̃(n). (5.70)

Note that equation (5.70) can be directly associated with the dynamic
deviation function e(n,q) employed in the DDR approach and also the
fifth-order response can be written as:

ỹ5(n) = h5,0|x̃(n)|4x̃(n)+
Q

∑
q=1

h(θ)5,1 (q)|x̃(n−q)|2|x̃(n)|2x̃(n)+ (5.71)

+
Q

∑
q1=1

Q

∑
q2=1

+h(θ)5,2 (q1,q2)|x̃(n−q1)|2|x̃(n−q2)|2x̃(n)+ . . . . (5.72)

Using equation (5.63) applied now to the baseband complex envelope up to
fifth-order, the static part of the output for the DVBW model is obtained as:

ỹs(n) =
[
h1,0 +h3,0|x̃(n)|2 +h5,0|x̃(n)|4 + . . .

]
x̃(n), (5.73)

while the first (r = 1) and second (r = 2) order dynamic terms can be
computed in ỹd1(n) as:

ỹd1(n) =
Q

∑
q=1

[
hθ

3,1(q)+hθ
5,1(q)|x̃(n)|2 + . . .

]
|x̃(n−q)|2x̃(n) (5.74)

and ỹd2(n)

ỹd2(n) =
Q

∑
q1=1

Q

∑
q2=1

[
hθ

5,2(q1,q2)|+ . . .
]
|x̃(n−q1)|2|x̃(n−q2)|2x̃(n), (5.75)

respectively.

This approach is generalized for computing the static and dynamic terms
separately as:

ỹs(n) =

[
K

∑
k=1

h2k+1,0|x̃(n)|2k

]
x̃(n) (5.76)
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ỹd(n) =
R

∑
r=1

{
K

∑
k=r

[
Q

∑
q1=1

Q

∑
q2=1

. . .
Q

∑
qr=1

h(θ)2k+1,r(qr)|x̃(n)|2(k−r)

]
×

×
r

∏
i=1
|x̃(n−qi)|2x̃(n)

}
(5.77)

Many of the previously reported approaches, and the different tendencies
in behavioral modeling for PAs, have been updated or reformulated with
the dynamic deviation function. We have discussed the case of the VBW
model that was transformed into the DVBW model, not only considering
the advantages of the DDR formulation, but also with the incorporation of
the temperature effects. Other approaches have employing the decompo-
sition in static and dynamic components, this is the case of the reports in
(Staudinger et al., 2010; Staudinger, 2011), restricting the memory depth for
the higher Volterra kernels, i.e. fading memory with higher kernels.

5.6 Quadrature modulator and power amplifier

Most of the behavioral models discussed in this chapter have been validated
experimentally. One issue that should be considered is that excitation signals
are usually applied to the PAs under study by means of a quadrature
modulator.

Despite the restriction to odd-order nonlinear terms imposed by the
general bandpass expression of Volterra series some behavioral models,
as it was discussed in previous sections, have been recently proposed in
which even-order nonlinear terms are considered, and their reported results
show a substantially low NMSE. Examples of this kind of approach are
(Ding & Zhou, 2004) and (Morgan et al., 2006). Furthermore, in (Lima et al.,
2009), a new approach for the derivation of a low-pass equivalent model is
proposed that theoretically justifies the inclusion of even-order nonlinear
terms complying with an odd symmetry constraint.

In this study, the experimental setup detailed in Section 3.3.1 has been
employed. Considering it, even-order terms could be attributed to the
quadrature modulator used to generate the input signal, to the subsequent
RF stages, or to both. The quadrature modulator has been studied in depth
in Chapter 4. Therefore it is an appropriate moment to recall the study
performed in this chapter. See specially Fig. 4.8 and the approach followed
along Sections 4.5-4.6.1. Along this approach, the quadrature modulator
has been shown to present apparently negligible even-order nonlinear
terms. Hence, the study continues by applying the same two-tone test to
the MAX2430 PA (M. Madero-Ayora et al., 2010).
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Figure 5.16 Level of IM2 at the output of the PA versus the input tones
level. Measurements (up and down triangles for IM2u and
IM2l , respectively) and simulation (solid lines), both exhibiting
1 dB/dB slopes. The levels of IM2 at the output of the quadra-
ture modulator (QM) are depicted in dotted lines for a better
comparison.

The levels of the distortion components at the output of the power
amplifier are shown in Figs. 5.16-5.18. The MAX2430 has a gain of 33.3 dB
and a 1-dB compression point input level of -14 dBm. As expected, from the
experimental results for IM3 shown in Fig. 5.17, we can observe that there
has been a clear change in the slope of the distortion components before
(dotted lines) and after the PA (solid line with markers) was connected.

However, no changes in the slopes of IM2 and IM4 are detectable in
general as they continue exhibiting a 1 dB/dB characteristic. Fig. 5.16 shows
that the effect of the power amplifier on IM2 has been reduced to adding a
gain of 33.3 dB that begins to compress for levels near the 1-dB compression
point. In contrast to the odd-order terms, these measurements seem to
indicate that the PA does not contribute to the even-order nonlinear terms.

5.7 Behavioral modeling application in a system performance prediction

This section presents an application of the behavioral models, focusing
on the low-frequency nonlinear memory effects caused by a real PA. Two
models have been adopted for the power amplifier to perform simulations of
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Figure 5.17 Level of IM3 at the output of the PA versus the input tones level.
Measurements (solid lines with up and down triangles for IM3u
and IM3l , respectively). The levels of IM3 at the output of the
quadrature modulator (QM) are depicted in dotted lines for a
better comparison.
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Figure 5.18 Level of IM5 versus the input tones level. Measurements for
the quadrature modulator (QM) (IM5u: solid line; IM5l : dashed
line) and adding the PA (IM5u: line with up triangles; IM5l :
line with down triangles).
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an M-ary communications system: the DVBW model discussed in Section
5.5.3.2 and the the widely-used MP model for comparative purposes.
Despite the new trends of wireless communications, WCDMA is the most
used radio technology employed at these times as it was introduced in
Section 2.1. Additionally, M-ary modulation schemes are the base of
digital communications, supporting the major communications systems
nowadays.

This application evaluates the impact of the low-frequency nonlinear
memory effects caused by a real power amplifier, appreciable in the received
signal constellation, and the evaluation of this distortion over the BER of
the communications system with emphasis in long-term nonlinear memory
effects. The EVM characteristic is simulated and measured for different
system symbol rates.

The equivalent baseband communications system considered for simu-
lation purposes is shown in Fig. 5.19. The transmitter is composed by a
random bit source with uniform probability followed by an M-ary QAM
modulator, whose constellation symbols are in Gray coding. The real and
imaginary parts of the symbols are oversampled by a factor of 5 and a raised
cosine pulse-shaping filter with a roll-off factor of 0.22 is used. The reason
to implement this filter instead of the conventional pair of root-raised cosine
filters in the transmitter and receiver is to ensure that the observed effects
are due to the nonlinearity applied to the channel and not to the dispersion
of the root-raised cosine filters.

The fundamental element considered in the channel is the PA, which
produces the nonlinear distortion under study. The signal applied to the
input of the simulated PA needs to be correctly scaled in order to reproduce
the input power accepted by the real PA in the measurement setup. A white
Gaussian noise (WGN) source is added to the amplified signal ỹout(n) to
obtain the BER versus the energy per bit to noise power spectral density
ratio (Eb/No).

The received signal is separated into its in-phase and quadrature compo-
nents and down-sampled after the synchronization. Any possible phase
rotation in the received signal ỹr(n) is corrected to assume a perfect syn-
chronization between the transmitter and the receiver. The average powers
of the transmitted signal (s̃ = sI + jsQ) and the received signal (s̃′ = s′I + js′Q)
are scaled at this point to guarantee the correct performance of the M-ary
QAM demodulator block on hard decision configuration.

For the extraction of the coefficients for both the DVBW and MP models
we have employed the experimental setup described in Section 3.3.1. The
PA has been tested with a 2-GHz QPSK signal similar to that used in 3GPP
UMTS WCDMA, with symbol rates ranging from 5 ksym/s to 2 Msym/s.
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Figure 5.19 Communications system considered for simulations.
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Figure 5.20 Measured (black circles) and simulated (green plus signs) con-
stellation of the received signal for symbol rates: (a) 2 Msym/s,
(b) 17 ksym/s.

This signal was created with Matlab and loaded in the internal memory
of the SMIQ02B signal generator. The user-defined signal presented a
peak-to-average ratio (PAR) of 4.5 dB and the input level was chosen near
the 1-dB compression point so that it would drive the DUT in a significant
nonlinear region.

Three sets of coefficients have been identified employing measurements
at the input and output of the PA for an identification signal. With these
measurements, the coefficients can be extracted applying the approach in
Section 4.5.1. One of these sets of coefficients is for a seventh-order MP
model with 10 delays and the 77 different values of symbol rates considered.
The other two sets of coefficients were identified for the DVBW(7,10,1)
and DVBW(7,5,2) models at the same symbol rates, where the index terms
represent the order of the nonlinear model (2k+ 1), total number of tap
delays (Q) and order of the dynamics involved in the model (r), respectively.
All of these models reproduce in a satisfactory manner the AM-AM and
AM-PM characteristics of the PA measurements.

The constellation of the QPSK signal s̃′(n) is observed in Fig. 5.20 at the
input of the M-ary demodulator block, shown in Fig. 5.19. In this figure,
the simulated and the measured symbols are presented for an input level
to the PA of -6 dBm, which corresponds to 2.8 dB of OBO for the symbol
rate of 2 Msym/s and 3.8 dB for 17 ksymb/s of symbol rate.

The PA model considered to compare the measurements with simulation
is the DVBW(7,10,1). Notice the dispersion of the received symbols for the



122 Chapter 5. Behavioral models for power amplifiers

10
1

10
2

10
3

0

1

2

3

4

5

6

7

8

9

Symbol rate (ksymb/sec)

E
V

M
 (

%
)

 

 

PA output meas.
PA input meas.
MP(7,10) sim.
DVBW(7,5,2) sim.

Figure 5.21 Measured EVM values obtained from the signals x̃t(n) (PA
input) and ỹout(n) (PA output) depicted in black downward
triangles and blue upward triangles, respectively. The DVBW
model prediction is represented in black line and the MP model
in red dashed line.

case in Fig. 5.20(b) when a symbol rate of 17 ksym/s is used, compared
with the case in Fig. 5.20(a) when the symbol rate is 2 Msym/s. This is
an indication that the low frequencies are deeply affected by nonlinear
memory effects. A good agreement between simulations and measurements
is observed for both cases. To confirm what the previous discussion
suggested, Fig. 5.21 shows an EVM characteristic versus a sweep in symbol
rate.

Fig. 5.21 shows the prediction of EVM for the MP model and the DVBW
model in addition to the measured EVM values for the same input level
used in Fig. 5.20. The measured input presents reasonable values of EVM
for all symbol rates while the distorted signal is more dispersed in the
complex plane. For the range of symbol rates from 8 ksym/s to 100 ksym/s,
there is a notable increase in the EVM curve due to the low-frequency
nonlinear memory effects, as it is observed in the measurements. This
figure provides a clear idea of how strongly a communications system can
be affected by the low-frequency nonlinear memory effects and, in general,
by a nonlinear distortion.

The values of EVM predicted by the DVBW model are appropriate,
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Figure 5.22 BER versus Eb/No curve for three modulation schemes. Per
each modulation scheme used, the red-dashed line represents
the theoretical or non-distorted behavior of the modulation,
the curves with black downward triangles and blue upward
triangles show the communications system performances for
symbol rates of 17 ksym/s and 2 Msym/s, respectively.

specially when a second dynamic order is employed. The MP model can
predict the general behavior of the EVM curve, but in the zone where the
low-frequency memory effects are more notable, the DVBW model has a
better agreement with respect to the measured values of EVM. The DVBW
model can explain the behavior of the system for the symbol rates below
100 ksym/s, where the MP model cannot reproduce the effects under study.
All the simulation curves of this figure use a validation signal that differs
from the signal used for the identification of the coefficients of the model.

Another important figure of merit in communications systems including
noise is the BER versus Eb/No curve. There are some associated Eb/No
losses depending on the employed modulation schemes and the symbol rate.
The latter is specially significant if the performance at rates of 17 ksym/s
and 2 Msym/s are compared, as shown in Figs. 5.20-5.21. Regarding
the modulation schemes, Fig. 5.22 shows how the QPSK, 16-QAM and
64-QAM signals are affected by low-frequency nonlinear memory effects.
The same input level used in the measurement setup and Figs. 5.20-
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5.21, corresponding to Pin = −6 dBm, was selected to compute the BER
performance of the QPSK signal. However, for the cases of multilevel
modulation schemes it was necessary to simulate with Pin =−8 dBm, due
to the higher PAR of these modulations, ensuring that the excursion of the
signal do not exceed the model validity range. These simulations were
performed with a DVBW model. A dynamic order of 1 was found sufficient
to compute the nonlinear memory effects of the PA with a good accuracy,
while maintaining a low computational cost.

For the QPSK signal in Fig. 5.22, there are Eb/No or signal to noise
ratio (SNR) losses smaller than 1 dB when the symbol rate is fixed to
Rs = 17 ksym/s compared to Rs = 2 Msym/s. Understanding an SNR loss
as the additional quantity of Eb/No or SNR (in dB) needed to compute the
same BER value for two cases of study. However, for the case of a 16-QAM,
when an Eb/No = 16 dB is employed, the BER is near the unacceptable
value of 10−3 for the symbol rate in low-frequency memory effects zone,
while the BER for Rs = 2 Msym/s presents one error per million transmitted
bits, even though there is a 1.7 dB SNR loss with respect to the non-distorted
curve. In the 64-QAM curve, there is a difference between the two symbol
rates, but it is not recommendable to employ these PA input levels. In this
curve, for high Eb/No values there are symbols out of their corresponding
decision region caused by the nonlinear distortion and reinforced by the
low-frequency nonlinear memory effects. The lower symbol rate zone is
more affected by this impairment than the higher symbol rate zone. We
consider that this is a relevant issue to take into account for communications
systems implementations (Allegue-Martı́nez et al., 2012).



6 Compensation of nonlinear systems.
Application examples

If the development of behavioral models has been an important research
field for a long time due to their advantages over the circuit level simulation,
their relatively new applications in the current decade turn the attention
of the RF scientific community to these approaches that pursue more than
modeling nonlinear systems.

The proposed techniques for the reduction of the PAPR of wireless
communication signals have been motivated due to the intention of pre-
compensating the nonlinear effects suffered by these signals in the ampli-
fication chain of the transmitter. This can be explained with a practical
example. Let us consider a real transmitter that possesses a fixed value
of nonlinear distortion. By taking figures of merit like the ACPR or EVM
present at its output as a design criterium, a signal with a PAPR value A can
be transmitted using a higher input or output mean power than if the signal
is transmitted with a PAPR value B, where B > A. Applying this approach,
a more efficient usage of the PA is obtained. However, the PAPR reduction
technique by itself is not enough to deal with current requirements of
efficiency and linearity.

Another widely-used technique to make an efficiently usage of the PAs is
the digital predistortion (DPD). The tradeoff between linearity and efficiency
could be considered the biggest challenge of PA designers nowadays. High
efficiency architectures of PAs such as the Doherty or envelope tracking (ET)
require the application of a linearization technique to recover the linearity
imposed by wireless communication standards. The reader can note that
we are assuming that decreasing the input or output average power is
not a suitable solution to be in compliance with these standards due to
the efficiency losses. In these architectures and in some of the emergent
new classes of PAs, the employment of a linearization technique for the

125
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Figure 6.1 Equivalence of the systems R in (a) and S in (b) proposed by
Schetzen.

implementation in real transmitters is not optional. As other authors,
(Ghannouchi & Hammi, 2009), we consider that DPD is the preferred
technique to deal with the tradeoff problem between linearity requirements
and efficiency nowadays.

6.1 Digital predistortion principles

Most of the reported behavioral models, described in Chapter 5, and
other approaches in the literature, have their respective implementation or
application in computing digital predistorters.

An important result was reported in (Schetzen, 1976), which provides
the basics of what we refer today as the DPD technique. In this paper the
inverse of order k of a system H was defined, referred to as G−1

(k), as the
one that connected in cascade with H results in the system R, which can be
represented by:

R [x(t)] = x(t)+
∞

∑
n=k+1

Rn [x(t)] , (6.1)

where from the second up to the considered kth-order Volterra kernels are
zero (Schetzen, 1976). The system R is represented in Fig. 6.1(a). In this
figure, it is also represented the equivalent system to R, S. This equivalence
corresponds with the demonstration of Schetzen, in which the kth-order
pre-inverse of a system H is identical to the kth-order post-inverse of H as
Fig. 6.1(a) and Fig. 6.1(b) illustrate.

Basically, two different types of digital pre-distorters can be implemented:
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Figure 6.2 Representation of a linear PA employing DPD.

those based in indirect or direct learning architectures. The most extended
one is the indirect approach. Both of these architectures are aimed at
achieving a pre-inverse function, to be used as it is illustrated in Fig. 6.2,
for the pre-compensation of the nonlinear system H. The goal of the DPD
technique is to obtain the z̃(n) signal that makes possible the relation:

ỹ(n) = h1x̃(n), (6.2)

where h1 is the linear coefficient of H in a Volterra equivalent baseband
representation.

The indirect learning architecture, proposed in (Psaltis et al., 1988) and
later applied to a Volterra-based predistorter in (Changsoo & Powers, 1997),
is useful when the desired output of the predistorter that compensates the
nonlinear system H is unknown. Fig. 6.3 shows the training algorithm to
obtain the Volterra-based digital predistorter. In the indirect architecture an
inverse amplifier model A is identified by using the output ỹ(n) to predict
its original input x̃(n) before the application of the DPD block in Fig. 6.2. In
the literature, this is also known as the post-distortion process because it is
applied after the PA using ỹ(n). The post-distorter is obtained due to the
following conditions (Changsoo & Powers, 1997):

x̃(n) 6= ỹ(n) =⇒ z̃(n) 6= õ(n) (6.3)

and
x̃(n) = ỹ(n) =⇒ z̃(n) = õ(n), (6.4)

then, if ẽ(n) tends to 0, where

ẽ(n) = z̃(n)− õ(n), (6.5)

it implies that ỹ(n) approaches x̃(n). When the system A has been identified,
it is copied into the predistorter block in Fig. 6.3 and into the DPD block in
Fig. 6.2.

The principal advantage of the indirect architecture approach consists in
the fact that any of the models studied in Chapter 5 can be used to obtain the
model that fits the output ỹ(n) to the desired final output x̃(n) after applying
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Figure 6.3 Indirect training architecture employed by Changsoo and Pow-
ers.

the DPD. It is desired that the final output of the system (DPD+PA) be only
affected by an scalar coefficient representing a linear amplification.

Clear examples in which this technique has been implemented to obtain
a digital predistorter are (Morgan et al., 2006), applied with the GMP model,
in (Ding et al., 2004) with the MP model and other Volterra-based models
in simulation environments.

The direct learning architecture consists in synthesizing and then invert-
ing the model of the DUT to be linearized (Ghannouchi & Hammi, 2009).
An example of this kind of approach can be found in the same commu-
nication employed for reporting the MP model with uniform delay taps
(Kim & Konstantinou, 2001). An inverse function for Q = 1 was achieved
and applied in an iterative DPD scheme that converges after one or two
iterations.

Both of the DPD learning architectures can be used in adaptive algorithms
to generate digital predistorters that require some amount of iterations.
Adaptive DPDs based on direct learning architecture have been reported in
(D. Zhou & DeBrunner, 2007). By simulations, these DPDs are compared
with an indirectly extracted DPD, achieving better performance in terms of
NMSE and spectral regrowth. The DPD proposed in (Changsoo & Powers,
1997), using an indirect architecture as it was mentioned above, also employs
a closed-loop iterative process to estimate the coefficients of the inverse
model while in (Montoro et al., 2007; Gilabert et al., 2008) lookup-tables
approaches were used into an iterative parameter adaptation mechanism
to generate de lookup-tables for the implemented DPDs. These iterative
mechanisms, employing either direct or indirect learning architectures,
were very popular for the predistortion of memory nonlinear systems.
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However, in an alternative type of approaches to compute and implement
the inverse function necessary for the compensation of our nonlinear system
H with memory effects, the DDR model has been applied in (Zhu et al.,
2008) to create, as it is termed by the authors and adopted along this
thesis, an open-loop DPD structure. This implies that no iteration in
closed-loop adaptation mechanism is needed in the identification and
implementation processes of the DPD. In particular, in this approach of Zhu
et al. an under-sampling theory was applied in the inverse DDR model
extraction and the coefficients were interpolated for the implementation
of the DPD. Excellent results, reduction of spectral regrowth quantified by
ACPR measurements and NMSE expressed in (%), were experimentally
achieved for the validation process with a WCDMA signal. This DPD has
been also implemented in PA architectures that employ the ET technique in
(Zhu et al., 2008b). In this occasion, the DDR model was employed with
a vector threshold decomposition technique to linearize the entire ET PA.
Once again, excellent experimental results were achieved without the use
of an iterative or adaptive process.

6.2 Nonlinear post-compensation

Due to the approach in (Schetzen, 1976), a digital predistorter can be
seen as a PA post-inverse function applied at the input of this PA as a
pre-distortion function. However, the post-inverse function itself may has
a direct application in a communication system.

Fig. 6.4(a) shows the linearized output characteristic when a post-inverse
function response is obtained from a measured characteristic that has
been fitted to a memoryless characteristic. The theoretical validation of
the achieved post-inverse function as a compensator of the nonlinearity
introduced by the PA, which was modeled by a memoryless characteristic,
is represented in Fig. 6.4(b). In this subfigure it has been plotted the PSD
of the original signal applied to the input of the PA and the total response
of the system when the post-inverse function is applied to the output of
the PA, being similar to the system S in Fig. 6.1(b). Note that the original
signal is totally recovered in this theoretical approach. In the laboratory
it is not possible to deal with the PSD values obtained in the simulation
environment described above. However, this approach is useful to validate
that a post-inverse function can be obtained and applied as in Fig. 6.4(a).
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Figure 6.4 Post-inverse function approach: (a) AM-AM characteristic and
(b) power spectral density of the input and the simulated lin-
earized output.

6.2.1 Application of a post-inverse function in an LTE system

The approach above, as it was mentioned before, has been directly applied
to a nonlinear system driven by LTE formatted signals (Allegue-Martı́nez et
al., 2012b). As it was discussed in Chapter 2, the advent of LTE technologies
is expected to fuel a vast development of next-generation services and
applications. However, we know that the implementation of this technology
is a big challenge to the RF designers due to the high PAPR values associated
with the OFDM signals. In order to get a better power efficiency, the PAs
in base stations might be operated near the saturation region, producing
non-negligible nonlinear distortion.

Additionally, due to the spectral mask emission, defined in all mobile
communications standards, a residual spectral regrowth is allowed in the
transmitter. Furthermore, other components of the communications system
could introduce nonlinear behaviors, such as the receiver itself through
mixers and low-noise amplifier. Because of this, a post-compensation
technique can be used to linearize the output of the communication system
(Dehos & Schenk, 2007). This technique can coexist with the predistortion
mechanisms as a complement to increase the robustness of the system.

6.2.1.1 Deduction of the post-inverse function

A post-inverse function can be found to compensate the main nonlinear-
ities that still remain in the receiver side and it can be implemented as
the first baseband block at the receiver side with a simple formulation,
independently if a DPD has been implemented in the transmitter or not.
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To find this simple post-inverse function, let us consider that the remaining
nonlinearity can be represented by a particular case of the Saleh approach
in equations (5.5) and (5.6). The static AM-AM characteristic is now written
in the form:

|ỹ(n)|= G0|x̃(n)|[
1+
(

G0|x̃(n)|
A0

)2p
] 1

2p
, (6.6)

where G0 represents the small-signal gain in the system, A0 is the maximum
output amplitude and the parameter p controls the smoothness of the
transition between the linear and saturated regions. For the AM-PM
conversion, the parameter αΦ controls the strength of the phase distortion
as in (Costa & Pupolin, 2002):

φ(n) = αφ

(
G0|x̃(n)|

A0

)4

. (6.7)

The simplicity of this model allows a compensation technique with only
four coefficients. This technique basically consists on the cancellation of the
denominator in equation (6.6) by using the received samples of the signal
and the coefficients that better describe the nonlinear behavior along the
whole communication system. With the previously estimated coefficients
we can obtain the inverse of the nonlinearity by means of a closed-form
expression and apply the compensation in the receiver to mitigate the
distortion effects. This closed-form expression is obtained if we rewrite
equation (6.6) as:

G0|x̃(n)|
|ỹ(n)|

=

[
1+
(

G0|x̃(n)|
A0

)2p
] 1

2p

, (6.8)

raising both terms in equality (6.8) to 2p we can get:(
G0|x̃(n)|
|ỹ(n)|

)2p

= 1+
(

G0|x̃(n)|
A0

)2p

. (6.9)

After few manipulations it can be written:

|x̃(n)|2p =
1

G2p
0

(
1

|ỹ(n)|2p − 1
A2p

0

) =
1(

G0
|ỹ(n)|

)2p
[

1−
(
|ỹ(n)|

A0

)2p
] . (6.10)

If we raise both equivalent terms in equation (6.10) to 1/2p now, the next
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equality is true:

|x̃(n)|=

 G0

|ỹ(n)|

[
1−
(
|ỹ(n)|

A0

)2p
] 1

2p


−1

. (6.11)

Finally, the post-inverse function of the AM-AM characteristic described
by equation (6.6) can be applied as a post-compensator, obtaining the
linearized output complex envelope of the compensator, denoted by ỹlin(n),
as:

|ỹlin(n)|= |x̃(n)|=
|ỹ(n)|

G0

[
1−
(
|ỹ(n)|

A0

)2p
]− 1

2p

(6.12)

and

φlin(n) =−αφ

[(
A0

|ỹ(n)|

)2p
]− 2

p

, (6.13)

where the AM-PM characteristic in equation (6.7) has been inverted with a
simpler mathematical manipulation than the employed for the AM-AM
inversion.

6.2.1.2 Considered system for the experimental validation

The considered signals for the validation of the approach above follow
the LTE-downlink standard described in Chapter 2. A channel bandwidth
of 5 MHz has been chosen, for which there are 25 PRBs available. The
SISO system described in Fig. 6.5 was used to create and test the LTE
signals. Among the possible modulation schemes for LTE, 16-QAM has
been selected. The baseband 16-QAM input symbols are assigned to the
300 available subcarriers on each OFDM symbol through a serial-to-parallel
converter and later to an IFFT block with N = 2048 points. Then, the process
described in Chapter 2 and Section 2.2.1 has been followed to deal with an
OFDM system. The experimental setup that we have been using for the
study of PAs and which is described in Section 3.3.1 is now reused with the
ZHL42W PA as the DUT and the principal source of nonlinearities. This PA
was placed between the OFDM modulator and demodulator to validate
the nonlinear post-compensator effectiveness, represented by the block G−1

as it is shown in Fig. 6.5.
In this study, it is desirable to analyse the behavior of the system for

different type of LTE signals, considering that the expected nonlinear effects
may lead to different performances for each type of signal. Depending
on the kind of transmitted physical channel and the traffic to allocate, a
different number of PRBs will be active out of the 25 available. Each of these
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Figure 6.5 Block diagram for the implemented LTE downlink system.
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Figure 6.6 Diagram of the considered signals with different PRB allocations.

PRBs will be denoted by a number meaning its position, nPRB. The different
configurations of the active PRBs to conform the LTE signals under study
are shown in Fig. 6.6.

Fig. 6.6 depicts the four adopted PRB allocations. In type-A signals, only
one PRB is active and its position is changed along the possible allocations,
being the cases under study those for nPRB = 1, 4, 7, 10 and 13. Type-B
signals present two active PRBs occupying alternative positions, being
the cases under study given by the pairs nPRB = {1, 3}; {6, 8}; and {12, 14}.
In signal C, alternate PRBs are active occupying the whole bandwidth,
which corresponds to the odd values of nPRB. Finally, signal D represents
the case in which all the PRBs are active. In addition to validating the
post-inverse function to compensate the nonlinearity of the channel, we
expect a different impact of distortion when only the smallest possible
bandwidth is occupied with respect to the case in which all the available
bandwidth is used. More differences are likely depending on the frequency
shift of the active resource blocks with respect to the center frequency.

The three first OFDM symbols of each measured signal have been
employed as a training sequence to identify the coefficients of the post-
inverse function. With these coefficients in equations (6.12) and (6.13), the
post-compensator is fully configured to mitigate the nonlinear distortion
effects of the entire signal at the receiver side. Despite its simplicity, it will
be shown in Section 6.2.1.3 that a satisfactory reduction of the EVM in the
received signals can be achieved by the application of this technique.
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Figure 6.7 Simultaneous representations of the EVMosmn per subcarrier for
measured type-A signals for the cases nPRB = 1, 7 and 13 (only
one active PRB) and input levels of -6 dBm (black line), -8 dBm
(red line) and -13 dBm (green line).

6.2.1.3 Experimental results employing the post-compensator approach

When all the signals were correctly acquired in the receiver for different
input levels and OFDM-demodulated, two definitions of EVM were used to
evaluate the dispersion of the received 16-QAM symbols around their ideal
constellation point due to the nonlinearities present in the communication
system. The first one is the widely employed EVM as it was defined in
Section 3.4 and the second figure of merit is used to compute the EVM
on each subcarrier, in order to include the subcarriers that contain zeros,
being necessary a new normalization for defining the EVM that employs
the outermost symbol magnitude (Agilent, 2002). We referred to this new
figure as EVMosmn and it will be expressed in (%) too.

First, to analyze the nonlinear effects over the LTE signal, let us consider
the type-A signals in Fig. 6.6 for different input levels, even though all
the previously defined types of signals have been used to analyze the
in-band interference. Once the OFDM demodulation has been carried
out, the EVM over each subcarrier was computed for the cases nPRB = 1,
7, 13 and simultaneously represented in Fig. 6.7 for three different input
levels on each case of study. In this figure and Fig. 6.9, the vertical lines
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are delimiting the 25 PRBs, allocated from subcarrier numbers 107 to 407.
When the output level is closer to the output saturation point of the PA an
important increase of the EVMosmn is detected in the active PRBs and in the
adjacent subcarriers. This interference vanishes while the input level goes
down, although there is a persistent degradation of the EVMosmn due to the
interference of the twelve active subcarriers over the subcarriers set to “0”
at the left and right sides of the active PRB. These effects are mitigated with
the use of an inefficient input level of -13 dBm, as illustrated in Fig. 6.7
for the three cases of type-A signals. The same observations were done for
nPRB = 4 and 10.

For an efficient usage of the PA features and a good system response with
respect to nonlinearities, keeping the errors below the requirements of LTE,
the memoryless nonlinear compensation technique was applied to all the
signals under study and its results are represented in Fig. 6.8. In this case,
the root mean square EVM is presented. As it was expected, markers in Fig.
6.8 show an EVM (%) measured value increase as the input signal level
approaches the PA P1dB for all the signals under study. Slight differences
can be observed between the behaviors of each EVM characteristic for the
employed signals. However, types A and B signals exhibited identical
behaviors between each allocation for the same signal, and we have plotted
one of these cases; only for type-A signal with nPRB = 13, i.e. the center PRB,
lower values of EVM were measured for input levels of -7 dBm and -6 dBm.

As it is illustrated in Fig. 6.8, the input levels above -8 dBm cannot
be used in an LTE environment because the measured EVM is greater
than the 12.5 % allowed by the standard, due to the nonlinear distortion.
However, the implementation of the nonlinear post-compensator makes
possible the utilization of these operation points, resulting in a more efficient
employment of the PA.

Despite the use of a static nonlinear model with only four coefficients, the
predicted EVM values are adequate enough; even though the prediction
for the highest input levels is slightly below the measured ones, possibly
due to the intensification of the memory effects for this operation region.
However, the adopted model represents the general behavior of the mea-
sured characteristics and allows the nonlinear compensation at the receiver
side as demonstrated in Fig. 6.8. The compensated measurements exhibit
improved EVM characteristics for all the generated signals, obtaining re-
ductions up to 5.6 % for a more usual situation in an LTE environment, as
signal D is.

In Fig. 6.9, it has been represented simultaneously the EVMosmn for type-B
signals in the cases nPRB = {1, 3} and {12, 14}, when an input level of -8 dBm
was selected. This figure reveals an increase of EVMosmn on inactive PRBs
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adjacent to the active ones, especially at PRB number 5 and its image with
respect to the center frequency for the case nPRB = {1, 3}. The same happens
with PRBs number 10 and 16 due to the transmission over nPRB = {12, 14}
and for type-B signal with nPRB = {4, 6}, which is not shown in the figure.
A similar behavior was discussed in Fig. 6.8 for type-A signals. Once
again, the compensation mechanism obtains EVMosmn differences up to
3.5 % between the non-compensated and compensated measurements per
each subcarrier.

For signals C and D, the EVMosmn of the unused subcarriers is incremented
by the adjacent active subcarriers that contain 16-QAM symbols. When
all PRBs are allocated as in signal D, the EVMosmn is higher than in the
other cases. To analyze in more detail the proposed memoryless post-
compensation technique, the measured signals of types C and D were tested
after the acquisition process into an AWGN channel simulation as in Section
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5.7 where the impact in the system performance of low-frequency memory
effects was studied. The measurements for the -8 dBm input level were
selected to analyze the BER versus the SNR.

Fig. 6.10 shows that signals C and D were highly distorted with respect
to the linear cases due to the PA nonlinearities. The input level of these
signals is 3 dB below the 1 dB input compression point and the degradation
observed in the system performance is not acceptable in an LTE environment.
However, the compensation technique allows the use of this input level,
getting a BER of 10−6 for reasonable SNR values on types C and D signals,
with an efficient usage of the PA. The SNR gain for a 1.43×10−4 BER value
is above 8 dB for signal D, while for the case of signal C the SNR gain is over
9 dB to keep a BER of 2.21×10−5. The EVMosmn of these two signals was
analyzed and it can be checked that the compensation technique reduces
this figure in a similar way to the case of two active PRBs shown in Fig.
6.10.

6.3 Digital predistortion applications

The majority and most important experimental reports on DPD have been
done employing signals based on WCDMA standard or other M-ary QAM
digital modulations (Morgan et al., 2006; Montoro et al., 2007; Zhu et al.,
2008; Gilabert et al., 2008; Zhu et al., 2008b; Yan et al., 2011; Moon & Kim,
2011; Cao et al., 2012).

In this thesis, our interest is to apply the DPD techniques in the emerging
wireless communication systems. This is a new challenge for all the RF
research community nowadays. If the tradeoff between efficiency and lin-
earity has been a big headache for RF circuit designers in WCDMA systems,
this challenge require more efforts in OFDM-based wireless systems due to
the high PAPR values inherent to them.

The compensation of nonlinear distortions in OFDM due to a PA has
been widely reported in simulation environments. In (Ryu & Lee, 2003)
and (Varahram & Ali, 2011), the combination of PAPR reduction and DPD
techniques in OFDM signals has been reported. Different approaches were
considered for the PAPR reduction previous to the DPD. These works
employ an SSPA model, a good approach to predict the general behavior of
the PA, making possible the pre-compensation or post-compensation, as it
was shown in Section 6.2.1.3. Unfortunately, the performance of real-life
systems is affected by memory effects. Hence, these effects must be taken
into account in the construction of the pre-distorter, which also should be
experimentally validated.
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6.3.1 Practical considerations

The post-inverse function approach, as it was applied in Fig. 6.4, can not
be employed directly in a DPD. A clear weakness in most linearization
techniques, and in particular with DPD, is the losses in the average output
power delivered to the load. This disadvantage is explained because
when the saturation of a PA is reached, as Fig. 6.11(a) illustrates, it is
not possible to apply the necessary inverse function to compensate this
saturated characteristic. In other words, when a DPD has been designed it
is necessary to assume an output power loss. This effect is more notable
with the increase of the PAPR of the signal, such as in OFDM-based systems.

Then, the application of the post-inverse function in a DPD requires the
computing of a new system gain. We referred to it as the compressed gain,
denoted by Gc. Note that the linear amplification system, composed by the
DPD preceding the PA as it is shown in Fig. 6.2, can only be achieved up
to the saturation level since it is not possible to manage a higher output
power above the saturation point in the PA output signal. The new system
gain Gc can be computed as:

Gc =
max{|ỹ(n)|2}
|x̃(n)|2max{|ỹ(n)|2}

, (6.14)

where the numerator is the maximum output power level and the denomi-
nator the corresponding PA input power level.

The practical consideration above results in an output power compression,
denoted as (Comp.) in Fig. 6.11(b), if we compare the linearized system
(DPD+PA) with the PA response without the implementation of this pre-
compensation technique. In real applications, this effect is considered
applying an average input level G(dB)−Gc(dB) dB below the value that
was employed for the extraction of the nonlinear PA response, which
possesses a gain G.

Another practical recommendation that should be followed to achieve a
good linearized system is the normalization between the PA output ỹ(n)
and input x̃(n) for the extraction of the DPD coefficients. This normalization
can be implemented with a good estimation of the PA gain in its linear
region, to be later employed as the denominator of ỹ(n). For architectures
where the linear gain is not easy to be estimated, the normalization of ỹ(n)
and x̃(n) with their respective peak values is another practical solution as it
was applied in (Zhu et al., 2008).
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Figure 6.11 Pre-inverse function applied as a DPD: (a) AM-AM characteris-
tic and (b) power spectral density of the input and the simulated
linearized output.

6.3.2 DPD technique with in-band interference optimization

Once some practical considerations for the implementation of a DPD are
known, a novel DPD technique will be proposed that, in addition to reducing
spectral regrowth, is optimized to deal with the in-band distortion. This
technique is based on a two-block structure modeled by a pre-processing
filter and a ML nonlinearity, suitable to be applied in OFDM systems
(Allegue-Martı́nez et al., 2012c). In these systems, and to the best of our
knowledge, experimental results validating the behavioral modeling in
OFDM signals are insufficient, as well as the DPD in this context.

6.3.2.1 Deduction and theoretical justification of the DPD technique

This technique tries to take advantage of the FFT and IFFT process inherent
to the OFDM systems. As we know, both baseband time-domain and
frequency-domain Volterra representations can be successfully applied to
the modeling of PAs in wireless communication systems (Tseng, 2010b;
G. Zhou et al., 2005). In the frequency domain, if we denote by X(k) the
discrete spectrum of a baseband OFDM input and by N the total number of
subcarriers, the pth-order spectrum of the PA baseband response is

Yp(k) =
N/2−1

∑
k1=−N/2

· · ·
N/2−1

∑
kp=−N/2

∣∣∣∣∣
k1+···+kp=k

Hp(kp)
(p+1)/2

∏
i=1

X(ki)
p

∏
i′=(p+3)/2

X∗(−ki′),

(6.15)
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Figure 6.12 Block diagram of the proposed system for OFDM compensation.
The forward chain implements the DPD composed by a dynamic
filter, FPD, and a ML nonlinear block, GPD. The reverse chain
sets filter coefficients from the actual PA model. n and k stand
for the discrete time and frequency domains, respectively.

where kp represents the set of subcarrier indices k1, · · · ,kp and Hp(kp) are
the low-pass equivalent transfer functions. In the case of a ML amplifier,
Hp(kp) = Hp(0p) = Hp(0, · · · ,0), being constant for all kp. The output spec-
trum in the ML case will be denoted as Y ML

p (k). The relation between the
PA and the ML pth-order output spectra, given by Fp(k) = Yp(k)/Y ML

p (k),
can be used to express the output spectrum as

Y (k) =
∞

∑
p=1

Fp(k)Y ML
p (k) = F(k)Y ML(k), (6.16)

According to the first equality of equation (6.16), the PA can be regarded as
a sum of pth-order ML nonlinearities followed by output linear filters Fp(k).
The second equality models the PA as a ML nonlinearity with an output
linear filter F(k). The proposed scheme to compensate the PA distortion is
based on two blocks placed as shown in Fig. 6.12, a dynamic filter FPD(k),
dependent on the input spectrum X(k), and a ML predistorter denoted by
GPD. Ideally, the composed response of the two cascaded nonlinear blocks,
GPDG, obeys a linear characteristic, therefore the coefficients of FPD(k) are
adjusted to equalize the overall response. As it can be seen in Fig. 6.12,
the linearization condition is accomplished when the ML nonlinearities are
perfectly matched and FPD(k) = 1/F(k).

The performance of the DPD is based on a precise estimation of the
behavioral model parameters, as it should be to achieve a good linearization
performance (Ghannouchi & Hammi, 2009). Once a suitable PA model
as well as the ML block GPD have been estimated, the signal processing
previous to transmission is basically a shape filtering for each OFDM
symbol in order to equalize the memory effects to be introduced by the PA
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dynamics. The procedure can be summarized in an open-loop, as in (Zhu
et al., 2008), and offline algorithm as follows:
• Given an OFDM block with N M-QAM symbols, generate the predis-

torter signal z(n) to drive the PA behavioral model and estimate the
amplifier output ŷ(n). In this step, the predistortion filter FPD(k) is
bypassed so that U(k) = X(k).

• After Fourier transforming and normalization, the pre-processing filter
coefficients are computed as FPD(k) =U(k)/Ŷ (k).

• Repeat the first step with the input filtered by FPD(k). The predistorted
signal z(n) is sent through the PA to be transmitted.

6.3.2.2 DPD applied to a DVBT system

After that the theoretical justification and principles of the DPD have
been presented in the previous section, the experimental validation of the
proposed approach will be firstly applied to DVB-T2 signals.

Due to the frequency range where this broadcast wireless standard is
regulated, the experimental setup containing the MAX2430 device as DUT
has been reused and an Agilent PXA-VSA89600 vector signal analyzer has
been also incorporated to this setup as an step-forward in the acquisition
process performance. All the measurements were performed at 850 MHz, a
typical television frequency band.

A DVB-T2 32K-mode signal with a long sequence of OFDM symbols
was generated with the common simulation platform of (Baena, 2008),
employing an oversampling rate of 4. Two types of signals were created:
for one, the PAPR reduction technique, studied in Chapter 2 and Section
2.4.2, (ACE) was applied and for the other not. After the addition of the
corresponding CP, the signal was loaded into the internal memory of the
signal generator. The input level was chosen near the P1dB so that it would
drive the DUT in a significant nonlinear region. The output of the DUT
was then down-converted and sampled by using the VSA with the same
oversampling rate. Once one symbol was used to identify all the coefficients
of the models involved in this study, the rest of them were employed to
validate the experimental results.

The major advantage of using the DPD combined with the ACE technique
is shown in Fig. 6.13. In Fig. 6.13(a), when the DPD technique is
directly applied to the complex envelope of the original signal, the AM-AM
characteristic forces a gain reduction of 8.7 dB to completely linearize the PA
output. However, when applying the ACE technique, for the same average
input level employed in Fig. 6.13(a), the linearized gain is only 3.6 dB below
the original without DPD, as Fig. 6.13(b) shows. In this figure, we can
clearly see that the nonlinear distortion has been satisfactorily compensated.
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Figure 6.13 Instantaneous gain versus input level for a DVB-T2 signal when:
(a) no PAPR reduction, and (b) PAPR reduction with the ACE
technique are applied. The linearization achieved for both cases
is also depicted.

This was confirmed in the AM-PM characteristic as well, where the phase
shift was mitigated with the implementation of the DPD.

The major achievement of the proposed DPD is the in-band distortion
mitigation. To examine more in detail this, in Fig. 6.14 the constellation over
the complex plane after the OFDM demodulation process is represented.
Once the importance of the ACE technique implementation and its advan-
tages in a nonlinear system have been discussed, in Fig. 6.14 the measured
signals when the ACE technique is active were plotted for two cases under
study: without DPD and with the proposed DPD. As it is shown, the
pre-compensated signal complex points are more concentrated over the
ideal constellation points (output of the ACE block) than for the case where
these frequency-domain points are OFDM modulated and transmitted
through the PA without the implementation of the DPD.

A complementary figure for the discussion of the in-band distortion, in
which the reference signal in the frequency domain is also plotted is the
Fig. 6.15. In this figure, the output of the PA was normalized to the ideal
transmitted signal. Furthermore, few subcarriers were shown in order to
obtain a better visualization of the predistorter effects over the distorted
subcarriers. It is evident the closeness between the active subcarriers of the
reference signal and these same subcarriers in the received signal when the
DPD is employed. Note that the red dots are inside the blue circles in most
cases. On the other hand, a notable dispersion is affecting the quality of the
transmission due to the nonlinear distortion produced by the PA when the
DPD is turned off (black dots).
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Figure 6.14 Measured constellation of the distorted signal when only the
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the DPD is implemented after the PAPR reduction (with DPD,
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Table 6.1 In-band interference, out-of-band emission and overall perfor-
mances for OBO = 7.8 dB.

Cases under study MER ACPR (dBc) NMSE
(dB) Lower Upper (dB)

A) W/o ACE, w/o DPD 27.4 -32.9 -32.9 -25.3
B) ACE, w/o DPD 31.6 -35.3 -36.5 -29.0
C) Standard memory DPD+ACE 39.0 -43.8 -45.8 -37.1
D) Proposed DPD+ACE 42.1 -43.5 -47.5 -39.1

For a fixed OBO, Table 6.1 compares the performance of the four cases
under study: A) the case without applying ACE and without the DPD, B)
when only ACE is applied and the signal is transmitted without DPD, C)
the combination of ACE with a standard memory DPD, and D) the case
with ACE and the proposed DPD. The standard memory DPD is the DVBW
model, a state-of-the-art Volterra-based model.

The MER is used to evaluate the similarity between the OFDM signal in the
frequency domain after its amplification in the transmitter and the reference
signal in the same domain. Table 6.1 reveals that, when a transmission is
directly attempted (case A) with OBO = 7.8 dB, the nonlinear distortion
produces a high intercarrier interference that reduces the MER to 27.4 dB.
To avoid the inefficient solution of increasing the OBO, a PAPR reduction
is applied to the original signal according to the standard obtaining an
improvement of 4.2 dB in the MER (case B). However, when the DPD is
applied combined with ACE, the MER is improved 14.7 dB and 10.5 dB
above the values achieved for cases A) and B), respectively. Furthermore,
the proposed DPD accomplishes an increase of the MER slightly over 3 dB
with respect to the standard DPD with memory. This better performance in
the reduction of the intercarrier interference due to nonlinear distortion is a
clear advantage of the proposed DPD technique, which makes it interesting
to better satisfy the distortion requirements of modern transmitters.

The out-of-band emission is the main target in most of the predistorters
reported nowadays. Despite the use of a passive filter after the amplification
block in the transmitter, supported by the DVB-T2 standard, the spectral
regrowth is not advisable, considering that some energy would be lost
in emissions out of the band of interest that should be suppressed by the
filter. The results of the ACPR presented in Table 6.1 confirm the good
performance of the implemented DPDs, especially for the proposed DPD
that improves the mean ACPR in 12.6 dB with respect to the case A). Fig.
6.16 shows the power spectrum for all the cases under study. These traces
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Figure 6.16 Power spectral density for the output signals: without ACE
and without DPD (original output), with PAPR reduction only,
standard memory DPD with ACE and proposed DPD with
ACE technique.

have been directly taken from the spectrum analyzer by averaging a large
amount of OFDM symbols. This figure demonstrates a significant reduction
of the spectral regrowth when ACE is combined with both DPD techniques.

To evaluate the overall performance of all the cases under study, the NMSE
is used to compare the sampled signal in the receiver with the theoretical
reference to evaluate the residual distortion after the compensation, in other
words, the global linearization achieved. As it can be observed in Table
6.1, the residual error of cases A) and B) decreases significantly with the
implementation of both DPDs, however our approach is again better in
2 dB than the standard memory DPD.

6.3.2.3 DPD applied to an LTE transmitter

The DPD approach presented in Section 6.3.2 has also been validated
experimentally with LTE formatted signals. In this occasion, a 15 MHz
channel bandwidth is employed according to the LTE-downlink standard,
with a 16-QAM modulation. After generating the time-domain signal by
an IFFT, the CP is added and a raised cosine filter is applied to meet the
ACLR requirements of the standard.

As DUT in the experimental setup presented in Section 3.3.1 and Fig. 3.8,
a continuous mode class J PA was designed over the CGH35015F device, a
packaged 15 W GaN HEMT from Cree, Inc. Recently proposed by Cripps
(S. Cripps et al., 2009), a class AB biasing point is combined in this novel
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Figure 6.17 Photograph of the continuous mode class J PA designed over
the CGH35015F HEMT from Cree, Inc.

amplifying class with appropriate drain terminations at the fundamental,
Zopt(ω) = R1 + jX1, and the second harmonic, Zopt(2ω) = jX2, where the
reactance components, X1 and X2, have opposite signs and correlated
values. A multi-harmonic stub-based output matching network allowed
implementing the desired drain impedance conditions around 850 MHz,
resulting in an RF PA with a peak PAEpeak = 73 %, for an output power of
16 W and a saturated gain of 17 dB. In Fig. 6.17, a photograph of the PA is
presented.

The RF modulated signal is amplified by a linear pre-amplifier and then
fed to the class J PA under study. An oversampling rate of 4 has been
employed for the sampled signals at the output of the PA. Similarly, a
3GPP-WCDMA signal at 3.84 Mchip/s with QPSK modulation, root-raised
cosine filter with roll-off factor α = 0.22 and oversampling rate of 16 is
acquired for comparative purposes. The main difference in this case lies
in the fact that the modulated signal must be Fourier-transformed before
applying the DPD approach described in Fig. 6.12.

As we have emphasized, the performance of the DPD is based on a
precise estimation of the behavioral model parameters. In this study, the
highly nonlinear behavior of the class J amplifier constitutes a challenge for
an accurate modeling. The response of the employed PA exhibits a complex
behavior that could not be properly modeled by standard Volterra-based
behavioral models, as it is mentioned in (Zhu et al., 2008b). Therefore, a
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Figure 6.18 Instantaneous: (a) gain and (b) phase shift versus input level
for a WCDMA signal.

different modeling and identification approach has been adopted based on
two blocks, the first one accounting for the static nonlinearity yML and the
second one adding memory effects. Initially, the static or ML nonlinearity
of the PA is extracted by means of smoothing the measured AM-AM and
AM-PM characteristics followed by a curve fitting. Then, the dynamic
nonlinearity of the PA is de-embedded from the measured data of the PA
output signal ymeas(n), as suggested in (Moon & Kim, 2011). Finally, for the
de-embedded dynamic behavior of the PA, which can be obtained through
the expression:

d(n) =
ymeas(n)
yML(n)

, (6.17)

an even-order Volterra filter has been extracted.
The challenge presented by the highly nonlinear class J amplifier is

illustrated in Fig. 6.18. Driving this PA with a WCDMA signal, Fig. 6.18(a)
shows the AM-AM characteristic of the PA in terms of instantaneous gain,
without and with the proposed DPD technique, while Fig. 6.18(b) shows
the AM-PM characteristic. It is worth noting that the dynamic AM-AM
behavior of the PA not only exhibits gain compression, but also a notable
gain expansion in the lower levels region. However, after the application
of the DPD technique, the nonlinear distortion has been satisfactorily
compensated with a gain reduction of 3 dB with respect to its maximum
value, a drawback imposed by the fact that the linearized output power can
not exceed the saturated output power as it was discussed in Section 6.3.1.

Table 6.2 compares the performance of the proposed DPD with two
widely-used Volterra-based behavioral models that include memory effects,
the GMP model and the DDR model studied in Chapter 5. The comparison
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Table 6.2 DPD performance comparison for WCDMA and LTE-downlink
signals for Pout = 36.7 dBm and Pout = 30.4 dBm, respectively.

Signals
Cases under EVM ACPR (dBc) NMSE
study (%) Lower Upper (dB)

w/o DPD 2.7 -32.0 -31.5 -25.1

WCDMA
GMP DPD 1.5 -41.6 -41.6 -32.4
DDR DPD 1.3 -40.5 -40.0 -32.2
Proposed DPD 0.5 -64.8 -52.2 -41.9

w/o DPD 12.8 -27.9 -27.5 -18.9
LTE GMP DPD 12.3 -28.4 -28.4 -19.3
downlink DDR DPD 10.3 -28.5 -28.7 -20.5

Proposed DPD 2.8 -44.9 -44.4 -33.2

has been made for both WCDMA and LTE-downlink signals. The results
of the ACPR presented in Table 6.2 confirm the good performance of the
proposed DPD, which provides an improvement over 20.7 dB with respect
to the nonlinear signal at the same output level of 36.7 dBm for the WCDMA
case and a reduction of 17 dB for the LTE case with an output level of
30.4 dBm. ACPR values achieved by the GMP and DDR models illustrate
the problems found when trying to describe the behavior of the PA under
study, what leads to an insufficient linearization.

Fig. 6.19 shows the power spectrum of the LTE signal with and without
DPD, demonstrating a significant reduction of the spectral regrowth. As it
was presented in Fig. 6.16, these traces have been directly taken from the
spectrum analyzer by averaging a large amount of OFDM symbols.

As it was mentioned, the main contribution of the proposed DPD pro-
cedure consists in providing in-band distortion mitigation, that in this
case will be addressed in terms of the EVM. Table 6.2 reveals that the
proposed DPD reduces the EVM from 2.7 % to 0.5 % for the WCDMA
signal and from 12.8 % to 2.8 % for the LTE signal. The improvement in
EVM is more notable for the last signal in comparison to the GMP and
DDR models, since they hardly reduce the EVM values for the nonlinear
case. Fig. 6.20 shows the 16-QAM constellation measured on the OFDM
symbols of the LTE signal and clearly illustrates the reduction achieved in
the error vector with respect to the reference symbols. Finally, as it can be
observed in Table 6.2, the residual error (by means of the NMSE) of the
WCDMA signal significantly decreases with the proposed DPD, reducing
almost 10 dB the NMSE obtained by the GMP and DDR models. For the
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LTE signal, the NMSE achieved by the proposed model is not as good as
for the WCDMA signal, however our approach reduces 14.3 dB the original
NMSE value, while the other models hardly produce any reduction. It is
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worth noticing that the resulting efficiency for the modulated signals is still
competitive after the compensation technique, achieving a PAE of 43.5 % for
the WCDMA (PAPR = 5 dB) and 23.5 % for the LTE signal (PAPR = 11 dB).



7 Conclusions

In this section we summarize the principal results that were reached along
these last years of research in the nonlinear characterization of current
wireless communications systems, being the main contributions of this
thesis.

We have presented an experimental nonlinear characterization of a
quadrature modulator for which a nonlinear model has been adopted.
The model explains the even- and odd-order distortion generated and its
level-dependent behavior. Measurements with two-tone signals, including
both power and tone spacing sweeps, reveal some memory effects mainly
attributed to the baseband nonlinearities in the I and Q paths. This first study,
which was based in the assumption of a symmetrical quadrature modulator
model, does not provide a full representation of the measurements. It was
desirable to explain some additional experimental observations.

During this first experimental characterization of the quadrature modu-
lator, an asymmetrical behavior of IM2 products was observed. For some
specific values of the employed sampling rate in the vector signal generator,
the measured asymmetry reaches up to 25 dB. This behavior was explained
with the assumption of an asymmetrical model, obtained from a theoretical
approach based on NLTFs. The comparative between measurements and
simulations reveals an accurate fit of the adopted model. Furthermore,
these studies about quadrature modulators provide tools for the charac-
terization of the equipments that are present in most of the experimental
setups that we can find in the technical literature: arbitrary waveform
generators and vector signal analyzer -those in which their architecture
is based on quadrature modulators-. Note that these devices could be
directly associated with their respective communication system modules:
transmitter and receiver.

The above results were complemented with the study performed in
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Section 5.6, in which the nonlinear effects of the quadrature modulator
and a PA were evaluated at the same time, emulating the architecture of
a wireless communication transmitter. Before that, the reader can follow
a state-of-the-art review of the behavioral modeling applied to PAs from
the first types of Volterra series prunning to those used in the last relevant
reported model approaches. Once the PA modeling basics have been
studied, an experimental characterization aimed at the significance of
even-order nonlinear terms has been carried out based on a two-tone
power sweep too, for both a quadrature modulator and a PA. The previous
study revealed that the output of the quadrature modulator clearly exhibits
even-order terms and in this approach it was experimentally verified that
the effect of the PA on the even-order nonlinear terms generated in the
modulator consists simply in an amplification. Therefore, it seems that
significant even-order terms cannot be attributed to the PA.

As it may be induced by the reader, this thesis contributes to the discussion
about the even- and odd-order terms in nonlinear channel modeling and its
origins in a communication system, providing its own conclusions based in
experimental approaches.

Supported by PA behavioral models, a study of low-frequency nonlinear
memory effects in M-ary communications systems has been presented in
Section 5.7. The communications system considered allows the realization
of some experimental observations to validate the effects under study. A
clear degradation is observed when the communications system employs a
symbol rate for which the nonlinear PA exhibits low-frequency memory
effects. Constellations show a significant distortion when the transmission
uses 17 ksym/s. Good agreement between simulations and measurements of
the received signal constellations has been obtained, quantified by means of
EVM characteristics. In a multilevel modulations environment the symbol
rates affected by low-frequency nonlinear memory effects are unpractical
for the most communications systems nowadays, while a symbol rate out
of this zone presents a reasonable BER curve for the same PA average input
level.

It is intuitive for a researcher that these nonlinear effects should be com-
pensated in those networks based on current wireless standards. Therefore,
Chapter 6 was devoted to the nonlinear compensation in two different
approaches, post-compensation and pre-compensation -DPD techniques
can be considered a type of the latter-.

In Chapter 6 nonlinear effects on LTE-downlink signals were studied
and a simple post-compensator was fit to mitigate these effects. The
intercarrier interference has been analyzed with the EVMosmn per subcarrier
for different PRB allocations and it has been shown that there is an EVM
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increase produced by the active PRBs over their adjacent PRBs, active or
not. A memoryless nonlinear compensation technique has been applied to
linearize the distorted signals in the receiver side with good results. Input
levels not allowed in the standard due to the regrowth of EVM values are
possible with this technique, employing the PA efficiently and with the low
computational cost of a four coefficients nonlinear compensator.

To best of the author’s knowledge, experimental results validating
accurate behavioral models in OFDM signals are insufficient, as well as
the DPD in this context. Maybe, the major contributions of this thesis
have been done in this topic. In Chapter 6, a new DPD technique has
been proposed to minimize the in-band distortion that is suitable to be
applied in an OFDM environment as demanded by the new wireless
standards. In this technique, once the PA model has been estimated,
the OFDM signal is digitally processed offline with the corresponding
predistorter, modeled with a dynamic filter and a static compensator, and
then sent to be transmitted. A first application of the proposed approach
was validated with the employment of DVB-T2 signals, obtaining a good
performance of the proposed DPD especially in the intercarrier interference
compensation. Besides, the combination of this technique and a class J GaN
power amplifier has allowed a desirable performance of both efficiency
and linearity. The proposed compensation approach not only provides
the desired in-band distortion compensation, but also a reduction of the
spectral regrowth was achieved to be in compliance with the new standards
requirements. Experimental results were provided for the 3G and 4G
mobile communication standards, WCDMA and LTE, with remarkable
performance of the proposed DPD in comparison to other widely-used
approaches.





8 Open research lines

Future extensions of the main contributions of this thesis are expected,
remaining current open lines for the improvement of the results obtained
until today.

We consider that the behavioral modeling of PAs, particularly those
developed to deal with signals of the current wireless scenario (OFDM
signals) and with the employment of high efficient architectures, needs
more efforts in order to obtain accurate representation of this device and
under these conditions.

The behavioral modeling of PAs in the frequency domain is a promising
approach to be applied in the current wireless landscape. Note that in
the time domain, OFDM-based signals present high PAPR values which
turns an accurate modeling difficult to achieve, especially when memory
effects are considered. Furthermore, the development of frequency-domain
behavioral models has a direct application on the DPD technique proposed
in Chapter 6, where the whole algorithm in Fig. 6.12 could be followed in
the frequency domain.

Due to the experience in baseband nonlinear modeling provided by
the study of quadrature modulators and the PA modeling applications
considered in this thesis, the performance of current efficient architectures,
like those that implement envelope tracking (ET) techniques, could be
improved. An study of this architecture in particular, which is represented
in Fig. 8.1, has been already initiated.

In Fig. 8.1, two paths can be identified, one referred to as the ET path
and the other the RF path. The latter is basically constituted by an RF
amplifier. The ET path applies a control law to the absolute value of the
complex envelope, which is loaded into the vector signal generator to be
up-converted into an RF signal. The output of this control law is fit to
obtain duty cycles between 25 % and 90 % to be applied at the input of a
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Figure 8.1 Representation of the ET system modeled in ADS.

set of transistors. The output of this commutation element goes through a
reconstruction filter whose output follows the envelope of the RF amplifier’s
input.

The ET system summarized above has been designed in Advanced Design
System (ADS), a widely-employed CAD platform. A suitable circuit-level
model was found for the representation of the transistors involved in both
the ET and the RF paths.

Fig. 8.2(a) and Fig. 8.2(b) show the nonlinear response of the system
(without DPD) for a two-tone signal with modulation frequency fm =
100 kHz by means of the AM-AM and AM-PM conversion characteristics,
respectively. Note the large hysteresis present in both characteristics and the
changes from a compression to an expansion in the AM-AM characteristic.
As it can be deduced, the implemented ET system is highly nonlinear, being
the third-order IM products IM3l =−17.8 dBc and IM3u = 18.3 dBc.

Some tests have revealed that the source of the observed hysteresis is
mainly the circuitry in the ET path. The Volterra series representation
employed in equations (5.43) and (5.44) was modified for an appropriate
modeling of the baseband path as:

ỹ(n) =
K

∑
k=0

ỹk(n), (8.1)
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where the even-order terms have been also included, being

ỹk(n) =
Q0−1

∑
q0=0

Q1−1

∑
q1=0

. . .
Qk−1

∑
qk=0

hk(q0,q1, . . . ,qk)
k

∏
i=1

x̃(n−qi). (8.2)

Moreover, in equation (5.42) the complex coefficients have been removed
due to the modeling of real-valued waveforms as it is the case of baseband
signals.

Applying a memoryless DPD in the RF path, the linearized AM-AM and
AM-PM characteristics (RF DPD) are shown in Fig. 8.2. The static nonlinear
response has been almost compensated yielding IM3l = −45.0 dBc and
IM3u =−31.6 dBc. However, the hysteresis is already uncompensated in
both characteristics in Fig. 8.2. The modeling followed by the approach
described in equations (8.1) and (8.2) allows the fitting of a memory DPD
to be applied in the ET path. Once both DPDs are active, the linearization
obtained achieves a final reduction of 19.1 dBc (IM3l = −36.9 dBc) and
28.6 dBc (IM3l =−46.9 dBc) in the lower and upper IM3 products, respec-
tively. Comparing the ET system without the implementation of the DPDs
and with the joint action of both for the same output power delivered to the
load (42 dBm), the PAE of the total system has been improved from 36.5 %
to 44.0 %. The PAE of the implemented RF amplifier is 48.0 %. Despite the
reduction of the hysteresis in Fig. 8.2, more efforts should be employed in
removing the residual hysteresis and in the experimental validation of the
final approach to deal with this highly nonlinear system.
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AppendixB
LTE Uplink and Downlink configuration

in TDD

Table B.1 reveals the possible configurations adopted in the standard (3GPP,
2011a) that should be used in TDD mode. D, U and S denote the time slot
in which the available bandwidth is occupied by the downlink, uplink or
the special subframe, respectively.

Table B.1 Possible configurations to be used in frame type 2 of the TDD
mode.

Configuration
Switch-point Subframe number
periodicity 0 1 2 3 4 5 6 7 8 9

0 5 ms D S U U U D S U U U
1 5 ms D S U U D D S U U D
2 5 ms D S U D D D S U D D
3 10 ms D S U U U D D D D D
4 10 ms D S U U D D D D D D
5 10 ms D S U D D D D D D D
6 5 ms D S U U U D S U U D

Note that in the case of 5 ms switch-point periodicity the special subframe
is used in both the subframes numbers 1 and 6. In Table B.2, the length of
the special subframes are presented in multiples of Ts.

165



166 Appendix B. LTE Uplink and Downlink configuration in TDD

Table B.2 Possible configurations of special subframe and lengths of Dw-
PTS, GP and UpPTS expressed in multiples of Ts in the frame
type 2.

Configuration
Normal CP Extended CP

DwPTA GP UpPTS DwPTA GP UpPTS

0 6592 21936 2192 7680 20480 2560
1 19760 8768 2192 20480 7680 2560
2 21952 6576 2192 23040 5120 2560
3 24144 4384 2192 25600 2560 2560
4 26336 2192 2192 7680 17020 5120
5 6592 19744 4384 20480 5120 5120
6 19760 6576 4384 23040 2560 5120
7 21952 4384 4384 - - -
8 24144 2192 4384 - - -
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Figure C.2 Measurement level of IM3 products versus the carrier power
and tone spacing: (a) IM3l and (b) IM3u.
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Figure C.3 Measurement level of IM4 products versus the carrier power
and tone spacing: (a) IM4l and (b) IM4u.
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Figure C.4 Measurement level of IM5 products versus the carrier power
and tone spacing: (a) IM5l and (b) IM5u.
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∠ Phase of a complex quantity
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ACPRT Total Adjacent Channel Power Ratio
ACPRL Adjacent Channel Power Ratio Lower
ACPRU Adjacent Channel Power Ratio Upper
ACPSP Spot Adjacent Channel Power
ADC Analog to Digital Converter
ADS Advanced Design System (Agilent’s software)
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CAD Computer Aided Design
CA Carrier Aggregation in LTE
CC Component Carriers in LTE
CDMA Code Division Multiple Access
CP Cyclic Prefix
CPU Central Processing Unit
CW Continuous Wave
DAC Digital to Analog Converter
dc Direct Current
DDR Dynamic Deviation Reduction
DFT Discrete Fourier Transform
DPD Digital Predistortion or Digital Predistorter (depends on the context)
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DSB-SC Double-sideband Suppressed-Carrier
DS-CDMA Direct-Sequence Code Division Multiple Access
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DVB Digital Video Broadcasting
DVB-T Terrestrial Digital Video Broadcasting
DVB-T2 Second Generation Terrestrial Digital

Video Broadcasting
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ET Envelope Tracking
EVBW Extended Volterra behavioral model

for wideband amplifier
EVM Error Vector Magnitude
E-UTRA Envolved-Universal Terrestrial Radio Access
f Frequency
fc Carrier frequency
fm Modulation frequency
fn Frequency vector with length n
f (x) Generic Function of x
F{·} Fourier transform
FD{·} Discrete Fourier transform
FDD Frequency Division Duplex
FDM Frequency-division Multiplexing
FET Field Effect Transistor
FFT Fast Fourier Transform
g2p+1 Odd coefficients of the bandpass series used in the QM characterization
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H( f ) Linear transfer function
Hn(fn) Nonlinear transfer function of order n
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HEMT High Electron Mobility Transistor
HFET Heterostructure FET (Field Effect Transistor)
HSDPA High Speed Downlink Packet Access
HSPA Combination of HSDPA and HSUPA
HSUPA High Speed Uplink Packet Access
i OFDM information symbol number
I In-phase Path of the Quadrature Modulator
ICI Inter-carrier Interference
Id , id Drain current
IDFT Inverse Discrete Fourier Transform
Ids, ids Drain-to-source current
Idss Maximum drain-to-source current
IF Intermediate Frequency
IM Intermodulation
IM2 Second-order Intermodulation
IM2l Second-order Lower Intermodulation
IM2u Second-order Upper Intermodulation
IM3 Third-order Intermodulation
IM3l Third-order Lower Intermodulation
IM3u Third-order Upper Intermodulation
IMn n-th order Intermodulation
IMD Intermodulation Distortion
IMT-2000 International Mobile Telecommunications 2000
IMu Upper Intermodulation Product
ISI Inter-symbol Interference
IP3 Third-order Intercept Point
IP2 Second-order Intercept Point
IP5 Fifth-order Intercept Point
IP5 Seventh-order Intercept Point
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Is, is Source current
ITU International Telecommunication Union
LDMOS Laterally-diffused MOS (Metal-Oxide-Semiconductor)
LNA Low Noise Amplifier
LO Local Oscillator
LTE Long Term Evolution
m Intermodulation product index and sequence index
m Frequency mix vector
M Total number of terms in Fourier series
MAN Metropolitan Area Network
MEI Memory Effect Intensity
MER Memory Effect Ratio
MESFET Metal Epitaxial Semiconductor Field Effect Transistor
MIMR Multitone Intermodulation Ratio
MIMO Multiple Input Multiple Output
MP Memory Polynomial
MTA Microwave Transition Analyser
n Order, number of iteration, sequence index
NRB Transmission bandwidth configuration, expressed in

units of resource blocks
NRB

sc Resource block size in the frequency domain, expressed
as a number of subcarriers

NDL
Symb Number of OFDM symbols in a downlink slot

NUL
Symb Number of SC-FDMA symbols in an uplink slot

NC Nonlinear Currents
NLTF Nonlinear Transfer Function
NPR Noise to Power Ratio
NVNA Nonlinear Vector Network Analyser
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
p Index employed to represent the pth-order

Volterra’s kernel and the pth-order nonlinear spectrum
of a PA in behavioral model context

P1dB 1-dB Gain-Compression Power
Padj,L/U Lower or Adjacent Channel Power
Pin Input Power
Pl/u Lower or Upper Intermodulation Product Power
Pout Output Power
PA Power Amplifier
PAE Power Added Efficiency
PAPR Peak-to-Average Power Ratio
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PC Personal Computer
PRB Physical Resource Block
PM Phase Modulation
PSD Power Spectral Density
q Discrete-time delay
Q Quadrature path of the quadrature modulator, also used

as the last value considered for q
QAM Quadrature Amplitude Modulation
QM Quadrature Modulator
QPSK Quadrature Phase Shift Keying
RAN Radio Access Network
RBW Resolution Bandwidth
RC Raised-cosine filter
RLC Resistor Inductor Capacitor
RRC Root-raised-cosine filter
RF Radiofrequency
RFIC Radio Frequency Integrated Circuit
SA Spectrum Analyser
SC-FDMA Single Carrier Frequency Division Multiple Access
SISO Single Input Single Output
SNR Signal to Noise Ratio
SS spread spectrum
SSPA Solid-state Power Amplifier
t Time variable
T Time period
TDD Time Division Duplex
TDMA Time Division Multiple Access
TR Tone Reservation
TSG Technical Specification Group
TV-VS Time-Varying Volterra series
TWT Traveling-wave Tube
uI/Q(t) Time domain input for I and Q paths in a QM
UMTS Universal Mobile Telecommunications System
UTRA Universal Terrestrial Radio Access
UpPTS Uplink Pilot Timeslot
V (t), v(t) Voltage in the time domain
V ( f ) Voltage in the frequency domain
VBW Volterra behavioral model for wideband amplifier
Vd , vd Drain voltage
VDC, V0 Bias or dc voltage
VDS, Vds, vds Drain-to-source voltage
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Vg, vg Gate voltage
VGS, Vgs, vgs Gate-to-source voltage
Vs, vs Source voltage
Vt Threshold voltage
VS Volterra series
VNA Vector Network Analyser
VSA Vector Signal Analyser
VSG Vector Signal Generator
x(t), y(t) Input and output variables in the time domain
x̃(t), ỹ(t) Input and output complex envelopes in the time domain
xI/Q Output for I and Q paths in a QM
xIn/Qn n-th output for I and Q paths in a QM
X(k) Complex modulation symbol allocated in the k-th

subcarrier in OFDM
X( f ), Y ( f ) Input and output variables in the frequency domain
Xp( f ), Yp( f ) p-th order nonlinear input and output variables

in the frequency domain
xp(t), yp(t) p-th order nonlinear input and output variables

in the time domain
x̃p(t), ỹp(t) p-th order nonlinear input and output complex envelopes

in the time domain
Yo(f) Output Power Spectral Density Function
Yo,ml(f) Output Power Spectral Density Function after

memoryless linearization
W Operation bandwidth
W-CDMA Wideband CDMA (Code Division Multiple Access)
WG Working Group
Z0 Characteristic impedance
ZL, ZL( f ), ZL(ω) Load impedance
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comunicaciones inalámbricas. Master thesis, University of Seville.

Allegue-Martı́nez, M., Madero-Ayora, M., Crespo-Cadenas, C., Reina-
Tosina, J., & Navarro-Lázaro, J. (2010, apr.). Asymmetry and memory
effects in quadrature modulators. In Workshop on Integrated Nonlinear
Microwave and Millimeter-Wave Circuits. INMMIC, 2010 (p. 79 -82).

Allegue-Martı́nez, M., Madero-Ayora, M. J., Crespo-Cadenas, C., Reina-
Tosina, J., & Bernardo, F. (2012b). Nonlinear effects in LTE downlink

187



188 References

signals and application of a compensation technique at the receiver
side. Microwave and Optical Technology Letters, 54(1), 54–58. Available
from http:/ /dx.doi.org/10.1002/mop.26494

Allegue-Martı́nez, M., Madero-Ayora, M. J., Doblado, J. G., Crespo-Cadenas,
C., Reina-Tosina, J., & Baena, V. (2012c). Digital predistortion tech-
nique with in-band interference optimisation applied to DVB-T2.
IEEE Electronics Letters, 48(10), 566–568.

Allegue-Martı́nez, M., Madero-Ayora, M. J., Reina-Tosina, J., Navarro-
Lázaro, J., & Crespo-Cadenas, C. (2012). Low-frequency nonlinear
memory effects in M-ary QAM communications systems. Microwave
and Optical Technology Letters, 54(3), 826–829. Available from http:/ /
dx.doi.org/10.1002/mop.26608

Armstrong, J. (2002, feb.). Peak-to-average power reduction for OFDM by
repeated clipping and frequency domain filtering. IEEE Electronics
Letters, 38(5), 246 -247.

Baena, V. (2008). Common simulation platform tutorial (DVB Document No.
TM T20491). Digital Video Broadcasting (DVB).

Ballard, A. (1962). Orthogonal multiplexing. Space/Aeronautics.
Ballard, A. (1966, oct.). A new multiplex technique for communication

systems. IEEE Transactions on Power Apparatus and Systems, PAS-85(10),
1054 -1059.

Banelli, P., & Cacopardi, S. (2000, mar.). Theoretical analysis and per-
formance of OFDM signals in nonlinear AWGN channels. IEEE
Transactions on Communications, 48(3), 430 -441.

Bauml, R., Fischer, R., & Huber, J. (1996, oct.). Reducing the peak-to-average
power ratio of multicarrier modulation by selected mapping. IEEE
Electronics Letters, 32(22), 2056 -2057.

Bedrosian, E., & Rice, S. (1971, dec.). The output properties of Volterra
systems (nonlinear systems with memory) driven by harmonic and
gaussian inputs. Proceedings of the IEEE, 59(12), 1688 - 1707.

Benedetto, S., Biglieri, E., & Daffara, R. (1979, jul.). Modeling and per-
formance evaluation of nonlinear satellite links-A Volterra series
approach. IEEE Transactions on Aerospace and Electronic Systems, AES-
15(4), 494 -507.

Borges-Carvalho, N., & Pedro, J. (2000). Two-tone imd asymmetry in mi-
crowave power amplifiers. In IEEE International Microwave Symposium
Digest, MTT-S 2000 (Vol. 1, p. 445 -448 vol.1).

Borges-Carvalho, N., & Pedro, J. (2002, sept.). A comprehensive explanation
of distortion sideband asymmetries. IEEE Transactions on Microwave
Theory and Techniques, 50(9), 2090 - 2101.

Bosch, W., & Gatti, G. (1989, dec.). Measurement and simulation of memory

http://dx.doi.org/10.1002/mop.26494
http://dx.doi.org/10.1002/mop.26608
http://dx.doi.org/10.1002/mop.26608


References 189

effects in predistortion linearizers. IEEE Transactions on Microwave
Theory and Techniques, 37(12), 1885 -1890.

Brinkhoff, J. (2004). Bandwidth-dependent intermodulation distortion in FET
amplifiers. Doctoral dissertation, Macquarie University.

Brinkhoff, J., & Parker, A. (2005, mar.). Device characterization for distortion
prediction including memory effects. IEEE Microwave and Wireless
Components Letters, 15(3), 171 - 173.

Bussgang, J., Ehrman, L., & Graham, J. (1974, aug.). Analysis of nonlinear
systems with multiple inputs. Proceedings of the IEEE, 62(8), 1088 -
1119.

Cabral, P., Pedro, J., & Carvalho, N. (2005, dec.). Dynamic AM-AM and
AM-PM behavior in microwave PA circuits. In IEEE Asia-Pacific
Conference Proceedings, Microwave Conference, APMC 2005 (Vol. 4, p. 4
pp.).

Cao, H., Nemati, H., Soltani Tehrani, A., Eriksson, T., & Fager, C. (2012, feb.).
Digital predistortion for high efficiency power amplifier architectures
using a dual-input modeling approach. IEEE Transactions on Microwave
Theory and Techniques, 60(2), 361 -369.

Cao, H., Soltani Tehrani, A., Fager, C., Eriksson, T., & Zirath, H. (2009,
march). I/Q imbalance compensation using a nonlinear modeling
approach. IEEE Transactions on Microwave Theory and Techniques, 57(3),
513 -518.

Carlson, A. B., Crilly, P. B., & Rutledge, J. C. (2002). Communication
systems: An introduction to signals and noise in electrical communication.
McGraw-Hill.

Cavers, J. (1996, apr.-may). The effect of quadrature modulator and
demodulator errors on adaptive digital predistorters. In IEEE 46th
Vehicular Technology Conference, 1996. Mobile Technology for the Human
Race (Vol. 2, p. 1205 -1209 vol.2).

Cavers, J. (1997, may). The effect of quadrature modulator and demodulator
errors on adaptive digital predistorters for amplifier linearization.
IEEE Transactions on Vehicular Technology, 46(2), 456 -466.

Cavers, J., & Liao, M. (1991, may). Adaptive compensation for imbalance
and offset losses in direct conversion transceivers. In IEEE 41st
Vehicular Technology Conference, 1991. Gateway to the Future Technology
in Motion (p. 578 -583).

Cavers, J., & Liao, M. (1993, nov.). Adaptive compensation for imbalance
and offset losses in direct conversion transceivers. IEEE Transactions
on Vehicular Technology, 42(4), 581 -588.

Chang, R. W. (1966). Synthesis of band-limited orthogonal signals for
multi-channel data transmission. Bell System Technical Journal, 46,



190 References

1775-1796.
Chang, R. W. (1970, jan. 6). Orthogonal frequency division multiplexing (Patent

No. US 3488455).
Changsoo, E., & Powers, E. (1997, jan.). A new Volterra predistorter based

on the indirect learning architecture. IEEE Transactions on Signal
Processing, 45(1), 223 -227.

Chen, J.-C. (2010, aug.). Partial transmit sequences for PAPR reduction
of OFDM signals with stochastic optimization techniques. IEEE
Transactions on Consumer Electronics, 56(3), 1229 -1234.

Chen, Y., Zhang, J., & Jayalath, A. (2010, feb.). Estimation and compensation
of clipping noise in OFDMA systems. IEEE Transactions on Wireless
Communications, 9(2), 523 -527.

Chen, Y., Zhang, J., & Jayalath, D. (2009, feb.). Clipping noise compensation
for OFDMA systems. In Australian Communications Theory Workshop,
AusCTW 2009 (p. 100 -104).

Cheng, Y.-F., & Etter, D. (1989, feb.). Analysis of an adaptive technique for
modeling sparse systems. IEEE Transactions on Acoustics, Speech and
Signal Processing, 37(2), 254 -264.

Chiu, M.-C., Zeng, C.-H., & Liu, M.-C. (2008, mar.). Predistorter based on
frequency domain estimation for compensation of nonlinear distortion
in OFDM systems. IEEE Transactions on Vehicular Technology, 57(2),
882 -892.

Cimini, J., L. (1985, jul.). Analysis and simulation of a digital mobile channel
using orthogonal frequency division multiplexing. IEEE Transactions
on Communications, 33(7), 665 - 675.

Clark, C., Chrisikos, G., Muha, M., Moulthrop, A., & Silva, C. (1998, dec.).
Time-domain envelope measurement technique with application to
wideband power amplifier modeling. IEEE Transactions on Microwave
Theory and Techniques, 46(12), 2531 -2540.

Costa, E., & Pupolin, S. (2002, mar.). M-QAM-OFDM system performance
in the presence of a nonlinear amplifier and phase noise. IEEE
Transactions on Communications, 50(3), 462 -472.

Crespo-Cadenas, C., Reina-Tosina, J., & Madero-Ayora, M. (2006, dec.).
Volterra series approach to behavioral modeling: Application to an
FET amplifier. In IEEE Asia-Pacific Microwave Conference, APMC 2006
(p. 445 -448).

Crespo-Cadenas, C., Reina-Tosina, J., & Madero-Ayora, M. (2007, mar.).
Volterra behavioral model for wideband RF amplifiers. IEEE Transac-
tions on Microwave Theory and Techniques, 55(3), 449 -457.

Crespo-Cadenas, C., Reina-Tosina, J., & Madero-Ayora, M. (2008, dec.). Per-
formance of an extended behavioral model for wideband amplifiers.



References 191

In IEEE Asia-Pacific Microwave Conference, APMC 2008 (p. 1 -4).
Crespo-Cadenas, C., Reina-Tosina, J., & Madero-Ayora, M. (2010b, sept.).

Study of a power amplifier behavioral model with nonlinear thermal
effects. In IEEE European Microwave Conference, EuMC 2010 (p. 1138
-1141).

Crespo-Cadenas, C., Reina-Tosina, J., Madero-Ayora, M., & Munoz-
Cruzado, J. (2010a, apr.). A new approach to pruning Volterra
models for power amplifiers. IEEE Transactions on Signal Processing,
58(4), 2113 -2120.

Crespo-Cadenas, C., Reina-Tosina, J., & Madero-Ayora, M. J. (2011). An
equivalent circuit-based approach to behavioral modeling of long-
term memory effects in wideband amplifiers. Microwave and Optical
Technology Letters, 53(10), 2278–2281. Available from http:/ /dx.doi.org/
10.1002/mop.26239

Cripps, S., Tasker, P., Clarke, A., Lees, J., & Benedikt, J. (2009, oct.). On
the continuity of high efficiency modes in linear RF power amplifiers.
IEEE Microwave and Wireless Components Letters, 19(10), 665 -667.

Cripps, S. C. (2002). Advanced techniques in RF power amplifier design (1st
ed.). Norwood, MA, USA: Artech House.

Cunha, T., Lima, E., & Pedro, J. (2010, dec.). Validation and physical
interpretation of the power-amplifier polar Volterra model. IEEE
Transactions on Microwave Theory and Techniques, 58(12), 4012 -4021.

Cunha, T., Pedro, J., & Cabral, P. (2007, dec.). Design of a power-amplifier
feed-forward RF model with physical knowledge considerations.
IEEE Transactions on Microwave Theory and Techniques, 55(12), 2747
-2756.

Dehos, C., & Schenk, T. (2007, nov.). Digital compensation of amplifier
nonlinearities in the receiver of a wireless system. In IEEE 14th
Symposium on Communications and Vehicular Technology, SCVT 2007
(p. 1 -6).

Diet, A., Berland, C., Villegas, M., & Baudoin, G. (2004, aug.). EER
architecture specifications for OFDM transmitter using a class E
amplifier. IEEE Microwave and Wireless Components Letters, 14(8), 389 -
391.

Ding, L., Ma, Z., Morgan, D., Zierdt, M., & Tong Zhou, G. (2008, feb.).
Compensation of frequency-dependent gain/phase imbalance in pre-
distortion linearization systems. IEEE Transactions on Circuits and
Systems I: Regular Papers, 55(1), 390 -397.

Ding, L., & Zhou, G. (2004, jan.). Effects of even-order nonlinear terms
on power amplifier modeling and predistortion linearization. IEEE
Transactions on Vehicular Technology, 53(1), 156 - 162.

http://dx.doi.org/10.1002/mop.26239
http://dx.doi.org/10.1002/mop.26239


192 References

Ding, L., Zhou, G., Morgan, D., Zhengxiang, M., Kenney, J., Jaehyeong, K.,
et al. (2004, jan.). A robust digital baseband predistorter constructed
using memory polynomials. IEEE Transactions on Communications,
52(1), 159 - 165.

Ergen, M. (2009). Mobile broadband including WiMAX and LTE. Springer
Science+Business Media, LLC.

Ermolova, N., & Vainikainen, P. (2004). On modelling nonlinear microwave
power amplifiers in multi-carrier transmission systems. European
Transactions on Telecommunications, 15(1), 1–6. Available from http:/ /
dx.doi.org/10.1002/ett.940

ETSI. (2011a). Digital Video Broadcasting (DVB); Frame structure channel coding
and modulation for a second generation digital terrestrial television broadcast-
ing system (DVB-T2) (ES No. 302 755). European Telecommunications
Standards Institute (ETSI).

ETSI. (2011b). Digital Video Broadcasting (DVB); Measurement guidelines for
DVB systems (Technical Report No. TR 101 290). European Telecom-
munications Standards Institute (ETSI).

Etter, D., & Cheng, Y.-F. (1987, jul.). System modeling using an adaptive
delay filter. IEEE Transactions on Circuits and Systems, 34(7), 770 - 774.

Fares, M.-C., Boumaiza, S., & Wood, J. (2011). Empirical and deterministic
approach for the optimization of wideband RF power amplifiers’
behavior modeling and predistortion structure. Microwave and Optical
Technology Letters, 53(1), 116–118. Available from http:/ /dx.doi.org/
10.1002/mop.25660

Faulkner, M., Mattsson, T., & Yates, W. (1991, jan.). Automatic adjustment
of quadrature modulators. IEEE Electronics Letters, 27(3), 214 -216.

Gadringer, M., Schuberth, C., & Magerl, G. (2008, oct.). Characterization
and modeling of direct conversion transmitters. In IEEE 38th European
Microwave Conference, 2008. EuMC 2008 (p. 745 -748).

Ghannouchi, F., & Hammi, O. (2009, dec.). Behavioral modeling and
predistortion. IEEE Microwave Magazine, 10(7), 52 -64.

Giannini, F., & Leuzzi, G. (2004). Nonlinear microwave circuit design (1st ed.).
West Sussex, England: John Wiley & Sons.

Gilabert, P., Cesari, A., Montoro, G., Bertran, E., & Dilhac, J.-M. (2008,
feb.). Multi-lookup table FPGA implementation of an adaptive digital
predistorter for linearizing RF power amplifiers with memory effects.
IEEE Transactions on Microwave Theory and Techniques, 56(2), 372 -384.

Han, S. H., & Lee, J. H. (2005, apr.). An overview of peak-to-average
power ratio reduction techniques for multicarrier transmission. IEEE
Wireless Communications, 12(2), 56 - 65.

Hanzo, L., & Keller, T. (2006). OFDM and MC-CDMA: A primer. John Wiley

http://dx.doi.org/10.1002/ett.940
http://dx.doi.org/10.1002/ett.940
http://dx.doi.org/10.1002/mop.25660
http://dx.doi.org/10.1002/mop.25660


References 193

& Sons.
Hara, S., & Prasad, R. (2003). Multicarrier techniques for 4G mobile communi-

cations. Artech House.
Hefner, A., & Blackburn, D. (1993, oct.). Simulating the dynamic elec-

trothermal behavior of power electronic circuits and systems. IEEE
Transactions on Power Electronics, 8(4), 376 -385.

Holma, H., & Toskala, A. (2007). WCDMA for UMTS: HSPA evolution an
LTE. John Wiley & Sons.

Holma, H., & Toskala, A. (2009). LTE for UMTS: OFDMA and SC-FDMA
based radio access. John Wiley & Sons.

Honkasalo, H., Pehkonen, K., Niemi, M., & Leino, A. (2002, apr.). Wcdma
and wlan for 3g and beyond. IEEE Wireless Communications, 9(2), 14 -
18.

Jiang, T., & Wu, Y. (2008, jun.). An overview: Peak-to-average power
ratio reduction techniques for OFDM signals. IEEE Transactions on
Broadcasting, 54(2), 257 -268.

Kenney, J., & Fedorenko, P. (2006, june). Identification of RF power amplifier
memory effect origins using third-order intermodulation distortion
amplitude and phase asymmetry. In IEEE International Microwave
Symposium Digest, MTT-S 2006 (p. 1121 -1124).

Khan, F. (2009). LTE for 4G mobile broadband: air interface technologies and
performance. Cambridge University Press.

Kim, J., & Konstantinou, K. (2001, nov.). Digital predistortion of wideband
signals based on power amplifier model with memory. IEEE Electronics
Letters, 37(23), 1417 -1418.

Krongold, B., & Jones, D. (2003, sept.). PAR reduction in OFDM via active
constellation extension. IEEE Transactions on Broadcasting, 49(3), 258 -
268.

Ku, H., & Kenney, J. (2003, dec.). Behavioral modeling of nonlinear RF
power amplifiers considering memory effects. IEEE Transactions on
Microwave Theory and Techniques, 51(12), 2495 - 2504.

LaSorte, N., Barnes, W., & Refai, H. (2008, dec.). The history of orthogonal
frequency division multiplexing. In IEEE Global Telecommunications
Conference, 2008. IEEE GLOBECOM 2008 (p. 1 -5).

Li, M., Hoover, L., Gard, K., & Steer, M. (2006, jun.). Behavioral modeling
of quadrature modulators for characterization of nonlinear distortion.
In IEEE International Microwave Symposium Digest, 2006. MTT-S 2006
(p. 1117 -1120).

Li, X., & Cimini, J., L.J. (1998, may). Effects of clipping and filtering on the
performance of OFDM. IEEE Communications Letters, 2(5), 131 -133.

Li, Z., & Mu, X. (2011, oct.). A nonlinear distortion compensation algorithm



194 References

combined with channel estimation in OFDM system. In International
Conference on Computational and Information Sciences, ICCIS 2011 (p. 813
-816).

Ligata, A., Smolnikar, M., Mohorcic, M., Gacanin, H., & Adachi, F. (2010,
nov.). Closed-form BER expression for OFDM with pilot-assisted
channel estimation in a nonlinear multipath fading channel. In IEEE
International Conference on Communication Systems, ICCS 2010 (p. 441
-445).

Lima, E., Cunha, T., & Pedro, J. (2011, dec.). A physically meaningful
neural network behavioral model for wireless transmitters exhibiting
PM-AM/PM-PM distortions. IEEE Transactions on Microwave Theory
and Techniques, 59(12), 3512 -3521.

Lima, E., Cunha, T., Teixeira, H., Pirola, M., & Pedro, J. (2009, jun.). Base-
band derived Volterra series for power amplifier modeling. In IEEE
International Microwave Symposium Digest, MTT-S 2009 (p. 1361 -1364).

Liu, Z., Violas, M. A., & Carvalho, N. B. (2012). Analysis on dynamic
characteristics of reflective semiconductor optical amplifier based on
a memory polynomial model. Microwave and Optical Technology Letters,
54(3), 805–808. Available from http:/ /dx.doi.org/10.1002/mop.26636

Maas, S. A. (1988). Nonlinear microwave and RF circuits (1997th ed.).
ArtechHouse.

Madero-Ayora, M., Allegue-Martı́nez, M., Crespo-Cadenas, C., & Reina-
Tosina, J. (2010, sept.). On the significance of even-order nonlinear
terms in quadrature modulators and power amplifiers. In IEEE
European Microwave Conference, EuMC 2010 (p. 485 -488).

Madero-Ayora, M. J. (2008). Analysis and experimental characterization of
nonlinear circuits applied to wireless communications systems. Doctoral
dissertation, University of Seville.

Madero-Ayora, M. J., Allegue-Martı́nez, M., & Crespo-Cadenas, C. (2009,
Dec.). Experimental study of two-tone im products in a communica-
tions modulator. In Proceedings of the 12th international symposium on
microwave and optical technology, new delhi, india (p. 149-152).

Madero-Ayora, M. J., Allegue-Martı́nez, M., Crespo-Cadenas, C., Reina-
Tosina, J., & Navarro-Lázaro, J. (2011). Experimental study of two-tone
intermodulation products in a communications modulator. Microwave
and Optical Technology Letters, 53(1), 58–61. Available from http:/ /
dx.doi.org/10.1002/mop.25639

Minasian, R. (1980, jan.). Intermodulation distortion analysis of MESFET
amplifiers using the Volterra series representation. IEEE Transactions
on Microwave Theory and Techniques, 28(1), 1 - 8.

Montoro, G., Gilabert, P., Bertran, E., Cesari, A., & Silveira, D. (2007, jun.).

http://dx.doi.org/10.1002/mop.26636
http://dx.doi.org/10.1002/mop.25639
http://dx.doi.org/10.1002/mop.25639


References 195

A new digital predictive predistorter for behavioral power amplifier
linearization. IEEE Microwave and Wireless Components Letters, 17(6),
448 -450.

Moon, J., & Kim, B. (2011, apr.). Enhanced Hammerstein behavioral model
for broadband wireless transmitters. IEEE Transactions on Microwave
Theory and Techniques, 59(4), 924 -933.

Morgan, D., Ma, Z., Kim, J., Zierdt, M., & Pastalan, J. (2006, oct.). A
generalized memory polynomial model for digital predistortion of
RF power amplifiers. IEEE Transactions on Signal Processing, 54(10),
3852 -3860.

Muha, M., Clark, C., Moulthrop, A., & Silva, C. (1999). Validation of
power amplifier nonlinear block models. In IEEE MTT-S International
Microwave Symposium Digest, 1999 (Vol. 2, p. 759 -762 vol.2).

Myung, H. G., Lim, J., & Goodman, D. J. (2006, sept.). Single carrier FDMA
for uplink wireless transmission. IEEE Vehicular Technology Magazine,
1(3), 30 -38.

Ngoya, E., Le Gallou, N., Nebus, J., Buret, H., & Reig, P. (2000). Accurate
RF and microwave system level modeling of wideband nonlinear
circuits. In IEEE International Microwave Symposium Digest, MTT-S
2000 (Vol. 1, p. 79 -82 vol.1).

Omer, M., Sajadieh, M., & Kenney, J. (2009, jun.). A fast converging adaptive
pre-distorter for multi-carrier transmitters. In IEEE International
Conference on Communications, ICC 2009 (p. 1 -6).

Papoulis, A. (2002). Probability, random variables and stochastic processes. New
York: McGraw-Hill Publishing Co.

Pedro, J., Carvalho, N., & Lavrador, P. (2003, jun.). Modeling nonlinear
behavior of band-pass memoryless and dynamic systems. In IEEE
International Microwave Symposium Digest, MTT-S 2003 (Vol. 3, p. 2133
- 2136 vol.3).

Pedro, J., & Maas, S. (2005, april). A comparative overview of microwave
and wireless power-amplifier behavioral modeling approaches. IEEE
Transactions on Microwave Theory and Techniques, 53(4), 1150 - 1163.

Pedro, J. C., & Carvalho, N. B. (2003). Intermodulation distortion in microwave
and wireless circuits (1st ed.). Norwood, MA, USA: Artech House.

Peled, A., & Ruiz, A. (1980, apr.). Frequency domain data transmission using
reduced computational complexity algorithms. In IEEE International
Conference on Acoustics, Speech, and Signal Processing, ICASSP 1980
(Vol. 5, p. 964 - 967).

Psaltis, D., Sideris, A., & Yamamura, A. (1988, apr.). A multilayered neural
network controller. IEEE Control Systems Magazine, 8(2), 17 -21.

Raich, R., & Zhou, G. (2002, oct.). On the modeling of memory nonlinear



196 References

effects of power amplifiers for communication applications. In Pro-
ceedings of the IEEE 10th Digital Signal Processing Workshop and the 2nd
Signal Processing Education Workshop, 2002 (p. 7 - 10).

Rumney, M. (2009). LTE for 4G mobile broadband: air interface technologies and
performance. Agilent Technologies, John Wiley & Sons.

Runton, D., Zavosh, F., & Thron, C. (2000, may). Gauge the impact of
modulator compensation on CDMA performance. Wireless Systems
Design, 5(7), 33 -40.

Ryu, H.-G., & Lee, Y.-H. (2003, feb.). A new combined method of the block
coding and predistortion for the nonlinear distortion compensation.
IEEE Transactions on Consumer Electronics, 49(1), 27 - 31.

Saleh, A. (1981a, nov.). Frequency-independent and frequency-dependent
nonlinear models of TWT amplifiers. IEEE Transactions on Communi-
cations, 29(11), 1715 - 1720.

Saleh, A. (1981b, nov.). Frequency-independent and frequency-dependent
nonlinear models of TWT amplifiers. IEEE Transactions on Communi-
cations, 29(11), 1715 - 1720.

Saltzberg, B. (1967, dec.). Performance of an efficient parallel data trans-
mission system. IEEE Transactions on Communication Technology, 15(6),
805 -811.

Saltzberg, B. (1970, may 12). Multiply orthogonal system for transmitting data
signals through frequency overlapping channels (Patent No. US 3511936).

Salz, J., & Weinstein, S. (1969). Fourier transform communication system.
In Proceedings of the first acm symposium on problems in the optimization
of data communications systems.

Schetzen, M. (1976, may). Theory of pth-order inverses of nonlinear systems.
IEEE Transactions on Circuits and Systems, 23(5), 285 - 291.

Schreursj, D., O’droma, M., Goacher, A. A., & Gadringer, M. (2008). RF power
amplifier behavioral modeling (1st ed.). New York, USA: Cambridge
University Press.

Simois-Tirado, F. J. (2005). Aplicación de la precodificación lineal en la modulación
multiportadora. Doctoral dissertation, University of Seville.

Staudinger, J. (2011, jan.). DDR Volterra series behavioral model with fading
memory and dynamics for high power infrastructure amplifiers. In
IEEE Topical Conference on Power Amplifiers for Wireless and Radio
Applications, PAWR 2011 (p. 61 -64).

Staudinger, J., Nanan, J.-C., & Wood, J. (2010, jan.). Memory fading volterra
series model for high power infrastructure amplifiers. In IEEE Radio
and Wireless Symposium, RWS 2010 (p. 184 -187).

Stuber, G., Barry, J., McLaughlin, S., Li, Y., Ingram, M., & Pratt, T. (2004, feb.).
Broadband MIMO-OFDM wireless communications. Proceedings of



References 197

the IEEE, 92(2), 271 - 294.
Tellado, J. (2000). Peak to average power reduction for multicarrier modulation.

Doctoral dissertation, Stanford University.
Tseng, C.-H. (2010a, mar.). Characterization of nonlinear channels in OFDM

systems using signals with spectral notches. In IEEE International
Symposium on Power Line Communications and its Applications, ISPLC
2010 (p. 249 -254).

Tseng, C.-H. (2010b, may). Estimation of cubic nonlinear bandpass chan-
nels in orthogonal frequency-division multiplexing systems. IEEE
Transactions on Communications, 58(5), 1415 -1425.

Tsimbinos, J., & Lever, K. (1996a, jun.). The computational complexity of
nonlinear compensators based on the Volterra inverse. In IEEE 8th
Signal Processing Workshop on Statistical Signal and Array Processing,
Proc. 1996 (p. 387 -390).

Tsimbinos, J., & Lever, K. (1996b, apr.). Computational complexity of
Volterra based nonlinear compensators. IEEE Electronics Letters, 32(9),
852 -854.

Varahram, P., Al-Azzo, W., & Ali, B. (2010, nov.). A low complexity
partial transmit sequence scheme by use of dummy signals for PAPR
reduction in OFDM systems. IEEE Transactions on Consumer Electronics,
56(4), 2416 -2420.

Varahram, P., & Ali, B. (2011, may). Partial transmit sequence scheme with
new phase sequence for PAPR reduction in OFDM systems. IEEE
Transactions on Consumer Electronics, 57(2), 366 -371.

Vuolevi, J., Manninen, J., & Rahkonen, T. (2001). Memory effects compensa-
tion in RF power amplifiers by using envelope injection technique. In
IEEE Radio and Wireless Conference, 2001. RAWCON 2001 (p. 257 -260).

Vuolevi, J., & Rahkonen, T. (2003). Distortion in RF power amplifiers (1st ed.).
Norwood, MA: Artech House.

Vuolevi, J., Rahkonen, T., & Manninen, J. (2000). Measurement technique
for characterizing memory effects in RF power amplifiers. In IEEE
Radio and Wireless Conference, 2000. RAWCON 2000 (p. 195 -198).

Vuolevi, J., Rahkonen, T., & Manninen, J. (2001, aug.). Measurement
technique for characterizing memory effects in RF power amplifiers.
IEEE Transactions on Microwave Theory and Techniques, 49(8), 1383
-1389.

Weiner, D., & Spina, J. F. (1980). Sinusoidal analysis and modeling of weakly
nonlinear circuits (1st edition ed.). New York: Van Nostrand Reinhold
Electrical/Computer Science and Engineering Series.

Weinstein, S., & Ebert, P. (1971, oct.). Data transmission by frequency-
division multiplexing using the discrete fourier transform. IEEE



198 References

Transactions on Communication Technology, 19(5), 628 -634.
Wisell, D. (2000, nov.). Identification and measurement of transmitter

nonlinearities. In Proc. 56th ARFTG Conference Digest-Fall.
Wisell, D., & Isaksson, M. (2007, oct.). Derivation of a behavioral RF power

amplifier model with low normalized mean-square error. In IEEE
European Microwave Conference, EuMC 2007 (p. 1283 -1286).

Wisell, D., & Oberg, T. (2000, jul.). Analysis and identification of transmitter
nonlinearities. In Symp. on communication systems, networks and digital
signal processing.

Yan, J., Presti, C., Kimball, D., Hong, Y.-P., Hsia, C., Asbeck, P., et al. (2011,
mar.). Efficiency enhancement of mm-wave power amplifiers using
envelope tracking. IEEE Microwave and Wireless Components Letters,
21(3), 157 -159.

Zhou, D., & DeBrunner, V. E. (2007, jan.). Novel adaptive nonlinear
predistorters based on the direct learning algorithm. IEEE Transactions
on Signal Processing, 55(1), 120 -133.

Zhou, G., Qian, H., Ding, L., & Raich, R. (2005, aug.). On the baseband
representation of a bandpass nonlinearity. IEEE Transactions on Signal
Processing, 53(8), 2953 - 2957.

Zhu, A., & Brazil, T. (2004, dec.). Behavioral modeling of RF power
amplifiers based on pruned Volterra series. IEEE Microwave and
Wireless Components Letters, 14(12), 563 - 565.

Zhu, A., Dooley, J., & Brazil, T. (2006, jun.). Simplified Volterra series
based behavioral modeling of RF power amplifiers using deviation-
reduction. In IEEE Internationa Microwave Symposium Digest, MTT-S
2006 (p. 1113 -1116).

Zhu, A., Draxler, P., Hsia, C., Brazil, T., Kimball, D., & Asbeck, P. (2008b,
oct.). Digital predistortion for envelope-tracking power amplifiers
using decomposed piecewise Volterra series. IEEE Transactions on
Microwave Theory and Techniques, 56(10), 2237 -2247.

Zhu, A., Draxler, P., Yan, J., Brazil, T., Kimball, D., & Asbeck, P. (2008,
jul.). Open-loop digital predistorter for RF power amplifiers using
dynamic deviation reduction-based Volterra series. IEEE Transactions
on Microwave Theory and Techniques, 56(7), 1524 -1534.

Zhu, A., Pedro, J., & Brazil, T. (2006, dec.). Dynamic deviation reduction-
based Volterra behavioral modeling of RF power amplifiers. IEEE
Transactions on Microwave Theory and Techniques, 54(12), 4323 -4332.

Zhu, A., Pedro, J. C., & Cunha, T. R. (2007, may). Pruning the Volterra
series for behavioral modeling of power amplifiers using physical
knowledge. IEEE Transactions on Microwave Theory and Techniques,
55(5), 813 -821.



References 199

Zhu, A., Wren, M., & Brazil, T. (2003, jun.). An efficient Volterra-based
behavioral model for wideband RF power amplifiers. In IEEE Interna-
tional Microwave Symposium Digest, MTT-S 2003 (Vol. 2, p. 787 - 790
vol.2).





Index

1-dB compression point, 36

ACPR, 46
AM-AM conversion, 36
AM-PM conversion, 36
asymmetrical behavior, 67,

73, 75

bandwidth-dependent IMD
behaviour, 84

baseband nonlinearities, 61
behavioral model, 79

cross terms, 99

dc offset, 51, 53
DC Supression Ratio, 54
DDR model, 111
DPD technique, 126
DVBW model, 112
dynamic deviation function,

111

electrical memory effects, 84
electrothermal memory ef-

fects, 84
EVBW model, 107
EVM, 47

fifth-order intermodulation,
68

fourth-order intermodula-
tion, 68

frequency-dependent, 55
frequency-independent, 53

gain imbalance, 51, 53, 63
GMP model, 98

Hammertein model, 88
high-frequency memory ef-

fects, 85

Image Supression Ratio, 54
imperfection, 51
imperfections, 53
in-band distortion, 38, 47
input back-off (IBO), 45

least-square-error, 65
Linear characterization, 55
linear memory effects, 87
linear models, 52
long-term memory effects, 84
low-frequency memory ef-

fects, 84

memory effects, 84
Memoryless polynomical

model, 83
model coefficients extraction,

64
modified Saleh model, 81
MP models, 95
MP non-uniform time delay

taps model, 97
MP unit time delay taps

model, 95

nonlinear characterization,
60

nonlinear impulse response,
91

nonlinear memory effects, 89
nonlinear model, 63
nonlinear modeling, 59

nonlinear transfer functions,
75, 93

One-tone characterization,
35

out-of-band distortion, 46
output back-off (OBO), 45

phase imbalance, 53, 63
phase mismatch error, 52

quadrature modulator, 51
quasi-memoryless, 80

Saleh model, 80
second-order intermodula-

tion, 67
short-term memory effects,

85
signal-to-intermodulation

distortion ratio, intermodu-
lation ratio, 38

spectral regrowth, 46
strictly-memoryless, 80
symmetrical, 60, 67

the Classical model, 87
third-order intercept point,

38
transmitter, 51
Two-tone characterization,

36

VBW model, 104
Volterra series, 5, 90, 101
Volterra’s kernel, 91

Wiener model, 88

201


	Acknowledgements
	Abstract
	Resumen (Spanish summary)
	Short Index
	Introduction
	Motivation
	Aims and scope
	Thesis overview

	RF considerations on wireless standards
	On the basics of W-CDMA and new trends
	OFDM
	OFDM implementation
	The cyclic prefix extension: necessity and implications in the use

	LTE
	Radio access techniques in LTE: OFDMA and SC-FDMA
	LTE Physical Layer Overview

	DVB-T2
	Principal characteristics of the standard
	PAPR reduction techniques


	Measurement environment
	Basic concepts associated to the nonlinear experimental characterization
	Experimental setup for the quadrature modulator characterization
	Synchronizing measured signals
	Experimental setup for the study of PAs

	Figures of merit

	Experimental nonlinear characterization and modeling of quadrature modulators
	Imperfections in a quadrature modulator
	Linear models for quadrature modulators
	Experimental linear characterization of a communications transmitter
	Measurement of ISR and DSR
	Computation of the gain and phase imbalances

	Nonlinear modeling of quadrature modulators
	Neccesity of the nonlinear modeling
	Nonlinear models for quadrature modulators

	Adopted nonlinear model and experimental characterization of the communication transmitter
	Model Coefficients Extraction
	Comparison between simulation and measurement

	Sweeping the modulation frequency
	On the asymmetryc in the quadrature modulator


	Behavioral models for power amplifiers
	Memoryless models
	Saleh models
	Memoryless polynomical model

	Memory effects: long-term and short-term effects
	Considering memory effects
	Considering nonlinear memory effects
	Volterra series: the mathematical tool applied to nonlinear systems
	Operating the Volterra series in the frequency domain and nonlinear transfer functions

	Models that consider nonlinear memory effects
	Memory polynomial models
	Pruning the Volterra series with physical knowledge
	Volterra behavioral model for wideband amplifiers (VBW)
	Pruning of Volterra series proposed by Zhu et al.

	Volterra behavioral modeling employing dynamic deviation reduction (DDR)
	DDR-based model
	Behavioral model with DDR for wideband amplifier (DVBW)


	Quadrature modulator and power amplifier
	Behavioral modeling application in a system performance prediction

	Compensation of nonlinear systems. Application examples
	Digital predistortion principles
	Nonlinear post-compensation
	Application of a post-inverse function in an LTE system
	Deduction of the post-inverse function
	Considered system for the experimental validation
	Experimental results employing the post-compensator approach


	Digital predistortion applications
	Practical considerations
	DPD technique with in-band interference optimization
	Deduction and theoretical justification of the DPD technique
	DPD applied to a DVBT system
	DPD applied to an LTE transmitter



	Conclusions
	Open research lines
	Appendix List of Publications
	Appendix LTE Uplink and Downlink configuration in TDD
	Appendix Complementary figures to the characterization of the quadrature modulator
	List of abbreviations and symbols
	List of Figures
	List of Tables
	References
	Index
	End/Last page
	First page


