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Abstract

The World today is deeply transformed by the advancement in wireless
technology. The envision of a smart society where interactions between phys-
ical and virtual dimensions of life are intertwined and where human inter-
action, more often than not, takes place with or is mediated by machines,
e.g., smart phones, demands increasingly more data traffic. This continual
increase in data traffic requires re-designing of the wireless technologies which
can accommodate multi-channel and multi-band scenarios for increased sys-
tem capacity and flexibility. In this thesis, aspects related to behavioral mo-
deling, characterization, and compensation of nonlinear distortions in the ra-
dio frequency (RF) multiple-input-multiple-output (MIMO) and concurrent
dual-band power amplifiers (PAs) are discussed.

When building a model of any system, it is advantageous to take into
account the knowledge of the physics of the system and incorporate this in-
formation into the model. This approach could help to improve the model
performance and might reduce the number of model parameters. In this con-
text, three novel behavioral models and digital pre-distortion (DPD) schemes
for nonlinear MIMO transmitters are proposed. Different types of cross-talk
in MIMO transmitter are investigated to derive simple and powerful modeling
schemes. Effect of coherent and partially coherent signal generation on the
performance of DPD is also evaluated.

To model and compensate nonlinear distortions in gallium nitrite (GaN)
based RF PAs in presence of long-term memory effects, two novel models for
single-input-single-output (SISO) and three novel models for concurrent dual-
band RF PAs are proposed. These models are based on a fixed pole expansion
technique and have infinite impulse response. They show substantial perfor-
mance improvement in comparison with the finite impulse response based
behavioral models. A behavioral model based on the physical knowledge of
the concurrent dual-band PA is derived, and its performance is investigated
both for behavioral modeling and compensation of nonlinear distortions.

Two-tone characterization is a fingerprint method for the characterization
of memory effects in dynamic nonlinear systems. In this context, two novel
techniques are proposed for the characterization of concurrent dual-band and
MIMO transmitters. The first technique is a dual two-tone characterization
technique to characterize the individual memory effects of self- and cross-
modulation products in concurrent dual-band transmitter. The second tech-
nique is for the characterization and analysis of self- and cross-Volterra kernels
of nonlinear 3×3 MIMO systems using three-tone signals. In the proposed
technique, the self- and cross-Volterra kernels are analyzed along certain paths
in a frequency space to determine the block structures of the underlying sys-
tem. By using these characterization techniques, it is shown that the knowl-
edge extracted from the studied systems could be used to modify previously
published behavioral models.
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Sammanfattning

Världen av idag har omvandlats starkt av framsteg inom trådlos teknik.
Framtidens smarta samhalle där samspelet mellan fysiska och virtuella di-
mensioner i livet är sammanflätade och där mansklig växelverkan mer ofta
än inte sker med eller formedlas av maskiner - exempelvis smarta telefoner -
kräver allt mer datatrafik. Denna ständigt ökande datatrafik kraver i sin tur
utformning av trådlös teknik som kan rymma flera kanaler och flera frekvens-
band för att öka systements kapactitet och flexibilitet. I denna avhandling
diskuteras aspekter relaterade till beteendemodellering, karakterisering, och
kompensering av ickelinjär distortion i radiofrekvens (RF) effektforstarkare
(PA) för multipla-insignaler-multipla-utsignaler (MIMO) och samtidiga sig-
naler i dubbla frekvensband.

När man gör en modell av ett system är det fordelaktigt att ta hänsyn till
kunskap om det fysikaliska systemet och använda denna information i model-
len. Denna strategi skulle kunna bidra till att forbattra modellens prestanda
och minska antalet modellparametrar. I detta sammanhang föreslås tre nya
beteende- och DPD-modeller för ickelinjära MIMO sändare. Olika typer av
överhörning i MIMO-sändare undersöks för att härleda enkla och kraftful-
la modeller. Effekter av koherent och partiellt koherent signalgenerering på
DPD-prestanda utvärderas också. För att modellera och kompensera ickelinjär
distortion i galliumnitridbaserade (GaN) RF PA med langtidsminneseffekter
föreslås två nya modeller for RF PA med en in- och en utsignal (SISO) tre
nya modeller för RF PA för samtidiga signaler i olika frekvensband. Dessa
modeller är baserade på teknik med expansion runt fasta polvärden och har
oändligt minnesdjup. Modellerna visar betydande resultatförbättring i jäm-
forelse med dem med ändliga impulssvar. En beteendemodell baserad på en
fysikalisk modell av förstärkaren föreslås för en PA för samtidiga signaler i
olika frekvensband. Dess prestanda undersöks som beteendemodell och för
utjämning av ickelinjär distortion.

Tvåtonskarakterisering är som ett fingeravtryck vid karakterisering av
minneseffekter i dynamiska ickelinjära system. I detta sammanhang föreslås
två nya tekniker för karakterisering av sändare för samtidiga signaler med
olika frekvens och och MIMO-sändare. Den första tekniken är en dubbel
tvåtonskarakterisering för de individuella minneseffekterna i egen- och korsmo-
duleringsprodukter i sändare med samtidiga signaler i olika frekvensband. Den
andra tekniken är för karakterisering och analys av egen- och korsvolterrakär-
nor hos ett ickelinjärt 3×3 MIMO-system med hjalp av tre-tonssignaler. I den
föreslagna tekniken analyseras egen- och korskänor längs linjer i en frekvens-
rymd för att fastställa blockstrukturer hos det underliggande systemet. Den
kunskap som erhållits med hjälp av denna karakeriseringsteknik har kunnat
användas för att modifiera tidigare publicerade beteendemodeller.
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Chapter 1

Introduction

1.1 Background

The theoretical foundation laid down by James C. Maxwell [1] and Michael Faraday
paved the way for the development of wireless communication. This resulted in
the birth of wireless system in the summer of 1895 when Marconi successfully
transmitted the signal wirelessly over the distance of 2 miles. Since then, the
wireless communication is evolving continuously and has transformed the human
life. In the current era, voice and data communication through wireless is taken as
granted, with connectivity virtually ubiquitous. The quality of service of wireless
communications is inevitably high, and any loss in signal quality is noticed and is
a source of concern [2]. The infrastructure that supports near error-free delivery
of wirelessly transmitted information is complex, costly and the demand for higher
data rate is growing exponentially [3]. To meet the demands of future wireless
systems, extensive research is being conducted both in academia and industry on
the development of cost-effective, reconfigurable, and efficient radio frequency (RF)
transmitters that can support multi-band multi-channel operations simultaneously.

In wireless communication systems, the coverage area of the transmitted signal
depends on the signal power and its frequency. For correct reception of the RF
signal at the receiver’s end, in transmitters, power amplifiers (PAs) are employed
to increase the signal power [2]. In base-stations, the RF PAs are the main consumer
of the power [4], and to improve the overall cost of operation; the PAs are operated
at high efficiency levels, in compression, close to saturation [2,5]. In this region, the
PA causes nonlinear distortion [6], which is seen as in-band distortion and spectral
leakage into the adjacent channels, thus, polluting the available frequency spectrum
which is heavily regularized. To improve the linearity, the PA can be backed-off to
operate within its linear region but at the cost of low efficiency and increase power
consumption. To meet the linearity and high-efficiency requirements, the system
designers prefer to operate the PAs at a high-efficiency level, and compensate for the
distortions by linearization techniques [7]. Both in academia and industry, much

3
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attention has been given to the architecture for efficient PAs such as Doherty [8–10]
and envelope tracking [11, 12], and to the compensation of the nonlinear behavior
of PAs [2].

Over the past decade, numerous techniques have been developed to model
the nonlinear behavior of single-input-single-output (SISO) PAs. Among them,
the behavioral models [13, 14] are widely used in system simulations. Behavioral
models are cost effective solution for performance analysis compared to circuit
based simulations [2, 15]. Behavioral models are also used in digital pre-distortion
(DPD) [2, 16–18] for compensating nonlinear distortions in RF PAs and in some
methods for the identification of the parameters in DPD algorithms [19].

In DPD, a nonlinear component is placed in front of the PA such that the
cascaded system (DPD-PA) produces a linear scaled version of the input signal [20].
In practice, the DPD technique incorporates a mathematical model that corrects
the distortion of the PA by applying the inverse distortion to the PA. Hence, the
necessity to have an accurate mathematical description of nonlinear distortion is
of importance for the accurate cancelation of nonlinear distortion produced by
the PAs. Therefore, behavioral modeling is an important step in the formulation
of DPD algorithm. However, this step is often ignored in practice, where, it is
assumed that direct model is similar to the inverse model, which might not always
be true.

For SISO PAs, numerous behavioral models have been proposed in the litera-
ture, such as neural network [21,22], Volterra series [23–26], and memory polynomial
models [27, 28] which are reduced form of the Volterra series. Reduced forms are
preferred over the complete Volterra series due to fewer parameters and the former
effectiveness in modeling and compensating nonlinear distortions in the SISO PAs.
However, the Volterra series is complete in the sense that any time-invariant non-
linear dynamic system with fading memory can be modeled. Dynamic behavioral
models may give an insight into the memory effects of an RF PA and it should
be pointed out that memory effects are equivalent to frequency dependence of the
PA’s transfer function within the signal bandwidth [29]. Thus, a commonly used
technique to quantify the memory effects in SISO nonlinear system is a scanned
two-tone test [30–34]. Recently, generalized memory polynomial (GMP) like mo-
dels have been proposed by nonlinear characterization of SISO PAs using two-tone
tests [35, 36].

Over the past few years, efforts have been made to develop concurrent multi-
band and multiple-input-multiple-output (MIMO) RF transmitters [37–41] for in-
creased capacity and flexibility of wireless communication systems. The re-design
of the RF front-end to support multi-band multi-channel operation imposes new ef-
ficiency and linearity requirements. Starting from mature SISO modeling and DPD
techniques, researchers must extend these to MIMO and concurrent multi-band RF
PAs.

The emphasis has been on the development of models and DPD schemes for
modeling and compensating nonlinear distortion in MIMO and concurrent multi-
band RF PAs [42–47]. In [48], the discrete-time complex low-pass equivalent SISO
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Volterra series is extended to concurrent dual-band Volterra series. In [49] the SISO
continuous time-domain Volterra series is extended to a MIMO Volterra series for
modeling time-invariant nonlinear dynamic MIMO system with fading memory.
Nevertheless, compared to the SISO techniques, the characterization and lineariza-
tion of MIMO and concurrent multi-band RF PAs are in their early stages and
further work is needed to develop useful behavioral models and mitigation tech-
niques for concurrent multi-band and MIMO RF transmitters.

1.2 Thesis contribution and outline

The focus of this thesis is on behavioral modeling, characterization, and mitigation
of concurrent dual-band and MIMO PAs. The thesis makes four contributions
to the field of behavioral modeling and linearization of concurrent dual-band and
MIMO RF PAs and two distinct contributions to the field of characterization of
concurrent dual-band and MIMO PAs.

Paper C presents novel behavioral models for modeling and compensating non-
linear distortions in MIMO RF PAs in the presence of crosstalk. Relationships
between the device under test and the corresponding DPD structures are also pre-
sented. The effect of coherent and partially coherent signal generation [50] on the
DPD performance is also investigated.

It is generally envisioned that gallium nitride (GaN) based PAs have the poten-
tial to be the long-term replacement for laterally defused metal-oxide semiconduc-
tors (LDMOS) PAs in the future base station applications [51,52] due to high-power
efficiency, operating temperature, and breakdown voltages [53,54]. In [53], it is re-
ported that when excited with burst signals, GaN PAs introduce long-term memory
effects such as bias circuit modulation, charge trapping, and self-heating. Paper F
presents novel behavioral models based on an infinite impulse response (IIR) fixed
pole expansion technique to model and compensate the nonlinear effects of SISO
and concurrent dual-band GaN PAs in the presence of long-term memory effects.

In paper G, a mathematical model based upon the physical knowledge of a
concurrent dual-band RF PA is derived, and its performance is investigated both
as a direct and inverse model. MIMO and concurrent dual-band models suffer
from high number of model parameters. In paper B, the least absolute shrinkage
and selection operator (LASSO) is implemented to reduce the number of model
parameters of the MIMO Volterra series.

Traditionally, to characterize the memory effects of SISO PAs, two-tone cha-
racterization techniques are often used. Paper D presents a dual two-tone cha-
racterization technique for the characterization of memory effects of the inter- and
cross-modulation products of concurrent dual-band PAs. In paper E a technique
for the characterization of 3rd-order self- and cross-Volterra kernels of a 3×3 nonlin-
ear MIMO system in the frequency domain is presented. The techniques presented
in papers D and E could be used to develop or modify previously published be-
havioral models and DPD algorithms for concurrent and MIMO PAs. In paper A,
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the characterization technique presented in paper D is used to modify previously
published concurrent dual-band model for DPD applications.

List of papers included in the Thesis

The papers included in this thesis are listed below:

Conferences

Part of the enclosed material in this thesis has been presented at the following
conferences:
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46th European Microwave Conference (EuMC), London UK, Oct. 2016, pp.
186-189.

The author of this thesis was the main contributor of this paper and performed
the experimental work. The other co-authors were involved in refining and
pointing out the focus of the paper.

[B] E. Zenteno, S. Amin, M. Isaksson, D. Rönnow, P. Händel, Combating the Di-
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The author of this thesis was involved in experimental setup and manuscript
writing. The major part of basis pursuit was done by Efrain Zenteno. The
other co-authors were involved in refining and pointing out the focus of the
paper.

Journals

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

[C] S. Amin, P. N. Landin, P. Händel and D. Rönnow, Behavioral Modeling and
Linearization of Crosstalk and Memory Effects in RF MIMO Transmitters,
IEEE Transactions on Microwave Theory and Techniques, vol. 62, no. 4, pp.
810-823, Apr. 2014.

The author of this thesis was the main contributor of this paper and per-
formed the experimental work, major part in developing models and writing
the manuscript. The measurement results were presented according to the in-
sight given by the co-authors. The phase noise analysis was performed by Per
N. Landin.
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[D] S. Amin, W. Van Moer, P. Händel and D. Rönnow, Characterization of Concur-
rent Dual-Band Power Amplifiers Using a Dual Two-Tone Excitation Signal,
IEEE Transactions on Instrumentation and Measurement, vol. 64, no. 10,
pp. 2781-2791, Oct. 2015.

The author of this thesis was the main contributor of this paper, performed
the experimental work and manuscript writing. The measurement results were
presented according to the insight given by the co-authors. The manuscript
was reviewed and refined by the co-authors.

[E] M. Alizadeh, S. Amin and D. Rönnow, Measurement and Analysis of frequency-
domain Volterra kernels of nonlinear dynamic 3×3 MIMO systems, IEEE
Transactions on Instrumentation and Measurement, accepted, Nov. 2016.

The author of this thesis was involved in parts of experimental setup and
manuscript writing. The major part of the paper was done by Mahmoud
Alizadeh. The measurement results were presented according to the insight
given by Daniel Rönnow.

[F] S. Amin, P. Händel and D. Rönnow, Digital Predistortion of Single and Con-
current Dual Band Radio Frequency GaN Amplifiers with Strong Nonlinear
Memory Effects, IEEE Transactions on Microwave Theory and Techniques,
under revision, Sept. 2016.

The author of this thesis was the main contributor of this paper, performed the
experimental work, model formulation and manuscript writing. The measure-
ment results were presented according to the insight given by the co-authors.
The manuscript was reviewed and refined by the co-authors.

[G] S. Amin, P. N. Landin, P. Händel and D. Rönnow, 2D Extended Envelope
Memory Polynomial model for Concurrent dual-band RF Transmitters, Inter-
national Journal of Microwave and Wireless Technologies, submitted, Nov.
2016.

The author of this thesis was the main contributor of this paper and performed
the experimental work, part in developing model and writing the manuscript.
The measurement results are presented according to the insight given by the
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impact on the identification of digital predistorter parameters in the indirect
learning architecture, Communication Technologies Workshop (Swe-CTW),
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[I] D. Rönnow, S. Amin, M. Alizadeh, E. Zenteno, Phase noise coherence of two
continuous wave radio frequency signals of different frequency, accepted for
publication, IET Science, Measurement and Technology, 2016.
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now, High power combiner/divider design for dual band RF power amplifiers,
IEEE International Conference on Electromagnetics in Advanced Applica-
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[L] S. Amin, P. Händel, D. Rönnow, Characterization and modeling of RF ampli-
fiers with multiple input signals, Swedish Microwave day, Linköping Sweden,
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Thesis outline

The thesis is organized as follows. Chapter 2 presents an introduction to the Volt-
erra series for SISO, MIMO, and concurrent dual-band RF PAs and discusses the
cross-talk effects in MIMO transmitters. Chapter 3 presents the measurement setup
used for obtaining the experimental data for papers A−G. In chapter 4 the sum-
mary of the proposed characterization techniques in D and E are presented, along
with the discussions on A.

Chapter 5 summarizes the behavioral models and DPD schemes for concurrent
dual-band and MIMO PAs presented in B, C, F and G, and conclusions are made
in Chapter 6.



Chapter 2

Modeling Nonlinearities in

Multi-channel and Muli-band RF

Amplifiers

Amplifiers play a vital role in wireless communication systems. The nonlinear be-
havior of the PAs in the transmitter chain is a well-known phenomenon and is
subjected to intensive research both in the academia and in the industry over the
past several decades [6,15,55,56]. Broadly speaking, there are two main approaches
taken by the designers/researchers to model the behavior of transmitters and PAs:
physical models and empirical models. Physical models are based on the physical
description of different components in the PA (or transmitter) and their interaction
under different conditions; they are generally formulated as equivalent circuit mo-
dels [2,15]. Physical models can give insight into the nonlinear sources [57] and can
provide an accurate description of the amplifier’s performance, but at the cost of
high simulation time [2]. Therefore, the practical use of these models in simulating
a complete system or subsystems is limited.

Empirical models are commonly referred to as behavioral or black-box models,
and attempt to model the system with little or no prior knowledge of the internal
circuitry of the device. Due to the advancements in the digital platforms, behavioral
models have become popular and gained much attention over the past few decades
due to the ease of implementation, and fast processing time [2]. In principle the
modeling information is completely contained in the external stimuli and response
of the system. Both physical and behavioral models are useful, and combining
them results in another class of models, and is generally referred to as gray-box
models [13, 58, 59]. The difference between the black-box and the gray-box models
is that the latter are physically inspired models [13, 60]. The inclusion of prior
knowledge may make the model much simpler and more accurate [2,13,60]. Behav-
ioral models are also used to compensate nonlinearities in a system using indirect
learning architecture (ILA) [61] and direct learning architecture (DLA) [62]. In this
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thesis, nonlinearities are compensated via ILA.
Over the years, in electrical engineering, Volterra theory has been used exten-

sively to describe the behavior of time-invariant nonlinear dynamic systems with
fading memory [63–65]. In wireless systems, particularly in the base stations, re-
search emphasis was mainly put on the development of behavioral models to predict
the nonlinear behavior of RF transmitters and to compensate them. Many behav-
ioral models for SISO RF transmitters have been proposed in the literature, e.g.,
parallel Hammerstein (PH) [56, 66], GMP [27, 67], vector-switched memory poly-
nomial (MP) [68] and truncated Volterra models [25, 69]. These developed models
are reduced forms of the general Volterra series. Therefore, the Volterra series
represents a mature technique for modeling and compensating the nonlinear SISO
systems.

In recent years, the research focus is directed toward the development of multi-
channel and multi-band RF transmitters, e.g., MIMO and concurrent multi-band
transmitters [37, 39, 40, 70, 71], to meet the increasing demand for wireless data
transmission. For both mobile and base stations, MIMO and concurrent multi-
band RF PAs are desirable for high integration, and low equipment/operational
cost. In this thesis, studies are conducted to address the number of challenges
associated with the characterization and mitigation of nonlinear effects in MIMO
and concurrent multi-band RF PAs. As mentioned earlier, the Volterra series is a
general structure for describing the nonlinear behavior of the wide class of nonlinear
dynamic time-invariant systems. Therefore, to develop behavioral models for multi-
channel and multi-band RF transmitters, it is natural to start with the general
Volterra series. In the following sections, time domain and complex baseband form
of multi-channel/band Volterra models are presented.

2.1 Time domain Volterra series

To underline the difference between the nonlinear dynamic behavior of SISO, MIMO,
and concurrent multi-band systems, in the following, we first outline the SISO Vol-
terra series. Let us consider a nonlinear dynamic SISO system, whose input-output
relationship can be described as

y(t) = f(x(t)), (2.1)

where x(t) and y(t) are the input and output signals, respectively, and are operating
at a single carrier frequency (ωc1), and f(·) denotes the nonlinear dynamic transfer
function. The function f(·) can be described by a time-domain SISO Volterra series
as [23],

y(t) =
∞

∑

p=0

∞
∫

−∞

. . .

∞
∫

−∞

hp(τ1, . . . τp) x(t − τ1) . . . x(t − τp) dτ1 . . . dτp, (2.2)

where hp(τ1, . . . τp) is the pth-order real-valued Volterra kernel.
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Figure 2.1: General illustration of a MIMO system.

Let us consider an M×M nonlinear dynamic MIMO system shown in Figure 2.1.
The input-output relation of such a system can be represented as,

yj(t) = fj(x1(t), . . . , xm(t)) j ∈ [1 . . . m]. (2.3)

In (2.3), fj(·) operates simultaneously on the input signals operating at the same
carrier frequency, indicates that the nonlinear behavior of a MIMO system is differ-
ent from the SISO system. The nonlinear transfer function fj(·) can be modeled by
the time domain MIMO Volterra series. An M×M MIMO system can be written
as M MISO system [72,73]. For a 2×2 MIMO system, the output of channel 1 can
be represented as [49]

y1(t) =

∞
∫

−∞

h(1,1,1)(τ) x1(t − τ) dτ +

∞
∫

−∞

h(1,1,2)(τ) x2(t − τ)dτ (2.4a)

+

∞
∫

−∞

∞
∫

−∞

∞
∫

−∞

h(3,1,111)(τ1, τ2, τ3) x1(t − τ1)x1(t − τ2)x1(t − τ3) dτ1dτ2dτ3 (2.4b)

+

∞
∫

−∞

∞
∫

−∞

∞
∫

−∞

h(3,1,222)(τ1, τ2, τ3) x2(t − τ1)x2(t − τ2)x2(t − τ3) dτ1dτ2dτ3 (2.4c)

+

∞
∫

−∞

∞
∫

−∞

∞
∫

−∞

h(3,1,112)(τ1, τ2, τ3) x1(t − τ1)x1(t − τ2)x2(t − τ3) dτ1dτ2dτ3 (2.4d)

+

∞
∫

−∞

∞
∫

−∞

∞
∫

−∞

h(3,1,122)(τ1, τ2, τ3) x1(t − τ1)x2(t − τ2)x2(t − τ3) dτ1dτ2dτ3 (2.4e)

+ . . . +

∞
∫

−∞

. . .

∞
∫

−∞

h(p,1,11...1)(τ1, . . . , τp) x1(t − τ1) . . . x1(t − τp) dτ1 . . . dτp (2.4f)

+ . . . +

∞
∫

−∞

. . .

∞
∫

−∞

h(p,1,22...2)(τ1, . . . , τp) x2(t − τ1) . . . x2(t − τp) dτ1 . . . dτp, (2.4g)
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where h(nonlinear order,output channel, input combination) denotes real-valued MIMO Vol-
terra kernels for a specific nonlinear order, output channel and input signal(s)
combination. In (2.4a), h(1,1,1) and h(1,1,2) are the linear Volterra kernels, respec-
tively for the input signals x1(t) and x2(t). In (2.4b), and (2.4c), h(3,1,111), h(3,1,222)

denotes the 3rd-order self-kernels. In (2.4d) and (2.4e), h(3,1,112) and h(3,1,122) rep-
resents the cross-kernels. The cross-kernels are due to the nonlinear interaction of
different input signals. h(p,1,11...1) in (2.4f) is the pth-order self-kernel.

The self-kernels have the same symmetry properties as the SISO Volterra ker-
nels, i.e., h(3,1,111)(τ1, τ2, τ3) = h(3,1,111)(τ2, τ1, τ3) for all the permutation of τ1, τ2

and τ3. However, the cross Volterra kernels have lower symmetry compared to the
self-kernels [49], e.g., h(3,1,112)(τ1, τ2, τ3) = h(3,1,112)(τ2, τ1, τ3) only for the permu-
tation of τ1, τ2, but not for other permutation of τ1, τ2, τ3, i.e., h(3,1,112)(τ1, τ2, τ3) 6=
h(3,1,112)(τ1, τ3, τ2). Similarly h(3,1,122)(τ1, τ2, τ3) = h(3,1,122)(τ1, τ3, τ2) for the per-
mutation of τ2, τ3 but not for the other permutation of τ1, τ2 and τ3.

2.2 Complex base-band Volterra series

PAs used in wireless communication systems are narrow-band in nature [19,74], and
modeling the PAs with band limited signals has been suggested [75]. Within the
field of wireless communication systems band-limited signals are commonly used [4],
i.e., the bandwidth of the signal is in order of hundred of kHz to tens of MHz, while
the operational carrier frequency is in order of GHz. Since the primary interest
lies in the frequencies close to the operational frequencies, signals are commonly
presented in a complex-valued baseband form [76,77]. The discrete-time complex-
valued baseband SISO Volterra model is presented as follow [67]:

y(n) =

P
∑

p=1

Q
∑

q1=0

. . .

Q
∑

qp=qp−1

Q
∑

qp+1=0

. . .

Q
∑

q2p−1=q2p−2

h2p−1(q1, . . . , q2p−1)

·u(n − q1) . . . u(n − qp)u(n − qp+1)∗ . . . u(n − q2p−1)∗.

(2.5)

In (2.5), u(n) and y(n) are the complex-envelope discrete-time input and output
signals, respectively, (·)∗ denotes the complex conjugate, Q represents the memory
length and h2p−1 denotes the pth-order complex Volterra kernel. In (2.5), e.g., for
3rd nonlinear order, h3(q1, q2, q3) = h3(q2, q1, q3) due to kernel symmetry, thus the
redundant terms are removed. Furthermore, even-order kernels are also removed
since their effect can be omitted in band-limited modeling [25]. In the following, we
extend the SISO Volterra model (2.5) to a MIMO Volterra model for a 2×2 MIMO
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system. The output signal for channel 1 can be written as,

y1(n) =

Q
∑

q=0

h(1,1,1)(q) u1(n − q) +

Q
∑

q=0

h(1,1,2)(q) u2(n − q) (2.6a)

+

Q
∑

q1=0

Q
∑

q2=q1

Q
∑

q3=0

h(3,1,111)(q1, q2, q3) u1(n − q1)u1(n − q2)u∗

1(n − q3) (2.6b)

+

Q
∑

q1=0

Q
∑

q2=q1

Q
∑

q3=0

h(3,1,222)(q1, q2, q3) u2(n − q1)u2(n − q2)u∗

2(n − q3) (2.6c)

+

Q
∑

q1=0

Q
∑

q2=q1

Q
∑

q3=0

h(3,1,112)(q1, q2, q3) u1(n − q1)u1(n − q2)u∗

2(n − q3) (2.6d)

+

Q
∑

q1=0

Q
∑

q2=q1

Q
∑

q3=0

h(3,1,221)(q1, q2, q3) u2(n − q1)u2(n − q2)u∗

1(n − q3) (2.6e)

+

Q
∑

q1=0

Q
∑

q2=0

Q
∑

q3=0

h(3,1,121)(q1, q2, q3) u1(n − q1)u2(n − q2)u∗

1(n − q3) (2.6f)

+

Q
∑

q1=0

Q
∑

q2=0

Q
∑

q3=0

h(3,1,122)(q1, q2, q3) u1(n − q1)u2(n − q2)u∗

2(n − q3) (2.6g)

+...

In (2.6), u1(n) and u2(n) are the input signals for channel 1 and 2, respectively.
The linear kernels are given in (2.6a) for each input signals. The self-kernels given
in (2.6b) and (2.6c) have same symmetry properties as the SISO Volterra series.
Cross-kernels given by (2.6d) and (2.6e) have the same symmetry properties as the
kernels in (2.4d) and (2.4e) i.e., h(3,1,112)(q1, q2, q3) = h(3,1,112)(q2, q1, q3) but not
for other permutations of q1, q2 and q3. Cross-kernels given in (2.6f) and (2.6g) do
not have any symmetry properties for any permutations of q1, q2 and q3. Notice
that the kernel in (2.6f) and (2.6g) corresponds to the frequency domain Volterra
kernel being excited in H(3,1,121)(ωc1 , ωc2 , −ωc1) and H(3,1,122)(ωc1 , ωc2 , −ωc2).

In a concurrent multi-band system, the PA is exited with a carrier aggregated
(CA) signal, composed of multiple signals operating at multiple carrier frequencies.
The frequency separation between these signals is in order of hundred of MHz to
GHz [78]. If the CA input-output signals are considered, a concurrent multi-band
system can be viewed as a SISO system [73]. However, under this condition, the
traditional modeling and DPD would require larger bandwidths at the receiver
and may become infeasible [73, 78]. Thus, a frequency selective scheme has been
proposed for modeling and DPD of concurrent multi-band systems, to avoid increase
in analog and digital requirements [79]. The discrete-time complex-valued baseband
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concurrent dual-band Volterra model is [48]:

y1(n) =

P
∑

p=0

Q
∑

q1=0

· · ·

Q
∑

q2p+1=0

p+1
∑

a=1

h1,2p+1(q1, q2, · · · , q2p+1, a)

a
∏

i=1

u1(n − qi)

·

2a−1
∏

i=a+1

u∗

1(n − qi)

a+p
∏

i=2a

u2(n − qi)

2p+1
∏

i=a+p+1

u∗

2(n − qi). (2.7)

In (2.7), u1(n) and u2(n) are the input signals operating at ωc1 and ωc2 , respectively,
where ωc1 6= ωc2 , and y1(n) is the output signal at ωc1 . For 3rd nonlinear order,
(2.7) results in the following terms

y1(n) =

Q
∑

q1=0

h1,1(q1) u1(n − q1) (2.8a)

+

Q
∑

q1=0

Q
∑

q2=q1

Q
∑

q3=0

h1,3(q1, q2, q3, 2) u1(n − q1)u1(n − q2)u∗

1(n − q3) (2.8b)

+

Q
∑

q1=0

Q
∑

q2=0

Q
∑

q3=0

h1,3(q1, q2, q3, 1) u1(n − q1)u2(n − q2)u∗

2(n − q3), (2.8c)

where the self-kernel is given by (2.8b) and have the same symmetry properties
as (2.6b), whereas the cross-kernel is given by (2.8c) and does not have symme-
try properties. In comparison to MIMO Volterra series, the concurrent dual-band
Volterra series have a reduced number of model parameters.

2.3 Cross-talk in MIMO Transmitters

Coupling or cross-talk effects take place in electrical systems due to interference
between signals from different sources. In MIMO transmitters, cross-talk occurs
due to the leakage of RF signals from one channel to another. These signals often
have the same carrier frequency and similar power level. Hence, cross-talk is likely
to occur and is difficult to avoid entirely, especially in integrated circuit designs
where the size is important [39, 40].

Cross-talk in MIMO transmitters can be characterized as input (nonlinear) or
output (linear) cross-talk, depending on whether the cross-talk appears before or
after the nonlinear components [44]. Figure 2.2 shows a general architecture of a
2×2 MIMO PA built on the same chip set. In Figure 2.2, α and β denote the
impulse response of the linear filters before and after the PAs, indicating the cross-
talk level. In this thesis, it is assumed that the cross-talk is frequency independent,
i.e., memoryless. In the rest of the thesis, input and output cross-talks will be
referred to as nonlinear cross-talk and linear cross-talk, respectively.



2.3. CROSS-TALK IN MIMO TRANSMITTERS 15

Figure 2.2: 2×2 RF MIMO transmitter, α and β represents input and output
cross-talk, respectively.

In the presence of nonlinear cross-talk only, the relationship between the input-
output signals of a 2×2 MIMO transmitter can be presented as follows

y1(t) = f1(x1(t) , α12 ∗ x2(t))

y2(t) = f2(α21 ∗ x1(t) , x2(t)), (2.9)

where α21 is the amount of cross-talk from channel 1 to 2, and ∗ denotes the
convolution. In (2.9), f1(·) and f2(·) are the nonlinear dynamic transfer functions
of channel 1 and 2, respectively. These nonlinear transfer functions can be modeled
by (2.6) since f1(·) and f2(·) operate simultaneously on both input signals. In
the presence of linear cross-talk only, the output of a 2×2 MIMO transmitter can
represented as

y1(t) = f1(x1(t)) + β12 ∗ f2(x2(t))

y2(t) = β21 ∗ f1(x1(t)) + f2(x2(t)), (2.10)

where β21 and β12 denote the amount of cross-talk at the output. Equation (2.10)
indicates that the output of each channel is a linear combination of f1(·) and f2(·),
respectively, and can be modeled by the SISO Volterra series (2.5). In the presence
of no cross-talk i.e., α and β are equal to zero, and Figure 2.2 simplifies to two
independent SISO PAs and can be modeled by (2.5).

The models discussed in papers B and C do not require the prior knowledge of
the cross-talk, i.e., cross-talk is not an input parameter to these models. In system
identification, the model parameters take into account the amount of cross-talk, any
mismatch in the level of will also be taken into account by the model parameters.

In practice, it is difficult to know the type of cross-talk present in a MIMO PA
before hand, however, recently in [80], a technique is proposed to identify the type
of cross-talk in MIMO PAs. Hence, by utilizing the technique proposed in [80],
a relevant model among those presented in paper C could be used to model and
linearize the 2×2 MIMO PA.
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2.4 System Identification

The estimation techniques used depends on the structure of the model. For models
that are linear in parameters, least square estimation (LSE) technique is usually
used [81]. In order to estimate the model parameters of 2×2 MIMO and concurrent
dual-band models that are linear in parameters [cf (2.6) and (2.7)], the output can
be written as

[

y1

y2

]

=

[

H1 0
0 H2

] [

θ1

θ2

]

+

[

v1

v2

]

, (2.11)

where y1 and y2 are the column vectors containing the samples of the measured
outputs for channel 1 and 2, respectively, and H1 and H2 are the regression ma-
trices. The signals v1(n) and v2(n) are noise in channel 1 and 2, respectively, and
are assumed to be mutually uncorrelated zero-mean circular symmetric complex
Gaussian noise. However, in case of a non zero-mean, LSE will result in biased
estimates [82, 83]. The measurement noise can come from the DUT or the mea-
surement systems. To reduce the effect of noise, coherent averaging is used in this
thesis and is described in the next chapter. In (2.11), θ1 and θ2 are the complex
valued parameter vectors. Note that the outputs are decoupled in (2.11), i.e., the
parameters for channel 1 and 2 are independently estimated. The regression matrix
H1 is

H1 =











φ1(1) φ2(1) . . . φO(1)
φ1(2) φ2(2) . . . φO(2)

...
...

. . .
...

φ1(N) φ2(N) . . . φO(N)











, (2.12)

where φi(·) are the basis functions of the model. In (2.12), O is the total number
of basis functions and N is the number of samples.

As mentioned earlier, the discrete-time complex-valued baseband Volterra mo-
dels presented in (2.6) and (2.7) are linear in the parameters, hence, LSE is used
to estimate the model parameters by minimizing the cost function

θ̂j = arg
θj

min ‖yj − Hjθj‖2
2 j ∈ [1, 2]. (2.13)

The parameters, θj , in (2.13) can be determined as

θ̂j = (H∗

j Hj)−1H∗

j yj , (2.14)

where θ̂j are the estimated parameters. In papers A-E, and G, LSE is employed to
identify the model parameters except in paper F. In paper F, the models are linear
in parameters and nonlinear in poles. Thus, the identification is a separable least
squares problem [84]. To identify the pole positions, we used an iterative technique
as in [26, 85, 86]. Real valued poles were used, and the algorithm was initialized
with different pole values but the identified poles were the same.



Chapter 3

Measurement Setup, Power

Amplifiers and Test Signals

This chapter gives a brief introduction to the measurement setups used for obtaining
experimental data in papers A-G. In this thesis, the complex baseband signals were
created in Matlab and uploaded to Rohde & Schwarz SMBV 100A vector signal
generators (VSGs). The VSGs have a maximum sampling frequency of 150 MHz
and can generate signals with a maximum bandwidth of 120 MHz. For MIMO
and concurrent dual-band measurements, the VSGs were operated in a master-
slave configuration and were baseband synchronized, i.e., the baseband generators
in the VSGs are triggered at the same time. The RF coherence was achieved
by providing the local oscillator (LO) signals to the VSGs externally by using
Holzworth HS9003A RF synthesizer. The RF output(s) of the devices under test
(DUTs) were down-converted to an intermediate frequency (IF) and the IF signals
were digitized using SP-devices ADQ-214 analog-to-digital converter (ADC). The
ADC has a resolution of 14-bit with a maximum sampling rate of 400 MHz and has
two channels. The total achievable bandwidth for the used ADC is 200 MHz.

Coherent averaging was used to improve the dynamic range of the measurement
systems. Repetitive signals are used in coherent averaging and sampling frequency
and number of samples are chosen such that an integer number of repeated periods
are captured [87].

3.1 Measurement Setups

MIMO Transmitter Setup

The experimental setup used in paper C is shown in Figure 3.1. The setup consists
of two VSGs, operating at the carrier frequencies of 2.14 GHz. Proposed models
were evaluated against three different cross-talk scenarios. In the first scenario,
the cross-talk was introduced at the inputs of the PAs, in the second scenario, the
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cross-talk was introduced at the outputs of the PAs and in the last scenario, cross-
talk was introduced both at the inputs and outputs of the PAs. The cross-talk
was introduced with the use of commercially available directional couplers (model
Narda 4243B-10). Two identical1 PAs were used as DUTs. To study the effect
of partially coherent RF signals on the performance of DPD algorithm, the VSGs
were only sharing a common 10 MHz reference clock and the common LO was
removed. The RF outputs of the DUT were down-converted using a wide-band
down-converter and the IF signals were digitized using the above mentioned ADC.

Figure 3.1: Experimental setup with a DUT with input and output cross-talk (paper
C). For measuring nonlinear cross-talk effects only, the directional couplers at the
output were removed.

Paper B uses the same experimental setup with the changes in the down-
conversion stage, where the down-conversion from RF to IF was performed with
the use of two mixers and bandpass filters (BPFs). The VSGs were operating at
the carrier frequencies of 1.8 GHz. In paper B, the cross-talk level was −20 dB,
whereas in paper C cross-talk levels of −20 and −30 dB were analyzed.

Figure 3.2: Experimental setup for analyzing frequency-domain Volterra kernels of
a 3×3 MIMO system.

Figure 3.2 shows the experimental setup used in paper E for determining the
frequency-domain Volterra kernels of a 3×3 MIMO system. Three VSGs operating

1by identical it means that the PAs were from the same manufacturer and of the same type

with the same specifications.
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at the carrier frequency of 2.14 GHz are used. The DUT consists of three identical
PAs with input cross-talk. The cross-talk was introduced using locally designed
three channel coupler, where the mutual coupling between the inner and outer
channel is −13.5 dB and −21.5 dB between the two outermost channels. The
down-converter chain was composed of two mixers and two BPFs. Due to the
limited number of available channels in the ADC, two of the three output channels
of the 3×3 MIMO system were connected with the coaxial switch and were sharing
one of the down-converter chains. The coaxial switch (RLC Electronics SR-2 min
-H) used has a minimum isolation of 80-dB between the channels (off state) and
maximum insertion loss of 0.1 dB with switching time of 15 ms.

Concurrent Dual-band Transmitter Setup

The experimental setup used in papers A and D is shown in Figure 3.3 (Top), and
in paper G measurement setup used is shown in Figure 3.3 (Top/bottom). Two
VSGs operating at the carrier frequencies of 2.0 and 2.3 GHz, respectively, were
used. The RF outputs of the VSGs were combined using a wide-band combiner
and the combined RF signal was fed to the DUT. The output of the DUT was
down-converted to an intermediate frequency (IF) and digitized using the above
mentioned ADC. Since the RF signal operates at two carrier frequencies, the LO
frequency of the down-converter is tuned for down-converting the lower and upper
band signals one at a time.

Figure 3.3: (Top) Measurement setup used in papers A, D and G. (Bottom) Mea-
surement setup used in paper F.

The experimental setup used in paper F is shown in Figure 3.3 (Bottom), and
the VSG were operating at the carrier frequencies of 1.9 and 2.2 GHz. The drive
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amplifier (DA) used is a Mini-circuits ZHL42W wide-band amplifiers. For SISO
measurements in paper F, only one of the two VSGs was used.

3.2 Experimental Power Amplifiers

In papers A−D, the PAs used are Mini-circuits ZVE8G+ general purpose wide-
band amplifier with a small signal gain of 30 dB and an output 1 dB compression
point of 30 dBm. The PA has an operational frequency range of 2.0 to 8.0 GHz. In
paper D, a Freescale Doherty PA with transistor model MRF8S21120HS-Doherty
was used to validate the proposed technique. The Freescale Doherty PA has a gain
of 15 dB and an output 1 dB compression point of 46 dBm.

In paper E, the PAs used are Mini-circuits ZHL42W wide-band amplifier with
a typical small signal gain of 34 dB (with ±1.3 dB gain flatness) and output 1
dB compression point of 30 dBm. The PA has an operational frequency range of
10−4200 MHz. In paper F, Mini-circuits ZHL42W amplifiers were used as DA and
the DUT was a Cree GaN amplifier (transistor model Cree CGH21120F-AMP) with
single carrier modulated gain of 15 dB and an operating frequency band of 1.8−2.3
GHz. In paper G, the DUTs were Mini-circuits ZVE8G+, ZHL42W general purpose
wide-band amplifiers and an Infineon high power RF LDMOS PA with transistor
mode PTFA210601E with a gain of 16 dB and an output 1 dB compression point of
48.3 dBm were used. In paper G, Mini-circuits ZVE8G+ amplifier was used as DA
when Infineon PA was used as a DUT. The PAs were warmed up for an hour, and
then operated at a steady stage, thus, the assumption of a time-invariant system
should, hence, be valid.

3.3 Experimental Signals

Different excitation signals were used for characterization, behavioral modeling and
linearization of DUTs. In paper A, the DUT was characterized using two two-
tone signals with varying input power and frequency spacing; the power sweep was
performed between −10 to 0 dBm and the frequency sweep between 1−10 MHz. The
performance of the proposed model was evaluated by exciting the DUT with two
separate set of wide-code-division-multiple-access (WCDMA) signals with peak-to-
average-power-ratio (PAPR) of more than 7 dB and a sampling rate of 30.72 MHz.
A similar set of WCDMA signals were used in paper C. In paper B, multi-tone
signals with a bandwidth of 4.8 MHz and PAPR of more than 9 dB were used to
evaluate the performance of the sparse DPD model. The total number of samples
used were 20000 with the sampling rate of 80 MHz.

In paper D and E, two two-tone and three-tone test signals were used, respec-
tively, to characterize the DUT. In paper D, the signals were symmetric around
their respective carrier frequencies and were swept both in power and frequency
to characterize the memory effects of concurrent dual-band PAs. The input power
level was swept between −16 to 1 dBm and the frequency swept is performed from
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100 kHz to 10 MHz. In paper E, to analyze the 3rd-order frequency domain Volt-
erra kernels of the 3×3 MIMO system, the frequencies of the three tones are swept
along different paths in a three-dimensional (3D) frequency volume.

In paper F, to evaluate the SISO DUT, three different CA signals were used.
Each CA signal was composed of two non-contiguous component carriers (CCs) with
a frequency separation of ± 25 MHz from the center frequency. The first CA signal
was composed of two orthogonal frequency-division multiplexing (OFDM) signals
with the bandwidth of 10 MHz each, and with a PAPR of 11.42 dB. The second
CA signal was composed of two four-carrier GSM signals, each with a bandwidth
of 5 MHz and a PAPR of 8.89 dB. The third CA signal was composed of an OFDM
signal and a GSM signal, with a bandwidth of 10 MHz and 5 MHz, respectively and
with a PAPR of 10.78 dB. For concurrent dual-band measurements in paper F, the
frequency bands were excited with two different 10 MHz wide OFDM signals with
a PAPR of 10.71 dB and 10.54 dB, respectively. In paper G, two sets of signals
were used; first set was composed of two WCDMA signals and the second set was
composed of two 5 MHz wide OFDM signals.

3.4 Performance Metrics

In order to evaluate the performances of the proposed models, the metrics used are
as follows. The NMSE is defined as [14]

NMSE =

∫

Φe(f) df
∫

Φy(f) df
, (3.1)

where Φy(f) is the power spectrum of the measured output signal and Φe(f) is
the power spectrum of the difference between measured and the desired signal;
integration is carried out across the available bandwidth. The ACEPR is defined
as [14]

ACEPR =

∫

adj. ch. Φe(f) df
∫

ch. Φy(f) df
, (3.2)

where the integration in the numerator is performed over the adjacent channel with
maximum error power and in the denominator, integration is performed over the
input channel. The ACPR is defined as [14]

ACPR =

∫

adj. ch. Φy(f) df
∫

ch. Φy(f) df
, (3.3)

where in the numerator integration is performed over the adjacent channel with
the largest amount of power; in the denominator, integration is performed over the
input channel band.

To evaluate the frequency dependency in paper D, 3D asymmetric energy sur-
faces were plotted by subtracting the upper intermodulation (IM) and cross-modulation
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(CM) products from their corresponding lower IM and CM products, respectively.
As such the amount of asymmetry between the IM and CM products can be de-
termined, respectively. The asymmetry between the IM products can be defined
as [88]

IMasymmetry = 20 × log10(
IMU

IML

) = IMUdB
− IMLdB

, (3.4)

where IMU and IML indicates upper and lower IM products. The 2D plots for both
frequency and input power sweep were also used. Furthermore, for the power sweep,
the measured IM and CM amplitudes were also evaluated against a 3:1 amplitude
slope. The 3:1 amplitude slope indicates whether or not the amplitudes of IM and
CM products are proportional to the third power of the input amplitude [15].



Chapter 4

Frequency Domain

Characterization Techniques for

RF Amplifiers

Traditionally the nonlinear RF amplifiers are characterized by power-sweeping
continuous-wave (CW) signals to measure amplitude-amplitude (AM-AM) and amp-
litude-phase (AM-PM) distortions. For narrow band systems e.g., global system for
mobile communications (GSM) the above characterization technique is enough [30].
However, for systems with pronounced memory effects, e.g., wideband code-division
multiple-access (WCDMA) or long-term evaluation (LTE) 4G, with fast changing
signal envelope, two-tone characterization is usually used [30–34,89]. In a two-tone
test, the amplitude of upper and lower 3rd-order IM products (or 5th-order IM
products) are measured and used as a measure of nonlinearity [30]. By measuring
the amplitude of the IM products vs. power sweep, the transition from small to
a large signal regime of a device can be identified [15, 90]. Asymmetry between
the amplitudes of upper and lower IM products and frequency dependency of the
IM products versus tone spacing is used as a metric for determining the memory
effects in the devices’ nonlinear transfer function [30–34]. In recent years, several
modifications to the two-tone test have been reported. In [91], a two-tone signal
is combined with a CW signal for the characterization of AM-AM and AM-PM
behavior of the amplifier. In [89], a two-tone signal is superimposed on a CW sig-
nals of different amplitude to characterize different amplitude regimes of PAs. In
a two-tone test, only a limited part of the Volterra kernel is excited. To determine
the 3rd-order Volterra kernel, one has to perform a three-tone test and separate the
third-order products from higher order products [29].

With the continual drive toward increasing data rates and the use of multi-
band multi-channel RF transmitters, the characterization techniques for concurrent
multi-band and MIMO transmitters becomes more important due to the presence
of cross-kernels as mentioned in Chapter 2. These multi-tone characterization tech-

23
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niques for the above-mentioned systems will not only help to analyze the individual
behavior of self- and cross-distortion products, but the information could also be
used to develop or modify previously published behavioral models. To characterize
the individual memory effects of self- and cross-distortion products, a dual two-
tone characterization technique is proposed in paper D for concurrent dual-band
RF PAs. In paper E, a three-tone technique to analyze frequency-domain self- and
cross-Volterra kernels of a 3×3 MIMO system based upon measurement data is
presented. Along with the analysis of 3rd-order self- and cross-Volterra kernels, the
dominating block structures of the underlying system were also determined.

In behavioral modeling of RF PAs, generally the models used are entirely math-
ematical, i.e., models are usually built on the knowledge of its input and output
signals [2] and may have no or little relationship to the phenomena taking place
inside the PAs. The use of techniques such as in paper D and E as a prior, may
lead to behavioral models with an insight about the DUT. In paper A, the tech-
nique developed in D is applied to modify an existing model for the linearization
of a concurrent dual-band PA and the results are shown in the following; moreover,
application of technique presented in paper E is also highlighted at the end of this
Chapter. More recently, SISO two-tone measurement are being used and SISO
GMP like models are proposed in [35, 36].

4.1 Characterization using Dual Two-tone Test

The technique presented in paper D could be used not only to characterize the
individual memory effects of IM and CM distortion products but also to analyze
the differences or similarities between distortion products at multiple carrier fre-
quencies. To analyze the distortion products in a concurrent dual-band nonlinear
system, the DUT is excited with dual two-tone test signals; and these signals are
symmetric around their respective carrier frequencies. To avoid overlapping of the
3rd-order IM and CM products, the dual two-tone signals are design such that
∆ωL > ∆ωU ; where ∆ωL and ∆ωU are the lower and upper angular frequencies of
the two-tone signals operating at the carrier frequencies of ωc1 and ωc2 , respectively.
Figure 4.1 illustrates the frequency locations of IM and CM products at ωc1 .

In paper D, power sweep were performed with a step size of 0.09 dB and the
input power was swept from −16 dBm to 1 dBm, and the frequency sweep was bet-
ween 100 kHz and 10 MHz. The distortion products were analyzed graphically using
2D plots; for the power sweep, the IM and CM products were evaluated against
3:1 slope. Any deviation from this behavior indicates that the 3rd-order distortion
products are not purely due to 3rd nonlinear order [15]. 3D asymmetric energy
surfaces [88] were also introduced to identify the regions in power and frequency
where the memory effects that contributes to asymmetry are more pronounced. If
the 3D asymmetric surface is flat, it indicates symmetric memory effects.

Figure 4.2 (left) shows the amplitude of the upper and lower 3rd-order IM prod-
ucts versus power sweep. As mentioned earlier, the difference in the amplitude
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Figure 4.1: Illustration of frequency location of IM and CM products at a carrier
frequency of ωc1

levels of the IM products indicates the presence of memory effects that contributes
to the asymmetry. The 3:1 slope show that the IM products are not purely due
to the 3rd degree nonlinearity and the notch in the lower IM product is due to the
opposite phases of 3rd and 5th degree coefficients [15]. Figure 4.2 (right) show the
amplitudes of IM products versus tone-spacing. The rapid change in the amplitude
of the IM products with an increase in frequency spacing indicates the presence of
significant memory effects, and the different in the amplitude indicates the presence
of memory effects that contributes to the asymmetry.

Figure 4.3 (left) and (right) shows the amplitude of the inner and outer CM
products versus power and tone spacing, respectively. A comparison between Fig-
ures 4.2 and 4.3 shows that for the power sweep, the amplitude of the CM products
increase proportionally to the 3rd nonlinear order and the memory effects that con-
tributes to the asymmetry are negligible compared to those of the IM products.
Similar observation can be drawn when amplitude of IM and CM products versus
tone spacing are compared (cf. Figures 4.2 (right) and 4.3 (right)), where the CM
products does not exhibit significant memory effects. A comparison between inner
and outer CM products indicates that for both power and frequency sweep, these
products have approximately the same behavior.

Application of Dual Two-tone Technique

As the individual memory effects of self- and cross-distortion products could be
analyzed using the technique presented in paper D; it is also possible to analyze the
differences/similarities in distortion products at two different carrier frequencies.
As shown in Figure 4.4, the behavior of IM and CM products is approximately
the same over the different power and frequency regions at two different frequency
bands. This technique can be used to get an insight about the nonlinear behavior
of the DUT and the information can be used to modify the behavioral and DPD
models.

Paper A proposes a 2D modified DPD model (2D-MDPD) where the modifica-
tion has been made to a previously published 2D-DPD model [78]. The proposed
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Figure 4.2: Measured amplitude of upper and lower IM products versus power (left)
and frequency (right). 3:1 line indicates that with the increase in 1 dB input power,
distortion products increase by 3 dB. The inset shows the asymmetry between upper
and lower IM products.
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Figure 4.3: Measured amplitude of CM products versus power (left) and frequency
(right).

Table 4.1: Comparison of the 2D-DPD and 2D-MDPD pre-distorters

Model # of FLOPs NMSE ACPR

(# of coefficients) CH1 / CH2 CH1 / CH2

No DPD − −30.3 / −29.7 dB −40.1 / −39.8 dB

2D-DPD 1162 (180) −42.6 / −42.7 dB −59.6 / −56.5 dB

2D-MDPD 457 (69) −44.3 / −45.1 dB −58.8 / −56.2 dB

model not only results in the same linearization performance, but also results in
a number of FLOPs value that is 2.5 times lower than the FLOPs value of the
2D-DPD model. The modification is done by characterizing the individual memory
effects of IM and CM products, and analyzing the behavior of the distortion prod-
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Figure 4.4: Asymmetry energy surface of upper and lower intermodulation (IM)
(top-left) and cross-modulation (CM) (top-right) products at the carrier frequency
of 2.0 GHz. Asymmetry energy surface of upper and lower intermodulation (IM)
(bottom-left) and cross-modulation (CM) (bottom-right) products at the carrier
frequency of 2.3 GHz.

ucts at two different carrier frequencies. Table 4.1 summarizes the performance of
the two models and Figure 4.5 shows the linearized output spectrum of channel 1
and 2.

The results obtained in paper A are encouraging, they show that the charac-
terization techniques could be of importance, especially for the cases where more
than two frequency bands are concurrently used to amplify the RF signals and MP
models are used for the linearization.
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MDPD models.

4.2 Characterization using Three-tone Test

Analysis of Volterra kernels in frequency-domain for nonlinear dynamic systems
dates back at least to 1983, where in [92], a 2nd-order Volterra kernel was analyzed.
Similarly, in [93] and [94], multi-sine signals were used to analyze the 2nd-order Volt-
erra kernels. To determine the nth-order Volterra kernel, which is an n-dimensional
functions, an input signal with at least n frequencies is required [95]. Thus, to
analyze a 3rd-order Volterra kernel, a minimum of three-tones are required [29].
By analyzing Volterra kernels along certain frequency paths, symmetry proper-
ties can be obtained and could be used to determine the dominating block struc-
tures [29]. In [95], by analyzing the 2nd-order Volterra kernel and its’ symmetry
properties along certain frequency paths, it is shown that the ADC follows a PH
block-structure. Similar approach has been made in [29], where 3rd-order Volterra
kernel of a nonlinear dynamic RF PA was analyzed and it was concluded that the
underlying system shows the properties of a Hammerstein-Wiener system.

In the last few years, much interest has been shown in the use of MIMO and con-
current multi-band PAs in wireless communication systems due to their potential
to increase the system capacity [43–46]. The amplifiers’ performance, as mentioned
earlier, is not only affected by self-distortion products, but also by cross-distortion
products. Therefore, from the analysis of frequency domain self- and cross-Volterra
kernels of MIMO/concurrent multi-band system, the symmetry properties and the
dominating block structures can be obtained. The knowledge of the dominating
block structures could be used to develop or modify behavioral and DPD models.
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Figure 4.6: Illustration of test signals for determining self- and cross-Volterra ker-
nels: (a) a three-tone signal is used for determining the self-kernel H(2:2,2,2) (b) a
two-plus-one signal is used for determining 2×1 cross-kernel H(2:2,2,3) and (c) three
single-tone signals are used for determining 3×1 cross-kernel H(2:1,2,3).

Figure 4.7: Block structure of the self-kernel H
(2:2,2,2)
3 .

Characterization of 3×3 MIMO System

A general framework for analyzing the self- and cross-Volterra kernels of MIMO
systems is proposed in [49,96–98]. However, the frequency-domain Volterra kernels
for nonlinear dynamic MIMO systems has not been analyzed experimentally. Paper
E propose a method for the analysis of self- and cross-Volterra kernels of a 3×3
nonlinear dynamic MIMO amplifiers based on experimental data. In paper E, the
input channels were excited by a combination of one-, two-, and three-tone signals,
the frequencies of which were stepped. The Volterra kernels were analyzed along
certain paths in the 3D frequency space and the dominating block structures were
determined. Figure 4.6 illustrates how the test signals were used to determine the
Volterra kernels of a 3×3 MIMO system.

To determine the self-kernel, the 2nd-channel of a 3×3 MIMO system was excited
with a three-tone signal and the output was measured at the corresponding output
channel. The system consisted of three wideband RF amplifiers; cross-talk was
introduced at the amplifiers’ input by a microstrip coupler. Such input cross-talk
could occur, e.g., if the amplifiers were integrated on the same chip set [39, 40].

In paper E, the analysis of the self-kernel is restricted to H
(2:2,2,2)
3 (−ω

′

, ω
′′

, ω
′′′

)1,

this is because, the self-Volterra kernel is symmetric under all permutations of ω
′

,
ω

′′

and ω
′′′

. The analysis of the self-Volterra kernel revealed the following block

structure of the self-kernel H
(2:,2,2,2)
3 as shown in Figure 4.7.

1Note that in H(2:r1,r2,r3), 2 corresponds to 2nd output channel and r1, r2, and r3 corresponds

to input channels. If r1 = r2 = · · · = rn, then the kernel is a self-kernel.
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Figure 4.8: Block structures of the 2×1 cross-kernel H
(2:2,2,3)
3 . Hc,1(·) and Ha,1(·)

encompasses encompasses the frequency dependency of the cross-talk.

By using the standard techniques given in [18,63], a discrete time-domain com-
plex baseband terms are derived from the block structure shown in Figure 4.7. The
corresponding complex baseband third-order terms are,

y
(2:2,2,2)
3 (n) = u(2)(n)

Q
∑

q=0

h3(q)|u(2)(n − q)|, (4.1)

where h3(q) are the parameters, and Q is the memory length of Hd,1(·). Equation
(4.1) corresponds to the third-order terms in an envelope memory polynomial model
[99]. The above analysis indicates that for the behavioral modeling of the studied
system, the inclusion of this term is of importance.

To determine the 2×1 cross-kernel H
(2:2,2,3)
3 , the system was excited with a

two-plus-one signal as shown in Figure 4.6 (b), i.e., the 2nd and 3rd input channels
were excited respectively with a two-tone signal and a single-tone signal. The 3rd-
order 2 × 1 cross-kernel is symmetric under the permutations of ω

′

and ω
′′

, i.e.,

H
(2:2,2,3)
3 (−ω

′

, ω
′′

, ω
′′′

) = H
(2:2,2,3)
3 (ω

′′

, −ω
′′

, ω
′′′

), but not for the other permuta-

tions of ω
′

, ω
′′

and ω
′′′

. Hence, the analysis of the 2×1 cross-kernel was restricted to

H
(2:2,2,3)
3 (−ω

′

, ω
′′

, ω
′′′

) and H
(2:2,2,3)
3 (ω

′

, ω
′′

, −ω
′′′

). The analysis of the 2×1 cross-
kernel revealed that two dominating block structures as shown in Figure 4.8 are
required to model 2×1 cross-kernel, where the upper block corresponds to the kernel

H
(2:2,2,3)
3 (−ω

′

, ω
′′

, ω
′′′

), and the lower block corresponds to H
(2:2,2,3)
3 (ω

′

, ω
′′

, −ω
′′′

).
In Figure 4.8, Hc,1(·) and Ha,2(·) model the effect of cross-talk.

The corresponding discrete time-domain complex baseband equivalent terms of
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Figure 4.9: Block structures of the 3×1 cross-kernel H
(2:1,2,3)
3 . Ha−c,1−c(·) encom-

passes the frequency dependency of the cross-talk.

the block structure in Figure 4.8 are

y
(2:2,2,3)
3 (n) =

Q1
∑

q1=0

Q2
∑

q2=0

h3,1(q1, q2)u(3)(n − q2)|u(2)(n − q1)|2

+u(2)(n)

Q1
∑

q1=0

Q2
∑

q2=0

h3,2(q1, q2)u(2)(n − q1)u∗(3)(n − q1 − q2)

+u(2)(n)

Q1
∑

q1=0

Q2
∑

q2=0

h3,2(q1, q2)u∗(2)(n − q1)u(3)(n − q1 − q2).

(4.2)

In (4.2), Q1 corresponds to the memory length of Hd,1(·) and Hd,2(·), and Q2 is the
memory length of Hc,1(·) and Ha,2(·). The first term in (4.2) corresponds to the
2×2 PH model [43] if q1 = q2. The second and third term in (4.2) correspond to the
third-order terms of extended generalized memory polynomial model for nonlinear
cross-talk (EGMPNLC) presented in paper C. The above analysis for a self and
2×1 cross-kernels indicates that, for a behavioral model to give accurate description
of the underlying system, the terms presented in (4.1) and (4.2) are of importance.

To analyze the 3×1 cross-kernel H
(2:1,2,3)
3 , each channel was excited with a

single-tone signal as shown in Figure 4.6 (c). It was found that the 3×1 cross-
kernel can be described by the block structure shown in Figure 4.9.

The characterization technique presented in paper E can be used to identify
the dominating block structures of M×M nonlinear dynamic MIMO system. The
information extracted from this technique could be used to modify, or to develop
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Figure 4.10: Measured output of Channel 1 and 2 of a 2×2 MIMO PA in presence
of cross-talk. The error spectrum of 2×2 PH model with (red) and without addition
of terms given in (4.1) and (4.2).

novel behavioral models with improved performance. In behavioral models of the
RF PAs, higher nonlinear orders are seldom required e.g., up to 9th, thus, to analyze
and visualize the nonlinear properties of higher orders terms, it is possible to extend
the technique. However, the analysis of higher order terms would be tedious as the
frequency space becomes multidimensional.

Application of Three-tone Technique

To illustrate the importance of the technique proposed in paper E, in the following
a modification is made to the 2×2 PH model by adding the terms given in (4.1)
and (4.2). Without the modification, the 2×2 PH model resulted in NMSE values
of −39.5 and −41.6 dB, respectively, for channel 1 and 2, and the corresponding
ACEPR values are −43.5 and −45.3 dB. With the modification, the modified model
results in NMSE values of −44.9 and −47.2 dB respectively, for channel 1 and 2,
with the corresponding ACEPR values of −49.6 and −51.3 dB. Figure 4.10 shows
the error spectrum of the models with and without the terms given by (4.1) and
(4.2).

The above result indicates that the performance of the behavioral model im-
proves with the inclusion of dominating terms. The envision of capacity increase
with the increase in the number of channels in MIMO and concurrent multi-band
transmitters, these characterization techniques become more important. The tech-
niques proposed in papers D and E could be used to extract information of the
system and the knowledge could be incorporated into the models to achieve better
performance for behavioral modeling and DPD.



Chapter 5

Behavioral Modeling and

Linearization of Multi-channel

Multi-band Amplifiers

This chapter summarizes the behavioral models for 2×2 MIMO, concurrent dual-
band and SISO PAs proposed in papers C, F and G. Paper C proposes three
models for behavioral modeling and DPD of 2×2 MIMO transmitters in presence
of linear, nonlinear, and nonlinear-&-linear crosstalk. The DPD structure and
its relationship to the DUT under different cross-talk scenarios is also discussed.
Furthermore, the impact of coherent and partially non-coherent signal generation
on DPD performance has also been studied. The performance of the proposed
models is compared with the 2×2 PH model [44].

Paper F present models based on a fixed pole expansion technique (FPET) for
behavioral modeling and DPD of SISO and concurrent dual-band PAs with long-
term memory effects. The proposed models are reduced forms of the FPET based
Volterra series for SISO [26] and concurrent dual-band PAs. Paper G presents
a 2D extended envelope memory polynomial (2D-EEMP) model that is derived
based on physical knowledge of a concurrent dual-band PA. The 2D-EEMP model
is an extension of the EEMP model proposed in [13] for SISO PAs. Behavioral
models (and DPD) of multi-channel multi-band transmitter suffer from a large
number of model parameters, making it difficult to identify the most significant
model parameters. At the end of this chapter, the parameter reduction technique
presented in paper B is summarized.

The chapter is structured as follows; in the first sections, the models proposed
in paper C are presented and the results are summarized, followed by the summary
of papers F and G. Results from the parameter reduction techniques are presented
at the end.

33
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5.1 Behavioral Modeling and Linearization of MIMO PAs

In MIMO transmitters, ideally, each channel has an independent and isolated path.
However, with the integration of MIMO transmitters on the same chip-set [40]
and towards efficient hardware implementation, the hardware is associated with
leakage (coupling) between different paths. This coupling together with nonlinear
distortion of the PAs in MIMO transmitters can cause significant degradation if not
handled properly [44]. Paper C proposes three models for modeling and mitigation
of nonlinearities in 2×2 MIMO transmitters in presence of cross-talk. Three type
of cross-talk effects were studied, namely nonlinear cross-talk, linear cross-talk,
and nonlinear-&-linear cross-talk. In presence of linear cross-talk only, the output
of the 2×2 MIMO PA can be represented as in (2.10). The nonlinear transfer
functions, f1(·) and f2(·) in (2.10) can be modeled by SISO MP models available
in the literature. In paper C, we used the SISO GMP model, since it is based
on the physical knowledge of the PAs [67] and has been used extensively for both
behavioral modeling and DPD of SISO PAs. By replacing the nonlinear transfer
functions f1(·) and f2(·) in (2.10) with a GMP model, the resulting model is a
generalized memory polynomial model for linear cross-talk (GMPLC)

yi(n) =

P
∑

p=1

Q1
∑

q1=0

Q2
∑

q2=0

gip,(q1,q2)
ui(n − q1)|ui(n − q1 − q2)|2(p−1)+

P
∑

p=1

Q1
∑

q1=0

Q2
∑

q2=0

gjp,(q1,q2)
uj(n − q1)|uj(n − q1 − q2)|2(p−1),

(5.1)

where ui(n) and yi(n) are the ith channel input and output signals, respectively. In
(5.1) gip,(q1,q2)

are complex-value model parameters, P is the nonlinear order, and
Q1 and Q2 are the memory depths.

In presence of nonlinear cross-talk only, the output of the 2×2 MIMO PA can
be represented as in (2.9), where the nonlinear transfer functions f1(·) and f2(·)
operate simultaneously on both input signals, and the output signals contain both
the self- and cross-distortion products. In order to compensate for these effects, the
model should include both the self- and cross-distortion products. Hence, by intro-
ducing the cross-terms in the GMPLC model, the resulting models are the extended
generalized memory polynomial model for nonlinear cross-talk (EGMPNLC) [cf Ta-
ble I in paper C] and generalized memory polynomial model for nonlinear cross-talk
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(GMPNLC). The GMPNLC model is written as

yi(n) =
P

∑

p=1

P −p+1
∑

r=1

Q1
∑

q1=0

Q2
∑

q2=0

gi,p,r,(q1,q2)ui(n − q1)|ui(n − q1 − q2)|2(p−1)

·|uj(n − q1 − q2)|2(r−1) +

P
∑

p=1

P −p+1
∑

r=1

Q1
∑

q1=0

Q2
∑

q2=0

gj,p,r,(q1,q2)uj(n − q1)

·|uj(n − q1 − q2)|2(p−1)|ui(n − q1 − q2)|2(r−1).

(5.2)

The difference between the EGMPNLC model and the GMPNLC model is that the
former contains more cross-terms. Furthermore, it is shown in paper C that the
EGMPNLC is a subset of the 2×2 MIMO Volterra model (2.6), and GMPLC ⊂
GMPNLC ⊂ EGMPNLC, where ⊂ denotes subset.

Behavioral Modeling of MIMO PAs

Table 5.1 summarizes the performance of the proposed models. For all studied
cross-talk scenarios, the 2×2 PH model resulted in largest model error than the
proposed models. These results indicate that the 2×2 PH model is not as suited as
the proposed models. In presence of linear cross-talk, the proposed models resulted
in approximately the same model performance in terms of NMSE, whereas in terms
of ACEPR, the GMPLC resulted in an ACEPR value that is 0.3-1.3 dB higher
compared to the GMPNLC and EGMPNLC models. In presence of nonlinear,
and nonlinear-&-linear cross-talk, among the proposed models, the GMPLC model
resulted in the largest model error, and EGMPNLC resulted in the lowest model
error. The increase in model error for the GMPLC model is due to the missing
cross-terms. In comparison, the GMPNLC resulted in NMSE and ACEPR values
that are approximately 5- and 1.2 − 2 dB higher, respectively, than those of the
EGMPNLC model.

Table 5.1: NMSE/ACEPR [dB] for given behavioral models and cross-talk type,
the cross-talk level was -20 dB.

Model Linear Nonlinear Nonlinear-&-Linear No of
NMSE/ACEPR NMSE/ACEPR NMSE/ACEPR coeff

2×2 PH -41.5/-56.6 -40.1/-54.7 -40/-54.3 180
GMPLC -50.1/-58.9 -42.3/-52.7 -40.1/-51.9 126

GMPNLC -50.3/-59.2 -45.4/-58.9 -45.1/-58.3 242
EGMPNLC -50.2/-60.2 -50.4/-60.1 -50.3/-60.3 486

As mentioned in Chapter 2, the technique proposed in [80] to identify cross-talk
type can be used in advance for pre-selection of the proposed models. For example,
in case of linear cross-talk, the GMPLC model can be used since it has the same
model performance as the other proposed models but with fewer model parameters.
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Figure 5.1: DUT and corresponding DPD structure

Linearization of MIMO PAs

In the ILA, the post-inverse of the DUT is identified and is used as a pre-inverse
(DPD); to identify the DPD parameters, the input and output signals are inter-
changed in (2.11) and (2.13) [61]. Figure 5.1 shows the relationship between the
DUT under different cross-talk conditions and the corresponding DPD structures.
For the DUT in presence of nonlinear cross-talk, the corresponding DPD structure
can be described as the inverse of nonlinear transfer function f−1(·) followed by
the cross-talk, as shown in Figure 5.1-(a). To linearize the DUT with nonlinear
cross-talk, the DPD structure can be modeled by the GMPLC model. Figure 5.2
shows the linearized output spectrum of a DUT in presence of nonlinear cross-talk
and Table 5.2 summarizes the performance of the given models. In Table 5.2, it
can be observed that the proposed models, when used for the linearization of DUT
with nonlinear cross-talk, resulted in approximately the same performance.

Table 5.2: NMSE/ACPR [dB] for given behavioral models used as DPD for different
cross-talk type, the cross-talk level was -20 dB.

Model Linear Nonlinear Nonlinear-&-Linear No of
NMSE/ACPR NMSE/ACPR NMSE/ACPR coeff

2×2 PH -39.7/-54.3 -40.1/-52.1 -38.1/-51.3 180
GMPLC -41.2/-52.1 -45.3/-58.6 -37.3/-48.3 126

GMPNLC -45.3/-58.2 -45.1/-58.5 -45.8/-58.7 242
EGMPNLC -45.1/-58.4 -45.4/-58.8 -45.6/-57.9 486

Similarly, in presence of linear cross-talk, the DPD structure can be described as
shown in Figure 5.1-(b), and to linearize the DUT with linear cross-talk, the DPD
structure can be described by the GMPNLC and EGMPNLC models. Table 5.2
shows the performance of GMPNLC and EGMPNLC models when used as DPD
which resulted in approximately the same NMSE and ACPR values. The GMPLC
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Figure 5.2: Linearized output of the DUT in presence of nonlinear cross-talk

model resulted in NMSE and ACPR values that are approximately 4 − 6 dB higher
than those of the GMPNLC and EGMPNLC models. A similar observation can be
made for DUT in presence of nonlinear-&-linear cross-talk, where the GMPNLC
and EGMPNLC resulted in approximately the same performance. In paper C,
effects of coherent and partially coherent signal generation on the performance of
DPD was also evaluated. Figure 5.3 shows the impact of coherent and partially
coherent transmitter on the performance of DPD, where partially coherent signal
generation degrades the DPD performance.
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Figure 5.3: Measured NMSE and ACPR vs number of coherent averaging of the
linearized output signal with coherent and partially coherent signal generation. The
DUT has -30 dB nonlinear cross-talk and the inverse model for DPD was GMPNLC.

5.2 Modeling and Linearization of Single and Multi-band

GaN PAs

In cellular base stations, LDMOS PAs have been employed as the technology of
choice for high power operations [100]. The LDMOS PAs have the advantages
of high power and high operating temperatures [101], but may reach there limi-
tation in operational frequency and power efficiency for future base stations. It is
envisioned that GaN transistor based PAs have the potential to be the long-term re-
placement for LDMOS PAs in future base station applications [51,52] due to higher
power efficiency, operating temperature, and breakdown voltages [53, 54]. In [53],
it is reported that when excited with burst signals, GaN PAs introduce long-term
memory effects such as bias circuit modulation, charge trapping, and self-heating.
Therefore, behavioral and DPD models are required that incorporate such effects.

Paper F presents behavioral models that are based on the FPET (hereafter
referred to as FP-models) for SISO and concurrent dual-band PAs. The formulated
FP-models are reduced forms of the FP-Volterra series (FP-VS) [26] in the same
way as the FIR based MP [56] and GMP [67,102] models are reduced forms of the
FIR-VS. In these models, the input signal is filtered by an infinite impulse response
(IIR) filter (defined by Kautz functions [103]) and used in the FP-models. The IIR
makes them potential candidates for modeling and mitigating nonlinear distortion
with long-term memory effects.

A discrete-time, odd-order SISO FP-VS with input and output signals u(n) and
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y(n), respectively, can be described as [26],

y(n) =

P
∑

p=1
p:odd

Q1−1
∑

q1=0

· · ·

Qp−1
∑

qp=0

kp,q1,...,qp

p+1
2

∏

d=1

vp,qd
(n)

p
∏

d= p+1
2 +1

v∗

p,qd
(n), (5.3)

where Q1 is the number of basis functions for order 1, and kp,q1,...,qp
are the model

parameters. In (5.3), (·)∗ denotes the complex-conjugate operator, and vp,qd
(n) is a

filtered version of u(n) as the pth output of the IIR filter [for filter definition cf (2)
in F]. To reduce the number of parameters of the FP-VS in (5.3) and to formulate
the FP-MP model, we set q1 = q2 = · · · = qp = q, and Q1 = · · · = Qp = Q in (5.3),
and obtain the following

y(n) =

P
∑

p=1
p:odd

Q−1
∑

q=0

kp,qvp,q(n)|vp,q(n)|(p−1). (5.4)

The FP-MP model only contains the main diagonal terms of the FP-VS. The FP-
MP model can, hence, model the long term memory effects in a system with sig-
nificantly reduced number of model parameters. Moreover, by setting the pole at
the origin, (5.4) becomes an FIR-MP model [2,56]. Similarly, to formulate the FP-
GMP model, the diagonal and off-diagonal terms of the SISO FP-VS are considered
[cf (5) in paper F]. For concurrent dual-band PAs, 2D-FP-VS can be described as

y(i)(n) =

P
∑

p=0

Q1−1
∑

q1=0

· · ·

Q2p+1−1
∑

q2p+1=0

p+1
∑

p
′ =1

k
(i)

(2p+1,q1,··· ,q2k+1,p
′ )

p
′

∏

d=1

v
(i)
2p+1,qd

(n)

·

2p
′

−1
∏

d=p
′ +1

v
(i),∗
2p+1,qd

(n)

p
′

+p
∏

d=2p
′

v
(j)
2p+1,qd

(n)

2p+1
∏

d=p
′ +p+1

v
(j),∗
2p+1,qd

(n), (5.5)

where v
(i)
2p+1,qd

(n) and v
(j)
2p+1,qd

(n) are the outputs of IIR filters excited by the input

signals u(i)(n) and u(j)(n), respectively, from the ith and jth channel and y(i)(n) is
the ith channel output. The IIR filters excited by u(i)(n) and u(j)(n) may have dif-
ferent poles per nonlinear order for each channel because the matching network(s)
of concurrent dual-band PAs are optimized for the different carrier frequencies.
As compared to the SISO FP-VS, the 2D-FP-VS has more number of model pa-
rameters. Thus, to reduce the number of model parameters, paper F proposes
the 2D-FP-MP and 2D-FP-GMP models. The 2D-FP-MP model given in (5.6) is
formulated by setting q1 = · · · = q2p+1 = q and Q1 = · · · = Q2p+1 = Q in (5.5).

y(i)(n) =

P −1
∑

p=0
p:even

p
∑

r=0
r:even

Q−1
∑

q=0

k(i)
p,r,qv(i)

p,q(n)|v(i)
p,q(n)|p−r|v(j)

r,q (n)|r . (5.6)
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Table 5.3: Performance evaluation of given SISO behavioral models in terms of
NMSE [dB] and ACEPR [dB]. CC1 and CC2 consists of 10-MHz OFDM signals
and are at the offset frequencies of ∓ 25 MHz from the carrier frequency.

Models OFDM-OFDM
NMSE ACEPR(CC1/CC2)

FIR-MP −36.4 −42.1/ − 41.9
FIR-GMP −38.9 −46.1/ − 42.5
FIR-VS −41.3 −48.7/ − 50.1
FP-MP −45.2 −55.2/ − 56.8

FP-GMP −47.8 −57.3/ − 58.4
FP-VS −49.3 −59.8/ − 59.3

As in the case of the SISO FP-GMP model, the 2D-FP-GMP model is formulated
by considering the diagonal and off-diagonal terms of the 2D-FP-VS [cf (9) in paper
F].

SISO and Concurrent Fixed Pole Model Performance

Table 5.3 summarizes the modeling performance of the SISO FP-models when the
GaN PA was excited with intra-band non-contiguous CA signal; the component
carriers (CCs) consisted of two OFDM signals at an offset frequencies of ± 25 MHz
from the carrier frequency. One to one comparison between the FP- and FIR-models
indicates that the FP models resulted in NMSE values that are approximately
8 − 10 dB lower than those of the FIR-models. Similarly, the FP-models resulted
in ACEPR values that are approximately 9 − 15 dB lower than those of the FIR-
models. These results indicate that the FIR-models are not adequate models for
the DUTs with long-term memory effects. Moreover, the proposed FP-models have
the same number of model parameters as the FIR-models.

Table 5.4 summarizes the performance of the proposed SISO FP-models when
used as DPD algorithms and Figure 5.4 shows the linearized output spectra. When
used for DPD, the FIR-models resulted in NMSE values that are in the range
of 13 − 17 dB than when no DPD was used, whereas, for the FP-models, DPD
resulted in NMSE values within the range of 21 − 25 dB. One to one comparison
between the FIR and FP-models shows that the FP-model have NMSE values that
are approximately 8 dB lower than the FIR-models. Similar observation can be
made when the performance of FP and FIR-models is evaluated in term of ACPR;
the FP-models show an improvement of approximately 8 − 15 dB in ACPR values
compared to the ACPR values of the FIR-models. In terms of total number of
FLOPs, the FP-models give slightly higher FLOPs values than the FIR-models.
However, if the maximum spectral emission limit of −45 dB is applied [104], the
model complexity of the FP-models [cf Table 5.4] can be reduced to meet the
minimum required spectrum limit, which is not the case for the FIR-models.
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Table 5.4: Performance evaluation of given SISO DPD models in terms of NMSE
[dB], ACPR [dB] and total number of floating point operations (FLOPs). CC1 and
CC2 are at the offset frequencies at ∓ 25 MHz from the carrier frequency.

Models OFDM-OFDM FLOPs
NMSE ACPR(CC1/CC2)

No DPD −23.1 −34.3/ − 34.9 −
FIR-MP −36.6 −42.7/ − 42.2 209

FIR-GMP −38.9 −46.0/ − 44.6 529
FIR-VS −40.6 −49.6/ − 51.7 7471
FP-MP −44.9 −56.5/ − 56.6 230

FP-GMP −47.6 −58.7/ − 59.5 550
FP-VS −48.2 −59.1/ − 60.1 7511
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Figure 5.4: Linearized output spectra of the SISO DUT excited with non-contiguous
CCs consisting of OFDM signals at an offset frequencies of ± 25 MHz from the CF.
The DPD algorithms are described in the legend.

Figure 5.5 shows the measured and linearized output spectra of concurrent dual-
band GaN PA excited with two OFDM signals operating at the carrier frequencies
of 1.9 and 2.2 GHz. Table 5.5 summarizes the performance of different models.
The improvement in NMSE values of the 2D-FP models compared to the 2D-FIR
models is in the range of approximately 5 − 8 dB. Similarly in terms of ACPR, the
2D-FP models give ACPR values that are 9−14 dB lower than those of the 2D-FIR
models.

The FP-models presented in paper F achieve excellent performance both for
modeling and linearization of SISO and concurrent dual-band PAs. Moreover, the
proposed models have approximately the same model complexity as the correspond-
ing FIR-models. However, the only disadvantage is that the FP-models are nonlin-
ear functions of the poles and thus nonlinear estimation techniques are required for
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Figure 5.5: Linearized output spectra of channel 1 (left) and channel 2 (right) when
the concurrent dual-band PA was excited with 10 MHz wide OFDM signals.

Table 5.5: Performance evaluation of given models in terms of NMSE [dB] and
ACPR [dB] when concurrent dual-band PA was excited with two 10 MHz wide
OFDM signals.

Models Channel 1 Channel 2 FLOPs
NMSE ACPR NMSE ACPR

No-DPD −23.6 −32.6 −23.1 −33.4 -
2D-FIR-MP −37.4 −42.2 −37.9 −45.6 752

2D-FIR-GMP −40.7 −45.0 −40.5 −47.7 1408
2D-FIR-VS −42.4 −49.8 −42.9 −48.2 13363
2D-FP-MP −44.1 −56.4 −44.4 −55.3 804

2D-FP-GMP −48.5 −58.9 −47.0 −56.8 1460
2D-FP-VS −48.6 −59.6 −47.8 −58.0 13519

pole estimation. Nevertheless, once the poles are identified, linear LSE techniques
can be employed to identify the model parameters.

5.3 Derivation of a Concurrent Dual-band Model

Paper G present a 2D extended envelope memory polynomial (2D-EEMP) model,
which is derived based on the physical knowledge of dual-band PAs. The block
structure considered is shown in Figure 5.6 and is proposed in [58]. It has been
used previously to derive PA models [13, 16, 60, 105] for SISO PAs. In paper G,
the derivation of the SISO EEMP model [13] is extended to concurrent dual-band
PAs. In the following, we discuss the assumptions made in paper G and present
the derived 2D-EEMP model.

In Figure 5.6, HI(ω) and HO(ω) represent the time-invariant filters that des-
cribe the input and output matching networks that are optimized for two carrier
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+

−

x(t) u(t) e(t) v(t) y(t)

HI(ω) K(·) HO(ω)

F (ω)

Figure 5.6: The model structure proposed in [58] which represents the bandpass
behavior of a RF PA. HI(ω) and HO(ω) are linear filters representing the input
and output matching networks, F (ω) is a linear filter for the feedback representing
bias modulation and thermal memory effects, and K(·) is a static nonlinearity [16].
x(t) is the input signal, and y(t) is the output signal.

frequencies, e.g., ωc1
and ωc2

. The feedback filter F (ω) is a low-pass filter and des-
cribes thermal, bias, and trapping effects [58]. K(·) is a nonlinear current source,
generating nonlinear distortions [13, 58].

The input signal x(t) in Figure 5.6 is composed of two independently modulated
signals operating at ωc1

and ωc2

x(t) = x1(t) + x2(t) = A1(t) cos(ωc1
t + φ1(t)) + A2(t) cos(ωc2

t + φ2(t)) (5.7)

where Ai(t) and φi(t) are the amplitude and phase modulation of carrier ci. To
derive the discrete-time complex base-band 2D-EEMP model the following assump-
tions were made.

• The frequency dependence of the input matching network HI(ω) is negligible,
i.e., u(t) is a delayed and scaled version of x(t). Presence of strong memory
effects at the input matching network would degrade the error vector mag-
nitude of the amplified signal [13]. Moreover, without this assumption, the
resulting system would be a Wiener-type system.

• K(·) is static [13,58] and its output can be approximated by a polynomial of
order P, such that

v(t) = K[e(t)] = K[u(t) − f ∗ v(t)] =
P∑

p=1

ap[u(t) − f ∗ v(t)]p, (5.8)

where f is the impulse response of the feedback filter F (ω) and v(t) is the
output signal from the static nonlinearity. The feedback loop is broken after
one loop as in [13]. This is a well founded approximation since the loop
represents effects that are small relative to the output signals [58], and it is
implicitly assumed in all memory polynomial type models.
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• F (ω) is of low-pass characteristics and does not pass any signal components
at ωc1

or above.

• To derive the 2D-EEMP model, two further assumptions related to the rel-
ative magnitude of linear and nonlinear components, and to the frequency
dependence of HO(ω) and F (ω) were made; without these assumptions, the
resulting model would be a 2D-GMP like model. The first assumption is that
the power of the linear signal components is significantly larger than the non-
linear components; this is equivalent to the common assumption that the PA
is weakly nonlinear. The second assumption is that the frequency dependence
of F (ω) is considerably larger than the HO(ω), within the excited bandwidth.
The above mentioned assumption means that the filtering by HO(ω) can be
neglected for nonlinear terms but not for the linear terms.

Based upon these assumptions and approximations, the resulting 2D-EEMP model
becomes

yi(n) =
Q1∑

q1=0

gi,1
q1

ui(n − q1) +
P −1∑

p=2
p:even

p∑

r=0
r:even

Q2∑

q2=0

gi,2
p,r,q2

ui(n)|ui(n − q2)|(p−r)

·|uj(n − q2)|(r) +
P −3∑

p=2
p:even

r∑

r=0
r:even

2∑

s=0
s:even

Q2∑

q2=1

gi,3
p,r,s,q2

ui(n)|ui(n)|(p−r)|uj(n)|(r)

·|ui(n − q2)|(2−s)|uj(n − q2)|(s) +
2∑

r=0
r:even

P −3∑

γ=4
γ:even

γ∑

s=0
s:even

Q2∑

q2=1

gi,4
r,γ,s,q2

ui(n)|ui(n)|(2−r)

·|uj(n)|(r)|ui(n − q2)|(γ−s)|uj(n − m2)|(s) +
P −3∑

p=0
p:even

p∑

r=0
r:even

Q2∑

q2=1

gi,5
p,r,q2

uj(n)|ui(n)|p−r

·|uj(n)|rui(n − q2)u∗

j (n − q2),
(5.9)

where ui(n) and yi(n) are the input and output signals at ωci
, respectively.

In the following, the DPD performance of the derived model is compared with
the 2D-DPD model [78] and the dual-band GMP model (DB-GMP) [106]. Figure
5.7 shows the linearized output spectra and Table 5.6 summarizes the performance
of the used models. The proposed model resulted in the NMSE values of −46.7
dB and −48.0 dB for channel 1 and 2, respectively, and in ACPR values of −55.8
dB and −54.6 dB for channel 1 and 2. In comparison, the 2D-DPD resulted in
the largest error. In terms of number of model parameters, the proposed model
has 107 parameters, whereas, the 2D-DPD and DB-GMP have 112 and 320 model
parameters, respectively. In Figure 5.7 it can be seen that the linearized spectra of
the 2D-DPD and DB-GMP model flatten out at an offset frequency of ± 5 MHz
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Table 5.6: Performance evaluation of the given models in terms of NMSE (dB) and
ACPR (dB) for the ZVE8G+ amplifier.

Models Channel 1 Channel 2
(P, M1, M2) NMSE ACPR NMSE ACPR

No DPD −28.4 −33.4 −29.3 −36.8
2D-DPD (7,4) −39.5 −45.6 −38.7 −47.4

DB-GMP (7,4,3) −45.9 −53.6 −41.7 −50.3
2D-EEMP (7,4,3) −46.7 −55.8 −48.0 −54.6

−15 −10 −5 0 5 10 15

−60

−40

−20

0

Frequency (MHz)

P
S

D
 (

d
B

x
/H

z
)

 

 

−15 −10 −5 0 5 10 15

−60

−40

−20

0

P
S

D
 (

d
B

x
/H

z
)

 

 

Output
CH2

2D−DPD

DB−GMP

2D−EEMP

Output
CH1

2D−DPD

DB−GMP

2D−EEMP

Figure 5.7: Linearized output spectra of ZVE8G+ amplifier. The amplifier was
excited with two 5 MHz wide OFDM signals operating at the carrier frequencies of
2.0 and 2.3 GHz.

and beyond, whereas, for the proposed model this does not happen. Presently we
do not have any explanation for this behavior.

5.4 Parameter Reduction Techniques

For behavioral modeling and DPD of multi-channel and multi-band transmitters,
the MIMO and concurrent dual-band models often have large number of parame-
ters. In paper B a sparse estimation technique is used to find model with reduced
parameters. Paper B discusses the MIMO transmitter.

In paper B, the least absolute shrinkage and selection operator (LASSO) is used
to reduce the parameters of a 2×2 MIMO Volterra series. The MIMO Volterra series
with 1400 basis functions was used, and by implementing the LASSO technique, the
number of basis functions is reduced to 220 basis functions at the cost of a slightly
increased model error. The number of basis functions versus NMSE is shown in
Figure 5.8.
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Figure 5.8: Performance versus number of basis functions used in the 2×2 MIMO
Volterra series.

In Figure 5.8, it can be seen that large reduction in model parameters can be
achieved at a moderate cost of model performance. For example, by setting the
desired NMSE value to −42 dB, the model parameter reduced to 220 that are
approximately 7 times lower than the number of parameters of the full MIMO
Volterra.



Chapter 6

Conclusion

The main goal of this thesis is to develop new behavioral models, characterization
techniques, and compensation methods of nonlinear distortions in concurrent dual-
band and MIMO transmitters. In this context, two topics have been studied. The
first topic is the characterization techniques, and the second topic addresses the be-
havior modeling and linearization of the concurrent dual-band and MIMO transmi-
tters.

A technique for the characterization of individual memory effects of 3rd-order
IM and CM product in concurrent dual-band PAs is proposed in paper D, and can
easily be adapted to MIMO PAs. It is an extension of a conventional two-tone test
which is widely used for the characterization of SISO PAs. The analysis made indi-
cates that for the studied system, the IM products show significantly larger memory
effects than the CM products. Moreover, the memory effects that contribute to the
asymmetry are more pronounced in the IM products than the CM products. The
information extracted from the characterization of the memory effects in concur-
rent dual-band amplifiers could be used to develop new behavioral models and DPD
schemes or to modify existing ones. The application of the characterization tech-
nique proposed in paper D is highlighted in paper A, where a previously published
model is modified after the characterization of the DUT. The resulting modified
model not only compensated the nonlinear distortions in a concurrent dual-band
PA but also results in lower model complexity with approximately the same per-
formance.

To characterize the 3rd-order self and cross-Volterra kernels a three tone cha-
racterization technique is also proposed. It is shown that from the analysis of self-
and cross-Volterra kernels along certain frequency paths and by analyzing the sym-
metry properties, the dominating block structure of a 3×3 MIMO system can be
determined. This knowledge can be used for the development of new behavioral
models or to modify previously published models. In this thesis, it is demonstrated
that by including the terms extracted from the analysis of the self and cross Vol-
terra kernels into the previously published model, the modified model shows an

47
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improvement of more than 4 dB in NMSE and 6 dB in ACEPR.
For the modeling and compensation of nonlinear distortions in MIMO trans-

mitter, paper C proposes three novel behavioral models. The proposed models
are formulated based on the type of cross-talk present in the MIMO transmitter.
The DUT structures in presence of cross-talk and their corresponding DPD struc-
tures are also studied. It is shown that for a DUT with nonlinear cross-talk, the
GMPLC model could be used for the mitigation of nonlinear distortion since the
DPD structure for such a DUT can be described by the inverse of the nonlinear
transfer function followed by the cross-talk. Therefore, for different cross-talk cases,
the selection of a correct model is essential in order to achieve desired behavioral
modeling or linearization performance.

To model and compensate nonlinear distortions in SISO and concurrent dual-
band transmitters in presence of long-term memory effects, two novel models for
SISO PAs and three models for concurrent PAs are proposed. In these models,
the input signals are filtered by IIR filters, hence the models have infinite memory
depth. The models are, thus, potential candidates for modeling and compensating
nonlinearities in DUTs with long-term memory effects. For the behavioral modeling
of SISO GaN PA, the proposed models resulted in NMSE values that are 8 − 10 dB
lower than those of the corresponding FIR models. Similar observations were made
when the DUT was used in concurrent dual-band application. The complexity of
the proposed models is approximately the same as that of the FIR models in terms
of the FLOPs. In this thesis, a 2D-EEMP model is derived. The derivation is based
on the physical knowledge of a dual-band PA and the performance of the derived
model is evaluated both as a direct and inverse model. The results indicate that
the proposed model achieve improved performance compared to the 2D-DPD and
DB-GMP models with a reduced number of model parameters.

The behavioral models for MIMO and concurrent dual-band transmitters results
in large number of model parameters compared to SISO models. The increase in
number of parameters is due to the presence of cross-terms and reduced kernel
symmetry, therefore, the implementation complexity increases. Hence, the DPD of
these amplifiers further increase the need for model reduction techniques. In paper
B, such a technique is implemented on MIMO Volterra series and the measurement
results discussed in chapter 5. The results show that with the implementation of
sparse techniques, a working sparse DPD with comparable performance to that of
corresponding dense model could be achieved.
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