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Abstract—Reconfigurable intelligent surface (RIS) is a promis-
ing candidate technology for the upcoming Sixth Generation (6G)
communication system for its ability to manipulate the wireless
communication environment by controlling the coefficients of
reflection elements (REs). However, since the RIS usually consists
of a large number of passive REs, the pilot overhead for channel
estimation in the RIS-aided system is prohibitively high. In
this paper, the channel estimation problem for a RIS-aided
multi-user multiple-input-single-output (MISO) communication
system with clustered users is investigated. First, to describe
the correlated feature for RIS-user channels, a beam domain
channel model is developed for RIS-user channels. Then, a
pilot reuse strategy is put forward to reduce the pilot overhead
and decompose the channel estimation problem into several
subproblems. Finally, by leveraging the correlated nature of
RIS-user channels, an eigenspace projection (EP) algorithm
is proposed to solve each subproblem respectively. Simulation
results show that the proposed EP channel estimation scheme can
achieve accurate channel estimation with lower pilot overhead
than existing schemes.

Index Terms—Reconfigurable intelligent surface (RIS), statis-
tical channel state information, channel estimation, pilot reuse,
channel correlation.

I. INTRODUCTION

HE upcoming Sixth Generation (6G) wireless communi-

cation networks are expected to impose more stringent
requirements on spectrum and energy efficiency. To cope with
these increasing demands, the reconfigurable intelligent sur-
face (RIS) has received more and more attention. Via shaping
the reflection of impinging signals with adjustable reflection
elements (REs), RIS is capable of actively controlling the radio
propagation environment and providing unprecedented spectral
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and energy efficiency increment [1].

Obtaining channel state information (CSI) is an important
prerequisite to take full advantage of RIS-aided systems [2].
Yet, training overhead for channel estimation scales linearly
both with the number of RIS REs and that of users. With RIS
comprised of a large number of passive REs, the pilot overhead
for channel estimation becomes prohibitively high. How to
effectively reduce the pilot length is one of the bottlenecks for
further implementation of RIS-aided communication systems.

A. Prior Works

Recently, there are some literature investigating the channel
estimation for RIS aided communication systems [3—10]. The
authors in [3] propose a least square (LS) channel estimation
scheme and achieve a minimum variance unbiased estimate
of the cascaded channel. The spatial channel sparsity is
leveraged to reduce the pilot overhead using the compressive
sensing (CS) technique for RIS-aided systems operating at
high-frequency bands in [4-6]. The authors in [7] propose to
estimate the cascaded channel of a reference user at first, and
then estimate cascaded channel of other users with reduced
pilot overhead. The RIS-aided orthogonal frequency division
multiplexing (OFDM) system is considered in [8,9]. The
authors in [8] propose to use a reflection pattern at the RIS
to aid the channel estimation. The authors in [9] exploit the
redundancy of OFDM sub-carriers to support more users for
concurrent channel estimation and thus improve the training
efficiency. Authors in [10] design a twin convolutional neural
network (CNN) architecture and feed it with the received pilot
signals to estimate cascaded channels. However, the quasi-
static nature of channels between the base station (BS) and
RIS is not utilized in [3-10].

Specifically, the BS and RIS are usually fixed and de-
ployed above surroundings, which makes RIS-BS channels
vary slowly and easier to be estimated. Thus, it is reasonable to
put the main effort into estimating the channels between RIS
and users [11, 12]. To exploit the quasi-static nature of the RIS-
BS channels, authors in [11] propose a two-timescale channel
estimation framework and use a dual-link pilot transmission
scheme to estimate the BS-RIS channel. The authors in [12]
propose a matrix calibration-based channel estimation method
to reduce the signaling overhead.
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Note that the existing works have not considered the spatial
correlation between users’ antennas and RIS REs. However,
due to the insufficient angular spread of the scattering en-
vironment and closely spaced antennas/reflecting elements,
the channels between RIS and users should be modeled as
spatially correlated Rician fading channels [13]. For spatially
correlated Rayleigh fading RIS-user channels, the physical
propagation environment makes a few directions more prob-
able to carry strong signals [14], so it is simpler to conduct
channel estimation on the subspace spanned by these direc-
tions.

B. Contributions

Against this background, the channel estimation problem for
a RIS-aided multi-user multiple-input-single-output (MISO)
communication system with clustered users is investigated in
this paper. First, to describe the correlated feature for RIS-
user channels, the beam domain channel model is developed
for RIS-user channels. Then, the pilot reuse strategy is put
forward to reduce the pilot overhead and help decompose the
channel estimation problem into several subproblems. Finally,
by leveraging the correlated nature of RIS-user channels, an
eigenspace projection (EP) algorithm is proposed with reduced
pilot overhead to solve each subproblem respectively. Our
major contributions are summarized as follows:

1) In realistic outdoor wireless propagation environments,
the RIS is located at an elevated position, and most of
the channel power lies in a limited number of spatial
directions compared with the whole RIS-user channel
dimension. To describe this feature for correlated RIS-
user channels, we develop the beam domain channel
model for RIS-user channels inspired by [15].

2) For users in different clusters, it is reasonable to assume
that angle of arrival (AoA) intervals of RIS-user chan-
nels are non-overlapping. In this circumstance, a pilot
reuse scheme is proposed to reduce the pilot overhead.

3) Exploiting statistical CSI of correlated channels between
RIS and users as a prior, an eigenspace projection (EP)
algorithm is proposed to estimate RIS-user channels
with reduced pilot overhead.

C. Organization

The remainder of this paper is organized as follows: Section
I presents the system model of the RIS-aided multi-user
MISO system. Section III presents present the channel models
for the RIS-BS channel and RIS-user channels. Section IV
presents propose the pilot reuse scheme. In Section V, the EP
algorithm to estimate RIS-user channels is proposed. Section
VI analysis the pilot overhead of our proposed scheme and
compares it with different channel estimation schemes. Section
VII shows simulation results and analysis. Finally, conclusions
are drawn in Section VIII. A list of symbols that are used
throughout this article is provided in Table I.

D. Notations

Throughout the paper, lowercase letters, lowercase bold
letters and capital bold letters (e.g., a, a and A) denote

scalars, vectors and matrices, respectively. CMxK denotes
the M x K dimensional complex vector space. (-)T, (-)*
and (-)¥ represent the operations of transpose, conjugate and
conjugate transpose, respectively. The symbol ® denotes the
Hadamard product. diag(a) denotes the diagonal matrix with
a along its main diagonal. a; denotes the ¢th element of
a. ||, ||/l and ||||r represent the modulus, the Euclidean
norm and the Frobenius norm, respectively. span (-) denotes
the span of vectors. The distribution of a circularly symmetric
complex Gaussian (CSCG) random vector with mean vector
a and covariance matrix A is denoted by CN (a,A). E{-}
represents the statistical expectation operator. I denotes an
identity matrix with appropriate dimensions. Calligraphic let-
ters represent linear space, e.g., S.

II. SYSTEM MODEL

As shown in Fig. 1, a narrow-band wireless system, where
a RIS is deployed to assist the data transmission between
the BS and K users, is investigated. Suppose the RIS is a
uniform planer array (UPA) with N REs. Like works [16—
18], we assume that the direct communication link between
the BS and users are blocked by obstacles. This scenario is a
classic application for using the RIS to improve the coverage
for users in the blind spots [2]. The BS is equipped with a
M -antenna uniform linear array (ULA). All users adopt ULA
with M, antennas and locate in C' user clusters. The number
of users in cluster ¢,c € {1,2,...,C}, is I., which satisfies
Zf:l Io=K!

cluster ¢

;i ouserl i

user i

Controller

Fig. 1. An example of RIS-aided wireless communication system.
Denote

®, = diag (ar,1 exp (jbi,1) - - ar, v exp (§0:,n)) (D

as the RIS reflection coefficient matrix at time ¢. In particular,
at,n and 0, represent the reconfigurable amplitude and phase
of the nth RE in the RIS at time ¢, which can continuously
vary within the intervals [0, 1] and [0, 27), respectively. Then,
the received signal of the BS at time ¢ is expressed as
c I
ye=Y_ Y G&Hs; +n, 2)
e=1i=1
IUser clustering methods have been extensively studied for multi-user com-

munications, such as K-means [19], many-to-one matching [20], correlation
of channels [21]. These methods can be applied for our considered system.
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TABLE I
SYMBOLS USED FREQUENTLY THROUGHOUT THIS ARTICLE AND THEIR DEFINITIONS
Symbol Definition Symbol Definition
M Number of BS antennas at,n, Otn Reconfigurable amplitude and phase of the nth RE at time t
N Number of REs S Eigenspace of the sum channel
Ny, Nv Number of REs per row and per column, respectively Sc Eigenspace where channel realizations of h{ resides
C Number of user clusters {dy,d2, - ,dg} Orthonormal bases for eigenspace S
K Number of users E Dimension of eigenspace S
I. Number of users in cluster ¢ E. Dimension of eigenspace S.
T Number of subframes in a uplink pilot transmission frame T Number of time slots in a uplink pilot transmission subframe

where G € CM*N denotes the channel from the RIS to
the BS, H¢ € CV*Mu represents the channel from the ith
user in cluster ¢ to the RIS. sf; € CMu*1 represents the
transmitted symbol from the ¢th user in cluster ¢ at time
t. n; ~ CN (0,0’21) represents the additive white Gaussian
noise (AWGN) at time ¢, with o2 denoting the noise power.

III. CHANNEL MODEL

RIS

/y(
é é Multipath Component
-~

~

reference element

Fig. 2. The 3D geometry of a rectangular RIS.

The RIS is a rectangular surface consisting of Ny elements
per row and Ny elements per column. The setup is illustrated
in Fig. 2 in a three-dimensional(3D) space with ¢ € [0, )
and ¥ € [0,7) being the angles of path to the y-axis and
z-axis, respectively. dy = dy = A\/2 denote the horizontal
distance and the vertical distance between neighbouring RIS
REs, where A is the wave length. The elements are indexed

row-by-row by n € [1,2,--- , N], thus the location of the nth
element with respect to the origin in Fig. 2 is
w, = 0,4 (n) du,iv (n)dv]" ,n€[1,2,--- ,N,] (3

where 451 (n)= mod (n — 1, Nyg) and iy (n)= [(n — 1) /Ng]
are the horizontal and vertical indices of element n, respec-
tively, on the two-dimensional grid.

Define ex (+) as the normalized response vector of a ULA
with X antennas spaced with A/2, VX € NT. The RIS
response vector corresponding to ¢ and 9 is

ik(p,9) u
eIk (p,9) L.

. T
eris (¢, V) = —= aejk(%ﬁ)TUN]

“4)
=eny (V) @eny (9)-

where ¢ and 9 represent azimuth AoA and elevation AoA

associated with the RIS. k (¢, 9) € R3*! is the wave vector,

k(p,9) = 2771- [0, cos () , cos (9)] " %)

The user response vector corresponding to 7y is ey, (7v) where
~ represents angle of departure (AoD) associated with the user.

A. Channel Model for RIS-user Channels and its Spatial
Characteristics

For the RIS and each user, when the sampling of v,,, ©n,
and v, satisfies

©ny = arccos(l — 2ng/Ny),ng € [0,1,--- ,Nu|, (6)
Opy = arccos(l — 2ny /Ny),ny € [0,1,--- ,Ny], (7)

and
Ym = arccos(1 — 2m/My,),m € [0,1,--- , My], (8)

the response vectors corresponding to different sampling an-
gles are orthogonal, i.e.,

eris (Pin(n)s 19iv(n))H eris (Pin(n)s Yivm)) =0 (n—n'),
)

)" (10)

€M, ('Ym enM, (’Ym') =0 (m— m/) .

Suppose that there are P; physical paths from the RIS to
the ¢th user in cluster ¢, and the pth path has an attenuation
of af)p, a distance of dﬁp, an angle of vﬁp with the transmit
antenna array, and angles of ¢f ) and Jf , with the receive RE
array. Then, the N x M, physical channel matrix associated

with the ith user in cluster c is given by
P;
—j2mdS H
H; = Z af}pe ! Wd?”p/AeRIS (@f,p’ﬁg,p) M, ('yic,p) - (D
p=1

It is assumed that users are quite far away from the
RIS such that the phases 27dy ,/A are uniformly distributed
over [0,27) and mutually independent due to uncorrelated
scattering. These assumptions lead to

E {a? e*jzﬂdfw/)‘} =0,

vp

(12)
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o e o e *
E{af’pe_ﬂ”divp/)‘ (aglvp/e ]27”11‘/,;7’/)‘) }
— c ;
= Bi 0 (i

where 3¢, = E {|a$ |*} is the channel gain of path p to the
ith user in cluster c.
The channel matrix in (11) can be rewritten as

(13)
- i/ap - pl)

M, N

Hi=3> > [H} ens (Pin(m)» Vv (m) @i, ()
m=1n=1
= VHSUH,
(14)
where V = Vy ® Vy,
U = [en, (11),en, (12) 7+ enr, (ag,)] € CMox M,

Vi = [eNH ((pl) ,ENy (992)7. L eNy (@NH)} c CNuxNu

and

Vy = [eNV (91) ,eNy (9a), -

are unitary matrices. I:IZC denotes the beam domain channel
matrix with eps, (V) and egris (cp,»H(n), ﬂiv(n)) representing
the transmit and receive beam, which can be calculated using
the following approximation

ryc ~ c _—j2ndS /A
R

PES,, m NS¢, n
where S; ,,, is the set of all paths whose angles of departure
are nearest to the sampling angle +,,, and S, ,, is the set of
paths whose angles of arrival are nearest to the sampling angles
Visg(n) a0 iy ().

From (15), it can be seen that in the beam domain, different
elements of I:If represent the signals transmitted over different
transmit and receive sampling angles. Different from the
summation of all path signals in the physical domain, the beam
domain channel can separate the paths of different angles by
different beams.

When the user lies in rich scattering environment, each
element of I:I§ is the superposition of the attenuations of
many paths. Thus the elements of I:IZC subject to the Gaussian
distribution according to the central limit theorem, and the
correlated beam domain channel model is in line with the
Weichselberger model in [22].

The channel covariance matrices at the RIS and the ith user
in cluster c¢ are given by

y €Ny (ﬂN\/)] € (CNVXNV

15)

Riys,; = E{H{ (H)" | = VAR VE, (16)

and
)

user,i user,i

c :E{(Hf)HH;‘}zUAC Ut

C — 3 C
where Afyg; = diag (Epesm B g

c
aZpGSt’N i,p) and
c —_ 1 C C .
Auser,i - dlag <2p637~,1 ipr ’EPGSW',MH ﬁi,p) describe

the power distribution over beams and depend on the channel
power angle spectrum (PAS) fgis; (¢,7) at the RIS and
Sser.i (77) at the dth user in cluster c, respectively [23].

Since users in the same cluster share a similar scattering

environment, it is reasonable to assume users in the same clus-
ter have the same channel PAS. Then, the channel covariance
matrices at the RIS and the users in cluster c are given by

Rfs = VAR VY, (18)

and
RC

user

= UA;

‘e UM, (19)

where Afg and Ag . describe the power distribution over

beams at the RIS and users in cluster ¢, respectively.

B. Channel Model for the RIS-BS Channel

In practice, the BS and RIS are usually deployed above
surrounding objects. This means RIS-BS channels turn to be
sparse for limited scattering objects and can be modeled as
geometry channels with several dominant propagation paths.
The channel between them can be modeled as

L
MN
G= VT;’”GM () efis (01, 91) (20)

where v;, ¢; and ¥; represent AoA associated with the BS,
azimuth AoD and elevation AoD associated with the RIS,
respectively. L is the number of dominant paths, p; denotes
the gain of the /th path.

The BS-RIS channel is quasi-static since both the locations
of BS and RIS are fixed [2]. It only need to be estimated
in a large timescale. The quasi-static RIS-BS channels can
be estimated using methods in [11, 12]. Therefore, in this
paper, we assume G is known at the BS and focus on the
estimation of channels between RIS and users, which is the
main challenge in channel estimation for RIS-assisted systems

C. For Single Antennal Users

This paper considers the system setup where users are
equipped with a single antenna and the system multiplexing
gain is achieved due to multiple users. Under this circum-
stance, the received signal of the BS at time ¢ is expressed

as
Cc 1

Y=Y Z G®h¢s, +ny,

c=1i=1

2L

where h¢ € CNV*! represents the channel from the ith user
in cluster c to the RIS. s§; represents the transmitted symbol
from the 7th user in cluster c at time ¢.

Based on (16), the spatially correlated Rayleigh fading
channel between the RIS and user ¢ in cluster c is

h{ ~CN (0,RS),c€{1,2,...,C},i € {1,2,..., 1.},

(22)
where R is non-diagonal and denotes the covariance matrix of
the channel between RIS and user 7 in cluster c. The covariance
matrix R{ depends on the wavelength of transmitted signals
and the scattering environment corresponding to cluster c [14].
Therefore, similar to (18), channels between RIS and users in
the same cluster have the same covariance matrix, i.e.,

R{=R;=---=R; =R.,ce{1,2,....,0}, (23)
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where R, is the covariance matrix of channesl between RIS
and users in cluster c.

From (16), it can been seen that the eigenvectors of the
channel covariance matrix are determined by array response
vectors of the RIS. Thus, the channel covariance matrices
of users served by the same RIS share the same set of
eigenvectors. The covariance matrix of h{ can be expressed
in the form of eigenvalue decomposition

R.=VAVH ce{1,2,...,C}, (24)

where V. € CN*¥ s the unitary matrix which is identical
for all users. Ignoring the small eigenvalues [24], the diago-
nal matrix A, consists of F. eigenvalues. The eigenvectors
associated with the E,. eigenvalues span the eigenspace where
channel realizations of h¢,i € {1,2, ..., I.} reside, which can
be expressed as

S. = span (df(c,l)a df(c’g), r 7df(c,Ec)) ,ee{l,2,...,C},

(25)
where f(c,j) = Zf;é E; 4+ j and Ey = 0, dy( ;) is the
eigenvector associated with Az jy. Ag(c,5) is the jth non-zero
eigenvalue of R, j € {1,2,..., E.}.

“.user i in cluster ¢/

A, A

¢

Fig. 3. An example of RIS-user channels in different clusters reside in
different eigenspace.

In realistic outdoor wireless propagation environments
where the RIS is located at an elevated position, most of
the channel power is concentrated in a narrow angle interval,
which indicates most of the channel power lies in a limited
number of spatial directions (beams) [25]. For users located
geographically apart in different clusters, the overlaps of their
channel power in the angular domain might be neglected.
As shown in Fig. 3, it is assumed that the channel power
seen at the RIS from the users in cluster ¢ and d, Ve,d €
{1,2,---,C},c # d, is constrained in the AoA interval
A = [‘pfnin’(pfnax} X ["%nin’ﬁinax] ;i € {c,d} and A,
and Ay are non-overlapping. Recall that [A;],, describes
the power distribution over the RIS receiving beam d,,,n €
{1,2,--- ,N}, i € {c,d}. Provided that AoA intervals , we

have A. ® Ag = 0. This means that the RIS-user channels
for users in cluster ¢ and d reside in orthogonal eigenspace.
In this circumstance, the BS can employ statistical CSI to
distinguish users from different clusters and thus pilot reuse
among clusters becomes feasible and beneficial.

IV. UPLINK PILOT TRANSMISSION AND PILOT REUSE
SCHEME

Pilot for BS-RIS Pilot for RIS-user
channels estimation
(statistical-CSI)

Pilot for RIS-user

channel estimation channels estimation

Data

kT time
subframe 1 subframe ¢ subframe 7|
RIS: @, “ee RIS: @, oo RIS: @,
BS:w, BS:w, BS: w,
slot 1 slot 2 ‘ . slot 7 ‘

Fig. 4. The proposed channel estimation framework.

| small timescale

[ ——

time

pilot for RIS -user
channel estimation

k large timescale

pilot for RIS -user
channel estimation
(statistical-CSI)

. pilot for BS-RIS .
N data transmission
channel estimation

Fig. 5. Details of the proposed pilot transmission.

The proposed channel estimation framework is exhibited
in Fig. 4. Since the BS-RIS channel and the statistical CSI
of RIS-user channels vary less frequently than the instan-
taneous CSI of RIS-user channels, they are estimated in a
large timescale T, while the instantaneous CSI of RIS-user
channels are estimated based on the uplink pilots in a small
timescale T, and T, = aTs with a > 1.

For large timescale channel estimation, the quasi-static RIS-
BS channel is assumed to be known by the BS using method
in [11]. The BS estimates the statistical CSI of RIS-user
channels by forming sample correlation matrices, which will
be explained later in section IV.

For small timescale channel estimation, as shown in Fig. 5,
the uplink pilot transmission frame consists of 7" subframes,
and each subframe lasts for 7 = max (I, I, - ,I¢) time
slots. To better illustrate our idea, it is assumed that all the
cluster contains the same number of users, ie., I1 = [, =
.-+ = I = I. During the 7 time instants in a subframe, the
users transmit orthogonal uplink pilot sequences, i.e.,

X €CT*re{1,2,---,7},

(26)
) miomy € (1,2, 7}

X5 Xy, = 7P3 (m;

with P denoting the transmit power of each user. Specifically,
pilot sequence x, is assigned to the 7th user in each cluster,
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m € {1,2,---,7}. This means that all the users in the same
cluster utilize different pilot sequences, while the 7th user in
each cluster utilize the same pilot sequence, 7 € {1,2,--- ,7}.
The proposed pilot reuse strategy can reduce the pilot overhead
for estimating the RIS-user channels in the small timescale
by a factor of C since the pilot sequences are reused among
clusters.

The received pilots at the BS at subframe ¢, ¢t €
{1,2,...,T}, is

c T
Yt = Z Z G@thSX;T + Nt7

c=1i=1

27

where ®; is the reflection coefficient matrix at the RIS in
subframe ¢, t € {1,2,--- ,T}. Ny € CM*T represent the
noise at the BS. Each column of Y; € CM*7 ig the received
pilots in a single time slot.

Then, for users assigned with pilot sequence x,, by right
multiplying the conjugate of the pilot sequence, the BS obtains
the channel observation as

1

yt,ﬂ' = ﬁth;kr
< 1
=3 G®he + S Nx: (28)
TP
c=1
= G®,h2" + 1y .,
where hi"™ = ZCC:1 h¢ is the sumation of channels of

users assigned with pilot sequence X, . n; , = #Ntxjr ~
2
cN (0, 221).

For a given m, m € {1,2,...,7}, the channel observations
{¥i1,=|t =1,2,...,T} are dependent on channels between RIS
and users assigned pilot sequence x, but independent of chan-
nels between RIS and users assigned other pilot sequences.
That is to say, the problem of estimating the channels between
RIS and users can thus be decomposed into 7 independent
subproblems, where the 7th subproblem is to estimate the
channels between RIS and users assigned pilot sequence x,
me{l,2,...,7}.

V. PROPOSED EP CHANNEL ESTIMATION SCHEME

In this section, the EP channel estimation algorithm is
proposed to solve subproblems derived in the previous section.
In the wth subproblem, 7 € {1,2,...,7}, we aim to
estimate RIS-user channels {h¢|c=1,2,...,C} based on
channel observations {y; .|t =1,2,...,T}. Assuming the
RIS aided system employ linear combining at the BS, the

combined signal at the BS at subframe ¢, ¢t € {1,2,...,T}, is
Tt,w = WHS’t,ﬂ'
. (29)
=W G@th;um + 2ty
where w and 2z, = WHflt’ﬂ ~ CN (0, %) represent

the normalized combing vector and the noise at the BS,
respectively.
The covariance matrix of the sum channels h$"™, can be

expressed as
c
Roun = ) Re. (30)
c=1

The eigenspace of sum channel can be expressed as

S=85188® - dSc

31
= span (dy,da, - ,dg), GD

where £ = Zgzc FE. is the dimension of eigenspace S,
{dy,ds, - ,dg} is a set of orthonormal bases for eigenspace
S, ie.,

di'd; =6(i —j),i,j €{1,2,...,E}. (32)

Let the number of subframes in an uplink pilot transmission
frame equals the dimension of eigenspace S, i.e., T'= E. The
h3"™ can be expressed by

hi'"™ = -d1 + 2. xd2 + - - - + 17 2 dr,

where 1 ~ CN (0, \),t € {1,2,...,T}, is the projection
parameter which denotes the projection of h3"™ to the eigen-
vector dy, i.e., Ny = d?hf}“m.

Based on the RIS-BS channel G and the pilot signal at time
instant ¢, the BS combining vector and the combined signal at
time instant ¢, t € {1,2,...,T}, are given by

(33)

W =u

(34)

and °
Ttr = ov @thjrum + 2t

- 35)
= 6di' b3 + 2 (

where d, = &y, § denotes the largest singular value derived
from the singular value decomposition (SVD) of RIS-BS
channel, ie., G = UGng. u and v are the columns of
unitary matrices Ug and Vg corresponding to §, respectively.

Set the RIS reflection coefficient matrix ®;, ¢t €
{1,2,...,E}, as

dt ,n

At = Kt ,ne{l,2,...,N},

n

d (36)
0, = —arg <;”) ,ne{l,2,...,N},

n

where k; 1s the scale factor to make sure the reflection
amplitude of REs is not greater than 1. d;,, and v,, are the

nth elements of d; and v, respectively. We have
Elt = Iitdt. (37)

Substituting (37) into (35), the combined signal at BS at
time instant ¢, t € {1,2,...,T}, is given by
(33)

Tex = 0Kt x + 2t

Using the minimum mean square error (MMSE) estimator,

the estimation of 7, » , t € {1,2,...,T}, is
M (ree) = B{nex[re,x}
Préri A (39)
= —5——5"Ttx-
Pré22h + 02
The estimation of the sum channel h$"™ is
E
by = iy d. (40)
t=1
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Finally, the estimation of the channel between the RIS and
the mth user in cluster ¢, ¢ € {1,2,...,C}, is given by
dividing h$"™ into the corresponding eigenspace,

he = >

d,CS..te{1,2,....,T}

Mt rd- (41)

Algorithm 1 The Proposed EP Channel Estimation Algorithm.
Input: Received pilots {Y¢|t = 1,2,--- , T}, channel covari-
ance information {R.|c =1,2,---,C}, orthogonal pilots
{Xx|m=1,2,--- ,7} and the BS-RIS channel G.
Output: The estimation channels bwtween the RIS and users
{(h¢le=1,2,---,Ci=1,2,---,1,}.
forc=1:7do
Calculate S, according to (24) and (25)
end for
Obtain S according to (31)
Calculate w according to (34)
fort=1:7T do
Set @, according to (36)
for t=1:7do
Tir = #wHth;
10: Estimate 7, » according to (39)
Calculate flfr according to (40)
12: end for
13: end for
14: return {flﬂc =1,2,---,C,i=1,2,--- ,Ic}

R A A R ol

—
—_

The proposed EP channel estimation algorithm is summa-
rized in Algorithm 1. In Steps 1-4, the eigenspace of sum
channels is calculated based on the channel covariance infor-
mation. In Step 5, the combining vector at the BS is calculated
based on RIS-BS channel G. In Steps 6-13, the RIS-user
channel estimation problem is decomposed into 7 independent
subproblems, each of which estimates the channels between
the RIS and users assigned pilot x,. Each subproblem is
solved respectively using the EP method. Finally, the algorithm
gives the estimation of channels between RIS and users.

VI. PiLOT OVERHEAD

The quasi-static RIS-BS channel and the statistical CSI for
RIS-user channels are estimated in a large timescale 77.. The
quasi-static RIS-BS channel is estimated using the method
in [11], with the minimum required pilot overhead 7 =
2 (N 4+ 1). The approach to estimate the correlation matrices
for RIS-user channels is to form the sample correlation matrix.
For users in cluster ¢, suppose the BS has made 3 independent
observations of h{. The correlation matrix for users in cluster
c is

Rsample _ L i zﬁ: he (hc )
c Icﬁ _ i,m \"i,n

i=1n=1

Hee{l,2,...,0},

(42)

where h{ , denotes the nth observation of hf.
For each element of R3%"P!¢, the law of large numbers
implies that the sample variance converges (almost surely) to

TABLE 11
PI1LOT OVERHEAD COMPARISON OF DIFFERENT
CHANNEL ESTIMATION SCHEMES

Channel Estimation Schemes Required Pilot Overhead

LS Estimation [3] NK
N 4+ max (Kf 1, [w-‘)
2(Na71) +K [%"

2(N-1)+BK[ ] L KE
« C

Three-Phase Estimation [7]

Two-Timescale Estimation [11]

Proposed Scheme

the true variance of corresponding element of R.. The stan-
dard deviation of the sample variance decays as 1 / VI3, thus
a small number of observations 3 is sufficient to get a good
variance estimate. The observation of RIS-user channels can be
obtained by using existing channel estimation method in [11],
which has the pilot overhead of (%W for our considered
system. The required signaling overhead of obtaining all the
correlation matrix Re,c € {1,2,...,C} is 7» = BK [47].

From the time domain perspective, the channel covariance
matrices vary more slowly than the instantaneous CSI, and
thus can be estimated in a large timescale. From the frequency
domain perspective, the channel covariance matrices have been
shown to stay constant over a wide frequency interval [26], and
thus can be estimated via averaging over frequency. Therefore,
there will be enough time-frequency resources to estimate the
channel covariance matrices, and the estimation accuracy can
be guaranteed in practice.

Then, in a small timescale Tg, the RIS-user channels are
estimated based on the uplink pilots using the proposed EP
algorithm. The required signaling overhead of obtaining all
the RIS-user channels is 73 = %

During a time period of T, the average pilot overhead is
calculated by

T
T:—L(Tl+72)+73
Ts

-1+ R[]

(43)

KB
« C

In Table II, the pilot overhead of the proposed channel
estimation scheme is compared with the LS channel estima-
tion [3], the three-phase channel estimation [7] and the two-
timescale channel estimation [11].

From Table II, it can be seen that the dimension of
eigenspace, F, is a key factor that contributes to the pilot
reduction in our proposed channel estimation scheme. By
leveraging the correlated property of RIS-user channels, the
pilot overhead for estimating RIS-user channels is proportion
to E in our method, while the corresponding pilot overheads
for methods in [7, 11] are proportion to the number of RIS REs
N. When the BS-RIS channel varies much more slowly than
the RIS-UE channel and BS-UE channel do, the advantage of
the proposed method is significant. On the contrary, when the
BS-RIS channel also varies fast, the proposed method will not
achieve significant pilot reduction. Besides, it can be seen that
« is also important for the pilot reduction. When the BS-RIS
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channel and statistical CSI of RIS-user channels varies much
more slowly than the instantaneous CSI of RIS-user channels
(a > 1), the advantage of the proposed method compared
with methods in [3] and [7] is significant.

400 T T

—O— Three-Phase Estimation [5]
—+8— Two-Timescale Estimation [7]
—7— Proposed EP channel estimation

350

300

n
a
S

N
=
S

Pilot overhead

50

| | | | | |
140 160 180 200 220 240
Number of RIS elements

Fig. 6. The pilot overhead against NV, where M = 16, K = 8.
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|
2 4 6 8 10 12 14 16
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Fig. 7. The pilot overhead against K, where M = 16, N = 256.

Fig. 6-8 illustrate the relation between the pilot overhead
and M, N, K, where o =16, § =4, C =4, E = 32.

Fig. 6-7 show that the pilot overheads for all schemes
increase with the number of RIS REs and the users. In
addition, it can be seen that the pilot overhead of the proposed
EP channel estimation scheme is the lowest. It is because the
proposed scheme leverages the correlated channel property and
conducts channel estimation based on slow varying statistical
CSLI. Since the pilot overhead for the LS estimation is an order
of magnitude higher than other schemes under all considered
N(K), the LS estimation result is omitted.

In Fig. 8, for the proposed channel estimation scheme and
the schemes in [7,11], the pilot overhead decreases as the
number of BS antennas increases because the pilot overhead

2500 T T

LS Estimation [3]
—&— Three-Phase Estimation [5]
—8— Two-Timescale Estimation [7]
—— Proposed EP channel estimation

2000

@
1=}
15}

Pilot overhead

=)
=1
S

v v g

5 10 15 20 25 30
Number of BS antennas

Fig. 8. The pilot overhead against M, where N = 256, K = 8.

for estimating the channel covariance information in the large
timescale decreases.

VII. SIMULATIONS

In this section, simulation results are provided to validate
the effectiveness of the proposed algorithm and draw useful
insights.

A. Simulation Setup

:::::____X_—_: _____

_ Blocked direct links USers in clusterd

Fig. 9. The simulation setup.

As shown in Fig 9, we assume the BS is 20 meters (m) away
from the RIS. The users are located on a half-circle centered at
the RIS with a radius of 10 m. In simulations, system param-
eters are set as follows unless otherwise specified: M = 16,
N =256, L =5, K = 8C = 4, E = 32. The cglannel
path-loss coefficients are modeled as p, = pg (Z—Z) * and

—Qh

Ph = Po (Z—Z) , where pg = —20dB is the path loss at
reference distance dp = 1m, aj, = 2.2 and ay = 2.1.

For the RIS-BS channel, according to the channel model
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in (20), let [ = 1 represent the indices of the line-of-sight (LoS)
components in G. The complex channel gains are distributed
as py ~ CN(0,1) and p; ~ CN (0,107°%) ;i € {2,...,L}.
Angles ¢;,7; and ¥; are uniformly generated from [0, 7].
For the RIS-user channels, we consider the typical outdoor
wireless propagation environments where the channel PAS can
be modeled as the truncated Laplacian distribution [27]. The

channel PAS for user i, Vi = 1,2,---,1., in cluster ¢ is
modeled as
f}%IS_j (‘pcvﬁc) = fLap (QDC,O'f) fLap (79@7029) s 44)

where ¢, (J.) and 0¥ (o) represent the azimuth (elevation)

angular standard deviation (ASD) and the azimuth (eleva-
tion) mean AoA of user channels in cluster c. fiap (¢,0%)
represents the truncated Laplacian distribution with mean
¢ and standard deviation (SD) o% [28]. We assume that
of = 14° oY = 2°, 9, = 20°, Ve = 1,2,---,4, [29]
and the mean azimuth AoAs of the cluster 1 to cluster 4 are
[0.9273,1.3694,1.7722,2.2143] in radians.

For the uplink pilot transmission, the signal-to-noise ratio
is defined by

P,
SNR = ~Lo, 45)
o
The normalized mean square error (NMSE)
Go— Gl
K _
& e -
— E{+——F (46)
2
K ; Gl

is adopted as the performance metric, where G, =
Gdiag (hy) is the cascaded channel. All results are averaged
over 10° independent channel realizations.

To verify the effectiveness of the proposed EP algorithm, its
performance is compared with the channel estimation schemes
from Table II.

B. Simulation Result

T
LS Estimation [3]

—&— Three-Phase Estimation [5]

—— Two-Timescale Estimation [7]

10" ¢ —#— Proposed EP channel estimati

Fig. 10. SNR versus NMSE.

Fig. 10 shows the NMSE of the cascaded channel against
the SNR. The proposed channel estimation method can achieve
lower NMSE than that in [7,11]. Though the LS channel
estimation in [3] is more accurate, proposed method requires
much fewer training pilots because it exploits statistical CSI
of correlated channels between RIS and users as a prior.
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Fig. 11. SNR versus sum rate.

Fig. 11 shows the downlink sum rate of the RIS-aided com-
munication system using different channel estimation schemes.
The joint precoding scheme in [30] is adopted to jointly
optimize the precoding matrix and the reflection coefficient
matrix. The sum rate is calculated by

K

Ron =3 log (1 + SINR‘g) :
k=1

(47)

where SINR% denotes the signal-to-interference-plus-noise ra-
tio for the kth user in the downlink. From Fig. 11, we
can observe that the channel estimation method with smaller
NMSE has better performance for data transmission. The
reason behind this is that inaccurate CSI results in inefficient
joint beamforming design and thus degrades the system per-
formance for data transmission. In line with Figs. 10, it can
be observed that the RIS-aided communication system adopts
the proposed EP channel estimation scheme can achieve higher
sum rate than the RIS-aided communication system that adopts
scheme in [7] and [11]. Although the performance is inferior to
LS method in [3], the proposed scheme requires significantly
lower pilot overhead. To further clarify the domination of the
proposed EP channel estimation scheme. The net sum rates of
the RIS-aided communication system using different channel
estimation schemes are drawn in dash lines in Fig. 11. The
net sum rate is calculated by R\ = “—2 Ry, with 7, and
Tp representing the channel coherent time and the pilot length
required by corresponding channel estimation scheme. We set
T. = 3000 and 7, can be cauculated according to Table II. It
can be observed that the proposed EP scheme exhibits superior
performance compared to the LS scheme in terms of net sum
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rate. This can be attributed to the lower pilot overhead required
by the EP scheme.

VIII. CONCLUSION

In this paper, a RIS-aided multi-user MISO communication
system with clustered users is investigated. First, to describe
the correlated feature for RIS-user channels, the beam domain
channel model was developed for RIS-user channels. Then,
a pilot reuse strategy was put forward to reduce the pilot
overhead and decompose the channel estimation problem into
several subproblems. Finally, by leveraging the correlated
nature of RIS-user channels, an eigenspace projection (EP)
algorithm was proposed with reduced pilot overhead to solve
each subproblem respectively. Simulation results showed that
the proposed EP channel estimation scheme can achieve
accurate channel estimation with lower pilot overhead than
existing schemes.
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