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Abstract—Deploying reconfigurable intelligent surfaces (RIS)
is promising for enhancing the transmission reliability of wireless
communications by controlling the wireless environment, in
which the active beamforming at the base station and the
passive beamforming at the RIS are jointly designed based on
the acquisition of channel state information. Hence, channel
estimation is crucial for RIS-aided systems. Due to the lack of
active radio frequency chains at the RIS to process and transmit
pilot sequences, only the cascaded twin-hop transmitter-RIS-
receiver channel can be estimated, which results in extremely
high pilot overhead, when a large number of RIS reflecting
elements is used. As a remedy, we propose a channel estimation
method relying on low pilot overhead, namely the Karhunen-
Loeve transformation based linear minimal mean square error
(KL-LMMSE) estimator. This exploits the spatial correlation
of the RIS-cascaded channels, for our multi-cell multiple-input
and multiple-output RIS-aided systems. Furthermore, we extend
our investigations to the effects of realistic phase quantization
errors. Additionally, we derive the theoretical mean square error
(MSE) of our proposed channel estimators verified by numerical
simulations, and compare the results to various benchmark
schemes. We show that the MSE performance of our proposed
KL-LMMSE estimator is better than that of the state-of-the-art
low-overhead channel estimators.

Index Terms—Reconfigurable intelligent surfaces (RIS), chan-
nel estimation, linear minimal mean square error (LMMSE),
Karhunen-Loeve (KL) transformation, phase quantization error.

I. INTRODUCTION

N the fifth-generation (5G) systems, various advanced

technologies, such as millimeter wave (mmWave) [1] and
massive multiple-input and multiple-output (MIMO) schemes
[2], are employed for increasing the performance of ultra-
dense networks. Recently, reconfigurable intelligent surfaces
(RIS) have been widely hailed as a promising technique
of improving the spectral efficiency, energy efficiency and
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coverage range of the next-generation systems [3]. Briefly, the
RIS is an artificial metamaterial surface comprised of a large
number of passive reflecting elements employed between the
base station (BS) and the user equipment (UE) [4]-[7]. By
adjusting the RIS coefficients, i.e. the phase and amplitude
of the reflecting elements, the wireless channel environment
can be beneficially ameliorated. The RIS has a wide range of
promising applications, such as increasing the channel gains
via passive beamforming at the RIS and the active beamform-
ing at the BS [8], [9], constructing physical layer security
networks [10], reducing the inter-cell interference for cell-edge
users [11], providing simultaneous wireless information and
power transfer [12], and aiding mobile edge computation [13]
and over-the-air computation [14], etc. However, to support
these applications and realize performance enhancements for
wireless systems, high-precision channel state information
(CSI) acquisition is a crucial issue. Since the RIS operating
passive, without active signal processing units, the BS-RIS
channel links and RIS-UE channel links cannot be directly
estimated. Therefore, channel estimation is more challenging
in RIS-aided systems than in conventional wireless networks.

Firstly, in the case of a single UE, the least square (L-
S) method is widely employed [15]-[18] for the channel
estimation of RIS-aided wireless communications. In [15],
Mishra et al. proposed simple ON/OFF RIS training patterns
for estimating the cascaded BS-RIS-UE links. However, in
the context of ON/OFF patterns, only a single reflecting
element is activated in each symbol slot for the estimation
of the cascaded link. Hence, a large number of elements
are not fully utilized, which degrades the channel estimation
accuracy. To deal with this issue, Jensen et al. [16] conceived a
discrete Fourier transformation (DFT) matrix based method for
designing RIS training patterns, demonstrating that the DFT-
based RIS training patterns succeed in achieving the minimal
mean square error (MSE) of channel estimation. However, in
practice the RIS elements has finite phase resolution, hence
only a set of discrete phase shifts can be used by the RIS
elements. In this practical context, Zhou et al. [17] employed
the Hadamard matrix for the design of RIS patterns, where
only two phase shifts, namely O and 7, are used for each
RIS reflecting element. They demonstrated that only a slight
MSE performance erosions imposed compared to the DFT-
based RIS training patterns [16]. In [18], An ef al. proposed an
optimal pilot power allocation strategy for the LS estimator to



improve the throughput of RIS-aided communication systems.
In this LS method, the receiver estimates the channels purely
based on its own observations without any prior knowledge
of the channels. When the statistical channel information is
available, the linear minimum mean square error (LMMSE)
method can be employed for enhancing the channel estimation
performance [19]. In [20], Zhang et al. proposed an optimized
channel estimator in a closed-form for RIS-assisted systems in
mmWave channels based on the MSE minimization criterion.

However, the above methods have extremely high pilot
overhead, when a large number of reflecting elements are
employed, since at least NV + 1 symbol slots are required in
each coherence intervals at the stage of channel estimation
for an N-element RIS system. To deal with this, an element
grouping based idea was adopted in [21]-[24] for the LS
estimator to cut down pilot overhead. Specifically, the N
reflecting elements of the RIS are partitioned into Ng compact
groups, and the cascaded channel links corresponding to the
elements in the same group are assumed to have identical
CSI by exploiting the high spatial correlation among adjacent
RIS-cascaded channels. In this case, only a minimum of
Ng + 1 symbol slots are required in each coherence interval
for channel estimation, which can significantly reduce the pilot
overhead upon reducing the number of groups Ng, albeit at
the cost of degrading the estimation accuracy. Furthermore,
in [25], Huang et al. proposed a novel semi-blind channel
estimator which exploits the data symbols for channel estima-
tion enhancement and only a fraction of full-pilot signaling
overhead is required.

On the other hand, upon considering multiple UEs, Al-
wazani et al. [26] proposed to extend the single-UE channel
method. Specifically, when there are K UEs in the RIS-aided
wireless system, each RIS training pattern lasts K symbol
slots, in which the K UEs send orthogonal pilot sequences
to eliminate the inter-user interference. At the BS, the CSI
of each UE can be estimated similarly to the single-UE case
by using a Bayesian minimum mean squared error (MMSE)
estimator. In this case, at least K (/N + 1) symbol slots are
required in each coherence interval at the stage of channel
estimation for an N-element RIS system. In [27], [28], the
authors cut down the pilot overhead by exploiting the property
that all users share the common BS-RIS link. Specifically, first
the cascaded BS-RIS-UE channel of a selected reference UE
is estimated via the same methods in the single-UE case. Then
the RIS-UE links of other K — 1 UEs are estimated based on
the estimation of the selected reference UE, which requires the
minimal pilot overhead of K + N +max(K —1, (K —1)[47])
instead of K(IN +1), where M is the number of BS antennas.
However, the minimum number of symbol slots required for
channel estimation in each coherence interval in [27], [28] is
still larger than the number of RIS elements, resulting in a
high pilot overhead when a large number of RIS elements are
used. Besides, in [27], [28], the authors focused on single-cell
wireless communication. While the RIS is promising in terms
of reducing the inter-cell interference in multi-cell systems
[29], it relies on the accurate of CSI acquisition, including
both the channels from the UEs in the local cell to the BS
and the channels from the UEs in the adjacent cells to the BS.

Furthermore, the above channel estimation methods are based
on the assumption that the phase shift of each RIS element
can be adjusted perfectly. However, due to the limited phase
shift resolution, the RIS having phase quantization errors is
inevitable in the reflecting elements. Thus, it is meaningful to
take the RIS phase quantization error into account in designing
the channel estimation algorithm.

In this paper, we propose a low-overhead instantaneous CSI
acquisition method for RIS-aided multi-cell MIMO commu-
nications, namely the Karhunen-Loeve transformation based
LMMSE (KL-LMMSE) channel estimator, by exploiting the
spatial correlation of the cascaded channels. Furthermore, our
channel estimators takes into account the phase quantization
error of RIS. Additionally, we verify the accuracy of our
theoretical analysis by simulation results. Furthermore, we
compare them to various benchmark schemes. Against this
background, the novelty of the proposed low pilot overhead
channel estimator is compared to the existing solutions in the
literature [15]-[28] of the RIS-aided systems in Table 1. The
contributions of our paper are further derived as follows:

o By considering the high pilot overhead of the state-of-
the-art (SoA) LMMSE estimator, we propose the novel
KL-LMMSE estimator, where we compress the cascaded-
RIS channels via the Karhunen-Loeve (KL) transform
applied to the cascaded-RIS channel covariance matrix
for reducing the pilot overhead. Since the KL transform is
the optimal transform for linear approximations, it leads
to lower MSE for the estimated channels compared to the
estimators based on grouping ideas proposed in [21]-[24].

o We further extend the SoA LMMSE estimator and the
proposed KL-LMMSE estimator by considering practical
limited phase shift resolution of the RIS, including the
RIS phase quantization error having both von Mises
distribution and uniform distribution, and we also derive
the theoretical MSE.

o Finally, the theoretical analysis and simulation results
demonstrate that the LMMSE estimators have lower MSE
than the LS estimators due to the utilization of the first
moment and second moment of signal links. Furthermore,
it is shown that the MSE performance of our proposed
KL-LMMSE estimator tends to that of the SoA LMMSE
estimator upon increasing the RIS spatial correlation,
despite having a reduced pilot overhead.

The rest of this paper is organized as follows. In Section
II, we present the system model. The low-overhead LMMSE
channel estimator is derived in Section III. Section IV presents
the theoretical analysis of the proposed channel estimator,
while our simulation results are presented in Section V. Finally
we conclude in Section VI.

Notations: Vectors and matrices are denoted by boldface
lower and upper case letters, respectively, ()T, (-)*, and (-)H
represent the transpose, conjugate and Hermitian transpose
operation, respectively, [a] is the minimal integer larger than
a, C™*™ denotes the space of m xn complex-valued matrix, ®
and ® denotes the Hadamard product and Kronecker product,
respectively, a; is the ¢th element in vector a, 0,, and 1,, rep-
resent the n x 1 zero vector and n X 1 one vector, respectively,



TABLE I: The novelty comparison of the proposed low pilot overhead channel estimation for the RIS-aided wireless
communications to the existing solutions in the literatures [15]-[28].

Our paper [151 (161 [17]  [18] [19] [20] [211  [22] [23] [24] [25] [26] [27] [28]
Multi-user v v v v
Spatial correlated RIS v v v v v v v v
Estimation method KL-LMMSE LS LS LS LS LMMSE MMSE LS LS LS LS Semi-blind MMSE  LMMSE LS
Reduced pilot overhead v v v v v v v v
RIS phase quantization error v
Multi-cell (4

O,,, xn, represents the nq X ny zero matrix, I,, represents the
n X n identity matrix, diag{a} denotes a diagonal matrix with
the diagonal elements being the elements in a in order. A
circularly symmetric complex Gaussian random vector with
mean p and covariance matrix X is denoted as CA(u, X),
E[x] represents the mean of the random vector x, Cxy is the
covariance matrix between the random vectors x and y.

II. SYSTEM MODEL
The system model of the RIS-aided multi-cell wireless
MIMO systems [29], [30] is shown in Fig. 1, where L cells
are supported by a RIS to increase the transmission reliability
and diminish the inter-cell interference. We denote these cells

as cell-1, cell-2, ---, cell-L and the corresponding BSs as
BS-1, BS-2, ---, BS-L, each of which is equipped with
My, Ms, - -, M, antennas, respectively, to communicate with

several multi-antenna users. We denote the number of users in
cell-l as U, where each of them is equipped with V; antennas.
Thus, the total number of user antennas (UANS) in cell-/ is
given by K; = U;V; with each of them denoted as UAN-k;
(ky = 1,2,--- | K;). Thus, cell-l is essentially an M; x K;
MIMO system supported by a RIS. The parameters of the
RIS elements are configured by the RIS controller, which
can deliver the control data with the aid of the BSs via a
Central Processing Unit (CPU). We consider the uplink in a
time division duplex (TDD) channel estimation scenario by ex-
ploiting the channel’s reciprocity [31]. Specifically, the phase
of each RIS element is designed based on the pre-defined
RIS patterns, and the UANs transmit user pilot sequences
(orthogonal or non-orthogonal) to the BSs. The BSs estimate
the CSI, including the RIS-related links and the direct UAN-
BS links, based on its observation.

Although employing RIS is beneficial for enhancing the
channel capacity, it brings about many challenges for the
channel estimators. Specifically, as shown in Fig. 1, the
observation at BS-/ includes the pilot sequences transmitted
not only from the UANSs in cell-l but also from the UANs
in the other L — 1 cells, although the CSI in cell-l can be
accurately estimated at BS-/, provided that all the UANs in
all cells employ orthogonal pilot sequences. However, this
results in an extremely high pilot overhead, when a large
number of RIS elements is used due to the limitation of
each coherence interval length. In a practical system, usually
non-orthogonal pilot assignment is adopted, where the pilot
sequences transmitted within the same cell are orthogonal,

but they are reused in all the cells [31]. In this case, the
intra-cell interference can be eliminated, but some inter-
cell interference will still exist. Furthermore, compared to
the family of conventional wireless communication systems
operating without RIS, the RIS may in fact precipitate extra
inter-cell interference, which degrades the channel estimation
performance. For example, in Fig. 1, the inter-cell interference
at BS-{ results from both the direct UAN-BS links plus also
from the RIS-related links arriving from the user antennas
in the other L — 1 cells to BS-I. Furthermore, the inter-cell
interference is exacerbated with the increase of the number of
RIS elements. As shown in Fig. 1, the inter-cell interference
at UAN-RIS links can be strengthened upon increasing the
number of deployed RIS elements. Harnessing the RIS for
enhancing the channel capacity also requires accurate channel
estimation, including both the desired links and inter-cell
interference links. Therefore, we propose a channel estimation
method for RIS-aided multi-cell communications, which can
effectively deal with the issue of inter-cell interference, despite
requiring a low pilot overhead.

A. RIS Architecture

The RIS is a uniform rectangular planar array (URPA) con-
taining N = N, x N, reflecting elements, where IV, and NN,
represent the numbers of reflecting elements in the horizontal
and vertical directions. The distance between the adjacent
RIS elements is 6(*) and 6®*) in the horizontal and vertical
directions, respectively. The phase shift of each RIS element is
configured by the RIS controller, as shown in Fig. 1. We denote
the RIS phase shift vector as @ = [e/% 7% ... /%] where
0, is the phase shift of the n-th RIS element and 0,, € [—7, 7).
Due to the limited RIS phase shift resolution, the phase shift
of each RIS element cannot be precisely designed. Therefore,
in a practical RIS, the phase shift of each reflecting element
can be modelled as ¢/, = 6, + 0,,, where 6, represents the
expected phase shift of the n-th reflecting element and 6,
represents the phase quantization error of the n-th reflecting
element [32].

Referring to [32]-[34], the phase shift of each reflecting el-
ement is subject to RIS phase error due to the finite-resolution
quantization, which results from hardware impairments (HWI),
since the high-resolution phase shift of each reflecting element
is tuned by the bias voltage of the varactor diode on the RIS
metasurface [35]. Due to the uncertainty of the hardware cir-
cuit response, the RIS phase error is time-varying. Therefore,
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Fig. 1: System model of the RIS-aided multi-cell MIMO wireless communications, where only the links to BS-/ is presented

and the links to other BSs can be obtained similarly.

the phase quantization errors can be modelled as independent
and identically distributed (i.i.d.) random variables having the
mean of 0 [32]-[34]. The most widely used probability density
functions to describe the phase quantization error are the von
Mises distribution and ~the uniform distribution, denoted as
0p ~ VM(0,kp) and 6, ~ U(—tp,tp), respectively, where
Kp is the concentration parameter in the von Mises distribution
and (—tp, tp) is the support in the uniform distribution. If we
denote the desired RIS phase shift vector by 8, and the phase
quantization error vector by 6 = [/, e/% ... e/N], then
the practical phase shift vector 8/ = 6 ® 6.

B. Channel Model

For simplicity, we combine the UAN index sets {k1|k; =
1,2,--- ,K1}, {kz\kz = 1,2,--- ’K2}, - {kL|kL =
1,2,---, K} into the set {k|k =1,2,--- , K}, where K =
ZzL:1 K;. We denote the large scale fading between UAN-E
and BS-I as gy k., from the UAN-£ to the RIS as Og(k) 5 and
from the RIS to the BS-I as 051, where gy = Cod (5,
Ogtt) = Cod;ﬁj;‘, and pam = Cod, (5 [36]. Here Cy is the
path loss at the reference distance of 1 meter. Furthermore,
dy,.,» represents the distance between UAN-£ and the BS-/,
dg(m is the distance between the UAN-k and the RIS, and
da is the distance between the RIS and the BS-I. Finally,
ap, ag aa represent the path loss exponent of the UAN-BS
path, UAN-RIS path, and RIS-BS path, respectively.

As for the small-scale fading, the direct links impinging
from UAN-k to the BS-l is denoted as b(k) e CMix1,
The links impinging from UAN-£ to the RIS is denoted as
g(®) € CN*! The link spanning from the RIS to the BS-I

is given by AD = [a{"T alVT ... 73%1)ZT]T, where al) =
[ai,?lm af,lb)l,g, e ,af,?h N] represents the channel vector from

the RIS to the m;th BS-/ antenna. Therefore, the equivalent
channel spanning from UAN-k to BS-/ can be represented as

hkD — mA(l)Qg(k) + Mb(k’l), (1)
where © = diag{0}.

We assume that the direct links from the UANs to BS-I are
blocked, so the RIS creates reflected paths between the UANs
and BS-[ [37]. Therefore, it is reasonable to assume that the
UAN-BS links follow Rayleigh fading, while the UAN-RIS
links and the RIS-BS link obey Rician fading. The Rayleigh
channel spanning from UAN-£ to BS-/ is given by

b ~ CN (0ar,. Tar,), @)
and the Rician channel impinging from UAN-k to the RIS is

w _ [_Fe k) L Sw 3
g 1+Kgg + 1+Kgg ) 3)

where kg is the Rician factor of the UAN-RIS links, while
g®) e CN*1 and g*) € CN*! represent the line-of-sight
(LoS) and non-line-of-sight (NLoS) components, respectively.
The LoS component E(’“) is expressed as [38]

g(k)
e—j2T"(6(““>(Nw—1) sin o™ cos M 46 (N, —1) cos d);A))] T7 )

[1, e~ %@ sin o cos oV +50 cos o) .

)

where A is the carrier wavelength, ¢§€A) and go,(cA) are the

elevation and azimuth angle of arrival (AoA) of signals from
UAN-k to the RIS, respectively. The NLoS component g¥)
is represented as g(*) ~ CA(0y, R), with R € CV*V being
the covariance matrix of the channel vector g(*). In most
literature, it was assumed that the NLoS links corresponding
to all RIS elements are uncorrelated, so R = I. However,
since a large number of passive RIS elements are densely
employed in a practical system, it is reasonable to model
the NLoS links corresponding to all RIS elements as being
spatially correlated [39]. Here, we employed the widely used
exponential correlation channel model to describe the spatial
correlation between the RIS-related links [39]-[42], since it
can characterize the impact of the reflecting element distance
on the channel correlation. It is worth noting that our proposed
channel estimation method is also suitable for other spatial
correlation models, such as the Bessel correlation model [43].
According to the exponential correlation channel model, R is



determined by the distance between the RIS elements, where
Snyng

R, .n, =€ %0, in which 0y, n, is the distance between
the nith and nath RIS element, and dy is a constant that
controls the level of correlation. For a user equipment, g
would be around half a wavelength, whereas for a stationary
equipment it could be as high as tens of wavelengths [44].
Therefore, g(*) is distributed as

1
® ~en(, ]| —2E—g® R). 5
8 N( 1+ngg "1+ kg ) )

The Rician channel from the RIS to BS-/ is given by

AOZ [ R g0 J 1 Ro ©)
14+ kA 1+ kA

where k4 is the Rician factor of the RIS-BS links, X(l) S
CMixN and AW ¢ CMi*N represent the LoS and N-
LoS components, respectively. The LoS component K(l) =
(A(”) (A(l)) (A(”) .

fion faop » where fi 7 is the response of an N =
N, x N, URPA at the RIS, given by [38]

(O] 2w s(@) ;o (D) o (D) . (D)
f/(xﬁD ) _ [1’6—327(6( )sin ¢\ cos i P +8) cos ¢ )7. .

0~ I (6 (N —1)sin 6™ cos o) +5@) (N, —1) cos ¢§D>)} e

)

where ¢>Z(D) and <pl(D) are the elevation and azimuth angle of

departure (AoD) of signals from the RIS to BS-, respectively.
0)
Furthermore, ffﬁA ) is the response of the M;-antenna uniform
linear array (ULA) at BS-/, based on [38]

1) om . A
FAY) _ [1,cr o

A _ eijT"do(lel)sindzl(A)]T
(o)

®)
where dp is the distance between adjacent BS antennas,
and 1®) is the AoA of signals from the RIS to BS-I. We
introduce A = [@l,aj, -~ ,a),]|", where @, represents
the LoS channel from the RIS to the m;th BS-/ antenna. The
NLoS component is AV = [af,a],--- ,a}, |, where a,
represents the NLoS channel from the RIS to the m;th BS-I
antenna, given by a;, ~ CN(0x,R), with R € CV*¥ being
the covariance matrix of the channel vector a,,,. Since the
UAN-RIS links and the RIS-BS links share the same reflecting
surfaces, the covariance matrix of the channel vector a,,,, is the
same as that of UAN-RIS links. Therefore, a,,, is distributed

as
T | KA _T 1 )
~ R).
Am, CN( 1 —‘,—l’*iAaml7 14+ kA ©)

III. Low-OVERHEAD LMMSE CHANNEL ESTIMATION

The channel estimation regime of RIS-aided wireless sys-
tems is shown in Fig. 2. The statistical CSI, which mainly
depends on the AoA and AoD of each link and on the
location of mobile equipments, and the RIS covariance matrix
R, remain unchanged in a stationary interval. The statistical
CSI is estimated at the beginning of each stationary block,
and each stationary block can be divided into () coherence
intervals, within each the instantaneous CSI are considered
constant [45]. Each coherence interval is comprised of 3

‘ Stationary block 1 ‘ Stationary block 2

Stationary block 3 ‘

Statistical channel estimation | Coherence interval 1 | Coherence interval 2

Coherence interval O ‘

Instantaneous channel estimation | BS/RIS joint beamforming | Data transmission

Indices of symbol slots: [(; 1~K ———%— K+1~2K——f oot k— (T -DK +1 ~—T =]

RIS training patterns: | 0, I 0, ‘ ...... ‘ 0,

User pilot (UAN-1): ‘ X ‘ X ‘ ...... ‘ *0 | x | ) ‘ ...... ‘ *0 ‘ ...... | x‘“" x42H| ...... | x;‘"
ser pi . 2 2 2 2 2 2
User pilot (UAN-2): [ [ e [ [0 ]a@] [« ] o o] [=2]
User pilot (UAN-K): ‘x“’“ ‘ x;”" ...... ‘x}f’ | x:'”| x;'“‘ ...... ‘x;{‘“ ...... | XI(K;‘ x;'“' ...... | ka‘

Fig. 2: Diagram of channel estimation for RIS-aided wireless
communication systems.

stages, including the instantaneous CSI estimation, joint RIS
and BS beamforming based on the estimated channels, and
data transmission. In this paper, we assume that the statistical
CSI, which can be estimated based on [46], is known and our
objective is that of estimating the instantaneous CSI in each
coherence interval.

A total of T'K symbol slots are utilized for instantaneous
CSI estimation at the beginning of each coherence interval,
and T pre-defined RIS training patterns 01,602, -- ,07 are
activated in order. Specifically, from the 1st to the K'th symbol
slot, the RIS employs 6;. Then from the (K + 1)st to the
2Kth symbol slot, the RIS employs 05 and so on. In the
duration of each RIS training pattern, orthogonal user pilots
are transmitted by the K UANs in the K symbol slots to
prevent pilot contamination. Specifically, the K x K DFT
matrix can be employed as orthogonal user pilots for X UANSs.
We denote the K x K DFT matrix as €2, given by Q =
[x(M, x@ ... x(F)] where x(¥) € CE*! represents the kth
column in  with xgk) representing the pilot transmitted for
UAN-£ during the ith symbol slot in each RIS training pattern.

Without loss of generality, we focus on the estimation of the
links to cell-l based on the observation at BS-/. The channel
estimation of links to the other L — 1 cells can be carried out
similarly. Thus, the subscript or superscript [ is omitted in the
following analysis.

A. Channel Estimations for a Perfect RIS Architecture

Firstly, we focus our attention on RIS-aided communica-
tions relying on a perfect RIS architecture, i.e. without RIS
phase quantization error. The equivalent channel h(*) is

b = /0,0 0aAOg™ + /o b™

=[vopm Inm, /0gm 0aln @ 0]s™*),

(10)

where s(*) = [b(k)T,sgk)T,--- ,SSE)T}T, in which s ¢
CNX1 js the cascaded channel given by st = al ©

gh) = [am@ggk),amggék), e ,am,Ngg\]f)]T. The UAN-RIS
channel g(*) and the RIS-BS channel A cannot be estimated
separately, since the RIS elements are passive. Fortunately,
estimating the cascaded channel s(*) is sufficient for designing
the RIS phase shift matrix for data transmission without loss of



optimality. Therefore, our objective is to estimate s(*). Firstly,
we present the SoOA LMMSE method, followed by our new
low-overhead method, namely the KL transformation based
LMMSE estimator.

1) SoA LMMSE method: In the state-of-the-art LMMSE
method, the observation at the BS in the ¢th symbol slot of
the tth (¢ = 1,2,---,7T) RIS training pattern from the kth
UAN, denoted as yg? € CMx1 g given by

y§,’? = \/ﬁ[\/QumIM, Vg 0aly @ 9t]S(k)!EZ(-k) + Hl(i%
(1)

where P is the transmit power at UANS, ngi) € CMx1 g
the noise at the BS antennas, and n\*) ~ CA/(07,021y)
with o2 being the noise power at the BS antennas, while

0; = [e%1 el%2 ... ei%nN] By stacking the observation
(k) (&) (k)
Yi1:Yiz2» » ¥, 7> WE can get
k KT _ (k)T k)T , k k
v =y Ty T = VPZ® s 4 n ),
(12)
where n") = [ngﬁ)T7n£2T,~ . ,nz(.fc%T]T and
VoI, \/ogim 0aln ® 6,
opm Inr, /0gy oAy @ 02
200 | v Ve (13)

\/Qb(k)IMv \/Qg(k) QAI]\/I & 0T

Since s*) is an M(N + 1) x 1 vector and Z*) is an
MT x M(N + 1) matrix, to ensure that s*) can be uniquely
estimated, the number of RIS training patterns must satisfy
T > N + 1. As for the design of RIS training patterns, we
have the following two scenarios.

o DFT matrix: Referring to [16], a 2[1°82 T1 x 2Mlog: T1 DFT
matrix can be employed for the design of the RIS training
patterns 61, 65, - - - ,07. Specifically, [1, 8;] is used for the
first N + 1 elements in the tth row of the 2M1°g27T x
2Mog2 T1 DFT matrix.

o Hadamard matrix: Referring to [17], since the RIS train-
ing patterns based on the DFT matrix require accurate
phase shift resolution, we can employ a 2M°g271 x
2Mog: T1 Hadamard matrix to replace the DFT matrix. In
this scenario the Hadamard matrix representing the RIS
pattern assists us in avoiding the RIS phase quantization
error, since it is based on two discrete phase shifts, i.e. 0
and 7.

In each RIS training pattern, the conjugate transpose of
the user pilot sequences, i.e. [x(lk)*,xék)*, e ,9:(]?)*], is de-
signed as the receive combining vector for the BS observation

1k), ék),--- ,ygﬁ) to estimate s(*). Thus, we can get the
equivalent BS observation for the estimation of s(k), denoted
by y(k), as

K
y® =3y e
i=1

K K K
:\/TDZ ( Z(k)s(k)argk)xl(»k)*) + Z ngk)xz(«k)*
i=1 k=1 i=1

=KVPZW®s®) 4 n/*)

where n’®) ~ CN(0p7, Ko2Ipr). Therefore, (14) is equiv-
alent to

(14)

v = VEPZ®s® 4 k)

with n®) ~ CN(OMT, O'ﬁIMT).

15)

To design the LMMSE algorithm, the mean and the covari-
ance matrix of s(*) should be obtained. Firstly, the mean of
s(®) is given by

Efs®] =EBMT, VT, s
O
_ kakg afog (16)
\/<1 +ra)(1+ rg)
a; ogh
Then, the covariance matrix of s®) is formulated
as Cywgw = Els®s®H] — E[sME[s®H]  where
E[s®]E[s*)H] can be calculated based on (16) as
E[S(k)]E[S(k)H]
Onmxm Onmxn Onxn
— —(k — —(k
Onxm A1 0O G( ) Apy©® G( )
Onxm XM,l @a(k) KM,M G)@(k)
(17)
and E[s(*)s(®H] can be expressed as
E[S(k)s(k)H]
Omxm  Omxn _ Owmxn
Onxy Ao VH® Ay O VE
Onxm A1 ®@VH® Ay ®VE
+ Im Onmxmn (18)

Ounxy Iny®@RaeVHE) |7

where VIO = @ Rg. In (17) and (18), Ra = R,

1+KkA
(k) ke —(k)= -~
Rg = 1+1Kg R’ G = 1+igg(k)g(k)H and Am17m2 =
1i:A53115;12‘ According to (17) and (18), we arrive at
Omxm Omxn ~ Omxn
Onxm A1 ORg A v ORg
Cotogiv) = : : :
Onsxm ApiORg Ay ©ORg

Iy Onrxmn
Ounxy Iy ®@(RaeVE) |-

Based on (16) and (19), the SoA LMMSE estimator of s(*),
denoted as éfsk), is given by

+ (19)

s — E[s®] + Cothry ) C;(lk)y(k) ™ -Ey™]), 0

can be  found
VEKPZ®E[s®)],

detailed derivation
Since  E[y®)] =

where the
in  [31].



Cuvyr = VEKPCuwmewZ®" and Cyuym =
KPZ® Cyiygm Z®™H + 62Ipp, and we can get the
SoA LMMSE estimator of s(*) as

éfsk) :]E[S(k)] + Vv KPCS(k)S(k) Z(k)H(KPZ(k)CS(k)S(k) Z(k)H
+ o2Iyr) Y y® — VEPZME[s™W)). (21)

In the SoA LMMSE estimator, the number of RIS training
patterns 7' must satisfy 7" > N + 1. Since a large number
of reflecting elements are used in a practical RIS-aided com-
munication systems, the SoOA LMMSE cannot work when the
coherence interval length is limited. Therefore, it is necessary
to conceive low-overhead channel estimation methods. In
[21]-[24], the authors partitioned the N RIS elements into
Ng groups, each of which contains Nl elements, where it was
assumed that the channel links corresponding to the reflecting
elements in the same group have identical CSI. Therefore,
we can combine the grouping idea and the LMMSE method
to derive a grouping-based LMMSE estimator to reduce the
pilot overhead. However, the grouping idea has the drawback
that it assumes the NLoS CSI corresponding to the RIS
elements in the same group is identical, while the NLoS
CSI corresponding to the RIS elements in different groups is
uncorrelated. In practice, this assumption is difficult to satisfy,
because this grouping idea is based on the assumption that
the spatial correlation matrix is R = Iy, ® (1 Ng . lTN )

To overcome these drawbacks, we propose the following IgL—
LMMSE method.

2) KL transformation based LMMSE method: As described
in [47], an N x 1 correlated random vector can be ap-
proximately represented by an Ng (Ng < N) parameter-
s after the Karhunen-Loeve transform. Specifically, if an
N x 1 correlated random vector x € CV*! has a mean
of On and a covariance matrix of Cyy, the Ng-order (1 <
Nge < N ) Karhunen-Loeve transform of x is given by
Xg = Z L VAiwgu;, where A\, Ao, -+, Ay are the eigen-
values of Cxx in the descending order, and uy,us,--- ,uy
are the corresponding eigen-vectors. This means that the
N x 1 vector x can be approximately represented by Ng
parameters wi,ws, - .WyN,. Lhe correspondlng Karhunen-
Loeve transform error is Xg"e =X—Xg = Zl Net1 Vwiu,.
The random variables wy,ws, -+ ,wy are i.i.d. with zero
mean and a variance of 1. The Karhunen-Logéve transform
is optimal for linear approximations, since it results in the
least mean square error of xg¢ . [47], where the value of
N¢ determines the approximation accuracy. Therefore, we
can employ the Karhunen-Logve transform for estimating the
vectors s(*). Here, we reserve the direct link b(*) in s(*), and
only employ the Karhunen-Loe¢ve transform for the vectors

sgk) sék),~ ‘ Sgw) Specifically, we select s(k) sgk), . ,sg\lff)
from s®) and introduce s'™ = [s{¥T é)T7~-~ ,sSITT,

The covariance of s'*) can be readily obtained by selecting
the corresponding elements in Cgx)gx). The Karhunen-Loeve

()

transform of s(*), denoted as sg , s given by
st = E[s®] + TV wi, (22)

while the Karhunen-Logve transform error of s(*) is

st') = TOwi), (23)
where w{ = [b®T w® wi ... wg\]j[)Ng]T’ Wékl -
[wg\];)]\fg+1’ w;\];)]\fg+2’ T 7w§\];)N]T and

| B, OnxmnNe
Te = Omnxm [\/@ugk)»"‘ y )‘S\INEU‘S\]})NJ ]’
(24)
Tee= [\/ )‘5\5)1\/5-5-1UM)N5+17 s )‘S@)Nug\l/cl)l\/]’ 25)

in which )\(k) )\(k) ,AX?N are the eigen-values of
Cg (wg v in the descending order, and ugk), uék), R ux;)N
are the corresponding eigen-vectors. Then, the KL-LMMSE
method has the following two stages.

In the first stage, the LMMSE associated with the RIS
training patterns satisfymg T > Ng + 1 is employed for
estimating th *) based (k).

g the vector w;" based on the BS observation y

Here, the BS observation y(*) can be represented as
y*) = VKPZFsF) 4 n*)
Ely (k)] ,/sz(k)( (k) _ E[s(k)]) +n®

®] + VEPZO (T W + T lwi)) + 0,
(26)

Ely

where Z(*) is given in (13). Based on (26) and on the definition
of the LMMSE algorithm, the LMMSE estimator of wék) is
formulated as

vAv((gk) =E[w (k)] +C (k)y(k)c;(k)y(k) (y™® —E[y™), @7

where Ely®] = VKPZW®E[s®], and E[w”] = 057
ng’“y(k) and Cy )y ) are given by
k)H
Cpym =VEP(C 00T 20N
+ cwg)wg)Tgerf)HL (28)
Cy(k)y(k) = KPZ(’“)CS<k>S(k)Z(’“)H + O’IQIIMT, 29)
in which C_ 4 is given in (19), and
Cotrw® = Iae+1), (30)
Catrw® = OM(Ne+1)x M(N-Ng)- (€29)

Thus, upon substituting (28) and (29) into (27), we can
formulate the LMMSE estimator of Wék) as

W —VKPTY
+ 02 pr) Ly ™

MHz*) (KPz(k>Cs<k>s<k)z<k>H
— VKPZWPE[sW]).
In the second stage, when the vector ng)

recovered vector s is s( ) = E[s®)] 4 T(Ek)vif‘(gk). According to
(32), we can get the KL LMMSE estimator of s(*) as

s =E[sW] + VEPTH THMZON (K PZM C oty -

(32)

is estimated, the



ZW" 4 o2 yr)  (y™ - VEPZWE[™M)). (33)

It is notable that when the direct channel is unobstructed, the
performance gain attained by deploying a RIS would become
less obvious due to the twin-hop path-loss characterize of
the RIS, ie. gy > Og(k) OA [36]. However, the channel
estimation method proposed in this paper would still work
well, since it is not affected by the presence or absence of the
direct channel link.

B. Channel Estimation in the Face of RIS Phase Quantization
Error

As we mentioned in Section II-A, the RIS phase quantiza-
tion error is inevitable due to its limited phase shift resolution
[33]. In this section, we derive the SoA LMMSE algorithm
and the KL-LMMSE algorithm for the channel estimator of
multi-cell MIMO systems while considering the RIS phase
quantization error.

When considering the RIS phase quantization error, the
perfect RIS training patterns 64, 05, - - - , @7 having no phase
quantization error will be replaced by the more realistic
imperfect RIS training patterns 6,05, --- ,07. with phase
quantization error, where the matrix yAR presented in (13)
will become Z/¥) given by

Vb In, /gt 0aln © 0}
VO Inrs \/Ogm oAl @ 6,

z'™ = .G

Vo I, \/Ogm 0aly © 07

in which 92 is the tth RIS training pattern with RIS
phase quantization error, given by ~02 = 0,00, =
[ej(et,1+0t.l)7 ej(et,2+0t,2)7 o 7ej(9t,N+9t,N)]’ with 6; being
the desired RIS phase shift vector and 0, being the RIS phase
quantization error vector. We define A@; and AZ as

NG, =0, — 0, = [ej(et,l"l‘ét,l) _ et

ej(gt,2+§z,2) _ ej9t,2’ .. 7ej(‘gt,N-i-ét,z\r) _ ej@,,z\l]7

(35)

Onrx s \/0gm 0aln ® Afy

Az —gr® _ k) _ Onmxm, \/Ogmoaln @ AG;

Onrxny /Ogm 0ALN @ AOr
(36)

In the following, we present three corollaries.

Corollary 1. When considering the RIS phase quantization
error, the mean of AZ(*) is given by
E[AZ®)] = (¢ - DZ,
where £ = %’Z:; when the RIS phase quantization error
follows the von Mises distribution of VM(0, k), and £ =
sinc(ep,) when the RIS phase quantization error follows the
uniform distribution of U(—vp,¢p,), where I;(-) represents the
modified Bessel functions of the first kind of order ¢, and
sinc(ep,) represent the sinc function given by sinc(yp) =
sin(ep) 2

. The RIS phase quantization error power is o, =

(37

3p’
Mises distribution and the uniform distribution, respectively.
Furthermore, Zék) = [O]\/ITXM;]-]\/[T]-TMN] O] Z(k), which
retains the RIS-related link component and turns the direct

link component to 0 in matrix Z*).
Proof: See Appendix A. [ ]

Corollary 2. When considering the RIS phase quan-
tization error, the means of AZKFgkIg(MHZEH 4nq
ZF) sk g(RHAZ R are identical, having the value of (£ —
1)ZPE[s®) sH]ZFH

Proof: See Appendix B. [ ]

Corollary 3. When considering the RIS phase quantization

error, the mean of AZ®sFsMHAZEH ig given by

E[AZ®) ) (WH AZ 0]

E[6?] = ,71p and 07 = E[A?] = 1.2, when it follows the von

=(¢ —1)2ZPE[sWsMHZMH + (1 - ¢)C,,  (39)
where C,, is formulated as:
k k
D{") D",
Cp =0a0gmIr ® : :
k k
ngf?l DSW)M

)

+0a0gmInr ® AN (Ra @ V1Y), (39)

with D%ZJM = 1JT\‘T(XM177712 © V(k))]‘N'
Proof: See Appendix C. [ ]

When considering the RIS phase quantization error, the
mean of the observation y¥) is given by

Ely®] = VK PE[Z'®s®)
© VEPZMES™M] + VEPEAZVE®)]
Y VEP(Z®M + (6~ 1)2{)Els V],

where (a) is based on the fact that the random matrix AZ®F)
is independent of s(®) and (b) is based on Corollary 1.
Furthermore, CSWYW is given by

Csmym = E[(S(k) - E[S(k)})(y(k) - E[y(k)])H]
=VKPE[(s"™ — E[sM])(s® — E[s™))"z "]
@Jﬁcsmsmz(k)fl + VEPCgmE[AZR]H
@\/ﬁcgms(mz(km +VEKP(¢— 1)Cs(k>s<’€>z§,k)H
=V K PCyugm (ZF) + (€ - 1)Z§)k))H» (41)

where (a) is based on the fact that AZ*) is independent of
s(®)_ and (b) is based on Corollary 1.

When considering the RIS phase quantization error, the
covariance matrix Cy(k)y(k) is formulated as:

(40)

Cymym = ElyPyWH] —EyWEYy* " @2)
Based on (40), E[y®]E[y(®)]H is given by

E[y(k)]E[y(k‘)]H - sz(k)E[S(k)]E[S(k>]HZ(k)H

+ KP(¢ - 1)ZWE[PE[sWHZIH

+ KP(¢ - 1)ZWE[sWIE[s®HzZ*H



+KP(E—-1)
W g pz®E[s®|E[sWHZWE

+ KP€* - 1)ZPE[sPE[s®HZH
where (a) is based on Zék) =[Oy Ll ] © 209,
and E[y®)y®H] is given by

ElyMy®H) = i pE[Z'Ms®MsWHZ B | 521, 0
=K PE[(Z™ + AZW) (k) <k>H(z<k> + AZOYH] 4 62T p
=KP(ZWE[s®sWH)Z(WH 4 (£2 _ 1)

(z;kNE[s(k)s(’f)H]zlgk)H —C,)) + oIy

2r7(k k k)1Hp(k)H
ZME[sPIE[s®MZE)

(43)

(44)

Based on Cgugm = E[s®sWH] — E[s®]E[s*)]H, and
substituting (43) and (44) into (42), we can get
Cy iyt =K P(ZM Cyugom ZWH + (€2 — 1)
(Zl(;)k)cs(k)s(k) Zék) -Cp)) + UnIMT- (45)

Firstly, we focus our attention on the SoA LMMSE method,
where we substitute (40), (41) and (45) into (20), and then we
can get the LMMSE estimator of s(*) as

&) =E[s®] + VK PCyugm (Z® + (¢ — 1)Z0NH
(KPZ™ Cyy g0 ZMH + KP(2 - 1)
(ZI(D’“)CSWS(@ Zék)H - C ) + O'QIMT) L.

(y® = VEP(Z® + (6 - 1)ZP)E[M)).  (46)

Then, we focus on the KL-LMMSE method, where
Cw‘(‘:k)y(k) is given by

k k
Cporyo = El(we” —E[w)(y™ — Ely™])"]
k k k k k k)H
VRPETE (w) — Biw ) (vl — Efw )T
k k k k k k)H
+ (wi) = Elw ) (wit) — Efwg )Tz ]

CVEPTE(C 0,00 TE"
VEPTE(C 0
OvEPTY¢
VEP(¢ - 1)TfS >(wagk>wék>T‘5’“)H
OVEPTETWH (70 4 (¢ -

where (a) is based on the fact that the random matrix AZ®)
is independent of wék), (b) is based on Corollary 1, and (c)
is based on (30) and (31). Then, upon substituting (40), (45)
and (47) into (33), we can get the KL-LMMSE estimator of
s(k) as
s —E[s®] + VKPTHTEIM(Z® 1 (£ -
(KPZ® C g Z™H + KP(% — 1)
(Zl()k)cs(k)s(k)Zék)H - Cp) -+ 031]»{*[)71~
(v = VEP(Z® + (¢ - )Z{)Es ).

+ Cog e N2+
w(k)T(gk)H n ngk)wgﬁgT?,e)E[Az(k)]H
(C ) (k)T( + Cwék)wéle‘(SliH)Z(k)H‘f'
+ cw?wgiTg’fg

1)Z$)HH, (47)

1)Z)H.

(48)

TABLE 1II: Pilot overhead of various estimators in cell-[.

Channel estimation methods  Pilot overhead 7,

SoA LS/LMMSE (OUP) CF_ Ki)Ts
SoA LS/LMMSE (NOUP) K| Ts

G-LS/G-LMMSE (Cfiey Ki)Tg
KL-LMMSE (g Ki)Te

IV. PERFORMANCE ANALYSIS

In this section, firstly we analyze the theoretical normalized
MSE performance of the SoA LMMSE estimator, and of
the proposed KL-LMMSE methods. Then, we compare the
pilot overhead and computational complexity of these channel
estimation methods.

A. Normalized Mean Square Error

In the SoA LMMSE method, the estimation error of s(k),
denoted as ngk), is defined as égk) =gk — éfgk). We can get
the estimation error covariance matrix of s(*) as

Cusgr = Bl =557 — 7)1

(@)

= Cyrygh) — Céfsk)s(k) - Cs(k‘>§(sk) + C§(Sk)égk>

®)

\/ -1 H
= Comstr = Cotny C oy o0 Cymgrrs  (49)

where (a) is based on the same mean of s®) and éfsk), (b)
is based on (21), while Cgk)gr), Cs(k)y(k) and Cy(k)y(k)
are given in (19), (41) and (45), respectively. Therefore, the
normalized MSE for UAN k of the SoA LMMSE method is
given by NMSEY = -LTi(C, 91500)-

In the KL-LMMSE method, the est1mat1on error of s(k),
denoted as Sgc), is defined as éék) = sk _3 k). We can
express the estimation error covariance matrix of s(¥) as

Cowrgw =E(s" —8¢”) (s —8¢”)"]

(@)

=Cyrygr) — Cé(gk)s(k) — Cs<k)§(€k) + Cégc)égc)

(b) -1 H
=Cymgm — chwék)y(k)cy(k)y(k) Catmrym
—1 H H
- Cs(k)y(k)Cy(k)y(k)cwgk)y(k)Tg

+ TgC (k) (50)

- H H
y (k) Cy<k>y<k> ngﬂy(m Te,

where (a) is based on the same mean of s(*) and é(gk),
(b) is based on (48), while Cgk)gr), Cs(k)y(k), Cy(lc)y(k)
and C w®y () are given in (19), (41), (45) and (47), re-
spectlvely Therefore the normalized MSE of the UAN-
k in the KL-LMMSE method is given by NMSE(Ek) =

(N+1)TI'(C (k) « (k))

B. Pilot Overhead

We define pilot overhead 7, as the number of symbol
slots required for channel estimators in each coherence in-
terval. Table. II compares the pilot overhead of the SoA LS



method [15]-[18], of the SoA LMMSE method [19], including
orthogonal user pilot (OUP) and non-orthogonal user pilot
(NOUP) sequences, the grouping based LS (G-LS) method
[21]-[24], the grouping based LMMSE (G-LMMSE) method
and the KL-LMMSE method of cell-I, where the variables
Ts, Tg and Tg denote the number of RIS training patterns
in the SoA methods, grouping methods and the proposed
KL-LMMSE method, respectively, satisfying Ts > N + 1,
T > Ng+ 1 and Te > N¢ + 1. By exploiting the spatial
correlation of RIS-related channels, the pilot overhead of the
G-LS/G-LMMSE method and the KL-LMMSE method are
approximately proportional to Ng and N¢ respectively, instead
of the number of RIS elements N. When a large number
of passive RIS elements are used at a high spatial density,
the G-LS/G-LMMSE method and the KL-LMMSE method
can promise significantly lower pilot overhead than the SoA
LS/LMMSE method.

The channel capacity of UAN-k can be shown to be
Ry, = =2 log 2(1+4;), where 7. represents the total number
of samplecs in each coherence interval and ~; represents the
signal-to-interference-plus-noise-ratio (SINR) at UAN-£ [31].
Hence, the channel capacity of UAN-k is determined by both
the pre-log factor “—2 and the SINR ~;. Compared to
the SoA LS/LMMSE (OUP) estimator, the G-LS/G-LMMSE
estimator and our proposed KL-LMMSE estimator can ensure
higher pre-log factor 22 due to their reduced pilot overhead
Tp, but this is achleved at the cost of degradation of ~y.
It means that in fast fading channels both the low-overhead
G-LS/G-LMMSE estimator and the KL-LMMSE estimator
achieve higher channel capacity than the SoA LS/LMMSE
(OUP) estimator. Furthermore, the value of T in the G-LS/G-
LMMSE estimator and T¢ in the KL-LMMSE estimator can
be adaptively adjusted to increase the channel capacity based
on the total number of samples in each coherence interval.

C. Computational Complexity

The complexity of various channel estimation methods
can be quantified in terms of the number of complex mul-
tiplications in each coherence interval. Since the statistical
information, e.g. the values of E[s®)], E[y®], Cyusw,
Cy(nym, Cs(k)y(k) and C w®y ()0 are updated only at the
beginning of each statlonary block the complexity of these
values can be ignored. In each coherence interval, firstly the
received signal vector y(*) is combined with the conjugate
transpose of the user pilot sequences, in which the calculation
complexity is equal to the pilot overhead times the number
of antennas at BS-[. Then, the CSIs are estimated for each
UAN by the various channel estimators. Table. III compares
the calculation complexity of the SoA LS method, the SoA
LMMSE method, including the OUP sequences and NOUP
sequences, the G-LS method, the G-LMMSE method, and the
KL-LMMSE method for estimating the CSI in cell-l. Since
the number of RIS elements N is significantly higher than
the number of UANSs in all L cells in a practical RIS-aided
wireless system, the G-LS/G-LMMSE method and the KL-
LMMSE method have the complexity order of O(M?N§) and
O(MP?NgN), respectively, which are significantly lower than
the SoA LS/LMMSE complexity order of O(M7N?).

10*

Pilot overhead

101 L -0 :SoA LS/LMMSE (OUP), N =120, Ts = 128

-O-KL-LMMSE, N = 120, Ny = 1, Te = 2

2 4 6 8 10 12 14 16
Number of UANs per cell K;

10°
0

(a) Pilot overhead

Computational complexity

2 4 6 8 10 12 14 16
Number of UANs per cell K

(b) Computational complexity

Fig. 3: Comparison of the pilot overhead and computational
complexity versus the number of UANs per cell K; in SoA
LS/LMMSE (OUP), SoA LS/LMMSE (NOUP), G-LS, G-
LMMSE, and KL-LMMSE method.

V. SIMULATION RESULTS

In this section, we qualify both the pilot overhead and the
computational complexity, as well as the theoretical and simu-
lation based normalized MSE of different channel estimators,
including the SoA LS method, the SoA LMMSE method,
the G-LS method in [21]-[24], the G-LMMSE method, and
our proposed KL-LMMSE method, all in multi-cell RIS-aided
wireless communications.

We use the system model of Fig. 1, where a RIS is
supporting four cells. The 3-dimensional Cartesian coordinate
of the RIS is (Om, 30m, 8m), and the four BSs are located
at (Om, Om, 20m), (—D., Om, 20m), (Om, —D,., 20m) and
(D., Om, 20m), respectively, where D, is the distance between
adjacent BSs. We focused our attention on the channel esti-
mation performance of the users in cell-1 to BS-1, i.e. the one
having coordinates of (Om, Om, 20m). Therefore, the signals
transmitted from the users in others cells surrounding cell-
1 can be viewed as interference. The users in each cell are
at 25m in front of the corresponding BS, at the height of
3m and the adjacent users are 3m apart. Unless otherwise
specified, the simulation parameters employed in this section
are as follows. The number of antennas at BS-1 is M; = 4.
The number of RIS elements is N = 12 x 10 = 120. The
number of users in each cell is 4 with each user equipped



TABLE III: Calculation complexity of various channel estimators in cell-/.

Channel estimation methods Combined with user pilots

Estimated per user

Total complexity

SoA LS/LMMSE (OUP) M (X5 _ Ki)Ts MZ(N + 1)Ts Ts(MPK;(N +1) + M35y Kir))
SoA LS/LMMSE (NOUP) M K|Ts MZ(N + 1)Ts Ts(MZK (N + 1) + M K;)
G-LS/G-LMMSE M (Xh_ Ki)Tg MZ(Ng + 1)Tg + MiNg ~ Tg(M?K;(Ng + 1) + MyNg + M, (X F_; K1)
KL-LMMSE M (X Ky)Te MZ(N +1)Te Te (MK (N + 1)+ M (SF_ Ki)
0 0 0
10 10 10
10" 10? 10? 3
@ @ @ d
=1 =] =]
g 3 g
5 10? 5 10?%¢ S 10?
g g g
z O SoA LS (OUP) A zZ O SoA LS (OUP) % z O SoA LS (OUP)
A SoA LMMSE (OUP) N . A SoA LMMSE (OUP) A N A SoA LMMSE (OUP) ‘A
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Fig. 4: Comparison of the normalized MSE versus transmit power per UAN P in SoA LS (OUP), SoA LMMSE (OUP), G-LS,
G-LMMSE, and KL-LMMSE method, with different number of total UANSs in each cell.
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Fig. 5: Comparison of the normalized MSE versus transmit power per UAN P in SoA LS (OUP), SoA LMMSE (OUP), G-LS,
G-LMMSE, and KL-LMMSE method, with different correlation reference distance.

with 2 antennas. The Rician factor are kg = kAo = 0dB.
Since the direct UE-RIS links are blocked, referring to [18],
the path loss exponents ay, would be much larger than aa
and ag. Here we set the path loss exponents t0 avpa = 2,
g = 2.2 and oy, = 4.8, along with g9 = —30dB. The additive
noise power is 02 = —100dBm. The distance between the
adjacent RIS elements is §(*) = §() = %)\. The correlation
reference distance is dg 100\. The distance between
adjacent BS antennas dy = $\. AoA at BS-1 is w;A) 5

The distance between adjacent cells is D. = 60m. The values

A) (A A A) (A A D D
Ofd)g )v é)a"'7 g()’ g)a ;)1790%)’ g)and@g)
are calculated according to the relative position of the BSs,

_ T

the RIS and the UANSs.

We compare the SoA LS, SoA LMMSE, G-LS, G-LMMSE
and our proposed KL-LMMSE methods. We set the number
of RIS training patterns to T's = 128 for the SoA LS/LMMSE
method, set T = 2 and 32 for the G-LS/G-LMMSE method
with Ng = 1 and 30, respectively, and Tz = 2 and 32 for
the KL-LMMSE method with N¢ = 1 and 30, respectively.
In all channel estimation methods, the generation of the
correlated channel links of all channel estimation methods in
the simulation are identical. In the G-LMMSE estimator, it
just considers the correlation among different groups while
it assumes that the links corresponding to the elements in



the same group have identical CSI, which is an impractical
assumption. This is the flaw of the grouping based estimation
method, and our proposed KL-LMMSE estimator avoids this
assumption.

Fig. 3 shows both the pilot overhead and computational
complexity versus the number of UANs per cell K; in the
SoA LS/LMMSE (OUP), SoA LS/LMMSE (NOUP), G-LS,
G-LMMSE, and the proposed KL-LMMSE method, based on
Table II and Table III. Explicitly, both the estimators based on
grouping ideas and our proposed KL-LMMSE method have
significantly lower pilot overhead than the SoA LS/LMMSE
(OUP) method, while the G-LS/G-LMMSE (Ng = 30), and
KL-LMMSE (Ng = 30) have the same pilot overhead as
the SoA LS/LMMSE (NOUP) method. Additionally, both the
estimators based on grouping ideas and our proposed KL-
LMMSE method have a significantly lower computational
complexity than the SoA LS/LMMSE method, as shown in
Fig. 3.

From Fig. 4 to Fig. 7, we utilize lines, e.g. ‘——’ and
—-—-’, to represent the theoretical analysis of the normalized
MSE, and utilize markers, e.g. ‘]’ and ‘x’, to represent
the simulation results. In order to investigate the normalized
MSE performance of different channel estimators, in Fig.
4, Fig. 5 and Fig. 6, the RIS patterns are designed based
on the Hadamard matrix to avoid phase quantization error,
ie. ag = 0. It is worth noting that the normalized MSE
performance of the SoA LMMSE (OUP) method is better
than that of the G-LMMSE and of our proposed KL-LMMSE
methods, albeit at the cost of a higher pilot overhead and
computational complexity, as shown in Fig. 3. In Fig. 4, we
compare the normalized MSE versus the transmit power per
UAN P in the SoA LS (OUP), SoA LMMSE (OUP), G-LS, G-
LMMSE, and KL-LMMSE methods, with the number of users
in each cell set to 1, 2,4, respectively. Each user is equipped
with 2 antennas, i.e. the total number of user antennas per
cell is K; = 2,4, 8, respectively. Fig. 4 shows that the MSE
performance of the SoA LMMSE method is better than that
of the SoA LS method, and the G-LMMSE method performs
better than the G-LS method, especially in the low transmit
power region. This is because the statistical information of the
first-order moment and the second-order moment of the chan-
nels are utilized in the LMMSE methods. Additionally, in the
high transmit power region of Fig. 4, the normalized MSE of
the G-LMMSE method and the KL-LMMSE method performs
worse than the SoA LMMSE (OUP) method. Explicitly, a
residence MSE arises, since non-negligible channel estimation
error is inflicted owing to the discarded channel information
in the G-LMMSE and KL-LMMSE, which dominates the
gradually diminishing noise at the BS. However, in the low
transmit power region, the normalized MSE of the G-LMMSE
method and the KL-LMMSE method is comparable to that
of the SoA LMMSE (OUP) method, since the BS’s noise
is the main factor governing the channel estimation error.
Furthermore, the KL-LMMSE outperforms the G-LMMSE, s-
ince the KL-LMMSE relies on the Karhunen-Loéve transform,
which results in the least mean square error during information
compression. Furthermore, Fig. 4 shows that with the increase
of N¢, the MSE performance of KL-LMMSE method tends

3

towards that of the SoA LMMSE (OUP) method.

In Fig. 5, we compare the normalized MSE versus the
transmit power per UAN P in SoA LS (OUP), SoA LMMSE
(OUP), G-LS (Ng = 1,30), G-LMMSE (Ng = 1,30),
and KL-LMMSE (N¢g = 1,30) methods, at the correlation
reference distance of §o = 1\, 10X, 100\. Fig. 5 shows
that the normalized MSE performance of the KL-LMMSE
method tends to that of the SoA LMMSE (OUP) method upon
increasing of the correlation reference distance. However, the
G-LMMSE has a consistently high normalized MSE because
the G-LMMSE method assumes that the NLoS CSI corre-
sponding to the RIS elements in the same group is identical.
However, when the LoS links exist, i.e. ko > 0 or kg > 0,
according to (19) the covariance of channels corresponding to
the RIS element in the same group is not necessarily identical.
Therefore, the low pilot overhead KL-LMMSE method is
suitable for the RIS-aided systems with a large number of
compact RIS elements employed.

In Fig. 6, we compare the SoA LS (NOUP) and SoA
LMMSE (NOUP), G-LS (Ng = 30) and G-LMMSE (Ng =
30), and KL-LMMSE (Ne¢ = 30) methods, while us-
ing the same pilot overhead for fairness of comparison
and also employing the adjacent BSs distances of D. =
60m, 120m, 180m. Since the user pilot sequences in the G-
LS, G-LMMSE and KL-LMMSE methods are orthogonal,
varying the distance between the adjacent cells has no effect on
the channel estimation performance. However, in the SoA LS
(NOUP) and SoA LMMSE (NOUP) methods, the normalized
MSE performance degrades with the reduction of the distance
between adjacent cells, since the neighbouring cells cause
higher interference levels. As shown in Fig. 6, the performance
of the proposed KL-LMMSE method is significantly better
than that of the SoA LS (NOUP) method and SoA LMMSE
(NOUP) method, even when the distance between adjacent
cells is large.

Next, we investigate the normalized MSE performance of
various LMMSE channel estimation methods in the face of
RIS phase quantization error, when the RIS patterns are
designed based on the DFT matrix. To ensure the same pilot
overhead for the SoA LMMSE (NOUP) and the low pilot
overhead estimator of G-LMMSE and KL-LMMSE, we set
Tg = 32 along with Ng = 30 and T¢ = 32 in conjunction
with Ng = 30. In Fig. 7, we compare the normalized MSE
versus the transmit power per UAN P in the SoA LMMSE
(OUP), SoA LMMSE (NOUP), G-LMMSE (Ng = 30), and
KL-LMMSE (Ng = 30) methods, where the RIS phase
quantization error has a power of 012) = 0.05 and follows the
von Mises distribution and uniform distribution. In each figure,
we compare the normalized MSE performance both with and
without RIS phase quantization error, where ‘consider’ in
legend means considering the RIS phase quantization error
in the design of the estimator, while ‘ignore’ in legend means
ignoring the RIS phase quantization error in the design of the
estimator. Fig. 7 shows that our proposed KL-LMMSE method
performs significantly better than the SoA LMMSE (NOUP)
method and the G-LMMSE method. Furthermore, observe in
Fig. 7 that as expected, when the power of RIS phase quan-
tization error is og = 0.05, the normalized MSE performance
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Fig. 6: Comparison of the normalized MSE versus transmit
power per UAN P in SoA LS (NOUP), SoA LMMSE
(NOUP), G-LS, G-LMMSE, and KL-LMMSE method, with
the adjacent BSs distance D. = 60m, 120m, 180m.

is better upon considering the RIS phase quantization error
during the design of channel estimation methods than upon
ignoring it. Explicitly, Fig. 7 shows that when the RIS phase
quantization error is ignored, the normalized MSE escalates
in the region of high transmit power values, since the ignored
statistical information concerning the RIS phase quantization
error in (40), (41), (45) and (47) increases upon increasing the
transmit power.

VI. CONCLUSIONS

In this paper, a low-overhead channel estimation method,
termed as the KL transformation based LMMSE estimator,
was proposed for RIS-aided multi-cell MIMO systems by
exploiting the spatial correlation of the channels. The numer-
ical results show that the MSE performance of our proposed
method tends to that of the SoA LMMSE estimator relying
on orthogonal pilot sequences upon increasing the RIS spatial
correlation, despite its reduced pilot overhead. Furthermore,
by exploiting the statistical spatial correlation information of
RIS-cascaded channel links, our proposed KL transformation
based LMMSE estimator has better MSE performance than
that of the grouping based LMMSE estimator. In general, we
provided a methodology for designing low-overhead channel
estimation methods by exploiting the spatial correlation of
cascaded RIS-aided channel links and by theoretically ana-
lyzing the corresponding MSE performance. Furthermore, we
evaluated the impact of the RIS phase quantization error on
the channel estimation accuracy and showed the significance
of considering the RIS phase quantization error effects on
the channel estimator’s design. Finally, this work opens new
research directions for the low-overhead channel estimation of
RIS-aided multi-cell wireless systems.

APPENDIX A
PROOF OF Corollary 1

Since the RIS phase quantization error ém are i.i.d. for t =
1,2,--- /T'andn =1,2,--- , N, we can omit the subscripts in
ét,n and we denote it as 6 for simplicity. Since the distribution
of RIS phase quantization error is also independent of the
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Fig. 7: Comparison of the normalized MSE versus transmit
power per UAN P in SoA LMMSE (OUP), SoA LMMSE
(NOUP), G-LMMSE, and KL-LMMSE method, with the
RIS phase quantization error having the power O'g = 0.05
following von Mises distribution and uniform distribution,
respectively.

matrix Z¥), based on (35) and (36), we can get the mean of
AZ*) as E[AZF)] = E[e?? — 1}~Z§,k). Firstly, we focus on
the RIS phase quantization error € following the von Mises

distribution, i.e. § ~ VM(0, k). Since E[ejé] % when
6 ~ VM(0,r,) [48], we can get E[e/d — 1] = ﬁ%:zg -1,

and the RIS phase quantization error power o2 = E[6?] =
%. Then, we focus on the RIS phase quantization error 6
P

following the uniform distribution, i.e. 6 ~ U(—tp,tp). When
0 ~U(—tp,tp), the ith-order moment of @, denoted as E[67],

equal to O when ¢ is odd and equal to lerl f, when 1 is even.
Thus, we can arrive at E[ei? — 1] = Y20, & 21 E[6?] =

—1)%2 sin(up)—t .
POyt ((2;)_1;’, = (Lp) Lo— SIHC(Lp) -1 Bemdes, the RIS
= E[6?] =

phase quantization error power a p

APPENDIX B
PROOF OF Corollary 2

In ZVE[s®s®HZEH  the element with the row cor-
responding to the m;th BS antenna in the ¢;th RIS train-
ing pattern and the column corresponding to the msoth B-
S antenna in the toth RIS training pattern, denoted as



{Z§VE[s® s ZI T (0820, 0m1m2) i given by

{Zék)]E[ (k) g(k)H ]Z(k)H}(tlat2)v(ml’m2)

=OAOg(r) Z Z

nl—l ’nz—

[Stmym1 Singmg )€€ 02m2 - (51)
where s,,, ,, represents the element corresponding to the nth
reflecting surface in s®) when n > 0, and represents the
element corresponding to the direct link in s*) when n = 0.
In E[AZ®F)s(M)g(RHZ(MH] the element with the row cor-
responding to the mjth BS antenna in the ¢;th RIS train-
ing pattern and the column corresponding to the moth B-
S antenna in the toth RIS training pattern, denoted as
{E[AZF) (k) g(RHZ(RIH]Y (t1,t2),(mum2) g given by

(E[AZ®) s (k)Hz(k)H”(tl,tz ,(m1,ma)

=0AOg(k) Z Z

’I’Ll—l ’I’Lz—

E[(e/P1m — 1)) + V0b(k) /OA g "
N

ni=1

Sml ny S ’rng,ng]eJOt1 . e—39t2,n2 :

E[sml,nlsjng’o]ejetl,nlE[(eje}l,nl _ 1))

(@) N N
@ E E * j0t1,n1 0= 30t,n
= 0AQg(k) E[smlqnlsmg,ng]ej eI e

ni=1ng=1

E[(e/%1m1 —1)]

@(5 1){Zék)]E[S(k)s(k)H]Zék)H}(tl7t2)>(m17m2). (52)
where (a) is based on that E[sy, n,s),,0] = 0, and

(b) is based on (51). Thus, E[AZK)sKIg(k)HZ K]
¢ — DZPE[s®s®HZET - Similarly, we can get that
E[Z®FsMsMHAZMHE] = (¢ — 1)Z{TE[s®s*H)ZT,

APPENDIX C
PROOF OF Corollary 3
In E[AZKFsFIsMHAZFH] the element with the row
corresponding to the mqth BS antenna in the ¢;th RIS
training pattern and the column corresponding to the msth
BS antenna in the t¢sth RIS training pattern, denoted as
{E[AZF)s(F)g(MHAZ(RH]L(t1,t2),(m1,m2) i given by

{E[Az(k)s(k)s(k)HAz(k)H]}(tl,tg),(ml,mg)

=0AQgr) Z Z ]E gﬂfz,nl 5:2* no

ni=1ne=1

E[(eﬂhl,nl _ 1)(e_39t2="2

]ej9t1 ny e*jetQ,nQ .

-1 (53)

In (53), when ¢; # t5 or ny # na, E[(e701m1 —1)(e=90r2m2 —

1)] is given by

B[ —1)(e7 2z — 1)

=E[/?m —1Efe e 1] = (6 - 1) (54)
otherwise, when ¢t; = t5 and n; = no,
Ef(e/%m — 1)(e7%arz — 1)) <E[(e/% — 1)(e 7% — 1)

=2(1-¢). (55

Then, substituting (54) and (55) into (53), we can get when
t1 # to,

{E[Az(k) HAZ(k ]}(tl,tg),(ml,mg)
—0A0g00 Z Z 75”“ grl:;*nz]ejetlml 03050, = 1)2
’I’Ll—l n2—
:(€ _ 1 {Zl(;)k)E[S(k)S(k’)H]Zl()k)H}(tl,tQ),('m,l,7n2); (56)
and when t; = to, we have
{E[Az(k)s(k)s(k)HAz(k)H]}(t17t2),(m17m2)
=0AOg(r) Z Z 7517711 gﬁg*nz]ej&lmq e_j9t2,n2 (f — 1)2
’nl—l n27
+(1—&)oaogm ZE ffifn 5,’2* ]
:(E _ 1) {Z(k)E[S(k)S(k)H]Z(k)H}(tl’tz)’(ml’m2)
+(1-€%)oaogw Z E[s(f) ,sh".]. (57)
In (57), according to (16) and (19), 25:1 [gS,’ffnsSig*n] is
k k
N D) D",
D E[s%) st = | : (58)
n=1 k k
D, D,

Thus, according to (39), (56), (57) and (58), we can arrive
at E[AZM®gMEAZ®H] = (¢ —1)2Z20) C, 0 28 +
(1-¢)C
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