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Abstract

In recent times, the rapid growth in mobile subscriptions and the associated
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linked to a central processing unit (CPU) via a backhaul network that coherently
serves a limited number of mobile stations (MSs) to achieve high energy efficiency
(EE) and spectral gains. This paper presents key areas of applications of CF-mMIMO in
the ubiquitous 5G, and the envisioned 6G wireless networks. First, a foundational
background on massive MIMO solutions-cellular massive MIMO, network MIMO, and
CF-mMIMO is presented, focusing on the application areas and associated
challenges. Additionally, CF-mMIMO architectures, design considerations, and system
modeling are discussed extensively. Furthermore, the key areas of application of CF-
mMIMO such as simultaneous wireless information and power transfer (SWIPT),
channel hardening, hardware efficiency, power control, non-orthogonal multiple
access (NOMA), spectral efficiency (SE), and EE are discussed exhaustively. Finally, the
research directions, open issues, and lessons learned to stimulate cutting-edge
research in this emerging domain of wireless communications are highlighted.

Keywords: Cell-free massive MIMO, 5G and B5G wireless networks, Channel
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Introduction

The exponential growth of wireless network service users worldwide orchestrates the
need to deploy novel enabling technologies to satisfy billions of data-hungry applica-
tions [1]. In recent times, the emergence of the Internet of Things (IoT) has ushered in
new-age internet-enabled smartphones and machine-to-machine communications
(M2M) for the growing mobile users [2]. However, the current network infrastructure
is already overstretched, and there is a need for novel technologies to improve the
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existing wireless network architecture [3]. From managing security and privacy chal-
lenges, network spectrum issues, traffic spikes, complex network configuration, prohibi-
tive operating costs, network failure, to hardware compatibility issues and more, the
ubiquitous fifth-generation (5G) wireless network architecture needs to be enhanced to
accommodate these growing concerns optimally [4, 5]. Recently, key enabling technolo-
gies for the envisioned beyond 5G and 6G wireless systems have been proposed [6-9].
Interestingly, these enablers include cell-free massive MIMO (CE-mMIMO) technology
[10-12], mmWave communication [13-15], terahertz communication [16-18],
quantum communication [19, 20], directional beamforming [21], reconfigurable intelli-
gent surfaces (RIS) [22-24], and more.

The concept of CF-mMIMO introduced in [25] presents a promising alternative to
guarantee high quality of service (QoS) to all UEs. CF-mMIMO leverages the idea of
small-cells (SC), massive MIMO, and user-based joint transmission coordinated multi-
point (JT-CoMP) [26] to deal with inter-cell interference [27]. Additionally, CF-
mMIMO provides massive macro-diversity to mitigate path loss [28] via minimizing
the adverse effects of spatially correlated fading and shadowing [29]. In this case, sev-
eral ubiquitous access points (APs) with single or multiple antennas jointly serve a
smaller number of distributed UEs over the coverage area in time-division duplex
(TDD) mode [30]. CF-mMIMO has been described as an embodiment of network
MIMO and is regarded as an alternative network MIMO [31]. Compared to the fully
distributed SC system and massive cellular MIMO, CE-mMIMO has improved per-
formance under several practical conditions, including but not limited to favorable
propagation and channel hardening with spatially well-separated UEs and APs. This re-
sults in increased macro-diversity gain from the low distance between UEs and APs [3,
32, 33].

Currently, there is a growing interest in the implementation of sustainable and
greener CF-mMIMO systems [34] to boost the energy efficiency (EE) [35, 36] of wire-
less systems, offset the power consumption cost [37], and minimize the environmental
impacts of wireless systems [38]. Several optimization techniques, EE-saving algorithms,
and robust power control models [39, 40], such as energy cooperation [41], reconfigur-
able intelligent surface (RIS) [23, 42, 43], and more, have been explored. Combining
CF-mMIMO and simultaneous wireless information and power transfer (SWIPT) tech-
nique is considered to drive energy-limited user devices and improve the EE of next-
generation wireless networks [44—46]. Given that several APs and several users are in-
volved in a CF system [47], the deployment cost and energy consumption may rise, and
more energy resources [48, 49] would be required. In order to realize CF-mMIMO in
practice, carrier frequency and sampling rate offsets, In-phase/quadrature-phase (I/Q)
imbalance, phase noise, and analog-to-digital converter distortions need to be examined
[50, 51]. Toward this end, this paper provides an extensive survey on the areas of appli-
cation of CF-mMIMO in next-generation wireless communication systems. A compre-
hensive layout of the paper is presented in Fig. 1. Furthermore, different massive
MIMO-based solutions, massive cellular MIMO, and network MIMO are examined
critically. The design and system configurations, system modeling, application scenar-
ios, potentials, and associated challenges of CF-mMIMO are discussed extensively.
Additionally, open research issues, lessons learned, and future research directions are
outlined.
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Fig. 1 A comprehensive layout of the paper

This survey is focused on applying CE-mMIMO in 5G and beyond 5G (B5G) wireless

networks. The key highlights of the survey are outlined as follows.

1. We present a background on the evolution of CF-mMIMO in emerging wireless

communication systems.

2. We present an overview of cellular massive MIMO, network massive MIMO,
and CF massive MIMO, highlighting their areas of application, strengths,
limitations, and performance comparison of these architectures with reference
to key design metrics, interference management, channel hardening, and SE,

among others.

3. We examine the configuration details and system modeling of CE-mMIMO, em-

phasizing the uplink/downlink (UL/DL) pilot-aided channel estimation, UL/DL

training, channel hardening, and outage probability.
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4. We highlight key areas of application of CE-mMIMO such as in SWIPT, power
control, NOMA, SE, and EE.

5. We present key research findings and current trends in CF-mMIMO, highlighting
their focus, coverage, prospects, and limitations.

6. We highlight open research issues, future research directions, and key take-away
lessons on CF-mMIMO deployment in 5G and B5G wireless networks.

The rest of this paper is organized as follows. The literature review is presented in
the “Related work” section. A comprehensive description of the traditional MIMO
architecture, massive cellular MIMO, network MIMO, and CE-mMIMO is presented in
the “Overview of massive MIMO systems” section. The “System model of cell-free
massive MIMO” section offers a detailed account of the CF-mMIMO system modeling
and configuration. The application of CF massive MIMO in channel hardening,
NOMA, EE, and more are discussed in the “Areas of application of cell-free massive
MIMO?” section. Open research issues and lessons learned are highlighted in “Open re-
search issues and lessons learned” section. Finally, the “Conclusions” section gives a
concise conclusion to the paper.

Related work

Cell-free massive MIMO has attracted considerable research interest in the past decade,
and it is currently regarded as a key 5G and beyond 5G physical layer technology [52—
55]. The authors in [56] provide an in-depth exposition into simulation platforms and
insightful schemes for emerging 5G interfaces. An extensive overview of several solu-
tions for 5G infrastructures including, but not limited to massive MIMO, millimeter-
wave (mmWave), NOMA, and also the latest achievements on simulator capabilities,
are clearly outlined. Also, artificial intelligence (AI)-based discontinuous reception
(DRX) technique for greening 5G enabled devices have been proposed in [57]. The pro-
posed mechanism significantly outperforms the conventional long-term evolution
(LTE)-DRX technique in efficient energy savings. In recent times, the use of deep learn-
ing techniques to perform power control in wireless communication networks has been
studied in [58-60]. Reference [61] advocate using deep neural networks to perform
joint beamforming and interference coordination at mmWave.

Additionally, the authors in [62] consider incorporating channel hardening in CF-
mMIMO using stochastic geometry and evaluated the potential constraints to its prac-
tical implementation. It suffices that the channel hardening effect is more noticeable in
massive cellular MIMO than in CF-mMIMO and depends mainly on the number of an-
tennas per AP and the pathloss exponent of the propagation environment [63]. Fortu-
nately, the authors [64] have shown that significant improvement in channel hardening
is achievable with the normalized conjugate beamforming (NCB) precoder compared to
the conjugate beamforming (CB) scheme. The works [65—67] characterized the coexist-
ence of CF-mMIMO and SWIPT utilizing the Poisson point process (PPP) model.

Furthermore, an insight into the achievable harvested energy, channel variations due
to fading and path loss, and UL/DL rates in closed form are considered [68, 69]. The
detrimental effects of pilot contamination on the performance of CF-mMIMO are
highlighted in [70, [1]. The authors in [53] proposed allocating pilot power for each
user in the network to palliate this defect. Interestingly, interference management and
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joint user association aimed at minimizing cell-edge effects are studied [70]. References
[11, 71] have reported novel scalable and distributed algorithms used for initial access
and cooperation cluster formation in CF-mMIMO. The authors also proposed scalable
signal-to-leakage-and-noise ratio precoding to address the scalability issues in CE-
mMIMO. Currently, federated learning (FL) frameworks are introduced in [72, 73], and
FL optimization techniques have been presented in [74—76]. A detailed account recap-
itulating the impact of hardware impairments (HI) on the performance of CF-mMIMO
is characterized [48]. By employing a hardware scaling law, the impact of HI on APs is
shown to vanish asymptotically. The authors in [77] analyzed the UL and DL CE-
mMIMO performance under the classical HI model to gain further insights.

Most of the literature provides valuable information on massive MIMO deployment
in 5G wireless networks. Though some of these papers present several aspects of CF-
mMIMO, there is no detailed study on CF-mMIMO systems that captures entirely cel-
lular massive MIMO, network MIMO, and CF-mMIMO system modeling, architecture,
strengths and limitation, and applications in terms of SWIPT, channel hardening, hard-
ware efficiency, power control, NOMA, SE, and EE. To this end, the need for a com-
prehensive paper covering the aspects mentioned above of CF-mMIMO is vitally
important. Therefore, the current paper presents an extensive survey on CF-mMIMO
as a candidate enabler for 5G and B5G wireless networks. Specifically, the limitations
of some selected literature are outlined, and the contributions of the current paper are
highlighted, as presented in Table 1.

Overview of massive MIMO systems

The concept of massive MIMO has received considerable attention due to its deploy-
ment to meet the demands of wireless capacity and higher data rates [89]. Massive
MIMO offers improved spectral and energy efficiency and adopts optimal signal pro-
cessing schemes [90]. Moreover, massive MIMO can spatially multiplex many user
equipment (UE) by using many phase-coherent transmitting/receiving antennas, thus
suppressing inter-cell and intra-cell interference [91, 92]. These unique features have
revitalized studies leading to the discoveries of several massive MIMO solutions [93].
Massive MIMO technology, empowered with several antennas at each cell site, offers
tremendous improvements in the radiated EE, power efficiency, and SE compared to
the traditional MIMO systems [94, 95]. Moreover, by operating in either a centralized
or distributed fashion, favorable propagation facilitates the realization of near-optimal
linear processing [96]. Motivated by the benefits mentioned above, various massive
MIMO-based solutions significantly gained traction in academia and industry [97]. A
brief discussion on cellular mMIMO, network MIMO, and CE-mMIMO focusing on
their architectures, strengths, and applications are presented in the following
subsections.

Cellular massive MIMO

Massive MIMO time-division duplex (mMIMO-TDD) systems have been reported to
boost the throughput of wireless networks [83, 86]. Since the multiple antennas used in
mMIMO-TDD are much smarter, it presents a practical means to outperform partial
multiuser MIMO (MU-MIMO) systems. BS antennas could be substantially larger than
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Table 1 Limitations of some related works

Ref. Focus and coverage Limitations Contributions

[78] The work quantifies the = Optimization techniques not = This paper outlines useful
improvement of CF-mMIMO over  presented. techniques to improve the overall
cellular massive MIMO in EE using = Channel estimation not clearly ~ EE of CF-mMIMO.
max-min power control and CB.  outlined. = This paper examines the most

recent research trends and future
directions on EE in CF-mMIMO.

[79] The authors examine the = A perfect hardware transceiver = An extensive analysis of
performance of CF-mMIMO sys-  that is not satisfied in practice is  transceiver HI, most recent
tems with limited fronthaul considered. research trends on the
capacity. performance of CF-mMIMO sys-

tems with limited fronthaul cap-
acity are presented.

[80] This paper analyzes the UL SE of = = Challenges with the use of = Presents a detailed outline of
CF massive MIMO with multiple multi-antenna are not clearly the application of CF-mMIMO in
antennas at the APs and users, outlined. improving the SE.
zero-forcing (ZF) combining, and = Security and privacy issues of = Security and privacy issues of
data power controls. multi-antenna users are not dis-  wireless networks are clearly

cussed elaborately. outlined. Also, UL SE of CF-
mMIMO with multiple antennas
at the APs and users are
broached.

[81] The authors propose an ANN- = Applications of power control = Presents a robust discussion on
based UL power control tech- in CF-mMIMO not clearly the application of power control
nique to assess power allocation  outlined. in CF--mMIMO.
in a CF--mMIMO network to = Power optimization techniques = Power optimization techniques
maximize the sum rate or the min are limited to just a deep such as alternative optimization,
rate. learning approach. second-order cone program

(SOCP), and machine learning
(ML)-based approaches are dis-
cussed [82].

[83] The work considers maximizing * Channel estimation not clearly = This paper examines the most
the total EE of CF massive MIMO  outlined. recent research trends and future
using a well-established DL power = Open research issues and future directions in CF-mMIMO.
consumption model. Additionally, research directions are not = A robust discussion on AP
AP selection schemes are covered discussed elaborately. selection schemes aimed at
to minimize the power consump- minimizing power consumption
tion caused by the backhaul links. is presented.

[84] The authors examine a = Technical propositions to = Instructive insights to optimize
generalized UL CF-mMIMO in the  minimize hardware costs in the system'’s performance in
presence of radio frequency (RF)  practical systems are limited. practical scenarios are clearly
impairments and ADC imperfec- = Signal detection is not clearly discussed.
tions. Also, the study provides outlined. = Sophisticated signal detection
novel insights on implementing techniques such as ML, deep
low-quality transceiver RF chains learning-based techniques, and
and low-resolution ADCs. sphere decoder are highlighted.

[69] The work characterizes the = Open research issues and future = Research activities capturing the
coexistence and underlying issues research directions in CF-mMIMO  most recent research trends and
of SWIPT and CF massive MIMO.  are not discussed clearly. lessons learned related to SWIPT

in CF massive MIMO are outlined.

[85] The work presents the UL = The security and privacy threats =Security and privacy issues of
performance of CF-mMIMO sys- to multi-antenna users are not wireless networks are captured.
tems with multiple antennas and  considered. Future research directions and
least-square (LS) estimators con- = Pilot contamination effects lessons learned are outlined.
sidering the effects of spatially were not discussed. = This paper also provides a
correlated fading channels. holistic review of pilot

contamination and the UL
performance of CF massive MIMO
systems.

[86] The paper considers using an NCB = Although future works are = Future directions in the areas of

scheme in CFm-MIMO subject to
short-term average power con-
straints. The work also considers
the effects of channel estimation
errors and pilot contamination.

outlined, they are not discussed
comprehensively.

= Power control algorithms are
not developed.

channel estimation and pilot
contamination are reported.

= Advanced power optimization
techniques such as geometric
programming (GP), SOCP, and
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Table 1 Limitations of some related works (Continued)

Ref. Focus and coverage Limitations Contributions
ML-based approaches are
highlighted.

[62] The work investigates the = The practical application of the = This paper discusses the
feasibility of observing channel proposed model is totally is not  application of CF-mMIMO in EE,
hardening in CF massive MIMO elaborated. SE, and SWIPT. Additionally, the
using stochastic geometry. research focus and directions re-

lated to channel hardening in CF-
mMIMO systems are outlined.

[87] This survey focuses on integrating = Open research issues are not = Up-to-date review of past find-

CF massive MIMO systems with a  discussed. ings, most recent research activ-
power-domain NOMA technique. = Signal detection was not ities, and lessons learned are
discussed in this paper. outlined.

= This paper discusses the current
research trends on NOMA in CF-
mMIMO systems.

[88] This survey focuses on the EE of = The open research issues and = This paper provides a holistic

limited-backhaul CF massive future research directions are not discussion on EE and outlines key
MIMO. The authors introduced an  clearly outlined. Practical findings, current research trends,
efficient solution to address the implementation of CF-mMIMO is  and future research directions in
EE maximization problem. not covered. EE of CF-mMIMO systems.

the number of transmitter terminals. Recently, the attractive features of cellular net-
works, including exploiting channel reciprocity, especially as more antennas do not ne-
cessarily lead to a corresponding increase in the feedback overhead, have been
investigated. The traditional cell-size shrinking technique is eliminated via the installa-
tion of extra antennas to existing cell sites. Furthermore, UL and DL transmit powers
are considerably reduced due to increased antenna aperture and coherent combining.
Nonetheless, cellular networks face significant challenges, including estimating the crit-
icality of coherent channels, bandwidth, and interference limitations. Additionally, the
substantial cost associated with a large number of transmitting/receive chains and
power amplifiers is a major setback. An illustrative description of a typical cellular
massive MIMO system is given in Fig. 2. The mobile station (MS) is connected to a
central base station (BS) in each cell.

Cell #2

Cell #1

Fig. 2 lllustration of a multicell massive MIMO system
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Network MIMO

Network MIMO system, which allows for coordination of a set of APs that jointly serve
all users in the network, has often been hailed as an exciting alternative to achieving
the capacity limit of cellular networks [98, 99]. Network MIMO or multicell MIMO
signaling is considered a potential physical layer technique for 5G wireless networks. A
plethora of interfering transmitters share user messages in a network MIMO system
and enable joint precoding to be performed. Additionally, network MIMO could be re-
ferred to as cooperative communications used to improve the interference-limited per-
formance of cellular networks. Specifically, by jointly designing the DL beams to
multiplex multiple users spatially, intra-cluster interference can be eliminated. This
concept has recently been introduced under a new network structure named CF
massive MIMO [3]. It is considered a key enabling technology for 5G and beyond 5G
wireless systems. Besides, the cell-edge problem inherent in cellular massive MIMO is
eliminated, and all antennas jointly serve all users (UEs). Figure 3 presents the architec-
ture of a typical network MIMO system.

Cell-free massive MIMO

The cellular topology has been the traditional way of covering the subscribers in a
given geographical area with wireless network service for many decades. Each BS serves
a given set of UEs using highly directional beamforming techniques [94]. This network
topology has shown desirable performance gains, spectral efficiency, and energy effi-
ciency [100-102]. However, the technology inevitably limits further performance im-
provements due to inter-cell interference, high QoS variations, and hand-offs [78, 103].
In order to address this problem, a viable option is to eliminate the inherent cell char-
acteristics and take a considerable number of distributed APs densely deployed over a
given coverage area to serve a smaller number of UEs optimally [53]. This novel com-
munication architecture is described as cell-free massive MIMO, and it has been

Optical fiber

— — — = Fronthaul

Fig. 3 lllustration of network MIMO system
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identified as a candidate enabling technology for future wireless communication sys-
tems [83, 104].

Currently, key disruptive technologies have been deployed to cater to throughput,
coverage, EE, and ubiquity requirements of next-generation wireless networks. In par-
ticular, having multiple antennas at the APs for several users has been observed as a
promising technique to boost the multiplexing gain and enhance the SE in CF massive
MIMO [55, 80]. Recently, power domain-centric NOMA integrated with CF-mMIMO
emerged as a viable solution to address the conflicting demands on high SE, EE, high
reliability with user-fairness, increased connectivity, and reduced latency in 5G wireless
networks [105-107]. In CF-mMIMO, the number of simultaneously served users can
be increased by supporting the users to utilize the same time-frequency resource effect-
ively and invoking superposition-coded transmission and successive interference can-
celation (SIC) decoding [108-110].

Cell-free massive MIMO leverages a distributed antenna system’s unique features, co-
ordinates beamforming, joint transmission, and scheduling to provide multiuser inter-
ference suppression and achieve stronger diversity gains. Moreover, due to the well-
designed network topology, CF-mMIMO allows for favorable propagation and high
quality of service throughout the coverage area [25, 52, 103, 111]. Compared to conven-
tional cellular networks, some of the fascinating features of CF networks include uni-
form signal-to-noise ratio (SNR) with smaller variations, improved interference
management, increased SNR due to coherent transmission [12], high EE, high SE, low
latency, low complex linear processing, minimal power consumption, flexible and cost-
efficient deployment, and high reliability, among others [9, 103]. Figure 4 presents a
pictorial representation of a CF-mMIMO network, and Table 2 presents a performance
comparison among cellular massive MIMO, network MIMO, and CE-mMIMO. Ac-
cording to its performance level, several critical performance metrics are selected, and
each metric has been weighted (in percentage), as discussed in Section 5 of the current
paper. Last, a pictorial comparison of cellular mMIMO and CF-mMIMO is shown in
Fig. 5. For the cellular condition, hundreds and even thousands of BS antennas are

() e ()
é—/// \\é

Fig. 4 Cell-free massive MIMO configuration
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Table 2 Comparison among cellular mMIMO, network MIMO, and CF-mMIMO (metric weighting in
percentage)

Configuration Cellular Network Cell-free Ref.
Interference management 30% 50% 70% [2, 46]

EE 70% 30% 85% [78, 103]
Hardware efficiency 30% 50% 70% [48,112]
Channel hardening 85% 30% 50% [62, 103]
Uniform coverage 30% 50% 70% [103]
Macro-diversity 30% 50% 70% [103, 113]
Number of antennas 85% 70% 85% [103, 114]
Favorable propagation 85% 30% 50% [103, 115]
SE 70% 50% 85% [116, 117]

selected to serve UEs within disjoint cells, thus achieving considerable throughput and
coverage improvement. However, for the CF scenario, a plethora of geographically dis-
tributed single APs are chosen to serve a smaller number of UEs. The coverage area is
not divided into disjoint cells leading to a CF network where signals from surrounding
APs only influence each UE. The distributed AP antennas are connected via a fronthaul
network to one or multiple central processing units (CPUs), facilitating effective

coordination.

System model of cell-free massive MIMO

The CE-mMIMO network arbitrarily distributed over a wide coverage area operating
on a one-time frequency resource is discussed in this framework. Let there be K UEs
and M randomly located APs, each equipped with N,, antennas, where N,,>1. It is
often assumed that M > K. Besides, all APs are connected through an unlimited back-
haul network to edge-cloud processors, called the CPU. Data-decoding is performed,
ensuring that the UEs’ coherent joint transmission and reception in the coverable area
are enabled. Remarkably, the pathloss between a user and any AP antenna is unique.
The pathloss matrix possesses distinct diagonal elements, and as a result, performance
analysis is generally challenging and considerably different from related prior works.
TDD protocol with channel reciprocity and a single data stream transmitted per UE is
assumed. The communication protocol is usually divided into several phases. These in-
clude UL training, UL payload data transmission, DL training, and DL payload data

Fronthaul [ L =—=~2 1
~l~~—__ _77 ~—_= “ =] N |
~ - \ N
>SS \ ~ —_J N \
~

-

MIMO network

Fig. 5 Comparison of cellular network and cell-free network. Left: cellular network; right: cell-free massive

\ \
@ \ g -~ 4
- _i_, .-
< Fronthaul
N ,
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transmission. For the overview of the system model of CF-mMIMO networks captured
in this survey, a concise list of relevant mathematical notations used and their meanings
are presented in Table 3.

First, by taking into consideration a DL CF massive MIMO system, let a set of BSs £
£ {1, ..., B}, each equipped with M antennas serves a set of UEs K 2 {1, ..., K},each loaded
with N antennas. Moreover, let Hj, € C*'*~denote the UL channel matrix between BS
b el and UE k€K, while Hké[HlTJ(, ...,H;k]TeCBMXN represents the global UL channel
matrix seen by UE k. More so, let Y, € C**'denote the BS-Specific precoding vector
utilized by BS b for UE k, while Y 2[YT,, ..., ng]TeCBMXl represents the global pre-

coding vector utilized UE k.
Thus, the received signal at UE k reads as (1)

pk;ZbefS ZEeKHﬁkybfg? +zeC™! (1)

where gi~CN(0, 1) denotes the transmit data symbol for UE k, and zx ~ CN (0,07l y)
represents the average AWGN at UE k. When pyis collected, UE k employs the combin-
ing vector g€ C¥**. The resulting signal-to-interference-plus-noise ratio (SINR) [118]
is given by (2)

‘ZbefsCIkHHf,kyb,k ‘ 2

2
2
Stercty | Soesd Hi 7|+ lail’o?

SINR 2 (2)

In addition, the sum rate is expressed as R 2 Y. xlogo(1 + SINRy). Next, the realistic
pilot-aided channel state information (CSI) acquired at the BSs, and the UEs are

considered.

Uplink pilot-aided channel estimation

Let the effective UL channel vector between UE k and BS b be denoted by d, = H),

queCM

It]]* = p. In this phase, each UE k jointly transmits its pilot precoded with its combining

1, Likewise, let the pilot assigned to UE k be denoted by /ye **', where ||

vector and is expressed as (3)

Table 3 Mathematical notations and definitions

Notations Definitions

K, M, Ngp Number of UEs, APs, and antennas per AP

OINOERON Transpose, conjugate transpose, and the complex conjugate of a matrix
trR), IR, |R| Trace, Euclidean norm, and the determinant of matrix R

® Kronecker product between two matrices

In nxn identity matrix

E Expectation operator

k | Index of the UEs and index of the APs

T, T The length of the channel coherence time, length of the UL training phase
Boldface lower case x Column vectors

Boldface upper case X Matrices

W~ N(O,og) Real-valued Gaussian random variable

W~ CN (1, OC) Circularly symmetric complex Gaussian random variable with mean u and variance o
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wilt g ifecN e (3)
Thus, for each BS b, X“Lis given by (4) and (5)

XIL)ILJ;Z](EKH@/(WIIEILJ + ZuL (4)

Xl + 21 5

where ZIL,ILNIECM *P denotes the AWGN at BS b having elements distributed as (0,
oi). Likewise, the LS estimate of d,, 4 is given by (6) and (7)

A 1
2 X (6)

1 H 1 UL-1
=dyi +;ZM\ Bl +;zb I (7)

Downlink pilot-aided channel estimation
Let the effective DL channel vector between all the BSs and UE k be denoted by /2
ZbEBHZ{ WpxECN*1 . In this phase, each BS jointly transmits a superposition of pilots

after they have been precoded with the corresponding precoding vector and is
expressed as (8)

WELQZkeKJ’b,kP;HGCMXP (8)
Thus, for each UE k, XP* is given by (9)
KPS, S Ml 20t g

where
ZPeCN*Pdenotes the AWGN at UE k with elements distributed as (0, 7). Like-
wise, the LS estimate of /is given by (10) and (11)

1
hi2 = X2 Py (10)
p

L H L _pr
= I +;Zbef;ZzeK{k}Hb,kyb;Pka +;Zk Py (11)

There exist several pilot-based channel estimators, namely LS estimator, minimum
mean-squared error (MMSE), element-wise minimum mean-squared error (EW-
MMSE), phase-aware minimum mean-squared error (PA-MMSE), and linear MMSE.
Table 4 presents a summary of pilot training-based channel estimators [119]. Next, the
UL training phase, DL training phase, and outage probability of the communication
protocol are considered.

Uplink training

In the uplink training phase, the UEs send UL training pilot sequences to allow channel
estimation at the APs. The uplink training phase also applies to the user-centric (UC)
massive MIMO architecture. Let 7, represent the length of the channel coherence time
in discrete-time samples and 7, represent the length of the UL training phase, also in

Page 12 of 41
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discrete-time samples. At all times, 7;< 7,. The matrix has on its rows the pilot se-
quences transmitted by the kth UE is denoted by @;eC**". While the rows of @ are
assumed to be orthogonal, i.e, @x@? = I, assuming there is no orthogonality for the
pilot sequences directed to other UEs. Of course, by employing orthogonal pilot tout
court, a robust system to the effects of pilot contamination is achievable. However, the
peak value of the product KS that can be taken in the channel coherence time would
be primarily limited. Thus, we define the N4p x 7, dimensional matrix X,,, by (12)

K
X = VskFiBr+ Yom, (12)
k=1
where Fy ,, =Dy .Li Y,, denotes the matrix of thermal noise samples. Next, we ex-
plore the structure of the LMMSE channel estimator briefly. Defining parameters, x,,, =
vec(X,n), Yin = vec(Yys), fo, m = vec(Fy, ,,), the vectorized model is given as (13)

K
k=1

where Ry = @{ ® I.We process x,, by a matrix Q,’Zm, ie, jk,m = Qﬁmxm. Thus, the
MSE is obtained as (14)

E

QD tn—Fim ﬂ = (B, B2 Q1)
l fkﬁm”‘] B p{or (12, @) )] 14)

+E

K
=t (Qﬁm (Z SkRIRP + 521> Qk7m> +E

=1

||fkm |f[ _\/E tr (Qf,mRk + Q’ijth)

In this case, the gradient of the MSE concerning the complex matrix Qy , is assumed

to be equal to zero. Solving for Qy ,,,the LMMSE estimator is given by (15)

K
LMMSE _ /5 (Z sIRIRP + 521> X Ry (15)

=1

Downlink training
In this section, the scalable beamforming training scheme is adopted. Let 7, ; denote
the length of the DL training duration per coherence interval; it suffices that 7, ;<7

-1, 1 By exploiting the channel estimates {ljzmkllj }, and beamforming it to all users,
the mth AP precodes the pilot sequences ¢, eeC™ Xl,k‘;j =1,...,K. Thus, the r, ;x1

pilot vector w,,, ; sent from the mth AP is obtained as (16)

K - ..
Wini = \/Toi0vi Y \/ Bmk®i mk€e,e, (16)
ké=1
where 0, ; is the normalized transmit SNR per DL pilot symbol and {¢;} assume mu-
tual orthonormality i.e. ¢f¢)kg = 0,for k #k, and llg;lI* = 1. This requires that 7, ;> K.

The kth user receives correspondingly, 7, ;x 1 pilot vector which is given by (17)
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K
Xtk = \/ToiOvl Y Tt + Vutio (17)

kf=1

where y,; i denotes a vector additive noise at the kth user. The effective channel gain
rwo k=1, ..., K is estimated via the processing of the received pilot first by the kth user
as (18)

v D D
X ik = PpXuik = /Tvi0viTkk + P Yk = /TviOvilik + Mg, (18)

where ﬂz,kéfmk ~ CN(0,1). Given x y;«, linear MMSE estimation of ryis performed,
which is obtained as (19)

VIviOvi Var {rkk}

e = Ed{rie} +
kk {ruck Ty0y; Var {rig} +1

(* ws—y/Trioni B{ra})  (19)

Outage probability

Obtaining the exact expression for outage probability is quite challenging due to the
computational complexity in determining the cumulative distribution function (CDF)
of the SINR at the APs [120]. The only exception for massive MIMO systems applies
to perfect CSI and identically distributed channels unsatisfied in practice [121, 122].
Therefore, an alternate approach, approximate outage probability, is selected to provide
the outage probability of massive MIMO networks where all the APs are collocated.
Hence, B,k = B> Ymk = Yi Vi, & The outage probability approximation of the kth user is
obtained as (20) and (21)

Po(T) = I_MK_I K 1}[{(72 ) .eidz 1
i1 T a+1
H (Yi_)’,')
j=1
J=i
K-1 .
D) Y T [1ee )] (20)
I (rer)
j=1
j=i

Pu(M-1)y
for T'< (1+pu(ﬁ1<—y11<<>> and

K-1 K-2 -, —k(ci+1)
PE (T) ~1-M Vi e
out( ) ; K-1 € ¢ +1
H (Yi_)’j)
j=1
j=i
K1 y1.<‘2 i i
D)y et e ute rata) =
I (ver)
j:
j#i

Py (M-1)y
for T > a3 Byl
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where ¢}, cé, c3, ¢ and cs are given by (22), (23), (24), (25), and (26).

i YK
cl T)’l ( )

(M-T)yx 1+p, (Bx-rk)

“=Ty, PuYi %)
e =77k 24)
ey = %(M—l)ni— P%YK(I +pu(Bxrx))

_ %(M—l)y% +yx ((M_;)y e (1t p”f(f](_y’())) (25)
o5 = (M-1)y, <(M-T1)y1<_ (1 +Pu/()/:’1<—y1<))>_ (26)

Areas of application of cell-free massive MIMO

The wireless research community has explored the outstanding features of the mutually
beneficial combination between CF structure and massive MIMO technology to enable
seamless transfer from theory to practical implementation. Of course, significant pro-
gress in signal processing, communication, and optimization algorithms developed has
further deepened the range of applications of this technology. Table 5 presents a sum-
mary of CF massive MIMO application areas alongside their strengths and limitations.
A concise account of the past findings and current research trends based on SWIPT,
channel hardening, hardware efficiency, power control, NOMA, SE, and EE for the CE-
MIMO are detailed in the following subsections.

SWIPT in cell-free massive MIMO
The ultra-high transmission rate of wireless networks has been identified as a signifi-
cant challenge that decreases the lifetime of battery-powered devices. SWIPT is consid-
ered an innovative candidate for the energy-limited environment through energy
reclamation. It offers an effective solution to enable a guaranteed energy level and
minimize backhaul resources and energy consumption. Compared to traditional
massive MIMO, CF massive MIMO presents a new paradigm to boost the performance
of SWIPT. A summary of recent advances on SWIPT technology in CF massive MIMO
is presented in Table 6.

Additionally, the energy harvest and DL achievable rate for an energy user under a
linear scheme are presented. First, for the harvested energy, it is assumed that the har-
vesting circuitry operates with an efficiency represented as n. With reference to the jth

user which depicts a typical energy user, the ambient harvested energy E}, during a time

slot is obtained as (27)
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Ref.  Areas of Description Strengths Limitations
application
[68,  SWIPT Promising energy harvesting Optimized achievable Adverse channel effects,
69] technology for an energy- energy-rate trade-off  reduced throughput
limited environment and improved EE
[62,  Channel In the regime of a massive High SE and reliable  Spatial correlation at the APs,
64, hardening number of antennas, fading performance pilot contamination and
123] channels become almost presence of line-of-sight (LoS)
deterministic. This effect is propagation
referred to as channel
hardening
[66,  Hardware Communication networks are Economical Decrease in hardware
67, efficiency generally affected by non- transceivers qualities, adverse effect of HI
77, idealities under practical oper- at UE, and performance
84, ational conditions. This inevit- degradation owing to the
124] ably degrades the system’s processing power of APs
performance dramatically
[53,  Power Intelligent distribution of Improved efficiency  Shadowing effects, multi-
81, control transmitter power along various  of wireless systems objective optimization prob-
125] antennas to manage and improved lem, and the complexity of
interference and guarantee throughput to all power allocation algorithm
maximized performance within  users
the system
[81,  Learning- [t encompasses an ML Robustness against Shadowing effects and
126]  based CF framework where deep layers pilot contamination  increase in training time as
massive enable learning from a large and improved the number of UEs grows
MIMO amount of data resource allocation large
[26, Interference  Techniques employed to Suppression of inter-  Residual self-interference (RSI)
127]  management manage interference abounded  cell interference
in wireless networks
[128- NOMA An insightful technique in Massive connectivity — Imperfect SIC and pilot
130] which multiple users are and attractive SE contamination
simultaneously served using the  gains
same time-frequency resource
block
[80, SE A vital performance metric Improved area Spatial correlation
85] considered in the design of throughput
wireless communication systems
and expressed as the ratio of
data rate to bandwidth
37, EE An essential energy-saving tech-  Significant reduction ~ Power lows, the trade-off be-
41, nique geared toward reducing  in total power tween EE and SE
78, the total energy consumption in  consumption
131, wireless systems improved radiated EE
132]
—Zaﬁ
LT ‘dﬂ‘ PP
=1
E ‘alpxl ‘

In this case, the noise factor is neglected to owe to its low comparative strength in-

stead of other terms. As a step further, the DL achievable rate for a typical energy user

is derived. The average achievable rate R} can be expressed as (28)
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Table 6 SWIPT technology in cell-free massive MIMO

Ref. Focus and coverage Key findings Limitations Year

[68] The work seeks to leverage the = The performance of the SWIPT = The authors did not discuss 2018
underlying practical potentials  technique is substantially the cases of spatial
presented by UL training-based improved by adopting the CF randomness and channel
CF-mMIMO with imperfect CSI massive MIMO model. changes when links are
on the performance of SWIPT. = Exploiting the benefits of blocked.

Also, the work explores the at-  distributed transmission/

tainable harvested energy and  reception and many spatially

UL/DL rates in closed form. distributed single antenna APs,
an optimal achievable energy-
rate trade-off of SWIPT is
realized.
= Concerning the number of
energy users (fixed in this case),
the achievable sum rate is
moderately increased when the
number of APs becomes large.

[69] The study investigates the = The proposed arrangement = The UL performance of 2020
coexistence of SWIPT and CF improves the energy-rate trade- energy users after the energy
massive MIMO. The work aims ~ off of SWIPT networks harvest is not accounted for.
at bridging the gap in CF considerably. = The results show an
literature by optimizing the = A careful balance in power improved DL rate for energy
underlying issues presented by  allocated to energy users users due to reduced pilot
SWIPT. Stochastic geometry is  enhances the mean harvested  sequence resulting in fewer
exploited to model the APs energy significantly, however, at users being served.
using a homogeneous PPP, the cost of a reduced DL rate
resulting in a spatially random  for non-energy users.
network.

2T
R = (1— T, E[ 1og(1+y;)], (28)
where y}, denotes the SNR of the j-th user and is expressed as (29)
N 2a
~j . -
Sor | ] | Pupe
=1
v = c (29)
gE ’a?xl }
Now, R}. can be modeled as (30)
2T i
R=(1-2"L)E| log| 1+~ (30)
J T-T, C
O’I7TE
where E}. is given by (27). Thus, R} is obtained as (31) after some modifications.
2TE “ C +
R; = <1— T Pr|E; > onTe(e-1)|dt. (31)
r/) Jt=0

Further, the distribution of E} is approximated with the Gamma distribution employ-

ing moment matching. The scale parameters which define the Gamma distributions are
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obtained as kj, = (E[E}])Z/VA]R[E}.} and 6, = VAR[E}.}/E[E}]. Consequently, (31) can
be re-modeled as (32)

R; = (1— ﬁ_T;) /t;(l—FE;(azing(et—l)))dt
- (-2%) [t (=) )

which can be simplified numerically.

Channel hardening and favorable propagation in cell-free massive MIMO
Two essential virtues that appear in the regime of hundreds or even thousands of an-
tennas: channel hardening and favorable propagation, are defined and analyzed. By in-
creasing BS antennas, the propagation is assumed to happen through a quasi-
deterministic flat-fading equivalent channel. In light of the above, the fading channel
behaves as though it was not a fading channel (almost deterministically) [50]. This
phenomenon is referred to as channel hardening. Also, when the channel directions of
two UEs become spatially orthogonal, the inter-user and intra-cell interference vanishes
automatically using a relatively simple signal processing technique called maximum-
ratio processing (MRP). This desirable property is termed favorable propagation. The
channel hardening effect has been exploited by massive MIMO to decrease the problem
of small-scale fading in wireless communication systems to guarantee desirable reliabil-
ity and low latency. However, channel hardening conditions have also been observed
and remain valid for CF massive MIMO systems, with reduced pathloss exponent and
increased antenna density. Table 7 presents a summary of recent trends and advances
on channel hardening in CF-mMIMO systems.

The mathematical representation of channel hardening and favorable propagation in
CF massive MIMO is presented. Let dj reflects the propagation channel response be-
tween the UE k and AP m. The channel hardening effect is defined as (33)

¢
el

As a result, the impact of the small-scale fading variations on the communication

—1 as the number of antennas N,,—c (33)

performance is minimized while the challenge of large-scale fading remains. The degree
of channel hardening in CF-mMIMO is dependent mainly on the number of antennas
per AP and the geographical AP distribution [12]. The favorable propagation is
expressed as (34)

D
dixd jexe

o e e

—0 when Ng,—o0 (34)
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Ref. Focus and coverage Key findings Limitations Year

[62]  This survey dwells on = The study reveals that channel = The capacity bounds 2017
incorporating channel hardening in CF-mMIMO mainly  obtained from cellular
hardening in CF-MIMO using depends on the number of an-  massive MIMO are not so
stochastic geometry while evalu- tennas per AP and the pathloss  tight in CF-mMIMO.
ating potential constraints to its  exponent of the propagation = Channel hardening comes
practical implementation. A environment. at the cost of reduced
homogenous PPP is explored to = A synergy between smaller macro-diversity, which is un-
model the AP distribution. In pathloss exponent and multiple  desirable in practice.
addition, the effect of channel antennas per AP provides a
hardening on AP density is modest level of channel
evaluated. hardening.

[64]  The authors considered the = Channel hardening is = The effects of spatial 2020
channel hardening effect substantially improved with the  correlation at the APs are not
extensively in CF massive MIMO ~ NCB precoder compared to the  considered.
under practical operational CB scheme. = The system is largely
conditions. Closed-form expres- affected by pilot
sions are presented for the hard- contamination, given a small
ening coefficients, taking coverage area.
cognizance of pilot contamin-
ation, power loading, and MMSE
channel estimation.

[133] An enhanced normalized CB = The effective channel is nearly = The proposed scheme does 2021

(ECB) precoding is proposed to
boost the channel hardening
effect in CF massive MIMO. An
exact closed-form expression for
the achievable DL SE concerning
the pilot contamination, channel
estimation errors, lack of CSI at
the user side, along with an op-
timal max-min fairness power al-
location scheme, is presented.

deterministic, thus, validating
the effectiveness of the
proposed ECB.

= The DL SE is significantly
improved compared to the case
with CB.

not support interference
suppression.

= Acquiring CSI for the users
is quite challenging.

Hardware impairments and pilot transmission in cell-free massive MIMO systems

Using practical systems with perfect hardware components during production could
result in enormous energy consumption and prohibitive hardware costs, which are
not satisfied in practice. In short, the closer to ideal a hardware transceiver is, the
more costly, bulkier, and energy-hungry it becomes. This bottleneck, a trade-off be-
tween the quality of hardware components and cost, is usually considered a break-
through. Nonetheless, this technique inevitably introduces hardware and channel
impairments, including amplifier non-linearities, phase noise, I/Q imbalance, and
ADC distortions into the system. Analyzing CF massive MIMO under the effects
of HI has gained significant research interest. Table 8 presents a summary of pro-
gress made in this regard. Additionally, mathematical models of the hardware im-

pairment and pilot transmission are presented.

Hardware impairment model

In order to model the combined effect of hardware distortions, the transmitted/received
signal is assumed to be distorted by an additive Gaussian noise [92]. The distorted sig-
nal is expressed as (35)

wi = /Ew+ 2z, (35)
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Table 8 Cell-free massive MIMO systems with hardware impairments

Ref. Focus and coverage Key findings Limitations Year

[771  The work considers the secure = The proposed power control = The performance of the 2019
transmission issue in CF- scheme outperforms the system is significantly
mMIMO networks, considering  conventional average power impacted by the active attacks
the effects of HI and the pres-  allocation. and the decrease of hardware
ence of spoofing attacks. The qualities.
work is analyzed using hard-
ware quality scaling law, con-
tinuous approximation, convex
approximation, and path-
following algorithms.

[134] The effect of HI on the UL = The system’s sum spectral/ = Large portions of the 2019
transmission of a CF massive energy efficiency is significantly  fronthaul capacity for signal
MIMO system constrained by improved with the estimate- transmission impact the
limited capacity fronthaul links  multiply-compress-forward achievable rate considerably.
is investigated. Low-complexity ~compared to the other two = The performance gain is
fronthaul rate allocations are strategies applied. affected mainly by the
proposed to minimize transmis- processing power of the AP.
sion of the compressed version
of CSI and data signals.

[84]  The authors examined the * The hardware expenses can = The benefits come at the 2020
impact of RF impairments and ~ be minimized by reducing the  cost of significant performance
ADCs imperfections on the quality of transceiver RF chains  degradation.
performance of UL CF-mMIMO. and the quantization bits of
The work aims at improving low-resolution ADCs.
the accuracy of channel estima-
tion while ensuring a maxi-
mized signal-to-interference-
plus-noise ratio.

[124] The performance of distributed = The study results revealed = Distributed massive MIMO 2020
massive MIMO (CF and UC that distributed massive MIMO  suffers significant performance
systems) and SC systems under is more robust to hardware loss when the number of
practical deployment scenarios  distortion and the Doppler shift served users per AP is reduced.
is investigated. More precisely,  effect compared to SC systems. = Additionally, the network is
the impact of non-ideal hard- = Moreover, SC systems preferable for majorly high-
ware distortions and the Dop-  perform poorly under max-min  mobility conditions.
pler shift effect is considered. power control.

[135] The authors quantitatively * Results obtained show that * The negative effect of Hl at 2020
examined the effect of HI on the SE is significantly improved  UE is not elaborated.
the performance of CF-mMIMO. as the hardware qualities
Four low-complexity receiver increases.
cooperation is adopted, and a = More so, the reducing
comprehensive review of the hardware quality diminishes
fronthaul requirements of the  with increasing APs.
different receiver cooperation is
provided.

[136] This survey focuses on = Compared to equal ADC bit = Hardware quality is not fully 2021

maximizing the hardware
quality in CF massive MIMO.
Specifically, the authors
examined the optimal HI and
ADC bit allocation problem
based on the large-scale fading
variations of the channel for
maximal SE and EE. Regularized
zero-forcing (RZF) combined
with statistical channel inver-
sion power control is employed
in the system.

allocation, the EE and sum SE is
moderately increased by the
optimal ADC bit allocation.

optimized.

where w refers to the input signal to the non-ideal hardware. Moreover, &; € [0, 1], i =

{t, r} reflects the hardware quality coefficient. The distortion noise is obtained as (36)

and is independent of the input signal w.
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z; ~ CN(0, (1-§,)E{|w|*}) (36)

¢ ¢

The term E{|w|} = E{|w;|} indicates the equivalence of the variance of both the in-
put and output signals for the non-ideal hardware device. Besides, the hardware quality
is obtained through & € [0, 1], where ;=1 and ;=0 denotes perfect and useless hard-

ware, respectively.

Pilot transmission

In this context, it is assumed that 7-length orthogonal pilots represented as y, e C**'
are assigned to UEs, where =K< T, and yfy e = 5(k—k€) for k, k €{1,2,..,K}. As a
result, the pilot signal \/@wk is transmitted by UE; and the signal modeled as (37) is
received by the mth AP

K
Xpm = \/?VZ hmk< Tprt‘//k + Zt,k) + Zrm + By (37)
k=1

where P, refers to the pilot power, z, , expressed as (38) accounts for the distortion
caused by a non-ideal hardware device, z,, ,, expressed as (39) denotes the distortion
caused by hardware impairment at the mth AP and n,, represented as (40) indicates
the additive noise [92, 137]

2tk ~ CN(O7PP(1_6t)IT)7 (38)
Zem i} ~ ON (0, p(1-6) 3" [k I ) (39)
n,, ~ CN(0,NI,). (40)

Power control in cell-free massive MIMO
Power control has appeared as a key feature and one of the most impacting algo-
rithms in mobile networks. It entails an intelligent selection of transmitter power
output to improve the overall performance of wireless systems. The power control
techniques find handy applications in CF massive MIMO to limit the generated
interference, minimize pilot contamination, maximize the power of the desired re-
ceived signal, and provide a more uniform QoS to the UEs. Table 9 presents a sur-
vey of various areas of application of power control in CF-mMIMO systems.
Furthermore, Table 10 shows a more concise account of power control/algorithms
(alternative optimization, successive convex approximation (SCA), GP, bisection,
SOCP, fractional, and ML-based techniques) used in solving specific utility
optimization problems [119].

Additionally, an insight into different power control policies is highlighted. In par-
ticular, the equal transmits power policy, equal receive power policy, and inverse leak-

age policy are considered. In all policies, it is assumed that Gy = ff Vifi

(1) Equal Transmit Power Policy: In this policy, the same power is transmitted to each
UE i, taking into consideration the power constraints and can be expressed as (41)
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Table 9 Power control in cell-free massive MIMO

Ref. Focus and coverage Key findings Limitations Year

[53]  Power control techniques to = The pilot contamination = Pilot power control is a multi- 2018
minimize the pilot effect is generally reduced. objective optimization problem
contamination effect in CF- = Notably, the 95% likely and providing an optimal solu-
mMIMO are investigated. The  throughput in both UL and DL  tion that simultaneously opti-
goal is to distribute pilot power transmission is considerably mizes each objective is quite
to each network user while en-  improved. challenging.
suring accurate channel estima- = The case without pilot power
tion. The efficacy of the control is sub-optimal at all
proposed pilot power control  times compared to the case
is investigated by comparison  with pilot power control.
with the case of full-pilot
power.

[81]  The authors present power = The effect of pilot = The shadowing effect 2019
allocation techniques in the UL contamination on the learning  degrades the performance of
of a CF-mMIMO network. The  capabilities of deep neural the suggested ANN-based
work aims at maximizing the networks (DNN) is highly power control considerably.
sum rate and the minimum minimal, as near-optimal per-
rate of CF massive MIMO sys-  formance is obtained.
tems using the ANN-based
power control method.

[125] The DL performance of a = The SCA policy is shown to = Computational complexity 2019
partially distributed CF massive  outperform other power and loss in sum SE are major
MIMO network under the control policies in terms of the  bottlenecks to the optimal
assumption of different power  SE gains. performance of the SCA policy.
control policies is investigated. = Moreover, the gain in SE for
These policies are extended to  SCA is higher for CB precoding
cover the case when the compared to ZF precoding.
power control is coordinated
only within subsets of APs and
not across the subsets.

[138] In this correspondence, a DNN- = A properly trained framework = The gap between the 2019
based power allocation for CF is shown to improve power distributed and centralized
massive MIMO is proposed. allocation significantly. methods is substantial and
Particularly, DNNs are trained requires further improvement.
to perform both centralized
and distributed power alloca-
tion with reduced computa-
tional complexity.

[129] The UL data transmission of a = A significant performance = The SINR degrades 2020
NOMA-aided CF-mMIMO is in-  improvement is obtained with  dramatically as the number of
vestigated. An optimal back- the proposed OBC compared  antennas on each BS grows
haul combining scheme to to equal-gain combining and  large.
enhance the worst SINR ZF combining.
among users in the network is
proposed. The work is further
analyzed using a max-min QoS
power control problem which
is iteratively solved by a succes-
sive inner approximation
technique.

[139] A novel unsupervised learning- = The proposed DNN achieves = Processing complexity is 2021
based to address the max-min  comparable performance to sacrificed for improved max-
rate problem in CF massive the optimization-based max-  min performance.

MIMO is proposed. A DNN is min power control. = Complex setups with a large
adopted and trained in an un- = The online complexity is number of APs and users as
supervised manner to learn relatively low due to a fairly obtainable in practical
user power allocations. An on-  simpler network configuration.  configurations were omitted.
line learning stage is further in- = The performance-complexity
troduced to maximize the trade-off is quite modest.
minimum user rate.
[140] The performance of a CF- = The proposed RMMSE = Although the computational 2021

mMIMO having single-antenna
APs and single-antenna users
in the presence of imperfect
CSlis investigated. An iterative

precoder outperformed other
existing schemes regarding bit
error rate, per-user rate, and
sum rate.

cost is comparable to existing
techniques, there is a need for
low-cost low-complex
optimization techniques.
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Table 9 Power control in cell-free massive MIMO (Continued)

Ref. Focus and coverage Key findings Limitations Year

robust minimum mean-
squared error (RMMSE) preco-
der based on generalized load-
ing and optimal power
allocation techniques based on
the maximization of the mini-
mum SINR is proposed.

¢

M

PiZ‘fﬁ =C (41)
=1

where C denotes a constant chosen to satisfy the power constraints. The maximum
value of C is obtained as (42)

C=| max 27 (42)

Thus, the total power p; transmitted to any UE i, for i=1, ..., K, can be written as
(43)

-1

(2) Equal Receive Power Policy: This policy ensures that the average received signal
power that is conditioned on D remains the same for all UE by selecting power
scaling factors. Therefore, p;Gi. = Cfor i =1, ..., K. The constant C is also selected
to satisfy the power constraints. After some mathematical analysis, p; can be
obtained as (44)

Table 10 Power control optimization techniques

Utility optimization Alternative SCA GP Bisection SOCP Fractional ML-

problems optimization based

Max-min fairness [79, 141-145] - [79, 141, [146] [147] [138, 148,
144, 145] 149]

Max EE [52] [150, 151] [151] - [150] [152-154] -

Max sum SE [155] [49, 125, - - [49, [81, 158,

156, 157] 157] 159]
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(3) Inverse Leakage Policy: This policy allocates lower powers to UEs to minimize the
interference in the system, resulting in higher leakage to other UEs. In this policy,

K
it is assumed that p; is inversely proportional to > Gy, Solving for p; yields (45)

k=1,k=i
-1
K | C |
1 fmk
e D )
> G = G
k=1,k=i j=1,j=k

NOMA-aided cell-free massive MIMO
Currently, there is a growing interest in implementing NOMA in 5G and beyond 5G
systems due to its attractive SE gains and potential to support low latency massive con-
nectivity. NOMA technique, a paradigm shift from the OMA scheme, primarily seeks
to allocate non-orthogonal resources to users to manage interference. Considering the
enormous benefits of CF-mMIMO and NOMA, integrating these two techniques is
envisioned to reap further gains. Recent research efforts on this hybrid combination are
summarized in Table 11.

The channel model of a NOMA-aided CF massive MIMO system is presented. The
DL channel between the kth user and the mth AP in the nth cluster, where ke ({1, ...,
K}, me{l,..., M} and ne{l, ..., N} can be expressed as (46)

hmnk = (;,{Zkilmnky (4'6)

where (,,x accounts for the large-scale fading, which changes at a prolonged rate
[162]. Besides, the circularly symmetric Gaussian assigned with zero mean unit variance
can be written as (47)

Honi ~ CN(0, 1) (47)

Spectral efficiency of cell-free massive MIMO

The need to improve the SE by network service providers owing to an ever-increasing
number of users and high rate expectations in B5G wireless networks cannot be over-
emphasized. Interestingly, massive and dense antennae deployment has been at the
forefront, and thanks to its ability to upgrade the BS hardware rather than the deploy-
ment of new BS sites. Compared to conventional massive MIMO systems, CF has a
great potential of substantially improving the SE by employing additional antennas at
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Ref.

Focus and coverage

Key findings

Limitations

Year

[87]

This survey focuses on the
capacity limit of a power-
domain NOMA technique for
CF massive MIMO systems. The
authors emphasize that OMA
would be hugely inadequate in
satisfying the high demands of
next-generation wireless stan-
dards, having almost reached
its fundamental SE limits. To
this end, the work aims at
meeting the high demand for
massive connectivity in future
wireless systems.

The authors present the
performance of a NOMA-aided
CF massive MIMO under sto-
chastic AP and user locations.
The goal is to maximize the
achievable rate of CF systems.
The imperfect SIC is explored
to develop the achievable rates
and the probability of success-
ful SIC.

The work considers the
performance of a NOMA-aided
CF massive MIMO with three
linear precoders. The goal is to
maximize the SE of the system.
A closed-form expression for
the achievable DL sum rate
with MRT and fpZF is pre-
sented considering the effects
of inter-cluster interference,
intra-cluster pilot contamin-
ation, and imperfect SIC.

A NOMA-enabled CF massive
MIMO with CB and multiple
clustered users is investigated.
A closed-form expression for
the bandwidth efficiency (BE)
assuming no DL training is pre-
sented. The work also formu-
lates a max-min BE
optimization problem, and a
bisection search method is
proposed to address the non-
convexity of the max-min fair-
ness problem.

The achievable rate of a
NOMA-aided CF massive MIMO
underlaid below a primary
massive MIMO is investigated.
The goal is to address the
physical challenges presented
by MIMO-OMA. The work con-
siders the effects of intra-
cluster pilot contamination,
inter-cluster interference, im-
perfect SIC, and statistical DL
CSlI at secondary users to de-
velop the closed-form second-
ary DL sum rate.

= The research revealed that CF
massive MIMO-OMA outper-
forms the proposed model in
terms of the achievable sum
rate when the number of users
is low, owing to intra-cluster
pilot contamination and imper-
fect SIC.

= Nevertheless, NOMA can
serve a large number of users
than its counterpart by
grouping users into clusters
and at the same time
outperform OMA considering
the sum rate when the
number of users within a
cluster grows large.

= NOMA outperforms its OMA
counterpart under a low path
loss environment and networks
with high AP density in terms
of rate performance.

* The proposed hybrid CF
massive MIMO-NOMA permits
more users to be supported at
the same time-frequency re-
source than its OMA
counterpart.

= The max-min BE is signifi-
cantly enhanced with NOMA
compared to OMA.

= The proposed underlay CF
massive MIMO improves the
sum rate considerably by
exploiting the channel gain
differences.

= Guaranteeing high reliability
with user-fairness is quite
complex.

* The rate gain in NOMA
diminishes as the density of AP
becomes smaller.

= The overall rate of NOMA is
generally reduced while
providing reduced latency for
higher path loss exponents.

= Pilot contamination and
imperfect SIC degrades the
performance of NOMA
considerably.

= Selecting the optimal mode
from the set mode is mainly
dependent on the length of
the channel coherence time
and the total number of users.

= The adverse effects of
imperfect SIC and intra-cluster
pilot contamination impact the
system’s performance severely.

2018

2019

2019

2019

2019
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Table 11 NOMA-aided cell-free massive MIMO (Continued)

Ref. Focus and coverage Key findings Limitations Year
[130] A CF massive MIMO-NOMA = The proposed system model = The detrimental effects of 2020

employing underlay spectrum  enhances the number of imperfect SIC and error

sharing is proposed. The goal  concurrent connections propagation degrade the

is to enable massive connectiv-  significantly. achievable rate substantially.

ity in both primary and sec- = Moreover, all users are served

ondary networks. The work with an improved QoS

considers the adverse effects of compared to the equal power

primary/secondary pilot con- allocation scheme.

tamination, inter/intra-cluster
interference, imperfect SIC, and
partial CSI to develop the
achievable rates of the second-
ary system.

users, power allocation, and the receiver filter coefficient design. Table 12 presents cer-
tain areas of application of CF massive MIMO in improving the SE.

Additionally, a closed-form expression for the UL SE of CF massive MIMO with the
LS estimator is presented. In this context, spatially correlated Rayleigh fading channels
are taken into consideration. The received signal 7, ; at the CPU is expressed as (48)

M K M M
D “aD D
Tuk = Z:l hmkxu,m = \/ﬁ Z Z IxkfhmkhmkévkE + Z:l hmkymm' (4'8)

KkE—=1 m=1

where v, depicts the desired signal detected by 7, . The received signal in (48) can
be further expressed as (49)

K
ruk = DSg.vi +BUy.vi + Z Ul e.vie + N, (49)
KEzk

where the desired signal (DS) is given by (50), the beamforming uncertainty gain
(BU) is given by (51), the multiuser interference (UI) is given by (52), and the noise
interference (NI) is given by (53).

M
DSyt pMkE{Z izﬁkhmk} (50)
m=1

M M
Bukéx/pwk (thkhmk—E{Zhyanhmk}> (51)
m=1 m=1

M
D
Ulye2p >\ RKE B b e (52)
m=1
M b
NIEY " B (53)
m=1

The UL SINR of the kth user is given by (54)
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Ref. Focus and coverage Key findings Limitations Year

[55]  The work presents the effect of = In terms of per-user net = A decrease in the per-user 2018
multi-antenna users on CF throughput, the multiple anten- net throughput value is
massive MIMO networks. The nas at both APs and users out-  imminent due to an increase
work aims at optimizing the perform a single antenna. in antennas per user.
multiplexing gain, as well as = Also, the array gain is
improving the SE. In order to  improved while the inter-user
achieve this, a simple CB interference is minimized.
scheme is considered. By using
the max-min data power con-
trol and mutually orthogonal
pilot sequence, the effect of
the proposed model is
analyzed.

[104] A comprehensive survey of CF = The proposed scheme = For centralized 2019
massive MIMO under different  significantly outperforms implementation with MMSE,
cooperation levels is presented. cellular massive MIMO and SC  the SE is generally minimized
Specifically, four different levels  systems, however, with MMSE in the regime of fewer APs
of implementation, from fully ~ processing. equipped with multiple
centralized to fully distributed antennas.
with arbitrary linear processing = Notably, the distributed
and spatially correlated fading, implementation is
are examined. In addition, the marginalized and requires
achievable SE expression for further improvement.
the different CF
implementations is presented.

[80]  This survey characterized the = The UL SE of CF systems with = The results indicate that the 2019
UL performance of CF massive  ZF combining is substantially interference increases when
MIMO with multi-antennas at ~ improved. the number of active users
both APs and users. Motivated = Integration of CF systems grows large, and the SINR of
by the gaps in CF systems with  with maximum-ratio (MR) com- each antenna generally
multi-antenna users, the work  bining is sub-optimal compared decreases, which is
aims at maximizing the UL SE  to its ZF combining undesirable in practice.
using ZF combining at the APs  counterpart.
and data power control at = Notably, additional antennas
users. at users provide significant

performance gain is minimal
active users in the system.

[85]  This work considers the impact = The low-complexity LS esti- = The system is significantly 2019
of spatially correlated fading mator optimizes the SE and EE  impacted by spatial
channels on the UL significantly as opposed to col-  correlation.
performance of CF architecture. located massive MIMO.

The LS estimator is used, and a = A compromise between the
rigorous closed-form expres- number of APs and the
sion is designed to analyze the  number of users is essential to
effects of the system’s maximize the performance of
parameters-number of users. SE and EE.
The number of APs and the = In addition, the performance
fronthaul on the SE and EE is of SE and EE in correlated
developed, considering the Rayleigh fading channels is
spatial correlation matrices and  sub-optimal compared to the
the number of APs antennas.  uncorrelated Rayleigh fading
channel.
[131] The authors considered = Only a few bits for = The performance of the 2020

limited-fronthaul CF massive
MIMO system in the presence
of quantization errors, imper-
fect channel acquisition, and
pilot contamination. By exploit-
ing the max algorithm and
Bussgang decomposition, an
optimal uniform quantization
model is presented under the
assumption of estimate and
quantize, quantize and esti-
mate, and decentralized
scheme. Moreover, analytical

quantization are sufficient for
the limited-fronthaul CF-
mMIMO to support the sys-
tem’s performance with perfect
fronthaul.

* The power consumption and
the SE have been shown to
increase with the number of
quantization bits.

* The exact number of bits
quantifying the estimated
channel at the APs and
quantifying the received signal

decentralized scheme is
considerably enhanced with
the proposed AP assignment
algorithm, however, only in
the case of a large number of
APs.
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Table 12 Spectral efficiency of cell-free massive MIMO (Continued)

Ref. Focus and coverage Key findings Limitations Year
expressions for the maximal SE  is enough to achieve optimal
and the EE of the system with  performance.
three different linear re-
ceivers—MRC, ZF, and MMSE—
are presented.
[163] The work considers improving = The SE-EE trade-off is gener- = The SE-EE trade-off is not op- 2021

the spectral/energy efficiency
of wireless communication
systems using intelligent multi-
objective optimization tech-
niques. Multi-objective genetic
algorithm, multi-objective par-
ticle swarm optimization, and
multi-objective differential evo-
lution algorithms are proposed
and applied at different circuit
power levels.

ally maximized with the pro-
posed intelligent optimization
scheme compared to some
other schemes investigated.

timized with respect to the dif-
ferent number of UEs served
in the network.

[164] The authors quantitatively = Numerical results show that = The impact of PN on the 2021
examined the achievable sum  the TR-LSFD receiver outper- achievable sum SE and
SE of a frequency-selective CF forms the TR-MRC receiver in duration of data transmissions
massive MIMO system consid-  attaining higher SE. is quite severe.
ering the effect of imperfect = Moreover, the performance
CSIand phase noise (PN). Two  gain of the TR-LSFD receiver is
low-complexity receivers, mainly dependent on the num-
namely time-reversal ber of APs and the propagation
maximum-ratio combining (TR-  losses between APs and users.
MRC) and time-reversal large-
scale fading decoding (TR-
LSFD), are employed at the
CPU for data detection. Fur-
thermore, the corresponding
lower bound on the UL achiev-
able SE of both receivers is
presented.
i
SINR; = IDS| (54)

K ¢ ¢
B{ [BU| ¢+ EQ |ULye| ¢ +B{ NI
KEzk

Thus, the SE is obtained as (55)

C
PRk

M
Z ﬁmktr (Rye)
m=1

SE;{: (1—2) log, | 1+
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kE=1
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Energy efficiency of cell-free massive MIMO

PTP

(55)

While state-of-the-art technologies are consistently developed to address data, QoS,

and capacity demands, issues related to environmental concerns and high-power con-

sumption are escalating rapidly. EE has become an essential criterion in designing fu-

ture wireless networks, and its importance has been realized even more. The cellular

configuration can deliver higher EE, and it is widely recognized as naturally energy-
efficient. As a step further, the EE of CF-mMIMO has been characterized by
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researchers worldwide, and several sophisticated optimization techniques and compre-

hensive power models have been developed accordingly. Table 13 presents a summary

of research efforts and future research directions on the EE of CF-mMIMO.
Furthermore, the total EE model of a CF massive MIMO network is presented. From

correspondence [168], the total power consumption can be written as (56)

Ptotal:PA +PCa (56)

where P, represents the power amplifier’s power consumption and P represents the
circuit power consumption. The power consumption P4 and P is obtained as (57) and
(58), respectively

1 K
PA :EPNOZV]“ (57)
k=1
K
Pc=MPs+KPy+ Y Py, (58)
k=1

where ( reflects the power amplifiers efficiency at each user, Py denotes the fixed
power consumption at each AP, P;; accounts for the power required to run circuit
components at each user, and P, ,, denotes the backhaul power consumption from the
mth AP to the CPU and is expressed in the following [169, 170]
Py = PBTjébim (59)
bm
where Pg7 accounts for the total power to operate the backhaul traffic at full capacity,
R, refers to the backhaul rate between the mth AP and the CPU, and C, reflects the
capacity of the backhaul link between the mth AP and the CPU. More precisely, the
backhaul rate R, can be expressed as (60)

2K tp0p
R = —_—
b.m Tc ’

(60)
where 0, represents the quantization bits of the mth AP. Thus, the total EE is ob-
tained as (61)

BS (Vk7 Uy, o)

Ee (Vkvuk70): Pttl
ota

(bit/Joule) (61)

Open research issues and lessons learned

The concept of CF massive MIMO has received considerable research efforts to under-
stand its essential features and immense benefits. While significant progress has been
made, many open questions, unresolved practical, and various deployment challenges
persist, requiring substantial research efforts before realizing its promised gains. Table
14 presents an outline of some research directions in HI, signal detection, EE, channel
estimation, pilot contamination, and security and privacy issues. As a step further, we
highlight vital lessons learned for future research exploration in the area of CF massive
MIMO.
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Ref. Focus and coverage Key findings Limitations Year

[78]  The work aims at quantifying = The SE and EE for cellular = The complexity and time 2018
the improvements in EE of CF systems in an urban scenario delay in determining max-min
massive MIMO over cellular with equal power and max- power control for CF systems
massive MIMO. The authors min power control strategies largely limits the EE.
opine that service providers are comparable.
have ignored the EE for SE = However, CF systems with
over time, which is presumed ~ max-min power control signifi-
to be a prerequisite for cantly outperform those with
practical energy-efficient equal power control (EPC) re-
technologies. garding the radiated EE.

= In the suburban and rural
scenarios, CF-mMIMO with
max-min power control im-
proves the radiated EE consid-
erably and optimizes the 95%
likely per-user throughput
alongside.

[41]  An efficient energy » Compared to traditional non- = CF systems enabled with 2019
management strategy for CF cooperative techniques, results  energy exchange capabilities
massive MIMO systems is obtained indicate a significant  generally suffer from power
examined. The authors posit reduction in total grid power lows.
that APs powered jointly by consumption.
energy harvested from = Specifically, as the SINR
renewable sources and grid increases, the performance gap
sources offer better between the proposed scheme
performance improvement. To  and the traditional systems
this end, the work aims at without cooperation becomes
compensating for the noticeable.
intermittent and random
nature of the harvested energy
while ensuring optimized total
grid power consumption.

[88]  Presents the EE of limited = The proposed model is = An optimal trade-off between 2019
backhaul links, which connects  shown to satisfy the the total number of APs and
the APs to a CPU for optimization constraints antennas per APs is required to
coordination and data effectively. maximize the EE.
processing in CF massive = Also, the EE is considerably
MIMO. The authors opine that  improved compared to equal
the backhaul links from the APs power allocation.
to the CPU are somewhat * Moreover, an optimal
limited in capacity, presenting ~ number of quantization bits
a major challenge. In order to  enhances the backhaul links’
address this issue, an MRC capacity and simultaneously
technique is proposed, where ~ maximizes the EE of the
the only quantized weighted system.
signal is forwarded to the CPU.

[165] EE maximization techniques for = The DL EE is considerably = It is mainly sub-optimal in 2019
CF massive MIMO improved compared to the real-time applications.
communication systems with case with full power
fpZF precoding strategy are transmission.
investigated. The work aims at
mitigating inter-cell interfer-
ence while enabling an opti-
mized EE. Contrary to
conventional precoding
schemes, no instantaneous CSI
exchange occurs among the
APs.

[166] This survey considers power * The proposed algorithm = Although the proposed novel 2019

optimization techniques to
maximize the total EE in CF-
mMIMO. The authors remark
that energy consumption in
communication systems has
expanded rapidly owing to in-

creasing growth in information.

converges quickly, thereby
validating its effectiveness.

= The total EE is considerably
improved compared to the
EPC scheme.

path-following algorithm pro-
vides low complexity and a
modest performance gain, it is
not fully optimized.
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Table 13 Energy efficiency of cell-free massive MIMO systems (Continued)

Ref. Focus and coverage Key findings Limitations Year
In order to boost the EE, a
pilot-contaminated UL CF sys-
tem assuming a ZF receiver is
analyzed.

[132] Strategies to maximize the = Significant power reduction is = The proposed scheme is 2020
overall power consumed in CF  achieved by turning off primarily limited by high
systems without compromising inactive APs after users’ SE complexity.
the SE are investigated. The requirements have been fully
authors consider the possibility  satisfied.
of turning off inactive APs after = The developed sparsity-based
SE requirements have been method minimizes the total
fully satisfied, thereby power consumption in CF
optimizing EE. massive MIMO network.

[37]  The work presents a CF = The EE is considerably = A closer look indicates that 2020
massive MIMO system enabled  improved compared to the there is a performance gap
with energy exchange case of traditional non- between the proposed
capabilities and powered by cooperative techniques algorithm and the optimal AP
independent micro-grids. The selection, and user scheduling
work aims at offsetting power is quite significant and requires
consumption costs while ensur- further optimization.
ing maximized EE. A
minimization problem of total
grid power consumption is de-
veloped with reference to
users’ QoS constraints and en-
ergy exchange constraints.

[42]  This research considered * The alternating descent * The trade-off between the 2021
integrating the new algorithm converges to a total sum rate and power con-
revolutionary technology called locally optimal solution. sumption is not fully
RIS in a CF system to maximize = The authors proposed the optimized.
the network EE, considering RIS-CF network, which is
the impact of limited backhaul ~ shown to improve the EE
capacity. An alternating greatly compared to the
descent algorithm based on schemes considered.
the inner approximation (IA)
framework is proposed to
tackle the computationally
intractable nonconvex
optimization problem.

[167] This survey considered the EE = Compared to alternative = Channel estimation error 2021

of an mMMIMO-NOMA network
with WPT. Novel joint transmits
power, antenna selection WPT,
time and subcarrier resource al-
location schemes are proposed
to solve the EE maximization
problem. A distributed ADMM-
based resource allocation algo-
rithm is also adapted to pro-
vide an optimal solution to the
problem.

schemes, the EE is substantially
improved with the proposed
distributed ADMM-based
algorithm.

greatly impacts the system’s
performance.

* Practical and implementable
scenarios were omitted.

Lessons learned

In this section, a comprehensive summary of lessons learned from this survey is pre-
sented. The summary covers CF massive MIMO, mmWave, Terahertz, EE, NOMA, se-
curity and privacy, HI, and SWIPT, as outlined briefly.

Lesson one

The current wireless network infrastructure is faced with unprecedented demand for

ultra-reliability and higher data rates. CF massive MIMO, where many APs are densely
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Table 14 Open research issues in cell-free massive MIMO

Open research Brief explanation

issues

Hardware Most literature on CF-mMIMO has centered on perfect hardware components, which are unrealistic in
impairments practice due to high financial cost, bulkiness, and energy-hungry devices [171]. Achieving ideal hardware

in both transceiver and receiver under practical implementation remains a general challenge. In order to
alleviate this detrimental imperfection, an insight into the impact of RF impairments and ADCs imperfec-
tions on CF massive MIMO systems is presented in [84]. Results obtained show that the hardware ex-
penses can be minimized by limiting the quality of transceiver RF chains and the quantization bits of low-
resolution ADCs, however, at the cost of significant performance degradation. The effect of HI on the per-
formance of CF-mMIMO has been considered extensively [134, 135]. The adverse impact of Hl at UE is not
well accounted for, though the SE is shown to be significantly boosted as the hardware qualities in-
creases. Further research s required to investigate the detrimental influence of HI.

Channel Acquiring CSl is an important part of any telecommunication system for resource allocation and detecting

estimation user signals. Unfortunately, the complex architecture of the transceiver and the plethora of distributed
antennas in CF massive MIMO has made channel estimation quite challenging [172]. DL, ML, and
compressed sensing have recently been proposed to predict statistical channel characteristics during
channel estimation [173-176]. Thus, obtaining an efficient estimation method is one of the crucial areas
requiring further investigation.

Security and The security and privacy of user data are essential in deploying 5G and B5G wireless networks due to the

privacy need to support billions of connected devices and deliver reliable Gigabit connection speeds [177]. As a
result, investigations toward finding new approaches to improve trust and security of future wireless
networks are exciting for research. More precisely, combining quantum communication (frequencies
higher than 300 GHz) with CF massive MIMO is an excellent area worthy of further investigation.

Signal detection In massive MIMO systems, signal detection requires sophisticated processing due to the massive number
of antennas, thus incurring a high computational complexity. High-quality research aimed at obtaining an
optimal trade-off between computational complexity and its performance has been proposed [178]. To
further downplay this challenge, ML, deep learning-based techniques, sphere decoder, and SIC techniques
have been explored for signal detection [9, 179, 180]. The design of cutting-edge signal detection algo-
rithms is an exciting area calling for further research.

Pilot Here, non-orthogonal pilot sequences need to be employed by the users due to the limited length of

contamination the coherence interval in the UL training phase. This, in turn, causes a so-called severe effect identified as
pilot contamination which presents a significant bottleneck to the performance of CF massive MIMO [85,
101, 181, 182]. Specifically, the channel hardening effect is primarily affected by pilot contamination, par-
ticularly for a small coverage area [64]. The authors in [128] demonstrated that pilot contamination se-
verely impacts the performance of CF-mMIMO-NOMA considerably. A new insightful pilot assignment
scheme utilizing graph coloring is investigated in [183]. Indeed, the throughput is improved dramatically
with the proposed graph coloring-based pilot assignment scheme. At the same time, a modest through-
put complexity trade-off is obtained. To further optimize the performance of CF massive MIMO, develop-
ing optimal models that reduce the effect of pilot contamination is an interesting area worthy of further
investigation.

Energy efficiency EE has become a major concern for network operators owing to increased power consumption, carbon
emissions, and global warming related to wireless communication technologies. Although CF massive
MIMO is a natively greener technology than its cellular counterpart, power consumption in 5G networks
is relatively higher than 4G networks [78, 184]. In order to address the crucial demanding green
specifications, simplified deployment, and efficient energy-saving in next-generation wireless systems;
there is a need for more advanced, low complexity, and low-cost optimization models and algorithms for
greener CF massive MIMO systems.

deployed across the entire coverage area linked to a CPU, has been proposed to address
this problem. However, there are still issues to contend with in network management,

hardware design, and practical implementation of CE-mMIMO.

Lesson two

By a careful analysis of the current 5G wireless systems, employing the highly con-
gested microwave frequency band spanning from about 300 MHz to 6 GHz alongside
the use of large-scale antenna arrays may not be sufficient to satisfy the demands for
increased throughput, ubiquitous QoS, and ubiquitous connectivity. The so-called
mmWave frequency band, though a promising physical layer solution to the envisioned
beyond 5G wireless communication network, is susceptible to high molecular absorp-
tion. This lends the terahertz band a natural candidate for 6G wireless networks. How-
ever, distance is a major problem in terahertz communication. However, the combined
use of an ultra-dense wireless network, CF-mMIMO, and the less-congested terahertz
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band is a crucial enabler to much larger bandwidths and a basic pillar to sustain the SE
and EE. Terahertz-enabled CF-mMIMO will be a key enabler for next-generation wire-

less communication systems.

Lesson three

Compared to earlier generations of wireless communication networks, the total power
consumption of 5G and beyond-5G systems have increased greatly. This is primarily
due to the higher density of APs, larger bandwidths, and larger antenna numbers,
resulting in increased environmental and economic concerns. Thus, EE has become a
critical requirement in the design of emerging wireless networks. In order to address
this issue, highly comprehensive power models, efficient energy management strategies,
and more sophisticated optimization techniques are required. Specifically, these systems
may be enabled with energy harvesting and energy exchange capabilities. The grid
source will be incorporated to compensate for the random and intermittent nature of
the harvested energy owing to uncontrollable environmental conditions. Also, the pos-
sibility of turning off inactive APs is another useful technique to improve the overall EE
of CF massive MIMO systems.

Lesson four

An indispensable candidate technique for next-generation wireless standards is NOMA.
The power domain-based concept represents a paradigm shift from OMA, which is fast
approaching its fundamental SE limit. An interplay of the distinctive benefits of NOMA
and CF massive MIMO is expected to substantially boost the system’s performance
with respect to bandwidth efficiency, spectral and energy efficiency, massive connectiv-
ity with low latency, and concurrent transmission from multiple users. Nonetheless, the
additional hardware complexity due to error propagation and SIC processing is un-
desirable in practice. In order to tackle the trade-off between complexity and perform-
ance (sum rate), high-quality optimization techniques are required.

Lesson five

From the inception of wireless communication networks, security and privacy threats
have been a real concern for network operators. With the deployment of 5G and the
emerging beyond 5G systems to support billions of connected devices and drive high
user mobility, threats to availability and integrity of networks, besides the growing con-
cerns for user privacy, will become more visible. The security threat is envisaged to be
greater than ever. There is a need for advanced cryptographic schemes to provide a ro-
bust security architecture in wireless networks to protect user privacy. More needs to
be done in blockchain technology and quantum communication to tackle the confiden-

tiality and privacy threats posed to future wireless networks.

Lesson six

Deployment of CF massive MIMO depends on multiple antenna elements, which in-
crease the system complexity, energy consumption, and hardware design cost. By using
low-cost components, the hardware imperfections increase, which is detrimental to the
overall system’s performance. These imperfections consisting of phase noise, I/Q



Obakhena et al. Journal of Engineering and Applied Science (2021) 68:13 Page 35 of 41

imbalance, amplifier non-linearities, and more are referred to as Hls. There is a need
for an optimal trade-off between the quality of the transceiver hardware design and
cost. Additionally, there is a need for suitable compensation algorithms to minimize
the effects of HI.

Lesson seven

Compared to traditional energy storage methods, SWIPT is considered a potential solu-
tion to ease the transmission rate and minimize the energy consumed by battery-
powered devices. However, the exponential growth in the number of connected devices
coupled with the issues posed by mmWave communication in 5G-aided SWIPT net-
works presents an entirely new challenge. Therefore, there is a need to find proper allo-
cation schemes to optimize the rate-energy trade-off between information retention
and energy allocation.

Conclusions

Cell-free massive MIMO has been proposed as a novel architecture to address the
ever-increasing demands for high SE, coverage probability, green output, and uniformly
distributed throughput for all network users. In the ubiquitous 5G and the envisioned
beyond 5G wireless communication systems, CF-mMIMO enables the deployment of
dense APs over a wide network area to communicate with several UEs cooperatively.
Motivated by the distinctive benefits of CF-mMIMO, this paper attempted to give a
concise survey of the design, application scenarios, potentials, and deployment chal-
lenges of this disruptive technology. The system model of CF-mMIMO, covering the
UL/DL pilot-aided channel estimation, UL/DL training, and channel hardening, is dis-
cussed elaborately. Additionally, the performance characteristics of CF-mMIMO using
key design metrics like EE, channel hardening, SE, and more, are discussed extensively.
Furthermore, the viable application areas of CF-mMIMO are outlined, and an up-to-
date review of key findings and current research trends in CF-mMIMO is presented. Fi-
nally, open research issues and key take-away lessons are drawn from the survey to ex-
plore this exciting area of wireless communications systems deeply.
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