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Abstract—Reconfigurable intelligent surface (RIS) is capable passive beamformingapability of RISs, where the phase rota-
of improving the wireless system performance by steering the tions of the direct and reflected links are accurately aligise
reflected signal in the desired direction. One of the major 4t the received signals are constructively superimpasée
challenges is that both the transceiver and RIS have to be . .
jointly optimized, where the optimization problems have to desired user and cancellgd aF the r-lon-mtended users. Bie R
be reformulated for different system models and scenarios. To based passive beamforming is a direct descendant of reflecta
circumvent this challenge, new low-complexity antenna selection rays that are widely used both in radar and in satellite commu
(AS) algorithms for transceiver-agnostic RIS configuration are njcations. However, in contrast to a reflectarray fabridatéth
proposed. Given a multiple-input multiple-output (MIMO) chan- 5 hrascribed radiation pattern, the RIS has the benefit of rea

nel, the proposed RIS-AS opts for accurately aligning the RIS . . I - .
both with the transmit antenna (TA) and receive antenna (RA) UM reconfigurability and control, rendering them praaitic

for the sake of maximizing the MIMO channel’s overall output @ppealing for high-dynamic wireless applicatioitie major
power. The proposed RIS-AS only has to configure the RIS challenge is now that the transceiver parameters and RIS

alone, i.e. without iterations with the transceiver optimization. parameters have to be jointly optimized, which is nonttivia
As a result, the proposed RIS-AS has the compelling benefit |, ,qar the nonconvex constraints imposed by the RIS opgratin

that they are generically applicable, regardless of the specific _ . . . .
transceiver architecture. Our simulation results confirm that without RF chains. To elaborate, both RIS-asssited simglat

the proposed RIS-AS is capable of supporting any MIMO Single-output (SISO) and multi-user multiple-input siggl
configuration, regardless of their closed/open-loop, single-/full- output (MU-MISQO) schemes were proposed in [4], where the
RF and multiplexing-/diversity-oriented setups. NP-hard problem of optimizing both the transmit beamform-

Index Terms—Reconfigurable intelligent surface, passive iNg vector and the RIS configuration was approximated by
beamforming, active beamforming, antenna selection, index mod- the suboptimal semidefinite relaxation (SDR) and alternat-
ulation, spatial modulation, single-RF, full-RF, space-time shift jng optimization (AO) solutions. Alternatively, both méwid
keying, multiplexing, diversity. optimization [5] and deep learning [6] were conceived for
the signal-to-noise ratio (SNR) maximization problem oSRI
assisted MISO systems. As a further advance, RISs were
A. The State-of-the-Arts also integrated into multiple-input multiple-output (M)

The recent developments in reconfigurable intelligent sugystems in [7], where the AO algorithm was conceived for
faces (RIS) [1]-[3] have inspired the revolutionary notioin Optimizing both the transmit covariance matrix and the RIS
smart radio environments. More explicitly, the RIS corssistt  coefficients. Moreover, due to the lack of baseband procgssi
a dense population of near-passive elements, which refiect €apabilities at the RIS, the same set of RIS coefficients has
signal in the desired direction without using radio-fregue to be applied to different subcarriers in orthogonal fretpye
(RF) chains. There has been an upsurge of interest in ghgision multiplexing (OFDM). In order to alleviate this qir-

lem, a successive convex approximation (SCA) technique was
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in physical layer security [24], [25]. [7], [10], [12], [47] generally have polynomial complexias a

In addition to improving the radio environments, RIS is alsfunction of Ny, Ng and M [3], which represent the number
capable of performing intelligemeflection-based modulation of TAs, that of RAs and that of RIS elements, respectively.
where extra information is embedded in the reflection patteConsidering the family of RIS assised MIMO systems, the
[26]. Due to their similarities, the RIS reflection-baseddno AO of [7] invokes singular decomposition (SVD) once, ma-
ulation is illustrated here by analogy with its close refatof trix inversion M times and eigenvalue decomposition (EVD)
backscatter communication [27]. First of all, similar tetatic (M + 1) times in each iteration. This excessive complexity
backscatter radio, a separate RF source generates a caemeumbers the realistic deployability of RIS. Secondlgahn
signal without any user data, where both the amplitude abd readily seen in Table | that the optimization problem asd i
phase of each RIS element represents a PSK/QAM symisolution methods have to be reformulated for differenteayst
mapped onto the impinging radio wave [28]-[32]. This isnodels and scenarios, which impedes our “plug-and-play”
especially beneficial for reducing the transmitter’s haadw goal. Thirdly, the high-mobility scenarios are envisioned
cost in the millimeter-wave and terahertz bands. Furtheemobe of crucial importance [48]-[50]. However, when the fagin
RISs can also be invoked for performing frequency up/dowfiuctuates over time, the high-complexity AO algorithmsttha
conversion by linearly changing the RIS phases with tim@wvolve matrix inversions and EVDs have to be frequently
allowing the analog and RF circuits to operate at a relgtivetlepeated based on the updated CSI, which may become im-
low frequency [29]. Secondly, ambient backscatter radio [gactical in the much-anticipated space-air-ground iratiegl
known to map its symbols onto ambient sources such mstworks (SAGIN) [51]-[55].

TV signals or WI-Fi signals that carry their own primary On a similar note, the major challenges of RIS reflection-

information. Inspired by this, the joint modulation of thipased modulation are also three-fold. First of all, the Ejgec

transmitted signals and the RIS responses was propose m'zgpping of bits to transmit signals and RIS patterns [34],[3

[33], where the RIS had a sufficiently degree of freedoES]' [39] is of crucial importance. If the mapping codebadsk

:gor(]jmlgt: d PsSiKnaslim?nOI[; f]to[g:]a rtﬁzegtl(r)r?bcc:lg t:fa'msan%gtostablished at the transmitter, a lossless control linkdhaies
u g ) ’ ' Y PP a Fubstantial portion of the system throughput for modogati

the RIS reSponses form_a MIMO codebo_ok that is mdependet e RIS is required between the transmitter and the RIS [29]-
frgm the S|gnal modulation gt the .transmltter. Furthermtre [35], [38]-[44]. This is extremely challenging in practice
joint mapping of the transmitted signal and of the RIS paJE‘erbearing in mind that the RIS does not have error correction

is optimized for minimizing the bit error rate (BER) in [35]'capability. Secondly, even if the bits are mapped to the

absorbing and reflecting sates, which represont a moeanemited signals and RIS pateerns Separatey, the cra

bit of ‘0’ and "1, respectively Thi,s is in line with the prisiple s!gnal t_ransmlSSlon_ of_ t_he two |r_1format|0n sources leads to
f index mod I, tion (IM) [36] [37], where the specific acti_e|ther high-complexity joint detection at the receiver@etror

0 ex modulation ( ' ’ P propagation from separate detection. Thirdly, althougl$ RI

\;agogsr;?tgef;\r} CO:Jte?f ?\/)[(tr;ll g'tZieﬁgﬁg'n&g;h;tﬁglg?fmreﬂection—based modulation may achieve a higher throughpu
W A o than RIS passive beamforming, the former inevitably seffer
carrying out passive beamforming in [38], [39], where th

fom ar receiv ignal power compared to the latter
specific activation index is controlled bylog, (,; )] IM om a reduced received signal p P

bits. Furthermore, the RIS assised spatial modulation (S 31, [35], [38], [39], due to the fact that the RIS beamfongi

: . . : . capability is sacrificed for modulating signals at RIS. Begr
is conceived in [40}-[44], where the RIS is accurately ahgn ; mind that the signal modulating capability of RIS opargti

. . ) . i
with a pair of transmit antenna (TA) and receive antenna (RA\Eithout RF chains is inferior to that of RF-powered transmit

\;;v::;rr;cc)ggﬁ%spl)l\r{ltat:feIrt]otiitzp?r::tl-ggg?tlgl tE:ariI?I‘ls}il’rr:itEI:jt(i)ters’ a fair comparison between RIS passive beamforming and
the major difference between RIS and backscatter is thath|18 reflection-based modula_tlon should l_)e carried out under
addition to reflection-based modulation, the RIS also itatds the same o_verall through_put_mstead of using the same number
. . ; L L of modulation levels, which is often overlooked.
passive beamforming either by explicitly maximizing theFSN
or by implicitly minimizing the BER. Against this background, the following key questions arise
The state-of-the-art RIS schemes are summarized in Table I.

The closed-loop systems require a feedback link in ordgiQid) Beamforming versus modulatiorGiven the same hard-

make the receiver’s channel state information (CSI) aktgla ware cost and throughput, which one is better between
at the transmitter (CSI-T). By contrast, the open-loop esyst RIS passive beamforming and RIS reflection-based mod-
assume that CSl is only available at the receiver (CSI-Rparit ulation?

be seen in Table | that most existing RIS schemes require €BR) Complexity and adaptivityHow can we reduce the RIS

T in order to jointly optimize transmitted signalling andSRI configuration complexity, so that it may become easier to

configuration. The exceptions are [29], [33], where the RISs adapt to the dynamic wireless environment?
modulate symbols purely based on their own data strean{®-3) Independency and deployabilitys it possible to make
the RIS configuration independent of the transceiver
B. Major Challenges and Open Problems architecture, so that the off-the-shelf RIS can be deployed
The major challenges of RIS-aided passive beamforming as a “plug-and-play” add-on for different wireless sys-
include the following aspects. First of all, the AO method [ tems?
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TABLE I: State-of-the-arts of RIS passive beamforming and reflaetiased modulation schemes.

System model Passive beamforming Reflection-based modulation Further improvements
Parameters Objectives Methods Transmitter RIS Receiver

Wu et Closed-loop Transmitter Power [5] invoked manifold optimization;

MU-MISO beamforming N SDR, AO [6] conceived deep reinforcement
al. [4] ) maximization )

downlink and RIS learning.
Zhang i Transmitter . ] [8] proposed successive convex ap-
et al Closed-loop beamforming Capacity max AO proximation; [9] aligned RIS to the

MIMO imization
[7] and RIS strongest path.

Transmitter Symbol L
;(]e [14e]t allo’jgd—loop beamforming error rate | AO [ﬁﬂjf)[\;(l)ggsed SER minimization in
) and RIS minimization )

Huang Closed-loop Transmitter Energy [46] deployed multiple RISs; [47]
et al MU-MISO beamforming efficiency AO extends to device-to-device commu-
[15] downlink and RIS maximization nication scenarios.
Wu et Closed-loop Transmitter Power [11] investigated quantization levels};

MU-MISO beamforming, P AO [12] extended the study to hardware
al. [10] ) ) maximization : -

downlink discrete RIS impairments.
Propose Generic MIMO RIS configura- Power Antenna
scheme tion maximization selection
Tang et | Open-loop Sr?nqgiijtgted Modulate A?g:her(i:vsvn_ [30] extended to modulating MIMO
al. [29] | SISO : a PSK : QAM at RIS.

RF signal conversion
Basaret | Closed-loop RIS aligned | Generate Modulate [31] modulated Alamouti's G2 at
al. [32] SISO to a TA-RA unquulated a PSK RIS
' pair RF signal )

. [34] modulated MIMO signals at
Karasik Open-loop Generate mod- Modulate RIS; [35] jointly optimized the map-
et al ) PSK ] . .

SIMO ulated signal ping of transmitted signal and RIS
[33] symbols
patterns.
Closed-loop RIS . ] N IM by [39] added transmitter beamforming
;(]arESBe]t MU-MISO activation and i?ﬂﬁg:gg% max mie:{i%qnizzé;ttli?; \'\;I%(B_@ﬁ RIS and fixed the number of activate
) downlink configuration activation RIS elements.
RIS aligned RSM by | A single | [41] extended to multiple RAs; [42]
Basar Closed-loop o a TAgRA Generate mod-| aligning RA has | extended SM to TA; [43] proposed
[40] SIMO air ulated signal RIS to a | maximized quadrature SM; [44] extended S
p RA power to both TA & RA.

C. Novel Contributions

Against this background, we propose new antenna selection

(AS) algorithms in order to facilitate transceiver-agho®IS
passive beamforming. The conventional joint transceRiS-
optimization schemes not only impose substantially irgeda

« In answer to(Q-1), the performance of RIS-AS aided

passive beamforming and that of RIS-SM [40]-[44] for
reflection-based modulation are compared under the same
throughput. Our performance analysis and simulation
results demonstrate that owing to the fact that the RIS
beamforming capability is sacrificed for conveying IM

computational complexity in the physical (PHY) layer, but
they also require modifications in the medium access control
(MAC) layer’s configuration and beam management protocols,

bits in RIS-SM, the proposed RIS-AS is capable of
achieving substantial performance advantages.

[56], [57]. By contrast, given a MIMO channel, the proposed
RIS-AS opts for accurately aligning the RIS with a pair
of TA and RA for the sake of maximizing the channel’s

output power. The proposed RIS-AS only hascanfigure
the RIS alone, i.e. without iterations with the transceiver

optimization which is agnostic to the specific choices of the
PHY transceivers and MAC protocols. As a benefit of our

transceiver-agnostic RIS configuration, the proposed A3S-

is capable of supporting any MIMO transmission, regardless,

of their closed/open-loop, single-/full-RF and multigley-
/diversity-oriented setups. The novel contributions af thork
are summarized as follows:

o We propose three RIS-AS algorithms: (1) all RIS ele-
ments are aligned to the TA-RA pair that is associated
with the highest channel power in the direct link; (II)
all RIS elements are aligned to the TA-RA pair that
results in the highest power for the composite RIS aided
SIMO/MISO/MIMO channel; (lll) each RIS element has
the degree of freedom to be aligned to a pair of TA and
RA, so that the overall output power of the composite

With regard to(Q-2), compared to the AO algorithms
of [4], [7], [10], [12], [47] that iteratively optimize the
transmitter’s beamforming weights and the RIS patterns,
the proposed RIS-AS algorithms only have to check the
channel’s output power associated with different TA-RA
pairs. Our simulation results demonstrate that the RIS-
AS configuration conceived for closed-loop MIMO beam-
forming is capable of approaching the performance of AO
optimization, despite its substantially lower complexity
As to (Q-3), the RIS-AS is designed to be independent of
the transceiver structure, where any MIMO transmission
can be supported. In order to demonstrate this, we present
performance results for a variety of MIMO transceivers
that only assume CSI-R, including the full-RF V-BLAST
and generalized space-time shift keying (GSTSK) [61]-
[63], as well as the single-RF SM and STSK [64]-
[66]. Our simulation results demonstrate that RIS-AS is
capable of improving the performance of any MIMO
schemes, regardless of whether they have closed/open-
loop, single-/full-RF and multiplexing-/diversity-orniéed
setups.

RIS aided SIMO/MISO/MIMO channel is maximized. We note that this work is different from the joint AS and
The generic far-field RIS communication model of [58]-RIS designs of [67]—[70]. The RIS-AS proposed in this paper
[60] is considered, where the fading channels vary over dedicated to the RIS configuration that is independerfief t

time according to the Doppler frequency [51]-[54].

transceiver architecture, while the authors of [67]-[7@leed
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B (TR YR, 2R)
reflected The RIS is configured with the aid of a smart controller
A 7R'S (25 gm0 using field-programmable gate array (FPGA) circuits. Fer th
/$ ) D] closed-loop and open-loop MIMO transceiver architectures
direct T S=Source . .
BS oSS  R-RIS (p,yp,20)  the RIS parameters are evaluated at the transmitter based on
. car D=Destination . _ CSI-T and at the receiver based on CSI-R, respectively. This
(a) A vehicular example (b) Schematic illustration

. _ . L o control information can be conveyed by a separate link such
Fig. 1: RIS assisted high-mobility wireless communication systemg,S bluetooth, and the associated time duration has negligib

the AS philosophy to transmitter beamforming. Specificallgggs;ﬁezni;h[g] d[agt]a [r7a1t]e_ [<;03r]npared to the pilot overhead, as

when the number of RF chains is lower than the number
of antennas at the transmitter, the AS-based beamforming
constitutes an energy-efficient alternative to hybrid biemm- B. Large-Scale Fading

ing, where a subset of TAs is physcially switched off at the The path loss (PL) of each link is given by [50], [74]-[79]:
transmitter. Considering that the waterfilling-based eigede dn

transmission achieves the optimal performance, in thigpap Pk —107log,,(d) — 201og;, (7> + G. =10log,, T dB, (1)

we opt for using digital beamforming transceivers for the
closed-loop MIMO scenarios. where ~ denotes the PL exponent (PLE). The effective
antenna gain is formulated &&'. = 4’;’2“6), where A, refers
to the antenna aperture of the transmitter or the receiver,
while f. and A = £ refer to the carrier frequency and
This paper is organized as follows. The system model tige wavelength, respectively. The distandeis evaluated
presented in Sec. II. The RIS-AS algorithms for assistingnep in real-time based on the coordinates seen in Fig. 1(b).
loop SIMO and closed-loop MISO are proposed in Secs. IHor example, the distance of the SD link is evaluated by
and 1V, respectively, which are extended from the closegySC — | /(x5 — 2p)2 + (ys — yp)2 + (2s — 2p)%]. The non-
form RIS optimization for SISO. These solutions are furth@pgarithmic PL is given byl, which is updated based on the
generalized to the closed-loop MIMO and open-loop MIMQjistance for each sampling period. In summary, the PL ofg(1) i
in Secs. V and VI, respectively. The impacts of RIS channglfunction of distance and carrier frequency/wavelengtiictv
estimation are discussed in Sec. VII. Finally, our condosi gallows us to examine the performance of RIS assisted high-
are offered in Sec. VIII. mobility systems in different frequency bands. On one hand,
The following notations are used throughout the paper. Th@sed on Friis’ Law, the PL component [0 log,,(47/))]
operations(-)* and (-) denote the conjugate of a compleXncreases quadratically witfi.. On the other hand, the antenna
number and the Hermitian transpose of a complex matrixpertures of the source and destination nodes, narignd
respectively. The notationsi(-) and exp(-) refer to natural AP shrink asf, increases. As a result, given fixed antenna
logarithm and natural exponential functions, respedtivehe sjzes, the effective antenna gains of the source and déstina
notations p(-) and E-) represent the probability and thenodesGS and GP also increase quadratically witf.. More
expectation, respectivelya € CN*! refers to a complex- details on these relationships can be found in [50], [789].[7
valued vector of sizé N x 1), and A € C°*¢ denotes thaA.  Moreover, assuming the same PLE for the SR and RD links

D. Organization and Notations

is a complex-valued matrix of size x d). asSRP = 4SR— ~RD the overall PL of the cascaded source-
RIS-destination is given bySRP = TSRIRP o0 —lors.
Il. SYSTEM MODEL This implies that under generic far-field conditions, th&SRI
A. General Setups reflected links suffer from severe PL that is inversely propo

tional to the product of the segment distances. In this paper

aszijgrﬁeld iixtehrirjsp:)lgf)se raw\é(;?éctjr:irCgsg:;r;]ueng:fagohf;g ﬁ?rigiglll e will thoroughly investigate the effects of different P4,E
user is enhanced by a RIS. Nonetheless, three-dimensio?é?ratmg frequencies and distances on the link budget and

representation of the source-destination (SD) link, setRtS berformance evaluation.

(SR) link and RIS-destination (RD) link conceived in this

paper can be readily applied to satellites, airplanes, nned C. Small-Scale Fading

aerial vehicles, trains and cars under the SAGIN frameworkThis paper investigates time-varying flat Ricean fading

[48]-[55], because the mobilities of the source, RIS arféhannels, which take into account both line-of-sight (LaSdl

TR ; : non-LoS (NLoS). Let us consider a system having 100 kHz of
destination are all taken into account in our system mOdeI'bandwidth centered g, =2.6GHz in the S-band [50], which

The source node (transmitter) and the destination node (f&-gfficient for high-mobility Command & Control (C&C)
ceiver) are equipped wittN; and Ny antennas, respectively, |ink coverage [53]. On one hand, if the user moves at 90 mph,
where a uniform linear array (ULA) is deployed at both sideshe coherence time over which the time correlation function
The RIS is assumed to be comprised)df passive reflecting iS higher than 0.5 is estimated to cover only 51 symbols,

elements, where a uniform planar array (UPA) is adopted. THENCe time-varing fading directly governed by the Doppler
RIS reflection coefficients at the-th time slot are denoted as réquency is modelled in this paper. On the other hand, for
the ease of illustration, we assume that the distance batwee

a, = [a},---,a)]", where{|a;'| = 1})]_, are optimized the BS and the user is on the order of hundreds of meters,
by maximizing the signal power received at the destinatiomhich is substantially lower thaey f,, wherec and f, are the
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speed of light and symbol rate, respectively. This impliest t ated with a single TA andvz RAs. The LoS paths are formu-
the delay-spread of the multipath components includingeho, SD,LoS _ K'SD . SD,Lo AOA
reflected by RIS does not exceed the symbol-level sampliﬁed ash, "% = 4/ - xss exp(j2mnA f 5aULA(0D ):
period, hence justifying the narrowband system assumpti ere@’},"A < (0, 2nr] denotes the angle-of-arrival (AoA) at the
In summary, the high-mobility small-scale Ricean fading dgeceiver, while theN-element ULA response vector is given
each link - including the SD, SR and RD links - is modelle®y:

by: [52], [80]-[82]

auta(0) = [1,--- ,exp (3= dsin®) - -+, exp (j 2T (N — 1)dsi(r:13)9)]T,
hn = REOS 4 RS — /K oxp(j2rnA f1O8) 4+ pNLOS (2) ) )
rr xp(J ) where d denotes the inter-element spacing. Furthermore,

Both the LoS and NLoS components of (2) vary for eacthe r-th element of the NLoS vectohSPNLoS js generated
symbol indexn. The LoS component of (2) is given byby Clarke’s model associated wit}it® and h3PN-oS-
hioS = [ 5% exp(j2mnA f£°5), where the Ricean K-factor CA (0, 3w for (1 <r < Np), as described in Sec. II-C.
determines the power ratio between the LoS and the NLoSSecondly, the SR link is modelled ahiR =
components. The frequency offset of the LoS path is induckg  °> + haoNes e M for  the M RIS
by the movement ad £ = £, cos(dy), where the normal- €léments, where the LoS part is given ByiRtes —

ized maximum Doppler frequency is given By = 2L while ;/ 5w exp(j2mn A fSREOYaypa (0408, M), while
c

v represents the vehicle’s velocity. As an examcpflﬁe, the angioA (0,27] and A" € (0,2n] refer to the azimuth
between the LOS and the moving direction is formulated ®nd elevation AoAs, respectively. Moreover, the UPA
§P = arctan 22=Y2 for the SD link. Moreover, the NLoS résponse vector havindM = M, M) dual-polarized

component in (92) Is generated by Clarke’s model [83], [Sﬁlements is given by:
associated with a power of'z as hy°S ~ CN(0, ).  avm (6,9) =[1,--- exp {55 d[my sin6 cos p +m. singl},

The correlation over time is given by [AN-S(ANLOS)| = wo s exp {jFrd[(My —1)sin6 cos ¢ + (M- — 1) sin 80](}4];
7 Jo(2m faln — '), where Jy(-) is the Bessel function of

ere we have)(< m, < M, —1)and 0 < m, < M, —1).

em-th element of the NLoS vector is generated by Clarke’s
model with /3R andh5R NS ~ CA(0, ) for (1 < m <
. M).
D. Major Benchmark Schemes Thirdly, the RD link is modelled asHRP =

For the closed-loop MIMO relying on CSI-T, theHRP.LoS | HRDNLOS ¢ cNrxM The LoS matrix isHRPL0S =
waterfilling-based eigenmode transmission is employed, an/_kro 9rn A fRD.LOS A0A AoD . AoD\H

) . : ) ﬁé i exp(j2mnA f YauLa (057 ) aupa(0R°, "),

the RIS is configured by the transmitter based on CSI-T. TW eredA ¢ (0, 2] and A% ¢ (0, 2] refer to the azimuth

AO methods [4], [7], [10], [12], [47] that jointly optimize and elevation angle-of-departures (AoDs) from RIS. The

the transceiver beamforming weights and RIS patterns cor-
stitute important benchmarks. We note that as introduced eﬂnement on the-th row andm-th column of the NLoS

H RD,NLoOS ; ’ itlkRD
Sec. |, the existing RIS optimization approaches also im:lumamx o, is generated by Clarke’s model witf

the first kind. The detailed fading parameters of the SD,
and RD links are summarized in Table II.

RD,NLOS, ,,,
SCA [8], manifold optimization [5] and deep learning [6]2"d Hn ~ CN(0, 5wo) for (1 < r < Ng) and
which have not been extended to the MIMO beamforming = "t < M).

transceiver. The projected gradient method proposed ihi$85 dirlélcrl{ag%a tg(fsilgfr;g(lzsterdeﬁﬁalse %rgf the destination from both

capable of accelerating the AO convergence, but it does not v = hnsn +va
gllmlr_late the AO’s matrix inversions and SVD/EVDs in g_ach = (4 M atzof,m,hipm)sn Y, ®)
iteration. It was also demonstrated in [86] that deep |eayis _ (P Zﬁ amHsao,,m)s iy
capable of outperforming both AO and SDR operating without (b m=L T T e
waterfilling. The interested readers might like to refertp-[ Wwhere s, and v, € CV=*! are the transmitted signal
[3] for detailed RIS optimization approaches. and the additive white Gaussian noise (AWGN) vector with
For the open-loop MIMO with CSI-R, the RIS can bev;, ~ CN(0, Vo), respectively, whileN, is the noise power.
configured by the receiver, which is completely agnostic tbhe vectors ofHR ™ € CNexl and Hy oo e ¢Nrxl
the MAC-PHY cross-layer protocols on constellation antefer to them-th column inHRP € CNexM and HERP €
beam management. As discussed in Sec. I, most existing K% **, respectively. We have the equivalefit, = h3° +
schemes require CSI-T for joint optimization. In order t& 2, amHy" "hSR») and (HSRD-m — HRP-mhSRn) in
avoid digressing from the main focus, for MIMO scheme), whereHSRP-» and HRP-~ refer to the element on the
without beamforming at the transmitter, the RIS-SM schemesh row andm-th column of the matricedI3RP and HRP,
[40]-[44] are compared to the proposed RIS-AS at the sarfgspectively, whilehS?» refers to them-th element of the

hardware cost and throughput in this paper. vector hSR.
I1l. AS FORRIS ASSISTEDOPEN-LOOPSIMO WITH B. Problem Formulation and Antenna Selection Algorithms
CSI-R The RIS optimization problem is formulated as:
A. Received Sgnal Model maxqmyn_ ||
First of all, the Ricean fading for the direct SD link is mod- = max qmym_ (|hSP + fo:l a;nyiD*mhiRm 1%, (6)

SD _ 1,SD,LoS SD,NLoS Nrx1 i i i
elled ash}” = h;”-°>+h; € CVr*4  which is associ sit. {Jam] = TIM_,.
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TABLE II: Key model parameters of RIS-assisted system.

Source-Destination (SD) Link Link

Source-RIS (SR) Link

RIS-Destination (RD) Link

Distance

4P =

dR =

dRD —

PL exponent

(zs—20)2+ (ys—yp)? +(zs—20)2
'YSD

V(zs—zr)?+ (ys—yr)2 + (zs— 2r) 2
SR

zr—20)%+ (yr —yp)*+ (zr — 20)°
,_YRD

PL

T'SP— (450~ A,SD(4TW)—2100. 164G
SD

SR— (dSR)—'ySR (4x)~2 100-1G ¥
= A

RO — (dRD)——yRD(M) —210-1G%
= A

Ricean factor

K

KSR

KRD

SD SR RD
_K>7 K K
LoS power S R R
NLoS — —— —
0> power (k041 KSRy (KRO1 1)
SD SR RD
Nor. Max. Dopp. 1S 5 I3
LoS AoA D — arctan ;S:Zg SR — arctan ;S:ZE RD — arctan gg:gg
RIS AoA 07" = arccos st_S;R , P"°A =arctan %
RIS AoD 07°° = arccos ZS;ER , ¢"°P =arctan zg:zg
SDL6S — #SD SD SRI6S — 7SR SR RD,L6S — 7RD RD
LoS offset Af = fq cos(¢g) Af = fq cos(¢g) Af = fq cos(¢g)

This is equivalent to the RIS optimization problem of MISOnethod, each RIS element can be independently aligned to a
systems [4], which can be solved by the SDR technique. &A as:
discussed in Sec. |, this optimization method suffers fronbﬂ* M
polynomial complexity as a function oV, Ny and M [3], mIm= S .
which may become too complex to calculate for each sampling = argmaxyy, yu_ [[hn” 4350y o' (rm)Hn 1)

period in high-mobility scenarios. M L ™ -
In order to mitigate this problemthe objective of the WSQSIe;DR%fS,SrqatOtaI @)™ combinations for (rm) =

proposed AS is to align the RIS with a single RA index, ™ SR A
which leads to maximizing the channel's output powevlore ~ |bn ™ H, ™| ) )
explicitly, based on (5), the signal received at thth RA is In order to alleviate the excessive full-search complexity
given by y" = (hSPr + 2%21 aﬁHfLRD“m)sn +v", where the random-search optimizatioR%opt) setup enumerates a
y", hSP- and v’ refer to ther-th element iny, € cVex1, subset combinations fat!*(r,,). In order to ensure a good
h%D e CNrx1l andv, € ¢Vrx1 respectively. As a result, performance for the RS-opt, the SRD-max method may be
maximizing the SNR for the choserf-th RA leads to invoked first in order to initialize the random search. In
summary, upon obtaining* by the SD-max of (9) or by the
SRD-max of (10), the RIS configuration is completed by (8).
2 (1) For the FS/RS-opg of (11), the RIS configuration of (8) is

, D, .+ SRD,.x .

hn m Hn mo
modified asa] =

) SRD
= argmaxyp, M Zi\{il b + Z%:l A (rm)H, o m |2
- SRD_ 1, H2

)

associated with{r,, = 1,---, Ng}M_,.

SRD, .«

2
SD,.+ M m
ha " + 3 o H, m‘

2 M m . om
‘Zmzo 5 exp(juy’)

max y
AXfamyM_,
LSO

n

= max
famy M,

where we have®? = 1, {#™ = [Hy > |/|nS0 [}M_ |
00 =0 and{v™ = laerlHiRDr*,m — /hSP+}M_ Bear- The proposed RIS-AS algorithms are summarized in Ta-
o M o2 e ble 11, whereNgs refers to the number of randomly generated
ing in mind that\Zm:o o exp(junt)| = 2m=o I62'1° + combinations for RS-opt algorithm. The proposed AS algo-
2 1 BT cos(v — ), (7) is maximized rithms belong to the family of RIS passive beamforming seen
when {v™ = vY1}y,,, which leads to the RIS configuration ofin Table I. In dynamic wireless communication, all RAs have
Zam = /hSP — ZHL P or equivalently, the chance of being aligned by the RIS-AS, which leads to
enhanced channel’s output power over time, E¢|h,,||?) is
maximized. Alternatively, the RA index for RIS alignment
(8) may carrylog, Nr IM bits facilitated by the RIS-SM concept
of [40]-[44], which constitutes the benchmark in this paper

hSDr* (HSRDT* ,m ) *
n n

SRD,+
n

mo__
Qp

) hSP H

m

In order to determine*, we propose the following three AS )
algorithms. Firstly, the low-complexit§D-max method aligns C. Performance Analysis
all RIS elements to a single RA" based on the SD channel's  1e received signal model of (5) leads us to three key sys-
output power In every time instant: . . -
tem performance metrics, namely the unconstrained cgpacit
2 of continuous-input continuous-output memoryless chenne
; () (CCMC) that relies on idealistic Gaussian-input signate t
constrained capacity of discrete-input continuous-outpem-
which does not require the CSI of the RIS-reflected linksryless channels (DCMC) that takes into account the réalist
Secondly, theSRD-max method aligns all RIS elements with discrete-valued modulation schemes as well as the average
a RAr* based on the overall channel power in each sampliggg
period: Definition 1 (CCMC capacity): The CCMC capacity is
given by maximizing the mutual informatiod(s;y) be-
tween the channel’s iné)ut and output signals over the dis-
tribution of p(s) as C°®MS(SNR) = max, I(s;y) =
(10) max,y H(y)— H(yl|s), where the entropies are maximized
where there areNgr candidates for the set™(r) = by tﬁe Gaussian input and output distributions, leading to

SRDr-,m.\ * = — 2
Thirdly, for a full-search optimizatiorFS-opt) H(yls) = logy(meNo) andH(y) = log, J;we(thH + No)).

hSOr (Hn
7thTHiRDr,m‘ . The ergodic CCMC capacity, which defines the maximum rate

D,
s>

*
T = arg max ‘
vr

, SRD
r* = arg maxv, Ef-\jlg |h,SLD“ +3M am(mH, T

SRD_
= arg maxy, |h3° + Y5, ot (Ha ",
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TABLE llI: The proposed RIS-AS algorithms.

SD-max RS-opt
Input: h3P; Output:2{azl M Input: 1P, HSRC, Algs; Output: {a™}M__;
1: r* = arg maxy, HhiDT | 1: Invoke Steps 1-6 of SRD-max and obtain the initializgg.
2:a™ = hoPrx (HiR 7"*"")*/\}1?“ HiBD"*»m [, Ym andr*. {r3 YM_, are all initialized as{r}, = r*}M_,.
SRD-max 2:for . =1,2,-+- , NRrs
Input: b3P, H>X°,  Output: {a" }2MT_ 5 3 form=1,2,---,M
1 dmax =0 4 Randomly generate an integey, within [1, Ng]
2:for r=1,2,---,Ng 5 a™(rm) = hPrm (HiRDrnum )*/\hiD”” HiRDrm,m‘
3l (r) = hEPr (HL™ )/ SR LT vm 6: end for .
4 dne = [R50+ 0 e (mH, | 7 dnea= |3+ M_ ol (rp)H, T2
5! if dnext > dmax! Setdmax = dnexandr* =r 8! if dnext > dmax: Setdmax = dnext@ndr), = 7, Vm
6: end for 9: end for

SRD, + . .SRD, SD SRD, SD_x _ SRD
7 a:;x — hiDT* (Hn T*‘m)*/‘hiDT H, . m ‘7 vm 10:@:;L —h, T (Hn Tfn,,m)*/‘hn T H, Tk, sm ‘, vm

of [H(y) — H(y|s)] averaged over all channel realizations dbility (PEP). The conditional PEP based on (5) is formulated
h,,, may be formulated as: as:

L ) [[hn (s — ")
CRRUS(SNR) = E [log, (1+ I512)]. (12) Pl = s ha) = Q ( 2N0> 1o

where the Q-function is given by Q(z) =

The evaluation of (12) assumes full knowledge (&f, = L f°° ( 3 \do. The PEP b uated b
. eXP(—577y)do. e may be evaluated by

RD-mnSRw) that incorporates the SD, SRVax

hSD+ ijfl OémHn
and RD links, which are generated based on the Riceayleraglng the conditional PEP over all channel realization

distributions defined in Sec. Ill-A. The RIS is configured b)(,ag'l:e;bgfrﬂf ?sz“tilil'f ;J|Tghiesr,gEC§nnt;or?§g]t g[jﬂl].eratmg florct
the AS algorithms of Sec. III-B. " L y - C

Definition 2 (DCMC capacity):In practice, the modulated () _ oy, zls' =" ’h (I —z]s' —s' |°Cu)"'h a7
PSK/QAM symbols constitute a non-Gaussian constellation det(I — z|s' — s""[Cp) ’
for s, of (5). In this scenario, the mutual information ISy herel; and C,, are the mean vector and covariance matrix

maximized, when the modulated PSK/QAM symbols argf 1. Let us recall that based on (5), we have = hS> +
1 S|

r* ,m ‘

equiprobable, i.e. we havgp(s') = +}f,, where{s'}}, M myySRDqm o S, M |H

. : nH, andh;, = hy, " (1 e
refers to theL-PSK/QAM constellation points. As a result, th m=10f o T2 o |
mutual information averaged over all channel realizations According to the central limit theorm, the elements hn

" . converge to Gaussian distributions for laige The mean and
h,, becomes [62], [77] (13), where the conditional prObab'“tgariange of the Gaussian-distributed vargﬁgare given by:
1

H n — _1 _”yn*hnsl”2 i
is formulated asp(y,|s’) = - exp(—"*F=—-), while

the throughput of RIS-AS isR = log, L. Similarly, the e = e + M\ A s 18)
H H H SR RD
DCMC capacity of RIS-SM is given by (14), where the con- o2 = 1+}<5D i (ﬂ;}%(&img’

- - oM e Ly
d|I|onaI prcTty)i?lllll}ysflclazr)RIS SMis given by(y,|s’,h" ) which are evaluated based on the component Gaussian distri-

7 exp(—**—x;—"), while the throughput of RIS-SM putions. Furthermore, the mean and variance of the Gaussian
is R = logy NgL. It can be readily seen that (13) andlistributed variableh™ are given by:

(14) are upper-bounded byg, L andlog, NrL bits, respec- K™, Mr KSRERD SR
tively, which verifies that RIS-SM is capable of achieving”™ = V T+&% Ty <1+2{<5R)(1$KZD)E%R(D_K )L
a higher bandwidth-efficiency than RIS-AS. However, in the 2 _ 1 _ Mx? £ RS XD

. . O r* 1+ KSD +M 16 (1+KSR)(1+KRD)
next section, the two schemes will be compared under the (19)
same throughput, wherk is increased for RIS-AS for a fair which are calculated based on the component Ricean-
comparison. It is also worth noting that the DCMC capacitistributed amplitudes, wherg, () denotes the Laguerre
of (13) derived for RIS-AS and the DCMC capacity of (14polynomial. As a result, the conditional PEP of (16) is
for RIS-SM are different from the capacity analysis of [33jEXtended as:

!
which maximizes the overall achievable rate by modulating [ b=t PRH (1 L2 =2 2O ) -1y
exp | —

(_KRD)v

Nl=

4Ng sin2 6
the RIS coefficient{a™}M_, as a set of\/ modulated PSK Ny sinZ 6

symbols. Both RIS-AS and RIS-SM are suitable for using large(s’ — s |r*) = 1/2 s do,
number of RIS elements for enhancing the SNR for a TA-RA T Jo det (I + %)
pair, while the RIS-modulating scheme of [33] achieves the (20)
maximum throughput that is practical for a small number oihich is conditioned on the AS choice of. For RIS-SM
RIS elements. [40]-[44], the IM indexr* is part of the codeword, and
Definition 3 (Average BER):The average BER of RIS-AS the further extension of (20) depends on the choice of the
is upper-bounded by: RIS-SM’s ML or greedy detection method. For RIS-AS, the
L. , choice ofr* depends on both the Doppler frequency and the
P < Z Z i]{(l,l )P(sz s, (15) AS methods of SD-max, SRD-max or FS/RS—op_t. When the
=~ Llog, L Doppler frequency is low, the receive powers of differentsRA

may change very slowly, which leads to the samiefor a
wheredy (1,1") refers to the Hamming distance between thieng period of time. However, as the mobility increases,
bit-mappings, whileP(s' — sl') is the pairwise error proba- may vary more rapidly.
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DCMC p(ynlsh) _ 15k L p(ynlsh)
Crisas(SNR) =maX o, shE Zl o Yn|5) ( ) log, S p(yn|sz/)p(sz/)dy =12 {1082 SE_ p(ynld )}

13
=R-1vF 1 Z —lhn (s —Sl/)+VnH2+anH2 (13)
T 21 E {log, 1r=1XP No )
DCMC L p(ynls',n™
Crig'sw(SNR) = L Z =1 2ul= 1E logy —» Lyl )/ 7
X, pyalst )
g =1 PYnIST , (14)
L —n"" s =n" s v 24 va 2
NRL Zr* 1220=1 {10g2 {27*',1 Ez/ 1 8XP < No " )
TABLE IV: Summary of parameters for far-field propagation. — SDonly — SDonly
— — RIS random phases RIS random phases
nitial coordinates (zs,ys, z5) = (0,0,0), (zr, yr, 2r) _ _
) D ) = )y T4y
! (300, 4,0), (zp,yp, 2p) = (300, —2, 0) RIS-AS(SRD-max) RIS-AS(SRD-max)
PLE ,ySR ,ySD 2.0 T T T 1 T ] T T T 1 T T
N—4 RIS(M=64 N—8 RIS(M=64
Ricean K-factors K0P = —6dB, KSR=0dB, K°° = 0 dB 20— " ( ) - 0k " ( )

Normalized maximum Doppler| f3° = fi° = % =0
0.8 GHz (UHF-band), 1.5 GHz (L-band), 2.6

Carrier frequencyfe GHz (S-band), 4.7 GHz (C-band),

26 GHz (K-band), 38.5 GHz (Ka-band) 15 15
Antenna aperture AS =80 cm?, AP = 40 cm?
Bandwidth 100 kHz }

[N
S)
=
[S)

Receiver noise power density | -174 dBm/Hz
D. Smulation Results

O
In this section, the simulation results of RIS assisted SIMO
systems are presented in the context of far-field propagatio N ‘ ‘ ‘ ‘ ‘ i A

CMC Capacity (bits/sec/Hz)
CCMC Capacity (bits/sec/Hz)

o
o

conditions, as summarized in Table IV. For the CCMC ca- 30 -0 30 30 -20 -10 0 10 20 30
pacity, DCMC capacity and BER results of Fig. 2 and Fig. 3, em) P (dBm)
(a) CCMCNp = 4 (b) CCMC Ny =8

the PLE of the SD link is assumed to be® = 4.08 and
the operating carrier frequency is assumed to be at 1.5 GHz | & SD only, QPsk 'J & SD only, Square 16QAM
SK

(L-band). The effects of different locations of the car usee ollindiintil

different PLE~SP and the different carrier frequencigs are —o— RIS-AS(SRD-max), QPS

7LEX
T

-l RIS-SM, BPSK
—e— RIS-AS(SRD-max), Square 16QA
4.0

further investigated in Fig. 4. 20
Fig. 2 shows the CCMC and DCMC capacity results fox, *#
RIS assisted SIMO scenarios. First of all, Figs. 2(a) and (@ 16 H{M=64
confirm that in terms of CCMC capacity, the proposed RIS ,,
AS is indeed capable of maximizing the SIMO channel poweﬁ
where RIS-AS outperforms RIS using random phases WI'[hOblt
any optimization, followed by the case of only using th&
direct SD link without RIS. Secondly, Figs. 2(c) and (d)‘_‘; o8
demonstrate that at a given system throughput, the propo&eds
RIS-AS also outperforms the benchmark of RIS-SM. Mo
explicitly, in contrast to the CCMC capacity of (12) relyiog
the idealistic and ‘Gaussianized’ channel’s input signtis
DCMC capacities of (13) and (14) rely on practical PSK/IQAM 25+
signals that carry source bits. Therefore, the DCMC cajescit P (dem)
of Figs. 2(c) and (d) converge to the same throughpubut
the proposed RIS-AS requires the lowest SNR for ach|eV|rl\:
the full throughput ofR = 2 and R = 4 in Figs. 2(c) and (d),
respectively. RIS-SM does not improve the propagation-endf independent RIS element alignments. This corrobordes t
ronment as much as the proposed RIS-AS, due to the fact th#fectiveness of the proposed SRD-max operating at linear
RIS-SM relies on the RIS alignment for conveying informatiocomplexity, where more exhaustive optimization searchois n
bits instead of improving the SIMO channel power. longer needed. Furthermore, Figs. 3(a) and (b) also demon-
Fig. 3 portrays our BER performance results for RIStrate that SD-max which performs AS purely based on the
assisted SIMO. First of all, Figs. 3(a) and (b) once agaitirect SD link only suffers from a small performance loss
confirm that the proposed RIS-AS achieves substantial pepmpared to SRD-max and RS-opt, rendering SD-max an
formance improvements both over the RIS-SM benchmarkaitractive choice for the scenario, when the CSI of the RIS-
and over the case of using the direct SD link withoueflected links is not available at the instant of AS decision
RIS. Secondly, when comparing different RIS-AS algorithms Fig. 4 summarizes the performance results for RIS assisted
Figs. 3(a) and (b) demonstrate that SRD-max achieves alIm8#¥10, where the power-efficiency is quantified in terms of
the same performance as RS-opt, where the RS-opt altjze transmit powe; (dBm) required for achieving the target
rithms have exhaustively testellzs = 1000 combinations BER of 10~*. Fig. 4(a) investigates the effect of location,

= n n w w
o o [ o w
T T T T

DCMC Capacity (bits/sec/Hz)

0.5

R T S T T Y N I NI NEN -

Pt (dBm)
(c) DCMC,R = 2,Np = 4 (d) DCMC,R = 4,Np = 8

2: CCMC capacity and DCMC capacity results for RIS assisted
en-loop SIMO with CSI-R.
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4+ sbonly Nr=4, R=2.0, RIS(M=64)

-k RIS-SM S-band;y""=3.8,7” =2.0, w=40 mph

—e— RIS-AS(SRD-max) BS!(%Ys29=(0,0,0)  RIS: (%Y 2r)=(300,4,0)
User: (6.Yp,20)=(Xp,-2,0)

F‘H )

T I K

EN

10 2010 0 10 20 140 180 220 260 300 340 380 420 460
P, (dBm) Xp (M)
(a) Effect ofxp

Ng=4, R=2.0, RIS(M=64) Nr=4, R=2.0, RIS(M=64)
+F SDonly S-band®°=2.0, =40 mph -+ SDonly +°P=3.8,7%%°=2.0, \,=40 mph
3¢ RIS-SM BS: (XsYs29=(0,0,0) i RIS-SSK BS: (Xs,Ys129)=(0,0,0)
—8— RIS-AS(SRD-max)| RIS: (xg,Yr,Zr)=(300,4,0) —o— RIS-AS(SRD-max) Ris: (Xa.YriZe)=(300,4,0)
10° User: (%,Yp,Zp)=(300,-2,0) 10

User: (%,Yn,20)=(300,-2,0
T ‘ T ‘ T ‘ T Z5
-off) ’

Ad 50 =1
—(cut

10
-30-20-10 0 10 20 UHF L S C K Ka
P (dBm)

(b) Effect of 4SP (c) Effect of f,
Fig. 4. Power-efficiency results for RIS assisted open-loop SIMO wiiR.

-20-10 0 10 20
P, (dBm)

which demonstrates that the power-efficiency gain of usirige power-efficiency gain achieved by the proposed RIS-AS

RIS-AS peaks when the car user is in the vicinity of thdecreases ag. increases in Fig. 4(c), where the effective

RIS. On one hand, when the car user moves closer to ttmverage can only be resumed in K-band and Ka-band by

BS, the direct link becomes strong enough even without Rl@ecreasing the distance between the BS and RIS and by

as evidenced by Fig. 4(a). On the other hand, when the @acreasing the RIS size.

user moves away, the direct link gradually loses coverage,

Wthh is |ndlcated by the CUt-O'.rf. limit of?, = 20 dBm in IV. AS FORRIS AssISTEDCLOSED-LooPMISO

Fig. 4(a), but this is effectively mitigated by the proposd&- BEAMFORMING WITH CSI-T

AS. Moreover, Fig. 4(a) also demonstrates that when the RIS- _

reflected links become weak, the RIS-SM benchmarker dds Received Sgnal Model

not perform well. This is due to the fact that conveying extra Firstly, the direct SD link is modelled ahi® =

information via RIS alignment becomes unreliable, unlégs thi>°% + hiPNeS e ¢Vt where the LoS part is given

car user is close to the RIS location. by h3DLoeS — /HL;DSD exp(j2mnA fSPLOS)ay A (02°P)
Furthermore, Fig. 4(b) investigates the effect of PLE, Whicyhijle the ¢-th element of the NLoS row vectohSP:NLoS

may range from 2 to 6, depending on the blockage conditios associated withf$° and h$PNLS  ~  CA/(0, %)

[3]. It is demonstrated by Fig. 4(b) that the power-effic'yenchr o < ¢t < NTF?' Secondg{y, the SR link is

gain of the proposed RIS-AS manifests itself better when tigiven by HSR = HSRLS 4 HSRNLS ¢ oMxNr

PLE of the direct SD link increases, but the PLE of the SD linkhere _the LoS paths are modelled ad;Rt°®

has almost no effect on the performance of RIS-SM, hence the £ exp(j2mnA fSRLSaypa (0504, 5" ayLa (04°°) 7,

SD link is often ignored in the RIS-SM literature [40]-[44]. while the NL0oS element on them-th row and %-
Finally, Fig. 4(c) demonstrates the effect of the incregsirth _column of HSRNLS is  associated with f3* and

carrier frequency, which induces a higher PL. As expecteH, " % CN(0, =) for (I < m < M)
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43 sDonly, QPSK

- RIS-SSK . . .

-©- RIS-AS(SD-max), QPSK | SD only, theory B. Problem Formulation and Antenna Selection Algorithms
—o— RIS-AS(SRD-max), QPSK RIS-SSK, theory

A~ RIS-AS(RS-0pt), QPSK | nmmn RIS-AS(SRD-max), theor

The associated optimization problem is formulated as:

| R‘=2, NR:4‘
= RIS(M=64)
: lhawa|®, st {|a] = 1} and B(||wal*) < 1
(22)
The above non-convex problem may be solved by the
low-complexity AO algorithm of [4]. On one hand, for a
given beamforming vectom,, both the beamformed di-
_ rect link h3Pw,, and the beamformed RIS-reflected link
HPm ~w, become equivalent to SISO. Therefore, following
(7), the optlmum RIS configuration is given hya] =
/hSPw,, — /HRP"~w On the other hand, for a given
set of {a™}M_, | the optimum beamforming vector is given
0° 20 10 o 10 20 by the maximum ratio transmission (MRT) &¢, = Hll‘lH”
P, (dBm) Therefore, the AO algorithm [4] may iteratively optimize,
(@ R=2 Nrp=4 and {a™}M_, until the metric of (22) converges. However,
the AO aIgonthm works better for static fading channels tha
‘_E_‘ R remain unchanged over the period of signal transmission. In
O RIS-AS(SD-max), 16QAM | wm SD only, theory high-mobility scenarios, the AO algorithm has to be actdat
—e— RIS-AS(SRD-max), 16QAM RIS-SM, theory for each sampling period, with the number of iterations

A RIS-AS(RS-0pt), 16QAM | e RIS-AS(SRD-max), th . . . .
TooR. 2 ‘( ‘ma‘x) o required for convergence varying with different systenupgst

| Red N2 8 In order to mitigate this problem, the RIS-AS algorithms
of Sec. llI-B may be revised for beamforming based MISO
systemswhere the objective of the proposed AS is to align
the RIS with a single TA indext* that leads to maxi-
mizing the channel's output powerMore explicitly, firstly,

the SD-max method aligns all RIS elements with a single
TA based on the direct SD link a$ = argmaxy, ||hS%|*
Secondly, the SRD-max method aligns all RIS elements with
a single TA based on the composite MISO channels as

n max,myM
ntm

m=1'Wn

BER

BER

t* = arg maxy, b0+ M (1) H, O™ ||2, where there are
B0t (Ot )”
N7 candidates for the set](t) = Sgt - associated
-30 -20 -10 0 10 20 . b Hn .
P, (dBm) with (¢t = 1,--- ,Nr) and (m = 1,---,M). Thirdly, for
(b R=4, Np =8 the FS/RS-opt method, each RIS element can be indepen-

M

Fig. 3: BER results for RIS assisted open-loop SIMO with CSI-Rdently configured to be aligned W'IQRS TA g8 tm=1 =
argmaxy, ym [hSP+ "M am(tm)Hy ™ |12, where there

hSDtm HSRD,,L tm ) *

_ _are (Np)™ combinations foraZ(tm) = 55—
and (@ < < 2{ Thirdly, the RD link is ]hn tm ’"””m‘
hRP = hRD LoS + RRONLS T ¢1xM - where associated with{t,,, = 1,--- ,Ny}M_,. In summary, upon
hRD.LoS — /W exp(j2mnA fROLOS)a pp (04 AP)H  obtaining t* by the SD-max or tf;De* SRD- n’tl?x; the RIS is
models the LoS, while then-th NLoS element inhRP:NLoS configured based on* as o™ — - M) Eor the

m,

is associated with/f® and hRPN-Sw ~ CN(0, 15ems) for st
(1 <m < M). As a result, the received signal is given by: pg/rs. -opt method, the RIS is configured base({t);g}

SD, « _ SRD,
t H'n

hSDt:n (HSRDm tr,
asay = W Finally, once the RIS is config-
h, f‘mHn mith,
1}, RDm FySRm.—
Yn =hawns, + v, = (hSSE;;r Sy P HL T )Wasn + vared by the AS algonthms the beamforming vector is given
hSD+ ZI\/I mHn m, 7)W7LSTL + Un, (21) by the MRT Oan = Hh “
whereh,, € C*Nr andw,, € CN7x1 are the equivalent AS @ design alternative to thesgropg%eq RIS-AS, the RIS-
ot (et

MISO channels .zind the BS beamformanDg veé:Ft%gri respectively; is also configured by = 14— for (m =
Moreover, Hy"™~ and H, = h;°~H, ™~ denote hy, " H,
the m-th row in H3R € ¢cM*Nr and HfLRD =c CM>Nr 1 ... M), where the TA index* conveyslog, Nz IM bits

respectively, wheréRP~ is the m-th element inhP, [40]-[44].
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Fig. 5: Optimization convergency results for RIS assisted closed-lobjg. 6: BER results for RIS assisted closed-loop MISO beamforming
MISO beamforming with CSI-T. with CSI-T.
C. Performance Analysis Fig. 5(a) demonstrates that the AO algorithm [4] converges

The received signal model of (21) is equivalent to a SISg¥ter five iterations, which achieves a higher optimization

system, where the fading element is given by = h, w,,. metric in terms of (22) than the proposed RIS-AS. However,
'g‘fs (?Br)eZIrJ]E' ttr?ee &%mt?oﬁgf)g%g 8; 8815;?:n%vaigg%ag'tVig. 5(b) shows that the AO algorithm exhibits substaniall
9 y: higher complexity in terms of the number of real-valued

CRMS(SNR) = E [log2 (1+ %)] multiplications than the proposed RIS-AS. Once again, we
beMC B L L st ote that the proposed RIS-AS configures the RIS alone, i.e.
Crisas(SNR) =logy L — £ 35,2, B {1°g2 {Zl’:l exp ( without iterafipfis with the transceiver optimization. fhar-

. Uiy [Thin (st —sV) |2 more, Figs. 5(c) and (d) demonstrate that the optimization
P(s = s7|n) _Q< 2No metric differences in Fig. 5(a) have very limited effect on
(@3) performance, and that the proposed RIS-AS is capable of
D. Smulation Results approaching the AO algorithm’s CCMC capacity. Both the
In this section, we focus our attention on the optimizatioAO algorithm and the proposed RIS-AS achieve substantial
convergence, and a more detailed performance analysis wiirformance advantages over the case of RIS using random
be provided for closed-loop MIMO beamforming in Sec. Vphases and the case of using a direct SD link without RIS
This is because the AO algorithm designed for RIS assistassistance, as demonstrated by Figs. 5(c) and (d).
closed-loop MIMO beamforming [7] has matrix inversions and Fig. 6 portrays our BER results for RIS assisted MISO
decompositions whose complexity cannot be readily quantieamforming, which confirms that both the SRD-opt and RS-
fied. Hence the convergence complexity is analysed here foogt methods of RIS-AS are capable of approaching the AO

MISO setup. The simulation parameters are the same as thakprithm’s performance. Moreover, the SD-max method is
presented in Sec. IlI-D. also capable of achieving substantial performance gaim ove
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SD, RD. S *
S (Hn r,m Han,f,)

SD,. RD;- SR,
HEOt RO m gy SRm ¢

the case of using direct SD link without RIS, as evidence

i . ) fi h m =
by Fig. 6. Finally, Fig. 6 demonstrates that the RIS-S nfigured by the set' (i)

benchmarker does not perform well, when it is compared &sociated with(m = 1,---, M). The optimum RIS phases
the RIS-AS associated with the same throughput. and beamforming matrix are given by (¢t*,»*)}2_, and
W..(t*,r*), respectively. Thirdly, for the FS/RS-opt method,
V. AS FORRIS AssISTEDCLOSED-LOOPMIMO each RIS element can be independently aligned with a
BEAMFORMING WITH CSI-T TA-RA pair as{t},, rm}m=1 = argmaxy g, .y [|(HR +
A. Received Signal Model St O (b o JH YW (b, ma bz |2 There
The received signals of the RIS assisted MIMO beamforrAf® (NrNg)" legitimate combinations for{tm,rm}m-1,
ing are formulated as: where the cand|dates\7\£g({t71,rmR}D£‘;{=1) s%,l:e, configured
H, "motm (H, T H, T m
" :(}II;?L‘;’V;E;”E:%"HEDWHiR'”*)Wnsn+vn, based onaii(n,rn) = e e PO
24) obtaining {t%,,7%}M_,, the optimum RIS phases and

where we havey, € CV#*l, H, € CNo*N7 W, € beamforming matrix are given by (t5,,r5)}_, and

CNrxNs g, e CNsX1 and v, € CNr*l. The SD W, ({t;,ri M ).

link is modelled as HP? = HJPLS 4 HSDNLS ¢

CNrxNr where the LoS part is given byHSPLoS
KSP - SD,Lo AOA AoD\H H

\/ TR CXP2TnA S Yauia (03 )aua (05°°) 'S;thLlli Upon applying SVD and transmit/receive beamforming, the

the NLoS element on theth rcs)\é\{N%rggtt-th column of ;™™ e ceived signal of (24) is decoupled ind; SISO transmitted

is associated withy?® and H, ~ CN(0, 77ss) for  streams. As a result, the CCMC capacity, DCMC capacity
(1 <r<Ng)and ( <t < Nr). The SR link is generated in 5nq conditional PEP can also be evaluated by (23), whegre

the same way as in the case of the RIS assisted MISO scheg'eeplaced by the real-valued power coefficient obtained by
of Sec. IV-A, while the RD link is generated in the sam@aterfilling.

way as in the case of the RIS assisted SIMO arrangement of
Sec. llI-A.

C. Performance Analysis

D. Smulation Results

The CCMC capacity, DCMC capacity and the BER re-
sults of our RIS assisted MIMO beamforming are portrayed
Srjy Figs. 7 and 8, where the simulation parameters are the
Mmax ,myM_ w, [H. W,.|?, st {|am|=1}_, and||W,|* <same as those presented in Sec. llI-D. It is demonstrated by

B (25) Figs. 7 and 8 that the RS-opt method of the proposed RIS-
The AO algorithm is conceived for the above non-convexs is capable of approaching the performance of the AO
problem in [7]. When the RIS phasé¢a;'}}/_, are fixed, the algorithm. Once again, the low-complexity RIS-AS only has
optimal beamforming matri%,, is given by appling the SVD to check on the channel’s output power, while the classic AO
and waterfilling based ofl,,. On the other hand, wheW,, algorithm of [7] involves the SVD/EVD and matrix inversions
is decided, the RIS phases are solved one-by-one, assunfiiigeach iteration. Furthermore, Fig. 8 demonstrates that t
that all the others are fixed. However, this AO algorithréRD-max method imposes a performance loss compared to the
involves a total number of 1 SVDY/ matrix inversions and RS-opt, and the performance of the SD-max deteriorates even
M +1 EVDs for each iteration, which becomes unrealistic fofiurther. This is due to the specific nature of the SVD-based

B. Problem Formulation and Antenna Selection Algorithms
The corresponding optimization problem is formulated a

frequent update in high-mobility scenarios. beamforming method that performs better when the singular
In order to alleviate this problem, the AS algorithmsalues are maximized and balanced. This can be more readily
of Secs. Ill-B and IV-B are revised for beamformingachieved by the maximum degree of freedom provided by

MIMO systems, where the objective of the proposedaligning different RIS elements to different TA-RA pairs.
AS is to align the RIS with a pair of TA-RA(t*,r*)

that leads to maximizing the channel's output power \;; AS rorRRIS ASSISTEDGENERIC OPEN-LOOPMIMO
Firstly, the SD-max method aligns all RIS elements WITH CSI-R

to a TA-RA pair based on the SD channel power aE Received Sianal Moddl
(t*,7%) = arg maxyey, )H,SLD” , and then the RIS is config- "~ oo ved Sgnal Mo . _
o 2 ros Mer s The received signals of the RIS assisted generic MIMO
H, r* t H, r ’mHn 'm,t )
ured bya;! =~ —ro s+ Secondly, the SRD- system are modelled as:
Hnr t - t

r*,m m
ST By s
n

— _ (fSD M myyRD— m pySRm,—
max method aligns all RIS elements with a TA-RA pair based' "~ HnSn+ Vo= (" 2y o' Hn " H )(82”6)+ Vi,
on the composite beamformed MIMO channels(&sr”) = ' \here in order to enable space-time signal transmission ove

y m RD_ 1y x3SRm, .
arg maxv(t,r) H(H§1D+Zﬁf=1 () HL T HL )Wn(t,r)‘ .T time slots, we havey, € cVexT S, e C¢Nt*T and

There areNy Ny candidates for the TA-RA paiit,r), where V,, ¢ CV#*T, As a result, the received signal model of
the candidates{W,(¢,r)}v,» are configured by applying (26) is capable of supporting any MIMO signal transmission
SVD and waterfilling to the RIS-assisted MIMO channelscluding V-BLAST, STBC, SM, STSK, GSM and GSTSK,
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Fig. 7. CCMC and DCMC capacity results for RIS assisted closeffig. 8: BER results for RIS assisted closed-loop MIMO beamforming
loop MIMO beamforming with CSI-T. with CSI-T.

throughputs, GSM and GSTSK opt for activating more than

which may all be exgressed in the dispersion matrix (DMjne pms, which however imposes a certain amount of ICI.
q

form [62] asS = 3. | A,s,, where{A, € CNTxT}2

and {s,};, are DMs and modulated symbols, respectivel®, Problem Formulation and Antenna Selection Algorithms

Firstly, for V-BLAST, we have(Q = Nr) and (7" =1), and  The optimization problem is formulated as:
the DMs are in the form ofA, = [0,---,0,1,0,---,0]7,

where the position of the non-zero element is indicated by )
g. V-BLAST has the full-multiplexing MIMO throughput of = maxg,myn_ UHiDJr M amHE T H H , (@)
(R = Nrlog, L). Secondly, the DMs for STBCs are designed s.t. {|o?| =1}
for achieving both orthogonality and diversity gain, whére

throughput is(R = %ﬁ?L). Thirdly, SM shares the same

set of DMs with V-BLAST, but only one out oz DM\, onvex problemwhere the objective of the proposed

. . , e ") z
|shact|vgteg frc])r the single-RF Frznsmsijlor;] Bis= dAIqS" AS is to align the RIS with a pair of TA-RA(t*,r*) that
where both the DM activation indey and the modulation 10,45 t5 maximizing the channel's output poweMore

irllglei( ll co?\\fley ilnforrzati_?_?],_ (L‘IaadiSrIIQSIt(O }he r:hroilghr}ut 0Explicitly, firstly, the SD-max method aligns all RIS elert2$n
(R = logy Ny + log, L). Thirdly, aiso has e ToMM ith a TA-RA pair as (t*,r*) = argmaxvu, l;li"’*f
(

of S = A,s!, where the DM design follows the STBC phi- o . .

losophy of maximizing the diversity gain, and the throughpéecondly’ the SRD-max methoiDls reg/FLsed Enal ) =
is (R = 229tlosa by i the absence of multiplexing, botharg maxvev: HH3D+ S 0 (6 ) H T H T, where
SM and STSK are free from inter-channel interference (ICIijere are a total NNy candidates for a;(t,r) =

which facilitates a single-antenna-based low-complesignal  H» T’t(HEDT’mHiRm’t Finally, the FS/RS-opt method is
detection at the receiver. In order to further improve their '

2
maXgomyM_ ([ H||

N

m=1-

The AS algorithms of Secs. IlI-B, IV-B and V-B may be
revised as low-complexity sub-optimal solutions of the\abo

SDr,t RDy m SRm,t
H, *"H, Hp,
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4+ V-BLAST, SD only 4+ GSTSK, SD only
. -O- V-BLAST, RIS AS(SD-max) | O~ GSTSK, RIS AS(SD-max)
revised to {t;,,r.}n—1 = argmax,;, rm}M [|(H5P + z V-BLAST, RIS AS(SRD-max) E GSTSK, RIS AS(SRD-max
RD_ ¢ ySRm, — V-BLAST, RIS AS| RS t GSTSK, RIS AS(RS-opt
Zﬁrf 1 Oy (tm,Tm)Hn ’ Han )Wn({tnu'f’m )H2 0 T ( Op) T ( Op)
where there are a total(NrNz)” combinations for | " "BLAST, theory
HiD'r'm,tm (HiDr'm,'nL H?LRm,tm o
AP (tim, m) = S E— s~ Upon obtaining 10t - -
‘Hn e e
(t*,r*) by the SD-max or the SRD-max, the RIS is configured ™,
SDpx px RDV* m g SRm,tx \ * 10’2 — g ""‘, A —
a0t (H, H, ™ 3 3
by o = s +—sx—— For the FS/RS-opt &
’H r*,t H i 771H m,t m
M -3 —
method, the RIS is configured based étf,,r, }n—; as 10
SD.x 4% RD,x o SRy, 4%
e (7
Q™ — ., | Full-RF
" B g gt 07 Nm=Ng=2 ) "% 2 A
R=2.0 :
RIS(M=64) 3 .
16° | | | : | % | % | | :
C. Performance Analysis -30 -20 -10 P(d; ) 10 20 80
. . . 1 (dbm
The performance analysis of RIS-assisted generic MIMO (@) FUl-RF,Np = N =2, R = 2
follows the methodologies of Secs. IlI-C, IV-C and V-C. The
interested readers might like to refer to [62], [75]-[77} fo 3 sM, SD only - STSK, SD only
; ; ; ; -©- SM, RIS AS(SD-max) | -5~ STSK, RIS AS(SD-max)
the detailed performance analysis for using different MIMO 2. SM RIS AS(SRD-max) s STSK. RIS AS(SRD-max
codewords. ; - SM, RIS AS(RS-0pt) | A~ STSK, RIS AS(RS-opt)

= T e SM, theory
=== S ST g STSK, theory,

D. Smulation Results

In this section, the RIS is harnessed for supporting full-
/single-RF MIMO transmission. The simulation parametees a
the same as those presented in Sec. llI-D. As for full-RF MI- 10
MOs, both the multiplexing-oriented V-BLAST and diversity
oriented GSTSK are investigated. The GSTSK scheme of [63]
activatesNy out of Q DMs, which results in the same level
of ICl as V-BLAST. Moreover, the DMs in the GSTSK of Single-RF
[63] are designed to be sparse matrices which have non- 107 'Ny=Ng=2

BER

IS

zero elements at different positions, so that the supetiposi 575('34:64)

of Z 1 Ags, does not increase the peak-to-average power 10° H— ] S . O
ratio (PAPR) On the other hand, for the single-RF MIMO, =0 = e P (dB?m) 0 = *
both the classic SM and STSK of [66] are supported by the (b) Single-RF,Np _ Nr=2 R=2

RIS-assisted MIMO channels. More explicitly, the STSK szl 9: BER results for RIS assisted open-loop MIMO with CSI-R.
[66] activates one out of) DMs, which are sparse matrices

for ensuring single-RF, low-PAPR and ICl-free transmissio R|S-assisted MIMO transmission, where the car user satisfie

In summary, the diversity-oriented schemes of GSTSK amge signal coverage threshold & = 20 dBm over a wider
STSK are compared to their classic MIMO counterparts of Yange of distances from the BS.

BLAST and SM at the same transceiver complexity and the
same throughput.

Fig. 9 portrays the BER results of our RIS-assisted MIMO
schemes, which demonstrates that the proposed RIS-AS ig\s for the RIS channel estimation methods, the ON/OFF
capable of improving the performance of all the followindased schemes [8], [71] estimate the CSI of the direct link
MIMO schemes: V-BLAST, GSTSK, SM and STSK in botHfirst by switching off the RIS. Following this, the RIS-refted
full-RF and single-RF modes. This verifies that the RIS-Alnks are successively estimated by activating a single RIS
advocated improves the MIMO channels and are agnosticafement in a time slot, where the estimated direct link is
the specific choice of the MIMO transceiver. Furthermoresubstracted from the subsequent estimations. As a further
Fig. 9 also demonstrates that the diversity-oriented GSTSidprovement, the discrete Fourier transform (DFT) based
and STSK schemes are capable of achieving their intendedthods of [9], [72], [73] activate all of the RIS elements
diversity gains over V-BLAST and SM, respectively, in addibased on the classic DFT matrix, so that the direct link
tion to their RIS gain. and all reflected links become orthogonal. The pilot ovedhea

Fig. 10 portrays our power-efficiency results for RIS assist can be reduced by grouping together a set of adjacent RIS
MIMO schemes, which once again confirms that the RIS8ements [8] and upon configuring the RIS based on the
achieves the maximum gain, when the car user is in the wcingtatistical knowledge of the CSI [39], by compressive sapsi
of the RIS location. Furthermore, it is evidenced by Fig.H4tt [87], deep learning [88], codebook-based training [89] and
the diversity gains of GSTSK and STSK further improve thmatrix factorization [90], [91]. For high-mobility scenas,

VII. I MPACT OF RIS CHANNEL ESTIMATION
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the RIS channel estimation that takes into account the Mpgﬂgbe#é;t%%{ results for RIS assisted SIMO/MISO/MIMO  with
frequency has been facilitated in both time-frequency doma '

and delay-Doppler domain in [55], [92], [93].

The impact of imperfect CSI is portrayed in Fig. 11 for

open-loop SIMO/MIMO and closed-loop MISMased on the  New RIS-AS algorithms were proposed in order to facilitate
Cramer-Rao bound in [92]. For SIMO/MIMO without beam{ow-complexity independent RIS configuration. In respottse
forming, Figs. 11(a) and (b) demonstrate that the imperfetie key questions posed in Sec. I, firstly, the RIS beamfagmin
CSI-R degrades the performance of the proposed RIS-Afain achieved by RIS-AS is shown to be more beneficial than
because the inaccurate CSI is used for RIS configuratiahe RIS reflection-based modulation of RIS-SM. Secondly, th
Nonetheless, the proposed RIS-AS still substantially @utp proposed RIS-AS algorithms are demonstrated to be caphble o
forms RIS-SM. In fact, RIS-SM requires CSI-T in order tapproaching the joint optimization performance of the sitas
configure RIS based on both IM bits and CSI, where th&0 algorithm at a substantially reduced complexity. Finall
imperfect CSI feedback leads to error floors in Fig. 11(b)he proposed RIS-AS improves the channel’s output power and
For closed-loop MISO, Figs. 11(c) and (d) evidence that thge agnostic to the specific choice of the MIMO transceiver.
imperfect CSI feedback imposes more severe performar@ar simulation results demonstrate that the proposed RIS-
degradation on the AO algorithms than the proposed RIBS is capable of supporting any MIMO schemes, regardless
AS, owing to the fact that the RIS-AO’s iterations lead tof whether they have closed/open-loop, single-/full-RF an

VIIl. CONCLUSIONS

accumulated deviations in the presence of CSI errors. multiplexing-/diversity-oriented setups.
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