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Abstract—Next-generation communication systems aim for can be constructively enhanced at the desired user and/or
providing pervasive services, including the high-mobility scenar- destructively nulled at the non-intended users. As a reRifis
ios routinely encountered in mission-critical applications. Hence are capable of beneficially reconfiguring the wireless pgapa

we harness the recently-developed reconfigurable intelligent sur- . . . )
faces (RIS) to assist the high-mobility cell-edge users. More tion environement. More explicitly, first of all, the receae-

explicitly, the passive elements of RISs generate beneficial phasevelopments in micro-electromechanical systems have edabl
rotations for the reflected signals, so that the signal power the RIS phase shifts to be adjusted near-instantaneoukly [7
received by the high-mobility users is enhanced. However, in which prevents energy-efficiency loss due to the phaseuni
the face of high Doppler frequencies, the existing RIS channel latency. Secondly, compared to the half-duplex amplifg-an

estimation techniques that assume block fading generally result .
in irreducible error floors. In order to mitigate this problem, we ~ orward (AF) as well as decode-and-forward (DF) relaying

propose a new RIS channel estimation technique, which is the Schemes [8]-[12], the RIS passively reflects signals withou
first one that performs minimum mean square error (MMSE) using active radio frequency (RF) chains. As a result, the

based interpolation for the sake of taking into account the time- RIS s capable of operating in full-duplex mode without
varying nature of fading even within the coherence time. The encountering detrimental self-interference problemsirdiyy

RIS modelling invokes only passive elements without relying on L .
RF chains, where both the direct link and RIS-reflected links as thanks to the elimination of the RF chains, the RIS does not

well as both the line-of-sight (LoS) and non-LoS (NLoS) paths impose extra thermal noise on the reflected signals. Fgurthl
are taken into account. As a result, the cascaded base stationsince the RIS elements are typically of sub-wavelength, size
(BS)-RIS-user links involve the multiplicative concatenation of the low-cost light-weight surface is generally fabricated
the channel coefficients in the LoS and NLoS paths across the 5 compact form. This facilitates their flexible and low-cost
two segments of the BS-RIS and RIS-user links. Against this - .

background, we model the multiplicative RIS fading correlation deployment on building facades, ropm-celllngs, lamp posts
functions for the first time in the literature, which facilitates ~1aptop cases or even on human clothing [13], where favoerabl
MMSE interpolation for estimating the high-dimensional and line-of-sight (LoS) propagation is observed. Furthermaohne
high-Doppler RiS-reflected fading channels. Our simulation re- jntegration of RIS in wireless communication systems dags n
sults demonstrate that for a vehicle travelling at a speed as high require any standardization modifications. Inspired bysehe

as 90 mph, employing a low-complexity RIS at the cell-edge using . .. .
as few as 16 RIS elements is sufficient for achieving substantial distinct advantages, substantial recent research effave

power-effieincy gains, where the Doppler-induced error floor is Peen invested in designing smart RIS solutions for a vaoéty

mitigated by the proposed channel estimation technique. wireless communications scenarios for improving the tallu
Index Terms—Reconfigurable intelligent surface, channel esti- throughput and coverage-quality [3], [14], [15], the plogdi

mation, channel state information, minimum mean squared error, layer security [16]-[18], mobile edge computing [19] as lwel

high-Doppler, non-line-of-sight, passive beamforming. as simultaneous wireless information and power transfey. [2
To reap the appealling benefits of passive RIS in practical
|. INTRODUCTION systems, it is of paramount importance to obtain accurate

The recently-developed reconfigurable intelligent swe$acChannel State Information (CSI) for phase configuration.
(R|S) [1]_[6] consist of a |arge number of low-cost passivblowever, the CSI achiSition is far from trivial due to both
elements, which are managed by a smart micro controlléie passive nature of RIS, and due to the associated high-
Each RIS element is configured to apply an adjustable ph&ligiensional channels. The existing literature of RIS clenn
rotation to the signal reflection, so that the received digngstimation may be classified into the following four mainesat

gories. First of all, the LoS-based schemes [14], [21]-[28]-
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RIS Controller

Control link

! building new BSs with short visibility, the RIS is particdla
suitable for extending the coverage for the high-mobility
terrestrial vehicles or low-altitute UAVs travelling neé#re

s cell-edge, as portrayed in Fig. 1.

However, all of the aforementioned RIS designs are based
on the idealized simplifying assumption that the fadingrcha
nels remain constant over the entire frame of signal tragismi
sion, as long as the frame duration is within the coherence
time. Let us be reminded that the conception of coherence
time defines the time duration over which the multipath fgdin
is strongly correlated, rather than being perfectly camsta
In the face of high Doppler frequencies, the existing RIS
channel estimation techniques that assume perfectly time-
invariant block fading generally suffer from irreduciblera
floors, whenthe multipath fading is in fact time-varying

Fig. 1: RIS assisted high-mobility wireless communication systems,, . o .
g g y 4 albeit correlated within the coherence tim&o elaborate, a

(b) Aerial UAV user

[31] proposed the ON/OFF and discrete Fourier transform

are summarized in Table. .

(DFT) based RIS patterns for cascaded channel estimatiﬁan.
More explicitly, the ON/OFF based least square (LS) schemes

(BS)-RIS-user links by activating a single RIS element in
a time slot, so that the interference between RIS elemeq
used for channel estimation is avoided. However, the direcC
link spanning from the transmitter to the receiver is always
present, which consitutes one of the key differences batwee
RISs and the classic backscatter techniques [3]. As a réiselt
direct link has to be estimated first, which is then substghct
from the subsequent reflected links. In order to improve, this
both the LS and the minimum mean squared error (MMS
methods of [29]-[31] activate all of the RIS elements based
the classic DFT matrix, so that the direct link and all refelct
links become orthogonal for channel estimation. Fourtay,
the number of RIS elements grows, the pilot overhead can
be further reduced by grouping [27], [32], [33], compressiv
sensing [34], [35], deep learning [36] and matrix factotiza
[37]-[40].

At the time of writing, the deployment of 5G New Ra-
dio (NR) [41] is well underway. The next-generation wire-
less communication systems aim for achieving the ambitious
goal of 10-fold increased capacity for the enhanced mobile
broadband scenarios, in conjunction with ubiquitous cager
Specifically, high-mobility high-Doppler scenarios areeof
encountered in the current and future wireless commumwicati
networks. To name a few, the 5G systems are envisioned
to support a highway car velocity of up to 140 km/h and
high-speed train velocity of 500 km/h [42]-[44]. Moreover,
the modernization of air traffic management (ATM) plans to
improve the existing communication links for aircraft that
travel at 1080 km/h [45], [46]. In the much-anticipated spac
air-ground integrated network [47], both the 5G networks
and the next-generation ATM are developing standards for
unmanned aerial vehicles (UAVS) popularly known as drones
or quadcopters [48], [49]. The low-altitude rotary-wing U\
are generally permitted to travel at a speed up to 108 km/h,
while the high-altitude fixed-wing UAVs may exceed the speed
of sound. For the sake of mitigating the extra costs of chpita
expenditures (CAPEX) and operating expenses (OPEX) of

selection of representative RIS channel estimation tegles

In terms of RIS modelling, the

ee essential features of having purely passive eleniaikts

[27], [28] successively estimate the cascaded base Stati_gc?émto account the direct link as well as creating favolgab

propagation are highlighted in Table. I, where the égst

sshemes exhibit pros and cons. Furthermore, in the face of
high-mobility, the following three key modelling propess
are considered in Table. First of all, the AoAs and AoDs
have to be updated in real tim&econdly the LoS path
experiences a high frequency offgef| os, which is a function
of both the Doppler frequency and of the AoA [44], [50]-[53].
Thirdly, the NLoS components become time-varying within
herence time, where the correlation in the time-domain is
etermined by the normalized maximum Doppler frequeficy
?54], [55]. To the best of our knowledge, the ON/OFF-based
MMSE scheme proposed in this paper is the first one that
is_ capable of mitigating the error floor for RIS assisted high
mobility systems operating in time-varying fading chasnels
summarized by Table I. In summary, the novel contributions
of this work are as follows:

New RIS-aided high-mobility system desigm order to
provide reliable coverage for a high-mobility cell-edge
user, who may suffer from severe path loss, obstacle-
induced blockage and high NLoS attenuation, we propose
to deploy a RIS-assisted complementary link. The phase
rotations of the reflected links are optimized in order to
maximize the received SNR at the high-mobility user. In
contrast to the perfectly constant block fading model used
in all of the aforementioned RIS-assisted schemes, time-
varying Ricean fading channels are considered, where the
fading coefficient varies from symbol to symbol. More
explicitly, on one hand, both the AocA/AoD as well as
the Doppler-induced frequency offsétf, os of the LoS
component are taken into account. On the other hand, the
NLoS components are generated based on Clarke’s model
[54], [55], where the correlation between the fading
elements versus time is determined by the normalized
maximum Doppler frequency,.

Novel ON/OFF-based MMSE CSI estimation technique
In the face of high-mobility, the conventional ON/OFF
and DFT based channel estimation techniques [27]—-[31]



DRAFT TABLE I: Summary of representative channel estimation technique&I8 assisted communication systems.

RIS modelling Adaptive to mobility
Scenarios Method Purely [ Direct | Considered | Adaptive to Considered | Adaptive to
passive? link? LoS? AoA/AoD? A flos? high f4?
Hanet al. [21] Narrowband single-user LoS knowledge v v/ v v
Tahaet al. [24] Wideband single-user l(;g?:fi)r:gsswe sensing deep v
Yang et al. [27] Wideband single-user ON/OFF-based LS v N v
Wanget al. [28] Narrowband multi-user ON/OFF-based LS v v/ v v/
Jenseret al. [29] Narrowband single-user DFT-based LS v/ N
Zhenget al. [30] Wideband single-user DFT-based LS v v/ v
Nadeemet al. [31] Narrowband multi-user DFT-based MMSE v/ N v/ N
You et al. [33] Narrowband single-user DFT-based LS v v
Chenet al. [35] Narrowband multi-user Compressive sensing v/ v/
Ma et al. [36] Narrowband single-user Deep learning vV v v
He et al. [37] Narrowband single-user Matrix factorization \/ v/
Liu et al. [40] Narrowband multi-user Matrix factorization v v/ v v
Our solution Narrowband single-user ON/OFF-based MMSE v/ v/ v v/ v/ N

all inevitably suffer from irreducible error floors. In onde lation are discussed in Sec. Il. The existing channel esima

to mitigate this problem, we propose a novel ON/OFRechniques and the proposed solutions are presented iiiSec.
based MMSE channel estimation scheme for RIS-aid€&dhally, our system performance results and conclusioss ar
high-mobility systems. Taking into account the distinobffered in Sec. IV and Sec. V, respectively.

RIS properties, we suitably adapt the conventional chan-The following notations are used throughout the paper.
nel estimation techniques for the direct-link-only scémar The operations(-)* and (-) denote the conjugate of a
[44], [48], [50]-[52] in the following three major aspects.complex number and the Hermitian transpose of a complex
Firstly, the proposed ON/OFF-based MMSE techniqueatrix, respectivelyin(-) andexp(-) refer to natural logarithm
requires a total number ofl + M) time slots for and natural exponential functions, respectively) and E-)
evaluating the direct link and th¥ reflected links one by represent the probability and the expectation, respdgtive
one, where the estimated direct link has to be substracted’(u:, o2) refers to complex Gaussian distribution with mean
from the estimates of the reflected linkSecondly the 1 and variances?. a € CV*! refers to a complex-valued
conventional direct-link-only communication techniquesector of size(N x 1), and A € C**? denotes thatA is a
[44], [48], [50]-[52] are generally assumed to be ableomplex-valued matrix of sizé x d).

to buffer a large number of frames. Explicitly, when

eVaIUating the CS' Of thet'th frame, the ConVentionaI || SYSTEM MODELL|NG AND PROBLEM FORMULAT|ON
techniques take into account batl,, /2] pilots from the - 5 Three-Dimensional Schematic Representation

‘past” frames transmltteq before theth“frame" as well\ve consider a downlink scenario where the coverage of
as (Nw__ [Nw/2| —1) pilots from the futur_e frames a high-mobility user is enhanced by a RIS, as portrayed in
tran_sm|tted after the-th frame. By CO”‘T"J‘S“ in the RIS- Fig. 1. In this paper, a single antenna is used both at thesour
assisted systems, the proposed technique has to providy 5 yhe destination, which minimizes the CSI estimation

instantaneous CSI estimation for the sake of RIS phaé@erhead in the high-mobility scenarios considered. We not

configuration,_ hencg only the frgmes received in the pa{ﬁ%t as the number of antennas is increased at the BS and/or th
can be exploitedThirdly, the fading model of the RIS-

. hiah i h h user, the channel estimation scheme conceived in this paper
_as&sted d (;9 -mO_bI ity Sgsf ms has éo ac(ijapt tlo_ ?_Ot _tggn be directly applied using an ON/OFF pattern of antennas.
improved dimension an the RIS-induced multip Icat“’?iowever, this results in both an excessive pilot overheatl an

plicative RIS fading correlation functions for the firstti_m ba.?ﬁ; RIS is assumed to be comprisediéfpassive reflecting
in the .Ilterf_;lture, Wh!Ch f‘?*c""at?s MM.SE Interpo"':lt'oneIements, where a uniform planar array (UPA) is adopted. The
for esnmatmg the high-dimensional high-Doppler RIS'RIS phase rotations at the-th time slot are configured as
reflected fading channels. . . a, = [al, - aM]T, where{|a™| = 1}M_, are optimized

» Numerical yalldatlons and eva!uatlonBoth analytical y maximizing the received signal power at the destination.
anq numerical results are provided fo_r the s_ake of V.a.‘ﬁ)ﬂoreover, the destination is emerging from the cell-edge
dating the performance of our RIS assisted h|gh-mob|lltt¥

. . . avelling at a velocityv, where the moving direction is not
wireless systems. Our simulation results demonstrate t %tcessarily directly towards the BS. The direct link siffer
for a vehicle travelling at a speed as high as 90 mp

. . . “ffom severe path loss, blockage and high NLoS attenuation.
employing a low-complexity RIS_ at th? .ceII-edge USING e RIS-assised reflected links are assumed to be able te crea
as few as _16 RIS eler_n_ents_ls sufficient for achlevé favourable propagation environment.

N9 subspantlal power-efneln_cy |r_n_provements, where the The block fading assumed in the existing solutions of Table |
Doppler-mdgced_ error flopr is mitigated by the proposegre no longer valid in high-mobility situations. Consider a
channel estimation technique. system having 100 kHz of bandwidth centeredfat=2.6GHz
The rest of this paper is organized as follows. Our RISa the S-band [48], which is sufficient for high-mobility
assisted high-mobility system model and our problem form@Gommand & Control (C&C) link coverage [45]. If the user



DRAFT 4

symbol rate, respectively. The angle between the LOS and the
(@n. yn. 2r) moving direction in (3) is evaluated byf°® = arctan 2542

We note that both the path loss’” and the AoA ¢§D

(‘T‘q’_'y 52 from (1) to (3) are time-varying based on the coordinates
2;2?;’“ (xp,yp,2D) (zs,ys,zs) and (zp,yp, zp). Moreover, the NLoS compo-
D=Destination -~ e nentin (2) is generaStDed by Clarke’s model [54], [??] asseda
Fig. 2: Schematic illustration of the RIS assisted high-mobilitwith a power of 141:}230 as hSPNLOS o CA/(0, %) The
wireless communication system. correlation over time is given by? [ASPNLoS(,SBNLS) <] —

1 H H SD
moves _at 90 mph, t.he poherence tlmg over which the tlmélr”}g?Jo(QWdeDln*n'l). whereJy(-) is the Bessel function
correlation function is higher than 0.5 is estimated to COV%fJEhe first kind

only 51 symbols, which significantly differs from the idestic
assumption, namely that channel remains 100% constant over
an entire frame of signal transmission. In this treatise, e Source-RIS Links

stipulate the challenging time-varying assumption tha th For the source-RIS (SR) links, the PL is evaluated in the
coherence time is limited to a single symbol duration [56]same way as in (1), wherg®?, d°P andI'*? are replaced
[59], i.e. the Ricean fading components are different fasy v5%, @5 andI"*® based on the coordinatéss, ys, zs)
each symbol index:, where the correlation function acrossand(xr, yr, zr). The M-element Ricean fading vector of the
different symbols in the time-domain is determined by th8R links is given by: [44], [50]-[53]

Doppler frequency based on the Clarke’s model [54], [55].

The three-dimensional (3D) coordinates seen in Fig. 2 are hSR = pSRLoS | [ SR-NLoS (4)
used for instantaneously updating the path loss (PL) and the

deterministic LoS components in Ricean fading. The RIShe M-element LoS path&ip? S e CM** are formulated
reflected signals are time-delayed lg%{f— < fi which is as:
negligible compared to the symbol periejﬂgl when f; << f.

is satisfied. Moreover, the time-varying Ricean fading cteds

investigated in this paper are assumed to be flat, which i . .
reasongable for a C&% ?ink of. =100 kHz over a coverage Where the azimuth and elevation AoAs are evaluated based
s on the 3-D coordinates a#” = arccos %2 and " =

distance on the order of hundreds of meters. .
arctan z:gi For the UPA havingV/, and M, elements on

nSRLS = | [T oxp(j2rnA fSR9a, (07, o7),  (5)

T

B. Source-Destination Link the y and z axes, the array response vector is given by:

The PL of the direct source-destination (SD) link in Fig. 2 o . .
is expressed as: aUPA(97 QP) = [17 t,€Xp {.7 Td [my SIHGCOS(ID + m; sin 90}} )
' . -, exp {j%ﬁd [(My —1)sinfcos + (M, — 1) sin go](}]T,
D
PL(dP) = —1075P logyy 4— — PLy = 10log,, I'°P dB, 6)

0 (1) where we havél < m, < (M, —1)], [l <m, < (M, —1)]
where 75D denotes the PL exponent of the smnd M = M,M., while A = + andd = % denote
link, while PL, is the path loss at the referencdéhe wavelength and antenna spacing, respectively. The LoS
distance ofdy, = 1 m. The distance is evaluated byoffet Af2R10S of (5) is evaluated in the same way as (3),
dSP — \/(xs —2p)2 + (ys — yp)? + (25 — zp)2. The non- Where the destination coordinate:p, yp, zp) Iis replaced
logarithmic PL of the SD link is given byS? = 10%-1Pt, by the RIS coordinatéz r, yr, zr). Moreover, each element
The high-mobility small-scale Ricean fading is compriséd ¢n the NLoS vector ofh3R*N-0S ¢ CM*! in (4) is in-

both LoS and NLoS components: [44], [50]-[53] deSpReSP %nt'y generategSRby Clarke's model /g5 ™NtoS =
h2RNkeS - CA(O, T77es=), Where the correlation is given
hSD — J,SD-LOS | ,SD-NLoS LK o (i9mnA SD-L0S) | fy phiLos + FSRTSR
T CPUZTAS ?2) by B [N (SFNS )| = M o (2 £§Rm — ).

is positive integer. Both LoS and We note that the implementation of RIS with high-precision

The time indexn € N ) . - . A
discrete-phase is envisioned to have smaller size-of5 [60],

NLoS components of (2) vary for each symbol index , ' i
where the time-varying nature is determined by the Dopplléﬁh'Ch leads to spatial correction [61]. To elaborate, on one

frequencies. More explicitly, the LoS component of (2) ifand, the smaller RIS elements suffer from coupling issoes a
given by S-Los —  [TEK are more expensive to build. On the other hand, the relgtivel

YK : SD-Lo
Ricean K. tactor detverﬁ{rﬁ:se;;\%(ﬂm(ﬁ{gtio ze Wzg:]et:;el_ large RIS elements leads to higher quantization errors. e o
) tw gtk =AY .
P (?g‘r assumingd = 3 in RIS modelling first, and then we will

andht_he_ l\cleoS dcgmphonents. The frequrllengy o_ffse_t OT the LQRmonstrate in Sec. IV that coarse RIS guantization does not
path Is induced by the movement of the destination: inflict significant impairments in the high-mobility scefw

A fSP-Los — ngCOS(ngD), (3) considered. Nonetheless, we note that the spatial camelat

imposed byd < g will not affect the channel estimation

The normalized maximum Doppler frequency of the SD link igyethod proposed in this treatise, which operates basedeon th

R SD _ vfe i . . .
given by fg° = <=, wherew, f, ¢, fs represent the destina-ijme_domain correlation of each RIS element, regardless of
tion’s velocity, the carrier frequency, the speed of lightidhe {6y spatial-domain correlation.
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D. RIS-Destination Links throughput tradeoff. In summary, the received signals of (9

For the RIS-destination (RD) links, the PL of (1) is evalc@n be modelled in the following form:
uated based oz, yr, zr) and (zp,yp,zp), Wherey5P,
d*P and TSP in (1) are replaced by/?P, d®P and I'P.
The M-element small-scale Ricean fading row-vector of the
RD links is given by:

— SD SRD\T
Yu,t = [hu,t + (hu,t ) au,t] Su,t + Vu,t
— v _ nRIS
- hu,tau,tsu,t + vu,t - hu,t Su,t + vu,ta

(10)

fort = 1,---, Ny, where we haver = uNy + ¢, h,;, =

hRD — pRD-LS | [RD-NLoS @[5, (D)) € CHWM+D) and af , = [L,al,]T €
. CM+1)x1 The pilot symbols and the data-bearing symbols
The M-element LoS row-vectohit0S € CM is formu-  are associated with= 1, - - , 1+ M andt = 24 M, - - - Ny
lated as: respectively. The equivalent fading element in (10) is give
RIS _ SD SRD\T _ = i i
hRD-LoS — ET}IE:; exp(j2mnA FROL0S)a, (gt 1) H | (8) by h'? = [h35 + (W57P) T aye| = hy @y, The objective

of the RIS phase configuration is to maximize the SNR of
where the UPA response vector is given by (6). The azimugh0), subject to the constant-envelope constraint§@f’, | =
and elevation AoDs are evaluated 65 = arccos 22z72  1}M_, [3], [62], which will be further elaborated on in the
and ¢’ = arctan 2=, respectively. The LoS frequencynext section.
offset of (8) is AfED'L"S = fRPcos(¢RP), where the an-
gle between the LOS and the moving direction is eval-
uated by ¢f° = arctan 22> Moreover, each elementF. Problem Formulation

i ‘BD-NLos IXM e
in the NLoS row-vector ofh;,~"> e C XDNF inde- | ot s first consider the following Lemma 1 for maximizing
pendently generated by Clarke's model &§°N-5» = . "0 .. :
i =~ - godic capacity. _
[hEPNOS], ~ CN(0, 7p=s), Where the correlation is Lemma 1: For the RIS-assisted system model of (10),
. ) :
E | hRRDNLOSm (pRO-NLOS, )« | /TROTFD Jo(27 fROln — n). we assume that the ergodic fading processe§hdf }.. tex,

~  1+KRP SRy, M RD,, M
Since the RIS is implemented by a dense population gih“vt butentmer ANd {H{hy 3" buren}m=y as well as the

X ! . _ergodic noise process @b, +}.,cnr are independent of each
repeated meta-atoms, where the size of meta-atom is thpicqjther. Then the ergodic capacity that maximizes the mutual

on the order of the subwavelength of the operating frequenwOrmatipn I(5u,;9u:) between the random variables of
[6], the RIS elements are assumed to share the same maxinah@nnel inputs,, ¢ and outputy, ; is given by:
Doppler frequency, which is the same as the assumption éor th

co-located multiple antennas in high-mobility scenarié4][ ’

SD M m 7. SRD,
hu,t + Zm:l au,thu,t "

[59]. R; = I(I}laicE log, [ 1+ N , (11a)
E. Received Signal Modelling M| SROm | 2
i ) ] ’hSDf 1+ S|Pt |
In the absence of active RF chains, the RIS does not impose wt [#SD,]
signal processing latency. As a result, the signals of bogh t  — Eqlog, |1+ No ,  (11b)
direct link and of the reflected links arrive at the destioati
within the same symbol-level sampling period, as discugsed
Sec. lI-A, yielding: when the perfect CSls diSh, A5 andhf;,™ are known at
Yn = [hSP + hRPdiag(a,)hSR] s, + v, o the receiver only.
9
— [psp M thRD,,L} Cto, _
[ ot e 0P Sn + U, Proof. See Appendix A. O

where the cascaded RIS-reflected links are represented by

hSRPn = [hSRD), - = [hSR),,[hRP],, and we haveh3RP ¢ Taking this one step further, since the overall fading pro-

CMx1, Moreover,v, ~ CN(0, Np) is the receiver's additive cess h}'? is Gaussian-distributed for largd/, the mean

white Gaussian noise (AWGN) associated with powWgt and variance of its Ricean-distributed amplitudeﬁfﬂ as-
For the sake of channel estimation, let us arrange thReciated with the optimized RIS configuration may be fur-

signal transmission in frames. Theth symbol in (9) may ther evaluated as foIIows}hifi'"\ is Ricean distributed with

be regarded as theth symbol in theu-th frame expressed the mean of@ L1 (—KSR) and the variance of*SR —

asn = ulNy +t, where N, denotes the frame length. For the sk ., SR 2

sake of ac{:urate channe]; estimation, the fitst M) symbols ¢ ['%(_K ), where _['%_(x) denRthes.the Laggerre p(_)ly-

in each frame are pilots known to both the transmitter aftpmial of degreel/2. Similarly, |h,, ;™| is also Ricean dis-

receiver, while the remainingV; — (1 + M)] symbols carry tributed with the mean ot@ﬁé(—KRD) and the vari-

sourcamfgrmation. The pilot percentage is thereforemive znce of TRD — %”’521 (~KRDP). As a result, the mean and
Ny = . This implies that a smalleN; leads to a smaller . SRD,,| oo m . /CSRORD

pzi)Iotspgcf;ing and a higher pilot percentafge, hence an imovvarlance of |h“’tD | are g FSRFRDE%(_KSR)%(_KRD)

CSI estimation accuracy. However, it is worth noting that and [FSRTRD - ZFSRTRDC%(—KSR)ﬁ%(—KRD)J, respec-
higher pilot percentage also results in an effective thnpug tively. Therefore, the ampli%ude of the overall ading pes
loss, which inevitably imposes an estimation accuracyugersassociated with the optimized RIS configurati{jrﬁ[ﬂ =
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TABLE II: Summary of achievable rate analysis.

I . . Achievable rates Input Side information | Configuring RIS
|h33| + Z%:l histm in (11b) has the foII0W|ng mean ana R; (Lemma 1) Gausgian Perfect CSI Pen‘egt CSgI
variance: R;r (Proposition 1) | Gaussian Estimated CSI Estimated CSI

) Ryrr (Lemma 2) LPSK/QAM Perfect CSI Perfect CSI

o= ,/ﬂ;soﬁé (—KSD) + %Wﬁ% (—KSR)ﬁl (_KRD)7 Ry (Proposition 2) | LPSK/QAM | Estimated CSI Estimated CSI
2 . . . . .
o2 — 'SD _ a0 2 (—KSP)4 Since the expectation is conditioned an, the condi-

- 1 . T .
4 75 tional probabilities based on (10) are given pyy|s') =
M [FSRFRD — ZTSRPRPLZ (KSR L2 (-~ KRP } : 1 [y, —HeSs'® 1 [va,e |2 v
i 3 (CEL (R o exp(— gl — e exp(— 55 andp(yls”) =
(12) \yuﬁt—hilislwz \h,zl‘st(sl—sl,)+vuy,,\2

However, in the presence of realistic CSI estimation errors.}T0 eXP(—Nio> = ,r]lvo eXP(—N—§),
the ergodic capacity of Lemma 1 cannot be achieved. \Wéere the received signal is given by, = hiY'ps' + vy
will conceive an MMSE estimation method in Sec. Ill, wher&ollowing this, (14b) can be obtained from (16) by using thes
the direct link and the RIS-reflected links are estimated of@nditional probabilities. O
by one. The associated achievable rate is investigatedéy thgina|ly, in the presence of CSI estimation errors, the aehie
following Proposition 1. able rate of Lemma 2 becomes the following Proposition 2.

e . H H SD A
Proposition 1: Assume that the direct linky3; and the Proposition 2:When relying on the CSI estimatq‘jfts, the

RIS-reflected links{17>"}M_, are separately estimated by, hievable rate of (14) becomes (15).
the MMSE method, yielding the estimated CSI /gf5 and

jSROAM_ \vhere the CSI estimation errors are denoted By " e
{haa ™ b the conditional  probabilities of (15a) become

oof. In the presence of CSI estimation errors,

D D 78D SRD,, SRD,, 7 SRDp, \ M A
A_hit = hi,t - hi,t and {_AhuﬂfDm = hu_,tDm - hu7tD_m m=1" 13 1 [yu, . —hES st |2
Given the same assumptions concerning the fading process@ss’; 1) = 7 (No+oleg) exp(— (Notoieg) =
and Gaussian input distribution as Lemma 1, the achievable |ARES s +vu | d
rate based on the estimated CSI is given by: T(No+02gse) eXP(_i(N0+U,aSE) an
- . . 2\ 7 - _ 1 g —hES ST _
hil?t + Zﬁf:l du,thiiD’n/ p(y‘s 7h) ﬂ'l(N?:I_SUIal E) esz( (N0+‘71\2/\SE) )
R = (1 —n )E log 1+ , 1 [h,es'—h5 5 st +vu .
p 2 No + 02e TNetor exp(— Noto?) ), leading to (15b). O

Finally, the achievable rates of this section are summdrize

13a) . . . . .
, v s, 2_( ) in Table II, which will be invoked for examining the per-
Ao, (1 + %) formance of the proposed RIS channel estimation method in
=(1—n)E{log, |1+ wt . Sec. IV-A.
( p) g2 No + 02ee

IIl. CHANNEL ESTIMATION TECHNIQUES
13b) The schematics of channel estimation techniques are com-

where the RIS can only be configured by the realisticalf@red in Fig. 3. For the conventional direct-link-only tech
estimated CS| ag™. — b ()" while the pilot per- niques [44], [48], [50]-[52] of Fig. 3(a), the receiver is-as

_ wt T RSP AG| o sumed to be capable of receiving and buffering a large number
centager, is also taken into acccount. The MSE is given by frames. Specifically, when performing CSI acquisitiom fo
oise = E([RF — hiEl%), wherehf!? refers to the MMSE the 4-th frame, the direct-link-only MMSE-based technique
estimate ofilR$ = 1S5 + N e, nSR0 of Fig. 3(a) takes into account all theV,, /2] pilots from
the “past” frames transmitted before theth frame, as well
as the single pilot of the curreni-th frame and also the

The ergodic capacity of Lemma 1 and the achievable rate (@Yw— [NVw/2] 1) pilots from the *future” frames transmitt_ed
Proposition 1 are derived based on the Gaussian input-disﬁﬁter_ theu-th frame. By (_:ontrast, the proposed RIS_ techmque
bution for the random variable, ,. However, when a specific of Fig. 3(c) has to provide |n.stante.meous CSl estlmat|on. for
LPSK/QAM constellation is considered, the achievable rate ?e sake of RIS phase configuration, hence only the pilots

a discrete memoryless channel [58], [63]-[65] is char&ter om j[he pas{N,, —1) frames and the C“"e,m"th frame can
by the following Lemma 2. be utilized, where each frame hés/ + 1) pilot symbols for

Lemma 2° When th ian in istribution festimating the direct and RIS-reflected links. The ON/OF# an
Len?ma i is replaiedtbs aG:SeSsi%PSK%EAI\j ?rt_]pl;l:tgon_o DFT bas_ed LS techniqge of Fig. 3(b) ope_rates based on the
stellation with equiprobable occurrence, the achievaditie oe- ass_umptlon that .the fading chaqnels remain constant.c_)eer th
comes (14), where we have BRSlog, L and{p(s') — %}zL—l gntwe frame of signal transmission, hencg channel egbmat
for a fixed L. =% is performed purely based on tlié¢/ + 1) pilots transmitted

at the begining of the current-th frame. By contrast, the
Proof. (14a) is defined by [63, (3)] associated wifp(s') = proposed MMSE-based RIS technique of Fig. 3(c) performs
+}£,, and it can be extended as: channel estimation based on both the pilots from the past
(N, —1) frames as well as the pilots of the currenth frame.
st Moreover, we note that for the RIS techniques of Fig. 3(b)
p(yls”)| l]} (16) and Fig. 3(c), upon obtaining the estimated CSI of thth
S .

Proof. See Appendix B. O

L st
flnr =& {logQ =5 p(;!(lu\i”)'
/=1 "171"

2(y1sD) frame, a short interval is required for RIS configurationdvef

= BPS- % ZlL:1 E {Ing ZZL’:l
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Rirr = Z [ plas (s t0g, o)y, (14)
> or—1 p(yls)p(s")
L RIS
_ 1 —|ha, (S s +Uui| +‘Uut|
~ePs- 135 {1og2 [z x ( ki , (140
L Lk
Rrv = E |log, MW} (15a)
Zz/ 1p(y|5 ,h)
RIS RIS I 2 RIS
_ 7717 _|h'u, hu )+Uut| + |Ahy, 35+ vy t|
=(1- )BPS— Z E {10g2 {Z exp ( No + o7es . (15b)
=1
| Pilot |«—— Data — | pilot |«—— Data—p| pjjot &—— Data—p|
Yu-1,1 |Yu—1,2 ‘ e ?/u—l.N* Z/u.l Yu,2 ‘ .. Yu Ny |Yut1,1 |Yut12 ‘ e }Tjuﬂ.m‘, e
Tl 3 \ \:}; {h“f}[ =2
MMSE
‘ Yu— 11‘ Yu,l | Yut1,1
| |

(a) Conventional MMSE

|«— Pilot — ple—— Data —p|

yu.MJrZ‘ PPN ‘ Yu,N;

Yu,M+1

Yu,1 ‘ ..
N v

N \
\ 4 N \
X i = \ /7,,,}, 141

v

\ N
Yo AN {{“uf}z \[+1}m 1

Y

Yu,1 Lé .
Yu,M+1

(b) LS for RIS configuration and data detection

|«— Pilot —ple—— Data —p] |«— Pilot —p»/4¢—— Data — ple—— Pilot —pla—— Data —p

Yy— 9 p b P
yu}»\ RERIEE ‘ Yu—Nu i, M 42 T“ NotbNE L Y Yu ‘"“”’ﬁz. . Wu—1,N7| Yu,1 WM !/u..wu‘ ... ‘ Yu,N;
S - S ; 7
YA ELAT Tt JUAI u+1 | ‘
e - |
TUeSTIoiiTa-- STl | i {hut}1 g
TEITIiIiaao RETSRR v ! S m
SRR SN i L Hawhilhna

B e TS~ VVZ

T/u Ny+1.1 .. Yu-1,1 Yu,1 MI‘VIS/E/

Uu Nu+10+1 il/uffd\fﬂ Z‘/u:.MJrl

[ |

| A‘rw |
(c) Proposed MMSE for RIS configuration and data detection

Fig. 3: The schematic differences between the conventional MMSEnehastimation for the direct-link-only systems [44], [48], [50]—

[52], the ON/OFF and DFT based LS channel estimation techniques fostétienary RIS-assisted systems [27]-[31] and the proposed

ON/OFF-based MMSE for the high-mobility RIS-assisted systems.

data transmission. This control information can be congeyestimated CSI of the direct and of the reflected links arergive
by a separate link such as bluetooth, and the associated tioge
duration has negligible impact on the data rate compared to

the pilot overhead, as assumed in [27]-31]. hﬁ% = Yu,1, (18)
hgl,?tDm:yu,l"rm_yu,la t:M+27 7Nf

A. Channel Estimation Techniques for Stationary RIS-Aasis It is worth noting that since the direct link is always on, é@sh
Systems to be subtracted from the reflected link as shown above.

_ _ Alternatively, the DFT-based LS technique [29]-[31]
The ON/OFF-based LS technique [27], [28] switches off theitches on all the direct links and reflected links during
RIS n the fII‘St time SIOt and then turns on a S|ng|e elemeﬂbining Once again the fad|ng Channe's are assumed to be
at a time during the subsequeht time slots. The received constant, i.e. we havi,, = h? forall ¢t = 1,--- Ny in

pilot symbols are given by: (10). As a result, the matrix form of (10) is:

Yu1 = I35 + Va1, y2 =hPa? + vP, (19)
Yu,14+m = hu 1+m+hqstR1D-|3n,+vu,1+m7 m = 15"' ’M'
’ (17) where we havey? = [yu1, - ,Yurrs1] € CHMFD
This method assumes that the fading elements remain cons@h = [o, 1, -, 0 m41] € CM+1)x(M+1) gnd vh =
over the entire frame of signal transmission. As a result, thv, 1, -+ , v, r41] € C* M+ Following this, the LS chan-
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nel estimation is given bjn? = y?(a”)~!. The associated n’ = (u — N,, +i)N; +1 andn = (u — N, + j)N; + 1.
. . .2
MSE is formulated as: = 0 leads to the MMSE solution of:
omse = E (I[hf, —yh(ad) %) = E (IVh () ~"]?)
> Notr { [(a)az] '}

do—MSE-SD,j,7t
Q(Wil?t )

Finally,

(won)* = (CRP)~"ell. (24)

(v)fve] (20) As a result, the MSE of (22) becomes:

where the equality holds whefi | (vE)"”vE| = NIy 41, and

the minimum is reached when?, is orthogonal. As a result, UI%/ISE-SDM =T - (eiﬁ)H(CED)*leE% (25)
the DFT matrix is a suitable choice for the RIS training paite

where we havéa?],, , = exp(—j2rm).

; It was demonstrated in [66], [67] that the MSE lower
TJ M1

bound of pilot-sequence-based channel estimation is given
by the Cramer-Rao bound (CRB). More explicitly, the pilot-
B. The Channel Estimation Technique Proposed for HigBequence-based channel estimator utili2és repeated pilot
Mobility RIS-Assisted Systems samples at the beginning of each frame and the fading chennel

It is demonstrated in Sec. Ill-A that the DFT pattern thai'® assumed to be constant over the entire frame of signal
switches on all RIS elements during training achieves low#gnsmission. The MSE of this estimation problem is lower-
MSE in stationary scenarios. However, it is worth notingt th@ounded byE(|h — h|?) = 1/F(h), whereh refers to the
the received signals can only be formulated in the matrfading element, while the Fisher mform;’;\tlon function defin
form of (19) that facilitates the DFT pattern, when the faginin [66], [67] is given by F'(h) = —E {%}- The PDF
envelope is assumed to be constant oygf + 1) symbol p(y|h) is the direct-link-only probability function based on
periods. In order to take into account the time-varyingrigdi y = h + v, wherev ~ CN(0, Ny). Therefore, the CRB
generated by Clark’s model, we opt for using the ON/OFéf the pilot-sequence-based channel estimation is given by
channel estimation pattern, where the fading elements vai\RB = N,/N,,, which decreases as the SNR and/or the
from symbol to symbol. pilot sequence length is increased. However, this boundatan

First of all, in the first time slot of all frames, the RIS isbe directly applied to time-varying fading channels, beegau
switched off and the pilot symbols are utilized for estimgti the estimated fading element and the pilot are not located at
the direct SD link. As a result, by observing the fadinghe same position, as shown by (21). Nonetheless, the lower
correlation function over time, the SD link of any of thie bound of (25) may still be valid for the case of block fading,

th(t=1,---,Ny) symbol in theu-th frame can be estimatedin which case the covariana&;5 becomes a vector of ones
by the MMSE interpolation filter as: multiplied by 'SP = T30, and the auto-correlation matn®3°

o ., o o T 5D has ('SP + Ny) on its diagonal and™$P as its off-diagonal

Rt = e Nyt1 Watbu1l = (Woi) Yaos (21) elements. As a result, the MSE of (25) is lower-bounded by

, : - [52]:
where the MMSE filter's weights aresS2 € CN«*1, while s
. ; ‘o, SD Nux1 an SD). Ny (T3 _

the filter input veszgtor igySP € CNex! and we havdy?P|;, = omsesp, = Lo — No+(NwF)§P = ﬁi%w (26)
Yu-Ny+it = oy, i1 + Vu—nN,+i,1. We note that the 3 0

estimateﬁi?t is obtained from MMSE interpolation, whereThe minimum is achieved whefugD = 0 for the stationary

the filter weightswﬁg are different for each symbol in eachscenario, where we ha D — TSP, This once again confirms

frame. As a result, the associated MSE is given by: that as either theSNR or N,, increases, the CSI estimate

R becomes more accurate. Furthermore, during the second to

o2 — E(|hSD _ hSD‘2) . .

MSE-SD, ¢ L W, DT SD (1 + M)-th time slots of each frame, the RIS switches on

= E[(h35 — (wo) T ya))(hay — (wal)'yiP)"] its passive elements one by one in order to sample the
—_TSb _9 SD\T ,SD SD)T' (3SD (v SD ) ) .
=TT —2(wap) eqy + (way)  CRP(wii)™.  reflected links. As a result, then-th cascaded SRD link

) (m=1,---,M) of the t-th symbol(t = 2,--- ,Ny) in the
Based on the SD channel modelling of Sec. II-B, the correlg-1, frame is estimated by:

tion on hSP is given by:

2 SRD,, _ U SRD,,,, _ (<«,SRDm T SRD,,
RS? = B [hSP(hSP)*] Pt ™ = D timue N1 Wag " Yarem = (W ") Yy (277)
_ SD-LoS SD-NL SD-LoS SD-NL * . . .
=E g}ns/D OSD‘*‘ hipP N9 (P08 + hRPNLOS) ] where the MMSE filter weights are/} " € CNv*1, while
— % exp [j2m(n/ AfSPLoS _ pA fSD-LeS)]  the MMSE filter input vector is given by 3Rt € CNwx!.
\/TSOTP D , Since the direct SD link is always on, the previous estimate
s Jo(2m [ n — ). 23) of the SD link has to be substracted from the pilots as:
AsSDa result, gg)e (;gvariance vectcSJEr) in (22)Si§, givendl) = [ySROn]; = g N iihm = Yuo Ny tiddm — EiENﬁi,Hm
— * _ - .
Ryp = E [ySP(h35)*], where [e35]i = Ry, is associated = hSR  FAR L Vu Nt
with n’ = (v — N, + )Ny +1 and n = uN; + t. (28)

Furthermore, the auto-correlation matrix in (22) is givgn bwhere the received pilot symbol is,_n,+i14+m =
SRD,
CSP = RSP = E [ySP(ySD)H], where [CSP); ; = RS for hiENU}H_’Hm + hy N videm T Vu—N,+i1+m. Therefore,

i # j and[C3P];; = RP + No, whereR;D is associated with the remaining estimation error isARSP .\
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hS2 Nutinem = Mo2 Ny tinems @nd the associated MSE is
given by:
UMSE-SRL{;{t = B(|h3m — ’Ali?tDm‘Q)
- E [(hSRtD'" _ (WSRDHL)TyiRDm)(hSRDm _ (WSRD,VL)TYER%) ]
ZFzSLRtFSbt—Q( SRbm)T SRtDm +(w SRD,,,) CSRDm( SRDm)
C ’ (29)
Based on the SR and RD channel modelling of

Secs. II-C and 1I-D, the correlation gfSRP»

— (hSR-LOS_|_
RSRNLOS) (jRD-LoS | jRO-NLOS) s given by: !

Rian _ [hi’?D’” (hiRD'”) } hSR-Losn hRD-LoSm (hiR-LoS,L hED-LoS,,L)*
_ : o
hi? LoSy, (hiR LoSm) g‘f()mﬂ-deD‘n ’I’L/‘)
! _ TSR
n hRD LoS, (hRD Los,”) %Ja (27rf§R|n ,|)

FSRFSR TROTRD
4+ Y DV o 2 £ — ) Jo (2 £50In — ).

1+K5R 1+ KRD

(30)
As a result, the covariance vector is given B> =
SRD,, (1,SRDm x| _ ,SRDn SRD,, SRD,,

E |ySRon (hpnom)*| = enyom, where[en"]; = Ry

associated with' = (u—N,,+i1) Ny +14+m andn = uNyg+t.
Furthermore, the auto-correlation matrix is givenR§°>~ =
E [ysRDm (ySROm)H ] = CSRP» where [CSROn], . = RS}FLle
fori # j and[C3RP]; ; = RSRD’" +OMSESDL o ssasm +NOS
where R3RP is associated with/ = ( — N, +'L)Nf +1+m

MSE SRIZY”

leads to the MMSE solution of: o
(Worom)* = (CSRPm)~1e3Pm, (31)
The resultant MSE is given by:
SRD,,, 2)—1SRDy,
Ur%ASE-SRqﬁt =TeRres - (eu,tQ )H(CRP) 1eu,tD7
FiRFED(NUJ"UIaSE-SDu) _ 1
SR S D T ———
(32)
which is derived following the same steps as (26).
minimum is achieved, when we havgR = fR° = 0 for

the stationary scenario, where the autocorrelaﬂtﬁ’)f')“ =
DSRORP = PSRIRD is constant oveft =1, , Ny).

Remark 1 (MSE in low-SNR and hlgh -SNR regions):
On one hand, as long a&, >> I'SPN, is valid in the

low-SNR region, the MSE of (26) becomes equivalent t
the constant of*SP, which does not improve with the SNR.

Similarly, the condition ofNy + ofse.gp, >> TSTRON,,
the low-SNR region leads to the constanttgRr'RP for (32).

better MSE than that of the DFT-based channel estimati

of (20) in the low-SNR region. On the other hand, wh¥p
is reduced to a value smaller thziiiDNw in the high-SNR

region, the mcrease% of (26) andNJri2 of (32) lead

MMSE interpolation for
both LoS and NLoS:
- SD only
—©— RIS-assisted

LoS estimation only without
NLoS interpolation:

- SD only

= RIS-assisted

@ SD only, K°=10dB

-©- RIS-assisted, R°=10dB

Coherence time=20 symbol
periods at 0.95 correlation:
—©— MMSE interpolation
-5 DFT without interpolation
-5~ ONOFF without interpolatior)

Coherence time=40 symbol
periods at 0.82 correlation:
—— MMSE interpolation
—- DFT without interpolation
—@— ONOFF without interpolatior

e ‘m 16, mw —So'mph

100\\\\\\\\\\\\

BER

2 O T

-70-60-50-40-30-20-10 0 10 20 30 40 50
P, (dBm)

(a) Effect of NLoS

Fig. 4: BER performance results for the justification of the proposed
MMSE interpolation, where the effect of NLoS and the effect of the
time-varying fading even within coherence time are portrayed.

I o | |
10
-70-60-50-40-30-20-10 0 10 20 3040 50
P, (dBm)
(b) Effect of coherence time

o

developments of simultaneous reflection and absorptioadaid
metasurfaces [68]. DOCOMO has recently announced the
successful trial of transparent metasurfaces, which gralda

of achieving the dynamic manipulation of both reflection and
penetration of radio waves [69]. Specifically, the positive
intrinsic-negative (PIN) diodes can be switched betweeR™O
and "OFF” states by controlling its biasing voltage [4]-[6]

IV. PERFORMANCERESULTS
A. Simulation Parameters

The key parameters used for the terrestrial vehicular sce-
nario of Fig. 1(a) are summarized in Table Ill, where the nor-
alized Doppler frequencies are given J§° = fR° = 2le

cfs
and f3R = 0. The destination’s coordinate is instantaneously
updated byxp = 290 — 2 from the initial coordinates of

Table Ill over a frame length oiVy = [(M +1)/n,]. A

total number of at least0® frames are transmitted, which
uarantee at least 100 bit-errors for evaluating the BER
esults in our simulations. The receiver noise power degnsit

assumed to be -174 dBm/Hz. The transmit po#elin dBm

is evaluated by adding the required SNR to the noise power of
—174 4+ 50 = —124 dBm. The conslusions in this section are

Sfdrawn based on the relative performance difference &etw

conventional direct-link-only MMSE channel estimatio
[44], [48], [50]-[52] as well as the ON/OFF and DFT based LS
channel estimation techniques conceived for stationa§- Rl
assisted systems [27]—-[31] and finally, the proposed ON/OFF

to a monotonically decreasing MSE Witk By contrast, both pased MMSE solution for high-mobility RIS-assisted system
the ON/OFF-based and DFT-based LS techniques designeddgj; simulation codes can be found at [70].

the stationary RIS assisted systems of Sec. IlI-A suffenfem
error floor in high-mobility scenarios, which will be confied
by our simulation results of Sec. IV.

Remark 2 (Implementations for ON/OFF RIS configura-

B. Justification of MMSE Interpolation
Fig. 4 demonstrates the justification of the proposed MMSE

tion): We note that in practice, the ON/OFF RIS configuratioimterpolation for RIS channel estimation. On one hand, tt®& R
used for channel estimation may be facilitated by the receadsisted system models of [71]-[73] only take into account
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TABLE lll: Summary of parameters.

Initial coordinates

(157:[/57‘25) S: (07070)1 (Z'R,yR,ZR) = (3007 10, 0)1 (ID’yszD) = (290771070)

Path loss factors

7P =38, v

R=~5PD =20, PLy = 30 dB

Ricean K-factors

KSP = —6dB, K°R=0dB, K5 = 0 dB

Normalized maximum Doppler

SD _ ¢RD _ vfe ¢SR_
fd = Ja *Zvad =0

Carrier frequency

2.6GHz (5-band)

Bandwidth

100 kHz

Receiver noise power density

-174 dBm/Hz

— MMSE, R=16 dBm
---- MMSE, R=26 dBm
- —= MMSE, R=36 dBm

—— MMSE, R=16 dBm
---- MMSE, P=26 dBm
- = MMSE, P=36 dBm

require (1 + M) time slots for pilot transmission, which
takes up a higher percentage && increases. Nonetheless,

—T — T
[ v=45mph,n,=20%

1 the frame lengthV; is adjustable, where a longéf; leads to

1 a higher pilot separation across frames. This degrades$the C
estimation accuracy, especially when the velocity is iased.
More explicitly, the number of MMSE filter tapsv,, and
the pilot percentage), are investigated in Fig. 5 in terms
of the NMSE ofa3ysg = E(||hu.¢ — hy]|2/||hu.]|?). More

. 5\2\ | L | explicitly, Figs. 5(a) and (b) demonstrate that as expedtesl
10 fimes~ 1 % ba E NMSE generally decreases &%, increases. Moreover, it can
' i also be observed in Figs. 5(a) and (b) that for both cases of
v = 45 mph andv = 90 mph, the NMSE reduction achieved
by increasingN,, beyond(N,, = 10) becomes substantially
smaller than that achieved by increasiNg from (V,, = 2) to
(N,, = 10). Therefore, the choice d¢fV,, = 10) is assumed in
the rest of this paper. Furthermore, Figs. 5(c) and (d) aonfir

— T T
[ v=90 mph,,=40%

NMSE

NMSE

(a) Effect of Ny, v = 45 mph (b) Effect of Ny, v = 90 mph

— MMSE — MMSE
o BZLFF o gETOFF once again that the proposed MMSE solution has the most
GRS for block fading . CRB for block fading accurate CSI estimate in terms of its NMSE, followed by
O e T U O TS N the conventional DFT-based LS and by the ON/OFF-based
ph LS techniques. Finally, we note that the MSE of RIS channel

v=45 mph v=90m
estimation is lower bounded by the CRB for the idealistic

10' - T block fading scenarios of (26) and (32), which are also nhrke
w gL i in Figs. 5(c) and (d). More explicitly, compared to the ONFOF
g and DFT based LS techniques, the proposed ON/OFF-based

MMSE solution inches closer to the idealistic quasi-static
- CRB in Fig. 5(c). As expected, the gap to the idealistic CRB
becomes larger at the higher vehicular speead ef 90 mph

in Fig. 5(d), owing to the reduced fading correlation.

10* TR NI T T I 10* TR NI T T I
00 01 02 03 04 05 00 01 02 03 04 05
o o

(c) Effect of np, v = 45 mph (d) Effect of,, v = 90 mph

Fig. 5: NMSE comparison between the ON/OFF and DFT based The comparisons of the achievable rates associated with
LS channel estimation techniques for stationary RIS-assisted systéBwussian input distribution are portrayed in Fig. 6 acaaydo
[27]-[31] and the proposed ON/OFF-based MMSE solution for high-emma 1 and Proposition 1. First of all, Fig. 6(a) demonesat
mobility RIS-assisted systems, whe¥é = 16 is used. the effect of pilot percentage,, where the achievable rate
the LoS paths, which result in irreducible error floor in thelegrades upon increasimg. It is also evidenced by Fig. 6(a)
presence of NLoS paths even at high valuesFof® = that the RIS assisted systems achieve higher rates than thei
KSRP — 10 dB, as demonstrated by Fig. 4(a). On the oth@ounterparts of only using the direct SD link. Secondly,
hand, the DFT and ON/OFF based methods of [27]-[31], [7#j9. 6(b) demonstrates the effect of RIS configuration, wher
assume block fading within the coherence time, which alsandom RIS configuration imposes a loss on both the perfect
results in irreducible error floors, when realistic timeyiag CSI scenario of Lemma 1 and on the estimated CSI scenario
fading is taken into account, as demonstrated by Fig. 4(l9f. Proposition 1. The performancce of using RIS random
By contrast, the proposed MMSE interpolation used for RIghases in the face of CSI estimation error is shown to become
channel estimation is capable of mitigating the error flporsomparable to that of the case of only using the SD link in
while achieving increased rates in high-mobility system&jg. 6(b). We note that for the case of using RIS random
which will be further demonstrated in the following section phases, channel estimation is still required for data tietec
The same channel estimation technique associated with the
same pilot overhead is used in Fig. 6 for the sake of a
fair comparison. Thirdly, Fig. 6(c) demonstrates the dffafc

In Figs. 6 and 7, generally a higher pilot percentage M, where the achievable rate is improved by increasing the
is used, when the number of RIS elemenisis increased. number of RIS elements. Finally, Fig. 6(d) demonstrates tha
This is due to the fact that the channel estimation pattertige achievable rate also degrades as the speed of the destina

D. Achievable Rates

C. Normalized MSE on Channel Estimation
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g L 4 g .L Vs | Fig. 7: The achievable rate comparison (in terms of discrete memo-
& e [l ryless channel of Lemma 2 and Proposition 2) between the ON/OFF
2 2 /,f/' i and DFT based LS channel estimation techniques for stationary RIS-
i 18T W 7 assisted systems [27]-[31] and the proposed ON/OFF-based MMSE
cAN F 1 3 7 G ) solution for high-mobility RIS-assisted systems.
2 7 N 2 7 7 . . . . .
i i L 2 i is neccessary for accurate channel estimation, which ill b
oAbl o L 07‘5‘ bbb investigated in the next section. Finally, Figs. 7(c) and)7(
P, (dBm) P, (dBm) demonstrate that the conventional ON/OFF and DFT based LS
. (c) Effect of M . (d) Effect ofv chniques conceived for stationary scenarios perfortebiet
Fig. 6: The achievable rate comparison (in terms of Lemma 1 a % q Y P

Proposition 1 with Gaussian input) between the ON/OFF and DAft€ low-SNR region, but they cannot achieve the full maximum
based LS channel estimation techniques for stationary RIS-assistate of (1 — n,)BPS. This indicates that the ON/OFF and
systems [27]-[31] and the proposed ON/OFF-based MMSE solutiDFT based LS techniques suffer from irreducible error floors

for high-mobility RIS-assisted systems. in high-mobility scenarios, which will be confirmed by the

. ) ) system’s BER in Sec. IV-E.
node increases, where the RIS assisted systems still furtper

their counterparts operating without RIS.

The comparisons of the achievable rates associated whth
LPSK/QAM input constellations are portrayed in Fig. 7 ac- The capacity results of Figs. 6 and 7 are further confirmed
cording to Lemma 2 and Proposition 2. Firstly, Fig. 7(apy the system’s BER performance of Fig. 8. First of all,
portrays the relationship between Lemma 1 and Lemma \ghen perfect CSI is assumed, the RIS-assisted system is
where the achievable rate of Lemma 2 saturates at the speaifipable of achieving substantial performance gains oger it
value of BPS. Fig. 7(a) also confirms that the RIS assistéitect-link-only counterpart, which are 13 dB at BER=*
systems perform better than the direct SD link operatirfgr the case of usingM = 4) and 16QAM at(v = 45)
without RIS, which is further improved as the number of RIgph in Fig. 8(a); 18 dB at BERE~* for the case of using
elements is increased frol/ = 4 to M = 16. Secondly, (M = 16) and 16QAM at(v = 45) mph in Fig. 8(b); 17 dB
Fig. 7(b) demonstrates that when a realistic practical cnat BER=10-* for the case of usingM = 16) and 16QAM
estimation technique is considered, the achievable rate af(v = 90) mph in Fig. 8(c); and 17 dB at BER8~*
Proposition 2 peaks &t —7,)BPS, which then degradesas for the case of usindM = 16) and 64QAM at(v = 45)
increases. However, as the Doppler frequency increases dygh in Fig. 8(d). Secondly, as expected, channel estimation
to the increased vehicle speed, a higher pilot percentgge becomes more challenging and subtantial performance gaps

BER performance
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Fig. 9: BER performance of the proposed ON/OFF-based MMSE
solution for high-mobility RIS-assisted systems in comparison to its
counterpart of direct SD link without RIS, where QPSK is employed
at v = 40 mph. The pilot spacing is fixed to b&; = 35. The
normalized transmit power is given ;. — 101og,,(1 —n,) (dBm).

F. The Number of RIS Elements and RIS Quantization

The effect of M is investigated in Fig. 9. We note that the
frame lengthNy is also the pilot spacing. Without RIS, the
pilot percentage is given by, = N% With RIS, the pilot
percentage becomeg = % which increases with\/ as
seen in Fig. 9. As a resuﬁ, after normalizing the transmit

100\\\

=y

1 T T T LT T ]
M=16! 160AM, v=50 mph

1 A

power by P, — 10log;,(1 — n,) (dBm), the performance of
using (M = 32) becomes even worse than usial/ = 16)
in Fig. 9(b). Nonetheless, it is confirmed by Fig. 9(b) that
using a simple scheme having as few @ = 16) RIS
elements is sufficient to attain a substantial 23.8 dB power-
efficiency gain at BER¥0~* for a vehicle travelling at 90
mph. The motivation of deploying RIS is to compensate the
path loss, where the difference of the power-efficiency gain
of 26.1 — 23.8 = 2.3 dB between Fig. 9(a) and Fig. 9(b)
due to the throughput loss @f), = 48.6%) for (M = 16)

is relatively insignificant. Finally, Fig. 9(c) demonstatthat
L P (dBm) A for discrete-phase RIS, 1-bit RIS quantization is sufficien
) 8GR ASQI M) M 0S4~ TR 1t pR§TIEVING @ Substantial power-eficiency gain of 16.9 0B at
based LS channel estimation techniques for stationary RIS-assidef@R=10"*, while using 2-bit quantization achieves similar
systems [27]-[31] and the proposed ON/OFF-based MMSE solutiperformance to the case of idealistic continuous-phase IRIS
for high-mobility RIS-assisted systems, where the benchmarks §fimmary, for the high-mobility scenarios considered irs thi
direct SD link without RIS are also portrayed. treatise, a small number ¢f\/ = 16) is sufficient for the RIS
are observed in Figs. 8(a)-(d) between the perfect CSI atr%)dachiev_e substantial gain in pqwejr_-effici_ency,_ where ti R
estimated CSI aided direct-link-only schemes. Furtheemorquantlzatlon does not impose significant impairment.
as expected, the conventional ON/OFF and DFT based LS _ o
channel estimation techniques suffer from irreducibleorerrG- The Location of the Destination
floors in high-mobility scenarios, as evidenced by Fig. 8(a) Fig. 10 investigates the power-efficiency gain of using
(d). By contrast, the proposed MMSE solution designed f&lS, when the user is travelling to different locations. Klor
the RIS-assisted arrangement is capable of achieving sigplicitly, the transmit powers®; (dBm) for BER=10~* at
nificant performance improvements over its direct-linkyon different user location ofzp,yp,2p) = (zp,—10,0) are
counterpart even in high-mobility scenarios. More exfliici recorded on the top right subfigures of Figs. 10(a) and (b),
the substantial performance gains achieved by the proposddle the power-efficiency gains are recorded on the bottom
MMSE scheme are represented by 14 dB at BER= in the right subfigures. A reference maximum transmit power of
scenario of usingM = 4) and 16QAM at(v = 45) mph P, = 40 (dBm) is indicated in Figs. 10(a) and (b), where
in Fig. 8(a); 20 dB at BER¥)~* in the scenario of using the situation of requiring more than 40 dBm is deemed to be
(M = 16) and 16QAM at(v = 45) mph in Fig. 8(b); 24 dB out of coverage.
at BER=10~* in the scenario of usingM = 16) and 16QAM It can be seen in Fig. 10(a) that for the case ef 45 mph,
at (v = 90) mph in Fig. 8(c); and 18 dB at BER®~* in the the RIS achieves a higher power-efficiency gain, when the use
scenario of usindM = 16) and 64QAM at(v = 45) mph in is closer to the RIS location ofz g, yr, zr) = (300, 10, 0).
Fig. 8(d). On one hand, when the user moves closer to the BS location
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Fig. 11: The power-efficiency gain of using R(8/ = 16) in terms

of the required transmit poweP; (dBm) for achieving target BER
of 107, for a range of different PL exponent of the SD liRk™.

The coordinates are fixed as given in Table Ill. The pilot spacing
Is given by Ny = 68 and Ny = 42 for v = 45 mph andv = 90

(b) v = 90 mph
Fig. 10: The power-efficiency gain of using RIS/ = 16) in
terms of the required transmit pow&t (dBm) for achieving target
BER of 10~%, when the user is travelling to different locations

of (zp,yp,2p) = (zp,—10,0). The pilot spacing is given by
N; = 68 and N; = 42 for v — 45 mph andv = 90 mph, mph, respectively. QPSK is used. The transmit power is normalized

respectively. The transmit power is normalized by pilot percentage% pilot percentage af; — 101og,(1 = 1) (dBm).
Py — 1010%10( —1p) (dBm). QPSK is used. The proposed MMSE]n Table I,

solution is invoked for channel estimation. where the direct SD link assumes severe path

loss, blockage and high NLoS attenuation. Fig. 11 further

of (zs,ys,25) = (0,0,0), the direct SD link becomes jnvestigates the performance of the RIS assisted highdityobi
strong enough so that harnessing the RIS gradually losess§gtems for a range of different>?. For the case of =
advantage. On the other hand, when the user moves awgymph, Fig. 11(a) demonstrates that the proposed MMSE
from the BS beyondzp = 300) m, the case of using only solution for RIS is capable of achieving substantial power-
the direct SD link becomes out of coverage. However, ficiency improvements that grow with*? for a wide range
using RIS associated with)/ = 16) elements, the proposedof 5P > 2.2, especially when the case of only using the
MMSE solution is capable of reducing the requirBdbelow direct SD link exceeds the reference coverage™#t > 3.8.
the coverage limit for a wider range of user locations up t@ompared to Fig. 11(a), the power-efficiengy gains seen in
(zp = 470) m. Fig. 11(b) become smaller due to the increased= 90

Compared to Fig. 10(a), the RIS is shown to be even mojgoh. However, Fig. 11(b) once again demonstrates that the
critical for the increased> = 90 mph in Fig. 10(b). More deployment of RIS becomes more critical at the high mobility
epriCitIy, due to the increased m0b|l|ty, the user USingyon of v = 90 mph, where the direct SD link becomes out of
direct SD link become out of coverage fer, > 190 m, coverage aty>? > 3.6, but the RIS is shown to be capable

but the RIS is capable of assisting in extending the coverageassisting in extending the coverage over a wide range of
to a wider range of up tdzp = 430) m, as evidenced by 9 4 « 4SD < 4.4,

Fig. 10(b).
Once again, we note that the error floors observed in Fig. 8
imply that the conventional RIS channel estimation teche
conceived for block fading [27]-[31] cannot achieve theear !N this work, we propose a novel channel estimation tech-
BER in time-varying fading channels, regardless of how highique for RIS-assisted high-mobility communication sysie

V. CONCLUSIONS

P, is. which is capable of producing accurate CSI estimates for
the sake of both RIS configuration and data detection. The
H. The Path Loss Exponent analytical and numerical results confirm the advantage ®f th

In the previous sections, the PL exponent” is set to proposed technique. Our simulation results demonstrae th
be higher than those of the reflected links, as summarizttee proposed MMSE solution designed for RIS assisted high-
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mobility systems is capable of achieving substantial pewesince the RIS phase&;’; do not change the distributions
efficiency gains for a wide range of different parameterst ALSRP (see proof for Lemma 1), the sum of Gaus-

including user moving speed, modulation level, the numbefan distributed CSI errors leads to the Gaussian distribu-
of RIS elements, the user location and the path loss exponeiein for ALR'S, where we haveE(hR'3|AR'S) = hR'S and

u,t? u,t
E(JARRPI?|hR?) = E(|ARR'?|?). Therefore, Corollary 3.0.2

u,t

APPENDIXA of [76] can be invoked for the RIS-assisted system model of

PROOF OFLEMMA 1
Firstly, owing to the fact that}y" € CA'(1/ 15 Es, 15rsr)

RD .
and h3" € CN(\/5Ew, iews) are independent er-
godic complex Gaussian processes, their produgf’” =

(10). Explicitly, it was proved in [76] that the achievabkte
in terms of the generalized mutual information of using the
Gaussian input distribution for the random variablg; and
detection based on the MMSE CSI &f'$ for the fading pro-

7RIS |2
121

hoTmhRo™ is non-Gaussian but still ergodic [75, p42] withCess ofhf}l; is given by £ {10g2 Ut s —mme | [

the mean of % and the variance df SRI'RP —
FSRFRDKSRKR

5K (17 K70)

tary matrix diage,, ;) of (9) does not change the distribution

of hRldiagla, )hSR = SN am hSRP». Therefore, the

u,t u,t u,t
overall fading procesaR®'$ = nS0 + "0, am,hoRP is also
ergodic, along with the following mean and variance:
_ T'SDfSD T'SR'RD ¢ SR¢RD
K= \/ T7KSD T M\/<1+KSR>(1+KRD)
2 __  rSP SRRD

(1]

(33)

FSRFRDKSRKRD
B W] ' 2]
Based on the central limit theorem, the overall fading pssce
hR'? becomesGaussianas M becomes large, hence (11) 3
becomes the ergodic capacity of a Ricean fading channel,
where the input distribution of,, ; is Gaussian. Furthermore, n
based on (10), the received SNR is a function{af’,}}/_,,
yielding:
5]

hi,?t+ZAm/I:1 O‘Z];f,hiFfE"L : hil?t 2‘ %:U B:nf eXP(jQT;f,)F
No ND ’
(34)
0 SR SD\M
where we havesd,, = 1, {Br, = |Sféu,tDm|/|huvt‘}m:1' 6
Q), = 0and {Q7, = ZaJ, + 4% Om — ZRSDYM_ .
Considering thakzmzo Bl exp(FQI) | = Do B0 P+ 7]

M M / / . .
2> o m/—m1 ButBut Cos(th — th), (34) is maxi-

mized when{Q!", = QY ; }v:n, the optimum RIS configuration (8]

is thus given byZa, = /hSB — Zh3RP» or equivalently
1,SP (hSRDm)* ’ ’ '
u,t u,t
hSD hS‘RfD"L

w,t Mt

m

au,t

. The overall fading process with op- [9]

M ‘hSRtDm, ‘
(1 + |hSDt | > ’ [10]

u,

timized RIS is given byhR'? = h3h
which leads to (11b).

APPENDIXB [11]
PROOF OFPROPOSITION1

Firstly, sincehSh is an MMSE estimate ofS5, the CSI
estimation erroAL3Y is Gaussian-distributed with zero mea
and is independent dfSt [76], i.e. we haveE(hS5|hSh) =
hSD and E(|ARSD2ASD) = E(|ARSH|?). Similarly, for
the MMSE estimates of the RIS-reflected links, we have

12l

(23]

E(hgyo |heiom) = haiPm and E(JARG" PR =
E(|ARSRP[2). Moreover, the RIS now configured k", = 4
% Therefore, the overall fading process is given by
RIS = hSD4 M G, hSRP» and the CSI estimation error is !
given by ARR'S = pRIS — hRIS = ARSD + S0 G, ARSRP.

- Secondly, for any RIS configuration, the uniof (13b) by &y,

leading to (13a). Furthermore, (13b) is given by replacifjy

7SD /7 SR

AN

- T 7 SR .
|RSP R |
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