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Abstract
Cell-Free Massive MIMOQO: Challenges and Promising Solutions

Salah Elhoushy, Ph.D.
Concordia University, 2022

Along with its primary mission in fulfilling the communication needs of humans as well as
intelligent machines, fifth generation (5G) and beyond networks will be a virtual funda-
mental component for all parts of life, society, and industries. These networks will pave
the way towards realizing the individuals’ technological aspirations including holographic
telepresence, e-Health, pervasive connectivity in smart environments, massive robotics,
three-dimensional unmanned mobility, augmented reality, virtual reality, and internet of
everything. This new era of applications brings unprecedented challenging demands to
wireless network, such as high spectral efficiency, low-latency, high-reliable communica-
tion, and high energy efficiency. One of the major technological breakthroughs that has
recently drawn the attention of researchers from academia and industry to cope with
these unprecedented demands of wireless networks is the cell-free (CF) massive multiple-
input multiple-output (mMIMO) systems. In CF mMIMO, a large number of spatially
distributed access points are connected to a central processing unit (CPU). The CPU
operates all APs as a single mMIMO network with no cell boundaries to serve a smaller
number of users coherently on the same time-frequency resources. The system has shown
substantial gains in improving the network performance from different perspectives, es-
pecially for cell-edge users, compared it other candidate technologies for 5G networks,
i.e., co-located mMIMO and small-cell (SC) systems. Nevertheless, the full picture of a
practical scalable deployment of the system is not clear yet. In this thesis, we provide
more in-depth investigations on the CF mMIMO performance under various practical
system considerations. Also, we provide promising solutions to fully realize the potential
of CF mMIMO in practical scenarios. In this regard, we focus on three vital practical
challenges, namely hardware and channel impairments, malicious attacks, and limited-
capacity fronthaul network.

Regarding the hardware and channel impairments, we analyze the CF mMIMO perfor-

mance under such practical considerations and compare its performance with SC systems.
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In doing so, we consider that both APs and user equipment (UE)s are equipped with
non-ideal hardware components. Also, we consider the Doppler shift effect as a source of
channel impairments in dynamic environments with moving users. Then, we derive novel
closed-form expressions for the downlink (DL) spectral efficiency of both systems under
hardware distortions and Doppler shift effect. We reveal that the effect of non-ideal UEs
is more prominent than the non-ideal APs. Also, while increasing the number of deployed
non-ideal APs can limit the hardware distortion effect in CF mMIMO systems, this leads
to an extra performance loss in SC systems. Besides, we show that the Doppler shift effect
is more harsh in SC systems. In addition, the SC system operation is more suitable for
low-velocity users, however, it is more beneficial to adopt CF mMIMO system for network
operation under high-mobility conditions. Capitalizing on the latter, we propose a hybrid
CF mMIMO/SC system that can significantly outperforms both CF mMIMO and SC
systems by providing different mobility conditions with high data rates simultaneously.

Towards a further improvement in the CF mMIMO performance under high mobility
scenarios, we propose a novel framework to limit the performance degradation due to the
Doppler shift effect. To this end, we derive novel expressions for tight lower bound of the
average DL and uplink (UL) data rates. Capitalizing on the derived analytical results, we
provide an analytical framework that optimizes the frame length to minimize the Doppler
shift effect on DL and UL data rates according to some criterion. Our results reveal that
the optimal frame lengths for maximizing the DL and UL data rates are different and
depend mainly on the users’ velocities. Besides, adapting the frame length according to
the velocity conditions significantly limits the Doppler shift effect, compared to applying
a fixed frame length.

To empower the CF mMIMO systems with secure transmission against malicious at-
tacks, we propose two different approaches that significantly increases the achievable
secrecy rates. In the first approach, we introduce a novel secure DL transmission tech-
nique that efficiently limits the eavesdropper (Eve) capability in decoding the transmitted
signals to legitimate users. Differently, in the second approach, we adopt the distinctive
features of Reconfigurable intelligent surfaces (RIS)s to limit the information leakage to-
wards the Eve.

Regarding the impact of limited capacity of wired-based fronthaul links, we drive

the achievable DL data rates assuming two different CF mMIMO system operations,
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namely, distributed and centralized system operations. APs and CPU are the responsi-
ble entities for carrying out the signal processing functionalities in the distributed and
centralized system operations, respectively. We show that the impact of limited capac-
ity fronthaul links is more prominent on the centralized system operation. In addition,
while the distributed system operation is more preferable under low capacities of fron-
thaul links, the centralized counterpart attains superior performance at high capacities
of fronthaul links. Furthermore, considering the distributed and centralized system op-
erations, and towards a practical and scalable operation of CF mMIMO systems, we
propose a wireless-based fronthaul network for CF mMIMO systems under three different
operations, namely, microwave-based, mmWave-based, and hybrid mmWave/microwave.
Our results show that the integration between the centralized operation and the hybrid-
based fronthaul network provides the highest DL data rates when APs are empowered
with signal decoding capabilities. However, integrating the distributed operation with
the microwave-based fronthaul network achieves ultimate performance when APs are not

supported with decoding capabilities.
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Chapter 1

Introduction

Along with each generation of cellular networks, there is a corresponding development
towards fulfilling the mission of providing excellent communication service to anyone,
anywhere, any anytime. Indeed, the evolution of cellular networks from the first generation
(1G) to the fifth generation (5G) had a profound impact on different aspects of our
life. One can notice that through the tactile impact of smartphones on our daily social
interactions that became virtual than real as well as our cultural beliefs that can be
easily affected by accessing real-time information from all over the world. Indeed, the
needs of mobile users have been continuously changing over the past few decades. At
first, mobile networks were analog and designated to exclusively handle voice traffic.
Differently, the majority of mobile users traffic has recently switched to digital traffic
such as video/audio streaming, web browsing, file sharing, etc. rather than voice traffic.
Furthermore, along with its primary mission in fulfilling the communication needs of
humans, future cellular networks will be a virtual fundamental component for all parts of
life, society, and industries.

5G and beyond networks will pave the way towards realizing the individuals tech-
nological aspirations including holographic telepresence, e-Health, pervasive connectivity
in smart environments, massive robotics, three dimensional massive unmanned mobility,
augmented reality, virtual reality, and internet of everything [1,2]. Towards fulfilling such
emerging applications, 5G and beyond networks are conceived to offer much higher data
rates than its predecessors to cope with the seemingly ever increasing demand of enhanced
mobile broadband (eMBB) along with providing ultra-reliable low-latency communica-
tion (URLLC) and massive machine-type communication (mMTC) [3]. In that, eMBB,
URLLC, and mMTC are considered as the three cornerstones of the magic triangle for 5G
and beyond networks. Particularly, eMBB enables the data hungry applications such as
virtual reality and holographic telepresence [4] while URLLC enables real-time applica-

tions, characterized by time-critical communications, such as autonomous vehicles [5, 6],



e-Health [7], industrial automation control [8,9]. Besides, mMTC enables connectivity
between a vast number of miscellaneous devices and sensors [10,11] which is an enabler
for internet of everything applications in which heterogeneous devices can exchange data
without human intervention. By the end of 2025, 2.8 billion mobile subscriptions are
anticipated to be 5G-based, and out of which 88 percent will be targeting eMBB [12].
The eMBB is the use case that networking and telecommunication companies are mainly
focusing at since day one of the 5G development journey [13]. Consequently, investigating
the provided data rates to users in 5G and beyond networks is the leitmotif in this thesis.

Various emerging technologies have been recently proposed to flourish 5G and be-
yond networks with exceptional increase in the data rates, such as millimeter wave
(mmWave) [14,15], ultra-dense network (UDN) [16], and massive multiple-input multiple-
output (mMIMO) [17-19]. mmWave bands, namely the range 30 — 300 GHz where the
wavelength is in the order of the millimeter, are currently considered as a key enabling
technology to meet the high data rate requirements in future wireless networks. This is
thanks to the immense amount of available bandwidth in such frequency bands compared
to the available ones in the microwave band, i.e., sub-6 GHz frequency band. Never-
theless, the large signal attenuation as well as the high sensitivity to blockages in such
high frequencies [15] renders mmWave appealing only for short-range line-of-sight (LoS)
communications. Aside from that, shrinking the cell size through deploying more small
base stations (also known as small-cell (SC)s) is another promising approach to boost the
achievable data rates. Further densification of small base stations brings the serving base
station closer to the user which in turn improves the quality of received signals at the user
side. Also, one can dedicate each small base station to serve only one user which does
not have to share any resource with other users. This is what so called UDN. Despite
the significant data rate improvements of UDN, it entails high deployment and mainte-
nance costs [13]. Note that, the network densification can be performed in a centralized
way rather than the distributed way in UDN. This is known as mMIMO technology in
which in base stations are equipped with a number of antennas much larger than the
number of active users per time-frequency resource through beamforming techniques [19].
The excess number of base station antennas compared to the users leads to the favorable
propagation phenomenon according to which the users’ channels become approximately

mutually orthogonal as the number of antennas grows [20]. This in turn makes the inter-



user interference vanishes and enables spatial multiplexing of the users. The favorable
propagation also makes linear signal processing schemes, such as conjugate beamforming
(CB) and zero-forcing (ZF), effective and nearly optimal, hence considerably simplifying
the circuitry complexity [18]. In addition, the system can provide extraordinary amounts
of beamforming gain that is linearly increasing with the number of deployed antennas at
the base station. Despite the reported significant gains of mMIMO technology, it suffers
from performance degradation at cell-edge users [13].

A new practical embodiment of mMIMO systems has been recently emerged under the
name of Cell-free (CF) mMIMO [21]. CF mMIMO systems can efficiently combine the
blessings of mmWave, UDN, and mMIMO technology to provide future wirless networks
with unprecedented levels of data rates. In CF mMIMO, many antennas are geograph-
ically distributed within the coverage area rather than co-located in a base station. We
refer to the distributed antennas as access point (AP)s. These APs are connected to a
central processing unit (CPU) which operates all APs as a single mMIMO network with
no cell boundaries to serve all users coherently in the same time-frequency resources [22].
Unlike conventional mMIMO systems, CF mMIMO can provide all users within the cov-

erage area with a uniformly good service [21].

1.1 Motivations

The key objectives of this thesis are to:

1. Analyzing the CF mMIMO system performance under various practical system con-

siderations.

2. Empowering CF mMIMO systems with innovative solutions to realize its full po-

tential in boosting the network performance from different perspectives.
3. Providing a practical and scalable implementation for CF mMIMO systems.
4. Develop analytical and simulation frameworks for the developed techniques.

The proposed work is important in various ways. It certainly addresses a timely topic (CF
mMIMO system), which has recently received considerable attention in both academic
research and industry. Indeed, preliminary studies in the literature have revealed the

significant potential of CF mMIMO systems in providing future wireless communication



networks with superior performance to that of other candidates for 5G network operations
such as UDN and conventional mMIMO. Nevertheless, the full picture of a practical and
scalable CF mMIMO system is not clear yet. Motivated by this, and since the reported
theoretical results may not hold in practice as a consequence of the negative impacts
of practical limitations on the system performance, we introduce profound insights on
the CF mMIMO performance under various practical system considerations. Besides, we
provide promising solutions to tackle the performance degradation in practical scenarios.
In this regard, we focus on three vital practical system consideration, namely hardware
and channel impairments, malicious attacks, and limited-capacity fronthaul network.

It is noteworthy that a prerequisite to achieve the anticipated gains of mMIMO systems
is the availability of accurate and up-to-date channel-state information (CSI) during data
transmission phases [18,23]. However, the low quality of hardware components may
affect the accuracy of the estimated channels badly. Besides, in dynamic scenarios, the
relative movement between users and APs as well as the introduced processing delay at
APs lead to temporal variations in the propagation environment. This in turns affects
the channel coefficients to continuously evolve with time and change from one symbol to
another [24]. This renders the estimated channel coefficients out-of-date when applied
for data transmission which in turn leads to an inevitable degradation in the system
performance. Such effect is known as the Doppler shift effect and it is considered as one
of the main channel impairment sources in dynamic environments [24]. Consequently, we
analyze the potential of CF mMIMO in supporting dynamic environments in the presence
of non-ideal hardware components. Also, we provide solutions to alleviate the Doppler
shift effect on the system performance.

Recently, wireless communication networks play a crucial rule in many military and
civilian applications [25]. In particular, it is widely used in the transmission of impor-
tant/private information, such as energy pricing, credit card information, e-health data,
and control messages. As such, security is one of the critical concerns of the future wire-
less networks. In this regard, we rely on physical layer security (PLS) metrics to assess
the secrecy capabilities of CF mMIMO systems. Furthermore, due to the negative impact
of malicious attacks on the secrecy performance of the system, we provide innovative so-
lutions to empower CF mMIMO systems with secure data transmission against malicious

attacks.



Due to its pivotal role in handling the data exchange between the CPU and APs, the
capacity of fronthaul links significantly affects the performance of CF mMIMO systems.
Consequently, we investigate the impact fronthaul links capacities on the performance
of CF mMIMO systems with emphasis on its impact on the preferred system operation
(where to perform the signal processing functionalities, i.e., APs or CPU). Besides, aiming
at maintaining a practical and feasible implementation of CF mMIMO as the network gets
larger and the number of APs increases, we propose a scalable and practical wireless-based
fronthaul network design that can accommodate for all APs and provide them with reliable

fronthaul links that can efficiently handle the data exchange between APs and CPU.

1.2 Thesis Contributions

Given the preceding motivating points in the last section, the contributions of this thesis
can be summarized as follows.

CF mMIMO and SC Performance Under Hardware and Channel Impair-
ments. In Chapter 3, we analyze the achievable downlink (DL) data rates of CF mMIMO
systems and compare it with the achievable ones of SC systems (i.e., UDN) under non-
ideal hardware distortions and channel impairments, i.e., Doppler shift effect. To this
end, we provide novel closed-form expressions for the achievable DL data rates for both
systems under such practical system considerations. Also, we come up with new findings
regarding the impact of these system practical considerations on both systems operations.
Firstly, we reveal that the effect of non-ideal user equipments (UEs) is more prominent
than the non-ideal APs. Besides, the effect of non-ideal APs distortion is more prominent
in the SC system. Regarding the channel impairments effect, we reveal that the Doppler
shift effect is more prominent in SC systems. In addition, SC systems are preferred to
support network operation under low-mobility conditions. However, it is more beneficial
to adopt CF mMIMO for network operation under high-mobility conditions. Inspired by
these findings, we propose a hybrid CF mMIMO/SC system that supports high-velocity
and low-velocity users with high DL data rates simultaneously. We show that the pro-
posed system outperforms SC and CF mMIMO systems by providing users of different
mobility conditions with superior data rates simultaneously.

Limiting Doppler Shift Effect on CF mMIMO Systems. In Chapter 4, we

propose a novel framework to limit the Doppler shift effect on the achievable DL and



uplink (UL) data rates of CF mMIMO systems. Particularly, we adapt the length of the
data transmission frame according to the users’ velocities to reduce the impact of outdated
CSI on the transmitted data in later symbols in the data transmission frame. We conduct
this under different transmission protocols where the first transmission protocol considers
performing the channel estimation task before the DL and UL transmission phases, while
the second one considers carrying out the channel estimation task between the UL and
DL transmission phases. In doing so, we derive novel expressions for tight lower bound of
the average DL and UL data rates. Then, capitalizing on the derived analytical results,
we provide an analytical framework to determine the optimal frame length that limits the
Doppler shift effect on DL and UL rates according to some criterion. Our results show
that the optimal frame lengths for maximizing the DL and UL rates are different and
depend mainly on the transmission criterion and the users’ velocities. Also, selecting the
frame length that minimizes a weighted sum of the DL and UL losses can significantly
limit the Doppler shift effect on both DL and UL data rates simultaneously. Finally, we
demonstrate the high potential of adapting the frame length according to the velocity
conditions in limiting the Doppler shift effect, compared to applying a fixed frame length.

Physical Layer Security in CF mMIMO Systems. In Chapter 5, we analyze the
secrecy capacities of CF mMIMO systems in the presence of malicious attacks, i.e., active
eavesdropper (Eve). Also, we propose two promising approaches to improve the secrecy
performance of CF mMIMO systems. The first approach focuses on the case where APs
cannot detect the presence of the active Eve. Also, the Eve strives to estimate its DL
channel coefficients with APs capitalizing on the DL transmission strategy. To improve
the secrecy capacities of the system under this scenario, we propose a novel DL trans-
mission technique to limit the information leakage to the active Eve. The performance of
the proposed DL transmission technique is compared with other DL transmission tech-
niques in the literature. We reveal that the proposed DL technique improves the secrecy
performance of CF mMIMO systems compared to other transmission techniques in the
literature. In the second proposed approach, we focus on the case where the system can
detect the presence of active Eve. In that, we exploit the distinctive features of Recon-
figurable intelligent surfaces (RIS)s to improve the secrecy performance of CF mMIMO
systems. To this end, we propose a novel RIS-assisted CF mMIMO system operation in

which RIS phase shifts and DL power control coefficients are jointly optimized to minimize



the information leakage to the active Eve while maintaining the legitimate users’ perfor-
mance above certain thresholds. Our results reveal that RISs can significantly enhance
the secrecy capacities of CF mMIMO systems.

Limited-Fronthaul Capacity Effect on CF mMIMO Performance. In Chapter
6, we investigate the DL performance of CF mMIMO systems under limited capacity of
wired-based fronthaul links. In particular, we analyze the achievable DL rates assuming
two different CF mMIMO system operations, namely, distributed and centralized system
operations, assuming limited capacity of fronthaul links. In the distributed system oper-
ation, APs are responsible for performing channel estimation and data precoding tasks
where a simple precoding technique is applied for DL data transmission due to their low
processing capabilities. On the other hand, the CPU carries out both channel estimation
and data precoding tasks where more sophisticated DL precoding technique is applied for
DL data transmission thanks to the high available processing capabilities at the CPU.
Our results reveal that the impact of limited capacity fronthaul links is more prominent
on the centralized system operation. In addition, while the distributed system operation
is more preferable under low capacities of fronthaul links, the centralized counterpart
attains superior performance at high capacities of fronthaul links.

CF mMIMO Performance Under A Wireless-Based Fronthaul Network. In
Chapter 7, we propose a practical and scalable wireless mMIMO-based fronthaul net-
work that can efficiently serve APs with reliable and high-capacity fronthaul links. Par-
ticularly, we consider multiple edge-cloud processor (ECP)s serving APs using one of
three possible fronthaul network operations, namely, microwave, mmWave, and hybrid
microwave/mmWave. Under each fronthaul network operation, we analyze the achievable
DL data rates for two different microwave-based operations of the access link (AP-users),
namely, distributed and centralized operations, while assuming DL with/without decod-
ing capabilities. Our results show that the integration between the centralized access link
operation and the hybrid-based fronthaul network provides the highest DL data rates
when AP are empowered with decoding capabilities. However, integrating the distributed
access link operation with the microwave-based fronthaul network achieves ultimate per-

formance when AP are not supported with decoding capabilities.



1.3 Thesis Organization

The rest of the thesis is organized as follows. In chapter 2, we provide a comprehensive
introduction to mMIMO systems with emphasis on the CF mMIMO and the practical
challenges that may affect the its performance badly. Considering hardware and channel
impairments, we conduct a comparison between the DL performance of CF mMIMO
systems and SC systems and propose a hybrid CF mMIMO/SC system for high data rates
in dynamic environments in chapter 3. In chapter 4, we propose a framework to limit
the negative impact of channel impairments on the performance of CF mMIMO systems.
Promising solutions to empower CF mMIMO systems with secure data transmission are
introduced in chapter 5. The DL performance of limited-fronthaul CF mMIMO systems is
investigated in chapter 6. In chapter 7, we investigate the DL performance of CF mMIMO
systems under a practical and scalable wireless mMIMO-based fronthaul network. Finally,

the conclusions of this thesis are drawn and the future trends are discussed in Chapter 8.



Chapter 2

Background and Literature Review

2.1 Blessings of Multi-Antenna Systems

Using multiple transmitting/receiving antennas can remarkably boost the quality of the
signal at the receiver, and enhances the robustness and reliability of the link. This is a
consequence of the possibly independent propagation channels through which the signal
is transferred from transmitter to receiver. This in turn reduces the probability that the
signal between the transmitter and receiver experiences poor channel conditions. This is
known as spatial diversity gain [26]. However, a prerequisite to attain such beamforming
gains is to have a sufficient space of half-wavelength between the deployed antennas [27].
Along with that, one can exploit the multiple antennas at the receiver side to send different
signals to the same user by means of space-time coding techniques which is defined as the
spatial multiplexing gain [28]. Spatial diversity and spatial multiplexing gains were the
motive of the initial MIMO system known as point-to-point MIMO [27-30].

Along with the aforementioned benefits of multi-antenna systems, equipping base sta-
tions with multiple antennas can efficiently improve the transmission directivity by ap-
propriately synchronize the signal transmissions from the different antennas to direct the
signal energy towards a specific direction. The main idea is to adjust the transmitted
signal components from each antenna so that they add up constructively at the intended
receiver, thus, the receiver observes a much stronger signal than the transmitted one from
each antenna. Such technique is widely known as beamforming [31]. Also, the improve-
ment of the signal strength at the receiver side is called the beamforming gain which is
equal to the number of the transmitting antennas. Interestingly, along with the remark-
able beamforming gains at the desired receiver side, there will be a destructive interference
in any undesired direction. Thus, receivers in undesired locations will experience slight
interference. Such ability of focusing the signals towards a specific direction leads to an

efficient use of the available resources of wireless networks through enabling them to serve



10

multiple users on the same time-frequency resources by separating them in the spatial
domain. This is known as spatial division multiple-access (SDMA) [32] which leads to
high multiplexing gains and high data rates accordingly. This is the adopted technique
for mMIMO systems.

2.2 Evolution of mMIMO Systems

2.2.1 Multi-User MIMO

mMIMO systems have been firstly considered in Long Term Evolution (LTE) in a small-
scale under the name of Multi-user MIMO [33-36]. In multi-user MIMO, a base station
with multiple antennas simultaneously serves a multiplicity of single antenna users whose
number is equal to the number of antennas in the base station over the same time-
frequency resources. The system has shown a significant improvement in the achievable
data rates but at the expense of complicated signal processing and the need of substantial
channel estimation resources which constitute the inherent bottleneck of multi-user MIMO

technology.

2.2.2 Co-located mMIMO

An emerging idea from multi-user MIMO towards fulfilling the eMBB requirements of
future wireless networks is mMIMO [19,37-39]. In mMIMO, base station, equipped with
an array of hundreds antenna elements, communicates with tens of single-antenna users
over the same time-frequency resources. Along with the high beamforming gains, the
excess number of base station antennas leads to approximately mutually orthogonal as
the number of antennas grows which is known as the favorable propagation phenomenon
[20]. This in turn nulls the inter-user interference and enables spatial multiplexing of
the users. The favorable propagation also makes linear signal processing schemes, such
as CB and ZF, effective and nearly optimal, hence considerably simplifying the circuitry
complexity [18]. Furthermore, the high number of antennas renders the communication
channels nearly deterministic as the effect of the small-scale fading is averaged out over
the many channel observations according to the law of large numbers. This is known
as the channel hardening property [40,41]. Such property facilitates the derivation of

closed-form expressions of the achievable spectral efficiency [18,42,43]. This enables
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the optimization of spectral and energy efficiencies and simplifies the resource allocation
(i.e., power control) since it needs to be carried out according to the slow-varying large-
scale fading coefficients rather than the fast-varying small-scale fading [18,43-49]. Indeed,
the aforementioned advantages of co-located mMIMO system induced telecommunication
companies to consider it as a key enabler of 5G. Recently, co-located mMIMO base stations

has been deployed all over the world.

2.2.3 Distributed mMIMO

mMIMO can be deployed in a distributed manner as well in a form of a distributed
mMIMO system in which a spatially distributed antenna array in each cell is used to
serve the users within the cell in a cooperative way. This system setup is similar to
Distributed Antenna System (DAS) setup [50] and Coordinated Multi-Point (COMP)
with static disjoint cooperation clusters [51]. The performance of distributed and co-
located mMIMO systems is compared in [52-55]. Results reveal that distributed mMIMO

provides higher data rates than the co-located mMIMO counterpart.

2.2.4 CF mMIMO

Recently, a new practical embodiment of the distributed mMIMO systems has been
emerged under the name of CF mMIMO [21,56,57]. Different from distributed mMIMO
systems, in CF mMIMO, all the spatially distributed antennas are connected to a CPU
which operates all antennas as a single mMIMO network with no cell boundaries to serve
all users coherently in the same time-frequency resources [22]. We refer to the spatially
distributed antennas as APs. Also, each AP can be equipped with single or multiple
antennas for the communication with users. The signal co-processing by the distributed
APs yields further benefits to CF mMIMO systems along with the inherited beamforming

and spatial multiplexing gains from its mMIMO nature such as

e Macro-diversity gain: Serving each user by a number of distributed well-separated
APs enriches the provided spatial diversity to users since the probability of different
APs experiences poor channel conditions is low. Along with that, adopting the
network densification approach in CF mMIMO brings APs to the proximity of users

leads to a remarkable reduction in the path-loss and shadowing effects. Such benefits
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improves the reliability of links between users and their serving APs which in turn

leads to higher levels of beamforming gains.

e Inter-cell interference mitigation: Conventionally, UDN networks are operated as a
i.e., SC system in which each AP serves only one user or the the users in its proximity,
and each user is served by one AP. Consequently, the system suffers from high levels
of inter-cell interference. Differently, operating all APs in a cooperative manner in
CF mMIMO erases the cell-boundaries and turn the resulted inter-cell interference
in SC systems into a useful signal. It has been shown in the literature that CF

mMIMO significantly outperforms the SC counterpart for cell-edge users [21].

e Uniform QoS: As illustrated, in CF mMIMO, there are no cell-edge users where all
users are experiencing good channel conditions. This in turn leads to a fairness in

the provided service to all users within the coverage area.

2.3 CF mMIMO Operation

Time-division duplexing (TDD) has been widely adopted by the majority of current works
as the candidate transmission protocol for CF mMIMO systems. On the other hand, the
works in [58-62] adopted the frequency-division duplexing (FDD) mode for the system
operation. For the system operation under TDD mode, the DL and UL data transmission
occur over the same frequency band. Thus, the DL and UL channels are reciprocal
[37,63,64]. This in turn enables APs to estimate the DL channel conditions with users
without feedback. As a consequence, the TDD protocol renders CF mMIMO scalable as
the number of APs and antennas at APs increase [65,66]. Under TDD operation, the
system frame is divided into three phases, namely, UL training, DL transmission, and
UL transmission. During the UL training phase, users send pilot sequences to APs so
that APs can estimate the users’ UL channel conditions. Capitalizing on the channel
reciprocity property, the estimated channels are exploited to determine the vectors used
to perform data precoding and detection in DL and UL transmission phases, respectively.

On the other hand, in FDD systems, the DL and UL data transmissions occur simulta-
neously, but over two different frequency bands. As such, UL and DL channel coefficients
are not reciprocal. This in turn obliges the APs to acquire the DL channel coefficients to

perform the DL precoding process. In particular, APs can acquire the channel coefficients
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through a DL channel estimation phase, followed by a CSI feedback. However, since the
amount of CSI acquisition and feedback scales linearly with the number of APs [61], the
latter approach is not practical for CF mMIMO systems. As such, different CSI acquisi-
tion techniques are proposed to circumvent such issue by exploiting the angle reciprocity
in FDD systems as in [58,59,61].

We adopt the TDD-based operation for the presented works in this thesis. In what
follows, we briefly discuss the three transmission phases of TDD-based CF mMIMO frame
structure, namely channel estimation, DL transmission, and UL transmission. Note that,
there are two different approaches of CF mMIMO operation to perform the signal pro-
cessing functionalities. The first one is a distributed approach in which the APs perform
the channel estimation as well as the DL precoding and UL detection. Differently, the
second one is a centralized approach in which the CPU is the responsible entity for car-
rying out these tasks. A comparison between the distributed and centralized approaches

are conducted in chapter 6 and 7.

2.3.1 Channel Estimation

Channel estimation process plays a crucial role in mMIMO systems performance in-terms
of spectral and energy efficiencies [67] since it directly affects the calculations of precod-
ing/detection vectors applied for DL/UL data transmission. In the literature, different
techniques are applied to perform the channel estimation process in CF mMIMO systems
where the majority of these techniques are pilot-based. In that, users send pilot sequences
of length to APs for the sake of channel estimation. The assigned pilot sequences to users
can be orthogonal or non-orthogonal depending on the channel coherence time and the
number of users. For instance, under low mobility scenarios with large coherence time
and small number of users, orthogonal pilot sequences with can be assigned to users.
However, in high mobility scenarios with small coherence time, it is preferred to use non-
orthogonal pilot sequences to limit the amount of consumed resources to perform the
channel estimation task.

A common assumption that is made to perform the channel estimation process is the
availability of the large-scale fading (LSF) coefficients of users at the APs/CPU. This is
due to their slow changes relative to the channel coherence time [21]. Thus, the minimum

mean-square error (MMSE)-based channel estimation technique is the commonly adopted
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technique by the majority of works in the literature [68]. Differently, few works analyzed
the performance of CF mMIMO systems using the least-square (LS) estimator in the
absence of LSF coefficients of users at the APs/CPU [69-72]. The authors in [71,72] com-
pared the performance of CF mMIMO systems under LS and MMSE channel estimation
techniques. Results revealed that applying the LS estimator attains lower DL and UL
data rates compared to the MMSE estimator.

2.3.2 DL Transmission

After estimating the users-APs channel conditions, the estimated channel coefficients are
exploited to compute the precoding vector for DL transmission. Different distributed
and centralized DL precoding techniques are applied for DL transmission in CF mMIMO
systems. The most common distributed precoding technique in the literature is the local
CB precoding. This is due to its low complexity and the ability to provide closed-form
expressions for the DL data rates [21]. On the other hand, more sophisticated centralized
techniques such as ZF [73] and MMSE [74] precoding are applied to improve the system
performance in terms of the achievable data rates. Since users do not have instantaneous
information about is channel conditions with APs, they receive the transmitted data

symbols using the channel statistics based on the channel hardening property [75].

2.3.3 UL Transmission

During the UL data transmission phase, all users simultaneously transmit their UL data
symbols to APs over the same time-frequency resources. capitalizing on the users’ esti-
mated channels at APs, users’ data are detected locally at each AP using maximum-ratio-
combining (MRC) [21]. Then, the locally detected signals at APs are forwarded to the
CPU which detects the users’ signals by averaging the locally detected signals. Differently,
the authors in [76,77] introduced more sophisticated MMSE centralized detection tech-
niques to improve the achievable UL data rates. Also, these works proposed a two-stage
detection approach which applies a local detection at APs using MRC or local MMSE;,
followed by a large-scale fading decoding (LSFD) at the CPU.
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2.4 Practical Challenges of CFF mMIMO

Despite the significant theoretical gains of CF mMIMO in improving the systems perfor-
mance in-terms of spectral and energy efficiencies, the systems performance is prone to
inevitable performance degradation under various practical system considerations. In the
following, we shed light on various practical challenges that may confront the realization
of the full potential of CF mMIMO in meeting the unprecedented requirements of future

wireless networks.

2.4.1 Hardware Distortions

Densifying wireless networks with single or multi-antenna APs as in CF mMIMO systems
may lead to a significant energy consumption and hardware cost in case of equipping APs
and UEs with ideal hardware components. On the other hand, equipping APs and UEs
with non-ideal hardware components will distort the transmitted and received signal by
introducing a distortion noise at the transmitter and receiver sides. The distortion effect
depends mainly on the efficien