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Abstract

Billions of devices are expected to connect to future wireless networks. Although conventional
orthogonal division multiplexing (OFDM) has proven to be an effective physical layer waveform
for enhanced mobile broadband (eMBB), it experiences various challenges. For example, OFDM
experiences high out-of-band (OOB) emission caused by the use of rectangular filters. This causes
interference to adjacent frequency bands and make OFDM highly sensitive to asynchronous transmis-
sions. Filter bank multicarrier (FBMC) systems have emerged as a promising waveform candidate
to satisfy the requirements of future wireless networks. They employ prototype filters with faster
spectral decay, which results in better OOB emission and spectral efficiency compared to OFDM.
Also, FBMC systems support asynchronous transmissions, which can reduce the signalling overhead
in future applications. However, in FBMC systems there is no subcarriers orthogonality, resulting in
intrinsic interference. The purpose of this thesis is to address the intrinsic interference problem to
make FBMC a viable option for practical application in future wireless networks.

In this thesis, iterative interference cancellation (IIC) receivers are developed for FBMC systems
to improve their performance and applicability in future applications. First, an IIC receiver is studied
for uncoded FBMC with quadrature amplitude modulation (FBMC-QAM) systems. To improve
the decoding performance, bit-interleaved coded modulation with iterative decoding (BICM-ID) is
incorporated into the IIC receiver design and the technique of extrinsic information transfer (EXIT)
chart analysis is used to track the convergence of the IIC-based BICM-ID receiver. Furthermore,
the energy harvesting capabilities of FBMC is considered. Particularly, FBMC is integrated with a
simultaneous wireless information and power transfer (SWIPT) technique. Finally, an interference
cancellation receiver is investigated for asynchronous FBMC systems in both single and mixed
numerology systems. Analytical expressions are derived for the various schemes and simulations

results are shown to verify the performance of the different FBMC systems.
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Chapter 1

Introduction

1.1 Overview and Motivation

Mobile communication networks have evolved over the past few decades to provide better connectivity
and improved network efficiency. From a network that was originally designed for voice calls and
low data rate text messaging in the early generations, the fourth generation (4G) and current fifth
generation (5G) networks support large data broadband applications. 5G in particular is designed to
satisfy the communication requirements of a wide range of applications that can be classified into

three main use cases as follows: [1]

e enhanced Mobile Broadband (eMBB)
* massive Machine-Type Communications (mMTC)

 Ultra-Reliable Low Latency Communications (URLLC)

Although the above use cases correctly generalises 5G scenarios, they cannot satisfy all the technical
requirements of future wireless networks. For instance, some future applications scenarios may require
not only ultra-high data rates but also low latency. As such any use case classification for future
networks must take into account the interworking among different scenarios and their relationship
with the above mentioned 5G use cases. An example of such consideration is presented in [2] where

three enhanced use cases are proposed to support disruptive applications in future networks. They are:

 ubiquitous Mobile Broadband (uMBB) - which can provide global ubiquitous broadband

connectivity and significantly boost network capacity for hot spots.

* massive Ultra-Reliable Low Latency Communication (mULC) - which can support applications
that require both URLLC and extremely high throughput.

» Ultra-Reliable Low Latency Broadband Communication (ULBC) - which can combine the
capabilities of both mMTC and URLLC to facilitate the deployment of a massive number of

sensor nodes.
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These new use cases can fill the gaps in the 5G scenarios and the combined set of use cases can
support all kinds of applications in future networks. However, the different use cases have contrasting
requirements on network parameters such as throughput, latency, reliability, and number of connected
devices. To effectively accommodate such diverse use cases, future networks should be designed
with the core objective of flexibility and adaptability. One way to achieve this flexibility is for the
network to allow the coexistence of different technologies. For instance, some Physical layer (PHY)
techniques, e.g. waveform type and numerologies, are more suitable to some applications compared
to others, necessitating the need for different PHY techniques to coexist in order to serve all use cases
efficiently.

One PHY technology that has been widely adopted as the multicarrier waveform for existing
wireless communications networks is OFDM. This is due to advantages over previous technologies,
such as robustness to channel frequency selectivity, high spectral efficiency due to subcarrier ovelap
to achieve orthogonality, and its robustness against intersymbol interference (ISI) and intercarrier
interference (ICI) by using sufficient guard bands and cyclic prefix (CP) [3]. In addition, with a
sufficient CP length, OFDM requires only a simple per subcarrier equalizer to combat the effect of
frequency selective channels. Because of its advantages and to ensure backward compatibility with
the existing 4G system, OFDM has been selected for 5G new radio (NR) [4, 5]. Also, to enable the
coexistence of the three use cases, 5G NR adopts a range of numerologies to satisfy the different
technical requirements and provide a unified underlying frame structure for the PHY. Here, the term
numerology simply refers to a particular subcarrier spacing and the corresponding symbol duration.
However, some of the drawbacks of OFDM mean that it is not the most efficient multicarrier waveform
to satisfy all the requirements of future wireless networks.

For example, OFDM systems use a rectangular pulse shaping filter which results in high OOB
emission between adjacent frequency bands. Therefore, to ensure that subbands do not interfere,
longer CP duration and wider guard bands are needed, which reduces the spectral efficiency of OFDM.
In addition, OFDM requires the grant-based synchronization procedure in which each UN sends a
scheduling request to a base station (BS) and wait for the BS to grant it radio resources. For future
applications, such as mMTC, the overhead and delay involved in the synchronization procedure
can be significant due to the high connection density [6-9]. Therefore, for such applications, it is
desirable to allow contention-based grant-free or asynchronous transmissions, in which each UN
operates in a wake-up-and-transmit manner [10]. However, OFDM has been shown to perform poorly
in asynchronous transmissions due to its poor OOB emission performance [7]. Motivated by these
disadvantages of OFDM, alternative multicarrier waveforms have been investigated recently for future
applications in which OFDM may be inefficient.

For applications like mMTC, FBMC has emerged as a promising alternative waveform to OFDM
[11, 12]. FBMC employs well-localized prototype filters to improve the poor OOB leakage of OFDM,
which reduces its sensitivity to asynchronous transmissions [13]. This implies that smaller guard

bands are needed between adjacent sub-bands, which improves the spectral efficiency compared to
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OFDM. Furthermore, FBMC systems can support a grant-free synchronization procedure because
of the improved frequency localization, which makes the waveform robust against asynchronous
transmissions and channel frequency selectivity without using any CP [14]. FBMC systems provides
efficient and flexible time-frequency allocation to support the huge connection density required in
future mMTC applications.

However, as stated in the Balian-Low Theorem, orthogonality, high time-frequency localization
and maximum symbol density cannot be achieved simultaneously by a multicarrier system [15, 16].
Hence, the improvement in frequency localization achieved in FBMC is at the expense of the loss of
complex orthogonality between subcarriers. The basic idea in FBMC is to relax the orthogonality
condition to guarantee the other two factors mentioned above. However, the relaxed orthogonality
in FBMC causes intrinsic interference between symbols and subcarriers. It was shown in [17] that
by introducing a shift of half the symbol period between the real and imaginary components of a
complex QAM symbol, it is possible to recover the information symbols free of ISI and ICI. This is
known as offset QAM (OQAM) and has been implemented for FBMC systems. In FBMC-OQAM,
the orthogonality is achieved in the real domain with the imaginary part of the signal serving as
intrinsic interference [11, 18]. Moreover, OQAM processing limits the direct implementation of
some conventional PHY techniques such as channel estimation, space-time block coding (STBC)
and maximum likelihood detection (MLD) [13]. Furthermore, in the presence of multipath fading
channels, the real-part orthogonality of FBMC-OQAM may be lost, resulting in ISI and ICI. To resolve
the problems in FBMC-OQAM, the transmission of complex QAM symbols in FBMC systems is
investigated in [14, 19]. By transmitting QAM signals, the FBMC-QAM systems cannot guarantee
complex orthogonality between subcarriers which results in intrinsic interference. Therefore, FBMC-
QAM is classified as a non-orthogonal waveform, in contrast to OFDM which is an orthogonal
waveform.

Apart from the need for asynchronous access, it is essential for future mMTC networks to be self-
sustaining, especially for energy-constrained sensor devices, such as those embedded in buildings [20].
Although the life span of such devices could be extended through battery charging or replacement,
the process may be inconvenient. For such devices, energy harvesting (EH) is a promising approach
to provide device self-sustainability and prolong the battery life. Conventional EH methods collects
energy from environmental sources, such as wind, solar etc. However, these natural energy sources
are unstable and changes with changing environmental conditions [21]. Because the radio frequency
(RF) signal can transmit both information and energy, wireless power transfer (WPT) has emerged as
an enabling technology to address the power problems in future wireless networks [22]. One practical
implementation of WPT is the concept of SWIPT. In SWIPT, a receiver node can harvest energy and
decode information from the received RF signal by employing either the separated receiver mode
or co-located receiver mode [23]. In the separated receiver mode, separate receivers are used for
information decoding (ID) and EH. Thus, each receiver can have a dedicated antenna without the

need to split the received signal. In the co-located receiver mode, on the other hand, a single receiver
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simultaneously performs ID and EH. The received signal is split into two portions for ID and EH by
either time switching (TS) or power splitting (PS) [24, 25].

The key challenge in FBMC-QAM systems is how to mitigate the interference problem while
maintaining the good features of compatibility with conventional PHY techniques, improved spectral
efficiency and suitability for asynchronous or grant-free transmissions. Moreover, unlike traditional
wireless communications, in which interference is treated as an undesired signal, it can be exploited
as a useful signal for wireless EH in SWIPT systems. By harnessing the benefits of FBMC-QAM and

SWIPT, billions of devices can be effectively connected and powered anywhere, at any time.

1.2 Research Objectives

Following the overview and motivation above, the main objective of this thesis is to address the

following research questions:

How can the intrinsic interference in FBMC-QAM systems be effectively eliminated at the

information receiver to enable its application in future wireless networks?

Focusing on harnessing the good spectral efficiency and suitability to asynchronous transmissions,
this thesis examines the use of FBMC-QAM in future applications. First, this thesis investigates the
performance of an IIC receiver in a single user FBMC-QAM system. To further improve the decoding
performance of the single user FBMC-QAM model, an IIC-based BICM-ID receiver is considered.
Specifically, the aim is to determine whether the I[IC-based BICM-ID receiver can effectively eliminate
the intrinsic interference in FBMC-QAM systems, and to investigate the convergence behaviour and
computational complexity of this receiver.

Furthermore, a multiuser uplink FBMC-QAM system is investigated in this thesis, where multiple
UNs transmit their signal to a BS in a grant-free manner. Moreover, as stated above, the different
use cases of 5G and beyond systems will be better served by adopting different numerologies for
different applications. Thus, a scenario where UNs with different numerologies transmit their signals
asynchronous to a BS is considered. The performance of a novel iterative receiver based on parallel
interference cancellation (PIC) and IIC is investigated for the multi-user, multi-numerology FBMC-
QAM system.

Can the intrinsic interference in FBMC-QAM systems be opportunistically exploited as a use-
ful signal at the energy receiver in SWIPT systems?

For most future wireless networks, high energy conversion rate and long battery life of UNs are key
requirements. In conventional communication systems, interference is treated as an unwanted signal
at the information receiver. However, in SWIPT systems interference signals can serve as a useful

signal for RF EH. As a result, the intrinsic interference in FBMC systems is exploited for EH in
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this thesis. Considering the case where network nodes are equipped with an energy receiver, it is
determined whether the nodes can harvest a significant amount of energy from the received signal in
the downlink (DL), to aid their information transmission in the uplink (UL). Specifically, the goal is
to consider a SWIPT based FBMC-QAM system, in which UNs can decode information and harvest
energy from the received signal in the DL and utilize the harvested energy to power their transmission
in the UL.

1.3 Thesis Outline and Contributions

Motivated by the challenge of addressing the intrinsic interference problem in FBMC-QAM systems,
the aim of this thesis is to develop different interference cancellation receivers to improve the
performance and applicability of FBMC-QAM system in future wireless networks. In particular, IIC
is studied to iteratively cancel the intrinsic interference in different FBMC-QAM system models. The
scope of this thesis includes mathematical modelling of the received signal in terms of the desired and
interference components, development of different interference cancellation algorithms, complexity
analysis, as well as numerical simulation results. The thesis consist of seven chapters and the main
contributions of the remaining chapters are summarised as follows:

Chapter 2 provides the fundamental concepts and literature review relevant to this thesis. First,
a review of 5G NR is provided to outline the various numerologies standardized for 5G. Next, a
description of the various candidate multicarrier waveforms for future wireless networks is presented.
In addition, the basics of statistical channel models, including standard LTE channel models are
introduced. Furthermore, an overview of iterative detection and decoding using low-density parity-
check (LDPC) coding, including the fundamental concepts of EXIT chart analysis is provided. Finally,
the underlying concepts of RF EH systems have been presented.

In Chapter 3, the interference analysis and cancellation of a single user uncoded FBMC-QAM
systems is studied, where the received FBMC-QAM signal is separated into even- and odd-numbered
subcarrier components and the analytical expression of each component is derived in terms of
the desired signal, ICI, ISI and noise. Since the FBMC-QAM prototype filters are well-localized
in the frequency domain, it is assumed that data on even-numbered (odd-numbered) subcarriers
causes negligible interference to other even-numbered (odd-numbered) subcarriers. Therefore, by
demodulating the even- and odd-numbered subcarrier components separately, the level of intrinsic
interference can be reduced. Based on the derived expressions, an IIC receiver is implemented in
which the intrinsic interference terms of even- and odd-numbered subcarrier components can be
estimated and subtracted from the received signal in each iteration of the receiver. Simulation results
have been provided to demonstrate the effectiveness of the proposed IIC receiver.

An error floor problem is encountered in Chapter 3 which limits the BER performance of the
IIC receiver. Therefore, to improve performance, an IIC-based BICM-ID receiver is proposed for a

single user FBMC-QAM system in Chapter 4. The proposed receiver consists of an inner decoder,
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which combines iterative demodulation and interference cancellation, and an outer decoder which is
an LDPC channel decoder. An analytical model is presented to derive the intrinsic interference terms
at the FBMC-QAM receiver. To evaluate the convergence behaviour and complexity analysis of the
proposed receiver, EXIT chart analysis is employed, where the EXIT functions of the components of
the iterative receiver are derived. Based on the derived EXIT functions, the number of iterations and
the convergence threshold of the proposed receiver under different fading channels is evaluated.

In Chapter 5, the single user FBMC-QAM models in Chapters 3 and 4 are extended to a multiuser
FBMC-QAM system. To cultivate the desirable benefits offered by both FBMC-QAM and SWIPT,
a multiuser FBMC-based SWIPT system is considered in which UNs can simultaneously process
ID and EH. Each UN, equipped with separate antennas for ID and EH, communicates with a single
antenna BS via time division multiple access (TDMA). At the EH receiver, a non-linear EH model is
adopted to capture the non-linear behaviour of practical EH circuits. Furthermore, an IIC receiver is
implemented to cancel the intrinsic interference at the information receiver of both the UN and the BS.
The aim of this chapter is to maximize the weighted sum-rate by optimizing the weight allocation,
time allocation, and power allocation of each UN while satisfying the total DL transmit power and
EH constraints. The problem is reformulated as a weighted minimum mean squared error (WMMSE)
problem, which is then converted to two subproblems: (i) time and weight allocation problem and (ii)
power allocation problem. Finally, a joint resource allocation algorithm is proposed to combine the
solutions of the time and weight allocation problem and the power allocation problem.

Due to the highly diverse nature of future wireless applications, UNs with different performance
requirements may have different numerologies, i.e. subcarrier spacing or symbol duration. In
additions, some future applications, like mULC, may be better served with asynchronous transmissions.
Therefore, in Chapter 6 an asynchronous uplink multi-user FBMC-QAM system is investigated in
which the signal from multiple UNs arrives at the BS with different timing offsets (TO). First, the case
in which UNs transmit with the same numerology is considered. This is extended to the case where
UNs transmit their signals to the BS using different numerologies. In the mixed numerology case,
the frequency multiplexing of multiple UNs with different numerologies causes inter-numerology
interference (INI) between UNs in addition to the intrinsic interference in FBMC-QAM. To eliminate
the interference terms, a novel iterative receiver is proposed based on PIC and IIC that can be applied
to any coded modulation scheme with a soft-input soft-output (SISO) decoder. Specifically, the
proposed receiver performs BICM-ID by combining FBMC-QAM demodulation and SISO decoding
for signal detection, and PIC and IIC for interference removal.

Finally, the conclusions of the work conducted in this thesis and the potential research areas for

future work are provided in Chapter 7.
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Chapter 2

Literature Review

Initial deployment of 5G mobile communication networks is well under way in many places around
the world. The full network architecture and implementation of 5G and beyond networks are a
significant shift from the previous long-term evolution advanced (LTE-A) or 4G network. The key

drivers and requirements of 5G and beyond networks are [26]:

* Gigabit Wireless Connectivity: As we head towards beyond 5G networks, peak data rates
of up to 10 Gbps and cell-edge data rates close to 100 Mbps are required to satisfy eMBB

applications and to improve services in areas with high user density or high mobility [1].

* Massive Device Connectivity: 5G and beyond networks are expected to support additional
network functionalities such as mMTC. For this type of application, billions of devices will
connect and interact with each other and with humans through the internet [27, 28]. mMTC will
find applications in areas such as telemedicine, smart homes, smart factory, etc. Unlike eMBB
applications, mMTC networks will mainly consist of low data rate sensor nodes. Moreover, the
critical design requirement of mMTC networks will be to support a connection density of up to
106 devices per km? [1].

* Energy Efficiency: With the large number of interconnected applications and network devices,
the energy consumption of future wireless networks will also grow exponentially. This will
result in an increase in the cost of network operation and in some cases increase the amount
of CO, emissions. Therefore, with the high networks density in use cases like mMTC, a high
level of energy efficiency is required to keep energy consumption down and prolong the battery

life of energy constrained devices [29, 30].

From the scenarios outlined above, it is clear that future network design will involve very different
and sometimes contradicting system requirements. As mentioned in Chapter 1, the focus of this thesis
is to investigate a new PHY waveform for future wireless networks. Therefore, in this chapter, the
fundamental concepts of the techniques discussed in this thesis are introduced. First, the fundamentals

of 5G numerologies are presented in Section 2.1 to serve as the general underlying framework for
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Fig. 2.1 The LTE (OFDM) DL signal frame structure.

this thesis. Next, an overview of some potential waveform candidates for beyond 5G applications are
presented in Section 2.2. In Section 2.3, the basics of the wireless propagation channel employed in
this thesis is presented. In addition, the basic concepts of iterative detection and decoding receivers
are given in Section 2.4. Finally, the concept of EH with different receiver models is presented in
Section 2.5.

2.1 S5GNR

In LTE, a frame with a single OFDM numerology is designed mainly to satisfy the high data
rate requirement. However, this one-size-fits-all radio frame structure cannot support the diverse
requirements of the three main use cases of 5G NR. As a result, 5G NR adopts a number of scalable
numerologies, defined mainly by the subcarrier spacing [31]. For example, in highly time-variant
channels, larger subcarrier spacing may be needed to combat the effect of Doppler spread, while
frames with smaller subcarrier spacing will be required to support the high number of devices in
mMTC applications.

5G NR numerologies are designed considering the 15 kHz OFDM numerology, shown in Fig.
2.1, as the baseline. The structure shown in Fig. 2.1 represents one OFDM frame [26], which has
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Table 2.1 5G NR Numerologies

u | Af =2* x15kHz Cyclic Prefix No. of slots per subframe
0 15 Normal 1

1 30 Normal 2

2 60 Normal/Extended 4

3 120 Normal 8

4 240 Normal 16

a duration of 10 ms. Each frame consist of 10 sub-frames, each of which has two time slots. One
OFDM time slot has a duration of 0.5 ms. Moreover, there are two different implementations of CP
in the LTE frame structure design. The first case is the normal CP implementation in which each
time slot contains seven OFDM symbols. The other case is the extended CP implementation, which
consist of six OFDM symbols within each time slot. In the frequency domain, the LTE specifications
define channel bandwidths ranging from 1.4 MHz to 20 MHz. The channel bandwidth is divided into
chunks of subchannels known as Physical Resource Blocks (PRBs). Each PRB is made up of 12
subcarriers, each having a subcarrier spacing of 15 kHz. The total number of available PRBs depends
on the selected LTE channel bandwidth. For example, the 1.4 MHz channel bandwidth has 6 PRBs,
i.e. 72 active subcarriers.

The other numerologies used in 5G NR are obtained by scaling the baseline numerology using
a scaling factor. In general, scaling the baseline numerology by a power of two is adopted in
order to maintain the symbol boundaries across numerologies, which simplifies the multiplexing of
multiple numerologies on the same frequency band. Specifically, the subcarrier spacing of different
numerologies in 5G NR scales as 2# x 15 kHz. In the time domain, the number of symbols in each
time slot is 14. However, since the subcarrier spacing has an inverse relation to the symbol duration
the number of time slots within a single subframe varies with the scaling factor, . That is, as
the subcarrier spacing increases, the symbol duration decreases and therefore each subframe can
accommodate more symbols. The OFDM numerologies standardized for 5G NR are represented in
Table 2.1.

As mentioned above, a number of numerologies can be transmitted on the same carrier frequency,
by dividing the available bandwidth into different bandwidth parts (BWPs). The BWPs maybe be
assigned to UNs with different applications and different numerologies. In an OFDM-based mixed
numerology system, subcarrier orthogonality exists only between subcarriers within a BWP (with
the same subcarrier spacing). Subcarriers from one numerology may leak energy into subcarriers
of other numerologies, which causes INI to adjacent subcarriers. In addition, OOB emissions from
nearby BWPs with different numerologies can destroy the subcarrier orthogonality within a particular
BWP, which also causes INI. An illustration of the a mixed numerology system is shown in Fig. 2.2.

Considering the numerology i in Fig. 2.2 as an example, it can be seen that the numerology with
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smaller subcarrier spacing (1/ — 1) has a longer symbol duration and a part of it overlaps with the
one symbol of numerology t'. In addition, the numerology with larger subcarrier space (1 + 1) has
a shorter symbol duration such that two symbols of numerology p’ + 1 overlap with one symbol of
numerology u'. This complicates the symbol overlap and causes INI. To get rid of INI, guard bands
can be inserted between neighbouring BWPs. However, this comes at the cost of reduced spectral
efficiency. Alternatively, new waveforms that are more suitable for asynchronous transmissions and

support much lower OOB emissions, such as FBMC, may fit multi-numerology systems better.

2.2 Waveform Candidates for Future Applications

Multicarrier modulation has been widely adopted for current wireless communication systems due
to its robustness against the time and frequency selectivity of the wireless propagation channel. In
multicarrier transmissions, the information signal is distributed over multiple narrowband sub-channels
(subcarriers) to create the transmitted broadband signal. As a result, the broadband propagation
channel can be modelled as a group of narrowband propagation channels. Moreover, each element of
the narrowband channel can be considered to be a flat fading channel, enabling the implementation of
a simple one-tap equalizer at the receiver. In this section, an overview of some candidate multicarrier

waveforms for future applications are presented.

22.1 OFDM

OFDM modulation was first introduced in [32] as an evolution to Frequency-Division Multiplexing

(FDM), by using orthogonal pulse shapes to multiplex data in the frequency domain. It has seen
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widespread application in existing communication systems such as Digital Video Broadcasting (DVB),
WiFi and LTE-A [33-35]. OFDM and its multiple access technique, orthogonal frequency division
multiple access (OFDMA), were standardized for 4G due to the many advantages they offered
compared to code division multiple access (CDMA), which was used in 3G, including robustness to
multipath fading, efficient implementation and higher spectral efficiency.

The structure of a conventional OFDM transceiver is shown in Fig. 2.3. At the OFDM transmitter,
a stream of modulated data is multiplexed over M consecutive subcarriers to form one OFDM symbol.
The subcarriers are separated from each other by a frequency spacing, Fy. Each symbol, with duration
To = 1/Fy, is separated from other symbols by a guard interval to avoid ISI. The guard interval can
be implemented by either zero-padding (ZP) or CP. In the case of CP, a specific period from the tail
of each symbol is copied and appended to the beginning of that symbol [36]. Note that to avoid ISI
the CP duration, Tcp, must be longer than the channel impulse response. Denoting x, ,, as the data
carried by subcarrier m of symbol n, the time-domain OFDM modulated signal at the transmitter can
be represented by

N—-1M—-1

xXD=Y Y xumgum(l) 1=0,1..M 2.1)

n=0 m=0

where N is the number of OFDM symbols, M is the number of subcarriers and

j2mmi

gnm(l) =g" (1 —nMy)e 3 (2.2)

with My = M + Mcp being the symbol duration in samples and g (1) as the prototype filter impulse
response. In OFDM, a rectangular pulse-shaped filter is employed as the prototype filter, which is
given as [37]
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Lot (Y Mep)<i< M.
gT(l): VM (2 ) 2

0, otherwise.

(2.3)

Assuming a noiseless back-to-back connection, the received signal at time-frequency point (n’,m’)

after receiver processing is given as

M,—1
Yt =Y, X(D)&wm (1) (2.4)
=0
where
G (1) = gR (1 — n'M,)e 55 2.5)

with gR (1) as the receiver prototype filter response which is expressed as

T
g' (), Mep<I<M+Mcp—1

gt () = (2.6)
0, 0<1<Mcp—1.

Substituting (2.1) into (2.4), we obtain

M;,—1N—1M—1
nm = Z Z anmgnm gnm(l)
=0 n=0 m=
N—1M—1 27
— Z Z xnmln '
n=0 m=
with
' Mv_l
Lyt =Y gnm(D)gm (D)
=0
M1 T R , j2r(m—m')l
=Y g (1—nM)g"(1—n'M)e ¥ (2.8)
=0
]27[(111 ) M

2r(m—m)l
M

Zg (1= (n—n")M,)g"(D)e
=l

where Iy 2 max(0, (n —n')My), I} = min(M — 1,M — 1 + (n—n')My). As can be seen from the last
expression in (2.8), I,'f:,’nm/ depends on the differences in time and frequency positions v =n —n’ and

u = m—m', respectively. Therefore, (2.8) can be rewritten as

/ ll J2mul
L= 9"} g"(1—vMy)gR(1)e (2.9)
1=ly
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Jj2nMs

where ¢ = e~ » . For the rectangular pulse filter employed in OFDM, 1, , = 0 for any time-frequency
position with (v,u) # 0. This implies that, with long enough CP under ideal channel conditions
OFDM has no ISI and ICT [38].

Note that the exponential expression in (2.2) and its complex conjugate in (2.5) represent the
Inverse Discrete Fourier Transform (IDFT) and Discrete Fourier Transform (DFT) at the transmitter
and receiver, respectively [39]. In practical systems, the Inverse Fast Fourier Transform (IFFT) and
Fast Fourier Transform (FFT) has been used to implement the IDFT and DFT, respectively, due to the
low implementation complexity of FFT/IFFT [40].

Due to the many advantages of OFDM, such as ease of implementation and backward compatibility
with the existing 4G network, it has been maintained as the standard waveform for 5G NR. OFDM
is well suited for eMBB applications that require synchronous, high data rate transmission on the
downlink. However, for some future applications, especially mMTC applications, some shortcomings
of OFDM render it ineffective. These include:

1. High OOB emissions due to the use of rectangular filters in OFDM, which causes interference
to adjacent frequency bands which may be allocated to other mMTC nodes. In addition, this
can negatively affect the exploitation of non-contiguous spectrum for carrier aggregation in

future networks.

2. High sensitivity of OFDM to synchronisation errors. For most mMTC applications, the traffic
will be dominated by uplink transmissions from a large number of distributed nodes. In such a
scenario, it is difficult to maintain synchronous communications and therefore errors occur in
terms of timing and frequency offsets [18]. The high sensitivity of OFDM to synchronisation
errors will cause interference in asynchronous transmissions. Therefore, in asynchronous

applications, one of OFDM’s main advantages in the form interference avoidance is lost.

3. Although OFDM has a high spectral efficiency compared to waveforms used in previous
generations of mobile networks, the need for CP and the high OOB leakage at the spectrum
edges limit its spectral efficiency. New waveform technique that can further improve the spectral
efficiency and make better use of the available spectrum for connecting the billions of expected

devices in mMTC applications are therefore needed.

4. The strict synchronization procedure designed to meet the orthogonality constraints of OFDM
introduces a considerable level of control overhead in the network. In particular, to enable
the real-time tactile interaction in future wireless networks, a massive number of distributed
nodes (access points and UNs) must be deployed. With such a massive number of node
deployments in the network, the grant-based synchronization procedure required in OFDM
systems would generate huge signalling overhead. In this regard, waveform techniques that

facilitate asynchronous and grant-free transmissions are promising for future applications [6, 7].
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As a result of the above shortcomings, OFDM is not the most efficient waveform for all possible
use cases of future networks. Considering mMTC scenarios in which multiple UNs may transmit
asynchronously, OFDM may not be an effective waveform. Thus, a number of new candidate

waveforms, some of which are described below, have been investigated for such use cases.

2.2.2 Filtered OFDM

The rectangular pulse-shaped filter used in OFDM systems results in high OOB emission. To address
this problem, filtered OFDM (f-OFDM) has been proposed [41, 42]. At the transmitter of a f-
OFDM system, a filtering operation is implemented after OFDM processing in order to suppress the
high OOB emission caused by the rectangular filter. The filtering process is implemented over an
entire frequency band which reduces the spectrum leakage to adjacent frequency bands and improve
the spectral efficiency of OFDM. At the receiver side, a similar filtering operation is employed
before OFDM demodulation to deal with inter-user interference. In order to achieve the promised
OOB emission performance, properly designed filters are required. In general, the filter design
involves a trade-off between time localization, frequency localization and implementation complexity.
Controlling the time-domain energy spread can reduce ISI, whereas the improved localization in the
frequency domain can increase the spectral efficiency and reduce leakage interference. To satisfy
all three design constraints, a sinc pulse is usually employed as the filter in f-OFDM. However, the
impulse response of a sinc function is infinitely long. Therefore, for practical implementation, the sinc
function is multiplied by a window function to provide a soft truncation of the filter. As a result, the
impulse of the filter fades out quickly, and therefore limits the the ISI introduced between consecutive
f-OFDM symbols. The most popular window function used in f-OFDM is the Hann window. However,
other window functions such as the Root-raised-cosine (RRC) window can also be used [41].
Although in f-OFDM systems additional filtering is applied to address the high OOB emission
problem in OFDM, the orthogonality and synchronisation requirements, characteristic of OFDM, are
maintained. This implies that some of the problems with OFDM, such as the huge signalling overhead

in synchronous transmissions will still exist in f-OFDM.

2.2.3 Generalized Frequency-Division Multiplexing (GFDM)

GFDM is a block-filtered multicarrier modulation scheme, which transmits data across multiple
subsymbols per subcarrier in a time-frequency block structure [43, 44]. In GFDM systems, circular
pulse shaping is applied to individual subcarriers consisting of a block of data symbols. By choosing
a single subsymbol per subcarrier and applying a rectangular pulse shape filter, GFDM resembles
OFDM [26]. The circularity property of the prototype filter enables GFDM to introduce a CP and
use frequency-domain equalization (FDE) to combat the effect of multipath propagation and limit
the interference between different blocks. In addition, GFDM can be designed to reduce the OOB

emissions, in order to limit interference to users in adjoining subbands. One way to achieve this is to



2.2 Waveform Candidates for Future Applications 16

use time windowing at the GFDM transmitter [45-47]. However, the use of circular filtering results in
non-orthogonality between subcarriers, which introduces both ISI and ICI. Two main receiver designs
have been studied in the literature for GFDM: the matched filter (MF) and zero forcing (ZF) [47]. The
MF receiver maximises the per subcarrier signal-to-noise ratio (SNR) but with the negative effect of
introducing intrinsic interference when the filter cannot achieve orthogonality. The ZF receiver, on the
other hand, can completely eliminate the intrinsic interference but at the cost of noise enhancement.
As a compromise between self-interference and noise enhancement, the minimum mean-squared error
(MMSE) receiver has also been applied to GFDM systems. However, the MMSE receiver increases
the computational complexity of the GFDM systems compared to MF or ZF receivers.

Considering a modulated data block d of N elements, the GFDM modulator decomposes it into
M subcarriers, each having Q subsymbols, i.e. d = (dg7 . ,dgfl) ! withd, = (dog, - - ,dMﬂ?q)T.
Here, the individual element d,, , represents the data transmitted on the m-th subcarrier in the g-th

GFDM subsymbols. In matrix notation, one GFDM transmitted data block can be written as

d()’() ce d()J\/,l
d=| : - : (2.10)

dy-10 .. dy-1n-1

2.24 FBMC-O0QAM

To address the large OOB emission typically associated with OFDM transmission, FBMC systems
have been proposed, which apply per-subcarrier filtering using enhanced linear filters at both the
transmitter and receiver [48, 49]. The use of an advanced prototype filter makes FBMC systems
highly localized in the frequency domain, and therefore less sensitive to asynchronous transmissions.
Also, FBMC improves spectral efficiency, compared to OFDM, by removing the CP. However, the
per-subcarrier filtering in the frequency domain of FBMC results in long filter tails in the time domain.
In order to achieve maximum data rate, adjacent symbols overlap in the time domain, which causes
a loss of subcarrier orthogonality. To maintain the orthogonality between subcarriers, the in-phase
component of a complex QAM symbol is mapped to the first time slot and the quadrature component
to the second time-slot. This is known to as offset QAM (OQAM), the term offset referring to the
time shift of half the symbol period between the real and imaginary parts of a complex QAM symbol
[11, 18]. As shown in Fig. 2.4, the OQAM processing at the transmitter side first separates the

complex valued signal ¢, ,, into two real valued symbols d,, ,,, and d,,1-1 », as:

R{cym}, if miseven.
A = tenm} 2.11)

I{cnm}, if misodd.

J{cumt, ifmiseven.
duiim= {enm} (2.12)
R{cnm}, ifmisodd.
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Fig. 2.4 Block diagram of FBMC-OQAM transceiver

The real-valued signals are then multiplied by a phase mapping coefficient 6,, ,, to obtain the modulated

signal as
Xn,m = dn,m 6n,m (2.13)

Generally, 6, ,, is of the form [50]

+1, ifm-+niseven.
O = jM = (2.14)
+j, ifm—+nisodd.

Thus, the time-domain FBMC-OQAM modulated signal after transmit filtering can be represented by

N—-1M-1

x)=Y Y xumgam(l) 1=0,1...L, (2.15)

n=0 m=0
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where g, (1) is the transmit filter or synthesis filter bank (SFB), N is the total number of symbols,
M is the total number of subcarriers and L, = DM — 1. D is an integer usually referred to as the
overlapping factor. The implementation of the SFB is mainly dependent upon the prototype filter

employed at the transmitter. The synthesis filter can be expressed as
j2mm (y Lp—1
gun(l) = p(1ye T 075) (2.16)

where p(1) is the prototype filter impulse response, / =0, 1,...,L, — 1. An efficient implementation
of the FBMC-OQAM transceiver structure can be achieved by the combination of IFFT/FFT and
polyphase network (PPN), which is shown in Fig. 2.4. In the PPN case, the filter design depends on
the periodicity of the modulation function [50]. In (2.16), the modulation function is given as

:2tm Lp*l
e (* 2

€m,] =€
= Bi®O,

The periodicity of this function is M since ©,, 41m = 0,4, Where g =0,1,...,.M — 1 and 1 =

0,1,...,D —1. The polyphase representation of the synthesis filter is thus expressed as

L1
Z) - Z p(l)emJZil
=0

M—-1D—-1

= Z ZP q+tLp)BiI®Om gyer,7 (m.g+1Ly)
g=0 t=
Vol Dol (2.18)
BIG)m,quq Z p(‘]"i_tLP)ZitLp
q=0 t=0
M—1
= Z Bl@)m,ququ(ZLp)
q=0

Putting all synthesis filters together we have

G(z) =B-W-A(M) c(2) (2.19)
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where
G(z2) = [Go(2) G1(2) -~ Gu-1(2)]",
B = diag[BoBi --- Br,-1],
W = diag[@ 01, --- O, 4]

A
c(z

At the receiver, the real-valued output signal can be obtained by applying receive filtering or

dlag[Ao(ZL”)A1(ZL") "'AL,,—I(ZL")L
[ Z_( p_])]

)
)

analysis filter bank (AFB), multiplication by the complex conjugate of 6, ,, followed by taking the
real part. Assuming a noiseless back-to-back connection, the received signal at time-frequency point

(n,m’) after receive filtering is given as

Yo =Y, X(D)gwm (1) (2.20)

Ideally, prototype filters are designed to satisfy the perfect reconstruction (PR) condition. However,
in practical systems it is impossible to achieve the PR condition due to the effect of multipath fading
channels. For such systems, it is sufficient for prototype filters to satisfy the near perfect reconstruction
(NPR) characteristics. To achieve this, the AFB is chosen to be the complex conjugate and time

reversed version of the SFB [51]. The analysis filter is thus expressed as

gn,m(l> = 8Z,m(Lp —1-1)

2 () Lp=1 (2.21)
= p(Ly—1- 1) T ()

Following the definition in (2.18), the polyphase representation of the analysis filter can be expressed

as

Zpl‘_l ele

- (2.22)
_ Z ﬁ1®m7qu”_1_qALp—l—q(ZL”)
q=0
The corresponding matrix notation is given by
G(z)=B-W-A(M) c(2) (2.23)

where G(z) = [Go(z) G1(z) --- Gy—1(2)]7. The real-valued output is therefore given by

dnm = Ryw O} (2.24)
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Finally, the estimated complex-valued symbol can then be obtained as

dpm+ jd , if mis even.
émm _ An,m J n-‘rAl,m (225)
dpiim+ jdnm, 1ifmisodd.

The enhanced filtering on each subcarriers makes FBMC-OQAM systems very localised in
the frequency domain, which reduces the sensitivity to asynchronous transmissions. However, as
mentioned above, FBMC-OQAM systems achieve orthogonality only in the real domain and suffers
from intrinsic interference caused by the imaginary part of the complex signal. Moreover, in a
highly frequency selective channel, the real orthogonality maybe be lost, resulting in ISI and ICI.
Furthermore, the OQAM processing limits the implementation of conventional LTE-based schemes
such as channel estimation, STBC and MLD [13]. To resolve the problems in FBMC-OQAM, the
transmission of complex QAM symbols in FBMC systems was proposed in [14, 19]. By transmitting
QAM signals, the FBMC systems cannot guarantee complex domain orthogonality, resulting in

intrinsic interference. The details of FBMC-QAM are presented in the next subsection.

2.2.5 FBMC-QAM

FBMC-QAM systems transmit complex QAM symbols, instead of OQAM, in order to resolve some
of the difficulties associated with FBMC-OQAM [14, 19, 52]. However, the FBMC-QAM system
cannot guarantee complex domain orthogonality, resulting in intrinsic interference. In order to restore
orthogonality in FBMC-QAM, the authors in [19] and [52] proposed a twin-filter model that together
satisfy complex orthogonality in ideal channels. This is achieved by separating the QAM symbols at
the transmitter into even and odd-numbered subcarrier parts and applying different prototype filters to

the two parts, as shown in Fig. 2.5. Thus, the signal to be transmitted can be expressed as

N-1M-1

xX)=Y Y (0 om(D) + x5 0180 2mi1 (1) (2.26)
n=0 m=0

where x; , and x; , . refer to the even and odd-numbered subcarrier components of the transmit

signal respectively, with g; ,,, and g7, ., as the even and odd prototype filters respectively, given as
on Lp—1
gfl,Zm(l) = pe(l)ejzﬁ(zl)(l_%)v le {07 17 cee 7L17/2 - 1} (227)

o -1
ot (1) = p* (Dl F DU e (0.1, 1,/2—1}. (2.28)

Different types of prototype filters can be adopted in FBMC-QAM. In [52], the PHYDYAS prototype
filter in [11] was used for even subcarriers. In [53], the power spectral densities (PSDs) of different
prototype filters are compared and the results show that the PHYDYAS prototype filter has the fastest
sidelobe attenuation speed (i.e. low OOB emission). This justify the popularity of the PHYDYAS
filter in FBMC systems. The prototype filter coefficients of the PHYDYAS prototype filter can be
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Fig. 2.5 Block diagram of FBMC-QAM transceiver

s/p

expressed as [54]

3

2

p°() = Go+2Y. Gi-cos (L”il> , (2.29)
i=1 P

where the coefficients of the filter are given as Go = 1,G; = 0.97196,G, = V2 /2 and G3 = 0.235147.

In vector form, the prototype filter can be represented as

p° = [p°(0) p°(1) -+ p°(L,—1)]

e e e

(2.30)
= [P«» Pay P(2K—1>}

i

where pf ) is a sub-block of p¢ with length L, /2. The prototype filter of the odd subcarriers is obtained

from that of the even subcarriers by block interleaving [19] and is expressed as

P’ = [pfﬂ(—l) Pik—2) PfO)}
=[p?(0) p°(1) -+ p°(Lp—1)]

(2.31)

At the receiver side, the processing at the transmitter is reversed to obtain the demodulated FBMC-
QAM symbols.

Note that, even though the FBMC-QAM with dual prototype filters achieve complex orthogonality
in ideal channel conditions, intrinsic interference arises under fading channel conditions. Also, the
filter design in [19] and [52] cause filter coefficient discontinuities which result in higher OOB emis-
sions compared to OFDM. As a result, FBMC-QAM with a single prototype filter on all subcarriers is
investigated in this thesis. This approach can improve spectral confinement of FBMC-QAM at the
cost of the loss of complex orthogonality between subcarriers. This is because multicarrier systems

cannot achieve orthogonality, frequency localization and maximum symbol density simultaneously
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Table 2.2 Waveform Comparison

Characteristics OFDM | {-OFDM | GFDM | FBMC-OQAM FBMC-QAM
OOB emission Poor Good Good Very Good Very Good
Spectral efficiency High High High Very High Very High
MIMO compatibility | High High High Low High
Robustness to asyn- Poor Poor Good Very Good Very Good
chronous interference

Cyclic prefix Present | Present Present | Absent Absent

[15]. The aim of this these is to propose various interference cancellation receivers to address the

intrinsic interference problem that results from the loss of orthogonality.

2.2.6 Waveform Comparison for Future Applications

As mentioned above, OFDM has many advantages that makes it suitable for eMBB applications.
However, the diverse nature of future applications such as those discussed in Chapter 1, will require
a waveform that can support the huge connection density with lower signalling overhead. The
well-localized prototype filters employed in FBMC systems imply that, for applications like mMTC,
the billions of expected devices can transmit in a grant-free or asynchronous manner. This means
that resources that might otherwise be used to maintain synchronous access can be used for data
transmissions. A comparison of candidate waveforms for future wireless networks is presented
in Table 2.2 in terms of OOB emission, spectral efficiency, MIMO compatibility, robustness to
asynchronous interference and the use of CP. Note that, here spectral efficiency is defined in terms
of how effectively a particular waveform utilizes the available spectrum. Based on the high spectral
efficiency, suitability to asynchronous access and compatibility with conventional MIMO techniques,

FBMC-QAM is investigated in this thesis as an alternative to OFDM in future wireless networks.

2.3 Wireless Propagation Channel Modelling

One major advantage of multicarrier waveforms like OFDM and FBMC is their robustness against
multipath channel selectivity, which is one reason why multicarrier modulation has been adopted for
various wireless communication system [55-58]. In mobile communications research, statistical mod-
els are used to simulate the wireless propagation channel, which mainly represents the characteristics
of the physical transmission medium between a transmitter and a receiver in wireless networks. An
understanding of the channel model is very essential in evaluating the performance of any broadband
wireless communication system. Practically, the transmitted electromagnetic signal is reflected and
scattered by physical objects before it arrives at the intended receiver. This causes a phenomenon

known as multipath propagation, in which multiple copies of the transmitted signal arrive at the



2.3 Wireless Propagation Channel Modelling 23

receiver from different directions. Each component of the multipath channel represents an attenuated
and delayed version of the transmitted signal. Moreover, the level of attenuation and delay in each
multipath component is dependent on the nature of the physical obstacles it encounters and also on
the propagation distance between the transmitter and receiver. Assume that the received signal is the
sum of L., paths, with the /-th path, [ € [0, L., — 1] described by the delay 7; and by a time-domain
channel impulse response /;(t).

The frequency variations in the propagation channel can be quantified by the coherence bandwidth,
B, [59]. The term coherence bandwidth refers to the frequency range over which the propagation
channel can be considered "flat" or invariant in the frequency domain. That is, two frequencies of a
received signal are likely to experience two different propagation channels when they are separated by
a bandwidth much greater than the coherence bandwidth, i.e. B >> B,. This phenomenon is known
as frequency selectivity [60].

In the time domain, the variation in /;(¢) is caused by the mobility of the transmitter or receiver
as a result of the Doppler effect. This implies that the channel varies with time and the variance is
higher if the transmitter or receiver is moving at a faster speed. The level of variations in /;(¢) can be
estimated by the coherence time, 7., such that /;(¢) can be considered to be invariant over a duration T
if it is much less than the coherence time. Therefore, two received signals are likely to have different
propagation channels if they are separated by a duration much greater than the coherence time, i.e.
T >> T.. This phenomenon is known as time selectivity [60]. A wireless channel that is both time
and frequency selective is commonly referred to as a doubly-selective channel [61-63]. Two statistical
channel models employed in wireless communication are presented in the next subsections.

The 3rd Generation Partnership Project (3GPP) consortium has played a key role in the success of
geometric channel models in mobile communication networks by providing standardized channel
models to evaluate network performance. The models cover propagation scenarios such as suburban
macro—cellular, urban macro—cellular and urban micro—cellular. For LTE, there are three main types
of standardized multipath channel models. They are classified based on low, moderate, and high
multipath delay spread and Doppler spread [64, 65]. The low delay spread channel model is known as
the Extended Pedestrian A (EPA) model, and is used to simulate urban environments with low delay
spread. The Extended Vehicular A (EVA) model represents the medium delay spread channel. Finally,
the Extended Typical Urban (ETU) model is the high delay and Doppler spread channel and is used to
simulate the extreme urban, suburban and rural environments. The channel models are employed for
the system simulation in this thesis due to the similarity of considered propagation environment to
that of LTE. The delay and power profiles of the three channels are shown in Table 2.3. Note that
the three channel models mentioned above are developed using statistical channel modelling, two of

which are presented in the next subsections.
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Table 2.3 LTE Channel Delay and Power Profile

Delay (ns) Power (dB)

EPA | EVA | ETU | EPA | EVA | ETU
0 0 0 0 0 -1.0
30 30 50 -1.0 | -1.5 | -1.0
70 150 | 120 | 20 | -14 | -1.0

90 310 | 200 | -3.0 | -3.6 0

110 | 370 | 230 | -8.0 | -0.6 0

190 | 710 | 500 | -17.2 | 9.1 0
410 | 1090 | 1600 | -20.8 | -7.0 | -3.0
1730 | 2300 -12.0 | -5.0
2510 | 5000 -169 | -7.0

2.3.1 Clarke’s Channel Model

The Wide-Sense Stationary-Uncorrelated Scattering (WSSUS) channel model has been widely adopted
for modelling wireless communication channels [66—71]. The classical WSSUS channel model was

presented in [72], where a theoretical reference model of isotropic scattering for narrowband cellular

channels is derived based on the following assumptions:
* The transmitted signal has a vertical polarization.
* The received signal is a superposition of signals coming from L., propagation paths.

* The angles of arrival of the L., propagation paths are independent of each other and having

some arbitrary probability density function (PDF).

* In the absence of a dominant line of sight (LOS) propagation, the L., arriving signals have

constant and equal amplitudes.

Based on these assumptions, the normalised complex two-dimensional (2-D) frequency-flat fading

channel of the L, paths arriving at a receiver node can be expressed as [72, 73]

1 L, .
h(1) = Tchl;exp [j(@at cos(ay) + ¢1)] 2.32)
= hR(l’) +]h1(l’)
where .

hg(t) = 114;, y cos( @yt cos(oy) + @) (2.33)

ch =1

1
hi(t) = ——=Y sin(wyt cos(0y) + ;) (2.34)

Lch 1=1
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with w; = 27 fy, f; is the Doppler frequency, o; and ¢; represents the angle of arrival and initial
phase, respectively, of the /-th propagation path. Note that ¢ is uniformly distributed over [—7x, ].

2.3.2 Jakes’ Channel Model

The Clarke’s channel model was simplified to the Jakes’ channel model by using a sum of sinusoids
modelling approach [74]. However, Jakes’ model does not satisfy all the statistical properties of
Clarke’s model. As a result, Jakes’ model does not represent a wide-sense stationary (WSS) channel
model [75, 76]. Many modifications have been proposed to improve the statistical properties of the
Jakes’ model [73, 75-79]. Moreover, Jakes’ model and its modifications have a lower computational
complexity compared to Clarke’s model, with a smaller number of low-frequency oscillators. Hence,
Jakes’ model is often employed for modelling the wireless propagation channel [74, 80]. To simplify
Clarke’s model and provide a deterministic model, Jakes” model employs some simplified assumptions

on the channel model parameters used in Clarke’s model [81]. These assumptions can be expressed

as:
27l
a=" =12, . L (2.35)
Lch
0 =0, 1=12,.. . Ly (2.36)
Loy = 4L, +2 (2.37)

where L, represents the number of low-frequency oscillators. Based on these assumptions, the

normalized in-phase and quadrature parts of Jakes’ channel model can be expressed as

2 Loy+1

hg(t) = N/ Y ajcos(wnr) (2.38)
ch j=1

2 Loy+1

h](l) = Th Z b; sin(colt) (2.39)
ch =]

where
2cos(fy), 1=1,2,....Le.
a = (ﬁl) ch (240)
ﬂcos(ﬁl), [=Ly+1.

2sin , [=1,2,...,Ly.
by = (P o (2.41)

V2sin(B)), [=Lg+1.

o = o (2.43)



2.4 Iterative Detection and Decoding Receivers 26

Jakes’ channel model is employed for modelling the three LTE channel types this thesis.

2.4 Iterative Detection and Decoding Receivers

To meet the high data rate requirements of future applications, a combination of higher order modula-
tion and efficient channel coding are essential in the design of wireless communication networks. As
a result, bit interleaved coded modulation (BICM), first introduced in [82], has been standardized for
current and future communication [83] systems. In BICM, a stream of bits are encoded by a channel
encoder, interleaved and then modulated to obtain the transmit signal. In frequency selective channels,
BICM systems achieve good bit-error-rate (BER) performance. However, the use of an interleaver can
limits the performance of BICM, especially over additive white Gaussian noise (AWGN) channels.
An effective solution to this problem is the application of iterative decoding (ID) at the receiver
side. The resulting system is known as the BICM-ID [84-86]. By employing iterative decoding,
the BICM receiver can achieve near optimum BER performance for both frequency selective and
AWGN channels [87]. The description of BICM and BICM-ID systems are presented in the following

subsections.
24.1 BICM

Transmitter

The BICM transmitter consist of an encoder, a bit interleaver, a serial-to-parallel (S/P) converter and a
mapper as shown in Fig. 2.6. First, a stream of information bits, b, is encoded by the channel encoder.
Then, the sequence of encoded bits, ¢, is passed through an interleaver. The bits at the interleaver

output, u, are grouped into blocks of length VN bits each, where v and N are positive integers. Denote

the 1" block of interleaved coded bits at the input of the mapper as u; = [u,(l) , ut@), . ,u,(VN)}. Finally,
the mapper maps u, to a vector of N consecutive 2"-ary transmit signals, x; = [xt(l),xfz),...,xfm},

using a mapping function A : {0,1}VN — y = ¥V, where x denotes the 2"-ary signal constellation.

Receiver

At the receiver, the transmitter processing is reversed to recover the transmitted signal. The received

signal corresponding to X; can be represented as
y: =h/x +z (2.44)

where hy is the corresponding fading channel vector, z, is the vector of AWGN with zero mean and

variance Ny and AT represents the transpose of A. The demapper estimates the log-likelihood ratios
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Fig. 2.6 Block diagram of BICM system

(LLRs) of the received signal as [85]

Zx,ex{) p(y: [ %)

L.(u)=1o
o) =loe g oy Ix)

(2.45)
where xé and xi represent the signals x; € y with 0 and 1, respectively, in the i bit position. p(y; | x;)
is the conditional PDF of the received signal, y;, given the transmit signal, x,. The LLR estimates

of the demmaper is then deinterleaved and passed to the channel decoder. After decoding, a hard

decision is made to obtain the transmitted signals.

24.2 BICM-ID

As mentioned above, the performance of BICM systems can be improved by employing iterative
decoding at the receiver [84-86]. In BICM-ID systems the iterative decoding process is similar to the
one used in turbo decoding [88]. However, BICM-ID systems employ a single decoder at the receiver
side in order to reduce the decoding complexity in comparison with turbo decoding [85]. As shown
in Fig. 2.7, the BICM-ID transmitter is the same as that of BICM. The difference between the two
systems, however, is at the receiver side, in which the BICM-ID system has a feedback loop to return
the decoder output as a priori LLR to the demapper. In multiple decoding iterations, the demapper
uses the received signal vector y; and the a priori LLR of the encoded bits to estimate the extrinsic
LLRs of the bits in the received signal. The extrinsic LLR of the demapper during each iteration of
the receiver can be expressed as

uN
thex{)P(Yt %) TI e
=1t
MN i i
Zx,ex{ p(y: | x) TI e~ La(uy)u;
J=1j#i

*La(ui)'”;

Le(up) = log

(2.46)
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Fig. 2.7 Block diagram of BICM-ID system

where L,(u!) = log(p(ui = 0)/p(u} = 1)) represents the a priori LLR of the encoded bits. After
random deinterleaving, the extrinsic LLRs are passed to the channel decoder. The output of the
channel decoder are then interleaved and fed back to the demapper as a priori LLR for the next
decoding iteration. Through the iterative decoding process, the BICM-ID receiver can significantly
improve the BER performance.

Note that the encoder and decoder blocks in Fig. 2.6 and Fig. 2.7 represent the forward error-
correcting (FEC) code considered in the particular system under investigation. In LTE systems, turbo
codes were adopted for data channels. However, to satisfy the new communication requirements of
5G NR, LDPC coding has replaced turbo coding for data channels. The advantages of LDPC codes
compared to turbo codes include [89]:

* higher achievable peak throughput

* lower decoding complexity and improved decoding latency as a result of a higher degree of

parallelism
» improved BER performance
Therefore, LDPC codes are adopted for the channel coding and decoding in this thesis. The detailed
structure of LDPC codes is presented in the next subsection.
2.4.3 Channel Coding
LDPC Encoding

LDPC codes, first introduced in [90], are a class of linear block codes that uses a generator matrix for

encoding and a parity-check matrix for decoding [91]. At the LDPC transmitter, a vector of information
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bits b = [by,b,...,by,] are encoded by the generator matrix G to obtain the corresponding codeword
cas
c=hbG (2.47)

Note that for a binary code with N, information bits and a codeword of length N., G is a N, X N,
binary matrix. The code rate is given as r. = N, /N,. At the receiver side, a parity-check matrix, Hp
of dimension (N, — Np) X N, is used to perform the decoding process. The matrix Hp contains a
very small number of non-zero elements. The sparsity of Hp ensures a decoding complexity which
increases linearly with the code length. The original sparse parity-check matrices introduced in [90]
were regular matrices, i.e. each column of Hp consist of a fixed number of non-zero elements, d,,
and each row of Hp consist of a fixed number of non-zero elements, d,. To improve the decoding
performance irregular parity-check matrices have been proposed for LDPC codes [92].

For irregular LDPC codes, the number of non-zero elements on each column or row varies,
resulting in different column or row densities across the parity-check matrix. The fraction of columns
of weight i (fraction of columns with i non-zero elements) is denoted as wi, and the fraction of rows of
weight i denoted as w'. Together the set of vectors w.. and w, is referred to as the degree distribution
of the LDPC code. An example of an irregular parity check matrix for a codeword of length N. = 6

for an information bit stream of length N, = 3 can be expressed as

11
Hp= |0 1 (2.48)
11

—_ = O
S O =
S = O
- O O

Each column of (2.48) corresponds to a bit in the codeword, whereas each row represents a parity-

check equation or constraint. A codeword, ¢, is a valid codeword if and only if it satisfy the constraint
Hpe" =0 (2.49)

For a code with parity-check matrix, Hp, the generator matrix can be obtained by applying a

Gauss-Jordan elimination on Hp to decompose it to the form
Hp = [A7 INC—N[,] (250)

where A is an (N, — N;) x N, binary matrix and Iy, _y, is the identity matrix of size (N. —N,). The
generator matrix can then be given as
G = [Iy,, AT] (2.51)

Note that G and Hp are orthogonal to each other. Thus, if G is the generator matrix for an LDPC code
with parity-check matrix Hp, then
GH} =0 (2.52)
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Fig. 2.8 Tanner graph representation of parity-check matrix in (2.50)

Apart from the matrix form, LDPC codes can be represented graphically in the form of a Tanner
graph [93]. A Tanner graph consists of two sets of nodes: the check node decoder (CND) and the
variable node decoder (VND). The number of CND nodes in the Tanner graph corresponds to the
number of rows in the parity-check matrix. Also, the number VND nodes in the Tanner graph is the
same as the number of columns in the corresponding parity-check matrix. An edge connects a VND
node i to a CND node j on the Tanner graph, when the element in the i, j-th entry of the parity-check
matrix is non-zero. Therefore, the number of edges in the Tanner graph is equal to the number of
non-zero elements in the parity-check matrix. The Tanner graph representation for the parity-check
matrix in (2.48) is illustrated in Fig. 2.8.

LDPC Decoding

The decoding performance of the LDPC code is determined by the type of decoding algorithm
employed at the receiver side [94]. Collectively, the class of decoding algorithms used for decoding
LDPC codes are referred to as message-passing algorithms. In some algorithms, such as bit-flipping,
the messages exchanged between the two nodes are binary in nature. Other algorithms, such as belief
propagation, are based on probabilities. The values of the probabilities represent the level of belief
or confidence in the values of the decoded bits. For convenience and ease of implementation, the

probability values in belief propagation can be represented as LLRs. This is referred to as sum-
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product decoding [91]. In this work, the sum-product decoding algorithm is employed as the decoding
algorithm at the LDPC decoder.

The sum-product decoding algorithm is a soft decision message passing algorithm which accepts
the LLRs of each received bit as input. Because the LDPC decoder has prior knowledge of the input
LLRs, the input LLRs are known as a priori LLRs. The LLRs output by the LDPC decoder is called
the a posteriori LLRs. Overall, the aim of the sum-product decoding algorithm is to return the bit
with the largest a priori probability (APP), i.e. p; = p(c; = 1|N,,), which is the probability that the
i-th codeword bit is 1 conditional on the event N, that all parity-check constraints are satisfied. Thus,
the sum-product decoder computes an approximation of the APP of the codeword bits in multiple

iterations. The decoding steps for the sum-product algorithm is as follows:

* Initialization: Considering the BICM-ID system shown in Fig. 2.7, the initial input to the i-th
VND, L/, is the deinterleaved LLRs at the output of the demapper. The initial extrinsic LLR
from the i-th VND to the j-th CND is Ei/ = Li .

* Check Node Update: Each CND utilises the received extrinsic LLRs from the corresponding
VNDs to compute its extrinsic LLRs. The extrinsic LLRs from the j-th CND to the i-th VND
can be calculated as

. ELI
El'=2tanh™' [ ] tanh (;) (2.53)
/eV;,il#i
* Variable Node Update: Each VND uses the extrinsic LLRs from every connected CND to

update its LLR, which in turn becomes the extrinsic LLR sent to the CNDs for the next decoder
iteration. The updated extrinsic LLR from the i-th VND to the j-th CND is given as

—1l,+ Y E (2.54)
J€Ci,j#j

* Codeword Decision: The decoding process terminates when the maximum number of iterations
is reached or when doing more iterations will not improve the decoding performance. After
the final iteration, the output LLRs of the sum-product algorithm can be calculated as the a
posteriori LLRs:

=L+ Z EL (2.55)
J'eC;

out

where V; is the set of VNDs that exchanges bits with the j-th CND and C; is the set of CNDs that
exchange bits with the i-th VND.

2.4.4 EXIT Chart Analysis

The convergence behaviour of iterative decoders can be predicted by examining the exchange of

mutual information (MI) between the component decoders in multiple iterations. This can be achieved
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Fig. 2.9 Exchange of MI between demapper and decoder of BICM-ID

by employing EXIT charts, which was first introduced in [95]. An EXIT chart is a graphical semi-
analytic technique that can be used to gain insight into the convergence properties of an iterative
receiver without simulating the transmitter and receiver. In general, the EXIT chart technique is
dependent on a Gaussian approximation of the received signal. As shown in Fig. 2.9, the Demapper
takes the received signal from the channel and the a priori input from the Decoder, L2, and
generates soft output, L2, The extrinsic soft information of the Demapper is passed through the
bit de-interleaver to obtain the a priori information of the Decoder. After the Decoder processing,
its extrinsic soft information, L2¢, is interleaved and passed back to the Demapper as a priori input,
LPem In each iteration, the MI is used as a measure of the information between the transmitted bits
and the soft information at the output of each component decoder. The MI estimator in Fig. 2.9 is

evaluated assuming the Gaussian approximation and is given as follows:

Mutual Information

The MI between the transmitted bits and the LLR values at the output of a component decoder can be
estimated by assuming a known probability distribution for the LLR values. The MI between equally

likely information bits, x, and their corresponding LLR values, L, can be expressed as [96]

_1 e _ PL(AX =x)
I(x,L) = zx:Zil o pr(A]X =x) x log, o) dA (2.56)
with |
pL(A) = E[pL(7L|X:—1)+pL(7L|X:+1)] (2.57)

where py(A|X = x) is the conditional PDF associated with L and X is a random variable (RV)
representing the information bits. The LLR values, L, can be modelled by an independent Gaussian

RV n;, with zero mean and variance 67 given by

L=ux+ng (2.58)
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where (i, = 67 /2 and o} can be computed as [97]

1 1/2H,
o ~ <_H]10g2 (1 —I(x,L)l/H3>> (2.59)

with H| = 0.3073, H, = 0.8935 and H3 = 1.1064. Following the Gaussian PDF, the MI expression in
(2.56) can be rewritten as

o A—%L
I(op)=1— ! /+ exp| - 27 | x1o [1+exp(—A)]dA (2.60)
L\OL) = N p 202 &2 p : :

Assuming a symmetric pdf for the LLR values, i.e. pp(—A|X = +1) = p.(A|X = —1), a simple

approximation of the MI expression in (2.60) is given by
I(x,L) =1—E{log,[1+exp(—A)]} (2.61)

where E represents the expectation operation. According to [96], by replacing the ensemble average
in (2.61) by the time average, the MI can be measured for a sufficiently large number of samples,
T;, even for non-Gaussian or undefined distributions. The approximated MI expression using time
averaging is given as

1 15

I(x,L)=1— = Y log,[1+exp(—x; - Ly)] (2.62)

St=1
where L, is the LLR value associated with the bits x; € {—1,+1}.

As can been seen from Fig. 2.9, the extrinsic MI of the Demapper is a function of the a priori M1
received from the Decoder and the received signal coming from the channel. Therefore, the extrinsic
MI of the Demapper, I, is defined by the transfer function

[Pem = T[ P 62 ] (2.63)
where 6 is the channel noise variance or channel SNR value and both ¢ and 1P can be obtained
using (2.62). However, the Decoder has only the a priori information, 1%, as input and its extrinsic
ML, 1P¢, is defined by the transfer

1P = T [Pe] (2.64)

Similarly, both IaD“’ and If“ can be obtained using (2.62).

The EXIT chart is made up of two curves for the two components of the iterative receiver, i.e. the
Demapper and Decoder in the example shown in Fig. 2.9. Each curve on the EXIT chart is a plot of
the MI of the extrinsic LLRs against the MI of the a priori LLRs of the respective component. This is
a measure of the quality of information at the output of the component receiver compared to its input.

Using the a priori and extrinsic MI of the Demapper and Decoder, the EXIT chart can be plotted



2.4 Iterative Detection and Decoding Receivers 34

a

|Dem | Dec
o

oaty | = Decoder EXIT curve

Demapper EXIT curve T Decoder EXIT curve

= = =Trajectories Demapper EXIT curve

= = =Trajectories

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
Dec |Dem | Dec
a e

(@) o2 =1dB (b) 6> =2 dB

o
@«
|Dem | Dec
e 'la
o
o
-

N

N A Decoder EXIT curve i Decoder EXIT curve

Demapper EXIT curve

Demapper EXIT curve

02 - = —Trajectories B 02 = = = Trajectories

L L L L | | | | 1 L L L L L L L L L
0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1 0 0.1 02 03 0.4 05 0.6 07 0.8 09 1
|Dem " Dec |Dem | Dec

a 'le a e

(c)o2=3dB (d) 62 =5dB

Fig. 2.10 EXIT curves of BICM-ID for different values of SNR

as shown in Fig. 2.10 and the trajectories between the two component decoders can be tracked. In
Fig. 2.10 the EXIT chart is plotted for a BICM-ID receiver over the AWGN channel. The red (solid)
line represents the extrinsic MI coming out of the Demapper versus the a priori MI going into the
Demapper. Also, the green (dashed-dot) line depicts the a priori MI going into the Decoder against
the extrinsic MI coming out of the Decoder. The blue (dashed) lines represents the trajectories or
number of iterations required for the BICM-ID receiver to achieve convergence. For the receiver to
converge, there should be an open area or "tunnel” between the red and green lines. As shown in Fig.
2.10 (a), at a low SNR value of 1 dB the two lines coincide around IeDe’” = 0.2. In this case the tunnel
between the two lines is blocked and the two lines cannot meet at the (1°¢¢, [P“") = (1,1) point on the
graph. The receiver therefore achieves a poor error rate performance. However, since the Demapper
EXIT curve depends on the SNR of the received signal, increasing the SNR to 2 dB moves the red
curve upwards and a tunnel opens between the two EXIT curves, as shown in Fig. 2.10 (b). Moreover,
with the open tunnel the two curves converge at the (I7¢ [P“™) = (1, 1) point after about 14 iterations.
Furthermore, as can be seen in Fig. 2.10 (c) and Fig. 2.10 (d), the wider the tunnel between the two
curves, the lower the number of iterations needed to reach the (I2¢¢, [P“") = (1, 1) point on the EXIT
curve. At SNR of 3 dB and 5 dB, around 9 and 5 iterations, respectively, are required for optimum

performance. Thus, the EXIT chart gives an indication of the trade-off between SNR and number of
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iterations needed for effective decoding. In Chapter 4, EXIT chart analysis will be used to evaluate
the convergence and complexity of the IIC-based BICM-ID receiver for FBMC-QAM.

2.5 Energy Harvesting Systems

In future wireless communication applications, such as mMTC, achieving reliable communication
while maintaining prolonged device lifespan is a key requirement. For energy constrained network
devices, harvesting energy from the environment is a viable option to extend their operational lifespan.
Traditionally, energy can be harvested from sources such as solar power, wind power, thermal power
and vibrations [98, 99]. However, these sources are usually unstable and are affected by environmental
factors like the changing weather pattern [21]. Another source of EH that is more stable and reliable is

the RF signal. RF EH is considered in this work, details of which are presented in the next subsection.

2.5.1 RF Energy Harvesting

The process of transmitting RF signals for the purposes of EH is referred to as WPT. Practically, WPT
can be implemented using two main techniques; wireless powered communication networks (WPCN)
and SWIPT as shown in Fig. 2.11. In WPCN, energy transmitters send energy signals to UNs in the
DL only for EH [100, 101]. The harvested energy is used to power the transmission of the UN in the
UL. As the name suggests, SWIPT systems on the other hand, involves the concurrent transmission of
information and energy to a UN. Moreover, the UN has the capability of performing both ID and EH
using the same received signal.

Two main receiver configurations have been studied in the literature for SWIPT systems as
shown in Fig. 2.12 [102]. First is the separate receiver architecture, in which the information and
energy receivers have separate antennas. This implies that both ID and EH can take place at the
same time using the entire received signal on each antenna. A typical application of the separate
receiver architecture is a scenario where different devices serve as energy and information receivers.
In this case, the energy receiver can be a low-power device that harvest energy from the received
signal, whereas the information receiver can be a low data rate device receiving data. The second
configuration is the co-located receiver architecture. In this case there are separate information and
energy receivers that share the same antenna. Under this architecture, the received signal is processed
by one of two schemes: TS, or PS [24, 25, 103]. In the case of TS, the time slot for decoding the
received signal is divided into two subslots. EH is performed in the first subslot, while ID is performed
in the second subslot [104, 105]. The PS case, on the other hand, divides the received signal power
into two portions using a PS ratio, with one portion of the signal used for EH and the other portion for
ID. For the co-located receiver architecture, a practical application will be the scenario where each
receiver is a single low power device that simultaneously harvesting energy and receiving information.

Recently, SWIPT has been investigated for different wireless applications and deployment sce-

narios. The work in [106] proposed a multihop decode-and-forward (DF) SWIPT system where a
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source transmits information to a destination via a set of multihop PS-based SWIPT relays. The
relays harvest energy from the received signal to aid the forwarding of the transmitted data to the
destination node. A SWIPT system for IoT sensor networks is studied in [107] in which a number of
transmitter-receiver pairs exchange information and energy by employing PS at the receiver node.
In [108], a TS-based SWIPT system is considered for a multiple-input-multiple-output broadcast
channel (MIMO-BC). A stochastic optimal control algorithm for the wireless powered communication
networks with energy beamforming is proposed in [109]. The energy beamforming is used to enhance

the RF energy transfer efficiency by focusing the radiated power on target nodes. As validation of the
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theoretical model in [109], the same authors implemented a real-life EH testbed in [110] and [111].
Further research has been done for the implementation of SWIPT in different systems, e.g. MIMO
[112-114], relay networks [21, 106, 115] and interference channels [116-118].

In addition to the applications mentioned above, SWIPT has been investigated for multicarrier
waveforms [119-121]. In [120], a multi-user OFDM-based SWIPT system is investigated, in which
a number of distributed nodes receive signals from an access point (AP) for their ID and EH. For
practical implementation, two multiple access and EH schemes are considered in [120]: (i) TDMA
transmission with TS at the receiver and (i) OFDMA transmission with PS at the receiver. The work
in [121] proposed a SWIPT-based OFDM system in which the received OFDM signal is divided into
two groups of subcarriers: one group for ID and the other group for EH. The authors focus on solving
a joint subcarrier and power allocation problem to maximize the harvested energy at the receiver node,
while guaranteeing a target transmission rate.

Recall from Subsection 2.2.6 above that the drawbacks of OFDM make it inefficient in satisfying
the diverse requirements of future wireless networks, especially mMTC applications. Thus, the

application of SWIPT to non-orthogonal waveforms has been investigated recently [122—-124]. In
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[122], a GFDM-based cooperative relay system is proposed to improve the quality of experience and
extend battery life of users at the edge of a cell. The same authors proposed a joint resource allocation
for a multi-user SWIPT GFDM system in [123]. Specifically, a sum rate maximization problem is
investigated in order to optimize sub-block allocation, power allocation and PS ratio under a total
transmit power and EH constraints. The DF SWIPT model in [122] is extended to a GFDM-based
amplify-and-forward (AF) system in [124]. In [124], an analytical expression for the BER is derived
for a general QAM constellation set.

In the above referenced works, the EH model is based on the linear model of a rectifier circuit, i.e.
the harvested energy is linearly dependent on the received RF signal. Following the linear EH model,

the harvested energy from the received signal can be written as

Q = BE[y(1)|*] (2.65)

where Q represents the amount of energy harvested, f3 is the energy conversion efficiency and y(r)
is the received RF signal. However, the linear EH model is not practical as it does not capture
the non-linear behaviour of the diodes, inductors and capacitors that make up the rectifier circuit.
Therefore, non-linear EH models that take into account the rectifier non-linearity are introduced in
[125]. The analytical models of non-linear EH discussed in [125] take into account the higher order
terms in the Taylor series expansion of the diode characteristics. By considering higher order Taylor
series expansions, the non-linear EH models in [125] results in more complex EH receivers. To
reduce processing complexity, a simplified piece-wise linear EH model that captures the saturation
characteristics of a practical rectifier circuit is proposed in [126], as an improvement of conventional
linear EH model. The simplified non-linear EH model in [126] behaves as the linear EH model until
the harvested power reaches a power threshold Qy;. Afterwards, the energy harvester will output a

constant power denoted as BQ;;, i.e.

o | BEOFL, for Bl (0P < Ou (2.66)

BOun, E[ly(t)[*] > Oum

where Qy, is the saturation threshold power of the EH receiver.

In order to harness the benefits of both SWIPT and non-orthogonal waveforms for future applica-
tions, this thesis investigates the application of a non-linear SWIPT model in FBMC-QAM systems.
The simplified non-linear EH model given in (2.66) is adopted in this thesis for the sake of analytical
tractability.

2.6 Summary

In this chapter, an overview of the fundamental concepts relevant to this thesis has been presented.

First, a review of 5G NR outlining the various numerologies is provided. Then, the basic concepts
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of some waveform candidates for future wireless networks are presented. In addition, the basics of
statistical channel models, including standard LTE channel models are introduced. Furthermore, an
overview of iterative detection and decoding using LDPC coding is provided. Finally, the underlying
concepts of RF EH systems have been presented. In the following chapter, the first major contribution

of this thesis is presented.



Chapter 3

Iterative Interference Cancellation in
Uncoded FBMC-QAM Systems

3.1 Introduction

In FBMC-QAM systems there is a complete loss of orthogonality between symbols and subcarriers
resulting in intrinsic interference which degrades its performance compared to conventional OFDM.
However, FBMC-QAM systems have advantages for future applications, e.g. mMTC, due to its high
spectral efficiency and suitability for asynchronous transmissions. Therefore, efficient receiver design
to address the intrinsic interference problem in FBMC-QAM systems is needed before FBMC-QAM
can be employed in future wireless networks. Recently, a number of receiver architectures have been
considered to address this problem. In [19], the authors proposed a twin-filter model for even and
odd-numbered subcarriers that together satisfy complex orthogonality in ideal channels. However,
in fading channels, residual interference remains. Also, the filter design causes filter coefficient
discontinuities which result in higher OOB emissions compared to OFDM. FMBC-QAM systems
with optimized filter sets have been proposed to find a trade-off between satisfying orthogonality
and maintaining good frequency localization [127, 128]. In [128], improvements in BER and OOB
emission performance is achieved at the expense of highly complex channel equalizer compared to
OFDM. A linearly processed FBMC-QAM system was proposed in [129] which achieves similar
OOB emission as FBMC-OQAM by transmitting data only on even-numbered subcarriers, therefore
making use of only half of the assigned frequency band.

The purpose of this chapter is to show that the intrinsic interference in FBMC-QAM can be effec-
tively removed by employing an IIC receiver. Thus, FBMC-QAM becomes a promising alternative to
OFDM systems in applications that require asynchronous access between network nodes. This chapter
investigates the performance of an uncoded FBMC-QAM system with a single prototype filter under
different fading channels. The proposed IIC receiver separates the received FBMC-QAM signal into
even- and odd-numbered subcarrier components and use the demodulated even- and odd-numbered



3.2 System Model 41

subcarrier symbols to iteratively remove the intrinsic interference. As shown in [129], due to the
high frequency localization in FBMC systems, data symbols on even-numbered (odd-numbered)
subcarriers cause negligible interference to other even-numbered (odd-numbered) subcarrier symbols.
Therefore, by applying separate processing to the even and odd subcarriers the ICI between adjacent
subcarriers can be reduced.

The rest of this chapter is organized as follows: Section 3.2 describes the FBMC-QAM system
model. Section 3.3 outlines the IIC algorithm for FBMC-QAM. Simulation results are presented in

Section 3.4. Finally, a summary of this chapter is presented in Section 3.5.

3.2 System Model

In this chapter, an IIC receiver is proposed to iteratively cancel the ISI and ICI inherent in FBMC-QAM
systems. The approach is to separate the received signal into even- and odd-numbered subcarrier
components and use the demodulated even- and odd-numbered subcarrier symbols to iteratively
remove the effect of interference. As mentioned above, this approach is adopted to take advantage of
the high frequency localization of FBMC-based prototype filters. At the FBMC-QAM transmitter,
the QAM modulated symbols are separated into even- and odd-numbered subcarrier components.
Each set of symbols then goes through the FBMC modulation process, which consist of IFFT and
SFB operations, as shown in Fig. 3.1. Similar to the derivation in subsection 2.2.5, the output of the

M /2-IFFT of the data at the m-th even-numbered subcarrier of the n-th symbol is given as

M/2-1

2m
D W 3.1
m=0
where a5 = aSh m € {0,1,...M/2} represents the n-th even-numbered subcarrier symbol, and M

is the total number of subcarriers. The vector form of the n-th even-numbered subcarrier symbol for
m € {0,1,...M/2} is expressed as

bz\/el’l — q)azven (3.2)
where bg'e" £ L vb;;?rzl—l,n]’ asen & [agy"- - ,a;;‘;'z’_l_’n] and @ is the M /2 IDFT matrix whose

- 27ij
entry on the i-th row and j-th column is e’ W, Similarly, the vector form of M /2-IFFT of the n-th

odd-numbered subcarrier symbol is given as

odd __ odd
bo4 = Pa’ (3.3)
odd 2 [10dd odd odd & [ 0dd odd
where b2¢¢ = [bO,n ""’bM/Z—l,n] and a%% = [a07n ,...,aM/z_l’n].

The IFFT output is oversampled by an overlapping factor D and filtered by the SFB. An efficient
and low complexity implementation of the per-subcarrier filtering in FBMC is the PPN [129], which

is employed in this thesis. The signal on the m-th even-numbered subcarrier of the n-th symbol after
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SFB processing is given as
2D—1

xoer =Y glkM /21D (3.4)
k=0

where gli] is the prototype filter impulse response. The most popular prototype filter adopted in FBMC
systems is the PHYDYAS prototype filter. This is due to its low OOB emission performance compared
to other prototype filters. Also, it was shown in [14] that the PHYDYAS prototype filter is effective
for interference cancellation receivers. Therefore, the PHYDYAS prototype filter is employed in
this thesis. In vector form, the transmit signal of the n-th even-numbered subcarrier symbol can be
expressed as

even __ even
x," " = G,b;

G ¢ even (3'5)
= n an
where x&7¢" £ [xghs - 7x181;72!—1,n] and G, is the PPN matrix whose i-th row and j-th column is given
as [129]
g[(i—j)M/2], forO<i—j<2D
(Gulij = (3.6)

0, otherwise

Unlike [19], which uses two different prototype filters for even and odd-numbered subcarriers, the
same prototype filter is employed for both even and odd-numbered subcarriers in this thesis. This
is because the dual filters employed in [19] results in high leakage interference between adjacent
frequency bands. As discussed in Chapter 2, for future applications that may require asynchronous
transmissions between network nodes, a system with high OOB emission may not be suitable.
Moreover, it will be shown in Chapter 4 that FBMC-QAM with a single prototype filter on all
subcarriers achieve a better OOB emission performance compared to FBMC-QAM with optimized
dual filters. Similar to (3.5), the vector form of the n-th odd-numbered subcarrier symbol after transmit
filter processing can be expressed as
x04d — G, ot

(3.7)
= G, Pa’

Combining the even and odd-numbered subcarriers, the overall discrete-time transmit signal during

the n-th time slot is given by

odd
n

=G, Pad" + G,Pas

X, =X, " 4+ X

(3.8)

After passing through the multipath frequency selective channel, the received FBMC-QAM signal

vector corresponding to the n-th symbol is given as

vy =Hx,+1z, (3.9)
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Fig. 3.1 Proposed FBMC-QAM IIC Transceiver

where H denotes the multipath channel matrix with entries given as

h(Tl—Tz), fOI‘OS’L’]-TQ<Lh,
H]s, z, = ‘ (3.10)
otherwise

)

h(t) is the time-domain multipath channel impulse response, 7 is the multipath delay, L., is the length
of the channel and z,, is the AWGN vector.

The received signal is then processed by the proposed receiver, which consist of FBMC-QAM
demodulation and IIC processing. First, the received signal is passed to the FBMC-QAM demodulator,
which is made up of an AFB and an FFT operation. For ideal performance, the AFB is chosen
to satisfy the PR condition, as discussed in Chapter 2. However, in frequency-selective channels,
it is impossible to achieve PR condition. Thus, prototype filters are designed to satisfy the NPR
characteristics. To achieve at least NPR, the receiver filter is designed to be the complex conjugate and
time reversed version of the transmit filter [S1]. NPR processing is employed in this thesis. Therefore,

the n-th symbol vector after AFB processing is given by

o H
Yn =G ¥n
__ aeven sodd (311)
=Yn tYu
where §&ren £ Bon"s- > a1, and yodd = [)787‘2”1 e )73;’/‘12_17”} are the sampled even and odd-

numbered subcarriers of the filtered signal. Then, down-sampling followed by FFT is performed on



3.2 System Model 44

the filtered signal to obtain the frequency domain signal vector. The output of the M /2-FFT can be
expressed as
lA)n = ynq)H
_ yevencpH + yodd q)H
n n

= HGG, 0 ®a%*" + HGH G, ®a??! + GH dly, (3.12)

=HQa"*" + HQa% + 7

_ Bflven + Bzdd +7

h AL 5 \odd & [fodd podd _H H 5 _ CH®H
where beer £ [bg"’;”’ ... 7bz72171,n]’ bod¢ = [bg,n yeus ’bx/l/Zfl,n]’ Q=G/G,P"P and Z = G, P"z,.

After the FBMC-QAM demodulation, the demodulated signal of the n-th even-numbered subcarrier

symbol is given as

A" — Hpat'™ + Hysi(Q — 1)as™) + Hic/Qat +7 (3.13)

even odd
Iisi lici

where I7¢;" and I;’gfl represent the ISI and ICI experienced by even-numbered subcarrier symbols.

Similarly, the demodulated signal of the n-th odd-numbered subcarrier symbol can be expressed as

a7’ = Hpa)™ + Hysy(Q — T2y + Hyc/Qal'" +2

even
Il‘fél,d Tiei

(3.14)

where / ;’g[d and I;;" are the ISI and ICI experienced by odd-numbered sub-carrier symbols. Also, Hp,
H;¢;, and Hjg; correspond respectively to the desired channel, the undesired channel that result in
ICI and the channel that lead to ISI, and I is the identity matrix. Since FBMC systems use no CP, the
interference channel matrix Hyc; = Hysy = H; € CV*V and can be expressed as

O x(v— H
Hj=| =05 ‘ (3.15)

Ow-Eyx(n-E) Ov—E)xE

where H; € CF*E | with E = L — 1, is given by

hi—1 ... ... h
o - :
H=| . (3.16)
0 ... 0 Ay

As an illustration of the interference terms, consider the i-th transmitted multicarrier symbol of
a system with M = 4 subcarriers, i.e. X' = [xf) xh X xg] and a channel impulse response with length
Loy =4, i.e. W' = [hy hy hy h3]. The linear convolution between x’ and h’ for a muticarrier system
with sufficient CP (e.g. OFDM) is shown in Fig. 3.2. The CP is obtained by copying a number of
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Fig. 3.2 Effect of frequency-selective channel on received multicarrier symbols with sufficient CP
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Fig. 3.3 Effect of frequency-selective channel on received multicarrier symbols with no CP

samples at the tail of each symbol and appending it at the beginning of the symbol. As shown in Fig.
3.2 (a), the multipath channel causes an overlap of the different multicarrier symbols at the receiver
side. However, with sufficient CP the symbol overlap occurs within the allocated CP. Therefore, after
removing CP, the orthogonality between symbols is maintained as shown in Fig. 3.2 (b). Thus, with a
sufficient CP length intrinsic interference can be avoided.

In the case of a muticarrier system with no CP (e.g. FBMC), the symbol overlap occur within
the symbols themselves as shown in Fig. 3.3. Taking the symbol i as an example, it can be seen
that samples from symbol i — 1 overlap with symbol i. Due to the lack of CP, this overlap cannot be
compensated for and the orthogonality between symbols is lost. This means that intrinsic interference
will occur at the receiver node. For desirable performance, the intrinsic interference terms must be

estimated and cancelled from the received signal. This chapter shows that by applying IIC at the
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receiver node, the interference terms in (3.13) and (3.14) can be cancelled, making FBMC-QAM
a suitable waveform for future applications due to its high spectral efficiency and suitability to
asynchronous transmissions. To effectively cancel the interference terms, the interference channels
Ifg;" and I,"gld must be estimated at the receiver. Note that, without loss of generality, it is assumed in

this thesis that the receiver node has perfect channel state information (CSI).

3.3 Iterative Interference Cancellation in FBMC-QAM

Due to the loss of complex orthogonality in FBMC-QAM, there is high intrinsic interference as shown
in (3.13) and (3.14). To reduce the level of intrinsic interference and improve the BER performance,
the undesirable terms must be removed from (3.13) and (3.14). In this chapter, an IIC receiver is
investigated to remove the interference terms [130]. First, the receiver estimates the multipath channel
responses Hj¢y, and Hyg;. Then the matrix Q is computed using the filter response matrix G, and IDFT
matrix ®. Next, using the current and previous values of the demodulated even- and odd-numbered
subcarrier symbols, the receiver can evaluate 5", I ;’Cdld, Ifbf’,d and I7%" as shown in (3.13) and (3.14).
Then, the calculated interference terms from the even- and odd-numbered data symbols are subtracted
from the received signal vector in order to achieve a better version of the transmitted signal in the

next iteration, i.e.

A7 (i+ 1) = A7 (1) — IR (1) — 1 ) (3.17)
and
a7 i+ 1) = 0%(0) — 1" ) — 10 G.18)

where i < I,,,,, and I,,,,, 1s the maximum number of iterations. After a number of iterations the ICI and
ISI are removed and the resulting even- and odd-numbered demodulated signal can be expressed as
a’" =Hpa; " +1 (3.19)
and
4%% — Hpa%® 4+, (3.20)

respectively. Finally, a hard decision is made on the demodulated signal and this provides the final
estimate of the transmitted information bits. The pseudo code for the proposed IIC receiver is
presented in Algorithm 1. In Chapter 5, the intrinsic interference in FBMC-QAM systems will be
exploited as a useful signal for RF EH to provide power for energy constrained communication
devices. This chapter mainly focuses on the information decoding performance by eliminating the

unwanted intrinsic interference terms.
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Algorithm 1 IIC Algorithm

Specify the maximum number of iterations I,

Initialize number of iterations i = 0
while i < [,,,,, do
Compute H;¢; and Hyg; from (3.15).
Compute Q using G, and .

Estimate 8¢, 1944, 194 and I{%" in (3.13) and (3.14)

Perform Interference cancellation, i.e
A (i1 1) = 4 (3) — [en (i) — o (i)
A0 (i 1) = a0 (i) — I (i) — I (i)
i=i+1

end while

Terminate.

Table 3.1 Simulation Parameters

Parameter Specification
Filter PHYDYAS prototype filter [11]
Overlapping factor (D) 4

Channel Bandwidth 5 MHz

Total number of Subcarriers 128

Number of PRBs 6

Number of Subcarriers per PRB | 12

Subcarriers spacing 15 KHz

Number of slots 2

Number of symbols per slot 7

Modulation 4-QAM, 16-QAM
Number of IIC iterations 0,1,2,3,5

LTE Channel model EVA, ETU

3.4 Simulation Results

In this section, simulation results are presented for the proposed IIC receiver for FBMC-QAM. Also,
the PSD of FBMC-QAM with a single prototype filter, FBMC-QAM with two prototype filters,
FBMC-OQAM and OFDM are presented. For the filter implementation in FBMC-QAM and FBMC-
OQAM, the PHYDYAS prototype filter with overlapping factor D = 4 is used [11]. As mentioned
in Chapter 2, the choice of filter is motivated by results [53], which showed that the PHYDYAS
prototype filter achieves the lowest OOB emission performance compared to other prototype filters.

In addition, it is shown in [14] that the PHYDYAS prototype filter achieves good performance when

applied to interference cancellation receivers. The prototype filter coefficients are defined as shown in
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Fig. 3.4 PSD comparison between OFDM, FBMC-OQAM, FBMC-QAM orthogonal, and FBMC-
QAM non-orthogonal.

2.29. For the multipath channel model, the frequency selective EVA and ETU channel models are
considered as specified by 3GPP for LTE [35]. The simulation parameters are illustrated in Table 3.1.

Fig. 3.4 shows the PSDs of OFDM, FBMC-OQAM, conventional FBMC-QAM with two proto-
type filters and the proposed FBMC-QAM with a single prototype filter. Note that the FBMC-QAM
system with two prototype filters in [19] adopts the PHYDYAS for even-numbered subcarriers and
a reordered version of it for odd-numbered subcarriers in order to achieve orthogonality in AWGN
channels. As shown in Fig. 3.4, the filter design in [19] results in a slightly worse OOB emission
performance compared to OFDM. This is because of the discontinuities in one of the two prototype
filters used for the time domain subcarrier filtering. However, Fig. 3.4 shows that the proposed
FBMC-QAM system has the same OOB emission performance as FBMC-OQAM. This is mainly due
to the better frequency localization of the PHYDYAS prototype filter employed for the per-subcarrier
filtering in both cases.

Fig. 3.5 and Fig. 3.6 illustrate the BER performance of the proposed IIC receiver for FBMC-QAM
systems in the EVA and ETU channel models, respectively. Note that the data symbols are 4-QAM
modulated and a one-tap frequency domain ZF equalization is performed. As mentioned above,
the receiver has perfect CSI. The results of the IIC receiver is compared with the case with perfect
interference cancellation (PelC) as well as a benchmark CP-OFDM model. For the implementation of
the PelC scenario, I75", I ;’gld, I ;’Sdld and I;;" are calculated directly from the transmitted signal, instead
of the estimated signal. For the benchmark CP-OFDM case, a system with sufficient CP and guard
band is considered, which implies that the benchmark system avoids both ISI and ICI.

It can be seen in these figures that the BER performance is improved after a few IIC iterations. As

shown in Fig. 3.5, the gap from the PelC case is approximately 2 dB after 3 IIC iterations, measured at
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Fig. 3.5 BER performance of uncoded FBMC-QAM with IIC using 4-QAM over LTE-EVA Channel.
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Fig. 3.6 BER performance of uncoded FBMC-QAM with IIC using 4-QAM over LTE-ETU Channel.

10~* BER. Moreover, the benchmark CP-OFDM systems achieves better performance by using extra
resources as CP and guard band. From Fig. 3.6, it is observed that even after 5 iterations there still
remains an error floor under the ETU channel, though the error floor performance is improved after
each iteration. In addition it can be seen that the gap between PelC results and the benchmark OFDM

becomes narrow in in ETU channel. This is because with the higher selectivity in ETU affects the
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Fig. 3.7 BER performance of uncoded FBMC-QAM with IIC using 16-QAM over LTE-EVA Channel.

performance of CP-OFDM. Chapter 4 will consider the use of channel coding and iterative decoding
to address the error floor problem in this chapter. In addition, Chapter 4 will present a comprehensive
study of the convergence and complexity of the IIC receiver with iterative decoding.

Fig. 3.7 shows the BER performance of the proposed IIC receiver for FBMC-QAM systems
with 16-QAM over the EVA channel. As can be observed from Fig. 3.7, the error floor is improved
significantly after 5 iterations. Measured at 10~*, the gap between 5 iterations of IIC and the PeIC case
is less than 2 dB. This implies that 5 iterations are enough to obtain an acceptable BER performance
and more than 5 iterations will not improve the performance much. To fully understand the benefit of
the proposed receiver, its complexity compared to the benchmark CP-OFDM case is essential. The

complexity analysis of the IIC receiver is presented in Chapter 4.

3.5 Summary

In this chapter, the use of IIC to remove the intrinsic interference in FBMC-QAM systems is investi-
gated. In order to effectively cancel the intrinsic interference in FBMC-QAM systems, a receiver is
proposed which separates the received signal into even- and odd-numbered subcarrier components,
and uses the decoded even- and odd-numbered subcarrier symbols to iteratively cancel the interfer-
ence from subsequent symbols. Numerical simulations show that the IIC algorithm can significantly
improve the BER performance of the proposed FBMC-QAM system under different time-varying
channels. For example, for the case of 16-QAM in the EVA channel, it is shown that 5 IIC itera-
tions achieve near optimum BER performance. Also, the OOB emission performance is identical
to FBMC-OQAM and is superior to that of both OFDM and conventional FBMC-QAM with two
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prototype filters. Since the IIC receiver shows the capability to address the intrinsic interference
problem, FBMC-QAM becomes a suitable alternative to OFDM for future wireless applications due to
its high spectral efficiency and suitability for asynchronous transmissions. However, in order to solve
the error floor problem in this chapter and improve the IIC performance, Chapter 4 will investigate
the use of channel coding and decoding in FBMC-QAM.



Chapter 4

Iterative Interference Cancellation based
BICM-ID in Coded FBMC-QAM
Systems

4.1 Introduction

In Chapter 3, it was shown that an IIC receiver is capable of removing the intrinsic interference in
FBMC-QAM systems. However, in highly frequency selective channels an error floor appears in
the BER performance at high SNR. To improve the decoding performance, efficient channel coding
and the corresponding BICM-ID are essential in modern wireless communication system design
[131, 132]. Through multiple detection and decoding iterations, BICM-ID receivers can approach the
optimal decoding performance of different communication systems. Thus, BICM-ID is an essential
technique for meeting the high data rate and reliability requirements of future wireless applications.
As introduced in Chapter 2, the BICM-ID receiver consists of a SISO demapper and a channel decoder
that iteratively exchange “soft” information to improve detection performance. Recently, some works
in the literature have investigated the combination of BICM-ID and IIC to remove the interference
terms in multicarrier systems [14, 130, 133, 134]. In [134], the application of non-binary LDPC
coding to FBMC-OQAM was investigated. It was shown that existing adaptive coding and modulation
schemes can be easily modified to accommodate the properties of non-binary LDPC and FBMC-
OQAM. An LDPC-based BICM-ID receiver is investigated for a single antenna FBMC-OQAM and a
MIMO FBMC-OQAM in [130] and [133], respectively.

The purpose of this chapter is to show that the error floor problem encountered in Chapter 3 can be
tackled effectively through the application of channel encoding at the transmitter and a corresponding
BICM-ID at the receiver of an FBMC-QAM system. Thus, the IIC processing at the receiver side
becomes more efficient in cancelling the intrinsic interference introduced by the loss of orthogonality
in FBMC-QAM. Specifically, LDPC encoding is used to encode the transmitted bits at the transmitter
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side whereas a combination of BICM-ID and IIC is implemented at the receiver side to improve
the decoding performance. The proposed receiver consists of two components: (1) inner decoder -
which performs FBMC-QAM demodulation and demapping in the one direction and FBMC-QAM
modulation and symbol mapping in the opposite direction; (2) outer decoder - which is an LDPC
decoder.

The remainder of the chapter is organized as follows. Section 4.2 describes the FBMC-QAM
system model. The structure of the proposed IIC-based BICM-ID receiver is presented in Section 4.3.
The convergence behaviour of the proposed iterative receiver using EXIT-chart analysis is presented in
Section 4.4. Performance and complexity evaluation of the BICM-ID receiver for different frequency-
selective channels are illustrated in Section 4.5. Finally, a summary of this chapter is presented in
Section 4.6.

4.2 System Model

The transceiver structure of the proposed IIC-based BICM-ID system is shown in Fig. 4.1. Similar to
Chapter 3, a single antenna FBMC-QAM system is considered in this chapter. In addition, a single
prototype filter is used on both even and odd subcarriers to maintain the superior OOB emission
property of FBMC systems. Moreover, to address the error floor problem in the uncoded FBMC-QAM
system considered in Chapter 3, a coded FBMC-QAM system is implemented in this chapter. At the
transmitter, a stream of information bits b = [by,bs,...,by,] of length L, are encoded by a channel
encoder. The encoder outputs a codeword ¢ = [c1,¢2,...,cr.] of length L. with a coding rate of
R. = Ly/L.. An LDPC encoder is considered in this chapter due to its advantages over turbo coding,
which has resulted in its widespread application in modern communication systems, such as IEEE
802.11n and 5G NR. The encoded bits are randomly interleaved in order to randomize the burst errors
and a set of ./ interleaved bits {a),a2,...,a;” } are QAM modulated to the n-th FBMC-QAM symbol
a,, where aj; € {£1} denotes the g-th bit of a,. The resulting signal goes through FBMC-QAM
modulation, which consists of a serial-to-parallel converter, IFFT, a SFB block and a parallel-to-serial
converter. After IFFT, the discrete time-domain FBMC-QAM signal vector associated with the n-th
symbol can be expressed as

s, = Pa, 4.1)

where a,, = [ao a1, .,am—1,) is the M x 1 symbol vector in the frequency domain before IFFT,
am x 18 the data at the m-th subcarrier of the n-th symbol, M is the total number of subcarriers and ® is
the M x M unitary DFT matrix whose entry on the /-th row and ¢-th column is (1/v/M)e™/ 3

The IFFT output is oversampled by the overlapping factor D and filtered by the SFB. The

oversampling is performed because the duration of typical prototype filter in FBMC systems is
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Fig. 4.1 Block diagram of transmitter and BICM-ID receiver

multiple times the FFT size. The signal after SFB processing is given as

x, = Gs,

4.2)
= Gda,

where X, = [x0,4,X1 5. .- ’prfl,n] is the vector of the transmitted data, L, = D x M and G is the SFB

matrix whose /-th row and z-th column is given as [129]

Gl = gll—1)M], for0<I—t<D “3)

0, otherwise

with g[i] as the prototype filter impulse response. As in Chapter 3, the PHYDYAS prototype filter is
employed for the per-subcarrier filtering in this chapter.
In the presence of a frequency-selective fading channel, the discrete-time domain FBMC-QAM

signal vector at the receiver is given by
y.=Hx,+1z, 4.4)
where H denotes the L, X L, multipath channel matrix with entries given as

h(T]—Tz), fOI‘OS’L’]-TQ<Lh,
H], z, = ‘ (4.5)
0 otherwise

)

h(t) is the time-domain multipath channel impulse response, 7 is the multipath delay, L., is the length

of the channel and z, is the L, x 1 vector representing the AWGN. The received signal is passed
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through the FBMC-QAM demodulator, which reverses the operations of the FBMC-QAM modulator
(See Fig. 4.3). First, the received signal is processed by the AFB. The AFB is chosen to be the
complex conjugate and time reverse version of the SFB in order to satisfy the NPR condition [130].

Thus, the signal at the output of AFB after receive filtering is expressed as

Yr): = GHYn
= GHHx, + Gz, (4.6)
=Ha,+1z]

where H = GPHG®” is the L, x L, effective channel matrix after filtering and z-,’; = GHz,. Then,

down-sampling followed by FFT is performed on the filtered signal to obtain the frequency domain

signal vector, ¥, = [Fo.n, 1 n,- - - ,FM—1,1). The output of the FFT is given by
ry, = (I)y£
= ®H'a, + dz/ 4.7
=Ha,, + 7,

where H = ®GYHG®* represents the M x M effective channel matrix after FFT and zZ = ®G''z,, is
the coloured noise. From (4.7), the received FBMC-QAM signal associated with m-th subcarrier and

the n-th symbol can be expressed as
T'mp = I:Im.,namﬂfl + I’i;ifnrinsic + Zm,n (48)

where I,’,ﬁ"n’ insic represents the intrinsic interference caused by the loss of complex orthogonality in
FBMC-QAM, which can be expressed as

M—1
intrinsic __ 7 /CI 7S]
Im,n - Z Hi,n Qjp+ Z Z Hm,jamJ (4.9)
i#m Jj#n m=0
ICI ISI

with H/S" and H],'; as the residual channels that lead to ICI and ISI, respectively. Note that the
characteristics of I:I{i’ and I:If;flj are determined by the type of prototype filter and the fading channel
effect. Therefore, by using a single prototype filter the effective channel will vary only with the
channel fading effect unless a different prototype filter is selected. To achieve optimum decoding
performance, the ICI and ISI terms must be estimated and cancelled from the received signal. To
do this, the interference channels I:I{fql and I:If;flj must be estimated at the receiver. The interference
channel matrix can be expressed as [130]

Opx(n—E) Hg

ﬁ{j = (4.10)

Ov—Eyx(v—E) Ow—E)xE
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where I = ICI,ISI, Hg € CE*E with E = L, — 1, is given by

P
0 :
Hp=| ' 4.11)
0 . 0 hpy]

Before detection and decoding of the received signal, the effects of the frequency-selective channel

is compensated by applying a simple one-tap ZF equalizer. The resulting signal is given as

~ Ym,n
Fnn = =
m,n
Iintrinsic 7 (4 1 2)
mn m,n
=amp+ o+ =
Hm,n Hm,n

The equalized signal is deinterleaved and passed to the LDPC decoder for decoding and detection.
The receiver processing is repeated for several iterations to get rid of the intrinsic interference through

decoding and IIC. This is described in detail in the next section.

4.3 1IIC-based BICM-ID Receiver

In order to recover the transmitted bits, an IIC-based BICM-ID receiver is proposed as shown in Fig.

4.2. It is made up of two component decoders:

* The Inner Decoder - which consists of a soft mapper, a soft demapper, an FBMC-QAM

modulator and demodulator, and an IIC operation.

* The Outer Decoder - which is an LDPC decoder consisting of two types of nodes: VND and
CND.

This receiver structure is chosen in order to aid the efficient detection and decoding of the received
signal through SISO decoding and interference cancellation. In each receiver iteration, the inner
decoder uses the received signal vector y, and the a priori LLR from the outer decoder to improve the
decoding performance. In addition, the inner decoder enables symbol regeneration and interference
cancellation to remove the intrinsic interference in FBMC-QAM. Specifically, the proposed IIC-based
BICM-ID receiver performs two iterative processes: (i) the exchange of MI between the VND and
CND of the outer decoder and (ii) the exchange of MI between the inner decoder and outer decoder.

The inner decoder takes the received signal vector y, and the a priori information of the coded bits,

n
em,a

Ly, o> from the outer decoder (L},

LLRs as

= 0 in the first receiver iteration) and computes the a posteriori

L;j)?m = Lfjomat L%Zm,e (4.13)

'‘Dem,a
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Fig. 4.2 IIC-based BICM-ID system model for EXIT chart analysis
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where L;’)’Zm . 1s the extrinsic LLR values of the inner decoder. Using the maximum a posteriori

demapping algorithm, Ly, and L}, can be expressed as [132]

i

1
Ly = logp(a +1

Dem.,a p(a

t

SR

|7)
4.14
%) @19

and

L p(la) 11 plaf)
A

acaq =
n ,75‘1
L% —log 1 : (4.15)
pame Y p(Fla) T1 plaf)
acay :;1
q 74

The extrinsic LLR values, Lg:m .» are de-interleaved and passed to the outer decoder as a priori

LLR, L" . for channel decoding. After a number of iterations between the CND and VND of the

'Dec,a’



4.4 Convergence Analysis of IIC-Based BICM-ID Receiver 58

Algorithm 2 IIC-based BICM-ID Receiver Algorithm

1: Require: r,, I}, I7;#". Initialize number of iterations i = 0

2: while i <77 do

3:  Perform FBMC-QAM demodulation of received signal.

4:  Calculate extrinsic LLR values at soft demapper.

5. Deinterleave extrinsic LLR values to obtain a priori LLR , L}, .
6:  whilei <I7% do '

7 Pass LT”  between VND and CND for defined number of iterations.

8:  end while

9:  Interleave extrinsic LLR values of LDPC decoder to obtain a priori LLR for soft mapper.
10:  Determine estimate of the transmit signal &,,.

11:  Pass the estimated signal through the FBMC-QAM modulator.

12:  Estimate intrinsic interference as shown in (4.9).

13:  Subtract the estimated interference terms from the received signal.

14 i=i+1

15: end while

16: Make hard decision to obtain final estimates of the transmitted bits, b.

17: Terminate.

outer decoder, it computes a posteriori LLRs, L%’ZC . The outer decoder extrinsic information, defined

an  _ yan an oo oL .
as Lpec o = Lpec p = Lpec o> 18 Te-interleaved and passed to the soft mapper as a priori information,

L%’Zm. 4 To estimate and cancel the effect of the intrinsic interference term in (4.12), the output of the

soft mapper is FBMC-QAM modulated and the estimated symbols are subtracted from the received
signal for the next iteration as shown in Fig. 4.2. The number of iterations between the inner decoder

and the outer decoder is denoted by I;;c and the number of iterations within the outer decoder is
n
ec?p

hard-decision estimates of the transmitted bits. The iterative process of the proposed IIC-based

denoted by Ip,.. After the final iteration in both iterative processes, L ' is used to generate the
BICM-ID receiver proceeds as shown in Algorithm 2. Furthermore, the complexity analysis of the

proposed receiver is presented in subsection 4.4.4.

4.4 Convergence Analysis of IIC-Based BICM-ID Receiver

EXIT charts are useful for studying the convergence of iterative decoders [135]. In EXIT chart
analysis the exchange of MI between the components of an iterative receiver is tracked in order to
predict the required number of iterations and convergence threshold of the receiver. As explained in
Chapter 2, the EXIT chart is an important analytical technique since it can be used to gain insight
into the convergence properties of an iterative receiver without an actual simulation of the transmitter
and receiver. Therefore, in this chapter, EXIT chart analysis is used to visualize the exchange of
MI between the inner decoder and outer decoder. This provides an indication of the convergence
behaviour of the proposed IIC-based BICM-ID receiver. Note that the MI expression for the inner and

outer decoders are derived as shown in Chapter 2.
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4.4.1 EXIT Chart of Inner Decoder

Notice from Fig. 4.2 that the MI at the output of the inner decoder is dependent on two inputs, namely,

the a priori M1, Ij,,,,, coming as feedback from the outer decoder and the received signal coming

em’

from the channel. Thus, following the derivations in Subsection 2.4.4, the inner decoder’s EXIT

characteristics can be defined by the a priori-extrinsic transfer function T as

Eem = T[ gem’ GI%:I (4'16)
where I, =1 [x; LZ:Z em], 0 <15, <1,is the extrinsic MI of the inner decoder and 6,12 is the channel

noise variance. Ij,,,, can be obtained from (2.64) as

1 T
B =1— T Zlogz[l +exp(—x; ‘LZ:gem)] 4.17)

t=1

The extrinsic LLR of the inner decoder, LZ_’Z . 15 then deinterleaved and passed to the outer decoder
q.n

a,Dec*

as a priori LLR, L

4.4.2 EXIT Chart of Outer Decoder

The outer decoder accepts a priori input, L7, . from the inner decoder and alternates this information
between the VND and CND processing for a predefined number of iterations, Ip... When the decoding

process is complete it returns extrinsic LLR, L?7, . This is represented by the transfer function

Ipec = T[Ipec] (4.18)
where I}, =1 [x; LZ’?M], 0 <If,. <1, is the MI between the encoded bits stream and the a priori
LLR, LY, and I, = I[x; L], ], 0 < Ip,. < 1 s the extrinsic MI of the outer decoder which can be

computed according to (2.64) as

1 T
e = 1 = Y- log[1 +exp(—xi - LE5,.)] (4.19)
t=1

q7n

For the next IIC iteration the extrinsic LLR from the outer decoder, L, ..

is re-interleaved and passed
to the inner decoder as a priori LLR, L7, ..

4.4.3 Convergence Analysis

Given the MI of the inner and outer decoders, the convergence behaviour of the IIC-based BICM-ID
receiver can be visualized by plotting the EXIT characteristics of the two decoders on an EXIT chart.
The inner decoder EXIT curve is dependent on the noise variance or the SNR value of the received

signal while the outer decoder EXIT curve varies with the number of decoder iterations, Ip... The
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outer decoder’s extrinsic MI, Ij,,., is feedback to the inner decoder as a priori M1, I, and is plotted

em’

on the x-axis of the EXIT chart. Likewise, the inner decoder’s extrinsic MI, I, , is passed to the

em?

outer decoder as a priori information, Ij,., which represents the y-axis of the EXIT chart. For near

e
capacity decoding performance, a pair of inner and outer decoder EXIT curves should not intersect
before the (1,1) point on the EXIT chart. In this case, an open area or tunnel exists between the two
curves and the exchange of MI can be visualized as a "zig-zag" trajectory on the EXIT chart as shown
in Fig. 4.6. The wider the tunnel, the lower the number of iterations required to reach the (1,1) point
and vice versa. On the other hand, if any pair of inner and outer decoder EXIT curves intersect before
reaching Ij,,, = 1 on the horizontal axis, the tunnel is said to be "blocked". In this case the EXIT
chart does not converge and a poor BER performance is obtained even with a high number of IIC
iterations. Therefore, to achieve near capacity performance at a low receiver complexity, a trade-off
between the SNR values, number of outer decoder iterations and the width of the EXIT tunnel must be
obtained. That is, on the one hand, a high SNR can help achieve a wider EXIT tunnel at the expense of
increased transmit power. On the other hand, a large number of outer decoder iterations will increase
receiver complexity. For any system, the optimal choice of these parameter can be predicted using the
EXIT chart analysis. The convergence behaviour of the proposed receiver is studied by Monte-Carlo

simulations in the next section.

4.44 Complexity Analysis

This subsection presents the complexity evaluation of the proposed IIC-based BICM-ID receiver
for FBMC-QAM compared with the benchmark CP-OFDM system. The overall complexity of the
receiver depends on: (i) the modulator/demodulator processing in the inner decoder (ii) the VND
and CND processing in the outer decoder and (iii) the number of outer decoder and IIC iterations.

Mathematically, this complexity can be expressed as [136]

CoicM—ip = Ipec - (Liic + 1) - Couter - Np + Ny - [Cinner.1 +1i1c - Cinner.i] (4.20)

where Cy,s denotes the complexity of the outer decoder, Cjyer,1 1s the complexity of the first iteration
of the inner decoder with no a priori information from the outer decoder and Cjer,; is the complexity
of the i-th iteration of the inner decoder considering the a priori information from the outer decoder.
Np and N; represent the number of information bits at the input of the LDPC encoder and number of
symbols, respectively. Recall that Ip,. and Ij;c are the number of outer decoder and IIC iterations,
respectively. Co,uer depends on the scheduling used to exchange messages between the CND and
VND. Also, Ciuner,i depends on the complexity of the multicarrier (CP-OFDM or FBMC-QAM)
demodulator during the initial decoder iteration whereas, Cjyer; is the combined complexity of the
multicarrier modulator and demodulator in subsequent decoder iterations.

As mentioned above, there is negligible intrinsic interference in the benchmark CP-OFDM system

due to the use of sufficient CP and guard band. Therefore, there is no IIC iterations for the benchmark
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CP-OFDM system. As a result, its complexity can be expressed as

OF DM OF DM
CB]CM_ID — ]IDec : Couter 'Nb +NS 4y

inner,1

4.21)
= ]IDec : Couter 'Nb +Ns M/210g2(M)

where COFPM — M /210g,(M) is the complexity of the CP-OFDM demodulator, computed by con-
sidering the’number of complex multiplications in the M-point FFT of OFDM [16]. On the other
hand, due to the loss of orthogonality in FBMC-QAM there exist intrinsic interference. Therefore,
IIC is required to cancel the interference. Thus, the complexity of FBMC-QAM using the proposed

BICM-ID receiver is given as
ChLBMC = Tpec- (T +1) - Couter - Ni + Ny - (1 + 21 5¢) [M/21og, (M) 4+ DM] (4.22)

The proof of (4.22) is given in Appendix A.1.
Notice from Fig. 4.6 that there is no significant gain in MI of the outer decoder beyond 8 iterations.
Therefore, as an example, the number of outer decoder iterations in the CP-OFDM system is set to

Ipec = 8. For this example, (4.21) can be rewritten as
COEPM =8 Couter - Ny + Ny - M /2log, (M) (4.23)

Moreover, as shown in Fig. 4.7, the FBMC-QAM system requires Ip.. = 2 and I;;c = 3 to achieve a
comparable BER performance with the benchmark CP-OFDM. In terms of complexity, this translates
to

CEBMC =8 Couter - N + TN - [M /210g, (M) + DM (4.24)

From (4.23) and (4.24) it can be seen that the complexity of the outer decoder is similar for both
CP-OFDM and FBMC-QAM. Therefore, the difference in complexity between CP-OFDM and
FBMC-QAM is dominated by the structure of their respective modulator/demodulator and the number
of IIC iterations. Hence, (4.23) and (4.24) can be simplified as

CHt 1 = Ny - M /21log, (M) (4.25)

and
Chien—ip = TNy - [M/2log,(M) + DM], (4.26)

respectively.

Using the simulation parameters in Table 4.2 ( D =4 and M = 128 ), the computational com-
plexity of the two systems are shown in Table 4.1. It can be observed that the number of complex
multiplications increase with the number of IIC iterations. For I;;c = 3, which achieves similar BER
performance as the CP-OFDM benchmark, the FBMC-QAM system requires 15 times more complex-
ity than CP-OFDM. Note however that, the CP-OFDM benchmark consumes additional resources in
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Table 4.1 Complexity of IIC-based BICM-ID receiver for CP-OFDM and FBMC-QAM

Iy OFDM FBMC Hybrid OFDM- | OFDM-
(4.25) (4.26) FBMC Hybrid
Ratio Ratio
0 448 960 960 2.14 2.14
1 - 2880 2880 6.4 6.4
2 - 4800 - 10.7 -
3 - 6720 - 15 -

terms of CP and guard band in order to maintain orthogonality and avoid intrinsic interference. Since
future 10T applications are expected to connect billions of user terminals, the extra resources and
signaling required to maintain synchronous communication between terminals may be prohibitive.
Furthermore, OFDM has been shown to perform poorly in asynchronous communications [130, 7].
This is as a result of the increased interference to adjacent subbands caused by the high spectrum
leakage in OFDM. Moreover, it is shown in [130] that in the case of insufficient CP and guard band
residual interference exist in CP-OFDM and IIC iterations may be needed to cancel this interference,
which can increase the complexity of CP-OFDM.

Also, as shown in Table 4.1 the complexity of the proposed receiver is dominated by the signal
processing at the FBMC-QAM modulator and demodulator inside the inner decoder. Therefore,
to reduce complexity of the BICM-ID receiver for FBMC-QAM, the interference reconstruction
can be based on the output of the soft mapper. This is equivalent to bypassing the FBMC-QAM
modulator/demodulator in some IIC iterations. For example, consider a hybrid iterative system in
which the first IIC iteration (I;;c = 1) involves both the FBMC-QAM modulator and demodulator.
However, in subsequent IIC iterations (I;;c > 1), the interference cancellation is performed at the
output of the soft mapper. This implies that, after the initial iteration without IIC and the first IIC
iteration, the complexity of the hybrid iterative receiver is independent of the signal processing in
the FBMC-QAM modulator/demodulator. From the example shown in Table 4.1, it can be seen
that the ratio of complexity of the iterative receiver to that of CP-OFDM saturates at about 6.4 and
increasing the number of IIC iterations will not significantly increase the complexity. Thus, the
hybrid receiver can serve as a suboptimal approach that is capable of providing a trade-off between
complexity and BER performance of the proposed iterative receiver. This implies that, with a small
increase in complexity, the proposed IIC-based BICM-ID receiver can effectively remove the intrinsic
interference in FBMC-QAM. With such a receiver, FBMC-QAM becomes a promising alternative
to CP-OFDM in future applications due to its high spectral efficiency and suitability for grant-free

asynchronous transmissions.



4.5 Simulation Results 63

4.5 Simulation Results

In this section, numerical simulation results are presented to illustrate the OOB emission performance
of different FBMC systems compared to CP-OFDM. Also, the EXIT chart analysis and BER perfor-
mance of the proposed IIC-based BICM-ID receiver under different fading channel conditions are
presented. The complexity of the proposed receiver for FBMC-QAM is studied and compared to the
complexity of a CP-OFDM benchmark.

4.5.1 Simulation Setup

To evaluate the effectiveness of the IIC-based BICM-ID receiver for FBMC-QAM, computer simula-
tions are conducted. For the LDPC decoder, an irregular parity-check matrix has been used whereas
the sum-product decoding algorithm is employed as demapper [91]. To achieve effective convergence
in the EXIT chart analysis, anti-gray mapping schemes have been proposed in the literature. Scheme
such as set partitioning (SP), modified set partitioning (MSP), maximum squared Euclidean weight
(MSEW) and the optimized mapping M 16" have been shown to perform better than classical Gray
mapping in EXIT chart analysis [137]. Therefore, for efficient performance, M16" is adopted in
this simulation. For comparison, synchronous CP-OFDM is considered as a benchmark. For the
benchmark implementation, it is assumed that the CP-OFDM system has sufficient CP and guard
band in order to maintain orthogonality and synchronization between subbands. Also, the number of
outer decoder iterations for CP-OFDM is set as [p.. = 8. This is because, as shown in Fig. 4.6, the
MI of the outer decoder converges after 8 iterations, with negligible difference in MI from 8 to 10
iterations. Note that, similar to Chapter 3, an FBMC-QAM system with a single prototype filter for
all subcarriers is considered in this chapter. For the filter implementation, the PHYDYAS prototype
filter with overlapping factor D = 4 is used. The prototype filter coefficients are defined as shown in
the Chapter 3.

To study the effect of fading on the proposed system, the 3GPP standardized channel models EPA,
EVA and ETU are considered in this chapter. Moreover, perfect channel state information is assumed

at both the transmitter and receiver. The simulation parameters are presented in Tables 4.2.

4.5.2 OOB Emission Performance

The PSD of CP-OFDM, FBMC-QAM with twin filters and FBMC-QAM with a single filter are given
in Fig. 4.4. The FBMC-QAM system with twin filters, presented in [19], adopts the conventional
PHYDYAS filter for even-numbered subcarriers and a reordered version of it for odd-numbered
subcarriers in order to achieve orthogonality in AWGN channels. As can be seen, it achieves OOB
emission that is worse than that of CP-OFDM. In frequency selective channels the orthogonality is
lost because of the presence of residual interference, which degrades the BER performance. The
optimized twin filters in [127] are designed to find a trade-off between intrinsic interference and OOB

performance. As shown in Fig. 4.4, the optimized filter set improves the OOB performance compared
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Table 4.2 Simulation Parameters

Parameter Specification
Filter PHYDYAS prototype filter
Overlapping factor (D) 4

Channel Bandwidth 1.4 MHz

Total number of subcarriers 12

Number of resource blocks (RBs) | 6

Number of subcarriers per RBs 12

Subcarriers spacing 15 kHz

Number of slots per RBs 2

Number of symbols per slot 7

Modulation 16-QAM

LDPC Code rate 172

Mapping M16"

Number of IIC iterations 0,1,2,3
Channel models EPA, EVA, ETU
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Fig. 4.4 PSD comparison of CP-OFDM, FBMC-QAM with twin filters and FBMC-QAM with single

filter.

to both CP-OFDM and the filter set in [19]. The in-band spectrum of the different waveforms are also
shown in Fig. 4.4. The twin-filter waveforms show an in-band fluctuation, as was the case in [129],
which is absent in both CP-OFDM and FBMC-QAM with single filter.
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Fig. 4.5 BER performance of uncoded IIC receiver and proposed IIC-based BICM-ID receiver

By completely relaxing the orthogonality condition it can be seen that FBMC-QAM with single
prototype filter has much lower OOB leakage than CP-OFDM and FBMC-QAM with twin filters.
The ultra-low OOB emission means there is very low leakage interference between subbands (or users
occupying these subbands). This implies that in asynchronous communications, FBMC-QAM users
occupying adjacent subbands will cause negligible interference to each other. For mMTC applications,
synchronous communication will be extremely difficult to manage due to the large number of user
terminals. Moreover, the signaling overhead associated with the synchronous communication in
CP-OFDM can consume a significant amount of the available time and frequency resources. Therefore,
FBMC-QAM can enable the benefits of asynchronous and grant-free user transmissions to improve

system capacity in future IoT applications.

4.5.3 Performance Comparison of Coded and Uncoded Systems

Fig. 4.5 compares the BER performance of the uncoded IIC receiver in Chapter 3 with the proposed
IIC-based BICM-ID receiver over the EVA channel. As is expected, the results obtained for the
IIC-based BICM-ID receiver outperforms that of the uncoded IIC receiver in Chapter 3. It can be
seen from Fig. 4.5 that the error floor of the coded system can be significantly improved after just 2
iterations. However, the BER performance of the uncoded system is still poor after 2 iterations even
at high SNR. This shows the benefit of the BICM-ID scheme employed in this chapter.
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Fig. 4.6 EXIT function and decoding trajectories of the proposed IIC-based BICM-ID receiver over
EPA channel.

4.5.4 EXIT Chart Performance of Single Fading Channel Realization

Fig. 4.6 and Fig. 4.7 show the performance of the proposed IIC-based BICM-ID receiver for FBMC-
QAM and synchronous CP-OFDM over a single realization of the EPA channel. Recall that the MI
of the inner decoder depends on the SNR values while the MI of the outer decoder varies with the
number of iterations, Ip... The EXIT curves of the inner and outer decoders are shown in Fig. 4.6.
On the figure, the "zig-zag" trajectories represent the exchange of MI between the inner decoder and
the outer decoder. Observe from Fig. 4.6 that at SNR of 13dB and Ip.. = 1, the EXIT curve of the
two component decoders intersect at If),, ~ 0.25. Therefore, as explained in Chapter 2, there is no
open tunnel between the two curves and the decoding iteration does not converge. In this case, the
tunnel between the two EXIT curves is said to be blocked. Therefore, increasing the number of IIC
iterations, I;;¢, will not improve the system performance. However, by increasing either the SNR or
Ipec, the area between the two curves widens, resulting in an improved convergence behaviour of the
BICM-ID receiver. For example, by increasing the SNR to 14dB and setting Ip.. = 2 a tunnel opens
between the two EXIT curves. The number of trajectories between the two curves show the number
of iterations required to achieve convergence. The wider the tunnel between the two curves, the lower
the number of trajectories (IIC iterations) required to reach the (1,1) point on the EXIT chart and the
faster the receiver converges. The information on the number of iterations (Ip,. and I;;¢) provided
by the EXIT chart analysis can enable the prediction of the complexity of the proposed BICM-ID
receiver.

The results on the EXIT chart is validated by the BER performance presented in Fig. 4.7. As

can be seen, for Ip,. = 1 the convergence threshold (turbo cliff/waterfall region) is obtained around
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Fig. 4.7 BER performance of the proposed IIC-based BICM-ID receiver for FBMC-QAM and
CP-OFDM over EPA channel
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Fig. 4.8 BER performance vs number of IIC iterations of proposed receiver

14dB. Therefore, by increasing the number of IIC iterations the BER performance is significantly
improved. Measured at a BER of 10~ for I;;c values of 1, 2 and 3, the proposed receiver show
about 3dB, 4dB and 5dB SNR gain, respectively, when compared to the case with no IIC iterations.
Moreover, by increasing Ip,. from 1 to 2 the convergence threshold occurs below 14dB. Hence,
the decoding performance can be further improved with increasing IIC iterations. Compared to
the benchmark CP-OFDM system, FBMC-QAM show about 6dB loss at 10~° BER when no IIC
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Fig. 4.9 EXIT function and decoding trajectories of the proposed IIC-based BICM-ID receiver over
EVA channel.
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Fig. 4.10 BER performance of the proposed IIC-based BICM-ID receiver for FBMC-QAM and
CP-OFDM over EVA channel

iterations are applied. Setting Ip.. =2 and [;;c = 3, FBMC-QAM achieve the same BER performance
as the CP-OFDM benchmark. The BER plot versus number of IIC iterations is shown in Fig. 4.8 for
Ipec = 1 and Ip.. = 2. Fig. 4.8 highlights the fact that, for a fixed Ip,., increasing I;;c improves the
BER performance.
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Fig. 4.11 EXIT function and decoding trajectories of the proposed IIC-based BICM-ID receiver over
ETU channel.

Similarly, the performance of the proposed IIC-based BICM-ID receiver for FBMC-QAM and
CP-OFDM over a single realization of the EVA and ETU channels are shown in Figs. 4.9, 4.10, 4.11
and 4.12. From Fig. 4.9, it can be seen that even though the EXIT curves at 14dB and Ip,. = 1 allow
an open tunnel in the EPA channel (see Fig. 4.6), they intersect in the EVA channel. This implies that
either higher SNR values or more outer decoder iterations will be required to open a tunnel in the
EVA channel. This is confirmed in Fig. 4.7 and Fig. 4.10 which show that with Ip.. = 1 and I;;¢c = 2,
a BER of 10~° is obtained for the EPA channel at SNR of 16dB. However, an SNR of about 19.8dB
is required to achieve a similar BER performance for the EVA channel. This is mainly due to the high
frequency-selectivity of the EVA channel compared to EPA, which degrades the BER performance.
Analogous to EPA, Fig. 4.10 and Fig. 4.12 show that once a tunnel has been created between the
inner and outer decoder EXIT curves, increasing the number of IIC iteration can greatly improve the
system performance by cancelling the interference caused by the non-orthogonality of FBMC-QAM
and the high frequency selectivity of the EVA and ETU channels. Notice from Fig. 4.10 and Fig. 4.12
that, for Ip,. = 2 and I;;c = 3 FBMC-QAM has 0.5dB and 1dB SNR loss compared to the benchmark
CP-OFDM for EVA and ETU, respectively. Furthermore, it can be observed from Fig. 4.10 and Fig.
4.12 that the error floor encountered in the uncoded FBMC-QAM in Chapter 3 can be completely
removed after a few IIC iterations. This shows that the intrinsic interference in FBMC-QAM can be
cancelled effectively with a combination of BICM-ID and IIC.
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Fig. 4.12 BER performance of the proposed IIC-based BICM-ID receiver for FBMC-QAM and
CP-OFDM over ETU channel

4.5.5 EXIT Chart Performance of Multiple Fading Channel Realizations

The above BER and EXIT curves have been shown for specific instances of the respective random
fading channels. This is because EXIT charts are defined for fading channels only if very long codes
and a channel that changes with the symbol rate are considered. For multiple random instances of a
frequency-selective channel, each realization will produce a different inner decoder EXIT curve. In
order to generalize the use of EXIT chart in random fading channels, a model that allows an outage
probability of p% in the EXIT chart analysis is investigated [3]. That is, considering a p% outage
probability line on the EXIT curve, its convergence behaviour is expected to be satisfied by (1 —p)%
of the channel instances. As an example, the inner decoder EXIT curves for 50 random realizations
of the EVA channel at SNR of 17dB is depicted in Fig. 4.13. The black (solid) lines represent the
inner decoder EXIT curves for the individual realizations. Different levels of outage probability are
also represented on Fig. 4.13. Note for instance the MI of the 90th percentile line. It is expected that
this MI can be achieved by 90% of the random fading channels (45 out of 50 in this case), with the
remaining 10% in outage. Furthermore, if a tunnel exists between the 90th percentile line and the
outer decoder EXIT curve, the decoding iterations will converge for 90% of channel instances.

Fig. 4.14 and Fig. 4.15 show the EXIT chart and BER performance, respectively, of the proposed
IIC-based BICM-ID receiver over 1000 realizations of the EVA channel, assuming 10% outage
probability. This means that, 900 of the resulting inner decoder EXIT curves must satisfy the
properties of the EXIT curve in Fig. 4.14. Notice that the inner decoder EXIT curve at 16dB intersects
with the outer decoder EXIT curve using Ip.. = 1. This implies that the tunnel between the two curves

is blocked and therefore increasing the number of IIC iteration will not improve BER performance. By
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Fig. 4.14 EXIT function and decoding trajectories of the proposed receiver with 10% outage probabil-
ity over multiple realizations of EVA channel

increasing Ip.. to 2 and SNR to 18dB, a tunnel is created between the two EXIT curves as shown by
the green trajectory line in Fig. 4.14. This translates to a significant improvement in BER performance
as shown in Fig. 4.15. Note that, in this case, the BER performance in Fig. 4.15 will be achieved for
90% of channel instances. Different levels of outage performance may be tolerated depending on the

system requirements.
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4.6 Summary

In this chapter, a coded FBMC-QAM system has been studied to remove the error floor encountered in
the uncoded FBMC-QAM case investigated in Chapter 3. The key issue with FBMC-QAM is the high
intrinsic interference caused by the loss of complex orthogonality between subcarriers. To address the
interference problem, an IIC-based BICM-ID receiver is proposed and analysed for FBMC-QAM
systems. Furthermore, the convergence behaviour of the proposed receiver is studied using EXIT chart
analysis. Based on the EXIT chart analysis, the number of iterations of the BICM-ID receiver required
to achieve a target BER performance and the corresponding complexity is predicted. The results show
that the IIC-based BICM-ID receiver can remove the intrinsic interference in FBMC-QAM systems
under time-varying channels with an increase in computational complexity compared to CP-OFDM.
For example, in the case of the EPA channel, FBMC-QAM with IIC requires about 15 times more
complexity (due to the inner modulator/demodulator) than in a benchmark CP-OFDM system with
no IIC. However, the EXIT chart analysis can be used to minimise complexity for a given system by
choosing the optimum number of inner and outer iterations. Also, there is the potential for a hybrid
receiver that bypasses the FBMC-QAM modulator/demodulator after the initial IIC iteration to be
used as a low complexity implementation of the proposed receiver. In summary, the proposed receiver
is capable of effectively addressing the intrinsic interference problem in FBMC-QAM. This will
enable the practical implementation of FBMC-QAM in asynchronous applications due to its ultra-low
OOB emission, which causes very low leakage interference between asynchronous users. In Chapter
5, the possibility of exploiting the intrinsic interference in FBMC-QAM as a useful signal for wireless

energy harvesting will be investigated. Also, in Chapter 6 the BICM-ID receiver with interference
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cancellation will be employed to remove the interference in a multi-user multiple access channel

considering both single and mixed numerologies systems.



Chapter 5

Multi-User Wireless Information and
Power Transfer in FBMC-Based IoT
Networks

5.1 Introduction

In Chapters 3 and 4, IIC-based receivers are investigated to address the intrinsic interference problem
in FBMC-QAM systems, which is treated as an undesired signal. However, apart from the need for
efficient information reception, it is essential for future wireless networks to be self-sustaining [138].
Recently, SWIPT has been recognized as a promising approach to provide device self-sustainability
and prolong the battery life of energy-constrained wireless nodes [21, 106]. Unlike traditional wireless
communication networks in which interference signals are undesirable, SWIPT systems are capable
of exploiting interference signals as a source of wireless power [139].

The purpose of this chapter is to investigate ways in which the intrinsic interference in FBMC-
QAM systems can be exploited as a useful signal. Motivated by the advantages of FBMC-QAM
systems over conventional OFDM, this chapter focuses on the combination of FBMC-QAM and
SWIPT for future wireless applications. By harnessing the benefits of FBMC-QAM and SWIPT,
energy constrained wireless devices can be effectively connected and powered anywhere, any time.
Specifically, a multi-user FBMC-based system is considered in this chapter, in which a single antenna
BS transmits signals to multiple UNs in the DL and receives signals from the UNs in the UL. Each
UN can decode information and harvest energy from the received signal. Moreover, a non-linear EH
model, which is more practical, is adopted in this chapter. In order to remove the intrinsic interference
in FBMC-QAM, an IIC receiver is employed for the information decoding at both the BS and UN
[130, 140, 141]. A weighted sum-rate (WSR) maximization problem is formulated with the aim of
optimizing the weight allocation, time allocation, and power allocation of each UN under the total

DL transmit power and EH constraints. To effectively solve the WSR problem, it is converted to
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an equivalent WMMSE problem, which is then converted to two subproblems: (i) time and weight
allocation problem and (ii) power allocation problem.

The remainder of this chapter is organized as follows: In Section 5.2, the proposed FBMC-based
SWIPT system model and the problem formulation are described. The optimization solutions and
algorithms are presented in Section 5.3. The performance and complexity analysis of the proposed
FBMC-based SWIPT model are presented in Section 5.4. Finally, a summary of this chapter is
provided in Section 5.5.

5.2 System Model and Problem Formulation

In this section, the details of the proposed multi-user FBMC-based SWIPT system is discussed. The
proposed system, shown in Fig. 5.1, consists of a single antenna BS and K UNs. Each UN has two
antennas: one dedicated to information reception and transmission, and the other dedicated to energy
reception. The UNs are scheduled to transmit and receive via TDMA. Note that a single antenna is
employed at the BS for analytical tractability and to focus mainly on the performance of SWIPT in
FBMC systems. Moreover, the proposed system can be a special case of a distributed or cell-free
MIMO system in which multiple single antenna access points cooperate to serve multiple UNs. For
such a system, the proposed model studies the transmission between one access point and multiple
UN:s.

5.2.1 Downlink Phase

In the DL phase, each UN decodes information from its desired signal while exploiting the intrinsic
interference and multi-user interference for EH. The system model for EH and ID is shown in Fig. 5.1.
Recall from Chapter 3 that, in FBMC systems, data on even-numbered subcarriers causes negligible
interference to other even-numbered subcarriers [129]. This is because FBMC systems employ
prototype filters that are well-localized in the frequency domain which limits OOB leakage to adjacent
subcarriers. Therefore, in order to reduce the level of intrinsic interference at the information receiver
of each UN, QAM modulated data is inserted only on even-numbered subcarriers in the DL. With
reduced interference at the UN, the complexity and power consumption of the information receiver
can also be reduced. Under this setup, the n-th transmitted symbol vector from the BS to the k-th UN

during its assigned time slot 7 is given as

x4 = Gy Pal, (5.1)

where x¥, = [x§ X% ... 7x1£,,71 .| is the vector of the transmitted signal, L, = D x M with D as the

overlapping factor of the prototype filter, ® is the M x M IFFT matrix with entries on the i-th row and
J-th column given as /1/Mexp (v/—1 2]73,‘ ), M is the total number of subcarriers and aifk represents
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Fig. 5.1 Multi-user FBMC-QAM system model with separate antenna SWIPT architecture.

the vector of transmitted data, given as

e,dl
agm, forme{0,2,....M—-2

all, =" { J (5.2)
0, forme {1,3,.... M—1}

G, x represents the L, x M prototype filter matrix whose entry on the /-th diagonal is given as
gnill] = gll —nM)| (5.3)

where g[i] is the prototype filter coefficient [129]. As in Chapter 3 and Chapter 4, the PHYDYAS
prototype filter is used for the per subcarrier filtering in this chapter [11].
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5.2.1.1 Information Receiver

At the information receiver, the received signal is first filtered, down-sampled and then passed through
the FFT block. The resulting signal after the filtering operation is represented as
y,[f;c Al _ GH Hdlxdl Gkail
=G H{'G,  ®al’ + G} ! (54

H
— f'al’, + G kzdl

where HY! = GZ JHY G, D, 20! is the L, x 1 AWGN vector at UNy and HY is the L, x L, multipath
fading channel matrix between the BS and UN,. The entry on the /-th diagonal of Hf’ represents the
complex channel gain of the /-th subchannel of UN; and can be modelled as [110]

hi :\/X(j) \/8:8rexp (j27r0)lf> (5.5
k

where d, is the distance between the BS and UNy, d is the reference distance for the path loss, A is
the attenuation at the reference distance, k is the path loss exponent, g; is the BS antenna gain and g,
is the UN antenna gain. Also, A represents the wavelength of the RF signal with frequency f,. The

frequency domain signal vector after down-sampling and FFT is given as

H_IDdl
yn,k (I) n k

7q)HHdl dl +q)HGHka (5.6)

il | sl
=Hy a,; 1tz

where I:Ifl = f I:Ifl is the M x M down-sampled effective channel matrix and ifl = GZ szl is the
M x 1 effective noise vector. As mentioned above, modulated data is inserted only on even-numbered
subcarriers in the DL phase. Therefore, the sampled received signal on even-numbered subcarriers of
the k-th UN can be expressed as

o =Aptas! g (5.7)

e,dl edl el e,dl

) b e, dl .
wherea, ', = [amO 2 R v ,] represents the data on even-numbered subcarriers and H

is the
corresponding M /2 x M /2 effective channel matrix. By getting rid of the odd-numbered subcarriers,
it can be assumed that there is negligible ICI between subcarriers due to the low OOB emission
performance of FBMC. This implies that UNy is only affected by ISI. Thus, the even-numbered

demodulated signal associated to the m-th subcarrier and the n-th symbol for UNy is given as

dl Edl e.dl e dl edl | ~dl
Pk = mnk mn+2 thn/kmn/+k (58)
n'#nm'=0

-~

dl
I[SI
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where }Azfndnl . is the m-th diagonal element of I:IZ’[”.

To eliminate the ISI term in (5.8), an IIC receiver, similar to the one used in Chapter 3, is
implemented as shown in Algorithm 3. Without loss of generality, it is assumed that the receiver
undergoes enough IIC iterations to completely remove the ISI term in (5.8). This assumption has been
made in order to obtain insight regarding the optimization of the resource allocation in the EH and ID
of the proposed scheme. Moreover, with the reduced intrinsic interference at the UN, fewer number of
IIC iterations are required to remove the ISI term in (5.8). As shown in Chapter 4, the IIC algorithm
is capable of removing the intrinsic interference with a few iterations. Thus, the demodulated signal
after the last IIC iteration can be expressed as

Al 7dl e,dl =dl
mmk_hmm%mk+Q' (5%

The effective SNR of UNy is calculated as the ratio of the signal power and the effective noise power.

From (5.9), the power of the processed noise can be calculated as

R[(21) (31 )1) = (@M G, () (1) Gy )
=G E[(zl") (2" )" G (5.10)

where G = GnH «Gnx and Gz%,, represents the noise variance. Therefore, for the n-th symbol and m-th
’ ’ k

subcarrier of UN,, the effective noise power, sz = gmm’kczz‘,,, is Gaussian. The corresponding SNR for
k

UNy is defined as
jal 2pdl

SNRY!, | =~k mnk (5.11)
O

where P,fifn’ « 18 the power allocated to UNy in the DL. Therefore, the DL data rate of UN}, for the time

period T is given by

N M
Rfl =anT Z Z log, (1 +SNR% ). (5.12)

m,n.k
n=1m=1

where N is the total number of FBMC-QAM symbols, 7' denote the total transmission time, and ¢ is

the time allocated for DL. communication.

5.2.1.2 Energy Receiver

As mentioned above, each UN is equipped with a separate antenna for EH, which implies that each
UN can harvest energy from all sub-carriers in every DL time slot. At the EH receiver, the contribution

of noise is assumed to be negligible. Therefore, the received signal at the EH receiver of UNy is given
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as

EHdl  _ yydldl

yn,k - Hk Xn,k
= H{'G, ;Pa, (5.13)

_ fydl o di

=H a,

where HY! = HY'G,, ;. Considering the linear EH model, the total harvested power by UNy is given
as

linear o Alge.] 7dl 12 pdl
B = i ayg i U 2 L Vo PBins
o (5.14)

where B denotes the energy conversion efficiency in the linear region of the EH circuit, y; is the UL

transmission time of UNy, l_1m7n, j represents the diagonal entries of I:Izl and

=

m7n7J m7n7.] :

K
Yomj = X, Ti
j=1 n

M -
DI (5.15)
1m=1

The linear EH model is employed in the literature due to its relatively simple implementation.
However, it does not capture the non-linear behaviour of the EH circuit. To tackle the problem with
the linear EH model, the practical EH model in [126] and [142], which uses a non-linear function
to model the harvested power, is considered in this chapter. By adopting this model, the non-linear

harvested power of UN can be expressed as

1 1
P = Ak'}’g;,mjv for %ﬁ,n,j < Bin (5.16)

NPy, Yo > Py

where A, = %

slot of UNg, W, the UL transmit power is Pk”l = P,. Furthermore, each UN is capable of harvesting

and P, is the saturation threshold power of the EH receiver. During the UL time

energy during all time slots due to their dedicated energy antenna. The energy harvested in other
time slots is stored in a battery and the information receiver draws power from the battery for its
processing, e.g. 1IC algorithm. While the additional processing required for IIC may consume some
of the power harvested, there are many applications where the DL data required to be detected at a

UN is very small, and hence negligible compared to the total energy harvested.

5.2.2 Uplink Phase

Now, consider the multiple access UL communication between the BS and UNs. Since the BS has a
higher processing capacity, it is assumed that modulated data is transmitted on both even and odd
subcarriers in the UL. This is a practical assumption because in most mMTC applications UNs will

collect data and transmit to a BS, resulting in a higher data rate requirement on the UL compared to
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the DL. During time slot Y, the n-th transmit symbol vector of UNy is given as
X, = GuiPa (5.17)

Similar to the DL phase, the received signal at the BS is filtered, down-sampled and converted to the
frequency domain using the FFT operation. The signal at the output of the receive filter is expressed
as
yi%ul _ GH /Lézlek 4 ngzul
=Gl H{G, kcbazlk + G,’j 2 (5.18)
= A" L+ GH

where H“l GH H“l G, P, 7 is the L, x 1 AWGN vector and HZ’ is the L, x L, multipath fading
channel matrix between UN, and the BS. After down-sampling and FFT, the frequency domain signal
vector for UNy is given as
Yok = ka "
= o"HYal, + "Gl 2" (5.19)

N
where ﬁ“l OHHY and 24 = PH GH ul Note that, unlike the UNs, the BS suffer from both ICI and

ISI. Therefore, the demodulated 51gnal associated with the m-th subcarrier and the n-th symbol of

UNy is given as

1 i Tul l ~ul
m nk — h1L;1 J kam n + Z Z h ’,kafn’,n’ + Z hgnﬂn,kagn’,n +Zu
n'#nm'=0 m'£m (520)

ul ul
IISI IICI

where l%jjf . 18 the m-th diagonal element of I:IZI . As in the DL case, the ICI and ISI terms are
estimated and removed by applying a fixed number of IIC iterations at the BS. Assuming perfect

cancellation of the intrinsic interference after IIC, the resulting processed signal is given as

A;lnlnk hrL;zlnkamnk+Zul (521)

The effective noise power, o2, is calculated as shown in (5.10). Thus, the SNR and rate at the BS
from the received signal of UN; can be represented respectively as

Tul . ZPul .
m,n, m,n,
SNRY = s and (5.22)
Rl=(1-a q/kTZ Z log, (14 SNRY ), (5.23)
n=1m=1

respectively.
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5.2.3 Problem Formulation

Consider the fact that, at each transmit node (UNs or BS), a maximum power threshold is set on the
transmit power and that each node’s transmission is restricted to its allocated time slot. Under these
constraints, an UL-DL WSR maximization problem is investigated to optimize the WSR of each
UN. Mathematically, the UL-DL WSR maximization problem for the proposed FBMC-based SWIPT

system is formulated as

Mw

P(1) : maximize
Lg

[ glel_l_wklRul

k=1
M N
subject to Z Z P,ﬁln S omax,
o' >0,
v N (5.24)
Y Y Funk S PP
m=1n=1
w,i” >0,
K
akaJr(l—Ot)ZlI/k
- k=1

where L, = [a, {P,flln b {P,zln bt {0}, {o}"}], Pélfnax is the maximum transmit power
at the BS and P. is the power consumed by UN;, for information processing. Also, @’ and a)"l are
the DL and UL weights for UN;. To reduce the complexity involved in solving problem P(1),itis
converted to an equivalent WMMSE minimization problem [22]. The WSR to WMMSE conversion
steps are presented in Appendix B.1. The WMMSE problem is expressed as

K N M
o) mingmize 3 Y. [af'et+ o'
8 k=1n=1m=1
N M Il
SUb‘]eCt to Z Z PmJl,k < PO ,max?
n=1m=1
o' >0,
(5.25)

K N M

Z Z Z Pmnk < P PCa
k=1n=1m=1

=ul

i >0,
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where (I),é” and (I),’:l are the WMMSE weights for UN; on the DL and UL, respectively. Also,

2
gl = O
m,n, ’h;ﬁ,n,k’del k+6k
and
2
ul Gz"l
e
mpk — 2 pul 2
|hm n, k’ Pu + o

(5.26)

(5.27)

represent the MMSE for the DL and UL of UNy, (see Appendix B.1). Problem P(2) can be split into

the time and weight resource (TRS) allocation problem and the power resource (PRS) allocation

problem as shown in Appendix B.1. This is expressed as

minimize Trs
a?{Wk}v{Tk} w/iu wk

subjectto « Z T+ (l—a
k=1
' >0,
N
ZZPrI:zlnk<Pul P>
n=1m=1

dl
e =0

I
S

and

minimize Pgg
dl )
{Pm n, k} {Prl;t.n.k}

subject to

respectively. Here, Tgs and Pgg are defined as

MN K
Trs = 2 Z xi —log, (x)] + MN Z 2 — logy (z)]

k=1
and
P =YY Y tow (o) R R Lo (o)
k=1n=1m=1 |hmnk’2Pd1 P e/ s P ’hmnk‘zp,zlnk"‘cz
Tl T (1) ye @' T

= Togry M 2= ")

(5.28)

(5.29)

(5.30)

(5.31)
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Algorithm 3 IIC Algorithm

Set the maximum number of IIC iterations, ;.
Initialize iteration counter i = 0
while i < [,,,,, do
if DL Communication then
Estimate I;isl, as described in Section 5.3.1
Subtract the estimated term from (5.8), i.e.
ML 1) = () — 7 et i=i+1
else
Estimate / I”é, and I sy as described in Section 5.3.1
Subtract the estimated terms from (5.20), i.e.
Pai+1) = (D) — Iy — I
end 1f
i=i+1
end while
Terminate

5.3 Interference Cancellation and Optimization Solutions

In this section, the IIC algorithm and the detailed solution for WMMSE problem, P(2), are presented.
The optimized parameters obtained from solving P(2) are used in a joint resource allocation algorithm
to solve P(1).

5.3.1 Iterative Interference Cancellation

In this subsection, the IIC algorithm employed in this chapter is presented. As mentioned in Chapter 2,
FBMC systems achieve improved frequency confinement compared to OFDM. However, this comes
with the loss of complex orthogonality between subcarriers, resulting in high intrinsic interference.
Similar to Chapters 3 and 4, the interference terms in (5.8) and (5.20) are removed using an IIC
receiver. Notice from (5.8) and (5.20) that the interference terms are determined by the type of
prototype filter, FFT/IFFT, and the fading channel effect. Unless a different prototype filter is selected,
the interference terms vary mainly with the fading channel. After the initial decoding iteration, the
receiver node (UN or BS), estimates the multipath channel responses (HZ’ and H,”jl ) and compute
the effective channel matrices I:Ifl and I:I,L:l using the filter response matrix G, x and the IFFT matrix
®. In each iteration, the detected signal is remodulated to obtain estimates of the transmitted data
symbols (a w oray k) To obtain the ICI term in (5.20) the current estimated data symbol is multiplied
by the estimated channel and filter responses. On the other hand, the ISI terms in (5.8) and (5.20)
are obtained by multiplying the previous estimated data symbols by the estimated channel and filter
responses. The calculated ICI and ISI terms are then subtracted from the received signal in order to
achieve a better version of the demodulated signal in the next iteration. Details of the IIC receiver is

shown in Algorithm 3.
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5.3.2 Optimal Resource Allocation (ORA)

The scheme for solving problem P(1) is presented in this subsection. As shown in the previous
section, P(1) can be converted to a WMMSE problem, P(2), which is further split into the TRS and
PRS allocation problems. The solutions for the TRS and PRS problems are presented as follows:

5.3.2.1 TRS Optimization

The solution for the TRS allocation problem is presented in Theorem 1.

Theorem 1. The optimal time and weight allocation for the WSR maximization problem is equal time

and weights allocation, thatis, T) = ... = g, Y1 = ... =Yg and o' = ... = o 0l = ... = 0.
Hence, a =1/2, 1, = 1/K, y;, = 1/K and a),fl = 0),’:1 %‘;g(z), where x* is the minimum value of

the function f(x) : min[x —log, (x)].

Proof. See Appendix B.3 O]

5.3.2.2 PRS Optimization

The closed-form solutions for P‘” n and P”l nx are derived by differentiating the Lagrangian of (5.29)
with respect to P,jfln & and P"l 0o respectlvely, and equating the differential to zero. Thus, the optimal

DL and UL power allocatlon for UNy can be expressed as

dl o}
A= (s~ ]
m,mk 10g(2)A |hilnk|2 (532)
and )
1 o
Pul* o [ - ]7
e M log(2) (L |2 (5-33)

withA = (A9* — g YN Y™ _ |}k m . k| Z aﬁ’ Jw ). Note that A9™* can be found using the bisection

method and A/* is given as

MN

A = S (5.34)
Gul
log(2) (B P+ Zm 1 ‘hul ‘2)
with B = 1agkwk ZK ITJZn 12 |hmnj|2P1f11[nj
Proof. See Appendix B.4 0

As shown in Appendix B.4, the PRS problem is non-convex considering all variables jointly.
Hence, an iterative algorithm is used to find the local optimum solutions of the DL and UL power

allocations as shown in Algorithm 4.
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Algorithm 4 Power Resource Allocation Algorithm

Set time and weight allocations &, T, W, a),fl and a),?l
repeat

Calculate k,f’ using (5.34)

Calculate Py, , using (5.33)

Find A¢/ using bisection method
Calculate P,;”mk using (5.32)

)

until (5.29) converges

Algorithm 5 WSR: Joint Resource Allocation Algorithm

Run line search to find x* for the TRS optimization

Set time resource allocation to equal allocation
2x*Klog(2)
T2

Calculate the weight using @; =
Perform UL and DL IIC using Algorithm 3

Find P,Zln.  and Pnbiln > using Algorithm 4

Calculate sum-rate ilsing the objective function in (5.24)

5.3.2.3 WSR: Joint Resource Allocation

The optimal solutions of the TRS and PRS allocation problems in addition to the IIC algorithm are
used in a joint resource allocation algorithm to find the maximum WSR as described in Algorithm 5.
The performance of the optimal joint resource allocation algorithm is compared with five suboptimal

schemes in the next section.

5.3.3 Complexity Analysis

Here, the complexity analysis for the proposed optimal SWIPT protocol is compared to five suboptimal
schemes. The list of schemes presented in this section are OOOA, FEFA, FEOA, FOOA, EEOA and
EEFA. The labelling of the various schemes use O’ to represent optimal allocation, 'F’ to represent
fixed allocation, and ’E’ to represent equal allocation. Also, each of the first three letters in the scheme
names represent the type of allocation for a particular resource. The first letter represents the time
allocation type, the second letter represents the power allocation type, the third letter represents the
weight allocation type, and the last letter stands for *allocation’, that is, 'time’, ’power’, *weight’,
"allocation’. For example, OOOA means optimal time, optimal power, and optimal weights allocations.
The various schemes’ names and descriptions are given in Table 5.1.

A centralized processing approach is utilized for the optimal resource allocation, in which all the
processing involved in solving problem P(1) are implemented at the BS. This is because the BS has a
larger processing capacity, can obtain the global CSI and has a constant power supply. The optimal
time and power allocations and weight values are sent to the UNs in the DL phase. Note that the fixed
weight for each UN is set as 5 in the simulation. In addition, the fixed time allocation is achieved by

randomly choosing the time allocated for each UN.
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Table 5.1 List of Resources and Weights Allocation Schemes

Scheme || Considerations

0O00A Optimal time, Optimal power and Optimal weights Allocations
FEFA Fixed time, Equal power and Fixed weights Allocations

FEOA Fixed time, Equal power and Optimal weights Allocations
FOOA Fixed time, Optimal power and Optimal weights Allocations
EEOA Equal time, Equal power and Optimal weights Allocations

EEFA Equal time, Equal power and Fixed weights allocations

Now, considering the computational complexity, assume that the processing complexity of the
optimal joint resource allocation algorithm, IIC algorithm, power allocation algorithm and the line
search method are given by O(lysg), O (Iiic), O(Ipwg), and O(I sy ), respectively. In addition,
the computation of an arithmetic operation is defined as &'(A). Note that the big O value for each
algorithm includes all the arithmetic calculations involved in that algorithm. For example & (Iysg)
consists of the computational complexities of the IIC algorithm, power allocation algorithm and the
line search algorithm for finding the time and weight allocations. Hence the order of complexity in
this simulation follows as & (Iysg) > O(Iyic) > O(Ipwgr) > O(Ism) > O(A). The value of O (Ijic)
may be greater or equal to & (Ipyg) because the IIC algorithm depends on the complexity of the
FBMC modulation and demodulation and the number of iteration, as shown in Chapter 4. From
the simulation results, the line search method converges quickly and involves fewer computations
compared to the power algorithm. Also, a lower number of computations is needed to perform an
arithmetic operation.

First, the OOOA scheme runs the joint resource allocation algorithm with complexity &' (Iysg).
Hence, the complexity of the OOOA scheme is given as O (lysg) = O (Ijic) + O (Ipwr) + O (ILsm) +
O(A). Next, in the FEFA and EEFA schemes only the IIC algorithm is implemented. Thus, their
complexity is given by &'(Ij;¢). The FEOA and EEOA schemes perform the IIC algorithm and some
arithmetic operations to obtain the optimal weights. Therefore, the complexity in both schemes is
given as O (Ijjc) + O'(A). Finally, for the FOOA scheme the IIC algorithm, power allocation algorithm
and arithmetic operations are implemented, with complexity given as ' (I;;c) + O (Ipwg) + C(A). The
complexity analysis for the centralized approach is presented in Table 5.2.

Note that the centralized approach reduces the processing complexity and power consumption
at the UN. However, each UN must perform IIC at the information receiver, which requires local
CSI. A detailed complexity analysis of the IIC algorithm is given in Chapter 4, including a discussion
on alternative approaches to reducing this complexity. It is shown in Chapter 4 that only a few I1C
iterations are sufficient to remove the intrinsic interference in FBMC-QAM. Furthermore, the batteries
at the UNs are recharged continuously, while the IIC processing is only needed when the node receives

a downlink packet. In most mMTC applications, the amount of downlink data received is very small
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Table 5.2 Complexity of Different Schemes

Scheme ‘ Node ‘ Computational Complexity

O0O0A &S\I ﬁEIIIC§ + O(Ipwr) + O (Ism) + O(A)
B a(l

i -

FEOA gSN Z%;B + ﬁ(l ) -

FOOA ESN Z%ZE;Jrﬁ( pwr) + O(A)

EEOA ESN Z%BJF (A)

i

compared to the uplink transmission. As such the IIC processing will be implemented periodically

and can therefore be supported by the harvested power in the batteries.

5.4 Simulation Results

In this section, numerical results are presented for the proposed multi-user FBMC-based SWIPT
system. A set up with 1.4 MHz channel bandwidth and 4-QAM modulation is considered in the
simulation. The noise spectral density is set as Ny = —174 dBm/Hz. The UNs are assumed to be
randomly distributed within a 10 m radius around the BS. For the channel model, the Friis model
is assumed for the path loss with k =2, A = 1 and d = A /4x [110]. Here, the energy conversion
efficiency in the linear region of the EH receiver is set to 0.5 [109]. Unless otherwise stated, each plot
assumes K = 4 UNs.

5.4.1 Proof and Convergence Analysis

In this subsection, simulation results on Theorem 1, and the convergence of Algorithm 4 are discussed.

5.4.1.1 TRS Allocation Results

For the time resource allocation, simulation results are presented to affirm Theorem 1. Fig. 5.2 shows
plots for the Tgs of two UNs for DL (top half) and UL (bottom half) communications. It can be
observed from these plots that the 7gs allocations of both UNs are similar for both UL and DL. This
is consistent with Theorem 1, which states that the x value in (5.30) is the same for all UNs in both
UL and DL. Also, time and weight allocations are the same. A similar deduction on the x value can

be inferred from Fig. 5.3.
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(a) (b)

Fig. 5.2 TR(zl/ ul) convexity plot with respect to the weight and time resource of two UNs, where K = 2.

The 3D plot of TI?'SZ against the; (a) UN;’s DL weight and time allocation, (b) UN>’s DL weight and
time allocation. The 3D plot of Tlg‘é against (c) UN;’s UL weight and time allocation, and (c) UN;’s
UL weight and time allocation.

From Fig. 5.3 it is shown that both the x and z functions in (5.30) for DL and UL communications
are the same and possess the same optimal value. This implies that, the BS only has to determine
x once, and this can be done by using a simple line search method. In this chapter, the Golden
Section Search method is used [143]. Fig. 5.4 shows the convergence curve for the Golden Section
Search method. From Fig. 5.4, it can be observed that the line search method converges after 10
iterations. This implies that determining the value of x and the time and weight allocations would not

be computationally intensive.

5.4.1.2 PRS Allocation Results

Fig. 5.5 shows the convergence plot for the DL and UL power allocation algorithm. From the figure, it
can be observed that 10 iterations is enough to achieve convergence in Algorithm 4. Hence, Algorithm

4 will also not result in a huge computational burden at the BS.

5.4.2 Harvested Power Simulations

In this subsection, simulation results on the energy harvested in the proposed system considering
a non-linear EH model are presented. With the antenna threshold effect, the maximum amount of
energy harvested by each UN can not exceed AiF;;, due to the non-linear behaviour of the EH circuit.
The saturation threshold power is set as 7 dBm [22].
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Fig. 5.4 Convergence plot for the x-log function

Fig. 5.6 shows a plot of the amount of power harvested against the BS transmit power. From the
figure, it can be observed that as the transmit power increases, the amount of power harvested by each
UN increases. There is a constant increase until the EH threshold is reached, which occurs around
Pdl

0,max

=35 dBm in Fig. 5.6. At this point, the power harvested cannot exceed the threshold due to
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the non-linear behaviour of the energy harvester. It can be seen from Fig. 5.6 that, in the range of BS
transmit power considered in the simulation, the EH receiver operates predominantly in the linear
region for P, =7 dBm. If a different value of P, is selected, the linear and non-linear regions of the
EH receiver will be shifted accordingly. In addition, Fig. 5.6 shows that all the schemes with equal
power allocation (i.e., FEFA, FEOA, EEOA, and EEFA) show a completely linear behaviour over the
range of BS transmit powers.

From Fig. 5.6 (a) it is shown that the available power at each UN is the same for the OOOA
scheme because of the equal time allocation for the DL and UL communication. A similar behaviour
is observed for the EEOA and the EEFA schemes. Also, in the FEFA scheme, UNs have equal power
because of the equal power allocation in the DL. However, for the FOOA and FEOA schemes, since
there are different time allocations for the DL and UL, the power harvested by each UN is different.
Fig. 5.6 (a) shows that for a BS transmit power of 30 dBm, each UN can harvest power of 0 dBm (1
mW) using the proposed optimal scheme. Assuming a typical mMTC device that transmits data for
a time duration of 450 ms with a maximum peak power of 200 mW and a duty cycle of 10 %, it is
shown in [144] that if the data transmission occurs every minute the average power transmitted over
the period is 0.15 mW. This implies that the amount of energy harvested by the proposed scheme is
more than six times the average transmit power required in the UL transmission of such a device. This
results show that, the intrinsic interference in FBMC systems can be exploited as a useful signal to

power energy constrained devices.
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Fig. 5.6 Power harvested versus BS transmit power

Moreover, the amount of harvested energy could be maximised by exploiting the information

antenna as an energy antenna during the time slots when it is not decoding information. That is, the

UN can operate with the separate receiver architecture during its ID time slot. However, a TS scheme

can be used to switch the information antenna to an energy antenna in other time slots. This means

that each UN can collect energy with two antennas instead of one, in K — 1 time slots, which can

significantly increase the power harvested by each UN.
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Unlike Fig. 5.6 (a), which shows the amount of power harvested by each UN, Fig. 5.6 (b) shows
a plot of the total power harvested by 4 UNs. It can be observed from Fig. 5.6 (b) that the OOOA
harvests the most energy and therefore has the highest power available for its UL communication.
The order of decreasing amount of power harvested is as follows: OOOA, FOOA, FEFA, EEOA,
EEFA, and FEFA. Fig. 5.7 shows the total amount of power harvested for each scheme with an
increasing number of UNs. From the figure, it can be observed that the amount of energy harvested
increases with an increasing number of UNs. For the schemes with equal power allocation, increasing
the number of UNs beyond K = 6 does not significantly improve the amount of power harvested.
This implies that optimizing the power allocated to each UN is necessary to maximize the amount of

harvested energy.

5.4.3 Weighted Sum-Rate and Bit-Error-Probability Simulations
5.4.3.1 Weighted Sum-Rate

Fig. 5.8 (a) shows a plot of the weighted sum-rate against BS transmit power. From the plot the
descending order of performance is as follows: OOOA, FOOA, EEOA, FEOA, EEFA and FEFA. It
can be observed from the figure that the schemes with optimized resource allocations performed better
compared to the schemes with fixed resource allocations. Also, it can be seen that the optimal scheme
(OOO0A) attains the best performance as expected. Note, however, that the scheme with fixed time
allocation is only slightly poorer than the fully optimal scheme. This affirms the deductions made in

the previous section that the fixed time allocation coincides with the optimal time allocation.
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A plot showing the effect of increasing number of UNs on the weighted sum-rate is presented in
Fig. 5.8 (b). As expected, with an increasing number of UNs the weighted sum-rate increases for all
schemes except FEFA and EEFA. The weighted sum-rate for the FEFA and EEFA schemes remains
constant as the number of UNs increases. This is due to the equal/fixed time, power and weight

allocations. However, the schemes with either time, power or weight allocations being optimized
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compensates for the poor performance of the other equally allocated resources, as shown for the
EEOA and FEOA curves.

5.4.3.2 Bit-Error-Probability

The bit-error-probability (BEP) expression for the k-th UN can be obtained as in [145], and is given

by
i 1 il i
BEP =+ Y Y o /SNRm’n’k) (5.35)

where Q(-) denotes the Q-function and i is the transmission phase, i.e. DL or UL.

Figs. 5.9 (a) and 5.9 (b) show the average BEP for the DL and the UL communications, respec-
tively. From Fig. 5.9 (a), all schemes with equal power allocations have the same BEP values. In
addition, the OOOA has a similar BEP when compared to the FOOA scheme due to the use of the
DL optimal power and weight allocations for both schemes. Fig. 5.9 (b) considers the UL BEP for
the various schemes. The UL depends on the UL power for each UN, which in turn depends on the
amount of power harvested during the DL. communication phase (i.e., the power available depends
on both the DL and UL time allocations). As expected, OOOA and FOOA have better performance
compared to the other schemes. In addition, the UL BEP of EEFA, EEOA, FEFA and FEOA schemes
are different due to both the time (i.e., equal DL and UL time allocations) and the optimal UL power
allocation in each scheme. As can be seen from 5.9 (b), a BEP of 10~ can be achieved by the OOOA

scheme on the uplink when the BS transmits with a power of 10 dBm.

5.5 Summary

In a multi-user mMTC network with energy-constrained devices, SWIPT can serve as a source of
power for UNs and provide network self-sustainability. In addition, FBMC-QAM is a promising
waveform for future wireless applications due to its high spectral efficiency and suitability for
asynchronous transmissions. This chapter investigated the combination of SWIPT and FBMC-QAM
for future networks. Specifically, a multi-user FBMC-based SWIPT system is considered where each
UN has two antennas, one for EH and the other for ID. A practical non-linear model is considered at
the energy receiver, whereas an IIC receiver is employed at the information receiver. A WMMSE
problem is solved to optimize the time, weight and power allocations. Five sub-optimal schemes
are proposed for comparison. The complexity analysis of the proposed optimal and sub-optimal
schemes is also presented. The results show that the optimal time and weight allocations coincide with
equal time and weight allocation. In terms of average sum-rate at BS transmit power of 20 dBm, the
optimal scheme outperforms the scheme with equal time, equal power, and optimal weight allocation
by about 40%. In summary, the proposed FBMC-based SWIPT system is a promising technique
for future applications due to the capability of achieving network self-sustainability, high spectral

efficiency and suitability for asynchronous transmissions simultaneously. Furthermore, the results
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Fig. 5.9 Average BEP versus source transmit power, where K = 4

show that the intrinsic interference in FBMC systems can be opportunistically exploited to power
energy constrained devices. In Chapter 6, a multi-user systems is investigated in which UNs with
different requirements are served with different numerologies. In addition, the benefit of FBMC over

OFDM in asynchronous scenarios will be studied.



Chapter 6

Multi-User Interference Cancellation for
Uplink FBMC-based Multiple Access
Channel

6.1 Introduction

As outlined in Chapter 2, future wireless networks are expected to handle the coexistence of many use
cases, including eMBB, mMTC and URLLC. In order to connect to the network, UN performs an
uplink synchronization procedure by sending a scheduling request to the BS and waiting for the BS to
grant it radio resources [146]. For some use cases, such as mMTC, this grant-based multiple access
will result in a huge synchronization overhead due to the high connection density. To resolve this
problem, grant-free transmission has been investigated for mMTC applications, in which each UN
operates in a wake-up-and-transmit manner [146]. However, in a grant-free system there is timing
misalignment of UN transmissions which introduces asynchronous interference in the demodulated
signal of each UN [147]. CP-OFDM, which has been adopted for 5G NR, requires the grant-based
synchronization procedure in order to maintain orthogonality between subcarriers [31]. However,
CP-OFDM has been shown to be inefficient for the relaxed synchronization required in grant-free
transmissions [148, 149].

From the perspective of the PHY, the different use cases can be supported by assigning different
BWPs with different numerologies [148, 150]. For instance, mMTC applications might require a
BWP with smaller subcarrier spacing and longer symbol duration in order to support a high number
of delay-tolerant devices. On the other hand, URLLC applications will require significantly shorter
symbol duration compared with mMTC scenarios, due to their more stringent latency and reliability
requirements. The purpose of this chapter is to investigate a novel interference cancellation receiver
for asynchronous multi-user uplink FBMC-based systems. First, the case of a single numerology

multi-user FBMC-QAM system is considered. In addition, an FDM based multi numerology system



6.2 System Model with Single Numerology 97

is considered in which different BWPs, with different requirements, adopt different numerologies.
In both systems, the corresponding challenges with interference are tackled using the proposed
interference cancellation receiver. Following the results obtained in Chapter 4, the proposed receiver
uses BICM-ID which combines FBMC-QAM demodulation and SISO decoding for signal detection.
To cancel the interference terms the proposed receiver employs PIC and IIC. During the initial
decoding iteration, each UN’s transmit signal is estimated and used to cancel MUI or INI in the PIC
phase. In the subsequent decoding iterations IIC is used to cancel the intrinsic interference present in
each UN’s received signal.

The remainder of this chapter is organized as follows: Section 6.2 presents the case for single
numerology uplink asynchronous FBMC-QAM system. Subsections 6.2.1, 6.2.2, 6.2.3 and 6.2.4
present the transmitter model, received signal without TO, received signal with TO and FBMC-QAM
demodulation, respectively. The system model for the mixed numerology FBMC-QAM system is
presented in Section 6.3. In Section 6.4 the proposed BICM-ID receiver with interference cancellation
is presented. Simulation results are presented in Section 6.5 to illustrate the performance of the
proposed receiver for both single numerology and mixed numerology models. Finally, concluding

remarks are made in Section 6.6.

6.2 System Model with Single Numerology

6.2.1 Transmit Signal

Consider an uplink FBMC-QAM system in which K UNs transmit data to a single antenna BS in a
grant-free manner. A FDMA scheme is employed in which each UN transmits its data sporadically
on a portion of the M available subcarriers. Note that, unlike Chapter 5 which employed TDMA for
the resource allocation, FDMA is used in this chapter because of the nature of the 5G NR mixed
numerology system. As mentioned in Chapter 2, 5G NR divides the available system bandwidth
into different BWPs, that can have different numerologies or subcarrier spacing. In this section, a
single numerology FBMC-QAM system is considered, in which BWPs with the same numerology are
assigned to UNs with identical network requirements. There is a total of N FBMC-QAM symbols
on each subcarrier. The transmitter of each UN is identical to the one discussed in Chapter 4, where
a stream of information bits b are encoded to generate a coded bit stream ¢. The encoded bits are
randomly interleaved and mapped onto a QAM constellation to generate the data symbols. Let

d,gi )n, € M denote the QAM modulated data of UN k associated with subcarrier index m and symbol 7,

where .}, constitute the set of subcarriers assigned to UN k and E “d,gf ),,\2 = 1. Here, it is assumed
that each subcarrier is allocated to only one UN. Thus, U,’le//{k ={0,1,....M—1}and N M; = ¢
for [ # t. Following the system model in Chapter 4, the discrete time FBMC-QAM transmit signal of

UN £ can be expressed as

slil= Y Y dinghnli ©6.1)
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(k)

where i represents the sample index and g;,.»[i] is the time and frequency shifted version of the the

prototype filter impulse response, g[i], given as

g,gf’)n [i]] = g[i — nMy/2]e e (6.2)

where M is the number of elements in the set .#, the sequence gli] has length L, = D x M; with
D as the overlapping factor. Note that the exponential term in (6.2) represents the IFFT operation.
As shown in Chapter 4, an efficient and low complexity implementation of the prototype filtering in
FBMC systems is the PPN [129]. Adopting the PPN implementation and following the notation in

[151], (6.1) can be rewritten in vector form as
Sk = dek (6.3)

with ;
_ |0 k) (k) (k) (k) (k)
a = [df)al) .ay) adl) .y ]
_ [ &) 5k) (k) k) (k) (k)
G = [gl,ngI 811812822 "'ng,N}
Here, s; € Cf*! is the transmit signal vector of UN k, d; € CP*! is the vector of stacked data on all

N symbols and M, subcarriers of UN k, where F;, = LN and P, = M;N. In addition, ggf)n e Chxl s

the vector of all samples of g,(,f)n [i] and Gy € CFe*P is the transmit filter matrix.

6.2.2 Received Signal without Timing Offset

In the absence of TO, the received signal at the BS from all UNs can be expressed as

K
Z [i] # R [i]) + 2] (6.4)

where Ay [i] for 0 <i < L., — 1 is the L.,-tap multipath fading channel between UN k and the BS and
z[i] represents the AWGN with zero mean and variance o7. The vector form of (6.4) is expressed as

K

y= Z Hgs;+z (6.5)
where H; € CF*% is the circulant channel matrix of the k-th UN based on /[i] and z € C*! AWGN
vector. Note that each element of Hy, is assumed to be an independent and identically distributed

(i.i.d.) complex Gaussian random variable with zero mean and variance o = E [|h[i]|?].
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6.2.3 Received Signal with Timing Offset

Consider the scenario of grant-free uplink transmission, in which each UN transmits its data asyn-
chronously. In this scenario, signals from different UNs arrive at the BS with different TO, 7. The

two cases of TO are illustrated below:

6.2.3.1 Timing error to the right (Signals arrive 7, samples early)

In this case, T samples to the right side of the current FBMC-QAM symbol are replaced with samples
from the next symbol. From (6.1), let the time-domain sequence of the n-th symbol be expressed
as $,kli] = Le.s d,gf, Lg,(,i)n [i]. Thus, the received signal at the BS based on TO to the right can be

represented as

yulil =Y (ouili 4 7] X Rieli] + x4 [i 4 7] x Ree[i]) + 2] (6.6)
k=1

where x,, x[i] = s,,.«[i] * 7 [i] represents the current symbol and x| , [i + ] is the next symbol. Also,
Ry[i] denotes the TO variable with a value of 1 when sample i is selected and 0 when sample i is not
selected, 1.e.
; 1, Oging—Tk—l
Rili] = 6.7)
0, Li—u<i<Li—1
and Ry[i] is a complement of Ry[i] obtained by swapping Os and 1s. Substituting (6.1) into (6.6) and

following the notation in [152], the received signal in (6.6) can be represented in vector form as

G dnex[
oIk Dﬂ 6.8)
Gy pdy

where R; and R; € Cf*fx are the TO matrices, given respectively as

K
y =Y (Rkadek + RHy
k=1

R, = 05 —v)xn Lim—w)
L 07, OTkX(Fk—Tk) i

R, = 0 —)xn OF—z)

i I, 0;, (F—) |

Also, Gy € CFE—Len)*Pe gnd Gyp € CLenFk are sub-matrices of Gy that can be expressed as
Gi1 =Gi(1: (Fe—Len),:),

Gip=Gi((Fk—Lep+1): F,2).
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The received signal in (6.8) can be expanded as

r

((RkaGk + Rka,ZGk,Z) d; + Rka,le,ldzat) +z

Il
M=

T
[N

(6.9)

I
M=

(Bk de + Bk 1dnexl)

o~
Il
—_

where Hy ; and Hy » are sub-matrices of Hy, i.e. Hy = [Hy 1Hy o). Also, B} , = RH;Gy +ReH 2 Gy o
and B} | = RHy 1Gy 1.

6.2.3.2 Timing error to the left (Signals arrive 7, samples late)

In this case, 7, samples to the left side of the current FBMC-QAM symbol are replaced with
samples from the previous symbol. In CP-based waveforms, e.g. CP-OFDM and GFDM, the
impact of TO to the left can be compensated for using a large enough CP. For a CP duration L,
only t = max(Le, — (L¢p + T),0) samples of the previous symbol interfere with the current symbol.
However, since FBMC systems do not employ CP, 7, symbols of the previous symbol will affect the
current symbol. Therefore, similar to (6.6), the received signal at the BS based on TO to the left can

be expressed as

f (xnk i+ 7 XRk[]+Xn L+ ] ka[]> +z[f] (6.10)

where xﬁhl k[i + 1] is the previous symbol. Similar to (6.8), the vector form of (6.10) is represented as

Gy 1d
oI +z. (6.11)
Gk,derev

y =

M=

(Rka Gd; + Rka

k=1

In this case, Ry and Ry € Cf*fx are defined respectively as

Rk: I(Fk—Tk) O(Fk—fk)XTk
L OTkX(Fk*Tk) OTk i

R, O(Fk*Tk) O(Fk*Tk)ka

L OTk X (Fy—1) ITk ]
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By expanding the signal in (6.11), we obtain

{<N
M s

(ReHx G + ReHy |Gy 1) di + ReHy 2Gy2d?™)
k

z (6.12)

K
k=1

+
I

where ch,l = RkaGk + RkaJ Gk71 and Bi,2 = Rka72Gk72.

6.2.4 FBMC Demodulation

The received signal is passed through the FBMC-QAM demodulator which consists of receive filtering
and FFT operation as shown in Fig. 6.4. Considering the case of received signal without TO, the

frequency domain signal for the k-th UN after filtering and FFT is given as

di=Glly
K (6.13)
=G/HGdi+ ). GIH,G,d,+G]z
u=1,u#k
Using (6.1) and (6.4), the first term in (6.13) can be expanded as
Gk Hkadk = Sk[ ] *hk[ ]
(6.14)

-y ¥ 2 i)l i)+ ]

i=—come. My n=

Note that, in CP-OFDM systems the transmit and receive filters are designed to satisfy the orthogonal-

ity condition, i.e.

Y & lilghnli] = Gt S (6.15)

|=—o0

where &y, denoted the Kronecker delta function with 8, ,» = 1 if m = m’" and §,,,y = 0 if m # m'.
However, in FBMC-QAM systems, the prototype filters cannot achieve subcarrier orthogonality.

Therefore, the expression in (6.14) can be rewritten as

d%) H+15) H, (6.16)

H
Gk Hkadk -
_ j2umi
where Hy = ZiL;'hl hi[ile”’ " denotes the channel frequency response and I,E,k 2, is the intrinsic interfer-

ence caused by the lack of subcarrier orthogonality in FBMC-QAM, which is expressed as

$.= Y  dn Zg’i,,, [i]gbenli] (6.17)
(m' ") (m.n) i=
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Before detection and decoding of the demodulated signal, the effect of the frequency-selective channel
is compensated by applying a simple one-tap ZF equalizer. Substituting (6.16) into (6.13), the
estimated data of UN k associated with the m'-th subcarrier of the n’-th symbol after equalization is
given by

), =d¥ +15) +i

K
IZ’ (6.18)
%,_/
MUI
where H, = H, 'G/'H,G, and Z = H, 'G¥z.
On the other hand, considering the case with TO, the frequency domain signal of k-th UN after
FBMC-QAM demodulation and equalization is given as

d. =G’y
Hplt Hpl 40 = HpJ Hpt A0\ . & (6.19)
=Gy By ,di + G By ,df + Z (GkBu,vdu+GkBu.vdu)+Z
u=1,u#k

where d,g represents the data on the next or previous symbol of UN k, {-}” represents either {-}" or
{-}l and v is either 1 or 2. The second term in (6.19) represents the TO-induced interference (TOI).
Similar to (6.13), the first term in (6.19) consist of the desired signal and intrinsic interference terms.
Thus, after equalization, the detected data signal associated with the m’-th subcarrier of the n’-th

symbol in the presence of timing errors can be written as

K
d% =d® o+ Hd?+ Y (Hyyd, +H,,d2) 12
' HTéI—/ u=1,u#k (6.20)

-~

MUI

i _w-lcHp/
where Hy y = H, "G/ Bk’v

6.3 System Model with Mixed Numerologies

In the scenario with mixed numerologies, the frame structure of UNs are specified based on their
communication requirements. Applications with similar requirement share the same numerology,
whereas different numerologies are assigned to applications with significantly different requirements,
such as eMBB and URLLC [148]. In the current 5G NR air interface standardization, a generalized
synchronized design with an integral least common multiplier (LCM) symbol duration is adopted
as the family of numerologies. Considering the LCM approach the subcarrier spacing and symbol

duration of different numerologies are related as

AfY = AFED T =0 W,y = M 6.21)
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where A f ) and 7 represent the subcarrier spacing and symbol duration, respectively, of numerol-
ogy 1t and u is an integer. Typically, the total system bandwidth is split into several BWPs shared by
multiple UNs. UNs with similar (different) performance requirements are assigned to BWPs with the
same (different) numerologies. Here, it is assumed that different BWPs have the same sampling rate
[150]. Without loss of generality, the special case of two adjacent BWPs, each occupied by one UN is
considered in this section in order to simplify the derivation. For this case, we have A f(1) = n A f?)
and T = ;T In the frequency domain, this means that the subcarrier spacing of BWP 1 is 1
times larger than the subcarrier spacing of BWP 2. In the time domain, on the other hand, this implies
that n; symbols of BWP 1 have the same duration as one symbol of BWP 2.
In order to simplify the derivation and analysis of INI, the scenario with n; FBMC-QAM symbols
in BWP 1 and one FBMC-QAM symbol in BWP 2 is considered, i.e. N() =n; and N = 1.
Therefore, following the vector notation in (6.3), the transmit signals at the two UNs can be expressed
as
st =Gghdl; s =cPal® (6.22)

where d,(ﬁ) e CP"*1 and GE}I) e CFxpt represent the data signal vector and the transmit filter
matrix, respectively, of BWP 1. Here, p) = nlM(l) and F() = nlL(l), where M(1) and L() represent
the number of subcarriers and prototype filter length of BWP 1, respectively. Also, dg2) e cMPx1
and GEZ) € CLYxm®? represent the data signal vector and the transmit filter matrix, respectively, of
BWP 2. Note that the subscripts indicate the number of symbols for each UN.

Considering the case without TO, the received signal at the BS can be written as
y=HVcVal) +HPGPa® 42 (6.23)

where H,(11]) and H(lz) are the circulant matrices of UN 1 and UN 2, respectively and z is the AWGN

vector. Similar to (6.13), the demodulated signal of UN 1 can be expressed as

a,) = 6"y

(6.24)
~ GG + G GPal 1 Gl

Following the derivation in (6.16), the first term in (6.24) can be decomposed into the desired signal
and intrinsic interference terms. The second term in (6.24) denotes the INI from BWP 2 to BWP 1.
After equalization of the demodulated signal, the estimated data of UN 1 associated with the m'-th

subcarrier of the n’-th symbol after equalization is given by

D) ) a@ ()
dm/,n/ dm’.}’l/ +Iml’nl + Hld] + z (625)
INI

where H; = HS,PAGQ)HHEZ)G(Z) 1) is the intrinsic interference in UN 1 due to the lack of

1 > *m'n
1

subcarrier orthogonality in FBMC-QAM and ) = H,(qll)_ GE,II)HZ. Also, the demodulated signal of
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Fig. 6.1 Illustration of the INI affecting BWP 1.

UN 2 can be expressed as

&gz) N ng)Hy (6.26)
2)Hyy(2) («(2) (2 2)H (1) (1) 4(1 2)H :
_ GPTHPIGPAR 4 PTG 6Py
Therefore, the estimated data signal of UN 2 after equalization can be expressed as
2) _ 402 @ 7 al) 52
dm’,l - dm’,l +Im’,l + H”ld”l t+z (627)

INI

where H; = ng)_]ng)HHflll)G(]) 1(2,?1 represents the intrinsic interference in UN 2 and 7 =

ny o> Sy
H? 'GPy,

An illustration of the INI in a mixed numerology system with n; = 2 is shown in Figs. 6.1 and
6.2. Note that for the purposes of illustration Figs. 6.1 represents the case without TO. As shown in
Fig. 6.1, the FFT window of BWP 1 (with shorter symbol duration) is shorter than one symbol of
BWP 2 (with longer symbol duration). Therefore, the two symbols of BWP 1 overlap with parts of
the single symbol of BWP 2. As a result, the INI experienced by BWP 1 comes from only one symbol
of BWP 2. On the other hand, as shown in Fig. 6.2, the FFT window of BWP 2 is longer than the
length of one symbol of BWP 1. Specifically, the one symbol of BWP 2 overlaps with two symbols
of BWP 1. Therefore, the INI affecting BWP 2 comes from two symbols of BWP 1. Similar to the
single numerology system, in the presence of TO additional interference may be experienced from the
next or previous FBMC-QAM symbol depending on whether the TO is to the left or to the right. The
derivation of TOI in this case follows from Subsection 6.2.3 and is therefore omitted here. However, in
Section 6.5, the case with TO will be considered for the simulation of the mixed numerology system.

In the next section the proposed interference cancellation based BICM-ID receiver is illustrated.
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Fig. 6.2 Illustration of the INI affecting BWP 2.
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Fig. 6.3 Proposed BICM-ID receiver with interference cancellation.

6.4 BICM-ID Receiver with Interference Cancellation

In this section, an iterative receiver is proposed to cancel the different interference terms present in the
system models described in Sections 6.2 and 6.3, respectively. For simplicity of analysis, it is assumed
that the CSI is known at the BS. As shown in Fig. 6.3, the proposed receiver consist of three main
parts. First, the Detection Module which is made up of the receive filter or AFB, the FFT operation,
channel equalization, soft demapper, interleaver and SISO decoder. Next, Symbol Regeneration which
is used to estimate the different interference terms. Last, the Interference Cancellation part, which
cancels the interference terms in the demodulated signals using the output of the Symbol Regeneration

phase. The different components of the proposed receiver are presented below.

6.4.1 Detection Module

In the detection model, the AFB, FFT and equalization make up the FBMC-QAM demodulation,
which is described above for both single numerology and mixed numerology models. The soft

demapper and SISO decoder are described below.
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Fig. 6.4 Block diagram of the detection module.

6.4.1.1 Soft Demapper

The demodulated signal is passed to the soft demapper which computes the extrinsic LLLRs of the
b-th bit of the n-th symbol of the desired UN using sum-product decoding [149]. The extrinsic LLRs,
Le

'‘Dem>

are deinterleaved and passed to the SISO decoder as a priori LLR, L,

6.4.1.2 SISO Decoder

The SISO decoder calculates the a posteriori LLRs of the coded bits L), ., after a predefined number of
iterations. As in Chapter 4, a LDPC decoder with an irregular parity-check matrix is considered as the
SISO decoder. For the next iteration of the receiver, the extrinsic LLRs, defined as Lf,,. = Lf) ec — LDecs

are passed to the soft mapper to regenerate the transmitted symbols.

6.4.2 Symbol Regeneration

In this step, the transmitted symbols of all UNs are estimated and used for interference cancellation.
Specifically, the extrinsic LLRs provided by the SISO decoder are interleaved and passed to a soft
mapper as a priori information, Ly, .. The output of the soft mapper is FBMC-QAM modulated to

obtain the estimates of the transmitted signal from each UN.

6.4.3 Interference Cancellation

To remove the intrinsic interference, TOI and MUI or INI terms from the detected signal, an interfer-
ence cancellation operation is performed using the regenerated symbols as shown in Fig. 6.3. The

proposed interference cancellation algorithm proceeds as follows:

* In the single numerology case, the receiver obtains the soft estimated signals from all UNs and
removes the MUI terms in (6.18) and (6.20) by performing PIC in the first receiver iteration.
That is, to decode the signal of UN k, the sum of the signals from all other UNs are subtracted
from the received signal of UN k to cancel the MUI. Similarly, in the mixed numerology case,
the received signal of all UNs are estimated and used to cancel the INI terms in (6.25) and
(6.27) using PIC.

* In the subsequent receiver iterations, IIC is employed to remove the intrinsic interference and

TOI terms. That is, for each UN the intrinsic interference and TOI terms are estimated and
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subtracted from the received signal in multiple decoding iterations. The IIC implementation in

this step is similar to the one employed in Chapter 4.

* When the maximum number of IIC iterations is reached, L} . is used to generate the hard-

decision estimates of the transmitted bits, b.

6.5 Simulation Results

In this section, simulation results are presented to compare the performance of CP-OFDM and FBMC-
QAM in an asynchronous uplink FDMA system. For the simulation setup, a 5G NR scenario is
considered in which a group of contiguous PRB or BWP is assigned to each UN. Each PRB consists of
12 subcarriers. In this simulation, BWPs made up of 6 PRBs are assigned to each UN. For simplicity,
the case of 2 UNs transmitting to the BS is considered in the simulation. In the single numerology
case, both UNs adopt a subcarrier spacing of 15 kHz. However, in the mixed numerology case, the
first UN adopt subcarrier spacing A f!) = 30 kHz, while the second UN has a subcarrier spacing
A f@ =15 kHz. The CSI is assumed to be perfectly known at the BS. Similar to Chapter 4, the EVA
and ETU channel models are considered in this chapter. For the SISO decoder, an LDPC decoder with
irregular parity-check matrix is employed whereas sum-product decoding is used as the demapper.
In addition, the PHYDYAS prototype filter with overlapping factor D = 4 is used at both the UN
and BS. For the synchronous CP-OFDM case, a CP of length L., = 16 samples is considered. A
comparison of CP-OFDM and FBMC-QAM is presented for two uplink transmission scenarios: (i)
the transmission of both UNs are synchronized at the BS (ii) UN transmissions arrive at the BS with a
random number of samples in delay. First, the results for the single numerology model is presented
for both the synchronous and asynchronous scenarios. Then the results for the mixed numerology

model is presented.

6.5.1 Performance of Single Numerology System

Fig. 6.5 shows the average BER performance of two UNs using the same numerology for both CP-
OFDM and FBMC-QAM. Note that the results shown in Fig. 6.5 are without interference cancellation.
In the synchronous case, CP-OFDM achieves near optimum BER performance and has no error floor
as shown in Fig. 6.5. This is due to the use of CP and guard band in CP-OFDM, which maintains
subcarrier orthogonality and compensates the effect of channel frequency selectivity. On the other
hand, an error floor appears at high SNR for FBMC-QAM. This is due to the intrinsic interference
caused by the loss of subcarrier orthogonality in FBMC-QAM. As can be seen from Fig. 6.5, in the
asynchronous case FBMC-QAM does not incur a significant performance loss. This is because of
the improved frequency localization of FBMC-QAM which reduces its sensitivity to timing errors,
without using any CP. In the case of CP-OFDM, asynchronous transmission results in a significant

performance loss, especially when the CP is shorter than the number of samples in delay. Thus,
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Fig. 6.5 Average BER performance of CP-OFDM vs FBMC-QAM in synchronous and asynchronous
multiple access channel with single numerology.
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Fig. 6.6 Average BER performance of the proposed receiver for asynchronous FBMC-QAM with
single numerology in EVA channel.

FBMC-QAM has the advantage of higher spectral efficiency compared to CP-OFDM since it can

combat the effect of timing errors without employing additional resources in terms of CP or guard
band.
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Fig. 6.7 Average BER performance of the proposed receiver for asynchronous FBMC-QAM with
single numerology in ETU channel.

In Fig. 6.6 the average BER performance of the proposed BICM-ID receiver with interference
cancellation is presented for asynchronous FBMC-QAM over the EVA channel model. Note that the
results in Fig. 6.6 represents the case in which two UNs transmit their signals to a BS using the same
numerology. As described in Section 6.4, the estimated signals of the two UNs are first used for PIC to
remove the MUI term. Then, a fixed number of IIC iterations are performed to eliminate the intrinsic
interference and TOI terms. It can be seen in Fig. 6.6 that the combination of PIC and IIC is able to
remove the intrinsic interference, TOI and MUI in the proposed FBMC-QAM system. For example,
after only one IIC iteration the error floor is completely removed as shown in Fig. 6.6. Measured at
107 the BER performance of the proposed receiver after 2 IIC iterations for asynchronous FBMC-
QAM is only about 2 dB less than the BER performance of synchronous CP-OFDM. As presented in
Chapter 4, a lower number of IIC iterations results in a reduced complexity for the iterative process.
This implies that the intrinsic interference, TOI and MUI terms can be removed with a manageable
receiver complexity.

Similarly, the average BER performance of the proposed BICM-ID receiver with interference
cancellation for asynchronous FBMC-QAM over the ETU channel model is shown in Fig. 6.7.
Similar to the results presented in Chapter 4, the ETU channel incurs a larger performance loss
after 2 IIC iterations compared to the EVA channel. This is because of the longer delay spread in
the ETU channel, which worsens the level of intrinsic interference in FBMC-QAM. Moreover, it is
shown in Chapter 4 that increasing the number of SISO decoder iterations can improved the decoding

performance.
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Fig. 6.8 Average BER performance of the proposed receiver for asynchronous FBMC-QAM with
mixed numerology in EVA channel.

6.5.2 Performance of Mixed Numerology System

The average BER results presented above shows the performance of a single numerology system.
However, as mentioned above, future networks are expected to accommodate services with different
performance requirements. Thus, the performance of the proposed receiver is investigated for the case
in which the two UNs transmit their signals to the BS using different numerologies. First, Fig. 6.8
shows the average BER performance of the proposed BICM-ID receiver for a mixed numerology
FBMC-QAM system over the EVA channel model. Note that the two UNs transmit their signals to the
BS asynchronously. As can be seen from Fig. 6.8, the proposed receiver can improve the average BER
performance of a mixed numerology FBMC-QAM system through multiple interference cancellation
iterations. However, compared to the single numerology case in Fig. 6.6, the mixed numerology
case incurs a bigger performance loss in the high SNR regime of the EVA channel model. This is
mainly due to the unusual overlap of symbols in the mixed numerology system, which causes INI as
shown in Fig. 6.1 and Fig. 6.2. This implies that, for the mixed numerology case a higher number of
IIC or SISO decoder iterations are required to achieve comparable BER performance with the single
numerology case.

Fig. 6.9 shows the average BER performance of the proposed receiver for the mixed numerology
FBMC-QAM system over the ETU channel model. It can be observed from the figure that the average
BER performance degrades in the highly frequency selective ETU channel. The figure shows that an
error floor appears in the high SNR regime. As mentioned above, a higher number of SISO decoder
iterations will be required to completely cancel the interference terms in this case. To track the

complexity and convergence of the proposed receiver, the EXIT chart analysis presented in Chapter 4
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Fig. 6.9 Average BER performance of the proposed receiver for asynchronous FBMC-QAM with
mixed numerology in ETU channel.

can be employed. The complexity analysis has been omitted here because it is very similar to the one

presented in Chapter 4.

6.6 Summary

In this chapter, FBMC-QAM has been considered as an alternative to CP-OFDM in an uplink
multi-user system in the presence of TO. This is due to the high spectral efficiency and ultra-low
OOB emission in FBMC-QAM, which make it suitable for grant-free transmissions. In order to
accommodate the different use cases of future mobile networks, a mixed numerology FBMC-QAM
system has also been investigated. General expressions have been derived for the intrinsic interference,
TOI, MUI and INI. To remove the interference terms and improve the BER performance of both
the single and mixed numerology models, a BICM-ID receiver is proposed. The proposed receiver
performs PIC in the initial decoding iteration to cancel the MUI or INI terms. In subsequent iterations,
the receiver performs IIC to eliminate the intrinsic interference and TOI terms. The results show that
for the asynchronous case the BER performance of CP-OFDM is significantly degraded compared to
the synchronized case. The FBMC-QAM case, on the other hand, shows a robustness against timing
offset with only a small performance loss. It is also shown that the proposed receiver can eliminate the
interference terms in both the single numerology and mixed numerology systems. In summary, with a
receiver that can effectively remove the interference terms, FBMC-QAM is a convenient alternative to
CP-OFDM in uplink transmission due to its robustness to timing errors and high spectral efficiency,

which is beneficial for future applications such as mMTC.



Chapter 7

Conclusion and Future Work

7.1 Conclusions

FBMC has emerged as a promising waveform candidate to satisfy the requirements of future wireless
applications, such mMTC. This is because FBMC systems employ prototype filters that are well
localized in both time and frequency domains. This results in a system with improved OOB emission
and spectral efficiency compared to conventional CP-OFDM. The improved frequency localization
makes FBMC systems resilient against time and frequency offsets. Therefore, FBMC with QAM
has been studied in this thesis owing to its superiority compared to other methods, e.g. OQAM.
Despite the various advantages of FBMC-QAM systems, its key challenge is the presence of intrinsic
interference, which has been addressed in this thesis using IIC and BICM-ID.

In Chapter 3, a mathematical model is derived for an uncoded FBMC-QAM system to analyse the
impact of intrinsic interference on the received FBMC-QAM signal. In order to harness the benefits of
the improved frequency localization in FBMC-QAM, the received signal is separated into even- and
odd-numbered subcarrier components. To effectively cancel the intrinsic interference terms, an IIC
receiver is investigated. The proposed receiver uses the decoded even- and odd-numbered subcarrier
symbols to iteratively cancel the intrinsic interference from the demodulated signal. The performance
of the proposed receiver is then evaluated in simulation under different time-varying channels. It is
shown numerically that the IIC algorithm can remove the intrinsic interference in multiple iterations.
Also, the proposed FBMC-QAM system has similar OOB emission compared to FBMC-OQAM.
Moreover, the proposed FBMC-QAM system significantly outperforms CP-OFDM in OOB emission.

In Chapter 4, a coding based system is investigated to improve the BER performance of FBMC-
QAM. At the receiver side, an IIC-based BICM-ID receiver is proposed to cancel the intrinsic
interference in FBMC-QAM. Furthermore, to track the convergence and analyse the complexity
of the proposed receiver, EXIT chart analysis is investigated for the IIC-based BICM-ID receiver.
Using the EXIT charts, the required number of iterations of the proposed receiver to achieve a given
BER performance can be predicted. With the knowledge of the required number of iterations, the

complexity of the receiver can also be estimated. A mathematical model is derived for the coding
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based FBMC-QAM system in the presence of a multipath channel and additive noise. In this model,
the demodulated FBMC-QAM signal at the receiver is represented in terms of the desired signal, ICI,
ISI and noise. Based on the derived model, IIC and BICM-ID processing is performed at the receiver
to cancel the intrinsic interference. The BER performance and EXIT chart analysis are evaluated
in numerical simulations under different time-varying channels. It is shown in the results that the
IIC-based BICM-ID receiver can significantly improve the BER performance in FBMC-QAM with
only a few IIC iterations. Moreover, the EXIT chart analysis can be used to manage the convergence
and complexity of the proposed receiver by optimizing the required number of iterations in each
simulation scenario.

In Chapter 5, the EH capability of a multi-user FBMC-QAM system is investigated using SWIPT.
Specifically, in the considered multi-user FBMC-based SWIPT system, each UN has two antennas.
One antenna is dedicated to energy reception in the DL, whereas the other antenna is used for
information reception and transmission in the DL and UL, respectively. For the EH at each UN,
a practical non-linear model is considered. At the information receiver, IIC is used to cancel the
intrinsic interference in FBMC-QAM. In order to optimize the DL and UL weight allocation, time
allocation, and power allocation of each UN, a WSR maximization problem is formulated under total
DL transmit power and EH constraints. To effectively solve the WSR problem, it is first converted to
a WMMSE problem. The equivalent WMMSE problem is then presented as two subproblems for the
time and weight allocation optimization and the power allocation optimization. For comparison, five
sub-optimal schemes are investigated. The performance of the proposed FBMC-based SWIPT model
is evaluated in terms of the harvested power, weighted sum-rate and BEP. It is shown in the simulation
results that the intrinsic interference in FBMC-QAM systems can be opportunistically exploited to
power energy constrained devices. The results also show that the optimal time and weight allocations
coincide with equal time and weight allocation. In addition, the complexity analysis of the optimal
and sub-optimal schemes of the proposed FBMC-based SWIPT system is presented.

In Chapter 6, FBMC-QAM is investigated as the PHY waveform in an uplink multi-user system.
Both synchronous and asynchronous transmissions are considered in order to compare the performance
of FBMC-QAM and CP-OFDM with and without TO. First, a single numerology system is considered
in which all UNs transmit their signal using the same numerology, i.e. the same subcarrier spacing
and symbol duration. Next, the model is extended to a mixed numerology FBMC-QAM system
to accommodate the varying requirements of the different use cases of future mobile networks.
Mathematical models are derived for the intrinsic interference, TOI, MUI and INI. Based on the
derived models, a BICM-ID receiver is proposed to cancel the interference terms and improve the
BER performance of both the single and mixed numerology models. The proposed receiver consists
of two interference cancellation phases. In the first phase, PIC is performed to cancel the MUI
or INI terms. In the second phase, IIC is performed to remove the intrinsic interference and TOI
terms from each UN. It is shown in the simulation results that for the asynchronous case the BER

performance of CP-OFDM is significantly degraded compared to the synchronized case. On the other
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hand, FBMC-QAM shows a robustness against timing errors with only a small performance loss
between the synchronous and asynchronous cases. In addition, it is shown that the proposed receiver
is capable of cancelling the interference terms in both the single numerology and mixed numerology

systems.

7.2 Future Work

The work presented in this thesis addressed the interference problem in FBMC-QAM systems. IIC is
implemented for different system models to cancel the intrinsic interference in FBMC-QAM in order
to enable the practical implementation of FBMC-QAM in future wireless networks. Furthermore, this
thesis has investigated the combination of FBMC-QAM and SWIPT. This enables SWIPT systems
to opportunistically exploit the intrinsic interference in FBMC-QAM for EH. However, there are a
number of potential research directions that can be further explored as extensions to the work in this

thesis. Some potential future research directions are summarized as follows:

1. Channel estimation in FBMC-QAM: For the interference cancellation algorithms in this
thesis, it has been assumed that the receiver has perfect channel knowledge. However, in
practical systems, receivers are expected to undertake channel estimation. The presence of
intrinsic interference can limit the accuracy of channel estimation in FBMC-QAM systems,
which can affect the effectiveness of the interference cancellation algorithms in this thesis.
Therefore, efficient design of preamble-based channel estimation that can suppress the effect of

intrinsic interference could be an extension to the work in this thesis.

2. TO Estimation: For the asynchronous communication discussed in Chapter 6, it is assumed
that the TO is known at the receiver. A model that considers the estimation of the TO at the
receiver and the effect of TO estimation errors on the interference cancellation algorithm is an

interesting future work.

3. Extension of the interference analysis and cancellation to FBMC-QAM based MIMO,
Massive MIMO and cell-free massive MIMO systems: In this thesis, mathematical models
have been derived for the interference analysis and cancellation of single antenna systems.
However, the concept of massive MIMO is a key technology in future wireless networks. The
analysis in this thesis can be extended to MIMO, massive MIMO and cell-free massive MIMO

scenarios.

4. FBMC-QAM with non-orthogonal multiple access: Non-orthogonal multiple access (NOMA)
is a promising physical layer technique that enables non-orthogonal resource allocation in a
multi-user system. In Chapters 5 and 6 of this thesis, orthogonal multiple access is considered
for the resource allocation. However, since FBMC-QAM is a non-orthogonal waveform, the
combination of FBMC-QAM with NOMA could be an interesting extension to the work in this
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thesis. For example, the proposed system in Chapter 6 can be extended to an FBMC-based
NOMA system, where a NOMA-like SIC receiver can be combined with IIC to effectively
remove the interference terms. With such a receiver, UNs with stronger signals can be decoded
first. The interference contribution of the stronger UNs can then be subtracted from the received
signal of the weaker UNs before IIC operations is implemented. Many other scenarios of
FBMC-based NOMA systems, e.g. in cooperative networks, MIMO etc, can be investigated.
The combination of NOMA and FBMC may be particularly useful for grant-free transmissions

in future networks.

5. Flexible, use case based prototype filter design: In Chapter 6, mixed numerology systems
have been investigated. In mixed numerology systems, different subcarrier spacing or symbol
duration are selected for use cases with different requirements. For FBMC-QAM systems,
another layer of flexibility that can be considered is the choice of overlapping factor, which
determines the length of an FBMC-QAM symbol. Conventional FBMC systems, like the one
considered in this thesis, are designed with long filters (i.e. high overlapping factor) that offer
better frequency localization. This is acceptable for delay tolerant applications. However, for
low latency applications short prototype filters (i.e. low overlapping factor) should be employed.
Therefore, the extension of the current work to the scenario in which the overlapping factor can
be selected based on specific system requirements can add another layer of flexibility to mixed
numerology FBMC-QAM systems.

6. Application of Machine Learning: Another potential future research direction is the applica-
tion of machine learning for the resource allocation techniques investigated in Chapter 5. Most
resource allocation problems in the literature, including the work in this thesis, are solved using
conventional convex optimization algorithms, which may require highly complex derivations. In
order to reduce the computational complexity of the resource allocation in this thesis, machine
learning techniques can be exploited. In particular, due to the fact that the interference signals
in FBMC are unknown at the receiver, a technique like reinforcement learning can be employed
for interference estimation and resource allocation. The main challenge will be to investigate
the optimal actions and rewards needed to achieve a desired result. For such a design, the
system learns the interference pattern over time and can be very effective in estimating and

cancelling the unwanted interference terms.
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Proof for Chapter 4

A.1 Proof of Equation (4.22)

Using (4.20), the complexity of the iterative receiver for FBMC-QAM is given as

Chire 1 =Tpec (Tuc + 1) - Couer - Np + Ny - [CHEMS 1Ty - CEBMCT (A.1)

inner,1 inner,i

where Cf;ﬁg’r’f is the complexity of the FBMC-QAM demodulator in the first iteration and Cf;%/r[? is the
combined complexity of the FDMC-QAM modulator and demodulator in the subsequent iterations. In
terms of complex multiplications FBMC-QAM requires DM multiplications for the filtering process

and followed by an M-point FFT. Therefore,

f,;fg‘ﬁf = M /2log,(M) +DM (A.2)
and
cﬁﬁﬁ? =2(M/2log,(M) +DM). (A.3)

Note that the factor 2 takes into consideration the fact that both FBMC-QAM modulation and
demodulation processes are performed during the i-th IIC iteration. Substituting (A.2) and (A.3) into
the second term of (A.1) gives

CFBMC _ cFBMC 1 CFBMC

inner — “inner,l inner,i

=M/2log,(M)+DM +1jc-[2(M/2log,(M) +DM)]
=M /2log,(M) +1jc - Mlogy(M) + DM + 21 ;;,cDM
= M/210g2(M)(1 +2]Iuc) +DM(1 +2ﬂnc)

(A4)
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Rearranging the last term of (A.4), the complexity of the inner decoder due to the FBMC-QAM
modulator/demodulator can be finally expressed as

CHBMC — (1 4-215¢)[M /210, (M) + DM (A.5)

(4.30) follows straightforwardly from substituting (A.4) into (A.5). O
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Proof for Chapter 5

B.1 WSR and WMMSE Relationship

From equations (5.8) and (5.20), the DL and UL mean squared error (MSE) for each UN is given as

di I 2 2
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2 pdl dl 2 (B.1)
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where vi’n  and vm .k are the MSE receiver filters for the DL and UL, respectively. To acquire the
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Substituting v and v#*  into (B.1) and (B.2), the MMSE for the DL and UL are derived as
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respectively. Using (B.4), the weighted MMSE (WMMSE) problem is expressed as
X N [ dl I ul
minimize YY) [a)k Emnk T Of €y nk

M N
subject to Z Z pil < P‘{l (D,?l >0
(B.5)

where L, = [«, {P,an’k} {P“’n it At {@d"}, {@"}]. Also, @ and @} are the WMMSE
weights for the DL and UL, respectively. The WSR problem based on the MMSE is defined as

M=
g
M=

maximize

L, m,n.k

[w,flel + oM R
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I
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dl 1
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Mx=
M=

subject to

3
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1n=1
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(B.6)

S
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Y P,L,‘lfn’k <P'—P., ol >0,
1

=1lm

=~

1n

K K
aY wt+(1-a)) w="T,
k=1 k=1

where Lg - [a { mnk} {Puln k} {Wk} {Tk} {wlg[} {wl?l}] and Rgnlnk - _logz( mnk) and R;dnlnk =
—log, (e et +)- The next step is to establish the relationship between the WSR and WMMSE. The

Lagrangian and KKT condition of the WMMSE problem with respect to P,ﬁfn_’ . and P,f,‘lfn’ . are deduced

as
K u M N u K M N K M N
Liwmmser = Y, 00 Y. Y e o= Y Y Zlogz(wk +) o Z Z
k=1 m=1n=1 k=1m=1n=1 k=1 m=1n=1
K M N u K M N K
~Y Y Ylogy @) +ur -2 (Y Y Y B Pom)—uu—a)zwk (B.7)
k=1m=1n=1 k=1m=1n=1 k=1
K M N K
_ZA‘I?Z<Z Zptgll.nk Pdl) ‘LL(XZT](,
k=1 m=ln=1
ILiwmmsey ! o} hil,n,k|2 dl , Aulﬁ/
o pdl - dl |2 pdl A +T|hmnk| Z (B.8)
Pmnk (’hmnk‘ Pm7n’k+6k) ll/
and G2l 2
JL e,
(;WIZMSE} - *(D/?l 2 dl 2’ dl k‘ — At (B.9)
Bn i (|hm7n,k| F, k+6k)
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Similarly, the Lagrangian and KKT conditions for the WSR problem with respect to P,iln  and Pn“jn X
are deduced as
K 2
k=1 m=1n= hiinl ‘zpndjnkJrcdl
K o2
ul Zul
- Z( Wkwk r Z Z lng ( hul 2 pul 2
k=1 m=1n= mmjk‘ m7n7k + qu/ (B. 10)
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(B.11)
and R
ILwsry (1 Of)ll/kw;?lT< ul )“ ( Oz il ) _ (B.12)
3P,an,k - 10g(2) m,n,k (|hul |2Pul k+6w) k - .

Comparing (B.8) and (B.9) to (B.11) and (B.12), respectively, the WMMSE weights can be estimated
as

di ul
_ o' T -1 _ (1—a)y@'T -1
S ) (€fiae) ~ and wgl:Tak(%Q ’ B13

making the WSR and WMMSE problems equivalent. Now, inserting (B.13) into (B.7) results in
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From (B.14), the WMMSE problem can be split into the time and weight resource allocation problem

and the power resource allocation problem as

minimize Trs
a{yi}{ut.of o

K
subjectto o ) T+ (1 —
k=1

M N
ZZ ;fnk<,g — P, o >0,

>0, (B.15)

I Ma
||
ﬂ

and

minimize Pgg
{Pl:{n,k}’{PrLr;l,n.k}

M N
subjectto Y Y Y PY  <PE.. (B.16)

where Tgs and Pgg are defined in (5.30) and (5.31), respectively. Therefore, the weights and time
allocation can be determined from (B.15), while the power allocation can be determined from
(B.16). 1

B.2 Convexity Proof of Time and Weight Resource Allocation Problem

The time and weight resource problem can be split into two sub problems, the DL time and weight
allocation problem and the UL time and weight allocation problem. The Lagrangian of the individual

problems are defined respectively as

g MN E raned'r ool T =
LRS—TZ {m—logz (m)} —ﬂ(asz+(1—a)]§,ka—T)

k=1 k=1 (B.17)
_ZAM(Z ZPrl:llnk_i_Pc_aiﬁkifjf imgjﬂ 2PZln ) .
i m (l_a)lllk j=1 m=ln=1 J !

C()ulT wulT K K
o T o (1) -

g k=1

) ) B M N
_ZAI(ZIZPml’mk_'_PC_(l Wk;T] ZI; m,n, j Pnc,llln])
m=1n= = m=n=

(B.18)
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Concentrating on (B.17), the first derivatives of ngg with respect to the time and weight variables o,

Ty, and a),fl are respectively given as

aLdl MN & rqod'T 1 Al M N
' -3k “;gk Oclog(2)} —“kZITHkZI(l_ng; PPy i I P
(B.19)
oLdk _ MN{oca)]f’T 1 } o Z Z o k‘2pdl ki ulﬁj | 520,
Ity 2 Llog(2) 7tlog(2) o T BN o)y
and
LY MN [ agT 1
dodl ~ 2 [10g(2) T ol 10g(2)}’ (B.21)

The Second derivatives of L?els with respect to the time variables ¢, T, and a),f’ are respectively derived
® 27dl K . K
9 Lis MNK 2 B" dl 2 pdl
da2  2log(2)a? Z Z Z Z\hmnﬂ Prunj (B.22)

k=1 m=1n=
27dl
? ng 2 el (B.23)
7} 7:2log(2)
I liy (B.24)
dof"  af"2log(2)’ '
92LE MNw,flT Ko /3 J
= i P, B.2
aTk&OC 210g +lenZ| mnk‘ mnkZ v ( 5)
aZLdl MNT.T
ks (B.26)

dofda  2log(2)

The Hermitian matrix for the DL time and weight resource allocation problem Lagrangian is repre-

sented as
a 5 ol
o + + -+
(B.27)
Tk + + +

of + + +

From the Hermitian matrix all the second derivatives have positive values. Therefore, the DL time
and weight allocation problem is convex with respect to all its variables.
Next, the convexity of the UL time and weight allocation problem is checked. The first derivatives

of L;‘QIS with respect to the time and weight variables o, W, and a),i‘l are respectively given as

aL;ng

woT 1 K AMB &Sl 2
—H Z Ve Zl { log(2) (1— a)log(2)} +k§ (1-a)? Z % L X P
(B.28)
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oL, (1—- )T 1 Mo KoMoNo
- - —(l-a)p—-——" Tj hmn Pmn'7
al[/k 10g(2) wklog(Z)} ( )'u (] _ a)lljkz j—; Jm;ln;l‘ My J Ny
(B.29)
ILis (1-0)yT 1
= - : B.30
Jy! | log2) o log(Q)} (B.30)

The Second derivatives of L;‘QZS with respect to the time variables ¢, Y, and a),i‘l are respectively

derived as

aZL%lS MNK K 2AL¢1B K M N
- T ove, 2T R B.31
90" = (- arlog® (- ayw o X & il Py ®3D
Ly MN 20018, K M N
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Yoo log(2) K (1— )22 ,;1 ng,ln;| Jl J (B.33)
27ul
’ R (B.34)
Jof"  wy’log(2)
I’Lis _ MNwT 535)
dwfdo log(2) :
azLRs - MNoaT (B36)

dady,  log(2)

The Hermitian matrix for the UL time and weight resource allocation problem Lagrangian is repre-

sented as
a e o
a + - -
(B.37)
Ve — + +
of - + +

From the Hermitian matrix, L” zs 18 non-convex with respect to all variables but convex with respect to
individual variables. However, the differentials presented considered o and not (1 — &) as a variable.
If (1 — o) is made a variable, then the total problem becomes a concave problem. l

From the analysis presented above, both the DL and UL time and weight resource problems are

concave problems. Hence, the overall time and weight resource allocation problem is concave.
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B.3 Optimal Time and Weight Resource Allocation Proof

dl A ul
From (5.30), let x;, = 1og(2)T and z; = %{‘Z)T, where 0y = a1, and & = (1 — a)y;. Thus, the

optimization problem in (B.15) can be rewritten as

minimize  Tgy
{ou} {ou},of! o

K K
subject to Z Z , of' >0, (B.38)
o
Y Y Pl <P =P, o' >0
m=1n=1 /
where
_ MN &
Trs = Y Z xx —log, (xz) —|—MNZ 7% —log, (7)) (B.39)
k=1 k=1

From Tgs the optimal values of x; and z; can be found individually by a line search method using
- MN
Tie i = — [ —log, (x)] (B.40)

and
T « = MN[zi — log, (2. (B.41)

This implies that the optimum solution of each UN can be found separately. However, by observing
Tlgé‘k and Té‘é «» 1t can be deduced that the optimal values of x; and z; are the same for all UNs, i.e.
X =X)=...=Xx =2] =% = ... = Zx = x". Therefore, the line search will be performed once.

Based on this deduction, the optimal &, a),fl, &y, and a),?l should satisfy

* * o

FI0B) g g, Y12 _ g TR g (B.42)
T T

* * *

’flc;f‘%(z):alw;fl,)‘l‘;‘é(z):éczwﬁ”,...,xﬁg’(z)—a oy (B.43)

Note that different combinations of values (i.e., @ and ®?, and & and a),’:’ ) can result in )%g@).

Therefore, there is a need to find the optimal values of &, w,ﬁ”, Oy, and 60,?1. First, let the optimal DL
and UL weights be defined as

x*log(2) _ it x*log(2) o x*log(2) _ ol
arT ' T 7 T K
1 2 K
x*log(2) _ o x*log(2) x*log(2) _ ol
T Yoowgr U T K

(B.44)
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Next, we find the optimal values of &; and &;. The differential of the optimization problem with

respect to 0y and Oy, are given as

8LRS 2pdl A'}ﬂﬁj
adk .u‘JFmZ_’InZ| m,n.k mn FZI dk ( 5)
JL g & ulﬁ K M N .
= Ol Y05 Y Y s = (B.46)
aak j=1  m=ln=1
Multiplying (B.45) by &, gives
K ulﬁj
— Oyt + Gy Z Z IhmnklzPﬁlnkZ =0, (B.47)
m=1n=
Summing (B.46) and (B.47) for all UNs, results in
K M N ~ . K ulﬁ/ K
-) kzz‘hm,nk|PrinkZ —uY e =0. (B.48)
k=1 m=1n=1 k=1
and l
K M N y AU ﬁ] K
Yo Z Z S Z —uzak— (B.49)
k=1 m=1n=1 i=1

Now, subtracting (B.48) from (B.49) gives

K M N 2 K W‘lﬁj K M N dl 2 K ulﬁ]
A J ~
Zak22| mnk‘ mnk & +Zakzz m,n7k| mnkz 0 (BSO)
k=1 m=1n=1 j=1 Y k=1 m=1n=1
K M N 2 K A}tlﬁ/
L (Gt ) 1 3 Vi Boins 1 =5 = =0, (B.51)
k=1 m=1n=1 =1 %
Al N ~
FM TN fid PR v 2EP S 0, vk, which implies that 6+ G = 0. Therefore, & = — 0.

Moreover since both ¢ and Ock are positive valued variables, ¢y = &. This implies that the optimal
time allocation coincides with equal time allocation, i.e. & = @& = 1/K. This also leads to equal
weight allocations for all UNs according to (B.44), i.e. a)‘” a),’c‘l . Therefore, the weight of

UN; can be found as @} = M. |
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B.4 Convexity Proof and Solution for the Power Resource Allocation

Problem

For the power allocation problem, the Lagrangian can be represented as

W) o 393> i
Lgs = lo gz( ~ >+ log2< )

k=1 m=1n=1 [ oA R A P |, ([P + o2
K M N K M N
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Oty log@)\|it  PRY, 02/ '

Furthermore, the second derivatives of Lgs with respect to P,Zln  and P,Zln_ , are given as

92 Ls 1 ( Iisz,n,k!4 ) (B.55)
> = .
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mn.k” " mnk mnk~” " monk
Hence, the Hermitian matrix for Lgg is given as
I I
P)in,k I)IZ nk
I
P+ 0 |. (B.58)
I
Iz,n,k 0 +

From the above Hermitian matrix and second derivatives, it is obvious that Lgg is non-convex with

respect to both variables. However, Lgs is a convex function considering the variables individually.
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JdLgs

Therefore, from apd and 2Lss

Pul

, the optimal P‘” nk and P"”fn . are defined as

dl sz
Fnns = {log(Z)A i, k|2} B
and 1 o2
Fini = [Az” log(2) r/%::f,n,k\z] o
with A = (A9 — g X0l Yol (A P EX (ixﬁfxw )-

An iterative algorithm is used to obtam the optimal Priln , and Pr;;{n, « Which minimizes problem

(B.16). The optimal A%/ can be found using the bisection method, while the optimal )L,l‘l is acquired as

A= MN (B.61)

log(2) (B P +Zm 1\}%62‘2)

with B = a aB}SW = 1Tj 12 |hfnlnj| PIZ{n,j‘ u
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