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Abstract

Due to the increasing demands for large capacity and high performance wireless transmit-
ters, multi-band /multi-standard transmitter architectures play an important role in modern
communication. Thus, advances in the design techniques of radio frequency (RF) power
amplifiers (PAs) have promoted it to use single multi-band PA and RF components in order
to concurrently process multiple input signals located in different frequency bands.

In this dissertation, different RF imperfections are investigated and compensated for in
multi-band wireless communications systems. Thus, a comprehensive analysis and different
digital signal processing (DSP) solutions are proposed for distortion mitigation of different
RF impairments in dual-band and tri-band transmitters.

A novel Feedforward Hammerstein model/DPD is proposed for the accurate characteri-
zation of the dynamic, nonlinear behavior of RF PAs. Indeed, the performance of different
DPD linearizers is affected by the imperfections of the up-converters in the transmission
path and down-converters in the feedback path. Therefore, a complexity-reduced compound
DPD is proposed for the compensation of the impairments stemming from the quadrature
modulators and PA nonlinearity in single-band transmitters.

This study is extended for multi-band transmitters and the nonlinear distortion in case of
dual-band transmitters is analyzed. Indeed, the problem of modulator imperfections is more
highlighted in multi-band transmitters. Therefore, a dual-input truncated Volterra DPD is
proposed for the joint mitigation of dual-band PA distortion in the presence of modulator
imperfections.

A theoretical analysis of the nonlinear distortion in the concurrent tri-band PA has been



given, and a three-dimensional (3-D) DPD is presented for the linearization of tri-band PA.
The analysis is further extended in order to include the effects of the phase distortion in tri-
band transmitters. Indeed, the transmitter wideband phase variation effects will affect the
transmission quality and needs to be compensated for. Therefore, a novel 3-D phase-aligned
DPD is proposed that takes into account both the compound amplitude and phase variation
effects in a concurrent tri-band transmitter.

Finally, in order to reduce the computational complexity of multi-band DPDs, a novel
multi-branch DPD is proposed for the linearization of dual-band transmitters. The proposed

model is based on a distributed polynomial basis function with a radial pruning approach.
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Chapter 1

Introduction

Wireless and mobile communications have become a ubiquitous part of modern life, from
mobile phones to local and wireless personal area networks. A number of these wireless tech-
nologies, such as Long Term evolution (LTE) and worldwide interoperability for microwave
access (WiMAX), are being developed to support higher data rate wireless services. The
next generation network is expected to support data rates up to 100 megabits per second
(Mb/s) for high mobility and approximately 1 gegabits per second (Gb/s) for low mobility.
However, this placed very challenging demands on radio frequency (RF) front-end speci-
fications in terms of bandwidth and power efficiency for both hand-held devices and base
stations.

As the RF spectrum nowadays is shared by many users, the available bandwidth is fixed or
even decreasing. Therefore, spectral efficient complex modulation schemes, such as single-
carrier frequency division multiple access (SC-FDMA) and orthogonal frequency-division
multiplexing (OFDM), have to be used. While existing global systems for second generation
(2G) and third generation (3G) networks continue to thrive and represent a large percentage
of networks today, network operators continue to roll out fourth generation (4G) carrier
aggregated (CA) LTE networks [1,2]. In order to access these various systems and services
using a single user terminal, highly flexible and re-configurable radio transceivers are needed.
The transceiver design should be able to simultaneously support the different frequency bands

in existing and future wireless networks. Therefore, multi-band /multi-standard transceivers



are recently getting more attention and optimized in order to reduce cost, physical size, and
power consumption. Hence, there is a keen motivation towards developing various passive
or active RF circuits with multi-band/wideband operation capabilities [3-5].

The direct conversion transceiver [6,7] is one of the most flexible and versatile architec-
tures with low power and low cost. It up-converts the baseband signal to RF, or down-
converts the RF signal to the baseband, directly without any intermediate frequency (IF)
stage. Fig. 1.1 shows a simplified block diagram of a direct conversion transceiver. The trans-
mitter performs digital baseband waveform generation, digital-to-analog conversion (DAC),
up-conversion of the analog baseband signal to RF, bandpass filtering to eliminate harmonics,
and then power amplification.

The direct conversion receiver down-converts the received signal directly from the RF
to the baseband frequencies. The received signal is first amplified with low-noise amplifier
(LNA) to compensate for transmission losses and is then bandpass filtered. Then, the signal
is down-converted directly to the baseband with complex mixing. The in-phase (/) and
quadrature () components of the complex signal are then separately low-pass filtered,
analog-to-digital converted (ADC), and waveform processed to decode the transmitted data.

This direct conversion transceiver can be extended to support different multi-band and
multi-standard architectures. Thus, the multi-band transceivers provide the possibility of
moving from one standard to another, or hopping to different carrier frequencies, while using
the same device.

This dissertation focuses on advanced DSP techniques for mitigation of the main sources
of linear and nonlinear distortion that degrade the overall performance of wireless systems.

These techniques are first applied for single-band and then further extended in order to
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Figure 1.1: Block diagram of direct conversion transceiver.

compensate for the different impairments of multi-band transmitters.

In this introduction chapter, a background review is presented. The remainder of this
chapter is organized as follows. First, the different sources of distortion in single-branch
transmitters are discussed in Section 1.1. Then, the different multi-branch transmitter ar-
chitectures are reviewed in Section 1.2. The additional sources of distortion in multi-band
transmitters, such as inter-modulation and cross-modulation products are discussed in Sec-
tion 1.3. Following in Section 1.4 are the motivations and the list of contributions. Finally,

the outline of this dissertation is presented in Section 1.5.



1.1 Distortion in RF transmitters

The direct conversion transmitter architecture shown in Fig. 1.1 has different sources of
distortion [8]. The most prominent imperfections are static and dynamic distortion due to
mixer and PA nonlinearities [9], image-frequency interference due to in-phase/quadrature
(I/Q) imbalance in modulators [10], non-constant group delay variations in band-pass filters
[11,12], and the antenna. This thesis is focused on the distortion sources created by the
modulator and PA as the primary sources of distortion in wireless transmitters [13,14]. Also,

the non-constant group delay distortion in the case of wideband transmitters is investigated.

1.1.1 Power amplifier nonlinearity

The radio frequency (RF) power amplifier (PA) is a key component in the RF front-ends of
wireless transceivers. It is also the main power consuming device that generates unwanted
nonlinear distortion [9,15]. The purpose of the RF PA is to amplify the radio signal to a
necessary power level for transmission to the receiver. The RF PAs are divided into different
classes (e.g. A, AB, B, C, D and F etc.), with respect to their linearity and power efficiency.
For a linear system, most of the power transmitted by the base station is confined to an
allocated channel of a confined bandwidth. However for the PAs to operate efficiently, they
have to be operated close to saturation region. Thus, the PAs exhibit undesired nonlinear
behavior that generate distortion of a bandwidth three to five times the allocated channel
bandwidth. The broadening of the distortion spectrum is known as spectral regrowth.

As modern wireless communication systems have evolved to be more spectral efficient,

they utilized high peak-to-average power ratio (PAPR) signals. The high PAPR signals



are caused by complex modulation schemes and generate rapid change in the magnitude
of signals. These varying envelope signals cause amplitude to amplitude (AM-AM) and
amplitude to phase (AM-PM) distortion as well as spectral regrowth in the adjacent channels
when amplified by nonlinear PAs. Therefore, the use of high PAPR signals results in PA
operating at a large enough back-off to satisfy the stringent linearity requirement at the
expense of degraded efficiency [16]. Therefore, linearization [17] and efficiency enhancement
[15,18,19] techniques must be employed. This issue is widely explored in literature.

Some of the efficiency enhancement techniques explored in literature include Doherty
20, 21], Envelope Elimination and Restoration (EER) [22-24], Envelope Tracking (ET)
[25-27], linear amplification with nonlinear control (LINC) [28], and delta sigma based modu-
lators [29]. The most commonly known linearization techniques are mainly feedback [30-32],
feedforward [32,33], and analog or digital predistortion [34]. Among these, digital predistor-
tion (DPD) is one of the most promising linearization techniques [35-37] for the compensation
of the static and dynamic distortion in transmitters. In order to work, digital predistortion
requires knowledge of the dynamic nonlinear characteristics of the device under test (DUT)
since it, in principle, applies the inverse of the amplifier characteristics to the signal prior to
amplification. Fig. 1.2 shows a general schematic of a DPD. The AM-AM plots show that
the cascade of the predistorter that show an inverse of the nonlinearity of the PA prior to
the DUT, will result in a linearized output signal.

Accurate nonlinear characterization of the amplifiers is necessary for the design of DPDs
and for optimizing the amplifier design. Thus, behavioral modeling, also denoted as black-
box modeling, of RF PAs / transmitters is a cost and time effective approach to predict the

nonlinearity generated at the output of the PA [37]. Contrary to the physics based modeling,



Xin Digital Xpred Power
Predistortion ”| Amplifier
0.35 0.35 0.35 ;

- Predistorter |- : - Power Amplifier| |

015 -

0.1 ‘ ‘ ‘ 041 0.1 ‘ ‘
40 30 20 10 0 10 40 30 20 -10 0 10 40 30 20 10 0 10
Input Power Input Power Input Power

Figure 1.2: Schematic of a DPD.

the key benefit of the behavioral modeling is that it does not require a detailed knowledge
of the circuit physics of the DUT. The system to be modeled is considered as a black box,
wherein a mathematical representation of its transfer function is chosen and the model
coefficients are then identified based on the characterization results. Numerous behavioral
models suitable for PAs exhibiting memory effects have been proposed in literature. A
detailed comparative study of different behavioral PA models and DPDs including a detailed

classification is given in [37-40].

1.1.2 I/Q modulator nonidealities

One of the major sources of RF impairments that transmitters suffer from are the hardware
imperfections of the modulators required for up-conversion of the transmitted signals. As
a linearized transmitter uses a quadrature modulator to transfer the predistorted baseband

signal to the RF frequency. Therefore, DPD performance is highly affected by the modulator



impairments. These imbalances are due to the imperfections of the analog RF components
that result in [/ imbalances and DC offsets due to signal leakages in local oscillators
(LO) [10, 14]. In practice, the mixer does not have equal gain in the /- and @- branches.
Also, the phase shift between the quadrature ports is not exactly 90 degrees. In addition
to that, the relative mismatch between the components in the I- and (- branches such as
low path filters and DACs contribute to the overall /@) imbalance problem. 1Q modulator
imperfections degrade the quality of the transmitted signal during the modulation process.
This degrades the Error Vector Magnitude (EVM) at the receiver, which in turn degrades
the Bit Error Rate (BER) and also results in limited suppression of the image signal [10].

In most articles discussing baseband communication techniques, the effects of 1/Q im-
balance is ignored in the design and performance analysis since it is normally considered in
the RF front-end design. However, in practice, such assumption is unrealistic, especially in
multi-carrier communication systems. Indeed, in such cases, the /() imbalance, including
amplitude imbalance and phase imbalance, is introduced into the received signal after analog
processing, which in turn can cause interference and power loss.

The performance degradation due to I /() imbalance highlights the need for compensation
schemes in order to eliminate, or at least mitigate, the effects of I/Q) imperfections on the
performance of wireless communication systems. Recently, several compensation schemes

for I/@) imbalance have been proposed at both the transmitter and receiver side [41].



1.2 Transmitter Architectures

The transmitter architecture is the building block of the communication systems. It is the
physical layer of the system and the actual device that sends the modulated signal through

the wireless channel. Different transmitter topologies are given in [42] and shown in Fig. 1.3.

1.2.1 Single-branch Transmitters

Fig. 1.3a presents a conventional single-band transmitter architecture that consists of a
digital baseband processing unit, a single-band RF PA, filters, and other transmitter compo-
nents. The RF front end can be one of the conventional architectures; direct conversion [7],
super-heterodyne, or low-IF [43]. The main sources of distortion in single-branch transmitter

architectures are shown in the previous sections.

1.2.2 Multi-branch Transmitters

The recent technologies nowadays are evolving towards the concurrent transmission of multi-
carrier signals at different frequency bands, in order to accommodate different standards,
simultaneously. Indeed, novel transmitter designs allow for different communication signals
to be transmitted on different frequency bands, concurrently. Therefore, for multi-band
transmission, the conventional single-band transmitter in Fig. 1.3a is modified using different
topolgoies as shown in Figs. 1.3b - 1.3d.

The power amplification unit is the main building block of the transmitter RF front end
in these different topologies. The transmitter architectures in Fig. 1.3b and Fig. 1.3c are con-
sidered as multi-branch transmitters (separate RF PAs), while the transmitter architecture

in Fig. 1.3d is considered as a multi-band transmitter architecture (single PA).
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RF transmitter architecture.



Fig. 1.3b shows multiple branches of the conventional transmitter, with each branch
operating in a single frequency band. This transmitter has large circuit size, which is a main
disadvantage in this topology. In order to decrease the circuit size and remove the need
of bulky components, multi-band /wideband operation circuit components replace the single
RF components. Fig. 1.3c and Fig. 1.3d show two possible transmitter architectures where
multi-band RF components have been used.

In Fig. 1.3c, the final stage of the transmitter, the RF filters and antenna have been
designed using multi-band RF components. Each RF chain has its own power amplification
stage. The RF signals at the output of the power amplification stages are combined by
using an RF multiplexer and passed through a multi-band RF filter. In this architecture,
a linearization unit is required for the compensation of the PA nonlinear distortion in each
branch, separately. In order to design more compact and efficient transmitter topologies,
a single-band PA with multi-band operation is designed in order to replace the different
single-band PAs each working at a single operating frequency.

Fig. 1.3d presents the multi-band architecture with one PA that could operate at different
frequency bands. In this architecture, the RF signals are generated using different modulators
and then combined using a low power combiner instead of the high power combiner in
Fig. 1.3c. The signal at the output of the multi-band PA is filtered using a multi-band RF
filter and finally passed to the antenna.

The number of PAs and the possible position of the power combination module before
or after the PA affect the overall efficiency of the two transmitters shown in Figs. 1.3¢ and
1.3d. The loss and distortion output of the two transmitters are also affected by the two

different topologies.
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The multi-band transmitter architectures are designed to have a flat frequency response
among the desired frequency bands. However, a high-output, high-efficiency PA design is
difficult when the upper and lower limits of the required frequency bands are further apart.
Finally, the multi-band amplifier shown in Fig. 1.3d consists of a single amplification device
and variable matching networks that can be changed. The multi-band architecture can be
designed for different frequency bands as the multi-branch architectures in Figs. 1.3b and
1.3¢, which means high-efficiency and high power PA designs can be achieved with smaller

circuit sizes and without the need of bulky components.

1.3 Distortion of multi-band transmitters

Recent technologies nowadays tend to use multi-band architectures [4] as shown in Fig. 1.3d.
These band re-configurable architectures show more promise for software defined radio ap-
plications. Therefore, novel designs of dual-band [44-47] and tri-band PAs [48,49] have
been proposed, which can accommodate the transmission of signals in different RF bands
concurrently or selectively utilizing the same hardware configuration.

However, the operation of multi-band PAs in concurrent mode results in inherent in-band
and cross-band distortion, which are more severe than the inter-modulation products and
spectral regrowth distortion that are observed at the output of the transmitter even in single-
band [50]. This is demonstrated in Fig. 1.4, which shows the output distortion products for a
dual-band transmitter when excited with a two-tone signal in each band. Thus, the nonlinear
behavior of the dual-band transmitters is much more noticeable, in which two modulated

signals that are separated in carrier frequencies by A w are transmitted simultaneously.
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Figure 1.4: Power spectrum of the output of a dual-band transmitter.

As shown in Fig. 1.4, the output distortion of multi-band transmitters can be catego-
rized into different groups. These groups are the in-band inter-modulation products, the
cross-modulation products, and the out-of-band inter-modulation products. The first group
consists of the inter-modulation products around each carrier frequency band that are caused
by the nonlinearity of the PA, similar to what it is in single-band transmitters. The second
group, which includes the cross-modulation products, appears within the same frequency
range as the in-band inter-modulation. These cross-modulation products result from the
interactions of the multi-input signals in the nonlinear PA. Finally, the last group, which is
referred to as out-of-band inter-modulation, is the inter-modulation products between the
input signals which happen in the different carrier frequency bands. These terms are located
at different frequency bands, that are far enough from the transmitted bands in case of
widely spaced carriers and can be filtered out in this case. Also, these higher-order products
would lie in near bands to the transmitted bands in case of narrow-spaced carriers. In this
case, they should be compensated for in order not to effect the quality of the carriers of the
transmitted bands.

Therefore, distortion mitigation in the multi-band PAs is an essential task, and force
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tougher requirements than the distortion compensation in a single-band transmitter.
However, when treating the system as a traditional single-input single-output (SISO) sys-
tem and using conventional DPD techniques, the requirement of DACs and ADCs increases
heavily depending on the frequency separation of the bands. Therefore, using multi-band
DPD cells, where the RF signals in each band are captured and digitized separately, allevi-
ates such problem. Indeed, the DPD cells will compensate for the distortion in each band
separately and is independent of the frequency separation between the bands, which will

require lower sampling rates than using wideband DPD [51,52].

1.4 Motivation and Contributions

The scope of this dissertation is the behavioral modeling and digital predistortion of wireless
multi-band transmitters. Multi-band power transmitter architectures are a simple way to
increase the data rates and/or diversity of a wireless system, and can allow the transmission
of different wireless communication signals. Therefore, they are an attractive solution due
to their strong application potential in the future CA LTE systems, especially in concurrent
modes of operation.

For complete transmitter linearization, a second concern is the transmitter imperfections
generated at the modulator and other linear components. These imperfections include the
relative amplitude and phase mismatches between the [- and - signal branches of direct-
conversion radios. This will result in mirror frequency interference (MFI) effect [14, 53]
that may cause self-interference or adjacent channel interference, depending on the spectral

content of the low-frequency I and @ signals (baseband or low intermediate frequency). In
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addition to this problem, I/ imbalance and LO leakage are known to cause extra inter-
modulation distortion to appear at the PA output, as well as to deteriorate the performance
of PA/ Transmitter predistorters [10].

Adaptability of the predistortion system is another desirable aspect in which the model
configuration does not have to be changed as operating conditions change. Moreover, for
an adaptive predistortion system, it is desirable that the time delay is adjusted only once
using delay lines. Then, the predistorter should capable of compensating for any other small
fluctuations in time delay between predistorter and transmitter output. Present predistorter
models are mainly concerned with PA linearity, while 7/@Q) imbalance and LO leakages are
mitigated separately before applying the predistorter. Afterwards, the PA linearization will
be considered separately. Hence, the whole transmitter linearization will be a two-step
process [54] that requires two compensating circuits, which adds further complexity.

Therefore, this dissertation focuses on the joint mitigation of different RF impairments in
multi-band /multi-standard systems. The effects of the different RF impairments and their
impact on multi-band transmitters are analyzed and evaluated. Then, different digital signal
processing (DSP) solutions for the joint compensation of these imperfections are proposed.

The key contributions of this dissertation can be summarized as follows:

e A novel Feedforward model is proposed for the accurate modeling and lin-

earization of single-band RF PAs.

e A new Generalized Twin-box model is developed for the joint and simultane-
ous compensation of the effects of I/Q) imbalance and single-band transmitter

distortion.
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e A multi-cell linearization technique, based on a dual-input truncated Volterra
DPD, is proposed to compensate for a dual-band transmitter distortion. This
includes the inter-modulation and cross-modulation products in dual-band PAs
as well as the modulators imperfections. The proposed DPD can be used for

zero-1F and low-1F dual-band transmitter.

e An Analysis of the nonlinearities and DPD linearization of concurrent tri-band

systems is given for the first time.

e The effect of phase distortion due to linear filtering in tri-band communication
systems is discussed, and a novel 3-D phase-aligned DPD is proposed for the

effective compensation of the compound amplitude and phase distortion.

e Based on the 3-D phase-aligned DPD, a complexity-reduced multi-branch DPD
is derived for dual-band transmitter linearization. The proposed DPD is based
on multi-dimensional radial pruning technique that separately characterize the

dynamic nonlinearities of the cross-modulation products.

1.4.1 List of Publications

The work carried out for this thesis resulted in the following peer-reviewed publications:

Journal Papers

P1: M. Younes, A. Kwan, M. Rawat, and F. M. Ghannouchi, “Linearization of
Concurrent Tri-Band Transmitters Using 3-D Phase-Aligned Pruned Volterra
Model,” IEEE Trans. Microw. Theory Tech., vol. 61, no. 12, pp. 4569-4578,

Dec. 2013.
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P4:

P5:

Pé6:

M. Younes, F. M. Ghannouchi, “An accurate predistorter based on a feedfor-
ward hammerstein structure,” IEFE Trans. Broadcast., vol. 58, no. 3, pp.

454-461, Sept. 2012.

M. Younes and F. M. Ghannouchi, “On the modeling and linearization of a
concurrent dual-band transmitter exhibiting nonlinear distortion and hardware
impairments,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 11,

pp. 3055-3068, Nov. 2013.

M. Younes and F. M. Ghannouchi, “Generalised twin-box model for compen-
sation of transmitters radio frequency impairments,” IET Communications,

vol. 8, no. 4, pp. 413-418, March 2014.

F. M. Ghannouchi, M. Younes, and M. Rawat, “Distortion and impairments
mitigation and compensation of single- and multi-band wireless transmitters
(invited),” IET Microwaves, Antennas & Propagation, vol. 7, no. 7, pp. 518-

534, May 2013.

M. Rawat, K. Rawat, M. Younes, and F. M. Ghannouchi, “Joint Mitigation of
Non-Linearity and modulator imperfections in a dual-band Concurrent Trans-

mitter Using Neural Networks,” IET FElectronics Letters, vol. 49, no. 4, pp.

253-255, Feb. 2013.

Conference Papers

C1:

M. Younes, A. Kwan, M. Rawat, and F. M. Ghannouchi, “Three-dimensional
digital predistorter for concurrent tri-band power amplifier linearization,” in
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IEEE MTT-S Int. Microw. Symp. Dig., Seattle, WA, Jun. 2013, pp. 1-4.

C2: M. Younes, A. Kwan, and F. M. Ghannouchi, “Digital Predistortion of Con-
current Dual-Band Power Amplifier based on Two-dimensional Multi-Branch
DPD,” IEEE Canadian Conference on FElectrical and Computer Engineering

2014 (CCECE 2014), Toronto, On., May. 2014, pp. 1-5.

C3: A. Kwan, M. Younes, S. Zhang, W. Chen, R. Darraji, M. Helaoui, F. M.
Ghannouchi, “Dual-band Predistortion Linearization of an Envelope Mod-
ulated Power Amplifier Operated in Concurrent Multi-Standard Mode,” in
IEEE MTT-S Int. Microw. Symp. Dig. 201/, Tampa bay, Florida, USA,

Jun. 2014, pp. 1-4.

1.5 Dissertation Organization

The dissertation is organized as follows: In Chapter 2, an overview of the mathematical
modeling and digital predistortion of single-band transmitters is presented. An accurate
Feedforward Hammerstein structure is proposed for the modeling/DPD of the PA. It is
composed of two coupled loops, a signal cancellation loop for the modeling of the PA behavior
and a distortion injection loop for the modeling of the distortion, which enhances the model
accuracy due to the better characterizing of the PA inter-modulation distortion products.
In Chapter 3, the RF front end impairments such as mismatches between the I and @
branches and DC offsets that degrade the performance of direct conversion transmitters are
investigated. A single-step compound structure for the joint estimation and compensation of

I/@Q modulator imperfections as well as the single band PA distortion is developed, without

17



the need of extra RF hardware. Therefore, the proposed DPD is generic in the sense that
it will be able to adapt to any change in the input data even in the presence of modulator
I/@Q imbalance.

In Chapter 4, a study of the characterization of a dual-band PA output distortion is
presented, where the output distortion arises from the cross modulation and inter-modulation
products that result from interaction of the multiple channels in a nonlinear environment,
concurrently. These manifest themselves as extra in-band and out-of-band distortion than
the operation in single-band. So, a dual-input truncated Volterra model is proposed for the
joint mitigation of dual-band PA inter-modulation and cross-modulation distortion in the
presence of modulator imperfections and DC offset. The proposed model showed enhanced
performance than the state-of-the-art as well as a complexity reduced structure. Therefore, it
is more practical for implementation on DSP/FPGA platform as well as it is more economical
in utilizing the FPGA resources.

In Chapter 5, the nonlinear behavior of tri-band PAs is analyzed. The effect of phase and
group delay variations in the pass-band of RF filter circuits is undesirable in communications
systems. However, it is difficult to achieve constant group delay effects in wideband systems,
or even in narrow-band communications when tight filtering is required. Any in-band group
delay distortion in the circuit inevitably distorts its output signal by introducing inter-symbol
interference, thereby degrading the overall system performance. Therefore, a phase-aligned
three-dimensional (3-D) DPD is proposed that accounts for the phase-variation effects in
tri-band transmitters.

In Chapter 6, a multi-branch two-dimensional (2-D) DPD is proposed for concurrent dual-

band PA linearization. The proposed DPD is based on multi-branch basis functions that
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incorporates the amplitude and phase variation effects. The model is based on distributed
polynomial system with separate identification of the dynamic nonlinear behavior of the
dual-band PA, in order to generate a complexity-reduced model.

Chapter 7 concludes the dissertation with a summary of this work. The key points and
main contributions of the dissertation are summarized. Finally, future research directions
related to advanced signal processing techniques to compensate for the distortion and non-

linearities of the next generation of wireless communication transmitters are recommended.
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Chapter 2

An Accurate Predistorter based on a Feedforward

Hammerstein Structure

2.1 Introduction

Nowadays, stringent efficiency and linearity requirements are demanded in wireless commu-
nication systems, mostly in base stations and mobile phones as mentioned in Chapter 1.
Different modulated signals, such as wideband code division multiple access (WCDMA) and
orthogonal frequency division multiplexed (OFDM) signals, are used in order to maintain
good system spectral efficiency. However, these varying-envelope signals are vulnerable to
spectral regrowth and in-band distortions when amplified by RF PAs, which are excessively
nonlinear and affect the performance of wireless systems [55-57]. Also, these signals have
high peak-to-average power ratios (PAPR), which require the PA to be operated in its linear
region to avoid the nonlinear distortion.

However, the PA operation in the linear region would result in very poor efficiency, which
is impractical for the battery life in mobile phones and other portable device applications.
Thus, a trade-off between linearity and power efficiency occurs, as the linearity degradation
is more significant when PAs operate near their saturation points, where high efficiency can
be achieved.

Thus, various linearization techniques have been proposed in the literature [17]. The most

commonly known linearization techniques are mainly feedback [30-32], feedforward [32,33],
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and analog or digital predistortion [34]. One of the most promising and efficient linearization
techniques is digital predistortion (DPD) [36,37]. Digital predistortion is one of the most
cost-effective and efficient linearization techniques. Thus, behavioral modeling is an essential
first task in the development of different DPD functions, as it analyzes different PA behavior.

This chapter presents a feedforward Hammerstein structure that is proposed for the
modeling and digital predistortion of the dynamic nonlinear behavior of RF PAs. The
remainder of this chapter is organized as follows. First a review of different well-established
DPDs is presented in Section 2.2. In Section 2.3, the feedforward Hammerstein structure
is proposed and its identification procedure is discussed. Then, the measurement setup is
explained, and the measurement results of the feedforward model and other state-of-the-art
models are compared in Section 2.4. In Section 2.5, the digital predistortion scheme and the

experimental results are reported. Finally, in Section 2.6, a brief conclusion is presented.

2.2 Overview of single-band behavioral models/ DPDs

Early predistorter techniques in literature used memoryless structures, in which the predis-
torter compensates for the instantaneous nonlinear behavior of the PA [58]. This behavior
was characterized in terms of amplitude modulation to amplitude modulation (AM-AM) and
amplitude modulation to phase modulation (AM-PM) effects as a function of the instanta-
neous value of the PA’s input signals. The Look-up-table (LUT) is the basic behavioral
model for representing the memory less AM-AM and AM-PM, which are extracted from raw

measured data, as follows:

Touy () = G|z (n)])2in(n) (2.1)
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where x;, and x., are the input and estimated model output. G(.) is the instantaneous
complex gain of the DUT.

However, as the bandwidth increases nowadays in the different wireless communication
systems, the memory effects can no longer be neglected. Hence, the memory effects emulated
by the PA are dependent on the operating conditions of the DUT and also signal dependent
, such as signal statistics, bandwidth and PAPR. Therefore, in order to achieve a relevant
good performance of the DPDs, memory effects should be taken into consideration [36,59].
Therefore, different DPD architectures that compensate for nonlinear distortion and memory
effects are proposed in literature [37-40]. Broadly they can be categorized into three-main
categories which are: box-oriented models [60-68|, polynomial or Volterra series models
[70-79], and artificial neural-network models [80,81].

The Volterra series is a general model to accurately characterize a dynamic nonlinear

system [69-71], and is given by:

K M M p
Tout() =D N oY hyinsda, -+ i) [ [ om(n —i)) (2.2)
p=11i1=0 ip=0 j=1

where hy, (i1, 9, - ,4,) are the parameters (kernels) of the Volterra model, K is the nonlin-
earity order of the model, and M is the memory depth.

However, it results in a large number of coefficients that increases rapidly with the degree
of the nonlinearity and memory depth of the system, which increases the computational
complexity of the model. Therefore, the Volterra series is only limited for modeling mildly
nonlinear systems. To overcome the computational complexity of the Volterra series, different
reductions of the Volterra series have been proposed [76-79]. The memory polynomial (MP)

[36] model is the most widely used pruned Volterra series in which all off-diagonal coefficients

22



of the Volterra kernels are set to zero, as follows:
M K
Tout() = Y > hpmin(n — m)|win (n — m)[*~! (2.3)
m=0 k=1

Even though, MP models are reduced Volterra models, but they still could result in over-sized
models, due to the use of nonlinear polynomials in all branches, which will also translate into
large number of coefficients. In fact, this translates into significant computational complex-
ity and also may give rise to numerical stability problems when inverting the Vandermonde
matrix to estimate the model coefficients. Furthermore, the poor condition of the Vander-
monde matrix makes its pseudo-inverse calculation very sensitive to slight disturbances due
to the large conditioning numbers of these matrices [73,83]. Therefore, this makes these
models impractical for real applications, i.e. when limited resources are available for field
programmable gate array (FPGA) implementation [66,82]. However, the Wiener and Ham-
merstein models [60,61], which are composed of a cascade combination of a linear filter and
a nonlinear function, are less complex models as they consume lower number of coefficients.
Therefore, compared to the approaches previously proposed, these models have the great
advantage of simplicity and are easier to implement in real-time systems. However, due to
the structure of these models, they can only capture the linear memory effects. The linear
memory effects are caused by the frequency response of the transmitter around the carrier
frequency. In addition, the linear filters in the structure of these models, can not simulate
the out-of-band spectrum regrowth caused by the nonlinear memory effects; such as trapping
effects, impedance matching conditions at harmonic frequencies, and the envelope frequency
response of the biasing circuit, using such a simple linear filter [84,85].

Hence, the Wiener and Hammerstein models have limited performance. Therefore, dif-
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ferent extensions for these models were proposed to enhance their performance [62-67],
such as the augmented Hammerstein [62] and augmented Wiener [63] models, which consist
of an extra branch of linear filter to compensate for the nonlinear memory effects due to
the impedance variation of the bias circuits and harmonic loading of the power transistors.
In [64], an Extended Hammerstein feedforward structure was also proposed using neural net-
works. Indeed, the twin nonlinear box model [65] was proposed, which is composed of two
nonlinear boxes, one is a low-order polynomial function (constructed using a MP function)
and the other is a look-up-table, which were placed in three different structures, to compen-
sate for memory effects with strong static nonlinearity and was further extended in [66] to
include a third box that add extra memory cross terms. Also, an Enhanced Hammerstein
model was also proposed [67], which is composed of a weighted memoryless polynomial fol-
lowed by a low-nonlinear order Volterra filter for predicting both the static and dynamic

nonlinearities of RF PAs.

2.3 Feedforward Hammerstein Model

2.3.1 Model Architecture

In this section, a feedforward Hammerstein model, as hybrid box and polynomial based
model, is proposed for the modeling of nonlinear PAs. The architecture of this model is
shown in Fig. 2.1. It is consisted of two coupled loops, one is the signal cancellation loop,
and the other is the distortion injection loop.

The main signal cancellation loop of this model is composed of a Hammerstein model,

which is composed of a cascade connection of a static nonlinear box implemented as a LUT
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Y

and a dynamic linear box implemented as a FIR filter, to characterize the static nonlinearities
and the linear memory effects of the PA. Indeed, the distortion injection loop accurately
models the inter-modulation distorted signal that results from subtracting the Hammerstein
model output from the PA input. This distorted signal is modeled by a set of parallel linear
filters.

The total model output you(n) is given by:

Your(n) = yu(n) + yn(n) (2.4)

where yp(n) is the output of the first loop, i.e the Hammerstein model output, that is
determined as follows : The output of the first LUT box, z(n), can be described by the

following;:
2(n) = G(|zm(n)])zin(n) (2.5)

and the total Hammerstein model output, yy(n), is:
My
yu(n) = Z ax(n —1) (2.6)
1=0
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where zi,(n), yu(n), and x(n) are the input, estimated Hammerstein model output, and
LUT box output, respectively. a; and M; are the coefficients and the memory depth of the
first FIR filter in the signal cancellation loop, respectively. G(.) is the memoryless complex
gain function of the LUT.

yp(n) is defined as the distortion injection loop output signal that is given by:

My K
yo(n) =Y > biu(n — j)lu(n = ) (2.7)

§=0 i=0
where M,, K, and b;; are the memory depth, nonlinearity order, and the coefficients of the
FIR filter of the second loop, respectively; and w(n) is the input of the distortion injection

loop and is given by:

u(n) = xin(n) — yu(n) (2.8)

2.3.2 Model Identification

The identification procedure of the feedforward model is composed of the following steps.
First, the nonlinear memory less behavior of the device-under-test (DUT) is extracted by
extracting the AM-AM and AM-PM curves from the measured data using polynomial fitting
or smoothing algorithm [86] to identify the LUT static nonlinear box. Second, the input and
output waveforms are de-embedded to identify the FIR filters. In this way, the problem
of solving a nonlinear set of equations is alleviated [63]. Both, the FIR box of the first
loop and the set of parallel filters FIRs of the second loop are identified simultaneously,
using the traditional linear algorithms such as the least mean square (LMS) method. The

simultaneous identification of the FIR filters of the two loops is formulated as a conventional
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linear identification problem as follows:

—

Jour(n) = oA (2.9)

where ou(n) is the output vector of the model given by: ¥ou(n) = [Yous(R), Your(n +
1), You(n + L)]T, where L is the length of the observation vectors used for the FIR
coefficients identification, and [.]7 is the complex transpose. In this work, L was set to
10,000 samples.

¢ is the matrix constructed using the basis functions of the FIR filters of the two loops

and their input signals and defined as follows:

x(n) - x(n — M) u(n) - u(n — Mo)|u(n — My)|¥
. rn+1) - zn+1-—M) uln+1) - uln+1—M)u(n+1-—M)|¥
x(n+L) - xn+L—-M) un+L) - uln+L— M)u(n+ L— M)|¥

while A is the vector containing the FIR filters coefficients given by:

A= [ag, a1, ans, boos bio, *++ 5 brcos bor, - -+ bican) " (2.10)

Subsequently, the coefficients A of the FIR filters are determined by the pseudo-inversing of

the basis matrix ¢ as follows:
Ars = (6"0) 70" o (2.11)
where []" is the Hermitian transpose.
Compared to polynomial models, the identification of the proposed feedforward model
requires one additional step that consists in de-embedding the data to construct the input
signal of the FIR filters. However, this identification complexity is compensated by the use
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Figure 2.2: Measurement setup used for the DUT characterization.

of lower number of coefficients in the proposed model, as will be shown in the following

sections.

2.4 Measurement Setup and Results

2.4.1 Experimental Setup

For measurement and experimental validation purposes, the proposed DPD model is imple-
mented in a MATLAB/ Advanced Design System (ADS) platform and used to linearize a
real PA. The model identification and validation steps are carried out using the measurement
setup presented in Fig. 2.2.

The DUT is characterized using the standard instantaneous input and output baseband
complex waveforms technique proposed in [87]. This experimental setup is composed of
the DUT, a vector signal generator (Agilent, VSG4438C), a vector signal analyzer (Agilent,
VSAEA4440), and a computer. The computer is used to download, through a general purpose
interface bus (GPIB), the signal into the VSG that drove the DUT with the RF input signal.
The measured signal at the output of the DUT is attenuated and then down-converted and

demodulated within the VSA. Data processing software is then used to identify the behavioral
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model/ DPD and evaluate its performance, as well as identifying the predistortion function
and synthesizing the predistorted signal. Finally, the signals are uploaded to the computer
through the GPIB interface and processed using ADS to compute the different metrics to
evaluate the model/ DPD performance. The time delay between the input and output
waveforms is estimated and compensated for using the method described in [63].

The DUT used in this work for the performance assessment of the different models
and DPDs, is a high-power, high-efficiency, laterally diffused metal oxide semiconductor
(LDMOS) based Doherty PA that had a peak power of 300 watts and operated around 2,140
MHz. The frequency range in which the DUT is designed to operate in is from 2110 to 2170
MHz.

During the measurement steps, the DUT is operated at the same average power, which
corresponded to an input power backoff of 10.6 dB. The input RF signal centered at 2,140
MHz, which is fed into the DUT and used to identify the different behavioral models/ DPDs,
is a three-ON-carrier WCDMA signal of carrier configuration 111 (hereafter referred to as
WCDMA 111). The WCDMA test signal had a bandwidth of 15 MHz, and a PAPR of 10.6
dB.

The input and output waveforms of the signal are sampled at 92.16 MHz, and only 10,000
samples out of the 184,320 samples of the input and output baseband waveforms are used
for the model identification. During the model validation step, the entire waveform is used

to assess the robustness of the different models.
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2.4.2 Model performance assessment

The feedforward Hammerstein model was identified for the Doherty PA driven by a three-
carrier WCDMA signal. The memory depth of the FIR in the Hammerstein structure of
the first loop, is set to M; = 3. Herein, the the number of parameters of the LUT box
corresponds to a 12 order polynomial. In order not to increase the number of parameters
aggressively with the addition of the second loop that will consequently affect the model
computational complexity, the model dimensions of the parallel branches of FIR filters were
chosen based on a sweep method. They were set to My = 3 and K = 3. The choice of these
values was based on Fig. 2.3. As shown in Fig. 2.3(a), the normalized mean square error
(NMSE) of the model is plotted versus M, which is the memory depth of the FIR filter of
the second loop, for a single branch, i.e K = 0.

It is clear that the NMSE improves with more than 3 dB, with the addition of the filter
in the second loop, than using only the Hammerstein model in the first loop, i.e My = 0.
Therefore, the memory depth M is chosen to be 3, as a stable accuracy was obtained.
Besides, the number of branches of the second distortion loop, which is denoted as K, was
chosen by sweeping K versus the NMSE, for the given memory depth M, = 3, as illustrated
in Fig. 2.3(b). Therefore, K was selected to be 3, as a degradation of the NMSE values was

noticed beyond this value.

2.4.3 Comparison of the state-of-the-art models

Evaluation of the behavioral model performance of PAs and transmitters operating in their
nonlinear region and exhibiting memory effects is a very critical task. In fact, an accurate

behavioral model should mimic the response of the DUT inband, the contribution of the
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Figure 2.3: NMSE values versus (a) the memory depth M; at K = 0, (b) the number of
parallel branches K at My = 3.

static nonlinearity in adjacent channels, and the memory effects exhibited by the DUT.
However, these three components of the DUT behavior have different intensity scales. In
fact, the static nonlinearity in the adjacent channels is typically at least 25 dBc lower than
the in-band power. Moreover, memory effects are often buried by the static nonlinearity.
Accordingly, different metrics need to be considered to evaluate the accuracy of a behavioral
model in predicting each of the three components of DUT behavior.

It has been shown that the NMSE based metrics are mainly dominated by the in-band
response and, thus, do not accurately reflect the performance in the adjacent channels,
where most of the nonlinear distortion takes place. The NMSE criterion is used in this work

to evaluate the performance of behavioral models in predicting the behavior of the DUT
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in-band [75,88,89]. The NMSE is given by:

K 2
— |ymeas(n) - yest(n)|

LY 2
Z—:l ‘ymoas (n) |

where Ymeas(n) and yes(n) are the measured and estimated output waveforms, respectively,
and K is the number of samples of the output waveform.

To alleviate the limitation of the NMSE in quantifying and clearly differentiating the
performance of several behavioral models, it is essential to use an additional figure of merit
that precisely quantifies the performance in the adjacent channel. For this purpose, the
adjacent channel error power ratio (ACEPR) which is a frequency domain metric can be
used. The ACEPR is defined as the ratio between the power of the error signal e(n) in an
adjacent channel calculated in the time domain and the power of the measured output signal
within the main channel [88]. The ACEPR can be calculated for both the lower and upper
adjacent channels. However, in this work, the average ACEPR was considered. The average

ACEPR is given by:

[ EAHPd+ [ BN df

Lower adj ch. Upper adj ch.

I Vaeas(F)I” df

main ch.

ACEPR =

(2.13)

N =

where Yieas(f) and E(f) are the discrete Fourier transforms of yeas(n), and the error signal

e(n), respectively, and the error signal is defined as:

e(n) = Ymeas(1) = Yest (1) (2.14)

Also, the computational complexity of these models is compared in terms of the number of

coefficients utilized by the models as well as the number of floating point operations (FLOPs).
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Operation number of FLOPs
Conjugate
Delay
Real addition
Real multiplication
Complex addition
Complex-real multiplication

Complex-complex multiplication
I

llwl ol ——olo

D

Square-root

Table 2.1: Number of FLOPs for different operations

In DSP hardware, the computational effort is mainly spent on additions, subtractions, and
multiplications. FLOPs is a measure of the number of these mathematical operations, so it
can also be used as a measure of running computational complexity [82]. Table 2.1 shows
the operation-FLOP conversion used as shown in [82].

The WCDMA 111 signal was used for the assessment of the models for the Doherty
PA. The results of the NMSE and ACEPR metrics for the proposed model and the other
compared models, which are the MP model, Hammerstein model, and the Augmented Ham-
merstein model, are reported in Table 2.2. Also, the number of coefficients and the number
of FLOPs are reported for applying a fair comparison between these models in terms of the
computational complexity.

These results illustrate the accuracy of the proposed model by clearly improving the
ACEPR with around 4 dB, than the well established MP model (with 10 polynomial order,
3 memory delay taps, and both the even- and odd-terms are considered to improve the
modeling accuracy [74] ), 6 dB than the Hammerstein model, and almost 3 dB than the

augmented Hammerstein model.
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Figure 2.4: Error Spectra of the MP model and Feedforward model.

Indeed, the ACEPR is mostly dominated by the out-of-band errors; therefore the im-
provement achieved by the feedforward model is due to the addition of the second distortion
injection loop that helped to do a better characterizing of the dynamic nonlinear effects of
the intermodulation distortions in the out-of-band regions, while maintaining a reasonable
number of coefficients.

It can be also concluded from Table 2.2, that the NMSE of the feedforward model is
slightly improved than the other models, since it is mostly impacted by the in-band distor-
tions, which can be accounted for by the linear filter in the Hammerstein model structure.
Hence, that further validates what was mentioned earlier in the paper, that the conventional
Hammerstein model can predict only the linear memory effects.

In terms of running computational complexity, Table 2.3 shows a comparison of the
computational complexity of the different models. The MP model is the most computational
complex model in terms of the number of coefficients as well as the number of Flops, due
to the use of constant nonlinearity order in all branches. The Hammerstein model is the

least complex model, but has the worst accuracy, as the nonlinear memory effects are not
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Model | NMSE (dB) | ACEPR (dB)
Feedforward model —42.1 —52.9
MP model —39.8 —48.4
Hammerstein model —38.1 —46.5
Aug. Hammerstein model —40.2 —49.7

Table 2.2: Performance comparison of the models

characterized. The Augumented Hammerstein model and the feedforward model are more
computationally-efficient than the MP model, as the characterization of the highly nonlinear
static (modeled by the LUT) and the mildly nonlinear dynamics (modeled by the FIR filters),
is done in two steps. The slight increase in the number of coefficients and Flops of the
proposed feedfoward model than the Aug. Hammerstein model, due to the added distortion
loop, is compensated for with the accuracy improvement in terms of NMSE and ACEPR.
To further validate the accuracy of the proposed model, the spectra of the error between
the measured and estimated outputs of the MP model and proposed model, are plotted
in Fig. 2.4. This figure further confirms the ability of the proposed model to accurately
predict the measured PA spectrum, due to the addition of the distortion injection loop that
accounts for the nonlinear memory effects of the DUT (the slight discrepancies between the
two curves toward the edges is due to the limited bandwidth of the VSA 80 MHz). Therefore,
the output of the model; which is the summation of the outputs of the two loops, accounts
for both linear and nonlinear memory effects and will consequently allow for better modeling

accuracy and mimicking of the dynamic nonlinear effects of the DUT.
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Model |} No. of Coefficients | No. of Flops
Feedforward model 28 211
MP model 40 337
Hammerstein model 16 155
Aug. Hammerstein model 20 188

Table 2.3: Computational complexity comparison of the models

2.5 Digital Predistortion Results

The general predistortion concept is that the DPD is placed upstream of the PA, and has
ideally the exact inverse characteristics of the PA, in order to linearize the whole system.
The feedforward Hammerstein structure shown in the previous sections can be utilized as a
PA model as well as a digital predistorter.

In the latter, the indirect learning architecture is employed as shown in Fig. 2.5. The
indirect learning is a conceptually approach where a learning loop is closed around the
PA system, where the input and output measurements of the PA are used for deducing
its inverse model, and the parameters of the PAs post-inverse are identified, which is then
directly copied and used for predistortion [73]. The baseband predistorter input is denoted
by x(n), the predistorter output/ baseband PA input is denoted by wu(n), and the baseband
PA output is denoted by y(n). The identification procedure of the DPD is similar to the
previously explained procedure, with replacing the input with y(n)/G, where G is the small-
signal gain of the PA, and the output is a(n).

The proposed linearization DPD was tested on a highly power Doherty amplifier, and its

performance was compared to different conventional approaches. The DUT was driven by a
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three-carrier WCDMA signal. The results shown herein are for the measured spectra at the
output of the DUT after employing different reverse models.

In order to perform a comparative study on the different DPDs behavior proposed in
literature, different DPD structures were implemented, which are the MP, Augmented Ham-
merstein, and a static LUT DPDs.

The performance of the feedforward DPD was compared to these DPDs, and the results
are reported in Fig. 2.6. The figure also shows the spectrum without any DPD employed
and the spectrum of the input WCDMA signal. The different DPD functions were able to
suppress the spectrum regrowth at the output of the DUT, where the spectral regrowth
at the output with no DPD employed is almost -30 dB higher than the in-band spectral
level. As shown in the figure, the feedforward DPD has achieved a superior performance
than the other DPDs, which further validates the accuracy of the proposed structure. The
non-symmetry of the spectrum shown in Fig. 2.6 is induced due to the residual distortion

and inherent impairment of the modulator inside the generator.
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Figure 2.6: Measured spectra at the output of the linearized DUT. (a) the full spectrum,
(b) zoomed version.

2.6 Conclusion

In this chapter, an overview of the characterization and modeling of the static and nonlinear
behavior of single-band PAs. Then a feedforward Hammerstein structure was proposed for
the behavioral modeling and digital predistortion of the PAs / wireless transmitters. The
proposed structure consists of a Hammerstein model in its first signal cancellation loop and

it also consists of a second distortion injection loop for the better fitting and characterizing
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of the dynamic nonlinear effects of the distortions caused by the PA. The second loop cap-
tures the nonlinear memory effects that are not characterized by the Hammerstein model in
the signal cancellation loop, due to the structure of the model. In comparison with other
state-of-the-art-models, it showed better ACEPR and better mimicking of the measured PA
spectrum.

Also, as it was tested for linearization of a highly nonlinear Doherty PA. It showed
superior performance in suppressing the spectral-regrowth than the other DPDs. The char-
acterization of the distorted signal through a separate loop enhanced the performance of
the model/ DPD and showed better accuracy in mimicking the dynamic behavior of the PA
with only adding very limited extra complexity than the conventional Hammerstein model.
Since, the dimensions of the extra blocks in the distortion loop are tailored separately, in

order to choose the optimal dimensions at limited extra complexity cost.
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Chapter 3

A Generalized Twin-Box Model for Compensation of

Transmitters RF Impairments

3.1 Introduction

A current trend in the implementation of future wireless radio transceivers is to use the
direct-conversion or the low-IF transmitter architectures [7]. A schematic of direct conversion
transmitter and a low-IF transmitter are shown in Fig. 3.1. The RF PA is the last component
in the transmitter chain and the main source of distortion in the transmitter chain. The
modeling and linearization of the PA distortion was discussed in Chapter 2. However, there
are still a number of practical issues that contribute to signal deterioration that has to be
compensated for before these transmitter architectures can be fully implemented in future
wideband flexible transceiver units. In both architectures, many transceiver functions have
been moved from analog parts towards the digital parts, thus enabling low-cost, simple,
highly integrable, and less power consuming transceiver units [7]. However, one practical
problem is the sensitivity of such simplified analog RF front-ends to imperfections of the
used radio electronics.

Both of the direct conversion and low-IF transmitters are based on analog complex in-
phase/quadrature (/@) up- and down-conversion which makes them vulnerable to ampli-
tude and phase mismatch between /- and ()-branches, as well as LO leakages [10]. Perfectly

balanced I/ mixing (equal gain in the /- and in the @)-branch, exactly 90° phase shift be-
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Figure 3.1: (a) Direct conversion transmitter. (b) Low-IF transmitter.

tween both phases of the oscillator) leads to an infinite rejection of the image signal, hence
no costly image rejection filter is required. However, due to hardware limitations, a perfectly
balanced analog /() mixer is not feasible, resulting in a limited suppression of the image
signal. A radiation of the unwanted residual image is critical, since it might violate the com-
pliance with the spectral mask of the desired communications standard. As a result, there
is cross-talk between mirror frequency interference (MFI) [14], which yields self-interference
or adjacent channels interference, depending on the selected transmitter topology.

Many methods have been proposed for the digital compensation of the I/ imbalance
problem in [14,54,90-95]. In [14,54,90], frequency dependent linear distortion compensation
methods are proposed. In [91], an approach for blind estimation and compensation of I/
imbalance for wideband receivers was proposed, where the parameter estimation does not

depend on the structure of the received signals and no training signals are needed. A nonlin-
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ear Volterra model for the characterization of the nonlinear behavior of the I /() modulators
is presented in [92]. In [94,95], the joint compensation of the I/() impairments as well as
the nonlinear distortion of the PA is presented.

In this chapter, a complexity-reduced compound DPD is proposed. The proposed DPD is
generic in the sense that it can adapt to any changes in the input data even in the presence
of modulator 7/Q imperfections [96]. The robustness of the proposed compound DPD is
verified by linearizing a nonlinear Class AB PA in the presence of hardware impairments,
and compared to other state-of-the-art DPDs.

The remainder of the chapter is organized as follows: In Section 3.2, different models of
quadrature /@ modulators are presented. The joint modeling of the PA and modulator
imperfections is discussed in Section 3.3. The proposed Generalized Twin-box model is
presented in Section 3.4. Section 3.5 presents the identification procedure for the proposed
model. The experimental setup and the measurement results are demonstrated in Sections

3.6 and 3.7, respectively. Finally, a brief conclusion is presented in Section 3.8.

3.2 1I/Q imbalance modeling

Ideally, the in-phase (I) and quadrature (@) channels of a quadrature communication system
are orthogonal to each other. However, due to implementation imperfections, there always
exist gain and phase imbalances that destroy the orthogonality between these two channels
and degrade the performance of the communication system. Figs. 3.2a and 3.2b depict the
gain response (AM-AM) and phase response (AM-PM) of the transmitter including the PA.

The quadrature modulator used has gain imbalance of 1 dB, phase imbalance of 3 degrees,
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Figure 3.2: Effect of modulator imperfections on PA performance: (a) AM/AM (b) AM/PM.

and DC offsets of 3% and 5% for I and Q, respectively. From these figures, it is clear that
both the characteristics are drastically changed with the introduction of I/@ imperfections

and DC offsets in the modulator.
The gain and phase modelling is a complex issue. Considering a quadrature modulator

of g dB gain imbalance and ¢ degree phase imbalance, the discrete-time samples of the RF

signal z,,(n) at the output of modulator is given by:
Tm(n) = ajl(n)cos(wn + 6) — ax@Q(n)sin(wn + 6;) (3.1)

where I(n) and Q(n) are the in-phase and quadrature components of the baseband signals;

@
w is the carrier frequency; 22 _10(5) and o =0y — 0.
€3]

By using the trigonometric identity, (3.1) can be expressed as:
Tm(n) = In(n)cos(wn) — Qum(n)sin(wn) (3.2)

In case of gain and phase imbalances, the general expressions of I,,(n) and Q,(n) are
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given by:
In(n) = agcos(br)I(n) — assin(2)Q(n)

Qu(n) = agsin(01)1(n) + ascos(by)Q(n)

In the absence of modulator imperfections, i.e. a3 = ag and ¢ = 0, I;y(n) and Qu(n) are

given by:

Using the matrix notation, the distortion caused by the I/() imbalance can be modeled

I, (n) aycos(fy) —awsin(fy)| | I(n)
Qm(n) agsin(fy)  agcos(s) | |Q(n)
3.2.1 Complex I/Q channel model

The frequency-dependent gain/phase imbalance comes from the frequency-dependent behav-
ior of the analog components in the I and @) paths. In order to model the I and () channels
and the cross coupling channels between them, different filter structure models were proposed
in [54,91].

Therefore in a direct conversion transmitter, the baseband output of the modulator is is
based on four real filters hq1, hoy, hia, and hos. The complex /@) channel model [91] is given

as:

Ymod (1) = Y _ [hi(m)ai(n — m) + hg(m)ay(n —m)] + d (3.3)

m=0

where x; and z, are the real and imaginary parts of the baseband input signal x(n), and,
Ymod(n) is the modulator output, d is the DC offset (d = d; + jd,). h; and h, are the

coefficients of the I and @) filters. These filters can be represented in terms of four real filters

44



Y

x(ﬂ’

|

X; i ¥,

Re(x(n) - '\.}mod_f
A

L/
Y
EJ?_’ fmod
1

Im(> - —
m(x(n)) , Yy Fod 0
dq
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A

hi1, hot, hi2, and haeo, as shown in Fig. 3.3 as follows, h; = hiy + jhor and hyq = hia + jhoo.

The filters are supposed to have the same length M.

3.2.2 Direct / Image channel model

Another model for the I/Q) modulator is the Direct/ Image model in terms of the signal

x(n) and its complex conjugate x*(n), that can are related to x;(n) and z,(n) as: x;(n) =

5 and z,(n) = 5

Therefore, the direct/image filter structure model is presented as:

Ymod(n) = Z [hp(m)x(n —m) + hy(m)z*(n —m)] +d (3.4)

m=0
where x(n) and ymoq(n) are the input and estimated output of the modulator, respectively.
d is the DC offset of the modulator, and (.)* denotes the complex conjugate, where z*(n) can

be seen as the image of x(n). While, hp and h; are the coefficients of the direct and image

hi — jh
filters of length M and are related to the filter coefficients h; and h, as follows: hp = %
and h; = M
2)
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3.3 Compensation of PA nonlinearity and I/Q imbalance imper-

fections

3.3.1 A two-step predistortion and I1/Q compensation approach

As a solution to problem imposed by modulator imperfections, the techniques in [14,54,90-
92] focus on mitigating 7/ modulator/demodulator errors only, with the assumption that
correction for this enables the successful use of any digital predistorters. Fig. 3.4 illustrates
a general structure of the two-step baseband predistortion system and I/(Q) estimation and
compensation modules. As mentioned in the previous section, we use direct up-conversion
in the transmitter chain, shows such a two-step characterization and compensation process.
During the modulator impairment compensation process, and a one-stage downconverter
and digital demodulator in the feedback path. Additional baseband processing of the input
signal u(n) in the transmitter includes predistortion and /() compensation, whose outputs
are denoted by z(n) and x(n), respectively. During the initialization phase, the predistorter
and I/@Q compensator are bypassed: i.e., x(n) = z(n) = u(n). We also bypass the PA and
acquire the direct upconverter output in baseband, i.e., y(n). Based on z(n) and y(n), we
can estimate the parameters of the channel model and calculate the coefficients of the I/Q
compensator (shown by the dashed loop). After the /() compensator is activated, we put
the PA back in the loop and start training the predistorter (shown by the solid loop).
However, the separate processing of the PA and modulator impairments requires extra
RF hardware compared to just a PA predistorter in the form of either an RF switch or a
second feedback loop. Moreover, this two-step compensation technique is effective only with

the condition that the Tx characteristics do not change with the environment, which is an
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Figure 3.4: Successive compensation for modulator imperfections and PA nonlinearity.

impractical assumption.

3.3.2 A single-step predistortion and I/Q compensation approach

Some recent attempts at joint compensation have been reported with memoryless PA model
[94], which is not fair assumption in the case of fast varying envelope signals such as wideband
WiMax and LTE signals. Therefore, in [95] a Parallel-Hammerstein (PH) based approach,
which can be qualified as true joint compensation for a simulated environment. However, the
complexity of this model is increased due to the added conjugate branches, as the number of
complex-valued parameters is more than doubled. The total output of the PA and modulator
compound model [95] is given by:

Ni1—1 No—1

Ypa, mod Z Z amk@mk Z bmkgpmk n)) + d (35)

m=0

where, @, and @, are the nonlinear basis functions of the MP model [16] of inputs x(n)
and its complex conjugate z*(n), respectively; NN; is the nonlinear order of the signal branch
and Ny for the complex image branch of memory depth M; and a,,, and b,,; are the two
sets of coefficients for the MP model of input z(n) and the image MP model of input z*(n),
respectively.

47



The two basis functions ¢,,; and @,,;. are defined as follows:

Pk = x(n = m)|z(n —m)["!

(3.6)

Pty = 2" (0 —m)|z(n — m)[*!

The compound model for the PA dynamic nonlinearity and 1/Q impairments compensation
in a single-band TX can, therefore, be viewed as a parallel-Hammerstein model [95] structure
of two inputs, which are the signal and its complex conjugate signal, as shown in Fig. 3.5.
Therefore, the compound model for the PA dynamic nonlinearity and I/ impairments
compensation in a single-band transmitter, can be viewed as a PH model structure of two
inputs, which are the signal and its conjugate image. However, the compound PH model
that compensates for the I/Q) imperfections as well as the PA nonlinearity, will further
increase the dimensionality of the model, by adding a parallel MP structure, and applying
the signals conjugate image as input to this parallel structure. The dimensionality of the
model in terms of the number of coefficients can indicate the number of complex-valued
multiplications per sample done in the linear filters. In the compound structure of the PH
model, the input samples share the same basis functions for the nonlinear part (excluding
complex conjugation, which is just a sign change) [95] as shown in (3.5), but each sample
require extra complex-valued multiplications for the memory effect part. So, the number of
complex multiplications in general for the whole function will be doubled if Ny = N;. Also,
the number of floating points is proportional to the number of coefficients of the model.
Indeed, this severe increase in the number of coefficients will increase the computational
load and the numerical stability of the model during the identification step, and will further

affect the performance of the model.
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Figure 3.5: Schematic of the joint predistorter of PA nonlinearity and 1/Q impairments for
a single-band PA.

3.4 Proposed Model

A complexity-reduced Generalized Twin-box model is proposed for the modeling and com-
pensation of the PA distortion as well as the I/@Q modulator impairments. The model is
inspired by the forward Twin-box nonlinear Box model (FTNTB) in [65]. It is also composed
of two cascaded nonlinear boxes. The first Box is implemented as dual parallel branches of
simplified Volterra filters that include second-order cross-terms as shown in Fig. 3.6. The
second box is composed of a static nonlinear function that can be implemented as a LUT or
static polynomial function. The dual branches of simplified Volterra filters [77], where only
the second-order cross-terms are considered, i.e., the products of the signal and the delayed

envelope at a different time delay, and with an arbitrary polynomial order, is given by:

u(n) = [Z hrx(n — k) + Z Z higx(n — k)|z(n —k —7)|| +
k=0 k=0 j=0
M M
[Z hea'(n—k)+> Y hyat(n—k)|z(n—k—j)|| +d (3.7)
k=0 k=0 j=0

where z(n) and wu(n) are the input and estimated output of the nonlinear (NL) filters,
respectively. M is the finite memory length of the input signal, while /; is the time delay lag
of the envelope signal. h() designates the model coefficients.
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In this way, the frequency dependent behavior of the /@) modulator is characterized
through the mild nonlinear Volterra filters, which offers more flexibility in modeling the
memory effects and thus reduces the model complexity. Hence, the PA nonlinear behavior
is characterized through the second box, without the need to duplicate the static nonlinear
function. Thus, the number of complex multiplications is much reduced than the PH model.
The dual-branch Volterra filters herein are linear in terms of coefficients. Therefore, linear
estimation techniques; such as least squares (LS) or recursive least squares (RLS) can be
applied for coefficients estimation. In this work, the LS estimation was used for coefficients
estimation, where the output signals of this box are de-embedded for identification of the
second static box as will be shown in the next section.

The second box which is a highly nonlinear static function is implemented herein as a
LUT, given as:

y(n) = G(u(n)) x u(n) (3-8)

where u(n) and y(n) are the input and output signals of the second box, respectively. G(.)
is the memoryless complex gain functions of the LUT.
The LUT can be identified using moving average approaches [86] or polynomial fitting

as follows:
K
Glu(n)) =Y selu(n)*" (3.9)
k=1
where K is the nonlinearity order of the complex nonlinear gain of the LUT; s is the set of

the coefficients.

50



| e — = ]
()* |—>[ NL-FIR:2 ji | Static nonlinearities
L |

Mild-Dynamic nonlinearities + 1/Q
compensation

Figure 3.6: Schematic of the proposed model.

3.5 Identification Procedure

The identification procedure of the mildly nonlinear dynamic function implemented using the
Volterra filters is done using least squares algorithm. Both filters of the main and conjugate

branches are identified simultaneously as follows:
T=®.h (3.10)

where 4 is the estimated output vector of the two dynamic nonlinear Volterra filters, ® is the
matrix constructed using the basis functions of these two polynomial boxes and their input
signals, and h is the vector containing the polynomial boxes coefficients. These vectors are

defined as follows:

@ = [u(1),u(2), -, u(L)" (3.11)

and

B (3.12)

}_i: [h'Oah'la'” >h'Mah00a"' ahMllaB())B'l?”' aBM7BOO>"' aBMh?d

where L is the length of the input samples used for identification. The matrix ® is analyzed

into sub matrices as follows:

O = [D(y) P(py1] (3.13)
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where @,y and ®(,+) are the sub-matrices constructed using the two basis functions, given

2 = [Ha(1)). B @), Ha(@)] (3.14)
where ¢(z(n)) is given by:
(a(n)) =[z(n),x(n —1),--- ,x(n — M),
a(n)z(n)l,- - z(n)z(n = L),
z(n—1)|z(n—1),----- yx(n— M)|x(n — M —1,)]] (3.15)

where L is the length of the training sequence of 10000 samples.

Similarly, ®,«) can be expressed as follows:

—

By = [0, 8" @), G (1)] (3.16)

—

and ¢(x*(n)) is given by:

' (n)z(n)l,-- - 2" (n)]e(n = L),
2 (n—1)|x(n—=1),- - yx*(n— M)|lz(n — M —1,)]] (3.17)

The least-square solution ﬁLS is, therefore, obtained by using the pseudo-inverse of the

basis matrix ® as follows:

his = pinv(®) . @ (3.18)

where pinv(®) = (¢ <I>)_1 ®7 is the pseudo-inverse of the matrix ®, and [ is the Hermi-

tian transpose.
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While, The LUT functions given by (3.9) are identified using polynomial fitting, where
the coefficients s, are extracted using least squares.

The proposed model has added identification complexity than the MP and PH models.
The identification of the proposed model is done in two steps: the first step is the identifica-
tion of the parallel dual-input Volterra filters; and, the second step is the de-embedding of
the output signals for the identification of the memoryless nonlinear behavior of the LUT.
On the other hand, the identification of the MP and PH models is done in only one step.
This added identification step adds an extra identification complexity to the proposed model.
However, this additional identification complexity is compensated for with the improved per-
formance of the proposed model and the significant reduction in computational complexity
represented by the number of coefficients, than the PH model as will be shown in the next
sections. Also, this identification complexity can be considered to be minor, and not as
important as the computational complexity, since the identification step in this work is done

offline.

3.6 Measurement Setup

For measurement and experimental validation purposes, the proposed DPD model is imple-
mented in a MATLAB platform and used to linearize a real PA. The model identification
and validation steps are carried out using the measurement setup presented in the previous
chapter.

The DUT used in this chapter for the performance assessment of the different models

and DPDs, is a Class AB PA working at center frequency of 1.96 GHz.
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The experimental setup was set to work at two cases:

Case I: Balanced modulator: gain imbalance = 0, phase imbalance= 0, I offset = 0, @) offset
= 0.

Case II: Imbalanced modulator: gain imbalance = 1 dB, phase imbalance = 3 degree, I offset

= 3%, Q offset = 5%.

3.7 Measurement Results

Two scenarios were used for the validation of the model. The first one with baseband signals

and the second one is with low-IF signals.

3.7.1 Scenario 1

The input signal used to evaluate the performance of the different studied models is a
WiMAX signal which was characterized by a bandwidth of 10 MHz, 16-QAM data mod-
ulation, a cycle prefix of 1/8, 500,000 samples and a sampling frequency f; = 92.16 MHz.

The proposed model was used to compensate jointly for /@) imbalance and PA non-
linearity, and its performance was evaluated in comparison with the MP model [36] and
PH model [95]. For out-of-band evaluation, a comparison between the different models was
carried out, in terms of Power spectral Density (PSD) for the two cases of balanced and
imbalanced modulators. From Fig. 3.7a, it can be noticed that the three models were able
to compensate for the out-of-band distortions in the case of balanced modulator.

However, the proposed predistorter showed a clear improvement over the MP and PH
predistorters in the presence of /@) imbalance in the modulator. As shown in Fig. 3.7b,

the MP model is incapable of mitigating the out-of band distortion in the presence of 1/Q
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Figure 3.9: Constellation of imbalanced modulator Case II (a) Output with No DPD (b)
linearized output with proposed DPD.

impairments and was incapable of compensating the DC offset and make it even worse.

To evaluate the in-band performances, the error vector magnitude (EVM) was calculated
and is shown in Table 3.1. As shown, the EVM was very high in the case of no compensation;
and, it was equal to —23.12 dB and —18.47 dB for the balanced and gain/phase imbalanced
modulators, respectively. The MP was able to compensate for the nonlinear distortion
as their EVM reached —44.26 dB in the case of balanced modulator. However, for the
imbalanced modulator, the MP DPD only achieved an EVM around —28.45 dB. While, the
proposed model kept a good EVM of around —46 dB in the different studied cases. It can,
therefore, be concluded that the performance of the proposed predistorter has a very good
EVM in both cases as compared to the other models and with least complexity in terms of
number of coefficients as shown in Table 3.2. This was also clear in the resulting constellation
of the output signals as shown in Fig. 3.8 and Fig. 3.9 without linearization and with the

proposed predistorter for the two modulator cases.

56



Model Case 1 Case 11

No-DPD —23.120 | —18.47
MP DPD —44.26 | —28.45
PH DPD —44.58 | —43.357

Proposed DPD | —46.235 | —45.934

Table 3.1: EVM values in (dB) for the Stated Models

Model Model dimensions Number of Coefficients
MP DPD (M,N) = (4,8) (M + 1)xN = 40
PH DPD (M, Ny, Ny) = (4,8,5) (M + 1)x(Ny + N2) +1 =66
Proposed DPD | (M,l1,K) =(3,2,8) |2x((M + 1)x(l; +2))+ K +1=41

Table 3.2: Model dimensions and Number of Coefficients for the Stated Models
3.7.2 Scenario 2

The input signal used for validation in this case is a low-IF LTE signal of bandwidth 5 MHz
used at intermediate frequency of 5 MHz. The sampling frequency is 92.16 MHz and the
input waveform is 184,320 samples.

Due to the spectral content of the low-IF signals, an image signal will be generated at
the output of the PA, that lie in the image band of the signal. In Case of the baseband
signal, and due to its symmetry around the DC offset, the image signal will lie in the same
band of the main signal, so the I/Q) imperfections will appear as linear distortion in the
signal constellation. Hence, the /@) imbalance problem is less obvious. However, due to the
MFI, the I/@Q imbalance problem is more pronounced in the IF signals of scenario 2 than

the baseband signals in scenario 1.
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Figure 3.10: Measured PSDs with and without DPD for Scenario 2. (a) Case I. (b) Case II.

This is demonstrated in Figs. 3.10a and 3.10b, where the image signal is more obvious
even in Case I with balanced modulators. In this case the MP DPD fell short of suppressing
the image and the resultant DC offset even when there is no induced 7/@) imbalance in Fig.
3.10a, but only the minor //Q imperfections in the ESG are present. The proposed model
for both cases can considerably push the MFTI effect down and results in better linearity
performance than the MP DPD and the PH DPD in both cases.

Table 3.3, shows the Image Rejection Ratio (IRR) in dBc for the three DPDs in case I
for Scenario 2. The IRR is defined as the ratio of the IF signal level produced by the desired
input frequency to that produced by the image frequency [14]. The results demonstrate
that the effectiveness of the proposed DPD in further suppressing the image signal in the
image band than the PH DPD. However, the MP DPD results in a very low IRR, due to its

incapability of suppressing the image signal due to the MFT effects.
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Model IRR
MP DPD 25.1
PH DPD 51.1

Proposed DPD | 54.8

Table 3.3: IRR in case Il for Scenario 2

3.8 Conclusion

A Generalized Twin-Box model is proposed for the mutual compensation of the modulator
imperfections and PA nonlinearities. The separate identification of the I/ impairments and
high static nonlinearities of the PA, significantly reduced the computational complexity of
the model and offered more flexibility for the memory effects characterization. The proposed
model was compared to the PH and the MP models, and showed improved performance in
linearizing a class AB PA, than the state of the art DPDs for two different scenarios of

zero-1F and low-IF transmitters.
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Chapter 4

Linearization of a Concurrent Dual-Band Transmitter
Exhibiting Nonlinear Distortion and Hardware

Impairments

4.1 Introduction

With the fast development of wireless communication systems, there is an increasing demand
of multi-band /multi-standard systems. In such systems, multi-band radio base stations allow
the transmission of different wireless communication signals and support different standards
concurrently.

However, when utilizing independent, conventional DPD techniques, such as Volterra
DPD or MP DPD [37] for linearizing each band separately, do not provide satisfactory
performance. Moreover, if these conventional DPDs are utilized to sample the multi-band
signals as a wideband signal, tougher requirements for the bandwidth of the DACs and
ADCs are forced. Therefore, using multi-band DPD cells, where the RF signals in each band
are captured and digitized separately, alleviates such problems. Hence, the DPD cells will
compensate for the distortion in each band separately, and incorporate the effects of the
multi-input signals. Also, it is independent of the frequency separation between the bands,
which will require lower sampling rates than those used by wideband DPDs.

linearization of multi-band transmitters has been recently explored in [51,52,97-101].
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In [51], a frequency-selective linearization approach is proposed, where two independent
DPD cells are used in order to alleviate the use of a wideband DPD model, and the nonlinear
behavior of the PA is characterized using a large-signal network analyzer. In [52] and [97], a
two-dimensional (2-D) memory polynomial (MP) DPD is applied to linearize a widely spaced
dual-band PA transmitter. In [101], the analysis is extended to include the effects of third-
and fifth-order inter-modulation products, which was previously analyzed in [102]. The
effectiveness of adding the higher-order inter-modulation products on the DPD linearization
is investigated in [101], for narrow-spaced input signals in dual-band and tri-band cases.

These different reported multi-band DPD cells use quadrature modulators to transfer the
predistorted baseband signals to RF. However, they do not account for the imperfections
of the I/Q modulators used in the feedback loop, which is used to estimate the nonlin-
ear relation functions of the dual inputs and corresponding dual outputs. Therefore, their
performance will be limited.

The effects of 1/Q) imbalance and the nonlinear dynamic distortion of the single-band
PAs are discussed in the previous chapter. /@ imperfections for concurrent multi-band
transmitters are much greater than single-band transmitters, since the signal in each band is
transmitted through a separate I/ modulator channel, thus multiplying the problem. This
was concluded in [103], where the authors deduced that multi-input multi-output (MIMO)
systems are more vulnerable to RF impairments than SISO systems. However, PA distortion
and other RF impairments were not investigated in [103]. In [104], the PA distortion as well
as the modulator imperfections in a MIMO system are investigated by expanding the parallel
Hammerstein single-band PA model in [95]. However in this case, the complexity of the model

is very high as will be discussed later in this chapter. Also in [105], a real valued feedforward
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neural network model is proposed for the joint predistortion of modulator imperfections
and dual-band PA nonlinearity. The structure of the neural network model is extended in
order to model the cross-modulation effects and modulator imperfections in the dual-band
transmitter, which also results in an inherently complex model.

In this chapter, a technique for the joint mitigation of dual-band PA distortion and
I/@Q impairments in a complexity-reduced structure is proposed. A dual-input two-box
structure was developed to accurately characterize and mitigate the in-band and cross-band
distortion of the dual-band PA operating in concurrent mode and to compensate for the I/Q
imperfections in the quadrature modulators of both bands [106].

The remainder of this chapter is organized as follows: Section 4.2 presents the modeling
and characterization of the dual-band PA. Dual-band PA modeling and 7/ imbalance
modeling are analyzed in Section 4.3. The motivation and the detailed description of the
proposed model are given in Sections 4.4 and 4.5, respectively. Section 4.6 presents the
measurement setup. The measurement and simulation results are presented in Section 4.7;

and, the conclusion is presented in Section 4.8.

4.2 Dual-Band PA Modeling

The nonlinear behavior of a concurrent dual-band PA is more complex than that of a single-
band PA, due to the cross-modulation products between the dual bands and the inter-
modulation products of the PA nonlinear behavior [51]. Therefore, cross modulation and
in-band inter-modulation both contribute to the nonlinearity of a concurrent dual-band

PA [97,98]. This can be seen by exciting a dual-band PA with two inputs and capturing the
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resultant distortion at the output of the PA.

Fig. 4.1 shows the power spectral densities (PSDs) at the output of a dual-band Doherty
PA for concurrent and single modes of operation. The input signals for the upper and lower
bands were two WCDMA signals. A WCDMA 111 signal was applied to the lower band (w;
= 880 MHz) with a PAPR of 10.6 dB. A WCDMA 101 signal was applied for the upper
band (we = 1978 MHz) with a PAPR of 10.5 dB. Both signals have bandwidth of 15 MHz.
The red curves in Fig. 4.1 (a and b) show the PA output at the lower and upper bands,
when driven by the two WCDMA signals, concurrently. However, the blue curves show
the PA output signals when the PA was driven in single-band mode, with one input signal.
Fig. 4.1 compares the added in-band and out-of-band distortion at the output of the PA
for the two bands in concurrent dual-band mode, with the single-band mode. This added
distortion resulted from the cross-modulation and inter-modulation effects of the two input
signals. Hence, using a conventional single input/single output DPD for the characterization
of dual-band PAs is not appropriate, as it does not account for the cross-band effects.

Consequently, a dual-band model/DPD should be composed of two cells, one for each
communication band. Each individual cell is fed with the dual inputs, such that the charac-
terization of each band takes into account the in-band and cross-band effects of each band, as
shown in Appendix A. This can be described by the general memoryless passband nonlinear

transmitter model:
N
y(t) = apah(t) (4.1)
k=1

where N is the polynomial order, a; is the set of bandpass model coefficients, y(t) is the

bandpass model output, and z(¢) is the bandpass input.
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In case of multi-band transmitter, the bandpass model input can be represented as:

= Re[z,(t)e’'] (4.2)

where w, is the angular carrier frequency, #,(¢) is the complex envelope of the bandpass
signal x,(t), and ¢ = nTy where T} is the sampling time intervals T, = 1/ f;.

In this chapter, a dual-band transmitter is considered; therefore, the total input signal is
x(t) = x1(t) + z2(t). The general model for the dual-band transmitter output y is derived

in the Appendix, (the notation (¢) is removed for convenience) and given by:

k k—ri 7m

N
ZZ Z Z kakrlckck r1

k=1 71=0 k1 =0 ko=
X [(fl‘j1|2kl|f2\2k2)ejwlt
+ (i2|i1‘2k1‘j}2|2k2)€jw2t
(|7 |2 |7y | P2 e (o)t
+ (B3] 3 |22 g | 2R 7)) @ (e —e2)t

+ (l’ll’*2|l’ |2k1|l’ |2 (k2— 2)) J (w1 —2w2)t + .. ] (43)

This general equation has components around two carrier frequencies (w; and ws) and other
higher-order inter-modulation (IMD) products.

If the frequency spacing between the two carrier frequencies is large enough, the inter-
band third-order inter-modulation products around (2w — wq) and (2w; — ws) and further
higher order inter-modulation products can be filtered out. The model can then consider the
terms around the two center frequencies, which include the in-band inter-modulation and
cross-band inter-modulation products, as derived in Appendix A ((A.10) and (A.11)).

The general model can be further enhanced to include the memory effects exhibited by a
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Figure 4.1: PSDs at the output of a dual-band Doherty PA for concurrent and single modes
of operation. (a) Lower band at 880 MHz. (b) Upper band at 1978 MHz.

dual-band PA, for better characterization of the static and dynamic nonlinearities exhibited

by the PA.

A 2-D MP model has been developed for the modeling of the dual-band transmitter [52].
This model is composed of two cells, one for each band. The model estimated outputs are

given by the following equations:

N k M
=3 3D i E (= m) x [# (0= m)[*|E(n — m)p (4.4)
k=0 j=0 m=0
N k M
(n) =D > ) e (n —m) x &1 (n —m)[FI|E(n —m)| (4.5)
k=0 j=0 m=0

where 71(n) and »(n) are the complex envelopes of the estimated baseband model outputs
of the two bands centered around the two fundamental frequencies w; and wy, respectively:;
Z1(n) and Z9(n) are baseband input signals at the lower and upper bands, respectively; hl(jgm

and A2 are the model coefficients for the two bands.

k,j,m
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However, this model, which is referred to as the 2-D MP model throughout the rest of the
paper, does not consider the /@) impairments and DC offsets of the quadrature modulators
in a multi-band transmitter. Therefore, the performance of this 2-D MP DPD suffers a

noticeable degradation, as will be demonstrated in the following sections.

4.3 Joint compensation of Dual-Band PA and I/Q Imbalance

A first approach to develop a compound single structure for the modeling and compensation
of dual-band transmitter distortions (inter-modulation and cross-modulation) and the I/Q
imperfections in the two quadrature modulators in a dual-band transmitter chain is presented
in this section.

This section provides the analytical formulation and modeling approach of a dual-band
nonlinear system consisting of two quadrature modulators and a dual-band PA as shown

in Fig. 4.2. Tt is assumed that each quadrature modulator has independent /(@) imbalance
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effects and the dual-band PA has nonlinear behavior as described in Section 4.2.
Considering the first quadrature modulator required to up-convert the lower band to w,
with G; gain imbalance in dB, and ¢; phase imbalance in degrees. The second quadrature
modulator, required to up-convert the upper band to ws, has G5 gain imbalance in dB, and
¢2 phase imbalance in degrees. The RF signals at the output of the two modulators, x,, ;(t)

and x,,2(t), are given as:

Tma(t) = an i (t)cos(wit + 01) — @y (t)sin(wit + 6s)

(4.6)
Tma(t) = azly(t)cos(wat + 03) — auQo(t)sin(woat + 04)
where % = 10(%), % = 10(%), ¢1 = 0y — 01, and ¢y = 04 — 03. I1(t) and Qq(t) are
1 3

the in-phase and quadrature components of the baseband signal x;(t), respectively. While,
I,(t) and @5(t) are the in-phase and quadrature components of the complex envelope of the
baseband signal x5(t), respectively.

The discrete time samples of the complex envelope of the RF signal, ., 1 (), at the output

of the first quadrature modulator, are given by:

In1(n) = aqcos(6r)11(n) — assin(by)Q1(n)
(4.7)
Qu,1(t) = agsin(01)11(n) + azcos(02)Q1(n)

The discrete time samples of the complex envelope of the RF signal, ., »(¢), at the output

of the second quadrature modulator, are given by:

Iin2(n) = ascos(f3)1z(n) — ausin(6,)Qa(n)
(4.8)
Qm,a(t) = azsin(03)I2(n) + aycos(04)Q2(n)

Therefore, the complex envelope signals of the RF signals considering the effects of the
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quadrature modulators imperfections are given as:

Tma(n) = [arcos(6r) + agcos(s)] T1(n) + [ancos(by) — ascos(bq)] 77 (n)

+j {[aqsin(6y) + agsin(s)] 1 (n) + [aysin(fy) — aqsin(by)] 27 (n)} (4.9)

Tma(n) = [agcos(bs) + agcos(0y)] Ta(n) + [azcos(f3) — agcos(64)] T5(n)

+7 {[assin(bs) + aysin(0y)] To(n) + [agsin(fs) — aysin(by)] 5(n)} (4.10)

Using the 2-D MP model in (4.4) and (4.5), the complex envelope of the signals at the output
of the dual-band PA at the center frequencies w; and ws, accounting for the imperfections

of the quadrature modulators, can be expressed as follows for a memoryless case:

N k
=3 D F 1 ()] Fm (0) [ Ep () (4.11)

k=0 7=0
Then, by using (4.9) and (4.10), the relation between the complex envelope of the dual-band

PA output and the input signals to the modulators will be given as follows:
gi(n) =
( h((f())alcos(el) + h((f()]agcos(eg) + jh&())alsin(el) + jh&g%sm(%) ) 1 (n)+

< h((){())alcos(ﬁl) — h(() Jovcos(6y) + jhS 0a181n(91) — jh§ 004281:(1(92) ) 71 (n)+

4h8())a%a2cosz(91)cos(92) + Zlfzf())oqozgcos(ﬁl)cos2 (62)+
i (n)+
j4h§%a%a2sin(91)cos(91)008(92) + j4h§()]a1a§sin(92)cos(91)008(92)
4h%afa2cos(91)sin(@l)sin(92) — 4h§())oqoz§cos(91)sin(91)sin(92)+ )
1% (n)+
j4h%a%a2sinz(Hl)sin(eg) — j4h§3a1a§sm(91)sinz(92)
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2h§ Ooqcos(ﬁl)( —ad) + 2h1 00&2(308(92)(0(% —a2)+
j2h1 Ooqsm(ﬁl)(

4h%a%a20082 (61)cos(6,)

j4h1 0a1a281n(91)008(91)008(92) - j4h1 0a1a281n(92)cos(@l)cos(92)

2h{Jarcos(61) (a2 — a3) — 20\ jascos(62) (a3 — a2)+

]2h1 Oalsm(Hl)(a

j4h1 oaiagsin®(6y)sin(6) + j4h%a1a§sin(91)sin2(92)+

4h€30&%0&2008(91)8111(91)Sil’l(eg) + 4h§()]ozloz§cos(91)sin(@l)sin(ﬁg)

2h8%oz1cos(91)( —a?)+ 2h0 1agcos(92)(oz§ —a?)+
thO 1alsln(91)(a§ —a?) + thé%iagsin(Qg)(ag —a)
2h((] japcos(by) (a2 — al) — 2h0 )ancos(0:) (02 — a2)+
j2h{larsin(6;) (a3 — o) — j2h§assin(6s) (a3 — a3)

4h§3041(04% —a3)(a3 — aj)cos(01)+

4h§3a2(o@ —a2)(a3 — ad)cos(b+

jAh e (af — a3)(ef — a)sin(61)+
jahHas(ad — a3)(a3 — ad)sin(f2)+
8h§2a%a2(a§ — a?)cos®(0;)cos(6y)—
8h§2a1a§(a§ — a?)cos(0;)cos? (0;)+

2

jShSEQ%ag(ag — a?)sin(f;)cos(6;)cos(6y)—

j8h§2a1a§(a§ — a?)sin(fy)cos(6;)cos(6z)
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—a3) +]2h1 00428111(62)( —a2)+

- 4h§())a1a§cos(91)cosz(92)+

2 ) - thS())agsin(Qg)(af —a2)+

i (n)]1(n)]*+

#1(n)[21 (n)]*] 22 (n) "+



4h{on (a3 — a3)(a3 — a3)cos(6r) —

4h§20‘2(0‘% —ad)(aZ — a¥)cos(fy)+

jahian (a2 — a3)(ad — a2)sin(6;)—

J4h1 10‘2( of — a3)(a3 — of)sin(fy)+

1 (n) |21 (n)?|Z2(n)]* +
j8h1 1a1a2(a§ — a?)sin®(6;)sin(6,)+

j8hﬂa1a§ (a2 — a?)sin(f;)sin?(0y)+

ShSEQ%ag(ag — a3)cos (6 )sin(6; )sin(6y)+

8h§2a1a§(a§ — a3)cos(6; )sin (6 )sin(6y)

(4.12)

Similarly, the output 7>(n) around ws can be formulated in a similar manner to (4.12). The
general equation (4.12) has terms located away from the band of interest, so they can be
ignored herein.

Therefore, in order to compensate for the modulator imperfections and dual-band PA

dynamic distortion, a joint dual-band model can be formulated as follows:

-y [zzakm O (), ()

m=0 kO]O

ZZbSm D (T (n), B2(n))

k=0 7=0

+d (4.13)

M N1 k
() [ D a2 it (), 1 () +

k=0 j=0
N1 k B
SN 00l (@5(n), #1(n) | + d (4.14)
k=0 7=0

where d; and ds are the DC offsets in the lower and upper bands, respectively; with a memory

depth of M; N; and N, are the nonlinearity orders for the direct and image branches. wmk]
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are wmk] the nonlinear basis function series of the dual-input signals of inputs (x;(n) and

x9(n)) and (z7(n) and x9(n)), respectively, as follows:

Uiy (B1(0), 2(n) = 1 (n = m)|ia (n = m) | |&a(n — m)|?

Dy (F1(n), B2(n)) = E1(n = m)|#1(n — m) [ ]F(n — m)|?

(4.15)

w,(z,)gj are szj,’w the nonlinear basis function series of the dual-input signals of inputs (xz(n)
and x1(n)) and (x3(n) and x;(n)), respectively, and are computed in a similar manner to
(4.15). This compound structure model is referred to as the parallel-MP model throughout
the rest of the paper.

A schematic of the model is shown in Fig. 4.3. As deduced, this compound parallel-MP
model could characterize and compensate for the dual-band transmitter RF impairments,
which include the inter-modulation products of the PA, the cross-modulation products due
to the dual inputs, and the I/ modulators imperfections.

The dimensionality of the 2-D MP model in [52] (given by (4.4) and (4.5)) is, however,
greater than that of the single-band MP model [36]. This increase is unavoidable, due to
the addition of the cross effects of both inputs at the output of each band, which signifi-
cantly increases the number of coefficients. Furthermore, the compound parallel-MP model
(4.13) and (4.14), which compensates for the /@ imperfections as well as the dual-band
PA nonlinearity, further multiplies the dimensionality of the model, by adding a parallel-MP
structure and applying the signals’ conjugate images as input to this parallel structure.

It can be deduced that the number of complex coefficients (P) for each band, given by

the 2-D MP model [52], can be computed as follows:

N+1

P = Z (M + 1) (4.16)
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Figure 4.3: Schematic of the joint predistorter of PA nonlinearity and 7/ impairments for
a dual-band PA.

For example, if the memory depth M is 4 and the nonlinearity order N is 5, the total number
of coefficients P for each band is equal to 105. For the compound parallel-MP model with
I/@Q) compensations, given by (4.13) and (4.14), the total number of coefficients is equal to
(2P+1) for each band (for N; = Ny). For the numerical example of M = 4 and N; = N; = 5,
the total number of coefficients is equal to 212 for each band.

This significant increase in the number of coefficients increases the computational load
and the numerical stability of the model during the identification step and affects the perfor-
mance of the model. One approach to reducing the complexity of this model is the selection
of a lower nonlinearity order for the complex branch rather than the nonlinearity order of the
direct signal branch (i.e., N; > N,). In this way, the total number of coefficients is reduced.

However, the overall complexity is still considered high.
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4.4 Motivation of the Proposed Model

In order to alleviate the drawback of the previously reported parallel-MP compound struc-
ture and to further enhance the performance of the model, a complexity-reduced model is
presented in this chapter. The model is based on a dual-input truncated Volterra structure
that is proposed for the modeling and compensation of the dual-band distortion and the
I/Q modulator impairments. The proposed model is also composed of two cells, one for
each communication band. Each cell is composed of two parallel branches of a dual-input
truncated Volterra filter, which includes second-order cross terms followed by a 2-D LUT,
as shown in Fig. 4.4.

The dual-input truncated Volterra filters in the two branches are used for the modeling
of the mildly nonlinear dynamic effects of the PA as well as for /@) impairment modeling
and compensation. The 2-D LUT in each cell of each band is used for the modeling of
the high static nonlinearities of the dual-band PA, which includes the inter-modulation and
cross-modulation distortion effects of the two bands. The major advantage of this proposed
model compared to the parallel-MP model given by (4.13) and (4.14) is the identification of
the mild dynamic nonlinearities and the 7/() imbalances in one step through the dual-input
Volterra filters, offering more flexibility in modeling the memory effects of the dual-band PA.

The high static nonlinearities are also characterized through a 2-D LUT. However, the
nonlinearity orders are different for the static nonlinear LUT box and the dynamic nonlinear
Volterra filter, which reduces the complexity of the model. On the other hand, the parallel-
MP model has a fixed nonlinear order for all the branches, which results in an oversized

model.
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A truncated Volterra filter is used as the first block instead of a linear-time-invariant
(LTT) filter, since an LTI filter does not take into account the nonlinear memory effects [68]
and the cross terms of the interaction between the previous samples. Therefore, in order
to model the nonlinear memory effects and to further improve the model capabilities, a
dual-input truncated Volterra filter is used. The extracted transfer functions of the dynamic
memory effect model show a weak nonlinear behavior. Thus, a truncated Volterra filter is
sufficient to represent this weak nonlinearity. Moreover, the inclusion of the cross terms in
this model results in a more accurate characterization of the dual-band PA.

A full nonlinear Volterra model is not applied to the signal and its conjugate image in
a similar manner to the parallel-MP model, since this considerably increases the computa-
tional complexity of the model. This will affect the stability of the model, while calculating
the pseudo-inverse matrix for model identification. It was found that passing the dual-band
signals and their conjugate images to the truncated Volterra filters can jointly compensate
for mild dynamic nonlinearities and /@) imperfections. The separate characterization of the
highly static nonlinearities of the dual-band PA through a 2-D LUT reduces the computa-

tional complexities of the model, thus enhancing its performance.

4.5 Proposed dual-input truncated Volterra model

4.5.1 Proposed Model Configuration

A single-input truncated Volterra model [77], where only the second-order cross-terms are

considered, i.e., the products of the signal and the delayed envelope at a different time delay,
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and with an arbitrary polynomial order, is given by:

My Mo

Zhun—z +ZZZh”kun—z|u(n DIF (4.17)

=0 j=0 k=1

where, u(n) and y(n) are the input and estimated output of the model, respectively. M;
and My are the finite memory length of both the input signal and its delayed envelope,
respectively; K is the truncated nonlinearity order of the Volterra model; and, h() designates
the model coefficients.

The proposed model configuration can be described as follows: The truncated Volterra
models given by (4.17) are extended to include the effects of both input signals on the output
in each band and applied in two parallel branches for the signal and its conjugate image.

The modified dual-input truncated Volterra function is then given by:

My Mo
ui(n) = Z x1(n —myq) [Z Zammz Y (n —m)|F + Z bV s (n —mo)|| +
m1=0 mo=0 k=0 mo=0
My Mo
Z xj(n —mq) [Z Zamlm Yz (n —m)|* + Z bm1m2|x2(n—m2)| +d;
m1=0 ma=0 k=0 ma=0
(4.18)
My
us(n) = Z xo(n —my) [Z Zamlmz Ya(n —my)|F + Z b2 ei(n —mo)|| +
m1=0 mo=0 k=0 mo=0
My Mo
Z x5(n —my) [Z Zamm Yza(n —m)|*F + Z bm1m2|x1(n—m2)| + dy
m1=0 mo=0 k=0 mao=0
(4.19)

where x1(n) and z5(n) are the input signals in the lower and upper bands, respectively;
u1(n) and uy(n) are the Volterra filters output signals of the lower and upper bands. M; and
M, are the finite memory depths of the input signal and the envelope signal, respectively;
(a,(ylbzmm b%m) and (d,(vlbzm%?)%m) are the model coefficients for the lower-band signal and
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its conjugate image; (a%imz,bgimz) and (d%mjﬁm) are the model coefficients for the

upper-band signal and its conjugate image; and, d; and dy are the DC offsets in the lower
and upper bands, respectively.

The second block of the proposed model is a 2-D LUT for the characterization of the
higher order static nonlinearities and the cross-modulation effects of both inputs. The output

of the 2-D LUT, which is a function of the outputs of the first blocks, is given by:

yi(n) = G (lua(n)]-Juz(n)]) X ui(n)
(4.20)

ya(n) = Ga (lur(n)]-Juz(n)]) x us(n)

where y;(n) and ys(n) are the estimated model outputs for the lower and upper bands,
respectively; GG; and Go are the memoryless complex gain functions of the 2-D LUTSs of
the lower and upper bands, respectively, which are functions of the input signals complex

envelopes, and are given by:

G (ur(n)]Jus(n)]) = S80S st Jus (n) P lus (n) 2

G (Jur ()| uz(n)) = S0 SR 5P g (n) [ us(n)

(4.21)

(1)
iJ

The LUT functions are identified using polynomial fitting, where the coefficients s, ; and sfj)

are extracted using least squares. Fig. 4.5 shows a schematic of the 2-D LUT of the lower

band.

4.5.2 Model Identification

The identification procedure of the mildly nonlinear dynamic function implemented using the
Volterra filters is done using least squares algorithm. Both filters of the main and conjugate

branches are identified simultaneously as follows:

u; = \I/(i)A(i) (4.22)
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Figure 4.4: Schematic of the dual-input proposed model for the joint predistortion of PA
nonlinearity and I/ impairments for a dual-band PA.
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Figure 4.5: Schematic of the static nonlinear 2-D LUT;.

where u; is the estimated output vector of the two dynamic nonlinear Volterra filters, W
is the matrix constructed using the basis functions of these two polynomial boxes and their
input signals, and A® is the vector containing the polynomial boxes coefficients. We define

the vectors as follows:
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where L is the length of the input samples training sequence used for identification, 1 = 1
for the lower band and ¢ = 2 for the upper band.

The matrix W; can be analyzed into sub-matrices as follows:
T = [V, Uiy 1] (4.23)

where, W, ; and U, ; are sub-matrices formed by the input signal and its conjugate image,
respectively. The vector 1 = [1,1,1,---,1]7. The sub-matrix U, ; is the conjugate matrix

of U, ; as follows:

\I]Lj -
zi(n) - i(n — Mi)|zj(n — My)|Y zi(n — My)|z;(n — My)|
ri(n+L) -+ z(n+L—M)zjn+L—-M)N - zin+L—M)xjn+L— M)
and \I]Lj =
wi(n) - i (n — My)z;(n — M) ™ i (n — My)z;(n — M,)]

where the notation (i,j) = (1, 2) for lower band and (7, j) = (2,1) for upper band.
The least-squares solution AI(}S) is, therefore, obtained by the pseudo-inversing of the basis
matrix W(; as follows:
AL = (VU)W (424)
where []" is the Hermitian transpose.
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The computational complexity of the proposed model is much reduced compared to that
of the parallel-MP model, since only the mildly nonlinear dynamic function is multiplied
twice by the signal and its conjugate image. Therefore, the number of complex-valued mul-
tiplications is significantly decreased. In the parallel-MP model, each input signal and its
conjugate image are applied to both the static and dynamic functions of the model’s com-
pound structure, which significantly increases the computational complexity of the model.
In the proposed model, the mildly nonlinear dynamic function is applied to the output of the
2-D LUTs for the lower and upper bands, without the need to duplicate this function again
for each signal and its conjugate image. Since both the proposed and parallel-MP models
are linear in terms of their coefficients, a least squares algorithm is used for estimating the
model coefficients.

However, the proposed model has added identification complexity than the parallel-MP
model. The identification of the proposed model is done in two steps: the first step is the
identification of the parallel dual-input Volterra filters. The second step is the de-embedding
of the output signals for the identification of the memoryless nonlinear behavior of the 2-D
LUT. On the other hand, the identification of the parallel-MP model is done in only one
step.

This added identification step adds an extra identification complexity to the proposed
model. However, this additional complexity is compensated for with the improved perfor-
mance of the proposed model and the significant reduction in computational complexity over

that of the parallel-MP model as will be shown in the next section.
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Figure 4.6: Prototype of the Dual-band Doherty PA used for model validation.

4.6 Measurement Setup

4.6.1 Device Under test

The DUT used for model validation is a dual-band Doherty PA designed using a silicon
carbide (SiC) metal semiconductor field effect transistor (MESFET) (CREE, CRF24010),
the complete design details and performance results are reported [50,107]. The photo of the
prototype used is shown in Fig. 4.6. The DUT operates at two frequency bands, which were
set to 880 and 1978 MHz, using a T-network. The T-network acts as a dual band impedance
transformer, which makes it possible to realize a concurrent dual band PA and other dual
band components.

Both the carrier and peaking PAs employed the same topology of the dual-band PA
discussed in [107]. The supply voltages of the carrier and peaking PAs were both initially
set to 28 V. The gate bias voltages of the carrier and peaking PAs were set to -9 and -18 V,

respectively.
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4.6.2 Experimental Test Bench

Fig. 4.7 shows the measurement setup for dual-band Doherty PA characterization and pre-
distortion, which is operated concurrently for dual bands with carrier frequencies of 880 and
1978 MHz. The two input signals are simultaneously downloaded using computer software
into two signal generators through a general-purpose interface bus (GPIB) connection. The
two signals are then modulated and up-converted to the required carrier frequencies, each
through a separate I/¢) modulator using two signal generators ESG1 (E4438C) and ESG2
(E4438C), which are time synchronized at baseband. An extra signal generator (ESG 4438B)
is used as an external common clock for the two baseband generators to ensure the timing
alignment of the baseband signals. Signals are combined using a power combiner (P2S-
1.900V) that works in the frequency range from 800 to 3000 MHz. The combined input
signal is then amplified via the dual-band PA.

The PA output at each band is individually down-converted and digitized using a vector
spectrum analyzer (VSA, E4440A) and captured at two steps, where the VSA is first set to
capture the signal at 880 MHz and then to capture the signal at 1978 GHz. These signals
are then time aligned with their corresponding input signals for further signal processing and
PA linearization, where the time-aligned and normalized input-output data is swapped to
extract the inverse modeling function in MATLAB and form the predistorted signals. During
the identification step, 10,000 samples of the input signals are used. For the validation step,
the whole input waveform (184,320 samples) was utilized to form the predistorted signal.
The predistorted signals are then downloaded from the signal generators and applied to

the dual-band Doherty PA. Finally, the linearized signals are captured at the output of the
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Figure 4.7: Schematic of the dual-band PA characterization and predistortion setup.

The accuracy of the proposed dual-input Volterra model was validated by the characteri-
zation of the dual-band PA using two different scenarios, one with low-IF signals and the
other with baseband signals. Indeed, input signals at a non-zero IF frequency result in an
image signal in the image band having high power and must be suppressed. However, the
use of zero IF signals (baseband signals) results in image signals that lie in the same band

as the desired signals; hence, the /@) mismatch problem is less obvious than in the case of

The DUT was driven by two multi-carrier WCDMA signals. A WCDMA111 signal was
applied for the lower band (w; = 880 MHz) with a PAPR of 10.6 dB, and a WCDMA101

signal was applied for the upper band (ws = 1978 MHz) with a PAPR of 10.5 dB.



e Scenario 2

The DUT was driven by WiMax and LTE signals; the The LTE signal has a bandwidth
of 5 MHz and PAPR of 9.8 MHz, and shifted to a low-IF frequency (-5 MHz) and then up-
converted to the lower RF frequency (w; = 880 MHz) to be applied to the PA. The WiMax
signal has a bandwidth of 5 MHz and PAPR of 9.5 dB, and shifted to a low-IF frequency (45
MHz), and then up-converter to upper band RF frequency (ws = 1978 MHz) to be applied
to the PA.

The tests were carried out for two different //@) imbalance conditions:

e Case I: Balanced modulators for both the lower and upper bands, with a gain imbalance
of 0, a phase imbalance of 0, an I offset of 0, and a () offset of 0.

e Case II: An imbalanced lower-band modulator with a gain imbalance of 0.8 dB, a phase
imbalance of 2 degrees, an I offset of 1%, and a @ offset of 2%; and, an imbalanced upper-
band modulator with a gain imbalance of 1 dB, a phase imbalance of 1.5 degrees, an I offset
of 1.2%, and a Q offset of 1.2%.

The performance of the proposed dual-input truncated Volterra model, the parallel-MP
model, and the 2-D MP model [52] were analyzed and compared through computer simula-

tions for forward modeling and experimental setups for DPD in both cases.

4.7.1 Forward Modeling

The models were used to characterize the DUT for forward behavioral modeling. For Sce-
nario 1, using two multi-carrier WCDMA signals for the lower and upper bands, the model
dimensions for the 2-D MP model [52] were chosen to be M = 4 and N = 6. For the

parallel-MP model, M = 4, and N; = 6 and Ny = 4 were used for the two parallel branches.
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Model |

Number of coefficients

Scenario 1: WCDMA signals

2-D MP model 140
Parallel-MP model 216
Dual-input Volterra model 112

Scenario 2: Low-IF LTE and WiMax signals

2-D MP model 112
Parallel-MP model 173
Dual-input Volterra model 76

Table 4.1: Number of coeflicients for Scenarios I and 11

Model |} lower band | upper band
Case |
2-D MP model —40.63 —34.18
Parallel-MP model —41.02 —34.72
Dual-input Volterra model —41.78 —37.48
Case 11
2-D MP model —19.89 —16.45
Parallel-MP model —36.79 —30.44
Dual-input Volterra model —37.54 —32.53

Table 4.2: NMSE Values in (dB) for Scenario 1
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Model |} lower band | upper band
Case I
2-D MP model —34.13 —33.58
Parallel-MP model —37.97 —37.78
Dual-input Volterra model —39.71 —38.12
Case 11
2-D MP model —27.82 —16.45
Parallel-MP model —36.68 —34.64
Dual-input Volterra model —38.34 —36.27

Table 4.3: NMSE Values in (dB) for Scenario 2

For the proposed model, the dimensions set for the Volterra filter were M; = 4 and My = 5,
and the 2-D LUT was identified using fifth degree polynomial fitting.

For Scenario 2, using the low-IF LTE and WiMax signals for the two bands, the model
dimensions for the 2-D MP model [52] were chosen to be M = 3 and N = 6. For the
parallel-MP model, M = 3, and N; = 6 and Ny, = 4 were used for the two parallel branches.
For the proposed model, the dimensions set for the Volterra filter were M; = 2 and M, = 4.

In this case, since the WCDMA signals were of wider bandwidth than the LTE and Wimax
signals used in Scenario 2, a decrease in the memory depth of the system was anticipated, as
the drive signal used in Scenario 1 are of higher bandwidth. This also highlights the effects
of the power distribution within the modulation bandwidth on the memory depth exhibited
by the DUT [75].

The model dimensions of the three models are determined using a general sweep method.

This general sweep method consists of simultaneously sweeping the model dimensions (non-
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linearity order and memory depth) over a wide-enough range. The accuracy of each model is
quantified using the normalized mean square error (NMSE) [75] metric. Finally, the model
dimensions corresponding to the combination resulting in the lowest number of coefficients
that achieves low NMSE are selected.

In Table 4.1, a summary of the number of coefficients for each band of the three models
is presented for each scenario. In comparison with the parallel-MP model, the proposed
model achieved an almost 50% reduction in the number of coefficients. The proposed model
achieved a slight decrease in the number of coefficients compared to the 2-D MP model.

For the accuracy of the model, the NMSE for the three models was evaluated. Tables 4.2
and 4.3 report the NMSE values for the models for the two scenarios. For Scenario 1, Case 1,
with no /@ imbalance, the 2-D MP [52] and parallel-MP models had similar performances,
while the proposed model had an improved NMSE in the two bands, especially in the upper
band where a WCDMA101 signal was used. The WCDMA 101 signal created more memory
effects than the WCDMA 111 signal, due to the OFF carrier region that represented 33% of
the signal bandwidth and suffered from higher memory effects intensity [75].

The parallel-MP and 2-D MP models fell short of characterizing the intense memory
effects of the WCDMA 101 signal. This performance deteriorated further with concurrent
dual-band operation, due to the added cross-modulation effects. On the other hand, the
added memory cross terms of the proposed model improved the characterization of this
signal.

For Case II, with induced 7/Q imbalance, the 2-D MP model [52] had a very poor
NMSE, because the model does not account for I/ modulator imperfections, which highly

degraded the model performance. The two other models achieved better results, because
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their compound structures can characterize the /@) modulator imperfections.

Similarly, in Scenario 2, for the low-IF signals, the 2-D MP model has poor performance
in comparison to the two other models even in case I with no I/ imbalance, due to the
MFT effects, that will be shown in the linearization section.

The proposed model outperformed the other models in both scenarios, with a significant
reduction in the computational complexity. The reported results demonstrate the robustness
of the proposed model, as it has achieved better accuracy in characterizing the dynamic
nonlinear behavior of the dual-band DUT and the /@ impairments of the two modulators
than the paralle]l-MP model, due to the added cross terms, which further enhanced the model
performance.

The proposed model was also more computationally efficient than the parallel-MP model,
as it alleviated the added computational complexity drawbacks of the reported parallel com-
pound structures that compensate for the I/} impairments by adding a parallel branch
for the conjugate image input signal. The proposed model used the conjugate signal input
only for identification of the low-order dynamic function and used only one branch for the
identification of the high-order nonlinear static function. These results also proved that the
structure of the 2-D MP model is incapable of characterizing the dual-band system with 7/Q

imperfections.

4.7.2 Digital Predistortion

The inverse functions of the 2-D MP, parallel-MP and proposed truncated Volterra models
were used as predistorters to linearize the dual-band PA using the indirect learning archi-

tecture [73].
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Figure 4.8: Measured PSDs with and without DPD for Scenario 1 (a) Case I, the lower-
band (WCDMA111), (b) Case I, the upper band (WCDMA101), (c) Case II, the lower
band(WCDMA111), (d) Case II, the upper band (WCDMA101).

The results for the three DPD techniques are demonstrated in Table 4.4 and Fig. 4.8 for
Scenario 1, and in Table 4.5 and Fig. 4.9 for Scenario 2, for the two cases of balanced and
imbalanced modulators. Results with no DPD are also provided for comparison. Tables 4.4
and 4.5 shows the adjacent channel power ratio (ACPR) in the adjacent channel slots, which
are spaced at intervals of +/- 5 MHz, for the two Scenarios.

In Table 4.4, for Scenario 1, the ACPR results show that the proposed truncated Volterra
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DPD had a better performance in suppressing the out-of-band emission, with an ACPR that
reached below -49 dBc, an improvement of around 2 dB over that of the parallel-MP DPD.

The added cross terms improved the mitigation of the in-band and cross-band distortions
of the parallel-MP DPD. The results further validate that the 2-D MP DPD cannot suppress
the spectral regrowth and DC offsets in Case II (added I/ imperfections). This was also
demonstrated in Fig. 4.8, which shows the PSDs at the output of the linearized PA for the
different DPDs and no DPD for Cases I and II. For the balanced /@) modulators (Case I),
the different DPD functions were able to suppress the spectral regrowth at the output of the
DUT. The spectral regrowth at the output with no DPD was around -34 dB higher than the
in-band spectral level. The figure also shows that the operation of the DUT in concurrent
dual-band operation caused severe in-band and out-of-band distortions. For the imbalanced
I/@Q modulators in both lower and upper bands (Case II), the results in Fig. 4.8 (c and
d) demonstrate the capability of the proposed model in further suppressing the spectral
regrowth of the dual-band PA, resulting in better linearity performance than those of the
other models. This is particularly evident in the close vicinity of the carrier signal, where
the spectrum emission mask constraints are tougher to meet, and in the OFF carrier region
for the WCDMAT101 signal. This further validates previous reports for the modeling of the
intense memory behavior emulated by this signal. It was also shown that the proposed and
parallel-MP DPD techniques could compensate for the 7/Q) impairments in the modulator
that appear as DC offsets at the carrier frequencies. Similarly, In Fig. 4.9, for scenario 2, the
I/@Q imbalance effects are now more obvious with using low-IF signals. The proposed model
for both cases can considerably push the MFI effect down and results in better linearity

results. The 2-D MP DPD fell short of suppressing the image band even in Case I, where
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Figure 4.9: Measured PSDs with and without DPD for Scenario 2 (a) Case I, the lower-band
(LTE signal), (b) Case I, the upper band (WiMax signal), (c) Case 11, the lower band (LTE
signal), (d) Case II, the upper band (WiMax signal).

there is no induced IQ imbalance, but only the minor IQ imperfections in the VSG is present.
This was also apparent in the ACPR results in Table 4.4 and Table 4.5.

In Table 4.6, the Image Rejection Ratio (IRR) [14] which is defined as the ratio of the
IF signal level produced by the desired input frequency to that produced by the image
frequency, and the DC suppression in dB, are presented for Scenario 2 Case II. The results
demonstrate that the effectiveness of the proposed DPD in further suppressing the image

signal in the image band than the parallel-MP DPD.
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DPD | lower band upper band
—/+5 MHz
Case I
No DPD —37.07/—38.76 | —34.02/—34.94
2-D MP DPD —47.86/—47.73 | —46.34/—47.21
Parallel-MP DPD —47.57/—48.06 | —47.02/ — 47.53
Dual-input Volterra DPD | —48.08/—49.10 | —48.98/—49.26
Case 11
No DPD —34.47/-34.34 | —30.70/—31.28
2-D MP DPD —40.63/—41.46 | —37.38/—37.55
Parallel-MP DPD —45.48/—46.9 | —45.54/—46.41
Dual-input Volterra DPD | —48.2/—48.9 | —47.98/—49.84

proposed DPD.

frequencies, and could be easily filtered out.
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Table 4.4: ACPR Values in (dBc) for the Stated DPDs for Scenario 1

Fig. 4.10 shows the PSD of the whole band output captured by the VSA at span of 2 GHz,

when excited with the two low-IF signals in Scenario 2 Case I, before and after applying the

The figure shows the inter-band modulation outputs at the two fundamental frequencies
(w1 and wy), as well as the cross-modulation effects at the two bands. Although the pro-
posed DPD is implemented to characterize the PA output around the two carrier frequencies
captured at a span of 72 MHz (due to the hardware capabilities), the proposed DPD could
further suppress the cross modulation effects at the different frequency bands. It is also
worth mentioning that since the frequency spacing between the two bands is more than 1

GHz, then the higher order inter-modulation products will lie far from the two operating




DPD | lower band upper band
—/+5 MHz
Case I
No DPD —33.60/—34.45 | —31.52/—24.64
2-D MP DPD —46.79/—48.32 | —46.32/—36.78
Parallel-MP DPD —48.44/—49.50 | —47.51/—41.29
Dual-input Volterra DPD | —50.21/—51.17 | —48.58/—42.61
Case 11
No DPD —31.82/—-34.47 | —31.04/—23.55
2-D MP DPD —36.23/—45.92 | —37.28/—-27.39
Parallel-MP DPD —49.25/—-50.90 | —47.95/—40.41
Dual-input Volterra DPD | —50.01/—51.21 | —48.43/—41.04
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Table 4.5: ACPR Values in (dBc) for the Stated DPDs for Scenario 2

It can be concluded, therefore, that both high-order static nonlinearities and low-order
dynamic nonlinearities contribute to the nonlinear distortions caused by a dual-band trans-
mitter. Hence, the separate identification of the higher order static nonlinearity function and
the mildly nonlinear dynamic function reduces the model complexity [66,78]. Indeed, this
allows more freedom in characterizing the mildly nonlinear dynamics with a low-order poly-
nomial function, a sufficient memory depth and the addition of extra memory cross terms
to enhance the modeling accuracy of the nonlinear memory effects of the system.

Moreover, the /@) modulator imperfections are characterized in a compound structure
with the mild dynamic nonlinearities, which further decreases the model complexity, since
the dynamic low-order nonlinear functions are applied twice, once for the signal and once

for its conjugate image. This avoids the use of an extra conjugate image branch for the
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Figure 4.10: PSD of the output waveform of the dual-band Doherty PA before and after
applying the proposed dual-input Volterra DPD for Scenario 2 Case 1.

higher-order nonlinear function, which is applied only once to the output of the first block.
Therefore, the number of coefficients and complex multiplications required to implement the

model are significantly reduced.

IRR DC suppression
LB UB LB UB

Parallel-MP DPD 47.43 | 54.36 | 21.03 | 27.96
Dual-input Volterra DPD | 49.46 | 56.65 | 21.80 | 28.81

DPD |

Table 4.6: IRR and DC suppression in (dBc) for Scenario 2 Case II
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4.8 Conclusion

In this chapter, a complexity-reduced dual-input truncated Volterra model is proposed for
the characterization and digital predistortion of a dual-band transmitter’s RF impairments.
These impairments include the in-band and cross-band distortion of a concurrent dual-band
PA in the presence of I/ modulator imperfections.

The proposed technique was experimentally assessed by exciting a dual-band Doherty
PA with two different scenarios, one with baseband signals and low-IF signals. Indeed,
the proposed model showed accurate performance and reduced computational complexity in
both cases, as it achieved a reduction of more than 50% in the number of coefficients for the
state-of-the art compound parallel MP model. Indeed, it suppressed the MFT effect in the
case of low-IF transmitter while the 2-D MP model fell short to suppress. Hence, the added
memory effects cross terms of the proposed model further enhanced the characterization of

the cross-modulation effects of the dual-band transmitter.
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Chapter 5

Digital Predistortion of Concurrent Tri-Band
Transmitters using 3-D Phase-Aligned Pruned Volterra

Model

5.1 Introduction

Recently, new DPD techniques/models for the concurrent dual-band PAs have been sub-
ject to extensive research. In this chapter, the nonlinear distortion and DPD linearization
problem in concurrent multi-band PAs, more specifically, in concurrent tri-band communi-
cation systems, are addressed. In the concurrent tri-band case, analysis of nonlinearities and
DPD linearization are more challenging, since three input signals are involved. Although
it is similar to the concurrent dual-band case in which both in-band inter-modulation and
cross-band modulation exist in the concurrent tri-band PA. The exact form of the cross-band
modulation in this case is more noticeable. This chapter demonstrates the detailed form of
the nonlinear behavior of the concurrent tri-band PA for the first time [108].

The analysis is further extended to include the impact of the phase distortion observed in
multi-band PAs as well as the compound amplitude distortion. By taking into account the
phase variation effects across a wide frequency band, a three-dimensional (3-D) phase-aligned
Volterra DPD is proposed. The proposed model can effectively compensate for the cross-talk

between the fundamental frequencies, their harmonics and inter-modulation products due to
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the nonlinearity exhibited by the tri-band PA.

The remainder of this chapter is organized as follows: An analysis of the tri-band PA
nonlinear behavior is presented in Section 5.2 and the validation of the model is presented
in Section 5.3. The effect of the phase distortion in wideband transmitters are analyzed in
Section 5.4. Section 5.5 presents the structure of the proposed phase-aligned DPD and the
model performance assessment. Finally, the conclusions of the chapter are summarized in

Section 5.6.

5.2 Nonlinear behavior of concurrent tri-band PA

Fig. 5.1 shows the basic architecture for a concurrent tri-band PA transmitter, where the
input signals are sent through three signal processors for modulation and up-conversion, and
the combined input is applied then to a multi-band PA.

Polynomial models are widely used for behavioral modeling and digital predistortion of
wideband signals [36]. A general structure of a memoryless SISO polynomial bandpass model
is given by:

N
y(t) = ap(t) (5.1)
k=1
where N is the polynomial order, a; is the set of bandpass model coefficients, y(t) is the
bandpass model output, and z(¢) is the bandpass input.

The bandpass input signal for the tri-band concurrent PA will be given as:

where x1(t), x2(t), and x3(t) are the bandpass input signals to the lower, middle, and upper
bands at the three angular frequencies wy, wy, and w3, respectively.
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Figure 5.1: Concurrent Tri-band Transmitter Architecture.

Multi-band PA

By direct mathematical manipulation, the different inter-modulation distortion (IMD)

product terms in the different frequency bands can be grouped as follows:

IMD,,, = 2|7 721
IMD,., = 227 7217
IMD,, = 2|7 721
IMDay, s, = &5 |2 207D 22|25

1|2k1|{f'2|2(k2_1 3|2k:3

IMDow, —wy = T123|E )|z
IMD i, sy = 55|72 |25 7
IMD g —, = f%@ﬁﬂ%l |52|2(kz_1)|i3|2k3
IMD s, sy = E1T5 |20 [T 22527
IMDay, o, = 2287 71 |2R17D | 75| 2R2 | 54| 2H2

‘Zkl‘i,2|2(k2—1 3|2k3

IMDy, —oy 4y = 18575| 31 )&

where (.)* denotes complex conjugate operation and |.| denotes absolute value.
The baseband model around the three fundamental frequencies wq, wy, and w3 was ex-

tracted. The other terms could be ignored therein, if they lie beyond the band of interest and
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could be filtered out. In [101], the frequency spacing between the three bands was set such
that interaction of the middle and upper bands generate the third-order IMD term 7275 that
lies in the lower-band, and the IMD product #;Z3 will lie around the upper-band. Also, the
interaction between the three bands will generate the IMD term z;2575 in the middle-band.
However, if the frequency spacing between the three bands is wide enough, then these IMD
terms will lie far enough from the desired bands and can be ignored.

The memory effects are further added to the fundamental models within the desired

bands as follows:

k (5.3)
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where §1(n), g2(n), and g3(n) are the complex envelopes of the estimated tri-band PA output
signals centered around the three fundamental frequencies wy, ws, and ws, respectively. aisk,
bmisk, and ¢pisr are the model coefficients for the three bands; M and N are the memory
depth and the nonlinear order. This model will be referred to as the 3-D tri-band model

hereafter.
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Figure 5.2: Block diagram of the experimental setup used for tri-band transmitter lineariza-
tion.

5.3 Model Assessment

5.3.1 Experimental Setup for Tri-band linearization

Fig. 5.2 shows a block diagram of the experimental setup used for tri-band PA linearization.
The transmitter hardware consists of three signal generators responsible for digital baseband
to analog RF up-conversion. Connections between the generators and an external clock
generator are made to allow the synchronization of the transmitted bandpass signals.

The DUT used for model validation is a broadband PA biased at class AB. The three
signal generators used for sending the signals are time aligned and synchronized using a
baseband clock signal generator. Each baseband signal is up-converted to the required RF
frequency, and then the three signals were combined using a wideband power combiner and
sent to the PA. The output signals were captured by a VSA in three steps, one for each
frequency band. The VSA was set to capture the output data at a span of 72 MHz around

each carrier frequency. The baseband output signal at each band is individually time aligned
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with the respective input baseband signal, where the input and output waveforms were used

to form the 3-D tri-band DPD functions in MATLAB.

5.3.2 Experimental Results of 3-D tri-band DPD

For model evaluation three signals were sent concurrently, a 5 MHz LTE signal at 2.14 GHz,
a b MHz WiMAX signal at 2.425 GHz, and a 5 MHz WCDMA signal at 2.655 GHz, all
are operating at sampling frequency of 92.16 MHz. A 10,000 samples interval of the input
waveform is used for the model identification step, and the whole input waveform of 184,320
samples is used for the model validation. The DPD coefficients were extracted using the
least squares algorithm for M = 3 and N = 5. Finally, the predistorted signals were re-sent
using the described setup to capture the linearized signals at the output of the tri-band PA.
Fig. 5.3 shows the PSD of the signals centered at the three carrier frequencies. The figure
shows the PSD of the distorted output signals at the output of the PA in tri-band concurrent
mode without applying predistortion. It also shows the linearized signals using a single-input
single-output MP DPD [36] and the proposed 3-D tri-band DPD given by (5.3)-(5.5). Fig.
5.3 demonstrates that the MP DPD is incapable of suppressing the distortion resulting from
the cross-modulation/cross-talk effect and inter-modulation products of the tri-band PA, as
it accounts for the nonlinear effects of one band only. Indeed, the 3-D tri-band DPD has
effectively suppressed the spectral distortion in the adjacent channels. Table 5.1 shows the
ACPR in dBc for the adjacent channels spaced at -/+ 5 MHz intervals. The ACPR results
for the tri-band DPD are approximately around 49 dBc for the three channels. However, the
individual MP DPD did not satisfy the spectral emission mask for any of the three standard

signals.
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Figure 5.3: Measured output spectra with and without DPD. (a) LTE signal at 2.14 GHz
(b) WiMAX signal at 2.425 GHz (¢) WCMDA signal at 2.655 GHz.

5.4 Limitations of previously reported Multi-band DPDs

The major drawback of the previously reported 3-D tri-band DPD and also the reported
dual-band DPD cells that were discussed in literature [51,52,97-101,106], that they only ac-
count for the main amplitude modulation to amplitude modulation (AM-AM) and amplitude
modulation to phase modulation (AM-PM) dynamic behavior of the multi-band PA. Hence,

the output of each band relies on the compound amplitude of the input signal complex enve-
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P~ LB @2.14 GHz | MB @2.425 GHz | UB @2.655 GHz
-/+5 MHz
No-DPD —34.4/-33.6 —33.8/-34.1 —33.7/-33.8
MP DPD —41.2/-38.6 —40.8/-39.1 —41.3/-40.3
3-D tri-band DPD | —49.2/—49.1 —48.8/—49.2 —49.5/—48.8

Table 5.1: ACPR values in (dBc) for the Stated DPDs

lope, and the memory effects are incorporated only in the envelope amplitude. However, the
effect of the instantaneous or past phase information from the other bands is not considered.

This issue was raised for single-band transmitters in [109], where the effects of the phase
distortion on single-band wireless transmitters is analyzed and an artificial neural network
(ANN) model is proposed that takes into account the effects of the phase modulation to
amplitude modulation (PM-AM) and phase modulation to phase modulation (PM-PM) dis-
tortion due to linear filtering. Other Volterra models that take into account the PM-AM
and PM-PM behavior of single-band transmitters were proposed in [76,77,110].

In the case of multi-band transmitters, this problem is more obvious. However, no previ-
ous work on multi-band transmitters has accounted for the phase variation across wideband
frequency interval between multiple signals driving the transmitter. Therefore, in this work,
the impact of the phase distortion as well as the dynamic amplitude distortion across three
bands is investigated, and their impact on the accuracy of linearization is validated in a
concurrent tri-band transmitter.

The proposed model in the following sections is an extended version of the 3-D tri-band

DPD, where the analysis of the static and dynamic behavior of the tri-band PA is extended
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to include the effects of the phase and amplitude information of the three signals on the
output. Thus, a 3-D phase-aligned pruned Volterra model is proposed for accurate modeling
and predistortion of the dynamic behavior of a concurrent tri-band PA suitable for CA in

LTE-Advanced system.

5.4.1 Phase distortion effects in multi-band transmitters

The nonlinear behavior of PAs changes across a wide frequency range. In [109], it was
shown that since wideband signals invalidate the assumption of constant phase in narrow
band operated systems, i.e., signals that occupy a very small bandwidth compared to the
bandwidth of the transmitter. Thus, they will suffer from phase distortion effects that
manifest themselves as PM-AM and PM-PM behavior due to linear filtering. Indeed, the
non-flat frequency response of the wireless transmitter system will cause these phase variation
effects.

Multi-band transmitters are subject to multi-carrier signals applied concurrently in dif-
ferent frequency bands as shown in Fig. 5.1. The gain and phase response of the transmitter
will change across the entire operating bandwidth of the different frequency bands, since the
increase in frequency bandwidth tends to deteriorate the group delay [12]. Fig. 5.4 depicts
the measured group delay for a multi-band transmitter across a wide frequency band. There-
fore, with the wider bandwidths of multi-carrier signals, the non-constant group delay will
cause phase variation over the whole operating frequency band that should be accounted for.
Indeed, the variation of the phase over frequency between the different bands will give rise to
phase distortion effects, as well as dynamic amplitude distortion effects represented by the

AM-AM and AM-PM characteristics. Therefore, in order to accurately represent a multi-
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Figure 5.4: Measured group delay across the multi-band transmitter.

band transmitter, the model requires past information on the compound amplitude of the
input envelope signals as well as phase differences between the different multi-input complex
envelopes in order to account for the non-constant delay of the multi-band transmitter.

The previously described 3-D tri-band model in [108] has no past information of the
phases of the different inputs. For example, the estimated output of Band 1 at angular carrier
frequency wy only relies on the past information of the compound envelope of the three input
signals and the phase of the input signal in Band 1. Since, there is no instantaneous or past
information of the phases of the inputs from Band 2 and Band 3, the model cannot account
for the phase variation contributed by these two other bands.

In the next section, a static model of the tri-band PA is given, and the effect of the phase
variation contributed by the different bands is analytically derived and accounted for by the

proposed model.
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5.5 Proposed Phase-Aligned Volterra DPD

5.5.1 Model Architecture

A truncated Volterra model for SISO transmitters in [77], which is a third-order, finite

memory system, is given by:

y(n) = H(g)z(n - q)

My Mo

+ Z Z Hy(q,D)x(n — q)xz(n —1)
q=0 =0

+ZZZH3(q,l,m)x(n— q)z(n —1x(n —m) (5.6)
q=0 1=0 m=0
where y(n) and x(n) are the pass-band single-output and single-input signals, respectively.
H,(...) are the Volterra kernels for nonlinearity order P and different delay lengths.
The general Volterra model generates a large number of coefficients that increases expo-
nentially with the degree of nonlinearity P and memory depth M of the system. Due to the
complexity of the model, it is mostly limited to modeling mildly nonlinear systems. There-

fore, different complexity-reduced Volterra models are proposed in the literature [66,76-78].

In this analysis, the simplified Volterra model can be expressed as follows:

y(n) = ys(n) + ya(n) (5.7)

where ys(n) represents the static behavior of the PA, and yq(n) represents the dynamic
nonlinearity of the system.

Separate identification of the higher order static nonlinearity function and the mildly
nonlinear dynamic function reduces the model complexity [66,78]. Indeed, this allows more
freedom in characterizing the mildly nonlinear dynamics with a low-order polynomial func-
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tion with sufficient memory depth, and the addition of extra memory cross terms to enhance
the modeling accuracy of the nonlinear memory effects of the system, with lower complexity
than the general Volterra model given by (5.6).

The static function ys(n) can be expressed by a power series assumption, while the mildly
nonlinear dynamic function y4(n) can be expressed as shown in [77]. The simplified dynamic
Volterra filter, where only the bi-dimensional second-order cross terms, i.e., the products

with two different time delays and with arbitrary order of nonlinearities, is given by:

P M;—1 My—1

) =353 S Hy(iin)at(n —ir)a(n — iy) (5.8)

p=0 1=0 i2=i1+1

where M; and M, are the memory depths of the second-order cross terms.
Therefore, the total output of the SISO simplified Volterra model, given by the summation

of static and dynamic functions in (5.7), is as follows:

Mw

p:
P M;—1 My—1

+YD > Hylini)a"(n —ir)a(n — i) (5.9)

p=0 i1=0 dog=i1+1

where H,(0) and H,(i1,1i2) are the bandpass coefficients of the static and dynamic functions,
respectively.
The baseband static function gs(n) for the tri-band case as previously derived in [108], is

given as:
Jeq(n) = By g (n)
X |Zq(n) P72 (n) |2 (n)[* (5.10)

where h ok 1s the set of baseband coefficients of the static part around angular frequency
wy, and ¢, j,1 € {1,2,3}, where ¢ # j # .
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For the dynamic part, if we substitute the tri-band input for z(n) in (5.9), the dynamic

function yq(n) will be given as:

X [z1(n — 1) + za(n —iy) + 23(n —01)]”

X [z1(n — i9) + x2(n — i2) + x3(N — i2)] (5.11)

The baseband version of this bandpass dynamic model considers only the frequency com-
ponents of the output at the three fundamental frequencies. The baseband bi-dimensional

dynamic function is derived in Appendix B and is stated as:

3 Mi—1 Msy—1

Jagm) =" 3"l [Eg(n), 3;(n), Bi(n)]
g=1 i1=0 i2=i1+1

N-3

X Z_ Z Z hp s ko.g(11502) Fp s iy [T4(1), T5(n), 1 (n)] (5.12)

p=0 s=0 k=0

bS]

s

where F), ¢ 1. [T4(n), Zj(n), Z;(n)] is the compound envelope function given by:

Fpsia [B4(1), 25(n), Tu(n)] =

[Zq(n — i) P12 (n — i) @ (0 — i) |* (5.13)

and 97 . [7,(n), %;(n), #(n)] is given by:

g,91,12
Pl L, = B2 — i) (n — i)

P

i’q(n — zl)i;‘(n — Zg)i’](n — 21)

7’[)5(;7121,2'2 i’ll(n - Zl)jf(n — ig)il(n — il)

As shown in Appendix B, the pass-band Volterra model has no even-order terms. How-
ever, even-order terms can be considered in the baseband representation as reported in [74]
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in order to enhance the basis set, thus reducing the modeling error. Therefore, in this work
the even-order terms are included in all the derivations.
Therefore, the total baseband model output is the summation of (5.10) and (5.12) as

follows:
Ug(n) = Usq(n) + Yaqe(n) (5.14)

where ¢,(n) is the estimated model output around the fundamental frequency w,, and ¢ €
{1,2,3}.
If the analysis is extended to include tri-dimensional third-order cross terms, the bandpass

tri-dimensional dynamic function will be expressed as:

Mo—1 Ms3—1

ya(n) :ZZ Z Z H,(iy, 12, 13)

p=0 i1=0 d2=i1+1i3=ia+1

x xP(n —iy)x(n —ix)x(n —i3) (5.15)

where H,(i1,12,13) is the set of bandpass coefficients of the tri-dimensional dynamic function.
In case of tri-band system, the tri-dimensional dynamic function can be extended as
previously and is given by:
Mi—1 My—1 Ms—1

Jag(n) =Y SN Bl LlE(n), E(n), Bi(n)]

11=0 d2=i1+1 13=12+1

Xy Rps kgt i, 3) Fy iy [ (), 75(12), @y (n)] (5.16)

where F, s 14, [T4(n), Z;(n), Z;(n)] is defined in (5.13) and ') [Z4(n),Z;(n), Z;(n)] for tri-

g,01,12,13
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dimensional case is given by:
i) s =To(n — )T (n — iy) @ (n — i3)
i) s =T2(n — i1)E(n — i1)E(n — i) ¥ (n — i3)
W) i =E2(n = i0)Ei(n — i1)E (0 — i2)E] (0 — i)
W) i =Tg(n —i1)E;(n — i1)Fy(n — i2)F5(n — i2)F} (n — i3)
L) i =Eg(n — in)E3 (0 — iy)F(n — in)F(n — i3)
W) iy =Fq(n — i0)F (0 — 1) F} (n — i2)F} (n — i3)

Note that the tri-dimensional dynamic function can generate other combinations of memory
terms, such as Z7(n —i1)Z;(n—i1)T;(n—i3) T (n—iz) and Ty(n —1i1)T;(n—i1) T (n—iy)T5(n—
i3)Z;(n —iz), but only essential dominant terms are considered herein.

Hence, the tri-dimensional dynamic output will be the summation of (5.12) and (5.16).
It is shown from these equations that accurate representation of the multi-band transmitter
output requires past information on the compound amplitude of the complex envelopes
of the multi-input signals, as well as past information on the phase differences between the
complex envelopes of the input signals as analytically derived. This derivation indicates that
the previously reported model in [108], which only depends on the compound amplitude of
the input signals and neglects any phase information on the input signals, is incapable of
the accurate and true representation of the full dynamics of the multi-band transmitter and
hinders the full capacity of the model. In the next section, the analytical derivation is also
experimentally validated, and shows that accounting for the non-constant group delay and
phase variation across a wide frequency band where the channels fall plays an important role
in multi-band systems.
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5.5.2 Model Identification

The proposed DPD is linear with respect to its coefficients, as demonstrated in the previous
section. Under the assumption of stationarity, if the coefficients are extracted with respect
to a minimum mean or square-error criterion, a single global minimum can be achieved.
Therefore, direct linear system identification algorithms, e.g., least squares (LS) or recursive
least squares (RLS), can be used for estimating the model coefficients; which is defined as
linear weighting of the nonlinear signals. In this work the LS estimation technique is used,
as will be shown in the next section.

Based on the indirect learning architecture [73], the model coefficients of the proposed
DPD are calculated by swapping the input and output signals of the model in order to
extract the inverse function of the DPD, as shown in:

#i(n) = D k(O 2 ()2 ()P 2o ()| 25 ()

s=0 k=0
p s Mpy—1 Ms—1

+ ST DT A i) — i) (0 — i)
p=0 s=0 k=0 i1=0 i2=i;+1
x |Z1(n — i) [P0 22 (n — i1) [P F| 23 (n — ) [F

+ B! olin,ia)Z21(n — i) Z5(n — in)Z2(n — iy)

x |z (n — )P 8|z (n — i1) ¥ 25 (n — i) |*

N-3 p s M1—1 M2—1

+ S>3 s in)E(n — i) F (0 — i2)Z(n — i)

=0 k=0 i1=0 i2=i1+1

3
[l
o
@

X |Z1(n — i) P75 Za(n — 00 [P ¥ Z5(n — iy |F (5.17)

where, Z1(n) is the complex baseband predistorted signal around wy, while Z;(n), Z5(n), and
Z3(n) are the complex baseband inputs of the three DPD cells. As shown in (5.17), only the
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dynamic terms resulting from the bi-dimensional assumption are included in order to keep
the model at acceptable complexity. The DPD functions of the predistorted signals Z5(n)
around wy and Z3(n) around ws, are formulated similarly.

The LS estimation solution is formulated as follows:
x; = &yhW (5.18)

where x; is the estimated output vector of the proposed tri-band DPD at the lower band
w1, ®(1y is the matrix constructed using the basis functions defined in (5.17) and their input
signals, and h® is the vector of the polynomial coefficients around w;. The vectors are

defined as follows:

x1 = [71(1),#1(2), -+, 1 (K)]"
ht) = h(()%()),o 0(0), B hg\lf)—l,N—l,N—l,O(O)’
h(()%()),o,1(0> 1), T ’hg\lf)—S,N—B,N—S,l(Ml -1, M, — 1)>
h(()%()),o,z(0> 1), T ahg\lf)—g,N—g,N—gz(Ml -1, M, — 1)>

(1) (1) T
ho003(0,1), - Ay s n s n_s33(M1 —1, My —1)

where K is the length of the input samples training sequence used for identification.
The least-squares solution h(LIS) is, therefore, obtained by the pseudo-inversing of the basis

matrix as follows:

hil = o% x, (5.19)

where @ﬁ) = (@g)é(l))_lq)g) is the pseudo-inverse of the matrix @y, and [.]” is the Her-
mitian transpose. The coefficient vectors h(Lzs) and h(L3s) around wy and ws, are estimated

similarly.
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5.5.3 Experimental Results of the 3-D phase-aligned DPD

In order to validate the proposed DPD, three signals were sent concurrently, a two-carrier
LTE signal of bandwidth 8 MHz and PAPR 9.4 dB was sent at the lower frequency band
1.842 GHz (z1); a one-carrier LTE signal of bandwidth 5 MHz and PAPR 9.5 dB located
at middle frequency band 1.96 GHz (z2); and a three-carrier LTE signal with a middle off-
carrier, of total bandwidth 14 MHz and PAPR 9.7 dB at the upper frequency band 2.14 GHz
(z3), using the experimental setup described in Fig. 5.2. All three signals had a baseband
sampling frequency (fs) of 92.16 MHz. A 10,000 samples interval of the input waveform is
used for the model identification step, and the whole input waveform of 184,320 samples is
used for the model validation. The inverse functions of the 3-D tri-band MP model in [108]
and the proposed 3-D phase-aligned pruned Volterra model given by (5.17) were used as
predistorters to linearize the wideband PA using the indirect learning architecture [73].

The implemented DPDs were first trained using different model dimensions, i.e. memory
depth and nonlinearity order, and then validated by calculating the normalized mean square
error (NMSE) for the inverse modeling of the PA. Fig. 5.5 depicts the NMSE results versus
the number of coefficients utilized by the two models for the lower, upper, and middle bands,
respectively, which indicates the computational complexity of the models. It is observed that
the proposed model enhances the modeling accuracy of the PA for the three bands even at
the same or lower level of complexity.

The results for the DPD techniques are demonstrated in Table 5.2 and Fig. 5.6. Fig. 5.6
shows the PSD of the multi-carrier linearized LTE signals centered at the lower, middle, and

upper frequency bands, respectively, for both the 3-D tri-band DPD and the proposed DPD.

112



NMSE (dB)

NMSE (dB)

NMSE (dB)

Figure 5.5: Inverse NMSE
band. (c¢) Upper band.

- 1
. -3 ri-|
20 F N A : D Tri-band Model E
. =i Proposed Model

30 - ‘._. — -
B e ]

-31 . N !
‘\'/\ FTeT Tk, ]

=3 |

32 . S
33 L |
|

34 L =
-35 q}_.gu_J
-36 | I | 1 1 1 1
20 40 60 80 100 120 140 160 180

Number of Coefficients
(a)

-32 i
-="= 3-D Tri-band Model |

34K —f#— Proposed Model b

. L\\1‘-—___'”_—

a4 L | | | | i |
20 40 60 80 100 120 140 160 180
Number of Coefficients

(b)

-34 s : : T
,‘.‘ === 3-D Tri-band Model
as | N —— Proposed Model
oy
r =
t .\
38w [ Frmea mmmnmm=t J i
M, YU R —

20 40 60 80 100 120 140 160 180
Number of Coefficients

()

versus the number of coefficients. (a) Lower band.

113

(b) Middle



The blue curves in figure show the PSD of the distorted output signals without applying
predistortion.

Table 5.2 shows that the proposed DPD which accounts for the phase difference effects,
has significant improvement in suppressing the spectral regrowth at the three carrier frequen-
cies than the 3-D tri-band DPD, especially at adjacent channels where the cross-modulation
effects of the input signals appear. This ACPR results in Table 5.2 are for the adjacent
channel slots, which are spaced at intervals of +/—5 MHz, +/—10 MHz, and +/—15 MHz
for the three bands.

Table 5.3 presents the model dimensions and number of coefficients used by the two DPDs.
According to Fig. 5.5, the model dimensions of the two DPDs were chosen corresponding to
the best NMSE results obtained with acceptable complexity. A slight increase in number
of coefficients is observed for the proposed 3-D phase-aligned Volterra DPD in comparison
to the 3-D tri-band DPD. However, this increase in number of coefficients is compensated
for by the enhanced performance in suppressing the spectral regrowth due to the cross-
modulation effects as shown in Fig. 5.6. Fig. 5.7 shows the PSD of the output over the
whole band between 1750 MHz and 2250 MHz when excited with the three concurrent
carrier aggregated LTE signals. The three signals have unequal power levels due to the
frequency response of the PA. The figure shows the multi-band transmitter output with no
DPD applied, where it shows the inter-band distortion around the three carrier frequencies
as well as the higher-order IMD products around the three bands. By applying the proposed
3-D phase-aligned DPD and the 3-D tri-band DPD, the in-band linearization of more than
15 dB spectral regrowth suppression around the three fundamental frequencies is achieved,

as shown previously in Fig. 5.6. Although the proposed DPD is implemented to characterize
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Figure 5.6: Output spectra with and without DPD. (a) Lower band. (b) Middle band. (c)
Upper band.

the PA output around the three carrier frequencies (due to the hardware capabilities), the
proposed DPD could further achieve around 10 dB suppression of the third-order (7373,
7373, and T17573) and fifth-order IMD products (7375273 and #3%%3) that lie in near regions
to the carrier frequency bands, which satisfies the spectral emission mask of LTE signals of
—45 dBc for the whole band. It also achieved around 3 to 4 dB IMD cancellation more than

the 3-D tri-band DPD for the third-order and fifth-order IMD products as shown in Fig. 5.7.
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lower band middle band upper band

DPD
+/—5 MHz
No-DPD —34.48/—-34.56 | —35.25/—34.94 | —37.81/—37.89
3-D tri-band DPD | —45.03/—45.17 | —50.24/—-50.65 | —54.76/—55.11
Proposed DPD —46.11/—45.91 | —50.55/—50.59 | —56.17/—56.82
+/—10 MHz
No-DPD —35.61/—35.64 | —34.64/—35.43 | —39.56/ — 39.49

3-D tri-band DPD | —43.31/ — 43.20 | —47.01/—47.11 | —54.80/—55.37
Proposed DPD | —45.67/—45.54 | —49.65/—49.88 | —56.92/—57.01
+/—15 MHz
No-DPD —39.55/—39.38 | —38.45/—39.24 | —43.71/—43.59

3-D tri-band DPD | —45.76/—45.84 | —50.56/—50.11 | —55.88/—56.34
Proposed DPD | —48.63/—48.41 | —53.44/—53.72 | —57.31/—57.62

Table 5.2: ACPR values in (dBc) for the Stated DPDs

Indeed, the proposed DPD that compensates for the phase and amplitude distortion effects
around the carrier frequencies could result in better in-band linearization performance as
well as out-of-band, since the interaction of the three predistorted signals would achieve
better suppression of higher-order IMD products at the output of the tri-band PA without

the need for higher ADC capabilities in order to capture these regions.

DPD Model Dimensions Number of coefficients
3-D tri-band DPD (M,N) = (3,5) 105
Proposed DPD | (M, My, N) = (2,3,5) 126

Table 5.3: Number of Coefficients
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Figure 5.7: Spectra at the output of the tri-band PA for 500 MHz bandwidth with no DPD,
3-D tri-band DPD, and proposed DPD.

These results demonstrate that accounting for the phase distortion as well as the ampli-
tude distortion of the three bands, enhances the linearization performance of the concurrent
tri-band PA. Hence, the inclusion of the new cross terms that take into account the past
information of the phase differences of the three different input signals has a major effect on
the output of each band, and provides an accurate representation of the cross-modulation
products between the three input signals. The results also show that neglecting the varia-
tion of the phase difference information over a wide frequency band affects the accuracy and

linearization performance of the DPD.

5.6 Conclusions

This chapter presents a novel 3-D phase-aligned pruned Volterra model for the linearization of
a concurrent tri-band transmitter. It was shown that combining three carrier aggregated LTE
signals at three carrier frequencies suffers from severe inter-modulation and cross-modulation

effects, due to the interaction of the three simultaneous input signals in a nonlinear envi-
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ronment. The proposed DPD is based on the extension of a simplified Volterra model and
extended in order to effectively compensate for the distortion induced by the tri-band PA,
which requires the past information of the amplitude and phase variations of the different
multi-input complex envelopes.

An experimental setup was used to validate the performance of the proposed 3-D phase
aligned-pruned Volterra DPD that accounts for the phase distortion effects. The PA was
driven by three different complex modulated multi-carrier LTE signals of different band-
widths at three carrier frequencies. In comparison with the basic 3-D tri-band model, the
linearization results showed that the proposed DPD has significant in-band linearization
improvement over the 3-D tri-band DPD. Since, the 3-D tri-band DPD ignores the instanta-
neous and past phase information impact of the combined input signals and only considers
the past information of the compound amplitude of their complex envelopes. It also showed
inter-band linearization improvement as it could further suppress the higher-order IMD prod-

ucts that lie in the near regions of the fundamental carrier frequencies.
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Chapter 6

Complexity-Reduced techniques for multi-band PAs

modeling and predistortion

6.1 Introduction

The multi-band DPDs discussed in the previous chapters are based on frequency-selective
approaches. In such approaches, the PA nonlinear behavior around each frequency band is
captured separately and processed using multi-input DPD cells [51,52,97,98 111] in order
to alleviate the use of high bandwidth ADCs and DACs.

The main disadvantage of multi-band DPDs is the requirement of a high number of
coefficients, in order to characterize the usual inter-modulation products and the added
cross-modulation products that arise from the combined input signals and fall into the band
of interest. Thus, these resulting multi-band DPDs have a high computational complexity
that affects the real implementation of these DPDs. Therefore, different approaches for
reducing the number of coefficients while achieving similar linearization results are reported.
In [99], a 2-D modified MP model is proposed by modifying the envelope terms of the basic
2-D MP model in order to reduce the number of coefficients. In [112], a 2-D augmented
Hammerstein model is proposed. In [114], the complexity of the 2-D MP DPD in [97] was
simplified by eliminating certain terms to reduce computational complexity through a 1-D
LUT, instead of a 2-D LUT.

In order to alleviate the numerical instability problems of the multi-band DPDs, [115] and
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[116] proposed 2-D orthogonal models, where a closed-form orthogonal polynomial has been
successfully introduced to replace the conventional polynomial in the 2-D MP DPD model.
These orthogonal polynomial models are based on the orthogonal polynomials presented
in [73] for single-band DPDs, and extended for the dual-band cases. In [117], an efficient
hardware implementation inside the FPGA of the orthogonal polynomial 2-D DPD, which
is based on the modified Legendre polynomials, is proposed.

In this chapter, a new basis function is defined for multi-band operation, which is based on
a distributed polynomial system [118]. This distributed system is based on a radial pruning
approach that separately estimates the dynamic nonlinearities of the multi-band transmitter
and is validated in the case of a dual-band PA. Therefore, a 2-D multi-branch model is
proposed for digital predistortion of concurrent dual-band transmitters. By employing this
multi-branch distributed model, the overall complexity of the system, in terms of complex-
valued parameters, has been reduced. The model also achieved an improved performance due
to the accurate characterization of amplitude and phase variation effects of the dual-band
PA.

The theory presented in this chapter will be demonstrated in the case of dual-band
transmitters, for simplicity. However, it can be easily extended and validated for tri-band or
higher-order band cases. The remainder of this chapter is organized as follows: Section 6.2
presents the modeling and characterization of the dual-band PA. The radial pruning approach
of the general dual-band model is presented in Section 6.3. Section 6.4 demonstrates the
model performance in the dual-band case, by using different bandwidth LTE and WCDMA

signals. Finally, a conclusion of the chapter is presented in Section 6.5.
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6.2 Dual-band MP Model

The concurrent dual-band transmitter has two input signal paths, where Z;(n) and Z3(n)

are the two complex baseband input signals. Each signal is modulated to their respective

RF band using two frequency up-conversion units. Subsequently, the two RF input signals

are combined together to produce the wideband input signal, which drives the dual-band

PA to give the outputs, g;(n) and g2(n), at the lower and upper frequency bands, w; and

wy, respectively.

The outputs of the dual-band PA are related to their corresponding inputs by nonlinear

mapping functions as follows:

where the two nonlinear functions fIEIlL) and f1£12L) are given by a 2-D MP function in [52] as

follows:

(6.1)

(6.2)

where 1 (n) and g»(n) are the estimated model outputs of the two-bands, respectively. Z(n)

and Zy(n) are the input signals at the lower and upper bands, respectively. c,(:

)

(2)
jom a0d C5

are the model coefficients of the lower and upper bands, respectively.
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As shown in (6.1) and (6.2), the 2-D MP output is dependent only on the compound
amplitude effect of the two input signals, and does not have phase information of the second
input. Also, as the 2-D MP model is depending on the memory polynomial basis function,

which has a fixed polynomial order for each branch that results in an over-sized model.

6.3 Proposed Model

The proposed model is based on extending the baseband single-band truncated Volterra

model in [77,119]. The general Volterra model is given by:

v = 33 mlt)atn — 1) T #(n = 1o (2~ 1) (63

where y(n) and x(n) are the pass-band single-output and single-input signals, respectively.
hi(1;) are the discrete-time Volterra kernels of order i and l; is an i-dimensional vector
composed of the delays, [, = 0,---, L; for all g. In order to truncate the model, the memory
depth will have the same length L; = L, for all nonlinearity order i =1,--- , N.

This Volterra model is extended in order to include the multi-inputs in multi-band con-
current case. The resulting model is computationally heavy as it involve a huge number
of coefficients, increasing extensively with the order and memory depth as shown in the
previous chapter.

In the chapter, the dual-band case is studied. The Volterra model in (6.3) is further ex-
panded to characterize the cross-modulation effects in dual-band case. The general Volterra
kernels in this case can be represented by a grid forming a multi-dimensional hypercube and
selection of the radial directions can be performed along the diagonals of this hypercube [119].
The different basis functions in the different radial-directions in case of third-order and fifth-
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Figure 6.1: Three-dimensional pruning directions

order nonlinearity will be expressed as follows:

6.3.1 Third-order kernels

In order to show the radial pruning of pth-order Volterra kernels in case of dual-band trans-
mitter, the idea for the third-order Volterra filters will be illustrated first. Fig. 6.1 demon-
strates the different directions of the radial pruning technique for a 3rd-order Volterra filter.
The basis functions resulting in this case are given as follows:

e Main-axis directions (1-D hypercube diagonals), represented by (0,0,1), ({,0,0), and

(0,1,0):

P31 [T1(n), To(n), 1] = T1(n — D|Z1(n)||Z2(n)],
p312[T1(n), Zo(n),l] = 21(n)75(n — )T (n)

and

313 [71(n), B2(n), 1] = F1 ()77 (n — 1)

e 2-D hypercube diagonal directions of the cube faces, represented by (0,1,1), (/,0,1), and
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(1,1,0):

Ti()21(n = Dllz2(n = D,

@321 [T1(n), T2(n), ]
@322 [T1(n), T2(n), 1] = T1(n — 1)T5(n — 1)T2(n),
and

©3,2,3 [il (n>7 i,2(71)7 l] = j?(n - l>i,>{(n)

e Main diagonal direction (3-D hypercube diagonals) , where I; = I, = [3 and given by the

corner (I,1,1): The different basis functions are
P33 [T1(n), Ta(n), 1] = Ty (n = ]2 (n = D[[Z2(n = 1)].

The 2-D MP model [52] is only based on the main diagonal direction pruning, which

limits the full capability of the model.

6.3.2 Higher-order kernels

Fig. 6.2 illustrates the bth-order Volterra filter, represented by a 5-dimensional hypercube.
Similarly, the higher-order volterra terms can be formulated with radial pruning directions.
Therefore, the main basis functions for the pth-order Volterra kernals are given by:

e Main-axis directions (1-D hypercube diagonals):

o)1 [T1(n), Za(n), 1] = T1(n)T5(n — 1)Z2(n)|Z1 (n)[*|Z2(n) [P,

P12 [T1(n), Ta(n), 1] = Z1(n — 1) |31 (n) [*|Z2(n) [P,

and
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Figure 6.2: Five-dimensional pruning directions

e (p — 1)-D Diagonal directions:

Ciporpmta (). 22(n). 1 = F(n = D5 (la(n — [l — P>,
P12 [T1(1), T2(n), 1] = T1(n — DT3(n — D@z(n)|@1(n = D|Z2(n — P,

and

Cps)p—13 Ti(n), 35 (n), 1] = Z1(n)|Z1(n — D)|*|22(n — )P~ 7%

e Main diagonal direction (p-D hypercube diagonals):
Pl o1 [21(0), Z2(n), 1] = T1(n = D)]Z2(n = D*[T2(n = P77

Similarly, the diagonal directions of the different order-hypercubes can be formulated. As
shown, the proposed model is based on multi-branches, where the dynamic nonlinearities
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of the PA is separately identified with different polynomial orders using a radial pruning
approach [119]. Also, the model is extended to include the 2-D diagonal directions that
include the phase variation effects of the two inputs. Note that the 2-D MP DPD [52] is
only based upon the pruning of the general model in the main diagonal direction of the p-D
hypercube.

The resultant model is given as follows:

p p K. L
Bin) =D D DD 0D Iy s D e [F(), (), (6.4)

p=1 s=0 r=1 k=1 [=0
where ¢;(n) is the complex envelope of the estimated dual-band PA output signal centered
around the fundamental frequency w;. L is the memory depth of the Volterra filters; N are
the nonlinear orders of the multi-branches; K, is the number of radial directions for each

(@)

pis77‘7k:

direction r; h (1) are the model coefficients; where i, 5 € {1,2}, and i # j.

Note that the proposed model has added cross terms in the form of Z?(n)z}(n — m) and
Ti(n)T;(n —m)Z;(n) rather than the 2-D MP DPD model, which is only based on the main
diagonal truncation. These terms have both amplitude and phase information of the input
signals and their impact on the output which enhances the model accuracy.

The model could be further reduced by selecting the most dominant basis functions
and using a different polynomial order and memory depth for the dynamics of the model.

This will give more flexibility in the characterization of the PA, and will reduce the overall

computational complexity of the model.
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The simplified model is given as follows:

Ni—1 p M

= >3 R (m)i(n) x |#i(n —m)P0E (0 — m)|*

p=0 s=0 m=0
No—1 p My

+ Z ZZ}L;ZQ m)Z;(n —m) x |Zi(n —m)|P~*|Z;(n —m)|®

p=0 s=0 m=1
Ns—1 p Ms

+ 3SR ()T () (0 — m) X [E:(n) 7|3 ()]

p=0 s=0 m=1
N41p M4

+ 33 S TR Jm)E(n)F (0 — m)T;(n) x |E ()03 (n)]*
p=0 s=0 m=1
Ns—1 p Ms

£ 30 S0 ) — ) () (0 — m) x [~ m) P (- m) (65)

p=0 s=0 m=1

The model output is linear in terms of its coefficients. Therefore, linear least squares algo-
rithms can be used for model identification. In this paper, least square (LS) algorithm is

used for model identification.

6.3.3 Measurement Setup

The measurement setup for the characterization and digital predistortion of a dual-band PA
operated in concurrent mode was previously described in Chapter 3. The transmitter chain
contains 10 W GaN based wideband PA biased at class AB at Vds of 28 V and Vgs of -3.1
V. The PA is operated concurrently at 2,350 and 2,500 MHz carrier frequencies.

The dual-band input signals are modulated and up-converted to required carrier fre-
quencies using vector signal generators VSG1 (E4438C) and VSG2 (E4438C), respectively.
Both generators were time synchronized at baseband. The RF signals were combined using a
power combiner and used to drive the PA. The PA output at each band is individually down-
converted and digitized using vector spectrum analyzer VSA (E4440A). Data is captured at
each band with a sampling frequency (fs= 92.16 MHz).
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lower band @ 2.35 GHz | upper band @ 2.5 GHz
LTE LTE
Scenario I
Bandwidth= 5 MHz Bandwidth= 5 MHz
) WCDMA(1111) WCDMA(1001)
Scenario 11
Bandwidth= 20 MHz Bandwidth= 20 MHz
WCDMA LTE
Scenario 111
Bandwidth= 5 MHz Bandwidth= 15 MHz

Table 6.1: Summary of the three scenarios

The baseband output signal at each band is individually time aligned with the respec-
tive input baseband signal. Time-aligned and normalized input-output data is swapped to
extract inverse relation using the proposed model and the 2-D MP model in MATLAB.
The predistorted signals are then re-applied to the dual-band PA in order to obtain the
linearized signals. Three different signal scenarios of different bandwidths were considered

and summarized in Table 6.1.

6.4 Performance Assessment

6.4.1 Measurement Results

The results for the proposed DPD and the 2-D MP DPD [52] are evaluated for the three
scenarios indicated in the previous section.

Fig. 6.3 shows the PSD of the signals at the output of the PA for the three scenarios,
with no linearization and with using the two DPDs. Table 6.2 shows the inverse NMSE

measured for the two DPDs in the three scenarios and the number of coefficients used.
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NMSE (dB)
DPD No. of Coefficients
lower band | upper band

) 2-D MP DPD 75 —42.12 —41.09
Scenario I

Proposed DPD 56 —42.71 —44.75

2-D MP DPD 105 —38.81 —35.51
Scenario I1

Proposed DPD 87 —40.15 —38.63

2-D MP DPD 84 —39.61 —43.05
Scenario III

Proposed DPD 69 —40.82 —43.23

Table 6.2: Inverse NMSE values in (dB) for the Stated DPDs

The model dimensions of the two DPDs are determined using a general sweep method.
This general sweep method consists of simultaneously sweeping the model dimensions (non-
linearity order and memory depth) over a wide-enough range for each scenario. The accuracy
of each model is quantified using the NMSE metric. Finally, the model dimensions corre-
sponding to the combination resulting in the lowest number of coefficients that achieves low
NMSE are selected. As shown in Table 6.2, In comparison with the 2-D MP model, the pro-
posed model has reduced number of coefficients and also improved the NMSE in the three
scenarios as also shown in the PSD figures shown in Fig. 6.3. These measurement results
illustrate the improved performance achieved by the proposed model as well as the reduction

of the number of model parameters as shown in the previous section.

6.5 Conclusion

In this chapter, a 2-D multi-branch model is proposed for the characterization and digital

predistortion of the in-band and cross-band distortion of dual-band RF transmitters. The
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Figure 6.3: Measured PSDs with and without DPD (a) Scenario I, the lower-band LTE
(5 MHz). (b) Scenario I, the upper-band LTE (5 MHz). (c) Scenario II, the lower-band
WCDMA 1111 (20 MHz). (d) Scenario II, the upper-band WCDMA 1001 (20MHz). (e)
Scenario III, the lower-band WCMDA (5 MHz). (f) Scenario III, the upper-band LTE (15
MHz).
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proposed model is based on separately identifying the dynamic behavior of the PA and also
adding memory cross terms in order to characterize the amplitude and phase distortion
effects of the two inputs.

The proposed technique was experimentally assessed by exciting a dual-band Class AB
PA with three different scenarios, of different standard signals with different bandwidths.
Indeed, the proposed model showed accurate performance and reduced computational com-

plexity, as compared to the state-of-the-art 2-D MP DPD.
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Chapter 7

Conclusions and Future Work

In this chapter, the conclusions of this dissertation are presented in Section 7.1. Then, the

future work is discussed in Section 7.2.

7.1 Conclusions

Multi-band transmitters are suitable candidates and very promising architectures for modern
wireless communication systems, such as CA LTE-advanced systems. CA LTE is an efficient
way to increase the signal bandwidth within the available spectrum. Therefore, multi-band
transmitter architectures should operate in both concurrent and single modes of operation
in order to support the intra-band and inter-band CAs in LTE-advanced.

In this dissertation, different RF impairments, such as PA nonlinearity, 7/ modulator
imperfections, and phase variation effects, are investigated and compensated for in multi-
band wireless communication systems. Closed-form expressions of the nonlinear distortion of
the dual-band and tri-band transmitters were derived. Thus, a comprehensive analysis of the
distortion output of various RF impairments and their effects on direct conversion and low-
[F' multi-band transmitters is presented. Specifically, the contributions of the dissertation
are concluded as follows:

In Chapter 2, the topics of behavioral modeling and digital predistortion of RF single-
band PAs are investigated. Behavioral modeling is an efficient tool in modeling and analyzing
the PAs behavior and the design of linearization techniques [40]. In this kind of system level
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modeling, the PA is considered as a “black box”, where the model provides a computationally
efficient means of relating the PA’s input and output signals without knowing any apriori
knowledge of the physical analysis of the system. In Chapter 2, different behavioral models
were discussed and their performance was assessed.

A novel Feedforward Hammerstein model/DPD is proposed for the accurate characteri-
zation of the dynamic nonlinear behavior of the PAs [68]. The proposed model is composed
of two coupled loops, a signal cancellation loop and a distortion injection. The structure of
this model is similar to the Feedforward linearization technique, where the signal cancella-
tion loop is responsible for characterizing the PA’s dynamics through a Hammerstein model.
The distortion injection loop models the residual distorted signal. This inter-modulation dis-
torted signal is modeled via a combination of parallel nonlinear FIR filters to better mimick
of the inter-modulation distortion products in the out-band regions. The model performance
was assessed, and outperformed the state-of-the-art models, especially in the regions of the
inter-modulation products. Indeed, the distortion injection loop was found to complement
the main signal cancellation loop by adding an adequate mechanism to model the nonlinear
dynamics of the inter-modulation distorted signal.

In Chapter 3, a joint DPD is proposed for compensation of 7/Q) imbalance and PA non-
linearity in single-band transmitters. Indeed, the performance of different DPD linearizers
is affected by the imperfections of the up-converters in the transmission path and down-
converters in the feedback path. These imperfections are caused by the non-idealities of
the analog 1QQ modulators. The imperfections include gain imbalance, imperfect quadrature,
and LO leakage, which will result in MFI and degraded EVM. Recent DPDs are mainly

concerned with PA distortion, while the /() modulator imperfections are mitigated sepa-
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rately in a two step process [54]. Therefore, the proposed structure is a complexity-reduced
compound DPD for the joint mitigation of linear and nonlinear distortion of the transmit-
ter [96]. The proposed DPD is able to adapt to the changes of the input data in the presence
of modulator 7/ imbalances. The proposed linearization technique is validated in the cases
of zero-IF and low-IF transmitters.

In Chapter 4, the nonlinear distortion in the case of dual-band transmitters is analyzed.
The output distortion in this case arises from the cross-modulation and inter-modulation
products that result from the interaction of multiple channels in a nonlinear environment,
concurrently. These products manifest themselves as extra in-band and out-of-band distor-
tion, rather than the distortion output in single-band cases. The proposed DPD in Chapter
3 is extended and a dual-input truncated Volterra model is proposed for the joint mitigation
of dual-band PA inter-modulation and cross-modulation distortion in the presence of modu-
lator imperfections and DC offset [106]. The proposed model showed enhanced performance
and lower computational complexity than the state-of-the-art models. Therefore, the imple-
mentation of the proposed model in DSP/ FPGA platform is more practical as well as more
economical in utilizing the FPGA resources.

In Chapter 5, theoretical analysis of the nonlinear distortion in the concurrent tri-band
transmitters was given. It was shown that the cross-band modulation in the concurrent tri-
band PA has a more complex form than that in the concurrent dual-band PA. Subsequently,
a 3-D MP DPD is presented for the linearization of tri-band PA [108] for the first time. The
proposed DPD was validated in a multi-band /multi-standard scenario by driving the PA,
with three single-carrier 5 MHz LTE, WCDMA, and WiMAX signals applied in the three

bands, concurrently.
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The analysis is further extended in order to include the effects of the phase distortion
in the tri-band transmitter. The phase response of RF filters is an important parameter
for the transmission of signals through the filter. Unless the signal is just a sine-wave, the
filter phase response will always create signal distortion. The phase relationships of the
signal frequency components are affected by the filter’s phase response. Indeed, using wider
bandwidth signals will cause difference in group delay. The difference in group delay, for
signals spread out over a filter’s pass-band, is a measure of the phase distortion introduced
by the filter. Thus, the transmitter phase distortion affects the transmission quality and
needs to be compensated for. Therefore, for the first time in multi-band DPDs, a novel 3-D
phase-aligned DPD is proposed that takes into account both the compound amplitude and
phase variation effects in a concurrent tri-band transmitter [111].

The general basis function for the 2-D MP model has high complexity that requires a high
number of coefficients. It only includes the diagonal terms of the general Volterra model in
dual-band case, which also limits the model’s performance. In Chapter 6, the basis function
of the multi-dimensional model is extended to include higher-order cross terms of the general
pass-band Volterra model including the amplitude and phase variation effects. However,
this will increase the computational complexity even more. Therefore, the proposed pruned
model is based on a distributed polynomial basis function with a radial pruning approach
that separately characterize the dynamic nonlinearity of the cross-modulation products [118].
Indeed, the proposed multi-branch model accomplishes a significant reduction in the number
of coefficients, with improved accuracy due to the added distortion terms. The proposed
DPD is validated for a dual-band case by exciting a dual-band Class AB PA with different

scenarios of different standards and bandwidth multi-carrier signals.
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7.2 Future work

A potential future work of this research is to implement the proposed multi-dimensional
models in a DSP/FPGA platform to test their accuracy and the numerical stability of their
identification procedure. Another issue that must be addressed is the adaptability of the
DPDs in order to compensate for the varying conditions, such as temperature and long
term memory effects of base station PAs in the case of concurrent operation. For the future
work, direct learning architecture can be studied and used for the identification of the multi-
cell DPD functions. The direct learning architecture is more complex than the indirect
architecture as it requires explicit knowledge of the DUT model, where adaptive algorithms
are used to identify the coefficients of the predistorter that are updated directly from the
DPD input. Thus, they can adapt faster to the varying conditions of the multi-band PAs.
The impact of using the direct learning architecture on both the DPD performance and its
added computational complexity would be worth studying for future research.

Another important factor that should be studied in multi-band PAs is the efficiency of
transmission. Therefore, different efficiency enhancement transmitter architectures suitable
for multi-band operation should be considered for future research. An example of such
architectures, is an envelope tracking multi-band transmitter. In this case, the power supply
voltage should be dynamically adapted according to the input signal envelope, such that the
PA will always approach to the saturation and result in high efficiency. In case of multi-band,
the dynamic supply should be adapted according to the multi-input signals waveform shaping
techniques in order to ensure a trade-off between high-efficiency and high-linearity at the

different frequency bands. Primary results of the envelope tracking multi-band transmitter is
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presented in [120]. However, the generalization of the different multi-band DPDs presented
in this dissertation is required in order to compensate for the added distortion in case of
envelope tracking transmitters. The added distortion is due to the dynamic supply voltage
that create Vpp — AM and Vpp — PM effects that should be compensated for by the multi-

band DPD.
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Appendix A

Derivation of the dual-band general static model

The passband output y(¢) is related to the bandpass inputs x;(t) and x»(t) by:

y(t) = ar(arz(t) + agra(t))* (A.1)

Therefore, y(t) can be expressed as:

y(t) =D D Ohawn (1(1)) 7 (s (t)" (A.2)

k=1 r1=0

bl
b—a)lal’

The complex representation of the passband signal x(¢) in terms of its complex envelope

where the set of coefficients ay,., is equal to ag,, = ag(a1)* " (ap)™ and C° =

Z(t) is:

o(t) = z(t)elt —|—2i*(t)e_’“’t (A.3)

where the complex envelope Z(t) can be represented as #(t) = X (t)e/’®, where X (¢) and
0(t) are the instantaneous amplitude and phase of Z(t), respectively.
For convenience, the notation (¢) is dropped hereafter. Replacing the passband signals

x1 and x5 in (A.2) with their complex representations results in:
Nk
y(t) =D ) 0 S CF g, (31 (1) + B () 7T (@ 1)/ + B3(He 7). (AA)

By applying the binomial theorem, the above relation ends up to as:

N k k—r1 7
1 —r 1~ —r1— ~ % ~ \T1— ~ %
yt) =>_ > @Cflakm YD G CR @) (@) () (i)
k=1 r1=0 k1=0 ko=0

x elwi(k—r1—=2k1)t jjwa(r1—2k2)t (A5)
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Therefore, the general basis function series ¢y, for the dual-band model is given by:

¢kr(§:17 i2) _ (fl)k_n_kl (i”{)kl (i,z)ﬁ—kz (i;)kz elwi(k=r1=2k1)t ,jwa(r1—2k2)t (A6)

For the terms around wy:
k—ry — 2k =1
r — 2]{32 =0

The basis function for the terms around w; is then given as:
[¢kr(jla :i,2)]w1 _ (f1)1+k1 (i‘ﬁ{)k‘l (:Z,2)k2(:i,;)kzejw1t _ :Z'1|:Z'1|2k1|572|2k26jw1t (A7)

Similarly, the terms grouped around the different frequencies are calculated, and the general

equation for the dual-band PA can be given by:

N kE k—r1 m

75D 3D D PP TIMCerlleH

k=1 r1=0 k1=0 k2=0

X |:(i’1|:1~;'1|2k1|j»2|2k2)6jw1t

+ (f2|i’1|2k1|j2|2k2)6]’w2t

+ (:i’fitajl|2(k1—1)|:Z,2|2k2)6j(2w2_w1)t
4 (F2FL| T [P 2 Y (e )t

(IR a2 DBt ] (A8)

y can also be expressed in terms of its complex envelope components around w; and ws,

similar to (A.3):

e G o (e

. . 4o (A.9)

By equating the coefficients in (A.8) and (A.9) around wy, the complex envelope ; of the
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output signal around w; can be given as:

N k k-rm m

DD IPIP I =Tiertermlter

k= 17‘1 Okl Okz 0

X T |31 [ |7 2 (A.10)

Similarly, the complex envelope 9, of the output signal around ws can be given as:
N k k—r1 m
~ k ~k—r
—ZZZZ%mﬁcl

k=1 r1=0 k1=0 ko=0

X | T |2M | Fo| 2P (A.11)

where the set of coefficients for each band can be grouped in one term as follows:

AW = ——a) choEmop
" 2 " (A.12)
Al(fr‘)l - 2k §€27‘1 Ck Ck " Crl

where A,(;n)l and A,(;)l are the model baseband coefficients for the lower and upper bands,

respectively.
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Appendix B

Derivation of the tri-band dynamic function

The derivation for s ,(n) is given as follows; where the dynamic bandpass model is given by

(5.11):

M;—1 M>y—1

ya(n) =) > Hyliria)

p=0 21=0 i2=t1+1

X [z1(n —i1) + z2(n — 1) + 23(n —01)]”

X [r1(n —12) + 22(n — dz) + x3(N — 12)]

By using the binomial theorem y4(n) can be expressed as:

D=3 S Yy () (1)

i1=0 iy=i1+1 p=0 r1=0712=0
Xy i, 2)2 77 (0= i) (n = i)
xxs' " (n —iy)x(n — i)

+Hpy oy (i1, 00) 2] (0 —dy) @52 (n — 4q)
x5 " (n —iy)x2(n — i)

+Hp g (i1, 32) 2 (0 — d1) 252 (0 — iy)

x%lwm—uﬁﬂn—bﬂ. (B.1)

The complex representation of the bandpass signal x(n) in terms of its complex envelope
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Then by replacing x(n) with its expression in (B.2), (B.1) can be rewritten as:

SED S 3D 9 9p oo (T

11=0 i2=i1+1 p=0 r1=0r2=0

zzzz( L))

=0 k3=0 k4=0 k5

{Bnrsraalis, i2)6 (@1 (), Ea(n), & ()
+h107r1,7‘2,2 (ilv 7;2)¢(2) [jl (n>7 T (n)v T3 (n)]

it 12)6 [71(n), Fa(n), 7)) |
Therefore, the three basis functions can be expressed as follows:
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09 [21(n), T2(n), T3(n)] =

1—ks [ ksejw;g(l—Qk‘s)(n—iz)Ts
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By regrouping the terms around the fundamental frequencies wy, wo, and w3 in (B.4), (B.5),
and (B.6), the general equation in (5.12) can be reached. Similarly, the tri-dimensional

dynamic function can be derived by further expansion of the dynamic expression in (5.15).
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