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Abstract: This study proposes a two-timescale transmission scheme for extremely large-scale reconfigurable intel-
ligent surface aided (XL-RIS-aided) massive multi-input multi-output (MIMO) systems in the presence of visibility
regions (VRs). The beamforming of base stations (BSs) is designed based on rapidly changing instantaneous channel
state information (CSI), while the phase shifts of RIS are configured based on slowly varying statistical CSI. Specif-
ically, we first formulate a system model with spatially correlated Rician fading channels and introduce the concept
of VRs. Then, we derive a closed-form approximate expression for the achievable rate and analyze the impact of VRs
on system performance and computational complexity. Then, we solve the problem of maximizing the minimum
user rate by optimizing the phase shifts of RIS through an algorithm based on accelerated gradient ascent. Finally,
we present numerical results to validate the performance of the considered system from different aspects and reveal

the low system complexity of deploying XL-RIS in massive MIMO systems with the help of VRs.
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1 Introduction

Recently, reconfigurable intelligent surface
(RIS), also known as intelligent reflecting surface
(IRS), has been extensively studied by academia
and industry and has been recognized as an appeal-
ing complementary technology for next-generation
communication systems (Pan et al., 2021; Liu et al.,
2023; Zhang Y, 2023). It is an array composed of a
large number of reconfigurable subwavelength units,

which can achieve signal enhancement, attenuation,
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focusing, scattering, and other functions. Specifi-
cally, each RIS element can independently induce
changes in the amplitude and phase of the incident
signal, allowing the reflected signal to be construc-
tively added to signals from other paths. There-
fore, it can customize the wireless environment by
manually controlling electromagnetic (EM) waves,
thereby improving spectrum efficiency. Meanwhile,
RIS can significantly improve the performance, es-
pecially when direct links between users and base
stations (BSs) are obstructed. Therefore, compared
to existing multi-antenna systems, RIS has the po-
tential to achieve better performance while reducing
costs and energy consumption.

In recent years, many researchers have studied
the application of RIS in wireless systems from dif-
ferent perspectives. The free-space path-loss models
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for RIS-assisted wireless communications were devel-
oped for different scenarios by studying the physics
and EM nature of RISs (Tang et al., 2021). Pan
et al. (2022) provided a comprehensive overview of
recent advances in RIS/IRS-aided wireless systems
from the signal processing perspective. Xu et al.
(2023) studied the energy efficiency of a RIS-assisted
multi-cell communication system with a realistic RIS
power consumption model and optimized the trans-
mit beamforming vectors at the BS by a proposed
alternative optimization algorithm. By jointly op-
timizing the beamforming matrix at amplify-and-
forward (AF) relay and the phase-shift matrix at
RIS, Wang XH et al. (2023) proposed a RIS-aided
AF relay network, and two schemes were put for-
ward to address a maximizing signal-to-noise ratio

(SNR) problem.

Recently, the supporting technologies of apply-
ing RIS in various scenarios have also been inves-
tigated in a wide range. Specifically, a novel cas-
caded channel estimation strategy with low pilot
overhead was proposed by exploiting the sparsity
and the correlation of multi-user (MU) cascaded
channels in millimeter-wave (mmWave) multi-input
single-output (MISO) systems (Zhou G et al., 2022).
Peng et al. (2023) proposed a novel two-stage up-
link channel estimation strategy with reduced pi-
lot overhead and error propagation for RIS-aided
MU mmWave multi-antenna systems. Jiang et al.
(2023) proposed a three-dimensional (3D) physics-
based double-RIS cooperatively-assisted multi-input
multi-output (MIMO) stochastic channel model for
unmanned aerial vehicle (UAV)-to-ground commu-
nication scenarios. Yang L et al. (2020a) mod-
eled the statistical distribution of the RIS-assisted
ground-to-air (G2A) links and proved that the use of
RISs can effectively improve the coverage and relia-
bility of UAV communication systems. Ren et al.
(2023) derived the approximate expression of the
sum achievable security data rate (ASDR) with sta-
tistical channel state information (CSI) and demon-
strated the effectiveness of using RIS in improving
security performance.

Furthermore, researchers have conducted nu-
merous studies and improvements on RIS-aided sys-
tems to meet the different needs of actual environ-
ments. A more efficient channel estimator was devel-
oped by leveraging the unitary approximate message
passing (UAMP), which facilitates the applications
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of existing algorithms to a general RIS-aided MIMO
system with a larger number of reflecting elements
(Guo et al., 2023). Considering radio frequency dam-
age and phase noise, Zhou SQ et al. (2020) con-
ducted a theoretical study on the fundamental trade-
off between spectrum and energy efficiency of RIS
communication networks. In Chen et al. (2024), a
model-free cross-entropy algorithm was proposed to
optimize the binary RIS configuration for improv-
ing the SNR at the receiver. Huang et al. (2020)
demonstrated that holographic RIS can become an
attractive way of achieving high spatial resolutions
in satellite networks. Yang L et al. (2020b) stud-
ied the secrecy performance of a RIS-aided wire-
less communication system in the presence of an
eavesdropping user. Zheng et al. (2021) presented
a double-RIS cooperatively-assisted MIMO commu-
nication system where two distributed RISs were de-
ployed near a user group and a multi-antenna BS,
separately. Assuming that the RIS with the highest
instantaneous end-to-end SNR was selected to aid
the communication, Yang L et al. (2021) considered
a network assisted by multiple RISs and investigated
the outage probability and average sum rate.

Although the advantages of the RIS have been
demonstrated in the aforementioned studies, most of
them were built on the assumption of estimating in-
stantaneous CSI in each channel coherent interval.
However, in practice, transmission design schemes
based on instantaneous CSI face two challenges (Zhi
et al., 2023). The RIS usually includes a large num-
ber of reflecting elements to achieve the desired gains.
However, the pilot overhead of channel estimation
schemes may increase in proportion to the number
of RIS elements (Wang ZR et al., 2020), leading to
excessive pilot overhead. Then, designing algorithms
based on instantaneous CSI requires frequent beam-
forming calculations and information feedback, re-
sulting in high computational complexity, feedback
overhead, and energy consumption.

To address the above issues, researchers are cur-
rently considering adopting a two-timescale scheme
to make the application of RIS more practical.
Specifically, in a two-timescale scheme, BS beam-
forming is designed based on instantaneous aggre-
gated CSI, while optimization of RIS parameters is
only decided based on long-term statistical CSI, such
as position and angle information (Zhi, 2023; Zhi
et al., 2023). As a result, it is only necessary to
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update the phase shift of RIS components when the
statistical CSI changes (Han et al., 2019). Specifi-
cally, Jia et al. (2020) and Han et al. (2019) stud-
ied RIS-aided single-user communication systems
by taking into consideration interference and non-
interference, respectively. Abrardo et al. (2021) con-
sidered a multi-RIS MU MIMO system and opti-
mized the phase shifts of RIS elements, as well as
beamforming vectors at BSs and user devices, with-
out the need for instantaneous CSI or second-order
channel statistics, to maximize the user rate. Gao
et al. (2021) proposed an effective passive reflection
beamforming design for the RIS, which uses statis-
tical CSI to analyze the achievable rate of the net-
work while considering the impact of CSI estimation
errors. Hu et al. (2021) proposed a two-timescale
channel estimation framework and a dual-link pi-
lot transmission scheme, where the BS transmits
downlink pilots and receives uplink pilots reflected
by the RIS. To maximize the average achievable rate
of RIS-assisted MIMO systems, Cao et al. (2022) pre-
sented a new two-timescale beamforming approach,
where the RIS was configured relatively infrequently
based on statistical CSI, and the BS precoder and
power allocation were updated frequently based on
quickly outdated instantaneous CSI. In the presence
of spatial correlation and electromagnetic interfer-
ence (EMI), Zhi et al. (2023) investigated the two-
timescale transmission scheme for RIS-aided MIMO
systems. For cell-free systems, a low-complexity al-
gorithm via the two-timescale transmission protocol
was proposed by Gan et al. (2022), where the joint
beamforming at BSs and RISs was designed via an
alternating optimization framework. By using the
active RIS architecture, a MU two-timescale channel
estimation protocol was proposed to minimize the
pilot overhead in Yang SJ et al. (2023).

As massive MIMO technology was commercially
deployed in the fifth-generation (5G) communica-
tion systems, a useful complementary is to deploy
extremely large-scale (XL) passive reflection arrays
into massive MIMO systems (Han et al., 2022). This
is because, thanks to the low-cost feature, the size of
a RIS can be made very large to extend the service
region, which can compensate for the double-fading
effect (Zhi et al., 2022a), and also achieve better per-
formance in terms of localization and communica-
Besides, XL-RIS can achieve unprecedented
gains in spatial multiplexing, SNR, energy efficiency,

tion.

1681

and coverage probability with the help of a larger ar-
ray aperture and a stronger ability to customize the
wireless environment. However, with a larger aper-
ture, the users could be easily located in the near field
of the XL-RIS, based on the Rayleigh distance that
characterizes the near-field region. As a result, the
practical spherical EM wavefront can no longer be
approximated as the tractable planar wavefront (Zhi
et al., 2024). Moreover, the channel between users
and XL-RIS will show spatial non-stationarity due
to the non-stationary power distribution in the near-
field channel because of the obstacles in the compli-
cated environment (Carvalho et al., 2020). Specif-
ically, as unequal path loss is experienced by dif-
ferent RIS elements and some RIS elements suffer
from blockage caused by obstacles, the received sig-
nal power from users on the XL-RIS will be concen-
trated on a portion of the RIS elements, which is
indicated by the visibility region (VR) (Han et al.,
2022). As a result, it is necessary to revise typical
channel models and algorithms to capture spatially
non-stationary fading and other near-field features in
XL-RIS-aided massive MIMO systems (Li XR et al.,
2015; Carvalho et al., 2020).

Taking the existence of VR into consideration,
Cui and Dai (2022) proposed a polar simultaneous
orthogonal matching pursuit (OMP) algorithm for
near-field channel estimation in XL-MIMO systems.
Ali et al. (2019) proposed a simple non-stationary
channel model with VRs and analyzed the perfor-
mance of conjugate beamforming and zero-forcing
precoding in the downlink MU XL-MIMO systems.
Considering the non-stationarity between the RIS
and users, Han et al. (2022) proposed a recogni-
tion module that can estimate the VR of each user
with line-of-sight (LoS) components between the RIS
and users. For XL-RIS-aided systems, Wei et al.
(2022) proposed a low-cost near-field beam training
scheme. Yu et al. (2023) studied the channel estima-
tion problem of XL-RIS-aided mmWave communica-
tion systems considering near-field effects and spa-
tially non-stationary effects. Gunasinghe and Ama-
rasuriya (2023) investigated the achievable rate of
XL-RIS-aided downlink massive MIMO systems in
the presence of the whole/partial VRs, spatial corre-
lation, and imperfectly estimated CSI.

However, in most of the aforementioned stud-

ies, the focus was on channel estimating and spa-
tially non-stationary effects caused by XL-MIMO



1682

systems. Moreover, Jia et al. (2020) and Yang SJ
et al. (2023) did not consider the employment of XTL-
RIS and ignored the VRs of users. To the best of
our knowledge, there are few studies on the perfor-
mance analysis and phase shift design of spatially
non-stationary XL-RIS-assisted massive MIMO sys-
tems based on two-timescale schemes, and there-
fore the performance and potential deserve further
investigation.

To fill this research gap, in this study, we ana-
lyze the uplink two-timescale transmission scheme of
XL-RIS-assisted massive MIMO systems in the pres-
ence of VRs, considering the spatially non-stationary
effects caused by XL-RIS, and apply the general Ri-
cian channel model to evaluate the impact of LoS and
non-LoS (NLoS) channel components. Our study
can be generalized to the case with multiple antenna
users, and its difficulty lies mainly in the increase of
the channel matrix dimension (Wang JH et al., 2021;
Li RW et al., 2023), but the methods and algorithm
are still applicable. The main contributions of the
study are summarized as follows:

1. By employing the low-complexity maximal-
ratio-combining (MRC) detector at the BS, we derive
a closed-form expression of the uplink achievable rate
under the correlated Rician channel model in the
presence of VRs. This expression can be applied to
any finite numbers of RIS elements and BS antennas
and depends only on the statistical CSI. Then, we
analyze the impact of VRs and assess how they help
reduce computational complexity.

2. Based on the derived expression, we formu-
late a problem of maximizing the minimum user rate
with statistical CSI. Then, an effective algorithm is
proposed to design the phase shifts of the XL-RIS
based on accelerated gradient ascent.

3. To unveil the property and benefit of inte-
grating XL-RIS into massive MIMO networks, we
provide simulation results about various important
parameters. The results reveal that the existence of
VR leads to a decrease in performance while the ex-
ploitation of its properties is beneficial in reducing
the computational complexity of the system. Be-
sides, it is shown that the proposed gradient algo-
rithm can effectively solve the RIS phase optimiza-
tion problem and has higher efficiency compared to
the genetic algorithm (GA).

Notations: The transpose, conjugate transpose,
and inverse of matrix X are denoted by XT, X1,
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and X !, respectively. [X],,, denotes the (m,n)™
entry of matrix X . The real, trace, expectation, and
covariance operators are denoted by Re{-}, Tr(-),
E{-}, and Cov{-}, respectively. The operator mod
returns the remainder after division, and |z ] denotes

the nearest integer smaller than z.

2 System model

As shown in Fig. 1, we consider a typical XL-
RIS-aided massive MIMO communication system
with one BS, one XL-RIS, and K single-antenna
users. The BS and XL-RIS are equipped with M
antennas and N = N; x N> passive reflecting ele-
ments, using uniform linear array (ULA) and uni-
form planar array (UPA) models (N; rows and No
columns), respectively. The RIS is connected to the
BS through a dedicated transmission link. Due to
potential obstructions such as buildings and other
objects, we assume that the direct link from the BS
to users may be blocked (Zheng et al., 2021).

Considering that the RIS can be mounted on
tall building walls, it can help create channels dom-
inated by LoS propagation with a few scatterers
(Zhi et al., 2022b). Thus, we adopt the Rician
fading model for the channel between the BS and
the RIS and the channels between users and the
RIS (Jia et al., 2020). We denote Hy € CM*N
and Hy = [hy,ha,. .., hx] € CNXE as the channel
between the BS and RIS, and the channels between

Obstacle

Fig.1 An XL-RIS-aided massive MIMO system (XL:
extremely large-scale; RIS: reconfigurable intelligent
surface; MIMO: multi-input multi-output; BS: base
station)
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the RIS and users, respectively. Specifically, these
channels can be modeled as follows:

€k 1/25 1 1/2 3
D,'"h ——R h
o TR e ’“)’

(1)
_ [ 0 = Y
Hz—ﬂ( 6+—1H2+ H—leRLSg)v (2)

where aj and [ represent the large-scale path-loss
factors of the user kRIS link and BS—RIS link, re-
spectively. e and § are the Rician factors of the
user k—RIS link and the BS-RIS link, respectively.
D, denotes the visibility indicator matrix. R, and
Ry, i, are the spatial correlation matrices of the RIS
and VRs, respectively. In addition, hj, and Hy de-
note the LoS components, while fzk and _l::IQ denote
the NLoS components.

= (

For the NLoS components, hy, and H, are inde-
pendent and identically distributed (i.i.d.) complex
Gaussian random variables with zero mean and unit
variance. First, we denote that ¢?. and ¢f . are the
azimuth and elevation angles of arrival (AoAs) at the
RIS from user k, respectively, and ¢ and ¢} are the
azimuth and elevation angles of departure (AoDs)
toward the BS from the RIS, respectively. ¢ and
¢¢ are the azimuth and elevation AoAs at the BS
from the RIS, respectively. Besides, we assume that
these angles can be calculated by using the locations
obtained from the Global Positioning System (GPS)
(Zhi et al., 2022b). Then, for the LoS components,
hj and Ho are modeled as follows (Zhi et al., 2024):

[hi]i = vEr exp{—i[xx]i}, (3)

Hy = ay (42, ¢%)an (o8, ¢, (4)
where
27
[Xk]l ~ T

@O —uea) + O dy — i)+

and dyg and dy denote the height and width of a sin-
gle RIS element, respectively, which can be assumed
to be dg = dv = dyis. (1) and y(I) are the horizon-
tal and vertical indices of element [, respectively, on
the two-dimensional grid. uy = 71, sin ¢}, cos ¥},
Uk,y = Tk,o SN}, sinf , and ug . = ri o cos p}, are
the z-, y-, and z-axis coordinates of user k, respec-
tively, where ry , is the distance from user k to the

XL-RIS. In addition, let ax(9%,9°) € CX represent
the array response vector, where the 2™ term is as
follows:

dps
[ans (97,9°)], =exp {j27‘[%(az — 1) sin ¥ sin 193] ,

lan (9%, 0°)],

:exp{j27td;\is [L(w — 1) /V/N| sin 9 sin 9*

+ ((:1: — 1) mod \/N) cosﬁc} }
(5)

Here, dys, diis, and X represent the BS antenna spac-
ing, RIS element spacing, and wavelength, respec-
tively. To simplify the symbols, in the rest of the
study, an (92, ¢¢) and an(¢?,¢f) are simply de-
noted as ay; and ay, respectively.

As shown in Fig. 2, the elements of the RIS
are indexed row by row. We denote u; as the lo-

cation of the [*®

element with respect to the origin
in Fig. 2, which can be represented by the following

model (Bjornson and Sanguinetti, 2021):

w = [z(l)dy, y()dv,0]",
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Fig. 2 Three-dimensional geometry of an XL-RIS con-
sisting of N2 elements per row and N1 elements per
column, in the presence of VR (XL: extremely large-
scale; RIS: reconfigurable intelligent surface; VR: vis-
ibility region)
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Therefore, the elements inside the spatial corre-
lation matrix of the RIS can be defined as follows:

2 —
[Rris]l,q = sinc <M) ) lvq = 1727 . '7N7
9)

where ||u; — ug|| represents the distance between
the I*" and ¢ elements of the RIS. As illustrated
in Fig. 2, we use VRs to capture spatially non-
stationary fading characteristics. The visibility in-
dicator matrix Dy, € CN*V is defined as follows:

Dk = diag(dk),

[di]n = { (1):

Here, dj, € C" is the visibility indicator vector. 7y is
a set containing the indices of RIS elements, which
are visible to the &*" user. When n belongs to 75, we
set [dg], to 1 and 0 otherwise, which did not change
the range of n values. Then, the RIS covariance ma-
trix for the k*" user with partial visibility is defined
as follows (Ali et al., 2019):

(10)

if n ey,

(11)

otherwise.

Ryri = D/’ RyuD;y/”. (12)

With the help of XL-RIS, the received signal at
the BS can be expressed as follows:

y =/pQx +n, (13)

where p is the average transmit power of each user.
x = [r1,29,...,7x|" represents the information
sequence from K users, satisfying E{|zx|?} = 1.
n ~ CN(0,0%I)) is the additive white Gaussian
noise (AWGN). Q £ Ho®H, € CM*K is the total
aggregation channel from the K users to the BS.
We adopt the low-complexity MRC technique,
due to its simple construction and near-optimal per-
formance for massive MIMO (Marzetta et al., 2016).
The BS performs MRC by multiplying the received

signal y with QY, as follows:

rve = Qy = /pQ"Qzx + Q"'n. (14)

Before calculating the achievable rate, the signal
of user k can be written as follows:

K
rvRE = VPO @TE+ VD Y gi g+ aiin,
i=1,i%k
(15)

where g, £ Hy®h;, € CM is the k" column of Q
denoting the cascaded channel from user k to the BS.
Specifically, g can be represented as follows:

qr =Hy®Phy
=erde, (H8D,*hy )/ (HLBRY )
+ Vo (H R @D}y

+ Ve (HRORY )
(16)
ﬁak . i i
d = d 0102
| G+ D)z + 1) iag (e, €%,
...,e]GN) denotes the phase shift matrix of the RIS,
and 6,, € [0,27) denotes the phase shift introduced

by the n*" RIS element.

Due to the ergodic channel, we can express the
uplink achievable rate of user k as RATEyg; =
E {log, (1 + SINRy)}, and the signal-to-interference
plus noise ratio (SINR) of user k is given as follows
(Zhang Q et al., 2013):

where ¢, =

4
SN, - plar]

(17)
> plafail? + o?|qx?

i=1,i#k

3 Achievable rate analysis

Considering the VRs, the approximate closed-
form expression of the achievable rate in the XL-RIS-
aided massive MIMO system is derived and analyzed
in this section. We also present the expression with
reduced dimensions using the features of VRs.

In the XL-RIS-aided massive MIMO

system, the uplink ergodic achievable rate of user k
can be approximated as follows:

Theorem 1

I{AATEVR,]C
Esignal P
~E { log, _ PEVR & (@) 41 7
p _712# IR ki (P) +02 By (@)
(18)

where Ei,igRIjZl(sﬁ), IvR ki(®), and EYQS5(P) are the
desired signal received by the BS, the MU interfer-
ence, and the thermal noise, respectively. The values
of EYas (), Ei,i%{f:l(@), and Iyg i (®P) are given in
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EVR5(D) =cr (MSek| fi(B)|* + 6 f,1,1(P) + e frn,2(B)M + fr31(P)M). (19)
EGE (@) =M (cider)?| fe(@)* + (cr0)® (frra2(@) + |11 (D)) + (cuer)*M (M + 1) fr2(P)|?

+ M (M +1) (fkk,3,2(45) + |fk,3,1(45)|2) + AM (c0) ek | fu(P)]* fr1,1(P)

+2M (M + 1) (crer) 0| fi(P) [ frok,2(B) + 2M (M + 1)cider| fo(P)|* fr3.1(D)

+ 2M (M + 1)cieg frra(P) + 2M (M + 1)cier fur2(P) fr3.1(P)

+2(M 4+ 1)cE0 (fr1,1(P) fr3.1(P) + frns(P)) + 2(M + 1)cibek fi1,1(P) fir.2(P)

+4(M + 1)cioerRe{ fur.6(P)}.

(20)

Iyr ki (D) =crcidere; M| fr(B) 2| f: ()| + creid? frin 2(P) + crcicrei (Mfkk,g(di)fii,z(di)
+ M2|fki,2(45)|2) + eneiM (fr,3,1 () fi30(P) + M fris2(P)) + Ckcz’5€k€iM(lfk(¢)|2fii,2(45)
+ 1S (@) fir 2(®)) + enid M (2l fo(@) 2 i1 1(B) + &3l [i(®) 2 fr1.1(P))
+ excider (MIfe(@) Fio1 (@) + Fira (@) funa(®) ) + xcide: (M fi(@) s (@)
+ fk,l,l(ds)fm(@)) + ckCi6 (fe,1,1(P) fi3,1(P) + fi1,1(P) fr31(P)) + CkciEkM(MfkiA(@)

+ fkk,2(45)fi,3,1(45)) + CkCiSiM(MfikA( )+ fii2(P) fr,3,1(P )) + eiRe{ fir,6(P) }
+ ckcidekeiM? (friz(P) fir2(P) + fri2(P) fir,7(P)) + 2ckcid MRe{ fri5(P)}

+ QCkCZ‘M(Sé‘kRe{fki’g(!ﬁ

)} + 2CkCiM5€kRe{fik,6 (@) }

Egs. (19)—(21) at the top of this page, in which
(@) £ aldD, by,
fr1.1(®) £ Tr(Hy @Ry T HL,
Frinz(®) 2 Tr((ﬂQQSRVR,kasHH;{)

- (H>®Ryr " H) ),
frio(®) 2 hID*®" R, &D) *h,,
fr,3.1(®) 2 Tr(Rs®Ryr 1 P"),
fri3.2(@)ETr ((Ris®Ryr k@) (Ruis®Ryr,:8"))
fria(®) 2RI D,/ *®" R, ®Ryr ;8" R, ®D,/ *hy,
fri5(®) £ Tr(H2PRyg 1" Riis®Ryr P HY'),
frio(®) 2 RED!*S"HI H,® Ry ;

. "R, ®D,*hy,
friz(®) = ﬁgDiﬂ@HaNa%dSDilﬂﬁi.
(22)

The proof of Theorem 1 is given in the supple-
mentary materials.

Considering the VRs, the derivation process is
difficult due to the visibility indicator matrix Dy
and the spatial correlation matrices R.is and RyR -
Nevertheless, expression (18) in Theorem 1 can be
calculated quickly without relying on inverse ma-
trices or integrals, resulting in lower computational
complexity for evaluating the system performance.
Besides, Theorem 1 does not rely on the instanta-
neous CSI, i.e., hy, and Ho, but it depends only on
the statistical CSI, i.e., the AoAs and AoDs in hy,
and Hs, and the locations of the RIS, the BS, and
users, which change slowly and therefore could re-
main invariant in a long term. As a result, by using
the theoretical expression (18) as an objective func-
tion for a two-timescale transmission scheme, we can
optimize the phase shifts of the XL-RIS determined
by only statistical CSI.

On the contrary, by analyzing the derived
achievable user rate expression, it can be found that
some zero terms exist in the diagonal elements of
the visibility indicator matrix D;, € CVN*V_ which
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indicates that the RIS elements corresponding to
these terms have no contribution to user k. Due
to this special property, the dimension of matrix Dy,
can be further compressed into Ny, X N, , assuming
that the VR of the k*" user contains Nj, RIS ele-
ments (Ni, < N). Based on Egs. (1)-(12), we can
also reduce the dimension of other matrices, thereby
decreasing the computational complexity of the en-
tire system. Specifically, we use ayy, € CP*NVe«,
’_Lk* € CNk*, I:Iz,k* € CM*Ne., R RVR,k* e CN« XNk*,
Ry, i, € CNeXNiw tand @y, € CNe*New t0 rep-
resent the dimension-reduced matrices of ay, hg,
H,, RyR 1, R.is, and @, respectively. The detailed
results are given as follows:

an kg = [G‘N][Tk]q7
i"k* q = [i"k]
2k ) = [H2) (im0

VR,k*](l,q) = [RVR,k]([Tk]u[m]q)’

[Tk]a>

(23)

i~ I~

ris,i*,k*](l,q) = [Rris]([Ti]la[Tk]q)’
= [P](:,[7]0)

where ¢ € {1,2,...,Ny,} and | € {1,2,...,N; }.
Besides, [1x], presents the ¢'" element of set 75,. As
a result, the expressions in Eq. (22) can be rewritten
as follows:

fr. (@) £ al . Pr, .,
fro1,1(P) & Tr(Ha . i Ryr,k. )L HJY ),

fhoivi2(®) 2 Tr((IjIZk*@k*RVR,k*@I]i P_ng)
(M. @i, Ry, #LHY, ),
fre,io2(®) & byl &) Ry g, 1. Pi b,
fr. 31(®) 2 Tr(Ruis i, k. Pr. Rvr 1. B1 ),
Trs s 32(®) 2 Tr((Rris,i*,k*dsk*RVR,k*SpE*)
- (Ruis i, Pi. Rvr.i, P} ))»
frsioa(@) £ byl ) Risop, i, Pi, Ryr.i. D)
- Ryis i o P, Bk
freiin5(@) & Tt (Ha g, @1, Ryr . P Reis i i
;. Ryg.i, P} Hé{z) )
frosin6(@) 2 byl &) HY\ Hy; ®; Ryri. P}
- Ryis i o P, Bk
frnin () 2 BH*QSE*GN,k*a%,i*dSi*Bi*-

(24)
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Due to the lower dimensionality of the partic-
ipating matrices, the computations in Eq. (24) are
comparatively simpler than those in Eq. (22). Specif-
ically, the complexity reduction is attributed to the
VR where a certain user k can observe only a subset
of RIS elements (Ng, < N). By substituting Eq. (24)
into Eqs. (18)—(21), the achievable user rate can be
conveniently computed.

4 RIS phase shift design

In this section, we optimize the phase shifts of
the RIS to maximize the achievable rate derived from
expression (18). In a MU scenario, it is necessary
to ensure fairness among different users. Therefore,
we consider the minimum achievable user rate max-
imization problem. Specifically, this problem can be
formulated as follows:

max mkin RATEvyg ; s.t. ‘[45] =1, Vn,

nm (25)
where RATEv R, is the achievable user rate obtained
from expression (18).

From Eqs. (18)—(22), it can be observed that
the objective function of the optimization problem
becomes more intricate when spatial correlation and
VRs are present. Besides, when N is large, the di-
mension of matrices in calculation can be extremely
high, which leads to low algorithm efficiency. Fortu-
nately, we have investigated the beneficial effects of
VRs in Section 3 and found that they can decrease
the computational complexity of the entire system.
Furthermore, we need a new algorithm to better ad-
dress the considered minimum user rate maximiza-
tion problem.

We propose a gradient-based algorithm with re-
spect to real variable 0,, instead of complex vari-
able el where 6, is the phase of the n'® RIS ele-
ment. Since the objective function in Problem (25)
contains a non-differentiable minimum function, to
conduct the gradient algorithm, we first employ the
Lagrangian duality and Jaynes’ maximum entropy
principle (Jaynes, 1957) to approximate the objec-
tive function in Problem (25) as follows:

mkin RATEVR,k(O)
1 K
~_ pln {Z exp [—MRATEVR,k(e)]} £ fvr(9),

k=1
(26)
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where @ = [01,02,...,0x5]T is the new optimization
variable and p is a constant controlling the approx-
imation accuracy, which can be proved that the ap-

In K
proximation error is less than az (Li XS, 1992).

It also can be shown that fygr(€) will approach
RATEvR,; as the parameter p tends to infinity.
Therefore, Problem (25) can be rewritten as follows:

max fVR(O)
* (27)
s.t. 0, €[0,2m), Vn.

Due to the periodicity of the objective function
fvr(0) relative to 8, the constraint in Problem (27)
can be ignored, which effectively tackles the unit-
modulus constraint in Problem (25). To update vari-
able 0, the gradient of fyr (@) needs to be calculated
as follows:

f {cxp[fuRATEVR,kw)J 0 SINRyr & (0) }

Ofvr(0) & 1TSINRyr 1.(0) 50
00 B K ’
(In2) 37 exp[~uRATEvr 1 (6)]
k=1
(28)
where
omg
OSINRygr.x(0) T
00 o K .
p > vk +0PEYR,
i=1,i#k
K OT i aEnoisc
P Z VR, k 0_2 VR, k
signal  i=Lizk 00 0
TPEVRE o (29)
(p > Ivrki + 02E3§f2>
i=1,i#k

According to Egs. (28) and (29), the gradient of
fvr(0) can be obtained by calculating the gradients
noise signal K
of EYRL(P), Ev%k (®), and Zi:l,i;ﬁk Ivr,ki(®).
By using the conclusion of Lemma 1 in Zhi et al.
(2023), we define the following:

oTr (A@B@H)
(AB) &2 —— 7
=@ (AT © B)c* — j®" (A © BY)c,
(30)
where A and B are deterministic matrices, ¢ =
[, ez .

Then, the gradients of the auxiliary functions in

,e?V]T and ¢* is the conjugate of c.
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Eq. (22) can be calculated as follows:
fi(0) £ fu(analy, D,/ *hihi!D,/?),
fllc,l,l(o) £ fa(I:IEFI%RVR,k)a
fri12(0) £ fu(HY Hy®Ryg " Hy Hy, Ry )
+ fo(HY Hy® Ry @7 Hy Ho, Ryg. i),
f:.2(0) £ fu(Rus, D}*hiRD;/?),
f1.3.1(0) = fa(Ruis, Ryr,k),
friz2(0) £ fa (Rris‘ﬁRVR,i@HRrimRVR,k)
+ fu(Ruis®Ryr s " Ryis, Ryr.i),
1:.4(0) 2 fo(Ruis®D,hihi!D;*®" R,y Ryr )
+ .fa (RrisﬁRVR,idiHRrisv Di/2ﬁkﬁgDi/2)v
fri5(0) = fo(HY Hy®Ryg ,®" Ryis, Ry,
+ fu(Rus®Ryr 8" HY Ho, Ryr 1),
Fri6(8) 2 fa(Rus® Dy *hychj! D> ®" HI H,, Ry ;)
+ fo(HY Hy®Ryr 9" Ruis, D, *hy.hi1 D),
fir6(0) £ fa(FI§H2¢Di/2ﬁkBI]3Di/2¢HRris7RVR,i)
+ ftl (RrisngVR,idiHH%{H% D;/2ﬁkﬁgD;/2> ’
Fian(8) = fu(anall, DRI D).
(31)

noise signal
Then, 6E(;]0R’k, aEggk , an n be
derived using the above results and the chain rule.
The results are given in Eqs. (32)—(34) at the top of
the next page.

The complete process for solving Problem (27)
is provided in Algorithm 1. To improve the conver-
gence performance, the Nesterov accelerated gradi-
ent method as shown in steps 6 and 7 is used in the
algorithm.

In Algorithm 1, 8* is the optimized solution,
from which the RIS phase shift matrix @ can be
calculated. After obtaining &, it can be applied
to the original Problem (25) to obtain the maxi-

or i
d YR

mum value of the minimum achievable rate. At the
same time, the results show that the complexity of
Eq. (28) is O(MN? + M2N + N?), which depends
only on the fundamental system parameters. There-
fore, relying on simple matrix operations, the two-
timescale transmission scheme based on the gradient
algorithm can significantly reduce the computational
complexity.
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OB, , ) / /
20 [Merfi(0) + 0 1,1(0) + enfin2(0)M + fr,51(0)M] . (32)
signal
aEBV;”“ =M (cx8e1)?| f1(B) 2 F1(0) + (c10)? (Fhr1.2(0) + 2f111(B) fr1.1(6))
+ 2(creR) M (M + 1) fri2(P ) frr2(0) + G M(M +1) (fllck,3,2(9) + 2fl/c,3,1(0)fk,3,1(¢))
+4M (cr8)er, (1,1 (O f1(P)* + fr1,1(P) f1(60)) + 2M (M + 1)(cker)d fry 2(0)| fr(P) [
+ 2M (M + 1)(crer)?8 frn,2 (D) f1.(8) + 2M (M + 1)cibe fr, 5,1 (0)] f1(P)[*
+2M (M + 1) 0e fr,3,1(P) [1.(0) + 2(M + 1)cidep, fry, 2(0) fi1,1(P)
+2(M + 1) 06k frr,2(P )fr11(0) +2(M + 1)Ck5fk,3,1( ) fre,1,1(P)
+2(M + 1)0%5 (fk,S,l( )fk,l,l( )+ fllck5(0)) +2M (M + 1)Cz5kf1/<,3,1(9)fkk,2(45)
+2M(M + 1)cier (fr3,1(@) fir 2(0) + fia(0)) +2(M + 1)cider (fi6(0) + fin 6(0)) -
(33)

I —peidered? (FLOIH@) + (@) TO) + ceid” Ty 1 2(6)

006
+ cpciere; M
+ fri2(P)fi)2(0)) + cxeiM
(If1(D@)? f1; 2(0)+ f1(0) fis 2

)

+ crcdepei M

+ercid®er M (| fie(P) | fi11(0)+1(0) finn (Sl5 ) +ercideiM

+ cpciber M (| fr(P)*f13.1(0)+ f1(6
(1£:(@) fr5..(0) +
+ ercib (f731(0) fe1.1(P) + fiza(

+ cpe;de; M

(frk,2(D) f1i 2(0) + fir2(0) fis2(P)) + chcicreiM
(fraa(®) 131( )+ f1.31(0)fi3.1(P))
)

) fi3.1(P)) +crcider (fir,1(P) fre2(0)+fi11(0
F10) fr3.1(D)) + cucidei (f1;2(0) fr1(P) + fii2(P)fr.11(0))
fkll 0))+Ck01 (fill( )fllc,3,1( )+fi,11
+ crcierM (f{31(0) frr2(P)+ fi3.1(P) fir.2(0)) +ecrcieiM

?(fin2(P)f1i 2(0)

(|fz( )|2flgk,2(0)+fi/(0)fkk,2(¢))
(Ifi(®)P f1.1,1(0)+ f1(0) fr.1.1(D))
) fioe,2(DP))

)

) +Ck6156k51
)

) fr,3,1(P))
(f.3.1(0) fii2(B)+ fr,3.1(P) f1; 2(0))

+ cncibereiM? (fi.2(0) frir(B) + fir2(P) f1i7(0)) + creiei M ), 4(6)
+ cpeibere; M? (fki,2( ) fite,7 (@) + fri2(P) fir.7(8)) + crucid M (fr; 5(0) + filk,s(o))
=+ CkCiMQfllci,g,z(O) + Ckci@kMQfllciA(O) + 2¢xcide M (fl/m',G(O) + fl:i,ﬁ(o))

+ 2crcideiM (fiy 6(0) + f71.6(0)) -

5 Simulations and results

In this section, we evaluate the performance
of XL-RIS-aided massive MIMO systems and val-
idate the correctness of our analysis. We also il-
lustrate the impact of key parameters. First, a
typical XL-RIS-aided scenario is considered where
the XL-RIS is deployed near some cell-edge users.
We assume that K = 4 users are evenly located
on a semicircle centered at the XL-RIS with a ra-
dius of dyr = 15 m. The distance between the BS
and the XL-RIS is dig = 800 m. All AoAs and
AoDs of BS, XL-RIS, and users are randomly gener-
ated from [0, 271), and these parameters will be fixed

as known after initial generation. Besides, we set
the distance-dependent large-scale path-loss factors
equal to aj, = 1073d5 V™ (Vk) and 5 = 1073d0s®,
and the path-loss exponents are a; ur = 2 (Vk) and
Bre = 2.5. Due to the dual consideration of time
cost and accuracy, we set the approximation factor
1 to 100. Considering the impact of VRs, we assume
that each user can only see the XL-RIS elements
within a certain region of the entire UPA model. To
simulate the complexity of the actual environment,
we randomly set the size and location of the VRs for
different users. The other simulation parameters are

presented in Table 1.
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Algorithm 1 Gradient algorithm
1: Randomly initialize 6y and set i = 0,e0 = 1,x—1 =
6o
2: while 1 do
3:  Calculate f{y(6;)
4: Obtain the step size k; based on the backtracking

line search

5: r; =0; + mf{,R(Ol)

6: ei+1:(1+w/4ef+1)/2

70 Qi =i+ (e — 1) (@i —xi—1)/eit1
8 if fyr(0:it1) — fyr(6:) < 107 then
9: 0 = 0,11, break
10:  end if
11: 1=1+1

12: end while

Table 1 Simulation parameters

Parameter Value
Number of BS antennas M = 64
RIS element spacing dyis = \/2
Number of RIS elements N = 200
Antenna spacing dps = \/2
Rician factors §=1, e, =10, Vk
Transmit power p =30 dBm

BS: base station; RIS: reconfigurable intelligent surface

Figs. 3 and 4 show the relationship between M
or N and the minimum user rate when consider-
ing the VR of RIS, respectively. The comparison
between theoretical and simulation results demon-
strates that the obtained approximate achievable
rate in expression (18) is in good agreement with the
Monte—Carlo simulation results, confirming the ac-
curacy of the mathematical derivations. In addition,
as shown in Fig. 3, it can be confirmed that as the
number of antennas M increases, the minimum user
rate gradually increases. Although the rate eventu-
ally converges to a theoretical limit, which is due to
the inter-user interference, it can be significantly im-
proved by increasing the number of N. On the con-
trary, deploying RIS results in promising through-
put with a moderate number of antennas, which re-
duces power consumption and hardware costs. For
instance, 60 antennas with 400 RIS elements could
perform better than 120 antennas with 200 RIS ele-
ments, thanks to the RIS passive beamforming gain.

In Figs. 3 and 4, “partial visibility” indicates
that each user can only see partial non-overlapping
RIS elements, while “full visibility” indicates that
each user can see all RIS elements, i.e., a special case
without spatial non-stationary. It can be observed
that the minimum user rate is relatively low when
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Fig. 3 Minimum user rate versus number of BS an-
tennas (BS: base station)
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Fig. 4 Minimum user rate versus number of RIS
elements (RIS: reconfigurable intelligent surface)

considering VRs. This is due to a reduction in the
number of available RIS elements per user, resulting
in a corresponding decline in effective array aperture
and signal strength. In addition, although the VRs
lead to performance degradation, it can be compen-
sated by increasing N. For example, by analyzing
Fig. 4 we can find that a partial visibility system
with 400 RIS elements can outperform a full visibil-
ity system with about 100 RIS elements, assuming
that the two systems have the same number of an-
Therefore, with the help of increasing N,
we can achieve the same rate as that of full visibil-

tennas.

ity systems while still maintaining network capacity
requirements.

Fig. 5 shows the influence of the Rician factors,
indicating that the minimum user rate is a decreasing
function of 4, but it is also an increasing function of
€r. By analyzing Fig. 5, it can be concluded that as
6 gradually increases, the impact of the LoS compo-
nent Hy in the RIS-BS channel is more significant.



1690

It increases the correlation of channels between dif-
ferent users and intensifies MU interference, thereby
reducing the spatial multiplexing gain. On the con-
trary, positioning the RIS at a higher elevation com-
pared to the ground level can increase the value of
€k. This, in turn, enhances the proportion of the LoS
component hy, in the user kRIS channel, achieving
higher system throughput as shown in Fig. 5.

In Figs. 6 and 7, we compare the minimum user
rate and runtime of the gradient algorithm and GA,
The analysis shows that the two al-
gorithms have similar computational results, which
proves the accuracy of the gradient algorithm. How-
ever, the runtime of GA is always longer than that
of the gradient algorithm, especially when consid-
ering the VRs. This is because in the presence of
spatial correlation and VRs, the objective function

respectively.

of the optimization problem becomes more complex
and the local search ability of GA is poor, result-
ing in large time consumption and low search effi-

45 T T T T T T T

Minimum user rate (bit/(s-Hz))

With &, where ¢,=10, for all k

1.01 O  Simulation (=} 1
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0 L L L L L L L
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Rician factor ¢, or 6 (dB)

Fig. 5 Max-min achievable rate versus § or g,
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Fig. 6 Comparison of results between different opti-
mization algorithms
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ciency in the later stage of evolution. In this case,
GA can no longer provide perfect operation results,
while the gradient algorithm can still play a good
role. Moreover, the efficiency of the gradient algo-
rithm does not decrease as dramatically as GA when
N is large. The reason is that the proposed gradient
algorithm considers real variables of angles as opti-
mization variables, thus avoiding performance loss
caused by projection operations, and it is able to
provide more stable results.

In Fig. 8, the influence of overlapping VRs is
analyzed. First, it is assumed that non-overlapping
means that each user’s VR does not overlap with oth-
ers’ VR, while overlapping means that each user’s
VR will overlap with others’ VR. It can be seen
that the minimum user rate of a 100%-overlapping
system is reduced by 0.1408 bits/(s-Hz) compared
with a non-overlapping system, assuming N = 1024.
Therefore, the impact of overlapping VRs on the

7000 T T T T T T T T T T
—&— Partial visibility, gradient algorithm
6000 —*— Partial visibility, genetic algorithm
—+— Full visibility, gradient algorithm
—©— Full visibility, genetic algorithm
5000r
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o 4000F
£ Y
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0 100 200 300 400 500 600 700 800 900 1000

Number of RIS elements, N

Fig. 7 Comparison of runtime between different op-
timization algorithms
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Fig. 8 Max-min achievable rate versus N for over-
lapping and non-overlapping VRs (VRs: visibility
regions)
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minimum user rate is relatively small and can be al-
most ignored when the rate is large. It indicates that
by using the proposed phase shift optimization algo-
rithm, the interference at overlapping VRs can be
reduced. As a result, the algorithm can significantly
minimize the performance gap between overlapping
and non-overlapping systems, and ensure fairness in
the user rate of the entire system.

Note that in this study, the objective function
of the optimization problem is fyr(8), and therefore
spatial correlation is considered in the RIS phase
shift design. From Fig. 9, it can be observed that
as the spacing between RIS components decreases
(dyis = A/2,2/4,A/8), the influence of spatial corre-
lation on the minimum user rate cannot be ignored.
Specifically, for cases where N is small, the rate de-
creases as the element spacing decreases, which is
attributed to the decrease in channel rank. For cases
where N is relatively large, the channel rank still de-
creases. However, by increasing the number of RIS
elements and using channel correlation to enhance
the customized wireless channel capability provided
by the RIS, the beamforming gain provided by the
optimized RIS can exceed the negative impact of spa-
tial correlation, thereby achieving higher user rates.

In Fig. 10, it can be observed that when consid-
ering the influence of RIS visibility, as IV increases,
the time for solving the max-min problem with the
gradient algorithm also gradually increases. How-
ever, as the solution method for low-complexity rate
expressions is much simpler, the runtime can be sig-
nificantly reduced. Especially when N is large in
XL-RIS scenarios, such as N = 1024, reducing com-

—6— du=h2
—5— di=h4
—o— di=A8

—— Non-RIS

Minimum user rate (bit/(s'Hz))

0 . . . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000
Number of RIS elements, N
Fig. 9 Max-min achievable rate versus IN for different
values of the RIS element spacing d,is (RIS: reconfig-
urable intelligent surface)
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plexity can increase computational speed by nearly
three times.

Fig. 11 investigates the convergence behavior
of the proposed low-complexity gradient algorithm
compared to that of the ordinary method. By ap-
plying the proposed complexity reduction method,
it can be observed that when all other conditions
are the same, the number of iterations required
for the low-complexity gradient algorithm to con-
verge is always less than that of the usual gradi-
ent algorithm, and this advantage is more obvious
when using the accelerated algorithm. Besides, al-
though there is not much difference in the num-
ber of iterations before and after reducing com-
plexity, the efficiency is significantly increased, and
the total time consumption is decreased due to the
greatly reduced complexity of single-iteration calcu-
lations. Moreover, the convergence speed can be fur-
ther effectively improved by applying the proposed

6000F T T T T T T T T T
—&— Before reducing complexity, M=64 D
5000 —+— After reducing complexity, M=64
—&— Before reducing complexity, M=100
—B— After reducing complexity, M=100
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Fig. 10 Comparison of runtime before and after re-
ducing complexity
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Number of iterations

Minimum user rate (bit/(s-Hz))
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Before reducing complexity, accelerated
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0 5 10 15 20 25 30 35 40 45
Number of iterations

Minimum user rate (bit/(s-Hz))

Fig. 11 Comparison of system solution iteration times
before and after reducing complexity
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acceleration method. Hence, the above results con-
firm that redundant components can be removed
through the proposed method in expression (18).
As a result, the achievable rate expression with
dimension-reduced matrices can effectively improve
system efliciency and save resources.

6 Conclusions

In this study, we studied the two-timescale de-
sign of XL-RIS-aided massive MIMO communication
systems, taking into account the influence of VRs.
First, we considered a spatially correlated channel
model in the presence of VRs.
pression of the achievable user rate was derived and
the optimization problem was clarified. At the same
time, we analyzed the impact of the VR of the RIS
on system complexity and simplified the user rate

A closed-form ex-

expression. Second, we proposed a gradient algo-
rithm different from GA and validated the potential
of applying it to the phase shift optimization prob-
lem. Finally, we conducted simulations and analysis
about XL-RIS-aided massive MIMO systems, and
the impact of VRs on system performance was veri-
fied from different perspectives.
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