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ABSTRACT | An introduction of intelligent interconnectivity

for people and things has posed higher demands and more

challenges for sixth-generation (6G) networks, such as high

spectral efficiency and energy efficiency (EE), ultralow latency,

Manuscript received 29 September 2023; revised 27 March 2024; accepted 17
May 2024. Date of current version 14 June 2024. This work was supported in
part by the National Natural Science Foundation of China under Grant
62221001; in part by the National Key Research and Development Program
under Grant 2021YFB2900301; in part by the Natural Science Foundation of
Jiangsu Province through the Major Project under Grant BK20212002; in part by
the Fundamental Research Funds for the Central Universities under Grant
2022JBQY004 and Grant 2023YJS015; in part by the Zhongxing
Telecommunication Equipment (ZTE) Industry–University–Institute Cooperation
Funds under Grant IA20240319002; in part by Singapore MOE Tier 2 under
Award MOE-T2EP50220-0019; in part by the National Research Foundation,
Singapore; in part by the Infocomm Media Development Authority through its
Future Communications Research and Development Programme; in part by the
Defence Science Organisation (DSO) National Laboratories through the AI
Singapore Programme under AISG Award AISG2-RP-2020-019 and Award
FCP-ASTAR-TG-2022-003; and in part by Singapore Ministry of Education (MOE)
Tier 1 under Grant RG87/22. (Corresponding author: Jiayi Zhang.)

Enyu Shi, Jiayi Zhang, and Bo Ai are with the School of Electronic and
Information Engineering and the Frontiers Science Center for Smart High-Speed
Railway System, Beijing Jiaotong University, Beijing 100044, China (e-mail:
enyushi@bjtu.edu.cn; jiayizhang@bjtu.edu.cn; boai@bjtu.edu.cn).

Hongyang Du and Dusit Niyato are with the College of Computing and Data
Science, Nanyang Technological University, Singapore 639798 (e-mail:
hongyang001@e.ntu.edu.sg; dniyato@ntu.edu.sg).

Chau Yuen is with the School of Electrical and Electronics Engineering, Nanyang
Technological University, Singapore 639798 (e-mail: chau.yuen@ntu.edu.sg).

Khaled B. Letaief is with the Department of Electrical and Computer
Engineering, The Hong Kong University of Science and Technology, Hong Kong,
and also with the Peng Cheng Laboratory, Shenzhen, Guangdong 518055, China
(e-mail: eekhaled@ust.hk).

Xuemin Shen is with the Department of Electrical and Computer Engineering,
University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail:
sshen@uwaterloo.ca).

Digital Object Identifier 10.1109/JPROC.2024.3404491

and ultrahigh reliability. Cell-free (CF) massive multiple-input–

multiple-output (mMIMO) and reconfigurable intelligent sur-

face (RIS), also called intelligent reflecting surface (IRS), are

two promising technologies for coping with these unprece-

dented demands. Given their distinct capabilities, integrating

the two technologies to further enhance wireless network

performances has received great research and development

attention. In this article, we provide a comprehensive survey

of research on RIS-aided CF mMIMO wireless communication

systems. We first introduce system models focusing on system

architecture and application scenarios, channel models, and

communication protocols. Subsequently, we summarize the

relevant studies on system operation and resource alloca-

tion, providing in-depth analyses and discussions. Following

this, we present practical challenges faced by RIS-aided CF

mMIMO systems, particularly those introduced by RIS, such

as hardware impairments (HIs) and electromagnetic inter-

ference (EMI). We summarize the corresponding analyses

and solutions to further facilitate the implementation of RIS-

aided CF mMIMO systems. Furthermore, we explore an inter-

play between RIS-aided CF mMIMO and other emerging 6G

technologies, such as millimeter wave (mmWave) and ter-

ahertz (THz), simultaneous wireless information and power

transfer (SWIPT), next-generation multiple access (NGMA),

and unmanned aerial vehicle (UAV). Finally, we outline sev-

eral research directions for future RIS-aided CF mMIMO

systems.

KEYWORDS | Cell-free (CF) massive multiple-input–multiple-

output (mMIMO); hardware impairments (HIs); performance
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analysis; reconfigurable intelligent surface (RIS); signal pro-

cessing; sixth generation (6G); system operation.

N O M E N C L AT U R E
3GPP Third Generation Partnership Project.
ADC Analog-to-digital converter.
AP Access point.
AoA Angle-of-arrival.
AoD Angle-of-departure.
BS Base station.
CB Conjugate beamforming.
CF Cell-free.
CSI Channel state information.
DAC Digital-to-analog converter.
DL Downlink.
FDD Frequency-division duplex.
HI Hardware impairment.
HST High-speed train.
IoT Internet of Things.
IRS Intelligent reflecting surface.
ISAC Integrated sensing and communication.
LoS Line-of-sight.
LS Least squares.
LSF Large-scale fading.
mMIMO Massive multiple-input–multiple-output.
MMSE Minimum mean square error.
mMTC Massive machine-type communication.
mmWave Millimeter wave.
MR Maximum ratio.
NLoS Non-line-of-sight.
NGMA Next-generation multiple access.
NOMA Nonorthogonal multiple access.
OFDM Orthogonal frequency-division multiplexing.
QoS Quality of service.
RIS Reconfigurable intelligent surface.
RF Radio frequency.
RL Reinforcement learning.
SAGIN Space–air–ground integrated network.

SWIPT
Simultaneous wireless
information and power transfer.

SC Small cell.
THz Terahertz.
TDD Time-division duplex.
UL Uplink.
UE User equipment.
UAV Unmanned aerial vehicle.
URLLC Ultrareliable and low-latency communica-

tion.
XL-MIMO Extremely large-scale multiple-input–

multiple-output.

I. I N T R O D U C T I O N
A. Motivation

The 6G networks will be a vital component in all parts
of society, industry, and life, given its primary mission to
fulfill the communication needs of humans and intelligent

machines. Innovative and eye-catching application sce-
narios will be realized with the advent of 6G networks,
including holographic telepresence, e-health, ubiquitous
connectivity in smart environments, massive robotics, 3-D
massive unmanned mobility, augmented reality, virtual
reality, and the Internet of Everything [1], [2]. In the last
few decades, several new promising technologies for 6G
networks have been introduced, including mmWave com-
munications, mMIMO, and network densification. They
provide more effective and efficient wireless communica-
tions than ever with an unprecedented increase in data
rates, massive connectivity, high reliability, and low latency
[3], [4]. Among them, mMIMO is particularly appealing
due to its ability to provide excellent QoS, such as a ten
times peak rate increase, to a large number of users in the
network [5].

Conventional mMIMO systems consist of a centralized
BS in one cell with a massive array of antennas to serve
a smaller number of users simultaneously using the same
time–frequency resources [6]. Furthermore, in various sce-
narios, the network throughput of mMIMO systems can
approach the Shannon capacity via simple linear process-
ing techniques such as MR or zero-forcing (ZF) processing
[5]. In addition, as BS antennas are installed in a compact
array, mMIMO systems have low-backhaul requirements
[7]. However, traditional cellular networks have a signif-
icant problem due to intercell interference and path loss,
resulting in a deteriorated system performance for users
located at the cell edge [8], [9].

Different from co-located mMIMO systems, CF mMIMO
has been introduced as a promising technology for real-
izing 6G networks [10], [11]. As depicted in Fig. 1, CF
mMIMO is a network architecture that comprises numer-
ous APs that are distributed geographically connected to a
central processing unit (CPU). All APs collectively serve all
UEs via spatial multiplexing on identical time–frequency
resources [12]. Recently, several important aspects and
fundamentals of CF mMIMO have been explored [13],
[14], [15], [16]. The results reveal that the CF mMIMO
system can achieve more satisfactory performance com-
pared with the SC system in terms of cellular edge user
throughput [17]. Besides, by adopting a distributed archi-
tecture and multilayer signal processing, the system can
provide a more uniform QoS, especially for users at the
edge of the coverage area [18]. Despite various advantages
and potentials of CF mMIMO, ensuring an adequate QoS
remains a challenge in harsh propagation environments
with insufficient scattering or significant signal attenu-
ation resulting from the existence of substantial obsta-
cles [19]. Meanwhile, as the demand for wireless data
throughput continues to soar, meeting increasingly strin-
gent QoS requirements necessitates the implementation of
additional advanced technologies.

The RIS or IRS, is an emerging technology that can alter
radio waves at the electromagnetic level without the need
for complex digital signal processing and active power
amplifiers [20], [21]. Considering the 3GPP 5G initial

332 PROCEEDINGS OF THE IEEE | Vol. 112, No. 4, April 2024
Authorized licensed use limited to: University of Waterloo. Downloaded on August 08,2024 at 19:22:19 UTC from IEEE Xplore.  Restrictions apply. 



Shi et al.: RIS-Aided Cell-Free Massive MIMO Systems for 6G

Fig. 1. Network model evolution. The wireless communication

network has evolved from a traditional BS-centric cellular network

to a user-centric CF mMIMO network and is further progressing into

a more intelligent RIS-aided CF mMIMO network.

access process [22], RIS can enhance signals and dynami-
cally adjust the wireless propagation environment by con-
necting to the original communication system. Specifically,
RIS can be flexibly deployed to assist users experienc-
ing poor channel conditions in improving communication
quality, as it is fabricated using low-power and low-cost
material technology [23]. In fact, with the development
of RIS technology, the types of RIS have become diverse.
In addition to passive RIS, there are also active RIS [24],
[25], hybrid active/passive RIS [26], and simultaneously
transmitting and reflecting (STAR) RIS [27].1 Recognized
for their attractive characteristics, RIS is considered to be
an effective solution for mitigating various challenges in
commercial and civilian applications [29], [30]. However,
RIS needs to be integrated with other technologies to play
a better role. For example, Ren et al. [31] and Yang et al.
[32] proposed an RIS-aided UAV system to enhance the
communication quality and energy efficiency (EE) of the
system. Lin et al. [33] and Zhao et al. [34] proposed
an RIS-aided satellite communication to further improve
communication quality and coverage. Besides, Khaleel and
Basar [35] proposed a novel NOMA solution with RIS
partitioning and revealed that RIS can be combined with
NOMA technology to significantly improve the system
performance. Also, the performance analysis and beam-
forming design of RIS-aided mMIMO systems have been
extensively studied to improve the throughput of existing
networks [35], [36], [37]. The results indicate that the
performance of traditional communication systems with
poor direct path conditions has a 30%–40% improvement
with RIS.

Both RIS and CF mMIMO have the ability to achieve
more uniform wireless coverage. Integrating RIS into the
CF mMIMO system can further achieve 6G ubiquitous high-
capacity communication coverage. Therefore, recently, the
combination of CF mMIMO and RIS as an evolution of
mMIMO system has also attracted widespread attention
and research in the industry to achieve the vision of 6G
[38], [39], [40], [41], [42], [43]. As shown in Fig. 1, the
RIS-aided CF mMIMO system consists of a CPU, multiple
distributed APs, and distributed RISs. All the APs and RISs
are connected to the CPU without cell boundaries to serve

1Note that the characteristics of different RIS forms and the com-
munication problems have been detailed in [23] and [28]. In this work,
we focus on the architecture of RIS-aided CF mMIMO systems, thereby
considering only a general type of RIS.

all users by coherent transmission and reception over the
same time–frequency resources through applying spatial
multiplexing techniques [44]. However, the deployment
of a large number of APs in the CF mMIMO system
requires matching wiring for each AP, which inevitably
leads to significant expenses and energy consumption.
Also, when there are temporary hotspots that require com-
munication enhancement, deploying additional APs is not
practical. RIS, as an easy-to-deploy low-energy device, can
solve these challenges of CF mMIMO systems and further
improve the system performance. In fact, the RIS-aided
CF mMIMO system is not simply a combination of the
two technologies, but rather a revolutionary approach that
introduces innovations in system architecture, protocols,
signal processing, channel models, channel estimation,
and other aspects. For example, Yang et al. [45] and
Ge et al. [46] indicated that channel estimation becomes
more difficult and estimation strategies are more diverse.
For the system architecture, Shi et al. [39] pointed out
that the RIS-aided CF mMIMO system is a 3.5-layer archi-
tecture, which brings more novel multilayer signal pro-
cessing mechanisms. In this way, the system architecture
can jointly exploit the advantages of CF mMIMO and RIS
to further improve the communication performance. For
instance, in [38], a joint AP and RIS precoding framework
was proposed and proved to be able to greatly improve
user QoS. In addition, previous research has highlighted a
major potential of this technology in delivering significant
system capacity and achieving superior EE while outper-
forming conventional cellular networks [39], [47]. Along
with this, integrating emerging technologies, including
NGMA, SWIPT, mmWave, THz, and UAVs into RIS-aided CF
mMIMO systems, has significant potential. This integration
can lead to major improvements in system performance,
including better data rates, reliability, security, and connec-
tion density. These enhancements are crucial for fulfilling
the demanding requirements of future 6G networks.

B. Comparisons and Key Contributions

To the best of the authors’ knowledge, there are cur-
rently no full surveys on the RIS-aided CF mMIMO, but
there are separate surveys on CF mMIMO [15], [48] and
RIS [23], [28], [49]. More specifically, Elhoushy et al.
[15] provided a comprehensive survey of different aspects
of the CF mMIMO system from the general system
model, the detailed system operation, and the limita-
tions toward a practically implemented system to the
potential of integrating the system with emerging tech-
niques/technologies. Then, they presented several perti-
nent open problems and outlined future directions to fully
realize the potential of CF mMIMO systems. Note that
they believe that the RIS-aided CF mMIMO technology is
an important direction in the future. Different from [15],
Ammar et al. [48] investigated the emerging user-centric
CF mMIMO network architecture that sets a foundation
for future mobile networks. The key challenges in deploy-
ing a user-centric CF mMIMO network and solutions for
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the main hurdles in CF mMIMO communications were
proposed.

On the other hand, Liu et al. [23] reviewed the physics
and communication basic principles of RIS from the per-
spectives of operating principles, performance evaluation,
beamforming design, and resource management. More-
over, they focused on investigating the advantages and
challenges of machine learning in RIS-enhanced wireless
networks. Zhou et al. [28] provided a comprehensive
survey on optimization techniques for RIS-aided wireless
communications, including model-based, heuristic, and
machine learning algorithms. Specifically, different objec-
tives and constraints were summarized and introduced
using various optimization algorithms such as alternating
optimization (AO) and successive convex approximation
(SCA). Moreover, they presented state-of-the-art machine
learning algorithms and applications toward RISs, i.e.,
supervised and unsupervised learning, RL, federated learn-
ing, graph learning, transfer learning, and hierarchical
learning-based approaches [50], [51]. Aboagye et al. [49]
focused on RIS-assisted visible light communication (VLC)
systems. They proposed a thorough exploration of optical
RISs and drew comparisons between optical RISs, RF-
RISs, and optical relays. The critical challenges were high-
lighted, including the design of RIS element orientations,
assignment of RIS elements to APs or users, and position-
ing of RIS arrays. Also, there is a short overview paper
[39] giving details of RIS-aided CF mMIMO systems from a
wireless energy transfer (WET) perspective. They reviewed
the opportunities and challenges of WET in RIS-aided CF
mMIMO systems. Specifically, the paradigm of RIS-aided
CF mMIMO systems for WET was proposed, including its
potential application scenarios, system architecture, hard-
ware design, and operating modes. However, they mainly
focus on a single RIS/CF mMIMO technology and design
or provide reviews from a particular perspective. They lack
a holistic presentation and comparison of the technical
aspects and technical tutorials of RIS-aided CF mMIMO
systems.

To this end, we present a comprehensive survey on RIS-
aided CF mMIMO systems. More specifically, the goal is to
consolidate the state-of-the-art research contributions from
the largely fragmented and sparse literature on RIS-aided
CF mMIMO systems and highlight future directions. To the
best of our knowledge, this survey is the first to compre-
hensively address the current research status of RIS-aided
CF mMIMO across different aspects. The contributions are
summarized as follows.

1) We overview RIS-aided CF mMIMO system architec-
ture and major application scenarios in future IoT
networks. We also survey channel models in different
propagation environments and provide deep discus-
sions on the main communication protocols.

2) We discuss the system operation and resource allo-
cation, including comparing different channel esti-
mations, and joint beamforming design methods. We

also present the unique multilayer signal processing
frameworks of RIS-aided CF mMIMO systems and
summarize their advantages and limitations. We high-
light and compare the differences between RIS-aided
CF mMIMO and the separate, standalone RIS and
CF mMIMO. Then, we analyze the importance of
resource allocation in RIS-aided CF mMIMO systems,
summarize the corresponding preliminary research,
and provide some technical guidelines.

3) We investigate the performance of RIS-aided CF
mMIMO systems under various practical system
considerations, including HIs, electromagnetic inter-
ference (EMI), limited-fronthaul capacity, and RIS
deployment. Notably, we emphasize the proposed
solutions to address the challenges posed by these
practical system characteristics, which further facil-
itates the implementation of RIS-aided CF mMIMO
systems.

4) We provide a comprehensive up-to-date review on
the combination of RIS-aided CF mMIMO and
emerging technologies for 6G networks, including
mmWave/THz, SWIPT, NOMA, and UAV. A thorough
analysis of the current state-of-the-art and achieved
results is provided for each technology. Subsequently,
we delve into the limitations of existing works. Finally,
we discuss various future directions and identify sev-
eral open problems that need to be tackled to effec-
tively exploit the potential of RIS-aided CF mMIMO
systems.

C. Organization of the Survey

To enhance the coherence of this review, we
present the definitions of acronyms used throughout the
survey in the Nomenclature. Subsequently, as illustrated
in Fig. 2, the survey is organized as follows. Section II
presents the fundamental operating principles of the RIS-
aided CF mMIMO system, namely, system architecture and
application scenarios, channel model, and communication
protocol. Then, Section III focuses on the system operation
and resource allocation, including channel estimation,
joint beamforming, multistage transmission procedure
and signal processing, and resource allocation. Besides,
the system performance analysis of practical system
considerations is discussed in Section IV. Subsequently,
the integration of RIS-aided CF mMIMO with other
emerging technologies toward 6G networks is presented
in Section V. In Section VI, future research directions and
several open questions are given. Finally, the conclusions
and the key lessons learned in this field are provided in
Section VII.

II. R I S - A I D E D C F m M I M O
S Y S T E M M O D E L
In this section, we introduce the system architecture and
major application scenarios of RIS-aided CF mMIMO sys-
tems. Meanwhile, different channel models among AP, UE,
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Fig. 2. Organization structure of the survey.

and RIS are compared and analyzed. Moreover, we discuss
how the system operates with different communication
protocols, such as FDD and TDD.

A. System Architecture and Application Scenarios

As shown in Fig. 3, the RIS-aided CF mMIMO sys-
tem consists of L APs with M antennas, T RISs with
N elements, and K UEs with single/multiple antennas
that are randomly distributed [47]. All APs and RISs are

connected to the CPU via fronthaul links, which facilitates
the exchange of power control coefficients and payload
data between the CPU and deployed APs/RISs. Based on
that, by utilizing spatial multiplexing, facilitated by a much
larger number of APs than UE, the CPU enables all APs
and RISs to communicate with all users [52]. Indeed,
RIS-aided CF mMIMO systems are based on CF mMIMO
architecture with an “additional” RIS layer between the
UEs and the APs. The CF mMIMO system is structured
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Fig. 3. Application scenarios of RIS-aided CF mMIMO systems. The scenarios mainly include data demand scenarios such as mMTC, high

mobility, XL-MIMO, mmWave, and Metaverse, as well as energy demand scenarios such as WET in the physical layer.

with three layers consisting of the CPU, APs, and UEs.
The RIS-aided CF mMIMO system architecture introduces
a 3.5-layer structure by including a cascading link via RISs.
The first layer, the second layer, and the third layer are
CPU, AP, and UE, respectively. In the presence of a direct
path, the APs can receive the UE’s signal through two UL
paths: the direct link and the aggregated link through RISs.
As such, the channels through RIS as an extra 0.5 layer
[39]. The RIS layer is referred to as the 0.5 layer because,
when the direct link is strong, communication can still
function properly even without the RIS. In this scenario,
the RIS plays a role in auxiliary enhancement. Based on
this architecture, the system can ensure stable transmission
of information and energy even when the direct path is
obstructed.

The future wireless networks are expected to make
full use of low, medium, and high spectrum resources
to achieve seamless global coverage such that they can
satisfy the stringent demand for establishing unlimited
safe and reliable “human–machine–object” connections
anytime and anywhere. Indeed, the success of this desired
vision relies on the support of massive access required by
the IoT, requiring higher transmission rates, lower delays,
and higher reliability [53], [54]. Fortunately, RIS-aided
CF mMIMO systems can be applied in various application
scenarios due to their flexibility and reliability. Fig. 3
illustrates the applications of the system. First, RIS can be
deployed for bypassing the obstacles between APs and UEs,
such as adopting a UAV as a carrier to ensure communica-
tion connectivity [55]. In this way, not only can the flexibil-
ity of RIS be enhanced but also the use of RF links can be

avoided, thereby reducing the energy consumption of UAVs
and consequently extending their flight time. Also, RIS can
serve as a ground communication enhancement device,
strengthening the reliability and coverage of satellite com-
munications [34], [56]. Besides, RIS, as a signal reflec-
tion device, can support mMTC and intelligent factory
via interference mitigation [57]. In addition, RIS-aided
CF mMIMO can enhance the electromagnetic signal and
overcome the problem of mobile human body obstruction
to serve indoor communications [58]. On the other hand,
RIS-aided CF mMIMO can utilize the distributed archi-
tecture in which the RIS compensates for the power loss
over long distances with mmWave/THz field and SWIPT
networks [59], [60], [61]. Moreover, with the large-scale
application of HST and intercity railways, the demand for
high-speed mobile communications is surging. The RIS-
aided CF mMIMO architecture can reduce the frequent
handover of BSs through distributed architecture and
introduce phase compensation to counteract the Doppler
frequency shift [47]. Meanwhile, applying RIS-aided CF
mMIMO systems to underwater acoustic communication
(UWAC) represents a novel approach aiming at addressing
the inherent challenges in underwater environments, such
as severe path loss, multipath propagation, and limited
bandwidth [62]. However, some problems and challenges
need to be addressed, such as acoustic wave manipulation,
deployment and maintenance, and integration with exist-
ing systems [63]. Besides, the combination of RIS-aided
CF mMIMO and XL-MIMO technology can improve the
intelligence of the network and utilize near-field charac-
teristics to improve spatial resolution [64], [65]. Moreover,
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RIS-aided CF mMIMO-enabled URLLC technology can pro-
vide physical-layer support for the metaverse [66], [67].
To sum up, RIS-aided CF mMIMO systems can provide effi-
cient and reliable physical-layer wireless communication
foundational support for various application scenarios.

B. Channel Model

Different from traditional CF mMIMO channel mod-
els that have only one type of links, the RIS-aided CF
mMIMO introduces aggregated links through RISs, which
are formed by cascading channels between AP-RIS and
RIS-UE. As shown in Fig. 1, the channels are divided into
two types: the direct links from the APs to the UEs and
the cascaded links through the RISs. Most of the recent
works consider the direct link between UEs and APs as a
Rayleigh/Rician fading channel, which assumes NLoS/LoS
links between UEs and APs [8], [13], [14]. Meanwhile,
RISs are deployed where there are LoS links between
the APs and UEs to enhance the communication [68]. As
such, the majority of works utilize the Rician fading to
model the channel between AP-RIS and RIS-UE [19], [69],
[70]. Besides, some works consider the sparsely scattered
mmWave channel model to describe the channels among
APs, UEs, and RISs [59]. Here, we present a typical case
that the UE is equipped with a single antenna, and the
channel between AP l and UE k is given by

olk = glk +

T∑
t=1

HH
ltΦtztk, ∀l, k (1)

where glk ∈ CM×1, Hlt ∈ CM×N , and ztk ∈ CN×1

denote the direct link from AP l to UE k, one part of the
cascaded channel from AP l to RIS t, and another part
of the cascading channel from RIS t to UE k, respectively.
Φt = diag(ejφ1t , ejφ2t , . . . , ejφNt) ∈ CN×N represents the
phase shift matrix of RIS t where φnt ∈ [−π, π], n ∈
{1, . . . , N}, t ∈ {1, . . . , T}. The direct channel is generally
represented as glk ∼ CN (glk, βlkRlk), where glk represents
the deterministic LoS component, Rlk ∈ CM×M is the
channel correlation matrix of small-scale fading compo-
nent, and βlk is the LSF coefficient which can be obtained
from [15].

As for the aggregated channel through RIS, some works
consider it as a whole and then model the LSF coefficients
βl,RIS,k [71], [72], while major works consider it as a
cascade of two links [73], [74]. This is because the latter
scenario, where there are two cascaded channels, ensures
their independence from each other, making it closer to
real-world channel conditions. In addition, during signal
processing, it becomes possible to design each of the two-
channel segments separately, providing greater flexibility
[75]. In particular, Hlt and ztk can be denoted as

Hlt ∼ CN
(

Hlk, R̃lt

)
, ztk ∼ CN

(
ztk, R̃tk

)
(2)

Fig. 4. Illustration of the considered system frame structure under

the TDD communication protocol.

where Hlk and ztk denote the LoS components of chan-
nel Hlt and ztk, respectively; and R̃lt ∈ CMN×MN and
R̃tk ∈ CN×N are the spatial covariance matrices, which
are generated by the joint action of the AP antennas and
the RIS elements and will be discussed in Section IV-A.

C. Communication Protocol

The majority of the current works adopt the TDD mode
as a candidate transmission protocol for RIS-aided CF
mMIMO systems, primarily because it is simpler compared
to FDD. To the best of our knowledge, there is currently
little research on adopting the FDD mode for the systems,
while Abdallah and Mansour [76], Kim and Shim [77],
and Kim [78], and Guo et al. [79], Zhou et al. [80],
and Chen et al. [81] have studied the application of FDD
models in CF and RIS, respectively. As illustrated in Fig. 4,
under the TDD mode, the UL and DL data transmissions
take place over the same frequency band, and the frame
is divided into three phases in each coherence block:
channel estimation, DL data transmission, and UL data
transmission. First, the UEs send τp pilot sequences to APs
for channel estimation. Note that the introduction of RIS
brings different operations to the channel estimation stage,
such as whether RIS cascaded channels require indepen-
dent estimation. Also, it is worth noting that during the
channel estimation phase, the phase shift of RIS needs to
be kept fixed. These are summarized in Section III-A on
channel estimation. Then, utilizing the estimated channels,
the vectors required for DL precoding in the DL data trans-
mission phases can be computed by APs. Also, the CSI from
UL channel estimation needs to be fed back to UEs before
it is used for UL data transmission. We observe that under
the TDD mode, the RIS aggregated channels and the direct
channels have reciprocity for UL and DL communication
[75]. As such, DL data precoding is performed by each
AP using the UL estimate channels. The UEs decode the
DL data depending on the channel statistics information
obtained by channel estimation.

By contrast, in FDD systems, the UL and DL data trans-
missions occur simultaneously, but they are transmitted
over two separate frequency bands. As such, the chan-
nel coefficients of UL and DL are not reciprocal, which
requires the APs to acquire the DL estimated channel to
perform the DL precoding procedure. Also, as for the RISs,
using the same phase shifts will result in beam misalign-
ment, thereby leading to performance degradation [79],
[80]. Indeed, accurate channel estimation can be achieved
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by adding a DL training phase before DL data transmis-
sion. However, this method introduces additional time–
frequency resource overhead, which reduces communica-
tion rates. In addition, when there are a number of APs, the
exchanged CSI causes a high load to the network [76]. To
tackle this issue, various CSI acquisition techniques have
been proposed by utilizing the angle reciprocity in RIS-
aided CF mMIMO systems under the FDD mode [81], [82].
However, implementing these methods in RIS-aided CF
mMIMO systems requires further investigation.

III. S Y S T E M O P E R AT I O N A N D
R E S O U R C E A L L O C AT I O N
In this section, we investigate the system operation of
RIS-aided CF mMIMO systems, including channel estima-
tion, joint beamforming, and multilayer signal processing.
Besides, we explore the resource allocation approach of
the considered system. In particular, regarding the above
system operation and resource allocation, we survey the
specific issues of RIS-aided CF mMIMO systems and pro-
pose several feasible techniques to solve them.

A. Channel Estimation

The channel estimation is important for RIS-aided CF
mMIMO systems to achieve high spectral and EEs [45],
[90], [91], [92]. The channel estimation directly impacts
the calculation of precoding and detection vectors adopted
for DL and UL transmissions. The problem becomes more
complicated with RIS as it is a passive device and cannot
independently perform channel estimation itself. If the
channel estimation is not accurate enough, it will seriously
affect the design of RIS beamforming, leading to deviation
in the focusing of the signal beam reflected by RIS. In
particular, when multiple RISs need to serve multiple APs
simultaneously, inaccurate channel estimation can lead to
inaccurate beamforming of the APs and phase shift design
of the RISs, causing mutual interference signals between
multiple RIS and APs to increase, leading to communica-
tion performance degradation.

Taking this into account, various techniques are
employed in the literature to perform channel estimation
in RIS-aided CF mMIMO systems, and the techniques used
vary based on the communication protocol adopted, such
as TDD or FDD. Currently, most channel estimation studies
consider TDD. As such, the pilot-based channel estima-
tion techniques are widely adopted where UEs transmit
τp-length pilot sequences to the APs, as shown in Fig. 4.
The pilot sequences assigned to UEs can be either orthog-
onal or nonorthogonal, depending on the number of UEs
and the channel coherence time. In general, the UEs can
be assigned orthogonal pilot sequences in low mobility
scenarios and a small number of UEs. By contrast, in high-
mobility scenarios with a small τc as mentioned in [93]
and [94], nonorthogonal pilot sequences are preferred to
limit the amount of resources consumed in performing the
channel estimation.

Different from traditional CF mMIMO systems, for the
aggregated channel introduced by RIS, existing channel
estimation studies consider dividing the aggregated chan-
nel into two parts, i.e., the direct channel and the cascaded
channel, and estimating them separately, namely, separa-
tion channel estimation [85], [86]. In [85] and [86], the
channel estimation was divided into 1 + NT subphases.
In the first phase, all elements of RISs are turned off
and each AP estimates the direct channels between itself
and all UEs through the pilot transmitted by UEs. In the
following NT phases, based on the previously estimated
direct channels, the cascaded channels are estimated by
sequentially turning on and off each RIS element. Besides,
Tran and Ant [86] considered estimating the cascaded
channel by sequentially turning on and off each RIS. How-
ever, the separation channel estimation method requires
a large number of pilot sequence resources and training
time slots and cannot capture the coupling relationship
between different RIS element channels such as the spatial
correlation of channels, especially when the number of
RIS elements is large. Considering this, Van Chien et al.
[73] and Nguyen et al. [83] have adopted an aggre-
gated channel estimation approach in which the cascaded
and direct channels are treated indifferently for channel
estimation. For example, Van Chien et al. [73] assumed
that UEs send orthogonal pilot signals simultaneously,
and the APs detect the received pilot signals, directly
estimating the aggregated channel. The results show that
compared to separation channel estimation, this method
realizes time savings that are proportional to the number
of RIS elements. This suggests that as the number of
RIS elements increases, the aggregated channel estimation
method becomes more applicable. Also, considering the
self-interference of RISs, the MMSE estimate is adopted
to derive the effective channel that can reduce the error
of channel estimation [83]. Besides, in [84], the pilot
transmission strategy was considered where all UEs in
the same cluster transmit the same pilot signal under the
NOMA system. Then, the L-MMSE approach was adopted
considering the spatial correlation of RIS elements. The
aggregated channel estimation approach does not require
high training time and pilot resources while capturing
spatial correlation of RIS elements at the expense of the
computational complexity. Furthermore, Yang et al. [45]
proposed two-timescale channel estimation and adopted a
compressive sensing technique to improve the accuracy of
the estimated channel. In this regard, two distinct char-
acteristics are identified: 1) a common channel between
the AP and the RIS for all UEs and 2) a common channel
between the RIS and the UE for all APs. Based on these two
characteristics, two-timescale channel estimation issues
are investigated, which refers to large-scale CSI that under-
goes slow transformation and small-scale CSI that under-
goes instantaneous changes. Subsequently, two solutions
are presented to address these issues: a compressive sens-
ing technique based on a 3-D multiple measurement vector
(3D-MMV) for cascaded channel estimation and a multi-BS
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cooperative pilot-reduced methodology for two-timescale
channel estimation. The results reveal that the proposed
scheme efficiently reduces the normalized mean-squared
error (NMSE) and the performance is close to Oracle LS.

Different from the pilot-based techniques, low vision
channel estimation is widely used as an advanced channel
estimation technique, which can reduce the number of
pilots and increase resource utilization [95]. For exam-
ple, in [87] and [88], the low vision channel estimation
method was adopted to estimate the cascading channel
through RIS for multiuser systems. The results show that
the proposed method achieves improvement in the accu-
racy of channel estimation, while it reduces the training
pilot overhead. However, to the best of our knowledge,
there is no study on using low vision channel estimation
methods to estimate channels in RIS-aided CF mMIMO
systems, which is worth further exploration. Furthermore,

Ge et al. [46] and [89] investigated the rate by adopting
the generalized superimposed training (GST). In particu-
lar, GST involves transmitting pilot and data signals simul-
taneously within the channel coherence time τc, instead
of sending them consecutively, as shown in Fig. 4. The
channel estimation and data detection processes are then
conducted based on the assumption of a certain correlation
between the pilot and data symbols. For instance, Ge et al.
[89] considered the OFDM multicarrier system where a
part of the subcarriers is based on the GST, whereas the
other part of subcarriers is used for data transmission only.
The results show that applying the GST scheme can reduce
the channel estimation NMSE compared with the standard
superimposed training (ST) and the regular pilot scheme.
We have summarized these in Table 1.

To the best of our knowledge, compared with the TDD
mode, studies on channel estimation of RIS-aided CF
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mMIMO systems under FDD mode are relatively limited.
Fortunately, there are some studies on FDD channel esti-
mation of RIS in other systems [80], [96], [97]. It is worth
noting that CSI acquisition and feedback overhead will
pose a challenge for channel estimation in FDD-based RIS-
aided CF mMIMO systems, as the amount of DL CSI feed-
back increases linearly with the number of antennas and
APs. To tackle this issue, Dai and Wei [96] proposed a path
selection-based feedback reduction and partial CSI-based
beamforming scheme in RIS-assisted systems. Specifically,
they assumed that the UL and DL multipath components
are similar, including the UL AoA and DL AoD as well as the
LSF coefficients. Then, a dominating path gain information
(DPGI) estimation and feedback scheme was proposed,
where both the length of DL pilot signals and the size of
the feedback vector are reduced to the number of selected
dominant paths. The results show that the SE of the DL is
improved by updating the active and passive beamformers.
Besides, to enable reliable DL channel estimation under
FDD in the RIS-aided mMIMO system, Dai and Wei [96]
proposed to leverage the distributed machine learning
(DML) technique. In particular, the network architecture
consists of a DL channel estimation neural network shared
by all users, which can be collaboratively trained by the
BS and users using the DML technique. The DML-based
hierarchical neural network further improves the accuracy
by extracting different channel features. Simulation results
indicate that the proposed approach achieves better chan-
nel estimation performance and reduces pilot overhead for
all users.

Remark 1: In the future 6G communication, channel
estimation will confront unprecedented challenges, espe-
cially with the adoption of emerging technologies such
as high-frequency bands (e.g., mmWave and THz), holo-
graphic MIMO, and RIS. Effective channel estimation
techniques’ guidelines should include but are not lim-
ited to: 1) developing efficient channel estimation meth-
ods suitable for ultrahigh-frequency bands and large-scale
antenna arrays, and utilizing sparsity and angular domain
information to reduce complexity and enhance accuracy;
2) leveraging the tunability of RIS by optimizing its phase
configurations to assist in channel estimation, thereby
improving estimation precision and range; 3) exploring
machine learning-based channel estimation algorithms to
adapt to complex and dynamic 6G communication envi-
ronments, and enhancing channel estimation accuracy and
efficiency through data-driven approaches; and 4) consid-
ering the heterogeneity and user density in 6G networks,
and developing channel estimation strategies that are suit-
able for CF mMIMO and distributed network architectures.

B. Joint Beamforming Design

As described in Section II, RISs can adjust the phase
of incoming electromagnetic waves to effectively improve
the network performance. However, as a passive device, if
proper beamforming design is not carried out, the beam

reflected by the RIS will become interference signals in
the electromagnetic propagation environment, leading to
a decrease in the quality of the expected signal detection
and causing degradation in user performance [40], [98].
In particular, in RIS-aided CF mMIMO systems where
multiple APs exist, how to design the phase shift for RISs
to provide collaborative services to multiple APs at the
same time is an important challenge. Here, we review
recent research contributions on the joint beamforming
design in RIS-aided CF mMIMO systems in Table 2. Along
the literature review, comparisons are provided among
different objectives and methods for facilitating the joint
beamforming design, accompanied by their benefits and
limitations.

1) Optimization Objectives: In RIS-aided CF mMIMO
systems, different application requirements will lead to dif-
ferent optimization objectives, which subsequently involve
optimization problems and constraints. In the following,
the related research works are reviewed according to the
optimization objectives.

a) Sum-rate maximization: Focusing on network
capacity, we usually consider the problem of maximizing
the sum rate. The RIS-aided CF mMIMO system is com-
posed of a large number of distributed independent APs
with different positions, making it difficult to obtain real
time and accurate channel information. Therefore, there
are more optimization constraints, resulting in greater
difficulty and complexity in optimization. For example,
Zhang and Dai [38] considered differences in user impor-
tance and AP selection and attempted to maximize the
weighted sum rate (WSR). By developing an AO frame-
work, they decoupled the joint precoding problem and
alternately solved the AP beamforming and RIS phase shift
subproblems. Specifically, the RIS passive beamforming
and AP precoding were designed by the primal–dual sub-
gradient (PDS) approach. The results show that deploying
RIS closer to users can achieve better performance than
deploying RIS closer to a single AP. Also, by optimizing
the phase shift of RIS, when RIS moves from a position
60 m away from the UEs cluster to a position 10 m away,
the sum rate increases by more than twice. Moreover,
the WSR maximization problem was investigated in [99],
which adopted the algorithm unrolling-based distributed
optimization. Specifically, they solved this problem by
deep distributed alternating direction method of multipli-
ers (D2-ADMM), which is a monodirectional information
exchange strategy with small signaling overhead. Unlike
the AO algorithm in [38], which focuses on optimiz-
ing augmented Lagrangian functions, the ADMM algo-
rithm involves alternating updates of raw variables and
Lagrangian multipliers. This makes ADMM perform better
on large-scale RIS-aided CF mMIMO systems. Moreover,
Yang and Zhang [60] considered multiple energy receivers
in the system and adopted the SCA algorithm at AP pre-
coding and ADMM at the RIS beamforming to solve the
SWIPT problem. The results show that as the number of
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AP antennas increases, the performance of only optimizing
power gradually surpasses that of only optimizing the
phase shift of RIS. It reveals that as the number of AP
antennas increases, power optimization becomes relatively
more important compared to phase shift optimization of
RIS. Furthermore, as the AP maximum transmit power
increases, the equal power transmission scheme exhibits
deteriorated performance owing to the restricted design
flexibility in allocating power among the RIS. In [103], the
joint beamforming optimization problem was formulated
with the objective of maximizing the aggregate through-
put while ensuring the outage constraint of the users.
A complex gradient descent (CGD)-based algorithm was
proposed for the phase shift control, which addresses
the unit-modulus constraint and ensures that the aggre-
gate throughput increases monotonically in each iteration.
Then, the authors in [103] designed a difference of convex
programming (DCP)-based algorithm for AP beamforming
optimization. The results show that the proposed algo-
rithm achieves an aggregate throughput that is 53.8%
and 25.1% higher than the cellular MIMO system with ZF
beamformer and the RIS-aided CF mMIMO system with
random phase shift control.

In contrast to the studies that considered ideal con-
ditions mentioned above, some authors have considered
more practical scenarios, such as imperfect CSI or discrete
phase shift conditions [44], [100], [102], [104], [117].

For instance, Huang et al. [100] considered the discrete
phase shift of RIS and, based on that, jointly designed
beamforming for AP and RIS to maximize the weight
sum rate. Specifically, they adopted the ADMM algorithm
and proposed that it is not necessary to exchange all
CSI among APs in each iteration. The results show that
the quantization level of phase shifts is related to the
size of RISs and the number of antennas. Zhang et al.
[102] designed the digital beamforming and discrete RIS
phase shift by a water-filling and iterative algorithm. The
results show that when the discrete phase shift is based
on 5-bit quantization, the system performance is almost
consistent with the continuous phase shift. On the other
hand, Yao et al. [104] considered the imperfect CSI with
an error term and adopted the block coordinate descent
(BCD) method to solve the joint beamforming design prob-
lem. Indeed, aiming to maximize the worst case system
sum rate, the semi-definite programming (SDP)-based AP
precoding and the ADMM-based RIS beamforming were
designed. Xie et al. [117] considered both channel esti-
mation error and discrete phase shift and adopted the
alternate sequential optimization (ASO) method to solve
the RIS beamforming problem. The results show that the
RIS can achieve a robust performance against the CSI
uncertainty in CF mMIMO systems. By contrast, Gan et al.
[44] proposed the practical two-timescale CSI framework,
i.e., statistical CSI of RIS beamforming and instantaneous
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CSI for AP precoding. Then, they introduced the PDS
and penalty dual decomposition (PDD) to solve the joint
beamforming design. In the two-timescale framework, the
phase shift design of RIS utilizes statistical CSI rather
than instantaneous CSI, leading to reduced information
exchange frequency, alleviated fronthaul link load, and
more effective savings on time–frequency resources.

b) User fairness: Ensuring user fairness is an impor-
tant measure to ensure the reliability of a communi-
cation system. It can prevent a large accumulation of
resources among high-performance top-tier users, thereby
avoiding resource wastage and enhancing overall user
satisfaction [118]. Generally, user fairness is achieved by
maximizing the minimum user rate. Ensuring that each
user receives the minimum possible data rate may require
introducing complex constraint conditions, which could
involve interrelationships among multiple users, thereby
increasing the number and complexity of constraints in
the problem. Many studies have attempted to address
this issue. For example, Dai et al. [105] focused on the
Rician channel and proposed a design for the RISs passive
beamforming using long-time statistical CSI while adopt-
ing the MR combining technique for the APs beamforming
based on instantaneous CSI. They then derived closed-
form expressions for the UL achievable rate and optimized
the phase shifts of the RISs using a genetic algorithm (GA)
to maximize the minimum user rate. The results demon-
strate the effectiveness of the two proposed two-timescale
schemes and demonstrate that RIS achieves a minimum
user rate improvement of 1.5 times in the CF mMIMO
system. Moreover, Zappone et al. [107] maximized the
minimum SINR of the RIS-aided CF mMIMO system, where
the imperfect CSI and discrete phase shift of RIS were
considered. In particular, the receiver filter design was
formulated as a generalized eigenvalue problem leading
to a closed-form solution, and the RIS phase shifts were
designed using an alternating maximization algorithm.
It reveals that utilizing statistical CSI has the potential
to outperform the scheme based on instantaneous CSI
for a moderate to large number of RIS elements, as it
reduces the channel estimation overhead. Noh and Choi
[108] proposed a novel two-step algorithm, the long-term
passive beamformers using semidefinite relaxation (SDR)
at RISs and short-term active ZF precoders and long-
term power allocation at APs. Notably, the approach can
reduce computational complexity and signaling overhead.
Jin et al. [119] considered single-user and multiuser sce-
narios with practical discrete phase shifts and aimed to
maximize the minimum achievable rate. Specifically, the
integer linear program (ILP)-based algorithm and the ZF-
based successive refinement algorithm were adopted for
the single-user and multiuser scenarios, respectively. With
the proposed algorithm, the minimum achievable rate of
the RIS-aided CF mMIMO system is significantly increased,
and using 2-bit discrete phase shifts can practically achieve
the same performance as continuous phase shifts.

c) EE and EE fairness maximization: With an increase
in the number of antennas, energy consumption has
become an important issue that constrains the develop-
ment of RIS-aided CF mMIMO systems [1]. Therefore,
many works have tried to find technologies and methods
to improve EE [109], [112]. Zhang et al. [40] investigated
a hybrid beamforming (HBF) scheme consisting of the RIS-
based analog beamforming and the digital beamforming at
APs to maximize the EE for the DL. The iterative algorithm
is designed to solve this problem and the results show
that the considered system has a better EE performance
than those of traditional ones, including conventional dis-
tributed antenna system (DAS). The same problem was
further investigated by Le et al. [41] by taking into account
the limited-fronthaul capacity constraints. To solve this
problem, they introduced the inner approximation (IA)
approach. Besides, Lyu et al. [110] explored an RIS-aided
CF mMIMO system utilizing hybrid RISs comprising a com-
bination of active and passive elements that can amplify
and reflect the incoming signal, respectively. To maximize
the EE of the system, a BCD-based algorithm was proposed
to decouple variables, and then, the SCA method was used
to iteratively address the nonconvexity of the subproblems.
The results show that the proposed hybrid RIS schemes
can attain 92% of the sum rate while achieving 188%
of the EE of purely active RIS schemes. Different from
the above solutions, Li et al. [109] proposed machine
learning to solve the problem of maximizing long-term EE.
In practice, considering the statistical CSI, the distributed
novel hybrid deep deterministic policy gradient (DDPG)
framework was adopted to reduce outage probability and
enhance robustness. It reveals that the proposed hybrid
DDPG-based algorithm has a faster convergence speed and
requires less computational resources and communication
overhead during the model training compared with the
centralized algorithm.

As an extension of maximizing EE, some researchers
consider the issue of EE fairness (EEF) [112], [113].
Specifically, Liu and Zhang [113] formulated the precoding
design problem to maximize the EE of the worst user in
a wideband RIS-aided CF network. To solve the above
problem, an iterative precoding algorithm was proposed to
design the subcarrier assignment, power allocation, com-
bining, and precoding by adopting Lagrangian transform
and fractional programming (FP). Moreover, Wang and
Peng [112] investigated the EEF maximization problem
with active RISs in the CF mMIMO system and intro-
duced a joint beamforming and resource allocation (JBRA)
algorithm. These two studies indicate that both active
and passive RISs, with well-designed beamforming, can
improve the worst user EE by 13.8% and 50%, respectively.
However, even with random phase shift, active RIS can still
achieve a 40% improvement in worst user EE.

d) Information security: Wu and Zhang [20] high-
lighted that the utilization of RIS, through the beamform-
ing techniques, can effectively safeguard physical-layer
security by thwarting the unauthorized interception of
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desired information by potential eavesdroppers. However,
in CF mMIMO systems, the presence of multiple APs causes
vulnerability for eavesdroppers to intercept information
from various sources. Designing RIS to ensure information
security poses greater challenges in such scenarios [120].
To solve this problem, Elhoushy et al. [52] investigated
the potential of RIS in boosting the secrecy capacities
of CF mMIMO systems under spoofing attacks. Indeed,
they jointly designed the RIS phase shifts and AP power
coefficients in the DL to minimize the information leak-
age to eavesdroppers while maintaining a certain SE for
legitimate users. Specifically, they considered that the APs
only have the statistical CSI and apply the ZF precoding
for data transmission along with SDP for RIS phase shift
design. The results reveal that only two RIS panels acti-
vated can significantly improve the secrecy capacity and
boost the robustness against the higher power of spoofing
pilot attacks. In addition, Hao et al. [114] formulated a
max-min secure EE (SEE) problem and then proposed the
constrained convex–convex procedure (CCCP) and SDP
techniques for AP precoding and RIS beamforming. The
results show that continuously increasing the number of AP
antennas and transmission power is not the optimal choice,
and the SEE performance is the best when the transmis-
sion power is 15 dBm with three antennas. Hao et al.
[115] aimed to max weighted sum secrecy rate (WSSR)
by jointly optimizing the active precoding at the APs and
passive beamforming at the RISs with imperfect CSI and
discrete phase shift. In particular, due to the CSI of RIS
being difficult to obtain, a scheme for optimizing RIS
matching UE based on CSI was proposed, and linear conic
relaxation (LCR) relaxation constraints were used to trans-
form this problem into an SDP problem for solution. The

results indicate that compared to traditional RIS-aided CF
mMIMO systems, matching three UEs per RIS can achieve
nearly fully connected performance.

2) Approaches for Joint Beamforming: Based on the
above survey, it can be observed that the current
approaches for joint beamforming design in RIS-aided CF
mMIMO systems mainly fall into two categories: tradi-
tional optimization and machine learning. For traditional
optimization, due to the involvement of nonconvex opti-
mization problems with multiple variables, the approach
often relies on the AO methods. The advantage of this
approach is that the active beamforming design becomes a
conventional problem once the passive beamforming vec-
tor is determined, which has been extensively studied [16].
However, designing the passive beamforming under given
transmit beamforming vectors remains a challenging prob-
lem. As for machine learning, there is relatively limited
research in this direction, with only few works. However,
considering the complexity of multivariable optimization,
machine learning holds promise as a potential direction for
future exploration and discussion [124], [125], [126]. In
the following, we review the approaches employed in cur-
rent research contributions for joint beamforming design.
Table 3 summarizes the characteristics of the approaches.

1) Semi-definite programming (SDP): A commonly
employed approach for addressing the nonconvex
unit-modulus constraint involves converting the pas-
sive beamforming vector into a rank-one positive
semi-definite matrix. Then, the original nonconvex
problem becomes a convex SDP problem that has
fast convergence and supports complex constraints
that can be solved by using many efficient convex
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Fig. 5. Multistage transmission procedure and multilayer signal processing of RIS-aided CF mMIMO systems. (a) Illustration of the system

architecture. (b) Illustration of the four-stage transmission procedure, including the WET, UL pilot transmission, UL data transmission, and

DL data transmission.

optimization tools [104]. Nevertheless, the rank-one
solution constructed in this manner is typically subop-
timal and may potentially be infeasible for the origi-
nal passive beamforming design problem [119]. This
not only leads to performance degradation but also
hinders the convergence of the AO-based iterative
algorithm.

2) Iterative algorithm: Iterative algorithm is a commonly
used method that strikes a tradeoff between complex-
ity and performance, making it suitable for large-scale
problems [100]. In particular, it can also obtain a
solution of nonconvex optimization problems. How-
ever, it may converge to a local optimal solution
and have a slow convergence speed [40], [110].
Most importantly, the results are highly sensitive to
initialization.

3) Subgradient: The subgradient method is a common
approach for solving nonsmooth optimization prob-
lems. It does not require global derivatives or com-
putations of higher order derivatives, reducing the
computational complexity [38], [44], [59]. However,
its convergence speed is slow, and the results are
highly sensitive to the choice of initialization.

4) Manifold optimization: Manifold optimization
(MO) is a common approach for addressing high-
dimensional, nonlinear, or problems with specific
geometric structures. MO has the characteristics of
fast convergence and high accuracy [121]. However,
this method has high computational complexity and
is only applicable to some specific problems, with low
universality.

5) Machine learning: It can be broadly categorized into
several major types, including deep learning, RL,
and (un)supervised learning [127]. For multivariable
optimization problems, machine learning has distinct
advantages [124], [128]. Machine learning can learn
features and patterns from complex data, allowing
for higher accuracy and stability in the optimization
process [109], [129]. However, currently, there is a
lack of interpretability and transparency in machine
learning methods. It often requires a large amount of
labeled data to ensure the reliability of results and
cannot guarantee global optimality.

C. Multistage Transmission Procedure and
Multilayer Signal Processing

As shown in Fig. 5(a), the RIS-aided CF mMIMO system
is based on the CF architecture with an additional RIS layer
between the APs and the UEs. Different from the existing
CF mMIMO system, which is a three-tier structure, the
RIS-aided CF mMIMO system realizes a 3.5-layer archi-
tecture, which adds a cascading link through RIS [39].
Based on the multilayer nature of the system, performing
multistage transmission procedures and multilayer signal
processing can reduce interuser interference and enhance
the system performance, which is unmatched by traditional
cellular networks. In the following, we introduce the mul-
tilayer characteristics of the system in detail, as shown in
Fig. 5(b).

Stage 1 (WET): Due to the low power consumption of
RIS, some works have proposed WET technology to further
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Fig. 6. Illustration of resource management in UE-centric RIS-aided CF mMIMO systems, including the AP-RIS-UE selection and

time–frequency–power resource allocation. (a) Time–frequency–power resource assignment. (b) UE-AP selection. (c) UE-RIS selection.

(d) RIS-AP selection.

improve the EE of the system [39]. First, the CPU receives
information transmitted by the AP via the fronthaul and
provides energy control commands to the AP after signal
detection. Then, the AP determines whether to transmit
wireless energy signals to the RIS for energy harvesting
based on the received signals. Specifically, when the energy
level stored in the RIS surpasses a predefined threshold,
the RIS controller sends feedback signals to the AP to cease
the energy transmission.

Stage 2 (UL Pilot Transmission): In the system, each
UE is assigned a pilot sequence, which can be allocated
randomly or based on a certain metric algorithm [130],
[131]. The UE then transmits this pilot signal directly or
via the RIS to reach the AP. After receiving the pilot signal,
the APs perform local channel estimation, e.g., MMSE
and LS channel estimation, to obtain estimated channel
information [70]. Subsequently, the APs send the required
channel estimation data, such as large-scale information,
to the CPU for subsequent data transmission processing.
Note that during this stage, it is important to keep the
phase shift of RISs fixed to ensure the accuracy of channel
estimation.

Stage 3 (UL Data Transmission): The UEs send their UL
data to the AP via a direct link as well as the cascaded
link through RIS beamforming. Then, the AP executes
local signal combining based on the previously estimated
channel information. Techniques, such as MR/GMR or
MMSE combining, can be adopted, as proposed in [83]
and [132]. Subsequently, the local estimates are passed
to the CPU for final decoding, where the simple central
decoding or LSFD can be employed based on the global
channel estimation [13].

Stage 4 (DL Data Transmission): The DL data signal is
produced by the DL precoder at the CPU and subsequently
transmitted to the AP, allowing it to be conveyed to the UEs

through the RIS [59]. In parallel, the AP generates control
signals to regulate the phase adaptation of the RIS. It is
important to emphasize that if the AP intends to achieve
dynamic control over the RIS, adaptations to the frame
structure and the inclusion of dedicated control time slots
become imperative [133]. Consequently, the deployment
of signal processing modules at the RIS may be required to
effectively respond to the control signals.

The multistage transmission procedure and multilayer
signal processing mechanism are brought about by the
inherent distributed structure of the RIS-aided CF mMIMO
system. By utilizing the hierarchical signal processing of
CPU, AP, and RIS, the performance limits of the system
can be further explored while reducing resource costs
caused by multiread information interaction. However, this
requires strict protocols and standard guidance to ensure
the orderly operation of the system.

D. Resource Allocation

As shown in Fig. 6, in large-scale RIS-aided CF mMIMO
networks, proper resource allocation is essential to ensure
network stability and efficiency. Specifically, the key differ-
ence between RIS-aided CF mMIMO networks and tradi-
tional cellular networks is their user-centric nature, where
multiple APs and RISs coexist to cater to multiple UEs. In
this scenario, addressing time–frequency–power resource
assignment and AP-RIS-UE selection is crucial to ensuring
their effective coordination and optimizing network per-
formance.

1) Time–Frequency–Power Resource Assignment: The
mainstream research on RIS-aided CF mMIMO systems
focuses on system design considering the same time–
frequency resources. However, properly assigning users to
different subchannels enhances the bandwidth efficiency.
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In practice, the reflection coefficients of RIS are frequency-
dependent. Indeed, when RIS elements lack frequency
selectivity, a common RIS reflection matrix must be applied
across all subchannels, leading to challenging optimization
problems [134], [135], [136]. To solve this difficulty,
Li et al. [109] proposed a DDPG-based algorithm to solve
joint beamforming and RIS deployment design for the RIS-
aided CF mMIMO NOMA networks to maximize the EE.
The introduction of successive interference cancellation
(SIC) as an additional optimization constraint in NOMA
network optimization has made the optimization problem
even more complex. Also, Vasa et al. [84] derived a closed-
form DL SE expression by considering imperfect CSI and
employing imperfect SIC. For clustering, they followed the
mechanism where the UEs that have the smallest distance
from each other are paired. The results indicate that when
AP transmission power is 40 dBm, the incorporation of
NOMA results in a 30% improvement in SE performance
compared to OMA. Besides, Rafieifar et al. [137] designed
CB for active and passive beamforming at the APs and RISs,
respectively. For the RIS assignment, RIS was assigned
to the UE with the least distance. Subsequently, they
proposed a low computational complexity distance-aware
UE clustering algorithm where two UEs with the least
distance were selected as a pair or cluster. However, this
simple grouping approach can also bring many limitations.
For example, the spatial distribution of users is often
uneven, and users in close proximity may not necessarily
have similar channel conditions or requirements. This can
lead to a decrease in the performance of some users
as they may experience interference or competition. In
addition, the distances and channel conditions between
users may change over time with mobility. Therefore, a
better approach is to group users based on their chan-
nel quality. Grouping users with similar channel quality
together can maximize the overall system throughput.
These works emphasize different aspects of RIS-aided CF
mMIMO systems with NOMA, including joint beamforming
and RIS deployment optimization, and UE clustering. How-
ever, there are still many research directions that require
further investigation, such as dynamic user clustering algo-
rithms, joint time–frequency resource allocation designs,
and power allocation problems.

2) AP-RIS-UE Selection: In multi-APs serving UE com-
munication, where there are no longer constraints of cell
boundaries, achieving UE-centric communication becomes
crucial. To address this, Chen et al. [17] and Björn-
son and Sanguinetti [138] proposed a scalable AP-
UE selection mechanism to increase the efficiency of
CF mMIMO networks. However, an introduction of RIS
in CF networks brings forth new challenges in access
design, such as UE-RIS and RIS-AP selections. There-
fore, the previous AP-UE selection problem has evolved
into a joint AP-RIS-UE selection problem. In this con-
text, the optimization problem becomes much more
sophisticated.

1) UE-AP selection: Many research studies, such as [47],
[117], and [139], considered scenarios where all
APs serve all UEs. However, this approach signifi-
cantly increases the computational complexity of the
network, especially when a large-scale RIS with a
large number of elements is considered. For the UE-
AP selection, RIS will change the channel propaga-
tion environment and affect the user performance,
which inevitably leads to differences in the selec-
tion results compared to a CF network. Whether the
previous UE-centric CF network selection strategies
can be extended in the RIS-aided CF mMIMO net-
work is a question to be answered. For example,
Ma et al. [59] proposed a partially connected CF
mMIMO (P-CF-mMIMO) framework to alleviate heavy
communication costs. Then, the problem of BS selec-
tion was formulated as a binary integer quadratic
programming (BIQP) problem, and a relaxed linear
approximation algorithm was proposed to address
this BIQP problem. The results demonstrate that
this optimized UE-AP selection scheme can achieve
performance improvement compared with the UE-
AP full access scheme while reducing resource con-
sumption. However, there are still many directions
that can be explored, including how to quantify the
impact of RIS during the selection process, design-
ing selection strategies, and optimizing the frame
structure.

2) UE-RIS selection: In multi-RIS assisted multi-UE sys-
tems, generally, the UE-RIS selection schemes deter-
mine the overall network performance such that how
to associate UEs to different RISs is an important
problem. Considering a multi-RIS aided CF mMIMO
system, Bie et al. [140] assumed that the RISs were
deployed near the UE with poor performance and
provided one-to-one service for the nearest UE. The
results show that when RIS is 100 m away from the
user, this selection method can achieve a performance
improvement of five times for the worst performing
user compared to without RIS. In addition, Zhang and
Dai [38] assumed that the number of RISs accessed to
each UE was limited, and based on this consideration,
they formulated the maximum sum-rate optimization
problem. For such a zero-one programming problem,
they employed LCR to solve it.

3) RIS-AP selection: The energy of the signals reflected
by passive RIS is limited and needs to be focused
on specific APs in order to achieve significant per-
formance improvements. For simplicity but without
loss of generality, Shi et al. [19] adopted a heuristic
distance selection scheme to determine the access of
RIS and AP, i.e., each RIS only served the closest AP.
However, getting the distance information, especially
for RIS, can be challenging in practice. Indeed, in net-
work security scenarios, the selection of RIS and AP
is particularly important as it can effectively prevent
eavesdroppers [47], [141].

346 PROCEEDINGS OF THE IEEE | Vol. 112, No. 4, April 2024
Authorized licensed use limited to: University of Waterloo. Downloaded on August 08,2024 at 19:22:19 UTC from IEEE Xplore.  Restrictions apply. 



Shi et al.: RIS-Aided Cell-Free Massive MIMO Systems for 6G

Table 4 RIS-Aided CF mMIMO System With Spatial Correlations

3) Discussion and Outlooks: In large-scale RIS-aided CF
mMIMO networks, resource management is an impor-
tant direction that has not been fully explored. Based
on the above survey, selecting suitable optimization algo-
rithms based on various strategies for AP-RIS-UE selec-
tion design is another aspect that needs further research.
Possible strategies include channel quality-based grouping
strategies [142], service quality-based grouping strategies
[59], and deep learning-based dynamic grouping strate-
gies [143]. In addition, using machine learning meth-
ods to optimize dynamic resource allocation schemes and
achieve efficient utilization of time–frequency resources is
a promising direction [144], [145]. This will contribute to
the efficient and stable operation of the system.

IV. P E R F O R M A N C E A N A L Y S I S O F
D I F F E R E N T P R A C T I C A L S Y S T E M
C O N S I D E R AT I O N S
Although RIS-aided CF mMIMO systems have the potential
to enhance UEs’ performance, several practical limitations
may cause severe degradation in system performance. In
particular, the integration of RIS and CF will introduce
coupling impacts between the inherent practical factors of
both, such as spatial correlation and phase shift errors.
In this section, we emphasize the impacts of different
practical system considerations on system performance
and provide insights for the implementation of RIS-aided
CF mMIMO systems.

A. Hardware Impairments

RIS is fabricated with low power and low cost, which
can be flexibly deployed to assist users to improve commu-
nication quality. However, this inevitably leads to simple
hardware design and limited phase shift accuracy. On the
other hand, as the wireless network expands, deploying
massive APs will lead to a sharp increase in hardware
costs. Therefore, realistic systems tend to deploy low-
cost hardware to address cost issues, which can cause
degraded system performance. Meanwhile, the HIs of RIS
and CF mMIMO systems will couple with each other and
cause new impacts. In the following, we enumerate several
crucial HIs that significantly affect practical deployments

and subsequently comprehensive investigations to unveil
their influence on the system’s performance.

1) Spatial Correlation: The presence of spatial corre-
lation in a channel disrupts its inherent characteristics,
affecting the accuracy of beamforming and resulting in
degraded system performance. Shi et al. [19] indicated
the existence of two types of spatial correlation in RIS-
aided CF mMIMO systems: RIS element spatial correlation
and AP antenna spatial correlation. These two types of
correlation are mutually coupled, exacerbating the impact
on system performance. Table 4 summarizes some studies
in the literature that analyzed system performance with
spatial correlations of AP antennas and RIS elements.

For example, Shi et al. [19] and Van Chien et al.
[73], [146] considered the impact of RIS element spatial
correlation and derived the closed-form expressions of
UL and DL SE. In practice, the spatial correlation of RIS
elements is modeled by the sinc function introduced in
[74]. The results reveal that the spatial correlation of
RIS elements leads to a decrease in system performance
gain from the square of the number of RIS elements to
a linear increase in the number of RIS elements. Note
that at the half-wavelength spacing of RIS elements, the
system performance degradation is minimal. Furthermore,
Shi et al. [69] simultaneously considered the spatial cor-
relation of both the RIS elements and AP antennas and
derived a closed-form expression for the system average
SE utilizing multidimensional matrices. Fig. 7 illustrates
the cumulative distribution function (cdf) of average SE
per UE under different spatial correlations of AP antennas
and RIS elements of RIS-aided CF mMIMO systems. It
is clear that the existence of spatial correlations has a
negative impact on the system performance, especially the
correlation in RIS elements, which leads to poor passive
beamforming at the RIS. Note that different from the con-
clusion that AP antenna spatial correlation is beneficial for
CF mMIMO systems in [147], the RIS elements correlation
in the aggregated channel affects the AP antenna’s spatial
correlation, resulting in both types of correlations having
a negative impact on system performance. In summary,
spatial correlation among RIS elements causes system per-
formance degradation, but in practice, designing them for
half-wavelength minimizes the impact.
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Fig. 7. CDF of the UL average SE per UE under different spatial

correlations of AP antennas and RIS elements of RIS-aided CF

mMIMO systems. The numbers of AP, UE, and RIS element are 40, 10,

and 36, respectively. Please refer to [69] for more details.

2) Phase Shift Errors: The primary role of passive RIS
in communication systems is to manipulate the phase
of the incident electromagnetic waves. Therefore, if the
phase of the RIS is inaccurate, it can lead to deviations
in beamforming and ultimately affect the signal recep-
tion at the AP, thereby impacting the performance of CF
mMIMO systems. For this consideration, Zhang et al. [102]
considered discrete phase shifts of RIS in CF mMIMO
systems and quantized the precision using the number of
bits. As shown in Fig. 8, when using 3-bit quantization, the
performance is already close to that of continuous phase
shift. Furthermore, the performance obtained using 5-bit
quantization is nearly indistinguishable from continuous
phase shift. In practice, considering a tradeoff between
cost and performance, it is common to consider 2- and
3-bit quantization precision of RIS elements, which has
been provided in [38] and [100]. It is worth mentioning
that the existence of phase shift error introduces additional

Fig. 8. Sum rate of the DL RIS-aided CF mMIMO systems under

different phase shift quantization accuracies. The numbers of AP

antenna, UE, and RIS element are 8, 8, and 64, respectively. Please

refer to [102] for more details.

Fig. 9. Achievable ergodic secrecy rate versus the number of

quantization bits of the low-resolution ADCs/DACs. The numbers of

RIS, RIS element, and AP are 10, 400, and 100, respectively. Please

refer to [152] for more details.

challenges to the design of joint beamforming optimization
algorithms for RIS-aided CF mMIMO systems, especially
the discontinuity of RIS phase shift optimization vari-
ables. To address this issue, potential solution approaches
include approximation algorithms and machine learning
techniques [148], [149].

3) Analog-to-Digital Converters/Digital-to-Analog Con-
verters: The presence of numerous distributed APs in net-
works makes the implementation of ideal high-resolution
ADCs/DACs costly and power-intensive [150], [151].
An efficient solution is the utilization of low-resolution
ADCs/DACs in cost-effective and energy-efficient CF
mMIMO systems. Based on that, Zhang et al. [152] inves-
tigated the impact of low-resolution ADCs/DACs under
physical-layer security of RIS-aided CF mMIMO systems
and derived a closed-form expression of the achievable
ergodic secrecy rate. Fig. 9 illustrates the achievable
ergodic secrecy rate versus the number of quantization bits
of the low-resolution ADCs/DACs [152]. We can see that
5-bit ADCs/DACs provide sufficiently close results to that
of the ideal ADCs/DACs in actual system design.

To sum up, it has been demonstrated that all of the
HIs can cause varying degrees of performance degradation
in the system. Among them, ADCs/DACs are the most
severely damaged as they can simultaneously affect the
signals from both the direct link and the RIS cascaded link,
resulting in severe distortion of the received signal. How-
ever, current research has only focused on the impact of
individual factors, lacking a comprehensive consideration
of their joint effects. In reality, these HIs coexist and may
affect each other. Hence, it is imperative for future research
to incorporate a comprehensive consideration of various
HIs simultaneously.

B. Electromagnetic Interference

In future wireless propagation environments, spatial
EMI is ubiquitous [153]. RISs as passive components not
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Table 5 RIS-Aided CF mMIMO System With EMI

only reflect useful signals but also reflect EMI signals
[154]. This phenomenon introduces inaccuracies in beam-
forming, subsequently impacting system performance. As
shown in Fig. 10, in RIS-aided CF mMIMO systems,
where the number of APs is substantial, the presence of
spatial EMI signals is reflected by RIS. Therefore, when
combining RIS with CF mMIMO systems, it is essential
to incorporate EMI modeling into the system framework
to achieve more accurate performance characterization.
Fortunately, Shi et al. [155] considered the EMI to further
evaluate the RIS-aided CF mMIMO system performance
of the actual environment. Then, they derived a closed-
form expression for the system SE with the MR combining
at the APs and the LSFD at the CPU. Also, the EMI-
aware power control methods were proposed to further
improve the system performance. As shown in Fig. 11, EMI
significantly degrades the system performance. Also, the
performance gap becomes smaller and is less sensitive to
the increases of RIS elements N . It reveals that increasing
the element number of RIS in RIS-aided CF massive MIMO
systems is beneficial to naturalizing the impairment caused
by EMI. However, the current research on EMI mainly
focuses on performance analysis, and the design of joint
beamforming and channel estimation considering EMI sce-
narios can be a future direction, for instance, how to
utilize existing hardware devices for detection and employ
traditional optimization algorithms or emerging tools such
as artificial intelligence to mitigate EMI from RIS, thereby
achieving the ideal system performance enhancement with
RIS. Table 5 summarizes the related studies and future

Fig. 10. RIS-aided CF mMIMO system with EMI.

Fig. 11. UL average SE against the number of RIS elements N

with/without EMI by LSFD/MR. The numbers of AP, AP antenna, and

UE are 10, 1, and 5, respectively. Please refer to [155] for more

details.

directions regarding the consideration of EMI in RIS-aided
CF mMIMO systems.

C. Limited-Fronthaul Capacity

Unlike centralized architectures, RIS-aided CF mMIMO
system performance is greatly limited by the fronthaul link
capacity. On the one hand, the APs require fronthaul links
to connect to the CPU for UL and DL data transmission, and
the CPU needs to manage power control and beamforming
coefficients for different APs [158], [159]. On the other
hand, although the RIS is a passive element, it still requires
control units for dynamic beamforming design, and obtain-
ing channel information and beamforming instructions
from the system requires the fronthaul links [160]. As
such, Le et al. [41] focused on maximizing the EE of
the RIS-aided CF mMIMO system while considering the
constraints of limited-fronthaul link capacity. It is assumed
that perfect CSI is available for the APs and RISs. Then, the
alternating descent-based iterative algorithm is proposed
to solve the maximum EE problem. However, obtaining
perfect CSI in large-scale networks is challenging. There-
fore, Yao et al. [156] considered robust beamforming
design against the impact of imperfect CSI, under the con-
straint of limited-fronthaul capacity. Regarding the opti-
mization subproblem for RIS phase shift, they utilized the
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Table 6 RIS-Aided CF mMIMO System With Limited-Fronthaul Capacity

penalty convex–concave procedure (P-CCP) to attain a sta-
tionary solution and establish a robust initialization. As for
the AP precoding optimization subproblem, they adopted
the SCA method, ensuring convergence toward a Karush–
Kuhn–Tucker (KKT) solution with guaranteed reliability.
The results show that when the fronthaul capacity is less
than 80 Mb/s, the centralized BS demonstrates a superior
performance. Unlike the above works, which consider the
fronthaul link capacity as a constraint for global optimiza-
tion, the works [100], [157] took a different approach by
considering the exchange of partial channel information
to alleviate the capacity requirement of the fronthaul link.
For example, Ni et al. [157] considered that the active
beamforming vectors are obtained by local APs and the
passive beamforming vector for RIS is optimized by the
CPU so that the fronthaul links do not need to transmit
all channel information to the CPU. Table 6 summarizes
the related studies regarding the consideration of limited-
fronthual capacity in RIS-aided CF mMIMO systems.

However, the above studies assume that the RIS can be
controlled instantaneously, without considering the fron-
thaul link of the RIS. In practice, RIS can be directly
connected to the CPU or connected to the local AP for
independent phase shift control. For the RIS connected to
the CPU, real-time control can be achieved by the CPU
conveying processed instructions to the RIS. Conversely,
if the RIS is connected to the local AP, the CPU needs to
transmit the control signals to the target AP, which decodes
the signals and forwards control instructions to the RIS. In
this case, the design of the fronthaul link needs to con-
sider an additional fronthaul capacity requirement for the
signals generated to the RIS. Currently, the fronthaul link
limitation issue of RIS is still open and worth investigating.

D. RIS Deployment

The path loss of the cascading link via RIS is more severe
compared to the direct link. Therefore, the deployment
location design of RIS is necessary to achieve the desired
performance enhancements. Numerous studies have indi-
cated that deploying RIS near the BS or UE can achieve sat-
isfactory performance in BS-centric MIMO systems [161],
[162], [163], [164], [165]. However, in CF mMIMO sys-
tems with a large number of distributed APs and RISs,

determining the optimal deployment of RISs to achieve the
best global performance becomes a challenging problem.
The reason is that the optimization problem has to be
transformed from a point-to-point scenario to a multipoint-
to-multipoint scenario, introducing additional complexities
in resource allocation and interference management. We
summarize related studies on RIS deployment in RIS-
aided CF mMIMO systems in Table 7. Zhang et al. [166]
considered maximizing the DL UE sum rate by alternately
optimizing the RIS position and phase shift with perfect
CSI. The results show that when UEs are densely dis-
tributed, the optimal location for RIS should be closer to
the UEs. Furthermore, in [139], the joint power allocation,
the placement, and the reflection phase shift parameters
of the RIS were optimized to maximize the UE achievable
rate. However, the above works considered scenarios with
only a single RIS and assumed that both the APs and UEs
were equipped with a single antenna. This simplification
significantly reduces the complexity of optimization, but
its usefulness is also limited. In practice, RIS-aided CF
mMIMO systems involve multiple RISs, UEs, and APs with
multiple antennas, which introduces additional challenges
in optimizing the deployment of RIS and interference man-
agement. Based on that, Zhang and Dai [38] considered
the system with multi-RIS and multiantenna APs/UEs,
and then, a joint precoding design scheme at APs and
RISs was proposed to maximize the network capacity
by adopting a PDS algorithm. The results indicate that
deploying RISs in close proximity to UE clusters leads
to significant performance improvement. Specifically, in
the scenario of two UEs and two APs, RIS improves the
sum rate 2.3 times when RIS is 10 m away from the
UE cluster compared to 60 m away from the UE cluster.
However, in scenarios where APs and UEs are uniformly
and randomly distributed throughout the entire system
without any UE clustering, the deployment of RIS poses
new challenges. Considering this fact, Shi et al. [155]
considered one RIS serving the CF network where APs and
UEs uniformly and randomly distributed within a 1 × 1 km
area. They concluded that deploying a single RIS in the
center of the region yields the best system performance,
achieving an average SE improvement of 7% compared to
deploying RIS at the edge. Based on the above discussion,
we illustrate the optimal deployment positions of RISs for
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Fig. 12. RIS deployment for different scenarios of APs’ and UEs’

distribution. Two different distribution scenarios are given.

(a) Illustration of the preferred location of RIS in linear deployment

APs and clustered UEs scenarios. (b) Illustration of the preferred

location of RIS in uniformly random distributed APs and UEs

scenarios.

different distributions of APs and UEs in Fig. 12. To sum
up, RIS should be carefully deployed based on the different
characteristics of user distribution in RIS-aided CF mMIMO
systems.

This section conducts a corresponding survey on the
RIS-aided CF mMIMO system from the perspective of
practical system considerations and provides some per-
formance analysis results and guiding suggestions. It is
worth noting that when the system is launched, it will
face many practical problems, such as HIs and limited
capacity, and most of these problems will lead to a degra-
dation of system performance. Therefore, we must find
the main and secondary factors through reasonable mod-
eling analysis to achieve a tradeoff between performance
and cost.

V. R I S - A I D E D C F m M I M O W I T H
O T H E R E N A B L I N G T E C H N O L O G I E S
T O W A R D 6 G
In this section, we provide an overview of the integration
of different 6G technologies with RIS-aided CF mMIMO
systems. Specifically, we discuss the potential benefits of
mmWave/THz, SWIPT, NOMA, and UAV technologies with
the RIS-aided CF mMIMO systems. Subsequently, we sum-
marize the current research progress and highlight the
existing challenges that require further investigation.

A. mmWave and THz

Utilizing mmWave and THz technology in CF mMIMO
systems brings significant benefits, including the large
bandwidths for high data rates and increased system
capacity, as well as the ability to leverage highly directional
beamforming and overcome traditional cellular interfer-
ence, resulting in improved network performance [167],
[168], [169], [170]. Meanwhile, RIS enables effective
beamforming and interference management for mmWave
and THz, thereby further enhancing the performance and
coverage of mmWave/THz communications [58], [171],
[172], [173], [174]. Therefore, several studies consider
the application of mmWave and THz in RIS-aided CF
mMIMO systems, which are summarized as follows.

Ma et al. [59] considered an mmWave communication
system with perfect CSI and designed joint beamforming
of AP and RIS to maximize the WSR. Also, the chan-
nels, including one LoS path and three NLoS paths, are
described by the Saleh–Valenzuela model [175]. Further-
more, they design an AP-UE partially connected framework
to further alleviate the heavy communication overhead in
conventional RIS-aided CF mMIMO systems. In addition,
Xu et al. [99] considered an mmWave channel with perfect
CSI, but they employed a distributed cooperation ADMM,
which adopted a monodirectional information exchange
strategy with a small signaling overhead to tackle the joint
beamforming problem. The monodirectional information
exchange strategy means that all APs have a monodi-
rectional topology, that is, one-way chain propagation
of information. The results demonstrate that significant
sum-rate improvements can be achieved by employing
beamforming designs for mmWave communication in the
considered system. However, Ma et al. [59] and Xu et al.
[99] all overlooked the issue of obtaining the CSI of the
mmWave channel. Fortunately, Lan et al. [176] considered
deploying an extra AP near the RIS to approximate the
mmWave channel from the RIS to the UE and effectively
tackled the channel estimation. The results indicate that
this approach can achieve system performance close to
that with perfect CSI, but deploying a separate AP for
RIS channel estimation will introduce additional AP cost
overhead. At present, research on THz-based RIS-aided
CF mMIMO systems is limited, although there are already
some investigations into THz-based RIS communication.
For example, Su et al. [170] investigated the beam split
effect of a single RIS-aided MIMO system. Then, a wide-
band precoding design was proposed to compensate for
the severe array gain loss, and the performance analysis on
the array gain was also provided. The results demonstrate
that the proposed subconnected RIS significantly alleviates
the beam split effect with a small number of time-delay
modules. Furthermore, Huo et al. [58] considered a dis-
tributed RIS for energy-efficient indoor THz communica-
tions. Specifically, they applied the 3-D ray-tracing tech-
nique to study a realistic indoor THz propagation scenario,
considering the presence of human obstacles. The results
show that distributed RIS can significantly overcome the
problem of mobile human body obstruction and improve
the coverage of THz signals.

The aforementioned analysis emphasizes the impor-
tance of beamforming in RIS-aided CF mMIMO systems
with mmWave/THz. However, in practical implementa-
tion, there are several challenges. First, mmWave/THz
channels exhibit highly directional and sparse character-
istics, making accurate channel estimation challenging.
Proper estimation and tracking techniques are required
to effectively utilize passive RISs in mmWave/THz-based
RIS-aided CF systems [177]. Second, deploying RISs in
mmWave/THz-based CF mMIMO systems requires care-
ful planning and optimization of the RIS locations. A
large number of RIS elements and their precise alignment
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Table 7 Deployment of RIS in RIS-Aided CF mMIMO Systems

impose deployment challenges in terms of cost and practi-
cal implementation.

B. Simultaneous Wireless Information
and Power Transfer

A fast-growing application of the IoT resulted in the
proliferation of wireless sensors that communicate over
the Internet infrastructure [178]. Ensuring the long-term
operation and self-sustainability of the sensor and IoT
devices is a critical consideration in network design. To
address this challenge, SWIPT technology has emerged as
a promising solution to extend the lifetime of IoT sensors
[179], [180]. CF mMIMO networks have widely adopted
SWIPT techniques. Extensive works have demonstrated
that the CF network architecture is well suited for provid-
ing energy to UEs that harvest energy, thereby enhancing
system-level EE [181], [182], [183]. In addition, RIS, as
a passive component, exhibits low power consumption.
Thus, when WET techniques can be utilized to power the
RIS, it can further improve network EE and eliminate the
need for a dedicated power supply for RIS deployment
[31], [184]. Motivated by the aforementioned insights,
numerous studies investigated the application of SWIPT
techniques in RIS-aided CF mMIMO systems. In the follow-
ing, we summarize the relevant research findings in this
direction, as shown in Fig. 13.

Yang and Zhang [60] investigated the performance of
RIS-aided CF mMIMO systems with SWIPT. Specifically,
they considered that there were multiple information
receivers and multiple energy receivers. Based on the
assumption that the harvested energy by the UEs should
not fall below a threshold, they designed a joint beamform-
ing scheme to maximize the achievable sum rate. Then, an
SCA-based algorithm was proposed to tackle the energy
harvesting constraints, and the ADMM-based algorithm
was proposed to iteratively satisfy the norm constraints of
RIS reflection elements by applying auxiliary variables and
penalty terms. The results show that RIS can effectively
enhance the sum rate even without a phase shift design.
However, increasing the number of APs or transmitting
power is not an ideal choice if the APs adopt equal power

transmission due to the simultaneous increase in interfer-
ence signal strength. Khalil et al. [61] utilized UAVs as
mobile APs to provide data communication and energy
supply for IoT devices [185]. To achieve fairness, the
max–min rate algorithm was applied to the CPU because
the CPU knows the global CSI. The results demonstrate
that a uniform deployment of RISs can achieve better
performance in terms of energy harvesting. In contrast
to the previous works that focus on the joint provision
of information and energy services by APs and RISs to
UEs, Shi et al. [39] considered the scenario where the
APs provide energy to the RISs. As such, the RIS can
be deployed without any wired connections. Based on
that, they proposed a four-stage transmission mechanism
for SWIPT and introduced three RIS operating modes:
centralized RIS, noncooperative distributed RIS, and coop-
erative distributed RIS. Also, they proposed three different
RIS hardware design schemes, namely, centralized, semi-
distributed, and fully distributed, to gradually improve the
energy reception efficiency.

However, for a large number of APs and RISs, a control
protocol must be designed to ensure efficient communi-
cation and manage energy interference among devices.

Fig. 13. SWIPT of RIS-aided CF mMIMO systems includes joint

beamforming, hardware design, power splitting technique, and

frame structure design.
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Fig. 14. RIS-aided CF mMIMO system with power-domain NOMA where UEs are grouped into clusters. Each cluster includes l UEs, l = 3.

(a) Resource assignment in one cluster. (b) 3-UE SIC with NOMA.

For example, as shown in Fig. 13, a frame comprises
τp number of energy transmission time slots and τc–τp

number of data transmission time slots, with τp1 for UEs
energy transmission and τp2 for RISs energy transmission.
Furthermore, in complex networks, factors, such as joint
beamforming and power splitting, are coupled, making
the problems nonconvex and challenging to solve. Com-
putationally efficient DML algorithms serve as attractive
solutions, as they have been successfully applied to address
large-scale optimization problems [28], [186]. In addi-
tion, the hardware design for energy harvesting introduces
additional complexity when manufacturing RISs. In fact,
designing wireless energy harvesting components at the
wavelength level poses significant challenges in controlling
cost overhead while ensuring energy harvesting efficiency.
Moreover, it is crucial to consider how to avoid coupling
interference between power components and information
elements at the circuit level.

C. Nonorthogonal Multiple Access

The key idea of NOMA is to differentiate signals from
different users through different power and coding alloca-
tions [187], [188], [189]. Unlike traditional OMA, NOMA
achieves parallel transmission among multiple users by
decoding their signals in a nonorthogonal manner. At the
receiver, SIC techniques can be employed to separate and
recover the original data signals. As shown in Fig. 14,
for the RIS-aided CF mMIMO system with power-domain
NOMA, UEs are grouped into spatial clusters, where the
UEs within each cluster share the same time–frequency
resources and transmit data symbols with different power

levels. Specifically, the AP employs the SIC technique on
the received UL signals that the signals from UEs 2 and 3
are treated as interference during the decoding process
of the signal of UE 1. Then, the interference from UE 1
is subtracted, followed by the decoding of the signal of
UE 2, and this process continues iteratively for each UE.
Accordingly, NOMA can improve the spectral efficiency,
EE, massive connectivity, and high reliability of RIS-aided
CF mMIMO systems [84], [109], [137], [190]. In the
following, we review the works that considered the UL and
DL performance of NOMA-based RIS-aided CF mMIMO
systems.

Vasa et al. [84] and Rafieifar et al. [137] examined
the DL performance of RIS-aided CF mMIMO systems
employing power-domain NOMA. In particular, Vasa et al.
[84] investigated the system SE with the imperfect CSI
and imperfect SIC at the UEs under spatial correlation
RIS. Then, the closed-form DL SE expression was derived
by using the linear MMSE channel estimation and statis-
tical CSI. In addition, Rafieifar et al. [137] proposed the
simple, practical, and independent UE clustering and RIS
assignment to UE algorithms in NOMA. For simplicity, but
without loss of generality, the CB scheme was adopted
for passive and active beamforming at the RISs and APs,
respectively. Differently, Li et al. [109] considered the
UL transmission and aimed to maximize the EE of the
NOMA-based RIS-aided CF mMIMO system. Then, they
proposed the DDPG-based algorithm to design the joint
beamforming for EE enhancement. The key findings in
these studies are summarized as follows: 1) the NOMA-
based RIS-aided CF mMIMO system operation outperforms
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Fig. 15. UAV with different functions assisted RIS-aided CF mMIMO systems. Two different UAV network modes are provided and their

characteristics are analyzed [191]. (a) UAV-assisted RIS-CF networt—star network. (b) UAVs replace APs—star network. (c) UAVs replace CPU,

APs, and RISs—mesh network.

the OMA-based RIS-aided CF mMIMO system operation
in terms of the number of simultaneously served UEs;
2) applying NOMA results that the RIS-aided link is more
beneficial at lower transmit power regions where the direct
link between AP and UE is weak; 3) a small number of RISs
increases the ergodic rate, and however, a large number
of RISs can impact intertier and intratier interference
resulting in a slight decrease in the ergodic rate; and
4) adopting the multiagent DDPG-based algorithm for the
joint beamforming design of RIS and AP can significantly
enhance the performance of the considered system.

However, the enhancement of RIS-aided CF mMIMO
systems with NOMA relies on optimal clustering of a large
number of UEs and making appropriate matching of RIS-
assisted UEs and APs. Furthermore, efficient beamform-
ing and power control designs are important to mitigate
interuser interference.

D. Unmanned Aerial Vehicle

Recently, UAVs have emerged to support diverse appli-
cations such as military operations, surveillance, and
telecommunications [191], [192], [193], [194], [195].
As illustrated in Fig. 15, UAVs function as flying BSs,
capable of dynamically adjusting their positions to enhance
network coverage and capacity [196], [197]. In addition,
deploying UAVs in CF mMIMO networks benefits users
compared to increasing the number of ground-based APs.
This advantage arises from UAVs’ ability to navigate obsta-
cles effectively, thereby establishing LoS communication
links with served users [198], [199]. In RIS-aided CF
mMIMO systems, in addition to serving as mobile APs,
UAVs can carry RISs for flexible and mobile deployment
of RISs, as shown in Fig. 15(a). This significantly reduces
the hardware requirements of UAVs as they no longer
need to be equipped with high-energy-consuming RF units,
thereby extending their flight endurance [200]. Khalil et al.
[201] pointed out that by jointly optimizing the trajectory

of UAV and joint beamforming of RIS-aided CF mMIMO
systems, the system SE significantly improved. Due to the
benefits and potential, several works have investigated the
integration of UAVs with the systems, and our summarized
findings are given as follows.

To investigate the gain of UAVs in the RIS-aided CF
mMIMO system, Al-Nahhas et al. [202] studied the DL
rate based on the assumption that the total power allo-
cated by the CPU to the communication with the UAV
and ground UEs was fixed. Specifically, they designed CB
precoding of RIS and optimized power allocation factors
to further improve the DL rate. The results demonstrate
that the combination of UAV and RIS can achieve a 50%
increase in the average system rate, but their effectiveness
depends largely on the UAV’s height and the number of
RIS elements. For example, with 60 elements of RIS, the
UAV has a performance improvement of 75% at a height of
16 m compared to a height of 100 m. Khalil et al. [61]
investigated the enhancement of RIS-aided CF mMIMO
networks using UAVs and SWIPT technology to improve
device energy harvesting efficiency. In particular, they
utilized UAVs to replace APs for SWIPT, with each UAV
directly controlled by the CPU via fronthaul. The results
demonstrate that the deployment of UAV and RIS achieve
a 1.5-fold and onefold increase in system SE and EE,
respectively. Furthermore, compared to centralized and
edge RIS deployments, a uniform RIS deployment achieves
more desirable performance. In [201], an extended study
was presented, which introduced a deep learning-based
channel estimation framework to eliminate the depen-
dency on traditional closed-form equation-based channel
estimation methods, such as LS and MMSE estimation. In
addition, a UAV deployment trajectory planning scheme
was proposed to further improve SE. The results indicate
that the UAV-empowered RIS-aided CF mMIMO system
based on deep learning networks achieves an average SE
improvement of 57% compared to the conventional RIS-
aided CF mMIMO system.
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In fact, there are different integration schemes for UAVs
in RIS-aided CF mMIMO systems, as illustrated in Fig. 15.
According to the different functionalities of UAVs, the
schemes can be classified as UAVs replacing RISs, UAVs
replacing APs, and UAVs replacing CPUs. Furthermore,
based on different network configurations, they can be
further categorized into conventional star networks and
mesh networks [203]. In a star topology, all UAVs are
directly connected to the CPU, and all communication
between UAVs is routed through the CPU. The star network
can achieve global optimal results through centralized
optimization and UAV operation at the CPU. However, this
configuration can lead to link blockages, increased latency,
and a need for high-bandwidth DLs. In contrast, mesh
networks offer greater flexibility, reliability, and improved
performance. In a wireless mesh network, UAV nodes
are interconnected and can communicate directly through
multiple links. Packets can traverse intermediate nodes,
finding their way from any source to any destination
through multiple hops. Fully connected wireless networks
provide advantages in terms of security and reliability.
A promising technique for mesh network configurations
is multiagent deep RL (MADRL) that has been widely
applied to multinode problems and has shown excellent
performance [129], [204]. As shown in Fig. 15(a), with
a traditional infrastructure of CF mMIMO systems, the
deployment of UAVs equipped with RIS can effectively
address coverage gaps when users are located in low
vision spots. For example, Yu et al. [205] proposed a
max–min throughput problem in RIS-UAV-enabled mobile
vehicle communication. The original problem was broken
down into three subproblems: optimizing joint passive
beamforming and mobile vehicle scheduling, power allo-
cation, and trajectory. These subproblems were effectively
solved using the SCA method and the results show that
after adding trajectory optimization, the worst case user
throughput increases by 21%. This strategy works with the
existing network and offers the advantage of RIS mobility.
Furthermore, UAVs equipped with RIS have lower power
consumption and longer endurance compared to active
relay UAVs, as they do not require RF modules. As illus-
trated in Fig. 15(b), in situations where deploying a wired
network is impractical, e.g., for emergency communica-
tion, the UAVs can act as alternatives to APs for delivering
communication services. For example, Samir et al. [206]
utilized the UAVs to provide coverage to vehicles entering
a highway that was not covered by other infrastructure.
Then, they framed the decision-making process for tra-
jectory planning as a Markov decision process (MDP).
Subsequently, deep RL (DRL) was employed to introduce
a method for learning the optimal trajectories of the
deployed UAVs. The results show that deploying two UAVs
can achieve a 25% increase in coverage compared to
deploying one UAV. However, UAVs necessitate periodic
energy recharging to sustain their operation. To tackle
this issue, several studies have proposed leveraging WET
technology to provide power supply for UAVs [39]. While

the star network relies on a ground-based CPU, as shown
in Fig. 15(c), the mesh network can have UAVs perform the
roles of CPU, APs, and RISs. The mesh network enables a
decentralized architecture, facilitating seamless communi-
cation among UAVs without the need for centralized CPU
involvement. By establishing a self-organizing network, the
RIS-aided CF mMIMO systems can benefit from UAV-to-
UAV information exchange. Moreover, the UAV closest to
the RIS can provide control of the RIS phase shift. This
novel UAV mesh network enables full-fledged mobility with
the utmost flexibility in positioning while maintaining low
power consumption and latency. However, due to the lack
of a fixed central processing unit, the interaction of global
information and the orderly control of UAVs have become
the main challenges [207]. Specifically, considering the
joint optimization of UVA trajectory, RIS and UAV beam-
forming, and power control in mobile scenarios is the main
technical challenge.

To sum up, there are still many challenges for the
UAV-enhanced RIS-aided CF mMIMO systems, such as
optimizing UAV trajectory and communication interaction
based on partial information [208]. Furthermore, joint
beamforming and collaboration between multiple UAVs
and multiple RISs are necessary for network intelligence
and orderliness.

VI. F U T U R E D I R E C T I O N S
In this section, we discuss several future research direc-
tions for the RIS-aided CF mMIMO system, including
semantic communications, ISACs, SAGIN, XL-MIMO, near-
field communications, and secure RIS-aided CF mMIMO
systems.

A. Semantic Communications

Embracing the era of 6G wireless communications, it is
imperative to explore more advanced technologies that can
enhance the intelligence and effectiveness of communica-
tion networks. Semantic communications, as an emerging
paradigm, is such a technology that considers the semantic
information of the transmitted data and optimizes the
communication process accordingly [209].

RIS-aided CF mMIMO systems can benefit from inte-
grating semantic communications by exploiting semantic
information for effective resource allocation [210]. More
specifically, for the RIS-aided CF mMIMO systems, seman-
tic communications can be implemented in the following
ways.

1) In channel estimation and signal processing, a syn-
ergistic approach that contemplates semantic infor-
mation, such as content type and priority, can be
effectively employed. Through RIS phase shift opti-
mization and beamforming, this semantic information
can be integrated, facilitating communication more
tailored to the unique requirements of the data.

2) In the transmission phase, semantic information
about the context, e.g., the location, movement pat-
terns, and data usage behavior of the UEs, can be
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leveraged for dynamic RIS configuration, enabling an
agile response to changing network conditions and
user requirements [211], [212].

3) In the resource allocation and networking phase,
semantic information transmission scheduling can be
implemented. For instance, in a scenario where edge
users transmit high-priority or delay-sensitive data,
the CF mMIMO network, powered by semantic infor-
mation, could dynamically allocate more resources to
these users [118], ensuring their QoS.

The integration of semantic communications with RIS-
aided CF mMIMO systems is an area of ongoing explo-
ration. This integration could resolve critical issues and
provide symbiotic benefits. For instance, interuser interfer-
ence, a notable problem in RIS-aided CF mMIMO systems,
could be alleviated by leveraging semantic information and
its priority to allocate network resources in an intelligent
and dynamic way [213].

B. Integrated Sensing and Communication

ISAC is a novel paradigm aimed at unifying the capabili-
ties of sensing and communication into a single network
infrastructure with the same time/frequency resources.
The concept of ISAC revolves around the idea of using
wireless signals for both data transmission and environ-
ment sensing [214]. ISAC plays a crucial role in vari-
ous application scenarios, such as autonomous driving,
smart cities, and the IoT [215]. However, the joint design
and optimization of sensing and communication func-
tions in a unified system pose significant challenges,
primarily due to their different requirements for radio
resources [211].

The integration of ISAC into RIS-aided CF mMIMO
systems opens up opportunities for enhancing the
performance and functionality of these networks
[109], [123].

1) The distributed nature of CF mMIMO systems makes
them an ideal candidate for implementing ISAC. The
spatially distributed APs can collaboratively perform
sensing tasks and communication services simultane-
ously, leading to more accurate and extensive envi-
ronmental perception [216].

2) RIS, with its ability to control the radio propagation
environment, can provide hardware-level support
for implementing ISAC [86], [211]. By intelligently
adjusting the phase shifts of the RIS elements, the
system can control the direction and power of the
reflected signals, thereby enhancing the sensing capa-
bilities of the network [99], [106]. Moreover, the
RIS can help in mitigating the potential interference
between sensing and communication signals, thereby
improving the overall network performance [217].

However, an integration of ISAC and RIS-aided CF mMIMO
systems also introduces new challenges, such as the joint
optimization of sensing and CF-aided communication func-
tions and the design of RIS phase shifts for enhancing

the sensing capability. Thus, this integration necessitates
further research and investigation.

C. Space–Air–Ground Integrated Network

SAGIN is a promising architecture designed to provide
seamless coverage, high data rates, and reliable communi-
cation services by integrating space, aerial, and terrestrial
networks [218]. It aims to overcome terrestrial networks’
coverage limitations and satellite networks’ communica-
tion latency issues by leveraging their complementary
characteristics. This integrated architecture brings signif-
icant benefits, such as expanded coverage area, enhanced
network robustness, and improved QoS [218].

Incorporating the RIS-aided CF mMIMO framework into
SAGIN introduces new dimensions for improving network
performance and system functionality.

1) CF mMIMO can extend the terrestrial coverage by
spatially distributing multiple APs over a large area,
thus overcoming the limitations of traditional cellular
networks [198]. This spatial distribution guarantees
consistent service quality throughout the coverage
zone and introduces technical challenges and oppor-
tunities. Specifically, it necessitates solutions for joint
trajectory planning, effective mobility management,
and adaptive beamforming [219].

2) RIS can enhance both terrestrial and nonterrestrial
networks by intelligently controlling the propaga-
tion of radio waves, thereby improving the coverage
and reducing the energy consumption [33], [220].
Moreover, it can aid in the seamless integration of
heterogeneous networks by improving internetwork
communication and mitigating internetwork interfer-
ence.

However, the efficient and seamless integration of hetero-
geneous networks poses significant challenges, including
network synchronization, efficient resource allocation, and
seamless handover management [221].

D. Extremely Large-Scale MIMO and
Near-Field Communications

XL-MIMO technology is another remarkable area
where RIS-aided CF MIMO systems can bring significant
enhancements. XL-MIMO systems, characterized by the
deployment of a massive number of antennas, have the
potential to boost spectral efficiency, significantly increase
data rates, and improve the EE of wireless communications
[222], [223], [224]. Integrating XL-MIMO into RIS-aided
CF mMIMO systems to replace existing APs presents excit-
ing opportunities for enhancing network performance and
functionality [225].

1) Dimensionality and near-field channel characteristics:
The increase of antenna numbers in XL-MIMO aug-
ments the system’s dimensionality, intensifying the
inherent complexities of near-field channel charac-
teristics [226]. These complexities are further exac-
erbated by the addition of IRSs in the RIS-aided CF
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mMIMO system, which, while enhancing signal cov-
erage, also necessitates an advanced understanding
and management of the emerging channel character-
istics [227].

2) Signal focusing and multipath fading: The substantial
antenna array in XL-MIMO provides robust signal-
focusing capabilities [228]. Yet, the amalgamation of
RIS-aided CF mMIMO introduces challenges related
to interference management. The utilization of IRSs
for beamforming certainly aids in reducing interfer-
ence, but it also amplifies the concerns associated
with multipath fading [229], [230].

3) Network adaptability and configuration: Although the
distributed architecture of CF facilitates a seemingly
fluid integration of XL-MIMO, adapting to commu-
nication demands across different scenarios with the
ever-evolving RIS technology adds layers of complex-
ity in terms of network configuration, deployment,
and real-time adaptability [78].

Although the combination of XL-MIMO and RIS-aided
CF mMIMO technologies holds tremendous potential,
it also brings forth various challenges, such as the
unique characteristics of near-field channels arising from
the substantial increase in XL-MIMO antenna quan-
tity and high signal processing complexities intro-
duced by the ultra-large-dimensional channel matrix
between RIS and XL-MIMO [231]. Therefore, RIS-
aided CF XL-MIMO systems require further research and
exploration.

E. Secure RIS-Aided CF mMIMO Systems

In the rapidly evolving field of wireless communica-
tion, ensuring security against sophisticated eavesdropping
techniques is paramount [232], [233], [234]. The incor-
poration of RIS in CF mMIMO systems has emerged as a
potential solution to address these challenges [235].

1) Countering active eavesdropping with RIS: Active
eavesdroppers, often referred to as Eves, present
unique challenges in CF mMIMO systems. Specifi-
cally, they can exploit pilot contamination attacks,
causing increased rates of information leakage. One
of the effective ways to mitigate this risk is through
the joint optimization of DL power coefficients at
APs and the RIS’s phase shifts. This strategy was
shown to significantly minimize the risk of informa-
tion leakage to active Eves, harnessing the unique
capabilities of RISs to boost security in CF mMIMO
systems [52].

2) Balancing EE and security in RIS-aided CF networks:
With an increasing number of legitimate users and
eavesdroppers in CF networks, achieving EE and
security becomes a complex optimization problem.
Addressing this, researchers have explored the joint
design of distributed active beamforming, artifi-
cial noise (AN) at BSs, and passive beamforming
at RIS. Leveraging techniques such as fractional

programming, this iterative approach has shown
promising results in enhancing EE while ensuring
robust security against potential eavesdroppers [114].

3) Harnessing AN against passive eavesdropping: The dis-
tributed nature of CF mMIMO offers spatial diversity
benefits, not just to legitimate users but, unfortu-
nately, also to passive eavesdroppers. This dual-edged
sword necessitates innovative countermeasures. One
such solution is the deployment of an AN-aided secure
power control scheme. This technique exploits spatial
diversity for legitimate users and strategically deploys
AN to neutralize the gains made by passive eaves-
droppers. The outcome is an improved secrecy per-
formance, vital in ensuring secure communications in
CF mMIMO networks [236].

In essence, integrating RIS in CF mMIMO systems promises
enhanced communication capabilities and a robust shield
against eavesdropping. As these technologies converge,
there is a compelling case for further research to
design more secure and efficient wireless communication
paradigms.

VII. C O N C L U S I O N
The 6G wireless systems are expected to surpass existing
limits and realize a vision of ubiquitous connectivity, ultra-
large capacity, ultralow latency, enhanced coverage, and
green communications, thereby enabling the Internet of
Everything. Integrating user-centric CF mMIMO and RIS
has brought new vitality and potential to support the ambi-
tious goals of 6G wireless networks. In this context, we
comprehensively review RIS-aided CF mMIMO systems.
First, we presented the distinctive features of the RIS-
aided CF mMIMO system model, particularly highlighting
the difference in introducing RIS on CF mMIMO systems.
Subsequently, various approaches for channel estimation
and joint beamforming design were proposed, and a
comprehensive investigation on resource allocation was
conducted, providing essential fundamentals and insights
for the research on RIS-aided CF mMIMO systems. Also,
the unique multilayer transmission procedure and sig-
nal processing mechanisms were emphasized. Then, we
underscored the novel practical challenges brought by the
integration of RIS in CF mMIMO systems. Insightful sim-
ulation results were provided to guide system deployment
and practical implementation. Moreover, we summarized
the integration of other key technologies with the RIS-
aided CF mMIMO system and offered valuable insights into
their feasibility. Finally, we presented many RIS-aided CF
mMIMO-empowered application scenarios and potential
future directions. Our survey serves as a guideline for
primary RIS-aided CF mMIMO research works in future 6G
communications from the perspective of system modeling,
resource allocation and operation, practical performance
analysis, the integration of other key technologies, RIS-
aided CF mMIMO-empowered application scenarios, and
promising future directions.
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