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Abstract

Among various multi-carrier transmission techniques, orthogonal frequency-division mul-
tiplexing (OFDM) is currently a popular choice in many wireless communication systems.
This is mainly due to its numerous advantages, including resistance to multi-path distor-
tions by using the cyclic prefix (CP) and a simple one-tap channel equalization, and effi-
cient implementations based on the fast Fourier and inverse Fourier transforms. However,
OFDM also has disadvantages which limit its use in some applications. First, the high
out-of-band (OOB) emission in OFDM due to the inherent rectangular shaping filters poses
a challenge for opportunistic and dynamic spectrum access where multiple users are shar-
ing a limited transmission bandwidth. Second, a strict orthogonal synchronization between
sub-carriers makes OFDM less attractive in low-power communication systems. Further-
more, the use of the CP in OFDM reduces the spectral efficiency and thus it may not be
suitable for short-packet and low-latency transmission applications. Generalized frequency
division multiplexing (GFDM) and circular filter-bank multi-carrier offset quadrature ampli-
tude modulation (CEFBMC-OQAM) have recently been considered as alternatives to OFDM
for the air interface of wireless communication systems because they can overcome certain
disadvantages in OFDM. Specifically, these two systems offer a flexibility in choosing the
shaping filters so that the high OOB emission in OFDM can be avoided. Moreover, the
strict orthogonality requirement in OFDM is relaxed in GFDM and CFBMC-OQAM which
are, respectively, non-orthogonal and real-field orthogonal systems. Although a CP is also
used in these two systems, the CP is added for a block of many symbols instead of only
one symbol as in OFDM, which, therefore, improves the spectral efficiency. Given that the
performance of a wireless communication system is affected by various physical impairments
such as phase noise (PN), in-phase and quadrature (IQ) imbalance and imperfect channel es-
timation, this thesis proposes a number of novel signal processing algorithms to compensate

for physical impairments in multi-carrier communication systems, including OFDM, GFDM

and CFBMC-OQAM.

The first part of the thesis examines the use of OFDM in full-duplex (FD) communi-

cation under the presence of PN, IQ imbalance and nonlinearities. FD communication is a

il



promising technique since it can potentially double the spectral efficiency of the conventional
half-duplex (HD) technique. However, the main challenge in implementing an FD wireless
device is to cope with the self-interference (SI) imposed by the device’s own transmission.
The implementation of SI cancellation (SIC) faces many technical issues due to the physical
impairments. In this part of research, an iterative algorithm is proposed in which the SI
cancellation and detection of the desired signal benefit from each other. Specifically, in each
iteration, the SI cancellation performs a widely linear estimation of the SI channel and com-
pensates for the physical impairments to improve the detection performance of the desired
signal. The detected desired signal is in turn removed from the received signal to improve
SI channel estimation and SI cancellation in the next iteration. Results obtained show that
the proposed algorithm significantly outperforms existing algorithms in SI cancellation and

detection of the desired signal.

In the next part of the thesis, the impact of PN and its compensation for CFBMC-OQAM
systems are considered. The sources of performance degradation are first quantified. Then, a
two-stage PN compensation algorithm is proposed. In the first stage, the channel frequency
response and PN are estimated based on the transmission of a preamble, which is designed to
minimize the channel mean squared error (MSE). In the second stage the PN compensation
is performed using the estimate obtained from the first stage together with the transmitted
pilot symbols. Simulation results obtained under practical scenarios show that the proposed
algorithm effectively estimates the channel frequency response and compensates for the PN.
The proposed algorithm is also shown to outperform an existing algorithm that implements

iterative PN compensation when the PN impact is high.

As a further development from the second part, the third part of the thesis considers
the impacts of both PN and IQ imbalance and proposes a unified two-stage compensa-
tion algorithm for a general multi-carrier system, which can include OFDM, GFDM and
CFBMC-OQAM. Specifically, in the first stage, the channel impulse response and 1Q im-
balance parameters are first estimated based on the transmission of a preamble. Given
the estimates obtained from the first stage, in the second stage the 1QQ imbalance and PN

are compensated in that order based on the pilot symbols for the rest of data transmis-
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sion blocks. The preamble is designed such that the estimation of IQQ imbalance does not
depend on the channel and PN estimation errors. The proposed algorithm is then further
extended to a multiple-input multiple-output (MIMO) system. For such a MIMO system,
the preamble design is generalized so that the multiple IQQ imbalances as well as channel
impulse responses can be effectively estimated based on a single preamble block. Simulation
results are presented and discussed in a variety of scenarios to show the effectiveness of the

proposed algorithm.
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1. Introduction

1.1 Motivation

The next generation of wireless communication systems is expected to support not only a
wide range of data rates, but also a large number of devices which share a limited transmis-
sion bandwidth. Currently, wireless communication techniques can be broadly divided into
two categories. One is single-carrier modulation techniques and the other is multi-carrier
modulation techniques. Single-carrier modulation techniques have a long development his-
tory and have been widely used in many wireless communication systems. However, single-
carrier modulation systems use only one radio-frequency (RF) signal (sinusoid) to transmit
data symbols and often require complicated multi-tap equalizers to detect the transmitted
symbols because of the interferences induced from multi-path fading channels in wireless
communications. In contrast to single-carrier modulation techniques, multi-carrier modula-
tion techniques partition the whole channel’s frequency band into many sub-channels and
the high-rate data stream is divided into many low-rate sub-streams that are transmitted in
parallel. If the sub-channels are narrow enough, the associated channel frequency response
in each sub-channel is essentially constant, which enables low-complexity detection of the

transmitted information.

Multi-carrier transmission has been extensively studied over the last few decades [1].
Currently, orthogonal frequency-division multiplexing (OFDM) is the dominant signaling
format for high-speed wireless communication due to its numerous advantages [2]. Specifi-
cally, OFDM provides an efficient implementation based on the use of inverse discrete Fourier
transform (IDFT) and discrete Fourier transform (DFT) at the transmitter and receiver,

respectively. The interferences induced from a dispersive fading channel are completely re-



moved by the use of a cyclic prefix (CP) whose length is longer than the delay spread of
the channel. As such, OFDM enables a simple channel equalization. Furthermore, this
multi-carrier modulation can be readily applied for multiple-input multiple-output (MIMO)
channels. However, OFDM also has its own disadvantages which limit its use in some appli-
cations envisioned for the next generation wireless networks. First, the use of IDFT at the
transmitter is equivalent to the use of a rectangular pulse shaping filter which leads to an
undesirable magnitude response in the frequency domain. As such, this disadvantage pre-
vents OFDM from being applied in non-contiguous spectrum sharing systems [3]. Second,
many advantages of OFDM requires the strict orthogonality among sub-carriers, which is,
however, hardly achieved in practice due to unavoidable frequency and timing offsets be-
tween the transmitter and the receiver. To cope with these impairments, a compensation
algorithm is required which, therefore, increases not only the implementation complexity of
the transceiver, but also the power spent for orthogonality acquisition. As such, OFDM
may not be a suitable choice in applications that demand very low power consumption [4].
Furthermore, since a CP does not carry any useful information, its use results in a loss of
spectral efficiency and increased latency. Therefore, the application of OFDM in short-packet

and low-latency communication is also limited [5].

Generalized frequency-division multiplexing (GFDM) [6,7] and circular filter-bank multi-
carrier offset quadrature amplitude modulation (CEFBMC-OQAM) [8] have been recently
proposed for next generation wireless networks to overcome the disadvantages of OFDM [9].
The rectangular pulse shaping filter in OFDM is replaced by a better designed prototype filter
in GFDM. As such, GFDM is more favorable in non-contiguous spectrum sharing systems.
The orthogonality requirement among sub-carriers in OFDM is also removed in GFDM,
but it comes at the expense of having interferences induced from one sub-carrier to the
other. Therefore, interference cancellation techniques are often used to avoid performance
degradation [9]. To overcome the need of having a high-complexity receiver in GFDM,
CFBMC-OQAM is proposed. Specificallyy, CFBMC-OQAM has all advantages of GFDM.
The orthogonality is now relaxed in the real domain with the use of OQAM. It has been
shown that in the ideal case where there is no channel and noise, CFBMC-OQAM systems are



free of interferences. In GFDM and CFBMC-OQAM, the transmitted signal is constructed
in blocks, each consisting of multiple sub-symbols. In this way, the insertion of CP can be
implemented in a more spectrally efficient manner compared to OFDM. In particular, the
overhead induced from CP is kept minimum in GFDM and CFBMC-OQAM by adding a
single CP for the entire block of sub-symbols instead of for every sub-symbols as in OFDM.

Because of their relevance in high-speed communication systems, OFDM, GFDM and
CFBMC-OQAM are studied in this thesis. The next section discusses further the main

objectives of this research.

1.2 Research Objectives

There are two main objectives in this research:

(i) Integration of full-duplex communications with OFDM. Future wireless net-
works are envisioned to deliver ever-increasing data rates. As such, integration of new
techniques into multi-carrier communication systems is inevitable. Current wireless
communication systems are designed for devices that operate on a half-duplex (HD)
mode in which signal transmission and reception are performed separately by either a
time-division or frequency-division duplex. Instead of HD operation, full-duplex (FD)
operation has recently been considered to improve the spectral efficiency of a wireless

communication system.

The biggest challenge in realizing FD communications is to handle the enormous
amount of self-interference (SI), which is caused by the large power difference be-
tween the signal imposed by a device’s own wireless transmissions and the received
desired signal arriving from a remote device. Ideally, a perfect suppression of the SI is
plausible since the transmitted signal is always known within the FD device. However,
in reality, the actual SI signal is only partially known due to many inherently physi-
cal impairments in the transceiver’s circuitry such as phase noise (PN), in-phase and

quadrature (IQ) imbalance and nonlinearities.

Although PN, IQ imbalance and nonlinearities have been studied for FD communi-



(i)

cations, their impacts are often considered separately or as a combination of two or
three impairments, and also in either a transmitter or a receiver only. In other words,
there is no work considering the joint effects of PN, IQ imbalance and nonlinearity
from both the transmitter and receiver in a multi-carrier FD communication system.
Moreover, the interference induced from physical impairments is commonly treated as
noise in existing research in order to simplify the system model. Different from existing
research, we shall consider a bi-directional FD communication system in which PN, I1Q
imbalance and nonlinearity are present in both transmitter and receiver. Impacts of
the physical impairments shall be first analyzed. The obtained analysis is then used to
guide the development of an algorithm that can take into account the impacts of PN, I1Q
imbalance and nonlinearity to effectively mitigate the effect of SI. Performance of the
developed algorithm shall be evaluated based on computer simulation and compared
with existing algorithms to show whether the developed algorithm can do a better job

in canceling SI, leading to improving the decoding performance of the desired signal.

Impact of physical impairments and their compensation in multi-carrier
systems. Hardware imperfections can significantly degrade performance of wireless
multi-carrier systems by causing distortions, interferences and other random effects.
Dealing with physical impairments such as PN, IQ imbalance and nonlinearities will
be one of the major design challenges for the next generation wireless communication
systems due to conflicting requirements, namely high data rate, low cost and low
power consumption. Relying on digital compensation of the imperfections appears
to be a very promising approach. Pursuing that path, however, requires thorough
understanding of the influence of the RF non-ideal effects on the received signal and

the resulting system performance.

The impact of physical impairments and their compensation have been extensively
studied for OFDM systems. However, not many studies have been done for GFDM
and CFBMC-OQAM systems concerning physical impairments. Recall that, differ-
ent from OFDM, GFDM and CFBMC-OQAM are, respectively, non-orthogonal and

real-domain orthogonal systems. Having different signal processing operations in the



transceiver would result in different impacts of physical impairments on the received

signal, and hence require different ways to compensate for them.

In this research, the impact of PN and its compensation shall be first studied in
CFBMC-OQAM systems. Specifically, the interferences induced by PN shall be first
quantified. Then, an algorithm shall be proposed to compensate for the PN impact
which should take into account the interferences. Compensation of PN is even more
challenging when the channel is unknown. As such we shall also develop a PN com-

pensation algorithm that can work effectively with the estimated channel.

Along with PN, the impact of IQ imbalance shall also be considered. Furthermore, this
part of research shall be considered for a general multi-carrier system, which includes
OFDM, GFDM and CFBMC-OQAM as particular cases. We aim to design a preamble
so that estimation of the IQ imbalance parameters can be done independently from
the channel estimate. Given the IQ imbalance and channel estimates, compensation
of the I imbalance and PN are then carried out. The developed algorithm shall be
further extended to a MIMO system.

1.3 Organization of the Thesis

This thesis is organized in a manuscript-based style. The results obtained are included
in the form of published manuscripts. In each chapter, a brief introduction precedes each

manuscript in order to connect the manuscript to the main context of the thesis.

This thesis has seven chapters. The first chapter gives a motivation of the research and

states the research objectives.

Chapter 2 provides an in-depth look at the single-carrier QAM and multi-carrier systems.
The fundamental difference between the two systems will be explained. Discussion of FD

communications and physical impairments is also included in this chapter.

In Chapter 3, a bi-directional OFDM-based FD communication scenario is considered.
In this work, the implementation of self-interference cancellation (SIC) is affected by the

presence of PN, I1Q imbalance and power amplifier (PA) nonlinearity. To effectively mitigate



the effect of self-interference (SI), the proposed SIC algorithm in this chapter is operated it-
eratively in which the processes of SI cancellation and detection of the desired signal aid each
other in each iteration. The impairments are also estimated and compensated to improve

the decoding performance.

In Chapters 4 and 5, the impact of PN and its compensation are considered in CFBMC-
OQAM systems. The source of performance degradation in CFBMC-OQAM in terms of
signal-to-interference ratio (SIR) induced from the PN impact is first studied in Chapter
4. Then, an algorithm is proposed to compensate the PN impact by estimating the PN
conjugation. Different from Chapter 4 where the channel is assumed to be perfectly known
at the receiver, a two-stage algorithm is proposed in Chapter 5 to take into account the

channel estimation error while performing the PN compensation.

As a further development from Chapters 4 and 5, the impact of both PN and IQ imbalance
is considered in multi-carrier modulation systems in Chapter 6. A two-stage compensation
algorithm is first proposed for a single-input single-output (SISO) system in this chapter.
Then, the proposed algorithm is further extended to a MIMO system where a spatial diversity
technique is deployed.

Finally, Chapter 7 summarizes the contributions of this thesis and suggests potential

research problems for future works.

For all the four published manuscripts in Chapters 3 to 6, the research problems were
jointly formulated by the student and the supervisor. The student made original and major
contributions in addressing these problems, carrying out analysis, writing Matlab programs
for computer simulation, obtaining and presenting the results, preparing the first versions
of the manuscripts, and implementing revisions required by the reviewers. The supervisor
worked closely with the student and provided comments, suggestions, and corrections in all

aspects of the research.
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2. Background

The main purpose of every communication system is to reliably transmit as much infor-
mation as possible through a propagation channel. Depending on channel characteristics,
a communication system can be generally classified as a wired or wireless communication
system. In wired communication, signal is transmitted as electrical currents over physical
filaments like coaxial cables, or twisted pairs. On the other hand, wireless communication
involves the transmission of signals through the air without requiring any wires or cables or
electrical conductors. Compared to wired communication, wireless communication has been
more widely used nowadays because of its advantages such as there is no need to physically
connect the transmitter and receiver in order to transmit or receive messages. Thus wire-
less communication enables people to communicate with each other virtually regardless of
their locations. However, wireless communication has its own disadvantages such as wireless
networks are extremely susceptible to noise and interference from other signals being trans-
mitted on the same channel. Also, the range of a wireless network is generally limited. This

thesis particularly focuses on studying wireless communication systems.

A typical wireless communication system is depicted in Fig. 2.1 In this figure, the infor-
mation source is represented as a sequence of bits 0’s and 1’s. The function of a transmitter
is to convert a bit stream to a continuous time signal z(¢) before transmitting through a
channel. In practice, this process undergoes many stages. Specifically, taking into account
the redundancy of the information source, a source encoder represents the information in a
more compact form by a compression algorithm. The strategy of a channel encoder, on the
other hand, is to add redundancy to the compressed signal so that errors caused by noise and

interference during transmission can be corrected at the receiver. To properly represent the
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Figure 2.1: A simple block diagram of a wireless communication system.

signal for transmission, the coded bit sequence is further processed by a digital modulator

to map the bits into complex symbols.

For efficient transmission over a wireless channel, the complex symbols are further modu-
lated with a very high radio frequency (RF) signal before being sent to the transmit antenna.
This RF signal is also called as a carrier because it helps to “carry” information from a trans-
mitter to a receiver over the air. This process is called RF up-conversion. The signals before
and after this up-conversion are referred to as baseband and passband signals, respectively.
To perform the RF up-conversion, the discrete-time signal from the digital modulator is first
passed through a digital-to-analog converter (DAC) to convert the transmitted signal from
the discrete-time domain to the continuous-time domain. The output of the DAC is then

modulated with the RF signal which is represented by “RF Modulator” block in Fig. (2.1}

The passband signal is then transmitted through a wireless channel. In Fig. the
channel is represented by an impulse response h(t). Recall that the impulse response of a
system refers to the response of that system when its input is an impulse. During trans-
mission, the signal is usually distorted by contamination such as noise or interference from

other signals being transmitted over the same channel. This contamination is represented

by w(t) in Fig. [2.1

The main task of a receiver is to reconstruct the information bit sequence from the
distorted signal with as less errors as possible. The reconstruction process is performed in

the reverse order as what was done at the transmitter. Specifically, the received passband
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waveform is first down-converted and sampled to obtain the discrete-time baseband signal,
which is performed by the “RF Demodulator” and analog-to-digital converter (ADC) blocks
in Fig. The discrete-time baseband signal is then processed by a digital demodulator.
The coded bit sequence after demodulating is then passed through a channel decoder which is
responsible for detecting and correcting erroneous bits. A source decoder eventually reverts

the compression process to recover the transmitted information bit sequence.

This thesis mainly focuses on signal processing steps between digital modulation at the
transmitter and digital demodulation at the receiver. In this chapter, a single-carrier wireless
communication system is first presented in Section 2.1} Then the limitation of this system in
dealing with a multi-path channel is discussed to motivate the use of multi-carrier wireless
communication, which is described in Section [2.2] Next, an introduction to the impact
of physical impairments in communication systems is given in Section [2.3] which is then

followed by a description of FD communications in Section [2.4]

2.1 Single-Carrier Wireless Communication Systems

2.1.1 Transmitter

Among various modulation techniques, M-ary quadrature amplitude modulation (M-
QAM) is perhaps the most popular technique being used in many communication systems
nowadays. Fig. shows two M-QAM constellations. The left constellation is 4-QAM,
which is more commonly referred to as Quadrature Phase Shift Keying (QPSK), and the
right constellation is 16-QAM. It is pointed out that a constellation of an M-ary QAM
modulation represents a set of M symbols in a two-dimensional /Q-plane. In this plane, each
symbol is represented by a complex number in which the in-phase (I) axis and quadrature
(Q) axis represent the real and imaginary components, respectively. The mapping of a bit
sequence into a complex symbol in Fig. is known as Gray mapping, in which adjacent
symbols differ by only one bit. With such a mapping, if a detection error occurs between
adjacent constellation points, which is the most probable error in practice, it results in only
one bit error. For example, if the input of a 4-QAM modulator is [01 11 00 01}, then

the output of the modulator is a sequence of complex symbols [1—j —1—j5 145 1—j].

11
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Figure 2.2: Examples of QPSK (M = 4) and 16-QAM (M = 16) constellations.

Fig. depicts a block diagram of a single-carrier wireless communication system. At
the transmitter, the input bit stream is divided into segments consisting of log, M bits
by the serial-to-parallel (S/P) converter. The mapping from a bit segment to a symbol is
performed in a look-up table (LUT). For example, based on the mapping from Fig. the
look-up tables LUT 1 and LUT 2 are shown in Fig. 2.4 for I and @ components for 16-QAM
modulation, respectively. From Fig. [2.3] the transmitted M-QAM passband signal can be
represented as

x(t) = Z <\/§1’I[n]pT(t — nT,) cos(wet) — V2zq[nlpr(t — nTy) Sin(wct)> (2.1)

n

where pr(t) is the impulse response of the transmit pulse shaping filter, z;[n] and zg[n| are
the outputs of LUT 1 and LUT 2, respectively. T} is the symbol interval, w, = 27 f, and f,
is the frequency of the RF signal. It is pointed out that the DAC block in Fig. [2.1] can be
equivalently separated into the “Impulse Modulator” and “Pulse Shaping Filter” blocks in
Fig. 2.3 Define [n] = z[n]+ jzg[n]. Then the transmitted signal in can be rewritten

12
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Figure 2.3: Block diagram of a single-carrier wireless communication system.

as

z(t) = V2R {Z zn|pr(t — nTS)ejwct} : (2.2)

n

Next, the passband signal x(t) is propagated through a wireless channel.

2.1.2 Wireless Channel

In Fig. ﬁ, the wireless channel is characterized by an impulse response h(t). A defining
characteristic of a wireless channel is the variation of channel strength over time and fre-
quency. This variation can be broadly divided into two different types as large-scale fading
and small-scale fading. A classification of fading channels is illustrated in Fig. Large-
scale fading occurs when a mobile device moves through a large distance, for example, a

distance of the order of a cell size. It is caused by path loss of signal as a function of distance
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0000| 1 0000 1
0001] 1 0001] 3
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Figure 2.4: Look-up tables for 16-QAM modulation.

and shadowing by large objects such as buildings or hills. On the other hand, small-scale
fading refers to a rapid variation of signal levels due to constructive and destructive inter-
ference of multiple signal paths (multi-paths) when the mobile moves over short distances.

For small-scale fading, as the mobile terminal moves, depending on the transmission scheme

Fading Channel
[
Large-scale Small-scale
Fading Fading
[ [
Path loss Shadowing Multipath Time Variance

Frequency-selective

Flat Fading Fast Fading Slow Fading

Fading

Figure 2.5: A classification of fading channels.

and channel characteristics, there are some specific types of fading as indicated in Fig. [2.5]
A transmission scheme is specified with signal parameters such as signal bandwidth B, and

symbol period Ts;. Meanwhile, a wireless channel is characterized by two important param-
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eters, multi-path delay spread T, and Doppler spread D.

Multi-path delay spread is defined as the difference in propagation time between the

_L

longest and shortest paths, counting only the paths with significant power. Define W, = 5T

as the coherence bandwidth. Then, when bandwith of the input signal B, is considerably
less than W,, the channel is usually referred to as flat fading. In this case, the delay spread
Ty is much less than the symbol interval Ty, and the channel impulse response h(t) can be
represented by an one-tap filter. Whereas, when bandwidth B, is much larger than W, the

channel is said to be frequency selective, and it has to be represented by a multi-tap filter.

Doppler spread is a measure of spectral broadening caused by the rate of change of the
mobile radio channel and is defined as a range of frequencies over which the received Doppler

spectrum is essentially nonzero. Define T, = as the coherence time. Then, when the

1
D,
symbol interval T is much greater than the coherence time T, the channel is referred to as

fast fading. Otherwise, the channel is referred to as slow fading.

2.1.3 Receiver

At the receiver, the received signal is corrupted by noise and interferences, which are all

together represented as w(t). Hence, the received signal can be written as
y(t) = h(t) * z(t) + w(t) (2.3)

where * denotes linear convolution operator. The received signal y(t) is first down-converted
to baseband by mixing with /2 cos (wet) and —v/2sin (w.t), and then passed through low-
pass filters to obtain y;(¢) and yq(t) corresponding to the in-phase and quadrature signal
components, respectively. The resulting signals are further forwarded to matched filters,
which are characterized by an impulse response pg(t), to produce z;(t) and zg(t). The
resulting signals are sampled by a sampler at every T, seconds to obtain discrete-time sig-
nals zy[n| and zg[n]. These signals are then forwarded to the decision block to detect the

transmitted bits.

The communication occurs in the passband domain. However, most of the processing,

such as coding/decoding, modulation/demodulation, is performed in the baseband domain.
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Figure 2.6: The complex baseband equivalent model.

Therefore, from the system design point of view, it is useful to have a baseband equivalent
representation of the system. Define x,(t) = Y z[n]|pr(t — nTs) = z1(t) + jag(t) as the
complex baseband equivalent of the passband signal x(t). From ([2.1]), one obtains

2(t) = V2R {ay(t) e’} (2.4)

Similarly, define y(t) = v29R {y(t)e/t} and w(t) = V2R {w,(t)e’'}, where y,(t) and
wy(t) are the complex baseband equivalents of y(t) and w(t), respectively. Then (2.3]) can

be rewritten as
R {yp(£)e’"} = h(t) « (R {zp(t)e’" }) + R {wy(t)e™ "}, (2.5)

which is further written as

R {yp(t)e™ '} = / " ()R {anlt = )T dr 4+ 9% ()

- | | | (2.6)
= / R { [h(T)ZEb(t — T)e_chT] ej“’ct} dr + R {wb(t)ejwct} .
By defining h;(7) = h(7)e 7“7, then one obtains
yb(t) = /_OO hb(T).’L'b(t — T)dT -+ wb(t) = l’b<t) * hb(t) + wb(t) (27)

Equation ([2.7)) implies that the original passband model in (2.3) can be equivalently repre-
sented as in Fig. 2.6, Furthermore, one can prove that y;(t) = R{y,(¢)} as follows:
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LPF < v2y(t) cos (w, )}

{vave
{f / 2(t — 7) cos (wet )dT} +LPF {\/iw(t) cos (wct)}
wr{a [

7) (z1(t — 7) cos (we(t — 7)) — xg(t — 7) sin (w.(t — 7))) cos (wct)dT}

+ LPF {29{ {wy(t)e’'} cos (wet) }

= /_OO h(T) (xr(t — 7) cos (weT) + xg(t — 7) sin (w.T)) dT + R {w,(t) }

[e.9]

— /_OO h(r)R {ay(t — 7)e 77} dr + R {wy (1)}

[e.9]

- {/Oo ho(T) 2y (t — 7)dT + wb(t)}

o0

=R {w(t)}
(2.8)

A similar proof can show that yg(t) = J{ys(t)}. Thus ys(t) = ys(t) + jyo(t).
Let x4(t) = Y (xr[n]o(t — nTs) + jrg[n]é(t —nTy)) and z(t) = z1(t) + jzo(t) be the
outputs of the impulse modulator and the matched filter blocks, respectively, then z(t) can

be written as
z2(t) = (vr(t) + jyo(t)) = pr(t) = y(t) * pr(t)
=" my(t) * hy(t) * pr(t) + wy(t) * pr(t) (2.9)

= xq(t) * pr(t) * hy(t) * pr(t) + wy(t) * pr(t)

N
=

Define p(t) = pr(t) * hy(t) * pr(t) and wa(t) = wy(t) * pr(t). Then,
oA8) = ault) < p(t) + walt) = [ Z za(r)plt — )T + walt) (2.10)
Sampling z(t) at every interval Ty at the receiver results in
z(nTs) = /00 zq(T)p(nTs — 7)d7T + wa(nTy) (2.11)

o0

However, it is noted that z4(t) is the output of the impulse modulator whose values are only

non-zero at multiples of T, thus the above equation can be rewritten as

nT,) = xg(kT)p(nT, — kT.) + we(nTy) (2.12)
k

17



It can be seen from (2.12)) that the received signal at the receiver is obtained individually at
multiples of sample interval 7. Thus a discrete-time model for the communication systems

in Fig. can be written as

Zxd k] + wa[n] = xa[n] * p[n] + wa[n] (2.13)

Equation (2.13)) can be rewritten as

2[n] = za[n]p[0] + ) _ zalk]p[n — k] + waln] (2.14)

From the above equation, it can be seen that the received signal at time slot n not only
depends on the transmitted symbol at time slot n, i.e., x4[n], but also depends on the
transmitted signals from previous time slots. This results in the so-called ISI. In order to

eliminate ISI, p[n] should satisfy the following condition

1, if n=0
pln] = (2.15)
0, otherwise.

It can be shown that the Fourier transform of p(t) satisfies

iP(f—%) =T, (2.16)

k=00
The above conditions are known as the Nyquist criterion. Fig. illustrates the Nyquist

criterion in the frequency domain.

One of the most popular function that satisfies the condition (2.16]) is the raised cosine

(RC) function, given as

£\ cos ( TB t)
pro(t) = sinc (—) —, (2.17)
") (3
Ts
where 0 < g < 1 is the roll-off factor. The corresponding frequency response which is the

Fourier transform of pre(t) is

(
L, f| < 572
Pre(f) = %{1+Cos [”TS (]f\ QTéﬂ}, QTB <|fl < sz' (2.18)
0, otherwise
\
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Figure 2.8: The raised cosine function.
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Plots of pre(t) and Pre(f) are shown in Fig. and Fig. [2.8b] respectively.
Design of Transmit and Receive Filters

As shown above, in order to eliminate ISI in single-carrier wireless communications,
the equivalent impulse response p(t) should satisfy the Nyquist condition in ({2.15). Since
p(t) is a convolution of pr(t), hy(t) and pg(t), to design the filters pr(t) and pg(t), the
complex baseband equivalent channel impulse response hy(t) should be known, which is not
always possible in practice. As such, a common approach is to assume an ideal channel, i.e.,
hy(t) = 0(t), and design the filters to maximize the signal-to-noise ratio (SNR) at the output
of the receive filter pg(t). For the case of additive white Gaussian noise (AWGN), it can be
shown that the optimal design is to split the Nyquist impulse response p(t) evenly between

the transmitter and receiver [1]. In the frequency domain, this means that

Pr(f) = Pr(f) (2.19)
The pair of filters that are related according to (2.19) are referred to as matched filters.

Since p(t) = pr(t) * pr(t), it follows that P(f) = |Pr(f)|> = |Pr(f)|?, or

[Pr(f)l = [Pr(f)l =V P(f). (2.20)

If P(f) is chosen as a RC spectrum in ([2.18)), then the spectra (i.e., Fourier transforms) of
pr(t) and pg(t) are square-root raised cosine (SRRC). The continuous-time impulse response

of a SRRC filter is given as [1]:

sin ((1 - 6)%) + % cos ((1 + B):’;—t)

s

(2.21)

Fig. 2.9 shows the SRRC function for various roll-off factors .
Detection Rule

Now, if the transmit and receive filters are designed to satisfy the Nyquist criterion, for

example as in (2.21]), the received signal sample at t = nT} is given as
z[n] = z[n] + wq(n] (2.22)
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Figure 2.9: Impulse response of the square root raised-cosine function.

where wgy[n| represents noise, which is a zero-mean complex Gaussian random variable with
variance Ny. The quantity Ny comes from the power spectral density (PSD) of AWGN,
which is Ny/2 watts/Hz.

The equivalent discrete-time channel model in (2.22)) is known as an AWGN channel
model. For such a channel model, the optimal detection rule that minimizes the probability
of error at the receiver can be shown to be the minimum-distance rule if the transmitted
symbol x[n] is equally likely to be selected from a QAM constellation [1]. The minimum-
distance decision rule is expressed as:

[n] = arg max [2[n] = [n]]] (2.23)

The above decision rule means that to detect the transmitted symbol based on the received
signal, the receiver looks among all possible z[n| to find the signal point that is closest to

the received signal z[n] in Euclidean distance.

Using the above minimum-distance receiver, the probability of symbol error can be com-
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puted for a square M-QAM constellation (i.e., M = 2* and ) is an even number) as [1]:

Plsymbol error| = 4 (1 - \/LM> Q ( (]\;—11)) (2.24)

where v = ff—; and E, is the average transmitted energy of the M-QAM constellation. For a
constellation, the energy of each symbol can be computed as a square of the distance between
the symbol and the origin [1]. For example, the energy of symbol (1 — j) in the 16-QAM
constellation in Fig. is 12 4+ (—1)? = 2 joules. Therefore, the average symbol energy for
16-QAM is computed as

1
Es= 15 [4(1% +1%) + 8(1* + 3%) 4+ 4(3* 4 3%)] = 10. (2.25)
Depending on how a constellation is defined, the value of E; can be different.

If Gray mapping is used to map a sequence of \ coded bits into a QAM symbol, then
two adjacent symbols differ in only a single bit. Since the most probable errors due to noise
result in the erroneous selection of a signal adjacent to the true signal, most symbol errors
contain only a single-bit error. It follows that the bit error rate (BER) of M-QAM under an
AWGN channel can be approximately as

ettt o )

-3 () e(ary)

where 7, = f,—’g and F, = ET is the average energy per bit. Fig. plots the bit error

(2.26)

probability (which is also commonly referred to as the bit error rate (BER)) with respect
to E,/Ny for a variety of M-QAM constellations. It can be seen from Fig. that the
performance is degraded when the modulation order M increases. Since a higher order M
means a faster transmission bit rate over the same bandwidth, the above observation means
that the transmit power needs to be increased to maintain the same system performance in

terms of the bit error probability.

The receiver design for the case of non-ideal channels, such as frequency-selective chan-

nels, could be much more complicated. This is because, as discussed before, to eliminate
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Figure 2.10: Bit error probability of a single-carrier communication system over an AWGN

channel.

the ISI induced from the channel, a pair of filters py(t) and pg(t) need to be designed such
that the equivalent channel impulse response p(t) = pr(t) * hy(t) * pr(t) satisfies the Nyquist
condition in . Such a design is much more challenging if the channel exhibits a high
level of frequency selectivity (equivalently the channel impulse response hy(t) has a large

number of multi-tap components).

Another popular approach to deal with ISI is to convert an ISI channel into non-ISI
parallel sub-channels such that a signal transmitted on the sub-channel only experiences
a constant gain and thus a simple scalar equalizer for each sub-channel is adequate. This
method is commonly known as multi-carrier modulation which is described in the next

section.

2.2 Multi-Carrier Wireless Communication Systems

The basic idea of multi-carrier transmission is to split the data stream into different

sub-streams and then send them over different sub-channels. Typically the sub-channels are
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made orthogonal under ideal propagation conditions. The data rate of each sub-channel is
much less than the total data rate. The number of sub-streams is chosen to ensure that each
sub-channel has a bandwidth less than the coherence bandwidth of the channel, so that the
sub-channels experience relatively flat fading. Thus, ISI on each sub-channel is very small

or can be completely canceled.

Fig. depicts a transmultiplexer implementing an N-band multi-carrier system, i.e.,
the channel is divided into N sub-channels. At the transmitter, the transmitted signal is
prepared to transmit through N distinct sub-carriers, where each sub-carrier is represented
by a filter with the impulse response f;(t),i =0,1,--- , N — 1. At the receiver, there are N
corresponding filters g;(t). The filters are narrow-band with distinct center frequencies, so

that the symbols sent over them do not interfere with each other.

G o |29
0) Mo 5.(0)

K K
1 AU )L g(1) —

Channel (+)
. h(?) .
sy, (1) Sy, (@
Sy @) gy (O)—
Transmitter Receiver

Figure 2.11: General structure of a multi-carrier communication system.

In this section, a detailed description is first provided for a general CP-based multi-carrier
systems. Then, OFDM, GFDM and CFBMC-OQAM are discussed as examples of CP-based
multi-carrier systems. Each system represents a different class of CP-based multi-carrier

systems, either an orthogonal, a non-orthogonal, or a real-domain orthogonal system.

2.2.1 CP-Based Multi-Carrier Systems

Figure [2.12]illustrates a CP-based multi-carrier system. A bit sequence u; corresponding
to the ith transmission block is first mapped into a symbol sequence d; by a QAM mapper.

Next, the symbol sequence d; is modulated by multiplying with a general multi-carrier
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Figure 2.12: A CP-based multi-carrier transceiver.
modulation matrix G; to obtain
T
xi= [20] @fl] - [N -1] =G (2.27)
Before transmitting over a wireless channel, a CP of length N, is added into x; to obtain
T
%= 0[N =N, o wN-1] af0] - 2N -1 as

T _

In (2.28), T, = [i N, I N} represents the CP insertion operation, where Iy, contains the
last Ny rows of an N x N identity matrix Iy. The CP essentially is a copy of the last N,
samples of x;. The resulting signal x; is passed through a DAC and then up-converted to a

passband signal z;(t).

The received passband signal is
yi(t) = h(t) * x;(t) + w;(t), (2.29)

where h(t) is the impulse response of the channel and w;(t) is thermal noise. The received
signal is then down-converted to baseband and lowpass filtered to remove the high-frequency
components. The ADC samples the resulting signal to obtain y; = [4;[0] @[1] --- [N+
N, — 1)]7. Let h = h[0] R[1] --- h[p—1] ! be the discrete-time complex baseband

equivalent impulse response of the wireless channel. Then

yi = HX, + GX;_1 + W, (2.30)
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where H and G are, respectively, given as

hlo] 0 0 !
B1] A[O] 0 e 0
a | | . | (2.31)
] 0 h[ﬂ— 1] h[O]_ (N+Ng)x(N+Ng)
and i -
0 - hlu—1] Al
. 0 hl2
I T 2.3
0 --- 0 o hlp=1]
0 --- 0 T 0
_ 1 (N+N,) < (N+N,)

and w; represents Gaussian noise of the ith transmission block. Equation (2.30]) indicates
that the received signal for the ith transmission block contains not only the desired signal
transmitted for the ¢th transmission block, i.e., x;, but also the transmitted signal from the

previous transmission block, i.e., X;_;. This phenomenon is called inter-block interference

(IBI).

In the receiver, the CP is first removed from the received signal before performing the

DFT. After removing the CP, the received signal y; is written as
Y = RCpHTCpXi + RCpGii—l + chﬁ/i. (233)

where the CP removal is represented by matrix Re, = [0 nxn, I N] One can verify that
when the CP length N, is longer than the channel length p, then R, G = 0. It means that
the IBI is completely eliminated from the received signal. Furthermore, it can be seen that

R, HT,, isan N x N circulant matrix:

hlo] 0 hlp— 1] hi2] R[]
o h['l] h['O} 0 h[.3] h[.Q] | 230
00 0 h1] o]
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Define v; = Repw;. Then, (2.33) can be rewritten as
Yi = Hcircthi + v;. (235)

The circulant matrix Hg,. can be represented as He,. = FYT'F where T is a diagonal matrix

with T' = diag {[h[0] hy[1] -+ he[N —1]]7}. F is the normalized DFT matrix whose
(k, m)th element is given as [Fy.,, = \/Lﬁe_j%. Note that hy = [hf[0] he[1] -+ hy[N—

1]]" is the N-point DFT of the channel’s impulse response h. Therefore, h is exactly the
frequency response of the channel evaluated at N carrier frequencies. Then ([2.35)) can be
rewritten as

y; = FITFG.d; + v;. (2.36)

To detect the desired signal, the received signal y; is first converted to the frequency domain
by the DFT to produce

where v; = Fv;. It is pointed out that the DFT does not change the statistical characteristics
of the noise v;. Define s; = FG;d;. Then

The above equation can be further rewritten as

Ui[n] = hy[n]s;[n] + 0;[n] for n=0,1,--- N —1. (2.39)

It is seen that is a set of NV independent equations in which each equation repre-
sents the received signal in a particular sub-channel. Furthermore, each equation resembles
the AWGN channel model in , albeit with a frequency-dependent channel gain h¢[n].
In other words, a CP-based multi-carrier system effectively decomposes the wide-band chan-
nel to a set of narrow-band orthogonal sub-channels. Knowing the channel gains hy[n],
n=20,1,--- N — 1, the receiver can recover the original s;[n] using the minimum-distance
rule by first dividing out these gains as §;[n] = y;[n]/h¢[n]. This process is called channel
equalization. To perform the channel equalization task, the channel state information has to

be first estimated based on the transmission of either pilots or preambles in practice [2}3].
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Specifically, preambles are training blocks which are transmitted at the beginning of each
transmission frame, while pilots are known symbols which are embedded into transmission
blocks based on a specific pattern and transmitted along with the data. Given known pream-
bles or pilots, channel frequency response can be estimated by dividing the received signal
by the corresponding preambles or pilots. Since a preamble occupies the entire transmission
block, the channel estimation based on a preamble, if well designed, should be better than

that obtained based on pilot symbols [2}3].

After channel equalization, the signal is further passed through an IDFT to obtain X;.
The output signal of the IDFT block is demodulated with a bank of filters to obtain

d; = G, % (2.40)

where the multi-carrier demodulation is represented by matrix G,. The output d, is finally

passed through a demapper to obtain 1.

In the next subsections, three specific designs of CP-based waveforms, namely OFDM,
GFDM and CFBMC-OQAM, are first described. After that, brief introduction of the most
common physical impairments in communication circuitries, namely phase noise, IQQ imbal-
ance and nonlinearity, is presented. An emerging technique to improve the spectral efficiency
of wireless communication systems, namely full-duplex communication, is also introduced at

the end.

2.2.2 OFDM

For OFDM, the multi-carrier modulation in the transmitter is performed by an IDFT,
i.e., G, = FH and the multi-carrier demodulation in the receiver is performed by a DFT
transform, i.e., G, = F. In OFDM, d; is a set of N complex QAM symbols which are related

to the output of the multi-carrier modulation as
xi[n] = d;[k]e’ . (2.41)

It can be seen that x;[n] is a weighted summation of N exponential functions, which represent

N different sub-carriers. If synchronization is perfect and there is no channel or noise, then
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N-1 :

. 1 , - diln], if k=n

LS e @ A (242)
VN = 0,

otherwise.

Equation (2.42) implies that OFDM is an orthogonal system.

In OFDM, the use of IDFT and DFT operations in the transmitter and receiver, respec-
tively, as filters helps to divide the whole system bandwidth into orthogonal sub-bands. As
such, it makes the signals sent over different sub-carriers not interfering with each other.

Furthermore, the use of IDFT and DFT also helps to reduce the implementation complexity.

However, as pointed out in [4], using IDFT is equivalent to using a rectangular pulse
shaping filter in the transmitter. The use of a rectangular impulse response leads to an
undesirable magnitude response that suffers from large side lobes in the frequency domain.
This follows immediately from the fact that the Fourier transform of a rectangular pulse is
a sinc function, and it is well-known that the side lobes of a sinc pulse are relatively large.
Specifically, the peak of the first side lobe is only 13 dB below the peak of its main lobe.
Such high side lobes result in leakage of signal powers into the frequency bands of adjacent

systems [4].

The use of OFDM has also been challenged for applications in future generations of
wireless networks. Specifically, machine-type communication and machine-to-machine com-
munication require low power consumption, which makes the strict synchronization process
required to keep the orthogonality among sub-carriers in OFDM less attractive [5]. Further-
more, the low latency required for vehicle-to-vehicle applications demands for short bursts
of data, meaning that OFDM signals with one CP per symbol would present a prohibitive

low spectral efficiency [5].

All the above challenges do not favor OFDM as the first choice for the next and future
generations of wireless networks. In this context, alternative multi-carrier schemes should be
considered. Recently, GFDM and CFBMC-OQAM have emerged as promising techniques
to overcome the disadvantages of OFDM. The next sections discuss GFDM and CFBMC-
OQAM in more detail.
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2.2.3 GFDM

For GFDM, the input of the multi-carrier modulation, d;, is also a set of N complex
symbols but it is different from the one in OFDM. Specifically, the symbol sequence after
the mapper is first arranged into a block-based structure of M time slots and K sub-carriers
so that N = M x K. Then, d; is obtained by vectorizing the block-based structure as
d, dEO) d@(l) dEKI)}T where dZ(q) _ [dz(q,o) dz(q,o) dZ(q,M—U T i dgk,m) S a
QAM symbol at the kth sub-carrier and mth time slot. After the multi-carrier modulation,

x;[n] can be derived as

N

-1 M-

H

Gkem n=01---,N—1 (2.43)

£
I

0 m=0

where gy .[n] = g[n —mK], e *%" is a time and frequency shifted version of a prototype
filter g[n] [5]. In (2.43), z;[n] is obtained by essentially performing a circular convolution
between the prototype filter g[n| and the transmitted symbol sequence. Equation ([2.43))
can be compactly rewritten as where the (m + kM)th column of G, is written as
G [:,m+ kM| = [gm[o] o Gem|N — 1]]T.

Two common methods, namely matched-filter (MF) demodulation where G, = G
and zero-forcing (ZF) demodulation where G, = G, ! are usually deployed to detect the
transmitted signal in GFDM [5,/6]. Assuming that the MF demodulation is deployed, the
synchronization is achieved perfectly and there is no channel or noise, then the received

signal after the demodulation is

N-1
A = 3 ailnlg In—m' K]y e B g 4 g (244

n=0
where 6§k/’m/) represents the self-interference. This indicates that GFDM is a non-orthogonal

system. Although, with ZF demodulation, the impact of self-interference can be completely
avoided, the two main disadvantages of using ZF detector are (i) the noise enhancement

effect and (ii) the inversion of G; does not always exist.

Compared to OFDM, the pulse-shaping filter in GFDM can be flexibly designed to sup-

press the spectral leakage. Furthermore, as a non-orthogonal system, the strict orthogonality
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in OFDM is no longer required in GFDM. Similar to OFDM, a CP is also added into the
transmitted signal before sending out to a wireless channel. However, the CP in GFDM is
applied for the entire block of M symbols instead of every symbol as in OFDM. This results
in better spectral efficiency and low latency in GFDM compared to OFDM.

However, the trade-off for allowing non-orthogonal sub-carriers is the self-interference
which could significantly degrade performance of GFDM. As such a self-interference cancel-
lation mechanism is usually needed in the receiver of GFDM. To overcome this disadvantage,

CFBMC-OQAM shall be presented in the next section.

2.2.4 CFBMC-OQAM

The transmitted signal d; in CFBMC-OQAM is constructed from a block-based structure
of K sub-carriers and 2M time slots such that N = M x K. However, its elements are all
real instead of complex as in OFDM and GFDM due to the use of offset QAM. Specifically,
d; = [dgo) dz(l) dEK_l)]T where dl(»q) = [dl(.q’o) dz(q’l) dz(,quM_l)]T and dgk’m) e R.
After the multi-carrier modulation, x;[n] can be also written as but m is from 0 to
2M — 1 and ggm[n] = 7*T"g [n — mK /2] € %" To be rewritten in the forms of ([2:27)), the

T
(m 4+ 2kM)th column of G, is Gy[:,m + 2kM| = [gk,m[o] S g 1]} .

To detect the transmitted signal, X; is passed through a bank of matched filters, i.e.,
G, = G| and the estimate of d; is obtained by taking the real part of the filtered output.

When the synchronization is perfect and there is no channel or noise

N-1
dF ) = | { GEE N g K2 — ny e g [n]} = d*Fm, (2.45)

n=0
No self-interference is seen in (2.45)) which implies that CFBMC is a real-domain orthogonal

system.

2.2.5 Performance of CP-based Multi-Carrier Systems

Fig. shows performance of OFDM as an example for CP-based multi-carrier systems
in terms of BER with respect to E,/Ny. This figure shows the performance of OFDM when

there is no fading, i.e., h¢[i] = 1, Vi and each sub-channel is an AWGN channel (hence the
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Figure 2.13: BER performance for OFDM systems.

curves are labeled as “AWGN"), and with the presence of fading (labeled as “Fading”). In
particular, the discrete-time complex baseband equivalent channel coefficients are assumed to
be identically independent complex Gaussian distributed with zero mean and unit variance,
i.e., h[n] ~CN(0,1),n=0,---,u—1. This is known as Rayleigh fading since the magnitude
of h[n| follows a Rayleigh distribution [1]. The performance of OFDM is also evaluated with
a variety of M-QAM modulations and under the assumption that the channel is known at
the receiver. First, it can be seen from Fig. that fading dramatically degrades the
performance of OFDM systems compared to when there is no fading. Second, for both cases

of AWGN and fading channels, the performance of OFDM also degrades as M increases.

2.3 Physical Impairments

As mentioned before, PN, IQ imbalance and nonlinearity are the most common physical
impairments which can significantly degrade performance of a communication system. A

brief review of these impairments is presented in this section.
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2.3.1 Phase Noise

As illustrated in Fig. 2.3 the baseband signal at the transmitter before being transmitted
over a channel should be up-converted to an RF carrier f, = w./27 by an oscillator or
a mixer (these two terminologies will be used interchangeably in the following). At the
receiver, the received passband signal should be first down-converted to baseband by another
oscillator. In practice, those mixers are not perfect. This imperfection, which originates from
thermal noise, was identified as one of the major performance limiting factors in multi-carrier
systems. The mixer’s imperfection causes random deviation of the frequency of the mixer
output. These frequency deviations are often modeled as a random excess phase and therefore
referred to as PN. At the transmitter, let x(¢) and zgp(t) be the signals before and after RF

up-conversion, respectively. Without PN, the RF signal xrg(t) can be simply written as
TRy = x(t)ed?™ el (2.46)
On the other hand, under the presence of PN, the RF signal becomes
Trp(t) = x(t)ed Gl +0m), (2.47)
where 6(t) represents PN. This is rewritten in discrete-time baseband equivalent model as
Ty re[n] = z[n]e??M (2.48)
One can obtain a similar equation showing the PN impact in the receiver.

The following briefly reviews two PN models: one is based on an free-running (FR)

oscillator [16,17] and the other is based on a phase-locked loop (PLL) oscillator [17].

FR-PN Model

Let a,[n| denote the discrete-time phase deviation from an FR oscillator at the nth
sampling time. It can be modeled as a,[n] = Y27~ p[i] where pli] is an ii.d zero-mean
Gaussian random variable with variance 02 = ¢,Ts. Here, ¢, is a constant describing the
quality of an oscillator, and Ty is the sampling interval. The PN is 0[n] = 27 f.c[n] =

weary[n], where f. is the carrier frequency and w, = 27 f,. The variance of a,[n] is E [a?[n]] =
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Figure 2.14: A general PLL-based frequency synthesizer.

nc,Ts, which grows linearly with the sample index n. Furthermore, the autocorrelation
function of the phase deviation can be computed as E [, [n1]ay,[n2]] = ¢,Ts min (ny, ny) [16].

Define R as the PN covariance matrix, whose (n1,ns)th component is
Riny,ne) = E {ej(e["ﬂ’e[m])} : (2.49)
Since 6[n] ~ N (0, nw?c,Ty) and E {0[n;]0[ns]} = w?c,Ts min (ny,ny), one has
E{0ns] — 0]} = 0 (2.50)

and
E { (0[n2] - 0[m])"}
= E {6*[n1] + 6*[n2] — 26[n1)0[no] } (2.51)
= (n1 + ng — 2min (ny, ny)) w2e, 7.

In order to evaluate (2.49), we make use of the following result. If X ~ N(u,o?), then

242

its characteristic function E {¢/*X} = ¢/%~37°% [18]. Tt then follows that

1
R[ny, no] = exp {—5 (n1 4+ ne — 2min (ny, ny)) wfchs} : (2.52)

PLL-PN Model

A general PLL-based frequency synthesizer is illustrated in Fig. which models the
phase deviation from a reference oscillator having a quality constant ¢, as in the FR-PN
model. Let a.[n], a,[n], and B[n] denote the discrete-time phase deviations at the output of
the reference oscillator, the frequency synthesizer, and the phase detector, respectively. Then

ay[n] = B[n] + a,n] [19]. Furthermore, the correlation properties between a,[n| and B[n]
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are: E{B[ni]a,[na]} = Z pietiTsminOn2=n1) and E{B[n,]pns]} = Zo vie NiTsm=nzl where
= 1+ oipt, and ot represents the order of the loop filter [17,|19). The values of \;, u; and

v; are given, for instance in [19], for the PLL-based oscillator with a first-order loop filter.

The statistical characteristics of (6[ns] — 6[n;]) for the case of PLL-PN can be obtained

similarly as follows. First,
E {0[ns] — O[m]} = 0 (2.53)
and
E{(0na] — 0[mi])*}
— E{0%[n1] + 0[] — 20[n]6[ns])
= W2E {(av[m] + B[m])* + (ar[na] + Blna])* = 2 (aw[ma] + Bm]) (awlna] + Blna])} (2.54)
= wWiE{ (af[n] + aZna]) + (8%[na] + B[na]) + 2 [n1]B[n1] + 20 [na] B[no]

—2ap[m]an[no] — 200 [n1]Blno] — 26[n1]an[ns] — 26[n1]B[no}-

However, E {B[n1]ay[na]} = 3372, puseNTeminOna=n1) and B {B[ny] Bng]} = S20e, vyeNiTslna—nal

thus ([2.54]) can be rewritten as

E{HTLQ —9711)2}

(n1 + ng — 2min (nq,n9)) ¢, Ty +ZZVZ+4ZM’

= =1

) E MieAiTS min (0,n1—n2) _ ) E ,Uie)\iTs min (0,n2—n1) _ 9 E Vie—AiTshh—nz]
=1

=1 i=1

C

(2.55)

_ 2
= w,

(n1 + ng — 2min (nq,n9)) ¢, Ty + 22 (Vi + 1) (1 — eAiTS’“”?')] .

i=1

The last equation in (2.55)) is obtained based on

Zm+2m Ts(na=m) if  ny > ny

No Mo
AiTs min (0,n1—n2) AiTsmin (0,n2—n1) __
e + ) e =

i=1 =1
Zﬁ‘ eAiTs(m—n2) 4 E/% if ny>mny

\z 1 =1

— § Mi_’_E 'uie—MTs\m—ml.
=1 =1

(2.56)
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Hence, the (n1,n2)th component of the PLL-PN covariance matrix R is

1

Rny, no| = exp{ - §w3 {(nl + ny — 2min (ny,n9))e, Ts + 2 Z (vi+ ) (1= e_k"Ts‘”l_W') ] }
i=1

(2.57)

2.3.2 1IQ Imbalance

As discussed in Section the transmitted M-QAM passband signal can be represented
as in which quadrature mixers play an important role of up-converting a baseband signal
to a passband signal before transmitting over a wireless channel. In real implementations,
however, the quadrature mixers are often impaired by gain and phase mismatches between

the I and () branches. This phenomenon is referred to as IQQ imbalance.

It is relevant to point out that the problem of IQQ imbalance distortion can be avoided by
using different transceiver architectures, such as super-heterodyne transceivers with digital
intermediate frequency (IF) [20,22] and direct sampling transceivers [21,22]. The first ar-
chitecture is obtained from the conventional super-heterodyne architecture [21] by removing
quadrature mixers and IF filters. Only one DAC and one ADC are used at the transmitter
and receiver, respectively. The complexity of this architecture is dominated by the ADC and
DAC because they have to handle signals at a higher frequency, which also means higher
dynamic-range requirements and higher sensitivity to the clock jitter. In addition, this ar-
chitecture still requires image rejection filters which are difficult to integrate on-chip at a low
cost. The second transceiver architecture does not require any frequency mixing stage as well
as IF filtering. Most of the signal processing can be done in the digital domain. However,
direct sampling transceivers are mostly limited to applications when the carrier frequency f,.
is low and the signal bandwidth is narrow. As the carrier frequency and signal bandwidth
go up, the implementation cost significantly increases and the performance of ADC and
DAC drops quickly even when under-sampling is applied [21,22]. As such, this transceiver
architecture is not suitable for low-cost applications such as machine-type communications

(MTC) [24].

As such, despite of having IQ imbalance, using quadrature mixers can still be a much
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cheaper solution compared to the above alternative architectures [20-23]. Furthermore, as
shown later, compensation for the IQQ imbalance can be conveniently performed in the digital

domain at the receiver.
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Figure 2.15: Transmit [() imbalance model.

Consider an IQ imbalance model at the transmitter as in Fig. [2.15, Define w(t) =
wy(t) + jwg(t) as the input signal that needs to be up-converted to the carrier frequency f.
by the quadrature mixer, and z(t) as the output of the mixer. Without I1Q imbalance, the

output of the oscillator would be
2(t) = V2w; (t) cos (2 f.t) — V2we(t) sin (27 fot) = V2R {w(t)e* "} (2.58)

However, the mixer is not ideal in practice which results in IQ imbalance impairment. De-
noting by a7 and 67 the gain and phase imbalance, respectively. In practice, ar and 01 are

fixed parameters. Thus, the output of the mixer can be represented as
0 0
2(t) = V2(1 + ar)w;(t) cos (27rfct + 7T> —V2(1 — ar)wg(t) sin <27rfct - ?T) (2.59)

The expression in (2.59)) can be expanded as

1 . . .

2(0) = <= ((1+ ar)ur (W + (1 - ap)wg(t)e ) +

ﬁ 7
h (2.60)
e (L apuy(e S — (1 - ar)uq()el™ ).
ﬂ N o
Ir
The term I; can be rewritten as
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where

Or 0

& = cos — + jar sin —
2 2 2.62
QT QT ( : )

nT:aT0087+jsin?.

A similar expression can be obtained for 5 and it is simple to show that I, = I;. Finally,
1 . 1 .
2(t) = —ze (Grw(t) + nrw (1) + —ze 2 (Erw(t) + nrw (1))
V2 V2 (2.63)
= V2R {(&rw(t) + nrw’(8)) 7}

From (2.58) and (2.63)), it can be seen that the transmit [ imbalance results in an “image”

signal w*(t) at the output of the mixer.

Similarly, because of the imperfection of the RF down-conversion mixer, the IQ imbal-
ance happens at the receiver as well. Define ag and fr as the gain and phase imbalance,
respectively, of the receive mixer. Also define Z(¢) and w(¢) as the input and output, re-
spectively, of the mixer. Then, the complex baseband equivalent received signal after the
frequency down conversion is

w(t) = Er2(t) + nrZ" (1) (2.64)
where £z and ng characterize the effect of the receive 1QQ imbalance as

Or 0

Er = 0087 —japLsin?R
Op O (2.65)
Nr = a;wos; +jsin7.

Thus, in the presence of the receive IQ imbalance, it can be seen that the output of the
mixer contains two components, one is the desired received signal 2(t) and the other is its

“Image” signal 2*(t).
2.3.3 Nonlinearity

Nonlinearity is generally generated by analog and RF devices like ADC, DAC, oscillators
and amplifiers. From communications point of view, this distortion leads to harmonics gen-
eration, gain compression, cross modulation, and inter-modulation issues which significantly
degrade the performance of either the system itself or other systems working in the con-

taminated spectrum range [25]. The characteristic of nonlinear devices can be represented
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either as memoryless nonlinearity or nonlinearity with memory. Fig. illustrates how
nonlinearity impairment from a power amplifier can affect the output of a monotonic input
system. In this scenario, the impact of nonlinearity is represented by the third-order poly-
nomial oz 4+ asx? — asx3. It is assumed that the input of the power amplifier is a sinusoidal
signal z(t) = cos (27 f1t) which is represented by an impulse at frequency f; in the power
spectrum density (PSD) plot. The output of the power amplifier can be obtained as

y(t) = vy cos (27 fit) + g cos? (27 fit) — a3 cos® (27 fit)
2.66)
o 3 o o (
= ?2 + (041 - Zla3) cos (27 fit) + ?2 cos (4w fit) — ZS cos (67 f1t).

It can be seen that the output of this system contains not only the original frequency com-

ponent, i.e., f1, but also other frequency components, namely 2f; and 3 f;, as illustrated in
Fig. 2.16]

PSD PSD

o

fi 24 34

2 3
o, xto,x” -o,x

N

Figure 2.16: Illustration of power amplifier nonlinearity.

The effect of nonlinearities in communication systems has been well studied in the litera-
ture [26-30]. The influence of nonlinearities is often negligible in systems employing constant
modulus signaling since it makes the linear approximation model valid. However, since multi-
carrier systems produce signals with large amplitude fluctuations, they significantly suffer

from the nonlinearity distortions.

Although nonlinearity distortions can come from many sources, a power amplifier (PA),
which is commonly used to amplify the power of a radio frequency signal before being trans-
mitted over a channel, is considered as the major source of nonlinearity distortions in the
transmission chain [25]. Thus, only the PA nonlinearity is considered in this research. The

output of a PA exhibits different magnitudes of nonlinearities [25], namely AM/AM (Ampli-
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tude to Amplitude Modulation) and AM/PM (Amplitude to Phase Modulation) distortions.
A PA is often followed by a band-pass filter in practice to cancel any additional unwanted
sidebands lying at the harmonics of the carrier frequency. As a result, only in-band nonlinear
distortion is considered in this research. In order to model the effects of the in-band nonlin-
ear distortion introduced by the PA, an odd-order polynomial model is commonly used to
express the PA’s output as follows [31]. Define z,(¢) and u,(t) as the input and output of a

PA, respectively, then u,(t) can be represented as

up(t) =Y Bai [z (8)] (2.67)

where [or11 is the coefficient of the polynomial scaling the nonlinearity, which is determined
based on interception points. For example, if the effect of PA nonlinearity takes into account

up to the third-order distortion, then

up(t) = Br2,(t) + BS[Zp(tﬂg (2.68)
and
Bs| 4
E = —3A121p3’ (2.69)

where App, refers to the input third order interception point [25].

For ease of representation, the input-output characteristic of a PA can be rewritten as |32]
w() = az(t) + dy(2) (2.70)

where « is a small gain resulting from amplifying, while d,,(¢) represents the distortion noise
which is statistically independent of z,(t). Let wu(t) and d(¢) be the complex baseband

equivalent signals of u,(t) and d,(t), respectively. Then
u(t) = az(t) + d(t). (2.71)

The value of o and the variance of d(t) can be determined by applying the Bussgang’s

theorem [33] as shown in [25].

In this thesis, the impacts of physical impairments, including PN, IQ imbalance and

nonlinearity, are first evaluated in Chapter [3| for an OFDM-based bi-directional full-duplex
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communication system. The impact of PN and its compensation in CFBMC-OQAM are
studied in Chapter [4] and Chapter [ Different from Chapter [l where the compensation of
PN is simplified by considering perfect channel estimation at the receiver, the impact of
channel estimation error is taken into account in Chapter 5] Finally, in addition to PN, the
impact of IQ) imbalance is analyzed and compensated in Chapter [6] for a general CP-based

multi-carrier system.

2.4 Full-Duplex (FD) Wireless Communications

Full-duplex (FD) communication is an emerging technology for future wireless networks
since it achieves much higher spectral efficiency when compared to the conventional half-
duplex (HD) communication [34,35] where the transmission and reception are performed

over either different time slots or different frequency bands.

N —
\ /

I_______________________| _____ \‘ ,l :_ ______
——>ADC|—>Mixersk—>{ PA Lo

|

|
: | : I \ !
| | Baseband | [/ \\ |
[ . ! D — |
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: Processing : :
: HDACHMixers | I
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L I 1 1L |

Digital Analog Passive

Cancellation Cancellation Suppression

Figure 2.17: A block diagram for full-duplex communications.

Fig. [2.17|illustrates a bi-directional F'D communication between two transmission nodes.
It is assumed that each node has two antennas, one antenna is for transmitting signal and
the other is for receiving signal. In FD communication, the transmission and reception in
each node are performed simultaneously at the same time and frequency band. As such, the
received signal in Node 1 for example contains not only the transmitted signal from Node 2,
which is referred to as the desired signal, but also the transmitted signal from its own device,

which is referred to as self-interference (SI). Because the distance between two antennas in
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Node 1 is much shorter than the distance between the transmit antenna in Node 2 and the
receive antenna in Node 1, the power of the SI signal is typically thousand times higher
than the received power of the desired signal. This makes SI become the biggest challenge
in realizing FD communication in practice. The channel between two antennas in the same
device is also called near-end channel, whereas the channel between the transmit antenna of

one device and the receive antenna of the other device is called far-end channel.

In general, self-interference cancellation (SIC) techniques are classified into three main
categories, namely passive suppression, analog cancellation and digital cancellation [34,[36]
as illustrated in Fig. Before performing analog and digital cancellation, a passive
suppression technique is required to achieve a high isolation between the transmit antenna
and the receive antenna and the amount of cancellation achieved mainly depends on the
propagation loss of the wireless channel. As for analog cancellation, a cancelling signal is
added to the received signal in the analog domain in order to further attenuate the power
of the SI. The residual SI (RSI) after the analog cancellation still remains and can be a

bottleneck limiting the implementation of FD devices in practice.

In this thesis, a bi-directional OFDM-based FD communication is studied in Chapter [3]
which focuses on digital cancellation of the self interference. The implementation of digital
self-interference cancellation is challenging due to the presence of PN, IQ imbalance and PA
nonlinearity. As such, the chapter develops an iterative SIC technique such that the impacts

of these physical impairments are taken into account in performing SIC.

2.5 Summary

In this chapter, an introduction to single-carrier as well as multi-carrier wireless com-
munication systems has been first presented. By dividing the system’s frequency band into
many sub-channels whose bandwidths are smaller than the coherence bandwidth of the
wireless channel, the frequency-selective fading channel, which causes ISI in single-carrier
wireless communications, is converted into a set of flat fading channels in multi-carrier wire-

less communications. This conversion generally eases the channel equalization task. Second,

three CP-based multi-carrier modulation techniques, namely OFDM, CFBMC-OQAM and
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GFDM, have been described in detail. Advantages and disadvantages of each multi-carrier
technique have been also discussed. Finally, a brief review of physical impairments, including
PN, IQ imbalance and nonlinearity, and FD communication technique was given. The next

chapters present contributions of this PhD research.
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As discussed in the previous chapter, FD communication is a promising technology since
it achieves much higher spectral efficiency when compared to the conventional HD commu-
nication. However, the trade-off for this spectral advantage is the existence of a massive
amount of SI caused by direct coupling of the strong transmit signal to the sensitive receiver
chain resided in the same hardware device. This SI poses the biggest challenge in realizing
FD communication in practice. There has been extensive research on SIC techniques for FD
communications. However, the implementation of SIC is very challenging in practice due to

physical impairments of hardware devices such as PN, nonlinearities, and 1Q imbalance.

This chapter considers a bi-directional OFDM-based FD communication in the presence
of PN, IQ imbalance and PA nonlinearity. In order to effectively mitigate the effect of SI, an
iterative SIC technique is proposed which takes into account the impacts of PN, IQQ imbalance
and PA nonlinearity. Simulation results show that the proposed technique can effectively
mitigate the self interference after every iteration. As a consequence, decoding performance
of the desired signal is significantly improved. Furthermore, the proposed algorithm is shown

to considerably outperform existing algorithms over a practical transmit power range.
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Iterative Self-Interference Mitigation in Full-Duplex
Wireless Communications

Long D. Le and Ha H. Nguyen

Abstract

This paper considers a full-duplex wireless communication system in which detection of
the desired signal is hindered not only by the self-interference (SI), but also phase noise, in-
phase and quadrature-phase (IQ) imbalance and power amplifier’s nonlinearity distortion.
An iterative algorithm is proposed in which the processes of SI cancellation and detection
of the desired signal aid each other in each iteration. In each iteration, the SI cancellation
process performs widely linear estimation of the SI channel and compensates for physical
impairments to improve the detection performance of the desired signal. The detected desired
signal is in turn removed from the received signal to improve SI channel estimation and SI
cancellation in the next iteration. Simulation results show that the proposed algorithm
significantly outperforms existing algorithms in SI cancellation and detection of the desired

signal.
Index terms

Full-duplex, self-interference, self-interference cancellation, phase noise, I/Q imbalance, power

amplifier’s nonlinearity distortion.

3.1 Introduction

Full-duplex (FD) communication is a promising technology for future generations of
wireless networks since it achieves much higher spectral efficiency when compared to the
conventional half-duplex (HD) communication [1,/2]. Different from HD communication,

in which the transmission and reception are performed over different time slots (i.e., time-
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domain division — TDD), or over different frequency bands (i.e., frequency-domain division —
FDD), FD wireless communication uses the same radio-frequency (RF) band for simultaneous
transmission and reception. As such, FD communication utilizes the spectrum resource
much more efficiently. However, the trade-off for this spectral advantage is the existence of
a massive amount of self-interference (SI) caused by direct coupling of the strong transmit
signal to the sensitive receiver chain resided in the same hardware device. The power of the
SI signal is typically thousand times higher than the received power of the desired signal.

This SI poses the biggest challenge in realizing FD communication in practice.

There has been extensive research on SI cancellation (SIC) techniques for FD commu-
nication [3-7]. In general, SIC techniques are classified into three main categories, namely
passive suppression, analog cancellation and digital cancellation [1,3]. Before performing
analog and digital cancellation, a passive suppression technique is required to achieve a high
isolation between the transmit antenna and the receive antenna and the amount of cancella-
tion achieved mainly depends on the propagation loss of the wireless channel. As for analog
cancellation, a cancelling signal is added to the received signal in the analog domain in order
to further attenuate the power of the SI. The residual SI (RSI) after the analog cancellation
still remains and can be a bottleneck limiting the implementation of FD devices in prac-
tice. As demonstrated in [3,/4], digital cancellation has the potential of achieving around
additional 6 dB gain after analog cancellation. The implementation of digital SIC is very
challenging due to physical impairments of hardware devices. As observed in [5], phase noise
(PN), power amplifier (PA) nonlinearity, and in-phase and quadrature-phase (IQ) imbalance

are the major factors limiting performance of a digital SIC technique.

The effects of phase noise in SIC are investigated in [7-10]. Specifically, in [9] the impacts
of phase noise, which is modeled as a Wiener process, are analyzed under two scenarios:
(i) separated oscillators for the transmitter and receiver, and (ii) a common oscillator is
shared between the transmitter and receiver. The authors derived closed-form expressions
quantifying the digital cancellation capability and its limit in the large interference-to-noise
ratio regime. Based on the established digital cancellation capability, the achievable rate

region of a two-way FD system is also characterized. A novel digital SIC technique for FD
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systems is proposed in [7]. In that paper, a copy of the ST in digital domain is used to cancel
out both the SI signal and impairments in the transmitter, including the phase noise. In
order to alleviate the receiver’s phase noise effect, a common local oscillator (LO) is shared

between the auxiliary and ordinary receiver chains.

The impacts of IQQ imbalance are considered in [6/10]. In [6], the IQ imbalance is included
in both the transmitter and receiver. The observation in this paper is that, under the effect
of IQ imbalance, the total SI at the receiver contains not only the linear SI component,
but also the complex conjugate SI component. The authors showed that the conjugate SI
signal is the most dominant source of distortion under a wide range of transmit power. In
some cases the power of conjugate SI is even more powerful than the power of the desired
signal. The authors also showed that using a linear digital cancellation technique under the
effect of receive 1Q imbalance does not yield good performance. Instead, they proposed a
technique called widely linear digital cancellation, which takes into account not only the
linear ST component but also the conjugate SI component. In |10], an analysis of RSI for a
full-duplex OFDM transceiver under the joint impact of both phase noise and 1QQ imbalance
is given. In particular, a closed-form expression for the average RSI power was derived. It
was demonstrated that the effects of phase noise and IQ imbalance can be approximately
decoupled for small PN and IQ imbalance levels. The average RSI is linearly proportional

to the IQ image rejection ratio and the phase noise 3-dB bandwidth.

References [5H7,|11,/12] investigate nonlinearity distortions in FD systems. In general,
nonlinearity distortions come from the analog-to-digital converter (ADC), digital-to-analog
converter (DAC), mixers and amplifiers (i.e., a PA in the transmitter and a low-noise ampli-
fier (LNA) in the receiver). However, PA is the major source of nonlinearity distortions in the
transmission chain [13]. Indeed, a comparison in terms of relative powers of spurious signal
components resulting from different RF /analog impairments was given in [5]. In that paper,
along with the IQ imbalance, the PA nonlinearity is shown to be the most damaging factor
which severely degrades the performance of a SIC technique. The authors in [5] proposed
a two-stage iterative SIC scheme based on the output of the PA to substantially mitigate

the effect of SI. Simulation results show good performance improvement of the proposed

51



strategy compared to previously-known digital cancellation schemes. A digital cancellation
technique for PA-induced nonlinear SIin a FD transceiver is also studied in [12]. Specifically,
a nonlinear digital SIC technique was proposed to handle both the linear and nonlinear SI
simultaneously. Simulation results in [12] demonstrate that the proposed canceller is able to
extend the usable transmit power range by at least 10 dB, or to allow using a lower-quality

PA in the transmitter.

To the authors’ best knowledge, there has been no work considering the joint effects of
phase noise, IQ imbalance and PA nonlinearity from both the transmitter and receiver in a
FD communication system. To fill this gap, this paper considers FD communication between
two nodes, Node 1 and Node 2, in which PN, IQ imbalance and PA nonlinearity are present
in the transmitter of Node 1, whereas PN and I() imbalance are considered in its receiver.
To focus on signal processing and SI cancellation at Node 1, Node 2 is assumed to be free
of impairments. Because of SI, the received signal in Node 1 contains not only the desired
signal from Node 2, but also the SI signal from its own transmission. In order to effectively
mitigate the effect of SI, the SIC technique proposed in this paper is performed iteratively
as follows. First, the SI channel (i.e., the near-end channel) is estimated based on widely
linear estimation (WLE). Given the estimated SI channel, the SI signal leaking from its own
transceiver is subtracted from the received signal. The resulting signal is further processed
to decode the desired signal, i.e., the far-end signal. The impairments are also estimated
and compensated to improve the decoding performance. A DFT-based channel estimation
method is applied to further mitigate the effect of residual noise and improve the quality
of the far-end channel estimation. The decoded desired signal is then removed from the

received signal to improve the quality of the SI channel estimation in the next iteration.

Performance evaluation of the proposed algorithm is based on two metrics: Error Vector
Magnitude (EVM), and Bit Error Rate (BER) with respect to the transmit power of Node 2.
From simulation results, it is observed that the SI signal is effectively mitigated after every
iteration, which results in performance improvement in decoding the desired signal. As
expected, the decoding performance is much better than that of the case without deploying

any SIC technique. Performance of the proposed algorithm is also compared with that of
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Figure 3.1: System Model.

algorithms proposed in [5] and [6], in which the former uses linear digital estimation and
the later uses widely linear digital estimation without considering the iterative decoding
and making use of the desired signal in refining the quality of the SI channel estimation.
In general, the performance of the proposed SIC technique is considerably better than the

existing techniques over the practical transmit power range.

This paper is organized as follows. The system model is presented in Section [3.2] The
proposed strategy to iteratively mitigate the effect of SI is described in Section [3.3] Simula-
tion results and performance analysis are provided in Section [3.4] Section [3.5] concludes the

paper.

Notation: Lowercase letters are used to denote scalars. Lowercase boldface and uppercase
boldface letters stand for vectors and matrices, respectively. ()T, ()T, ()%, (\)*, | - |, and
® denote pseudo-inverse, transpose, Hermitian, conjugation, modulus, and element-wise
multiplication operations, respectively. R[] and J[-] represent the real and imaginary parts

of a complex variable.
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3.2 System Model

Consider a FD communication system as shown in Fig. The information bits of Node
1, represented as vector b, are first encoded to generate coded bits, represented as vector r.
The coded bits are then mapped into a sequence of symbols, represented as vector s, based
on a QAM constellation and Gray mapping scheme. The sequence of QAM symbols is then
serial-to-parallel converted before performing OFDM modulation to obtain the discrete time-
domain signal x = z(0) z(1) -+ x(N—1) T, where N is the length of a transmission
frame. Each frame contains Ny OFDM symbols in which each OFDM symbol consists of Ng
time-domain samples (which are the IFFT of Ny subcarriers) and a cyclic prefix (CP) of
length N.,. The CP length is chosen long enough to avoid inter-symbol interference between

OFDM symbols. It follows that N = N¢(Ng + Nep). Furthermore, out of Ng subcarriers,

there are IV, active (i.e., nonzero) subcarriers carrying data and pilots.

The symbol sequence x is converted to a discrete-time impulse train by upsampling with
an oversampling factor F', where F' is the ratio of symbol interval, denoted as Ty, to sample
interval, denoted as T'. Let g¢(n) be the impulse response of the digital shaping filter. After
the discrete-time impulse train passes through the digital shaping filter and DAC, one obtains

the following continuous-time complex baseband signal w(t) [14]

=

w(t) = wi(t) + jw(t) = z(l)q(t — IT), (3.1)
I

Il
=)

where ¢(t) is the impulse response of an equivalent analog pulse shaping filter. It means
if B is the bandwidth of the transmitted signal and with an ideal DAC (i.e., band-limited
interpolation), then ¢(t) = ) ¢[n|sinc(2B(t — nT')), where T" is the sampling period. The
signal w(t) is up-converted to a carrier frequency f. by IQ mixers. These mixers are not
ideal in practice, which consequently insert the PN and transmit [() imbalance into the
transmitted signal. The RF signal after the mixers is denoted by z,(t) and its complex

baseband equivalent signal is given as [15]
2(t) = 77O (Grw(t) + nrw*(t)) (3.2)

where &7 and nr characterize the effect of transmit I1QQ imbalance. They are given in terms

o4



of gain imbalance a7 and phase imbalance 67 as

6

&r = cos;T + jar sin%
(3.3)

Or . Op
N = Qp COS — + 7 SIn —

2 2
The function ¢r(t) in represents the effect of transmit PN impairment. The genera-
tion of PN is based on either the free-running oscillator model or phase-locked loop (PLL)
synthesizer model [16,/17]. Typically, the PN is defined with a power spectral density (PSD)
£(fm) [dBc/Hz], where f,, is the frequency offset with respect to the carrier frequency f..
It can be seen from that the impaired signal after mixing contains two components,
which are the consequence of the IQ imbalance effect. Each component is further degraded

by PN impairment.

The signal z,(t) is then amplified by a PA, which exhibits different magnitudes of non-
linearities [13], namely AM/AM (Amplitude to Amplitude Modulation) and AM/PM (Am-
plitude to Phase Modulation) distortions, before finally being transmitted over the wireless
channel. The PA is commonly followed by a band-pass filter (BPF) to cancel any additional
unwanted sidebands lying at the harmonics of the carrier frequency. As a result, only in-band
nonlinear distortion is considered in this paper. In order to model the effects of the in-band
nonlinear distortion introduced by the PA, an odd-order polynomial model is commonly used

to express the PA’s output as [1§]

up(t) = ) Boraa [z (3.4)

where [Sor11 is the coefficient of the polynomial scaling the nonlinearity, which is determined
based on interception points. For example, if the effect of PA nonlinearity takes into account

up to the third-order distortion, then

w(t) = Bizy(t) + B[z (0] (3.5)
and
B3 1
Bl = T 0

where Ajp, refers to the input third order interception point [13].
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For ease of representation, the input-output characteristic of a PA can be rewritten as |19]
up(t) = azy(t) + dy(t) (3.7)

where « is a small gain resulting from amplifying, while d,(¢) represents the distortion noise
which is statistically independent of z,(t). Let w(t) and d(¢) be the complex baseband

equivalent signals of wu,(t) and d,(t), respectively. Then
u(t) = az(t) + d(t) (3.8)

The value of a and the variance of d(t) can be determined by applying the Bussgang’s

theorem [20] as shown in [13].

Owing to the SI in FD communications, the received signal in Node 1 contains not only
the desired signal (far-end signal) from Node 2, but also the SI signal (near-end signal)
from its own transmission. This paper focuses on the SIC in the digital domain under the
assumption that the SI has already been partially mitigated by passive suppression and

analog cancellation. Thus, the complex baseband equivalent received signal is

vit) = |/ B wne) ) + [ Bro0)+ o0+ i)

= -h(t)xu(t)+0-g(t)*xv(t) +n(t) (3.9)
= / h(T)u(t — 7)dr + G/Q(T)v(t — 7)d7 + n(t)

in which v(¢) denotes the complex baseband equivalent transmitted signal from Node 2;
02 and o2 are the powers of u(t) and v(t), respectively; p; is the transmitted power from
Node i, i = 1,2; k}” is the attenuation capturing the propagation path loss and the passive
suppression; ¢ represents the amount of analog cancellation in Node 1; v = \/?—%mlfsn?}c,
0= \/% x5, and n(t) denotes a circularly-symmetric complex Gaussian noise with zero mean
and variance o2. Furthermore, h(t) and g(t) in are the complex baseband equivalent
impulse responses of the SI channel and the channel between Node 2’s transmitter and Node

1’s receiver, respectively. These channels are assumed to be frequency-selective, represented
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by L taps as follows:

L-1
h(t) =Y h(m)s(t —mT,)
m=0
e (3.10)
g(t) = > g(m)3(t —mTy)
m=0
Both the channel tap gains are normalized to unit total power gains, i.e., S5 Wlh(m))? =

> molg(m)? = 1.

In Node 1, the received signal is first amplified by an ideal LNA, and then frequency down-
converted by mixers. Due to imperfection of the mixers, the effects of PN and 1Q imbalance
are present in the received signal. Thus, the complex baseband equivalent received signal

after the frequency down conversion is |21]

P(t) = Ere?RDy(t) + nre 7R My* (1) (3.11)

where ¢g(t) represents the effect of PN impairment in the receiver, whereas g and ng
characterize the effect of the receive I imbalance in terms of gain imbalance ag and phase

imbalance 0p

Or . . Ur
Er = cos? — Jagsin —

2
o i (3.12)
NR = ochos7 —I—jsm7

After the 1Q mixing, Ts-spaced samples of p(t) are produced by the ADC as

— §Rej¢R(kTS)y(k:Ts) + nRe_j¢R(kTs)y*(kTS) (3‘13)
t=kTs

p(kT;) = p(t)

The expression for y(kT}) is obtained as in (3.14))

ykT,) & / kJT—TdT+9/ o(kT, — 7)d7 + n(kT,)

L
/ Z (1 — mT5)u(kTs — 7)dr+

(3.14)
°°L 1

9/ Z g(m)o(T — mTs)v(kTs — 7)d7 + n(kT)

=7 3 h(m)u(kTs — mT,) + 6 i g(m)v(kTs — mTs) + n(kTy)

m=0
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which simplifies to (3.15)) by dropping 7 and treating the sampled values as discrete-time

signals
y(k) =7 > h(m)ulk —m)+ 6 g(m)v(k —m) + n(k)

v - h(k) xu(k) 40 - g(k) * v(k) +n(k)
y1(k) y2(k)

Equation (3.15)) can be rewritten compactly as

y = avérHP7Qx + aynpHPQx* + 0GQc + YHd + n

whete y = [y(0) (1) - y(¥ - 1], and
FOR 0 0 0|
ORI 0 0o o
o |
0 0 - GOI-1) - G0) 0
|0 0 .- 0 o g(1) (o)) ex

(3.15)

(3.16)

(3.17)

in which ¢(n) = ¢(nF) with n =0,--- , M — 1. It is pointed that if the digital pulse shaping

filter g(n) is designed to satisfy the Nyquist criterion and the sampling times are perfect,

G(0) =1, 4(n) =0forn=1,--- M — 1 and Q becomes an identity matrix. The matrix

Q in (3.17), however, applies to the more general case of arbitrary pulse shaping filter and

nonzero timing offset. Py = diag (e797(0); e7¢7(); ... 1 e/97(N=1)) represents the discrete-time

phase noise impairment. The channel matrices H and G are given as

h0) 0 0 0 0
h(1) h(0) 0 0 0
H_ .
0 0 WL —1) h0) 0
[0 0 o0 R A(O)]
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and

g(0) 0 0 0 0
9(1) g(0) 0 0 0
G = :
0 0 g(L—1) 9(0) 0
i 0 0o ... 0 - g(1) g(O)_ e
T
and ¢ = [c(()) c(l) -+ (N — 1)} is the output of the OFDM modulator in Node 2. The
derivation steps for (3.16) are given as in Appendix [3.6.1]
Define P = diag (ej¢R(0); eor(). ... ej‘bR(N*l)) to represent the effect of PN impairment

in the receiver. Thus, (3.13) can be rewritten as (3.18))

P = {rPr {avérHPrQx + aynrHPTQx" + 0GQc + YHd + n} +
NrP% {avérHPrQx + aynpHP7Qx" 4+ 0GQc + vHd + n}”
= (aérérPrHPTQ + a" ynanp PRHPTQ) x+
(av€rnrP rRHP7Q + o yr{r PRH PTQ) x™+ (3.18)
(0ErRPRGQc + OngPRG*Qc”) +
(vérPrHA + ynpPRH*d" + (pPrn + npPyn’)
=Kix+ Kyx*+Fic+Fyc*+n
in which
K, = av§pérPrHPTQ + o ynrnr PrH'P7Q
Ky = avépnrPrHPTQ + " ynr&rPRH'PTQ
F, = 0£rPrGQ (3.19)
Fy = 0npPRG"Q
n = v{pPrHd + ynpPRrH A" + (PR + nrPrn’
It can be observed from that, due to the impairments in both the transmitter and
receiver, the effect of SI is not only manifested in a linear SI component as usual, but also
in the conjugate SI component. In addition to the SI, the desired signal, i.e., c, is also
degraded by its conjugation. Furthermore, the total distortion noise, i.e., n, contains not

only the thermal noise, but also the distortion noise from PA nonlinearity.
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It is pointed out that the I(Q) imbalance in the receiver is the source of conjugate com-
ponents for the SI, desired signal and noise. Each component is further degraded by other
impairments. In [5], the effects of IQ imbalance and PA nonlinearity distortion were con-
sidered only from the transmitter. Therefore, the SI signal in the receiver only contains the
linear SI component. The SIC algorithm proposed in 5] is performed iteratively in which the
SI channel is estimated by least square estimation (LSE). This is also a common estimation
method used in many studies to estimate the SI channel. However, as demonstrated later
with simulation results, this method does not work well when the conjugate SI component

is present.

In the next section, an iterative algorithm is proposed to mitigate the impacts of the SI
signal and detect the desired signal. In the proposed algorithm, both the linear SI component
and the conjugate SI component are taken into account to estimate the SI channel more
effectively. The other impairments are also estimated and compensated for in order to
further improve the detection performance of the desired signal. The detected desired signal
is the removed from the original received signal in order to improve the SI channel estimation

and SI cancellation in the next iteration.

3.3 Proposed Iterative Algorithm

As can be seen from , the effect of SI on the desired signal is represented in two
terms: the transmitted signal x and its conjugation. On the other hand, the existence of
the desired signal and its conjugation in (3.18)) complicates the estimation of the SI channel
required to perform SI cancellation. The iterative algorithm proposed in this section is
grounded on the principle that the processes of SI cancellation and decoding of the desired
signal can benefit from each other. The specific steps of the proposed iterative algorithm are

presented in the following.
Step 1 — SI channel estimation

To cancel the SI, i.e., the first two terms in (3.18), one could try to estimate the SI

channel [R(0),...,h(L — 1)] and impairment parameters so that matrices K; and Ky could
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be computed as in (3.19)). However, a better approach, based on widely-linear estimation, is

to rewrite (3.18) as

p= [X X] Koug + F1¢ + Foc® + 0 = XoygKang + F1c + Foc* + 1 (3.20)

where X is given as in (3.21])

[ 2(0) 0 0 0|
- x<'1> :v(.O) 0 ! (3.21)
#(N—1) 2(N=2) -~ a(N-L+1) a(N-L1)|

and kuye is a 2L x 1 column vector that depends on the SI channel and all impairment
parameters. It then follows that, in order to cancel the SI term X,u¢Kaug, the “augmented”

SI channel is estimated as [6):

Kaug = (X, Xog) X p (3.22)

aug

Step 2 — Self interference cancellation (SIC)

Given the estimate of kg, in Step 1, the estimated SI is subtracted from the original

received signal in preparation for detecting the desired signal. This step yields

~

D =D — Xuugkaug = F1€ + Fo* + i + Xy (kaug - Eaug) (3.23)

Step 3 — Estimation and compensation of the receive I(QQ imbalance and PN

Before detecting the desired signal c, the effect of receive IQQ imbalance shall be compen-
sated first. In particular, the parameters £z and ngr are estimated based on the so-called
channel smoothness criterion [22]. In essence, the criterion is based on the fact that the
channel response does not change substantially between successive subcarriers in an OFDM
system. Hence, the values of £ and ni are estimated by minimizing the mean square error
of channel responses between consecutive subcarriers. These parameters are estimated only

once for the whole transmission frame using the training symbol.
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Let A = [)\(()) A1) - AN, — 1)] be the known BPSK-modulated training symbol in
a transmission frame, A, = [/\(Na —1) AN, —2) --- )\(0)} is a mirrored version of A,
and A/ = AOA iy = [X(O) N(1) - N(N, — 1)]. Let ¥ = [¢(0) (1) - (N, —1)
represent the estimates of the far-end channel gains obtained from the training symbol and

least square estimation. Then the estimates of £ and ng, denoted f r and ng, can be found

as in (3.24)) and ([3.25]), respectively [22].
Na—2

3" (@4 1) = $)N (Na — L= 2)5(Na — 1 — 2) = X(Na — L — 1)p(Na — L — 1))
~ =0

R = N3 (3.24)

D IN(Na =1 =2)p(Ny =1 =2) = N (No — L = D)ip(Ny — 1 = 1)|?
=0

and —
N —— ] e )J(n
{r=/1—=T%(0r) — J\/% (3.25)
Given f r and 7R, the estimated far-end channel is corrected as
g ¥ — A O W, (3.26)

[€Rl> — lir|?

On the other hand, using f r and 79g, the time-domain signal in Step 2 for the data portion

of a frame is compensated as
§rP — NP
|$r[% = [7r[?

The DFT is then applied to p to convert it to the frequency domain, denoted as DFT(p).

b= (3.27)

As for the PN, its impact in the frequency domain consists of two components, namely
common phase error (CPE) and inter-carrier interference (ICI) [17]. The former is a phase
rotation which is the same for all subcarriers within one symbol and varies slowly from
one symbol to the next. On the other hand, the latter is different for all subcarriers and
stochastic. As proved in [23], the estimation of £z and 7ng is not sensitive to the CPE
component. Therefore, the CPE component still remains as a factor in both the channel
response in and the time-domain signal in . Furthermore, the value of CPE
slightly changes between OFDM symbols. Hence, CPE component can be mitigated by

equalization in each information-carrying OFDM symbol.

62



Step 4 — Improving channel estimation of the far-end channel by a DFT-based
method and detecting the desired signal

This step further improves the detection performance of the desired signal by improving
the accuracy of far-end channel estimation. To this end, a DFT-based channel estimation
method [24}-26] is applied. The main idea of this method is to transform the channel estimate
in the frequency domain to the time domain and then ignore noise-only samples from L to
N — 1 where L is the number of channel taps in the time domain. By doing so, the RSI, 1Q
imbalance compensation residual, ICI of PN, PA distortion noise, and thermal noise can be

further mitigated. Let @ be the following DFT matrix:

1 1 1 e 1
U W Wi, - Wt
. |
_1 ngit—l W]%[E:f]tvfft_l) .. W](V];fft_l)(fot_l)-

_iom -
where Wy, = e ’Nu. Let ® contain the first L columns and the rows corresponding to the

nonzero subcarriers of ®. The channel estimation can be updated as [27]

2 1 — - A
U= _(o7®)'W, (3.28)
ft
For example, in the IEEE 802.11a standard, out of Ng = 64 subcarriers, there are Ny = 6
null-subcarriers on the left, N, = 5 null-subcarriers on the right, and 1 null-subcarrier in the

middle of an OFDM symbol. Thus ® = ®([(Nyq+1) : %] U [(% +2) : (N — Nyer)], 12 L).

The updated channel estimate in (3.28]) is now used to equalize the frequency-domain
information-carrying OFDM symbols from Step 3, i.e., to equalize DFT(p). Finally, the

desired signal is detected after the equalization step.
Step 5 — Subtraction of the desired signal from the original received signal

As can be seen from in Step 1, kuyg is initially estimated based on the original
received signal p, which contains not only the SI signal, but also the desired signal. Thus, if
the linear and conjugate components of the desired signal can be removed from the original
received signal, the estimation accuracy of k,,, would be improved. This can be done after

the detection of the desired signal at the end of Step 4.
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Specifically, at the end of Step 4, the desired signal is detected and converted to the time
domain and it is denoted as ¢. This signal is then used to construct the transmission matrix,
denoted as C, that is similar to (3.21). Given the transmission matrix of the desired signal,
the far-end channel experienced by the desired signal is estimated similarly as in .
Next, the contribution of the desired signal is removed from the original received signal to

update p for the next SIC iteration, i.e., the algorithm returns to Step 1.

3.4 Simulation Results

The system parameters used for simulation in this paper is based on the IEEE 802.11a
standard. Specifically, the bandwidth and the carrier frequency are 20 MHz and 2.4 GHz,
respectively. For OFDM modulation, the FFT size and cyclic prefix length are Ng = 64 and
N, = 16, respectively. Out of 64 subcarriers, there are 52 nonzero subcarriers, including
48 subcarriers occupied for data transmission, and 4 subcarriers used for pilots transmis-
sion. The transmission is based on frames. Each frame consists of Ny = 10 OFDM symbols
in which the first symbol is used for the training purpose and the others are for data and
pilots. The training symbol and pilots are all BPSK modulated, whereas the data is trans-
mitted with QPSK. The pulse shaping filter is a raised cosine filter with oversampling factor
and roll-off factor of FF = 16 and 0.5, respectively. In this paper, it is assumed that sam-
pling is performed perfectly in the receiver. A rate-1/2, constraint length-7 nonsystematic
feedforward convolutional encoder with generator polynomials (171, 133g) in octal form is

employed in the transmitters, whereas the Viterbi decoding algorithm is used at the receiver.

The transmit power of Node 1 is fixed at p; = 15 dBm, while the transmit power of Node
2, i.e., po, varies in the range from 0 dBm to 40 dBm. Path loss between the transmit antenna
of Node 2 and the receive antenna of Node 1 is assumed to be 70 dB, i.c., k5° = 1/1/1070/10,
which is approximately equivalent to a distance of 6.5 meters between the two nodes. The
passive SI suppression achieved by path loss between the transmit and receive antenna in
Node 1 is assumed to be 40 dB, i.e., k2 = 1/3/10%/10, which is equivalent to a distance of 20
centimeters between the two antennas [3,5]. It is also assumed that the analog cancellation

technique achieves 32 dB cancellation of self interference [3,/6], i.e., k53¢ = 1/v/1032/19. The
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noise floor is assumed to be —90 dBm [1].

The SI channel is modeled as a Rician fading channel with a K-factor of 37 dB [4]
and the power delay profile is chosen as in [28] for the IEEE 802.11a standard, where the
relative tap powers are [0 —5.4 —10.8 —16.2 —21.7] dB and the excess tap delays are
[0 10 20 30 40]nanoseconds. The channel experienced by the desired signal is modeled
with the same power delay profile as that of the SI channel but with a K-factor of 34 dB [4].
Each signal path has a Bell Doppler spectrum shape [28] with the maximum Doppler shift
of 6 Hz.

It is assumed that ar = ag = 0.1, and ¢ = ¢r = 10° |22 to represent the impacts of
IQ imbalance in the transmitter and receiver. The effect of PA nonlinearity is considered
approximately up to the third order with the third-order interception point of 15 dBm
[12]. The effect of the PN impairment is generated based on the PSD function £(f,,) =

—85 —100 —110 —120 —140 —160} dBc/Hz with the corresponding frequency offsets
102 10 10* 10° 106 107} Hz in both the transmitter and receiver.

Two performance metrics used in this paper are the Error Vector Magnitude (EVM),
and Bit Error Rate (BER). The EVM is used to measure the modulation accuracy directly
on the constellation points after demodulation [29,30]. In other words, this metric measures
the deviation caused by the SI signal and impairments between the estimated constellation
points and their ideal locations. Here, EVM is calculated for each frame, in which EVM; for

the ¢th frame is defined as the root-mean-square of the error between the measured symbols

M M
§tand the ideal symbols s’ , that is EVM; = (/ 3 |81, — si.|*/ > |si |*. Then the value
m=1 m=1
Ny
of EVM is obtained by averaging over all N; transmission frames as EVM = le > EVM,.
i=1

In order to illustrate the performance improvement step by step, the two versions of
the proposed algorithm are considered. In the first version, named “ISIC”, the proposed
algorithm is performed without Step 4. This means that the far-end channel estimate is
not updated before the equalization. The second version, named “DFT-ISIC”, includes
Step 4. In all figures, performance of the proposed algorithm is given with the number of

iterations ranging from 1 to 3. Performance of the algorithms in [5] and [6] is also included
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Figure 3.2: Performance comparison in terms of BER between the proposed algorithm and

the algorithms in [5], [6], and without deploying any SIC technique.

for comparison. The performance without any compensation of the impairments and SIC,

named “Without SIC”, is given as well.

First, performance of the proposed algorithm in terms of BER with respect to the trans-
mitted power of Node 2 is presented in Fig. 3.2l It is observed that the SI signal is sig-
nificantly mitigated after just one iteration, which results in performance improvement in
decoding the desired signal. As expected, the decoding performance is much better than in
the case without deploying any SIC technique. As seen in Fig. [3.2] after 3 iterations and
at BER = 1073, the proposed algorithm gains over 28.0 dB and 32.0 dB in terms of the
transmitted power for “ISIC” and “DFT-ISIC” versions, respectively, when compared to the

case of “Without SIC”.

It is pointed out that the performance of “ISIC” version after 1 iteration is also the

performance of the algorithm proposed in [6] using the WLE technique to mitigate the effect
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of the SI. It is seen that under the presence of the desired signal, the performance with 1
iteration is not good enough. However, applying the iterative algorithm proposed in this
paper significantly improves the performance. In terms of EVM, Fig. indicates that,
compared to the performance reported in [6], the EVM gain is approximately 5.8 dB and
8.3 dB at the transmitted power of 30 dBm after adding one more cancellation iteration for

“ISIC” and “DFT-ISIC”, respectively.

The performance of the proposed algorithm is also compared with the algorithm pro-
posed in [5] that uses the linear digital estimation to estimate the SI channel. Generally,
the performance of the proposed algorithm is considerably better than the algorithm in [5]
over a wide transmitted power range with the same number of iterations. Specifically, if
only one iteration is considered for both algorithms, gains of approximately 5.7 dB and 3.1
dB in terms of EVM for “ISIC” are achieved for the transmitted powers of 10 dBm and 15
dBm, respectively. These values increase approximately to 8.8 dB and 6.0 dB, respectively,
when “DFT-ISIC” is considered after one iteration. In terms of BER, the proposed algo-
rithm achieves around 7.0 dB and 11.0 dB gains for “ISIC” and “DFT-ISIC”, respectively,
compared to the algorithm in [5] at BER = 10~* and after 3 iterations. Interestingly, over
the considered transmitted power range, when the transmit power in Node 2 is increased,
performance of “ISIC” for 1 iteration tends to be worse than the algorithm in [5], particularly
when the transmitted power of Node 2 is higher than 25 dBm. The reason for this is the
bad quality of the SI channel estimation when the transmitted power of the desired signal
is high. It is worthwhile to note that performance improvement of a SIC technique mainly
depends on the quality of the SIC channel estimation. The higher the power of SI signal
compared to the power of the desired signal is, the better the quality of the SI channel esti-
mation becomes. In other words, when the transmitted power of the desired signal is large,
the quality of the SI channel estimation gets worse. Therefore, instead of mitigating the SI
signal, the digital SIC actually increases the interference. This fact is also mentioned in [4].
If the number of iterations is not enough, deploying WLE in this transmitted power range
seems to raise more interference because it takes both linear SI component and conjugate SI

component into account while their powers are much lower than that of the desired signal.
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Figure 3.3: EVM comparison between the proposed algorithm and the algorithms in [5], [6],

and without deploying any SIC technique.

However, when the number of iterations increases to 2 and 3, it is shown that the algorithm
proposed in this paper outperforms the algorithm in [5] over the whole range of considered

transmitted power.

It is expected that adding Step 4 can help to further reduce the total amount of noise and
thus considerably improve the performance of the proposed algorithm. Indeed, as illustrated
in Fig. 3.2, “DFT-ISIC” gains approximately 4.0 dB and 11.2 dB at BER = 10~* and
BER = 107?, respectively, compared to “ISIC” after 3 iterations. In terms of EVM, “DFT-
ISIC” outperforms “ISIC” nearly 3.0 dB when the transmitted power of Node 2 is 20 dBm.

Finally, it is seen from Fig. that the convergence of the algorithm proposed in this

paper as well as the algorithm in [5] can be achieved after just 2 to 3 decoding iterations.
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3.5 Conclusions

This paper has considered a full-duplex wireless communication system in which the

PN, IQ imbalance and PA nonlinearity impairments from the transmitter and receiver are

taken into account. An algorithm is proposed to iteratively cancel the SI, compensate for

the impairments and detect the desired signal. Simulation results show that the proposed

algorithm outperforms existing algorithms over a practical transmit power range.

3.6 Appendices

3.6.1 Appendix A

From (3.1)), (3.2), and ( one obtains

u(t) = e’ (Erw(t) +nrw* (1)) + d(t)

N-1 N-1
aemT (TZQU (t —1Ty) +77TZ£C

l =0

IE]

Thus

u(kT,) = u(t)

t=kTs

N-1 N-1
= ae/?T ) (fT > a(Dg(kT. —IT) +nr Y a*(Dg(kT

=0 =0

Dropping T in (3.30) results in

u(k) = ael?r®) (fTZ:c k—1) +7}TZ:L'

(3.29)
t—nw>+dm

(3.30)

>+d%) (3.31)

in which g(n) is obtained by downsampling ¢(n) with factor F', n =0,--- /M — 1.

69



From (3.31)), y; (k) is written as (3.32)

() = h(k) = (aem@ (& S aatk —1) e S ot (alk — z>> + d(k))

~

=z

= abrh(k) * (&Wg) z(1)g(k — 1)) +

=0
N-1
amrh(k) * <eﬂ¢T k) Z z* (1 ) + h(k) * d(k) (3.32)
= abp Z <e3¢T
= =0

N-1 N-1
anr Z <ej¢T 2 Z z*(1)g(i — 1) > h(k — i)+ h(k) = d(k)
i=0 1=0

With the definition of matrices Q, H and P, in Section (3.32)) is rewritten compactly

z(1)q(i — l)) h(k — 1)+

as

y1 = «&rHP7Qx + anrHP7Qx* (3.33)

T
where y1 = |y,(0) y(1) --- (N — 1)] . Similarly, y,(k) can be compactly written as
v = GQc, where G and c are defined as in Section
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In this chapter, the impact of PN on CFBMC-OQAM systems is investigated. Two types
of PN are considered: one is FR PN and the another is PLL PN (see Section [2.3.1)). As
discussed in Section [2.2.4] for CFBMC-OQAM, when the synchronization is perfect and
there is no channel or noise, the self-interferences are exactly zeros. However, this chapter

shows that the presence of PN increases the self-interferences which significantly degrade the

performance of CFBMC-OQAM systems.

An algorithm is then proposed in order to mitigate the impact of PN in this chapter.
Specifically, the conjugation of PN is estimated based on the transmission of pilot symbols.
The PN conjugation can be represented as a multiplication of a set of known basis vectors
with an unknown coefficient vector. The main purpose of this algorithm is to estimate the
unknown vector to compensate for the impact of PN given the known pilot symbols. From
the simulation results, the PN compensation algorithm is shown to effectively remove the

PN impact with a low computational complexity.
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Impacts of Phase Noise on CFBMC-OQAM

Long D. Le and Ha H. Nguyen

Abstract

Among many proposed multi-carrier systems, circular filter bank multi-carrier offset quadra-
ture amplitude modulation (CFBMC-OQAM) is one of promising candidates for future wire-
less networks. This paper studies the impacts of the intrinsic interferences, namely inter-
symbol interference (ISI) and inter-carrier interference (ICI), and phase noise (PN) on the
performance of CFBMC-OQAM systems. Two types of PN are considered: one is based on
a free-running oscillator and the other is based on a phase-locked loop oscillator. Sources
of performance degradation are quantified and a closed-form expression is derived for the
signal-to-interference ratio (SIR). An algorithm is then applied to mitigate the PN impacts
which takes into account the intrinsic interferences. It is observed that while the impact
of the self interference can be negligible when there is no PN, the presence of PN signifi-
cantly degrades performance of CFBMC-OQAM systems. The applied algorithm is shown

to effectively remove the PN impacts.

4.1 Introduction

Multi-carrier transmission techniques have been extensively studied over the last few
decades [1]. Currently, orthogonal frequency division multiplexing (OFDM) [2] is a popular
choice for broadband wireless communication systems because it offers many advantages
including resistance to multipath distortions and efficient implementations based on the fast
Fourier transform (FFT). However, OFDM also has its own disadvantages. Two major
disadvantages are: (i) high spectral leakage to neighboring frequency bands, and (ii) strict
orthogonality requirement, which makes OFDM systems more sensitive to impairments like

phase noise and frequency offset.
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Filter bank multi-carrier offset quadrature amplitude modulation (FBMC-OQAM) is an
alternative that can resolve the above problems in OFDM [1},3]. Specifically, with the use of
well-designed prototype filters, an FBMC system can avoid the high spectral leakage issue in
OFDM. On the other hand, using OQAM splits complex data into real and imaginary parts
which consequently relaxes the orthogonality condition to the real field. However, FBMC-
OQAM does not have a block-based structure like OFDM which makes it significantly more
complicated to implement than OFDM [1].

There are other multi-carrier systems, namely generalized frequency division multiplexing
(GFDM) [4] and circular filter bank multi-carrier offset quadrature amplitude modulation
(CFBMC-OQAM) [5], that have been recently proposed as candidates for the air interface
of 5G networks [6]. GFDM has a block based structure to ease the channel equalization task
but it is a non-orthogonal system and thus severely suffers from the impacts of inter-symbol
interference (ISI) and inter-carrier interference (ICI) when compared to OFDM. To avoid
performance degradation, interference cancellation techniques need to be used, which means
high computational complexity [6]. CFBMC-OQAM, on the other hand, is a modified version
of FBMC-OQAM by making use of circular convolution as in GFDM. As such, CFBMC-
OQAM also has a block based structure to enable the use of cyclic prefix (CP), and to ease

channel equalization.

Any multi-carrier systems suffer from physical impairments, especially the phase noise
(PN). Impacts of PN in OFDM systems have been extensively studied in the last few
decades [7H11]. In the frequency domain, the PN impact can be separated into two compo-
nents, namely common phase error (CPE) and ICI. Mitigating the PN impacts in OFDM
systems can be performed in either the frequency domain [89] or the time domain [10,11].
The impacts of PN have recently been considered in [12,|13] for FBMC-OQAM and in [14]
for GFDM. Different from OFDM, FBMC-OQAM and GFDM suffer from the two intrinsic
interferences, namely IST and ICI. Therefore, these systems generally have additional inter-
ference components when PN is taken into account. Consequently, mitigating the impacts
of PN in such systems is more complicated than that in OFDM [12]. In [13], two algorithms,

which exploit the structure of the interferences, were proposed. However, only the impact of

7



CPE was studied.

To the best of our knowledge, there is no work investigating the impacts of ICI, ISI, and
PN in CFBMC-OQAM systems. Such investigation shall be carried out in this paper. Two
common types of PN are considered: one is based on a free-running (FR) oscillator and the
another is based on a phase-locked loop (PLL) oscillator. In order to mitigate the impact
of PN as well as the intrinsic self interferences, this paper applies an algorithm which was
originally proposed in [10] to cancel the impact of PN in an OFDM system. Simulation
results show that, without PN the impacts of the intrinsic interferences can be neglected.
However, the presence of PN affects every signal components, including the desired signal
and the intrinsic interferences. The increased intrinsic interferences significantly degrade
performance of CFBMC-OQAM systems. Furthermore, it is observed that the use of circular
convolution instead of the conventional linear convolution in CFBMC-OQAM systems and
the characteristics of PN result in a variation of the signal-to-interference ratio (SIR) of the
received signal with respect to the symbol time index. The PN compensation algorithm

effectively removes the PN impact.

This paper is organized as follows. The system model is presented in Section [£.2] which
includes brief reviews of CFBMC-OQAM systems and characteristics of two PN types. Eval-
uation of PN impacts is presented in Section [4.3] for both types of PN. An algorithm to mit-

igate the PN impacts is presented in Section [4.4] Simulation results are provided in Section

[4.5 Section [£.6] concludes the paper.

Notation: Lowercase letters are used to denote scalars. Lowercase boldface and uppercase
boldface letters stand for vectors and matrices, respectively. ()7, ()T, ()7, ()7L |- 1, |||z,
and ® denote pseudo-inverse, transpose, Hermitian, inverse, modulus, #,-norm and circular
convolution operations, respectively. R[-|, J[-], diag[-], and E[-] denote the real and imaginary

parts of a complex variable, a diagonal matrix, and expectation operation, respectively.
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Figure 4.1: A discrete-time complex baseband equivalent CFBMC-OQAM transceiver.

4.2 System Model

4.2.1 CFBMC-OQAM

Consider a discrete-time complex baseband equivalent CFBMC-OQAM system as in Fig.
T

. Let N = KM. Then, the transmitted signal vector x = |z(0) z(1) --- x(N —1)
is constructed from a K x 2M block of data defined over K sub-channels and 2M time slots

as

N

2M—1
-2wkn

jk+mdkmgm ) K s (4].)
0 m=0

B
Il

where g,,(n) = ¢ (n — m%) v 1s a cyclic shift version of a length-N real-valued and symmetric

prototype filter go(n) = g(n). Equation (4.1) can be rewritten as

x = Ad (4.2)

T

T
in which d = [do d, - dKfl] and d; = |:di,0 dip -+ dian-1]| - It is assumed that
dim’s are independent and identically distributed (i.i.d) and E[dy,,| = 0 and E[d} ] =
P;. A is called the modulation matrix whose (m + 2kM)th column is A[:,m + 2kM] =

T
ghtm [gm(()) PR gm(N — 1)eﬁw} [5]. A CP of length L is added to x before
transmitting.
T
The channel h = |p(0) h(1) -+ h(u— 1)} is characterized by u taps, where L > p.

Then, the received signal after removing the CP is

y = HcircX 4+ w (43)
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where w represents noise, and H;,. is a circulant matrix whose columns are circularly shifted
versions of vector h(0) h(1) -+ h(p—1) 0 --- O]in. It is noted that H.,. can be
represented as Hg,e = FATF where F is the normalized DFT matrix. Therefore, to detect
the desired signal, the received signal y is first converted to the frequency domain by a DF'T
transform, then channel equalized with matrix I" which is an estimate of I" based on a known
preamble, and further IDFT transformed to obtain X. Then, X is passed through a bank
of matched filters and the estimate of d is obtained by taking the real part of the filtered

output as d = R {A"x} [5].
4.2.2 Phase Noise

This section briefly reviews two PN models: one is based on an FR oscillator and the

other is based on a PLL oscillator.

FR-PN model

Let a,(n) denote the discrete-time phase deviation from an FR oscillator at the nth
sampling time. It can be modeled as a,(n) = Y27~ p(i) where p(i) is an i.i.d zero-mean
Gaussian random variable with variance ai = ¢,Ts. Here, ¢, is a constant describing the
quality of an oscillator, and Ty is the sampling interval. The PN is 6(n) = 27 f.a,(n) =
weary(n), where f, is the carrier frequency. The variance of a,(n) is E [a?(n)] = nc, Ty, which
grows linearly with the sample index n. Furthermore, the autocorrelation function of the

phase deviation can be computed as E [, (n1)a,(n2)] = ¢,Ts min (nq,ny) [15].

PLL-PN model

A general PLL-based frequency synthesizer is described in [7], which models the phase
deviation from a reference oscillator having a quality constant ¢, as in the FR-PN model.
Let a,(n), a,(n), and 5(n) denote the discrete-time phase deviations at the output of the
reference oscillator, the frequency synthesizer, and the phase detector, respectively. Then
ay(n) = B(n) + a,(n) [16]. Furthermore, the correlation properties between «,.(n) and 5(n)

are: E{f(n1)a,(ny)} = Zo pietiTsmin(On2=m) and E{B(n1)B(ng)} = ZO vie NTsm—nal where
i=1 '

=1

80



N, = 1+ oppr, and oy, represents the order of the loop filter [7,16]. The values of \;, y; and

v; are given, for instance in [16], for the PLL-based oscillator with a first-order loop filter.

4.3 Impacts of PN on CFBMC-OQAM

In the presence of PN, the received signal can be written as

y(p) = &P (h(p) ® x(p)) + w(p) (4.4)

where w(p) ~ CN(0, 02) represents additive white Gaussian noise (AWGN). Note that phase
noise does not affect the statistical property of AWGN. Performing the DFT on the received

signal results in
Z H (i I(1—1d) +W(l) (4.5)

where I(1—i) = & Z LoifP)e=i " As pointed out in [17], I(I —) is maximum at [ = i

and its power decreases rapidly around this frequency location. Furthermore, it is assumed
that the channel frequency response does not change much over adjacent carriers. Thus (4.5))
can be approximated as

X(@)I(l—13)+W(l). (4.6)

=0
Assuming that the channel is perfectly estimated, then after channel equalization one obtains:

N-1

X (l W(l)
2 H ] 10 (4.7)
=0
Performing the IDFT on g¢() results in
N- N-1N-1 N-1
N 1 . 7<27r(qi—ln) 1 W(l) - 2min
z(n)~ =Y x(q) I(l—idi)e? ™ x — el N, (4.8)
R »> R H

Finally, the resulting signal is demodulated with a bank of matched filters to estimate the

transmitted data:

N—
Ay = R { j— (k/m") Z %knﬁz(n)} (4.9)
n=0



where g,/(n) = g (m'K/2 —n), is the matched filter. Equation (4.9)) can be further ex-

panded as
N—-1 2M—1 N-—1
dk’,m’ %dk’,m’%{zgm’(n eje(n)}_|_ Z dkl { -m—m’ ng’( )gm( )eje(n)}_i_
n=0 n=0
- m;ém
A171 ~ J
A2
K—-12M-1 .
Z Z d.mR { ktm—k'—m/ ng g REC >neje(n)}+
k=0 m=0
k2K
Als
N-1 1 N-1 N-1N-1 S
% _(k/+m/) ) _ QTr}Izn_ I l . m(gqi—In
j > Gw(n)e ~ 2 () (1 —1i)e +
n=0 q=0 =0 =0
q7n
Aa=0
N-1 N-1
/ / wk'n 1 W(l) 27iln
e S e S

(4.10)

Note that the first three signal components depend on the PN process §(n) and their

powers depend on the following correlation function:

Ii(ay,as,b1,by,n1,n9) = Ecos(a; + b10(ny)) cos(as + ba(ns))]
1 1 1
= 5 Cos<a1 —+ a2>e 2 1(b1 ba,n1,n2) + 5 COS(CLl _ a2)ef§ai2(b1,fb2,n1,ng)7
(4.11)
where the subscript ¢ is either 1 or 2, depending on the case of FR-PN or PLL-PN model,

respectively. In particular, the function o?(by, by, n1, no) is given for each PN model as follows.

For FR-PN, one has

U%(bl, bQ, ny, ng) =E [(b19(n1) + 529(712))2} = (b%nl + b%ng + 2b1b2 min(nl, ng)) vazTS.
(4.12)
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On the other hand, for PLL-PN one has

U%(bl, by, My, M) = (b%ai(nl) + bgai(nz) + 201620 (11, nz)) wf

= iyi +ne, T +2§:Mz
=1 =1

d(ny,ng) = Z(VZ + i) M2l e Tomin (ng, ny) 4 Z [
i=1 i=1
The term A, ; is obtained when m = m' and k = k’. Therefore, A, ; represents the desired
signal component. Because the shaping filter is designed to be real and even symmetric, then

Ay = diy Zg;ol (gmr(n))? cos B(n). Denoting 0%, , as the power of this component, then

N—1N-—
0%, =P )2 1,(0,0,1,1,n,1) (4.13)
n=0 [=0

,_.
,_.

The term A; 5 is obtained when m # m’ and k = k', i.e. A; 5 represents the interference
from different time slots in the same sub-channel or ISI. Let 0% , denote the power of this
component. Similarly, one can obtain

2M—-1N-1N-1

0-311,2 = Fy Z Z Z gm’(”)gm(n)gm’(l)gm(l)jz (g(m - m,), g(m — m/), 1,1,n, l> (414)

m=0 n=0 [=0
m#m/’

The component A; 3 is obtained when k # k', which therefore represents the interference

from symbols transmitted on different sub-channels, i.e., ICI. Denote o(m,k,m' k' n) =
Sk+m—k —m')+ W, and 07, as the power of Ay 3. Then

K—-12M—-1N—-1N—

Oy = Z Z Z G (1) G (1) gm (1) %

L (o(m, k,m/ K \n), olm, k,m' k' 1),1,1,n,1)

Ignoring the AWGN component Az, the impacts of PN are quantified using the signal-

to-interference ratio (SIR) as
2
UA1,1

SIR = ——t
UA1,2 + UA1,3

(4.16)
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4.4 Phase Noise Compensation

It can be seen from (4.10)) that the impact of PN is manifested in all the three signal
components, which makes PN compensation challenging. From (4.3), the received signal

under PN after removing the CP is written as

y = PHeex+w (4.17)

where P = diag [ejG(L) ed0(L+1) ... ejo(NJrL—l)] Define E = [ﬁo & - fFA]a which
T

contains [’ basis vectors, in which §f = [gf,o SERREE §f,N71} . The basis vectors are

chosen from N eigenvectors of the PN covariance matrix, which correspond to the F' largest
eigenvalues. Also define v = [70 TR fyF_l}T. In order to compensate the PN effect,
the goal is to estimate - such that diag [E4] ~ Pf. Then Z+ can be used to de-rotate the
received signal in the time domain prior to the DFT transform. Specifically, the demodulated

signal after PN compensation can be written as

d = R {AYFIT'Fdiag [PHu Ad + W] By} = R{A~} (4.18)

Denote p = {po,p1, - ,Pg-1} as a set of pilot indexes in each transmission block, and the
T

transmitted signal corresponding to the pilot index set as dp = [dpo dp, -+ dinl] )

Then, ~ is estimated as |10}/11]

v = argmin||d, — R{A(p, D3 (4.19)

where A(p,:) is a @ x F matrix obtained by keeping @) rows of A with respect to pilot
indexes. The matrix R{A(p,:)v} is expanded as

- ) ) 1| =
%{5070} J {50,0} e m{ao,Ffl} J {&),F*l} _3 {’y }
R{apgyy = | ok Tk B e

R{vra

| R{0g-10} T{og-10} -+ R{dg-1r1} T{dg-1r1}] ,,{7 }

=T {r-1}]

=AY

(4.20)
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where §; ; denotes the (7, j)th element of matrix A(p,:).

Vector = is related to v as

1 -0 0 -0 0
00 1 —j -0 0]_

Y=, . . . Y
00 0 0 - 1 —j

Thus, the estimation of v can be found from

5 = argmin/|d, — A3|[3 = Ald, (4.21)
Yy

4.5 Simulation Results

For each transmission block, the numbers of sub-channels K and time slots 2M are 128
and 16, respectively. The bandwidth is B = 100 MHz and the carrier frequency is f. = 6
GHz [12]. The sampling period is Ts = 1/B s. The Martin shaping filter [3] is employed
together with 16-QAM. The CP length is 16 samples. For PN it is assumed that ¢, = 10723
sand ¢, = 5 x 10718 s [16]. All results in this section were obtained with a multi-path
channel defined as h = [0.390 + 0.1054, 0.605 + 0.142j, 0.440 + 0.03685, 0.071 + 0.5015]".
There are 8 pilots in each time slot and the distance between two adjacent pilots in the same

time slot is 16 symbols.

Without PN, the average power of the desired component, i.e., A;;, is normalized to
0 dB and it is the same for every symbol index m’. The average powers of the intrinsic

interferences are much smaller than the power of A;; and they can be practically ignored.

Fig. shows the impact of FR-PN on the average power of A;; with respect to the
symbol index in the first transmission block. Plots of (g,(n))?’s are given on the right-hand
side of the figure, which show the same shape but circularly shifted with respect to m’.
Since the variance of FR-PN increases linearly in time, cosf(n) tends to decrease in time.
Therefore, the average power of A;; decreases from the first time slot, i.e., m' = 0, and
then reaches the minimum value at the eighth time slot, i.e., m’ = 7. After that point, the

average power of A, ; increases and reaches to the maximum value at the tenth time slot, i.e.,
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Figure 4.2: Impact of FR-PN on the average power of A;; in the first transmission block.

m' = 9. Then, the average power decreases until m’ = 15. A similar trend is observed for the
next transmission block but the impact of PN is more significant. The impact of PLL-PN
on A;; is similar to that of FR-PN because the variance of PLL-PN also increases in time
but at a much slower rate than that of FR-PN when the frequency synthesizer goes into the
locked stage. The variation in the average power of A, ; is due to the variation of PN and
the use of circular convolution in CFBMC-OQAM systems instead of the conventional linear

convolution. This fluctuation happens with other signal components as well.

Fig. and Fig. show the average powers of the desired signal and intrinsic inter-
ferences, respectively, in the presence of PN. It is pointed out that the average powers of
Ay 1 and A 2 depend only on the symbol index m’, while the average power of A; 3 depends
on both m’ and &’. However, because the ICI power is mainly contributed by adjacent sub-
channels, the average power of A, 3 is plotted in Fig. by setting |k — k'| = 1. It can be
seen from Fig. [£.3] that, for the case of FR-PN the average power of Ay, drops from 0 to
—2.1 dB as the symbol index changes from m' = 0 to m’ = 160, i.e., after 10 transmission
blocks. Under FR-PN, the average powers of A;, and A;3 are about —16 dB and —23

dB at the first time slot, i.e., m’ = 0, respectively. However, both of these values increase

86



5&55%
o5 %;%% ]
I %;%%
g 4l %;%@ ]
- |
§ I %g%"
& | Y
B 15| " |
< ! %z?%
I %%
L %%
_2k -
I Ty
: O FR-PN
I * PLL-PN
2 0w o s 10 1m0 w0 160

Symbol Index - m’

Figure 4.3: Average power of A, ; in the presence of PN.

O T T
L o A1,2 - FR-PN
: o A1,2 - PLL-PN

5l * A1,3 - FR-PN
t + A1'3 - PLL-PN
b (@%

10 F M 4
g | %&9 ]
T | P e
= o MW 1
o _15:£r rallls J 4mﬁl"‘ﬁmn:l fu) n fu 0 (|
Q. ® oo oo [LR—_ ] RIS oo oo oo oo |
[©] o o o "9 - o o o o o o
g o o Mw
] o
2 o

0L wo 1

+ ++ + + +H + +H+ ++ ++
ﬁaﬁq*wwmwmwwwmm
* o % 1
[ *
25 * .
L *
*
&
_30 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Symbol Index - m’

Figure 4.4: Average powers of A; 5 and A, 3 in the presence of PN.

87



25 T
— — —FR-PN
PLL-PN
I
I
200 1 1
K
I\
I\
]\

15 | il
S Y\ A A A A A A
% Xt
o |
o) N

L N \ i

10 < |

Lo
~ \
\\/\\
\\/\
Sr \\J\‘\ o 7
=~
e \‘/\\,\h\
0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Symbol Index - m’

Figure 4.5: SIRs under two PN models.

by approximately 10 dB after 10 transmission blocks, which means that the power of the
intrinsic interferences becomes significant and cannot be ignored as when there is no phase
noise. Compared to FR-PN, the impacts of PLL-PN on the powers of A, ;, A, and A, 3 are
rather consistent over 10 transmission blocks considered. Specifically, the average power of
Ay 1 drops by only 0.2 dB, while the average powers of A; o and A, 3 are approximately —15
dB and —22 dB, respectively.

Fig. [4.5 plots the SIR based on (4.16)) for both types of PN. It can be seen that the SIR
tends to reduce in time under the case of FR-PN, whereas it is quite stable when PLL-PN
is considered. As can be seen from Fig. [4.5] there are periodic fluctuations in the SIR for

both cases.

Finally, performance of the CFBMC-OQAM system in terms of the bit error rate (BER) is
illustrated in Fig. In this figure, the performance in which PN is absent, indicated in the
legend as “Without Phase Noise”, is included as a reference to compare with the performance
under PN with and without deploying the PN compensation algorithm. As expected, the

impact of FR-PN is much more severe compared to that of PLL-PN. The performance is
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getting better when the number of bases used in the PN compensation algorithm increases.
It is seen from Fig. that using 8 bases yields performance very close to the ideal case
(i.e., without PN distortion). Specifically, at BER = 1074, there is a gap of only 0.4 dB

between the performance in the ideal case and performance after the PN compensation.

4.6 Conclusions

This paper has considered the impacts of intrinsic self-interferences and phase noise on
the performance of a CFBMC-OQAM system. It is shown that PN significantly increase the
powers of intrinsic interferences under both PN models considered. Because of the use of
circular convolution instead of the conventional linear convolution and PN characteristics,
there is a variation in the SIR of the received signal over the symbol time index. The applied

PN compensation algorithm effectively mitigates the impact of PN.
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In the last chapter, the impact of PN on CFBMC-OQAM systems was investigated
assuming that the channel is perfectly known at the receiver. This chapter extends that
study by examining the impact of PN and its compensation for CFBMC-OQAM systems

under imperfect channel estimation.

It is first shown that, even in the absence of PN, CFBMC-OQAM still suffers from
a significant performance degradation due to imperfect channel estimation compared to
OFDM. As such, a preamble design is proposed to minimize the channel mean squared error
(MSE), and thus mitigate the performance degradation. In the presence of PN, a two-
stage PN compensation algorithm is developed. Specifically, in the first stage, the channel
frequency response and PN are estimated based on the designed preamble. In the second
stage, the estimated channel obtained from the first stage together with pilot symbols are

used to compensate for the PN and detect the transmitted signal.

By taking statistical characteristics of both the channel and noise into account, the
minimum mean-squared error (MMSE) method is used to improve the channel estimation
quality in the first stage. The dependency between the channel frequency response and PN

in this stage can be removed by solving an optimization problem to minimize the MSE of
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estimated PN. The optimization problem is effectively solved by applying the majorization-
minimization algorithm. The second stage basically applies the PN compensation algorithm

developed in Chapter (4] to estimate the PN conjugation to compensate for the PN impact.

Simulation results illustrate the performance of the proposed algorithm in a variety of
scenarios. Performance of OFDM is also included as the analytical benchmark. It is shown
that the proposed algorithm effectively estimates the channel frequency response and com-
pensates for the PN, which results in only a small performance gap in terms of the BER

when compared to the ideal case where there is no PN.
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Phase Noise Compensation for CFBMC-OQAM
Systems under Imperfect Channel Estimation

Long D. Le and Ha H. Nguyen, Senior Member, IEEE

Abstract

Among many multi-carrier systems, circular filter-bank multi-carrier offset quadrature am-
plitude modulation (CFBMC-OQAM) is one of promising candidates for future wireless
communications. This paper studies the impact of phase noise and its compensation for
CFBMC-OQAM under imperfect channel estimation, which has not been done before. In
the presence of phase noise, a two-stage phase noise compensation algorithm is proposed.
In the first stage, the channel frequency response and phase noise are estimated based on
the transmission of a preamble. Such a preamble is designed to minimize the channel mean
squared error. In the second stage, the estimated channel obtained from the first stage
together with pilot symbols are used to compensate for the phase noise and detect the
transmitted signal. Simulation results obtained under practical scenarios show that the pro-
posed algorithm effectively estimates the channel frequency response and compensates for
the phase noise. The proposed algorithm is also shown to outperform an existing algorithm

that performs iterative phase noise compensation when phase noise impact is high.
Index terms

FBMC, OFDM, CFBMC-OQAM, phase noise, preamble design, channel estimation.

5.1 Introduction

Multi-carrier transmission techniques have been extensively studied over the last few

decades [1]. Currently, cyclic prefix orthogonal frequency-division multiplexing (CP-OFDM)[]

'For brevity, CP-OFDM is simply referred to as OFDM in the paper.
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[1,12] is a popular choice for broadband wireless communication systems because it offers
many advantages including resistance to multipath distortions by using CP, and a simple
one-tap channel equalization, and efficient implementations based on the fast Fourier trans-
form (FFT). However, OFDM also has its own disadvantages. Two major disadvantages
are: (i) the effect of rectangular pulse shaping in the conventional OFDM leads to a high
out-of-band emission to neighboring frequency bands [1], and (ii) fairly complicated carrier
frequency offset and timing synchronization techniques are needed to establish subcarrier

orthogonality at the receiver [3-7].

In the search for more favorable waveforms for the physical layer of the next-generation
wireless networks, a number of signaling methods has been suggested. The proposed wave-
forms can be broadly classified into two groups, one with linear pulse shaping and the other
with circular pulse shaping. Filter-bank multi-carrier offset quadrature amplitude modu-
lation (FBMC-OQAM) is one of the signaling methods in the first group that can resolve
the above problems in OFDM [1,8]. Specifically, with the use of well-designed prototype
filters [9-11], an FBMC system can avoid the high spectral leakage issue in the conventional
OFDM. On the other hand, using OQAM splits complex data into real and imaginary parts
which consequently relaxes the orthogonality condition to the real field [1,)8]. However,
FBMC-OQAM does not have a block-based structure like OFDM, which makes the channel

estimation and equalization tasks significantly more complicated when compared to OFDM.

Recently proposed as candidates for the air interface of 5G networks [12], generalized
frequency division multiplexing (GFDM) [13,/14] and circular filter-bank multi-carrier offset
quadrature amplitude modulation (CFBMC-OQAM) [15] are signaling methods that use
circular pulse shaping. With circular pulse shaping, the length of the CP can be chosen to
be the same as the length of the channel impulse response, i.e., independent of the length
of the added pulse shaping filter. This is not the case with linear pulse shaping in which
the CP length needs to cover both the length of the channel impulse response and the delay
introduced by the shaping filter. Similar to the conventional OFDM, the channel estimation
and equalization in these systems can be simply performed after removing the CP. However,

different from GFDM which is a non-orthogonal system and thus can severely suffer from
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the impact of inter-symbol interference (ISI) and inter-carrier interference (ICI), CFBMC-

OQAM is an orthogonal system in the real domain.

In practice, to perform the channel equalization task, the channel state information has
to be first estimated based on the transmission of either pilots or preambles as in |16}
18] for OFDM, and [19-22] for FBMC-OQAM, and [23,24] for GFDM. However, to the
best of our knowledge, all studies on CFBMC-OQAM assume that the channel frequency
response is perfectly known for the equalization task [12,/15] and thus the bit-error rate
(BER) performance of CFBMC-OQAM is equivalent to that of OFDM under the same

system configuration. Such an assumption does not hold in practice.

Any multi-carrier systems suffer from physical impairments, especially the phase noise
(PN). Impact of PN on OFDM systems has been extensively studied in the last few decades
[25-29]. In the time domain, the effect of PN can be represented as a multiplicative noise
in the form of a complex exponential function. In the frequency domain, on the other hand,
the PN impact can be separated into two components, namely common phase error (CPE)
and ICI. The first component results in a common rotation of all symbols, while the second
component is different for every symbol. Mitigating the PN impact in OFDM systems can
be performed in either the frequency domain [26,27,[30H32] or the time domain [28}/29,33-37].

In [31], the frequency-domain PN vector is estimated by solving a constrained quadratic
optimization problem. However, the problem is solved under the assumption that PN is
very small so that the constraint is relaxed and applied only for the real part of the first
frequency-domain PN component. To improve the PN estimation in [31], better constraints
are considered in [32] and [34]. The constraint in [32] is derived based on a geometrical struc-
ture associated with the frequency-domain PN components, whereas the constraint in [34]
relies on the fact that the complex exponential functions of PN have unit magnitudes. Ap-
plying the so-called S-procedure, the optimization problem in [32] is solved as a semidefinite
programming problem. However, because of the inherently high computational complex-
ity of semidefinite programming, the algorithm in [32] may not work efficiently when the
number of sub-carriers is very large as expected in future communication systems. On the

other hand, an algorithm known as majorization-minimization [38] is applied to estimate the
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channel and PN in [34] with low complexity that allows to deal with systems having a much

larger number of sub-carriers.

In [35], an iterative PN compensation algorithm is proposed for OFDM. With this it-
erative approach, based on the estimated channel and the output of a soft-decision Viterbi
decoder, the receiver tries to replicate the PN-free transmitted signal and uses it to estimate
the PN in the time domain by a one-tap least mean square (LMS) method. Performance
advantage of the iterative PN compensation algorithm over other algorithms is illustrated in
terms of the packet-error rate (PER) in [35]. The iterative technique in [35] is further con-
sidered in [36] and [37] for 60 GHz and 10 Gbps OFDM experimental systems, respectively.

The impact of PN has recently been considered in [39,/40] for FBMC-OQAM, [41] for
GFDM, and [42] for CFBMC-OQAM. Different from OFDM, FBMC-OQAM, GFDM and
CFBMC-OQAM suffer from two intrinsic interferences, namely ISI and ICI. Therefore, these
systems generally have additional interference components when PN is taken into account.
Consequently, mitigating the impact of PN in such systems is more complicated than that in
OFDM [39]. In [40], two novel CPE compensation algorithms, one is a pilot-based approach
and the other is a blind approach exploiting the interference structure from the neighboring
sub-channels, are proposed for FBMC-OQAM. Under the small PN assumption, the paper
shows that the proposed algorithms nearly achieve the optimal performance when no PN is
considered. The authors in [41] propose a filter for GFDM systems to maximize the signal-
to-interference ratio in the presence of timing offset, carrier frequency offset and PN. In our
previous study [42], we investigated the impact of two different PN types, one is based on a
free-running (FR) oscillator and the other is based on a phase-locked loop (PLL) oscillator,
on CFBMC-OQAM systems and proposed an algorithm to effectively compensate the PN
impact by taking the intrinsic self-interferences into account. However, the work in [42]

assumes that the channel frequency response is perfectly known.

The impact of PN on CFBMC-OQAM and its compensation under imperfect channel
estimation shall be studied in this paper. Since CFBMC-OQAM is different from both
OFDM and FBMC in terms of signal processing operations, existing techniques developed
for OFDM and FBMC might not provide good performance when applied straightforwardly
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to CFBMC-OQAM. First, it shall be shown that, compared to OFDM, performance of
CFBMC-OQAM is much more susceptive to imperfect channel estimation even when there
is no PN. The paper then proposes a preamble design to minimize the channel mean squared
error (MSE) and consequently mitigate the performance degradation. In the presence of PN,
the paper proposes a two-stage PN compensation algorithm. With the designed preamble,
channel and PN are estimated in the first stage. Different from previous works [31}32,|34]
where the channel is estimated based on the least square (LS) method, the channel estimation
in this paper is performed based on the minimum mean-squared error (MMSE) method
to significantly improve the estimation performance. In the second stage, the estimated
channel obtained from the first stage is then utilized together with pilots to compensate
for the impact of PN and detect the transmitted data. To avoid error propagation and
long latency experienced by iterative PN compensation algorithms [35-37|, a non-iterative
method is proposed in the second stage. Simulation results obtained under practical scenarios
illustrate the effectiveness of the proposed method in compensating for the PN impact in the
presence of imperfect channel estimation. Especially, the proposed two-stage algorithm is

shown to outperform the iterative PN compensation algorithm in [35] when the PN is large.

It is relevant to point out that paper [43] proposes a two-step algorithm to estimate the
carrier frequency offset (CFO) and channel in a multi-input multi-output FBMC-OQAM
system. Specifically, in the first step, the CFO is coarsely estimated by using the cross
correlation between the received signal and the known preamble. After CFO compensation,
the effective channel, which is a combination of the residual CFO and the real channel, is
estimated in the second step by either weighted LS or MMSE estimator. The difference
between [43] and our paper is that the impact of CFO is represented via a single unknown
variable. Once an estimated CFO is obtained from the first step based on preambles, it is used
for channel estimation in the second step and data detection for the remaining transmission
blocks. However, in our paper, PN needs to be modeled as a random process and it changes
from one transmission block to the other. As such, the estimated PN vector obtained based

on a preamble block cannot be reused for the data detection in the next blocks.

This paper is organized as follows. The system model is presented in Section [5.2] which
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includes a brief review of a CFBMC-OQAM system and characteristics of two PN types.
In the first part of Section [5.3] a preamble design is proposed to mitigate the performance
degradation in CFBMC-OQAM due to imperfect channel estimation and when PN is absent.
Under the presence of PN, the paper proposes a two-stage PN compensation algorithm. The
first stage is presented in the second part of Section to estimate the channel and PN.
The second stage is described in Section to compensate for the PN impact and detect

the transmitted data. Simulation results are provided in Section Section [0.6] concludes
the paper.

Notation: Lowercase letters are used to denote scalars. Lowercase boldface and uppercase
boldface letters stand for vectors and matrices, respectively. Symbols (-)T, ()T, ()%, ()71,
()% I, [I]]2, and ® denote pseudo-inverse, transpose, Hermitian, inverse, complex conjugate,
modulus, f>-norm and circular convolution operations, respectively. Symbols R{-}, J{-},
diag|-], and E[-] denote the real and imaginary parts of a complex variable, a diagonal matrix

if the argument is a vector, or a vector if the argument is a diagonal matrix, and expectation
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Figure 5.1: A discrete-time complex baseband equivalent CFBMC-OQAM transceiver.
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operation, respectively. 1y«; denotes a column vector whose N components are all 1’s.

5.2 System Model

5.2.1 CFBMC-OQAM

Consider a discrete-time complex baseband equivalent CFBMC-OQAM system as illus-
trated in Fig. Let N = KM. Then, the transmitted signal vector corresponding to the

T
1th transmission block x; = [;pl(()) (1) -+ x(N — 1)] is constructed from a K x 2M
block of data defined over K sub-carriers and 2M time slots as
K—12M-1
- 2mkn
zi(n) = FEmd g (n)e’ K n=0,1,--- N —1 (5.1)
k=0 m=0

where 1 < i < N, and N, is the number of blocks per one transmission frame, g,,(n) =

g (n — m%) n 18 a cyclic shift version of a length-N real-valued and symmetric prototype

filter go(n) = g(n). Equation (5.1)) can be rewritten as

T T
in which d; = [dg? d! - df *1] and df = [dg:O dit ... @@=t To enable offset
QAM, the real and imaginary parts of a complex QAM symbol in the ith transmission block,
km _ km . km
s;" = 8;r +Js;r ,are separated and arranged as
[ 00 0,1 02M—1 | [ 00 0,0 0,M—1 0,M—1 |
d; d; e d, SiR Sir " SR il
1,0 1,1 1,2M—1 1,0 1,0 1L,M—1 1L,M—1
d; d; e d; | Sir Si1 SR i1 (5.3)
JE-L0 gK-11 o gK-12M-1 K-10 _K-10 _K-1M-1 _K-1,M-1
| i i i i | iR Si1 Si.R i i

The real-valued vector d; is then obtained by vectorizing the matrix on the left of (5.3). A

is called the modulation matrix whose (m + 2kM)th column is [15]

; 2mk0 <M]T

Al;,m + 2kM] = j¥™[g(0)e? K , -+, gn(N — 1)/ &
A CP of length L is added to x; before transmitting.

T
The channel h = h(0) h(1) -+ h(u-— 1)} is characterized by p taps, where p <
(L +1). It is assumed that h ~ CA(0,%) and ¥ = E [hh*/] is the y x p channel covariance
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matrix. When there is no PN, the received signal corresponding to the ith block after

removing the CP is written as

y: = HcircXi + w; (54)
where w; ~ CN (0, O"ZNI) represents noise, and H;,.. is a circulant matrix whose columns are
T
circularly shifted from vector [h(O) h(1) -+ h(p—1) 0 --- 0 . It is noted that
Nx1
H,;,. can be represented as Hg,e = FYT'F where F is the normalized DFT matrix whose
(k,m)th element is given as [F], = \/Lﬁe_j *¥* and T is a diagonal matrix whose diagonal

elements are subcarrier channel gains in the frequency domain. To detect the desired signal,
the received signal y; is first converted to the frequency domain by a DFT transform, then
channel equalized with matrix I' which is an estimate of I' based on a known preamble,
and further IDFT transformed to obtain x;. Then, X; is passed through a bank of matched
filters and the estimate of d; is obtained by taking the real part of the filtered output as
d; = R {AT%;} [15].

In the presence of PN, the received signal for the ith block is
Yy = Pz‘HcircXi +w; (55)

where P; = diag [eje(ﬁ) el0(e+1) .. ej9(€+N—1)] represents the effect of PN on the ith trans-
mission block and € = (i — 1)N + ¢L. It is pointed out that the form of the input/output
relation as in and is common to many multicarrier systems, including OFDM,
GFDM and CFBMC-OQAM, which use a CP to overcome the ISI effect of a frequency-
selective fading channel. However, different signal processing operations result in either an
orthogonal system (such as OFDM), or a non-orthogonal system (such as GFDM), or a real-
domain orthogonal system (such as CFEBMC-OQAM). Therefore, it is necessary to study
different systems in detail when the impacts of PN and imperfect channel estimation are

considered.

5.2.2 Phase Noise

This section briefly reviews two PN models: one is based on a free-running oscillator and

the other is based on a PLL oscillator.
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FR-PN model

Let a,(n) denote the discrete-time phase deviation from an FR oscillator at the nth
sampling time. Tt can be modeled as a,(n) = S~ p(i) where p(i)’s are independent and
identically distributed (i.i.d) zero-mean Gaussian random variables with variance O’i = c,15.
Here, ¢, is a constant describing the quality of an oscillator, and T} is the sampling interval.
The PN is 0(n) = 2nf.a,(n) = wea,(n), where f. is the carrier frequency. Thus, the
discrete-time FR-PN at the nth sampling time 6(n) can be modeled as a zero-mean Gaussian
distributed random variable with variance nw?c,Ty, which grows linearly with the sample
index n. Furthermore, the autocorrelation function of the phase deviation can be computed
as E [a,(n1)ay(ng)] = ¢,Ts min (ny,ny) [44]. Define R as the PN covariance matrix, whose

(n1,n2)th component is [25]:
1 2
R(ny,n2) = exp ~5 |ny — no|wie,Ts ¢ . (5.6)

The above PN covariance matrix will be used later to compensate the impact of PN.

PLL-PN model

A general PLL-based frequency synthesizer is described in [25]. Let a,.(n), a,(n), and
B(n) denote the discrete-time phase deviations at the output of the reference oscillator, the
frequency synthesizer, and the phase detector, respectively. Then «,(n) = B(n)+ a,.(n) [45].
The reference oscillator is basically the same as a FR oscillator which is characterized by a
quality factor ¢,. The phase deviation output of the phase detector, i.e., 5(n), is modeled as

a one-dimensional Ornstein-Uhlenbeck process [45]. Furthermore, the correlation properties

between a,.(n) and 3(n) are: E{B(n;)a,(ny)} = % et min On2=m) and B {B(n1)B(ny)} =
i=1

ZO: vie~NiTsm=m2l where n, = 1+ oy,¢, and oy represents the order of the loop filter [25,45].
i=1
The values of \;, p; and v; are given, for instance in [45], for the PLIL-based oscillator with
a first-order loop filter. The (ny,ns)th component of the covariance matrix R is obtained
as [25]
1 -
R(ni,n2) = exp{ — —w? {\nl —male, Ty + 2 (v 4 i) (1 — e MTbmmal) ] } (5.7)

2 c
i=1
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5.3 Estimation of Phase Noise and Channel Frequency Response

It is clear that the estimated channel T plays a critical role in detecting the transmitted
signal. In practice, the channel state information can be obtained based on the transmission
of preambles or pilot symbols. Specifically, preambles are training blocks which are transmit-
ted at the beginning of each transmission frame, while pilots are known symbols which are
embedded into transmission blocks based on a specific pattern and transmitted along with
the data. Given known preambles or pilots, channel frequency response can be estimated
by dividing the received signal by the corresponding preambles or pilots. Since a preamble
occupies the entire transmission block, the channel estimation based on a preamble, if well
designed, should be better than that obtained based on pilot symbols. Hence, a preamble
is designed and used to estimate the channel in this paper, while pilot symbols are used to

compensate for the PN.

Generally, channel estimation can be done in either time or frequency domain [4,46,/47].
It appears that the frequency-domain approach is more common in practice for a multicarrier
system since it can make use of the IFFT/FFT blocks already existing in the system and
it also integrates well with the data detection process, which is conveniently performed in

the frequency domain. As such, frequency-domain channel estimation is also adopted in this

paper.

In this paper, it is assumed that the channel changes slowly during multiple transmission
blocks, while PN changes fast and varies from one block to the other. Under this assumption
the channel estimation based on the preamble, which is the first transmitted block in a
transmission frame, can be used to compensate for the impact of PN and detect the data
in the remaining transmission blocks. Thus, this paper proposes an algorithm which has
two stages. Specifically, the channel frequency response and PN are estimated in the first
stage based on the preamble. Given the estimated channel, data and PN can be estimated
based on the pilot symbols in the second stage. To perform this two-stage PN compensation

algorithm, the switch in Fig. is toggled between the two positions.
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5.3.1 Channel estimation and preamble design without the pres-
ence of PN in CFBMC-OQAM

First, the received signal corresponding to the first transmission block y; is converted to

the frequency domain by a DF'T transform to as
S’l = FY1 = FHCirCAdl + FWl = FFAdl + VAVl. (58)

Define S| = diag[FAd,] and h; = diag[I"]. Then (5.8) can be rewritten as

¥1 = Sihy +w;. (5.9)

For channel estimation, a known preamble is transmitted and hence S; is known. When
the LS estimation method is employed, the estimated channel frequency response }A1f7LS is
obtained by minimizing the following cost function:

2

O(ﬁf,LS) = H5’1 - Slflf,LsH : (5.10)

2

By setting the derivative of the cost function with respect to h #.Ls to zero, one obtains
hyrs = S;'31. (5.11)
It then follows that the MSE between h sLs and hy is
EllBys — byl = B [T (Byus — By)(Byos —hy)) |
= Tr B (S7'51 — hy) (S7'51 — hy) |
=Tr [E (Sl_l (Slhf + VAVl) — hf) X
_ . H
(1" (Sihy + 1) — hy) ]
— Ty [E (S;lwlw{f (S;l)Hﬂ
—1
= {(si's) '}

As expected the MSE depends on the preamble through the diagonal matrix S;. This also

(5.12)

means that one can design the preamble to minimize the MSE.
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Define ¥ = S¥S, = diag [% (R ¢N71]' Then the preamble design problem is

stated as

N-1

minimize —

¥i iz:; Y

subject to ¢; >0 i=0,1,--- ,N—1 (5.13)
N-1
Z Y; < N.
i=0

In , the first constraint is to guarantee that W is a positive semi-definite matrix, while
the second constraint is to make sure that the total power of S; is no more than N. The
solution for the optimization problem in can be obtained by applying the Karush-
Kuhn-Tucker conditions [48] and the solution is ¥ = I. Thus, S; is a diagonal matrix whose

diagonal elements are in the forms of exponential functions, i.e.,
. . . T
81 = d]ag |:e]50 e]ﬁl e eJHN—1:| . (514)

Given S; = diag(FAd,;) and the fact that R {A#A} = T for a well-designed shaping
filter [15], the preamble is finally obtained as

d; = R{A"F"diag [S]} . (5.15)

The above preamble design can be straightforwardly applied to OFDM systems where
the modulation matrix A is replaced by the inverse DFT matrix F. This also means that
to minimize the channel MSE, the preamble for OFDM under the LS channel estimation has
to satisfy the unit-magnitude condition, namely |diag[S;]| = 1yx1. This is consistent with

previous studies for OFDM [16,18,49.|50].

It is pointed out that the preamble design in this paper does not take into account
either the impact of PN or fading channel. This is a common practice (see e.g., [51}/52])
and is motivated by the fact that preambles are usually used for various purposes, such
as establishing synchronization between the transmitter and receiver, estimating system
parameters and channel statistics. To be applied ubiquitously, these preambles should be
designed or selected without taking into account specific propagation channels and physical

impairments. Given the designed preamble, the channel can be estimated based on either
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LS or MMSE method depending on whether statistical characteristics of channel and noise

are available.

5.3.2 Estimation of PN and channel frequency response

In the presence of PN, this section is performed on the first transmission block, i.e., the
designed preamble. Due to PN, the received signal (after removing CP) corresponding to

the first transmission block becomes
y1 = P1Huex) +wy = PiFYS hy +w, (5.16)

where P = diag [ejf’(L) el0(L+1) .. ejg(NJrL—l)] represents the effect of PN on the first

transmission block.

It is seen from that there exists an inter-dependency between PN and the channel,
i.e., estimation of the channel depends on PN and vice versa. To estimate PN and the
channel, the approach in [31}32,34] is adopted. In such an approach, the inter-dependency
is decoupled by first obtaining the LS-based channel estimate which is a function of the
unknown PN matrix. Then, the estimated channel is substituted into the optimization
problem which minimizes the MSE for PN estimation. However, different from the previous
studies, the MMSE method is used to estimate the channel in this paper. Compared to LS-
based channel estimation, the MMSE method takes into account statistical characteristics
of both channel and noise to improve the channel estimation quality. To focus on the PN
compensation algorithm, it is assumed that the statistical characteristics of channel and

noise are known at the receiver Pl

The MMSE channel estimate lAlf’MMSE is found by minimizing E [\ lhy — flfMMSEH% [53].
The orthogonality principle states that

2In practice, statistical information of channel and noise can be obtained using either data-aided tech-
niques (which require and make use of pilot symbols) or non-data aided techniques (which are based directly

on the the received signals).
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which results in
~ o U ¢ U -1
hyase = NESFASH (Nlez:FHs{f + 03V1> FPly, (5.18)

where F contains the first i columns of F. A proof for (5.18) is given in Appendix m
Recall that flvag = (PlFHsl)Tyl = S;'FP¥y,. Thus, it can be seen from ([5.18)) that the
MMSE channel estimate can be expressed as a linearly-weighted version of the LS channel

estimate, namely ﬁf,MMSE = Wflf’Ls, where

o o o o 1\ —1
W = NFSF (NFSF 4 0% (SS) 7). (5.19)

With the expression of the MMSE channel estimate h sMmse, PN is then estimated to
minimize the following MSE:

2

. (5.20)

P, = argmin ‘ ‘ (y1 — PlFHslhf) ‘h
P, f 2

=h; MMSE

o o o o -1
Let B = NFHS, FEEFHSH (NSlFEFHS{I +03VI) F. Then the cost function in (5.20)

can be rewritten as

2
C(Pl) = H(yl - PlFHslhf)

hy=h; \use 9

2

= yi'y1 —yi'P1 (B+B") P{y, + y['P.B"BP'y,
=y/P; (I-2B+B"B) Ply,.

The last equation in (5.21) is derived based on the fact that P;P# =T and B is a Hermitian
matrix, i.e., B = B¥. Thus, the optimization problem (5.20) becomes

P, = argminy;' Py (I - 2B + B"B) Pl'y:. (5.22)

Define U = (I — 2B + B#B), which is a Hermitian matrix, Y; = diag[y], and p =
T
[Po pi - py_a| =diag[Py]”. Then the optimization problem (5.22) can be rewritten
as
minimize p?YH#UY,p
L (5.23)
subject to |p;|=1; i=0,1,--- ,N—1.
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A similar form of the optimization problem (5.23]) can be found in [31}32,34]. Similar to [34],
the majorization-minimization algorithm is applied to solve . The principle behind
the majorization-minimization algorithm is to transform a difficult problem into a series of
simpler problems. This algorithm consists of two steps. In the first step, i.e., majorization,
a surrogate function needs to be found which locally approximates the objective function at

the current point. In the second step, i.e., minimization, the surrogate function is minimized.

From (5.23)), define V = pmaxIyxn where pigay is the maximum eigenvalue of U. The
surrogate function corresponding to the objective function in ([5.23)) is [3§]

9(p) = P"Y VY 1p + 2R(p"Y{ (U = V)Y 1p,) + p; Y (V = U)Y 1, (5.24)

in which p; is an arbitrary vector. The first and third terms in ([5.24) are constants and

independent of p. Thus, minimizing g(p) in the second step is equivalent to minimizing the

second term in ([5.24]). Hence the optimization problem ([5.23)) becomes

minimize  R(p? Y (U - V)Y1p,)
? (5.25)
subject to |pi|=1; i=0,1,--- , N —1.

A closed-form solution for ([5.25)) is obtained as:

Pri1 = ej arg(Y{{(U7V)Y1pt). (526)

A proof for ((5.26]) is given in Appendix [5.7.2

In summary, to find a solution for the optimization problem (5.23)), p; is first initialized
at t = 0, i.e., pg, and then substituted into to obtain p;. Next, p; is substituted
into to obtain py and so on. The algorithm terminates after a predefined number of
iterations IV; or when the squared f>-norm of the difference over two consecutive iterations
is smaller than a predefined threshold. The estimated PN is then substituted into to

finally obtain the estimated channel frequency response.

The computational complexity of the first stage is proportional to the number of itera-
tions performed on (5.26)). It is pointed out that G = Y (U — V)Y, in (5.26) is a constant

and is computed once before any iterations. Thus, for each iteration, the computational
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complexity is determined by the multiplication between G and p;, which requires N? com-
plex multiplications and N (N — 1) complex additions. For other parameters, they are also
computed once before any iterations. Furthermore, their computational complexities can be
reduced by utilizing the facts that: (i) the first stage is performed based on the transmis-
sion of the designed preamble which satisfies the condition that S; is a diagonal matrix and
S8 = SIS, =1, and (ii) the statistical characteristics of the channel and noise do not

change much from one frame, hence ¥ and oy can be considered as constants.

For example, matrix B can be rewritten as

B = NFIS, FEF/sl (Nslﬁzﬁffs{f + afvl) F
o Oy -1
NF'S,FS (NFIFS +021)  FIS{F (5.27)

FYS, TSF

where T = NFXF#H (N FYXFH + JiI) _1. In the above equation, the computational com-
plexity due to matrix inversion is significantly reduced from inverting an N x N matrix to
inverting a p X p matrix, where p < N. The matrix T is constant and does not depend on
the transmitted preamble. Only the DFT of the preamble, i.e., F¥S;, needs to be computed

for every frame to update B. Similarly, the computation of BB is
B”B = F#S,T?SF (5.28)

which requires the update of FZS; for every frame only.

5.4 Phase Noise Compensation and Data Detection

In this part, the MMSE-based estimated channel obtained from the previous section shall
be used together with pilot symbols to compensate for PN and detect the transmitted signal
in the data transmission phase. To estimate and compensate for PN, the PN vector shall be

represented using known basis vectors. To this end, define E; = [5? g - gf _1] , which

T
contains [ basis vectors, in which £Zf = |&/0 et 5{,1\/-1} . The F' basis vectors are
chosen either from N columns of the DFT matrix or from N eigenvectors corresponding

to the F' largest eigenvalues of the PN covariance matrices as given in (5.6) and (5.7)) for
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T
FR PN and PLL PN, respectively. Also define v; = |~,0 1 -+ ~ir_1| - In order to

compensate for the PN, the goal is to estimate «y; such that diag [Z;v;] ~ P¥. Then, E;;

can be used to de-rotate the received signal in the time domain prior to the DFT transform.

Specifically, given the estimated channel frequency response, i.e., I = diag[fl 7 MMsE|, the

demodulated signal for the ¢th transmission block after PN compensation can be written as

Denote p = {po,p1,- - ,Pg-1} as a set of pilot indexes in each transmission block, and the
transmitted signal corresponding to the pilot index set as dEp} = [dfo o dﬁ’Qfl]

Then, =; can be estimated to minimize the MSE between the originally transmitted pilots

and the estimated pilots as

2
~; = argmi Hdgp} — R {AEP]%}H (5.30)
2

Yi
where Az[p] is a () X F' matrix obtained by keeping () rows of A; with respect to the pilot
index set p. The matrix R {AEPL)@} is expanded as

B {67°} {8 . ow {5?,F—1} 5 {5?’},71} - m{{%o}}
J 7 T 5 = =TI {0
o {ally} - ‘ﬁ{fi”} J{?“} - 9%{5{ e J{(;{F V| e
R {@Q—Lo} 3 {5?—1,0} LR {552—1,F—1} 5 {5?—1,1?_1} ﬁ{:i,F—l}}
_ I RN NS
= Az Yi
7 (5.31)

where 677 denotes the (k,j)th element of matrix AEp}. Furthermore, vector «; is related to

v; as ) i
1 -5 0 0 ---0 0

00 1 —j -0 0.

Yi= 1. . . . R (i
00 0 0 - 1 —j

where 4; can be found by solving

3, = argmin||dP — A2 (5.32)
Yi
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which yields ~; = Ajdﬁp}. To avoid the singularity when performing the matrix inverse in

AZ, the number of pilots should be greater than or equal to the number of bases.

Compared to the iterative PN compensation algorithm proposed in [35], where the PN
estimation is based on a one-tap LMS algorithm, the second stage proposed in this paper has
higher computational complexity due to the matrix multiplication and inversion in .
It is noted, however, that the complexity in (5.32)) only depends on the numbers of bases
and pilots which are much smaller than N. As will be shown later, good PN compensation
performance can be achieved even when the numbers of bases and pilots are not too large.
Furthermore, compared to the iterative PN compensation algorithm in |35], the second stage
in our proposed algorithm does not require any iterations. Thus, the proposed algorithm
is expected to have lower latency than the one in [35] when a long transmission block is

considered.

The proposed PN compensation algorithm is summarized as in Algorithm 1. It contains
two stages. The estimation in the first stage is initialized with pg = 1 in order to obtain the
PN estimate in after N; iterations. Given the estimated PN, i.e., Py = diag[pn,]?,
the channel then can be estimated based on . In the second stage, given the estimated
channel obtained from the first stage, i.e., T = diag[flvaMSE], as well as the transmitted
pilot symbols, which are determined by the pilot index set p, the PN corresponding to the
1th data transmission block, which is represented using a known basis matrix &; and an
unknown coefficient vector «;, can be estimated by obtaining an estimate of +; from ([5.32]).

Given the estimated PN, the impact of PN can be compensated accordingly.

5.5 Simulation Results

In this section, performance of the proposed two-stage PN compensation algorithm is
evaluated in different scenarios and with parameters listed in Table Among many
shaping filters [8], the linear-phase square-root raised cosine (SRRC) and Martin [9], which
are widely adopted in single-carrier data transmissions, can also be used as prototype filters

in FBMC-based systems as long as the underlying channel is slowly varying. As such, the
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Algorithm 1 Two-stage phase noise compensation

1:
2:
3:
. U=1-2B+ B“B;

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

23:

// Stage 1:
T = NS,FXFHSH.
B =FIT (T +021) ' F;

V = pimax], fimax 18 the maximum eigenvalue of U;
Initialize: t < 0; p; < 1;

while (t < N;) do
Pt =€ arg(Y{’(U—V)YMt);
t=t+1;

end while

return py;;

1

I

P, = diag[py,
hyause = NESFASH(T 4 021) 'FP y,;
// Stage 2:
= diag[ﬁf,MMSE];
for i =2 to N, do
p = dP;
A; = APFAT'Fdiag [y, Ei; A = Ay
Yi = Ajdgp]; ¥i = Vi
Pl = diag [E/vi];
yi=Pily:
Decoding y;;

end for

SRRC and Martin filters shall be considered in this paperf} Because of the difference in the
signal types being transmitted in the preamble and data blocks, performance in this section

is evaluated with respect to the received signal-to-noise ratio (SNR). Two highly frequency-

3It might be interesting to examine other prototype filters such as the extended Gaussian filter (EGF)

[55,/56], which has better time-frequency localization property.
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Table A.1: Simulation parameters

Convolutional code (Rate: 1/3;
Channel coding Constraint length: 7; Generator

polynomials: [133 171 165]s);

Channel decoding Hard-decision Viterbi decoding;
Modulation 16-QAM;

Block structure K =128; M = 6;

Prototype filter Martin; SRRC (Roll-off factor: 0.5);

Number of blocks per frame | N, = 10;

Carrier frequency fe = 6 GHz; [39]
Bandwidth B =100 MHz;
Sampling interval T, =1/B;
EPA (L = 41);
Channel [54]
EVA (L = 251);
Phase noise [45] c, =5 x 10718 ¢, =107%

selective channel models, namely the extended pedestrian A (EPA) and extended vehicular
A (EVA), are considered in this paper. In the transmitter, a CP length of L = 41 or L = 251

samples is added into the signal when EPA or EVA is considered, respectively.

5.5.1 Preamble design for channel estimation

First, the preambles designed to mitigate the performance degradation in CFBMC-
OQAM compared to OFDM due to imperfect channel estimation corresponding to SRRC
and Martin filters are illustrated in Fig. [5.2 To intuitively show the difference between
them, a short transmission block is applied where the numbers of sub-carriers and time slots
are K = 64 and 2M = 6, respectively. In this figure, S; is simply chosen as an identity
matrix to satisfy the condition . As such, the proposed preamble is obtained as

di = R{A"F 1y }. (5.33)
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Figure 5.2: The designed preamble d; when K = 64, M = 3, S; = Iny«n, and Martin and
SRRC shaping filters are deployed.

In Fig. [5.2] it is observed that applying different prototype shaping filters results in different

preamble patterns.

Performance comparisons of different preamble designs in terms of MSE and BER over
EPA channel are plotted in Fig. [5.3| when there is no PN (i.e., P is replaced by an identity
matrix in ([5.18))). Performance curves of OFDM are included as benchmarks. In simulation,
“Random Preamble” refers to the case that each symbol in the OFDM preamble is randomly
generated from 16-QQAM modulation, while each symbol in the CFBMC-OQAM preamble is
either a real or an imaginary part of a randomly-generated 16-QAM symbol. On the other
hand, “Proposed Preamble” means that the OFDM preamble contains randomly-generated
BPSK symbols, while in CFBMC-OQAM, each element in S; is a randomly-generated BPSK
symbol to satisfy the unit-magnitude condition in . It is noted that OFDM preamble is
a N x 1 vector while it is a 2N x 1 vector for CFBMC-OQAM preamble. Also for simplicity,

in presenting the following results, only the Martin filter is considered.

It is first observed from Fig. that when a “Random Preamble” and LS estimation
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are deployed, there is a large performance degradation of about 6.8 dB at MSE = 1072 in
CFBMC-OQAM compared to that in OFDM. While in terms of BER, the performance loss
of CFBMC-OQAM is approximately 4.1 dB at BER = 107° compared to that in OFDM
under the same configuration. However, when the proposed preambles are applied in both
OFDM and CFBMC-OQAM, the performance of CFBMC-OQAM in terms of MSE is almost
the same as that in OFDM for both LS and MMSE channel estimation methods. For BER
performance, there are only about 1.1 dB and 0.6 dB losses at BER = 10~° for CBMC-
OQAM compared to OFDM when LS and MMSE methods are deployed, respectively.

For CFBMC-OQAM, the proposed preamble helps to gain approximately 9.6 dB and
30.0 dB at MSE = 1072 when LS and MMSE are used, respectively, compared to when a

random preamble is deployed. While in terms of BER performance, these gains are around

4.2 dB and 7.9 dB at BER = 107°, respectively.

It is pointed out that at high SNR, performance of the MMSE channel estimator ap-
proaches that of the LS channel estimator, provided that these estimators operate in the
time domain and that the channel taps are statistically independent (which is a common

assumption in the literature). The behavior is, however, different for the MMSE and LS

Mean Squared Error (M SE)
Bit Error Rate (BER)

—&— OFDM - Random Preamble - LS
—©— OFDM - Proposed Preamble - LS

—=&— OFDM - Random Preamble - LS

-5 | |—©— OFDM - Proposed Preamble - LS \

6| |—¥—OFDM - Proposed Preamble - MMSE —<— OFDM - Proposed Preamble - MMSE \

E |~ * —CFBMC-OQAM - Random Preamble - LS — % — CFBMC-OQAM - Random Preamble - LS \

— % —CFBMC-OQAM - Proposed Preamble - LS — % — CFBMC-OQAM - Proposed Preamble - LS \
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(a) MSE (b) BER

Figure 5.3: Performance comparisons in terms of (a) MSE and (b) BER for different preamble
designs over EPA channel when K = 128, M = 6 and Martin shaping filter is deployed.
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Figure 5.4: Estimated PN in the first stage over EPA channel when K = 128, M = 6 and

Martin shaping filter is deployed.

channel estimators operating in the frequency domain, as in this paper. This is because, as
long as the number of subchannels in the frequency domain is larger than the number of
channel taps in the time domain (which is typically the case in practice), the subchannels
in the frequency domain are correlated. Since the MMSE estimator takes into account the
correlation of the subchannels as well as the noise statistics, it consistently outperforms the
LS estimator (which does not make use of the subchannels correlation or noise statistics). In
fact, a similar performance gap (even at high SNR) between the frequency-domain MMSE
and LS channel estimators is also observed for the OFDM systems in [46].

5.5.2 Stage 1: Estimation of PN and channel frequency response

From this part, impact of PN is included in simulation results. The PN estimation
algorithm in Section |5.3.2 is initialized with pg = 1nyx1. The number of iterations is set to
N; = 150. First, the estimated PN from the first stage is illustrated in Fig. for SNR = 15
dB and SNR = 35 dB for both types of PN. In this figure, EPA channel is considered. It
can be seen that although SNR = 15 dB is quite low, the algorithm can generally track the

PN, but there are large fluctuations in the estimated PN. However, when increasing SNR to
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Figure 5.5: Channel MSE from the first stage under two PN models when K = 128, M =6
and Martin shaping filter is deployed.

35 dB, the PN is estimated almost perfectly.

After obtaining the PN estimation in , the estimated PN is substituted into (|5.18|)
to estimate the channel frequency response. An evaluation in terms of MSE for the channel
estimation is demonstrated in Fig. [5.5| which contains two sub-figures and corre-
sponding to EPA and EVA channels, respectively. In Fig. [5.5] the performance for the case
when there is no PN and the MMSE-based channel estimate is employed (labeled as “With-
out Phase Noise”), serves as the lower bound. The performance curves under the presence
of two PN types without PN compensation deploying LS and MMSE channel estimations
are also included. Performance of the proposed algorithm in [34] is also added for two PN
types. It is recalled that different from [34] in which the channel is estimated based on LS
method, the channel is estimated based on MMSE method in this paper.

It can be seen from Fig. that without PN compensation the system basically fails in
estimating the channel as the channel MSE is always above 1072 for the whole range of SNR
in both sub-figures. It is also observed that the channel MSE performance when PLL-PN is
present and no compensation is applied is lower than that when FR-PN is present for both

LS and MMSE channel estimation methods. This is expected because the impact of FR-PN
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is more significant than that of PLL-PN.

By applying the channel and PN estimation in the first stage of the two-stage algorithm,
the channel MSE is significantly improved. Specifically, for EPA channel, there is only
approximately 4.4 dB performance loss compared to the ideal case (“Without Phase Noise”)
at MSE = 1072, For EVA channel, this performance gap is around 4.1 dB at MSE = 1073.
It can be observed that performances of the proposed channel estimation in the first stage

are almost the same for two types of PN in both Figs. and [5.5b]

The results in Fig. show that, compared to the algorithm in [34], the proposed
algorithm in this paper yields significant gains. Specifically, under the case of EPA channel,
approximately 6.9 dB performance gain is achieved at MSE = 10~3. This improvement is
further increased to approximately 16.3 dB when the EVA channel is considered. It will be
seen later that the performance gain brought by channel estimation in this stage significantly

improves the PN compensation in the second stage of the proposed algorithm.

On the other hand, the degraded channel MSE in the low SNR observed from Fig. [5.5
is similar to the observation in [34]. This is caused by the susceptibility of the estimation in
the first stage to the under-determination problem in the low SNR range, where the number

of unknown variables is larger than the number of equations provided by the received signal.

It is interesting to see from Fig. that, although there is a high fluctuation in the
estimated PN compared to the real PN, the first stage still results in a better channel MSE
performance compared to the case when no PN compensation is applied, i.e., by ignoring
PN, as shown in Fig. [5.5, To explain this, define y; = Py, and y; = P{th where P,
and P; are the true PN and the estimated PN obtained from (5.26)), respectively. This
means that y; is the received signal without any effect of PN, whereas y; is the received
signal that experiences PN impact and PN compensation. From , without PN, the
estimated channel is 1;15@11)\4MSE = Cy, where C = NFXFHSH (NSlf“ZlV?HS{{ +0‘2,VI)_ F.
In the presence of PN but without PN compensation, the estimated channel is obtained as

flﬁfl)\/[MSE = Cy;. However, if the first stage is deployed, i.e., the estimated PN in ({5.26) is
substituted into (5.18)), the estimated channel is flgc?’%v[MSE = Cy;. Obviously, whether channel
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Figure 5.6: A comparison of squared errors between (y1, y1) and (y1, y1) over 1000 preamble

frames at SNR = 15 dB.

estimate H;QI)\/IMSE or BE‘SI)\/IMSE is closer to fl?l)\/[MSE depends on whether y; or y; is closer to y;

in the mean squared error sense. To see this, Fig. displays squared errors between (yi,
y1), denoted as ¢y, and (1, y1), denoted as dy, over 1000 preamble frames and for SNR = 15
dB. It can be seen that there are cases where 0; is lower than d,, which means that the
estimated PN in the first stage sometimes does not help to improve the received signal
quality after performing PN compensation and thus does not improve channel estimation.
However, the average value of ds, indicated in the figure as A, is considerably lower than
the average value of §;, indicated as A;. Therefore, on the average, the estimated PN still

results in a lower MSE of the estimated channel as observed in Fig. [5.5]
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5.5.3 Stage 2: Data detection and phase noise compensation

To compensate for the PN and detect data, pilots are inserted into transmission frames.
Two pilot patterns are considered in this paper. For the first pattern, which corresponds to
the pilot ratio of approximately 1/8, 15 pilot symbols are inserted into each time slot of data
transmission blocks at positions [7, 15, 23, 31, 39, 47, 55, 63, 71, 79, 87, 95, 103, 111, 119].
The second pattern has a pilot ratio of 1/16 in which 8 pilots are added at positions
[7, 23, 39, 55, 71, 87, 103, 119].

BER performance of CFBMC-OQAM is first illustrated in Fig. corresponding to
when EPA channel is considered and the pilot ratio is 1/8. In this figure, performance of
the case labeled as “Without Phase Noise” where PN is absent serves as the lower bound.
There are two sub-figures in Fig. |5.7] The sub-figure on the left is for the case that F' basis
vectors are taken from N columns of the DFT matrix, while the sub-figure on the right is for
the case when F' basis vectors are taken from N eigenvectors of the PN covariance matrix

R corresponding to the largest eigenvalues.

For comparison, Fig. also includes performance obtained after 3 iterations of the
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iterative PN compensation algorithm proposed in [35]. In each iteration of such an algorithm,
a forward LMS procedure is first applied to estimate the PN which is then smoothened by
a backward procedure. As such, the algorithm proposed in [35] is referred to as “FW+BW”
in Fig. . As suggested in [35], the estimation step sizes for the forward and backward

procedures are selected as py = 0.1 and Ay = 1 — py, respectively.

First, without PN compensation, the impact of FR-PN is much more severe than that
from PLL-PN as expected. It can be seen from Fig. that PN compensation perfor-
mance is significantly improved when the number of bases increases. Specifically, for FR-PN
distortion, at BER = 107°, performance gap between the ideal case, i.e., “Without Phase
Noise”, and “FR-PN compensation” reduces from 11.4 dB to 7.9 dB when 8 and 16 DFT-
matrix-based basis vectors are considered, respectively. Similarly, for PLL-PN distortion,
approximately 2.5 dB performance gain is obtained when the number of DFT-based bases
increases from 8 to 16 vectors. About 8.3 dB performance gap is observed between the
ideal case and “PLL-PN compensation, 16 bases”. A similar trend can be seen in Fig. [5.7b
when the basis vectors are taken from the PN covariance matrix. However, performance of
the proposed algorithm using the PN covariance matrix tends to be better than using DF'T
matrix, especially when a low number of basis vectors is considered. It can also be seen
that increasing the number of bases from 12 to 16 does not improve much the performance
of the proposed two-stage PN compensation algorithm. In particular, when the bases are
obtained from the PN covariance matrices, only approximately 0.8 dB gain is observed at

BER = 107 for both PN models.

Fig. shows that applying the algorithm proposed in [35] does not result in good
performance. To explain this, Fig. m (which contains two sub-figures) illustrate magnitudes
of the estimated FR-PN in the forms of exponential function obtained from the proposed
algorithm in the second stage in this paper (labeled as “Two-stage algorithm”), the algorithm
in [35] when only the FW procedure is considered (labeled as “FW - Estimated FR-PN”),
and the algorithm in [35] when both FW and BW procedures are considered (labeled as
“FW+BW - Estimated FR-PN”). The sub-figure on the left is obtained when the quality
factor ¢, = 5 x 1071, while the right sub-figure is for ¢, = 1 x 1071, The first quality factor
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corresponds to FR-PN having a 3-dB bandwidth A f3qg of over one thousand hertz, whereas

the second quality factor corresponds to A f3qp of dozens hertzﬁ

As can be seen from Fig. |5.8b when the PN is small, the algorithm in [35] outperforms
the algorithm proposed in this paper in tracking the PN. However, when the PN is large,
significant fluctuations are observed for the estimated PN obtained from [35] in some specific
positions as highlighted in Fig. It is worth noting that in |35, the PN compensation
algorithm is performed for every transmission block and the PN corresponding to a symbol
interval is estimated based on the estimated PN obtained for the previous symbol interval
and the decoded signal. Thus, having decoding errors at the output of the channel decoder
results in poor estimates of the PN. These errors consequently affect the PN estimation for
the next symbol intervals. At the end, the errors are spread all over the whole transmission
block. This error propagation phenomenon often happens when the decoding output is
reused in an iterative algorithm. Consistent with the results illustrated in [35], performance
of the iterative algorithm in terms of PER is still high due to the in-block error spreading.
Another disadvantage of the iterative algorithm in [35] is the long latency.

Fig. 5.9 illustrates performance of the proposed algorithm when the EVA channel is
considered. For this figure, the basis vectors are generated from the PN covariance matrix
and the pilot ratio is 1/8. It can be seen that increasing the number of bases improves the
performance and the improvement is better than when the EPA channel is considered. At
BER = 1075, only about 2.5 dB performance gap is observed when 16 basis vectors are

applied for two PN types compared to the ideal case.

Performance of the proposed algorithm for both EPA and EVA channels when the pilot
ratio is 1/16 is presented in Fig. . In this figure, all bases are from the PN covariance
matrix. As expected, decreasing the pilot ratio from 1/8 to 1/16 degrades performance of
the proposed algorithm. For the EPA channel, the performance gaps between the proposed
algorithm with 16 basis vectors and the ideal case without PN are about 8.9 dB and 9.9
dB for FR-PN and PLL-PN, respectively, at BER = 107° as seen in Fig. . For the

4In FR-PN model, the 3-dB bandwidth A f34p is related to the quality factor ¢, as A fsqp ~ 2me, f2 [25434].
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EVA channel in Fig. [5.10b| these gaps are 3.1 dB and 4.3 dB for FR-PN and PLL-PN,

respectively.

It can be seen from Figs. [5.7] and that the BER performance of the proposed
two-stage algorithm is degraded in the low SNR range compared to when no compensation
algorithm is deployed. First, this phenomenon comes directly from the degradation of the
estimated channel MSE in the first stage due to the under-determination problem discussed
earlier. Furthermore, the proposed PN estimation in the second stage is essentially similar
to the approximation problem in which the PN is approximated by a high-degree polynomial
based on a set of equispaced interpolation points which are the pilot symbols in this paper.
It will be shown later that this approximation results in a high fluctuation of the estimated

PN in the low SNR range and thus degrades the compensation performance.

Finally, the PN estimation based on pilots in the second stage is evaluated in Fig. [5.11
when SNR = 15 dB and SNR = 35 dB. Specifically, the PN in the second transmission
block is plotted in Fig. [5.11] Thus, the symbol index in Fig. [5.11] runs from 851 to 1618.
It can be seen that while the PN distortion is estimated very coarsely when SNR = 15 dB,
the PN estimation is getting much better for both types of PN when SNR increases to 35
dB. From the results in Fig. [5.11] it appears that the PN is approximated by a high-degree
curve. This is inline with the previous discussion on the similarity between the proposed PN
estimation in the second stage and the approximation problem based on a set of equispaced

interpolation points.

5.5.4 Spectral efficiency

In general, the proposed algorithm trades bandwidth efficiency for better PN compen-
sation. For the specific system parameters considered in the simulation with K = 128
subcarriers, 2 x M = 12 time slots, there are N = K x M = 768 QAM symbols in each
block, which also means that N = 768 QAM symbols are used in the preamble for the first
stage. For the simulation results in Fig. with a pilot ratio of 1/8, N, = 15 x 6 = 90 QAM
pilot symbols are transmitted to estimate the PN in the second stage. Overall, the total

number of QAM symbols used as preamble and pilots in the proposed two-stage algorithm
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1s:

NY =N+ (N,—1) x N, =768 + (10 — 1) x 90 = 1578, (5.34)

In [35], before performing the iterative PN compensation, initial channel estimation is
performed based on the transmission of preambles. Then a CPE compensation operation
is performed for every remaining transmission block in a frame based on the transmission
of pilots. It is presented in [35] that a two-symbol preamble, which is equivalent to two
transmission blocks in this paper, is transmitted in each frame for initial channel estimation.
Using the pilot ratio of 1/32 as in [35], N, = 1/32 x 768 = 24 pilots are needed for CPE
compensation per each transmission block. Therefore, the total number of QAM symbols

used as preamble and pilots in the algorithm in [35] is:
NZ =2 x N+ (N, —2) x N, = 1728. (5.35)

It can be seen from ([5.34) and (5.35)) that in this particular case the algorithm proposed
in this paper has a better overall spectral efficiency than the one in [35]. However, if the
number of blocks per frame increases, the algorithm in [35] will be better than the proposed

two-state algorithm in terms of the spectral efficiency.

5.6 Conclusions

This paper has investigated the impact of PN on CFBMC-OQAM systems in the pres-
ence of imperfect channel estimation. First, it has been shown that there is a considerable
performance gap between CFBMC-OQAM and OFDM under imperfect channel estimation.
As such, a preamble design based on LS estimation has been proposed to reduce such per-
formance gap. Simulation results indicated that applying the designed preamble results in
a similar performance between CFBMC-OQAM and OFDM in terms of BER and MSE. In
the presence of PN, the paper also proposed a two-stage algorithm to effectively estimate
the channel frequency response and compensate for the PN impact. In particular, given the
designed preamble, the channel frequency response and PN have been estimated in the first
stage, in which the MMSE estimation method is employed to improve the channel estimation.

In the second stage, the PN and data are estimated and detected based on the estimated
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channel obtained in the first stage and pilot symbols. Performance of the proposed two-stage
PN compensation algorithm has been verified in a various number of practical simulation
scenarios. Simulation results clearly shown that the two-stage algorithm effectively estimates

the channel frequency response and compensates for the impact of PN.

5.7 Appendix

5.7.1 Appendix B

Based on the received signal in (5.16)), the MMSE channel is flﬁMMSE = Wy, where W
is a N x N weighting matrix that minimizes E [||hf - BfMMSE||%i| . Substituting hy yyse =
Wy, into the orthogonality condition in (5.17) results in

(o )] =0

& E [hyy!] - WE [yiy'] =0

(5.36)

Considering the first term in (5.36]), one has

Ehyyl] = B by (PF7S by + wi)"
= E [h/h¥] STFP] (5.37)
= NFXFASHEPH
The last equation in is obtained based on the fact that hy = V' NFh.

The second term in ([5.36)) can be derived as

WE [y1y{]
WE |(PF/Sihy + i) (PiFS by + w,)”|
3 (5.38)
= WE [P,F”S;h/h'STFP{ + wiw{]
- W (NPlFHslﬁ‘E]?‘HS{I FP! | afvl)
From (5.36), (5.37), and (5.38), one obtains the weighting matrix W as (5.39). The last

equation in ([5.39) is derived based on the fact that given two arbitrary matrices R € CN*M
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~ o o o o —1
W = NESFHSHFPH (NPlFHSIFEFHS{{ FPY afvl>

o o B (5.39)
— NFXF7sH (NSlFEFHS{I + UEVI> FP/
and Q € CM*N then the following identity is always true:
(Inxx +RQ) 'R =R (L + QR) ™ (5.40)

Therefore, the MMSE channel estimate is finally given as in ([5.18)).

5.7.2 Appendix C

Define z = Y (U — V)Y, p;. Then the optimization problem in ((5.25)) can be rewritten

as
L Ly H
minimize 5 (p Z+ 2z p)

P (5.41)
subject to |pi|=1; i=0,1,--- , N—1

Because of the constraint in (5.41)), the solution, if exist, should be in the form of an ex-
ponential function. Define €; where 1 = 0,1,--- , N — 1, as Lagrange multipliers. Then the

Lagrange function can be written as

N | —

N-—1
(p"z+2"p) + D e (loill3 —
=0

N-—1
(p;zi + 2 1) +Z& (Ilpsll3 -

=0 =

- % Z ((R(p) - 3(p)) 2+ >:42)

€; (9%2 32 (p;) — 1)

Taking the partial derivative of C' (p7 ) with respect to f(p;) and J(p;) results in

oC(p,e) 1
a%(pz) T2
oC(p,e) 1
aj(ﬂz’) T2

(zi + 27) + 2e,R(p;) =0 (5.43a)

J(=zi+27)+2¢3(pi) =0 (5.43Db)
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which yields

(o) = -
p) = -2

where : =0,1,--- /N — 1. Thus

arg(p;) = = = arg(z
Hence, the solution for the optimization problem in (5.25) is

oy = &/ E() — I ars(Y (U-V)Y1p)
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6. Compensation of Phase Noise and 1Q

Imbalance in Multi-Carrier Systems

Published as:

Long D. Le and Ha H. Nguyen, “Compensation of Phase Noise and 1) Imbalance in
Multi-Carrier Systems,” IEEE Access, vol. 8, pp. 191263-191277, 2020.

Besides PN, IQ imbalance is also a common physical impairment which can significantly
degrade performance of a communication system. As such, the impacts of both PN and 1Q
imbalance is considered in this chapter. A two-stage algorithm is proposed to compensate for
these two impairments in a general multi-carrier modulation system. Specifically, in the first
stage, the I1Q) imbalance parameters and channel impulse response are estimated based on a
preamble. The preamble is designed such that the estimation of I1Q) imbalance parameters
does not depend on the channel and PN estimation errors. The proposed design is based on
the observation that the impact of PN in the frequency domain can be well captured by a
certain number of factors. Given the estimates from the first stage, the IQQ imbalance and

PN are subsequently compensated in the second stage for data transmission blocks.

The proposed algorithm is further extended to a multiple-input multiple-output (MIMO)
system that employs a diversity technique. It is shown that only one preamble block is needed
to estimate the IQQ imbalances as well as impulse responses of multiple MIMO channels. This
means that the proposed algorithm is spectrally efficient. The computational complexity of
the proposed algorithm is also analyzed. Simulation results illustrate the effectiveness of the

proposed algorithm in a variety of scenarios and for different CP-based multi-carrier systems,

including OFDM, GFDM, and CFBMC-OQAM.
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Compensation of Phase Noise and I(QQ Imbalance in
Multi-Carrier Systems

Long D. Le and Ha H. Nguyen, Senior Member, IEEE

Abstract

Compensation for the impacts of phase noise (PN) and in-phase and quadrature (IQ) im-
balance on cyclic-prefix (CP) based multi-carrier modulation systems in the presence of
imperfect channel estimation is considered in this paper. A unified two-stage algorithm is
proposed. In the first stage, I(Q imbalance parameters and channel impulse response are
estimated based on the transmission of a preamble which is designed in such a way that
the estimation of IQ) imbalance does not require any knowledge about the channel and PN.
Given the estimates from the first stage, the impacts of 1Q imbalance and PN are subse-
quently compensated in the second stage based on the transmission of pilot symbols. The
proposed algorithm is further extended to a MIMO system that employs a diversity tech-
nique. Simulation results are presented for a wide range of PN and I() imbalance scenarios

to corroborate the effectiveness of the proposed algorithm.
Index terms

Multi-carrier systems, OFDM, CFBMC-OQAM, GFDM, phase noise, IQ imbalance, channel

estimation, cyclic prefix.

6.1 Introduction

The next generation of wireless communication systems is expected to support not only
a wide range of data rates, but also a large number of devices sharing a limited transmission
bandwidth [1]. Recent studies on transmission technologies emphasize the need of new multi-

carrier modulation techniques to support these requirements [2,|3]. Among multi-carrier
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transmission techniques, orthogonal frequency-division multiplexing (OFDM) is currently
a popular choice for many communication systems due to its numerous advantages [4,5].
However, OFDM also has disadvantages such as (i) the high out-of-band (OOB) emission of
OFDM poses a challenge for opportunistic and dynamic spectrum access, and (ii) a strict
orthogonal synchronization between sub-carriers makes OFDM less attractive in low-power

communication systems.

Generalized frequency division multiplexing (GFDM) [6}[7] and circular filter-bank multi-
carrier offset quadrature amplitude modulation (CFBMC-OQAM) [8,|9] have been recently
proposed as promising candidates for the next generation wireless networks that can re-
solve the disadvantages in OFDM. In particular, with the use of well-designed prototype
filters [10]/11], these systems can avoid the high spectral leakage in the conventional OFDM.
Furthermore, the strict orthogonal requirement in OFDM is relaxed in GFDM and CFBMC-
OQAM.

A common approach in multi-carrier techniques, including OFDM, GFDM and CFBMC-
OQAM, is that a proper-length cyclic prefix (CP) is added into the signal before sending
out to the channel. By doing so, the interference induced from the multipath (frequency-
selective) fading channel is completely removed in the receiver. This also makes the channel
estimation and equalization significantly simplified. However, different from OFDM where
a CP is added into each sub-symbol, the overhead induced from CP is kept minimum in
GFDM and CFBMC-OQAM since a single CP is added for the entire block that contains

multiple sub-symbols.

Physical impairments like phase noise (PN), and in-phase and quadrature (IQ) imbalance
are major sources limiting performance of multi-carrier systems [12]. The impact of PN can
be separated into two components, namely common phase error (CPE) and inter-carrier
interference (ICI), in the frequency domain [13]. While the first component results in a
common rotation of all symbols in the same transmission block, the second component is
different for every symbol. To compensate for the PN impact, many papers estimate CPE
and assume ICI as Gaussian noise [14-17]. This assumption does not always hold true in

practice, especially when PN is not small. Moreover, iterative PN compensation algorithms
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are proposed to replicate the PN-free transmitted signal and then use it to estimate the PN
in the time domain [18}/19]. However, these algorithms do not work well for large PN due
to error propagation, an inherent problem of an iterative algorithm. Another disadvantage
of iterative algorithms is their long latency. In [14,20-22], the authors propose non-iterative
algorithms to compensate for the PN impact. Specifically, in [14], the PN and channel are
first jointly estimated by solving a constrained quadratic optimization problem, but under
overly simplified constraints. The optimization problem in [14] is revisited in [20-22] with
more realistic constraints. Compared to [20], the proposed algorithms in [21,22] have lower

complexity.

Different from PN which is randomly varying, IQ imbalance is a static impairment [12,23].
As such, the IQQ imbalance parameters are estimated only once for the whole transmission. It
is shown in [23-26] that in the presence of IQQ imbalance, the received signal contains not only
the linear component, which is a linear convolution between the transmitted signal and the
channel, but also the complex conjugate of the linear component which significantly degrades
the system performance. Algorithms are proposed in [16,23/24] to estimate the 1Q imbalance
parameters based on an assumption that without IQ imbalance, the channel has a “smooth”
frequency response since the coherence bandwidth of the channel is commonly larger than the
inter-carrier spacing. In [27], the authors propose a novel approach to estimate the mixer’s
IQ imbalance which is isolated from the fading channel estimation by exploiting the channel
coherence in both time and frequency domains. However, in order to achieve a reasonable

performance, multiple training symbols are used.

In the presence of both PN and IQ imbalance, an algorithm is proposed in [15,28,129] to
compensate for the impairments. In these papers, the PN and channel impulse response are
first estimated based on a transmitted preamble. Given the estimates, the IQ imbalance pa-
rameters can be found. Such an algorithm is further extended when multiple-input multiple-
output (MIMO) transmission is considered. The estimation of I1Q imbalance in 15} 28,29
highly depends on the estimation errors of PN and the channel. This consequently results
in a performance degradation when the estimated 1) imbalance is used for compensation in

the rest of data blocks. As a further development of the work in [23}24], the impact of PN
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is included in [16}30]. Given the IQ imbalance compensation, the PN is estimated and then
compensated for the data blocks. A simple joint estimation and compensation technique
to estimate channel, PN and 1Q imbalance is proposed in [17]. A sub-carrier multiplexed
preamble structure having a minimum overhead is introduced and used in the estimation
of IQQ imbalance parameters as well as the initial estimation of the effective channel matrix,
including CPE. Then, a novel tracking method based on the second-order statistics of ICI

and noise is used to update the effective channel matrix throughout a transmission frame.

Main Contributions: In this paper, a generalized model of signal processing for CP-based
multi-carrier modulation systems, including but not limited to OFDM, GFDM and CFBMC-
OQAM, is first presented. We then introduce a unified algorithm which contains two stages
to estimate and then compensate for the impacts of PN and IQ imbalance. In the first stage,
the channel impulse response and IQQ imbalance parameters are first estimated based on the
transmission of a preamble. Given the estimates from the first stage, in the second stage
the IQ imbalance and PN are compensated in that order based on the pilot symbols for
the rest of data transmission blocks. The preamble is designed such that the estimation of
IQ imbalance does not depend on the estimated channel and PN. Given the estimated 1Q
imbalance, the channel impulse response is estimated. The computational complexity of the
first stage is analyzed and reduced based on the structure of the proposed preamble. The
proposed algorithm is then further extended to a MIMO system with a transmit diversity
technique. A general scenario is considered in which each receive antenna suffers from a
different impact of IQ imbalance and PN. The preamble design is then generalized for the
MIMO system so that the IQQ imbalances as well as channel impulse responses can be easily
estimated while only one transmission block is needed for the preamble. The developed
algorithm makes no assumption about having small IQ imbalance or PN. Simulation results

are provided in a variety of scenarios to show the effectiveness of the proposed algorithm.

Notations: Lowercase letters are used to denote scalars. Lowercase boldface and upper-
case boldface letters stand for vectors and matrices, respectively. Symbols ()T, ()T, (:)¥,
(75 O 1+ Fll2, *, and ® denote pseudo-inverse, transpose, Hermitian, inverse, com-

plex conjugate, modulus, f>-norm, linear convolution, and circular convolution operations,
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respectively. Symbols R{-}, J{-}, diag[-|, and E[-] denote the real and imaginary parts of a
complex variable, a diagonal matrix if the argument is a vector, or a vector if the argument
is a diagonal matrix, and expectation operation, respectively. 1y«; denotes a column vec-
tor whose N components are all 1’s. CN (u, X) represents a circularly symmetric Gaussian
random vector with mean p and covariance matrix ¥. This paper use (t) to denote the

continuous time signal and [n]| to denote discrete-time signals.

6.2 System Model

6.2.1 CP-Based Multi-Carrier Systems

Figure illustrates a CP-based multi-carrier system under consideration. An informa-
tion bit sequence b; corresponding to the ith transmission block is first encoded to obtain
a coded-bit sequence u;, which is then mapped into a symbol sequence d; by quadrature-
amplitude modulation (QAM) mapper. Next, the symbol sequence d; is modulated by

multiplying with a general multi-carrier modulation matrix G; to obtain

X; = |::L‘Z[O] zi[1] - [N — 1]}T = G.d;. (6.1)

Before transmitting over a wireless channel, a CP of length NN, is added into x; to obtain
X; = [%[N — Ny oo [N —=1] x[0] - a[N — 1]}T. To overcome the inter-symbol
interference (ISI) induced from the multipath fading channel, N, is chosen such that N, >
N, — 1, where N, is the length of the channel impulse response. The signal X; then goes

through the D/A converter and is up-converted to a passband signal z;(t). The received

passband signal is

Yi(t) = h(t) * z;(t) + wi(t), (6.2)
where h(t) is the impulse response of the channel and w;(t) is thermal noise.

At the receiver, y;(t) is first down-converted to baseband, filtered and sampled (by the
T
A/D converter). After removing CP, the received signal y; = |y; 0] wll] - w[N—1]
can be written as

yi — Hxi + w, (6.3)
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Figure 6.1: A CP-based multi-carrier transceiver.

where H is an N x N circulant matrix whose columns are the shifted versions of the first
T T
column [hT 0 --- 0| withh= [h[o] h[1] --- A[N,— 1]] is the complex-baseband

discrete-time equivalent channel impulse response of A(t). It is assumed that h ~ CN (0, X).

For all CP-based multi-carrier systems, H can always be written as H = FIT'F where F

is the normalized DFT matrix whose (k,m)th element is given as [Fly, = —<e™ “H and

I' is a diagonal matrix whose diagonal is the channel frequency response hy. The vector

w; ~ CN(0,021) represents Gaussian noise in the ith transmission block.

To detect the transmitted signal, y; is passed through a DFT, then a channel equalizer
and an IDFT to obtain x;. The output signal of the IDFT block is demodulated with a bank
of filters to obtain

~

d; = G, (6.4)

where the multi-carrier demodulation is represented by matrix G,.. The output d; is finally

passed through a demapper and then a decoder to obtain 0; and f)i, respectively.

For OFDM, G, = FZ, G, = F and d; is a column vector of N complex QAM symbols.
For GFDM, d; is also a set of N complex QAM symbols but it is generated differently from
OFDM. Specifically, the symbol sequence after the mapper is first arranged into a block-
based structure of M time slots and K sub-carriers so that N = M x K. Then, d; is
obtained by vectorizing that block-based structure. In GFDM, G, = G¥ for matched-filter
(MF) demodulation and G, = G;* for zero-forcing (ZF) demodulation. For CFBMC, d; is
a 2N x 1 real-valued column vector which is constructed similarly as in GFDM but from
a K x 2M structure. For the receiver of CFBMC, G, = G{’. Thanks to the real-domain
orthogonality, the estimate of d; is obtained by taking the real part of the multi-carrier

demodulation output.
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6.2.2 PN and IQ Imbalance

PN and IQ imbalance mainly come from imperfect mixers in both transmitter and re-
ceiver. However, this paper assumes that only the receive mixer is impaired. This assumption
is commonly adopted in the downlink transmission from a base station to a mobile user where

the impact of PN and IQ imbalance is more severe at the receiver.

Define s; = Fx; and s; is the complex-conjugate mirroring version of s;. Then the

presence of PN and I imbalance results in the following received signal:

2 = 1Py + Py & p D, ¢ PIFITS, 1 v, (6.5)

in which v; = uP;w; + eP7w;

#and T is a diagonal matrix whose diagonal is h; which is

obtained from h; by the complex-conjugate mirroring operation. The diagonal matrix P; =
diag |ei®il0]  ei¢ill] ... @i¢[N-1| represents the PN corresponding to the ith transmission
block. In this paper, ¢;[n| is simply generated as a Wiener process [31,32]. As such, the
discrete-time PN from an oscillator can be modeled as ¢;[n] = 27 f. %1 B[i] where f, is the
carrier frequency and f3[i|’s are independent and identically distributézozero—mean Gaussian
random variables with variance ag = ¢, T, ¢, is a constant describing the quality of the
oscillatorﬂ and Ty is the sampling interval. For the asymmetrical I1QQ imbalance model [12],

the constants p and € are given as
Mzﬁ(l—ge ) and e:a(l—l—gej ), (6.6)
where g and 1 denote the amplitude and phase offsets from IQ imbalance.
Performing DF'T on z; results in

where v\ = Fv;, Q; = FP,F¥ and Q, = FP¥F/. Both Q; and Q, are circular matrices.
Define I;[l — q] and J;[l — q| as elements at the Ith row and the gth column of Q; and Q,

!The 3-dB bandwidth A f3qp is related to the quality factor c, as Afsgqp ~ 27mc, f2 [21,32].
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respectively. Then
N-1

Lw_qyzl;izgmmgq%mﬂm
N &
N-1
JU_Q]ZQLE:eﬁ@meﬁ%mth (6.8)
i N
p=0

Jill =gl = I7lg = 1].

Matrix Q; now can be written as

[ L0 L[] L2—N] L[1—N]|
o | A 7,[0] LIB—N] L2-N] 69
LN -1 LIN=2] - L[l] U

A similar expression can be obtained for Q, by replacing I; by J;.

It is worth pointing out that ;[ — ¢| reflects the impact of PN on the received signal in
the frequency domain. When [ = ¢, [;[0] = & Z;V:_Ol /%Pl is known as CPE [32]. This value
is constant for all sub-carriers in the same block, but different from one block to the other.
When [ # q, I;[l — q] represents the interference induced by the gth sub-carrier on the Ith
sub-carrier, i.e., ICI interference. This term randomly changes from one sub-carrier to the

next.

Define p; = z; + z} and pgf) the corresponding DF'T of p;. Given p+ ¢ = pu* +€ =1,
one can obtain
p) = Qil's; + Q,Ts; + v\ (6.10)
where v\ = FP;w; + FPHw?.

7

6.3 Proposed Algorithm for PN and IQ Imbalance Compensation

The proposed algorithm has two stages. In the first stage, the channel and IQ imbalance
parameters, i.e., i and €, are estimated based on the transmission of a preamble. Different
from [15,[28,29], here the preamble is designed such that the estimation of 1Q imbalance pa-

rameters is not affected by the estimation errors of the PN and channel. Given the estimates
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from the first stage and pilot symbols, the PN and IQ imbalance can be subsequently com-
pensated for the rest of data transmission blocks. In this paper, the preamble is transmitted

in the first block, i.e., i« = 1, and the first stage is operated on the preamble only.

6.3.1 Stage 1: Estimation of I(Q Imbalance, PN and Channel

Preamble Design and IQQ Imbalance Estimation

1 1 1

0.8 08 08

0.6 0.6 0.6

= o4 = o4 = o4
0.2 0.2 0.2
0@ ol 0@“ —:g 0
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(a) ¢, =2 x 10717 (b) ¢, =5 x 10718 (c) ¢, =5 x 10719

Figure 6.2: The first column of Q;. The values of ¢, are chosen such as A f34p is in the order

of ten thousands hertz (a), thousands hertz (b) and hundreds hertz (c).

Fig. [6.2] shows the absolute values of the first column of Q;, which is the frequency-
domain representation of PN for the ith transmission block. The figure is obtained with 3
different values of ¢,, corresponding to A f3gg in the order of ten thousands, thousands and
hundreds hertz. It can be seen that when the PN is small, the CPE, i.e., I;[0], dominates the
other components, hence the impact of ICI is negligible. However, when the PN is large, the
impact of ICI cannot be ignored. Interestingly, even when the PN is very large, the impact

of PN in the frequency domain can be well captured by a few components around I;[0].

It is assumed that the frequency-domain PN corresponding to the preamble, i.e., 7 = 1,
can be approximately represented by L[-N,] -+ L[-1] L[0] L[1] --- L[N]| where

N, is the approximation order of PN. As such, Q; and Q, can be rewritten approximately
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as ,.

L[0] L[-1 -~ 0 - 0 LIN,] L[N, —1] - L[2] L1
L[] L[] -+ L[-NJ -~ 0 0 L[N,) -~ L[3] L[2
Q~| . . . .
L[-1 n[-2] - 0 - L[NJ] L[No—1 L[N.—2] - L[] L[0]]
(6.11)
and
o] L) - 0 .- 0 L[-NJ] L[1-NJ --- L[-2] I[-1]]
_ | R0 KN 0 0 L[-No] - I3 I;[-2]
Q, =~ , _ ;
L LR - 0 - L[N B-No IF2-NJ --- L[] L[]
(6.12)

respectively. Given Q; and Q,, the received signal in (6.7)) for the preamble can be derived
as
2 [No 1] = {1 [=NeJ g [2No + 11 [2No + 1] -+ L[NeJ (11 [1]} +
e {I{[NJh}[N — 2N, — 1]s{[N — 2N, — 1] +--- +

LI=NJRG [N = 1]si[N = 1]} + o [No + 1]

2" {E_No—l] 'M{Il[NO]hf g—q " g_l} S

N N
L [NoJhy {5 — 2N, — 1} 51 {5 — 2N, — 1] } -

N N
€ {I{[No]h} [5 + 1} st [5 + 1] +F
N N N
TR {5 + 2N, + 1} st {5 + 2N, + 1] } + 0P {3 ~ N, — 1}
(6.13)

from the (N, + 1)th sample to (§ — N, — 1)th sample. Furthermore, given (6.10), pgf) can
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be rewritten as

PN, +1) = {N[=NJhs[2N, + 1]81[2Ns + 1] - - - + L[N hs[1]s1[1]} +
{]f[No]h}[N — 2N, —1]s{[N — 2N, — 1] + -+

L [=NJRGIN — 1s5[N = 1]} + 37 [N, + 1]

piP g — N, — 1} : {11[—N0]hf [g - 1} 51 g - 1} ot

N N
[1[N<>]hf |i5 — 2N<> — 11 S1 |:5 — 2N<> — 1:| } +

{Il[No]hf |:5+1:| s} [5+11 4+t
N N N
I [-Nh {5 +2N, + 1} st [5 + 2N, + 1} } + 3P [3 ~ N, — 1]
(6.14)
from the (N, + 1)th sample to (5 — N, — 1)th sample.

It can be observed that, for each expression in (6.13)) and (6.14)), while the terms inside
the first curly brackets, which are related to p, only contain symbols from the first half of

the preamble, i.e., between s[1] and s; [% — 1}, the terms inside the second curly brackets,

which are related to €, only contain symbols from the second half of the preamble, i.e.,
between s; [§ + 1] and s;[N — 1]. As such, if either the first half or the second half of
s1 contains all zero elements, then either € or u can be estimated, respectively. Specifically,

making the second half of the preamble all zeros, i.e., s1[n] = 0 for n = (ﬂ + 1) Ly, (N=1),

2
then (6.13) and (6.14]) can be respectively rewritten as
AOIN, + 1) = p {1 [~ NoJhs 2Ny + 1)1 2Ny + 1] - - - + L[NoJhs[Usi[1]} + vV [N, + 1]

N N N
2D {5 ~ N, — 1} :u{fl[—NQ]hf b - 1] 51 {5 - 1} ot

N N N
L [Ny)hy b — 2N, — 1} $1 {5 — 2N, — 1} } + ol {5 ~ N, — 1}
(6.15)
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and

PN, + 1] = {1 [~ NoJhy 2N, + 1s1[2No + 1] -+ + L[Ny [L)s1[1]} + 017 [N, + 1]

piP {g ~ N, — 1} : {]ﬂ—NQ]hf {g - 1} 51 {g — 1} ot

N N N
I[N hy b — 2N, — 1} 51 {3 — 2N, — 1} } + gD {— ~ N, — 1}

2
(6.16)

and the relationship between zif) and pgf) can be obtained as

AV 411 = '[N 1] + (w1 [N + 1] = o [N + 1))

N N N N
TR Y |

2
(6.17)
From ([6.17)), 1 can be estimated as
N_Ne—1
A R
e ¥ & 019
2 2N, —1 n=Ny+1 pg)[n]
With the estimate of u, € can be estimated as
e=1—4". (6.19)

The performance of I() imbalance estimation can be evaluated in terms of the mean
squared error (MSE) as
MSEiq = E{|i — |’} . (6.20)

Remarks:
e Similarly, € can be estimated first by designing the preamble such that the first half of
s contains all zeros, i.e., s1[n] =0 forn=20,---, (% — 1).

e The previous analysis is performed for the (N, + 1)th sample to the (§ — N, — 1)th

sample, i.e., they belong to the first half of the received signal zgf). A similar analysis
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can be done for the second half of zgf). However, the same conclusion related to how

s1 is designed would be reached.

e (2N, + 1) samples in the first half of the received signal zgf) are not used in estimating

the IQ imbalance parameters.

e Depending on how large A fsgp is, N, can be chosen appropriately so that the PN
impact can be well captured. For instance, when A f3qp is in the order from hundreds
to thousands hertz, N, = 2 would be enough to capture the PN impact as illustrated
in Figs. [6.2b] and [6.2, However, when A fsgp is very high, as in the order of ten
thousands hertz as shown in Fig. [6.2a] N, = 4 is a better choice.

e The estimation of IQ imbalance does not require any knowledge about the fading

channel and PN.

PN and Channel Estimation

Given [ and €, IQQ imbalance can be compensated from the received signal corresponding

to the preamble as

S S
| [z — €z

I =~ PlHX1 + Wl = \/NPlFHslPU‘h + VAV1 (621)

a2 = e
where w; = Pywy, S; = diag[s;] and F is obtained from F by keeping the first N, columns.

To estimate the channel impulse response, the inter-dependency between the channel h
and the PN Py in has to be resolved. Similar to [14}20-22], the inter-dependency
can be decoupled by first obtaining an estimate of the channel which is a function of P;.
The estimated channel is then substituted into the optimization problem which minimizes
the MSE of PN estimate. The PN estimated from solving the optimization problem is then
used to finally obtain the estimated channel. It is pointed out that, to improve the quality
of the estimated channel, the minimum mean squared error (MMSE) method is used in this
paper rather than the least square (LS) method as in [14,20,21]. Furthermore, the proposed
algorithm estimates the channel impulse response rather than the channel frequency response

as proposed in [22]. The reason is that the length of a channel impulse response is usually
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much shorter than the length of its corresponding channel frequency response, and as such,
estimating the channel impulse response usually requires less transmitted pilots than that
from estimating the channel frequency response. This is especially useful when the MIMO
scenario is considered later where only one preamble is used to estimate multiple channel

impulse responses.

From (6.21]), the estimated channel impulse response obtained with the MMSE method
is
hyuse = VNIFISH(NS, FEFASY + 621)"'FP/r,. (6.22)

Given hynsg, PN is then estimated by minimizing

2

(K(Pl) = ’ (I‘l — \/NplFHSIFh) ’hZhMMSE 5

(6.23)
=ri'P; (I-2A + AA) Pl

o o o o —1
where A = NFHS, FSFHSH (NlezFHs{f + agvl) F.

Let F; and F; be obtained from F and f‘, respectively, by keeping the first N/4 rows,
and A be a diagonal matrix whose diagonal contains all the non-zero elements from the
first half of the preamble designed in the previous subsection. As such, A can be simplified
as A = NF{{A]?HE]?‘{{AH <NA];"12]?‘{1AH + UngN/2> - F,. It can be seen that the most
complicated operations in computing A related to matrix inversion and multiplication are
reduced from N-dimensional matrices to only N/2-dimensional matrices. The matrix inver-
sion in A can be further simplified if the preamble is designed such as A A = Iy, [22]
and the length of the channel impulse response is much shorter than the half length of the

preamble s;. Specifically, A can be rewritten as
o o rru -1
A = NFIAFR,S (NF{I S avaNc> FAAHR, . (6.24)

In (6.24), the inversion complexity of an N/2-dimensional matrix is reduced to that of an
N.dimensional matrix. Furthermore, the matrix inversion does not depend on the preamble.
This means that it needs to be computed once only, provided that the statistics of channel

and noise do not change.
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T
Define U = (I - 2A + AA), R =diagri],and n = |5y n --- ny_,| = diag Py".

Then the PN can be estimated by solving the following optimization problem:
minimize nH R URn
n (6.25)
subject to [n;|=1; j=0,1,--- ,N—1.
Similar to [21}22], the majorization-minimization algorithm is applied to solve ([6.25). Define
V = ApaxIny where A, is the maximum eigenvalue of U. A closed-form solution for (6.25))
is obtained as

Nip1 = ej arg(RfI(U7V)R1m). (626)

In summary, to find a solution for the optimization problem (6.25), it is first initialized
at t = 0, i.e., mp, and then substituted into to obtain 7;. Next, m; is substituted
into to obtain 7 and so on. The algorithm terminates after a predefined number
of iterations, say Ni... The estimated PN is then substituted into to finally obtain
the estimated channel impulse response. It is pointed out that, given the prposed preamble
design, the first stage can be carried out in the same way for all CP-based multi-carrier

systems considered in this paper.

6.3.2 Stage 2: Data Detection

In the second stage of the proposed algorithm, the impact of IQ imbalance and PN
shall be subsequently compensated for the data blocks. With the estimated IQ) imbalance
parameters, the 1Q imbalance is first compensated for the received signal corresponding to

the ith transmission block as

7k a3
[z — €z

= ~ P,FITFG,d; + w; 6.27
AP e it (620

r;

where 2 < i@ < Ny and Ny is the number of blocks in each frame. The IQ imbalance-

compensated signal r; then enters the PN compensation procedure. It is assumed that

H

7

the conjugate of PN, namely P;', can be approximately represented as a multiplication

(Np—1)

of a known basis matrix €2; = [wl@) wi(l) W, ] which contains N, column vectors

T T
wfn) = [wfn’o) cee wg”’N_l)} and an unknown vector «; = [72.(0) . %.(Nb_l)] . Of course
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~; should be estimated (which shall be discussed shortly) so that €2;+; can be used to de-
rotate the PN impact in the receiver. After the PN compensation, the output signal is further
processed to detect the transmitted signal as Elz = A;v; where A; = G, FH f‘_leiag [r;] ©;
and ' = \/Ndiag[f‘hMMSE].

Let p = [po procee pT—1] be a set of pilot indexes in each transmission block, and

T
dgp} = [dleo] di”l] e dEpT*ﬂ] be the transmitted signal corresponding to the pilot index
set. Define Az[p] as the matrix which is obtained from A; by keeping the rows corresponding

to the pilot indexes. Thus, the received signal for the pilot symbols can be written as
dP = APy, (6.28)
To estimate ~;, LS estimation is used for simplicity.

For CFBMC, the received signal corresponding to the pilot symbols is written as dﬁp} =
R {A[p]'yi}, which can be further rewritten as

i

i 9%{51(0’0)} j{(Si(o,o)} m{él@,F—l)} 3{5§0’F_1)} 1 s)fi{%,o} ]
. {AEP}%} ) 9{{5?(1,0)} 5 {5{1,0)} m{él(l:,F—l)} 5 {5£11F—1)} —J.{ji,O}
m{agé—l,O)} j{5@._1,0)} m{égQ;17F_1)} 5 {6@_.1”7_1)} R{vip-1}
) l l Z ' 4 =3 {vi,p-1}]
= AH;
(6.29)

which is in the form of (6.28), where 67 denotes the (k, j)th element of matrix Agp] and
~; is related to 4; as

1 —7 0 0 0 0
0 0 1 —j -~~~ 0 0 )
Y=L o Vi- (6.30)
00 0 0 -+ 1 —j
= —NbXQNb

The proposed algorithm in the second stage does not require any iterations as the ones

proposed in [18}|19,33]. As such, the unwanted effects of an iterative algorithm such as high
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D Non-zero elements Zero elements

Figure 6.3: Proposed preamble when N; = 2.

latency and error propagation can be effectively avoided. Furthermore, different from the
existing literature, the PN is estimated in the second stage without making any assumptions

to simplify the PN model.

6.4 Extension to MIMO Systems

This section extends the algorithm proposed in the previous section to the MIMO systems.
Consider a MIMO system equipped with N; transmit and N, receive antennas. The channel
impulse response between the pth transmit antenna and the gth receive antenna is denoted
as h, , and modeled as h,, , ~ CN (0, %, ,). Define x,; and z,; as the transmitted signal and
the received signal corresponding to the ith transmission block at the pth transmit antenna
and the gth receive antenna, respectively. Let P,,; and (u,, ¢;) represent the impact of PN
and IQ imbalance corresponding to the gth receive antenna and the ¢th transmission block.

Then, the received signal at the qth antenna after removing CP is

Nt Nt
Zgi = HqP g, E :anxp,z + EqPq,z‘ E Hp,qxp,i + Vg,i (6.31)
p=1 p=1

- . . H * . . . . . .
where v, ; = 1,Pg Wy + €Pg Wy, and w,; represents Gaussian noise in the ideal case, i.e.,

without PN and IQ imbalance, and H,, ; is a circulant matrix built from h,, ,.

6.4.1 Stage 1: IQ Imbalance, PN and Channel Estimation
Preamble Design and IQ Imbalance Estimation

Observe from ([6.31)) that all the transmitted signals appear as pairs of linear components,

namely H,, ;x;,; and Hy x7 ; in the received signal. Such observation motivates us to propose
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a preamble as illustrated in Fig. for the case Ny = 2. Specifically, there is one preamble
for each transmit antenna which contains only one transmission block. The transmitted
preamble from each transmit antenna shall be non-overlapped with the ones from the other
transmit antennas. Furthermore, each transmitted preamble is designed by following the

same principle presented in Section [6.3.1

The received signal at the qth antenna corresponding to the preamble and after removing
CP can be derived as
Zg1 = 14P 1 Z H, X, + ¢, P Z H X5+ Vg (6.32)
p=1 p=1

Performing DF'T, one obtains

= 11,Qq1 Z T, Sp1 + €,Qy 1 Z TS0 + v (6.33)

p=1 p=1

2 2
f = = - (f
Pé,)l = Qg1 Z LpgSp1 + Qq,l Z LpgSp1 + Vé,%- (6.34)
p=1 p=1

With the proposed preamble design in Fig. (6.3 where s 1[n] # 0 whenn =0, --- ,% -1
and sy1[n] # 0 when n = &, -+ — 1, equations (6.15) and can be further

155



rewritten respectively as

2N+ 1] = prg { I Na B 2N, + 111 2N + 1]+ + NGRS (1.1 (1]} + 0] [N + 1]

N N
zgi |:4 - N<> - 1:| = Mq {Ii][_No]h(f) |:4 — 1:| 8171 |: — 1:| + -+

4
N N N
If[NO]hgf,,)z [4 — 2N, — 1] 51,1 [4 — 2N, — 1] } + vg% [2 ~N, — 1]
N N
zéf) [4+N<>} = {jq[ No]hgf)q [4 +2N<>] 2.1 [4 +2N<>} 4t
AT [ } o m } o) { +N<>}
4 4
nN f N N
Z;,i |:2 — N, — 1:| = Hq {Ii][—No]h(le |:2 - 1:| 521 |:2 — 1:| 4+ .4
N N
I[N [2 — 2N, — 1] 52,1 [2 — 2N, — 1] } + ol [2 N, — 1]

(6.35)
and

P INo + 1] = I [~ NoJh{") 2N, + 11,1 [2Ne + 1] -+ - + I [NGJR) 1511 [1] + 00 [N, + 1]

N N N

N N . N
I?[No]hgf)] [4 - 2N<> - 1] S1,1 [4 - 2N<> - 1] +v (f) |:2 - N<> - 1]

N N
n |V N n [N
1NA) [4] [4] +vg,; [4 i No]

N N N
Pg; |:2 — N, — 1:| = Ii][_No]h;i)] |:2 — 1:| $2.1 |:2 — 1:| + -+

N N
I{[NGJR) [2 —2N, — 1] 52,1 [2 ~ 2N, — 1} + 9 [2 ~ Ny — 1]

(6.36)
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and

2N + 1] = o [No + 1] + (v
N | [N N . N
[_No_l — o) _N0_1}+<U;f; [4_%_1]_%@;2 [_No_lb

N | [N N N N
[4 | = = napy) |7 + NQ] + (@f} [ + NQ} ~ g7 [ + ND

N 1 [N N -
) [ —N,—1| = qug) — — Ny — 1} + <v(? [2 — Ny — 1] — ,uqv(f%

(6.37)

Remarks:

e From (6.35) and ([6.36]), the received signal samples from the (N, + 1)th sample to the

(% — N, — 1)th sample do not depend on the non-zero elements in s, ;. Similarly, the

received signal samples from the (% + No)th sample to the (% — N, — 1)th sample do

not depend on the non-zero elements in s; ;.

e From (6.37)), the IQ imbalance parameters can be estimated as

q? n

oo poaln] (6.38)

Mq |19|
¢ =1— [
in which @ = [(No + 1) : ( = No = 1)J U [( + No) : (§ = No — 1)] and || returns
the cardinality of 9.

e The received signal samples from the (% — No)th sample to the (% + N, — 1)th sample
depend on the non-zero elements from both s; ; and sg ;. As such, they cannot be used
to estimate the IQ imbalance parameters. Compared to the SISO scenario, 2N, samples
cannot be used to estimate the 1QQ imbalance parameters which, therefore, results in a
degradation in the quality of IQ imbalance estimation. However, when the number of

samples is large enough, this degradation can be negligible.

157



e The preamble design can be straightforwardly extended when the number of transmit
antennas is greater than two. In general, with N; transmit antennas, (2M !N, +2N,+1)
samples in the first half of the preamble cannot be used in estimating the IQ imbalance

parameters.

PN and Channel Estimation

Once fi, and €, are obtained, the IQQ imbalance compensation is performed on the pream-

ble of the gth receive antenna to obtain

N ~ Ny
figZg1 — €qZy 4 .
ry = Tl P, ZH,,,qxp,1 + Wy (6.39)
| g €] =1

where w,; = P, 1w, ;. The above equation can be rewritten as follows:
g1 ~ Pq,lth + Wq,l (640)

T g
where h, = [h], hI, --- hJTM] and K = [Kl K, - KNJ with K, = VNFTS, F
and S, = diag[s,1]. Equation (6.40) is now similar to (6.21]). As such, the channel can be

first estimated based on the MMSE method as
1
hoase = S, K7 (KSp, K7 +0uI) " Plirg, (6.41)

Where th — E [hth} = dlag [217(1 EQ,C] . ZNt,q] .

Define U, = I — 2A, + AjA, where A, = K3, K" (KthKH + (73‘,1)_1 and V, =
AgmaxInxn Where A;max is the maximum eigenvalue of U,. Let R, = diag|r,;], and
n, = [Uq,o Ng1 -+ 7]q,N—1:|T = diag [Pq71]H. Then, the PN from the ¢th receive mixer
corresponding to the preamble can be estimated by solving the following optimization prob-

lem:
minimize nf Rf U,Ryn,
M (6.42)
subject to [n,n|=1; n=0,1,--- ,N—1

A closed-form solution for (6.42)) is obtained as

Nyt+1 = ej arg(RqH(Uq*Vq)Rq"q,t)_ (643)
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The estimated PN obtained from the optimization problem is then substituted back into

" to find hq,MMSE-

Remarks:

e Only one transmission block is required as a preamble to perform the first stage of the

proposed algorithm, making it spectrally efficient.

e With the proposed preamble, estimation of 1QQ imbalance parameters as well as the set

of channel impulse responses corresponding to a given receive antenna can be performed

as (6.38)) and (6.41)), respectively.

e The algorithm in the first stage can be significantly simplified based on the structure

of the preamble. For example, when N; = 2, one has

K1 — \/NFHSLlF = \/NF{{Aﬁ‘l ( )
6.44
K, = VNFIS,,F = VNFIAF,
where A is the N/4 x N/4 diagonal matrix whose diagonal contains all the non-zero
elements of the preamble. Matrices F; and F, are obtained from F and f‘, respectively,

by keeping the first N/4 rows. On the other hand, matrices Fy and F, are obtained

from F and ]?", respectively, by taking the rows from (% + 1) to %

6.4.2 Stage 2: Data Detection

For a MIMO system, the use of multiple antennas can be broadly classified into two
categories: spatial multiplexing techniques and spatial diversity techniques [34,35]. While
the first class aims to increase the transmission rate, the second class is to improve the

transmission reliability. This paper focuses on a diversity technique, namely space-frequency

block code (SFBC) [34,35].

Generation of SFBC for CP-Based Multi-Carrier Systems

To implement SFBC for CP-based multi-carrier systems, this paper proposes a strategy
as illustrated in Fig. for the simple case of N; = 2. Specifically, the modulated signal
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Figure 6.4: SFBC in CP-based multi-carrier systems when N; = 2.

d; is first transformed to §; = FG;d;. Then s; = [gz 0] &[1] -+ &[N — 1]]T is converted
to §; = [51[0] -5 1] -+ —=5[N - 1]}T. Finally, s; is passed through a space-time block
code (STBC), which can be the Alamouti code [34] for N; = 2. The generated signals s; ;
and sy ; for two transmit antennas which are finally passed through an IDF'T block to obtain

X1, and Xy, respectively.

The transmitted signal on the first transmit antenna is the same as in the single-antenna
system, i.e., G;d;, whereas the transmitted signal on the second transmit antenna is an
orthogonally transformed version of the one from the first antenna. For OFDM, G, = F,
so that §; = d;. Compared to the conventional MIMO-OFDM with SFBC [34}|35], the
proposed strategy is different in the way that a new block, namely FG,d;, is added in order

to adapt to the general multi-carrier modulation matrix Gy.

At the receiver, signal processing can be carried out in a similar manner as in the SISO
system. However, the channel equalizer is replaced by an SFBC combiner. The estimate

corresponding to §; can be derived as

fu[n]
'§i n A T i n
[ ] = Ln,nJrl > [ ] (645)
8iln + 1] aln +1]
T [n+ 1]
where
- ~1
Loner = (Lo Lnnsr) Lo (6.46)
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and

LR o]
70 B0
Lonir = N 1,2 [n] (f)2,2[n] (6.47)
(hl,l[n +1])* _(hl,l[n +1])*
(% + 1)) — (R + 1))

and 1, is the received signal corresponding to the ¢th transmission block at the gth receive

antenna after DFT. From (/6.45)), the transmitted signal d; can be finally recovered.

Data Detection

The received signal at the gth receive antenna corresponding to the ith data transmission

block after the IQ imbalance compensation is written as

- A
_ HgZqi — €%y

'y, = = -
|:“q|2 - |€q|2

q,t

N
~ Py FTY T 08,0+ Wy, (6.48)

p=1

where w,; = Py ,w,;, 5,; = Fx,; and 2 <1 < Ny.

Similar to the SISO scenario, it is assumed that the conjugate PN at the gth receive

antenna corresponding to the ith transmission block, i.e., P can be approximately rep-

q,%

resented as a multiplication of a known basis matrix €2, ; = [wéoi) wgli) e wgb’l) con-
T
taining N, column vectors wg? = [w((;;,o) wéZ’Nfl)} and an unknown vector v,; =
T
[fyéoi) ,Y;J;frl) . The goal is to estimate v,; so that €,;7v,; can be used to multiply
with the received signal r,; to compensate for the PN impact.
After the PN compensation, the output signal is approximately written as
N
diag[ry, |7, ~ FY Z Ly oSpi + We,i (6.49)
p=1

where w,; = diag[W,;]€2,:7,:. The received signal is further processed to detect the trans-
mitted signal by first passing through a DFT. Define Y, ; = Fdiag|r,;|Q,; and w,; = Fw,.
Then the signal after DF'T is written as

Nt
Tgi = YoiYgi & Z L) 4Sqi + Wi- (6.50)

p=1
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To illustrate how 4,, can be estimated based on the transmitted pilot symbols, a 2 x 2
MIMO system is considered. Given the PN-compensated received signal Ty ;, the transmitted

signal §; can be detected as

]
T9.4[0]
sl | [ o 0 o || .
8i[1 0 Ly 0 0 75 3[1]
B : : : : (6.51)
&[N —2] 0 o0 Ly_sn_3 0 i N = 2]
3,V —1]] 0 0 0 Loy 1| 2N —2]
) 1 AN 1)
75N — 1]

It is worth pointing out that the channel frequency responses in L are from the estimated

channel in (6.41]). Given that the right-hand side of (6.51)) is derived as

71.4(0] Y1,[0,:] 0 0 0
fli[o} 0 TQ’i[O, :] 0 0
fii[l} 0 0 Tii[l, :] 0
f;i[l} 0 0 0 T;i[l, ]
. (6.50) . . . "
= : Y, + : Y2,i + : Y, T
f17i[N — 2] Tl,i[N -2, 2] 0 0 0
2.4 [N — 2] 0 T27i[N — 2, :] 0 0
71N = 1] 0 0 YN -1, 0
f;yi[N — 1]_ I 0 | I 0 | I 0 | _T;AN -1, }_
Y1,i
. .. .. . Y2,i S
= [Au Ao Ac1; Acag T A
M,
72,1
(6.52)
Equation (6.51)) can be rewritten as
S;i = A (6.53)
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where A; = IAJAZ Given the estimate of §;, S; can be derived as

$i[0] A0, 7]
—57[1] —A[1,1]
S, = : = : i = Az’% (6.54)
5N — 2] AN — 2]
=SV -1] [ AN -1,

in which A;[n,:] is obtained from A;[n,:] by first conjugating A;[n,:] and then swapping
locations of the first half and the second half of the conjugated result.

Define p = [po P prl} as a set of pilot indexes in each transmission block, and
dgp} = [dgpo] dEpl] e dg”T*ﬂ} ! as the transmitted signal corresponding to the pilot index
set for the ith transmission block. Furthermore, define AL"] as the matrix obtained from
A; = G, FEA, by keeping the rows corresponding to the pilot indexes. Thus, 4; can be
estimated as

4, = (Agp})ngpl. (6.55)
For CFBMC, a similar adjustment as presented in Section [6.3.2] needs to be performed in

order to estimate 4;. Given 4;, 74, for the gth receive antenna can be derived as

M,i = (’A)’Z [1 : Nb] + ’A)’Z* [2Nb +1: 3Nb])

— DN =

(6.56)
')’2,1‘ = = (AZ' [Nb + 1: 2Nb] +"3’?k [3Nb + 1: 4Nb])

\)

Before closing this section, it is pointed out that the proposed algorithm can be applied
to the general case where each receive antenna experiences different IQQ imbalance and PN
impact. In the special case when all receive antennas are using the same mixer to down-
convert the received signal and thus experience from the same I(Q imbalance and PN, then

the estimation of IQ imbalance, PN, and channel impulse responses can be further improved

by averaging (6.38), (6.43)), and (§6.56)).

6.5 Simulation Results

In this section, performance of the proposed two-stage PN and IQ imbalance com-

pensation algorithm is evaluated in various scenarios and with parameters listed in Ta-
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Table A.2: Simulation parameters.

Channel coding

Convolutional code (Rate: 1/3;
Constraint length: 7; Generator

polynomials: [133 171 165]s);

Channel decoding

Hard-decision Viterbi decoding;

Modulation

16-QAM;

Block structure

N = 768 (OFDM);
K = 256; M = 3 (GFDM, CFBMC);

Prototype filter

CFBMC: Martin;

GFDM: Raised Cosine (Roll-off factor: 0.1);

Blocks/Frame

Nf = 10,

Carrier frequency

fe =6 GHz;

Bandwidth

B =100 MHz;

Sampling interval

T, =1/B;

Channel

EVA (N, = 251);

MIMO

N; = 2; N, = 2; SFBC,

Phase noise

e, = {5 x 107195 x 1071%;2 x 10717},

IQ imbalance

SISO: g = 1.1;¢ ~ U[—n/36; 7/36];
MIMO: g = [1.1;1.05]; ¢ ~ U[—7/36; 7/36];
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ble Among many CP-based multi-carrier modulation systems, this paper investigates
OFDM, GFDM and CFBMC-OQAM as they represent different classes of multi-carrier sys-
tems, namely, orthogonal, non-orthogonal and real-domain orthogonal systems, respectively.
The simulation results are first presented for SISO, and then for MIMO systems. When
¢, =5x 107" and ¢, = 5 x 107, N, = 2 is chosen. However, when ¢, = 2 x 107", i.e.,

more severe PN, N, = 4 is chosen.

The PN estimation in the first stage is initialized with 1y = 1yx; and the number of
iterations is set to Ny, = 10. To perform the second stage, pilots are inserted into each
transmission block at positions ¢; = 2 + 4n; where n; = 0: 191 for OFDM and n, = 0 : 63
in each time slot for CFBMC and GFDM. It is pointed out that, different from OFDM,
CFBMC and GFDM have block-based structures. Therefore, the above pilot configuration
in each time slot results in 192 total pilot symbols in CFBMC and GFDM, which is the same
number of pilots for OFDM. This pilot configuration corresponds to a pilot ratio 1/4. For
simplicity the ZF demodulator is used for GFDM.

6.5.1 SISO Scenario

For the preamble s;, a length—% Zadoft-Chu sequence with the sequence index u = 25 is

generated for the first half, and all zero elements are set for the second half.

Stage 1

Performance of the first stage is illustrated in Fig. for the IQQ imbalance estimation,
PN estimation, and channel impulse response estimation. Recall that with the proposed
preamble design, the first stage can be performed in the same way for all CP-based multi-
carrier systems. As such, the performance in Fig. would apply for all three CP-based
multi-carrier systems considered in this paper. In the simulation, PN is varied from medium
when ¢, = 5 x 1071 to very high when ¢, = 2 x 107'". For the IQ imbalance, while
the amplitude imbalance is set to g = 1.1, the phase imbalance is generated as a uniformly
distributed random variable over —m /36 to 7/36. When the proposed algorithm is employed,
its performance is labeled based on the value of ¢,. On the other hand, “No PN and 1Q”
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Figure 6.5: MSE performance of CP-based SISO multi-carrier systems in the presence of PN

and IQ imbalance.

refers to the ideal case where there is no PN and 1Q imbalance at the receive mixer, “PN
and IQ” is obtained under the impact of IQ imbalance and PN with ¢, = 5 x 107! and

without performing any compensation.

First, for the channel MSE performance, it can be seen that the system completely fails
on estimating the channel impulse response in the presence of PN and IQ) imbalance even
under the lowest level of PN E[ However, when the first stage is applied, the channel MSE
performance is significantly improved. Specifically, only approximately 5.5 dB performance
gap is observed at MSE = 10~ between “No PN and IQ” and the proposed algorithm
when ¢, = 5 x 107!, When the PN level is increased by 10 times, i.e., ¢, = 5 x 1078, only
additional 0.2 dB loss is seen. When ¢, = 2 x 1077, the performance gap is further increased

by around 1.3 dB.

By adaptively choosing N,, the MSE performance of IQQ imbalance and PN estimations is

not much different when varying the PN level. In particular, for the I(Q imbalance estimation,

2This is the reason why the performance curves for “PN and 1Q” when ¢, =5 x 1078 or ¢, = 2 x 10717

are not shown in Fig.
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Figure 6.6: Bit-error rate performance of CP-based SISO multi-carrier systems in the pres-
ence of PN and IQ imbalance. (a) OFDM, (b) CFBMC, (c) GFDM, (i) ¢, = 5 x 10719, (ii)

¢, =5 x 10718 and (iii) ¢, = 2 x 107'7.
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only 0.6 dB and 2.7 dB performance losses are observed when the PN level increases from
o =5 x 107 to ¢, =5 x 107!® and from ¢, = 5 x 1071 to ¢, = 2 x 10717, respectively,
at MSE = 10~%. For the PN estimation, the performance gap between ¢, = 5 x 1071 and
¢y =2 x 10717 is only 0.8 dB at MSE = 10~2. The MSE performances when ¢, = 5 x 10~%°

and ¢, =5 x 107 are almost the same.

Stage 2

Performance of the second stage in terms of the bit-error rate (BER) is shown in Fig.
[6.6l For the second stage, it is assumed that all bases are generated from a DFT matrix.
First, it can be seen that in the ideal case, i.e., “No PN and 1Q”, the BER performance of
OFDM is slightly better than that of CFBMC and GFDM. In particular, at BER = 1075,
the degradations are approximately 1.6 dB and 1.2 dB for CFBMC and GFDM, respectively.
These degradations are due to, respectively, noise enhancement induced from the use of ZF
demodulator in GFDM [7] and the self-interference in CFBMC [22]. Similar to channel
estimation performance, in the presence of PN and IQ) imbalance, all the considered CP-
based multi-carrier systems fail on detecting the received signal without any compensation.
By deploying the proposed algorithm, performance of the systems is clearly improved. When
¢, = 5 x 1071, increasing the number of bases from 8 to 16 helps to further gain 2.0 dB for
OFDM, 0.9 dB for CFBMC and 1.8 dB for GFDM at BER = 10~°. Compared to the ideal
case, only 3.1 dB, 2.6 dB, and 3.3 dB performance losses are observed for OFDM, CFBMC,
and GFDM, respectively, when 16 bases are used in the proposed algorithm.

When ¢, = 5 x 10718, the performance gaps between “No PN and IQ” and the proposed
algorithm using 16 bases are 3.7 dB, 3.5 dB and 3.7 dB for OFDM, CFBMC, and GFDM,
respectively, at BER = 107°. Therefore, only around 0.6 dB, 0.9 dB and 0.4 dB losses are
observed even when compared to the case ¢, = 5 x 107, When ¢, = 2 x 1077, although
increasing the number of bases still considerably improves the detection, performance of all

three systems is saturated above BER = 1074,
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Figure 6.7: MSE performance of CP-based 2 x 2 multi-carrier systems in the presence of PN

and IQ imbalance.

6.5.2 MIMO Scenario

For the MIMO scenario, it is assumed that N; = N, = 2. The preamble is designed

N — 1. The

T

such that s11[n] # 0 when n = 0,---, & — 1 and s51[n] # 0 when n = .
non-zero portions in s; ; and sq; are generated from a lengthf% Zadoff-Chu sequence with
the sequence index u = 25. Here, PN and IQ imbalance are generated differently for each

receive antenna. Specifically, g = [1_1 1-05} and ¢ ~ U[—7/36; 7/36].

Stage 1

To evaluate the MSE performance of the first stage, the Frobenius norm is used for the
estimated channel impulse responses, estimated IQ imbalances and estimated PNs. Perfor-
mance of the first stage is shown in Fig. [6.7 There is not much difference in the MSE
performances when ¢, = 5 x 1071 and ¢, = 2 x 1077, For the channel estimation, approxi-
mately 1.9 dB performance loss is observed at MSE = 10~* between the ideal case and the
proposed algorithm when ¢, = 5 x 107°. For the IQ imbalance estimation, about 1.1 dB

and 2.3 dB gaps are seen when the PN level increases from ¢, =5 x 107 to ¢, = 5 x 10718
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Figure 6.8: Bit-error rate performance of 2 x 2 MIMO-OFDM in the presence of PN and 1Q

imbalance. (i) ¢, =5 x 10718, and (ii) ¢, = 2 x 10717,

and from ¢, = 5 x 1071 to 2 x 1077, respectively. The difference is unnoticeable for PN

estimation.

Stage 2

Performance of the second stage is shown in Fig. [6.8 Since there is a strong similarity
in the BER performance of the considered CP-based multi-carrier systems in the SISO
scenario (see Fig. , only performance of the OFDM system is presented in Fig. for
the MIMO scenario. Furthermore, the performance when ¢, = 5 x 107! is not shown since
it is very similar to the performance when ¢, = 5 x 1078, First, observe that by using SFBC
the proposed algorithm substantially enhances the decoding performance. In particular,
compared to the SISO case, the compensation performance is significantly improved even
when only one basis is deployed. When ¢, = 5 x 107'®, increasing the number of bases from
1 to 8 helps to gain approximately 3.5 dB at BER = 107°. The performance gap between
the ideal case and the proposed algorithm is only about 1.3 dB at BER = 10~° when 8 bases

are used.

While there is a performance saturation when ¢, = 2 x 1077 in the SISO case (see Fig.
, with the help of the diversity technique the error performance of the proposed algorithm
is not saturated and is much better in the MIMO scenario. Only approximately 3.8 dB gap
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at BER = 107 is seen between “No PN and IQ” and the proposed algorithm using 8 bases.

6.6 Conclusions

In this paper, the impacts of PN and IQQ imbalance are first analyzed for CP-based multi-
carrier modulation systems, including but not limited to OFDM, GFDM and CEFBMC. Then,
a unified two-stage algorithm was proposed to compensate for the impacts of PN and 1Q
imbalance. Specifically, the IQ imbalance parameters and channel impulse response are
estimated in the first stage based on the transmission of a preamble which is designed such
that the estimation of 1QQ imbalance does not depend on the estimation errors of the estimated
channel and PN. Given the estimates from the first stage, the 1Q imbalance and PN are
compensated subsequently in the second stage. The proposed algorithm is further extended
to a spatial-diversity MIMO system where the I1Q) imbalance and PN are different for each
receive antenna. Simulation results were presented and discussed in detail to demonstrate

the effectiveness of the proposed algorithm in a variety of PN and IQ imbalance conditions.
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7. Summary and Suggestions for Further Studies

7.1 Summary

Due to the low complexity implementation of channel estimation and equalization, CP-
based multi-carrier modulation techniques including OFDM, CFBMC-OQAM and GFDM
have become popular choices in many communication systems. This thesis focused on two
main topics: (i) the integration of CP-based multi-carrier systems with the other techniques
and (ii) the impacts of physical impairments and their compensation in CP-based multi-

carrier systems.

In the first contribution, an OFDM-based FD communication scenario between two nodes
in the presence of the most relevant physical impairments, namely PN, 1Q imbalance and
nonlinearity, is considered. The impact of physical impairments on the received signal in FD
communication scenario is first analyzed. Based on that analysis, an iterative SIC algorithm
is proposed in which the SIC and data detection benefit from each other. To improve the
quality of the SIC, the physical impairments are estimated and compensated. Performance

of the proposed algorithm is shown to outperform the existing algorithms.

In the second contribution, the impact of PN is evaluated in CFBMC-OQAM systems. It
is first shown that in the presence of PN, the self-interferences, namely IST and ICI, drastically
degrade performance of CFBMC-OQAM. Then, an algorithm is proposed to compensate for
the PN impact in CFBMC-OQAM in which channel frequency response is assumed to be
known at the receiver. In this algorithm, the impact of PN in the conjugation form can be
captured by a multiplication of a known basis matrix and an unknown vector which is then

estimated based on pilot symbols. Only a small performance gap is observed between the
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proposed algorithm and the ideal case where there is no PN.

As an extension of the second contribution, the impact of imperfect channel estimation is
considered in the third part of this research. In order to take into account channel estimation,
a two-stage PN compensation algorithm is proposed in which the channel frequency response
is estimated in the first stage based on the transmission of a preamble. Given the estimated
channel, the PN impact can be compensated for the rest of data transmission blocks in
the second stage. The strategy to design the preamble is also presented in this part of
the research. From the simulation results, the proposed algorithm is shown to effectively

estimate the channel information as well as compensate for the PN impact.

In the last contribution, the impact of IQ imbalance is also included in addition to PN and
imperfect channel estimation. A two-stage algorithm is developed to take the impact of 1Q
imbalance into account. Along with the channel, the IQ imbalance parameters are estimated
in the first stage. The preamble in this chapter is designed to be spectrally efficient and the
estimation of IQ) imbalance does not depend on the estimation errors of estimated channel
and PN. Given the estimate from the first stage, the 1QQ imbalance and PN are subsequently
compensated in the second stage. The proposed algorithm is further extended to a MIMO
system where the PN and IQ imbalance are different in each receive antenna. The preamble
design is also generalized for the MIMO system. Only one transmission symbol is needed to
be transmitted as the preamble. To further improve performance of the proposed algorithm,
a diversity technique is considered in the MIMO system. Simulation results are presented
for three systems, namely OFDM, GFDM and CFBMC-OQAM. The proposed algorithm is

shown to effectively compensate for PN and 1Q imbalance impacts.

7.2 Suggestions for Further Studies

As a further development of the first contribution, the combination of a general CP-
based multi-carrier system and FD communication under the impact of physical impairments
could be studied. Different from the first contribution which considers an orthogonal system,
i.e., OFDM, the other classes of CP-based multi-carrier systems can be considered as well.

Without a strict orthogonal condition, more challenging issues are expected related to the
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impact of SI. For example, as described in Section [2.2.3] because GFDM is a non-orthogonal
system, it suffers from the self-interference even under the ideal transmission condition. As
such, when integrated with FD communications, an SIC should be designed such that it
can handle not only the ordinary SI resulting from the FD communications, but also the SI
due to the non-orthogonality. Including physical impairments would further complicate the

design of an effective SIC algorithm.

Second, it was shown that the use of CP can eliminate the IBI, provided that its length
is chosen sufficiently large compared to the channel length. While a long CP leads to a
significant reduction in both bandwidth and power efficiencies since the CP does not carry
any useful information, a CP whose length is shorter than the length of the channel impulse
response results in ICI and IBI [3,/4]. In general, while the CP length is usually specified
based on a standard, the channel length could change randomly. This possibly results in a CP
insufficiency. As such, the impact of insufficient CP could be studied in a general CP-based
multi-carrier system. The compensation of insufficient CP generally requires knowledge of
not only the transmitted signal from the previous block to remove the IBI, but also the
channel state information to remove the ICI impact. When physical impairments are also
included in the insufficient CP scenario, it further complicates the design of compensation

algorithms.

Third, not only PN and IQ imbalance, nonlinearity is also shown to be a critical factor
that significantly degrades performance of a multi-carrier system in general. However, the
impact of nonlinearity has only been considered for OFDM systems in conjunction with FD
communications in this thesis. As relatively new multi-carrier techniques, there have not
been many studies that examine performance of CFBMC-OQAM and GFDM in the pres-
ence of nonlinearities. To evaluate performance degradation induced from nonlinearities, the
Bussgang decomposition can be applied [5,6]. This decomposition provides an exact prob-
abilistic relationship between the output and the input of a nonlinear system. Specifically,
the output is equal to a scaled version of the input plus uncorrelated distortion. Applying
this decomposition would help to analytically derive performance of the new waveforms in

the presence of nonlinearities in terms of achievable datat rate, BER, etc.
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Last, to further improve the applicability as well as the validity of all the studies in this
research, additional works need to be considered. For example, in the first contribution, the
BER performance obtained from the proposed algorithm should be compared with the BER
performance when HD is considered and there are no physical impairments (which serves
as the lower bound), to further show the effectiveness of the proposed algorithm in cancel-
ing SI and compensating physical impairments. Second, to simplify the development of the
proposed algorithm, the remote device is assumed to be free of physical impairments. This
assumption may not hold true in practice. Furthermore, the trade-off between the computa-
tional complexity and processing latency of the proposed iterative SI compensation algorithm
is needed. In the second and third studies where the impact of PN and its compensation
are considered for CFBMC-OQAM systems, to improve the quality of the estimated channel
and thus the PN compensation, statistics of channel and noise are assumed to be known and
MMSE estimation can be performed. In practice, this information needs to be estimated
and thus its estimation error should also be taken into account. Furthermore, since the first
stage of the proposed algorithm is performed iteratively, the latency induced from the first
stage should be analyzed. In the last study where 1Q imbalance is considered together with
PN and imperfect channel estimation, the 1Q) imbalance distortion is assumed to be from
mixers only, which is commonly known as frequency-independent IQQ imbalance. However,
the mismatches between the I and Q branches due to transmit/receive analog filters and
DAC or ADC, which is frequency-dependent I1Q) imbalance, has not been considered. Addi-
tionally, the impacts of PN and IQ imbalance should also be considered at the transmitter

for the last three studies in this thesis.
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