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Offset quadrature amplitude modulation (OQAM) filter-bank multi-carrier (FBMC), has great
potential for boosting the spectral efficiency (SE) and energy efficiency (EE) of future
communication systems. This is due to its superior spectral localization, CP-less transmission and
relaxed synchronization requirements. Our research focuses on three main OQAM/FBMC
research problems: the computational complexity reduction taking equalization into
consideration, its integration with multiple-input multiple-output (MIMO) and its high peak-to-
average power ratio (PAPR). OQAM/FBMC systems are mainly implemented either using
frequency spreading (FS) or polyphase network (PPN) techniques. The PPN technique is generally
less complex, but when using frequency domain equalization (FDE) to equalize multipath channel
effects at the receiver, there is a computational complexity overhead when using PPN. A novel
hybrid-structure OQAM/FBMC MIMO space-frequency block coding (SFBC) system is proposed,
to achieve the lowest possible overall complexity in conjunction with FDE at the receiver in
frequency selective Rayleigh fading channel. The Alamouti SFBC block coding is performed on the
complex-orthogonal signal before OQAM processing, which resolves the problems of intrinsic
interference when integrating OQAM/FBMC with MIMO. In better multipath channel conditions
with a line-of-sight (LOS) path, a zero-forcing (ZF) time domain equalization (TDE) is exploited to
further reduce the computational complexity with comparable performance bit-error-rate (BER).
On the other hand, to tackle the high PAPR problem of the OQAM/FBMC system in the uplink, a
novel single carrier (SC)-OQAM/FBMC MIMO system is proposed. The system uses DFT-spreading
applied to the OQAM modulated signal, along with interleaved subcarrier mapping to
significantly reduce the PAPR and enhance the BER performance over Rayleigh fading channels,
with relatively low additional computational complexity compared to the original complexity of

the FBMC system and compared to other FBMC PAPR reduction techniques.

The proposed hybrid-structure system has shown significant BER performance in frequency-
selective Rayleigh fading channels compared to OFDM, with significantly lower OOB emissions in
addition to the enhanced SE due to the absence of CP. In mild multipath fading channels with a

LOS component, the PPN OQAM/FBMC MIMO using TDE has a comparable BER performance

XVII



with significantly less computational complexity. As for the uplink, the SC-OQAM/FBMC MIMO
system significantly reduces the PAPR and enhances the BER performance, with relatively low

additional computational complexity.
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Chapter 1: Introduction

1.1 Introduction to OQAM/FBMC

Multi-carrier (MC) modulation is a key factor in meeting the enormous data rates and the
massive connectivity promised by future communication networks [1]. Orthogonal frequency
division multiplexing (OFDM) has been the dominating MC modulation in most wireless
networks, due to its robustness in frequency-selective channels and ease of implementation [2],
[3]. However, to address some drawbacks of OFDM, including the need for CP and the strict
synchronization requirements, research is ongoing for alternative MC techniques, to succeed or
co-exist with OFDM in future networks. The research towards spectrum localized MC waveforms
which enhance the systems SE, enable the exploitation of fragmented spectrum, and relax the
synchronization requirements, resulted in multiple OFDM-based waveforms. These waveforms
include filtering-based techniques such as filter-bank multi-carrier (FBMC), universal filtered
multi-carrier (UFMC), filtered-OFDM (f-OFDM) and generalized frequency division multiplexing

(GFDM), which were all considered candidate 5G waveforms [4].

In FBMC, each subcarrier is individually filtered using a frequency-shifted version of a
prototype filter. As a result of filtering, the subcarriers become strictly band-limited but the
mutual complex-orthogonality is lost. However, real-orthogonality is retained when using offset
quadrature amplitude modulation (OQAM) with FBMC [5]. OQAM/FBMC has immense potential
for boosting the SE of communication systems, due to its superior spectral localization and CP-
less transmission [6]. Unlike OFDM, which uses rectangular pulses with high out-of-band (OOB)
emissions, OQAM/FBMC uses specially designed localized time-frequency filters to shape the
subcarriers, resulting in extremely low OOB emission [7], [6]. This makes it especially suitable for
applications which exploit fragmented spectrum [8], [9], such as internet-of-things (loT)
applications in FM radio bands and TV white spaces [10], [11]. In addition, the low OOB emission
reduces the required guard bands thus increasing the SE [12], and efficiently supporting different

usage scenarios within the same frequency band [13].



Chapter 1: Introduction

In addition to its ability to increase the SE, OQAM/FBMC is particularly suitable for
asynchronous transmission scenarios [14], [15], [16]. Due to its highly localized subcarriers,
OQAM/FBMC is more robust against synchronization errors and carrier frequency offsets (CFO)
and thus has relaxed synchronization requirements compared to OFDM [2], [17], [14]. The
complexity of the synchronization process and the energy involved can thus be reduced
enhancing the energy efficiency (EE). This makes OQAM/FBMC suitable for usage in scenarios
which involve simple energy-constrained devices, sporadically transmitting data with no
sophisticated synchronization capabilities as in some Internet of things (IoT) scenarios [2]. The
use of OQAM/FBMLC in such scenarios enhances the EE and increases the robustness against

timing and frequency offsets [18], [19], [20].

Considering compatibility with other current and future networks technologies,
OQAM/FBMC was investigated for implementation in millimeter (mm)-wave MIMO systems [21],
[22]. Furthermore, studies show the ability of FBMC to co-exist with existing OFDM-based
networks [4], [23], [22]. On the other hand, it has been studied in the context of massive MIMO
[24], [25], [26], [27]. In brief, OQAM/FBMC is a robust MC modulation candidate, suitable for

deployment in various scenarios of future heterogeneous wireless networks.

In OQAM/FBMC systems, the FBMC modulation is implemented using either frequency
spreading (FS) or polyphase network (PPN) techniques [5], [28]. In the frequency spreading (FS)
method, filtering is performed in the frequency domain on the upsampled signal before the
inverse fast Fourier transform (IFFT) operation at the transmitter [5]. In the PPN FBMC method,
filtering is performed in the time domain after the IFFT transmitter operation. The PPN
implementation is generally less complex than FS, since filtering is performed on the lower rate
signal and an IFFT of size N is required, where N is the number of subcarriers. On the other hand,

in FS an IFFT of size NK is required, where K is the upsampling and the overlapping factor.

When using FDE to equalize multipath channel effects, the received signal needs to be first
converted to frequency using NK-point FFT. When using the PPN receiver where filtering is
performed in the time domain, the signal after equalization must be converted back to the time
domain using an additional NK-point FFT, before PPN-FBMC demodulation. Thus, when using
FDE with PPN receivers, there is an overhead of two NK-point FFTs. The proposed hybrid-
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structure OQAM/FBMC FDE transceiver resolves this issue, where the transmitter is implemented
using the PPN technique, and the receiver is implemented using the FS technique, thus reducing

the overall complexity in conjunction with FDE.

1.2 Research Motivation & Problem Statement

The research motivation stems from the importance of MC waveform design in the evolution
of communication networks. There is still a research gap before new MC waveforms could
succeed or co-exist with OFDM in future networks. We identified the research problems

concerning OQAM/FBMC, and our work focuses on three points summarized as follows.

First, as multiple-input multiple-output (MIMO) and massive MIMO are an integral part of
current and future mobile communication networks, the research for integrating OQAM/FBMC
in MIMO systems is of crucial importance. Integration of MIMO and OQAM/FBMC systems has
always been a challenge, due to the imaginary interference in the OQAM/FBMC symbols, since
the signal is only real-orthogonal, while the Alamouti space-time block coding (STBC) MIMO
requires complex orthogonality. Our first research problem was finding an efficient method for

implementing Alamouti coding with OQAM/FBMLC.

Second, although PPN FBMC is less complex, frequency domain equalization (FDE) required
to efficiently equalize multipath channel effects is easier to perform on FS-FBMC signal [29], and
FS-FBMC is considered an extension to OFDM [5], [30]. Our second research problem was to
exploit this point in the structure of the proposed hybrid-structure OQAM/FBMC MIMO system,
where the transmitter is implemented using the PPN technique, and the receiver is implemented
using the FS technique. Thus reducing the overall complexity in conjunction with FDE and
obtaining the best BER performance in frequency-selective Rayleigh fading channels.
Furthermore, in multipath channels where a LOS path exists, which is the case for some loT
applications and device-to-device D2D communication [15], [31], [32], a PPN-TDE system is

proposed to further reduce the complexity of the system.

Third, OQAM/FBMC systems, just like all MC signals suffer from a high peak-to-average
power ratio (PAPR) due to the summation of independent information carried on different
subcarriers [33]. In the uplink scenario at battery-operated UE, the high PAPR transmitted signal
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is energy inefficient due to the high power required by the high-power amplifier (HPA), as the
last stage of the transmitter, to operate in the linear region. Our third research problem was
finding a method to reduce the PAPR of the OQAM/FBMC MIMO signal with relatively low

additional computational complexity.

1.3  Research Aim & Objectives

Our research aims at finding a comprehensive novel solution for OQAM/FBMC efficient
implementation, integration with MIMO, and PAPR reduction, which bridges the research gap
enabling future communication networks from benefitting from its underlying potential of

boosting the SE and EE.
The research objectives include:

e Investigating and comparing different OQAM/FBMC realization methods and
prototype filter designs.

e Comparing OQAM/FBMC to OFDM using key performance indicators (KPI1) including
OOB emission, PAPR, SE and complexity.

e Testing the efficiency of the proposed hybrid OQAM/FBMC system in different
multipath channels using FDE and TDE.

e Finding the optimum solution to integrate OQAM/FBMC with MIMO and minimizing
the intrinsic interference problem.

e Obtaining an analytical BER formula for OQAM/FBMC ZF-FDE MIMO system with M-
ary QAM modulation.

e Finding the best possible realization for the OQAM/FBMC MIMO system in terms of
overall complexity and BER via the proposed hybrid system.

e Reducing the PAPR of OQAM/FBMC via the proposed SC-OQAM/FBMC structure.

e Preparing a robust MATLAB code to simulate and test different aspects and
realization techniques of the OQAM/FBMC MIMO system at the signal processing

level.
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1.4 Research Process & Methodology

Our research used a scientific quantitative research methodology, which utilizes
mathematical models based on hypotheses, theories, and simulations. Our methods are
mathematical analysis and computer simulation using MATLAB software. Initially, the Vienna 5G
Link Level simulator [34], which is a MATLAB-based toolbox, was used for simulation and
comparisons of OFDM-based MC waveforms in chapter 2. Afterwards, in chapters 4 and 5, our
MATLAB codes were developed and continuously modified to simulate the OQAM/FBMC system
and control all its various aspects and parameters on a signal processing level, to test the
proposed solutions according to KPIs. A sample of the MATLAB scripts used for each chapter is

provided in the appendix.

The research process started with reviewing all 5G modern technologies and building a
comprehensive overview and comparison of all new MC waveforms. After OQAM/FBMC was
chosen, its major research gaps were identified, before determining the research problems and
suggesting the proposed solutions via the proposed models. Finally, the proposed models were

tested to see if the desired gains were achieved.

1.5 Thesis Contribution

The thesis contributions can be summarized as follows:

e Proposing a novel structure for implementing Alamouti space-frequency block coding
(SFBC) MIMO with OQAM/FBMC, avoiding the effects of the intrinsic interference
and obtaining promising results compared to other Alamouti application techniques
to OQAM/FBMC.

e Reducing the complexity of the OQAM/FBMC MIMO system using the proposed
hybrid structure, which exploits a novel aspect of complexity reduction, in which the
transmitter uses the PPN structure, and the receiver uses the FS structure in

conjunction with FDE.
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e Providing two equalization options including FDE and TDE for the OQAM/FBMC
system depending on the operation scenario and the multipath channel conditions,
thus maintaining the least complexity for the desired application.

e Finding a novel effective method to apply the SC concept within the OQAM/FBMC
signal in the uplink scenario, via the proposed SC-OQAM/FBMC system, thus reducing
the PAPR and enhancing the BER performance.

1.6  Thesis Organization
The thesis is divided into six chapters, which are organized as follows:

e Chapter 1 presents an introduction to OQAM/FBMC and its importance in future
networks, followed by the thesis motivation and problem statement, our research
objectives, research methodology, contribution and finally thesis organization.

e Chapter 2 presents the literature review of the related work to the three
OQAM/FBMC research problems identified: Different implementation structures and
complexity reduction techniques, integration with MIMO and PAPR reduction.

e Chapter 3 presents an overview of new waveform-design aspects and a brief system
description of new MC waveforms. In addition, MC OFDM-based waveforms are
simulated and comparison from various aspects. This chapter is concluded with a
detailed description of different OQAM/FBMC system aspects.

e Chapter 4 presents the proposed hybrid OQAM/FBMC SFBC MIMO system and its
mathematical model, followed by BER and complexity analysis, and concluded with
the simulation results. It also presents the spatial multiplexing (SM) system model
and the PPN-OQAM/FBMC TDE system model.

e Chapter 5 presents the proposed SC-OQAM/FBMC system for uplink along with its
mathematical model, complexity analysis and results.

e Chapter 6 presents the thesis summary, conclusions and possible future work.
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This chapter presents a summary of the literature review and recent related work on the
addressed research problems of OQAM/FBMC systems. It is divided into three sections each
dedicated to one of the three main aspects tackled by the proposed systems presented in the
following chapters. First, different structures for implementing the OQAM/FBMC modulation are
discussed including FS, PPN and other techniques which aim at reducing the computational
complexity. Second, a review of MIMO implementation methods with OQAM/FBMC is described.
Finally, different techniques for PAPR reduction in OQAM/FBMC systems are discussed. At the
end of each section, the differences between the existing methods and our proposed solutions

are highlighted.

2.1 Different OQAM/FBMC Implementation Techniques

The main implementation methods for FBMC are the FS and the PPN approaches. In the PPN
method, the filtering is performed in the time domain after the N-IFFT block, where N is the
number of subcarriers. In the FS method, filtering is performed first, in the frequency domain
before the KN-IFFT block, where K is the FBMC symbol overlapping factor. The PPN approach is
generally less complex, while the FS approach shows better performance when combined with

FDE. This section demonstrates both methods and their variants present in literature.
2.1.1 Frequency Spreading (FS) FBMC

The FS technique was first introduced by the PHYDYAS project in [5]. The FS name comes
from the spreading of the input data, which is carried by one subcarrier in OFDM, over a number
of points equal to the prototype filter length of 2K — 1, where K is the overlapping and the
upsampling factor as well. This spreading is achieved by applying the prototype filters’ frequency
coefficients on the upsampled input signal d(nM), then applying the output to an IFFT of length
NK, thus filtering is applied in the frequency domain signal before the IFFT. Afterwards, the
symbols are overlapped and added according to the overlapping factor K, to generate the
transmitted FBMC symbol. Figure 2-1 displays the operation of the FS transmitter approach for

K =4 [5], [28], which is adopted in the initial system in section 4.1.1.
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Figure 2-1: Explicit operation of the FS FBMC transmitter [5].

In the figure, M is the number of subcarriers. The even symbols d;(nM) and d;,,(nM) are
the even data symbols upsampled by K, therefore they are 2K-points spaced therefore there is
no overlap between them. Each symbol only overlaps with its immediate neighbour, ie. d;(nM)
overlaps with d; . (nM) and so forth. This is why OQAM processing is used, where a phase shift
is introduced between the even and odd symbols, keeping them orthogonal in the real domain.
For example, the even symbols d;(nM) and d;,,(nM) are real while the odd ones d;,;(nM) and
d;;3(nM) are imaginary. This method needs K — 1 memory elements to perform the overlap-

and-add operations.

An additional feature of the FS technique is the flexibility to change the overlapping factor
K, for a constant FFT length of NK. For example, we can implement a K = 4, N = 64 FS-FBMC
system using the same FFT as a K = 2, N = 128 system. The real and imaginary parts of the
OQAM modulated symbols can either be processed together using a 2NK-point IFFT, or are
separately treated on two separate branches each with an NK-point FFT, and added at the

transmitter end [35], [36].

The corresponding frequency de-spreading receiver operation is demonstrated in Figure 2-2.
After the serial-to-parallel (S/P) conversion, the reverse FS operations are performed to recover
the upsampled symbols d;(nM), which are next downsampled by K to recover the transmitted

symbols.
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Figure 2-2: Explicit operation of the FBMC Frequency de-spreading FBMC receiver [5],[28].
As can be seen from the figure, the first step of the FS receiver is the FFT converting the
signal to the frequency domain. Therefore, in frequency-selective multipath channels,
equalization can be easily performed in the frequency domain (FDE). The problem of the FS FBMC
technique lies in the complexity of the NK-point IFFT in the transmitter and the corresponding

FFT at the receiver, this is reduced by the PPN approach.
2.1.2 Polyphase Network (PPN) FBMC

The PPN FBMC approach efficiently exploits the redundancy in the FS filtering operation to
reduce the computational complexity. The PPN implementation of the FBMC transceiver was first
proposed in [37]. Unlike the FS method, the N-point IFFT is performed first on the OQAM
modulated symbols, then filtering is performed using an N-component polyphase filter network.
The polyphase filter network consists of N frequency shifted versions of the prototype filter, each
centered at the frequency of the nt* subcarrier. Since all the filters have the same transfer
function, with only frequency shifts which translate into phase shifts, this filter structure is called
a polyphase filter network (PPN). The PPN FBMC implementation forms a synthesis filter-bank at
the transmitter and an analysis filter-bank at the receiver, which is the original filter-bank idea,

as displayed in Figure 2-3.
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Figure 2-3: FBMC transceiver using PPN.

The main advantage of the PPN implementation is that the NK-point FFT of the FS technique
is replaced by N-point FFT, since it is performed on the lower rate signal before filtering and
upsampling, and thus the computational complexity is significantly reduced. However, the
application of FDE at the receiver, when the signal is transmitted over frequency-selective
multipath fading channels, on the received signal is not straightforward. This is due to that the
PPN is the first block of the PPN-FBMC receiver, as shown in the transceiver block diagram of the
PPN-FBMC in Figure 2-3. The same figure also shows another main merit of the PPN
implementation, that it is an extension to the original OFDM system, with the PPN filtering block

added and the CP-insertion/removal blocks removed.
2.1.2.1 Modified PPN FBMC

Modifications to the FS and the PPN FBMC methods have been proposed in literature to
further reduce the FBMC implementation complexity. The most important modification was that
proposed in [38], [39], and [21] for PPN FBMC implementation. Figure 2-4 illustrates the
operation of the modified PPN method for K = 4, which is adopted in the transmitter of our
proposed model with slight modification. After the N-point IFFT, which is the first block of the
PPN-FBMC transmitter, the N-point frame is duplicated and appended K-times, forming an NK-
point symbol. Afterwards, the filter is applied through point-by-point scalar multiplication of the
duplicated symbol by the oversampled impulse response of the prototype filter of length NK.
Afterwards, the resulting filtered symbol is shifted by N (overlapped), and added to the

previously obtained symbol, producing the current FBMC symbol and so forth.
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Figure 2-4: Modified implementation of the PPN FBMC transmission for K=4 [39].

This method reduces the computational complexity of the PPN network to only that of an N-
point FFT plus the complexity of the NK multiplication. Furthermore, the memory elements
required are reduced to only one element. On the other hand, the latency is reduced as well since
each symbol is demodulated at the transmitter with the knowledge of the previous symbol only,

instead of K — 1 symbols.
2.1.3 Other Complexity Reduction Methods

In [41], [42] and [43], a comparison of the computational complexity of the previously
mentioned implementations is presented. Other techniques for complexity reduction of the
FBMC systems were proposed in literature. In [44] the conjugate symmetry between the FFT
outputs was exploited to reduce the complexity of PPN-FBMC by half using pruned FFT, which
was later adopted in [45]. In [35], hopping discrete Fourier transform (DFT) is proposed for FS-
FBMC to reduce complexity, but at the expense of an introduced processing delay. In [46], [36],
the real and imaginary parts of the FS-OQAM/FBMC signal are processed in parallel on two

branches each with a separate FFT, to reduce the FFT size and thus reduce the required complex

11



Chapter 2: Related Work

multiplications. A summary of the OQAM/FBMC modulation transceiver implementation and

complexity reduction techniques in literature is presented in Table 2-1.

Table 2-1 Different OQAM/FBMC implementation techniques in literature

Method References Technique Year
[28], [43] Original FS 2012, 2014
FS : ;
(47], [35] Hopping DFT instead of 2019, 2021
FFT
[38], [39] Modified-PPN 2013, 2018
PPN [38] Recursive DFT instead of 2013
FFT
[44], [45], [39], [46] Two-branch PPN 2011, 2016, 2018, 2021

2.1.4 Reflection

All of the previous work used the same implementation for both the transmitter and
receiver. In fact, all the complexity reduction techniques of OQAM/FBMC tackled the issue from
the aspect of reducing the complexity of the FFT/IFFT process itself. In our model, we tackle the
problem from a different point of view. In the proposed model, a hybrid implementation of the
OQAM/FBMC MIMO system is proposed in which the transmitter is implemented using the less
complex PPN approach and the receiver using FS. The hybrid implementation reduces the overall
computational complexity when using FDE in Rayleigh fading channel. This way the transmitter
benefits from the PPN's lowest possible computational complexity, and the FS receiver has the
lowest computational complexity when combined with FDE, in addition to the enhanced
performance, without additional processing or delays. Moreover, in better channel conditions
with a LOS path, a simple TDE equalizer is suggested with the all PPN-OQAM/FBMC system, to
significantly reduce the overall complexity by benefiting from the less complex PPN approach in
both the transmitter and receiver, without sacrificing performance. The FFT complexity reduction
techniques which don’t introduce additional delays are compatible and suitable for use in our

proposed systems.

12



Chapter 2: Related Work

2.2 Alamouti coding OQAM/FBMC

One challenge for OQAM/FBMC systems is the effect of the intrinsic ICl upon integration
with MIMO. OQAM/FBMC maintains real orthogonality for subcarriers and the interference of
the overlapped symbols becomes pure imaginary. By proper filter design, interference is simply
removed at the receiver by taking the real part of the received symbols. On application with
MIMO, inter-antenna ICI occurs as ICl between the subcarrier transmitted from one TX antenna
and the adjacent subcarriers transmitted from others. Alamouti coding as a spatial diversity (SD)
technique [48], aims at reducing the BER by sending dependent (coded) data streams from the
transmitting antennas. On the other hand, SM aims at increasing the data rate by sending

independent data streams on different transmitting antennas [49].

The Alamouti-coded FBMC was proposed in [50] and [150]. The combination of FBMC with
Alamouti space-time block coding (STBC) has been first studied in [150], which proposed a block-
wise Alamouti coding scheme with 2 transmitting and 1 receiving antennas. The transmission
blocks were separated in frequency by inserting guard bands, and in time by inserting a guard
interval. In [51], the block-wise scheme proposed in [150] was further examined and extended
to a 2x2 MIMO system. Another approach was proposed in [52], which suggested spreading
blocks of FBMC symbols in time or frequency using Hadamard matrices, to eliminate the
imaginary interference. The FBMC symbols were divided into blocks with guard intervals inserted
to avoid interference between blocks. More recently in [53], Discrete Fourier Transform (DFT)
spreading was combined with Alamouti FBMC to reduce the PAPR. In [54], a receiver for Alamouti
FS-FBMC was proposed in which Alamouti decoding is performed before frequency de-spreading.
As for the OQAM/FBMC SM system, it was presented in [55] which suggested an MMSE and
maximum likelihood receiver for 2 X 2 MIMO. In [56] the performance of soft decision linear
receivers for SM OQAM/FBMC was examined. More recently in [p38], a block-wise Alamouti code

was proposed for OQAM/FBMC, but with repeated blocks to remove the imaginary interference.

An iterative interference cancellation approach was proposed in [57] while in [58] several
IDFT/DFT blocks are added to the transceiver to eliminate the intrinsic interference. These

approaches significantly increase the complexity of the system [50].
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More recently, a low complexity MIMO solution was proposed in [52], using Hadamard
matrix spreading, cancelling the intrinsic interference. In [59] the MSE performance of linear
receivers for MIMO FBMC is investigated. In [60], [61] multi-tap equalizers are suggested to

enhance the performance, which in turn has an increased complexity.

Another method to solve the intrinsic interference problem in OQAM/FBMC MIMO is that
proposed in [52] and [62]. It suggests spreading the FBMC symbols in time or in frequency to
make them orthogonal in the code domain, thus eliminating the intrinsic interference between
OQAM/FBMC symbols, therefore enhancing the performance when integrated with massive
MIMO systems. Figure 2-5 shows the basic idea of the approach plotted through a 3D plot of
FBMC symbols in time and frequency with spreading (a) compared to the original FBMC (b).

Code

Time

D S s s - I;ljf — —

'd I's
Frequency Frequency

Time

Figure 2-5: OQAM FBMC (a) without coding (b) with coding [52].

2.2.1 Reflection

All of the previous methods which suggest methods for implementing Alamouti MIMO
coding with OQAM/FBMC systems solve the real-orthogonality problem either by introducing
guard intervals in time, guard subcarriers in frequency, or introducing a new orthogonality
dimension such as code. Others deploy time reversal of symbols blocks, which essentially
introduces additional latency at both the transmitter and receiver. These processes alter the
nature of the OQAM/FBMC signal and consequently sacrifice some main advantages of

OQAM/FBMC modulation including superior spectral localization and high spectral efficiency.

2.3  PAPR Reduction of OQAM/FBMC signals

All MC modulation techniques result in inevitably high PAPR signals compared to SC

techniques. This is due to the summation of independent information carried on different

14



Chapter 2: Related Work

subcarriers, resulting in high power fluctuations. A simulated comparison of the PAPR of various
OFDM-based MC modulation techniques, including OQAM/FBMC was presented in Section 3.3,
showing that OQAM/FBMC has a slightly higher PAPR compared to CP-OFDM, due to the
overlapping of symbols in time, according to the overlapping factor K. As K increases, this means
more symbols overlap in time resulting in higher PAPR. However, compared to the original PAPR

of OFDM, the increase in the PAPR due to increasing K is small.

The problem with the high PAPR signal lies in the non-linearities of the practical HPA and
the limited dynamic range (resolution) of digital-to-analog converters (DAC), which are the last
parts of the transmitter, leading to transmitted signal clipping or distortion. The power efficiency
of the HPA is inversely proportional to the PAPR [63]. In other words, as the PAPR of the
transmitted signal increases, the power required to operate the HPA in the linear region
increases, thus degrading the system’s EE. This forms a major problem for the battery-limited UE
in the uplink, where the output power is limited. For a high PAPR signal, the non-linearities of the
HPA cause cross-modulation distortion for the subcarriers in the MC modulation technique, thus
degrading the system performance. The effects of the HPA on the system performance increase

as communication systems head towards operation in the mmWave bands [64], [65], [66], [67].

There are various techniques when it comes to the PAPR reduction of OQAM/FBMC signals,
which are similar to the techniques used for PAPR reduction of OFDM but modified to suit the
real-orthogonal, overlapped, pulse-shaped nature of the OQAM/FBMC signal [68]. These
methods include traditional methods like clipping and companding [69], [70]. Other side
information (Sl)-based techniques like selective mapping (SLM) [71], [72], [73] and partial
transmit sequence (PTS) [74], [75]. Recent techniques involve precoding using matrices such as
DFT or discrete cosine transform (DCT). Some techniques involve a combination of the previous
methods as in [76], [77], [78], [59], [79], [80], [81] and [82]. The following table shows a
categorized summary of all the different OQAM/FBMC PAPR reduction techniques presented in

literature.
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Table 2-2 OQAM/FBMC PAPR reduction methods in literature

Technique References Highlight Year
I Cancel peak by band-limited cancel pulse EVM
Clipping [83] and ACLR 2016
Companding [69], [70] Nonlinear companding transform 2018
[71], [72] Trellis based SLM 2018
Sl - based [73] conversion vector-based low-complexity SLM 2020
[74] Cuckoo search optimization algorithm PTS 2017
[84] SC-FDMA for FBMC 2010
[85] Error Performance of precoded FBMC/OQAM 2012
[86] Pruned DFT-spreading 2018
[39] Low PAPR FBMC 2018
[87] Alamouti Coding for Low PAPR FBMC 2019
DFT - spreading [88] Generalized DFT for FBMC 2019
Decision Feedback Equalizers and Alamouti
(89 Coded - DFT Spread 2020
[90] single sideband (SSB) pruned (DFT)-spreading 2020
[91] Generalized DFT for FBMC 2022
[78] Tone Injection + Companding 2015
[77] Hadamard Transform + r'andomly assigning 5017
prototype filters.
[76] DST + A-law nonlinear companding 2017
Hybrid [92] DFT spreading with SI 2020
Techniques [59] DST/DCT +Clipping/Companding 2020
[79] Hybrid SLM and PTS 2021
[81] DFT spreading + SLM 2021
[82] Shaping code in conjunction with DCT 2021

16




Chapter 2: Related Work

The various techniques for PAPR reduction described in the above table each has its merits
and drawbacks. The techniques like SLM and PTS, which depend on searching for the best
candidates over the overlapped FBMC symbols, have the overhead of SI which reduces the SE
and ruins one of the main FBMC merits of CP-less transmission by adding another overhead.
Furthermore, the application of these techniques to the OQAM/FBMC signal requires more

complex systems due to the overlapped FBMC symbol nature.

Other DFT-spreading-based approaches for PAPR reduction of OQAM/FBMC signal which
depend on precoding are generally less complex than the previous techniques, without the
overhead of SI. However, directly applying the SC concept to the FBMC signal does not achieve
the same results as applying it to OFDM [39]. The enhancement in the PAPR was only marginal
as in [84], due to the overlapping structure of the in-phase and quadrature neighbouring
subcarriers, which makes the FBMC signal only real-orthogonal [85], [88]. Solutions for this
problem have been proposed in recent literature, but they mainly come at the expense of

computational complexity.

The most referenced solution is the low PAPR OQAM/FBMC proposed in [39]. Variants of
the same system were proposed in [87] for Alamouti coding system, [92] for additional
embedded Sl and [89] with decision feedback equalizers. The basic idea of the low PAPR FBMC is
to apply a special condition for the phase shift for each subcarrier 6,, ,,, to make use of the SC
effect of DFT spreading. However, the PAPR reduction gain achieved by applying the phase shift
condition alone is not significant, offering only a gain of 2dB at a BER of 10™* as per Fig.3 in [39].
To improve the PAPR, a further candidate selection scheme is applied, where 4 versions of the
FBMC symbol are generated and compared to pick the one with the lowest power for
transmission. Although the phase shift pattern does not add any additional complexity to the
FBMC system, the candidate selection approach significantly increases the complexity of the
system, which compares to the complexity of SLM and PTS. Furthermore, the overall PAPR gain
is 3dB at a BER of 10™* as per Fig.7(a) and (b) in [39], which is less than the gain offered by our

proposed approach, as will be shown in the results section of chapter 5.
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Another solution is the generalized DFT (GDFT) proposed in [88], in which a GDFT, which is a
DFT with a phase shaping function, is applied to the signal to reduce PAPR. The GDFT is applied
to the real and complex parts of the signal separately. An additional candidate selection
algorithm is combined to enhance the PAPR reduction gain, which in turn increases the system
complexity. The overall gain is 4 dB at 10~* for 64 subcarriers as per Figure 4. Despite the

increased complexity, this gain is still inferior to the gain of our proposed SC-OQAM/FBMC model.

The last DFT-based approach is the pruned DFT proposed in [86] and deployed in [90]. This
scheme achieves a PAPR reduction gain of almost 4 dB at 10™* with no CP, and a gain of 5.5 dB
when using a CP of length 26. However, this scheme forfeits the main advantage of FBMC systems
with the increased OOB emission as a result of the filtering effect of pruned DFT and the
decreased overlapping factor. In addition, the CP added to enhance the PAPR gain in cases where

the number of the allocated subcarriers is small, reduces the SE.
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3 OVERVIEW OF MULTI-CARRIER WAVEFORMS

The evolution of cellular communication generations has always been driven by the need for
increased data rates. The physical layer of successive generations of cellular networks can be
marked by its MA technique. From Frequency Division Multiple Access (FDMA), Time Division
Multiple Access (TDMA), Code Division Multiple Access (CDMA) to Orthogonal Frequency Division
Multiple Access (OFDMA) and SC-FDMA of LTE. Figure 3-1 shows the evolution of MA techniques

in successive cellular network generations.

¢ Analog Frequency Modulation

e CDMA
e TDMA

e CDMA
¢ Wideband CDMA

e OFDM/OFDMA
e SC-FDMA

e OFDM/OFDMA
e SC-FDMA
e NOMA (Add-on)

Figure 3-1: Multiple access techniques of cellular network generations.

As for 5@, although several other candidate waveforms were proposed in literature as OFDM
successors, the last 3GPP release supports cyclic prefix CP-OFDM as the main modulation
technique [93]. However, the massive connectivity and the diverse scenarios and applications of
5G networks and beyond, leave the door open for research towards new SE and EE waveforms
to succeed or coexist with OFDM in future communication networks. Orthogonal techniques that
are based on OFDM with additional filtering; FBMC, GFDM, UFMC and f-OFDM are the candidates
most addressed in literature [4], [94], [95]. A different approach is non-orthogonal multiple

access (NOMA) in which orthogonality between users is forfeited [94].
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This chapter begins with a discussion of the need for new waveforms, followed by an
overview of the OFDM-based MC techniques suggested as waveform candidates for 5G networks
and beyond. This includes FBMC, UFMC, f-OFDM, GFDM and NOMA, a complete literature review

about the waveforms is presented.

3.1 Why New Waveforms?

Future communication networks promise massive wireless connectivity and enable a wide
range of high data rate applications [1]. Therefore, the research for spectral and energy-efficient
modulation and signal processing techniques is a necessity. Moreover, in loT which is an essential
part of future communication networks a multitude of devices are connected throughout the
network [96]. Since the connected devices may have simple capabilities, limited battery life and
small amounts of randomly transmitted data, the modulation scheme must be power efficient,
robust to synchronization errors and suitable for short-range communications [97], [98], [18].
Furthermore, the modulation techniques for future systems should be able to efficiently exploit
fragmented spectrum. In addition to the mmWave frequency bands, cognitive spectrum access
is suggested to deliver broadband wireless access to remote areas with unused licensed
frequency bands. Moreover, the communication service must be reliable and have low latency
to enable real-time ultra-reliable low latency communications (URLLC) applications such as

online gaming and vehicle-to-everything (V2X) communications [104].

The main revolutionary feature in the physical layer of 4G systems was the deployment of
MC techniques which greatly enhanced the data rate enabling a range of high data rate
applications. OFDM and OFDMA are adopted in 4G network standards instead of CDMA of 3G
networks downlink, along with SC-FDMA in the uplink. The main advantages of OFDM include the
ability to minimize multipath distortion and combat the delay spread of wireless channels using
simple equalization methods. This is achieved by splitting the available bandwidth into
orthogonal subcarriers each with a narrow band, such that the channel response is considered
flat over the subcarrier width, thus allowing simple one-tap FDE [43]. Furthermore, the

orthogonality of subcarriers eliminates ICI, in addition to its compatibility with adaptive

20



Chapter 3: Overview of Multi-carrier Waveforms

modulation techniques and ease of integration with MIMO. A block diagram illustrating the

OFDM transceiver is shown in Figure 3-2.
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Figure 3-2: CP-OFDM transceiver.
Despite its numerous advantages, OFDM has some limitations. First, the use of rectangular
pulses which slowly decay in the frequency domain makes it difficult to implement OFDM in
limited fragmented spectrum. The need for efficient spectrum localization in 5G is demonstrated

in Figure 3-3.
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Figure 3-3: PSD of different neighbouring applications illustrating the effect of localized
spectrum [105].
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The well-localized spectrum enhances the SE of the system by decreasing the guard band
required. Also, the high spectrum localization enables accommodating different applications in

the same bandwidth and exploiting spectrum holes.

In addition, the need for a long CP in heavy multipath environments to avoid inter-symbol
interference (ISI), decreases the system SE. Another problem is the large PAPR, which decreases
the efficiency of the HPA, especially in the mmWave bands. Besides, OFDM needs strict
synchronization to maintain the orthogonality of subcarriers. At ideal transmission conditions
(perfect synchronization and sufficient CP length) the subcarriers are orthogonal to each other.
However, if the transmission conditions become imperfect, severe performance degradation
occurs due to the spread of inter-carrier interference (ICl) over a wide subcarrier range due to
the poor spectrum localization causing OOB leakage. The synchronization issue is considered the
main challenge for OFDMA, especially in the uplink which requires full synchronization between

the user and the base station (BS) [99].

For example, a typical loT application which is expected to benefit from the 5G machine type
communication (MTC) platform, is wireless sensor networks (WSN) [100]. WSNs are part of many
applications including health care, industry, and agriculture. WSNs typically transmit small
amounts of data (low data rate) randomly [101], therefore highly localized waveforms with loose
synchronization requirements will be efficient in such scenarios. The loose synchronization
requirements simplify the synchronization process required in loT devices with simple

capabilities.

In brief, the previously mentioned scenarios for 5G systems and beyond imply that the
modulation techniques and waveforms used must be energy and spectral-efficient, reliable,
suitable for short-range communication, robust to synchronization errors and of very low latency.
Furthermore, backwards compatibility with previous systems is a plus in addition to low
complexity. All these requirements, summarized in Figure 3-4, inspire research towards
alternative modulation and waveforms, which can succeed or co-exist with OFDM, to make all

future networks scenarios and expectations possible.
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Figure 3-4: Alternative modulation and waveform requirements.
3.2 Candidate Multi-carrier Waveforms

The limitations of OFDM, are research topics for future waveforms. Different approaches
have been attempted to reduce the OOB leakage of traditional OFDM and improve its SE,
including filtering, pulse shaping and precoding [95], [98]. The modifications to OFDM resulted in
several candidate MC waveforms including FBMC, UFMC, GFDM and f-OFDM. A different

approach is NOMA in which orthogonality is forfeited for increased capacity.

Among the candidate waveforms, trade-offs are considered. According to the Balian-Low
theorem [102], no waveform can perfectly satisfy all three conditions: mutual orthogonality of
symbols, high symbol density, and high time-frequency localization. Mutual orthogonality means
the absence of ICl and ISl in ideal transmission conditions. The symbol density is defined as 1/TF
where T is the symbol duration and F is the subcarrier spacing, it can be seen as the number of
symbols per unit time-frequency. The trade-off is displayed in Figure 3-5. Many waveforms
including OFDM satisfy the orthogonality condition but have poor spectrum localization. On the
other hand, Gaussian pulses for example satisfy the localization criteria but do not meet the

orthogonality condition.
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Figure 3-5: Waveform design trade-offs.

New waveforms and multiple access for 5G networks and beyond, and their related signal
processing techniques are extensively addressed in recent literature. The following sub-sections
provide an overview of the main OFDM-based MC waveforms proposed for 5G networks. The
first three FBMC, UFMC and f-OFDM are based on linear filtering, while other techniques
including GFDM are based on pulse shaping and circular filtering. Afterwards, a brief about NOMA

is presented.
3.2.1 Filter-Bank Multi-carrier (FBMC)

FBMC is considered a generalization of the MC waveform concept, where OFDM can be
considered a special case of FBMC, which rectangular prototype filter. To improve the spectrum
localization and increase the SE, each subcarrier is individually filtered to suppress side lobes,
making each subcarrier band-limited. Traditionally, OFDM counters ISl by introducing a CP longer
than the channel’s delay spread. This allows simple transceiver implementations using IFFT/FFT,
at the expense of a time overhead leading to a loss in SE. Conversely, FBMC keeps the symbol

duration unchanged and counters ISI by additional filtering.

Each output of the IFFT is filtered by a frequency-shifted version of a low pass prototype
filter h(k), where k is the discrete time index. The prototype filter performs the pulse shaping
and is designed to band-limit the subcarriers so that each subcarrier only overlaps with its
neighbour [5]. In addition, it must satisfy the Nyquist criterion. With N subcarriers, the synthesis
filter-bank (at the transmitter end) is regarded as N exponentially modulated (frequency shifted)

prototype transfer functions. The transfer function of the prototype filter at the m*" subcarrier
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is given by the z-transform of the shifted impulse response as in 3-1, Where L is the length of

the prototype filter of the sampled impulse response h(k).

L
.2mm Lp-1
Gp(2) = Z h(k)elT(" ~5) gk 3-1
k=0

The additional filtering along with the IFFT/FFT operation, form a synthesis-analysis filter-
bank structure [103]. The filter-bank of the frequency-shifted prototype filters can be efficiently
realized using PPN, as shown in Figure 2-3. It can be noted from the figure that the FBMC

transceiver is similar to that of OFDM with the removal of CP and the addition of PPN.

The prototype filter introduces additional coefficients between the FFT coefficients in the
frequency domain. The number of introduced coefficients between two consecutive FFT
coefficients is called the overlapping factor of the filter (K), which is the ratio between the filter
impulse response duration and the MC symbol period. Thus, the overlapping factor determines
the number of MC symbols which overlap in the time domain. An example of the prototype filters
used for FBMC is the Physical Layer for Dynamic Access (PHYDYAS) filter [5], and the Hermite
filters [104], both of which satisfy the half-Nyquist criteria.

FBMC is traditionally combined with OQAM modulation to preserve orthogonality while
keeping the same sampling rate [5]. However, in later literature, the combination with QAM was
proved possible [104]. For offset QAM, only a real or an imaginary symbol is transmitted per
subcarrier [106]. Consequently, the throughput for an OQAM system would be half that of a QAM
system. However, the OQAM FBMC system transmits at a symbol duration of g where T is
conventional OFDM symbol duration, thus compensating for halving the throughput due to the
use of OQAM. Unlike OQAM/FBMC, there are multiple definitions and implementations for QAM-
FBMC [13], [107]. The different realizations for the filter-bank are discussed in detail in the

following section.
3.2.2 Universal Filtered Multi-carrier (UFMC)

UFMC is an MC modulation format that has been proposed by the European Union-funded
research project 5GNOW [108], [109]. While in FBMC each subcarrier is individually filtered by a
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frequency-shifted version of the prototype filter, in UFMC subcarriers are divided into groups
(sub-bands), and each sub-band is filtered independently. The block diagram of the transmitter
of UFMC is shown in Figure 3-6. The sub-band filters h;(k) are the frequency shifted version of
the prototype filter, designed to attenuate side-lobe levels in the frequency domain. The N-point
IFFT of each sub-band contains the relevant columns of the IFFT matrix according to the

respective sub-band position [109]. The filtered signals s;(k) are then added.
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Figure 3-6: UFMC Transmitter block diagram.

The bandwidth of the sub-band filter is wider than that of FBMC as it is equal to the
bandwidth of multiple subcarriers. Consequenlty, the length of the filter in the time-domain is
much shorter close to the length of CP-OFDM [110]. The shorter length causes less interference
by the pulse tails, which can be easily combated by inserting a zero-padding prefix (ZP) [94].
UFMC generally doesn’t use a CP, however, a CP can be inserted to further enhance the
robustness against ISI [109]. UFMC represents a generalization of the principle of OFDM and

FBMC, targeting to gather the advantages and avoid the disadvantages by choosing the suitable
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number of blocks S and the length of each block W. Since UFMC blocks keep complex-
orthogonality, QAM may be efficiently used with UFMC instead of OQAM preferred with FBMC
[108], [110].

Figure 3-7 shows the PSD of OFDM with 200 subcarriers carrying QAM modulated symbols
versus the PSD of the corresponding 8 UFMC blocks each with 25 subcarriers. The blocks are

filtered using the Dolph-Chebychev prototype filter.
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Figure 3-7: PSD of (a) OFDM with 200 subcarriers.
(b) UFMC with 8 blocks each with 25 subcarriers.

It can be noted that UFMC exhibits lower OOB side lobes than traditional OFDM leading to a

more localized spectrum. Therefore, narrower guard bands are required thus enhancing SE.
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However, FBMC still provides lower OOB emission and better SE as will be shown later. In
addition, due to sub-band filtering, the orthogonality of the subcarriers is destroyed causing

aliasing and ICI.
3.2.3 Filtered OFDM (f-OFDM)

Filtered OFDM is like UFMC in the manner that filtering is done per each group of subcarriers
(sub-band) [111]. However, the main difference is that in f-OFDM the prototype filter usually has
a longer length, providing better spectrum localization. While in FBMC controlled ISl is allowed,
and in UFMC, ZP is used to eliminate any ISI, f-OFDM permits limited ISI due to its longer filter
length compared to UFMC. In addition, f-OFDM uses CP instead of ZP like traditional OFDM as
shown in the transceiver structure in Figure 3-8. The use of CP facilitates the equalization process

and makes PAPR reduction techniques designed for OFDM applicable.
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Figure 3-8: Filtered-OFDM transceiver structure.

Another difference is that in f-OFDM the number of subcarriers per sub-band does not have
to be the same, instead, the available bandwidth can be divided according to the application and
the transmission channel. In each sub-band, according to the type of service and the channel
characteristics, the suitable parameters are chosen including the number of subcarriers,

subcarrier spacing, and CP length [112]. Generally, a soft-truncated sinc-shaped filter is used.
3.2.4 Generalized Frequency Division Multiplexing (GFDM)

GFDM was first introduced in [113] as a modification to OFDM in which each subcarrier is
filtered to minimize the overlap between subcarriers, thus relaxing the synchronization

requirements [114]. Like FBMC, GFDM performs per subcarrier filtering but in a block and circular
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manner [115], [116]. Figure 3-9 shows the block diagram of the GFDM transmitter based on [117].
The GFDM transmits parallel data streams on carrier frequencies f; to f;, which do not have to
be adjacent. The basic idea is to transmit a block frame composed of M time slots, each with K

subcarriers [118].
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Figure 3-9: GFDM modulator block diagram [117].

Each subcarrier is individually filtered within a GFDM block. The filter for each branch is a
circularly shifted version of the prototype filter g[n]. Regularly, raised cosine (RC) and root RC
(RRC) prototype filters are used. In the block diagram, d, ,,, represents the modulated symbol
which is to be transmitted onto the k" subcarrier and the m* sub-symbols. The impulse

response of the shaping filters is given by:

Irm(m) = gl(n — mK)mod N]ejz"%" 3-2

The mod N operator makes g ,(n) a circularly shifted version of g ¢(n) and the complex
exponential performs the shifting operation in frequency [117]. A diagram illustrating the
circularly shifted filters of GFDM is shown in Figure 3-10 using an RC prototype filter, with N =
28, K=4and M =7.
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20 i

Figure 3-10: GFDM filtering operation illustration [117].

A CP and a cyclic suffix (CS) are added per block to combat time dispersion, which makes it
more spectral-efficient compared to OFDM whose CP is added per symbol. An illustration of the
CP insertion difference between OFDM and GFDM is shown in Figure 3-11. Unlike OFDM where
the CP length is longer than the channel impulse response, in GFDM the CP length should be
longer than the sum of lengths of the impulse responses of the transmitter shaping filter, the

channel and the receiver filter.
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Figure 3-11: Cyclic prefix insertion in OFMD vs. GFDM.

To avoid long filter time-domain length and consequently long CP, a technique called tail
biting is deployed. Tail biting means that the operation of GFDM resembles circular convolution
in the filtering process instead of the linear convolution used by FBMC [110]. The additional
samples that arise from the linear convolution are removed and added at the beginning of the

data frame, resembling circular convolution. The OOB emissions are limited through the design
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of pulse shapes. However, the lower the required OOB emissions, the longer the impulse

response length in the time domain.

The main concerns about GFDM lie in the increased complexity of the receiver due to the
use of successive interference cancellation (SIC) methods. In addition, the decoding latency is
another challenge since all the block symbols must be received before decoding [115], therefore,

shorter block lengths are considered when dealing with burst communication [114].
3.2.5 Non-orthogonal Multiple Access (NOMA)

All the previously addressed schemes are considered orthogonal multiple access (OMA), in
which each resource block is orthogonally divided in time or frequency. NOMA means
multiplexing different users at the same time/frequency/space resource of OMA thus it can be
considered as an add-on which can be integrated with existing systems [94]. The idea of NOMA
is utilizing the power and/or code domains to multiplex more users in the same resource block.
Although this enhances the ability to utilize the available spectrum and decreases the blockage
probability, this comes at the expense of additional interference which needs interference
mitigation techniques at the receiver. SIC at the receiver is a fundamental principle for the

detection of NOMA signals [119].

Superposition techniques enable the transmitter in NOMA to send two independent signals
to two different UE. There are several superposition techniques for users to share the same
resource present in literature. The first technique uses power allocation (power-domain NOMA),
the second uses different codes (code-domain NOMA) and others consider multiplexing in more
than one domain including the spatial domain [95], [120], [121], [122]. Figure 3-12 is an
illustration of how power-domain NOMA works. The signals for two users in NOMA are
superimposed and each user is allocated a certain power level using the same time-frequency

resource.
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Figure 3-12: OMA vs. power-domain NOMA for two UEs [123].

For 2 users with signals x; and x,, and power levels P; and P, respectively, where P; plus P,

equal the total transmission power, the downlink signal could be expressed as:

X = xl\/P_l + xZ\/P_Z 3-3

Different users are allocated different power levels according to their channel conditions
[120], [122]. The power is allocated such that the user with the worst channel conditions is

assigned the highest power and vice versa, this process is demonstrated in Figure 3-13.
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Figure 3-13: NOMA Downlink for two users [122].

In this case P, is greater than P; since UE; is further from the BS and is expected to have
worse channel conditions. For the detection process, at UE1, the signal of UE, (x,) is detected
first since it has the larger power and then it is removed using SIC from the total signal x, then x;
is detected. At UE;, the signal x is directly detected and x; (which has a much lower power level)
is treated as interference [122]. Despite the increased complexity of the receiver due to the

increased controlled interference, the system capacity and SE are enhanced due to exploiting
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another multiplexing domain (power domain). Furthermore, it is easy to integrate with MIMO
and backwards compatible with OFDM [120], hence it can be used as an add-on in certain
scenarios. Hybrid systems in which both OMA and NOMA co-exist are suggested to acquire the

benefits of both approaches [121] and maintain compatibility.

3.3  Multi-carrier Waveforms Comparison

A general overview of all 5G candidate waveforms, motivation, and comparisons with each
other and with CP-OFDM can be found in [4], [94], [98], [114], [115], [124] and [125]. In [94], the
OMA techniques are classified into those based on subcarrier filtering (FBMC and UFMC) and
others based on sub-band filtering (GFDM and f-OFDM). A study of the candidate 5G waveforms
under timing and carrier frequency offset is conducted in [19], it is shown that the prototype
filter must have smooth edges to reduce sensitivity to time or frequency offsets, and FBMC and
UFMC were found to have the best performance. On the other hand, the effects of hardware
impairments on MC waveforms, including non-linearity of HPA and phase noise (PN), are
presented in [126], [127] and [128]. The energy efficiency of candidate waveforms has been
examined in [129] using measures like aggregate energy efficiency and the Complementary
Cumulative Distribution Function (CCDF) of the PAPR, to measure the greenness of 5G candidate

waveforms, taking into consideration the power consumed at the HPA.

The OFDM-based MC waveforms whose system structure depend on filtering are simulated
and compared in this section. These include FBMC, UFMC, f-OFDM in addition to CP-OFDM. The

parameters for each MC modulation type are listed in Table 3-1.

Table 3-1 Multi-carrier Waveforms Simulation parameters

Prototype Filter Modulation Prefix

FBMC PHYDYAS 4QAM - OQAM None
OFDM None 4 QAM Ccp
UFMC Chebyshev 4 QAM ZP
f-OFDM RC 4 QAM cp
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The simulations are performed for 128 subcarriers for all modulation types, including 16
guard null subcarriers on each side, to illustrate the OOB emissions for each type. The simulations
are conducted using the Vienna 5G Link Level simulator [34], which is a MATLAB-based toolbox,
with specific link level 5G features and functions. Figure 3-14 displays the PSD of the transmitted
signal for the four MC modulation types under investigation. The PSD is plotted to demonstrate

the OOB emissions and hence the amount of spectrum localization for each type.

OFDM
20 UFMC |
f-OFDM
FBMC

PSD (dB)

0 20 40 60 80 100 120
Subcarriers

Figure 3-14: PSD of the transmitted signals using different MC techniques.

The figure shows the major advantage of the filtering approaches compared to OFDM, they
all have significantly lower OOB emissions. This is the result of the rectangular pulse shape in
OFDM which is well-localized in time but has a sinc-shaped spectrum for each subcarrier in
frequency, which overlaps producing high OOB emissions as seen in the figure. FBMC has the
lowest OOB emissions and thus achieves superior spectral localization, and this is its greatest
advantage along with the CP-less transmission. The FBMC's highly localized spectrum allows for

reducing the number of required guard subcarriers and thus increasing the SE. This makes it an
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ideal option for exploiting fragmented spectrum, and in turn, can boost the data rate of future

communication networks.

The CCDF of the PAPR of the transmitted signal of each MC waveform is displayed in Figure
3-15, using the same simulation parameters. All the MC waveforms exhibit similar PAPR
performance except UFMC which has slightly higher PAPR. The high PAPR remains a research
problem for all MC modulation techniques, and that is why SC-FDMA is used in the uplink of 4G
and 5G, to reduce the PAPR of the signal transmitted from the UE, and thus reduce the consumed
power at the power amplifier in battery-limited UE. A similar approach is suggested to tackle this

problem with the proposed OQAM/FBMC system in chapter 5.
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Figure 3-15: CCDF of the PAPR of the transmitted signal of different MC techniques.

To conclude this section, a qualitative comparison of the studied 5G waveforms based on
filtering of OFDM is illustrated in Table 3-2. The techniques are compared in terms of system
specifications such as the prototype filter type and absence or presence of a CP or a ZP. They are

also compared using waveform KPIs like frequency and time localization. The main advantages
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and challenges of each waveform are highlighted. It must be noted that there are many variants

of each waveform, however, this comparison considers the classical general approach of each.

Table 3-2 Candidate Multi-carrier Waveforms Comparison

OFDM FBMC UFMC f-OFDM GFDM
Prefix CP None ZP CP CpP
. Circular
A Linear . .
Filtering i or Linear Linear per
Technique P . per sub-band | per sub-band subcarrier
subcarrier .
per time slot
Soft-
Prototype ) PHYDYAS / Dolph- truncated RC / RRC
Filter Type Hermite Chebychev sinc /
Equiripple
3or4times | Lessthanor | Half of the Flexible -
Average greater than
. - the symbol equal to ZP symbol
Filter Length . . symbol
duration length duration .
duration
Modulation QAM ORIl QAM QAM QAM
QAM
Frequency . . . .
Localization Low Highest High High High
Complexity Lowest Moderate Highest Moderate Moderate
Orthogonalit Complex- Real- Non- Non- Non-
y Orthogonal orthogonal orthogonal orthogonal orthogonal
SE -
Low
. : IOV.V QOB Low latency - | Low latency e
Main complexity - emission - - Flexibility -
Advantage ibili Relaxed spectral Flexibility Low latenc
£ Clorm i iy ... | confinement Y
with MIMO | synchronizati
on
S;”Ct_ ) Channel |
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Since FBMC is considered a generalization of the MC concept, with OFDM as a special case
with rectangular pulse shapes. Due to its superior spectrum confinement and CP-less
transmission, hence its ability to increase the spectrum efficiency and relax the synchronization
requirements, FBMC is the strongest competitor amongst the other MC waveforms, to succeed

or co-exist with OFDM in future communication networks.

3.4 FBMCin Literature

FBMC was first suggested by the PHYDYAS project [5] as an MC multiple access technique
for 5G networks [130]. Due to the intrinsic imaginary interference of the FBMC signal, it is usually
paired with OQAM [46]. In FBMC modulation, the subcarriers are filtered so that only
neighbouring subcarriers overlap [5]. OQAM is used with FBMC so that the subcarriers one carries
a real symbol while its neighbour carries an imaginary one. OQAM/FBMC can achieve the
maximum transmission rate and does not need a CP to combat ISI in multipath channels, thus
increasing the SE. In addition, the high spectral localization which leads to an extremely low
Adjacent Channel Leakage Ratio (ACLR) facilitates the use of fragmented spectrum [8], [16], [43],
especially in dynamic spectrum access and cognitive radio scenarios [96], [131], such as exploiting
TV white spaces (TVWS) and spectrum holes [10], [11], [132], [133], [134], [135]. The low ACLR

also reduces the required guard bands thus increasing the SE [12].

In addition to its ability to increase the SE and exploit fragmented spectrum, OQAM/FBMC
is particularly suitable for asynchronous transmission scenarios [14], [15], [16]. Due to its highly
localized pulses, OQAM/FBMC has relaxed synchronization requirements compared to OFDM [2],
[14], thus enhancing the overall EE of the system. Unlike OFDM with strict synchronization
requirements to preserve orthogonality of the overlapping subcarriers, FBMC-filtered subcarriers
are strictly band-limited and therefore less sensitive to frequency synchronization errors [16].
Tight synchronization is not EE or cost-effective for a user-centric future system. The use of
OQAM/FBMC in loT scenarios enhances the performance and increases the robustness against
timing and frequency offsets [18], [19]. The physical layer of 5G and future networks including
loT, needs to be suitable for a lower degree of synchronization [124], [133]. FBMC is a perfect

match in this scenario, allowing simple low-cost low-power loT devices to operate efficiently.
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The suitability of FBMC for mmWave band communication, which is an essential 5G and 6G
enabling technology, has been thoroughly examined in literature [136], [137], [21], [22]. Since
the PN of an oscillator increases as the frequency increases, therefore PN limitation is inevitable
in in the mmWave bands [138]. PN is critical in MC schemes since it damages the orthogonality
of the subcarriers due to common phase errors causing ICl. Since FBMC has less strict

synchronization requirements, it could be efficiently deployed in the mmWave bands, especially

when the subcarrier spacing is increased.
3.4.1 OQAM/FBMC Discrete System Model

The detailed system model for OQAM/FBMC is illustrated in Figure 3-16. The real-valued
OQAM symbols are denoted d,, ,, where m is the subcarrier index and n is the time index. The

symbols are phase-adjusted by 8,,, , = g(m + n), such that each symbol has a g phase shift with

the adjacent symbols. The shaping filter for each subcarrieris h,, (k) which is the prototype filter

h(k) modulated to the center frequency of the subcarrier m from the total N subcarriers

Synthesis filter bank Analysis filter bank

- B0 .n
e e Y0,

¥ , ,
don =@~ ht) P> B (D@2 do.
,.J” n p: 7010
y - :
dy ’:‘ @ hi(k) > x (k) deal y(k) hi(—k) @ O:‘ . R{-} dyn
Z g Channel
: el n—1m o i0N-1n
l N N Un-1n
dn -1, 3= hvoa k) hiv—1 (—R) ¥ R{}P dn -1
Figure 3-16: OQAM/FBMC system transceiver model [27].
The synthesized time-domain FBMC signal x(k) can be written as:
+o00 N-1
nN\ e
(W)= ), ) doun (k=) el o
n=—ocom=

. . . . N .
The time spacing between adjacent symbols is ) samples, whereas the normalized frequency

spacing between successive subcarriers is IS The received signal can be written as:
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y(k) = c(k) = x(k) +n(k), 3-5
where c(k) is the multipath channel impulse response and n(k) represents the additive white
gaussian noise (AWGN). The channel is assumed to be time-invariant over the transmitted symbol
duration. At the receiver after the signal passes through the analysis bank in Figure 3-16 and

before taking the real part the demodulated signal y,, ,, can be written as:

+00 M-1
Ymn = z Z Hmm’,nn’dm’,n’ + Nmns 3-6
n'=—c m'=0
where H,,../ .., represents both the induced intrinsic interference and the interference due to

the channel response and it is a function of the equivalent channel response h,,,,» (k):
R (K) = (hyy (K) * €(k) x iy (—k)) o 3-7

where h,,../(k) is the equivalent channel response between the transmitted symbols at
subcarrier m’ and those received at the subcarrier m. This includes the effect of the synthesis
filter, the channel response, and the analysis filter. Assuming that the channel is flat over the

width of each subcarrier, y,, , can be written as:

Ymn = Hon(dmn + Umn) + Mmn) 3-8
where u,, ,, represents the intrinsic interference term, which is the main difference between the
analysis of the OFDM received signal and the FBMC received signal. However, since this term is
purely imaginary, it will disappear after taking the real part of y,, , as shown in Figure 3-16.
Although the intrinsic interference is eliminated after taking the real part in the previously
described system model, the interference terms and their amplitude distribution affect some of
the system functions, such as pilot detection, channel estimation and more importantly, the

integration with MIMO.
3.4.2 Prototype Filter

The FBMC prototype filter is designed to achieve optimum time-frequency localization. The
prototype filter design is based on the Nyquist theory, which implies that the impulse response
p(t) of the filter must have zero-crossings at multiples of the symbol duration, which leads to the

symmetry condition in the frequency domain [6], [5]. This is realized by splitting the global

39



Chapter 3: Overview of Multi-carrier Waveforms

Nyquist filter into two half-Nyquist filters at the transmitter and receiver ends, and the symmetry
condition is then obtained by the squares of the coefficients. The design of the prototype filter
and its optimization to meet desired OOB and BER requirements is discussed in [139], [140],
[141], [142], [143], [144], [145] and [146]. The most popular FBMC prototype filter was first
presented in the PHYDYAS project [5]. The impulse response of the PHYDYAS prototype filter is
given by:

3-9

2nkt>

K-1
h(t) =142 Z H (
(t) + 2, k COS |~

Where K is the overlapping factor, which indicates the number of symbols which overlap in the

time domain, it also indicates the oversampling factor in the frequency domain. T is the inverse
of the subcarrier spacing, and the symbol time is T = %, due to OQAM transmitting real and
imaginary symbols alternatively at half of the symbol duration.

The prototype filter length is 2K — 1, which is equal to the number of its non-zero frequency
coefficients. Its symmetric frequency coefficients Hy are obtained from the interpolation formula

of sampled signals as in [5] which uses the frequency sampling method [147], [28]. The

coefficients satisfy the following condition:

K—-1
_ Z |He|* =1 3-10
2z 2 = )
Kk

=—K+1
Table 3-3, displays the PHYDYAS prototype filter frequency coefficients H; for different

overlapping factors K.

Table 3-3 Coefficients of the PHYDYAS prototype filter for different overlapping factors

Hy Hy H, H;
K=2 1 V2/2 - -
K=3 1 0.911438 | 0.411438 -
K=4 1 0.971960 | +/2/2 | 0.235147
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Another popular prototype filter which satisfies the time-frequency localization, and the
Nyquist criterion is the Hermite filter[104], [148], which was first proposed in [149]. It is based

on Gaussian pulse and Hermite polynomials, and its impulse response is given by:

h(t) = J%e_z"(%)z Z a; H, (Zx/ﬁ Ti()) 3-11

where H;(x) is the Hermite function. The coefficients are calculated as in [149] and [150] for K
multiples of 4 ie. (4,8,12,16,20). Figure 3-17 shows the impulse response h(t) and the
frequency response H(f) of the PHYDYAS and Hermite prototype filters for K = 4.

— — -PHYDYAS 1 — — ‘PHYDYAS
Hermite 0.9 Hermite

0.8

0.7

0.6

Normalized Time Normalized Frequency

Figure 3-17: Normalized time and frequency response of PHYDYAS and Hermite filters

For the same overlapping factor, the PHYDYAS filter has better frequency localization with
the side lobes of H(f) decaying faster than Hermite. While the Hermite filter has better time
localization with h(t) decaying faster. However, both filters satisfy the Nyquist criteria and

maintain a good time-frequency localization.

To test the effect of the prototype filter on the OOB emissions of the FBMC signal, the
normalized PSD of the transmitted signal is plotted against the subcarrier index in Figure 3-18.
The PSD is calculated in dB and the frequency axis is divided by the subcarrier frequency. The
number of data subcarriers is 24. The PHYDYAS and Hermite are both compared to the RRC filter,

for an overlapping factor of K = 4.
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Figure 3-18 shows why the RRC filter is not considered for OQAM/FBMC, since it gives high
OOB side lobes compared to the signals transmitted using PHYDYAS and Hermite filters. On the
other hand, the signal transmitted using the PHYDYAS prototype filter has lower OOB emissions
compared to the Hermite filter. This verifies the previously discussed comparison that the

PHYDYAS filter, which was specially devised for FBMC, provides better frequency localization.

i
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Figure 3-18: PSD of OQAM/FBMC transmitted signal using different prototype filters
Figure 3-19 shows the distributed normalized power over the FBMC symbol duration of 1ms,
for PHYDYAS and Hermite filters OQAM/FBMC transmitted signals. The figure shows that the

Hermite filter has slightly better time localization within the symbol duration. However, the

difference is not greatly significant.

Figure 3-20 displays the CCDF of the PAPR for both filters. From Figure 3-20, the PAPR of the
MC signal transmitted using the Hermite prototype filter is slightly lower than that of PHYDYAS.
The previous three figures show that both PHYDYAS and Hermite prototype filters satisfy the
time-frequency localization property required for OQAM FBMC with slight differences in
performance. Hermite has slightly better time localization and PAPR, while PHYDYAS has better

frequency localization, for the same overlapping factor.
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Figure 3-19: Normalized power over symbol duration of OQAM/FBMC with different prototype
filters for K = 4
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Figure 3-20: CCDF of PAPR of OQAM/FBMC system with different prototype filters with an
overlapping factor of 4
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3.4.3 Overlapping Factor

Next, the PHYDYAS prototype filter is tested for different overlapping factors. The PSD in dB
for OFDM and OQAM/FBMC with different overlapping factors (K) is plotted against the 128
subcarriers in Figure 3-21. Guard subcarriers are inserted on both sides, equal to one-eighth of

the total number of subcarriers.
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Figure 3-21: PSD of OQAM/FBMC transmitted signal using different K
It is clear from the figure that OQAM/FBMC has a significantly lower OOB spectrum
compared to OFDM. The OOB attenuation increases as the overlapping factor increases,
therefore, better spectral localization is achieved. For instance, CP-OFDM has an attenuation of
20 dB compared to 100 dB attenuation for OQAM/FBMC with K = 3. This illustrates how the
FBMC signal spectrum is highly localized compared to OFDM. As the overlapping factor indicates

the number of symbols overlapping in time, therefore increasing it increases the intrinsic
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interference. There is a trade-off between the frequency and time localization as the overlapping

factor is increased, which complies with the Balian-Low rule for waveform design.

The CCDF of the PAPR for different overlapping factors is shown in Figure 3-22.

107 &

1074
4 5 6 7 8 9 10 11 12
PAPR (dB)

Figure 3-22: PAPR of OQAM/FBMLC transmitted signal using PHYDYAS prototype filters with
different K

It is noted that increasing the overlapping factor slightly increases the PAPR ratio. However,
when the number of subcarriers is increased, the difference becomes small. It is also observed
that OFDM has a slightly lower PAPR compared to OQAM/FBMC, this is the result of the
overlapping between adjacent symbols. As K increases, the number of overlapping symbols
increases, therefore the PAPR increases. However, the increase in PAPR for FBMC over OFDM is
insignificant compared to the much lower OOB PSD depicted in Figure 3-21. There is a trade-off
between the spectrum localization and the PAPR and system complexity on the other side. When
K increases, the OOB attenuation increases but the PAPR increases along with the complexity of
the system. However, K can be determined according to the desired OOB attenuation levels

according to the application.
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This chapter presents the proposed HYBRID OQAM/FBMC MIMO model along with its
analysis, simulation, and results. In the first section, the all-FS OQAM/FBMC MIMO system is
described. Its performance is tested with SM and Alamouti SFBC, using ZF/MMSE FDE in a
frequency-selective Rayleigh fading channel. The system is described using discrete time domain
equations. The novelty in our approach is that the Alamouti SFBC is performed before OQAM
processing, since the OQAM processing produces a real-orthogonal signal, while the Alamouti
coding requires complex orthogonality. By performing the MIMO coding before OQAM
processing, the MIMO operation is not affected by the intrinsic imaginary interference, and
enhanced BER performance can be obtained by exploiting SD in SFBC. On the other hand, higher

data rates can be obtained using SM.

In the second section, the proposed hybrid-structure OQAM/FBMC MIMO system is
presented and analysed. The hybrid system uses the modified PPN approach for the transmitter
to reduce complexity, along with the FS approach in the receiver to facilitate equalization in the
frequency domain, thus achieving less overall complexity in Rayleigh fading channel. In better
multipath fading channel conditions with a LOS component, a simple TDE is deployed to further
reduce the complexity. When using TDE, the PPN structure is used in the receiver as well to
benefit from its reduced complexity without the need for FFT overhead. A complete matrix-
representation mathematical model is provided, and the system is generalized for any P X P

MIMO configuration.

The system description is followed by a BER analysis and then an overall complexity analysis
and comparison. The chapter is concluded with the simulation of the proposed hybrid model and
the results including the BER in different scenarios compared to conventional CP-OFDM, PSD and

the simulated BER compared to the analytical formula obtained.

Throughout this chapter, the following mathematical notations are used: ()7, ()T, and
()M are the inverse, transpose, and Hermitian transpose of a matrix respectively. In addition, I,

is an M X M identity matrix, Oy «p is an all-zero matrix of dimensions M X P , and &, is an
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1 _ j2mmn

—e M, Moreover
\/Z ’

kM are column vectors of length M, with all-zero elements except the nt" element equals to one,

M X M isometric FFT matrix whose elements are calculated as [Fy |;n =

for example k3 = [ 01 0 0]7. Also, diag(x) is the diagonal matrix whose diagonal elements are
equal to the elements of the vector x, diag(x) = X I;engen(x)- The term E(x) symbolizes the
expectation of the variable x. The operator * represents the linear discrete convolution operator.

All signals are represented by their discrete-time baseband equivalents.

4.1 FS-OQAM/FBMC SM/SFBC MIMO Model

In this section, the FS OQAM/FBMC MIMO system is described for SFBC and SM MIMO
systems. The operations are described explicitly in the discrete time-domain, whereas in the next
section, the hybrid OQAM/FBMC system is fully represented using matrices. The Alamouti coding
as an SD MIMO technique [48], aims at reducing the BER by sending dependent (coded) data
streams from multiple transmitting antennas. On the other hand, SM aims at increasing the data
rate by sending independent data streams on different transmitting antennas [49]. Since
Alamouti coding requires complex orthogonality, and OQAM/FBMC signals are only real-
orthogonal, the MIMO coding is performed before the OQAM processing, thus avoiding the
intrinsic interference problem which arises when Alamouti coding is performed on the

OQAM/FBMC modulated signal [58].
4.1.1 Transmitter

The filtering in the FS approach is performed on the upsampled signal before the IFFT
operation. The transmitter of the FS OQAM/FBMC MIMO system is shown in Figure 4-1 for a
2 X 2 MIMO setting.
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Inputbits | < Sh
—» = Pz
M=
= 04 A . j: ;
= | |22 0N sp Delrkb ww P mEr P ps | Ovelmad] O
= s |2 Processing Add
Z

Figure 4-1: The proposed FS-OQAM/FBMC MIMO system transmitter.
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First, the input bits are modulated using 4-QAM modulation. Afterwards, the MIMO coding
is performed. If x,, is the QAM-modulated symbol at the nt" time sample, the output of Alamouti
SFBC for the first and second transmitter branches are:

C
C

= [x1,—%3, X3, =X}, oo 1, 41

SNSk

= [xZI xI) x4.; x;, e ...].
As for the SM MIMO system, the odd and even 4-QAM symbols are split across the two branches
as follows:

ek =[x, x3, 0],

4-2
C-%,_ = [xz ) x4 ) wes ]
It can be noted that in the SM the rate is double that of the Alamouti SD scheme, while in the

Alamouti system the BER performance is enhanced as will be shown in the results section.

After the QAM symbols are split onto the two branches using either Alamouti coding or SM,
the coded symbols are input to OQAM processing. The OQAM/FBMC signal preserves real
orthogonality since only a real or an imaginary symbol is transmitted per subcarrier, and only
neighbouring subcarriers overlap in FBMC in the frequency domain. OQAM processing involves

taking the real (R) and imaginary (J) parts of the complex coded symbols ¢} and c2, and placing

them respectively with half of the original symbol duration (2) as follows:

di =[ R(cH),3(ch), R, 3(ch), |, fori=1,2. 4-3

After the complex to real conversion, each symbol is multiplied by a phase factor 6,, , =

.TT
elz(m+n) , where m is the subcarrier index. The phase factor introduces phase mapping between

the real and imaginary parts, according to the symbol order and the subcarrier order being even

or odd. These operations are represented using matrices in the following section.

After OQAM processing, FS-FBMC modulation is performed. The signal is upsampled by the
overlapping factor K. Then, the signal is filtered using the prototype filter with discrete impulse
response h(k). The filter used is the PHYDYAS prototype filter which was previously described in
section 3.4.2. It is the most popular for use with FBMC since it provides good time-frequency

localization with a shorter filter length. The overlapping factor K indicates the number of symbols
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which overlap in time, and it also determines the prototype filter impulse response h(k) length,

which is given by Lp = 2K — 1.

After filtering in the frequency domain, the signal is converted to the time domain using an
IFFT of size K X N. The output frames are overlapped and added to give the output KN-point
FBMC signal. The baseband OQAM/FBMC signal with N subcarriers and N, symbols is given by:

ANAN A i amen) :
si(k) = Z Z mnh(k—nM)e N e’2 , fori=1,2, 4-4

m=0 n=0
where di, , is the real-valued n'"* symbol described by (4-3) for the m*"* subcarrier and the i*"

antenna.
4.1.2 Receiver

The transmitted signals are sent over a Rayleigh fading Ly-path frequency-selective channel,
with each path coefficient an independent identically distributed (1ID) complex Gaussian random
variable with zero mean and variance of 1/Ly. Assuming perfect channel state information (CSI),
the received noisy signal vectors thus become:

i =S1*g11 tS2*g12+ My
T2 =S1*g211tS2*%ga+ N

4-5

where 11 and 7, are the complex Gaussian noise vectors 1; ~ (CN(O;UjZI) at the receive
antennas 1 and 2 respectively, and s, and s, are the vector representations of s'(k) and s?(k)
in (4-4) respectively, and g;; is a vector of the coefficients of the channel’s impulse response
between the i*® transmit antenna and the j receive antenna. The length of gij is equal to the

number of channel multipath taps Ly.

The FS-FDE OQAM/FBMC MIMO receiver is depicted in Figure 4-2. At the receiver end,
equalization is performed in the frequency domain after converting the received signal to the
frequency domain using an NK-point FFT. Equalization is performed in the frequency domain to
counteract the effects of multipath fading on the transmitted signal, using ZF or MMSE
equalizers. Compare to the corresponding OFDM receiver, there is a processing delay time of

length K — 1 samples, associated with the FS FBMC demodulation method.
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Figure 4-2: The proposed FS-OQAM/FBMC MIMO system receiver.

The channel matrix in the discrete frequency domain is given by:

G111 512]
G = [ , 4-6
Gy G

where G; is a diagonal matrix of the NK-point FFT of g;;. The equalization matrices f of the ZF

and MMSE FDE equalizers are obtained respectively as follows:

Bzr = (G"G)"1GH, 4-7
1 -1
Bumse = (GHG + mhmv) G", 4-8

where G" is the Hermitian matrix of G, I,ky is an identity matrix of dimensions 2KN X 2KN,
and the SNR is the signal-to-noise ratio. The ZF equalizer is designed to cancel the effects of the
multipath channel regardless of the AWGN, while the MMSE equalizer is designed to minimize
the variance of the difference between transmitted data and the signal at the equalizer output,

taking the AWGN into consideration [151].

After FDE, the signal is input to the FBMC frequency de-spreading demodulator as shown in
Figure 4-2. First the signal is filtered using the half-Nyquist prototype filter h(k). Next, the signal
is downsampled (de-spread) by a factor of K. Afterwards, the delay caused by the prototype filter

tails is removed. The signal is then converted back to serial, recovering the estimated OQAM

symbols 62711 and d,zl for antennas 1 and 2 respectively.

The OQAM post-processing at the receiver performs the inverse operations of the OQAM
. . . T
processing. The real parts of each two consecutive symbols of duration 2 are used to form a

complex symbol of duration T as follows:

¢l =[R@D) +jR(dY),R(dY) +jRAEY) , ... ], fori=1,2. 4-9
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After the coded symbols for each antenna ¢ are recovered, the MIMO decoding is

performed. For the Alamouti SFBC system, the symbols on each antenna are decoded as follows:

xL=[el,-¢i’, eb,—el )
~2 a2% a2 a2* a2 4-10
an[Cz ) Cl’ C4_, C3,......].
Afterwards, the estimated symbols from each branch are averaged as follows:
g1 4 32
%, = d, + dn. 4-11
2
As for the SM system, the estimated symbols are demultiplexed as follows:
X,=[¢l, ¢é2, ¢k, ¢3 .. ... 4-12

Finally, the decoded symbols cin are QAM demodulated to recover the input bits.

4.2  Hybrid OQAM/FBMC SFBC MIMO Model

The proposed OQAM/FBMC MIMO model consists of a transmitter implemented using the
PPN approach, and a receiver implemented using FS in conjunction with FDE (ZF and MMSE) for
Rayleigh fading channel. Another alternative less-complex TDE receiver is suggested for better
multipath channel conditions, which have a LOS path. In both systems, the MIMO Alamouti SFBC
is performed on the complex-orthogonal signal before the OQAM processing [152], to avoid the
intrinsic interference problem of OQAM/FBMC when Alamouti SFBC is performed on the
OQAM/FBMC modulated signal. The 2 X 2 MIMO setting in the previous section is generalized
to any P X P MIMO setting, and any M-ary QAM modulation order. In this section, a
mathematical model is developed using matrix representation, which gives a detailed description
of the system operations which facilitates the BER analysis, and the complexity analysis is

provided in the following sections.

The FBMC prototype filter used is the PHYDYAS prototype filter, whose coefficients H;, are
described in Table 3-2 for different overlapping factors K. Its impulse response is described by
(3-9). The filter coefficients are symmetric to maintain the half-Nyquist prototype filter condition.
An overlapping factor of K = 4 is chosen for the system description. For K = 4 and thus filter

length of Lp = 7, the filter vector H is obtained as:
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Hk = [H3 HZ H1 HO H1 HZ H3]. 4'13

4.2.1 PPN Transmitter

The proposed P X P MIMO PPN-OQAM/FBMC transmitter is displayed in Figure 4-3. The
PPN-FBMC modulation in the transmitter is implemented using the modified PPN technique [38],

[39], [40], in which filtering is performed after the N-IFFT as explained in section 2.1.2.1.
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Figure 4-3: The proposed hybrid OQAM/FBMC P X P MIMO system transmitter
First, the input data bits of length N are M-ary QAM modulated to N, = N/M complex
symbols represented by:
X = [X]JXZi "'IXNC—IIXNC]' 4-14
Next, the complex-valued symbols X are MIMO coded using Alamouti SFBC. The MIMO-

coded signal for the it" transmit antenna X* for the 2 X 2 MIMO setting is given by:

X' = DX —EX" =X, —X;" - Xy_1 —Xu,"]
r 4-15
Xz =FX+ GX* = [XZ Xl* o XNC XNC—l*] )
where the matrices D, E, F and G are N, X N, square matrices defined as:
N, N, N,
D=[ki® Oyx1 k3¢ Oysq - kyi_4 Oy, x1),
N, N, N,
E=[0nx1 k;* Oysxi Kki© - Oyyq ch],
N N N 4-16
F=[ky; Oysx1 Kk Oyy1 - ky: Oy, x1],
N N¢ N¢
G=[0yx1 ki Onsx1 k3¢ - Oy ch_l]-

For a 4 X 4 MIMO setting, the extended orthogonal Alamouti coding scheme is used [153],

[154]. The higher order MIMO aims at further enhancing the BER performance through increasing
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the spatial diversity at the expense of the increased complexity. The extended 4 X 4 MIMO SFBC
matrix for a block of four complex symbols X, = [X;, X5, X3, X4] is described via the following
matrix, where each row represents the nt" sample and each column represents the i*" transmit

antenna.

X1 X2 Xz Xy
X; -X; X} -X3
X3 x; -x; -x3|
Xe —Xz3 —X; Xy

C=

Thus, the transmitted symbols over the it" branch X1 is givenfori = 1,2,3 and 4, as follows:

4-18

The OQAM processing is next performed on the MIMO-coded symbols Xt. The OQAM/FBMC
signal produces a real-orthogonal signal. OQAM processing involves extracting the real and
imaginary parts of the N, complex coded symbols X!, with duration T and placing them
separately each at half of the original symbol duration, after multiplication with a phase factor

.TT
eJE(m"Ln), where m is the subcarrier index and n the symbol order. The simplest phase pattern is

to keep the extracted real part with zero-phase and multiply the extracted imaginary part by j for

even numbered frames, and vice versa for odd-numbered frames.
The OQAM processing with such phase mapping can be alternatively expressed using
matrices. The complex signal X is first upsampled by a factor of 2 as follows:
i N¢ ,Nc ,Nc ,Nc 1, Nc 1,Nc N¢ NcT i -
XL =k  ky  ky® ky k3 Ko oo kg ky] XE 4-19
Then, the complex to real and imaginary conversion, and the multiplication by the phase factor

are combined in (4-20) and (4-21) for even and odd numbered frames respectively, to produce

the OQAM signal X as follows:
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_XutpXu 4-20
o )
2
i _oxit
xi = Xu—PXu 4-21
o 2 )
where p is an N by N matrix which is equal to [k —kY kY —KkY ............kN_; —KN].

The FBMC modulation is next performed using the overlap-and-add PPN approach [38], [39],
[40]. After serial to parallel conversion, the OQAM symbols are converted to the time domain

using the isometric N-point IFFT matrix .‘FN_l as follows:
xt=FyIxE 4-22
Afterwards, the symbols x* are duplicated and repeated K-times as:
xi=1J1Jz2 o Inv_1 Jn 1T 8, 4-23
where Ji is an L by K matrix and is equal to [k% k& k& k] for K = 4, where L = NK.

The duplicated signal xfi is next multiplied (element-by-element) by the NK-sampled

impulse response hyy of the prototype filter h(t) previously defined in (3-9), as follows:
x;.;- = x‘iiupdiag(hNK) 4-24

Lastly, the transmitted symbol vector at the i" transmit antenna s'is obtained by the

overlap-and-add technique as follows:

4-25

st = xb + Ok-1ynxn  Ik-1)N ]Sir

0N><N ONx(K—l)N

where s’ is the previously transmitted symbol shifted by NK samples and i takes the values from

1 to P, where P is the number of transmitting antennas.
4.2.2 FS-FDE Receiver

The block diagram of the hybrid system receiver is presented in Figure 4-4, in which the
FBMC demodulation is performed using the frequency de-spreading technique. In the FS
receiver, the first operation is performing FFT converting the signal to the frequency domain,

hence enabling the direct implementation of FDE after it. When the PPN FBMC receiver where
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filtering is performed in the time domain is used with FDE, there is an overhead of converting the
received signal to frequency to perform FDE using NK-FFT, and then back to time using another

NK-IFFT, and then PPN-FBMC demodulation is performed.

‘ A

, Gt » 1
8 e QUAMPost L F g e 1 g e PrOlObRe b e e NRFFT —] sp WYY
= 5 Processing Filter
|2 8
Qutput bits g 5
N a U
< s
2 [
; . ‘ P
S| |7 Pt AL L s etk fe PO mpE e NKEFT fe—  sP 4TV
Processing Filter

\ FS FBMC demodulation )

Figure 4-4: The proposed FS-OQAM/FBMC P x P SFBC MIMO FDE receiver.
After transmission in a multipath fading channel with a number of multipath taps equal to
Ly, the received signal vector at the j* antenna y’ is the sum of the received signals from the P
transmit antennas obtained as follows:

P
= Zi—lSl * i+, 4-26

where ¢;; = [¢;;(0) ¢;;(1) - cji(Lp — 1)]” is the channel impulse response vector, which
defines the multipath channel between the i" transmit antenna and the jt" receive antenna,

while p/ ~ CN(0, 0,721) represents the complex zero-mean Gaussian noise vector at the jt"

receive antenna. The channel coefficients are randomly distributed where ¢j; ~ G’N(O,Lil).
h

To perform FDE, the signal is first converted to the discrete frequency domain as in (4-27),
where F; is the isometric FFT matrix of dimensions L X L.
Y =F, . 4-27

Afterwards, FDE is applied to the signal as follows:

P 1
2] =p vz| for 2 X 2 MIMO 4-28
P17 v
Y? Y2
93 =p 3| for 4 X 4 MIMO 4-29
Y4l y*
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where B is the FDE square matrix, which can be expressed as:

B = i1 Br for 2 x 2 MIMO 4-30

.ﬁZl BZZ '

B11 Bz Bz Bua
_|B21 B2z B2z B2 )
B = Bsi Bsx Bas Baal for 4 X 4 MIMO 4-31

-341 ﬁ42 ﬁ43 344

where B; is a diagonal matrix of the channel equalizer coefficients for the i" transmit and j*"

receive antennas.

For ZF and MMSE, B can be obtained as in (4-7) and (4-8) respectively, where and G is the
MIMO channel frequency response matrix previously given by (4-6) for the 2 X 2 MIMO case,
and given by (4-32) for the 4 X 4 MIMO case.

Gll 612 Gl3 Gl4

Gy1 Gy Gz Gyy
G = 4-32
G31 G3; G333 G3y

Gy Gy Ga3 Gy
where Gj; is a diagonal matrix of the L-point FFT of c;; given by:
Gji = diag(TLthcﬁ), 4-33
where F;,, is a DFT submatrix that contains the first L, columns of F;.

After FDE, FBMC demodulation is performed using the frequency de-spreading method.
Since the signal after FDE is already in the frequency domain, then the signal is directly filtered

using the prototype filter H,, as follows:
VY, = HV, 4-34

where # is the convolution matrix of the Lg-point prototype filter coefficients vector H

previously described in (4-13), and is formulated as:
H = [Hy 0140; 0 Hy 015(9-1); 0 0 Hy 015(9—2); - - O1x(g-1) H 0; 015 Hy]", 4-35
where Q = NK — L.

Afterwards, the signal is downsampled by K as follows:

56



Chapter 4: Proposed Hybrid 0OQAM/FBMC MIMO
Y{) = [k11v 0k-1)xN klzv O(K—1)xN v wer oo k%—1 0k-1)xn k% 0(K—1)xN]T?]p- 4-36
OQAM post-processing is next performed. First, the real part of the downsampled symbols

Y{q is extracted as in (4-37), thus eliminating the imaginary interference.

iyl
yoYot¥ 4-37
R 2

Then, the same phase pattern deployed in the transmitter is used to alternately combine the odd

and even symbols of Y7, to form the complex symbols ¥/ of length N.. The combining is

performed using (4-38) and (4-39) for even and odd frames respectively.
Vi = .Y} + je, Y, 4-38
Vi = &,¥] + je v}, 4-39

where gq = [KY kY oo oo KN _3 —KN_ 1T and &5 = [KY KY ... ... ... . KN _, KNTT.

Afterwards, the Alamouti decoding is performed. For the 2 X 2 MIMO setting, SFBC decoding

is achieved as in (4-40) to obtain the MIMO decoded symbol vectors for the j* receive branch

Y/, using the matrices D, E, F and G previously described by (4-16).

Yl =DVl - EVY = [V} -V} ... ¥}

4-40
. T T
V2 = FV? + 6V2 = [V} V72 v v?

As for the 4 x 4 MIMO setting, ¥/ is calculated as:
* * * * T
= [X1 Xy X3 Xgeeooe XNC—3 XNC—Z XNC—l XNC ] ’

Y 2 * * * * T
YZ = [Xz —X1 Xg =Xz XNC—Z _XNC—B XNC _XNC—l] )

r 4-41
= [X3 X; X7 —Xp- - Xy1 Xy, —Xn—3 —Xn.—2]
* * T
= [Xy =X3 =X3 Xy Xy, —Xjoo1 —Xne—2 Xn-s] -
The estimated QAM symbols ¥ are next obtained by averaging ¥/ for j = 1: P as follows
P
Y= ! Z Y/ 4-42
- P ] -
=1
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Finally, the symbols are M-ary QAM demodulated to recover the received N bits.

4.2.3 PPN-TDE Receiver

In mild multipath fading channels with a LOS path [31], a less complex TDE is proposed. Since
equalization is performed in the time domain, there is no need for using Frequency de-spreading
in the FBMC demodulator. Instead, the receiver isimplemented using the same less complex PPN

approach used in the transmitter. Figure 4-5 shows the block diagram of the proposed TDE PPN-

OQAM/FBMC receiver.

( (- ! )
g . OQAM Post- P/S —] NFFT f[e— SP PN H-H T [
= o Processing
E 2
Output bits| 2 2
% 1512
- P
S - OQAM Post P'S  k— NFFT k—]| sp ppN H-H e HY¥
Processing
I w
\ PPN FBMC demodulation /

Figure 4-5: The proposed PPN OQAM/FBMC P X P SFBC MIMO TDE receiver.

The deployed TDE is a ZF equalizer based on a finite impulse response (FIR) transversal filter,
which cancels the multipath channel effects, depending on the presence of a LOS path [155],
[156]. The length of the equalizer filter can be chosen according to the number of multipath
channel taps Ly,. The equalizer filter coefficients a;; are calculated using the inverse of the upper

triangular  circulant  matrix of the channel impulse response vector ¢j; =

[Cji(o) Cji(l) Cji(Lh— 1D]7 as:

¢i(0) ¢;(1) .. c¢ilp—2) c;(Lp—1) !
0 Cji (O) Cji(Lh - 3) Cji(Lh - 2)
aj; = k" +| S : : 4-43
0 0 Cji (0) Cji(l)

The received signal at the j* receiver antenna yf described by (4-26), is then equalized in
the time domain using the equalizer coefficients a;; as follows:

P
9 = Z yl « a;. 4-44

i=1
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After channel equalization, the FBMC PPN demodulation is performed using the PPN
approach. First, the signal is multiplied (element-by-element) by the sampled impulse response
of the prototype filter hyg. This is translated to multiplication by the diagonal matrix of hyy as

follows:

¥r = ¥ diag(hyg). 4-45
The N-spaced K-parts of the filtered signal are then overlapped and added to extract the
symbol yf; of length N, as in (4-46), for K = 4.
Iy
S I
o =1, - 4-46
Iy NKxN

The signal is next converted back to the frequency domain as follows:

Y, =Fyy. 4-47
Afterwards, the signal undergoes OQAM post-processing and MIMO decoding previously

described in (4-36)-(4-42), before the complex symbols are M-ary QAM demodulated to the

recover the bits.

4.3  BER Analysis

The BER analysis of the proposed OQAM/FBMC hybrid MIMO system with ZF-FDE is
presented in this section. The ZF equalization reverses the effects of the multipath channel
assuming perfect channel state information (CSI), while the imaginary interference of the FBMC
received signal is eliminated by taking the real part as in (4-37). The variance 0,72 of the zero-
mean noise vector at the j* receive antenna 17’ in (4-26) is traced along the receiver operations,

to derive an expression for the resulting noise power at the receiver output.

At the receiver, FFT is first applied to the received signal as in (4-27), followed by FDE using

the equalizer matrix B; as in (4-28) and (4-29), and then filtering using the circulant filter matrix

J{ asin (4-34). By defining ¢;; = HBj; , fora P X P MIMO setting, the noise vector 7/ becomes:

59



Chapter 4: Proposed Hybrid 0OQAM/FBMC MIMO

P
W= Z ¢ Fin . 4-48
i=1

2

By defining v;; = ¢;;F 1/, its variance Oy~ s equal to its second moment since it has zero

mean. It can thus be calculated as:
2 . % H
0v;” =E[¢p;Fn F ¢y ]. 4-49

where E| ] is the statistical expectation operator. Since E[njnj*] = anzl, and F; is the isometric

FFT matrix and hence F,F;" = I, therefore ay,,” reduces to:

2 _ 2 H
Ou;” =0, E[ithji” |
4-50
— 2
= Oy Kji,
where k;; is the average power of ¢;. Since ¢; is a diagonal matrix, therefore its power can be

approximated as the average of its squared diagonal elements ¢;;(l, ) defined as:

L

1
0= 2 E[¢u@ bl 4-51

=1
After equalization and FBMC demodulation, the signal is OQAM post-processed. This
involves taking the real part of the signal as in (4-37), which halves the noise power, then
combining consecutive symbols, with the phase pattern as in (4-38) and (4-39), which doubles

the power. Therefore, the OQAM post-processing doesn’t affect the noise variance overall.

Afterwards, the Alamouti SFBC decoding is performed as in (4-40) and (4-41), and then the
outputs are averaged as in (4-42). The resulting averaged noise vector 1 using (4-48) thus

becomes:

P i
9
Zj=177 :Zf=1 Zf:ﬂ’ji 4-52
P P '

ﬁ:

Averaging the noise vectors 'ﬁj which are uncorrelated, reduces the output noise variance

according to the MIMO order P. As the number of antennas increases, the averaged noise
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variance decreases leading to an enhanced BER performance. The averaged noise variance

becomes:

PP o 2
0__2 _ Z]:l Zl:l O-'Uji . 4-53

n P2

Using (4-51), (4-52) and (4-53) o5* becomes:

2 yP P
5.2 = 0y" Yj=1 Di=1Kji 4-54

n P2 ’

where 0,,2 is the AWGN variance equal to N, /2 . In the case of 2 X 2 MIMO (4-44) reduces to:

2 011 (K11 + K1z + K1 + 'sz)

4-55
O 2x2 ~ 4

For M-ary QAM modulation, the theoretical probability of bit-error P, can be obtained
according to [157] and [158] as:

log
P, = ,,,M > 52N py (k) 4-56
where Py, (k) is calculated as in [157] as follows:

(1-2"kyyp-1

P, (k) =\/iﬁ Z {(—1)ll o 1] X <2k—1

i=0

i-21 1 ] 3log, M .E,
_[ T +E|>.2Q (2i+1) f—z(M_l)aﬁz ,

where E, = E;/log,(M) where Eg and E, are the average energy per symbol and per bit

4-57

respectively, and Q(.) is the Q-function defined as:

[ee] WZ
Q(a) = i j e 7 dw. 4-58
a

By substituting the noise power from (4-50) in (4-56) and (4-57), the expression for the BER
of the proposed OQAM/FBMC MIMO system is obtained for any M-ary QAM modulation and
P X P MIMO setting.
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For the case of 4-QAM the expression in (4-56) and (4-57) reduces to the well-known formula

of the theoretical BER of 4-QAM [159] given by:

4-59

For the case of 4-QAM and 2 X 2 MIMO, by substituting by (4-55) in (4-59), the expression

for the thus BER becomes:

2E,
Py,=0Q (\/an (K11+K12+'€21+K22))' 4-60

4.4 Computational Complexity Comparison

This section illustrates the difference in the overall computational complexities of different
OQAM/FBMC structures, including the proposed hybrid structure and the PPN-TDE systems. The
considered overall complexity includes the complexity of the transmitter (FBMC modulation) and
that of the receiver (Equalization + FBMC demodulation) for one transmitter/receiver branch.
The complexity of other operations in the systems is not considered since it is constant for all the
investigated systems. The computational complexity is measured in terms of the number of real
multiplication operations, as a function of the oversampling factor K and the number of
subcarriers N. It must be noted that one complex multiplication is equivalent to 4 real

multiplications [160].

For the FS transmitter described in section 4.14.1.1, the complexity is that of filtering the
NK-point signal by the prototype filter of length 2K — 1, in addition to that of the NK-point IFFT
[41]. The total is 2NKlog,(NK) + 2(2K — 1)NK real multiplications. Since the FS receiver
performs the same operations in a reversed manner, it also has the same computational
complexity. As for the PPN transmitter, described in section 4.2.1, the complexity is that of the
N-point FFT in (4-22), in addition to the NK element-by-element multiplication in (4-24), and it
is givenby 2Nlog,(N) + 2NK , and same for the PPN OQAM/FBMC receiver described in section
4.2.3.
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As for the TDE used, its computational complexity is that of the Ly X Ly matrix inversion in
(4-43) and the convolution operation in (4-44). Complex matrix inversion generally needs 4L;>
real multiplications. However, taking into consideration that the inverted matrix is an upper
triangular matrix, the required number of real multiplications is halved, so it becomes 2LH3. The
complexity of the convolution process is 4NKLy, and hence the total TDE complexity for the

summation in (4-44) is 4L,> + 8NK L.

As for FDE, its complexity is that of calculating the equalization matrix in (4-7) and (4-8), in
addition to the multiplication in (4-28). This involves a total of three complex matrix
multiplications and one complex matrix inversion all on matrices of the size of 2ZNK X 2NK. Since
the matrix G consists of 4 diagonal matrices, therefore its multiplication by G¥ requires 4NK
complex multiplications, while its inversion involves 8NK complex multiplications instead of
(2NK)3 [161]. Therefore, the total number of real multiplications required for FDE on each
receiver branch is 40NK. In the case where FDE is used in the all PPN-based system, an additional
complexity of 4NKlog,(NK) is required due to the necessity of converting the signal to the
frequency domain using FFT before FDE, and then back to time after FDE using IFFT, to be able
to perform the PPN OQAM/FBMC demodulation in which the signal is filtered in the time domain.
This overhead overshadows the advantage of the reduced complexity of the all-PPN

OQAM/FBMC structure when using FDE.

A comparison of the overall computational complexity expressed in the number of real
multiplications per branch of the different OQAM/FBMC system settings is presented in Table
4-1.

To further illustrate the comparison, the overall number of real multiplications of the 4 main
different OQAM/FBMC transceiver structures listed in Table 4-1, is plotted against the number of
subcarriers for an overlapping factor of K = 2 and K = 4 in Figure 4-6 and Figure 4-7 respectively.
The two cases are considered to illustrate the effect of increasing the overlapping factor K on
the computational complexity of the different structures. The complexity is plotted using
logarithmic scale, while the number of subcarriers is on a linear scale from 2 to 2048 subcarriers.

For the TDE equalizer, channel lengths L of 3 and 5 taps are considered.
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Table 4-1 Total number of real multiplications of different OQAM/FBMC system structures

Transmitter Receiver Equalization Total
FS 2NK(log,(NK) | 2NK(log,(NK)
with ? ’ 40NK ANK (log,(NK) + 2K + 9)
+2K — 1) +2K - 1)
FDE
PPN ANK (10 4N(log,N + 11K
with | 2N(log,N + K) | 2N(log,N + K)
EDE + log,(NK)) + Klog,(NK))
Hybrid 2NK(log,(NK) 2N(log,N + K(log,(NK)
with | 2N(logaN + K) 2 40NK 2 ?
+2K —-1) + 20 + 2K))
FDE
PPN 4L,° 4N(log,N + K + 2KLy)
with | 2N(log;N + K) | 2N(log,N + K) 3
TDE +8NKLy + 4Ly
10%

TV

FS/FDE
——+— PPN/FDE
Hybrid/FDE
—— PPN/TDE 3-tap
—p— PPN/TDE 5-tap

Number of real multiplications
S
N

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Number of subcarriers (N)

Figure 4-6: Order of computational complexity for different OQAM/FBMC systems for K = 2.

64



Chapter 4: Proposed Hybrid 0OQAM/FBMC MIMO

-
o
(&)}

FS/FDE
——— PPN/FDE
Hybrid/FDE
—— PPN/TDE 3-tap
—p— PPN/TDE 5-tap

Number of real multiplications
o
N

RN
o
w

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Number of subcarriers (N)

Figure 4-7: Number of real multiplications for different OQAM/FBMC systems for K = 4.

Although the PPN technique is generally less complex than the FS technique, in conjunction
with FDE necessary to equalize the channel effects, they both have almost the same complexity
for K = 4, and the all-FS system has even lower complexity at K = 2, due to the FFT/IFFT
overhead previously explained. The figures also show that the proposed hybrid system has the
lowest overall complexity in Rayleigh fading channels. On the other hand, the PPN-TDE system
has significantly lower overall complexity, however, it is only suitable for multipath channels with
a LOS path, unlike the systems with FDE which are more robust and suitable for highly frequency-
selective channels. It can also be noted that the complexity of the TDE equalizer slightly increases
as the channel length and the required number of equalizer taps increase. For example, for K =
4 and N = 512 subcarriers, the FS/FDE, the PPN/FDE and the proposed hybrid/FDE involve
229400, 198700, 169000 real multiplications respectively, while the TDE PPN system involves
109000 and 75880 for Ly equal to 3 and 5 taps respectively.
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Table 4-2 shows the number of real multiplications for a different number of subcarriers N

and the percentage of complexity reduction compared to the original FS OQAM/FBMC system.

Table 4-2 Number of real multiplications for different number of subcarriers.

N = 256 N =512 N =1024
FS/FDE 110600 229400 475100
s | 0| P |

4.5 Simulation and Results

In this section, the simulation results of the proposed hybrid OQAM/FBMC MIMO system
are presented. The simulation is performed using MATLAB scripts and a sample of the developed
codes is presented in the appendix. The simulation measures the performance through different
KPlIs including the BER and the PSD of the transmitted signal. First, the analytical BER is compared
to the simulated BER of the hybrid system using ZF-FDE. Then the proposed system is simulated
over Rayleigh multipath fading channel using FDE; ZF and MMSE and compared to CP-OFDM for
reference. On the other hand, the less complex PPN-FBMC system with TDE is simulated over a
multipath fading channel with a LOS component. The plotted results are obtained by averaging
the results for Monte Carlo simulations with 10° iterations. The simulation parameters are listed

in Table 4-3.

The range of SNR thresholds considered in the simulations is between 0 and 25 dB, which
includes the desirable SNR ranges for different applications. For example, in LTE, an SNR above

20 dB is considered a strong signal with maximum data speed, while between 13 to 20 dB is
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considered a good signal with good data speed [162]. As the SNR goes lower closer to 0 dB , the

performance drops drastically and when it reaches 0 dB there is no signal (disconnection).

Table 4-3 OQAM/FBMC Simulation Parameters.

Number of Monte Carlo Simulations 105
Modulation Order 4-QAM, 16-QAM
Number of Subcarriers (N) 256
Overlapping Factor (K) 4
Prototype Filter Type PHYDYAS
Equalization Type FDE (ZF/MMSE) / TDE (ZF)
MIMO Coding Alamouti SFBC / Spatial Multiplexing
Simulation Scenarios SISO -2 X 2 MIMO -4 X 4 MIMO
OFDM CP-length N/8
Frequency-selective Rayleigh fadin
Transmission Channel Multipa(:h fad?/ng with LOS p\;thg(Pedestg;ign A)

4.5.1 Channel Model

The channel model used for simulation of the hybrid OQAM/FBMC FDE system is a Rayleigh
fading Ly-path frequency-selective quasi-static independent channels with each path coefficient
an IID complex Gaussian random variable with variance 1/Ly. It is generated by adding two
normally distributed, zero-mean random vectors of length Ly, one real and one imaginary, hence
producing a complex random multipath channel for each symbol. Increasing the number of
multipath channel taps increases the channel delay spread and hence the frequency selectivity
increases. Channel lengths of 3 and 7 multipath taps have been chosen to simulate the behaviour
of the system in different channel conditions. To illustrate the nature of the channel model, a
random sample of the normalized power delay profiles (PDP) of a 7-tap Rayleigh channel is
plotted in Figure 4-8 (a), and a random sample of the frequency response of the same channel is

plotted in Figure 4-8 (b) against normalized frequency.
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Figure 4-8: (a) Random sample of the PDP of 7-tap Rayleigh fading channel
(b) Random sample of the normalized frequency response of 7-tap Rayleigh fading channel

4.5.2 Analytical vs. Simulated BER performance

The BER is calculated as the ratio of the bits received in error to the total number of bits per
frame. It is used to measure the performance of the system over different signal-to-noise ratio
(SNR) thresholds. The BER measures the EE of the modulation technique, since a system which
achieves lower BER in a certain channel, requires less transmitted signal power to deliver a signal

at a specific SNR threshold.

For the proposed hybrid OQAM/FBMC MIMO system, the analytical P;, derived in section 4.3
for the 2 X 2 MIMO scenario for 4-QAM in (4-60) and the same one obtained for 16-QAM
constellation obtained by substituting by 4-55 in (4-56) and (4-57), are plotted with the
corresponding simulated BER against different values of SNR in Figure 4-9. The figure also shows

the corresponding results for the 4 X 4 MIMO scenario. The simulation is performed over a 7-
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tap Rayleigh multipath fading channel and the simulated system uses ZF-FDE, as was assumed in

the BER analysis.
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Figure 4-9: Analytical vs. simulated BER for hybrid OQAM/FBMC MIMO system using ZF-FDE in
7-tap Rayleigh fading channel.

The results show that the simulated curves highly match the theoretical curves for both
MIMO settings and both 4 and 16 QAM constellations, which indicate the high accuracy of the

simulation results. The same results are obtained for a different number of taps.
4.5.3 Power Spectral Density & Spectral Efficiency

The PSD is used to measure the spectrum localization of the transmitted signal over the
transmission bandwidth. The frequency axis can be normalized by dividing by the subcarrier

spacing, and the PSD axis can be normalized by dividing by the average signal power. The PSD
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shows the signal power distributed over the normalized bandwidth or the subcarriers. The PSD

is calculated in dB for a signal with spectrum S(f) as:
PSD = 101log (IS(f)]%) 4-61

The normalized PSD of the hybrid OQAM/FBMC and the CP-OFDM systems are both plotted
against the normalized frequency in Figure 4-10. A number of guard subcarriers equal to one-
eighth of the total number of subcarriers are inserted on both sides of the data-carrying

subcarriers to illustrate the OOB emission.
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Figure 4-10: Normalized PSD of the proposed hybrid OQAM/FBMC system vs. CP-OFDM.

Figure 4-10 shows that the hybrid OQAM/FBMC system with K = 4 has dramatically lower
OOB emission as previously mentioned, having a 100 dBW/Hz lower sidelobes compared to that
of OFDM. It is worth noting that changing the overlapping factor K does not significantly impact
the BER performance of the proposed system in Rayleigh fading channel, although it affects other

aspects of the system. For instance, increasing K decreases the OOB emission and thus increases
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the spectral localization, at the expense of increasing the complexity and the PAPR as was
previously illustrated in section 3.4.3. More spectrally confined signal means smaller required

guard bands and thus increased SE, in addition to the ability to utilize fragmented spectrum.

The enhancement in the throughput efficiency due to the absence of CP in the proposed
hybrid OQAM/FBMC can be calculated as a ratio of the number of data symbols in the FBMC
frame (N), to the number of data symbols of the OFDM frame of the same length (N — N,). For
example, for a CP length of 1/8 of the symbol length N, the enhancement in the throughput
efficiency is 12.5%. In severe multipath fading conditions, where longer CP-length is needed, the
enhancement in throughput efficiency increases. Figure 4-11 shows the enhancement in
throughput efficiency in per cent of FBMC over OFDM with variable CP-lengths relative to the

number of subcarriers N.
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Figure 4-11: Percentage of enhancement in throughput efficiency FBMC over OFDM with
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4.5.4 BER performance of the proposed hybrid OQAM/FBMC MIMO System

In this section, the BER performance of the proposed hybrid OQAM/FBMC MIMO system in
Rayleigh fading channel is examined and compared to OFDM. Figure 4-12 and Figure 4-13 show
the BER performance of the proposed system versus OFDM over 3 and 7 tap Rayleigh fading
channels respectively, using 4-QAM modulation for all systems. The OFDM system in comparison
uses a CP of N/8 which is longer than the channel’s maximum delay spread, whereas the

proposed OQAM/FBMC system does not use a CP.
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Figure 4-12: BER of 4-QAM hybrid OQAM/FBMC 2 X 2 MIMO system vs. OFDM in 3-tap
Rayleigh fading channel.

Both figures show that the proposed hybrid OQAM/FBMC MIMO that uses MMSE FDE gives
the lowest BER hence the best performance. In Figure 4-12, at a BER of 10™*, thereisa 5 dB gain
for the hybrid OQAM/FBMC MMSE system over the CP-OFDM MMSE system.
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Figure 4-13: BER of 4-QAM hybrid OQAM/FBMC 2 X 2 MIMO system vs. OFDM in 7-tap
Rayleigh fading channel.

Figure 4-13 shows the effect of longer multipath channel length and therefore accounts for
the effect of worse multipath channel conditions and higher frequency selectivity. The hybrid
OQAM/FBMC with the MMSE system still gives the best performance. At a BER of 10~ , there is
a 3 dB gain for the Hybrid OQAM/FBMC MMSE system over the corresponding CP-OFDM MMSE
system. However, the OQAM/FBMC and the CP-OFDM systems which use ZF-FDE have close

performances, with only a gain of 2dB in favor of OQAM/FBMC in both figures.

4.5.4.1 Effect of increasing the modulation order

To investigate the effect of increasing the modulation order M, for cases where a higher bit
rate is needed, the BER performance of the proposed system in a 2 X 2 MIMO setting using 16-
QAM is simulated in a 3-tap Rayleigh fading channel. The results are compared to the

corresponding CP-OFDM system and are depicted in Figure 4-14.
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Figure 4-14: BER of 16-QAM hybrid OQAM/FBMC 2 X 2 MIMO system vs. OFDM in 3-tap
Rayleigh fading channel

The figure shows that for 16-QAM at low values of SNR, the OQAM/FBMC system still
performs better than its OFDM counterpart. At high values of SNR, specifically higher than 23 dB
in this simulation scenario, the corresponding CP-OFDM system in comparison begins to have a
better BER performance than the OQAM/FBMC system. In other words, at high SNR thresholds,
the BER performance of the OQAM/FBMC system begins to saturate despite increasing the SNR.
This complies with the saturation theory for systems at higher order modulation, due to the
inherent intrinsic interference. In conclusion, the results show that the hybrid OQAM/FBMC
system is better suited for lower order modulation, however, it still performs when increasing

the modulation order to achieve higher bitrates in certain application scenarios.

4.5.4.2 Effect of increasing the MIMO order

To test the suitability of the proposed hybrid OQAM/FBMC system for higher order MIMO

scenarios, it is simulated for a 4 X 4 MIMO settings with P = 4 transmit/receive antennas in
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Rayleigh fading channel. The extended Alamouti coding/decoding is used for the SFBC in the
4 X 4 setting as previously explained in section 4.2.1. Figure 4-15 displays the simulation results
of the proposed system in the 4 X 4 vs. the 2 X 2 MIMO settings, using 4-QAM modulation for
both MMSE and ZF FDE in a 7-tap fading channel.
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Figure 4-15: BER of 4-QAM hybrid OQAM/FBMC 2 X 2 vs. 4 X 4 MIMO systems in 7-tap
Rayleigh fading channel.

The figure shows that by increasing the MIMO order, the BER performance is enhanced for
both types of equalizers. However, for MMSE equalization, the enhancement in performance is
more significant. For example, at a BER of 107>, there is a 12 dB gain for the 4 X 4 system over
the 2 X 2 system. The results show that upon increasing the MIMO order, the system performs

much better with MMSE equalizers compared to ZF equalizers.
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To examine the effect of increasing the MIMO order with higher order QAM modulation for
the proposed system, Figure 4-16 shows the BER performance of the 2 X 2 vs. 4 X 4 MIMO
settings, for both 4-QAM and 16-QAM using MMSE, in 7-tap Rayleigh fading channel using MMSE
equalization. The figure shows that the performance of the hybrid system with MMSE for the
4 X 4 MIMO setting is enhanced for the 16-QAM modulation system as well. For the 16-QAM

case at a BER of 1072 there is a 6 dB gain for the 4 X 4 system over the 2 X 2 system.
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Figure 4-16: BER of M-ary QAM hybrid OQAM/FBMC 2 X 2 vs. 4 X 4 MIMO systems with MMSE
in 7-tap Rayleigh fading channel.

In conclusion, the results show that our proposed system is suitable for deployment in
scenarios with an increased number of antennas, which exploit spatial diversity to combat the
channel’s frequency selectivity. However, this comes at the expense of increased complexity. This
makes our system suitable in different operation scenarios in which either higher order MIMO is
needed to reach a specific BER in highly frequency-selective channels for example in 5G downlink,

or in other systems where lower complexity is desirable and hence lower order MIMO, or SISO
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like some loT scenarios, which require operation in a narrow bandwidth benefitting from the

superior spectral localization of the FBMC signal [10][11].
4.5.5 BER performance of the proposed PPN-TDE OQAM/FBMC System

The BER performance of the TDE-PPN MIMO system in a multipath fading channel with a LOS
path is examined and compared to the Hybrid FDE system in this sub-section. The TDE equalizer
has much lower complexity as was shown in section 4.4, while it depends on the presence of a
LOS path, which is the case in many D2D and loT applications. The channel used for simulation is
a 4-tap Pedestrian channel A model with relative average powerindB [0 — 9.7 — 19.2 — 22.8]
[163]. The channel taps are assumed to be uniformly spaced. Figure 4-17 shows the BER

performance of the TDE equalizer vs. FDE ZF and MMSE equalizers for a SISO setting.
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Figure 4-17: BER of OQAM/FBMC using hybrid-FDE vs. PPN-TDE structures in pedestrian
channel A.
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It is noticed from Figure 4-17 that the three systems under investigation have identical
performances with a slight difference at high SNR, in mild frequency-selective channels. At 10~*
BER, a slight gain of 0.5 dB comes in favour of the hybrid FDE system over the PPN-TDE
OQAM/FBMC system. At the same time, the PPN-TDE equalizer has significantly the least
computational complexity as was shown in section 4.4. For example, in the case of 256
subcarriers, the PPN-TDE system reduces the computational complexity by 25% less than that of
the hybrid FDE system, using a 5-tap equalizer. However, the performance of the TDE system

deteriorates in highly frequency-selective multipath channels with no LOS path.

This makes the PPN-TDE OQAM/FBMC suitable for applications with mild channel fading
conditions and low complexity requirements, like some narrow-band loT applications [2], [10],
[97], [133], [164], [165] in which the superior spectral localization, the CP-less transmission and

robustness against CFO of FBMC signals are required.
4.5.6 BER performance of the proposed SM OQAM/FBMC vs. SFBC MIMO systems

This sub-section presents the simulation results of the SM/SFBC OQAM/FBMC system
described in section 4.1. The simulation results of the SM-OQAM/FBMC 2 X 2 system are
displayed in Figure 4-18 and compared to the corresponding 2 X 2 SM CP-OFDM system in a 3-
tap Rayleigh fading channel for 4-QAM modulation order.

The figure shows that the SM OQAM/FBMC system vyields a better BER performance than
the corresponding SM CP-OFDM system for both types of MMSE and ZF equalizers. For MMSE
equalization, at a BER of 1073, there is a 5 dB for the FBMC system over the OFDM system. As
for the ZF equalization, at a BER of 1072, there is a 1 dB for the FBMC system over the OFDM
system, which is almost constant over all the range of SNR values. The enhancement in

performance for the SM OQAM/FBMC system is clearly greater when using MMSE equalization.
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Figure 4-18: BER of 4-QAM OQAM/FBMC SM MIMO vs SM CP-OFDM in 3-tap Rayleigh fading
channel.

When comparing the STBC and SM OQAM/FBMC systems, the first yields a better BER
performance as shown in Figure 4-19. However, the SM system provides double the bitrate in
the case of a 2 X 2 MIMO scenario. The OQAM/FBMC system performs better with SFBC than
with SM and vyields the best performance with MMSE FDE as could be seen from the figure.
However, spatial multiplexing is used to increase the bitrate by sending independent data
streams from the MIMO antennas, while Alamouti SFBC is used as an SD scheme to enhance the

BER performance.
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Figure 4-19: BER of 4-QAM OQAM/FBMC SM MIMO vs SFBC MIMO in 3-tap Rayleigh fading
channel.

4.5.6.1 Effect of available bandwidth

The proposed SM OQAM/FBMC system is suitable for high data rate applications where a
higher bit rate and high spectral efficiency are required in a given bandwidth [166], such as
OQAM/FBMC applications in industrial big-data communications [20]. If the available bandwidth
isincreased, SISO or lower MIMO orders can be selected to achieve the desired bitrate with lower
complexity. If the available bandwidth is decreased, higher MIMO orders can be selected to

achieve the desired bit rate, but this comes at the expense of the additional complexity.
4.5.7 BER performance of the proposed OQAM/FBMC SFBC system in Rician channel

In this sub-section, the BER performance of the proposed hybrid OQAM/FBMC MIMO system
is examined and compared to OFDM in Rician multipath fading channel. Figure 4-20 shows the

BER performance of the proposed system versus OFDM over a 5-tap Rician fading channel with
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a K-factor equals to 2, and a PDP of the Vehicular Channel model but with constant delays
assumed between the channel paths. The receiver uses MMSE equalization, and the figure shows

the results for the 2 X 2 MIMO setting for both 4 and 16 QAM modulation.
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Figure 4-20: BER of hybrid OQAM/FBMC 2 X 2 MIMO vs CP-OFDM in 5-tap Rician fading
Channel.

The figure shows that the proposed OQAM/FBMC SFBC system exhibits enhanced
performance compared to CP-OFDM, just like the results in Rayleigh fading channels. However,
for 16-QAM at high values of SNR, specifically higher than 15 dB in this simulation scenario, the
corresponding CP-OFDM system in comparison has better performance, since the BER
performance of the OQAM/FBMC system begins to saturate despite increasing the SNR when
using higher M-ary modulation orders. The results also are affected by the correlation between
the Rician channel multipath taps, while in the Rayleigh fading channel the multipath tap gains

are completely uncorrelated. It can be thus concluded that, in both Rician and Rayleigh fading
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channels, our proposed SFBC OQAM/FBMC system provides better BER performance than OFDM

specifically when using lower order M-ary QAM modulation.
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As OQAM/FBMC aims at increasing the spectral and energy efficiency, the high PAPR
problem hinders it from achieving the desired goals, especially in the uplink scenario. In battery-
operated UE, the high PAPR transmitted signal is energy inefficient due to the high power
required by the HPA to operate in the linear region, and the high power required by the DAC to
increase its dynamic range. That is why in the uplink scenario, the SC-OQAM/FBMC system is
proposed. The proposed system uses DFT-precoding and interleaved subcarrier mapping to
significantly reduce the PAPR of the OQAM/FBMC signal, using MMSE FDE. SC-OQAM/FBMC can
be considered as precoded OQAM/FBMC, that is why in addition to the enhanced PAPR, it offers
enhanced BER performance due to its frequency diversity, just like SC-FDMA compared to OFDM
[167].

What distinguishes the proposed SC-OQAM/FBMC MIMO model is that the precoding is
performed after the OQAM processing, which has shown a significant reduction in PAPR in
addition to an enhanced BER performance using MMSE equalization in Rayleigh fading channel.
The additional computational complexity is significantly lower than all other PAPR reduction
techniques while the reduction in the PAPR is superior. In the presence of a non-linear HPA, the
SC-OQAM/FBMC signal shows no degradation in the BER performance, unlike the OQAM/FBMC
system which suffers from the non-linearity of the HPA due to the high PAPR. On the other hand,
the proposed SC-OQAM/FBMC model retains the advantages of OQAM/FBMC regarding the CP-

less transmission, and superior spectral localization, as shown later in the results section.

5.1 SC-OQAM/FBMC MIMO System Model

5.1.1 Transmitter

The proposed SC-OQAM/FBMC MIMO transmitter model is presented in Figure 5-1. The
system follows the same steps presented in Section 4.2 in addition to the DFT-spreading and
subcarrier mapping after OQAM processing and before the PPN-FBMC modulation. The DFT-

spreading added block consists of an N X N FFT matrix Fy .
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Figure 5-1: Proposed SC-OQAM/FBMC MIMO transmitter model
Following the analysis presented in Section 4.2, after OQAM processing and serial to parallel
conversion in (4-19), the OQAM symbols are DFT-spread as in (Error! Reference source not
found.5-1) using Fy.
Xt = FyXi 5-1
The subcarrier mapping is next applied to the DFT-spread symbols of length N, to map them

onto N, subcarriers, where Q = Ng/N is greater than or equal to one. The mapping is performed

using the matrix M* of dimensions N X N for the ut" user. The mapped symbols become
uxt = MUX-. 5-2
The subcarrier mapping matrix M* is constructed according to the desired mapping strategy,
either localized or interleaved. Interleaved mapping (IM) offers additional frequency-diversity

gain as will be seen in the results section, while localized mapping (LM) reduces inter-user

interference. In LM, N, consecutive subcarriers are assigned for the user, hence M" is equal to:

M* = [O(u—l)NxNJIN? O(Ns—uzv)xzv], 5-3
where u is the user number. In IM, the symbols are interleaved on N subcarriers with a factor of

Q, ie. they are placed on Q-spaced subcarriers. This way M" is equal to:
T T T
M" = [O(u—1)><1vi kY 0-xni kY ;.. Ky FO(Q—u)xN]- >-4
For the case of Q = 2 and user u = 1, hence Ny = 2N , the matrix M* reduces to:

M = [Iy; Onunl, for LM 5-5

M?! = [kNT; 0 kY YT 01><N]- for IM 5-6
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After the subcarrier mapping, the signal Xinap undergoes the same processes of FBMC PPN-
modulation previously described by (4-22) till (4-25), giving the transmitted signal vector on the

i antenna s'.

The last block of the transmitter is the HPA, which is added to illustrate the effect of its non-
linearities on the transmitted signal. There are various models used for the HPA. The simplest is
a clipping model which is linear over a certain region and clips the values of the signal above the
saturation level. A more realistic model is the Rapp model [168], [141], which is chosen for
simulation to model the non-linearity of the HPA. It is also used to simulate the effects of different
degrees of non-linearity of HPA on MC modulation schemes including OFDM [169]. If the complex
input signal s' has a magnitude vector |s*| and phase vector 8 = £ s', the output signal vector

of the HPA s is described as follows:
i
o= alst| 06
2p i 2p 5-7
1+ ( If | )
E[s']Asar

where Ag,; is the saturation level of the HPA and p is a positive integer which controls the non-
linearity of the HPA, and a is the HPA gain. The equation shows that the phase of the input signal

6 remains unchanged and only the amplitude is affected i.e. AM/AM.

The transfer function of the HPA is plotted in Figure 5-2 forp = 1, a = 1 and different Ag;.
The figure illustrates the operation of the HPA, which linearly amplifies the signal below a certain
level which depends on Agg;. As Agqt increases, the linear region increases along with the power
needed to operate the HPA. As A,,; decreases, the non-linear region of the HPA increases thus
causing increased distortion to the transmitted signal. The amplified signal sio is then transmitted
into the frequency-selective multipath Rayleigh fading channel previously described in Section

4.5.1.
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Figure 5-2: Transfer function of HPA for different Agq;
5.1.2 Receiver
The receiver for the proposed SC-OQAM/FBMC MIMO model is presented in Figure 5-3. The

FBMC demodulation is performed using the FS method since the equalization is performed in the

frequency domain (FDE) as in the hybrid system in Section 4.2.2.
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Figure 5-3: Proposed SC-OQAM/FBMC MIMO receiver model
After the FFT and the channel equalization using MMSE or ZF FDE, FBMC FS demodulation is
performed as in equations 4-27 till 4-36. Next, the subcarrier de-mapping is performed using the
transpose of the mapping matrix M* (IM or LM) for the ut" user, and then the DFT de-spreading

is performed as follows:

. _ T .
Y, =Fy M"Y, 5-8
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where Y{i is the de-mapped and de-spread signal vector for the j* receive antenna. Afterwards,
the signal undergoes the same operations as that of the hybrid system including OQAM post-

processing, MIMO decoding and QAM demodulation as described by equations 4-37 till 4-42.

5.2 Additional Complexity

The complexity of the proposed SC-FBMC hybrid system is the same as that of the original
hybrid system calculated in Section 4.4 in addition to the complexity associated with the DFT-
spreading and subcarrier mapping in the transmitter, and the inverse operations in the receiver.
As for the transmitter, the DFT-spreading operation requires 2Nlog,(N) real multiplications The
subcarrier mapping afterwards involves the multiplication of the N-point complex signal by the
real-entries mapping matrix M* of dimensions Ng X N, giving a complexity of 2N X N;. The total
additional complexity of the SC modulation part is 2N (log,(N) + Ny), and the same for its

counterpart for de-spreading and de-mapping at the receiver.

It is worth noting that the additional complexity compared to the overall complexity of the
SC-FBMC system is the same as the additional complexity of SC-OFDM compared to that of
OFDM. However, since the OQAM/FBMC system is more complex than OFDM, the additional
complexity in SC-FBMC is smaller compared to the original complexity. The SC-FBMC MIMO
FBMC system is proposed for the uplink to significantly reduce the PAPR for the signal
transmitted from UE as will be shown in the results in the following section, this justifies the
increase in complexity. On the other hand, the proposed system has the least additional
computational complexity, compared to other FBMC PAPR techniques described in chapter 3, as

it does not involve candidate selection, like most other techniques.

5.3 Simulation & Results

In this section, the simulation results of the proposed hybrid SC-OQAM/FBMC MIMO system
are presented. The simulation is performed using MATLAB scripts, and a sample code is provided
in the appendix. The simulation measures and compares the efficiency of the SC-FBMC system to
decrease the PAPR and thus achieve better BER performance taking into consideration the non-

linearity of the HPA. The proposed system is simulated over Rayleigh multipath fading channel
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described in section 4.5.1. The channel equalization is performed using MMSE FDE, which
achieves better BER performance as was previously shown in Section 4.5.4. The same simulation

parameters listed in Table 4-3 are used, while the additional parameters are listed in Table 5-1.

Table 5-1 SC-OQAM/FBMC Simulation Parameters

Q 2
Subcarrier Mapping Interleaved, Localized
Number of Subcarriers (N) 64,128, 256

Rapp model:p =1,a =1,

HPA Asqt = 5dB,10dB
QAM modulation order 4,16
Overlapping factor (K) 3,4

5.3.1 PAPR

As explained before, waveforms with high PAPR require a widely linear HPA, which in turn
increases the power consumption of the HPA. The PAPR is measured in dB for the transmitted

signal *s' as follows:

max (|“si|2)> 59

PAPR =10 lo n
7 < E(IsT?)

The complementary cumulative distribution function (CCDF) is used to measure the

probability of the PAPR to be greater than or equal to a specific value PAPR,,. The CCDF curves

show how much of the signal is at or above a given power level. It is calculated as:
ccdf (PAPR,) =P(PAPR = PAPR,) 5-10

The SC-OQAM/FBMC system is proposed for the UE in the uplink scenario, where the power
consumed in the HPA, which is proportional to the PAPR of the transmitted signal, is a major
concern. Figure 5-4 shows the CCDF of the PAPR of OQAM/FBMC vs. proposed SC-OQAM/FBMC

for IM and LM for 128 subcarriers using 4-QAM, and using an overlapping factor of K = 3 and 4.
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Figure 5-4: PAPR of 4-QAM OQAM/FBMC vs. SC-OQAM/FBMC for IM and LM for N=128.

Figure 5-4 shows that the proposed SC-OQAM/FBMC with IM dramatically reduces the PAPR
by 9.5 dB compared to the original OQAM/FBMC system, and 6 dB compared to SC-OQAM/FBMC
with localized subcarrier mapping. The IM is hence chosen for the proposed SC system due to its
major PAPR advantage over the LM system, which makes it suitable for the uplink scenario and
makes it worth the additional computational complexity. The reduction in the PAPR is superior
to all other DFT-spreading-based PAPR reduction techniques described in Section 2.3, including
pruned-FBMC [86] and low PAPR FBMC [39], [92].

The figure also shows that increasing the overlapping factor K, increases the PAPR, since it
means that more symbols overlap in time as explained before. However, the SC-OQAM/FBMC IM
scheme still reduces the PAPR by 8 dB for K = 3. It is worth noting that changing the number of
subcarriers doesn’t significantly affect the PAPR. On the other hand, increasing the modulation
order slightly increases the PAPR as depicted in Figure 5-5 for 16-QAM. The reduction in the PAPR
thus becomes 7.5 dB for the IM SC-OQAM/FBMC system as shown in the figure.

89



Chapter 5: Proposed SC-OQAM/FBMC System

100 F T T T T T T
i \ SC-OQAM/FBMC IM
I OQAM/FBMC
SC-OQAM/FBMC LM
10" F
B
O 102 ¢
O
103 |
10_4 1 1 1 1 1
5 6 7 8 9 10 11 12 13 14

PAPR_ (dB)
Figure 5-5: PAPR of 16-QAM OQAM/FBMC vs. SC-OQAM/FBMC for IM and LM for N = 128.

5.3.2 PSD

The PSD of the proposed SC-OQAM FBMC system is measured to ensure that the additional
operations added to the hybrid OQAM/FBMC structure, still maintain FBMC's major advantage
of low OOB emissions. A number of guard subcarriers (zero subcarriers) equal to N/2 are added
on both sides of the data-carrying subcarriers, to illustrate the level of OOB emissions. The PSD

curves are obtained using the periodogram MATLAB function, with a flattop window.

Figure 5-6 displays the PSD of the proposed SC-OQAM/FBMC system vs. OQAM/FBMC with
K = 4 and 128 subcarriers, against normalized frequency, assuming ideal HPA. The figure shows
that the OOB emissions of both systems are the same, therefore the SC-OQAM FBMC system

retains the advantage of the low OOB emission of all OQAM/FBMC systems.
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Figure 5-6: PSD of SC-OQAM/FBMC system vs. OQAM/FBMC with K=4, N=128, no HPA.
To display the effect of the HPA on the PSD, the PSD of both OQAM/FBMC and SC-OQAM

FBMC is plotted in Figure 5-7, using an HPA with A;,; = 5 dB and 10 dB respectively.
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Figure 5-7: PSD of SC-OQAM/FBMLC system vs. OQAM/FBMC with K = 4, N = 128, with HPA.
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The figure shows that the SC-OQAM/FBMC system offers slightly lower OOB emission (2 dB)
in both cases with the non-linearities of the HPA taken into consideration. As the saturation level

Agqe Of the HPA decreases, the OOB emissions level expectedly becomes higher.
5.3.3 BER

The BER performance of the proposed MIMO SC-OQAM/FBMC MIMO system is measured
and compared to OQAM/FBMC in this section in presence of a non-linear HPA, in Rayleigh
multipath fading channel. First, the BER performance of both MIMO systems is measured in a 3-
tap channel, and the results are depicted in Figure 5-8 for K = 4 and N = 128 subcarriers, for 4-

QAM and 16-QAM respectively.

100 T T T T
4QAM SC-OQAM/FBMC | ]
—@— 16QAM SC-OQAM/FBMC | 1
16QAM OQAM/FBMC ]
10” —O— 4QAMOQAM/FBMC E
10—2 _
x
L
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1073 £ E
107 ¢ ;
10-5 1 1 1 1
0 5 10 15 20 25

SNR (dB)

Figure 5-8: BER of 2 X 2 SFBC SC-OQAM/FBMC vs. OQAM/FBMC with MMSE FDE in 3-tap
Rayleigh fading channel.

The figure shows that the proposed SC-OQAM/FBMC system enhances the BER of the
OQAM/FBMC system. For the 4-QAM, at a BER of 107>, the SC system offers a gain of 6 dB. For
the 16-QAM, the proposed SC system offers a gain of 9 dB at a BER of 1073. This enhancement
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is due to the fact that the SC-OQAM/FBMC can be considered as precoded OQAM/FBMC. The
BER is enhanced due to the gain of frequency diversity in the SC signal with IM.

To test the performance of the system in worse fading conditions, Figure 5-9 shows the BER

results in Rayleigh fading channel with 20 multipath taps.

100 F T T T T T T T T T T
F —— 16-QAM SC-OQAM/FBMC
16-QAM OQAM/FBMC
4-QAM SC-OQAM/FBMC
107 —6— 4-QAM OQAM/FBMC

o 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 5-9: BER of 2 X 2 SFBC SC-OQAM/FBMC vs. OQAM/FBMC with MMSE FDE in 20-tap
Rayleigh fading channel.

It can be noted that the gain achieved by the SC-OQAM/FBMC system increases as the
channel’s frequency selectivity increases. At a channel with 20 multipath taps, the 4-QAM SC
system achieves a 9 dB gain over the OQAM/FBMC system at a BER of 10>, while it achieves a
gain of 7 dB for 16-QAM. This shows that the system is suitable for deployment in scenarios with

highly frequency-selective channels.

To test the efficiency of the proposed system in scenarios with higher order MIMO, the BER
performance is measured and compared for a 4 X 4 MIMO setting in Figure 5-10, in Rayleigh

fading channel.
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Figure 5-10: BER of 2 X 2 SFBC SC-OQAM/FBMC vs. OQAM/FBMC with MMSE FDE in 20-tap
Rayleigh fading channel.

It can be noticed in the figure that increasing the MIMO order with the SC-OQAM/FBMC
SFBC system still has a gain of 3 dB at a BER of 10™° for 4-QAM modulation. However, when
increasing the MIMO order with higher modulation order (16-QAM), there is no significant gain
for the SC system over the original hybrid OQAM/FBMC.

The BER curves show the ability of the proposed SC-OQAM/FBMC SFBC system to be
deployed in various operation scenarios, efficiently reducing the PAPR, retaining the low OOB
emissions, and enhancing the BER performance thus increasing the overall spectral and energy
efficiency of communication systems. However, when increasing the MIMO order with higher
order modulation, the gain in the BER performance is negligible, however, the other benefits of

the low PAPR and low OOB emissions are maintained.
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6.1 Summary

OQAM/FBMC is a promising multi-carrier modulation technique, suitable for various
scenarios and applications in future communication networks. Its major advantages are that it
does not require a CP to combat ISl, and the very low OOB emissions resulting in reduced guard
bands, which enhances the overall SE of the communication system. The superior spectral
confinement also makes FBMC ideal in scenarios with strict spectral masks or exploiting
fragmented spectra. Furthermore, since filtered subcarriers are strictly band-limited,
OQAM/FBMC systems are less sensitive to frequency synchronization errors compared to OFDM,
which requires strict synchronization requirements to preserve the orthogonality of the
overlapping subcarriers and eliminate ICl. All the above-mentioned merits made the
OQAM/FBMC waveform a strong candidate to play an important role in future heterogeneous

communication networks.

Our work started by highlighting the importance of waveform design in the progression of
cellular communications generations, with a focus on the main aspects of waveform design,
followed by a review of the main filtering OFDM-based multi-carrier waveforms. These
waveforms address some OFDM drawbacks including high OOB emissions, the need for long CP
in heavy multipath fading channels and the strict synchronization requirements. The techniques
were simulated and compared, showing that OQAM/FBMC is superior in various aspects mainly
the spectral confinement, relaxed synchronization requirements and preserving real-
orthogonality. Afterwards, the main aspects of the OQAM/FBMC waveform were examined and

its main research problems were highlighted.

Our work addresses major research problems in the OQAM/FBMC system including
integration with MIMO, multipath channel equalization, complexity reduction and PAPR
reduction. The outcome was the proposed hybrid OQAM/FBMC SFBC MIMO system which offers
a solution for the implementation of SFBC with OQAM/FBMC, without suffering from intrinsic

interference, with the least possible complexity according to the transmission channel and
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promising BER performance. In the uplink scenario, where low PAPR is desirable, the SC-OQAM
SFBC FBMC system is proposed which effectively reduces the PAPR and gives enhanced BER
performance. A mathematical model with matrix representation was presented, followed by BER
analysis and complexity analysis. For simulations, MATLAB codes were developed to enable
altering different parts of the OQAM/FBMC system at the signal processing level and measuring
different KPIs for the systems including BER, PSD and PAPR. Different equalization techniques,
MIMO settings, transmission channels and overlapping factors have been tested, to determine

the best possible system settings for each usage scenario.

6.2 Conclusions

e |n frequency-selective Rayleigh fading multipath channels, the best solution is the hybrid-
structure OQAM/FBMC MIMO system with MMSE FDE. The results show that the BER
performance is better than that of CP-OFDM, with the advantage of a highly localized spectrum
and CP-less transmission, which increases the throughput efficiency by 12.5%, for a CP length of

N/8.

e The SFBC being performed on the complex signal before the OQAM processing prevents the
effects of the intrinsic interference of OQAM/FBMC on MIMO coding.

e The proposed hybrid system offers the least computational complexity and the best

performance with FDE.

¢ In mild multipath fading where there is a LOS path, the PPN OQAM/FBMC system with ZF-
TDE is deployed to significantly reduce the computational complexity. In such cases, the PPN-TDE
system gives a comparable BER performance, with the least computational complexity, nearly
25% less than that of the hybrid OQAM/FBMC FDE systems. This makes it suitable for deployment
in scenarios which involve simple devices in favourable multipath channel conditions, like some

D2D and loT scenarios.

e Any other FBMC complexity reduction techniques can be deployed to further reduce the

computational complexity of the hybrid OQAMFBMC.
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e In the uplink scenario, where a low PAPR of the transmitted signal is desirable to reduce the
power consumed by the HPA at the battery-operated UE, the SC-OQAM/FBMC system is more
efficient. The additional complexity of the system is relatively low compared to the original

complexity of the OQAM/FBMC systems.

e The proposed SC-OQAM/FBMC MIMO system offers a superior reduction in the PAPR

compared to other DFT-spreading FBMC PAPR reduction techniques.

e Any other FBMC PAPR reduction techniques, other than the DFT spreading, can be added to

the system to further decrease the PAPR.

6.3  Future Work

Our research can be extended in various aspects. At the signal processing level, different
spreading matrices other than DFT can be tried with the SC OQAM/FBMC system, to further
reduce the PAPR and enhance different aspects of the SC system performance. Also, discrete
wavelet packet transform (DWPT) can be tested in replacement of the FFT at the transmitter and
receiver to evaluate its benefits in terms of the system’s KPIs. In another direction, the systems
can be studied and simulated in the massive MIMO context. The compatibility and co-existence

with OFDM is another research direction.
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APPENDIX B: ATTENDED TRAINING SESSIONS

Date

28 Sep 2016

20 Jun 2018

20 Mar 2019

4 Apr 2019

8 Apr 2019

3-4 Jul 2019

10 May 2021

Title

Introduction to
EndNote X7

Using the Library
How to reference and
avoid plagiarism
(Online)

Excel: Analyzing Data

Introduction to Critical
and Analytical Skills

SPARC 2019

PGR Student Vox
Coaching Development
Sessions Application:
Interview/Viva Training

Key Learning Points

Managing electronic references.

How to find academic information using the
library.

What is plagiarism and how to avoid it.
How to properly reference information sources.

Sorting and filtering data, using Pivot tables and
charts, VLOOKUP and Get and Transform tools.

How to critically analyze resources
Poster discussion & presentation of: “Optimization

of Waveforms & Modulation for Green 5G
Networks”

(Applied for attending the session)
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APPENDIX C: SAMPLE MATLAB CODE

1. Hybrid OQAM/FBMC SFBC MIMO FDE vs. OFDM BER (Chapter 4)

clc

clear all

N = 128; % Number of FFT points

K = 4; % Overlapping symbols, one of 2, 3, or 4
M=4; % OAM Modulation order

Number of Monte Carlo simulations
SNR in dB

o

numFrames =10000;
snrdB = 0:3:27;

o

tap=7; % Number of multipath channel taps
% Prototype filter coefficients
switch K
case 2
HkOneSided = sqrt(2)/2;
case 3
HkOneSided = [0.911438 0.411438];
case 4
HkOneSided = [0.971960 sqgrt(2)/2 0.235147];
otherwise
return
end
% Build symmetric filter
Hk = [fliplr (HkOneSided) 1 HkOneSided];

% Impulse response for polyphase implementation in transmitter

H1=HkOneSided (1l); H2=HkOneSided (2); H3=HkOneSided (3) ;

factech=1+2* (H1+H2+H3) ;

hef (1:4*N)=0;

for i=1:4*N-1

hef (1+1i)=1-2*Hl*cos (pi*i/ (2*N))+2*H2*cos (pi*i/N) -2*H3*cos (pi*i*3/ (2*N)) ;

end

hef=hef/factech;

KN = K*N;

SubCarl = zeros(N, 1);

SubCarUpl = zeros (KN, 1);

SubCar2 = zeros(N, 1);

SubCarUp2 = zeros (KN, 1);

ber=zeros (numFrames, length (snrdB)

xber=zeros (numFrames, length (snrdB

yber=zeros (numFrames, length (snrdB

zber=zeros (numFrames, length (snrdB

xx=N;

Ncp=xx/8;

inpSymbols = randi ([0 M-1], N/2, numFrames);

yinpSymbols = randi ([0 M-1], xx, numFrames);

currSymll=zeros (1,K*N);

currSym22=zeros (1,K*N) ;

Antl=zeros (N/2,1);

Ant2=zeros (N/2,1)

yAntl=zeros (xx,1)

yAnt2=zeros (xx,1)

decl=zeros (N/2,1)

dec2=zeros (N/2,1);

ydecl=zeros (xx,1); $FBMC MMSE

ydec2=zeros (xx,1);
)
)
1
1

’

)
);
) .

’

’
’

’

; $FBMC ZF

(
zdecl=zeros (xx,1); $OFDM ZF
zdec2=zeros (xx, 1
xdecl=zeros (N/2,
xdec2=zeros (N/2,

2o
5o

’

)i %OFDM MMSE
)

for frame = l:numFrames
frame
mod = gammod (inpSymbols(:, frame),M);
% STBC
Antl (l:2:end)=mod(1l:2:end);
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for

Antl (2:2:end)=-conj (mod(2:2:end)) ;

Ant2(l:2:end)=mod (2:2:end) ;

Ant2(2:2:end)=conj (mod(l:2:end));

%OFDM

ymod = gammod (yinpSymbols(:, frame),M);

yAntl (l:2:end)=ymod(l:2:end);

yAntl (2:2:end)=-conj (ymod(2:2:end)) ;

yAnt2 (1:2:end)=ymod (2:2:end) ;

yAnt2 (2:2:end)=conj (ymod(l:2:end)) ;

yfl = (ifft ((yAntl)).")*sqgrt (xx);

yf2 = (ifft ((yAnt2)).")*sqgrt (xx);

CP1l=yfl (end-Ncp+l:end); % Cyclic Prefix Insertion

CP2=yf2 (end-Ncp+1l:end) ;

ycurrSyml= [CPl yfl];
ycurrSyml=ycurrSyml/sqrt (sum(abs (ycurrSyml) .”2) /numel (ycurrSyml)) ;
ycurrSym2= [CP2 yf2];
ycurrSym2=ycurrSym2/sqrt (sum(abs (ycurrSym2) .”2) /numel (ycurrSym2)) ;
$SEFBMC

% OQAM Modulator : alternate real and imaginary parts

if rem(frame,2)== % 0dd symbols
SubCarl (1:2:N) = real (Antl);
SubCarl (2:2:N) = li*imag(Antl);
SubCar2(1:2:N) = real (Ant2);
SubCar2 (2:2:N) = li*imag(Ant2);

else % Even symbols
SubCarl (1:2:N) = li*imag(Antl);
SubCarl (2:2:N) = real (Antl);
SubCar2 (1:2:N) = li*imag(Ant2);
SubCar2 (2:2:N) = real (Ant2);

end

$Polyphase FBMC implementation (filter in time domain)

x1=(1fft (SubCarl) *sqgrt(N))."';

$Duplication of the signal

x41=[x1 x1 x1 x17];

%We apply the filter on the duplicated signal

txSymbl=x41.*hef;

currSymll=txSymbl+[currSymll (1+N/2:end) zeros (1,N/2)1:%
currSyml=currSymll."'/sqgrt (sum(abs (currSymll).”"2) /numel (currSymll));
x2=(ifft (SubCar2) *sqrt (N))."';

x42=[x2 x2 x2 x2];

$We apply the filter on the duplicated signal

txSymb2=x42.*hef;

currSym22=txSymb2+ [currSym22 (1+N/2:end) =zeros(l,N/2)]1;%
currSym2=currSym22."'/sqrt (sum(abs (currSym22) .”2) /numel (currSym22)) ;
$Multipath Channel

h = (1/sqgrt(tap))* (randn (4, tap)+sqgrt(-1)*randn(4,tap))/sqrt(2);

hl = h(l,:);h2 = h(2,:);h3 = h(3,:);h4d = h(4,:);

H11 = fft (hl,KN);H12 = f£ft (h2,KN);H21 = fft (h3,KN);H22 = fft (h4,KN);
$OFDM

yxll=filter (hl,1,ycurrSyml); yxl2=filter (h2,1,ycurrSym2);
yx21l=filter (h3,1, ycurrSyml); yx22=filter (h4,1,ycurrSym2);
ysl=yx1ll+yx12;

ys2=yx21+yx22;

yH11 = fft(hl,xx);yH12 = fft (h2,xx);yH21 = fft (h3,xx);yH22 = fft (h4,xx);

yAl = diag(yH11l);yA2 = diag(yH12);yA3 = diag(yH21);yA4 = diag(yH22);
yAT = [yAl yA2;yA3 yA4];

$FBMC

H11l = fft(hl,KN);H12 = fft(h2,KN);H21 = fft (h3,KN);H22 = fft (h4,KN);
x11l=filter (hl,1,currSyml); x12=filter (h2,1,currSym2);

x21=filter (h3,1,currSyml); x22=filter (h4,1,currSym2);

sl=x11+x12;

s2=x21+x22;

Al = diag(H11l);A2 = diag(H12);A3 = diag(H21);A4 = diag(H22);

AT = [Al A2;A3 A4];

ii=1l:1length (snrdB)

PdB1=10.*10gl0 (sum( (abs (currSyml)) .”2) /numel (currSyml)) ;
PdB2=10.*10gl0 (sum( (abs (currSym2)) .”2) /numel (currSym2)) ;
ynl=awgn (sl, snrdB(ii),PdB1l) ;

yn2=awgn (s2, snrdB(ii) , PdB2) ;

%OFDM

yPdB1=10.*10gl0 (sum( (abs (ycurrSyml)) .”"2) /numel (ycurrSyml)) ;
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yPdB2=10.*10gl0 (sum( (abs (ycurrSym2)) .”2) /numel (ycurrSym2)) ;

yynl=awgn (ysl, snrdB(ii), yPdBl) ;
yyn2=awgn (ys2, snrdB (ii), yPdB2) ;
$MMSE Equaliztion Matrices

yC= (yAT' *yAT+10" (-snrdB (ii) /10) *eye (2*xx) ) \yAT';
C=(AT'*AT+10" (-snrdB(ii) /10) *eye (2*KN) ) \AT"';

%FDE OFDM

o

yrl=yynl (Ncp+l:end) ; % remove CP

yr2=yyn2 (Ncp+l:end) ;

yrfl = f£ft((yrl))/sqrt(length(yrl));
yrf2 = fft((yr2))/sqrt(length(yr2));
SZF

yY_equal = yAT\ ([yrfl yrf2 ].");
yrel=yY equal(l:end/2);
yre2=yY equal (end/2+1: end);
ydl=yrel."';

yd2=yre2."';

% MMSE

zY equal=(yC*[yrfl yrf2].');

zrel=zY equal(l:end/2);
zre2=zY equal (end/2+1: end);
zdl=zrel."';

% Perform FFT

g

zd2=zre2."';

$FDE FBMC

rfl = fft(fftshift(ynl))/sqgrt(length(ynl)); % Perform FFT
rf2 = fft(fftshift(yn2))/sqgrt(length(yn2));

SZF

Y equal = AT\ ([rfl;rf2]);
rel=Y equal(l:end/2);

re2=Y equal (end/2+1: end);

% MMSE

xY equal=(C*[rfl;rf2]);
xrel=xY equal (l:end/2);
xre2=xY equal (end/2+1: end);
SZF

rxfl = filter (Hk, 1, rel);

rxl = [rxfl(K:end); zeros(K-1,1)1];
rxf2 = filter (Hk, 1, re2);

rx2 = [rxf2(K:end); zeros(K-1,1)1;
$MMSE

xrxfl = filter (Hk, 1, xrel);

xrxl = [xrxfl(K:end); zeros(K-1,1)];
xrxf2 = filter (Hk, 1, xre2);

xrx2 = [xrxf2(K:end); zeros(K-1,1)1;

oe

OQAM post-processing

oe

)

if rem(frame, 2) %
rll = real(rx1(1l:2*K:end)) ;
r2l = imag(rxl (K+1:2*K:end)) ;
rcompll = complex(rll, r2l)
rl2 = real (rx2(1l:2*K:end)) ;
r22 = imag(rx2 (K+1:2*K:end)) ;

’

rcombl2 = complex(rl2, r22);
SMMSE
xrll = real (xrx1(l:2*K:end));

xr2l = imag(xrxl (K+1:2*K:end)) ;
xrcombll = complex(xrll, xr2l);
xrl2 = real (xrx2(1l:2*K:end)) ;
xr22 = imag(xrx2 (K+1:2*K:end));
xrcombl2 = complex (xrl2, xr22);
else
rll = imag(rxl(l:2*K:end));
r21 = real (rxl1 (K+1:2*K:end)) ;
rcombll = complex (r2l, rll)
rl2 = imag(rx2(l:2*K:end));
r22 = real (rx2 (K+1:2*K:end)) ;
rcompbl2 = complex(r22, rl2);
$MMSE
xrll = imag(xrxl(l:2*K:end));
xr2l = real (xrxl (K+1:2*K:end)) ;
xrcompbll = complex (xr2l, xrll);

’

oe

Matched filtering with prototype filter
Remove K-1 delay elements
Matched filtering with prototype filter
Remove K-1 delay elements

o0 oo

oe

Matched filtering with prototype filter
Remove K-1 delay elements
Matched filtering with prototype filter
Remove K-1 delay elements

o0 oo

oe

oe

Downsample by 2K, extract real and imaginary parts
Imaginary part is K samples after real one

% Real part is K samples after imaginary one
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xrl2 = imag(xrx2(l:2*K:end));
xr22 = real (xrx2 (K+1:2*K:end)) ;
xrcombl?2 = complex (xr22, xrl2);
end
$FBMC ZF
dl=(1/K)*rcombll;
d2=(1/K) *rcombl?2;
decl(l:2:end)=dl(l:2:end);
decl(2:2:end)=-conj(dl(2:2:end));
dec2(l:2:end)=conj(d2(2:2:end)) ;
dec2(2:2:end)=(d2(1:2:end)) ;
rec=(decl+dec2)/2;
rxSymbols = gamdemod (rec,M) ;
[~,ber (frame,ii) ]= biterr (inpSymbols (:, frame), rxSymbols) ;
$FBMC MMSE
xdl=(1/K) *xrcombll;
xd2=(1/K) *xrcombl2;
xdecl (1:2:end)=xdl (1:2:end);
xdecl (2:2:end)=-conj (xdl (2:2:end)) ;
xdec2 (1:2:end)=conj (xd2 (2:2:end)) ;
xdec2 (2:2:end)=(xd2(1l:2:end)) ;
xrec=(xdecl+xdec2)/2;

xrxSymbols = gamdemod (xrec,M) ;
[~,xber (frame, ii) ]= biterr (inpSymbols (:, frame), xrxSymbols) ;
$OFDM ZF

ydecl(l:2:end)=ydl(l:2:end);
ydecl (2:2:end)=-conj (ydl(2:2:end)) ;
ydec2 (1:2:end)=conj (yd2(2:2:end)) ;
ydec2 (2:2:end)=(yd2(1:2:end));
yrec=(ydecl+ydec2)/2;
yrxSymbols = gamdemod (yrec,M) ;
[~,yber (frame,ii) ]= biterr (yinpSymbols (:, frame), yrxSymbols) ;
%$OFDM MMSE
zdecl (l:2:end)=zdl (1:2:end);
zdecl (2:2:end)=-conj (zdl (2:2:end)) ;
zdec2 (1:2:end)=conj (zd2(2:2:end)) ;
zdec2 (2:2:end)=(zd2(1l:2:end));
zrec=(zdecl+zdec2)/2;
zrxSymbols = gamdemod (zrec,M) ;
[~,zber (frame, ii) ]= biterr (yinpSymbols (:, frame), zrxSymbols) ;
end
end
error=mean (ber) ;
xerror=mean (xber) ;
yerror=mean (yber) ;
zerror=mean (zber) ;
figure,
semilogy (snrdB,error,'-+b',snrdB, xerror, '-ok',snrdB, yerror, 'r',snrdB, zerror, '-xg', 'LineWidth', 1)
grid on
xlabel ("SNR (dB) ")
ylabel ('BER")
legend('Hybrid FBMC-ZF', 'Hybrid FBMC-MMSE', 'OFDM-ZF', 'OFDM-MMSE')
set (findall (gcf, '-property', 'Font'), 'Font', 'Cambria Math')

2. Hybrid SC-OQAM/FBMC MIMO BER (Chapter 5)

clc

clear all

N=64; Number of subcarriers

Frame=100000; % Number of Monte Carlo repetitions
K=4; Overlapping Factor

QAM Modulation order

SNR in dB

Number of multipath channel taps

o

tn
[URe |
Lol B
I Q0 o
NS
o
~. I
o
w
w
o
O 0P oo de

% Initialization for transmission
KN=K*N;
currSymla=zeros (1,K*N) ;
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currSym2a=zeros (1,K*N) ;
currSymlb=zeros (1,K*N) ;
currSym2b=zeros (1,K*N) ;
dataSubCarla=zeros (N/2,1);
dataSubCarlb=zeros (N/2,1);
dataSubCar2a=zeros (N, 1) ;
dataSubCar2b=zeros (N, 1) ;
berl=zeros (Frame, length (snrdB)) ;
ber2=zeros (Frame, length (snrdB)) ;
%% Prototype filter coefficients
H1=0.971960; H2=sqgrt(2)/2; H3=0.235147;
factech=1+2* (H1+H2+H3) ;
hef (1:4*N)=0; %Oversmapled Impulse response
for i=1:4*N-1

hef (1+i)=1-2*Hl*cos (pi*i/ (2*N))+2*H2*cos (pi*1i/N) -2*H3*cos (pi*i*3/ (2*N)) ;
end
hef=hef/factech;
%% Single Carrier matrix (M)
subcarriermapping ='IFDMA'; %interleaved mapping
Q = N/(N/2);
In=eye ((N/2));
MM=zeros (N, (N/2));

if subcarriermapping == 'IFDMA'
MM(1l:Q:end, :)=In;

else $localized mapping
MM(1:(N/2),:)=In;

end

Wnl=dftmtx ((N/2))/sqrt ((N/2));
IWnl=inv (Wnl) ;
Wml=dftmtx (N)/sqgrt (N);
IWmM1=Wml\MM;
DMWm1=MM. ' *Wml;
papr_FBMC=zeros (1,Frame) ;
papr_SC=zeros (1, Frame) ;
ain=zeros (1,Frame);
aout=zeros (l,Frame);
bin=zeros (1, Frame) ;
bout=zeros (1, Frame) ;
Adb=10; %As Adb increases the curve becomes more linear
Asat= (10" (Adb/10)) ;
rap = comm.MemorylessNonlinearity ('Method', '"Rapp
model', 'OutputSaturationLevel',Asat, 'Smoothness’', 1) ;
for m=1:Frame
m
inl=randi ([0 M-1], N/4, 1);
in2=randi ([0 M-1], N/2, 1);
Al = gammod (inl,M) ;
A2 = gammod (in2,M) ;
$Alamouti for SC-FBMC
Antla=zeros (size (Al));
Antlb=Antla;
Antla(l:2:end)=A1(1:2:end);
Antla(2:2:end)=-conj (Al (2:2:end));
Antlb(l:2:end)=Al1(2:2:end);
Antlb(2:2:end)=conj (Al (1l:2:end));
$Alamouti for FBMC
Ant2a=zeros (size (A2));
Ant2b=Ant2a;
Ant2a(l:2:end)=A2(1l:2:end);
Ant2a(2:2:end)=-conj (A2 (2:2:end));
Ant2b(l:2:end)=A2(2:2:end) ;
Ant2b(2:2:end)=conj (A2 (1:2:end));
$OQAM modulation

if rem(m,2)==1 % 0dd symbols
%for SC
dataSubCarla(l:2:end) = real (Antla);
dataSubCarla(2:2:end) = li*imag(Antla);
dataSubCarlb(l:2:end) = real (Antlb);
dataSubCarlb(2:2:end) = li*imag(Antlb);
% %$for FBMC
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dataSubCar2a(l:2:end) = real (Ant2a);
dataSubCar2a(2:2:end) = li*imag(Ant2a);
dataSubCar2b(1:2:end) = real (Ant2b);
dataSubCar2b(2:2:end) = li*imag (Ant2b);
else % Even symbols
%$for SC
dataSubCarla(l:2:end) = li*imag(Antla);
dataSubCarla(2:2:end) = real (Antla);
dataSubCarlb(l:2:end) = li*imag (Antlb);
dataSubCarlb(2:2:end) = real (Antlb);
%$for fbmc
dataSubCar2a(l:2:end) = li*imag(Ant2a);
dataSubCar2a(2:2:end) = real (Ant2a);
dataSubCar2b(l:2:end) = li*imag(Ant2b);
dataSubCar2b(2:2:end) = real (Ant2b);

end

xwla=Wnl*dataSubCarla;

xla=(IWmMl*xwla) ."';

xwlb=Wnl*dataSubCarlb;

x1b=(IWmM1l*xwlb) ."';

x2a=1fft (dataSubCar2a).'*sqgrt (length (dataSubCar2a));
x2b=1fft (dataSubCar2b) .'*sqgrt (length (dataSubCar2b)) ;
$Duplication of the signal

x1Ka=[xla xla xla xlal;
x1Kb=[x1b x1b x1b xlb];
x2Ka=[x2a x2a x2a x2al;
x2Kb=[x2b x2b x2b x2b];
$We apply the filter on the duplicated signal

txSymbla=x1Ka.*hef;

txSymblb=x1Kb.*hef;

txSymb2a=x2Ka.*hef;

txSymb2b=x2Kb. *hef;

% Transmitted signal
currSymla=txSymbla+[currSymla (1+N/2:end)
currSymlb=txSymblb+[currSymlb (1+N/2:end)
tcurrSymla=rap (currSymla."')."';
tcurrSymlb=rap (currSymlb.")."';
currSym2a=txSymb2a+[currSym2a (1+N/2:end)
currSym2b=txSymb2b+ [currSym2b (1+N/2:end)
tcurrSym2a=rap (currSym2a."')."';
tcurrSym2b=rap (currSym2b.")."';

zeros (1,N/2)1:%
zeros (1,N/2)1;%

zeros (1,N/2)]
zeros (1,N/2)1;%

oe

%channel

h = (1/sgrt(tap)) * (randn (4, tap) +sqrt (-1) *randn (4, tap)) /sqrt(2);

hl = h(l,:);h2 = h(2,:);h3 = h(3,:);hd = h(4,:);

H11 = fft(hl,KN);H12 = f£ft (h2,KN);H21 = fft (h3,KN);H22 = fft (h4,KN);
Al = diag(H11l);A2 = diag(H12);A3 = diag(H21);A4 = diag(H22);

AT = [Al A2;A3 A4];

xlaa=filter (hl,1,tcurrSymla);
x1lba=filter (h3,1, tcurrSymla);
sla=xlaatxlab;
slb=xlba+x1lbb;

xlab=filter (h2,1, tcurrSymlb) ;
x1bb=filter (h4,1, tcurrSymlb) ;

x2aa=filter (hl,1, tcurrSym2a);x2ab=filter (h2,1, tcurrSym2b) ;
x2ba=filter (h3,1, tcurrSym2a) ; x2bb=filter (h4,1, tcurrSym2b) ;

s2a=x2aa+x2ab;

s2b=x2ba+x2bb;

for ii=1l:1length (snrdB)
Demodulator
PdBla=10.*1ogl0 (sum

B~

abs (tcurrSymla))

."2) /numel (tcurrSymla)) ;

(
ynla=awgn (sla, snrdB(ii), PdBla);
PdB1b=10.*10gl0 (sum( (abs (tcurrSymlb)) .”2) /numel (tcurrSymlb)) ;
ynlb=awgn (slb, snrdB(ii) , PdBlb) ;
PdB2a=10.*10gl0 (sum( (abs (tcurrSym2a)) .”2) /numel (tcurrSym2a)) ;
yn2a=awgn (s2a, snrdB (ii), PdB2a) ;
PdB2b=10.*10gl0 (sum( (abs (tcurrSym2b) ) .”2) /numel (tcurrSym2b)) ;
yn2b=awgn (s2b, snrdB (ii) , PdB2b) ;

$FDE

Yla=fft(ynla
Ylb=fft (ynlb
Y2a=fft (yn2a
Y2b=fft (yn2b

/sqrt (length (ynla
/sqrt (length (ynlb
/sqrt (length (yn2a
/sqrt (length (yn2b
C=(AT'*AT+10" (-snrdB(ii) /10) *ey

’

))
));
))
));
e

’

(2*KN) ) \AT';
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Yl=(C*[Yla.';Ylb.']);

Yela=Y1l(l:end/2);

Yelb=Y1 (end/2+1: end);

rela=ifft (Yela).'*sqgrt(length(Yela));

relb=ifft (Yelb).'*sqgrt (length(Yelb));

Y equal2=(C*[Y2a.';Y2b."']);

Ye2a=Y equal2(l:end/2);

re2a=ifft (Ye2a).'*sqgrt (length(Ye2a));

Ye2b=Y equal2(end/2+1: end);

re2b=ifft (Ye2b).'*sqgrt (length(Ye2b));

% SC-FBMC

rla=(rela) .*hef; % We apply the filter

ula=zeros (1,N);

rlb=(relb) .*hef; % We apply the filter

ulb=zeros (1,N);

% FBMC

r2a=(re2a) .*hef; % We apply the filter

u2a=zeros (1,N);

r2b=(re2b) .*hef; % We apply the filter

u2b=zeros (1,N) ;

$downsampling

for k=1:K
ula=ula+rla(l,1+(k-1)*N:k*N);
ulb=ulb+rlb (1, 1+ (k-1)*N:k*N) ;
u2a=u2a+r2a(l, 1+ (k-1)*N:k*N) ;
u2b=u2b+r2b (1, 1+ (k-1) *N:k*N) ;

end

ula=DMWml* (ula.'/K);

sestla=(Wnl\ula)."';

ulb=DMWm1* (ulb.'/K);

sestlb=(Wnl\ulb)."';

sest2a=fft (u2a/K) /sqrt (length (u2a)) ;

sest2b=fft (u2b/K) /sqrt (length (u2b)) ;

% OQAM demodulation
if rem(m, 2)

% Imaginary part is K samples after real one

ylla = real(sestla(l:2:end));

y2la = imag(sestla(2:2:end));

rcombla = complex(ylla, y2la);

yllb = real(sestlb(l:2:end));

y21lb = imag(sestlb(2:2:end));

rcompblb = complex(yllb, y21b);

zlla = real(sest2a(l:2:end));
z2la = imag(sest2a(2:2:end));
rcompb2a = complex(zlla, z2la);

z11b = real (sest2b(l:2:end));
z21lb = imag(sest2b(2:2:end));
rcomb2b = complex(zllb, z21b);
else
ylla = imag(sestla(l:2:end))
y2la = real(sestla(2:2:end))
rcombla = complex(y2la, ylla
yllb = imag(sestlb(l:2:end))
y21lb = real(sestlb(2:2:end));
rcompblb = complex(y2lb, yllb);
zlla = imag(sest2a(l:2:end));
)
a
)
)
b

’

)i

’

z2la = real(sest2a(2:2:end)
rcomb2a = complex(z2la, zll
z11lb = imag(sest2b(l:2:end)
z21lb = real (sest2b(2:2:end)
rcomb2b = complex(z21lb, =z11
end

$Alamouti decoding SC

dla=rcombla;

dlb=rcomblb;

decla=zeros (size(dla));

declb=decla;

decla(l:2:end)=dla(l:2:end);

)i

’

)i

)
decla(2:2:end)=-conj(dla(2:2:end));
declb (1:2:end)=conj (dlb(2:2:end)) ;
declb(2:2:end)=(dlb(l:2:end)) ;

123



recl=(decla+declb)/2;

%Alamouti decoding no SC
d2a=rcomb2a;

d2b=rcomb2b;

dec2a=zeros (size(d2a));
dec2b=dec2a;
dec2a(l:2:end)=d2a(l:2:end) ;
dec2a(2:2:end)=-conj (d2a(2:2:end));
dec2b (1:2:end)=conj (d2b(2:2:end)) ;
dec2b (2:2:end)=(d2b(1:2:end)) ;
rec2=(dec2a+dec2b)/2;
p=sum(abs (recl) .”2) /length (recl);
p2=sum(abs (rec2) .”2) /length (rec2);
rxl = gamdemod (sqrt (10) *recl.'/sqrt (p),M);

[~,berl(m,1ii)]= biterr(inl, rxl);
rx2 = gamdemod (sqrt (10) *rec2.'/sqgrt (p2),M) ;
[~,ber2(m,ii) ]= biterr(in2, rx2);
end
end

errorl=mean (berl);

error2=mean (ber2) ;

figure, semilogy (snrdB,errorl, 'b',snrdB,error2, 'r', 'LineWidth', 1)
grid on

xlabel ("SNR (dB) ")

ylabel ('"BER")

legend ('SC-0QAM/FBMC', 'OQAM/FBMC")

set (findall (gcf, '-property', 'Font'), 'Font', 'Cambria Math')
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