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Abstract: This paper investigates the reconfigurable intelligent surface (RIS)-aided uplink multicell 1

massive multiple-input multiple-output (mMIMO) communication system with transceiver hardware 2

impairments (THWIs), and the practical and feasible two-timescale scheme is used to design the 3

phase shifts of RIS. We consider the Rician channel model and use maximal-ratio combining (MRC) 4

technology to process the received signal at BS. The expression of the uplink achievable rate is derived 5

and analyzed. Besides, genetic algorithm (GA) is used to optimize the phase shifts of RIS to maximize 6

the data rate. Finally, the accuracy of the derived results is verified. The simulation results show that 7

appropriately increasing the number of RIS’s reflecting elements can compensate for the performance 8

loss caused by inter-cell interference and THWIs, and reduce the demand for the number of BS 9

antennas, which can significantly reduce the hardware costs at the BS. 10

Keywords: Two-timescale, reconfigurable intelligent surface (RIS), massive multiple-input multiple- 11

output (mMIMO), transceiver hardware impairments (THWIs) 12

1. Introduction 13

The explosive growth of mobile data, as well as the emergence of innovative tech- 14

nologies such as virtual reality and holographic communication, require future wireless 15

communication systems with extremely high data rates, seamless coverage, and ultra-high 16

reliability. Fortunately, Reconfigurable Intelligent Surface (RIS) can enable future wireless 17

communication systems to meet these requirements [1]-[3]. Therefore, RIS has been widely 18

studied. 19

The authors in [4] focus on an RIS-aided multicell multiple-input single-output (MISO) 20

system and maximize the minimum weighted signal-to-interference-plus-noise ratio (SINR) 21

through jointly optimizing the transmit beamforming vectors at the base stations (BS) and 22

the reflective beamforming vector of the RIS. The authors in [5] investigate a RIS backscatter- 23

based uplink coordinated transmission strategy and aim to maximize the weighted sum 24

rate (WSR). In [6], the authors suggest RIS be deployed at the boundaries of multiple cells to 25

mitigate inter-cell interference and assist cell-edge users in communicating with BS, aiming 26

to maximize the WSR by jointly optimizing the phase shifts of RIS and the precoding 27

matrix at the BS. In [7], the authors consider the phase shifts design of RIS and joint user 28

scheduling in RIS-aided multicell downlink systems. The authors in [8] study an intelligent 29

omni-surface-aided multicell MIMO communication system and design a distributed 30

hybrid beamforming scheme to maximize the sum rate. In [9], besides considering the joint 31

beamforming problems for a RIS-aided multicell MISO system, authors further consider 32

the SINR balancing beamforming design to enhance the fairness of users by maximizing 33

the minimum SINR among all users. 34

However, the transceiver hardware impairments (THWIs) in the scenario of RIS-aided 35

multicell massive MIMO system have not been considered. Therefore, we investigate 36
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an RIS-aided multicell mMIMO system with THWIs. More importantly, the phase opti- 37

mization of RIS is based on the more practical and feasible two-timescale design scheme. 38

Specifically, the phase shifts of the RIS are designed based on the statistical channel state 39

information (CSI). In contrast, while the beamforming at the BS is designed based on the 40

instantaneous CSI, which can significantly reduce the frequency of reconfiguring RIS [10]. 41

We first derive and analyze the expression of uplink achievable data rate. Then, we use a 42

genetic algorithm (GA) to optimize the phase shifts of RIS to maximize the sum and mini- 43

mum user rates. Finally, we verify the accuracy of derivation through Monte Carlo (MC) 44

simulation. The simulation shows that in the RIS-aided multicell mMIMO system with 45

THWIs, appropriately increasing the number of RIS’s reflecting elements can compensate 46

for the performance loss caused by inter-cell interference and THWIs, and also reduce the 47

demand for the number of BS antennas, which can significantly reduce the hardware costs 48

at the BS. 49

2. System Model 50

RIS

User 1

User k

User K

User 1

User k

User K

Hl,rb

Hj,rb

hj,k

hl,k

BS l

BS j

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

As shown in Fig. 1, we consider an RIS-aided uplink multicell mMIMO communication 51

system. The number of cells is L, and the RIS comprises N reflecting elements. The base 52

station (BS) in each cell is equipped with M receiving antennas, both the BS and RIS adopt 53

the uniform square planar array. In each cell, the direct link between users and BS is blocked 54

by obstacles, K single-antenna users can only communicate with BS through RIS, and both 55

the transmitters and receivers have hardware impairments. 56

The phase shifts matrix of RIS is Θ = diag
{

ejθ1 , ..., ejθn , ..., ejθN
}

, where θn ∈ [0, 2π), 57

n = 1, 2, ..., N, θn represents the phase shift of element n. In the l-th cell, the channel from 58

the users to the RIS is denoted by Hl,ur = [hl,1, ..., hl,k, ..., hl,K] ∈ CN×K, l = 1, ..., L, where 59

hl,k represents the channel from the k-th user to the RIS. The channel from the RIS to the BS 60

is denoted by Hl,rb ∈ CM×N . The expressions of Hl,rb and hl,k are 61

Hl,rb =
√

νl

(√
ρl

ρl+1 Hl,rb +
√

1
ρl+1 H̃l,rb

)
, (1)

hl,k =
√

µl,k

(√
ϵl,k

ϵl,k+1 hl,k +
√

1
ϵl,k+1 h̃l,k

)
, (2)

where νl and µl,k are large scale path loss factors, ρl and ϵl,k are Rician factors, H̃l,rb and 62

h̃l,k are the none-line-of-sight (NLoS) components of the channel whose elements are 63

independent and identical distribution (i.i.d.) random variables following CN (0, 1). Hl,rb 64

and hl,k are LoS components of channel, and the expressions are 65

Hl,rb =aM

(
ψa

l,rb, ψe
l,rb

)
aH

N

(
ϕa

l,rb, ϕe
l,rb

)
, (3)

hl,k =aN

(
ψa

l,kr, ψe
l,kr

)
. (4)
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where ψa
l,rb, ψe

l,rb respectively represent the arrival azimuth and elevation angles from 66

RIS to the BS in the l-th cell. ϕa
l,rb, ϕe

l,rb respectively represent the departure azimuth and 67

elevation angles from the RIS to the BS in the l-th cell. ψa
l,kr, ψe

l,kr respectively represent the 68

arrival azimuth and elevation angles from user k to the RIS in the l-th cell. In addition, the 69

expressions of aM

(
ψa

l,rb, ψe
l,rb

)
is 70

aM

(
ψa

l,rb, ψe
l,rb

)
=
[
1, ..., ej 2πd

λ (psinψa
l,rbsinψe

l,rb+qcosψe
l,rb), ..., ej 2πd

λ ((
√

M−1)sinψa
l,rbsinψe

l,rb+(
√

M−1)cosψe
l,rb)
]T

, (5)

where 0 ≤ p, q ≤
√

M − 1, d represents the elements spacing, λ represents wavelength. 71

Based on the above definitions, the cascaded channel in the l-th cell can be denoted by 72

Gl = Hl,rbΘHl,ur = [gl,1, ...gl,k, ...gl,K], where gl,k = Hl,rbΘhl,k. 73

In the l-th cell, the transmit distortion of users is denoted by zl,t = [zl,1, ...zl,k, ..., zl,K]
T , 74

where zl,k represents the transmit distortion of the user k. The receive distortion of BS is 75

denoted by zl,r. 76

Therefore, the signal received by the BS of the l-th cell is 77

yl =Gl(Plxl + zl,t) + zl,r + nl =
K

∑
i=1

gl,i

(√
pl,ixl,i + zl,i

)
+ zl,r + nl , (6)

where Pl = diag
(√

pl,1, ...,
√

pl,K

)
is the transmit power of users. xl =

[
xl,1, ..., xl,K]

T is the 78

signal vector of users, and E
{∣∣xl,i|2

}
= 1. nl ∼ CN

(
0, σ2IN

)
represents the additive white 79

Gaussian noise (AWGN). The transceiver distortions are described in terms of conditional 80

distributions with respect to the channel realizations as zl,i ∼ CN (0, kl,u pl,i) and zl,r ∼ 81

CN
(

0, kl,b

L

∑
j=1

K

∑
i=1

pj,iIMgj,ig
H
j,i

)
, where kl,u and kl,b represent the severity of the residual 82

impairments of the transceiver. 83

Then, we employ the MRC technology, and the received signal at the BS can be 84

expressed as 85

rl =GH
l

(
K

∑
i=1

gl,i

(√
pl,ixl,i + zl,i

)
+ zl,r + nl

)
. (7)

Therefore, in the l-th cell, the k-th user’s signal received by the BS can be expressed as 86

rl,k =gH
l,k

(
K

∑
i=1

gl,i

(√
pl,ixl,i + zl,i

)
+

L

∑
j=1,j ̸=l

K

∑
i=1

gj,i

(√
pxj,i + zj,i

)
+ zl,r + nl

)

=gH
l,kgl,k

√
pl,kxl,k︸ ︷︷ ︸

Signal

+
K

∑
i=1,i ̸=k

gH
l,kgl,i

√
pl,ixl,i

︸ ︷︷ ︸
Intra-cell interference

+
L

∑
j=1,j ̸=l

K

∑
i=1

gH
l,kgj,i

√
pj,ixj,i

︸ ︷︷ ︸
Inter-cell interference

+
L

∑
j=1

K

∑
i=1

gH
l,kgj,izj,i + gH

l,kzl,r

︸ ︷︷ ︸
total-THWIs

+ gH
l,knl︸ ︷︷ ︸

noise

. (8)

3. Analysis of Uplink Achievable Rate 87

The uplink data rate of user k can be denoted by Rl,k = E
{

log2(1 + SINRl,k)
}

, where 88

SINRl,k is the signal-to-interference-plus-noise ratio (SINR) of the user k in l-th cell. The 89

expression of SINRl,k is given as 90
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SINRl,k =
pl,k

∣∣∣gH
l,kgl,k

∣∣∣
2

K

∑
i=1,i ̸=k

pl,i

∣∣∣gH
l,kgl,i

∣∣∣
2
+

L

∑
j=1,j ̸=l

K

∑
i=1

pj,i

∣∣∣gH
l,kgj,i

∣∣∣
2
+

L

∑
j=1

K

∑
i=1

∣∣∣gH
l,kgj,izj,i

∣∣∣
2
+
∣∣∣gH

l,kzr

∣∣∣
2
+ σ2

∥∥gl,k

∥∥2
, (9)

Theorem 1. In the RIS-aided uplink multicell mMIMO communication system with THWIs, by 91

using [49] Lemma 1, Rl,k can be approximated as Rl,k ≈ log2(1 + SINRl,k), where 92

SINRl,k =
pl,kE

l,k
signal

K

∑
i=1,i ̸=k

pl,iE
l,i
intra +

L

∑
j=1,j ̸=l

K

∑
i=1

pj,iE
j,i
inter +E

l,k
thwis + σ2E

l,k
noise

, (10)

where E
l,k
signal = E

{∣∣∣gH
l,kgl,k

∣∣∣
2
}

, El,i
intra = E

{∣∣∣gH
l,kgl,i

∣∣∣
2
}

, E
j,i
inter = E

{∣∣∣gH
l,kgj,i

∣∣∣
2
}

, El,k
noise = 93

E

{∥∥gl,k

∥∥2
}

, and E
l,k
thwis = E

{
L

∑
j=1

K

∑
i=1

∣∣∣gH
l,kgj,izj,i

∣∣∣
2
+
∣∣∣gH

l,kzl,r

∣∣∣
2
}

. 94

The expressions of El,k
signal, E

l,k
intra, E

j,i
inter, E

l,k
noise and E

l,k
thwis are respectively given by (11)- 95

(15), where al,k =
νlµl,k

(ρl+1)(ϵl,k+1)
, Φl,k(Θ) = aH

N

(
ϕa

l,rb, ϕe
l,rb

)
Θhl,k, gl,km

is the m-th element of 96

gl,k, 97

E
l,k
signal = Ma2

l,k ×
{

Mρ2
l ϵl,k

2
∣∣Φl,k(Θ)

∣∣4 + MN2
(

2ρ2
l + ϵ2

l,k + 2ρlϵl,k + 2ρl + 2ϵl,k + 1
)
+ 2ρlϵl,k

∣∣Φl,k(Θ)
∣∣2 (11)

(2MNρl + MNϵl,k + MN + 2M + Nϵl,k + N + 2) + N2
(

ϵ2
l,k + 2ρlϵl,k + 2ρl + 2ϵl,k + 1

)
+ (M + 1)N(2ρl + 2ϵl,k + 1)},

E
l,i
intra = Mal,kal,i

{
Mρ2

l ϵl,kϵl,i

∣∣Φl,k(Θ)
∣∣2∣∣Φl,i(Θ)

∣∣2 + ρlϵl,k

∣∣Φl,k(Θ)
∣∣2(ρl MN + Nϵl,i + N + 2M) + ρlϵl,i

∣∣Φl,i(Θ)
∣∣2

(N(ρl M + ϵl,k + 1) + 2M) + MN(2ρl + ϵl,i + ϵl,k + 1) + N2
(

Mρ2
l + ρl(ϵl,i + ϵl,k + 2) + (ϵl,k + 1)(ϵl,i + 1)

)

+Mϵl,kϵl,i

∣∣∣hH
l,khl,i

∣∣∣
2
+ 2Mρlϵl,kϵl,iRe{Φ

H
l,k(Θ)Φl,i(Θ)h

H
l,ihl,k

}}
, (12)

E
j,i
inter = Mal,kaj,i ×

{
Mρ2

l ϵl,kϵj,i

∣∣Φl,k(Θ)
∣∣2∣∣Φj,i(Θ)

∣∣2 + ρlϵl,k

∣∣Φl,k(Θ)
∣∣2(ρl MN + Nϵj,i + N + 2M

)
+ ρlϵj,i

∣∣Φj,i(Θ)
∣∣2

(N(ρl M + ϵl,k + 1) + 2M) + MN
(
2ρl + ϵj,i + ϵl,k + 1

)
+ N2

(
Mρ2

l + ρl

(
ϵj,i + ϵl,k + 2

)
+ (ϵl,k + 1)

(
ϵj,i + 1

))

+Mϵl,kϵj,i

∣∣∣hH
l,khj,i

∣∣∣
2
+ 2Mρlϵl,kϵj,iRe{Φ

H
l,k(Θ)Φj,i(Θ)h

H
j,ihl,k

}}
, (13)

E
l,k
noise = Mal,k

(
ϵl,kρl

∣∣Φl,k(Θ)
∣∣2 + Nϵl,k + Nρl + N

)
, (14)

E
l,k
thwis = kl,u pl,kE

l,k
signal + kl,u

K

∑
i=1,i ̸=k

pl,iE
l,i
intra +

L

∑
j=1,j ̸=l

k j,u

K

∑
i=1

pj,iE
j,i
inter + kl,b M

(
pl,kE

{∣∣gl,km

∣∣4
}
+

K

∑
i=1,i ̸=k

pl,iE

{∣∣gl,im

∣∣2∣∣gl,km

∣∣2
}

+
L

∑
j=1,j ̸=l

K

∑
i=1

pj,iE

{∣∣gj,im

∣∣2∣∣gl,km

∣∣2
})

, (15)

E

{∣∣gl,km

∣∣4
}
= a2

l,kρ2
l ϵ2

l,k

∣∣Φl,k(Θ)
∣∣4 + 4a2

l,kρlϵl,k

[
(N(ρl + ϵl,k + 1) + 2)

∣∣Φl,k(Θ)
∣∣2 + N2

]
+ 2a2

l,k N
(

ρ2
l N + ϵ2

l,k N + N + 1
)

+ 4a2
l,k N(N + 1)(ρl + ϵl,k), (16)

E

{∣∣gl,im

∣∣2∣∣gl,km

∣∣2
}
= al,kal,iρl

(
N + ϵl,k

∣∣Φl,k(Θ)
∣∣2
)(

ρlϵl,i

∣∣Φl,i(Θ)
∣∣2 + ρl N + ϵl,i N

)
+ al,kal,iρlϵl,k

∣∣Φl,k(Θ)
∣∣2

+ al,kal,iρl N
(
(ϵl,k + ϵl,i)

∣∣Φl,i(Θ)
∣∣2 + 2

)
+ al,kal,i N + al,kal,iρl N

2 + al,kal,i N(ϵl,k + 1)((ρl + 1)N + ϵl,i(N + 1))
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+ 2al,kal,iρl

(
ϵl,iϵl,kRe

{
Φ

H
l,k(Θ)Φl,i(Θ)h

H
l,khl,i

}
+ ϵl,k

∣∣Φl,k(Θ)
∣∣2 + ϵl,i

∣∣Φl,i(Θ)
∣∣2
)

, (17)

E

{∣∣gj,im

∣∣2∣∣gl,km

∣∣2
}
= al,kaj,iρl

(
N + ϵl,k

∣∣Φl,k(Θ)
∣∣2
)(

ρlϵj,i

∣∣Φj,i(Θ)
∣∣2 + ρl N + ϵj,i N

)
+ al,kaj,iρlϵl,k

∣∣Φl,k(Θ)
∣∣2

+ al,kaj,iρl N
((

ϵl,k + ϵj,i

)∣∣Φj,i(Θ)
∣∣2 + 2

)
+ al,kaj,i N + al,kaj,iρl N

2 + al,kaj,i N(ϵl,k + 1)
(
(ρl + 1)N + ϵj,i(N + 1)

)

+ 2al,kaj,iρl

(
ϵj,iϵl,kRe

{
Φ

H
l,k(Θ)Φj,i(Θ)h

H
l,khj,i

}
+ ϵl,k

∣∣Φl,k(Θ)
∣∣2 + ϵj,i

∣∣Φj,i(Θ)
∣∣2
)

. (18)

Proof of Theorem 1. Please refer to Appendix A. 98

By observing (10), We find that the phase shift term Φl,k(Θ) is always related to the 99

Rician factors ρl , ϵl,k, ϵl,i, ∀l, k, i. We can conclude that if the channel in this system is fully 100

Rayleigh channel, namely ρl = ϵl,k = ϵl,i = 0, ∀l, k, i, the performance of this system will be 101

independent of the phase shifts and only depends on the number of RIS elements N and BS 102

antennas M. Hence, it is important to reveal the relation between the system performance 103

and the number of RIS elements N and BS antennas M. 104

Corollary 1. In the RIS-aided uplink multicell mMIMO communication system with THWIs, 105

when N → ∞ and the phase shifts of RIS are random, we can approximate the rate as Rl,k → 106

log2(1 + SINRN), where 107

SINRN =
pl,kA1

K

∑
i=1,i ̸=k

pl,iA2 +
L

∑
j=1,j ̸=l

K

∑
i=1

pj,iA3 + A4

, (19)

where 108

A1 = Ma2
l,k ×

{
2Mρ2

l ϵl,k
2 + M

(
2ρ2

l + ϵ2
l,k + 2ρlϵl,k + 2ρl + 2ϵl,k + 1

)
+ 2ρlϵl,k(2Mρl + Mϵl,k + M + ϵl,k + 1)

+
(

ϵ2
l,k + 2ρlϵl,k + 2ρl + 2ϵl,k + 1

)}
, (20)

A2 = Mal,kal,i ×
{

Mρ2
l ϵl,kϵl,i + ρlϵl,k(ρl M + ϵl,i + 1) + ρlϵl,i(ρl M + ϵl,k + 1) +

(
Mρ2

l + ρl(ϵl,i + ϵl,k + 2)

+ (ϵl,k + 1)(ϵl,i + 1))
}

, (21)

A3 = Mal,kaj,i ×
{

Mρ2
l ϵl,kϵj,i + ρlϵl,k

(
ρl M + ϵj,i + 1

)
+ ρlϵj,i(ρl M + ϵl,k + 1) +

(
Mρ2

l + ρl

(
ϵj,i + ϵl,k + 2

)

+ (ϵl,k + 1)
(
ϵj,i + 1

))}
, (22)

A4 = kl,u pl,kA1 + kl,u

K

∑
i=1,i ̸=k

pl,iA2 +
L

∑
j=1,j ̸=l

k j,u

K

∑
i=1

pj,iA3 + kl,b M

(
pl,kE

{∣∣gl,km

∣∣4
}
+

K

∑
i=1,i ̸=k

pl,iE

{∣∣gl,im

∣∣2∣∣gl,km

∣∣2
}

+
L

∑
j=1j ̸=l

K

∑
i=1

pj,iE

{∣∣gj,im

∣∣2∣∣gl,km

∣∣2
})

, (23)

E

{∣∣gl,km

∣∣4
}
= 2a2

l,kρ2
l ϵ2

l,k + 4a2
l,kρlϵl,k(ρl + ϵl,k + 1) + 4a2

l,kρlϵl,k + 2a2
l,k

(
ρ2

l + ϵ2
l,k + 1

)
+ 4a2

l,k(ρl + ϵl,k), (24)

E

{∣∣gl,im

∣∣2∣∣gl,km

∣∣2
}
= al,kal,iρl [(1 + ϵl,k)(ρlϵl,i + ρl + ϵl,i) + (ϵl,k + ϵl,i) + 1] + al,kal,i(ϵl,k + 1)(ρl + ϵl,i + 1), (25)

E

{∣∣gj,im

∣∣2∣∣gl,km

∣∣2
}
= al,kaj,iρl

[
(1 + ϵl,k)(ρlϵl,i + ρl + ϵl,i) +

(
ϵl,k + ϵj,i

)
+ 1
]
+ al,kaj,i(ϵl,k + 1)(ρl + ϵ + 1). (26)

Proof of Corollary 1. Similar to the derivation method in [11] Corollary 3, we can remove 109

the terms that are not on the order of O
(

N2
)

when N → ∞. Besides, it is noted that the 110

phase shift terms such as Φl,k(Θ) can be replaced as its expectation. 111
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It can be seen that the noise term E
l,k
noise is not included in equation (19) and the rate 112

will tend to be a constant. This shows that in the RIS-aided uplink multicell mMIMO 113

communication system with THWIs when N → ∞ and the phase shifts of RIS are random, 114

we can eliminate the effect of noise. 115

Corollary 2. In the RIS-aided uplink multicell mMIMO communication system with THWIs, 116

when M → ∞, we can approximate the rate as Rl,k → log2(1 + SINRM), where 117

SINRM =
pl,kB1

K

∑
i=1,i ̸=k

pl,iB2 +
L

∑
j=1,j ̸=l

K

∑
i=1

pj,iB3 + B4

, (27)

where 118

B1 = a2
l,k ×

{
ρ2

l ϵl,k
2
∣∣Φl,k(Θ)

∣∣4 + N2
(

2ρ2
l + ϵ2

l,k + 2ρlϵl,k + 2ρl + 2ϵl,k + 1
)
+ 2ρlϵl,k

∣∣Φl,k(Θ)
∣∣2 (28)

(2Nρl + Nϵl,k + N + 2) + N(2ρl + 2ϵl,k + 1)},

B2 = al,kal,i

{
ρ2

l ϵl,kϵl,i

∣∣Φl,k(Θ)
∣∣2∣∣Φl,i(Θ)

∣∣2 + ρlϵl,k

∣∣Φl,k(Θ)
∣∣2(ρl N + 2) + ρlϵl,i

∣∣Φl,i(Θ)
∣∣2

(Nρl + 2) + N(2ρl + ϵl,i + ϵl,k + 1) + N2ρ2
l + ϵl,kϵl,i

∣∣∣hH
l,khl,i

∣∣∣
2
+ 2ρlϵl,kϵl,iRe

{
Φ

H
l,k(Θ)Φl,i(Θ)h

H
l,ihl,k

}}
, (29)

B3 = al,kaj,i ×
{

ρ2
l ϵl,kϵj,i

∣∣Φl,k(Θ)
∣∣2∣∣Φj,i(Θ)

∣∣2 + ρlϵl,k

∣∣Φl,k(Θ)
∣∣2(ρl N + 2) + ρlϵj,i

∣∣Φj,i(Θ)
∣∣2

(Nρl + 2) + M
(
2ρl + ϵj,i + ϵl,k + 1

)
+ N2ρ2

l + ϵl,kϵj,i

∣∣∣hH
l,khj,i

∣∣∣
2
+ 2ρlϵl,kϵj,iRe

{
Φ

H
l,k(Θ)Φj,i(Θ)h

H
j,ihl,k

}}
, (30)

B4 = kl,u pl,kB1 + kl,u

K

∑
i=1,i ̸=k

pl,iB2 +
L

∑
j=1,j ̸=l

k j,u

K

∑
i=1

pj,iB3 + kl,b

(
pl,kE

{∣∣gl,km

∣∣4
}
+

K

∑
i=1,i ̸=k

pl,iE

{∣∣gl,im

∣∣2∣∣gl,km

∣∣2
}

+
L

∑
j=1,j ̸=l

K

∑
i=1

pj,iE

{∣∣gj,im

∣∣2∣∣gl,km

∣∣2
})

, (31)

Proof of Corollary 2. Similar to the derivation of Corollary 1, we can remove the terms 119

that are not on the order of O
(

M2
)
. 120

As same as Corollary 1, when the number of BS antennas M tends to be infinite, the 121

rate of this system will tend to a constant too. Besides, the effect of noise can be ignored. 122

4. Phase Shifts Optimization 123

By observing (10), we found that the rate only depends on statistical CSI including the 124

Rician factors, LoS components of the channel and path loss coefficients. Therefore, we can 125

optimize the phase shifts of RIS based on statistical CSI. 126

Specifically, we respectively formulate two optimization problems the sum rate maxi- 127

mization problem to guarantee overall system performance and the minimum user rate 128

maximization problem to guarantee fairness between users as (27), (28). 129

max
Θ

L

∑
l=1

K

∑
k=1

Rl,k (32)

or max
Θ

min
k

Rl,k (33)

s.t.θn ∈ [0, 2π), ∀n (34)

where Rl,k is given in (10). 130

Due to the complexity of the rate expression, the existing gradient descent method and 131

convex optimization method cannot solve this problem. The genetic algorithm (GA) does 132

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2023                   doi:10.20944/preprints202312.1757.v1

https://doi.org/10.20944/preprints202312.1757.v1


Version December 19, 2023 submitted to Journal Not Specified 7 of 15

not need to calculate the first-order derivative of the objective function as the conventional 133

gradient descent method does. Instead, we only need to calculate the objective function in 134

each iteration, so we use GA. The detailed steps of the algorithm are as follows 135

Initialize population: Generate S individuals, and each individual has N chromosomes 136

randomly generated from [0, 2π), corresponding to the phase shifts matrix of RIS. 137

Calculate fitness: In the current population, we first calculate the fitness of each 138

individual through the objective function of the optimization problem (32) or (33). Then, 139

we sort them in descending order according to fitness. 140

Select elite: We select the top S1 individuals as elites and pass them to the next 141

generation. 142

Mutation: We select the last S3 individuals as parents and mutate them with a proba- 143

bility of 0.1 to generate S3 offspring. The mutation algorithm is shown as follows. 144

Crossover: We use stochastic universal sampling to generate 2S2 parents from the 145

remaining S2 = S − S1 − S3 individuals. Then, we use the two-points crossover method 146

to generate S2 offspring from 2S2 parents. The two-points crossover method is shown as 147

follows. 148

Finally, we combine S1 elites and S2 + S3 offspring to generate the next generation 149

population. When the change value of average fitness is less than the preset value or the 150

number of iterations reaches the preset maximum number of iterations, the algorithm 151

stops. In the current population, the chromosome of the individual with the highest fitness 152

corresponds to the optimal phase shifts of RIS. 153

Algorithm 1: Mutation Algorithm

1. for s = 1 : S3 do;

2. for n = 1 : N do;

3. r = rand(1);
4. if r < 0.1 then ;

5. The n-th chromosome of individual mutates to 2π ∗ r;

6. end if

7. end for

8. end for

154

Algorithm 2: Two-Points Crossover Algorithm

1. Initialize c = 1;

2. for s = 1 : S2 do;

3. Select the c-th and (c + 1)-th parents from the 2S2 parents;

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

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

[b + 1 : N] chromosomes of the c-th parent.

6. c = c + 2

7. end for

155

5. Simulation Result 156

In this section, we provide simulation results to validate the derived expressions and 157

analyze various system parameters. The parameter settings were referred to [6] and [12]. 158

Unless otherwise stated, we set it as follows: N = 49, L = 2, M = 49, kl,u = kl,b = 0.01, K = 159

4, pl,k = 30dBm, σ2 = −104dBm, ρl = 1, ϵl,k = 10, ∀l, k. We assume that the distance from 160

RIS to BS is drb = 800m, ∀l, users are distributed on a circle with RIS as the center and 161

a radius of dur = 30m. Therefore, νl = 10−3d−2.5
rb , µl,k = 10−3d−2

ur , ∀l, k. In addition, the 162

element spacing of d = λ/2 is set to avoid spatial correlation. The various angles at BS and 163

RIS are randomly generated from [0, 2π] and fixed after initial generation. 164

As shown in Fig. 2, we plot the achievable rate obtained from optimization problems 165

(32) and (33) and carry out MC simulation for verification. The MC simulation results are 166

consistent with the derived results, which shows the accuracy of the derived results. 167
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Figure 2. Sum rate and minimum user rate versus N.

In Fig. 3, we verified that the optimization problem (33) can ensure users’ fairness. 168

The relationship between the two vertical coordinates is four times, and the two curves 169

coincide with each other, while the number of users K = 4, means that the minimum user 170

rate reaches the average user rate, i.e., all users have the same rate. 171

Fig. 4 depicts the achievable rate in different scenarios. As shown in Fig. 4, scheme 172

’N = 49, Sum rate by max-sum’ is superior to scheme ’N = 100, Sum rate by random 173

phase’, and as N increases, the performance gap between the two will become larger. This 174

is consistent with our Corollary 2 that the rate will tend to be a constant when BS antennas 175

M → ∞. Besides, it indicates that it is necessary to optimize the phase shifts of RIS. 176

In Figure 5, we plot the achievable rate versus the Rician factor of the RIS-BS channel. 177

As ρl increases, the sum and minimum user rates decrease. This is because, with the 178

increase of ρl , the channels between users have a stronger correlation, which reduces the 179

spatial multiplexing gain and also increases the interference between users. 180

In Fig. 6, we plot the achievable rate with different THWIs coefficients. As the transmit 181

power increases, the sum rate and minimum user rate gradually increase and tend towards 182

a limit value. In addition, with the increase of power, the performance gap between the two 183

THWIs scenarios also widens because the THWIs are tightly coupled with the transmitted 184

signal and become stronger as the THWIs coefficients kl,u, kl,b increase. 185

Fig. 7 depicts the achievable rate under different schemes. Through comparison, we 186

find that the rate performance of scheme ’M = 256, N = 16’ is the same as that of scheme 187

’M = N = 64’. This means that we can significantly reduce the demand for the number of 188

BS antennas by appropriately increasing the number of RIS’s reflecting elements, effectively 189

reducing the hardware cost at BS. 190

To ensure the accuracy of scheme comparison, we further draw Fig. 8. As shown in 191

Fig. 8, the scheme ’M = N = 64’ is superior to the scheme ’M = 256, N = 16’ in different 192

THWIs and power scenarios, which shows the accuracy of the scheme comparison. 193

In Fig. 9, we plot the sum rate for three scenarios. In scenario kl,u = kl,b = 0.1, L = 4, 194

Sum rate by max-sum’, the impact of inter-cell interference and THWIs can be compensated 195
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Figure 3. max min-rate to ensure users’ fairness.

Figure 4. Sum rate versus M.
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Figure 5. Achievable rate versus the Rician factor of RIS-BS.

Figure 6. Sum rate and minimum user rate versus transmit power.
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Figure 7. Sum rate and minimum user rate versus N under different schemes.

Figure 8. Comparison of rate performance under different schemes.
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Figure 9. Sum rate versus N in different scenarios.

by increasing the number of components. This is meaningful because increasing N is more 196

cost-effective and practical compared to replacing transceivers and reducing the number of 197

cells. 198

6. Conclusion 199

This paper has focused on an RIS-aided uplink multicell mMIMO communication 200

system with THWIs. We have derived and analyzed the achievable rate expression, and 201

the phase shifts of RIS have been optimized based on the two-time scale design scheme. 202

Through simulation, the correctness of the derived expression has been verified, and the 203

following conclusion has been obtained. In RIS-aided uplink multicell mMIMO communi- 204

cation system with THWIs, we can compensate for the performance loss caused by inter-cell 205

interference and THWIs by appropriately increasing the number of RIS’s reflecting ele- 206

ments, and also significantly reduce the demand for the number of BS receiving antennas, 207

which will effectively reduce the hardware cost at the BS. 208
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Appendix A 220

E
l,k
signal,E

l,i
intra,El,k

noise have been given in [11]. The derivations of E
j,i
inter can refer to E

l,i
intra. 221

Besides, El,k
thwis can be expanded as 222

E
l,k
thwis = E

{
L

∑
j=1

K

∑
i=1

∣∣∣gH
l,kgj,izj,i

∣∣∣
2
+
∣∣∣gH

l,kzl,r

∣∣∣
2
}

(o1)
=

L

∑
j=1

K

∑
i=1

k j,u pj,iE

{∣∣∣gH
l,kgj,i

∣∣∣
2
}
+ kl,b

L

∑
j=1

K

∑
i=1

pj,iE

{
gH

l,k

(
IMgj,ig

H
j,i

)
gl,k

}

= kl,u pl,kE

{∣∣∣gH
l,kgl,k

∣∣∣
2
}
+ kl,u

K

∑
i=1,i ̸=k

pl,iE

{∣∣∣gH
l,kgl,i

∣∣∣
2
}
+

L

∑
j=1,j ̸=l

K

∑
i=1

k j,u pj,iE

{∣∣∣gH
l,kgj,i

∣∣∣
2
}

+ kl,b

M

∑
m=1

L

∑
j=1

K

∑
i=1

pj,iE

{
g∗

l,km
gj,im g∗

j,im
gl,km

}

= kl,u pl,kE
l,k
signal + kl,u

K

∑
i=1,i ̸=k

pl,iE
l,i
interf +

L

∑
j=1,j ̸=l

k j,u

K

∑
i=1

pj,iE
j,i
inter + kl,b M

(
pl,kE

{∣∣gl,km

∣∣4
}
+

K

∑
i=1,i ̸=k

pl,iE

{∣∣gl,km

∣∣2∣∣gl,im

∣∣2
}

+
L

∑
j=1,j ̸=l

K

∑
i=1

pj,iE

{∣∣gl,km

∣∣2∣∣gj,im

∣∣2
})

. (A1)

(o1) is obtained by removing the zero terms, E
{∣∣gl,km

∣∣4
}

can be found in [11]. Therefore, 223

we only need to derive E

{∣∣gl,km

∣∣2∣∣gl,im

∣∣2
}

and E

{∣∣gl,km

∣∣2∣∣gj,im

∣∣2
}

. 224

Substituting (1)-(3) into gk = HrbΘhk. Then, we can express gkm
as 225

gl,km
=

√
al,k × (

√
ρlϵl,kaMm

(
ψa

l,rb, ψe
l,rb

)
Φl,k(Θ)

︸ ︷︷ ︸
g1

l,km

+
√

ρlaMm

(
ψa

l,rb, ψe
l,rb

) N

∑
n=1

a∗Nn

(
ϕa

l,rb, ϕe
l,rb

)
ejθn h̃l,kn

︸ ︷︷ ︸
g2

km

+
√

ϵl,k

N

∑
n=1

[H̃l,rb]mnejθn aNn

(
ψa

l,kr, ψe
l,kr

)

︸ ︷︷ ︸
g3

km

+
N

∑
n=1

[H̃l,rb]mnejθn h̃l,kn

︸ ︷︷ ︸
g4

km

), (A2)

where aMm

(
ψa

l,rb, ψe
l,rb

)
is the m-th element of aM

(
ψa

l,rb, ψe
l,rb

)
, aNn

(
ϕa

l,rb, ϕe
l,rb

)
, hl,kn

and 226

aNn

(
ψa

l,kr, ψe
l,kr

)
are respectively the n-th element of aN

(
ϕa

l,rb, ϕe
l,rb

)
, hl,k and aN

(
ψa

l,kr, ψe
l,kr

)
, 227

[H̃l,rb]mn is the (m, n)-th element of H̃l,rb. The expression of gl,im can be obtained in the 228

same way. 229

Hence, we have 230

E

{∣∣gl,km

∣∣2∣∣gl,im

∣∣2
}
= al,kal,iE

{(
4

∑
ω=1

∣∣∣gω
l,km

∣∣∣
2
+ 2

3

∑
ω=1

4

∑
ψ=ω+1

Re
{

gω
l,km

(
g

ψ
l,km

)∗}
)

(A3)

(
4

∑
ω=1

∣∣∣gω
l,im

∣∣∣
2
+ 2

3

∑
ω=1

4

∑
ψ=ω+1

Re
{

gω
l,im

(
g

ψ
l,im

)∗}
)}

(o2)
= al,kal,iE

{
4

∑
ω=1

∣∣∣gω
l,km

∣∣∣
2 4

∑
ω=1

∣∣∣gω
l,im

∣∣∣
2
}

+ 4al,kal,iE

{
Re
{

g1
l,km

(
g3

l,km

)∗}
Re
{

g1
l,im

(
g3

l,im

)∗}}

+ 4al,kal,iE

{
Re
{

g1
l,km

(
g3

l,km

)∗}
Re
{

g2
l,im

(
g4

l,im
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231

+ 4al,kal,iE

{
Re
{

g2
l,km

(
g4

l,km

)∗}
Re
{

g1
l,im

(
g3

l,im

)∗}}

+ 4al,kal,iE

{
Re
{

g2
l,km

(
g4

l,km

)∗}
Re
{

g2
l,im

(
g4

l,im

)∗}}
,

where (o2) is obtained by removing the zero terms. 232

We will calculate the terms in (A3) one by one. The first term can be calculated directly 233

E

{
4

∑
ω=1

∣∣∣gω
l,km

∣∣∣
2 4

∑
ω=1

∣∣∣gω
l,im

∣∣∣
2
}

=
(

ρlϵl,kΦ
2
l,k(Θ) + ρl N + ϵl,i N + 1

)(
ρlϵl,iΦ

2
l,i(Θ) + ρl N + ϵl,i N + 1

)
, (A4)

Besides, assume that 234

aMm

(
ψa

l,rb, ψe
l,rb

)
Φl,k(Θ)e−jθn a∗Nn

(
ψa

l,kr, ψe
l,kr

)

= σkn
c + jσkn

s aMm

(
ψa

l,rb, ψe
l,rb

)
Φl,i(Θ)e−jθn a∗Nn

(
ψa

l,ir, ψe
l,ir

)

= σin
c + jσin

s [
∼
Hl,rb]mn = smn + jtmn. (A5)

Substituting (A5) into (A3) and after some simplifications, the second item can be 235

derived as (A6). Accordingly, the remaining items can be derived as 236
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c s2
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s σin
s t2

mn

}
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=
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2
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{
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H
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}
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{
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{
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(
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(
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=
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∣∣2, (A7)
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{
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