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Abstract—Reconfigurable intelligent surfaces (RIS) constitute
a revolutionary technique of beneficially reconfiguring the smart
radio environment. However, despite the fact that wireless prop-
agation is of time-varying nature, most of the existing RIS
contributions focus on time-invariant scenarios for the following
reasons. Firstly, it becomes impractical to instantaneously feed
back the control signal based on the doubly selective non-line-of
sight (NLoS) fading scenario.Secondly channel estimation con-
ceived for the high-mobility and high-dimensional RIS-assisted
links has to take into account the spatial-domain (SD), time-
domain (TD), and frequency-domain (FD) correlations imposed
by the angle-of-arrival/departure (AoA/AoD), the Doppler and
the orthogonal frequency-division multiplexing (OFDM) oper-

signal emitted from a transmitter will arrive at the receive
in form of multiple attenuated and delayed copies, a phe-
nomenon known as the multipath effect [1]-[4]. The major-
ity of wireless communication techniques, including chelnn
coding, modulation, beamforming and diversity schemes [5]
[7], endeavour to adapt to the multipath effect without hgvi
any ability to change the propagation environment. Against
this background, the recent developments in meta-material
[8]-[11] inspired the revolutionary notion of smart radio
environments, where the signal propagation can be favburab
influenced. Specifically, the recently-developed recoméigle

ations, respectively, where none of the existing solutions canntelligent surfaces (RIS) [12]-[15] consist of a large rnen

be directly applied. Thirdly, it is far from trivial to maximize
the NLoS channel powers on all subcarriers by a common set
of RIS reflecting coefficients. Fourthly, in the face of double
selectivity, it becomes inevitable to encounter either inter-symbo
interference (ISI) or inter-channel interference (ICl) during the
signal detection in the TD or in the FD, respectively. Against this
background, firstly, we focus our attention on line-of-sight (LoS)
dominated unmanned aerial vehicle (UAV) scenariosSecondly
we conceive new minimum mean squared error (MMSE) channel
estimation methods for doubly selective fading, which perodically
transmit pilot symbols embedded into the TD and FD over
the SD in order to beneficially exploit the correlations in the
three domains. Thirdly, the RIS coefficients are optimized by a
low-complexity algorithm based on the LoS representation of
the end-to-end system modelFourthly, tailor-made interference
cancallation techniques are devised for improving the signal
detection both in the FD and in the TD. Our simulation results are
examined in six frequency bands licensed in 5G, which confirms
that the employment of RIS is capable of achieving substantial
performance improvements.

Index Terms—Reconfigurable intelligent surface, channel es-
timation, high-mobility, double selectivity, inter-symbol interfer-
ence, inter-channel interference, orthogonal frequency-dision
multiplexing, space-air-ground, unmanned aerial vehicle.

I. INTRODUCTION

The performance of wireless communications is predomi-

nantly determined by the signal propagation environment.

of low-cost passive elements, which are managed by a smart
micro controller. Each RIS element is configured to apply an
adjustable phase rotation to the signal reflection, so that t
received signals can be constructively enhanced at theedesi
user and/or destructively nulled at the non-intended users
To reap the appealling benefits of passive RIS in practical
systems, it is of paramount importance to obtain accurate
channel state information (CSI) for phase configuration.

The RIS channel estimation methods may be classified
into the following four main categories. First of all, the
line-of-sight (LoS) based schemes [16]-[19] configure the
RIS purely based on the deterministic LoS knowledge of
positioning, which leads to sub-optimal solutions. Sed¢gnd
the partially active arrangements of [20]-[22] still relp @
small number of RF chains used for sounding the channels for
a certain fraction of the RIS elements. Then the full channel
knowledge of all RIS elements may be acquired by using
compressive sensing and deep learning tools. However, this
hybrid philosophy tends to contradict to the motivation of
using passive RIS elements, resulting in an increased laedw
cost and power consumption. Thirdly, the schemes in [23]-[2
proposed the ON/OFF and discrete Fourier transform (DFT)
based RIS patterns for cascaded channel estimation. More
plicitly, the ON/OFF based least square (LS) schemes [23]
4] successively estimate the cascaded base stationRES)-
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i*II_hat the interference between RIS elements used for channel

estimation is avoided. In order to improve this, both the LS
and the minimum mean squared error (MMSE) methods of
25]-[27] activate all of the RIS elements based on the @ass
FT matrix, so that the direct link and all reflected links
become orthogonal, which facilitates their dedicated okan
estimation. Fourthly, as the number of RIS elements ine®as

the pilot overhead of estimating both the direct link and
the RIS-reflected links can be further reduced by grouping
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together a set of adjacent RIS elements [23], [28], [29] arided back the control signal based on the doubly selectine no
upon configuring the RIS based on the statistical knowledgelme-of-sight (NLoS) fading elements, whose coherencestim
the CSI [30], by compressive sensing [31], [32], deep lewyniis lower than the OFDM symbol perio&econdly channel
[33] and matrix factorization [34]-[37]. For multi-user I estimation plays a crucial role for both the RIS configumatio
systems, a novel three-phase channel estimation method wad for the signal detection. However, for the high-Doppler
proposed in [24], which exploited the commonality of the BSand high-dimensional RIS channels, the CSI estimation tas t
RIS link shared by all users. Furthermore, channel estanatitake into account the spatial-domain (SD), time-domain)(TD
is completely eliminated in [38] by invoking non-coherenaind FD correlations imposed by the angle-of-arrival/depar
modulation, where the RIS is configured to rely on randof®oA/AoD), the Doppler and the OFDM operations, respec-
phases. tively, where none of the existing solutions can be directly
At the time of writing, most of the existing RIS treatisesapplied. Thirdly, due to the passive nature of RIS, the same
focus on time-invariant scenarios, where block-wise guagihase rotation of each RIS element will be applied to all the
static fading is assumed. However, the wireless commuaitat channel impulse response (CIR) taps in the TD or equivalentl
channels are time-varying in nature due to the mobility &f thito the channel frequency response (CFR) of all SCs in the FD.
transmitter, receiver and the surrounding objects. Furibee, As a result, the optimization of the RIS reflection coeffitgen
high-mobility scenarios are of crucial importance for fgtu for maximizing the NLoS channel powers of all SCs remains a
wireless generations providing ubiquitous tetherles:eotiv- non-trivial problem.Finally, in the face of double selectivity,
ity. The first release of the 5G New Radio (NR) standard sujp-becomes inevitable to encounter either ISI or ICI during
ports a highway car velocity of up to 140 km/h and high-spedde signal detection in the TD or in the FD, respectively.
train velocity of 500 km/h [39], [40]. The modernization offA Moreover, the detrimental ICI increases both with the Deppl
Traffic Management (ATM) is also underway, which aims fofrequency and carrier frequency. These open problemsanall f
improving the existing communication links for aircrafatel- more advanced interference-mitigation techniques.
ling at 1080 km/h [41]-[43]. In the much-anticipated spafe-  Against this background, in this contribution, we propose
ground integrated network, both the 5G networks and the netd mitigate the above-mentioned challenges in the follow-
generation ATM are developing standards for unmannedlaeiiray aspectsFirst of all, the RIS control link is facilitated
vehicles (UAVS) popularly known as drones or quadcopteby relying on the LoS characteristics. The LoS modelling
[43]-[45]. The low-altitude rotary-wing UAVs are genesall involves both the positioning information [16]-[19] andeth
permitted to travel at a speed up to 108 km/h, while the highigh frequency offsef) f os that is jointly determined by the
altitude fixed-wing UAVs may exceed the speed of soundirection and speed of movement. Therefore, the time-ugryi
In these scenarios, the associated Doppler frequencidg edsoS can be readily predicted and fed back on the control link
reach thousands of Hertz, which is a substantial percentageadvance.Secondly we propose new MMSE channel esti-
of the subcarrier spacing (SCS) in the operational orthagommation methods for both FD and TD signal processing, which
frequency-division multiplexing (OFDM) standards. Theatls are conceived based on a comprehensive analytical model of
to the detrimental effect of doubly-selective fading chelen the superimposed direct BS-User-link and reflected BS-RIS-
[1]-[7]. More explicitly, on one hand, when the delay-smteaUser-link in the face of doubly selective fadinghirdly, the
of the multipath components exceeds the symbol-level saRIS coefficients are optimized by a low-complexity algamith
pling period, inter-symbol interference (ISI) is encountkin based on the LoS characteristics that are known a priori.
frequency-selective scenarios, where the coherence hdidwFinally, upon conceiving MMSE-based channel estimation
becomes lower than the signal bandwidth. We note that theethods for doubly selective fading, bespoke interference
coherence bandwidth defines the range of frequency owancallation techniques are devised for improving the adign
which the frequency-domain (FD) channel transfer functiasetection both in FD and in TD.
is near-constant and this bandwidth is inversely propalion To elaborate, in Table | we boldly and explicitly contrast
to the mean delay-spread. To mitigate this, OFDM is invokexlir novel contributions to the state-of-the-art RIS-dssis
in order to divide the frequency-selective wideband chhnneommunication systems. In terms of RIS modelling, the three
into orthogonal non-dispersive subchannels. On the ottied h essential features of having passive elements, modellitig b
the coherence time characterizes the time inverval ovectwhidirect and reflected links as well as creating favourable LoS
the fading channel’s envelope may be deemed near-constamapagation are highlighted in Table |, where the existing
and this duration is inversely propotional to the maximurechemes exhibit specific pros and cons in this regard. In the
Doppler frequency. In high-mobility scenarios, the coneese face of high-mobility, Table | takes into account the adapti
time may become lower than the OFDM symbol duratiorip AoA/AoD that determines the correlations in the SD, the
which leads to inter-carrier interference (ICl) that degsr LoS frequency offsef\ fi os that determines the time-varying
OFDM’s subcarrier (SC) orthogonality. nature of the LoS components as well as the normalized max-
Therefore, the deployment of RIS in doubly selective fadmum Doppler frequency,; that determines the time-varying
ing channels faces the following major challenges [46]}[50nature of the NLoS components. The proposed scheme is the
First of all, despite the fact that the RIS reconfiguratiofirst one that includes all of these important high-mobility
can be implemented near-instantaneously, where the sagtchfactors in the analytical model. Furthermore, the proposed
frequency of the positive-intrinsic-negative (PIN) diodery solution is also the first one capable of coping with both
reach 5 MHz [12], it remains a challenge to instantaneoudisequency-selectivity and time-selectivity, as seen ibl&d.
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TABLE | State-of-the-art RIS-assisted communication systems.

RIS modelling Adaptive to mobility Doubly Selectivity

Channel estimation Passivg Both directand Considered| Adaptive to Considered| Adaptive to Frequency- Time-

methods RIS? reflected links? LoS? AoA/AoD? A flLos? high f4? Selectivity Selectivity
Hanet al. [16] LoS knowledge v/ v/ v/ v/

Compressive  sensing
Tahaet al. [20] deep learning v v
Yang et al. [23] ON/OFF-based LS v v/ v/ v
Wang et al. [24] ON/OFF-based LS v v/ v/ v/
Jenseret al. [25] DFT-based LS v v/
Zhenget al. [26] DFT-based LS v/ v/ v/ v/
Nadeenet al. [27] DFT-based MMSE v v/ v/ v
You et al. [29] DFT-based LS v/ v/
Chenet al. [32] Compressive sensing v v/
Ma et al. [33] Deep learning v V. i
He et al. [34] Matrix factorization vV v/
Liu et al. [35] Matrix factorization v v/ v/ v/
Proposed Scheme |MMSE v v/ v/ v/ v v v v
Rotary-Wing UAV Fixed-Wing UAV
e L
reflected .= reflected v s
P JRIS A 7 RIS
/$ dlrect v é\ direct
BS Ve i BS
car
@ (b)

Fig. 1: Examples of unmanned aerial vehicles (UAV) scenarios.

Moreover, in this contribution, we focus our attention oe th

family of LoS-dominated UAV applications, as exemplied in «

Fig. 1, which will be elaborated on in Sec. Il. In summary,
the novel contributions of this work are:

o We construct a new analytical model of time-varying
frequency-selective Ricean channels for high-dimensiona
and high-mobility RIS-assisted communication systems.
The correlations of the fading channels in the SD, TD
and FD imposed by the AoA/AoD, the Doppler and
the OFDM operations, respectively, are carefully taken
into account. The time-varying characteristics of the
LoS and NLoS fading elements are analysed separately.
Nonetheless, due to the tripple convolutions of the BS- *
RIS links, RIS coefficients and RIS-User links, some of
the LoS paths are entangled with the NLoS paths. The
resultant effects imposed on the fading correlations are
meticulously formulated.

A low-complexity algorithm is proposed for RIS config-
uration based on the LoS characteristics. More explicitly,
the LoS characteristics including the static information
of initial coordinates, speed and carrier frequency, which
can be used for predicting the LoS elements. Following
this, the RIS coefficients are optimized for maximizing
the predicted LoS power, hence they can be fed back in
advance by a separate control link.

We conceive a FD channel estimator for time-varying
fading (FD-CE-TV). Owing to the fact that the RIS
configuration is based on the deterministic LoS paths,

the FD signal detection is improved.

In order to avoid ICI, we conceive furthermore a TD
channel estimator for time-varying fading (TD-CE-TV).
The pilot symbols are inserted in the TD only, where
MMSE channel estimation is invoked in the TD in order
to estimate the CIR taps one-by-one. Furthermore, in
order to alleviate the ISI, successive interference cancel
lation (SIC) is invoked for TD signal detection. We note
that for both FD-CE-TV and TD-CE-TV, the deployment
of RIS is “transparant” to the transmitter, where the pilot
pattern assignment in the FD and TD does not have to
take into account the number of RIS-reflected links.

Our simulation results demonstrate that the conventional
ON/OFF and DFT based RIS channel estimation tech-
niques [23], [26] conceived for time-invariant fading
channels suffer from an irreducible error floor in the
high-mobility scenarios, which is mitigated by the pro-
posed MMSE schemes of FD-CE-TV and TD-CE-TV.
Furthermore, our simulation results confirm that the RIS
is capable of achieving substantial performance improve-
ments both in terms of the unconstrained capacity of
continuous-input continuous-output memoryless channels
(CCMCQC), and the constrained capacity of discrete-input
continuous-output memoryless channels (DCMC) as well
as in terms of the bit error ratio (BER). Our simulation
results are examined in six frequency bands licensed
in 5G, which confirms that the employment of RIS is
especially beneficial in the lower 5G frequency bands.

the RIS-reflected links no longer have to be estimated The rest of this paper is organized as follows. The modelling

one-by-one. Instead, the MMSE method is invoked iaf R

IS assisted OFDM operating in doubly selective Ricean

the FD in order to estimate the superimposed direct astlannels is presented in Sec. Il. The optimization of RIS
reflected links, which is based on the pilot symbols thaeflecting coefficients is devised in Sec. Ill. The MMSE
are periodically assigned in both the FD and the Tzhannel estimation schemes are proposed in the FD and

Moreover, the ICI imposed by the LoS components iED i

n Sec. IV, where sophisticated interference mitigation

evaluated and eliminated from the received pilots, so thichniques are conceived. Finally, our performance resuitl
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TABLE Il: OFDM notations.

Time-Domain (TD) | Frequency-Domain (FD) to the number of SCs, while we hauey = exp(j3F). The
Transmitter | 5;,,, Sik IDFT can be written in matrix form a&; = \%NF%S,-), where
Fading Rin, hi, s _— [T ~ T Nx1
Receiver gz‘,nl th we have the TD sampla = [Si,07 R 782‘7]\/71] e cVxt, the

FD OFDM symbols = [sio, - ,sin-1]7 € C¥*! and the

conclusions are offered in Secs. V and VI, respectively.  DFT matrix [Fn]a,, = exp(—j2Xab) for Fy € C¥*V. A cyclic
The following notations are used throughout the paper. Tipeefix of length N., is attached to each TD OFDM symbol

operations(-)* and (-)? denote the conjugate of a complexefore its transmission.

number and the Hermitian transpose of a complex matrix,

respectively. The notations(-) and exp(-) refer to natural i i

logarithm and natural exponential functions, respegivehe C- The Direct BS-User Link

notations p(-) and H:) represent the probability and the _The PL of the direct BS-User link is given by [1]-[4], [40],

expectation, respectivelyA], ; refers to the element on the[sz]’ [53]:

i X d
a-th row andb-th column of matrix, andA. € C**¢ denotes  p|BsUsec 1 BSUsenog  ((BSUse) _ 90 10g, () 4 GBS 4 GUse!

that A is a complex-valued matrix of size x d). = 10log,, ['25,Y*"dB,
1)
Il. MODELLING OF RIS ASSISTEDOFDM IN DousLy ~ Where 4°5%*¢" denotes the PL exponent of the BS-User
SELECTIVE RICEAN CHANNELS IinkéSThe effective antenn&ergains are formulated(a$® =
A. General Setups 32) and (G = YSe), where APS and AV are
We consider a downlink scenario where the coverage ife antenna aperture of the BS and the user, respectively,
a high-mobility user is enhanced by a RIS. In this paper,vehile f. and A = £ refer to the carrier frequency and

single antenna is used both at the BS and at the user, whibh wavelength, respectively. The distance between the BS
minimizes the CSI estimation overhead in the high-mobilitand user is updated for each sampling period according
scenarios considered. We note that as the numbers of asterinald®>"** = \/(zss — Tusen® + (Yss — Yusen)® + (2Bs — 2zuser)?],
is increased at the BS and/or the user, the channel estimatidere (zss, yss, 2z8s) and (zuser, Yuser, 2user) refer to the coordi-
scheme conceived in this paper can be directly applied usingtes of the BS and that of the user, respectively. The non-
an ON/OFF pattern of antennas. However, this results in Bgarithmic PL is given by5Y*" In summary, the PL of (1) is
excessive pilot overhead for the high-dimensional RIS{ivét  a function of distance and carrier frequency/wavelengtiiciv
grows with the number of antennas, which is not preferred allows us to examine the performance of the RIS assisted high
the high-mobility scenarios considered in this paper. mobility systems at different frequency bands. On one hand,
In this treatise, we focus our attention on the family opased on Friis’ Law, the PL component @01log,,(47/))]
LoS-dominated UAV applications, as exemplied in Fig. 1. Imcreases quadratically witfy. On the other hand, the antenna
more detalil, in Fig. 1(a), a passive RIS covers the body ofagerturesA®S and AY*" shrink asf. increases. As a result,
rotary-wing UAV that remains stationary hovering in theiair given fixed antenna sizes, the effective antenna gaffisand
order to assist a vehicle moving on the ground. By contrast, &.**" also increase quadratically with. More details on these
Fig. 1(b), a RIS is deployed at a fixed-wing UAV that movegelationships can be found in [40], [52], [53].

in the same direction as the vehicle travelling on the ground The BS-User link hasvp>* CIR taps, where the first
so that a low Doppler is achieved for the critical RIS-UsdP_represents the LoS, while the rest are NLoS paths. The

links. Moreover, in Fig. 1(c), a RIS is placed at a building to K%gﬂg%ﬁéﬁig%gg rorfa%oeftﬁ eTfBes%r%JItiﬂg F;('acr?oadn Jvailfﬁ%r of
in order to assist a low-altitude UAV in the face of terraifihe ;-th OFDM symbol is given by:

shadowing, where the direct link is blocked by obstacles.
Furthermore, in Fig. 1(d), the three-axis maneuvers ofpitC ~gg yeer /KBS UserBS User - .
roll and yaw may lead to detrimental airframe shadowing forhi”s”%sez sttty XP {72 [i(N + Nep) + n] Af on User’mz)’
high-altitude _UAVS' Wh.er_e the direct link is blocked by thﬁ/here the LoS frequency offset imposed by the movement of
body of the aircraft. This is highly hazardous, as the blgekathe yser is expressed as:
may last as long as 74 seconds for a mission-critical UAV,[44]
[51]. As a remedy, a RIS covers the wing of the UAV, where a A fBS-Usertos_ w cos(pgSY). (3)
LoS link is retained from the RIS to the ground station (GS). ’

For the OFDM representations, the TD and FD notatiohpre explicitly, the maximum Doppler frequency of the BS-
follow the generic rules exemplified in Table II. Furthermor User link is given by(fp>"*'= =l<), wherev and. represent
the key model components of our RIS-assisted high-mobili e users velocity and the speed of light, respectivelye Th

. . X . gle between the LoS and the direction of movement is
OFDM systems are summarized in Table I, which will beyaluated by(¢BSUs* = arctan es—vuser ) We note that both

detailed in the following sections. the path lossr® and AoA 5 ‘are updated based on the
coordinates(zes, yss, zes) and (wuser, Yuser, 2user) fOr each TD
B. Multi-Carrier Modulation sampling period. Moreover, the NLoS taps of the BS-User

For thei-th OFDM symbol, thek-th SC is modulated as link are generated by Clarke’s model [54], [55] according to
PSK/QAM as{s;}~!, and then the TD signalgs; . }=} the complex normal distribution as:
are generated by invoking the inverse discrete fourierstran s L85 User
form (IDFT) as (i, = ﬁzfg’:‘; s ki), wWhere N refers hewr e CN (0, (KBS Usery 1) NES-User_l))v (4)
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TABLE lll: Key model components of RIS-assisted high-mobility OFDist®ems.
BS-User Link BS-RIS Link RIS-user Link
Distance dBS-User: dB -RIS — dRIS-User:
@ss—zuse) + (ys — Yuse) 2 + (28BS — 2Use) 2 V/(zes—zris)2+ (yss — yris)2 + (285 — zris) 2 @ris — Zuse) >+ (Yris — Yuse) >+ (2Ris — Zuse) 2
Path  loss| gs.user BS-RIS RIS-User
exponent v v v
BS-User_ , ;BS-User—vBSUSefy\—2. (0.1 GTHGR BS-RIS BS-RISy—vBS RIS 47y —2 1 10.1G X RIS-User. RIS-Usen — RIS USel 47y —2 10.1GRX
Path loss ~ [PBSUseL ((BSUsej—v">dmy=2 001G MG | PBSRIS_ (BSRIS) —7*> T (47 =2 101G DR 8= (dese) = (5F) 71077
Ricean fac- ¢ BS-User KBSRIS RIS-User
tor
BS-USer BSRIS RIS-USer
CiRtaps | NP Ny Ny,
¢ BS-User-BS-User < BS-RISLBSRIS i RIS-User-RIS-User
LoS power - in - um - hn
BSUser; | KBSRIS, KRISUser; 1
Max. BSUser FBSRIS FRIS-User
Doppler D D D
BS-User __ YBS — YUser BS-RIS __ YBS —YRIS RIS-User__ YRIS — YUser
LoS AoA bq = arctan e bq = arctan Tha— TR b0 =arctan RIS U
r_ L ZBSARIS 7 _ YBS—URIS
RIS AoA 0" =arccos BSRIS » ¥ —arctan Tps—enis
t z 2| t Yi Y
RIS AoD 0" =arccos ;sf{@ﬁ, @' =arctan ﬁ
BS-User BS-RIST RIS-User
BS-UserLos__ [ T BS-Use BS-RISLos _ [ BS-RIS RIS-UserLos__ [ T RIS-Use
LoS offset | AfpSsertos= "B cos(45% ) ASPSISTS = “P g cos(¢5>™) AfRRUEtoS= T cos(9fS )
NLoS TES IS rESRS RIS TS
power (KBS-Usegl)(N;BLS—UseLl) (KBS-RIS+1)(NES—RI571> (KRIS-Useq,l)(NEIS—UseLl)
NLoS FESUSENS (NG An) = FESRENIGS (A An) = FRSTSTNGS (A Ap) =
1 BS-User 1BS-User 1BS-RIS 1BS-RIS TRIS-User TRIS-User
auto- it Ai,n+An in i+A1,n+An" i,n i+ AL, n+An" i,n
(iBSUsety ) (NBSUSeLT) (KBS-RlsH)(Ngs-Rls,l) (KRISUser ) (v RIS-User
BS-Usehp[ A ; BSRIS A RIS-USerp [ A
) 2 T[Ai (NN ep HA 2 Ai (NN 2 T[Ai (NN ep HA
correlation ><J0{ LED? [ ]\L,( Nep)t: "]} ><J0{ LEb?] [ ]i,( + LPHA"]} ><Jo{ LED [Af( Nep)t: "]}

for (1 <1< NESY*_1). The correlation over time is given byfor (1 <1< NPSRS_1) and(0 < m < M —1). The associated
TD correlation is given by:

~BS-User,NLoS/ A _ 7, BS-User 7 BS-Usen
T (sz A?’L) =F [h‘i+Ai,n+An7l(h ]

BS-User BS-User BS-Usel . iﬂl’l (5) ’FBS'R|S,NLOS(A,L‘7 A’I’L) = E [’FL?{S--’A?L?ZL-&-AH,Z(~Z'B,§L-S|S’n)*
VEitaintanlin 27 5T [Ai(N+Nep)+A7]
= (xBsUser; 1) (VBT 1) 0 N ’ _ VIR AR an TN 2 fESRIST[Ai(N+Nep)+4n]
- (KBS-RIS+1>(NSS-R7I571) 0 N .
where Jy(-) is the Bessel function of the first kind. (10)
D. The BS-RIS Links h -
The PL of the BS-RIS link is given by: E. The RIS-User Links o
The PL of the RIS-User link is formulated as:
PLESRIS —107B5RS10g, (d®SRS) — 2010g, (4) + GBS RIS-User RIS-User RIS-Use 4 User
A € = _ aT
= 10logy, FE:EL-Rls dB, (6) PL 10~y log,(d )—20 10g10( by )+Ge (11)

= 10log;, [TV dB,

where 1#5%* denotes the PL exponent of the BS-RIS linkyhere~RiSUser denotes the PL exponent of the RIS-User link,

while the distance between the BS and RIS is updated while the distance between the relay and destination istedda

[dBS_RIS = \/(JSBS — IR15)2 + (yBs — yR|s)2 + (ZBS — st)Q}. The as [des-User: \/(mRIS - $User)2 + (yRIS - yUser)2 + (ZRIS - ZUser)z]-

non-logarithmic PL is given by8SR'S We note that there is The non-logarithmic PL is given by7>"**. Furthermore, the

no antenna gain at the passive RIS. LoS tap of each RIS-User link associated with theh RIS
The RIS is assumed to be comprised\ofpassive reflecting element is modelled as:

elements, where a uniform planar array (UPA) is adopted. As_ _ |

a result, the LoS tap of each BS-RIS link associated with thé: o "=

m-th RIS element is modelled as:

/K¢ RIS-UseRIS-User
i

KRIS—UserY_:/l Xp{j27r [i(N+Nep)+n] AffLS-User,LoS}
X [at(eta Sat)]ma

12)
~ BS-RIS['BS-RIS . .
RES RIS K}(E&S%ﬂexp{jQW [i(N+Nep ] AfESRISLOS, o) for (0 < m < M —1). The UPA response vector is given

by (8). The azimuth and elevation AoDs are evaluated as
(0® = arccos “%g588) and(¢' = arctan suse RS, respectively.

for (0 <m < M—1). The azimuth and eleyation AoAzs arze evalThe NLoS taps of the RIS-User |in{(7lz'§:ysesn M-1 are also

uated Pased on ;E‘ﬁyﬁ;D coordinates(@s = arccos “%s7¥*)  Guassian distributed in the same form as (9), and the TD

and (" = arctan ;22752 ), respectively. For the UPA having .o elation is in the same form as (10), where the power

M, and M, elements on thg and > axes, the array response RIS User RIS-User

vector is given by: and Doppler are replaced QWNE'SU“’—U and f} i
respectively.

X [aT‘(erv @T)}ma

aupa(0, @) = [1,- -+ ,exp {j2Fd [my sin6 cos p + m.sing|},
. 2l _ . . _ . T
exp {5 d[(My = 1)sinf cosp + (M. — 1) sin o] }] g) F. Received Signals Modelling
where we havél < m, < (M, —1)], [L < m. < (M. —1)] and For the cascaded BS-RIS-User reflected links, the transmit-

(M = M,M.), while (d = 2) denotes the antenna spacing. Thééd TD signal is convolved three times with the BS-RIS link,

NLoS taps of the BS_R|§ links are also generated by Clarké§ well as with the RIS reflecting coefficients and then with

model [54], [55] according to the complex normal distribmti  the RIS-User link. More explicitly, the TD signal arriving a
the m-th RIS element is given by:
NBSRIS | ~

~BS-RIS,, _ BS-RIS,, ~
Yin *Zzlzo hi,n,ll Sin—1ly-

~ BS-RIS
RESRS: € eNf (o T ) : )

im,l ) (KBS-RS_,_I’)('NES-RIS_D

(13)
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Then the three-time convolution associated with #hi¢h RIS where the ICI power is bounded 18(|3;,x|) < %(fDT)2 [56],

element is expressed as: [57], which is relatively small wherif,T < 0.02) [58]. The
~BS-RIS-Usef, _ <~ NRSU*12RisUser, m  ~BSRIS, exact ICI power will be evaluated in Sec. IV.
in poms 2=0 1 inila  Yin—laYin—i,
NRSRIS_1 NRISUseq 7BS-RIS,, 7 RIS-Usef, =
=3 XLk oy B R RS 11, 1Il. OPTIMIZATION OF RIS REFLECTION COEFFICIENTS

lo=0
N}BLS'R|S'U59L1 ~BS-RIS-Usey,

=S Ay Finot, The objective of RIS optimization is to find the reflection
(14) coefficients that maximize the fading channel power. As the
where we have(NpSRSUser— VPSR - NRISUs' 1) and the fading channels vary within an OFDM symbol duration,
cascaded reflected fading is: the RIS reflection coefficient$a!™,}2' - also become time-
FESRIS LSS o™ JBSRS. RSUsen,  (15) varying. As a result, the semidefinite relaxation [23] ane th
bt vitte=t Tl Tl Tt strongest-CIR maximization [26] designed for block fadémg
&P longer applicable. o
It is readily demonstrated by (18) that maximizing the
» CIR powers{|h; ..|*}»~" and maximizing thev CFR

Following this, the direct BS-User link and the cascad
BS-RIS-User reflected links are superimposed at the regeiv:

ielding: . .
y g BSRISU powers {|h;..x|*}1—, are equivalent. Owing to the fact that
7 :ZNES'USeLrBs.uwg T NESRISUser ) =F 3 T, the number of CIR tapsV, is generally much lower than
Bt m=0 S1=0 o """" the number of OFDM SCsv, the channel power is more
N1 o L concentrated in the TD than in the FD, as suggested in [26].
=22  hiniSin—i + Vin, (16) As a result, the following optimization problem is formuelt
where we havéN,, = max(Np>U¢) NpSRISUs)] The equivalent for RIS configuration:
CIR is given by: max e MR
m - — T,m,l|
- ~BS-RIS-Usef,, .{ai-r"}mi‘; =o | | (20)
h?sﬁlfseerM:olhi S, 0<1<min(NBSUser | NBSRISUser 1y subject to|a;",| =1, Vm =0,--- ,M — 1.
hin, = RES ST NESRISUserc < v, 1 if N, = NPSUse! This problem is non-convex due to the constant modulus con-
~BS-RIS-Usey, H . ..
M-1 BS-User o _ BsRis-user  Straint. Moreover, the same set of RIS reflection coeffisient
2im=o himp o Np" SIS N =10 Ny = Ny a7 o M—1 calculated for the:-th sampling period in the-th
OFDM symbol have to maximize a total number 8f CIR

powers{|hi .|*} =" in (20), which is computationally com-

- plex to solve. In order to conceive a low-complexity algmit
G. The Effect of Double Selectivity _that is feasible for rapidly fluctuating fading channels, seek

For the case of time-invariant fading, i.e. when the fadingie RIS reflection coefficients that maximize the dominars Lo
envelope remains near-constant over an OFDM symbol periggh, which is extended based on (17) as:

{hii = hini}N=}, the received TD signals of (16) can be - ~BS-RIS-User,
. . & _ Tr~ ~ hi _ h_BS-User+ ZJVI—I h
represented in matrix form &$; = H;s; +v.), where we have in,0 Rim0 =g Ml sy (21)
~ ~ ~ ~ o~ ~ — -User - m - n -Usel,
Yi = [Ui,0, - 7yi,N71]T c CV andv; = [Vs,0,- ,’Ui,N—l]T € =hino + Zm:O Oéiﬁlhi,n,o hi,n,O .
CcN>!, while the(N x N) circulant CIR matrixH; is constituted The convolution operation of

by the N, time-invariant taps{h:,.},%, . Following this, the (>>, . _ o, iBSRS: jRSUseh) i (15) s avoided

i,n—l2'% n—ls,l1 %i,n,l

received TD signals are transformed into the FD by DFiRi the LoS refmresenZtalnon of (21). As a result, the set
as (yi, = ﬁZiL‘J 7inwy™), which can be expressed in{ai’},—o is only related to the fading elements associated
matrix form as(v: — L Fx% — LFviLFHs: LB v with the same sampling index in (21). Based on this, the

) (.yl = Vno VY = yENEENsi + Oy NVi)- RIS reflection coefficients that maximize the dominant LoS
Owing to the circulant CIR matrix structure @&f;, the CFR power are given by:
matrix [H; = LFyH,Fy = diagh;)] is diagonal. This FES-Usel 85 RISy RIS User, ) -
facilitates OFDM's single-tap FD equalization, where eSh o, = W (22)
is demodulated independently without encountering ICI. _ e o _

However, in the face of time-selectivity, the CIR taps inAlternatively, (20) is suboptimally solved by the successi
each row of the circulant CIR matrifl; are time-variant. convex approximation (SCA) technique in the FD in [23],
Consequently,(H; = +FyH,FY) is no longer diagonal, which obtains a stationary point at the cost of polynomial
which destroys OFDM’s SC orthogonality. More eXp“C'“yvcomplexity in terms of N and M. As a further advance,

the received TD signalg: . may be extended as: the non-convex optimization problem may be solved by deep

Yim = f\f:’{lﬁi,n,ﬁi,<n4>N + Uin reinforcement learning [59] without using sophisticatetima
= ST R N s kw0 T 4 B 18 ematical model-based optimization techniques. Nonetkele
= Tlﬁ SN skt SN Ry 1w T (18) " the LoS-based solution of (22) and the SCA-based solution of

N-1

= = Taco Si kP kWONE 4 Tim, [23] have neglible performance differences in LoS-dongdat

high-mobility UAV scenarios considered in this paper, vthic

where the CFRS ar@h .. = " " hiniwy'™). Following il be confirmed by our simulation results in Sec. V
this, the received FD signals after DFT mévy be extended as: y o

Yik = Tlﬁ SN Gy IV. MMSE CHANNEL ESTIMATION TECHNIQUES
= LN ISV i oy v In this section, we conceive MMSE channel estimation
n= = 5 3T, B

methods that operates either in the FD or TD, which are
referred to as FD-CE-TV and TD-CE-TV, respectively. The
(19) pilot assignment patterns of FD-CE-TV and TD-CE-TV are

_ 1 N-1 1 N-1 n(k'—k)
= 8ik(§ 2oneo Mink) F N Do zk Sick! Daneo M b W +0ik
= Si,khik + Bik + Uik,
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Frequency
Pilot D Data
Nfme blocks
[2Ny + 14 (Npg — 1)(Np + N)| sampling periods
I |
I 1 .
l: | l: Ny +1 Ny+N _ Ng+N Pilot [ ] Data
Time — ! ‘ ‘ R
Nime ‘:::::‘ ‘ ‘ ‘:::::‘ ‘ ‘ ‘ Time
(a) FD-CE-TV (b) TD-CE-TV

Fig. 2: Pilot patterns for frequency-domain channel estimation for tiererg fading (FD-CE-TV) and time-domain channel estimation for
time-varing fading (TD-CE-TV).

portrayed in Fig. 2, which will be further elaborated on iethAs a result, the FD correlation function of the NLoS of
following sections. composite direct and reflected link$}°° is given by:

r(Ai, Ak) = E{hitnik+ach] .}
A. FD-CE-TV

= +=E { {ZN_l hivnin k+Ak} [ZN_l h; ”

Owing to the fact that the determinstic LoS paths are used =0 o "Fok 2’;?’]“
for RIS configuration, the channel estimator no longer has to = & E{ {Zﬁf:o ot Rt timy gy wy HETAR)
estimate the direct and reflected links one-by-one. The most Nol «Np—17 ok
important objective is to formulate the correlation funos X [Zm:o loe0 i ny 1, W }}
of RIS assisted OFDM in doubly selective fading, so that the 1 N=1 <~N—1 «~Np—17 . N
MMSE channel estimates can be devised for signal detection. — RERZR DIMEND DHAND D7l N RN RN L }
More explicitly, first of all, the LoS paths of the cascaded = rL°S(Aj) + rt°S(Ai, Ak),
BS-RIS-User links of (15) may be extended as: (30)

where the correlation functions of the LoS and NLoS compo-

~BS-RIS-Usep, ~ ~ H
, 7 BS-RIS,, 7RIS-U :
im0 = af, RS RIS RIS Usen (23) nents are given by:
. LS A\ _ 1 SoN—-1 «-N—-1 7. T
while the NLoS paths are extended as: TNLO(SAQ = ne quzo Cna=0 }zlifbf’oh%ﬂbzﬁlmos . Ak
b5.Ris User 0 (AL AR) = w2 Zm:o gm0 2oimi Tl (A, An)wé\él) .
oo 7 BS-RIS,,, 7 RIS-Usef,, 7 BS-RIS,, 7RIS-U
i :a;?nflhi,nf% it ot i hi Smhi o

n,
m  TBSRIS, 7JRIS-User,
+ szl+12:l,ll £0,15#£0 Xin—1ly h = s

The pilot pattern of FD-CE-TV is portrayed in Fig. 2(a). As
. for the pilot OFDM symbol, a total ofv, pilots are inserted

for I =1,---,N, —1). It can be seen in (24) that due to th - g . Freq

tripple convolutions of the BS-RIS links, RIS coefficientsda ?nto_t?\? ]\EEWW 'tg a‘l epd|lc(>)tnspla9cmtgrj1 eoxlzsei\’/ev(\j/heilrgtsvﬁ S]aeviD

RIS-User links, some of the LoS paths are entangled with t&%{ —ap %; )- (19), P

NLoS paths, which has to be carefully taken into account. e given
a result, the correlation of the NLoS paths is given by:

(24)

Yiwku = Wiy ko F Bin kw T Vi ku (32)

FOSRISUSCINCOS: (A A) = 5 oS RIS Usehn (E?S'R'S'Use’" . where (.,k.) indicates the position of the-th pilot, as seen
t ’ - ALt AR TN, in Fig. 2(a). In order to evaluate the CFR, the MMSE
—aT A A RBSRIS, o BSRISH) FRIsUserNLogn ; A, SOlUtiON observes a total number af, pilots in the FD and
Atk ant ”A“"*A'H’O( el “"*l'i’) & ) D that preceden. ., and then produces the estimatbg
O Ai et An P AL An0 (a?nh?,'f,'gse‘”) PSRISNLS A Ap) based on the correlation function of (30) as:

Pty ta =ty 20,12 0 At AVt hige = N (Wik) Yiwkw = (Wik) " ik
X T’*RlS-USer-NLO%AZ" An)?’:BSERIS'NLO%A'L} An), ) u= 21y s s B (33)

(25) =eix(Cir) Vi,
for 1 = 1,---,N, — 1). Based on this, the TD correlation where we have the MMSE filter's inputdy;sl. =
function of the NLoS of the superimposed direct and reflecteg, ., as well as the MMSE filter's correlationg; , =
links h; ., of (17) is given by (26). E{hY55(Fi 1) Hu = 7°5(i — iu) + 7™S(i — iu,k — ky) and
In the FD, the composite direct and reflected links seen [C.;. = E{7ix(Fir)" Hurus = 7500y — tuy) + 75 (0, —
in (19) may be extended as: Gugs Kuy — Kuy) + (No)us—us, Where Ny is only added when

*

hie = SN hing (ua :u.2)' . .
T iz’&r}@f ’ STty (27) n hlgh-DoppIer_ scenarios, the CFRs vary more rapidly
N fn=0 WRmO T = BN in the TD than in the FD. Therefore, it becomes more
where the LoS part is the same for all subcarriers: beneficial to dedicate the MMSE observation efforts to the
los 1 <aN_1+ TD of Fig. 2(a). For example, let us consider the case of
hi®™ = % 2on=o hin.o0, (28) having (V = 64) SCs and(NV, = 4) pilots. Then the MMSE
while the NLoS part is given by: filters associated witliV,, = 8) can utilize 8 pilot positions

{(iu, ku)}25" spanning over 2 pilot OFDM symbols. By
ANGOS = L SN S T R (29) contrast, we propose to firstly invoke the MMSE method to
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_1 =~BS-RIS-User,NL . X -RIS-
PSRN, An) + 000 (A Ry ™ 0 < 1< min(NESVSer— , NpSRISUser_ )

F}\ILOS(A,L-7 An) — ?BS-User(A,L-’ An), NES-RIS-UserS <Ny — 1, if N}?S-User> N}?S-RIS—Ufer (26)
~BS-RIS-User,NLo$, . g . _RIS- .
7t ser,NLo$, (Ai, An), NES Userg 1< Ny —1, if NES RIS-User NES User

estimate the CFRs associated with the same SC indices as tHa order to sample theV, CIR taps, the transmitted TD

pilots, which are indicated biy € {0, N{? 2N ... (N,— Pilots are designed as:

1)N/¥9}. In this way, for each SC index the MMSE filter's L n=o

(N., = 8) input can utilize 8 pilot position$(i., )}, ' from 50 = { 0. n=1,2--,No (36)
8 pilot OFDM symbols, which offer better observations in _ _ _

the TD. This first step follows a “horizontal comb” fashiof*S @ result, the received TD pilots are given by:

in Fig. 2(a). Following this, we propose to complete all o R0 L 5w =01, N,

CFR estimation in a “vertical comb” fashion. More expligitl Yn' = { 67%,’107 R N, +’1:Nh n 2. Ny
upon obtaining a subset of CFRs, for the SC indices (37)

of k € {0, NJ59, 2NL5?, - (N, — 1)N}59}, which form a Following this, the transmitted data OFDM samples in the TD
vector h? e CN»*1, the equivalent CIRs of theth OFDM are denoted by;:*. The received signals in the TD are given
symbol period may be recovered by performing-point
IDFT as [Ef]OZ(Nh,l) = g[Fﬁpﬁf]OZ(Nh,l), where only the
first N, elements gleaned from the IDFT are retained in thBased on this signal transmission pattern, the correla-
(N x 1)-element CIR vectoh, , while the remainingN — ;) tion between the CIRs on pilot positions is given by
elements irh, are all zeros. Finally, the fullv x 1)-element [hﬁm’o(hﬁo)* = 7*5(AuNiame 0), and the correlation
CFR vector of thei-th OFDM symbol is obtained by tha/- betx\ﬁearl tC~”3§ on t[‘NemSp"Ot and data positions is given by
point DFT as(h; = ﬁFNflz)) E [hn,l (R )*] =r (AuNframe-i-(?Ncp_-l- D+ (- 1)(J_V+
Furthermore, in order to improve the MMSE performancdYer); —1). As a result, the MMSE solution of the estimated

the LoS part of ICI can be eliminated from the received pilot&» is formulated as:
The overall ICI of the pilot symbols are given by:

~u,t __ Np Tu,t~u,t ~u,t
Yn' = l=10 hn,ls<n—l>N + o (38)

su,t

ha = e (CH) 7YY (39)
_ 1 N-1 n(k’—ky) )
iuku — N ’ ’ n— hiu,'n, o W . . . .
B b T 2o b 573127;0 thNE A\ n(—r,y Where the(N, x 1)-element received pilot vector is given
= ﬁLgk/;ék"’ﬁllljg Zﬂ:o z‘u,n,0+zl:1 i, W N )WN by ;;L _ @T—NHH—I,O’ ,Z]lu—Nw-ﬁ—Q,O7 . ’@T,O}T. FUrthermore, the
= Bivku + Biy k> (34) MMSE's correlation matrices are given by (40) and (41),
where the LoS and NLoS parts are formulated as: where we haveA; = (2Ne, + 1) + (t = (N + Nep)l.
Upon obtaining the estimated CIRs, the signal detection may
Los L N1~ (k' k) also be performed in the TD in order to avoid the Doppler-
Bisku = N 2ok ko k' €P 2in=0 himﬁj’w ’ , dependent ICI. More explicitly, the TD received signal o8)1
N = S ks er Somco S By et R TE may be expressed in matrix form as shown in (42), where the

(385) frame indexu and symbol index are omitted for the sake of
Therefore, the LoS part of ICI can be evaluated and subttac@Mmplicity. The resultant MMSE detector that minimizes the
from the received pilots a§: x]u = yi, k., — B85 . ISl is given by:
Finally, upon obtaining all estimated CFRs, OFDM's classic
single-tap FD equalization may be invoked based on tiwaere the MMSE matrix is expressed as:
received signal model of (19) &) = M~ (s 1hi /| hikl?)

z = G’ﬂMSE§7 (43)

[41, [60]. Gimse = (HTH + Noly) ™ HT. “4
Then successive interference cancelation (SIC) can bdaavo
based on the signal-to-interference-and-noise-ratib 1
B. TD-CE-TV el
hy,
As seen in Fig. 2(b), the TD signal transmission is organized M = Ek,¢k|g§£k,|kz+lv0”gk”z: (45)

into frames. In theu-th frame, the first symbol is a pilot that )
takes up (2N, + 1) sampling periods. Following the pilot,Whereg:. andhy, refer to thek-th column inGwuse and H,
there are(N&7 — 1) OFDM symbols, each of which lastsespectively. As a result, the signals associated with drigh

are removed at the receiver. In summary, in each frame, théfee pseudocode for the proposed SIC is provided in Table IV.

are N57¢ symbols that last a total dfViame = (2N + 1) +
(NE§*—1)(N+N.p)] sampling periods. For the sake of clarityC. Capacity Evaluations
the subscript of OFDM index s replaced by the superscripts In this section, we evaluate the key system performance

of both frame index and symbol index. More explicitly, thénetrics of CCMC capacity and DCMC capacity in both the FD

pilots and data are represented Hy’ and %' for the (i — and TD. More explicitly, based on (19), the CCMC capacity is
: . . given by maximizing the mutual informatiofn(s; y) between

uNrame+ Nep +n)-th sampling period for the pilot and the= e channel's input and output signals over the distrilutio

uNirame+ (2Nep +1)+(t—1) (N +Nep) +n]-th sampling pe”Od for of p(s) asCMC(SNR) = max, s I(s;y) = max,) H(y) —

the data, respectively, where we have- 1,2,--. , NgZ°—1). H(y|s), where the entropies are maximized by Gaussian input
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=Ry, = E[??(?;)H] = Noln, +

;FI\ILOS(O7 0) 'FNLOS(_Nframe, 0) ?NLOS(_QMram& 0) L. ;,NLOS(_(NW _ 1)]Vﬂame7 0)
'FNLOS(Nframe, 0) FNLOS(O, 0) FNLOS(*Nframe, 0) . 7’:NLOS(*(NU, _ 2)]Vﬂame7 0)
N5(2 Nirame, 0) N5 Nirame, 0) 950, 0) oo NOS(—(Ny — 3)Niame, 0) | (40)
'FNLOS((N»LU - l)Nframe, 0) ’FNLOS((NM - 2)Nframe, 0) FNLOS((Nw - 3)Nframe, O) M '?NLOS(O, 0)
ey =Ry = Bl i(v))"] 1)
= [ P5((Nw—1)Nvamet+Ar,n—1)  75((Ny —2) Niame+ A, n—1) -+ 7VOS(Ay,n—1) ].

go ho,o ho,1 -+ honN-1 So Eo

Y1 hi,0 hi,1 <o+ hin-1 $1 U1

: BRE : o . E (42)

YN—1 hn-10 hny-11 -+ hn-1nN-1 SN—1 UN_1

y = H s + V.

TABLE |IV: Pseudocode for the proposed SIC.

Input: y, H, No. Output: s.
1. t=0 /lnitialize counter.
2. Gse = HEH 4+ NoIy) 1HHE , INnitialize MMSE matrix.
3: ko = argmaxyg—g.... N—1 ‘g’gh’gl /lInitialize demodulation index.
T Zk’#k‘gghk’) +Nollgxl?
4: do{
5. zk, =gfly /IMMSE operation.
6: 8k, = M~ 1(zg,) //IDemodulate thek;-th symbol.
7.y =y —hy, 3, /lUpdate received signal.
8 H=ho, --,hg,_1,0,hg, 41, ,hy_1] /ICancel interference.
9 Glyse = HIH + NoIy)~'HH /Update MMSE matrix.
10:t=t+1 /[Update counter.
H 2
11: k¢ = argmaxyp£{rg, - ky_1} lgi b | > /lUpdate demodulation index.
Zk’;ﬁk,k’#{ko,u-,kt_l}’gghk’ +Nollg 12
12: } while t < N

and output distributions. Taking into account the pilotqesit- where the TD normalization factor is formulated @s° =

age required by FD-CE-TV, the CCMC capacity is given by (viZe_n |, while the SINRy is given by (45)
(NUme_1)(N+N¢p)+2Nep+17! .
[4], [60], [61] Furthermore, the DCMC capacity of TD-CE-TV is evaluated

. by:
CCMEFOSNR) = 2 YN I E {logQ <1 + #)} : y y
0 (46) CDCMC—TD(SNR):%ZIZCV;OI LL;OIE{logJ LLfcle(—”lk‘Zk—S \‘) . -|} 7
where the FD normalization factor is given by™ = (0= (el ‘(QO)
Ntime s prfreq . ﬂi, . . .
@%ﬁ]a while the ICI power Ny"* = E(|8; 1) IS wherez is the k-th element in the TD MMSE output vector

expressed as: z of (43).
Bik_ 1 N-1—N-1 * (n1—n2) (k' —k)
No™= {ﬁzk'?ﬁkzm:o nz:VOE(hiv"l”“’hi,nz,k’“’z\r( o 2)} V. PERFORMANCERESULTS
— 1 N— N-1 — Y7 T % ni—n _
*m{mzk';ekznl:o nz—021=0 Blbi s a b )y } A. Simulation Parameters
=R S SN SN T iy 0y 0 , : :
N2 Lkt £y =0 £np=0" "HRLDT, N2, In this section, we examine the performance of the four UAV

Nj,—1 ~NLoS (n1—n2)(k' —k) . - . .
+ 202 (0, = ne)lwyt T }- 47y Scenarios portrayed in Fig. 1, where the simulation parerset

In practice, the modulated PSK/QAM symbols const)itut%re summanze_d in Table V. The _parameters choices are
a non-Gaussian channel input. In this scenario, the mutgborated on in terms of the following aspeds.In terms
information is maximized, when the modulated PSK/QAMf their positioning, the users are assumed to be over 500 m
?VZTLbO'Sre?;? ?gljtkperzbgts)l}%/(s,i.MWiohnqsﬁflgt;n%i)%ilr;t;\/hz;eafar away from the BS, where the weak direct BS-user link
S si=1 TTOIMACAN - ‘ needs the assistance of RIS. For Scenario D of Fig. 1, the
result, the DCMC capacity is given by: [4], [60], [61] drone is assumed to be flying at a high altitude of 20 km
L|2> 1 in the stratosphere, which is above the commercial airglane

Vi k—hi ks
Lexp(—‘ ik z[;lzk

(CPMC—FRSNR)— (OGN 1~L-1p) No+N} [43], [44]. 2) In terms of mobility, the terrestrial BS is always
~ NI 2k 20 5082 {Eklexp in,k—ai,ks'«qz)J ’ stationary, while both the user and the RIS carried by the
K=o No+NG Tk UAV may move at a speed that may result in doubly selective

Ricean fading, which constitutes one of the major diffee=nc
%etween this work and the existing quasi-static soluti@s.
or the Ricean fading, the links emanating from UAVs at
n elevated angle are assigned higher K factors and fewer
CIR taps, as seen in Table ¥) Considering that the smaller
CCME-TD(SNR) = % S Elog, (1+m0)], (49) OFDM size is often used in high-mobility scenarios, we opt

whereh, ;. is obtained by the MMSE solution derived for th
FD-CE-TV.

Similarly, based on the TD received signal model of (18
the associated CCMC capacity in the TD is given by:
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TABLE V: Summary of parameters.

10

Scenario A Scenario B Scenario C Scenario D
B ] (zss, yBs, z8s) = (0, 0, 0), (zss, yBs, 28s) = (0, 0, 0), (wss, yBs, z8s) = (0, 0, 0), (wss, yss, 285) = (0, 0, 0),
Initial coordinates (zris, Yris, zris) = (500, 0, 4), (zris, YRiS, zris) = (500, 0, 4), (zris, YRIS, zrRIs) = (500, 0, 10), (zris, YRIS, zrRIS) = (500, 21, 20000),

(IUSGH Yuser, ZUser) = (500, -2, 0) (xUsen Yuser, ZUser) = (500, -2, 0) (CUUsera Yuser, ZUser) = (50()’ 0, 4)

(CEUsen Yuser, ZUser) = (5007 20, 20000)

Vehicle speeds

vRis = 0 mph, vuser = 90 mph vris = 90 mph, vuser = 90 mph ‘vRis = 0 mph,vUSer =45 mph

vris = 671 mph, vyser = 671 mph

KB -User: 3 dBY KB -USEI': 3 dB, KBS-User: 3 dB, KBS-User: 3 dB,
Ricean K-factors KBSRIS — g dB, KBSRIS — g dB, KBSRIS — g gB, KBSRIS — 12 dB,

K-RIS-User= 9 dB K-RIS-User= 9dB KRIS-User= 12 dB KRIS-User= 15 dB
CIR taps NESUSE g, NPSRE 3, NRSUE g [NESUREL g, NESFE 3, ISV g | NESURLg, NESRE 3, NRSUEL3 [NESUE g, NPSRE 3, NRSUE g |
Modulation N = 64, N, =8, QPSK

MMSE parameters

Nw =6, N}c,g"‘q =8, NE&*® = 100/50/20/10/2 for UHF/L/S/C/K/Ka-bands.

Carrier frequency

0.8 GHz (UHF-band), 1.5 GHz (L-band), 2.6 GHz (S-band), 4.7 GHz (C-band), 26 (&H#hand), 28.5 GHz (Ka-band)

Bandwidth

100 kHz

Path loss factors

,YBS—User_ 3.8, ,YB_STRTS — ,YRI'S—User: 2.0

Transmit antenna aperture

ABS =80 cm?

Receive antenna aperture

AU — 40 cm?

Receiver noise power densit

-174 dBm/Hz

for choosing(N = 64) and (N, = 8). 5) For the MMSE CSlI, the FD and TD signal detections still suffer from ICI
channel estimation methods, the pilot spacing in the TD @d ISI, where the ICI increases with the Doppler frequency
reduced as the carrier frequency increases, due to thexsete normalized by the carrier frequency. As a result, Figs. 3(e)
normalized Doppler, while the pilot spacing in the FD rensairand 3(f) demonstrate that the FD signal detection expeg&nc
the same6) The proposed scheme is extensively examined ireducible error floors in the K-band and Ka-band, where the
the 5G NR licensed bands, namely the UHF-band, L-band, B signal detection offers more reliable performance tssul

band, C-band, K-band and Ka-band [39], [40].The system  \ye note that the thickness of RIS is typically on the order of
is assumed to be assigned a 100 kHz bandwidth, whichj subwavelength, which decreases as the operating fregue
sufficient for high-mobility Command & Control (C&C) link increases. Therefore, the size of RIS using more elements
coverage [44], [45]8) Finally, for the PLs of (1), (6) and jn higher frequency bands still remains practical. Howgver
(11), the PL exponents of the blocked direct link as welt the time of writing, the RIS hardware implementations
as the reflected links are given bip®SVs*" = 3.8) and pased on PIN have been mostly tested below or around 10
(yBSRIS = ARISUser — 9.0), respectively, while the antennagHz. Moreover, the micro-electromechanical system (MEMS)
apertures are fixed gs12° = 80 cm?) and (AY**"= 40 cn?)  jmplementations are deemed to have an upper limit of 120
at the BS and user, respectively. The receiver's noise pOWsHz. In general, as the carrier frequency is increased, the
density is assumed to be -174 dBm/Hz. The required transmifs hardware design and implementation become more chal-
power P; in dBm is evaluated by adding the required SNRenging, where many parasitic interactions and practioal i

to the noise power of-174 + 50 = —124 dBm. A maximum perfections that have been ignored in the lower frequency
reference BS transmit power & = 30 dBm will be marked pands need to be taken into account [46]-[50]. Therefore,
in the simulation results. This BS power reference does ngly. 3 confirms that the RIS gain decreases as the carrier
apply to the GS for the high-altitude UAVs of Scenario D ifrequency increases. Hence we may conclude that the RISs
Fig. 1, which generally requires a higher power to compensafre more beneficial in lower frequency bands, especially in
for the excessive PL. high-mobility applications.

B. BER Performance Comparison Based on Perfect CSI

The modelling of RIS assisted OFDM in doubly selective
Ricean fading is examined in Fig. 3 for Scenario A of Table \C. MSE and Complexity of FD-CE-TV and TD-CE-TV
where the idealistic perfect CSl is temporarily assunieckt
of all, Fig. 3 confirms that the employment of RIS is capable of Fig. 4 compares the conventional DFT-based method con-
providing substantial performance improvements over gszc ceived for time-invariant fading [26] as well as the prombse
of having only the direct link, where the RIS gain is incraaseFD-CE-TV and TD-CE-TV in terms of both their normalized
with the number of RIS elements, as demonstrated by Fig.@3SI estimation MSE and their complexity. On one hand,
Secondly Fig. 3 also confirms that the RIS gain decreases Bgy. 4(a) demonstrates that the conventional method exhibi
the carrier frequency increases, which is due to the inexkaghe highest level of CSI estimation MSE in the face of
normalized Doppler and the reduced PL difference betwednubly selective fading, while the MSE is substantially re-
the direct and the reflected links. More explicitly, Fig. B(aduced by both FD-CE-TV and TD-CE-TV upon incrasing
demonstrates that in the UHF-band, a very substantial 28 @8,. Explicitly, FD-CE-TV achieves the lowest MSE at each
performance gain is offered byd = 4) RIS elements at N,,. On the other hand, Fig. 4(b) also demonstrates that the
BER = 10~*, which is reduced to 25 dB in the L-band ofconventional DFT-based method has the lowest complexity,
Fig. 3(b) and to 18 dB in the S-band of Fig. 3(c). Consequentlyhile the complexities of both the FD-CE-TV and TD-CE-
we opt for employing the largefM = 16) and (M = 256) TV schemes increase wittV,,, where TD-CE-TV exhibits
RIS configurations for the C-band of Fig. 3(d), K-band ofhe highest complexity. Based on the MSE and complexity
Fig. 3(e) and Ka-band of Fig. 3(f), where the performandeadeoff portrayed in Fig. 4, we opt to choo$é, = 6 for
improvement is still reduced to 21 dB, 12 dB and 5 dBhe proposed FD-CE-TV and TD-CE-TV for the BER and
respectively.Finally, despite relying on the idealistic perfectcapacity simulation results in the rest of this paper.
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Bee Ricean fading, where the proposed FD-CE-TV and TD-CE-TV
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M Conventional M Conventional

FD-CE-TV FD-CE-TV Fig. 5(f) shows that the FD-CE-TV and TD-CE-TV proposed
& TD-CE-TV , & TD-CE-TV for RIS assisted OFDM is capable of helping the high-al&tud

o UAV to maintain a reliable link to the GS.

In summary, with the aid of the proposed FD-CE-TV and
TD-CE-TV, RIS assisted OFDM systems communicating over
doubly selective Ricean fading perform better, especialthe
low frequency bands, where maintaining the reliability loé t
RIS-User link of Scenario B is shown to be more beneficial.

=
o,
o

Normalized MSE

E. CCMC Capacity
................ Fig. 6 portrays the CCMC capacity of RIS assisted OFDM

Complexity (number of real-valued multiplications)

10° 10* over doubly selective Ricean fading channels, where teampor
2 4 6 8 10 2 4 6 8 10 . . . . -
N, N ily perfect CSl is assumedFirst of all, it is demonstrated by
(a) Normalized MSE (b) Complexity Figs. 6(a)-(c) that even in the L-band, the FD ICI imposes

Fig. 4: Normalized MSE and complexity comparison between thee capacity limit compared to the TD capacity results. This
conventional DFT-based method conceived for time-invariant fadifthenomenon is not reflected by the BER results and DCMC
[26] and the proposed FD-CE-TV and TD-CE-TV conceived for imesanacity results, because QPSK modulation is used, which
varying fading. The results are recorded-at—= 30 dBm for Scenario has the maximum achievable rate of 2 bits/sec/Scondl
A in L-band (1.5 GHz). The parameters are specified in Table V. ¢ . ) y
Figs. 6(a)-(c) confirm that the employment of RIS is capable
of achieving a beneficial capacity gain, which improves with
the number of RIS element3hirdly, upon comparing Sce-
Fig. 5 portrays the BER performance results of the proposB@rio A in L-band of Fig. 6(a) and Scenario B in L-band of
FD-CE-TV and TD-CE-TV for RIS assisted OFDM transFig. 6(b), the latter shows a higher RIS capacity gain, which
missions over doubly selective Ricean fading channels. Tife@ substantial 3.6 bits/sec/Hz gain Bt = 30 dBm for
conventional DFT-based channel estimation method coadeiM = 4). This confirms our earlier observation that securing
for time-invariant fading in [26] is used as our benchmark ithe reliability of the RIS-User link of Scenario B is more
Fig. 5. beneficial.Finally, Fig. 6(c) demonstrates that in the face of
First of all, Fig. 5 demonstrates that the benchmark df€ grave airframe fading, the direct link exhibits neareze
the conventional RIS channel estimation technique imposgPacity owing to severe blockage in the absence of RISs.
a performance loss, which results in an irreducible erraflo BY contrast, the employment of RISs is capable of mitigating
when the carrier frequency is increased in Figs. 5(b) aftfframe fading, as shown in Fig. 6(c). , _
5(c) and the mobility is increased in Figs. 5(d) and 5(f). By In summary, the CCMC capacity results confirm the benefits
contrast, the proposed FD-CE-TV and TD-CE-TV schemes &tk RIS deployment based on the BER performance results.
capable of achieving RIS gains over their respective count&0reover, the FD input-output channel model is shown to have
parts of using only the direct link, as confirmed by Figs. 5(af CCMC capacity limit even in the low frequency bands, which
(f). Secondly when comparing the results of scenario A i Imposed by the severe ICI of high-mobility applications.
the L-band of Fig. 5(a), C-band of Fig. 5(b) and K-band of
Fig. 5(c), it becomes clear that the RIS gain decreases RRsDCMC Capacity

the carrier frequency is increased, despite using more RISEig. 7 presents the DCMC capacity of RIS assisted OFDM
elements in the higher frequency bandlhirdly, the RIS gain i goyply selective Ricean fading, where the proposed FD-
seen in Scenario B of Fig. 5(d) is 53 dB, which is even MOk _1v and TD-CE-TV are invoked. In contrast to the CCMC
substantial than the 33 dB achieved in Scenario A of Fig.. 5(?:%1pacity that relies on Guassian-distributed input sigreie
This is due to the fact that the fixed-wing UAV is moving inpcvic capacity relies on the discrete-valued QPSK input
the same direction at the same speed as the vehicle on dBstelation, where the achievable rates are normalized b
ground in Scenario B, which offers a more reliable RIS-USgfijot overhead of FD-CE-TV and TD-CE-TV, as formulated
link. Fourthly, it is once again confirmed by Fig. 5(c) thaf, sec. |\.C. Fig. 7 demonstrates that the proposed FD-CE-
the Doppler-dependent ICI results in an error floor for FDry gng TD-CE-TV perform closely to their counterparts using
CE-TVin the high K-bandFinally, Figs 5(a)-(€) demonstrate;qeyjisic perfect CSI. Furthermore, Fig. 7 once again cors
that when considering, = 30 dBm as a reference maximume, previous BER and CCMC capacity trends, namely that
BS transmit power, the employment of RIS is capable Qhe employment of RIS is capable of offering substantial

e e ,
achieving the target of BER®™ within the BS's coverage, performance improvements over the scenario of using only
which cannot be achieved by the direct BS-User link opegatif, direct link without RISs.

without RIS. Moreover, Fig. 5(f) demonstrates that when

airframe fading is encountered at an aircraft speed of 671 ] _ o
mph, the direct link without RIS exhibits an error floor. Thi>- The Effects of RIS Configuration and Channel Estimation
is in line with the findings of [44], [51], confirming that the Fig. 8 demonstrates that in the LoS-dominated UAV sce-
airframe-induced fading is highly detrimental. Nonetlssle narios, the performance results of RIS configured based on

D. BER Performance of FD-CE-TV and TD-CE-TV
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Fig. 7: DCMC capacity results for RIS assisted OFDM over doubly sele®icean fading, where the proposed FD-CE-TV and TD-CE-TV
are invoked. The parameters are specified in Table V.
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performance bounds of using perfect CSl is reduced when RIS
is deployed. Explicitly, the gap is shown to be 8 dB and 15 dB
at BER=10~* for FD-CE-TV and TD-CE-TV, respectively,
when only direct link is used, but the gap is reduced to 2 dB
and 7 dB for FD-CE-TV and TD-CE-TV in Fig. 8(a) and
Fig. 8(b), respectively, when RIS is deployed. This is due
to the fact that channel estimation becomes more accurate at
higher SNRs, and the deployment of RIS effectively improves
the receive SNR.

H. Effect of Vehicle Speed

The BER performance of the conventional DFT-based
method conceived for time-invariant fading [26] and the
proposed TD-CE-TV shown in Fig 5(b) and Fig. 5(d) are
extended to 3-D associated with different vehicle speeds in
Fig. 9(a) and Fig. 9(b), respectively. It can be seen in Fig. 9

Fig. 8: BER performance results for different RIS configurations fd¢hat the conventional DFT-based method conceived for time-
Scenario A in L-band (1.5 GHz), where the proposed FD-CE-TV andvariant fading [26] begins to experience error floor at 60
TD-CE-TV are compared to their idealistic performance bounds gfiph for both scenarios. Explicitly, the proposed TD-CE-TV

using perfect CSI.

is capable of mitigating the effect of doubly selective faglas
vp continues to increase to the high-speed train velocity 6f 18

LoS show negligible difference to the performance resultaph. We note that it was also demonstrated by Fig. 5(f) that
of RIS configured based on the SCA techniques [23]. WWhe proposed TD-CE-TV is capable of adequately operating
note that the motivation of deploying RIS is to create theven at an airplane speed of 671 mph.

favourable LoS propagation environment, and optimizin§ RI

based on LoS is shown to be an effective approach. FurthbrEffect of Distance

more, Figs. 8(a) and (b) demonstrate that the gap betweerrig. 10 investigates the power-efficiency gain of using
the realistic channel estimation techniques and theifigi&a RISs, when the user is travelling to different locations for
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Scenario A, L-bandySD:3.8 WSRD—Z 0, \b=40 mph

--&-- Direct link only BS: (Xgs¥es285)=(0,0,0) RIS: (kisYris:Zris)=(Xusei1,0,4)
RIS-assisted(M=4 User: ()(JsenyUsenZUseaz(XUsen'zvo)
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Fig. 11: The power-efficiency gain of using RIS in terms of the
required transmit poweP; (dBm) for achieving target BER afo—*,
when the user is travelling to different locations (afp, yp, 2p) =
(zp,—2,0) with a transparent RIS on car windof z, yr, 2r) =
(rp — 1,—2,0) for Scenario A in L-band (1.5 GHz). The proposed
TD-CE-TV is invoked.

Scenario A and communicating in the L-band (1.5 GHz). More
explicitly, the transmit powers?; (dBm) for BER=10"* at
different user locations ofzp,yp,zp) = (zp,—2,0) are
recorded at the top right subfigure of Fig. 10, while the pewer
efficiency gains are recorded in the bottom right subfigure.
Fig. 10 demonstrates that the RIS achieves a higher power-
efficiency gain, when the user is closer to the RIS location of
(xR, yr, zr) = (500,0,4). On one hand, when the user moves
closer to the BS's location ofzg,ys,zs) = (0,0,0), the
(b) Scenario B, L-band(1.5 GHz) direct SD link becomes strong enough so that harnessing the
Fig. 9: 3-D BER performance results with respect to SNR arld|S gradually loses its advantage. On the other hand, wieen th
vehicle speed for RIS assisted OFDM over doubly selective Riceager moves away from both the BS and the RIS, the transmit
fading, where the conventional DFT-based method conceived f9gwer required by the RIS assisted scheme also increases,
time-invariant fading [26] and the proposed TD-CE-TV are invokedsi, o poth the direct link and the RIS-reflected link become
weaker. Nonetheless, Fig. 10 confirms that by using a RIS
—A- Direct link only Scenario A, L-band;*’=3.8,7°""=2.0, \,=40 mph associated with the increased sizedf = 64, the proposed
o pSassstedtr) Dooree¥oszed=(00.0) RIS (his¥aisZua=(500.0.4 TD-CE-TV aided RIS system becomes capable of reducing
the requiredP; below the maximum of 30 dBm for a wider

—>¢— RIS-assisted(M=64] N )

50 range of user locations all the way up e, = 800) m

1 =40
530

T20
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J. Coverage Extension by Transparent RIS
500 560 620 680 740 800

ser (M) The coverage of Fig. 10 may be further improved by the

O Gain by RIS(M=4) | recent development of transparent metasurfaces [62], [63]
H Gain by RIS(M=16)

il ] \/| W Gain by Ris(v=64) WhiCh can achieve botb ~ 180° reflection andi80° ~ 360°

@k 1 refraction. Therefore, the transparent RIS may be superim-

10° & posed on a car window, so that the RIS and the receive
*F antenna inside the car are close to each other and also

1_j Lk A stationary with respect to each other. In order to reflect on

%20 0 20 40 60 140 200 260 320 360 440 s0p 860 620 680 740 s0¢this recent development, the coverage extension attaiged b
Pi (dBm) e the transparent RISs is investigated in Fig. 11, where we hav

Fig. 10: The power-efficiency gain of using RIS in terms of theeBS-User — fBSRIS — /e gng fRISUser — . The RIS is

rer?:rl‘r?ﬁ;ragspﬂg ?r%witn(d?om&;fgr:r?thIlg\ég]t?otr?sf%:ft BER dfo) assumed to be within 1 meter from the receive antenna. As

W u | velll D,YD,ZD) =

(1,2, 0) for Scenario Agm L-band (1.5 GHz). The groposed ) r]e\:;ult 4Flglj 11 demonstrates that a small RIS using as few

CE-TV is invoked. = 4 elements is sufficient for reducing the requirBd

weII below the maximum limit of P, = 30 dBm across the
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wide range of user locations spanning frgmy, = 140) m to  processing is preferred, because the ICI encountered by FD
(xp = 800) m. signal detection increases with the carrier frequency.

K. Further Discussions

As an alternative to OFDM, the recently developed orthogti]
onal time frequency space (OTFS) modulation [64] is capable
of tackling the doubly selective fading by converting thedt 3]
varying channels represented in the time-frequency domain
by transforming them into the time-invariant channels & th [4]
delay-Doppler domain. The OTFS modulates its symbols in
the delay-Doppler domain, which is equivalent to a precodeg
OFDM scheme using the symplectic finite Fourier transform
(SFFT) [65]. Therefore, the proposed TD-CE-TV method that
performs channel estimation by transmitting Dirac delg: si [g]
nals in the TD can be directly applied, when OTFS is invoked
for doubly selective RIS channels. Furthermore, it may be erb]
visioned that channel estimation method tailored for OTFS b
sending Dirac delta signals in the delay-Doppler domairj [66
may impse a reduced complexity, because observing fadif§}
correlation in the TD is no longer neccessary for the time-
invariant fading of the delay-Doppler domain. However, the
combination of OTFS and RIS in high-mobility scenariosl stil o]
faces major challenges. Explicitly, OTFS requires suffitlie
long time duration and high bandwidth for accurately laogti
the signals in the delay-Doppler domain, where the Doppl&f]
frequencies are the exact integer multiplies of Dopples.tap
However, the control links required for reliable coverage b
UAVs [44], airplanes [43] and high-speed trains [67] oftefil]
operate at low rates in the highly-congested lower frequenc
bands such as the popular L-band. Furthermore, the signal
detection of OTFS may become more complex than thiagl
of OFDM, since OFDM's SC orthogonality is no longer
exploited. Therefore, RIS-aided OTFS is beyond the scopef
this treatise, but it is set aside for our future research.

VI. CONCLUSIONS [14]

A sophisticated RIS-aided OFDM transmission was con-
ceived for high-mobility scenario in the face of doubly se-
lectivity Ricean fading, where the RIS control feedbackk lin[15]
exploited a priori knowledge about LoS statistics. Our new
MMSE channel estimation methods of FD-CE-TV and TD-
CE-TV operating in the FD and TD, respectively, supporteld6]
high-integrity for our high-dimensional RIS-aided OFDM
system. A low-complexity RIS configuration algorithm wag 7]
proposed for maximizing the received signal power at the
high-mobility user. Moreover, new interference mitigatio
techniques were conceived for improving the performance. ;g

Our simulation results confirm the following observations.
Firstly, the employment of RIS is capable of achieving sub-
stantial performance improvements over the scenario oigusiyg;
only the direct link without RISs. Secondly, the RIS gain
decreases as the carrier frequency increases, which isodue t
the increased normalized Doppler frequency and the redug
path loss difference between the direct and the reflectéd.lin
Thirdly, improving the RIS-User link of the reflected BS-RIS
User link is shown to be more beneficial than that of th%l]
BS-RIS link. Finally, at high carrier frequencies, TD signa
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