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Abstract—Cell-free (CF) massive multiple-input multiple-
output (MIMO) and reconfigurable intelligent surface (RIS) are
two disruptive technologies for enabling the sixth-generation
network. In this paper, we investigate the effect of channel aging
on the RIS-aided CF massive MIMO systems over spatially
correlated channels. We consider a minimum mean square error
channel estimator that facilitates the derivation of closed-form
spectral efficiency expressions. For the uplink, we compare
the large-scale fading decoding method with the centralized
decoding method. For the downlink, we adopt the maximum
ratio precoding and propose a practical fractional power control
method to improve the performance. Based on the analytical
framework, we unveil the interplay between channel aging,
spatial correlation, and signal processing methods. Our results
demonstrate that the RIS-aided CF massive MIMO system
outperforms the conventional CF counterpart system in both
static and mobile scenarios. Moreover, when the link is weak,
the introduction of RIS can lead to even more substantial per-
formance enhancement. Also, RIS can be deployed to compensate
for system performance degradation caused by channel aging and
potentially lead to energy savings, while still achieving excellent
performance. Intriguingly, due to the mutual coupling of RIS
element and AP antenna correlations, RIS can effectively mitigate
the negative effects caused by spatial correlation among AP
antennas. Furthermore, we provide a practical rule-of-thumb
guideline for designing resource block length, accounting for the
impacts caused by channel aging.

Index Terms—Reconfigurable intelligent surface, cell-free mas-
sive MIMO, channel aging, spatial correlation, spectral efficiency.

I. INTRODUCTION

To satisfy the demand for high mobility, low-latency, high
spectral efficiency (SE), low-power consumption wireless
communications imposed by the upcoming sixth-generation
(6G) networks, various promising technologies have been
introduced in the last few decades [1], including mas-
sive multiple-input multiple-output (MIMO), millimeter-wave
communications, network densification, etc. Among them,
cell-free (CF) massive MIMO wireless network structures,
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which consist of a central processing unit (CPU) connected
to a large number of access points (APs) for coherently
serving numerous user equipments (UEs) with the same time-
frequency resource [2], stands out as the evolution of the
conventional massive MIMO technology. Compared with tra-
ditional cellular systems, the characteristic of CF massive
MIMO offers a sharp tool to circumvent the problem of strong
inter-cell interference, which is the main inherent performance
limitation in densely deployed cellular networks [3].

Recently, various important aspects and fundamentals of
CF massive MIMO have been explored to unlock its po-
tential. For example, [2] studied the CF massive MIMO
system performance which adopts the effective maximum ratio
(MR) processing based on the distributed implementation,
while [3] introduced the fully centralized signal processing
in the traditional CF mMIMO system with the minimum
mean square error (MMSE) combining scheme achieving high
spectral efficiency (SE). In addition, in contrast to the simple
centralized decoding (SCD), i.e., the same weight coefficient
is adopted for decoding across different APs, the two-layer
decoding method for CF massive MIMO is believed to serve as
an effective signal decoding scheme exploiting the MR/MMSE
combining methods in the first layer decoder at the APs and
the large-scale fading decoding (LSFD) method in the second
layer decoder at the CPU [4], [5]. Unfortunately, CF massive
MIMO still cannot guarantee an ideal quality of service (QoS)
for multiple users, under some harsh propagation conditions
such as in the practical cases of severe attenuation due to the
presence of large obstacles or poor scattering environment [6].

Reconfigurable intelligent surface (RIS) is considered as a
promising technology which can adaptively alter the prop-
agation environment without applying expensive power am-
plifiers and complex digital signal processing methods [7].
Specifically, RIS can adapt the phase of the reflected signals
with massive passive reflective elements to realize effective
beamforming [8]. Moreover, we can flexibly deploy the RIS
to assist the users with unfavorable channel conditions to
significantly improve their QoS in a cost-effective manner [9].
Notably, due to its unique structural characteristics, RIS is
different from the traditional uniform linear array (ULA) from
various aspects. For example, it has been shown in [10] that the
spatial correlation among RIS elements can be modeled as a
sinc function. Based on this, in [11], [12], the authors explored
the impact of the elements’ spatial correlation on RIS-assisted
communications and indicated that the correlation can cause
significant system performance degradation if it is ignored.
Meanwhile, RIS spatial correlations are generally coupled
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with many factors, e.g., other correlations in the antennas of
wireless transceivers, and their joint impacts on the system
performance are still far from being understood that calls for
a thorough investigation.

Inspired by their potentials, various works have focused
on novel designs for jointly exploiting the advantages of the
CF massive MIMO and the RIS to further improve system
communication performance, e.g., [13]–[17]. Specifically, the
authors in [13] proposed a joint precoding framework and
designed an alternating optimization approach to further im-
prove the sum-rate of all the UEs in RIS-aided CF massive
MIMO systems. Besides, [6] proposed an effective aggregated
channel estimation approach to acquire the channel coefficients
and investigated the RIS-aided CF massive MIMO system
with the MR combining over spatially-correlated channels. In
addition, the authors in [18] designed the joint precoding of
RIS-aided CF massive MIMO systems, utilizing a distributed
machine learning-based approach to enhance system perfor-
mance. Furthermore, aiming to improve the system capacity
and energy efficiency, a wireless energy transfer framework
for RIS-aided CF massive MIMO systems was introduced
in [14]. It was shown that effective fractional power control
(FPC) can improve the performance of RIS-aided CF systems
in the downlink. In [19], the authors introduced a joint RIS
beamforming and power control method in both single-cell and
multi-cell networks to maximize SE. Besides, in [20], the non-
convex problem of power allocation for the downlink global
energy efficiency maximization was addressed at millimeter
wave frequencies in CF mMIMO systems. However, the
aforementioned works only consider the static scenarios of
UEs where the channel realization is approximately constant
in each coherence time resource block. In practice, due to the
mobility of UEs, practical channels are varying continuously
such that the channel coefficients are different across time
but still correlated in a transmission block leading to the
so-called channel aging [21]. In fact, some previous works
have investigated the impact of channel aging on traditional
MIMO systems. For example, the authors in [22] exploited the
temporal channel correlation in channel aging for predicting
the future channel conditions in massive MIMO systems by
adopting the technique of machine learning. Specifically, it
requires a substantial amount of training data in the initial
stages to ensure the accuracy of the results. Furthermore, the
authors in [23], [24] analyzed the performance degradation
caused by channel aging on the downlink achievable sum
SE in massive MIMO systems by adopting regularized zero-
forcing (RZF) signal precoding at the APs and applying
the deterministic equivalent (DE) analysis. Also, the joint
consideration for the spatial correlations of RIS elements and
AP antennas was analyzed which are crucial in determining the
system performance. In addition, the authors in [25] proposed
a channel aging-aware precoding (CAP) algorithm for maxi-
mizing the sum rate of RIS-aided multi-user communications.
These results demonstrate that the CAP can improve system
performance at the cost of high computational complexity.
Besides, various works have studied the impact of channel
aging on CF massive MIMO systems. For instance, in [26], the
authors presented a new model for capturing the characteristic

of the temporal evolution of the channel and derived the DE
of the SINR. Also, in [27], the authors derived the closed-
form expressions of SE with LSFD and analyzed the impact
of channel aging in CF massive MIMO systems. These results
highlight the advantages of CF massive MIMO systems in
terms of channel aging compared to conventional cellular
systems. However, the practical two-layer signal processing
architecture of RIS-aided CF massive MIMO systems was
not studied in [26], [27] and the spatial correlations and
mobility effects on the distributed decoding implementation
remain unknown. Therefore, the performance boundaries and
practical architecture design of RIS-aided CF massive MIMO
systems for practical implementation in mobility scenarios
remain unknown and should be thoroughly analyzed.

Motivated by the aforementioned discussions, we investigate
the impact of channel aging on the uplink and downlink perfor-
mance of RIS-aided CF massive MIMO systems over spatially
correlated channels. More specifically, we propose the MMSE
channel estimation approach to estimate the channels between
the UEs and the APs. For the uplink, utilizing the obtained
channel estimates, we consider MR combining at the APs and
the SCD or LSFD cooperations at the CPU. We compare the
RIS-aided CF massive MIMO system performance with the CF
system in the presence of channel aging. As for the downlink,
exploiting the estimated channel state information, we utilize
the MR precoding at the APs and analyze the corresponding
system performance. Then, a practical fractional power control
(FPC) scheme is proposed to further improve the considered
downlink system performance. Also, we design a channel
aging aware scheme in the resource block to improve the
sum SE. The specific contributions of this work are listed as
follows:

• We first propose a channel aging analysis framework
of the RIS-aided CF massive MIMO system and derive
the closed-form expressions for the uplink and downlink
SE. In particular, we adopt a two-stage signal processing
method to fully utilize the advantages of the CF network
architecture. Our results show that in both mobile and
static scenarios, the RIS-aided CF massive MIMO system
outperforms the CF system in both uplink and downlink.
Specifically, when the channel of the direct link is in
deep fade, the above performance improvement is more
significant.

• We analyze the impact of different system parameters
and channel aging on the system performance, such
as the number of RIS elements, Doppler shift, spatial
correlation, transmit power, and the length of the resource
block. We find that it is beneficial to increase the number
of RIS elements with SCD and LSFD, even with a non-
adaptive RIS phase shift, but with diminishing returns
when the number of RIS elements is sufficiently large.
Also, with the deployment of multiple RISs, the system
only requires a lower power consumption than the CF
system to achieve the corresponding SE upper bound.
Moreover, the existence of spatial correlations of RIS
elements and AP antennas reduces the SE. Also, com-
pared with conventional CF massive MIMO systems, our
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analyses reveal that the performance of the RIS-aided CF
massive MIMO system is more sensitive to the amount
of available pilot resources in the existence of channel
aging. In particular, RIS can effectively compensate for
the performance degradation caused by channel aging,
especially if the latter is severe.

• We design a channel-aging-aware FPC method to resist
channel aging for practical implementation. Our results
show that the proposed FPC scheme can further improve
the SE of the UEs with poor channel conditions and se-
rious channel aging. Compared with CF massive MIMO,
RIS-aided CF massive MIMO can effectively compen-
sate the degradation of system performance caused by
channel aging such that the resource block length only
introduces a relatively insignificant impact on the sum
SE. Besides, by introducing a training phase in front of
downlink resource blocks, channel aging can be effec-
tively combated. Also, different from the fixed resource
block length scheme which has unstable performance
considering channel aging, by carefully adopting the
channel aging aware design scheme in the block, the
issue of channel aging in the RIS-aided CF system can
be alleviated to a large extent.

The rest of this paper is organized as follows. In Section II,
we present the adopted RIS-aided CF massive MIMO system
model incorporating the effects of spatial correlation, channel
aging, and pilot contamination. Next, in Section III, the
achievable system SE in the uplink is presented by considering
the impact of channel aging for both the SCD and LSFD
cooperations. Then, we present the achievable downlink SE
and design a practical FPC to further explore the potential
of the system performance with channel aging in Section IV.
Numerical results and performance analysis are provided in
Section V. Finally, Section VI concludes the paper.

Notation: The matrices and column vectors are denoted by
boldface uppercase letters X and boldface lowercase letters
x, respectively. The superscripts xH, xT, and x∗ are used
to represent conjugate transpose, transpose, and conjugate,
respectively. (·)−1 represents the matrix inverse. CN×M rep-
resents complex matrices with space N ×M . ∥·∥ and ⌊·⌋
represent the Euclidean norm and the truncated argument,
respectively. mod (·, ·) and tr (·) represent the modulus and
the trace operations, respectively. Cov {·} and E {·} are the
covariance and the expectation operators. The block-diagonal
matrix with variables x1, . . . , xm on the diagonal is de-
noted by diag (x1, . . . , xn). The definition is denoted by ≜
and sinc (x) = sin (πx)/(πx) represents the sinc function.
{x : y = z} denotes that x obeys the constraint y = z.
x ∼ CN

(
0, σ2

)
denotes the circularly symmetric complex

Gaussian random variable x with variance σ2. Finally, [R]mn

represents the element in row m and column n of matrix R.

II. SYSTEM MODEL

As depicted in Fig. 1, we consider a RIS-aided CF massive
MIMO system with L APs, K mobile UEs, T RISs, and a
CPU. We assume that each AP is equipped with N antennas
and each UE has a single antenna. The RIS consists of M
reflective elements that can introduce different phase shifts

RIS

AP l with 

N antennas

CPU

UE k

 Hl,RIS

gk,RIS

hkl,d

AP L

AP 1

Fig. 1: An RIS-aided CF massive MIMO system with multiple
mobile UEs, a CPU, and RISs.

pp c p c p

Fig. 2: Uplink and downlink resource block of the considered
system.

to the impinging signals. We assume that the UEs travel at
different speeds causing channel variations across time. Due
to the mobility of UEs, deploying RISs in close proximity
to all UEs is not possible. As a result, we assume that each
deployed RIS is close to only one AP such that T = L.
By doing so, it is guaranteed that the beam reflected from
the RIS can be effectively focused on the desired AP, while
keeping the interference caused by other RISs sufficiently
weak to be negligible [11]. Also, the APs and the RISs are
connected to the CPU via ideal fronthaul links for conveying
the received signal at the APs [3]. We consider all the K
UEs are simultaneously served by all the L APs on the
same time-frequency resource. Besides, we assume the time-
division duplex (TDD) protocol, as shown in Fig. 2, where
there are two different types of blocks: one for the uplink
data and another for the downlink data.1 In both the uplink and
downlink blocks, we assume that τp time instants are exploited
for the uplink pilot training, while the remaining τc − τp time
instants are utilized for both the uplink and downlink data
transmission.

A. Channel Model

As shown in Fig. 1, the channels are divided into two types:
the direct links from the UEs to the APs and the cascaded links
through the RIS. Let hkl,d ∈ CN be the direct link channel
between AP l, l ∈ {1, . . . , L}, and UE k, k ∈ {1, . . . ,K}.
Hl,RIS ∈ CN×M denotes the channel matrix from AP l to the
RIS and gk,RIS ∈ CM denotes the channel from the RIS to
UE k. Meanwhile, a practical model is considered to capture
the spatial correlation among the RIS reflecting elements [10].
Besides, we consider an urban environment where multiple
scatters exist without dominated line-of-sight (LoS) paths to

1The estimated channel information becomes outdated over time due to
channel aging such that the system performance is worsen over time. Hence,
to ensure the fairness of uplink and downlink UEs performance, we assume
that the uplink and downlink data is transmitted in different resource blocks
to ensure that both the uplink and downlink can utilize the most accurate
channel estimates in each resource block [28].
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UEs. Thus, we consider that hkl,d and gk,RIS at the nth time
instant follows correlated Rayleigh fading channel models that
are given by

hkl,d [n] ∼ CN (0,Rkl,d) , n = 0, 1, . . . , τc, (1)
gk,RIS [n] ∼ CN (0,Rk,RIS) , n = 0, 1, . . . , τc, (2)

respectively, where Rkl,d ∈ CN×N and Rk,RIS =
βk,RISARr ∈ CM×M are the spatially correlated matrices
of AP l’s antennas and the RIS elements, respectively.
βkl,d

∆
= tr (Rkl,d)/N and βk,RIS

∆
= tr (Rk,RIS)/AM are

the large-scale fading coefficients of the AP l-UE k and the
RIS-UE k links, respectively. The spatial correlated matrices
Rkl,d ∀l, k, and Rk,RIS ∀k, are determined by the location of
the devices in the system and the inherent hardware properties
of the RIS, and therefore existing estimation methods can
be adopted to obtain them [5]. Variable A = dHdV
represents the area of each RIS element, where dH and
dV represent the horizontal width and the vertical height
of each element, respectively. Rr ∈ CM×M is the spatial
correlation matrix of the RIS elements and its (n′,m′)-th
element is expressed as [R]n′m′ = sinc (2 ∥un′ − um′∥/λ),
where the position vector ux is expressed as
ux=[0,mod (x−1, NH) dH , ⌊(x−1)/NH⌋ dV ]T, x∈{n′,m′}
and λ represents the carrier wavelength of the carrier
frequency [10]. NV and NH are the number of elements
in each column and row at the RIS, respectively, such that
N = NV ×NH .

Different from the mobile UEs, the locations of the APs
and the RIS are generally fixed, and in practice, the RIS is
deployed at a position having an LoS to the APs to enhance
the communication for the UEs [24], [25]. Without loss of
generality, we assume that the direct link and the cascaded
link through RIS are independent and uncorrelated.2 As such,
the low-rank LoS channel Hl,RIS can be described as [24]

[Hl,RIS]nm =
√
βl,RIS exp

(
j
2π

λ
(n− 1) dAP sin θl,RIS,m

× sinϕl,RIS,m + (m− 1) dRIS sin θl,n sinϕl,n) , (3)

where βl,RIS is the path loss between AP l and the RIS,
dRIS and dAP are the inter-element separation of the RIS and
the inter-antenna separation of the AP, respectively. Besides,
ϕl,RIS,m and θl,RIS,m are the azimuth and elevation LoS angles
of departure (AoD) at AP l with respect to RIS element m,
while ϕl,n and θl,n denote the azimuth and elevation LoS
angles of arrival (AoA) at the RIS.

Let Θ = diag
(
ejθ1 , ejθ2 , · · · , ejθM

)
represent the phase

shift matrix of the M elements, where θm ∈ [−π, π] ,∀m ∈
{1, . . . ,M}, is the phase shift for the m-th element of the
RIS. Thus, the total aggregated channel between AP l and UE
k can be formulated as

okl [n] = hkl,d [n] +Hl,RISΘgk,RIS [n] ,∀n, (4)

2We focus on the impact of spatial correlation due to angle and antenna
spacing. For this reason, we do not consider the correlation between the direct
link and the cascaded link incoming signals at the observation by the APs
although it might exist [11], [17].

which consists of the cascaded link reflected by the RIS and
the direct link from AP l to UE k. Note that the adaptive
phase shift design for RIS usually relies on the availability
of instantaneous CSI. By contrast, we investigate the system
performance on a long-time scale in which the non-adaptive
phase shifts design of RIS does not have a significant impact
on the system performance. For simplicity, but without loss
of generality, we assume that the phase shifts of RIS are all
set equal to 1

4π as the one adopted in [6]. Now, we derive
the second-order statistic of okl [n] which will facilitate the
performance analysis in the following sections. The covariance
matrix of the channel okl [n] in (4) is derived as

E
{
okl [n]o

H
kl [n]

}
= E

{
hkl,d [n]h

H
kl,d [n]

}
+ E

{
Hl,RISΘgk,RIS [n]g

H
k,RIS [n]Θ

HHH
l,RIS

}
= Rkl,d +Hl,RISΘRk,RISΘ

HHH
l,RIS. (5)

In the following, we denote the aggregated channel is dis-
tributed as okl [n] ∼ CN (0,Rkl) where Rkl

∆
= Rkl,d +

Hl,RISΘRk,RISΘ
HHH

l,RIS.

Remark 1. Note that if the spatially correlated matrix of
RIS elements Rr = IM is considered, the overall covariance
becomes Rkl = Rkl,d + βk,RISAHl,RISH

H
l,RIS. In this case,

Rkl is independent of the non-adaptive reflecting beamforming
matrix at the RIS such that the phase shifts of the RIS do not
have an impact on the long timescale system performance.

B. Channel Aging

In practice, the existence of channel aging leads to outdated
channel estimates, which has been shown to affect system
performance significantly [25]. Mathematically, the aggregated
channel okl [n] at time instant n can be modeled as a function
of its initial state okl [0] and an innovation component [27],
which can be modeled as

okl [n] = ρk [n]okl [0] + ρ̄k [n] ekl [n] ,∀k, l, n, (6)

where ρk [n] denotes the temporal correlation coefficient be-
tween the channel realizations of UE k at time 0 and n, while
ρ̄k [n] =

√
1− ρ2k [n]. Besides, ekl [n] ∼ CN (0,Rkl) is the

channel independent component at time instant n. Without
loss of generality, we consider ρk [n] = J0 (2πfD,kTsn) with
J0 (·) being the zeroth-order Bessel function of the first kind
[29, Eq. (9.1.18)], where fD,k = (vkfc)/c is the Doppler shift
experienced by UE k.3 Subsequently, vk, c, and fc denote the
velocity of UE k, the speed of light, and the carrier frequency,
respectively. Ts represents the channel sampling duration. It
is not difficult to find that a higher speed of a UE or a longer
delay generally results in the decreases of ρk [n], although not
always monotonically.

3The adopted Jakes model is often employed to describe channel aging,
e.g., [21], which assumes a two-dimensional isotropic scatter with a vertical
monopole antenna equipped at the receiver. Due to the isotropy assumption,
the variety in velocity caused by different angles resulting from the positions
of the AP and RIS does not affect the modeling given by the J0 (·) function.
Therefore, we assume that the velocities of UEs with respect to the AP and
RIS are identical such that we can apply one Jake model to capture the channel
aging characteristic of both the AP-UE and RIS-UE channels.
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C. Uplink Pilot Training and Channel Estimation

In practical RIS-aided CF massive MIMO systems, it is
difficult to capture perfect channel state information (CSI)
and the APs need to estimate the channel via exploiting pilot
training sequences [17]. Hence, we impose an assumption
that τp mutually orthogonal time-multiplexed pilot sequences
are employed. This implies that pilot sequence t represents
the transmission of a pilot signal only at time instant t
within the resource block. This pilot design is crucial for
maintaining orthogonality between the pilots, particularly in
the presence of channel aging [27], [30]. tk ∈ {1, . . . , τp}
denotes the index of the time instant adopted by UE k and
Pk ∈ {i : ti = tk} ⊂ {1, . . . ,K} denotes the UEs that adopt
the same time instant for pilot transmission with UE k. The
received signal at AP l in time instant tk is denoted as

zl [tk] =
∑
i∈Pk

√
pioil [ti] +wl [tk] , (7)

where wl [tk] ∼ CN
(
0, σ2IN

)
denotes the noise at AP l and

σ2 is the noise power per antenna. pi ≥ 0 denotes the pilot
transmission power by UE i. We can exploit the received signal
to estimate the channels at any time instant in a block. In order
to ensure the accuracy of the estimated channels, we estimate
the channels at ε = τp + 1 time instant. Subsequently, these
estimated channels are adopted as the initial states to obtain
the estimation of the aggregated channels for the later time
instants. Hence, the tith time instant channel between UE i
and AP l can be denoted by the channel at instant ε as

oil [ti] = ρi [ε− ti]oil [ε] + ρ̄i [ε− ti] fil [ti] , (8)

where fil [ti] ∼ CN (0,Rkl) is the independent innovation
component which relates oil [ε] and oil [ti]. By utilizing (8),
we can rewrite (7) as

zl [tk]=
∑
i∈Pk

√
piρi[ε−ti]oil [ε]+

∑
i∈Pk

√
piρ̄i[ε−ti]fil [ti]+wl[tk]

=
√
pkρk [ε− tk]okl [ε]︸ ︷︷ ︸

DSkl,tk

+
∑

i∈Pk/{k}

√
piρi [ε− ti]oil [ε]︸ ︷︷ ︸

PCkil,tk

+
∑
i∈Pk

√
piρ̄i [ε− ti] fil [ti]︸ ︷︷ ︸

CAkl,tk

+wl [tk] , (9)

where DSkl,tk denotes the desired signal, PCkil,tk denotes the
pilot contamination, and CAkl,tk denotes the channel aging
effect. Based on (8) and (9), if Rkl can be obtained by AP
l, we can adopt the local MMSE aggregated channel estima-
tion approach4 [6], [17] to estimate the effective aggregated
channel okl [ε] as

ôkl [ε] =
√
pkρk [ε− tk]RklΨklzl [tk] , (10)

where Ψkl = (
∑

i∈Pk

piRil + σ2IN )−1. The estimated channel

ôkl [ε] and the channel estimation error õkl [ε] = okl [ε] −

4Based on [31], we adopt a local MMSE estimator to reduce the error of
channel estimation and obtain the effective channel estimate that ages over
time.

ôkl [ε] are independent random variables with the distribution
as CN (0,Ωkl) and CN (0,Rkl −Ωkl), respectively, where

Ωkl ≜ pkρ
2
k [ε− tk]RklΨklRkl. (11)

The quality of the estimated channel ôkl [ε] is degraded by the
channel aging coefficient ρk [ε− tk] and those UEs exploiting
the same pilot at time instant tk, i.e., pilot contamination. Note
that when there is no channel aging, i.e., ρk [ε− tk] = 1,
the resource blocks of the considered system become the
conventional block-fading model. In other words, the model
in (10) is a generalization as those in [2] and [11].

III. UPLINK DATA TRANSMISSION AND PERFORMANCE
ANALYSIS

In this section, we investigate the uplink performance of
RIS-aided CF massive MIMO systems considering the RIS
elements spatial correlation and channel aging. Furthermore,
we derive the asymptotic closed-form expressions for analyz-
ing the uplink SE performance by adopting MR combining.
Then, compared with the SCD method, we apply the LSFD
signal processing method at the CPU to further exploit the
potential of the system performance.

A. Uplink Data Transmission

We consider that the data is transmitted to all the APs by the
UEs simultaneously in the uplink. Exploiting the local channel
estimates, all the APs perform a local estimate of the uplink
data transmission. These estimated data are then conveyed to
the CPU through the dedicated fronthaul links for further joint
data detection [3]. During the instants ε ⩽ n ⩽ τc, the uplink
received signal yl [n] ∈ CN at AP l can be obtained as

yl [n] =
√
pu

K∑
i=1

√
ηioil [n] si [n] +wl [n] , (12)

where pu denotes the maximum uplink data transmit power
and 0 ⩽ ηk ⩽ 1 represents the power control coefficient,
respectively. si [n] ∼ CN (0, 1) denotes the signal transmitted
by UE i and wl [n] ∼ CN

(
0, σ2

uIN
)

is the receiver noise at
AP l.

We consider that the APs locally process the uplink received
data with the local combining vector vkl ∈ CN which can
be designed by AP l for UE k.5 Subsequently, the locally
estimated signal ⌣

skl [n] can be obtained as

⌣
skl [n]= vH

kl [ε]yl [n]

=
√
pu

K∑
i=1

vH
kl [ε]oil [n]

√
ηisi [n]+vH

kl [ε]wl [n] ,∀n.

(13)

Here, we can represent oil [n] by the initial state oil [ε] in the
data transmission phase as

oil [n] = ρi [n− ε]oil [ε] + ρ̄i [n− ε]uil [n] , (14)

5Adopting the local processing at the APs can make the full use of local
channel estimation to decode signals [3]. Furthermore, the CPU only requires
to acquire the channel statistics instead of all the knowledge of the channel
estimates, which reduces the signaling overhead required in the fronthaul [11],
[32].
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ŝk [n] =

L∑
l=1

a∗kl [n]
⌣
skl [n] =

√
puηkρk [n− ε]

L∑
l=1

a∗kl [n]E
{
vH
kl [ε]okl [ε]

}
sk [n]︸ ︷︷ ︸

DSk,n

+
√
puηkρ̄k [n− ε]

L∑
l=1

a∗kl [n]v
H
kl [ε]ukl [n] sk [n]︸ ︷︷ ︸

CAk,n

+

K∑
i ̸=k

√
pu

L∑
l=1

√
ηia

∗
kl [n]v

H
kl [ε]oil [n] si [n]︸ ︷︷ ︸

UIki,n

+
√
puηkρk[n− ε]

(
L∑

l=1

a∗kl [n]
(
vH
kl [ε]okl [ε]− E

{
vH
kl [ε]okl [ε]

}))
sk [n]︸ ︷︷ ︸

BUk,n

+

L∑
l=1

a∗kl [n]v
H
kl [ε]wl [n]︸ ︷︷ ︸

NSk,n

. (15)

where uil [n] ∼ CN (0,Ril) is the independent component
related to oil [ε] and oil [n]. Then, all the APs sent the local
estimates ⌣

skl [n] in (13) to the CPU for signal detection.
In particular, ⌣

skl [n] are linearly weighted at the CPU with
the weight coefficients akl [n] ∈ C to further mitigate the
interference from other UEs [3]. The post-processed signal
ŝk [n] is given by (15) at the top of this page. DSk,n denotes
the desired signal of UE k, CAk,n denotes the effect of channel
aging, UIki,n denotes the inter-user interference, BUk,n de-
notes the uncertainty of beamforming gain, and NSk,n denotes
the received noise term, respectively.

B. Performance Analysis

We adopt the SCD and LSFD weighted coefficients at the
CPU to study the uplink performance of the RIS-aided CF
massive MIMO system, and then analyze the corresponding
spatial correlations and channel aging effects.6 Based on
(15), the uplink achievable SE lower bound of UE k can be
expressed by adopting the use-and-then-forget (UatF) bound
[3] that yeilds7

SEk =
1

τc

τc∑
n=ε

log2 (1 + γk [n]) , (16)

where the effective signal-to-interference-plus-noise ratio
(SINR) γk [n] can be denoted as

γk [n]

=
E
{
|DSk,n|2

}
E
{
|BUk,n|2

}
+E
{
|CAk,n|2

}
+

K∑
i ̸=k

E
{
|UIk,n|2

}
+E
{
|NSk,n|2

} .
(17)

Remark 2. Since the closed-form expressions of the SE with
MMSE combining at the AP cannot be obtained while the
MR combining is simple with low computational complexity,

6Note that the LSFD can maximize the SE of UE k but at the cost of high
computational complexity [3]. In contrast, the SCD has a lower computational
complexity but with some performance loss. Both decoding methods are
typical in CF massive MIMO syetems [33].

7Note that to achieve channel hardening and favorable propagation [34], the
number of antennas needs to approach infinity. Considering this, we adopt the
UatF bound to derive the closed-form SINR expressions, which yields a lower
bound of the ergodic SE.

hence, we focus on the MR combining method at the local
APs to obtain the closed-form expressions of the uplink SE
with vkl [ε] = ôkl [ε].

1) Large Scale Fading Decoding: In this case, each AP can
preprocess its signal by computing the local estimates of the
uplink data and then convey them to the CPU for the final
signal decoding. Notice that the CPU can optimize the weight
coefficient vector ak [n] = [ak1 [n] , · · · , akL [n]]

T ∈ CL to
maximize the SE. Yet, the CPU can only exploit the channel
statistics since it does not have any estimated knowledge of
the channel acquired by the APs. It is known as the LSFD
approach in massive MIMO systems [3] and the obtained key
result is summarized in the following.

Theorem 1. The closed-form SINR expression for the uplink
SE with LSFD of UE k is expressed as (18) at the top of the
next page, where

Zk ≜ diag (tr (Ωk1) , · · · , tr (ΩkL)) ∈ CL×L, (19)

Ak [n] ≜ diag (ak1 [n] , · · · , akL [n]) ∈ CL×L. (20)

Also, the non-coherent interference signal Γki is denoted as

Γki ≜ diag (tr (Ωk1Ri1) , · · · , tr (Ωk1RiL)) ∈ CL×L. (21)

The coherent interference is shown as

Λki ≜ diag (ϖki,1, · · · , ϖki,L) ∈ CL×L, (22)

ϖki,l ≜ ρk [ε− tk] ρi [ε− ti]
√
pkpitr (RilΨklRkl) . (23)

Finally, the noise at the CPU is shown as

Ξk ≜ diag (tr (Ωk1) , · · · , tr (ΩkL)) ∈ CL×L. (24)

Proof: The proof is given in Appendix A.
Indeed, without the RIS, the closed-form SINR (18) in

Theorem 1 degenerates to the results in [27]. Furthermore, we
notice that the LSFD coefficient vector ak [n] is different for
different time instant n while the CPU can optimize ak [n]
to maximize the effective SINR in (18). In the following,
we introduce a corollary for the optimal choice of the LSFD
coefficient.
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γLSFD
k [n] =

ρ2k [n− ε] puηk
∣∣tr (AH

k [n]Zk

)∣∣2
pu

K∑
i=1

ηitr
(
AH

k [n]ΓkiAk [n]
)
+ pu

∑
i∈Pk\{k}

ρ2i [n− ε] ηi
∣∣tr(AH

k [n]Λki

)∣∣2 + σ2
utr
(
AH

k [n]ΞkAk [n]
) . (18)

γSCD
k [n] =

ρ2k [n− ε] puηk|tr (Zk)|2

pu
K∑
i=1

ηitr (Γki) + pu
∑

i∈Pk\{k}
ρ2i [n− ε] ηi|tr (Λki)|2 + σ2

utr (Ξk)

. (27)

Corollary 1. The optimal LSFD coefficient for maximizing the
SINR is expressed as

ak[n]=

pu K∑
i=1

ηiΓki−pu
∑

i∈Pk\{k}

ηiρ
2
i [n− ε]ΛkiΛ

H
ki+σ2Ξk

−1

bk,

(25)

where bk = diag (Zk). Then, the maximum SE in (16) can be
realized with SINR γLSFD

k as

γLSFD
k [n] = puηkρ

2
k [n− ε]bH

k

(
pu

K∑
i=1

ηiΓki

−pu
∑

i∈Pk\{k}

ηiρ
2
i [n− ε]ΛkiΛ

H
ki + σ2Ξk

−1

bk.

(26)

Proof: By following the standard results in [4], (25) and
(26) can be easily derived and therefore omitted.

As the channel aging coefficient ρi [n− ε] decreases, the
weight coefficient akl [n] in (25) decreases accordingly, which
means that the corresponding signal impact is reduced to
compensate for the impact of channel aging when the chan-
nel aging becomes serious. Meanwhile, from Corollary 1
we can observe that the increase of ρk [n− ε] leads to
the increase of SINR in (26). As such, channel aging is
detrimental to the system performance. The computational
complexities for complex-valued multiplications of the LSFD
are O

(
1
3L

3 +
(
K + 3

2

)
L2 + 13

6 L
)
. Obviously, although the

LSFD can achieve better performance by optimizing the
weight coefficient, its computational complexity is high, es-
pecially when the number of APs is large.

On the other hand, let us consider the application of the SCD
at the CPU that enjoys a lower computational complexity but
at the expense of some performance loss.

2) Simple Centralized Decoding: In this case, the received
signals at each AP are processed with MR combining, then
are all sent to the CPU for further processing with SCD [3].
Actually, it is a special case of LSFD and the coefficient is
written as ak = [1, · · · , 1]T ∈ CL×1.

Corollary 2. The SINR γSCD
k is denoted as (27) at the top of

this page.

Remark 3. It is noted that in both (18) and (27), the
channel aging affects both the denominator and numerator
of the SINR through ρk [n− ε]. However, it is obvious that

when ρk [n− ε] → 0, i.e., the impact of the channel aging
becomes extremely serious, the denominator decreases and
the SINR → 0. Also, if we assume that the number of AP
antennas N → ∞, then we can obtain that Rkl ≈ Rkl,d

such that tr (Ωkl) = ρ2k [λ− tk] pkβ
2
kl,dΨklN , where Ψkl =

(
∑

i∈Pk

piβil + σ2)−1. Then, (18) and (27) can be rewritten in

the form of γu
k = ẋ/(ẏ + ż/N), where ẋ denotes the desired

signal, ẏ and ż denote the inter-users interference and the
noise, respectively. In this case, we can find that the uplink
SINR of UE k is a monotonicity increasing function of N .

IV. DOWNLINK DATA TRANSMISSION

In this section, we apply the same framework as the uplink
to study the SE performance problem in the downlink. By
considering the impacts of channel aging and spatial corre-
lations, we derive the downlink achievable SE closed-form
expressions. Subsequently, we introduce a practical FPC to
further improve the performance of the considered system.

A. Downlink Data Transmission and Performance Analysis

As shown in Fig. 2, the time instants τc − τp are adopted for
downlink data transmission in each downlink resource block.
We assume that the RIS-aided CF massive MIMO system
adopt the coherent joint transmission and all the APs transmit
the same data symbols to each UE. By exploiting the MR
precoding, the downlink transmitted signal from AP l at nth
time instant can be denoted as

xl [n] =
√
pd

K∑
i=1

ôil [ε]
√
µils

d
i [n] , (28)

where pd represents the maximum transmission power for each
AP in the downlink, and 0 ⩽ µil ⩽ 1 denotes the power
control coefficient. sdi [n] ∼ CN (0, 1) denotes the signal trans-
mitted from the APs to UE i and E

{
sdi [n] s

d
k [n]

}
= 0,∀i ̸= k.

Based on (14), the received signal sent from all the APs at
UE k at nth time instant is given by (29) at the top of the
next page, where DSd

k,n denotes the downlink desired signal,
CAd

k,n denotes the channel aging, UIdki,n denotes the inter-user
interference, and wd

k [n] ∼ CN
(
0, σ2

d

)
denotes the noise.

Theorem 2. The closed-form expression for the downlink SE
of UE k is expressed as

SEd
k =

1

τc

τc∑
n=ε

log2
(
1 + γd

k [n]
)
, (30)
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ydk [n] =

L∑
l=1

oH
kl [n]xl [n] + wk [n] =

√
pdρk [n− ε]

L∑
l=1

√
µklo

H
kl [ε]ôkl [ε] s

d
k [n]︸ ︷︷ ︸

DSd
k,n

+
√
pd

L∑
l=1

K∑
i ̸=k

√
µilo

H
kl [n]ôil [ε]s

d
i [n]︸ ︷︷ ︸

UIdki,n

+
√
pdρ̄k [n− ε]

L∑
l=1

√
µklu

H
kl [n]ôkl [ε] s

d
k [n]︸ ︷︷ ︸

CAd
k,n

+wd
k [n] . (29)

where γd
k [n] is expressed as (31) at the top of the next page.

The closed-form expression of SINR in (30) can be further
computed and represented as (32) at the top of the next page,
where Ω̄kil =

√
pipkρi [ε− ti] ρk [ε− tk]RilΨklRkl.

Proof: The proof of (32) can be derived by following the
similar steps as Theorem 1.

Remark 4. Note that without the cascaded channel of RIS,
Theorem 2 is degraded into [27, Eq. (35)]. Besides, focusing
on the impact of channel aging, the SINR in (32) can be rewrit-
ten in the form of γd

k = ȧ
/(

ḃ+ ζ̇ ċ
)

, where ζ̇ ≜ 1
/
ρ2k [n− ε],

ȧ denotes the desired signal, ḃ and ċ are mainly dependent
on the inter-users interference and the noise, respectively. ȧ,
ḃ, and ċ are positive constants. Thus, we can find that the
downlink SINR of UE k is a monotonicity increasing function
of the temporal correlation coefficient ρk [n− ε] which reveals
that the existence of channel aging reduces the downlink
performance of UEs.

B. Downlink Fractional Power Control

For the downlink data transmission, we focus on the UEs
fairness and aim to improve the QoS for the UEs that have
poor connection strength with APs. In practice, in CF massive
MIMO systems, the system performance is limited by the
near-far effects [2] which still exist in the considered system.
To tackle this issue, we extend the power control policy in
[27] to the considered system. Specifically, we utilize the
estimated channel information and obtain the FPC coefficients
to equalize the path gain as

µkl =
β−1
k∑K

i=1 tr (Ωil)β
−1
i

, l = 1, . . . , L, k = 1, . . . ,K, (33)

where βk =
∑L

l=1 tr (Rkl)
/
L represents the average con-

nection strength between UE k and all APs, while tr (Ωil)
introduces the effects of channel aging.

Remark 5. Note that when channel aging is severe, tr (Ωil)
becomes small such that the power coefficient increases to
improve UEs performance. Also, from (33), it can be observed
that when βk is small, it means that the average channel
quality from user k to all APs is poor. In such cases, the power
coefficient µkl allocated to user k is increased to improve
performance.

V. NUMERICAL RESULTS AND DISCUSSION

We assume that all the APs and UEs are randomly dis-
tributed within the 500 m× 500 m area, respectively. Mean-
while, each RIS is deployed at a distance of 5 m from
the corresponding AP. Also, we set the carrier frequency
fc = 2 GHz. In addition, the length of each coherence block
is τc = 200 and τp = 8 are adopted for pilot transmission.

For the path loss, we take AP l-UE k as an example and
we adopt a three-slope propagation model [5] to compute
the path loss βo

kl,d. We obtain Rkl,d from [27] with the
angular standard deviation (ASD) denoting the correlation
strength, which is determined by the position and angle of
the transmitter and receiver antennas. Notably, we consider
the direct links are under harsh propagation conditions due
to the presence of large obstacles and the obstacle fading
coefficient α is denoted as βkl,d = βo

kl,d × 10−α which
represents the connection strength of the direct link from the
APs to the UEs. Without loss of generality, we assume the pilot
transmit power pk = 20 dBm,∀k. Meanwhile, the uplink and
the downlink maximum transmission power are pu = 20 dBm
and pd = 23 dBm, respectively. Finally, the noise power is
σ2 = −96 dBm.

A. The Length of Resource Blocks

Fig. 3 shows the average SE per UE of the uplink with
LSFD or SCD and the downlink with FPC in RIS-aided CF
massive MIMO system in the first 500 time instant indices.
Here, we assume that the resource block length is longer
than 500. We notice that the first zero position appears at
n = 395 and n = 200 with the Doppler shift fDTs increasing
from 0.001 to 0.002, corresponding to the UEs’ mobility
ranged from 15 m/s to 30 m/s. It means that as the UE
movement speed increases, the communication performance is
degraded. In particular, for a sufficiently high UE’s mobility,
the lower bound of the SE derived in (18), approaches zero
due to the use of UatF bound. Meanwhile, the peaks of
the fluctuations become smaller with increases of the time
instant index. Hence, it is necessary to reasonably design
the resource block length to reduce the channel aging effect.
Considering that, in Fig. 4, we evaluate the sum SE (expressed

as SEsum =
K∑

k=1

(
1
2SELSFD

k + 1
2SEd

k

)
) with different resource

block length τc against the value of fDTs. It is clear that as
τc increases, the sum SE drops faster and RIS can provide
significant performance gains. To further reduce the impact
of channel aging, we restrict the resource block τc such that
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γd
k [n] =

ρ2k [n− ε] pd
L∑

l=1

µkl

∣∣E{oH
kl [ε] ôkl [ε]

}∣∣2
pd

K∑
i=1

L∑
l=1

µilE
{∣∣oH

kl [ε] ôil [ε]
∣∣2}− ρ2k [n− ε] pd

L∑
l=1

µkl

∣∣E{oH
kl [ε] ôkl [ε]

}∣∣2 + σ2
d

. (31)

γd
k [n] =

ρ2k [n− ε] pd

∣∣∣∣ L∑
l=1

√
µkltr (Ωkl)

∣∣∣∣2
pd

K∑
i=1

L∑
l=1

µiltr (ΩilRkl) + ρ2k [n− ε] pd
∑

i∈Pk\{k}

∣∣∣∣ L∑
l=1

√
µiltr

(
Ω̄kil

)∣∣∣∣2 + σ2
d

. (32)
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Fig. 3: Average uplink and downlink SE against different
values of fDTs with time instant index (L = 60, K = 10,
N = 2, M = 64, τp = 8, dV = dH = 1

2λ, α = 0).
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Fig. 4: Average sum SE against different values of fDTs

under different lengths design of the resource block (L = 60,
K = 10, N = 2, M = 64, τp = 8, dV = dH = 1

2λ, α = 0).

it is less than the value n of the first zero point in Fig. 3.
More specifically, we adopt the maximum Doppler shift, i.e.,
fDTs = 0.004 in Fig. 4 to calculate the value of the first zero
point. As shown in Fig. 4, with the adjusted practical channel
aging-aware resource block design, the sum SE tends to be
more stable in the considered range of Doppler frequency shift
as the resource blocks become shorter to mitigate the impacts
caused by channel aging.

Fig. 5 shows the average sum SE (expressed as SEsum =
K∑

k=1

(
1
2SELSFD

k + 1
2SEd

k

)
) against different lengths of the re-

source block τc under different fDTs with/without a training
phase before the downlink transmission. We find that in the
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25

f
D

T
s
 = 0

f
D

T
s
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f
D
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s
 = 0.004

Fig. 5: Average sum SE against different lengths of re-
source block τc under different fDTs with/without training
phase before downlink transmission (L = 60, K = 10, N = 2,
M = 64, τp = 8, dV = dH = 1

2λ, α = 0).

absence of channel aging, i.e., fDTs = 0, performing training
only on the uplink frame structure can achieve better perfor-
mance than that on both the uplink and downlink. However,
when the channel aging becomes severe, i.e., fDTs = 0.004,
the advantage of introducing an extra pilot training phase
before the downlink data transmission is highlighted. Specifi-
cally, when fDTs = 0.001, the average sum SE first increases
and then decreases with the increases in τc. However, the
introduction of a training phase before the downlink data
transmission can alleviate the rate of performance degrada-
tion. These findings underscore the necessity of incorporating
extra training periods before the downlink data transmission,
especially when channel aging is severe and the length of a
resource block is long.

The average uplink SE per UE for CF and RIS-aided CF
massive MIMO systems against the number of τp is shown
in Fig. 6. It is clear that when τp < K, increasing τp can
improve the system performance of the above two systems.
Meanwhile, with τp > K, the average SE decreases as
τp increases because of the pilot redundancy occupying the
data transmission block dominating the resource consumption.
Besides, we find that the length of the pilot has a more
significant impact on the RIS-aided CF massive MIMO system
than the CF massive MIMO system since the cascaded link
introduced by RIS brings additional channel aging effects
and pilot contamination. This reveals that it is particularly
important to ensure the number of τp as close as possible
to the number of UE K to suppress the pilot contamination
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Fig. 6: Average uplink SE per UE for CF and RIS-aided
CF massive MIMO system against τp with different values
of fDTs under LSFD (L = 60, K = 10, N = 2, M = 64,
dV = dH = 1

2λ, α = 0).
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Fig. 7: Average uplink and downlink SE for CF and RIS-
aided CF massive MIMO system against α (L = 60, K = 10,
N = 2, τp = 8, dV = dH = 1

2λ, fDTs = 0.001).

caused by channel aging for RIS-aided CF massive MIMO
systems.

B. Spectral Efficiency Analysis

Fig. 7 shows the average SE of the uplink with LSFD
or SCD and the downlink with FPC as a function of the
obstacle fading coefficient α. We find that in both the uplink
and downlink data transmission when the direct link becomes
weak or even obscured, the performance of the RIS-aided
CF massive MIMO system drops slowly, while that of the
CF system drops rapidly and finally approaches 0.5 bit/s/Hz.
This indicates the important role of RIS in the case of serious
link occlusion even in mobility scenarios. Furthermore, we
introduce LSFD in the CPU to explore the potential of the
system performance. It is clear that RIS-aided CF massive
MIMO system performance is always better than CF mMIMO
system with LSFD. These reveal that when the CF massive
MIMO system has serious obstructions, deploying RIS is an
effective solution to improve the system performance.

Fig. 8 compares the cumulative distribution function (CDF)
of the average uplink SE per UE for the RIS-aided CF massive
MIMO system against different numbers of M with SCD
or LSFD, respectively. We illustrate the CDF of the uplink
SE by adopting Monte-Carlo simulations and the proposed
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Fig. 8: CDF of uplink SE per UE against the number of
M with SCD and LSFD (L = 60, K = 10, N = 2, τp = 8,
dV = dH = 1

2λ, α = 0).
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Fig. 9: CDF of downlink SE per UE against different values
of fDTs with full power and FPC (L = 60, K = 10, N = 2,
M = 100, τp = 8, dV = dH = 1

2λ, α = 0).

analytical framework. We observe that the user performance
in the RIS-aided CF system adopting SCD closely matches
that of the CF system without channel aging. It reveals that
the introduction of RIS can effectively compensate for the
performance degradation in CF systems caused by channel
aging. Also, compared with SCD cooperation at the CPU,
the LSFD achieves a performance improvement of 91% and
68% at fDTs = 0 and fDTs = 0.002 at 95% of the SE,
respectively. Besides, by comparing the RIS-aided CF system
with channel aging adopting the LSFD method and the RIS-
aided CF system without channel aging adopting SCD, we find
that for 95%-likely per-user SE point, even in the presence
of channel aging, the implementation of the LSFD method
still achieves performance improvement. Therefore, LSFD can
provide better performance compared to SCD in RIS-aided CF
massive MIMO systems. However, as channel aging becomes
severe, the improvement slows down with respect to SCD.

The CDF of the average downlink SE per UE for RIS-
aided CF massive MIMO systems against different values
of fDTs under different power control schemes is shown in
Fig. 9. We utilize the Monte-Carlo simulations to confirm the
accuracy of the downlink-derived analysis in (31). It is clear
that RIS can effectively compensate for a substantial portion
of the performance loss caused from channel aging. Also,
compared with full power transmission, the practical FPC can
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Fig. 10: Average uplink and downlink SE per UE for RIS-
aided CF massive MIMO system against different num-
ber of RIS elements M (L = 60, K = 10, N = 2, τp = 8,
dV = dH = 1

2λ, α = 0, fDTs = 0.001).
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Fig. 11: Average uplink SE per UE for RIS-aided CF massive
MIMO system versus RIS elements M under different RIS
elements spatial correlation (L = 60, K = 10, N = 2, τp = 8,
α = 0, fDTs = 0.001).

significantly improve the SE for UEs with poor performance.
Besides, we notice that increasing fDTs from 0 to 0.002 leads
to the gain caused by the FPC scheme over the full-power one
is 13% and 11% at 50% of SE, respectively. It reveals that even
with severe channel aging, FPC is still a satisfactory choice
for balancing the UEs’ performance in the considered systems.

Fig. 10 shows the uplink and downlink average SE per
UE for the RIS-aided CF mMIMO system against different
number of RIS elements under different combining schemes.
It is clear that both the uplink SE with SCD and LSFD
combining, as well as the downlink SE with FPC and full
power transmission increase with increasing number of RIS
elements M . In particular, the performance improvement of
LSFD is more significant. Indeed, the LSFD can exploit the
global knowledge of the channel statistics in the entire network
to optimize the weight coefficients that can effectively mitigate
multiuser interference. This approach is effective for the RIS to
compensate for performance degradation due to channel aging.
Notably, compared with M = 36, having M = 144 only offers
a marginal performance gain. It reveals that continuously
increasing the number of RIS elements with non-adaptive
phase shifts under channel aging is not cost-effective, even
when employing LSFD.
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Fig. 12: Average uplink SE per UE against different fDTs with
spatial correlation of RIS elements and AP antennas over the
LSFD and FPC (L = 60, K = 10, N = 2, M = 64, τp = 8,
α = 0).
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Fig. 13: Average uplink and downlink SE per UE against
different fDTs with different number of RIS elements and AP
antennas over the LSFD and FPC (L = 60, K = 10, τp = 8,
dV = dH = 1

2λ, α = 0).

Fig. 11 shows the average uplink SE per UE for the RIS-
aided CF massive MIMO system versus the number of RIS
elements M under different RIS elements spatial correlations.
dH = dV = 1

8λ,
1
4λ,

1
2λ denote different spatial correlations

of RIS elements, R = IM denotes the case of no spatial
correlation. Note that the RIS elements’ spatial correlation
has a negative effect on the uplink SE which degrades the
effectiveness of passive beamforming of the RIS. Furthermore,
when dH = dV = 1

2λ, its SE performance approaches that of
the ideal one. In particular, when the number of RIS elements
M varies from 16 to 100, the loss of average SE for strong
spatial correlation (i.e., dV = 1

8λ) and weak correlation is
0.181 bit/s/Hz and 0.098 bit/s/Hz, respectively. Thus, sepa-
rating the neighboring RIS elements by half a wavelength
distance is important. Yet, when the number of RIS elements
is sufficiently large, the influence of spatial correlation will be
weakened in RIS-aided CF mMIMO systems under channel
aging.

Fig. 12 illustrates the average uplink SE per UE against
different fDTs when considering the spatial correlation of RIS
elements and AP antennas with the LSFD scheme. Here, the
variables Rkl,d = βkl,dIN and ASD = 10◦ represent the
uncorrelated and strong spatial correlation of AP antennas,
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Fig. 14: Average uplink SE per UE against different UE
maximum transmit power with different values of fDTs

over the LSFD (L = 60, K = 10, N = 2, M = 16, τp = 8,
dV = dH = 1

2λ, α = 0).

respectively. Additionally, R = IM and dV = 1
8λ denote

the uncorrelated and the strong spatial correlation of RIS
elements, respectively. It is important to note that the presence
of either type of correlation mentioned above individually
jeopardizes system performance. Furthermore, in the RIS-
aided CF mMIMO system, the impact of spatial correlation
between AP antennas becomes less significant compared to the
conventional CF system. This phenomenon can be attributed
to the mutual coupling of correlations, where the spatial
correlation of AP antennas can have a positive impact on
system performance due to its interaction with the RIS correla-
tion, which originally has a negative impact. This observation
reveals that deploying RIS can effectively mitigate the negative
effects caused by spatial correlation between AP antennas.

Fig. 13 displays the average uplink and downlink SE per
UE for various fDTs considering different numbers of RIS
elements and AP antennas with the LSFD and FPC schemes.
From the graph, it is evident that both uplink and downlink
performance improves with an increase in the number of RIS
elements or AP antennas. Specifically, in the RIS-aided CF
massive MIMO system,the uplink performance with N = 2
antennas at the AP and M = 64 elements at the RIS
surpasses that of the CF massive MIMO system with N = 3
antennas at the AP. Moreover, the improvement in downlink
performance is even more substantial. Therefore, when the
hardware resources for AP antennas are limited, deploying
cost-effective RIS can still yield the expected performance
enhancements, even in the presence of channel aging.

Fig. 14 shows the average uplink SE per UE against
different UE maximum transmit powers with different values
of fDTs over the LSFD. We note that as the UE’s maximum
transmit power increases, the SE increases with diminishing
returns and becomes saturated eventually at sufficiently high
transmit power. Also, after deploying multiple RISs, the sys-
tem requires a lower power consumption than the CF system
to achieve the corresponding SE upper bound. It reveals that
deploying RIS can lead to energy savings while still achieving
excellent performance.

VI. CONCLUSIONS

In this paper, we investigated the uplink and downlink
performance of RIS-aided CF massive MIMO systems with
channel aging over spatially correlated channels. For the
uplink, we considered the MR combining at the APs and the
SCD or LSFD cooperations at the CPU. As for the downlink,
we adopted the MR signal precoding at the APs and proposed
the practical FPC method. In particular, we derived the uplink
and downlink SE closed-form expressions and quantified the
impact of channel aging for the considered system. Our results
showed that in both mobile and static scenarios, the RIS-aided
CF massive MIMO system performs better than the CF system
in both uplink and downlink. By contrast, when the channel
of the direct link is in deep fade, the above performance
improvement is more significant. In practice, designing the
RIS element spacing to be half a wavelength can effectively
minimize the spatial correlation, thereby reducing the impact
of channel aging. Also, RIS can reduce the overhead of AP
antennas number and couple the spatial correlation of AP
antennas to reduce the impact of the latter. Furthermore, the
results show that even with severe channel aging, the channel
aging-aware FPC is still a satisfactory choice for balancing the
UEs’ performance. Meanwhile, for practical applications in
mobility scenarios of RIS-aided CF massive MIMO systems,
we proposed the channel aging aware resource block design
scheme to improve and stabilize the sum SE. In conclusion,
deploying RISs in CF massive MIMO scenarios with mobile
UEs can achieve satisfactory system performance gains due
to their ability to compensate for system performance degra-
dation caused by channel aging. In the future, we will design
RIS phase shifts for Rician fading channels based on channel
aging to explore the potential of RISs and further improve
system performance.

APPENDIX A
PROOF OF THEOREM 1

We begin with the term E
{
|DSk,n|2

}
=

puηkρ
2
k [n− ε]

∣∣∣∣ L∑
l=1

a∗kl [n]E
{
ôH
kl [ε]okl [ε]

}∣∣∣∣2 in the

numerator. Based on the feature of the MMSE estimation,
ôil [ε] and õil [ε] are independent and we can obtain

E
{
ôH
kl [ε]okl [ε]

}
= E

{
ôH
kl [ε] (ôkl [ε] + õkl [ε])

}
= ρ2k [ε− tk] pktr (RklΨklRkl) . (34)

Applying the results in (34) to the numerator, we can obtain

E
{
|DSk,n|2

}
= puηkρ

2
k [n− ε]

∣∣∣∣∣
L∑

l=1

a∗kl [n] tr (Ωkl)

∣∣∣∣∣
2

. (35)

Then, we calculate the denominator terms of (18). For
tractability, we first compute E

{
ôH
kl [ε]oil [ε]

}
. For the case

i /∈ Pk, we have E
{
ôH
kl [ε]oil [ε]

}
= 0. As for case i ∈ Pk,

we can obtain

E
{
ôH
kl [ε]oil [ε]

}
= ρk [ε− tk]

√
pkρi [ε− tk]

√
pitr (RilΨklRkl) . (36)
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2


(a)
=ηkpuρ

2
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kl [ε]okl [ε]− E
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})∣∣2}
= ηkpuρ

2
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|a∗kl [n]|
2
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E
{∣∣(ôH

kl [ε]okl [ε]
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∣∣E{ôH
kl [ε]okl [ε]

}∣∣2)
= ηkpuρ

2
k [n− ε]

L∑
l=1

|a∗kl [n]|
2tr (ΩklRkl) . (41)

Then, we compute E
{∣∣ôH

kl [ε]oil [ε]
∣∣2}. As for i ∈ Pk, we

can obtain

E
{∣∣ôH

kl [ε]oil [ε]
∣∣2} = E

{
ôH
kl [ε] ôil [ε] ô

H
il [ε] ôkl [ε]

}︸ ︷︷ ︸
T1

+ E
{
ôH
kl [ε] õil [ε] õ

H
il [ε] ôkl [ε]

}︸ ︷︷ ︸
T2

. (37)

Using (10) and with the help of [33, Lemma B.14], we can
obtain T1 as

T1 = pkpiρ
2
k [ε− tk] ρ

2
i [ε− tk]

(∣∣tr (ΨklRilRklΨklΨ
−1
kl

)∣∣2
+tr
(
ΨklRilRklΨklΨ

−1
kl (ΨklRilRklΨkl)

H
Ψ−1

kl

))
= |ϖki,l|2 + tr (ΩklΩil) . (38)

Consequently, we can derive T2 as

T2 = tr
(
E
{
ôkl [ε] ô

H
kl [ε]

}
E
{
õil [ε] õ

H
il [ε]

})
= tr (Ωkl (Ril −Ωil)) . (39)

For the case of i /∈ Pk, we can obtain

E
{∣∣ôH

kl [ε]oil [ε]
∣∣2} = tr

(
E
{
ôkl [ε] ô

H
kl [ε]oil [ε]o

H
il [ε]

})
= ρ2k [ε− tk] pktr (RklΨklRklRil) . (40)

By combining all above cases, we conclude that
E
{∣∣ôH

kl [λ]oil [λ]
∣∣2} = tr (ΩklRil) + |ϖki,l|2, if i ∈ Pk

and otherwise E
{∣∣ôH

kl [λ]oil [λ]
∣∣2} = tr (ΩklRil).

Furthermore, based on the results in (36) and (40), we
compute the beamforming uncertainty term as (41) at the top
of this page, where (a) follows by the fact that the addends
are independent random variables [4]. Note that the UE-RIS
channel of the aggregate channels okl and okl′ is independent
because the signal transmitted by the same UE is reflected by
different RISs. By applying [32, Eq. (28)], we can derive the

channel aging term as

E
{
|CAk,n|2

}
= ηkpuρ̄

2
k [n− ε]

(
L∑

l=1

|a∗kl [n]|
2E
{∣∣ôH
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∗
kj [n]E

{(̂
oH
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)(
ôH
kj [ε]ukj [n]

)} .

(42)

As ôkl [ε] and ukl [n] are uncorrelated due to the definition of
channel aging in (6), we obtain

E
{∣∣ôH

kl [ε]ukl [n]
∣∣2} = tr (ΩklRkl) . (43)

L∑
l=1

L∑
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akl [n] a
∗
kj [n]E
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ôH
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)(
ôH
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)}
=0.

(44)

Then, putting (42)-(44) together yields
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}
= ηkpuρ̄

2
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L∑
l=1

|a∗kl [n]|
2tr (ΩklRkl) .

(45)

Subsequently, by applying [32, Eq. (29)], we compute
E
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}
as
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(46)
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By utilizing (14), we have

T3 = ρ2i [n− ε]E
{∣∣ôH

kl [ε]oil [ε]
∣∣2}

+ ρ̄2i [n− ε]E
{∣∣ôH

kl [ε]uil [n]
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= ρ2i [n− ε] tr (ΩklRil) + ρ̄2i [n− ε] tr (ΩklRil)

+

{
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= tr (ΩklRil) +

{
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0, i /∈ Pk.
(47)

T4 = ρ2i [n− ε]E
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ôH
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E
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kj [ε]oij [ε]

}
=

{
ρ2i [n− ε]ϖki,lϖki,j , i ∈ Pk
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(48)

After substituting T3 and T4 into (46), we can obtain

E
{
|UIk,n|2

}
=ηipu

L∑
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|a∗kl [n]|
2tr (ΩklRil)

+

ηipuρ2i [n− ε]
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a∗kl [n]ϖki,l

∣∣∣∣2, i ∈ Pk
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(49)

We compute E
{
|NSk,n|2

}
which is similar to the term in the

numerator as

E
{
|NSk,n|2

}
= σ2

uE


∣∣∣∣∣

L∑
l=1

a∗kl [n] ô
H
kl [ε]
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2


= σ2
u

L∑
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|a∗kl [n]|
2tr (Ωkl) . (50)

Finally, substituting the above results into (18) and the results
for the uplink SE follow.
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