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Abstract - Reconfigurable Intelligent Surfaces (RISs) have caught wide attention for their advantages in dealing with the
blocking obstacles in wireless communications. In this paper, we present a detailed analysis of RIS-assisted multiple-input
single-output systems taking into account the joint effects of spatial correlation of the RIS elements and channel aging caused
by users’relative movements. More specifically, a novel closed-form expression for the Spectrum Efficiency (SE) with maximum
ratio transmission precoding is given. Monte Carlo simulation results verify the accuracy of the analytical results. It is proved
that the channel aging phenomenon degrades the system performance while the application of a RIS can compensate for the
loss, and the longer transmission time results in the more severe effect of channel aging on the system performance. Moreover,
the spatial correlation of the RIS elements degrades communication quality and the SE. In addition, increasing the size of the

RIS elements can improve the SE.
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1. INTRODUCTION

Fifth Generation (5G) technologies are applied in high-
frequency communication like massive Multiple-Input
Multiple-Output (MIMO), small cells, and millimeter wave
communication. One of the challenges is that the blocking
of obstacles in the transmission environment seriously af-
fects the quality of the transmitted signals [1][2]. To solve
this problem, the use of a Reconfigurable Intelligent Sur-
face (RIS) has caught wide attention. A RIS is a passive
device composed of an array of intelligent reflecting ele-
ments, where each element can change the phase and am-
plitude of the imping signals independently [3][4][5][6]-
The reflecting signals can be superimposed constructively
with the signals from other links to enhance the strength
of the desired signals and improve the system perfor-
mance [7][8].

In the previous papers on RIS-assisted wireless commu-
nication systems, they mainly assumed Rayleigh, Rician,
and Nakagami-m fading channels [9][10]. For instance,
by assuming Rayleigh fading channels, the author in [11]
studied the achievable rate of the cell-edge users in the
RIS-assisted orthogonal frequency division systems. In
[12], Maximum Mean Sum Error (MMSE) estimation of
the RIS-assisted communication systems was carried out
by using the ON/OFF protocol over Rayleigh fading chan-
nels, and the Signal to Interference Rate (SINR) and sum
rate of the considered system are analyzed. Further-
more, in [13], the authors analyzed the normalized mean
square error and SINR of the RIS-assisted Multiple-Input
Multiple-Output (MISO) systems through MMSE estima-
tion over the Rayleigh fading channels. In addition, by
assuming Rician fading channels, Central Limit Theory
(CLT) was employed in [14] to estimate RIS-assisted chan-

nels and studied the Outage Probability (OP) and Average
Symbol Error Probability (ASEP) of the system. Moreover,
in [15], the authors analyzed the OP, the ASEP, and the
achievable rate of the RIS-assisted systems by assuming
Nakagami-m fading channels.

However, existing research has not fully studied the time-
varying channels. Most research ([11]-[15]) is based on
a simple block fading model, that is, the channel charac-
teristics in a coherent block are approximately constant.
However, due to the relative movement between the
users and the Base Station (BS)/RIS and the changes in
the signal transmission environment, the performance of
the actual channel changes continuously over time. These
factors cause the so-called channel aging phenomenon.
Channel aging will lead to the mismatch between the cur-
rent channel and the estimated channel, which will de-
grade system performance [16][17]. In [17], the authors
studied the effect of channel aging on the MIMO system.
The normalized Doppler shift is used to represent the in-
fluence of channel aging on the system. The Doppler shift
is the change in the frequency of received waves when an
observer is moving relative to the source of the wave. If
either the source or the observer is moving toward the
other, the observer will perceive the sound at a higher fre-
quency than that at which it was generated because the
observer captures more waves per second. Alternatively,
if the source and the observer are moving away from each
other, the observer will perceive a lower frequency [18].
The simulation results show that the increase of normal-
ized Doppler shift would decrease the sum rate of the sys-
tem. In [19], the effect of channel aging on the cell-free
MIMO system was analyzed, and the change of the sys-
tem SE showed that the channel aging effect would reduce
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Table 1 - Related work on analysis of RIS-assisted wireless system

| Reference [ RIS [ Channel model | Channel estimation | Channel aging | Spatial correlation

[22] v Rayleigh MMSE, Deep Learning X X
[23] v Rayleigh MMSE v X
[24] v Rician MMSE X v
[25] X Rayleigh LMMSE X X
[26] X Not mention WMMSE X X
[27] X Rayleigh LMMSE X X

the efficiency of the statistical channel cooperation power
control. In [20], the authors studied the SINR of the re-
ceiver and analyzed the SE of the uplink and downlink,
and derived the conclusion that increasing the number of
transmitted antennas of the BS can alleviate the negative
effect brought by the channel aging phenomenon.

Moreover, spatial correlation is one of the key character-
istics of RIS. Most of the existing papers assume indepen-
dent channels in the RIS-assisted systems, which is not
accurate for performance analysis. In [21], the authors
gave a new definition of channel hardening in RIS-assisted
communications, and an accurate channel fading model
was proposed by considering the spatial correlation of
the RIS elements. The simulation results revealed that
the system SNR variations in the case of random phases
remain large since there is no hardening. Thus, the RIS-
related channel should be properly configured to benefit
from channel hardening and to improve system perfor-
mance. In Table 1 we summarize the related work on dif-
ferent RIS-assisted wireless systems based on their chan-
nel model, method of channel estimation, etc.

To fill up these gaps, in this paper, considering the spa-
tially correlated Rayleigh fading channels, we use the
MMSE estimator to obtain the Channel State Information
(CSI). The BS computes the estimates of the channel pa-
rameters based on the received pilot signal transmitted by
the receiver and achieves the minimum mean square er-
ror between the true and estimated channel by exploiting
prior knowledge of the channel’s large-scale fading statis-
tics based on the Bayesian estimation [28]. After that we
derive the expressions of system Spectral Efficiency (SE)
by adopting Maximum Ratio Transmission (MRT) precod-
ing at the BS, and analyze the impact of different parame-
ters on the SE. Monte Carlo results verify the correctness
of the derived equations. The simulation results show
that RIS can make up for the negative effect brought by
channel aging, and the increase of signal transmission
time increases the influence of channel aging on the sys-
tem. Furthermore, considering the spatial correlation of
RIS elements will decrease the SE of the system. In addi-
tion, increasing the size of RIS elements can improve sys-
tem performance.

The remainder of this paper is organized as follows: In
Section 2, we propose the system and channel models. In

Section 3, the achievable sum SE for RIS-assisted systems
is proposed. In Section 4, numerical results are presented
to confirm the accuracy of the analytical results. In Sec-
tion 5, we conclude the paper.

Notation: We use bold small letters « and bold capital let-
ters X to represent column vectors and matrices, [x]
represents the m-th entry of . [X],, , represents the
entry in the m-th row and n-th column of X. C repre-
sents complex M-dimensional vectors and C**" repre-
sents complex MxN matrices. ()", (~)T, ()H and (~)71 rep-
resent the conjugate, transpose, conjugate transpose, and
inverse, respectively. tr(-), |-|, E (-), Var(-) and = represent
trace operator, absolute operator, expectation operator,
variance operator and definition, respectively. ® rep-
resents Kronecker product and |-| represents Euclidean
norm of a vector. CV (0, R) represents a circularly sym-
metric complex Gaussian distribution with a zero mean
vector and a covariance matrix R > 0.

2. SYSTEM MODELS

In the considered system, we assume that the BS employs
multiple antennas to transmit the signal to each user to
obtain the high gain of the received signal. We also as-
sume that each user has the same characteristics except
for their start position. Thus, a MISO system model shown
in Fig 1 is considered. We assume that K single-antenna
users simultaneously communicate with an N,-antenna
BS (K < N,). The RIS comprised of M reflecting elements
and a controller is deployed to assist communication be-
tween the users and the BS. To achieve channel harden-
ing and an improvement of system performance, the ef-
fect brought by the spatial correlation of RIS elements
on the channel between the RIS and the user is consid-
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Fig. 1 - An RIS-assisted MISO system
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ered [29]. The BS cannot only transmit signals directly to
the user through the direct link, but also adjust the phase
of RIS elements so that the signals can be reflected and
transmitted to the user through the cascade link. Further-
more, we assume that the BS and the RIS remain static
while the users move with the same velocity v [17]. The
relative movement between the user and BS/RIS and the
changes in the environment results in the channel aging
phenomenon. We assume that the Line-of-Sight (LoS) link
cannot be established between the BS and the RIS due
to the spatial blockages between them, and the indepen-
dent Rayleigh fading models are adopted because of the
rich scatters between them [30][31]. The channel charac-
teristics between BS/RIS and users change over time due
to the relative movement of users [31]. We assume that
channel coefficients remain constant within one symbol
while changing across different symbols [32].

During the transmission of n-th symbol, the channel ma-
trix of the direct link between the BS and users can be
expressed as Gy[n| = [gq1[n]; .-, g r[n]; > 9a x[n]] €
CNe*E where g4 [n] € CV*! represents the channel be-
tween the BS and user k. Specifically, g, ;[n] can be ex-
pressed as

9a ] = \/Barharlnl, ke {1,.., K} (1)

where hg[n] € CNe*! represents the small scal-
ing fading coefficiency between user k and the BS,
hqiln] ~ CN(0,1y,), By, represents the path loss
of direct link, which is assumed to be constant during
the transmission of the signal. For the cascade links
of BS-RIS-user k, based on the Rayleigh fading model,
the channel between the BS and RIS can be denoted
as Gbr = [gbrh""gbrm"""gbrﬂf] € CNtX}M' where
the m-th column vector gy, € CNe*! represents the
channel coefficient between the BS and the m-th element
of RIS. G, remains constant within a frame duration
7., but changes over different symbols. The channel
between the RIS and user k can be denoted as g, ;[n] =

(90 41[1)s s Ge o ) s Geae (] € €M1, where
9r km[n] represents the channel coefficient between user
k and m-th element of the RIS. Thus, the cascaded channel
can be represented by Gy[n] = G}, ®[n]g, ;[n], where
B[] = diag{c exp(j6, [n]), ..., vexp(jy,[n])} € CM*M
represents the reflecting matrix of RIS, « € [0,1] and
0,,In] € [0,27] represent the amplitude and phase
change of reflected signal. Due to the sparsity and seri-
ous path loss of the mmWave channel, in this paper we
only consider the signal reflected by the RIS for the first
time and ignore those reflected by the RIS two or more
times [33]. What’s more, we assume that the amplitude
of the reflected signal reaches to its maximum, that is,
a = 1. We express G[n] as G [n] = G ;[n]v[n], where

Go 7] = [90.11[7]; - 9o kmln]s -5 Goxnsn]] € CNexM

represents the channel matrix of the cascaded links,
) . T

vln] = [oexp(j[n]), ..., cexp(jy[n])] € CMx!
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Fig. 2 - The 3D structure of the RIS with My columns and My, rows

represents the reflecting matrix of the RIS. Additionally,
9o xm|n] can be written as gg ., (7] = Gprm9r km [1)-

2.1 Spatial correlation of RIS elements

Fig. 2 presents the 3D structure of the RIS with M, ele-
ments per column and My, elements per row, M = My My
[34]. Each element has size d; x dy, where dy is the hor-
izontal width and dy is the vertical height. The area of
each element is A = dy x dy. We assume each element is
closely arranged, so the total area of the RIS is M A. The
location of the n-th (n € {1,..,M}) element shown in Fig. 2
is

u,, = [0,i(n)dy, j(n)dy]" )

where i(n) = mod (n — 1, My) and j(n) = |n— 1/My]
represent the horizontal and vertical indices of n-th ele-
ment, respectively. Notice that mod (-, -) denotes modu-
lus operation and | -] truncates the argument.

For any RIS deployed on a rectangular grid, the spatial
correlation between RIS elements should be considered
when My > 1and My > 1. The channel model between
the receiver and the RIS has been given in [21]

h ~CN(0, AuR) 3)

R is the correlation matrix which can be expressed as

2 —
Bl sine 2 =]

. 3 ynom=1,..,.N (4)

where sinc(x) = sin(rz)/(7z).

Remark 1. For the expression of R, since the sinc-
function is only zero for non-zero integer arguments, all
the elements must be separated by the integer times of
A/2 to achieve independent and identically distributed
fading. However, this condition is not satisfied by the con-
figuration of RIS, which proves the necessity of consider-
ing the spatial correlation between RIS elements.

© International Telecommunication Union, 2023 3



ITU Journal on Future and Evolving Technologies, Volume 4, Issue 1, March 2023

2.2 Channel estimation

We now carry out the linear MMSE estimates of the di-
rect and cascade links. We first obtain the estimates of
the channel vectors at the initial state, then we can get
the channel characteristic at other time instants based
on temporal correlation between different time instants
[35][36]. In the phase of transmitting pilot signals, we as-
sume that the direct channel and cascade channel remain
constant so that we can ignore the effect brought by chan-
nel aging [16]. K users transmit mutually orthogonal pi-
lot sequences ¥ = [1),, ..., ]| € C»*K which satisfies
vl ¥ = I, where 1, € C"»*! represents the pilot sig-
nals from user k. The pilot signals from different users
satisfy 1/;“7,[) = 0, Vi # j. For the direct link between the
BS and user k the received signal at BS can be presented

as
0] = /P, Gal0}#* + Z,4[0] (5)

where P, = 7,P, represents the power of the pilot sig-
nal, P, 1s the average transmitting power of each user.

Z g [0] € CN+*7s is the received noise of BS at initial state,
and Z,4[0]

noise. Correlating the received signal with 1/, /P 1, we
have

~CN (0 oIy, > where o7 is the variance of

Tys00] = 90210)+ 200 ©
P

where Z,,[0] = Z4[0]¢, ~ CN (0 ol ) The opti-
mum of gg ,[0] that minimizes the mean squared error
E[lgq.£[0] — ga.1[0]]%] is the MMSE estimate [22] . So that
the MMSE estimation of g, ;,[0] can be expressed as [12]

-1

) 0 )

2
Ty

Ppﬁd,k

9a 0] = (1 +
Therefore, g4 (0] can be written as
94.k[0] = Gq.1[0] + gq 1 [0] (8)
5 Pk =
where gd,k[O} ~ CN (0, mINt> gdﬁk[O] ~
2
CN (0, ff’Pi""TB”IN) is the estimation error which is
Tyt Pk t
uncorrelated with g, ,[0]. When we consider the di-

rect channel and cascade channel simultaneously, the re-
ceived signal at the BS can be expressed as

Y,el0] = \/P,(Gol0] + Gocl0)" + Z, 0] (9)
where G,.[0] = [gg 1(0], -, G £[0]; -+, 9o [0] € CNe .

Correlating the received signal with 1/, /P 1, we have

1
= g4 x[0] + g0 1[0] + —=2,.[0]  (10)
VP, P
Z, 01y, and £,.[0] ~ €N (0,021,),
where o2 is the power of received noise. From (6), ignor-
ing the channel estimation error in the receiving signal,

ypc, k [O}

where 2, [0] =

the received signal at the BS can be obtained as

= 8usl0) + 90,l0)+ 20l (1D
p

From (3), the channel between the BS and the RIS satis-
fies g, ~ CN (0, Apy R), the channel between the RIS
and user k satisfies g, ;,,,[n] ~ CN (0, Auy R), where j1;
and y, denotes the path loss of the correspoding channel,
respectively. We denote f3; ;. as the total path loss of the
cascade links, so that we can get the MMSE estimation of

gO,k[O} as [12]

ﬂpc,k [O]

-1
2 2
~ 03, Bk o; -
90.%[0] = Bo i ( + Box + P) Ype1:10]
P

0‘% + Ppﬁd,k
(12)

Thus g, ;[0] can be written as
90.%[0] = G0 1[0] + g 1 [0] (13)

Bo, kgel k

where g,,[0] ~ CN ( R —"F IN) 90.110]
denotes the estimation error of cascade channel,
Gl ~ ewn (0 MIN ) where

)
Oca, ,€+<7,,1 k+‘7 O'b

Uzl,k 2 PBo. (04 + PyBay) o2 0%k = Pyl (op +a2).

2.3 Channel aging

Due to the relative movement between users and BS/RIS
and the changes in the transmission environment, the
transmission channel changes over different time in-
stants, which leads to a so-called channel aging phe-
nomenon. We assume that all the users move at the same
velocity v. Fig. 3 shows the change of channel due to the
channel aging effect. According to [32][37], g4 ,[n] and
9r km (7] can be represented by their initial states g ;[0]
and g, 4,,[0], respectively '

9a xln] = po[n]gy k(0] + po[n]eq x[n] (14)

gr,km [TL] =P [n]gr,km [0] + ﬁl [n}er,km [Tl] (15)

According to the Jakes’ model [38], p;[n] (¢ € {0,1}) de-
notes the relative parameter of channel at initial state
and time n [16], p;,[n] = Jy(2mnfpT,), where J,(-) is
the zeroth-order Bessel function of the first kind, f, =
f.v/c represents the maximum Doppler shift, f, is the
frequency of carrier, v is the moving velocity, ¢ denotes
the speed of light, T, denotes the sampling interval. We
assume that p,[n] (i € {0,1}) is known at the BS. Fur-
thermore, p;[n] = /1 —p7[n| (i € {0,1}), eq[n] and
e xm|n] represents the part of the current channel which

o — 2 = —| [Zl Upiink Training
E= Downlink Data Transmission
B[O &l
e e [0] + Bram(n]

Fig. 3 - lllustration of the channel aging effect
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is uncorrelated with the channel of initial time, which sat-
isfy the condition that [e; ,[n]] ~~ CN (0,B4) (n, =

1,...,N,)and e ~ CN (0, 1), respectively.

r,km

Thus, gy 1, [7] can be written as

gO,km [’I’L] = gbrm(pl [n]gr,km [0] + p_l [n]er,km)
= pl[n]gbrmgr,km [0] + ﬁl [n]gbrmer,km (1 6)

Define € 1, [17] = Gorm€r pms We can get eq ;. [n] ~
N (0, By Iy, ), thus, gy ,,,[n] can be written as

9o km 1) = p1[1]G0 km[0] + p1[n]€q o [1] (17)

Then, the channel coefficient of the direct link consider-
ing the combined effect of channel estimation error and
channel aging can be represented as

9ax[n] = po[n] (9a.[0] + a1 [0]) + polnley . n]
= poln]gq (0] + €4 x[n] (18)

where €, ,[n] = py[n]gq 1.[0] + po[n]eq .[n], and €, ,[n] ~
n|)"P,f,
< (ﬂ d,k Ub+PBd:k)INt>'

Similarly, the channel model of the cascade link can be
represented as

90.6m = P17 (90,5 0] + ok [0]) + 7y [n]€q rm(n]
= p1[1]G0 km 0] + €0 g [] (19)

where éOJi’"L[n] £ P1 [n]go,km[o] + ; [n]eo,k‘m[n}’ and
N (0, (B, , — Lorote
AL 02 KTy yTO2o] Ny )»

Remark 2. For equations (18) and (19), the greater of the
velocity v of the relative movement of the user, increase
the value of the maximum Doppler shift f, and decrease
the value of p,[n] will increase the variance of €, ,[n] and
€0.1m[n], which will enlarge the difference between the
channel characteristics of different times.

€o,m[n] ~ €

3. PERFORMANCE ANALYSIS

We investigate channel aging on system performance in
the downlink transmission. Based on the channel reci-
procity [17], the downlink channel matrix can be repre-
sented as the conjugate transpose of the uplink channel.
Thus, in the phase of downlink signal transmission, the
received signal at user k can be written as

ysln] = (g ln) + V"G ) @ln] + wiln]  (20)

where z[n] = F[n|s[n| denotes the signal transmitted
from the BS, and E[|z[n]|’] = Tr(FH[n|F[n)) < P
where P; is the total power of the transmitted signal.
Fn] = [f1[n], ..., fx[n]] € CN*K represents the precod-
ing matrix, s[n] = [s,[n], ..., sx[n]]" € CX*! denotes re-
ceived signal vector at users, which satisfies E (s[n]) = 0
and E (s[n]s"[n]) = Ix. w,[n] denotes the Additive White

Gaussian Noise (AWGN) at user k, wy,[n] ~ CN (0, 03%). De-
fine G [n] = gff , + v"[n]G{ ,[n], we have

Gyln] = (po[nlgy c[0] + &g x[n])
+ o) (p, [n]GM[0] + EY [n])
= G[n] + G, ] (21)
Where Gy[n] 2 poln n]gal0] + piln]vtn |Gl 0]
G, = &l n] + o'ME N, Gyl =
[go,kl[o]w-vgo,km[o} ago k(0] and Eo,k[ n] =

[€0.k1[7], - €0 k)5 s €0 kar[n]]- Thus, the received

signal at user k can be expressed as

K
nl+ Y Gynlfin]sn]
=17k
E(Gy[n]filn]) si[n] + wy[n]
(22)
We use MRT precoding at the BS. The CSI known at the BS

at time n is G[n), the precoding matrix can be expressed
as [12]

Ypln] = E(Gy[n] fi[n]
+G[n] filn]si[n] —

Fln] = ¢[n)(Gn))" (23)

where (2[n] £ 1/tr (é[n](é[n])H
ized coefficient of the precoding matrix. According to the

use-and-then-forget capacity bound [39], the achievable
SE of user k is lower bounded by

denotes the normal-

‘I'C—‘f'p

Ry = L Z log, (1 + v[n]) (24)

¢ n=1

where 7, [n] is the SINR of user k at time n

Yiln] =
2
|E(Gy[n]fi[n])]
IO.k,n
2 2
Var (Gy[lfiln) + 3 E(|Gunlf ][ ) + E (jwi[n)l)
I Sl A
n 3,kn
I ko
(25)
The sum SE can be expressed as
K
R=> "R, (26)
k=1
Corollary 1. The SINR of user k can be written as
IO kn
= 2 27
) Lo + Lo on + 13 kn (7)
where
I(],kn -
2
9 P(Q)["]ppﬂg,k Mpf[n]ﬂo,k"é,k
CGlnl| N 2. p + 2 2 2
oy + BBy 0%+ 00 0500

(28)
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I - ﬂ o pg[n]Ppﬂg,k
1,kn d,k 705 + P B
2 2
pilnlBy kOel,k
M _ > : 29
(50* Tt T+ 0307 =
x C2[n] N P%[n]Ppﬁg,k i Mp? [”]ﬁo,kaé,k
"\ op+ P,y 02+ Oy, + 020}
I o = ﬁd . — pg[n]Ppﬁg,k
2,kn — s
‘713 + P,Bak
]50 kUe1 k
+M | Bo i — (30)
elk+062k+0 op
» EK: [n) [ }pp/ij " MP% [n]ﬁo,kggl,j
t
J=1j#k Of +PpPay 0l t 0%+ oko)
I3,kn = O'i (31)

Proof: See the appendix.

Remark 3. We can see from (27)-(31) that, with the in-
crease of transmission power of pilot signal P, and the
number of BS antennas NV,, the desired signal power [, ;,,
increases while signal interference [, ;,, and I, de-
crease, which indicates that the increase of the above pa-
rameters can improve the SE of the system.

Remark 4. As for the number of the RIS elements M, when
M =0, (25) represents the SINR of a traditional MISO sys-
tem without the assistance of the RIS. When the RIS has a
large number of elements, that is, M approximates to in-
finity, the numerator and denominator increase simulta-
neously, thus (25) is approximated to be a constant.

4. NUMERICAL RESULTS

In this section, we verify the correctness of the equations
by comparing the Monte Carlo results with analytical re-
sults. At the same time, we compare and analyze the
impact of the number of reflecting elements M, transmit
power of pilot signals P, temporal correlation coefficient
p;[n] (¢ € {0,1}) and spatial correlation of RIS elements
on SE.

The path loss of the direct channel 3, , can be expressed
as B, x[dB] = By — 10&log, dy, , Where 3, = —40 dB
is the reference path loss, £ = 4.2 is the path loss expo-
nent, and dy, ,, is the distance from the BS to user k. As
for the cascaded channel, the path loss can be expressed
as f ), = GG, djjdy cos 0, cos 0,/ (16m>dp.d2, ), where G,
and G, denote the transmit antenna gain and receive an-
tenna gain, respectively. dy and dy represent the size of
each RIS element. 6, and 6, represent the angle of ele-
vation between the center of RIS and BS antenna and the
antenna of user k, respectively. dy,. and d,,, ; represent the

T T
]V—G_—O-__U

With RIS

-e--

——P, = 25dBm
- -=-P,=30dBm
.......... Upper bound| 7

o Simulation

Sum SE (bit/s/Hz)

Without RIS

- g -g--g--g--g - - g--g--g--g - g--g--g- -

| | |
4 12 20 28 36 44 52 60
Number of reflecting elements (M)

Fig. 4 - Sum SE versus M and P, (N, = 8, fpT, = 0.002)

distance between the BS and the center of the RIS and the
distance between the center of the RIS and user k, respec-
tively [40]. Weset G, = 20dB, G, = 0dB,dy = dy = \/2.
A denotes the wavelength of the signal, the carrier fre-
quency is 2 GHz, the channel noise o = —96 dBm. Fur-
thermore, we use the (X, y, z) coordinates (in meters) to
describe the relative location of the BS, the RIS, and the
users. BS is located at (-60, 0,10), the center of the RIS is
located at (-50, 0, 6), and the users are in relative motion,
and their positions are (60,0,10), (60.5,0,10), (61,0,10)
and (61.5,0,10).

Fig. 4 shows the SE of RIS-assisted MISO systems under
the condition of the different number of RIS elements M
and the transmit power of pilot signal P,. We can ob-
serve that the simulated results closely match with the an-
alytical results, which validates the accuracy of the equa-
tions we derived. Moreover, compared with the tradi-
tional wireless communication systems, the application
of the RIS can greatly improve the sum SE. The increase of
the RIS elements can improve system performance, how-
ever, when the number of the elements reaches infinity,
the sum SE becomes constant, which confirms the analy-
sis in Remark 4. Moreover, the higher the transmit power,
the stronger of the anti-interference ability of the trans-
mitted signal and the higher the sum SE of the system. For
example, when the number of RIS elements is 64, that is,
M = 64, when we increase the transmit power of pilot
signal from 25 dBm to 30 dBm, the SE increases by 18%.

Then, we use normalized Doppler shift f,7, to repre-
sent the impact of channel aging on system performance.
From (14) and (15), the larger the value of f,T, i.e, the
faster the users move, the more seriously the impact of the
channel aging on the system. Furthermore, Fig. 5 shows
the relationship between users’ average SE and transmis-
sion time under different f,7’; and the number of RIS ele-
ments. We can observe that the average SE decreases with
time increases because of the channel aging effect, and

6 © International Telecommunication Union, 2023
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- - -fpTy = 0.002, M = 64
--------- fpTs = 0.002, M =8
— fpTy = 0.001, M = 64 ,
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—— fpTs = 0.001, without RIS| |

o

®
T

-

Average SE (bit/s/Hz)

<
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Fig. 5 - Average SE versus time instant (/V, = 8)

increasing fp71, will accelerate the decline of the aver-
age SE. Thus, we should consider the channel aging effect
when designing signal transmission time. For instance,
under the condition that fp7, = 0.002, the total trans-
mission time should be lower than 200, i.e., 7, < 200, oth-
erwise the quality of the received signal will degrade. Fur-
thermore, the increase of the number of RIS elements will
increase the average SE. For example, compared with the
traditional communication system without a RIS, at the
starting time, the average SE can be improved by 181.5%
when using the RIS with 8 elements, and the average SE
can be improved by 263% when using the RIS with 64
elements. This shows that the use of a RIS can alleviate
the channel aging effect. In addition, we can see that the
change in the number of the RIS elements has no effect
on the change of the time when the SE decreases 0, which
is because the channel aging parameter p,[n] (i € {0,1})
is independent with the number of RIS elements M. Then
we analyze the impact of transmission time on the sys-
tem performance. Fig. 6 shows the relationship between

5 T T T
---7.=100,M =8
---------- 7. =200,M =8 b
—7. =100, M = 64

7. = 200, M = 64 b
—»—7, = 100,without RIS
—— 7, = 200,without RIS

Sum SE (bit/s/Hz)

|
6 8 10 12 14 16 18 20
Normalized Doppler Shift (fpT5) x10

Fig. 6 - Sum SE versus normalized Doppler shift f, T (IV, = 8)

the sum SE and the normalized Doppler shift f,7, un-
der different transmission times and the number of RIS
elements. When f,7, = 0, the longer the system trans-
mission time is, the higher the sum SE of the system,
which can be explained that when the uplink transmis-
sion time is fixed, the longer the total signal transmission
process, the longer the proportion of downlink transmis-
sion time, and the greater the SINR of the considered sys-
tem, therefore, the higher the average SE of the system.
However, with the increase of the Doppler shift, the spec-
tral efficiency of the system with longer signal transmis-
sion time decreases more sharply. This is because the in-
crease in transmission time will lead to a more serious
channel aging effect on the system. Last but not least,
although the sum SE degrades with the increase of the
transmission time and the normalized Doppler shift, the
usage of a RIS can effectively alleviate the negative effect
brought by channel aging. For example, when the normal-
ized Doppler shift f;7, = 0 and the system transmission
time 7, = 100, compared with the traditional communi-
cation system without a RIS, at the starting time, the sum
SE can be improved by 77% when using the RIS with 8 ele-
ments, and the average SE can be improved by 97% when
using the RIS with 64 elements.

Fig. 7 shows the sum SE under the condition of spatial
correlation of RIS elements. We set the number of the
antennas at the BS N, = 8, the number of RIS elements
M = 16, the transmit power of pilot signal P, = 20 dBm.
We can see that compared with the system with uncor-
related channels, when we consider the channel corre-
lation, the sum SE varies slightly differently due to the
dominance of the direct channel. However, when consid-
ering the case without the direct link, the impact of spa-
tial correlation degrades the sum SE by 13% over time in-
stant compared with the sum SE of the system with uncor-
related cascaded links. Compared with the system with
the signal transmitted from the BS to the user through

3 T T T T T
----- correlated, without direct path

K uncorrelated, without direct path
- - —correlated, with direct path
uncorrelated, with direct path B
S ———without RIS

251 ~..

Sum SE[n] (bit/s/Hz)
&

05

0 20 40 60 80 100 120 140 160 180 200
Time Instant Index (n)

Fig. 7 - Sum SE versus time constant (f;7, = 0.002, M = 16)
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—d, =d, = \/2, fpT, = 0.001
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. . I | h .
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Fig. 8 - Average SE versus different size of the RIS elements and Doppler
shift

an independent Rayleigh channel, the signal transmitted
through a RIS correlated channel, the sum SE can be im-
proved by 110%, which validates the efficiency of the ap-
plication of the RIS in the communication system.

Fig. 8 shows the average SE under the different sizes of
RIS elements and values of Doppler shift. Note that we
assume that dy = dy. The larger the area of the ele-
ments, the higher the average SE. Furthermore, the larger
the Doppler shift of the system, the faster the decline rate
of the average SE. However, the change of dj; and dy, do not
have an impact on the time when the average SE reaches
to 0, which can be proved that p,[n] (i € {0,1}) is inde-
pendent of the size and the number of RIS elements. Fi-
nally, the RIS-assisted system has a higher SE compared
with the traditional system without a RIS at the starting
point, which proves the superiority of RISs in the wireless
communication system.

5. CONCLUSION

In this paper, we analyze the performance of RIS-assisted
MISO systems by considering the spatially correlated
Rayleigh fading channels, the effect of channel aging, and
channel estimation errors, we derive the expressions of
SE of the system by employing the MRT precoding method
at the BS. The results show that the use of RIS and the
increase in transmit power of the pilot signal can make
up for the negative effect brought about by channel aging,
and the increase in the spatial correlation of RIS elements
decreases the spectrum efficiency.

There are several promising directions worthy of fur-
ther investigation by extending this work. For example,
we only investigate the spectral efficiency, other perfor-
mance metrics such as the OP and bit error rate can be
analyzed. Besides, we can consider different precoding
methods such as zero-forcing precoding and the MMSE
precoding method.

APPENDIX
PROOF OF COROLLARY 1

We can compute each term of (25) as

(1) Compute I ;,,: According to (21), we have

E(Gglnlfiln]) =E ((ék[”} + Ge,k[”D filn])
= (ME (Gy(Gln)") @y

which can be obtained by the fact that G, ;[n] and fi[n]
are independent of each other, thus E (G, ,[n] fi[n]) = 0.

E (ék[n] (ék[n])ﬂ> can be written as

E(Gulnl(Guln))") = pRInE (Goln] Gl )

s

K]t n]GH [n]) (A2)

+ pinlE (vl Gy

)

Assume G[n] = [gl[n},T..-,éi[n],---7§n[nﬂ; g;[n] =
1[:._611'[”},--~7§ki[n]a---agm[nﬂ i € {1,..,K}, g;,[n] satis-
ies

Griln] = po[nlgq x[n] + pr[n]v"NIGG ] (A3)
We set g,[n] = c;[n] + d;[n], where
c[n] = Po[n]gg,k[”}' d;[n] = pl[n]vH[n]G&k[n].
~ P,B3k
For gg4 ,[n] ~ GN(O’W%INt)’ thus
3P, B3
cln]  ~ ew(o,%ﬁm). For d,[n],
- M
UH[n}G(P){,k[”] = > Um([n]go rm(n],  because
m=1
~ Boxd21 1k
Gosnl]  ~ ON (05T T ), thus

vH[n}ég,k[n} ~ CN (0 MPBox7e1.x gINf,)' so we

’ &gl,k+&e2‘k+&g&
Mp3? ik

can get d;[n] ~ CN (0, %) Thus we can

obtain the distribution of g,,;[n] as

Gri[n] ~

2 n 2
CN 0’ pg[ ]ppﬁd,k +
oy +PpBak

MP%[”]ﬁo,kUzl,k )I )
K

2 2 2 2
Oc1 t 0o T 040¢
(A4)

G, [n] follows the complex Gaussian distribution, which is
given by

ék[”} ~

21, 2
eN (OaINt ® (Po[ ]ppﬁd,k‘ 4

2 2 2 2
Ocip T 0o +040¢
(A5)

MP% [”]ﬁo,k‘7§1,k I
O—Z% +pp/8d,k K
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G.[n)G![n] has a complex valued central Wishart distri-
bution [41] as

Gi[n]G{![n] ~
21 2
w, [ N0, Pg[ ]ppﬂd,k i
oy +PpBak
Therefore, we have

E(Gi[nGH[n]) =
N 2[”]ppﬁ§,k MP%[n]ﬁo,kUgl,k (A7)
\o?+ PpBak Uzl,k + ‘732,k +oj0?

Thus, we can obtain [ .

2 2
Mp3 [”Wo,k(fd,k I
2 2 2 9 K
Oc1p T 0eap + 040

(A6)

(2) Compute I ;,: According to Var(-) = [ (()2> —
(E(~))2,we obtain

2

kM) filn]))
(A8)

var (Gy[nl f[n]) = E ((Gynl fi[n)*) — (E(G

For E ((Gk[n}fk[n])2>

E((Gunlfiln)’) = E(((Gilnl + Gpln]) £iln])”)

— (E(Gylnlfiln)))” + E (G, [0l fiulnl £ n]GH [n])
(49)
(nlfln]))” = (E(Gynlfiln]))?, thus

Var (G [n] fi[n])

where (E (G

= E (G, x[nIGH [n]) E (f[n) £ n]) (A10)
For [E(f[n]ff[n]), based on (23), we obtain
E(F[n]F"n]) = (*[n]E (G[n]Gl[n]), ie.,
H _ ¢[n] 5 ~H
E (filn]fi[n]) = N, E(G[nlGi[n))
. p%[n}Ppﬁg,k MP% [n]ﬁo,kagl,k
B Cz[n](ag + Ppﬂd,k Ugl,k + 052,k + Uggg) (L)
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Thus, we obtain

(3) Compute I, ;,,: Following the same approach as for
the derivation of (29), we obtain (30) to complete the
proof.

(4) Compute Ij,,:

E (lwg[n]|?) = o}
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