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Summary
Orthogonal frequency division multiplexing (OFDM) has been the technology of

choice for years in wired and wireless systems. However, it has some drawbacks that
limit its use in the fifth generation of wireless communication systems (5G). Apart
from interference implications, the large out-of-band emissions of OFDM reduces the
potential for utilization of non-contiguous spectrum chunks known as spectrum ag-
gregation. OFDM also has a very high sensitivity to carrier frequency offset (CFO),
which can hamper communication in multiuser scenarios such as uplink communi-
cations. Accordingly, stringent synchronization is required which imposes a large
amount of overhead on the network and can cause some latency issues. These issues
are in particular challenging when considering machine-to-machine (M2M) traffic.
Bearing in mind that M2M and the Internet-of-Things are of increasing significance
in the context of 5G communication systems, these shortcomings are significant.

To address these shortcomings this thesis takes two different approaches. In the
first instance the thesis looks at techniques that target the CFO issues associated
with OFDM waveforms. In the second instance the thesis adopts the approach that
alternative waveforms may offer a better way forward. The underlying philosophy of
the thesis whether dealing with OFDM or alternative waveforms is to pursue solutions
that exhibit some or all of the following traits: (1) low computational complexity, (2)
the ability to serve a large number of users, (3) low latency, (4) relaxed synchroniza-
tion requirements and (5) localized signals in time and/or frequency domains.

The key contribution of the the section of the thesis that focuses on the uplink
of OFDM-based systems lies in the design of CFO compensation algorithms with a
substantially reduced complexity, especially in presence of a large number of users,
compared with the existing solutions known to have the lowest complexity. To re-
duce the complexity while maintaining the optimal performance, the proposed CFO
correction techniques in this thesis either take advantage of the natural structure of
the CFO matrix, known as interference matriz, or manipulate the matrix to become
sparse. Additionally, the developed techniques in this thesis cover all the subcarrier
allocation schemes and thus make dynamic resource allocation possible in the uplink.

The alternative waveforms to OFDM that are considered in the thesis are fil-

ter bank multiple access (FBMC) and generalized frequency division multiplexing



(GFDM), known as a generalized version of OFDM. The reason for focusing on these
waveforms is that they have emerged as serious candidates for inclusion in 5G stan-
dards. This is because they are claimed to have laxer synchronization requirements
than OFDM which makes them attractive to the 5G scenarios where a large number
of users need to be served simultaneously. Research in new waveforms is in its early
stages and hence the waveforms warrant deeper investigation, if they are to be in-
cluded in 5G standards. Another key technology that is proposed for inclusion in 5G
systems utilizes a large number of antennas at the base station to increase the capacity
of multiuser networks. This technology that is called massive multiple input multiple
output (MIMO) exploits OFDM as a multicarrier modulation technique. However, in
this thesis, OFDM is replaced by FBMC in the context of massive MIMO to investi-
gate the impact of these two forerunner technologies proposed for 5G systems on each
other. Due to their long prototype filter, FBMC signals are known to have a long tran-
sient period which can be a bottleneck in bursty communications. One of the major
contributions of this thesis is to reveal an interesting property of FBMC in massive
MIMO channels that we call self-equalization. This property allows us to widen the
subcarrier bands, increase the symbol rate and substantially reduce the signal tran-
sients and hence the latency/delay that is caused by the synthesis and analysis filter
banks. Self-equalization property leads to a number of by-product benefits; namely,
(1) reduced complexity; (2) reduced sensitivity to CFO; (3) reduced peak-to-average
power ratio (PAPR); (4) increased bandwidth efficiency. Another contribution of the
thesis in FBMC-based massive MIMO systems is the development of a blind chan-
nel tracking algorithm that solves the pilot contamination problem in multi-cellular
massive MIMO networks.

Inspired by the research that is conducted in this thesis in the realm of CFO com-
pensation for OFDM, a transceiver structure is designed for GFDM which can sub-
stantially reduce the implementation complexity compared with the existing GFDM
transceiver structures known to have the lowest complexity. The proposed transmit-
ter is based on modulation matrix sparsification through application of fast Fourier
transform (FFT) while the proposed receiver techniques benefit from the block circu-
lant property of the matrices involved in the demodulation stage. GFDM is known
to be a non-orthogonal waveform which leads to a bit error rate performance penalty.
To tackle this problem, a simple modification to GFDM leading to an orthogonalized
version of it, known as circular FBMC (C-FBMC), has been recently introduced. In
our study, we present a thorough comparison of these two waveform candidates for 5G.

The proposed transceiver structures for GFDM are directly applicable to C-FBMC.
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Chapter 1
Introduction

Wireless communication systems have become an essential part of everyday life. The
widespread popularity of smart phones and the emergence of new applications such
as the Internet of Things (IoT) and machine to machine communications (M2M)
necessitate the need for massive connectivity and higher data rates. The advent of
the fifth generation of wireless communication systems (5G) and the associated focus
on a wide range of applications from those involving bursty M2M traffic to media-
rich high bandwidth applications has led to the requirement for low latency and
temporally and spectrally efficient signaling techniques with relaxed synchronization
needs.

As opposed to the previous generations of wireless communication systems, 5G
is not only about higher data rates but it is also about more and more connected
devices. This leads to a number of challenges in such systems. The presence of many
connected devices in the network results in multiuser interference (MUI) due to the
lack of synchronization among the users. In the current multiuser scenarios such as
uplink communication, a negligible drift in synchronization causes a large amount
of MUI which can hamper communication. The MUI escalates as the number of
users to be simultaneously served increases. A way of dealing with this problem is to
synchronize the users before uplink transmission, i.e., during downlink communication
and bring their synchronization errors in a very tight range. This in turn demands
transmission of a large amount of training signals which imposes a large overhead

and hence latency to the network.
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Therefore, the challenge in multiuser systems is to (1) lower the
latency, (2) relax the synchronization needs, (3) serve a large num-
ber of users and (4) serve the users while having a reasonable com-

putational complezity.

The aforementioned requirements and challenges for future wireless communica-
tion systems motivate the need for substantial technological improvements that need
to be started from the physical layer. To that end, this thesis is focused on the physi-
cal layer aspects of the current and future multiuser wireless communication systems.
Hence, it provides solutions to the shortcomings of the current multiuser systems and
looks into alternative approaches that can greatly improve the capacity and address
the requirements of the future multiuser systems. Accordingly, the purpose of the
thesis is to look at different waveforms and new technologies being proposed for 5G
systems, enhance them and test their applicability to multiuser scenarios where many

users are present in the network.

1.1 Current multiuser systems

There exist four main categories of multiple access techniques; namely, frequency di-
vision multiple access (FDMA), time division multiple access (TDMA), code division
multiple access (CDMA) and space-division multiple access (SDMA). In FDMA, the
available bandwidth is divided into different frequency bands or channels with large
enough guard bands in between and they are assigned to different users to transmit
their signals without interfering each other. The frequency bands are assigned to the
users based on their demand and only one user can occupy a channel during each
transmission time. Similar to FDMA, in TDMA, the available time frame is divided
into several time slots that are assigned to different users. In CDMA, the spectrum of
the signal is spread beyond its required bandwidth using a spreading code and hence
CDMA is not efficient for single user scenarios. However, in multiuser scenarios, it
becomes bandwidth efficient as the available bandwidth is reused by all the users. All
the multiple access methods that are mentioned above can utilize another dimension
which is space to increase the network capacity. This technique, which is known as
SDMA, leverages the non-homogeneous spatial distribution of the users and takes

advantage of multiple input multiple output (MIMO) antenna systems.
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The physical layer of 4G systems is based on OFDMA which is a combination of
orthogonal frequency division multiplexing (OFDM) and FDMA. OFDM is a multi-
carrier technology where the transmit data is modulated with a number of orthogonal
tones. The popularity of OFDM systems is due to their simple implementation as
well as their robustness against multipath channels. In OFDMA, mutually exclusive
sets of subcarriers are assigned to different users based on some carrier assignment
scheme!. In the uplink of an OFDMA system, the resources in time and frequency are
allocated to different users spread in different locations and they transmit their signals
to the base station (BS), Fig. 1.1. The inevitable imperfect synchronization between
the users and the BS breaks the orthogonality between the subcarriers and causes
multiple access interference (MAI) as well as self-user interference [1]. Synchroniza-
tion errors due to the timing misalignment of the users’ signals can be eliminated by a
choice of long enough cyclic prefix (CP), to obtain a set of quasi-synchronous OFDM
signals. The residual timing mismatch between different users will be reflected as a
part of their respective channel impulse responses and hence, can be compensated for
at the equalization stage, [2].

Due to the fact that the received signal at the BS is a superposition of all the
users’ signals, multiple CFOs appear in the received signal. This breaks the orthogo-

nality and results in inter-carrier interference (ICI) and hence MUI. To remove MUI,

'Different carrier assignment schemes are discussed in detail in Chapter 2.



1.2 Future multiuser systems 4

a two-step process is applied. First, an appropriate signal processing method is used
to estimate different users’ CFOs. A CFO compensation method is then employed
to remove MUI effects. Several algorithms have been proposed in the literature for
the former [2-4]. However, the focus of this thesis in the area of OFDMA uplink is
on the latter, i.e., improving on the MUI removal methods. In the study that is con-
ducted in this thesis, it is noticed that the existing CFO correction techniques in the
literature suffer from a very large computational complexity specially as the number
of users increases. To avoid this large complexity, current wireless standards such as
WiMAX and 3GPP Long Term Evolution (LTE) have a very stringent synchroniza-
tion requirements among the users which does not allow CFOs higher than 2 to 4
percent of subcarrier spacing. This indeed imposes a large amount of overhead to the
network and is very costly. Another way of attacking the CFO problem in the uplink
is to accept some performance loss and bring the complexity in a reasonable range.
Accordingly, all the aforementioned remedies come at a cost which is not negligible.

Therefore, the research question that is raised here is the following.

Question 1

e Is it possible to serve a large number of users with OFDMA
having a reasonable computational burden while providing the
optimal performance catering all carrier assignment schemes?

1.2 Future multiuser systems

To avoid the interference issues of 4G systems and address the challenges of 5G, alter-
native technologies with relaxed synchronization requirements, capability to serve a
large number of users, low latency and complexity have recently emerged. Two major
hot research areas to watch out for in the realm of 5G systems are massive multiple
input multiple output (MIMO) and new waveforms promising the aforementioned

challenges of 5G.

Massive MIMO

In recent years, massive MIMO has stirred a great amount of interest among re-

searchers as a potential candidate to increase the capacity of multiuser networks.



1.2 Future multiuser systems 5

Massive MIMO is a CDMA like multiuser technique where the spreading gains for
each user are determined by the channel gains between the respective mobile terminal
(MT) antenna and multiple antennas at the BS. As it is shown in [5], by increasing
the number of antennas at the BS, the effects of noise and multiuser interference
start to vanish until they will be completely removed as the number of BS antennas
tends to infinity. Hence, the network capacity can be increased without a bound by
increasing the number of antennas at the BS, [5].

The only limiting factor of the network capacity in the single-cell scenario is
the number of MTs that has to be proportionally much smaller than the coherence
time of the channel to facilitate accurate channel estimation, [5]. In addition to the
aforementioned limitation, non-cooperative multi-cellular time-division duplex (TDD)
networks suffer from the so called pilot contamination problem first reported by Jose
et al., [6]. This is known as a major factor in limiting the capacity of such networks,
[7]. A number of solutions have been proposed in the literature to attack the pilot
contamination problem, [8-10]. However, such solutions are very complex or have
certain requirements that may not be easy to satisfy, e.g., the need for eigenvalue

analysis of the covariance matrix of the received signal or cooperation among cells.

New waveforms

OFDM has been adopted in many wired and wireless standards. However, it suf-
fers from a number of shortcomings that limit its application to 5G networks. The
limitations of OFDM are well documented. OFDM suffers from a large amount of
out-of-band emissions that not only lead to interference issues but also limit its appli-
cation to spectrum aggregation systems. In addition, OFDM is very sensitive to CFO
which necessitates strict synchronization requirements. This, in turn, substantially
increases the network overhead and thus latency. The situation gets worse in applica-
tions like M2M where a large number of devices need seamless connectivity and low
latency. As noted earlier, the presence of multiple CFOs in such networks leads to
an increased receiver complexity and one of the main advantages of OFDM which is
its low complexity is lost. The challenge therefore, is to find waveforms with more
relaxed synchronization needs, low latency and more localized signals in both time
and frequency domains without the penalty of a more complex transceiver compared
with that of OFDM. There are many candidate waveforms on the table that need to

be put under the microscope for investigation, [11-15].



1.2 Future multiuser systems 6

Filter bank multicarrier (FBMC) is a method that was initially proposed about
50 years ago, [16, 17|, and is recently being considered as a candidate waveform
for 5G systems, [11]. All the proposed signaling techniques for 5G are filter bank
multicarrier (FBMC) systems that can be categorized into two groups; the ones with
linear pulse shaping, [15, 18|, and the ones with circular pulse shaping, [12-14]. The
idea of FBMC systems with circular pulse shaping was first developed by Fettweis et
al., [12], with the goal of removing the ramp-up and ramp-down of the conventional
FBMC signals. The outcome from this work was a non-orthogonal waveform that is
called generalized frequency division multiplexing (GFDM). In a more recent work,
[14], Lin and Siohan applied a modification to GFDM which makes it orthogonal and
thus removes the drawbacks of GFDM due to its non-orthogonality. While FBMC
systems with linear pulse shaping was proposed long time ago, FBMC systems with
circular pulse shaping has emerged only in 2009, [12]. Thus, the research on the latter
is not matured and some of the main parts of the puzzle including computationally
efficient transceiver structures providing the optimal performance are missing.

Since FBMC systems with circular pulse shaping are known to be a generalized
version of OFDM, [19], they have the same properties as OFDM in massive MIMO
channels. However, the impact of FBMC waveforms with linear pulse shaping and
massive MIMO on each other is not clear. Accordingly, the following research ques-

tions are important to be addressed.

Question 2

o Given that massive MIMO and FBMC are suitable for serv-
ing a large number of users, what is the impact of these two

forerunner technologies on each other?
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Question 3

e FBMC systems with circular pulse shaping have relaxed syn-
chronization requirements which makes them suitable for ap-
plications like M2M. However, the existing transceiver struc-
tures for such systems are based on successive interference
cancellation techniques which have the drawback of error prop-
agation. Is it possible to design low complexity transceiver
structures for such systems while providing the optimal per-

formance?

1.3 Contributions

For both contemporary and future multiuser systems, in this thesis, the aim is to serve
a larger number of users and relax the synchronization requirements among the users
in the network and in doing make significant advances over the performance of current
systems. In answering the research questions that are raised in Sections 1.1 and 1.2,

the following contributions have been made:
1. Contemporary multiuser systems (OFDMA-based uplink)

e Low complexity MMSE and zero forcing (ZF) CFO correction techniques
for interleaved and block interleaved carrier allocation schemes are devel-
oped. These techniques provide a complexity reduction over an order of
magnitude compared with the solution in the literature known to have the
lowest complexity. Additionally, the proposed solutions have a reasonable

complexity for large numbers of users in the network.

e A new class of low complexity CFO compensation techniques for the gen-
eralized carrier allocation scheme is developed. The complexity reduction
in the proposed solutions is substantial when compared to the existing
ones in the literature. Our solutions provide over two orders of magnitude
complexity reduction compared to the solution in the literature known to
have the lowest complexity. Furthermore, through application of these so-
lutions, a large number of users can be served simultaneously with a low

computational load.
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2. Future multiuser systems

1.4

e FBMC is applied to massive MIMO channels and it is shown that in such

channels, FBMC can gain from the channel flattening effect and reduce
the latency of the system due to the ramp-up and ramp-down period of
its signals through widening the subcarriers in frequency domain and in-
creasing the symbol rate. As the byproduct of this, we have more relaxed
synchronization requirements, a lower peak to average power ratio (PAPR),

a higher bandwidth efficiency and a more flexible carrier aggregation.

The frequency spreading equalization approach in massive MIMO is also in-
vestigated and it has shown that through this type of equalization, further
subcarrier widening compared with the polyphase-based FBMC systems

is possible.

Pilot contamination problem in multi-cellular TDD massive MIMO chan-
nels is addressed through development of a blind tracking method. Start-
ing from the corrupted channel estimates, through running a number of
iterations, this technique is capable of reaching an SINR performance the
same as that of the MMSE solution. In the MMSE solution, it is assumed
that the BS in each cell has the perfect knowledge about the channel state

information of all the users in its own cell and the ones in the other cells.

¢ A low complexity transceiver structure for GFDM is developed which pro-

vides a substantial complexity reduction compared with the existing struc-

tures that are known to have the lowest complexity.

e A modified version of GFDM which makes the subcarriers orthogonal is

compared with GFDM.

e Sensitivity of 5G candidate waveforms to timing and frequency misalign-

ment in uplink scenario is analyzed.

Structure of the thesis

The thesis is laid out as follows. Chapter 2 provides the basics of the building block

technologies that are studied in the thesis as well as related literature reviews of each

technology. Chapter 3 focuses on the first research question raised in Section 1.1

and therefore is concerned with contemporary multiuser systems and OFDMA. More

specifically, it describes and analyses the CFO correction techniques developed for
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the interleaved, block-interleaved and generalized carrier allocation schemes. Chap-
ter 4 moves on to future multiuser systems and looks at the application of FMBC to
massive MIMO channels to address the second research question raised in Section 1.2.
In Chapter 4, the polyphase-based and frequency spreading FBMC systems are inves-
tigated and a pilot decontamination technique is designed. Chapter 5 focuses on the
third research question of Section 1.2 and as a result, a low complexity transceiver
structure is proposed for GFDM. Another waveform that is an orthogonal version of
GFDM is analyzed and compared with GFDM. In addition, sensitivity of different
contender waveforms proposed for 5G to synchronization errors is analyzed. Finally,
Chapter 6 includes the concluding remarks based on the research questions that are
asked in this thesis and their corresponding answers. It also provides a number of

research directions that can be pursued in future studies.

1.5 Publications record and patents

The following publications relate directly to this thesis:

e A. Farhang, N. Marchetti, and L. Doyle, “Low complexity LS and MMSE
based CFO compensation techniques for the uplink of OFDMA systems,” in
Proc. of the IEEE ICC’13, June 2013. [20]

e A. Farhang, A. Javid Majid, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny,
“Interference localization for uplink OFDMA systems in presence of CFOs,” in
Proc. of the IEEE WCNC’14, April 2013. [21]

e A. Farhang, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny, “Filter bank
multicarrier for massive MIMO,” in Proc. of the IEEE VTC-Fall, September
2014. [22]

e A. Farhang, A. Aminjavaheri, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny,
“Pilot decontamination in CMT-based massive MIMO networks,” in Proc. of
the ISWCS, August 2014. [23]

e A. Farhang, N. Marchetti, F. Figueiredo, JP. Miranda, “Massive MIMO and
waveform design for 5th generation wireless communication systems,” in Proc.

of the 1st International Conference on 5G for Ubiquitous Connectivity, Novem-
ber 2014. [24]
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e A. Farhang, N. Marchetti, and L. Doyle, “Low complexity GFDM receiver
design: A new approach,” in Proc. of the IEEE ICC’15, June 2015. [25]

e A. Aminjavaheri, A. Farhang, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny,
“Frequency spreading equalization in multicarrier massive MIMO,” in Proc. of
the IEEE 1CC’15 Workshop on 5G and Beyond, June 2015. [26]

e A. Farhang, N. Marchetti, L. Doyle, and B. Farhang-Boroujeny, “Low complex-
ity CFO compensation in uplink OFDMA systems with receiver windowing,” in
IEEE Transactions on Signal Processing, 2015. [27]

e A. Farhang, N. Marchetti, and L. Doyle, “Low complexity transceiver design
for GFDM,” Submitted to IEEE Transactions on Signal Processing, 2015.

e A.Rezazadeh, A. Farhang, and B. Farhang-Boroujeny, “Circularly pulse-shaped
waveforms for 5G: Options and comparisons,” Accepted for presentation in
IEEE Globecom 2015.

e A. Aminjavaheri, A. Farhang, A. Rezazadeh, and B. Farhang-Boroujeny, “Im-
pact of Timing and Frequency Offsets on Multicarrier Waveformm Candidates
for 5G,” in Proc. of the IEEE Signal Processing and SP Education Workshop
2015 (SPW’15), August 2015.

The following book chapter is prepared based on a part of research that is pre-

sented in this thesis:

e A. Farhang, N. Marchetti, and B. Farhang-Boroujeny, “Filter bank multicar-
rier for massive MIMO,” appearing in book Signal Processing for 5G: Algo-
rithms and Implementations, John Wiley and Sons, 2015.

The following papers are outcome of collaboration with other researchers in other

areas than the areas of interest to this thesis:

e A. Selim, A. Farhang, and L. Doyle, “Towards easier compliance with out-of-
band emissions regulations,” in Proc. of the ICNC’14, Feb 2014. [28]

e 7. Sharifian, M. J. Omidi, A. Farhang and H. Saeedi-Sourck, “Polynomial
based compressing and iterative expanding for PAPR reduction in GFDM,” in
Proc. of the ICEE’15, May 2015. [29]
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for publication in IEEE Wireless Communication letters, 2015.

The following patent applications are filed as a result of the research that is
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e A. Farhang, “A method and system for compensating for interference due to
carrier frequency offset in an OFDM communication system,” United States
patent application No. 14/484,845, September 2014.

e A. Farhang, “A generalized frequency division multiplexing transceiver,” UK
patent application No. 1417277.9, September 2014.



Chapter 2
Background

Due to the presence of multipath channels in wireless communication systems, the
received signal at the receiver of single carrier systems experiences inter-symbol-
interference (ISI), [30, 31]. Therefore, to compensate the effect of the wireless channel,
efficient channel equalization techniques need to be utilized, [30]. Apart from their
high computational complexity, single carrier channel equalizers may suffer from a
great amount of noise enhancement. This is linked with the small channel gains over
some portions of the frequency band as their inversion, in the equalization process,
results in noise amplification for the whole data packet.

Hence, to tackle the multipath effects in a more efficient way than single car-
rier communications and simplify channel equalization, multicarrier modulation tech-
niques can be utilized. The basic idea behind multicarrier modulation is to transmit
N number of low-rate data streams over N frequency channels that are called sub-
carrters. In other words, a high-rate data stream is multiplexed into N low-rate
substreams. This obviously simplifies equalization compared to the single carrier
case, and delivers an /N times faster symbol rate. To put it differently, the higher the
symbol rate, the more vulnerability to the multipath effects. Accordingly, multicarrier
modulation has resiliency to the multipath channel effects. In order to demultiplex
and retrieve the transmitted data, the received signal is down-sampled using each
subcarrier frequency and passed through the receiver filter. Fig. 2.1 depicts multi-
carrier modulation and demodulation. In Fig. 2.1, s[n| is the high-rate data stream
to be transmitted, the commutators on the left and right perform multiplexing and
demultiplexing operations, respectively, the parameter L can be chosen equal to N
or greater than N and f;’s for ¢ = 1,..., N are the subcarrier center frequencies.

Pr[n] and Pg[n] are the transmit and receive filters, respectively. The transmit and
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Fig. 2.1 Multicarrier communication transceiver block diagram.

receive filters can be designed in a way to have non-overlapping or overlapping sub-
carriers. The early frequency division multiplexing (FDM) systems spaced f;’s in a
way to avoid any overlap among different subcarriers while using transmit and receive
filters with sufficiently large stop band attenuation. However, these techniques are
inefficient in utilization of the available spectrum. Hence, bandwidth efficiency can
be improved by allowing some level of overlap among different subcarriers given the

perfect timing and frequency synchronization of the transmit and receive signals.

A brief history of multicarrier modulation

The idea of multicarrier transmission dates back to around 1950s. In early multi-
carrier systems, the available bandwidth was divided into several non-overlapping
frequency bands. A distinct data stream from the same source was transmitted over
each frequency band. While no frequency overlapping between the bands reduces
the amount of inter-channel-interference, those systems suffer from a great amount
of bandwidth efficiency loss. The orthogonal multicarrier transmission was first in-
troduced in the pioneering works of Chang in 1966, [16],[32] where he suggested the
utilization of a bank of overlapping filters to transmit a set of pulse amplitude mod-
ulated (PAM) symbol sequences. In the late 1960s, some multicarrier modems for
military applications were developed, [33], [34]. However, these modems had a very
high hardware complexity as they were implemented based on using a bank of oscil-
lators that were tuned on their corresponding subcarrier frequencies. Therefore, a
great amount of research in those days was concentrated on digital multicarrier com-
munications. Orthogonal frequency division multiplexing (OFDM) was introduced

by Weinstein and Ebert in 1971, [35], where they proposed base band modulation
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and demodulation through inverse discrete Fourier transform (IDFT) and discrete
Fourier transform (DFT). To tackle the ISI problem due to the multipath channel,
they introduced the concept of using a guard interval in the time domain. The idea
of adding a cyclic extension to the OFDM signal was proposed in [36] which com-
pleted the missing part of the puzzle in OFDM systems to completely remove the
ISI. Even though a substantial complexity reduction had been achieved in OFDM
systems compared to other multicarrier techniques, hardware limitations made prac-
tical implementation of OFDM impossible and hence these systems were not taken
seriously. The progress in hardware technology during 1990s made implementation
of fast fourier transform (FFT) and consequently OFDM practically feasible. Since
then, a great amount of research has been focused on OFDM systems and they were
adopted in many wired and wireless systems; namely, asymmetric digital subscriber
loop (ADSL), [37], power line communication systems [38], digital audio broadcasting
(DAB), [39], terrestrial digital video broadcasting (DVB-T), [40], Wireless LAN, [41],
WiMAX, [42], and 3GPP long term evolution (LTE) systems, [43]. To apply OFDM
to multiuser systems, orthogonal frequency division multiple access (OFDMA) which
combines frequency division multiple access (FDMA) with OFDM was proposed in
[44]. The advancements that OFDM and OFDMA systems have made is due to
their low complexity, simple implementation, simple applicability to multiple imput
multiple output systems (MIMO) and high flexibility in resource management and
dynamic channel assignment.

Another class of multicarrier systems is called filter bank multicarrier (FBMC)
which was initially proposed by Chang in [32] and interestingly, it was proposed even
before the first paper on OFDM. Bellanger showed that a great amount of complexity
reduction in the digital implementation of FBMC through his proposed polyphase
transceiver structure can be achieved, [45]. However, due to their high computational
complexity, these systems were not as successful as the widely used OFDM systems
in being adopted by the standards. They are currently adopted in the power line
communication standard IEEE1901, [38] and TIA radio transmission standard, [46].
As it has been noticed in several publications, |2, 20, 21, 47|, OFDMA has to deal
with many challenges in more complex scenarios than point to point communications
such as uplink and some emerging applications like machine to machine (M2M) com-
munications and Internet of Things (IoT). As a case in point, OFDMA in the uplink
of multiuser networks needs full synchronization among the users’ signals that are
received at the base station (BS). Otherwise, the low complexity benefit of OFDM

will be lost and the receiver complexity will be substantially increased (by orders
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of magnitude). In contrast, FBMC systems are shown to have a lower complexity
than their OFDMA conterpart in the uplink scenario, [48]. Accordingly, multicarrier
waveforms with a higher robustness against synchronization errors compared with
OFDM have to be sought for the physical layer of the fifth generation of wireless
communication systems (5G), [11, 49]. FBMC, as a candidate, has been recently in
the center of attention and several implementations of these systems with interest-
ing properties are proposed, [11, 50-54]. Another type of multicarrier modulation
which can be thought as an FBMC system with circular pulse shaping rather than
linear pulse shaping has recently stirred a great deal of attention among researchers.
This idea was first initiated with the proposal of generalized frequency division mul-
tiplexing (GFDM), i.e., a non-orthogonal waveform, by Fettweis et al in 2009, [55].
Recently, Lin and Siohan have modified GFDM to preserve the orthogonality and
hence avoid the performance loss that happens due to the non-orthogonality of the
subcarriers [14, 56]. Another type of FBMC modulation with circular pulse shaping
with non-overlapping subcarriers has also been recently introduced by Tonello in [57].

In the rest of this chapter, the merits and demerits of several technologies that are
suitable for multiuser applications will be discussed. The mathematical foundation
of each technology along with their corresponding system model will be presented.
The structure of this chapter is organized as follows. In order to start, Section 2.1 is
concentrated on the fundamentals of OFDM and OFDMA modulation schemes. In
Section 2.2, OFDMA systems in the uplink are discussed. Since, in this thesis, FBMC
is studied in the context of massive MIMO, i.e., a multiuser technique proposed for
5G, Sections 2.3 and 2.4 are dedicated to FBMC and massive MIMO, respectively.
Finally, the basics of GFDM are presented in Section 2.4.

2.1 Fundamentals of OFDM/OFDMA modulation

OFDM is a multicarrier signaling technique that is based on orthogonal transmission
of a number of data streams over N subcarriers. In OFDM, a high-rate data stream
is divided into N low-rate substreams and each substream is up-converted to its
corresponding subcarrier frequency. This operation can be performed by using an
N-point IDFT operation to form the base band OFDM signal x[n].

x[n] = Frd[n], (2.1)
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where FY is the N-point normalized IDFT matrix with the elements [FY]x =
ﬁel%k for i,k = 0,...,N — 1, d[n] = [do[n],...,dn_1[n]]T are the complex data
symbols and n is the OFDM symbol index. From (2.1), it can be understood that
the OFDM signal is formed by summation of a number of tones that are modulated
by data symbols, d;[n]’s. This is due to the fact that d;[n]’s each scale the i*" column
of F{ which contains the samples of the complex carrier frequency % Finally, the
resulting vectors will be added to each other to form the base band signal x[n]. The
subcarrier spacing in an OFDM system with N subcarriers is Qﬁ" If the M N x 1 signal
vector x which is comprised of M concatenated OFDM symbols is passed through the
wireless channel with the base band impulse response h which is an Ny, x 1 vector,

the resulting signal can be obtained as
y=x*xh+v, (2.2)

where x is the linear convolution, v is the complex additive white Gaussian noise
(AWGN) with the variance of 7,2 and the signal vector y has the length M N+ Ny, —1.
It is known that the resulting signal from convolution of x[n] and h has the length
N + Ng, — 1 and the extra N4 — 1 samples are due to the transient of the channel
or the channel delay spread, [58]. Therefore, Ny — 1 samples from each OFDM
symbol overlap with the adjacent symbols and y suffers from a great amount of
ISI. In order to compensate this ISI, adaptive channel equalization techniques are
needed. However, these techniques suffer from a high computational complexity.
As mentioned earlier, a cyclic extension that is called cyclic prefix (CP) is added
to the beginning of each OFDM symbol which absorbs the channel transient and
converts the linear convolution in (2.2) to a circular one, [31]. This makes it possible
to completely remove the channel imposed ISI in OFDM signals with a very low
computational complexity. This property of OFDM has made it a very popular
technique. It is worth mentioning that the CP length Ncp needs to be equal or larger
than the channel transient, i.e., Ncp > Ng — 1, to avoid ISI. CP addition at the

transmitter can be mathematically shown as
xcp[n] = Tepx[n), (2.3)

where xcp[n] is the cyclic prefixed OFDM symbol with the length Np = N + Ncp,
Tep = [GLp, IN]T is the CP addition matrix and Gep is an Nop x N matrix contain-

ing the last Ncp rows of the identity matrix of size N x N, Iy. After passing a number
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of concatenated OFDM symbols with CP through the channel h = [ho, ..., hx,-1]",
given perfect synchronization the received base band signal at symbol n, i.e., rep[n],
can be written as

rcp[n] = Hixcp([n] + Hoxcp[n — 1] + v, (2.4)

where H; and H, are Toeplitz matrices of the size Ny x Nrp.
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The term Hoxcp[n — 1] in (2.4) causes the ISI between consecutive OFDM blocks
which is added to the CP and will be eliminated after CP removal. CP removal
operation can be performed by multiplication of the matrix Rcp = [Onxnep, In] to
rcp[n] where Oy nep is a zero matrix of the size N x Ncp. Noting that RepH, =
Onx Ny, We have

r[n] = Reprep[n] = RepHixcep[n] + v, (2.5)

where v = Repr. Feeding the resulting signal from (2.5) into the DFT block, based

on the results of equations (2.1) to (2.5) we have
t[n] = Fx{RcpH  Tcp}Fhd[n] + Fyo = FyHFRd[n] + Fyo, (2.6)

where the matrix H = RcpH;Tcp is circulant and hence the matrix H = FNHF%
is diagonal with the diagonal elements v NFyh and h = [hT, 015 (n-ny]T is the first
column of H. Therefore, channel equalization can be performed by inverting the
elements of the main diagonal of H and the transmitted symbols can be estimated

as

d[n] = H 'E[n]. (2.7)

As mentioned earlier, OFDMA is a multiple access technique that is a combination
of OFDM and FDMA. In OFDMA, disjoint groups of subcarriers are allocated to
different users based on different subcarrier allocation schemes that are going to be
discussed in Section 2.1.1. The difference between OFDMA and OFDM lies in the
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fact that each OFDMA symbol simultaneously carries information for different users
while in OFDM, each super symbol contains the information of one specific user.
From the physical layer viewpoint, OFDMA in the downlink is similar to point-to-
point communication as the received signal at each mobile terminal is only affected
by a single timing as well as frequency offset. Hence, we end up with the same
situation as in OFDM where each user only extracts its corresponding subcarriers.
In contrast, in OFDMA uplink transmission, different users’ signals interfere with
each other and create a great amount of multiple access interference (MAI). More

detail on the uplink of OFDMA systems will be given in Section 2.2.

2.1.1 Subcarrier allocation in OFDMA systems

Considering an OFDMA system with the total number of N subcarriers with K users,
we assume that the available spectrum is evenly assigned to all the users where each
user gets L = N/K subcarriers. The available subcarriers can be allocated to the
users in different ways; namely, block carrier allocation scheme (B-CAS), interleaved
carrier allocation scheme (I-CAS), block interleaved carrier allocation scheme (BI-
CAS) and generalized carrier allocation scheme (G-CAS), [2]. Fig. 2.2 depicts these
subcarrier allocation schemes for the case of K = 4 users. In Fig. 2.2 (a), a continuous
fraction of the available spectrum is assigned to each user. However, this technique
does not benefit from the multipath channel diversity as a deep fade can adversely
affect a large number of the subcarriers belonging to a specific user. In contrast,
in I-CAS where the allocated subcarriers to each user are equally spaced with the
spacing of K, full channel diversity gain can be achieved. Fig. 2.2 (b) shows this
scheme. Although this scheme can achieve full channel diversity gain, it becomes
more sensitive to carrier frequency offset (CFO) in the uplink. Therefore, another
carrier allocation scheme can be utilized where, as shown in Fig. 2.2 (c), different
blocks of subcarriers belonging to different users can be interleaved. This technique
is somewhere in between B-CAS and I-CAS and it is more robust to CFOs than I-CAS
while still taking advantage of multipath diversity gain [59]. Due to the fact that in
all the above techniques, different users’ subcarriers need to be assigned based on a
certain order, carrier assignment has some limitations and is not fully flexible. In order
to enable dynamic resource allocation, the G-CAS technique can be utilized which
does not assign the subcarriers based on any specific order (Fig. 2.2 (d)). Instead, the
subcarriers can be allocated to the users based on their channel quality and thereby

improve the overall performance of the network.
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Fig. 2.2 Different subcarrier allocation schemes in OFDMA systems.

2.2 OFDMA uplink

Consider the uplink of an OFDMA system where K users are communicating with
the base station. The total number of subcarriers in each OFDMA symbol is assumed
to be N which translates to L = N/K subcarriers per user. The users are communi-
cating with the base station through K statistically independent multipath wireless
channels. To cover all the subcarrier assignment schemes, in this chapter, we consider

G-CAS where the base station selects the best subcarriers for each user (i.e., the ones
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with the best SNRs). The L x 1 vector d”[n] contains the data symbols of the i*"
user. It is worth mentioning that the subcarriers of distinct users should be mapped
onto mutually exclusive subsets of the available subcarriers. Hence, if the subcarriers

allocated to the t"

and j' users belong to the sets ¥, and ;. respectively, then
U,NY, =0,i#;jand JX_ ¥, = {0,...,N —1}. In the OFDMA transmitter,
the first step is subcarrier allocation. Thus, the i*" user signal vector after subcarrier
mapping is

xgi)[n] = I;d%[n), (2.8)

where the subscript ‘f” in xgi)[n] stresses that the data is in the frequency domain and
I'; is the N x L subcarrier allocation matrix of user 7. I'; is comprised of the columns
of an N x N identity matrix whose indices belong to the set ¥;. Recalling (2.3), the
OFDM modulator output for the n'® symbol of user i is given by

x¢pln] = TerFix; ). (2.9)

In order to avoid self and multi-user interference due to the timing offsets of the
users, the CP needs to be longer than both the maximum channel delay spread
and the two way propagation delay. The residual timing errors between users will
be incorporated in their channel impulse responses; thereby, ISI between the users’
signals will be avoided [2].

The wireless channels for different users are assumed to be statistically indepen-
dent with respect to each other and time invariant during one OFDMA symbol. If
the channel impulse response of the users has the maximum length equal to Ng,
samples, for user 7, it can be denoted by the vector h) = [hg'), { hgf,ih_l]T whose
elements are assumed to be statistically independent complex Gaussian random vari-
ables. Considering the impact of CFOs from different users, the n'" OFDMA symbol

that is received at the base station can be written as

R
i) = Y e H T B(e) (0 « xEh ) + (2.10)
i=1
where ®(¢;) is the N, x N; diagonal CFO matrix whose diagonal elements are equal to
{1, S - ,eﬂ“ e }, N; = Np+Ng,—1 and ¢, is the i*? user’s CFO normalized by

subcarrier spacing. Finally, v is the complex additive white Gaussian noise (AWGN)

vector, i.e., v ~ CN(0,0,%Iy,) and 0,? is the noise variance.



2.2 OFDMA uplink 21

User I | Subcarrier OFDM _T S
Data Mapping Modulator Subcarr'ier |, User 1
4 e Demapping Output
OFDM L Correction
T Demodulator &
;If:.,. Equalization :
22 Subcarrier User K
User K Subcarrier OFDM Timing and CFO + _T Demapping _’Output
Data | Mapping Modulator Channel Estimation

Fig. 2.3 OFDMA uplink communication.

Once the base station receives the signal £[n], the CFOs of different users as well
as their channel responses need to be estimated first. Then the CP samples are dis-
carded and the resulting signal is passed through the DFT block. The next steps are
correction of multiple CFOs, channel equalization and finally, different users’ subcar-
riers are demapped and the estimation of the users’ transmitted symbols is obtained.
This procedure is depicted in Fig. 2.3. In the following Subsections, different CFO
estimation and correction techniques will be briefly discussed. Since, one of the main
areas of focus in this thesis is multiple CFO correction or in other words MAI removal,

more attention is dedicated to this area.

2.2.1 Timing and carrier frequency offset estimation

Synchronization in the uplink of multiuser systems is a complicated procedure and is
completely different from the downlink scenario where the received signal is affected
only by a single timing and frequency offset. The received uplink signal at the base
station is a mixture of multiple users’ signals and is characterized by multiple timing
and frequency offsets that need to be estimated by the base station. The CFOs cannot
surpass +50% of the normalized subcarrier spacing and thus they need to be brought
into a reasonable range before transmission. Therefore, the first step of the uplink
synchronization starts from uplink transmission as each user needs to precompensate
its own CFO. It is worth mentioning that different techniques are needed for different
subcarrier allocation schemes.

B-CAS simplifies synchronization to a large extent as the subbands that are allo-
cated to different users can be separated by utilization of a bank of filters and then
single user detection (SUD) methods like the ones that are proposed for the downlink
can be used, [2]. Some SUD methods exploit the correlation that is induced by CP to
estimate different users’ timing and frequency offsets, [60, 61]. Some other methods

work based on balancing the energy of the null subcarriers for CFO estimation, [62].
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In contrast to B-CAS, in [-CAS, filtering the signals of different users is not
possible any more as the level of overlap between different users subcarriers due to
the CFOs is large. However, due to the fact that in I-CAS, subcarriers of each user
are uniformly spread over the whole band, some periodicity is present in the uplink
signal which can be exploited for CFO estimation. From such techniques, we can name
[63, 64] which take a similar approach to the MUltiple Slgnal Classification (MUSIC)
algorithm, 65, and [66] where the authors used estimation of signal parameters via
the rotational invariance technique (ESPRIT) algorithm, [67], to estimate the CFOs.
It is worth mentioning that the CFO estimation techniques for I-CAS are blind and
do not need transmission of any training signal.

The situation becomes even worse in G-CAS as the placement of the users’ sub-
carriers is not based on any particular structure. One of the early CFO estimation
techniques for G-CAS is a maximum likelihood (ML) technique that would sequen-
tially estimate the CFOs of the users at the time of their arrival to the network, [68].
The problem of this technige is that whenever a user enters the uplink communi-
cation, the CFOs of all the other users need to be estimated and their subcarriers
need to be aligned. This requirement sounds infeasible in practice. Thus, alternative
ML techniques are proposed in [69] and [70] which enable simultaneous estimation
of the channel responses as well as CFOs. A minimum mean square error (MMSE)
technique with a much lower complexity than the previously proposed techniques was
developed in [3] and it was further modified in [4] to find the channel as well as CFO
estimates. In order to improve the bandwidth efficiency, in more recent works, [71-
73], some authors have proposed CFO estimation techniques that use scattered pilots
rather than the need for transmission of full training signals where all the subcarriers

are used for training.

2.2.2 Carrier frequency offset correction

The MAI and self-interference due to the timing misalignment of the users’ signals in
the uplink can be counteracted by the choice of an adequately long CP resulting in
a quasi-synchronous system! where the residual timing error of each user will appear
in its channel impulse response as a phase factor which will be compensated for in
the equalization stage [2]. Thus, we only focus on self-interference and MAI removal
due to the CFOs for the rest of this section.

In a quasi-synchronous system, all the received users’ signals at the base station are aligned in
time within the CP.
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After the CFOs are estimated, orthogonality among all the subcarriers need to
be recovered. CFO correction in the uplink is not as simple as it is in downlink. In
the downlink, the orthogonality of the subcarriers can be restored simply by circular
counter rotation of the subcarriers with the value % where € is the normalized CFO
with respect to the subcarrier spacing. This operation is done by multiplication of
an exponential signal with the angular frequency of 277\',5 to the time domain signal.
However, in the uplink case, correction of one user’'s CFO, in the same way as in
downlink, leads to further misalignment of different users’ signals. This is due to the
fact that the received signal in the uplink not only suffers from self-user interference
but it also suffers from a large amount of MAI. Accordingly, other methods than
those used in the downlink are needed for the uplink CFO correction. Different
CFO correction techniques have been proposed in the literature for various carrier
assignment schemes.

As mentioned earlier, the main feature of B-CAS is that the signals of different
users can be separated through a bank of filters and therefore, the CFOs of the users
can be compensated separately. However, this technique which can be categorized as
an SUD technique, has some problems. First of all, complete separation of the users’
signals is not possible and some MAI remains in the filtered signal. This is based on
the fact that a large amount of leakage remains in the subcarriers that are located
at the edges of each subcarrier block even after filtering. Secondly, one large DFT
block of size N per user is needed which is not desirable. To reduce the complexity
of this approach, some researchers have introduced a method which uses only one
DFT block of size N along with frequency domain filtering to separate the users
subcarriers and CFO correction through circular convolution, [74]. This procedure

can be mathematically written as
t;[n] = ILC(-¢)ILE[n], fori=1,...,K, (2.11)

where t[n] = FyRepi[n], I, = I'\TM is an N x N diagonal matrix with non-zero
diagonal elements located at the positions of the corresponding subcarriers to user

i and C(—¢;) is a circulant matrix whose first column includes the output of N-

_]211’{" Jj2me;

point DFT of the sequence {1,e™"~ ... e e }. Multiplication of the matrix
IT; to the output of the DFT block after CP removal can be thought as filtering

operation in the frequency domain which separates the signal of each user from the

others. T;[n] is the estimated signal of the i user that is scaled by the user’s channel

'27r(1nNI . 1
and the complex phase of e . However, this solution suffers from MAI that
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results in performance degradation. In addition, performance degradation due to the
MATI becomes even more severe in subcarrier allocation schemes other than B-CAS.
Therefore, other CFO correction schemes were developed which can be categorized
into interference cancellation and linear multiuser detection techniques. It is worth
mentioning that our main focus in this thesis is on the latter, which is discussed in
Section 2.2.2.2.

2.2.2.1 Interference cancellation techniques

The idea of interference cancellation techniques is to generate the MAI and to subtract
it from the received signal based on the tentatively detected signals of the users in an
iterative manner. For instance, in [75], the authors apply the interference cancellation
concept to the solution that was proposed in [74]. They use (2.11) to initialize their
algorithm. Then, in each iteration, they use i‘fj o [n]’s, i.e., the results from the
previous iteration, to generate the interference to a given user from all the other ones

and subtract the result from r[n]. This process can be mathematically shown as

K
i [n] = t[n] - Z C(&)t¥V[n], fori=1,...,K. (2.12)

m=1
m#i
Then, the CFOs can be compensated using (2.11),
i [n] = IL,C(—e)ILx[n), fori=1,... K. (2.13)

This technique was discussed in B-CAS and I-CAS scenarios in |75] and based on the
results that are presented there, it leads to a great amount of performance improve-
ment compared with [74]. This study is extended by Chen et al in [76] where they
suggest a joint minimum mean square error frequency domain equalization (MMSE-
FDE) and CFO compensation technique with interference cancellation.

In [77], the authors propose an interference cancellation method that is applicable
to B-CAS. They formulate the self-user interference in terms of a linear system of
equations for the block of subcarriers with the highest interference power and then
generate the MAI that is caused by that block to the rest of the subcarriers and
successively remove it from them. In the second step, the block with the second
largest interference power is chosen, its self-user interference is compensated in the
same fashion as the previous step and then the MAI from that block to the rest of

the subcarriers is generated and removed. This process continues successively until
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all the subcarrier blocks are processed. Ahmed and Zhang, [78|, suggest a method
of preconditioning the received signal vector, before applying the DFT, in order to
limit the interfering subcarriers to a few adjacent ones. This preconditioning reduces
the complexity of successive interference cancellation. This method was originally
introduced by Schniter, [79], in the context of single user OFDM systems with time
varying channels.

In [80] and [81], the authors propose time domain MAI cancellation techniques
applicable to B-CAS and I-CAS. These techniques require a separate OFDM demod-
ulator per user. The idea behind using one OFDM demodulator per user is to counter
rotate the samples of each user in time domain with the angular frequency of 2—’;\,‘1
where ¢; is the normalized CFO of the corresponding user with respect to subcarrier
spacing and remove the self-user interference. Then, the resulting signal is passed
through the OFDM demodulator, the subcarriers of the corresponding user are de-
coded and used to generate the time domain signal of user i for subtraction from
the received signal in the input of the other OFDM demodulators. Another time
domain MAI compensation technique is proposed in [82] where the CFOs are com-
pensated based on the same approach as in [80] and [81] before the DFT block, then
a multistage parallel interference cancellation is performed in the frequency domain
with weighted MAls where the weights are optimized in a way to maximize the out-
put signal-to-interference ratio (SIR). The need for multiple OFDM demodulators
obviously is a disadvantage to these techniques since, their complexity substantially
grows as the number of users increases. In addition, as the normalized CFOs with
respect to subcarrier spacing exceed 0.25%, they suffer from a severe performance
degradation.

Accordingly, a drawback of the interference cancellation solutions is that their
performance degrades as CFOs increase [75-78, 80-82|. Besides their high compu-
tational complexity, such methods may suffer from the error propagation problem,
since wrong decisions may be fed back for cancellation. Finally, these solutions are
limited to particular carrier allocation schemes while the general trend in CFO com-
pensation is towards proposal of techniques that are applicable to the generalized

carrier allocation scheme.

2.2.2.2 Zero forcing and minimum mean square error CFO correction

Another class of CFO correction techniques that are of more interest to this thesis

are based on linear multiuser detection. In these techniques, the effect of the CFOs
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is translated into a linear system of equations with a coefficient matrix that is called
interference matriz. It is worth mentioning that a single OFDM demodulator is
needed in this class of CFO compensators. The output of the DFT block at the base
station is modeled as the multiplication of the interference matrix to a composite
data vector that contains the data of all the users, affected by their wireless channels.
Solving this system of equations eliminates the MAI as well as self-user interference
completely. However, it needs the inversion of an interference matrix, i.e., a square
matrix of size equal to the total number of subcarriers which can be as large as a
few thousands in practical systems. Obviously, this makes the solution prohibitively
complex. Thus, low complexity solutions have to be sought. To this end, a number
of solutions have been proposed by several researchers that will be discussed in the
following paragraphs.

In [83], Cao et al formulated the received uplink signal at the output of the OFDM

demodulator as

t[n] FyRopi[n] = ZFNrb JFLHY %" [n] + FyRepr

= AZ[’H] St FNRCPV, (214)
where
K v E
z[n] = Z H!"x\"[n] = Hd[n), (2.15)
i=1
and ]
A=) Fy®(e)FRIL, (2.16)

is the N x N interference matrix. The N x N diagonal matrix H; contains the compos-
ite channel frequency responses of all the users in its diagonal elements. It is worth
noting that the phase rotations that are caused by the CFOs in different symbols,
e&:}vﬂﬂ, are absorbed to the corresponding users’ channel gains. The composite data
vector d[n] includes the information symbols of all the users at their corresponding
subcarrier positions as if there has been no interference. ®(¢;) is the Nx N diagonal

J2me; J2me; (N—1) . X
CFO matrix whose diagonal elements are {1,e ~ ,...,e~ '~  } where ¢, is the i*h

user’s CFO normalized by subcarrier spacing and |¢;| < 0.5. Therefore, the matrix
Fn®(¢;)FY is circulant with the first column [fy(€), fv(6; —1), ..., fn(ei— N +1)]T
where fy(z) = %61”(1__ The matrix IT; chooses the columns of Fy®(¢;)FL
that are associated with the subcarrier indices of the user i. This is due to the fact
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that II; is a diagonal matrix with only non-zero elements at the positions belonging
to the subcarrier set of the i*" user, ;.

Based on the system model in (2.14), the assumption of having perfect knowledge
of all the users’ CFOs at the base station and due to the fact that the interference
matrix is full rank, [83], both the self-user interference and MAI can be completely
removed by direct inversion and multiplication of the interference matrix to the re-
ceived signal samples at the DFT output. This solution is called zero forcing (ZF)

solution and can be written as
2ZF[Tl] = A_lf'[n] = z[n] + A_IFNRCPV. (217)

Although this solution completely eliminates both the inter-carrier-interference
(ICI) and MAI, multiplication of A~ to the noise vector may result in some noise
amplification which can be taken care of by application of the MMSE solution for

CFO compensation, i.e.,
iMMSE[n] = (AHA “iE UU2IN)_1AHf‘[TL], (218)

where Iy is the identity matrix of size N x N. However, direct inversion of N x N
matrices in (2.17) and (2.18) demands a very high amount of computations when N
becomes very large which is the case in most of the current wireless standards. As
a case in point, in the WiMAX standard IEEE 802.16e and 3GPP LTE standard
N can be as large as 2048, [42, 43|. Hence, the necessity for development of low
complexity ZF and MMSE techniques was stressed by Cao et al in [83]. To this end,
they approximated the interference matrix by a banded matrix, simply by assuming
that the elements of the matrix outside a bandwidth D (a design parameter) are
equal to zero. It is then noted that this approximation of the interference matrix can
be used to find the desired solution with a low computational complexity that is in
the order of ND?. Even though this technique has a low complexity and is applicable
to G-CAS, approximation of the interference matrix with a banded one results in a
significant performance loss, hence, may not be a viable solution in practice.

In [84], Huang et al have proposed an iterative CFO correction technique based on
the Neumann power series expansion. However, it has been noted that this method
has certain limitations in terms of carrier allocation. A low complexity ZF technique
that is only applicable to I-CAS was proposed by Hsu and Wu in [85], where they use

Newton’s method to solve the matrix inversion problem in an iterative manner. In
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this solution, the authors take advantage of the special structure of the interference
matrix in [-CAS case to reduce the computational burden of the matrix inversion by
using FFT algorithm. In a more recent work, [86], Lee et al introduced an MMSE
compensation technique using conjugate gradient (CG) algorithm. This method has
a much lower complexity compared to its predecessors and is also applicable to the
systems that use the generalized carrier allocation scheme, while maintaining the opti-
mal performance. It is worth mentioning that CG algorithm is a fast implementation
of MMSE solution and provides the same result as the direct MMSE solution [86]. In
[47], the same authors extended their previous work by proposing a preconditioned
CG algorithm.

Summary of contributions

The contribution of this thesis in the area of uplink CFO correction
is the development of several low complexity algorithms that ad-
dress the drawbacks of the previously proposed algorithms in terms
of limitations on the range of CFOs, limitation to particular car-
rier allocations and computational complexity with respect to the
number of subcarriers and/or the number of users. Therefore, the
challenge in this thesis is to propose CFO correction techniques
that:

1. Are applicable to a wide range of CFOs.

2. Have a lower computational complexity compared to the exist-
ing solutions in the literature.

3. Are applicable to all the carrier allocation schemes.

My contributions in this area are presented in Chapter 3.

While OFDM has served us well, its high sensitivity to synchronization errors and
its high out of band emissions brings some limitations to its application to multiuser
scenarios. Thus, the need for more robust waveforms to synchronization errors having
a better spectral containment than OFDM has been recently emphasized, [11]. In
applications like M2M communications, a large number of users need to be served
while the available time-frequency resources may not be sufficient. In conventional

multiuser networks, each subset of subcarriers can be allocated only to one user. To



2.3 Filter bank multicarrier 29

increase the capacity of multiuser networks and serve a large number of users, a new
multiuser technique that is called massive MIMO is proposed. In the current literature
on massive MIMO, OFDM is used. Accordingly, to remove the limitations of OFDM
and at the same time serve a large number of users in a wide range of applications
those from bursty M2M communications to media-rich bandwidth thirsty systems,
in this thesis, we study FBMC in the context of massive MIMO systems. Therefore,
FBMC and massive MIMO systems are discussed in Sections 2.3 and 2.4.

2.3 Filter bank multicarrier

FBMC is a multicarrier modulation technique that was proposed about 50 years ago
[16, 17|, and is recently being considered as a candidate waveform for 5G networks,
[11, 49]. Based on the requirements of 5G systems, waveforms with better spectral
properties than OFDM are required in order to remove the tight synchronization
constraints of OFDM and also enable some new applications like M2M communication
and IoT. FBMC can naturally achieve these requirements thanks to its very well
shaped subcarriers in the frequency domain.

Three types of FBMC systems with linear filtering exist; namely, OFDM-OQAM
with OQAM standing for offset quadrature amplitude modulation that is due to
the fact that the quadrature and in-phase components of the QAM symbol have
a time offset with respect to each other, cosine modulated multitone (CMT) and
filtered multitone (FMT). In some literature, the term staggered multitone (SMT) is
used to refer to OFDM-OQAM where the word ‘staggered’ reflects the fact that the
quadrature and in-phase parts of the QAM symbol are time staggered. From now on,
we refer to OFDM-OQAM by the name SMT.

Fig. 2.4 shows the magnitude response of the pulse-shaping filters at different
subcarrier positions for various types of FBMC systems. As one may realize, SMT
and CMT are more bandwidth efficient than the FMT system as their subcarriers are
allowed to overlap. The idea of FMT is based on the conventional FDM systems. In
these systems, ICI is avoided through using filters with a very large stop-band atten-
uation. ISI is taken care of by using square-root Nyquist filters at both transmitter
and receiver in the same way as in single-carrier modulation, [31]. In this thesis, we
are more interested in the FBMC systems with the highest bandwidth efficiency and
thus, we do not look into FMT systems.

Based on the results of [87], it can be proven that SMT and CMT are the same

systems in essence. Therefore, as the derivations and explanations in the context
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Fig. 2.4 Magnitude response of FBMC pulse-shaping filters at different subcarriers.

of CMT are easier to follow, we only focus on these systems. In CMT, the data
symbols, that are chosen from a pulse amplitude modulation (PAM) constellation,
are distributed in the time-frequency plane with the density of two symbols per unit
time-frequency area that is equivalent to a complex data symbol. From Fig. 2.4 (b),
it can be understood that in CMT, only adjacent subcarriers overlap. In order to
allow separation of the data symbols (free of ISI and ICI), at the receiver, the carrier
phase among adjacent subcarriers is toggled between 0 and 7/2. The aforementioned
concepts are visualized in Fig. 2.5 where the carrier phases are color mapped with red
for 7/2 and green for 0. After application of the relevant carrier phases to the PAM
data symbols, they are modulated through vestigial side-band (VSB) modulation with
the subcarrier spacing of 1/2T where T is the FBMC symbol duration and placed
at different subcarrier positions in the frequency domain. Fig. 2.6 represents the
VSB modulation and up-conversion of the PAM data streams to their corresponding
subcar