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Abstract: This paper investigates the reconfigurable intelligent surface (RIS)-aided uplink multicell
massive multiple-input multiple-output (mMIMO) communication system with transceiver hardware
impairments (THWIs), and the practical and feasible two-timescale scheme is used to design the
phase shifts of the RIS. We consider the Rician channel model and use maximal-ratio combining
(MRC) technology to process the received signal at the base stations (BS). The expression of the uplink
achievable rate is derived and analyzed. Moreover, the genetic algorithm (GA) is used to optimize
the phase shifts of the RIS to maximize the data rate. Finally, the accuracy of the derived results
is verified. The simulation results show that appropriately increasing the number of RIS reflecting
elements can compensate for the performance loss caused by inter-cell interference and THWIs and
reduce the demand for BS antennas, which can significantly reduce the hardware costs at the BS.

Keywords: two-timescale; reconfigurable intelligent surface (RIS); massive multiple-input

multiple-output (mMIMO); transceiver hardware impairments (THWIs)

1. Introduction

The explosive growth of mobile data, as well as the emergence of innovative tech-
nologies such as virtual reality and holographic communication, requires future wireless
communication systems with extremely high data rates, seamless coverage, and ultra-high
reliability [1]. In the past few years, wireless communication systems have expanded the
coverage and increased the user rate by continuously increasing the size of the base station
(BS) antennas, which will lead to inter-antenna interference and carries great hardware
costs. Fortunately, reconfigurable intelligent surfaces (RISs) can enable future wireless
communication systems to meet these requirements [2—4]. Therefore, RISs have been widely
studied [5-10]. The authors in [5] focused on the RIS-aided multicell multiple-input single-
output (MISO) system and maximized the minimum weighted signal-to-interference-plus-
noise ratio (SINR) by jointly optimizing the transmit beamforming vectors at the BS and the
reflective beamforming vector of the RIS. The authors in [6] investigated a RIS backscatter-
based uplink coordinated transmission strategy and aimed to maximize the weighted sum
rate (WSR). In [7], the authors suggested an RIS be deployed at the boundaries of multiple
cells to mitigate inter-cell interference and assist cell-edge users in communicating with
the BS, aiming to maximize the WSR by jointly optimizing the phase shifts of the RIS and
the precoding matrix at the BS. In [8], the authors considered the phase shift design of
the RIS and joint user scheduling in RIS-aided multicell downlink systems. The authors
in [9] studied an intelligent omni-surface-aided multicell MIMO communication system
and designed a distributed hybrid beamforming scheme to maximize the sum rate. In [10],
besides considering the joint beamforming problems for an RIS-aided multicell MISO
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system, the authors further considered the SINR balancing beamforming design to enhance
the fairness of users by maximizing the minimum SINR among all users.

However, most of the contributions mentioned above are based on the instantaneous
CSI scheme, which will lead to an extremely high estimation overhead and computational
complexity [11-13] and ignore the existence of transceiver hardware impairments. In this
work, we adopt the two-timescale design scheme to avoid these problems caused by the
instantaneous CSI-based scheme. The two-timescale design scheme refers to the design
adopting instantaneous CSI and statistical CSI at the BS and RIS, respectively [14]. The
reason for adopting statistical CSI at the RIS is that the locations and the angles of the arrival
and departure of the users concerning the BS and the RIS barely change in a coherence
interval. Many contributions have been devoted to the two-timescale design scheme and
have proven its efficiency [15-19]. The RIS-aided mMIMO system with imperfect CSI based
on the two-timescale design scheme was analyzed in [15], and the authors not only offered
analytical insights into the power scaling laws but also compared the two-timescale scheme
and the conventional instantaneous CSI scheme. The result in [15] showed that the adoption
of the two-timescale scheme can effectively increase the system performance. The authors
of [16] focused on the RIS-aided cell-free mMIMO system based on the two-timescale
scheme and proved the superiority of the two-timescale scheme. Double-RIS-aided multi-
user communication was researched in [17], and the authors adopted a novel multi-user
two-timescale channel estimation protocol in the slow time-varying channel to minimize
the pilot overhead. The authors of [18] compared the proposed two-timescale-based beam
training algorithm with the empirical beam training algorithm, and they proved that the
proposed two-timescale-based beam training algorithm achieved better performance with
significantly lower training and feedback overheads. In simultaneously transmitting and
reflecting reconfigurable intelligent surface-aided NOMA systems, the authors of [19]
proposed two efficient two-timescale (TTS) transmission protocols for different channel
setups to maximize the respective average achievable sum rate, and the simulation results
showed that the proposed transmission protocols could reduce the channel estimation
overhead as compared to the instantaneous CSI-based scheme.

Moreover, it is meaningful to consider the existence of transceiver hardware impair-
ments (THWIs) in the RIS-aided communication system, which will lead to oscillator
phase noise, non-linearities, and quantization errors [20]. There has been a lot of work
to prove the necessity of considering the THWIs in models and the effect of THWIs on
RIS-aided communication systems [21-24]. The authors of [21] investigated an RIS-aided
device-to-device communication system with THWIs and analyzed the influence of the
THWISs on the system by considering two special cases, i.e., no RIS hardware impairments
and no transceiver hardware impairments. Meanwhile, [22] revealed the impact of the
phase shift error (PSE) and THWIs on the RIS-aided wireless-powered IoT network; the
authors started with a scenario where only the PSE was considered, and then moved
toward a scenario where the PSE and THWIs were both considered. A robust design for
an RIS-aided wireless communication system based on imperfect CSI and THWIs was
studied in [23], and the simulation results proved that increasing the RIS elements can
effectively reduce the influence of THWIs on the communication system. In [24], THWIs
were also considered. The authors proposed a modified ON/OFF estimation (MOE) with a
moderate pilot overhead to improve the accuracy of the direct estimation (DE) scheme, and
the benefits of introducing RISs into hardware-impaired cell-free massive MIMO systems
were also illustrated.

In addition, this work also takes the cascaded Rician channel into account, which is
vital due to the installation height of the base station and RIS. Most of the current in-depth
work has focused on the cascaded Rician channel, such as [25-27]. They focused on RIS-
aided communication systems with cascaded Rician fading channels and gave some useful
analysis. In [25], the authors derived the closed-form expressions of several performance
metrics in terms of the exact outage probability, ergodic capacity, and average bit error rate
(BER). In [26], the authors derived the closed-form expression of the outage probability
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determined by the distribution of the RIS-based composite channel and an asymptotic
outage probability expression in a specific case. Similarly to [26], the authors of [26] derived
new accurate closed-form approximations for several performance measures and derived
an asymptotic expression for the outage probability at high signal-to-noise ratio (SNR)
values; they also provided closed-form expressions for the system diversity order and
coding gain.

To the best of our knowledge, the performance of RIS-aided multicell massive MIMO
systems with THWIs has not been considered. In particular, the more practical and feasible
two-timescale design scheme is adopted in this work. We derive the closed-form expression
of the uplink achievable data rate, which will facilitate the investigation of how the RIS
improves the performance of the proposed model. Moreover, some analytical results
are given based on these derived expressions. Then, the genetic algorithm (GA) with
low complexity is adopted to optimize the phase shifts, because this algorithm does not
need to calculate the first-order derivative of the objective function when compared with
the gradient descent method. Finally, a simulation validates our derivations and shows
that appropriately increasing the number of RIS-reflecting elements can compensate for
the performance loss caused by inter-cell interference and THWIs and also reduce the
demand for BS antennas in the RIS-aided multicell mMIMO system with THWIs, which
can significantly reduce the hardware costs at the BS.

Our main contributions are summarized as follows:

*  The two-timescale scheme is adopted to design the beamforming at the BS and RIS,
respectively, based on instantaneous CSI and statistical CSI, for less computational
complexity and less channel estimation overhead.

*  We derive the closed-form achievable rate expression, which holds for an arbitrary
number of BS antennas and RIS elements under Rician fading. The properties of the
achievable rate in different cases are analyzed to draw useful insights.

*  The GA method is applied to maximize the sum rate and the minimum user rate by
optimizing the phase shifts of the RIS.

e Finally, numerical results validate our analytical conclusions and reveal that increasing
the number of RIS elements can compensate for the influence of THWISs and effectively
reduce the costs of the communication hardware.

2. System Model

As shown in Figure 1, we consider an RIS-aided uplink multicell nMIMO commu-
nication system. The number of cells is L, and the RIS comprises N reflecting elements.
The base station (BS) in each cell is equipped with M antennas. In each cell, the direct
link between users and the BS is blocked by obstacles, K single-antenna users can only
communicate with the BS through the RIS, and both the transmitters and receivers have
hardware impairments.

The phase shifts matrix of the RIS is @ = diag{efel, .. et elfN }, where 6, € [0,27),
n=1,..,N, 6, represents the phase shift of the n-th element. In the /-th cell, the channel
from the users to the RIS is denoted by H; ,, = [hy1, ..., hyt, .. hyg] € CN*K 1 =1,. L,
where h; ; represents the channel from the k-th user to the RIS. The channel from the RIS to
the BS is denoted by H; ,;, € CM*N The expressions of H; ,;, and h; ; are

H),p :\/171(\/ oo + ﬁﬁl,ﬂ;), 1
hyk :\/ﬂl,k(\/%ﬁl,k‘i‘ ﬁf\z,k), ()

where v; and y;  are large-scale path loss factors, p; and €; are Rician factors, and I:Il,,b
and h;  are the none-line-of-sight (NLoS) components of the channel, whose elements are
independent and identical distribution (i.i.d.) random variables following CN (0, 1).
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Hj, ,;, and h; ; are the LoS components of the channel, and the expressions are

ﬁl,rb =aMm (lp?,rb’ lp;,ﬂ;) aII;II (4);1,1'!7’ 47?,7’17) ’ 3)
By =an (Wl ¥k ). )

where l/Jla,rb, l[J;,rb, respectively, represent the arrival azimuth and elevation angles from the
RIS to the BS in the I-th cell. ¢7,, ¢ ,,, respectively, represent the departure azimuth and
elevation angles from the RIS to the BS in the I-th cell. y7,, ¢j, , respectively, represent the
arrival azimuth and elevation angles from user k to the RIS in the /-th cell.

RIS

User k

BS|

Figure 1. An RIS-aided uplink multicell nMIMO communication system.

In addition, we adopt the uniform square planar array to express ay (W,rb' l/’f,rb) , and
it can be written as

2md inh? QN e
sim sm +qcos
am (W,rbr lple,rb> = |:1r-"re] A (psindysingi +4 %f”’),

ej% (VM—-1)siny{ ,singf , +(v/M— UCOSlpirb} T, )

Yy

where 0 < p,q < v/M — 1, d represents the element spacing, and A represents the wavelength.
Based on the above definitions, the cascaded channel in the I-th cell can be denoted

by G, = H;4,0OH,,, = [gl,ll -8l ks -~-8l,1<]/ where g = H;,;,0h;. In the [-th cell, the

transmit distortion of users is denoted by z;; = [z;1, .21k, --., Zl,K]T, where z; | represents

the transmit distortion of the user k. The receive distortion of the BS is denoted by z; ,..
Therefore, the signal received by the BS of the I-th cell is

K
vi =Gi(Pix; +z4) + 2, +10y =Y g1 (VPLixi +21i) + 21, + 1y, (6)
i-1

where P; = diag(,/pi1, -, /PLK) is the transmit power of users. x; = [x;1, ..., x,x]7 is the
signal vector of users, and E{|x;;|*} = 1. n; ~ CN(0,0%Iy) represents the additive white
Gaussian noise (AWGN). The transceiver distortions are described in terms of conditional
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distributions with respect to the channel realizations as z;; ~ CN(0,k; ,p;;) and z;, ~
CN |0,k Z Z piilms;i i8] l) , where k; , and k; , represent the severity of the residual
S1is
impairments of the transceiver.
Then, we employ the MRC technology, and the received signal at the BS can be
expressed as

K
1 =Gj! <‘21 81i (/PLixni + 1) + 21, + nl> . ()
1=

Therefore, in the [-th cell, the k-th user’s signal received by the BS can be expressed as

K L K
Tk :gﬂ (Z gLi(vonixi+zi) + Y. Y. 8ii(VPxji+zji) 2+ nl)
i=1 ‘

j=Lj#li=1

K L K
Zgﬂgl,k\/vl,kxz,k+ Z gﬁ(gl,i\/Pl,ixl,i“‘ Z Zglligj,i\/pj,ixj,i
————

i=1,i#k j=1,j#li=1
Signal
Intra-cell interference Inter-cell interference
L& H H H
+Z Z 81 k8ji%ji t+ 81 kZ1r T & kM- (8)
j=1i=1 S~
Noise
Total THWIs

3. Analysis of Uplink Achievable Rate

The uplink data rate of user k can be denoted by R; ; = E{log2(1 + SINR; &) }, where
SINR; x is the signal-to-interference-plus-noise ratio (SINR) of the user k in the I-th cell. The
expression of SINR; . is given as

2
Pk
SINR = —¢ )
‘ 2 PLi gﬁ(glz + 2 Z Pj,i glkg]l + 2 Z ‘glkg]ZZ]Z + ‘glkzr
i=1,i#k j=1,j#li=
Theorem 1. In the RIS-aided uplink multicell mMIMO communication system with THWIs, R;
can be approximated as R; ;. =~ log, (1 + SINR; ), where
l k
PLiE
SINR;; = — l signal - — (10)
jid
i 1211# pi, lEzr:tm + 12]:#1 121 Pji ]Eznter ]Ethwzs 02En01se
2 .
Lk _ H L, _ H ji H Lk _
where Eszgmzl E{ ’gl,kgl,k’ }’ Einltm - E{ ‘gl,kgl i } Emter E{ ‘gl,kg]} } IE:nozse -
2
Lk
E{Hgl/kH } and IE“thwls = E{ )» Z ‘gl k8ji%ji + ‘glk Ziy
The expressions of ]Eéllfgnal, Eirﬁra, ]E{riter, Ey:ns . and Ei}]fms are, respectively, given by
(11)-(15), where a; = w&iékkﬂ) D (0) = al (4’?9;;/ <p;,b)®h,,k, 81k, is the m-th ele-
ment of g; .
Elsjfg,nal Mlllzlk X {Mplzel,k2|q)l,k(®) |4 + MN? <2p12 + €12lk + 2‘016111( +20; + 261,}( + 1) + 2Pl£l,k|¢l,k(®) |2 (11)

(ZMNPI + MNeg;j + MN +2M + Nejp + N + 2) + N? <€12,k +201€1k + 201 + 2€1 ) + 1) + (M + 1)N(2p[ +2€k + 1)},
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IEII

intra

2 2
= Maz,kﬂz,i{MPzzez,kez,i\d’z,k(@))’ |®,;(© \ + pi€1i| @1k (O \ (0tMN + Nej; + N +2M) + pje; | ®;(©)]
(N(orM + €1 +1) +2M) + MN(2p; + €, + €1 + 1) + N? (MPIZ +pi(eri tep+2)+ (e +1)(er; + 1))

—_H— |2
+Mererihyhy;

7H7
+ 2Mp€; ke; Re{ @[} (©) D, (O) hl,ihl,k} } (12)

E/

inter

®,,(0)*|®;,(8)]” + preri| ®14(®)* (0:MN + Neji + N +2M) + preji| ®;(

= Mayga;; X {MPl2€l,k€j,i
(N(otM + €11 + 1) +2M) + MN (20, + € + € +1) + N? (MPI +po1(€eji +ex+2) + (e +1) (e + 1))
fh(@);,(0) i} |, (13)

EK = May, <€z,kP1 @, (©) \2 + Neyx + No; + N>, (14)

} 12 Pui {\gz,imz 2}
i 1
+ i ii’f,i]E{|gj,im}2!gz,km2}>/ (15)

=1

E{ |81, |*} = auplel

+ 4a,2’kN(N +1)(p; + €1x), (16)
E{|gl,im |2|gl,km |2} = ﬂl,kﬂz,ipl( } (®)|2> (Plel,i 9)|2 +poN + €z,iN) ) (){2

2
+ ﬂz,kﬂz,iP1N<(€z,k +€1,i) | @i (0)" + 2) + apaN + aay;p)N* + aea; ;N(epe + 1) (o1 + 1N + €(N + 1))

+M€l,k€j,i h:h

1k 1,
IEthw1s kl uP1 kEs1gnal + kl u 2 pi lElritra + 2 k] l‘z P]z mter + kl bM (pl kE{ !gl km |g1,km

i=1,i#k j=1,j#l i=1

0)|" + 407, pr€1 [(N(Pz tep+1)+2)|@ (@) + NZ] + 2aka<p}N + e N+N+ 1)

+2a; a0 <€l,iel,kRe{q’ﬂc(g)q)l,i(@)ﬁlliﬁl,i} + €1k | @1k (O) \2 +€1,i|®1(0) \2), (17)
E{ |8jin z}gl,km |2} = a1x4;,i01 (N + €1k | @1 (O) |2> (Plé‘j,i!‘l’,',i(){z +o/N+ €j,iN) + ﬂl,kﬂj,iplez,k!¢z,k(®)|2
+ ﬂz,kﬂj,iP1N<(€1,k +€j) |®;i(©) ’2 + 2) + ajxaj;iN + aja;ip)N* + aa; i N(ee +1) (o, + 1)N + (N + 1))

+ 2a14a5,01 <€j,i€l,kRe{Qﬁ((e)q)j,i(e)ﬁgcﬂj,i} + €1k | @1 (©) |2 +€;i|®;i(©) |2> (18)

Proof of Theorem 1. Please refer to Appendix A. [

By observing (10), we find that the closed-form expression is independent of the NLoS
components, including dx, hX, H, and the phase shift term ®; k(0) is always related to the
Rician factors and path loss factors, i.e., p;, €k, €] ;, which barely change in a coherence
interval. This means that the two-timescale scheme can greatly reduce the computational
complexity and power consumption due to the slowly varying CSI, i.e., Rician factors and
path loss factors.

Moreover, based on this analysis, we can conclude that if the channel in this system is
a fully Rayleigh channel, namely p; = €; = €;; = 0, V1, k, i, the performance of this system
will be independent of the phase shifts and only depends on the number of RIS elements
N and BS antennas M. Hence, it is important to reveal the relation between the system
performance and the number of RIS elements N and BS antennas M. In the following, we
will focus on two special cases where the BS antennas M and the RIS elements N tend to be
infinite, respectively.

Corollary 1. In the RIS-aided uplink multicell mMIMO communication system with THWIs,
when N — oo and the phase shifts of the RIS are random, we can approximate the rate as R j —
log, (1 + SINRy ), and the SINRy; is given as

pi, kﬂl kAl
K 7
Y. pLigiAs + Z Z p;it;iAs + Ay
i=1,i#k j=1,j#li=1

SINRy =

(19)
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where

A= 2Mp1261,k2 + M(Zplz + EZZ,k +201€1k + 201 + 2611 + ])

+ 201€1k (ZMp] + Mel,k + M+ €+ 1) + (612,,( + 2p]€],k +20; +2€1 1 + 1), (20)
Az = Mpfeiier; + prer(piM + € + 1) + pregi (oM + e + 1) + Mp7 + py (€1, + €1 +2)
+(ep+1)(e;i +1), (21)
As = Mpjerej;+ pieri (oM +€j; + 1) + prej (oM + €1 + 1) + (MPIZ +p1(€ji + €k +2)
+ (el,k+1)(€j,i+l))' (22)
K L K
Ay =kpuprragiAr + ki, Y priaiBAo+ Y kiu ) pjiaiAs (23)
i—Lizk =LAl =l
K
4 2 2 2 2
+kip (Pt,kE{ 8t} + L PE{ 81l gk} + Z 2 PiE{ g7 815, }) :
i=1,i#k J=1j#

4] _ 2.2 2
E{ |81, } = 2y 0767y + 4a i€ (o + € + 1) + 4ay i€ + 27, (pl +ex + 1)
+4a (o +erk), (24)

2 2
E{ |8 |~ 181k | } = arip[(L+er) (o€ + o1 +€1i) + (erx +€1) +1]
+api(erx +1) (o1 + €1, +1), (25)

2 2
E{ 18 | 8110 | } = a0 [(1+ ) (pr€ri + o1 +€1) + (€1 +€j,) +1]
+aj,i(€l,k+1)(pl +€j +1). (26)

Proof of Corollary 1. Similar to the derivation method in ([12], Corollary 3), we can remove
the terms that are not on the order of O (N 2) when N — co. Moreover, it is noted that the
phase shift terms such as ®; (@) can be replaced in line with expectation. [

It can be seen that the noise term ]Efl}:)lse is not included in Equation (19), and the
rate will tend to be constant. This shows that in the RIS-aided uplink multicell mMIMO
communication system with THWIs, when N — oo and the phase shifts of the RIS are
random, we can eliminate the effect of noise. Moreover, on this basis, if the number of BS
antennas also becomes infinite, the rate will also be constant. The order of all terms, which
includes the signal power terms, interference terms, and the terms caused by THWIs, is on
the order of O(M) when the number of BS antennas also becomes infinite.

Corollary 2. In the RIS-aided uplink multicell mMIMO communication system with THWIs,
when M — oo, we can approximate the rate as R;x — log, (1 + SINRy;), and the SINRyy is
given as

pi kalszl
K 7
)» Pz ia1 ka1, Ba + Z Z pjia1a;,iBs + By
i=1,i# j=1,j#li=1

SINR =

(27)
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where

4 2
Bi = pfei?| @1 (©)]" + N? (2P12 + 7% + 20061 + 201 + 2611 + 1) + 2061 | @1 (O)]

(2Np1 +N€l,k+N+2) +N(2pl +2€l,k+1)/ (28)
2 2 2 2
B, = piejeri|@1x(0)]7|®1:(0)|" + preri|@1x(®)| (0N +2) + prey ;| @1, (©)]
—H— 2
(Npl + 2) + N(Zp[ + €1+ €k + 1) + szlz + €1 k€1, hl,khl,i
7H7
+ 2Pz€1,k€1,iR€{‘Dﬁ(@)‘l’z,i(@)hz,ihl,k}/ (29)
2 2 2 2
B = pieiieji| @11 (0) 7| ®;:(0)|” + prer|®1x(®)| (0N +2) + pej;|@1,(O)]
—_H— |2
(Np; +2) + M (20 +€j; + € + 1) + N?p] + €€ [y chy
7H7
+ 2pl€l,k€j,iRe{¢]Ij<(®)¢j,i(e)hj,ihl,k}/ (30)
, K L K
By = kjupiiarBi+kiy Y prigariBa+ Y kiu) | pjiaika;iBs (31)
i—Titk =LA =
4 K 2 2 L K 2 2
+hp | PaE{ | '} + L pE{ I8 Ple*}+ X X piE{ I8 *lgie ] )-
i=1,ik j=Lj#li=1

Proof of Corollary 2. Similarly to the derivation of Corollary 1, we can remove the terms
that are not on the order of O(M?). O

As in Corollary 1, when the number of BS antennas M tends to be infinite, the rate of
this system will tend to be constant, and the effect of noise can be ignored.

4. Phase Shift Optimization

By observing (10), we find that the rate only depends on the statistical CSI, including
the Rician factors, the LoS components of the channel, and the path loss coefficients.
Therefore, we can optimize the phase shifts of the RIS based on statistical CSI.

Algorithm 1: Mutation Algorithm

fors=1:S53do

forn =1:Ndor =rand(1);

if r < 0.1 then

The n-th chromosome of individual mutates to 27t * r;
end if

end for

end for

Specifically, we formulate two optimization problems: the sum rate maximization
problem to guarantee overall system performance and the minimum user rate maximization
problem to guarantee fairness between users—see (27) and (28).

L K
max Z Zerk (32)
® D=
in R 33
or mx mkm 1k (33)
s.t.0, € [0,271),Vn (34)

where R; k is given in (10).

Due to the complexity of the rate expression, the existing gradient descent method and
convex optimization method cannot solve this problem. The genetic algorithm (GA) does
not need to calculate the first-order derivative of the objective function as the conventional
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gradient descent method does. Instead, we only need to calculate the objective function in
each iteration, so we use GA. The detailed steps of the algorithm are as follows.

Initialize population: Generate S individuals, and each individual has N chromosomes
randomly generated from [0,277), corresponding to the phase shift matrix of the RIS.

Calculate fitness: In the current population, we first calculate the fitness of each
individual through the objective function of the optimization problem (32) or (33). Then,
we sort them in descending order according to fitness.

Select elite: We select the top S; individuals as elites and pass them to the next
generation.

Mutation: We select the last S3 individuals as parents and mutate them with a proba-
bility of 0.1 to generate S3 offspring. The mutation algorithm is shown in Algorithm 1.

Crossover: We use stochastic universal sampling to generate 25, parents from the
remaining S» = S — S; — S3 individuals. Then, we use the two-point crossover method
to generate S, offspring from 2S5, parents. The two-point crossover method is shown in
Algorithm 2.

Finally, we combine S elites and S, + S3 offspring to generate the next-generation
population. When the change value of the average fitness is less than the preset value or
the number of iterations reaches the preset maximum number of iterations, the algorithm
stops. In the current population, the chromosome of the individual with the highest fitness
corresponds to the optimal phase shift of the RIS.

Algorithm 2: Two-Point Crossover Algorithm

Initialize c = 1;

fors=1:5; do;

Select the ¢-th and (¢ + 1)-th parents from the 2S5, parents;

Randomly generate integers 4, b from [1, N — 1] and satisfy a < b;

Generate the s-th offspring, and the N chromosomes of the s-th offspring are the [1 : 4
chromosomes of the ¢-th parent, the [a + 1 : b] chromosomes of the (c + 1)-th parent, the
[b+1: N] chromosomes of the c-th parent;

c=c+2

end for

5. Simulation Results

In this section, we provide simulation results to validate the derived expressions and
analyze various system parameters. The parameter settings are derived from [7,13]. Unless
otherwise stated, we set them as follows: N =49, L =2, M = 49, K = 4, p;; = 30 dBm,
02 = —104 dBm, p1 = 1,€1 = 10, VI, k. Different from [7,13], we consider not only the RIS-
aided multi-cell nMIMO system but also the THWIs. Hence, the THWI coefficients need
to be set additionally, namely k; , = k; , = 0.01. We assume that the distance from the RIS
to the BS is d,;, = 800 m, VI, and users are distributed on a circle with the RIS as the center
and a radius of d,; = 30 m. Therefore, v; = 10_3dr_bz'5, Wik = 10_3d;rz,Vl, k. In addition,
the element spacing of d = A /2 is set to avoid spatial correlation. The various angles at the
BS and RIS are randomly generated from [0, 27t] and fixed after initial generation.

As shown in Figure 2, we plot the achievable rate obtained from optimization problems
(32) and (33) and carry out MC simulation for verification. The MC simulation results are
consistent with the derived results, which shows the accuracy of the derived results.
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—#— Sum rate by max-sum

O MC simulation
6l Min user rate by max-min
O  MC simulation

[#+] - w

Achievable rate(bits/s/Hz)

3]

10 20 30 40 50 60 70 80 90
RIS elements number N

Figure 2. Sum rate and minimum user rate versus N.

In Figure 3, we verify that the optimization problem (33) can ensure the users’ fairness.
The relationship between the two vertical coordinates is four times, and the two curves
coincide with each other, while the number of users K = 4, which means that the minimum
user rate reaches the average user rate, i.e., all users have the same rate.

7 . . : : 1.75
—%— Sum rate by max-min

—E&—Min user rate by max-min

11.25

Sum rate(bits/s/Hz)
Min user rate(bits/s/Hz)

10.25

O 1 1 1 1 O
0 20 40 60 80 100

RIS elements number N

Figure 3. The max min rate to ensure users’ fairness.

Figure 4 depicts the achievable rate in different scenarios. As shown in Figure 4,
scheme ‘N = 49, Sum rate by max-sum’ is superior to scheme ‘N = 100, Sum rate by
random phase’, and, as N increases, the performance gap between the two will become
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larger. This is consistent with our Corollary 2, i.e., the rate will tend to be constant when BS
antennas M — co. Moreover, it indicates that it is necessary to optimize the phase shifts
of the RIS.

1 4 T T T T T T T

-
[\%]
T

=y
[s=]
T

o
T

—#—N=49, by max-sum
—£—N=49, by random phase
N=100, by random phase

Sum user rate(bits/s/Hz)

6 —¥*—N=100, by max-sum i
4 i
e e e e A———x
2 -
0‘% 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

BS Antennas M

Figure 4. Sum rate versus M.

In Figure 5, we plot the achievable rate versus the Rician factor of the RIS-BS channel.
As p; increases, the sum and minimum user rates decrease. This is because, with the
increase in p;, the channels between users have a stronger correlation, which reduces the
spatial multiplexing gain and also increases the interference between users.

8 T T T T T

—E—Sum rate by max-sum
Sum rate by random phase
Min user rate by random phase

—%—Min user rate by max-min

(4] [=3]
T T

Achievable Rate (bit/s/Hz)
.

D
3 - i
2 - -
e % e .
1 - i
0 | | | | | |
-20 -15 -10 -5 0 5 10

Rician factoe of RIS-BS (db)

Figure 5. Achievable rate versus the Rician factor of RIS—BS.
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In Figure 6, we plot the achievable rate with different THWI coefficients. As the
transmit power increases, the sum rate and minimum user rate gradually increase and
tend towards a limit value. In addition, with the increase in power, the performance gap
between the two THWI scenarios also widens because the THWIs are tightly coupled with
the transmitted signal and become stronger as the THWI coefficients k; ,,, k; , increase.

101 1

5 —#— THW|s coefficients=0.01,5Sum rate by max-sum b
—#—THWIs coefficients=0.1,Sum rate by max-sum

al THWIs coefficients=0.01,Min user rate by max-min
—%— THW|s coefficients=0.1,Min user rate by max-min

Achievable rate(bits/s/Hz)

*
¥*

*

0 2 4 6 8 10 12 14 16 18
Transmit power (db)

Figure 6. Sum rate and minimum user rate versus transmit power.

Figure 7 depicts the achievable rate under different schemes. Through comparison, we
find that the rate performance of scheme "M = 256, N = 16’ is the same as that of scheme
"M = N = 64’. This means that we can significantly reduce the demand for the number of
BS antennas by appropriately increasing the number of RIS-reflecting elements, effectively
reducing the hardware cost at the BS.

12 4 —#—M=64, Min user rate by max-min . .
—#—M=256, Min user rate by max-min
M=256, Sum rate by max-sum
—#— M=64, Sum rate by max-sum
10+ b

Achievable rate (bits/s/Hz)

0 . . . .

0 20 40 60 80 100
RIS elements number N

Figure 7. Sum rate and minimum user rate versus N under different schemes.
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To ensure the accuracy of the scheme comparison, we further draw Figure 8. In
Figure 8, the scheme ‘M = N = 64’ is superior to the scheme ‘M = 256, N = 16’ in
different THWI and power scenarios, which shows the accuracy of the scheme comparison.

b //—/’4’* ) T
¥ —¥—M=N=64, THW!Is coefficients=0.01

—8—M=N=64, THW!Is coefficients=0.1 1
M=256,N=16, THWIs coefficients=0.1

—¥—NM=256,N=16, THW!Is coefficients=0.01

—¥—M=N=256, THW!Is coefficients=0.01
M=N=256, THW!Is coefficients=0.1

»*
»*
*

—_
[#%]
T

—_
3]
T

—
—
T

1

Sum user rate(bits/s/Hz)
>

0 5 10 15 20
Transmit power (dB)

Figure 8. Comparison of rate performance under different schemes.

In Figure 9, we plot the sum rate for three scenarios. In scenario k; , = k;, = 0.1, L = 4,
Sum rate by max-sum’, the impact of inter-cell interference and THWIs can be compensated
for by increasing the number of components. This is meaningful because increasing N is
more cost-effective and practical compared to replacing the transceivers and reducing the
number of cells.

g T T T T

Achievable rate(bits/s/Hz)

—#— THWIs coefficients=0.01,L=2, Sum rate by max-sum
1 —#— THWIs coefficients=0.1,L=4, Sum rate by max-sum
—O—\WVithout THWIs, signle cell, Sum rate by max-sum

0 1 1 1 1
0 20 40 60 80 100

Figure 9. Sum rate versus N in different scenarios.
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6. Conclusions

This paper has focused on an RIS-aided uplink multicell mMIMO communication
system with THWIs. We have derived and analyzed the achievable rate expression, and
the phase shifts of the RIS have been optimized based on the two-timescale design scheme.
Through simulation, the correctness of the derived expression has been verified, and
the following conclusion has been obtained. In the RIS-aided uplink multicell mMIMO
communication system with THWIs, we can compensate for the performance loss caused
by the inter-cell interference and THWIs by appropriately increasing the number of RIS-
reflecting elements, and we also significantly reduce the demand for BS-receiving antennas,
which will effectively reduce the hardware cost at the BS.
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Appendix A
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(01) is obtained by removing the zero terms, and E{ 181k, 4} can be found in [11].
les, |} and B{ g1, [*[854 | }-

Therefore, we only need to derive IE{ ’gl,km
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Substitute (1)-(3) into gy = H,;,®h. Then, we can express g;. as

8k, = VaLk % (\/PI€ kamm (llJf,rb/ le,rb)‘I’l,k(@)

1
8l km

N
o =
+ VP1amm (l/]?,rb' lpf,rb) Z a?\ln (‘Pﬁrb' (Ple,rh) ¢ ”hl/kn
n=1

2
Sy

N N
+ Ve Z [Hl rb]mn€] aNn (% kr’ 1/’1 k,) Z Hl rb mnej "hl kn ) (A2)
n=1

3 4
Sk -

where apgy, (1/17,717, lpf,,b) is the m-th element of ay, (lpf,rb' lpf,rb)r any, (cpfmb, 4>f,rb), h;j, and

any (l/Jfkr, (0 kr) are, respectively, the n-th element of ay (cﬁﬂ,, ¢ ,b> ,hjranday (l/szk,, Wi kr);

[H; ] mn is the (m,n)-th element of H; ;. The expression of g;; can be obtained in the
same way.

Hence, we have

IE{|gl,km 1 814, |2} = Aa1k4, { (Z ‘gl o

2y Y refef (8h) }) (A3)

w=1yp=w+1
(Z\gzz,,, +2 Z Z re{gf", (8l;,) )}
w=1¢p=w+1
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o= P

+4a; ray ; {Re{gl km (g;}km) Re{gl im (g Liim *} ’

where (0;) is obtained by removing the zero terms.
We calculate the terms in (A3) one by one. The first term can be calculated directly

4 4
E{ )3 ‘gfkm )y ’g, i
w=1 w=1

} ( 1€,k ®7 (@) + N + €N + 1)
% (i€, @3,(©) + pIN + €N +1), (A4)
Moreover, assume that
apm (lPla,rbr 1/’5}1:) ®,(@)e ay, (M,krr lple,kr)
= 0" + joi"ap, (W,rb: 4’7,rb) ®,;(0©)e ray, (4’§Z,iw 4’7,#)

=" 4 join [H, blmn = Smn + Jtmn. (A5)
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Substituting (A5) into (A3), and after some simplifications, the second item can be
derived as (A6). Accordingly, the remaining items can be derived as

B{Resls, (sls.) Jre{sli, (si) }}

= PIELKELi { Y ofoltsh,, + ok int'rznn} (A6)
P1612k€1 “Re {‘I’If(@)@,k(@)ﬁgcﬁz,i }
E{Re{sl,, (81s,) JRe{sl, (8h:,) }} = 22 |@e(@)[, (A7)
{R {gz o (8 ,k,,,)*}Re{gzl,im (g?,im)*} } = pl?’i ®,(0)[, (A8)
(&

Re 8k, (81K, ) [Re gIZ,im g?,z‘m * M (A9)
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