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Abstract—Reconfigurable intelligent surface (RIS) is capable
of improving the wireless system performance by steering the
reflected signal in the desired direction. One of the major
challenges is that both the transceiver and RIS have to be
jointly optimized, where the optimization problems have to
be reformulated for different system models and scenarios. To
circumvent this challenge, new low-complexity antenna selection
(AS) algorithms for transceiver-agnostic RIS configuration are
proposed. Given a multiple-input multiple-output (MIMO) chan-
nel, the proposed RIS-AS opts for accurately aligning the RIS
both with the transmit antenna (TA) and receive antenna (RA)
for the sake of maximizing the MIMO channel’s overall output
power. The proposed RIS-AS only has to configure the RIS
alone, i.e. without iterations with the transceiver optimization.
As a result, the proposed RIS-AS has the compelling benefit
that they are generically applicable, regardless of the specific
transceiver architecture. Our simulation results confirm that
the proposed RIS-AS is capable of supporting any MIMO
configuration, regardless of their closed/open-loop, single-/full-
RF and multiplexing-/diversity-oriented setups.

Index Terms—Reconfigurable intelligent surface, passive
beamforming, active beamforming, antenna selection, index mod-
ulation, spatial modulation, single-RF, full-RF, space-time shift
keying, multiplexing, diversity.

I. I NTRODUCTION

A. The State-of-the-Arts

The recent developments in reconfigurable intelligent sur-
faces (RIS) [1]–[3] have inspired the revolutionary notionof
smart radio environments. More explicitly, the RIS consists of
a dense population of near-passive elements, which reflect the
signal in the desired direction without using radio-frequency
(RF) chains. There has been an upsurge of interest in the
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passive beamformingcapability of RISs, where the phase rota-
tions of the direct and reflected links are accurately aligned, so
that the received signals are constructively superimposedat the
desired user and cancelled at the non-intended users. The RIS-
based passive beamforming is a direct descendant of reflectar-
rays that are widely used both in radar and in satellite commu-
nications. However, in contrast to a reflectarray fabricated with
a prescribed radiation pattern, the RIS has the benefit of real-
time reconfigurability and control, rendering them practically
appealing for high-dynamic wireless applications.The major
challenge is now that the transceiver parameters and RIS
parameters have to be jointly optimized, which is nontrivial
under the nonconvex constraints imposed by the RIS operating
without RF chains. To elaborate, both RIS-asssited single-input
single-output (SISO) and multi-user multiple-input single-
output (MU-MISO) schemes were proposed in [4], where the
NP-hard problem of optimizing both the transmit beamform-
ing vector and the RIS configuration was approximated by
the suboptimal semidefinite relaxation (SDR) and alternat-
ing optimization (AO) solutions. Alternatively, both manifold
optimization [5] and deep learning [6] were conceived for
the signal-to-noise ratio (SNR) maximization problem of RIS
assisted MISO systems. As a further advance, RISs were
also integrated into multiple-input multiple-output (MIMO)
systems in [7], where the AO algorithm was conceived for
optimizing both the transmit covariance matrix and the RIS
coefficients. Moreover, due to the lack of baseband processing
capabilities at the RIS, the same set of RIS coefficients has
to be applied to different subcarriers in orthogonal frequency-
division multiplexing (OFDM). In order to alleviate this prob-
lem, a successive convex approximation (SCA) technique was
conceived in [8], while the authors of [9] opted for aligning
the RIS to the strongest time-domain path. Furthermore, RIS
optimization in the face of hardware impairments - including
phase noise, quantization errors, amplifier non-linearityand
spatial correlation - was investigated in [10]–[13]. Moreover,
the RIS has also been optimized for a variety of objectives,
including the symbol error rate [14] and energy-efficiency [15].
Finally, the optimization of RIS passive beamforming has been
extensively studied in a variety of wireless scenarios, including
the weighted sum rate maximization of multi-cell and cell-free
MIMO systems [16], [17], the power minimization of non-
orthogonal multiple access (NOMA) [18], [19], the latency
minimization of mobile edge computing [20], [21], the joint
optimization of simultaneous wireless information and power
transfer (SWIPT) [22], [23] and the secrecy rate maximization
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in physical layer security [24], [25].
In addition to improving the radio environments, RIS is also

capable of performing intelligentreflection-based modulation,
where extra information is embedded in the reflection pattern
[26]. Due to their similarities, the RIS reflection-based mod-
ulation is illustrated here by analogy with its close relative of
backscatter communication [27]. First of all, similar to bistatic
backscatter radio, a separate RF source generates a carrier
signal without any user data, where both the amplitude and
phase of each RIS element represents a PSK/QAM symbol
mapped onto the impinging radio wave [28]–[32]. This is
especially beneficial for reducing the transmitter’s hardware
cost in the millimeter-wave and terahertz bands. Furthermore,
RISs can also be invoked for performing frequency up/down-
conversion by linearly changing the RIS phases with time,
allowing the analog and RF circuits to operate at a relatively
low frequency [29]. Secondly, ambient backscatter radio is
known to map its symbols onto ambient sources such as
TV signals or Wi-Fi signals that carry their own primary
information. Inspired by this, the joint modulation of the
transmitted signals and the RIS responses was proposed in
[33], where the RIS had a sufficiently degree of freedom
to map a PSK symbol onto the reflection of the impinging
modulated signals. In [31], [34], the symbols mapped onto
the RIS responses form a MIMO codebook that is independent
from the signal modulation at the transmitter. Furthermore, the
joint mapping of the transmitted signal and of the RIS patterns
is optimized for minimizing the bit error rate (BER) in [35].
Thirdly, the backscatter load modulation switches betweenthe
absorbing and reflecting states, which represent a modulated
bit of ’0’ and ’1’, respectively. This is in line with the principle
of index modulation (IM) [36], [37], where the specific acti-
vation pattern conveys extra bits. Following this philosophy,
a subset ofMA out of M RIS elements are activated for
carrying out passive beamforming in [38], [39], where the
specific activation index is controlled by⌊log2

(
M

MA

)
⌋ IM

bits. Furthermore, the RIS assised spatial modulation (SM)
is conceived in [40]–[44], where the RIS is accurately aligned
with a pair of transmit antenna (TA) and receive antenna (RA),
which conveys IM bits in the spatial-domain. Finally, it is of
paramount importance to note that despite their similarities,
the major difference between RIS and backscatter is that in
addition to reflection-based modulation, the RIS also facilitates
passive beamforming either by explicitly maximizing the SNR
or by implicitly minimizing the BER.

The state-of-the-art RIS schemes are summarized in Table I.
The closed-loop systems require a feedback link in order to
make the receiver’s channel state information (CSI) available
at the transmitter (CSI-T). By contrast, the open-loop systems
assume that CSI is only available at the receiver (CSI-R). Itcan
be seen in Table I that most existing RIS schemes require CSI-
T in order to jointly optimize transmitted signalling and RIS
configuration. The exceptions are [29], [33], where the RISs
modulate symbols purely based on their own data streams.

B. Major Challenges and Open Problems

The major challenges of RIS-aided passive beamforming
include the following aspects. First of all, the AO methods [4],

[7], [10], [12], [47] generally have polynomial complexityas a
function of NT , NR andM [3], which represent the number
of TAs, that of RAs and that of RIS elements, respectively.
Considering the family of RIS assised MIMO systems, the
AO of [7] invokes singular decomposition (SVD) once, ma-
trix inversionM times and eigenvalue decomposition (EVD)
(M + 1) times in each iteration. This excessive complexity
encumbers the realistic deployability of RIS. Secondly, itcan
be readily seen in Table I that the optimization problem and its
solution methods have to be reformulated for different system
models and scenarios, which impedes our “plug-and-play”
goal. Thirdly, the high-mobility scenarios are envisionedto
be of crucial importance [48]–[50]. However, when the fading
fluctuates over time, the high-complexity AO algorithms that
involve matrix inversions and EVDs have to be frequently
repeated based on the updated CSI, which may become im-
practical in the much-anticipated space-air-ground integrated
networks (SAGIN) [51]–[55].

On a similar note, the major challenges of RIS reflection-
based modulation are also three-fold. First of all, the specific
mapping of bits to transmit signals and RIS patterns [34], [35],
[38], [39] is of crucial importance. If the mapping codebookis
established at the transmitter, a lossless control link that carries
a substantial portion of the system throughput for modulating
the RIS is required between the transmitter and the RIS [29]–
[35], [38]–[44]. This is extremely challenging in practice,
bearing in mind that the RIS does not have error correction
capability. Secondly, even if the bits are mapped to the
transmitted signals and RIS patterns separately, the concurrent
signal transmission of the two information sources leads to
either high-complexity joint detection at the receiver or to error
propagation from separate detection. Thirdly, although RIS
reflection-based modulation may achieve a higher throughput
than RIS passive beamforming, the former inevitably suffers
from a reduced received signal power compared to the latter
[33], [35], [38], [39], due to the fact that the RIS beamforming
capability is sacrificed for modulating signals at RIS. Bearing
in mind that the signal modulating capability of RIS operating
without RF chains is inferior to that of RF-powered transmit-
ters, a fair comparison between RIS passive beamforming and
RIS reflection-based modulation should be carried out under
the same overall throughput instead of using the same number
of modulation levels, which is often overlooked.

Against this background, the following key questions arise:

(Q-1) Beamforming versus modulation: Given the same hard-
ware cost and throughput, which one is better between
RIS passive beamforming and RIS reflection-based mod-
ulation?

(Q-2) Complexity and adaptivity: How can we reduce the RIS
configuration complexity, so that it may become easier to
adapt to the dynamic wireless environment?

(Q-3) Independency and deployability: Is it possible to make
the RIS configuration independent of the transceiver
architecture, so that the off-the-shelf RIS can be deployed
as a “plug-and-play” add-on for different wireless sys-
tems?
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TABLE I: State-of-the-arts of RIS passive beamforming and reflection-based modulation schemes.
System model Passive beamforming Reflection-based modulation Further improvements

Parameters Objectives Methods Transmitter RIS Receiver

Wu et
al. [4]

Closed-loop
MU-MISO
downlink

Transmitter
beamforming
and RIS

Power
maximization

SDR, AO
[5] invoked manifold optimization;
[6] conceived deep reinforcement
learning.

Zhang
et al.
[7]

Closed-loop
MIMO

Transmitter
beamforming
and RIS

Capacity max-
imization

AO
[8] proposed successive convex ap-
proximation; [9] aligned RIS to the
strongest path.

Ye et
al. [14]

Closed-loop
MIMO

Transmitter
beamforming
and RIS

Symbol
error rate
minimization

AO
[45] proposed SER minimization in
MU-MISO.

Huang
et al.
[15]

Closed-loop
MU-MISO
downlink

Transmitter
beamforming
and RIS

Energy
efficiency
maximization

AO
[46] deployed multiple RISs; [47]
extends to device-to-device commu-
nication scenarios.

Wu et
al. [10]

Closed-loop
MU-MISO
downlink

Transmitter
beamforming,
discrete RIS

Power
maximization

AO
[11] investigated quantization levels;
[12] extended the study to hardware
impairments.

Proposed
scheme

Generic MIMO
RIS configura-
tion

Power
maximization

Antenna
selection

Tang et
al. [29]

Open-loop
SISO

Generate
unmodulated
RF signal

Modulate
a PSK

Another RIS
for down-
conversion

[30] extended to modulating MIMO
QAM at RIS.

Basaret
al. [32]

Closed-loop
SISO

RIS aligned
to a TA-RA
pair

Generate
unmodulated
RF signal

Modulate
a PSK

[31] modulated Alamouti’s G2 at
RIS.

Karasik
et al.
[33]

Open-loop
SIMO

Generate mod-
ulated signal

Modulate
PSK
symbols

[34] modulated MIMO signals at
RIS; [35] jointly optimized the map-
ping of transmitted signal and RIS
patterns.

Yan et
al. [38]

Closed-loop
MU-MISO
downlink

RIS
activation and
configuration

Capacity max-
imization

majorization-
minimization

Modulate
V-BLAST

IM by
RIS
activation

[39] added transmitter beamforming
and fixed the number of activated
RIS elements.

Basar
[40]

Closed-loop
SIMO

RIS aligned
to a TA-RA
pair

Generate mod-
ulated signal

RSM by
aligning
RIS to a
RA

A single
RA has
maximized
power

[41] extended to multiple RAs; [42]
extended SM to TA; [43] proposed
quadrature SM; [44] extended SM
to both TA & RA.

C. Novel Contributions

Against this background, we propose new antenna selection
(AS) algorithms in order to facilitate transceiver-agnostic RIS
passive beamforming. The conventional joint transceiver-RIS
optimization schemes not only impose substantially increased
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
[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 has toconfigure
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 RIS-AS
is capable of supporting any MIMO transmission, regardless
of their closed/open-loop, single-/full-RF and multiplexing-
/diversity-oriented setups. The novel contributions of this work
are summarized as follows:

• We propose three RIS-AS algorithms: (I) 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; (III) 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
RIS aided SIMO/MISO/MIMO channel is maximized.
The generic far-field RIS communication model of [58]–
[60] is considered, where the fading channels vary over
time according to the Doppler frequency [51]–[54].

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

• 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-oriented
setups.

We note that this work is different from the joint AS and
RIS designs of [67]–[70]. The RIS-AS proposed in this paper
is dedicated to the RIS configuration that is independent of the
transceiver architecture, while the authors of [67]–[70] applied
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Fig. 1: RIS assisted high-mobility wireless communication systems.

the AS philosophy to transmitter beamforming. Specifically,
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 beamform-
ing, where a subset of TAs is physcially switched off at the
transmitter. Considering that the waterfilling-based eigenmode
transmission achieves the optimal performance, in this paper,
we opt for using digital beamforming transceivers for the
closed-loop MIMO scenarios.

D. Organization and Notations

This paper is organized as follows. The system model is
presented in Sec. II. The RIS-AS algorithms for assisting open-
loop SIMO and closed-loop MISO are proposed in Secs. III
and IV, respectively, which are extended from the closed-
form RIS optimization for SISO. These solutions are further
generalized to the closed-loop MIMO and open-loop MIMO
in Secs. V and VI, respectively. The impacts of RIS channel
estimation are discussed in Sec. VII. Finally, our conclusions
are offered in Sec. VIII.

The following notations are used throughout the paper. The
operations(·)∗ and (·)H denote the conjugate of a complex
number and the Hermitian transpose of a complex matrix,
respectively. The notationsln(·) and exp(·) refer to natural
logarithm and natural exponential functions, respectively. The
notations p(·) and E(·) represent the probability and the
expectation, respectively.a ∈ CN×1 refers to a complex-
valued vector of size(N × 1), andA ∈ C

c×d denotes thatA
is a complex-valued matrix of size(c × d).

II. SYSTEM MODEL

A. General Setups

Fig. 1 exemplifies a vehicular communication scenario
assumed in this paper, where the coverage of a high-mobility
user is enhanced by a RIS. Nonetheless, three-dimensional
representation of the source-destination (SD) link, source-RIS
(SR) link and RIS-destination (RD) link conceived in this
paper can be readily applied to satellites, airplanes, unmanned
aerial vehicles, trains and cars under the SAGIN framework
[48]–[55], because the mobilities of the source, RIS and
destination are all taken into account in our system model.

The source node (transmitter) and the destination node (re-
ceiver) are equipped withNT andNR antennas, respectively,
where a uniform linear array (ULA) is deployed at both sides.
The RIS is assumed to be comprised ofM passive reflecting
elements, where a uniform planar array (UPA) is adopted. The
RIS reflection coefficients at then-th time slot are denoted as
αn = [α1

n, · · · , αM
n ]T , where{|αm

n | = 1}M
m=1 are optimized

by maximizing the signal power received at the destination.

The RIS is configured with the aid of a smart controller
using field-programmable gate array (FPGA) circuits. For the
closed-loop and open-loop MIMO transceiver architectures,
the RIS parameters are evaluated at the transmitter based on
CSI-T and at the receiver based on CSI-R, respectively. This
control information can be conveyed by a separate link such
as bluetooth, and the associated time duration has negligible
impact on the data rate compared to the pilot overhead, as
assumed in [8], [9], [71]–[73].

B. Large-Scale Fading
The path loss (PL) of each link is given by [50], [74]–[79]:

PL= −10γ log10(d) − 20 log10

„
4π

λ

«
+ Ge = 10 log10 Γ dB, (1)

where γ denotes the PL exponent (PLE). The effective
antenna gain is formulated as(Ge = 4πAe

λ2 ), whereAe refers
to the antenna aperture of the transmitter or the receiver,
while fc and λ = c

fc
refer to the carrier frequency and

the wavelength, respectively. The distanced is evaluated
in real-time based on the coordinates seen in Fig. 1(b).
For example, the distance of the SD link is evaluated by
[dSD =

√
(xS − xD)2 + (yS − yD)2 + (zS − zD)2]. The non-

logarithmic PL is given byΓ, which is updated based on the
distance for each sampling period. In summary, the PL of (1) is
a function of distance and carrier frequency/wavelength, which
allows us to examine the performance of RIS assisted high-
mobility systems in different frequency bands. On one hand,
based on Friis’ Law, the PL component of[20 log10(4π/λ)]
increases quadratically withfc. On the other hand, the antenna
apertures of the source and destination nodes, namelyAS

e and
AD

e , shrink asfc increases. As a result, given fixed antenna
sizes, the effective antenna gains of the source and destination
nodesGS

e and GD
e also increase quadratically withfc. More

details on these relationships can be found in [50], [78], [79].
Moreover, assuming the same PLE for the SR and RD links
asγSRD = γSR = γRD, the overall PL of the cascaded source-
RIS-destination is given byΓSRD = ΓSRΓRD ∝ 1

(dSRdRD)γSRD .
This implies that under generic far-field conditions, the RIS-
reflected links suffer from severe PL that is inversely propo-
tional to the product of the segment distances. In this paper,
we will thoroughly investigate the effects of different PLEs,
operating frequencies and distances on the link budget and
performance evaluation.

C. Small-Scale Fading
This paper investigates time-varying flat Ricean fading

channels, which take into account both line-of-sight (LoS)and
non-LoS (NLoS). Let us consider a system having 100 kHz of
bandwidth centered atfc =2.6GHz in the S-band [50], which
is sufficient for high-mobility Command & Control (C&C)
link coverage [53]. On one hand, if the user moves at 90 mph,
the coherence time over which the time correlation function
is higher than 0.5 is estimated to cover only 51 symbols,
hence time-varing fading directly governed by the Doppler
frequency is modelled in this paper. On the other hand, for
the ease of illustration, we assume that the distance between
the BS and the user is on the order of hundreds of meters,
which is substantially lower thanc/fs, wherec andfs are the
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speed of light and symbol rate, respectively. This implies that
the delay-spread of the multipath components including those
reflected by RIS does not exceed the symbol-level sampling
period, hence justifying the narrowband system assumption.
In summary, the high-mobility small-scale Ricean fading of
each link - including the SD, SR and RD links - is modelled
by: [52], [80]–[82]

hn = hLoS
n + hNLoS

n =
q

K
1+K

exp(j2πn∆fLoS) + hNLoS
n . (2)

Both the LoS and NLoS components of (2) vary for each
symbol index n. The LoS component of (2) is given by

hLoS
n =

√
K

1+K exp(j2πn∆fLoS
n ), where the Ricean K-factor

determines the power ratio between the LoS and the NLoS
components. The frequency offset of the LoS path is induced
by the movement as∆fLoS

n = fd cos(φ0), where the normal-
ized maximum Doppler frequency is given byfd = vfc

cfs
, while

v represents the vehicle’s velocity. As an example, the angle
between the LOS and the moving direction is formulated by
φSD

0 = arctan yS−yD

xS−xD
for the SD link. Moreover, the NLoS

component in (2) is generated by Clarke’s model [83], [84]
associated with a power of 1

1+K as hNLoS
n ∼ CN (0, 1

1+K ).
The correlation over time is given byE

[
hNLoS

n′ (hNLoS
n )∗

]
=

1
1+K J0(2πfd|n − n′|), whereJ0(·) is the Bessel function of
the first kind. The detailed fading parameters of the SD, SR
and RD links are summarized in Table II.

D. Major Benchmark Schemes

For the closed-loop MIMO relying on CSI-T, the
waterfilling-based eigenmode transmission is employed, and
the RIS is configured by the transmitter based on CSI-T. The
AO methods [4], [7], [10], [12], [47] that jointly optimize
the transceiver beamforming weights and RIS patterns con-
stitute important benchmarks. We note that as introduced in
Sec. I, the existing RIS optimization approaches also include
SCA [8], manifold optimization [5] and deep learning [6],
which have not been extended to the MIMO beamforming
transceiver. The projected gradient method proposed in [85] is
capable of accelerating the AO convergence, but it does not
eliminate the AO’s matrix inversions and SVD/EVDs in each
iteration. It was also demonstrated in [86] that deep learning is
capable of outperforming both AO and SDR operating without
waterfilling. The interested readers might like to refer to [1]–
[3] for detailed RIS optimization approaches.

For the open-loop MIMO with CSI-R, the RIS can be
configured by the receiver, which is completely agnostic to
the MAC-PHY cross-layer protocols on constellation and
beam management. As discussed in Sec. I, most existing RIS
schemes require CSI-T for joint optimization. In order to
avoid digressing from the main focus, for MIMO schemes
without beamforming at the transmitter, the RIS-SM schemes
[40]–[44] are compared to the proposed RIS-AS at the same
hardware cost and throughput in this paper.

III. AS FOR RIS ASSISTEDOPEN-LOOPSIMO WITH

CSI-R

A. Received Signal Model
First of all, the Ricean fading for the direct SD link is mod-

elled ashSD
n = hSD,LoS

n +hSD,NLoS
n ∈ CNR×1 , which is associ-

ated with a single TA andNR RAs. The LoS paths are formu-

lated ashSD,LoS
n =

√
KSD

1+KSD exp(j2πn∆fSD,LoS)aULA (θAoA
D ),

whereθAoA
D ∈ (0, 2π] denotes the angle-of-arrival (AoA) at the

receiver, while theN -element ULA response vector is given
by:

aULA (θ) =
ˆ
1, · · · , exp

`
j 2π

λ
d sin θ

´
, · · · , exp

`
j 2π

λ
(N − 1)d sin θ

´˜T
,

(3)
where d denotes the inter-element spacing. Furthermore,

the r-th element of the NLoS vectorhSD,NLoS
n is generated

by Clarke’s model associated withfSD
d and hSD,NLoSr

n ∼
CN (0, 1

1+KSD) for (1 ≤ r ≤ NR), as described in Sec. II-C.
Secondly, the SR link is modelled ashSR

n =
hSR,LoS

n + hSR,NLoS
n ∈ CM×1 for the M RIS

elements, where the LoS part is given byhSR,LoS
n =√

KSR

1+KSR exp(j2πn∆fSR,LoS)aUPA(θAoA
R , ϕAoA

R ), while

θAoA
R ∈ (0, 2π] and ϕAoA

R ∈ (0, 2π] refer to the azimuth
and elevation AoAs, respectively. Moreover, the UPA
response vector having(M = MyMz) dual-polarized
elements is given by:

aUPA (θ, ϕ) = [1, · · · , exp
˘
j 2π

λ
d [my sin θ cos ϕ + mz sin ϕ]

¯
,

· · · , exp
˘
j 2π

λ
d [(My − 1) sin θ cos ϕ + (Mz − 1) sin ϕ]

¯
]T ,

(4)
where we have (0 ≤ my ≤ My − 1) and (0 ≤ mz ≤ Mz − 1).
Them-th element of the NLoS vector is generated by Clarke’s
model withfSR

d andhSR,NLoSm
n ∼ CN (0, 1

1+KSR) for (1 ≤ m ≤
M ).

Thirdly, the RD link is modelled as HRD
n =

HRD,LoS
n +HRD,NLoS

n ∈ CNR×M . The LoS matrix isHRD,LoS
n =√

KRD

1+KRD exp(j2πn∆fRD,LoS)aULA (θAoA
D )aUPA(θAoD

R , ϕAoD
R )H ,

whereθAoD
R ∈ (0, 2π] andϕAoD

R ∈ (0, 2π] refer to the azimuth
and elevation angle-of-departures (AoDs) from RIS. The
element on ther-th row and m-th column of the NLoS
matrix HRD,NLoS

n is generated by Clarke’s model withfRD
d

and H
RD,NLoSr,m
n ∼ CN (0, 1

1+KRD ) for (1 ≤ r ≤ NR) and
(1 ≤ m ≤ M ).

Finally, the signals received at the destination from both
direct and RIS-reflected links are:

yn = hnsn + vn

= (hSD
n +

PM

m=1 αm
n H

RD−,m
n hSRm

n )sn + vn

= (hSD
n +

PM

m=1 αm
n H

SRD−,m
n )sn + vn,

(5)

where sn and vn ∈ CNR×1 are the transmitted signal
and the additive white Gaussian noise (AWGN) vector with
vr

n ∼ CN (0, N0), respectively, whileN0 is the noise power.
The vectors ofHRD−,m

n ∈ CNR×1 and H
SRD−,m
n ∈ CNR×1

refer to them-th column in HRD
n ∈ CNR×M and HSRD

n ∈
CNR×M , respectively. We have the equivalent(hn = hSD

n +∑M
m=1 αm

n H
RD−,m
n hSRm

n ) and (HSRDr.m
n = HRDr.m

n hSRm
n ) in

(5), whereHSRDr.m
n and HRDr.m

n refer to the element on the
r-th row andm-th column of the matricesHSRD

n and HRD
n ,

respectively, whilehSRm
n refers to them-th element of the

vectorhSR
n .

B. Problem Formulation and Antenna Selection Algorithms
The RIS optimization problem is formulated as:

max{αm
n }M

m=1
‖hn‖

2

= max{αm
n }M

m=1
‖hSD

n +
PM

m=1 αm
n H

RD−,m
n hSRm

n ‖2,

s.t. {|αm
n | = 1}M

m=1.

(6)
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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 dSD = dSR = dRD =
p

(xS−xD)2+(yS−yD)2+(zS−zD)2
p

(xS−xR)2+(yS−yR)2+(zS−zR)2
p

(xR−xD)2+(yR−yD)2+(zR−zD)2

PL exponent γSD γSR γRD

PL ΓSD=(dSD)−γSD`4π
λ

´−2100.1(GTx
e +GRx

e ) ΓSR=(dSR)−γSR `

4π
λ

´−2 100.1GTx
e ΓRD =(dRD)−γRD`

4π
λ

´−2100.1GRx
e

Ricean factor KSD KSR KRD

LoS power KSD

KSD+1

KSR

KSR+1

KRD

KRD+1

NLoS power 1

(KSD+1)

1

(KSR+1)

1

(KRD+1)

Nor. Max. Dopp. fSD
d fSR

d fRD
d

LoS AoA φSD
0 = arctan

yS−yD
xS−xD

φSR
0 = arctan

yS−yR
xS−xR

φRD
0 =arctan

yR−yD
xR−xD

RIS AoA θAoA
R =arccos

zS−zR
dSR , ϕAoA =arctan

yS−yR
xS−xR

RIS AoD θAoD
R =arccos

zD−zR
dRD , ϕAoD =arctan

yD−yR
xD−xR

LoS offset ∆fSD,LoS = fSD
d cos(φSD

0 ) ∆fSR,LoS = fSR
d cos(φSR

0 ) ∆fRD,LoS = fRD
d cos(φRD

0 )

This is equivalent to the RIS optimization problem of MISO
systems [4], which can be solved by the SDR technique. As
discussed in Sec. I, this optimization method suffers from
polynomial complexity as a function ofNT , NR andM [3],
which may become too complex to calculate for each sampling
period in high-mobility scenarios.

In order to mitigate this problem,the objective of the
proposed AS is to align the RIS with a single RA indexr⋆,
which leads to maximizing the channel’s output power. More
explicitly, based on (5), the signal received at ther-th RA is
given by yr

n = (hSDr
n +

∑M
m=1 αm

n H
SRDr,m
n )sn + vr

n, where
yr

n, hSDr
n and vr

n refer to ther-th element inyn ∈ CNR×1,
hSD

n ∈ CNR×1 and vn ∈ CNR×1, respectively. As a result,
maximizing the SNR for the chosenr⋆-th RA leads to

max{αm
n }M

m=1

˛̨
˛hSDr⋆

n +
PM

m=1 αm
n H

SRDr⋆,m
n

˛̨
˛
2

= max{αm
n }M

m=1

˛̨
˛hSDr⋆

n

˛̨
˛
2 ˛̨

˛
PM

m=0 βm
n exp(jυm

n )
˛̨
˛
2

,
(7)

where we haveβ0
n = 1, {βm

n = |H
SRDr⋆,m
n |/|hSDr⋆

n |}M
m=1,

υ0
n = 0 and{υm

n = ∠αm
n +∠H

SRDr⋆,m
n −∠hSDr⋆

n }M
m=1. Bear-

ing in mind that
∣∣∣
∑M

m=0 βm
n exp(jυm

n )
∣∣∣
2

=
∑M

m=0 |β
m
n |2 +

2
∑M

m=0

∑M
m′=m+1 βm

n βm′

n cos(υm
n −υm′

n ), (7) is maximized
when{υm

n = υ0
n}∀m, which leads to the RIS configuration of

∠αm
n = ∠hSDr⋆

n − ∠H
SRDr⋆,m
n , or equivalently,

α
m
n =

h
SDr⋆
n

“
H

SRDr⋆,m
n

”∗

˛̨
˛hSDr⋆

n H
SRDr⋆,m
n

˛̨
˛

. (8)

In order to determiner⋆, we propose the following three AS
algorithms. Firstly, the low-complexitySD-max method aligns
all RIS elements to a single RAr⋆ based on the SD channel’s
output power in every time instant:

r
⋆ = arg max

∀r

‚‚‚h
SDr
n

‚‚‚
2

, (9)

which does not require the CSI of the RIS-reflected links.
Secondly, theSRD-max method aligns all RIS elements with
a RA r⋆ based on the overall channel power in each sampling
period:

r⋆ = arg max∀r

PNR

r′=1 |h
SDr′
n +

PM

m=1 αm
n (r)H

SRDr′,m
n |2

= arg max∀r ‖h
SD
n +

PM

m=1 αm
n (r)H

SRD−,m
n ‖2,

(10)
where there areNR candidates for the setαm

n (r) =
hSDr

n

“

H
SRDr,m
n

”∗

˛

˛

˛

h
SDr
n H

SRDr,m
n

˛

˛

˛

. Thirdly, for a full-search optimization (FS-opt)

method, each RIS element can be independently aligned to a
RA as:

{r⋆
m}M

m=1 = arg max∀{rm}M
m=1

PNR

r′=1 |h
SDr′
n +

PM

m=1 αm
n (rm)H

SRDr′,m
n |2

= arg max∀{rm}M
m=1

‖hSD
n +

PM

m=1 αm
n (rm)H

SRD−,m
n ‖2,

(11)
where there are a total of(NR)M combinations forαm

n (rm) =
h

SDrm
n

“

H
SRDrm,m
n

”∗

˛

˛

˛

h
SDrm
n H

SRDrm,m
n

˛

˛

˛

associated with{rm = 1, · · · , NR}
M
m=1.

In order to alleviate the excessive full-search complexity,
the random-search optimization (RS-opt) setup enumerates a
subset combinations forαm

n (rm). In order to ensure a good
performance for the RS-opt, the SRD-max method may be
invoked first in order to initialize the random search. In
summary, upon obtainingr⋆ by the SD-max of (9) or by the
SRD-max of (10), the RIS configuration is completed by (8).
For the FS/RS-opt of (11), the RIS configuration of (8) is

modified asαm
n =

h
SDr⋆

m
n

 

H
SRDr⋆

m,m
n

!∗

˛

˛

˛

˛

˛

h
SDr⋆

m
n H

SRDr⋆
m,m

n

˛

˛

˛

˛

˛

.

The proposed RIS-AS algorithms are summarized in Ta-
ble III, whereNRS refers to the number of randomly generated
combinations for RS-opt algorithm. The proposed AS algo-
rithms belong to the family of RIS passive beamforming seen
in Table I. In dynamic wireless communication, all RAs have
the chance of being aligned by the RIS-AS, which leads to
enhanced channel’s output power over time, i.e.E(‖hn‖

2) is
maximized. Alternatively, the RA index for RIS alignmentr⋆

may carrylog2 NR IM bits facilitated by the RIS-SM concept
of [40]–[44], which constitutes the benchmark in this paper.

C. Performance Analysis

The received signal model of (5) leads us to three key sys-
tem performance metrics, namely the unconstrained capacity
of continuous-input continuous-output memoryless channels
(CCMC) that relies on idealistic Gaussian-input signals, the
constrained capacity of discrete-input continuous-output mem-
oryless channels (DCMC) that takes into account the realistic
discrete-valued modulation schemes as well as the average
BER.

Definition 1 (CCMC capacity):The CCMC capacity is
given by maximizing the mutual informationI(s;y) be-
tween the channel’s input and output signals over the dis-
tribution of p(s) as CCCMC(SNR) = maxp(s) I(s;y) =
maxp(s) H(y)−H(y|s), where the entropies are maximized
by the Gaussian input and output distributions, leading to
H(y|s) = log2(πeN0) andH(y) = log2

[
πe

(
‖hn‖

2 + N0

)]
.

The ergodic CCMC capacity, which defines the maximum rate
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TABLE III: The proposed RIS-AS algorithms.
SD-max RS-opt
Input : hSD

n ; Output : {αm
n }M

m=1; Input : hSD
n , HSRD

n , NRS; Output : {αm
n }M

m=1;

1: r⋆ = arg max∀r

‚

‚

‚

hSDr
n

‚

‚

‚

2
1: Invoke Steps 1-6 of SRD-max and obtain the initializeddmax

2: αm
n = h

SDr⋆
n (H

SRDr⋆,m
n )∗/|hSDr⋆

n H
SRDr⋆,m
n |, ∀m andr⋆. {r⋆

m}M
m=1 are all initialized as{r⋆

m = r⋆}M
m=1.

SRD-max 2: for ι = 1, 2, · · · ,NRS

Input : hSD
n , HSRD

n ; Output : {αm
n }M

m=1; 3: for m = 1, 2, · · · , M
1: dmax = 0 4: Randomly generate an integerrm within [1, NR]

2: for r = 1, 2, · · · , NR 5: αm
n (rm) = h

SDrm
n (H

SRDrm,m
n )∗/|hSDrm

n H
SRDrm,m
n |

3: αm
n (r) = hSDr

n (H
SRDr,m
n )∗/|hSDr

n H
SRDr,m
n |,∀m 6: end for

4: dnext = ‖hSD
n +

PM
m=1 αm

n (r)H
SRD−,m
n ‖2 7: dnext = ‖hSD

n +
PM

m=1 αm
n (rm)H

SRD−,m
n ‖2

5: if dnext > dmax: setdmax = dnext andr⋆ = r 8: if dnext > dmax: setdmax = dnext andr⋆
m = rm, ∀m

6: end for 9: end for

7: αm
n = h

SDr⋆
n (H

SRDr⋆,m
n )∗/|hSDr⋆

n H
SRDr⋆,m
n |, ∀m 10:αm

n = h
SDr⋆

m
n (H

SRDr⋆
m,m

n )∗/|h
SDr⋆

m
n H

SRDr⋆
m,m

n |, ∀m

of [H(y) − H(y|s)] averaged over all channel realizations of
hn, may be formulated as:

CCCMC
RIS-AS(SNR) = E

h
log2

“
1 + ‖hn‖2

N0

”i
. (12)

The evaluation of (12) assumes full knowledge of(hn =

hSD
n +

∑M
m=1 αm

n H
RD−,m
n hSRm

n ) that incorporates the SD, SR
and RD links, which are generated based on the Ricean
distributions defined in Sec. III-A. The RIS is configured by
the AS algorithms of Sec. III-B.

Definition 2 (DCMC capacity):In practice, the modulated
PSK/QAM symbols constitute a non-Gaussian constellation
for sn of (5). In this scenario, the mutual information is
maximized, when the modulated PSK/QAM symbols are
equiprobable, i.e. we have{p(sl) = 1

L}
L
l=1, where {sl}L

l=1

refers to theL-PSK/QAM constellation points. As a result, the
mutual information averaged over all channel realizationsof
hn becomes [62], [77] (13), where the conditional probability
is formulated asp(yn|s

l) = 1
πN0

exp(−‖yn−hnsl‖2

N0
), while

the throughput of RIS-AS isR = log2 L. Similarly, the
DCMC capacity of RIS-SM is given by (14), where the con-
ditional probability for RIS-SM is given byp(yn|s

l,hr⋆

) =
1

πN0
exp(−‖yn−hr⋆

sl‖2

N0
), while the throughput of RIS-SM

is R = log2 NRL. It can be readily seen that (13) and
(14) are upper-bounded bylog2 L and log2 NRL bits, respec-
tively, which verifies that RIS-SM is capable of achieving
a higher bandwidth-efficiency than RIS-AS. However, in the
next section, the two schemes will be compared under the
same throughput, whereL is increased for RIS-AS for a fair
comparison. It is also worth noting that the DCMC capacity
of (13) derived for RIS-AS and the DCMC capacity of (14)
for RIS-SM are different from the capacity analysis of [33],
which maximizes the overall achievable rate by modulating
the RIS coefficients{αm

n }M
m=1 as a set ofM modulated PSK

symbols. Both RIS-AS and RIS-SM are suitable for using large
number of RIS elements for enhancing the SNR for a TA-RA
pair, while the RIS-modulating scheme of [33] achieves the
maximum throughput that is practical for a small number of
RIS elements.

Definition 3 (Average BER):The average BER of RIS-AS
is upper-bounded by:

Pe ≤
LX

l=1

LX

l′=1

dH(l, l′)

L log2 L
P (sl → s

l′), (15)

wheredH(l, l′) refers to the Hamming distance between the
bit-mappings, whileP (sl → sl′) is the pairwise error proba-

bility (PEP). The conditional PEP based on (5) is formulated
as:

P (sl → s
l′ |hn) = Q

0
@

s
‖hn(sl − sl′)‖2

2N0

1
A , (16)

where the Q-function is given by Q(x) =
1√
2π

∫ ∞
x

exp(− x2

2 sin2 θ
)dθ. The PEP may be evaluated by

averaging the conditional PEP over all channel realizations.
To elaborate a little further, the moment generating function
(MGF) of ‖hn(sl − sl′)‖2 is given by [40], [44]:

M(z) = exp

"
z|sl − sl′ |2h

H
(I − z|sl − sl′ |2Ch)−1h

det(I − z|sl − sl′ |2Ch)

#
, (17)

whereh andCh are the mean vector and covariance matrix
of hn. Let us recall that based on (5), we havehr

n = hSDr
n +

PM

m=1 αm
n H

SRDr,m
n and hr⋆

n = h
SDr⋆
n

„
1 +

PM

m=1
|H

SRDr⋆,m
n |

|h
SDr⋆
n |

«
.

According to the central limit theorm, the elements inhn
converge to Gaussian distributions for largeM . The mean and
variance of the Gaussian-distributed variablehr

n are given by:

µr =
q

KSD

1+KSD + M
q

KSRKRD

(1+KSR)(1+KRD)
,

σ2
r = 1

1+KSD + M(1+KSR+KRD)

(1+KSR)(1+KRD)
,

(18)

which are evaluated based on the component Gaussian distri-
butions. Furthermore, the mean and variance of the Gaussian-
distributed variablehr⋆

are given by:

µr⋆ =
q

KSD

1+KSD + Mπ
4

q
KSRKRD

(1+KSR)(1+KRD)
L 1

2
(−KSR)L 1

2
(−KRD),

σ2
r⋆ = 1

1+KSD + M − Mπ2

16

L2
1
2

(−KSR)L2
1
2

(−KRD)

(1+KSR)(1+KRD)
,

(19)
which are calculated based on the component Ricean-

distributed amplitudes, whereL 1
2
(x) denotes the Laguerre

polynomial. As a result, the conditional PEP of (16) is
extended as:

P (sl → s
l′ |r⋆) =

1

π

Z π
2

0

exp

2
4−

|sl−sl′ |2h
H

(I+
|sl−sl′ |2Ch
4N0 sin2 θ

)−1h

4N0 sin2 θ

3
5

det
“
I + |sl−sl′ |2Ch

4N0 sin2 θ

” dθ,

(20)
which is conditioned on the AS choice ofr⋆. For RIS-SM
[40]–[44], the IM index r⋆ is part of the codeword, and
the further extension of (20) depends on the choice of the
RIS-SM’s ML or greedy detection method. For RIS-AS, the
choice ofr⋆ depends on both the Doppler frequency and the
AS methods of SD-max, SRD-max or FS/RS-opt. When the
Doppler frequency is low, the receive powers of different RAs
may change very slowly, which leads to the samer⋆ for a
long period of time. However, as the mobility increases,r⋆

may vary more rapidly.
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CDCMC
RIS-AS(SNR) =max{p(sl)}L

l=1

PL

l=1

R
p(yn|s

l)p(sl) log2
p(yn|sl)

P

L
l′=1

p(yn|sl′ )p(sl′ )
dy = 1

L

PL

l=1 E

»
log2

L p(yn|sl)
P

L
l′=1

p(yn|sl′ )

–

= R − 1
L

PL

l=1 E


log2

»PL

l′=1 exp

„
−‖hn(sl−sl′ )+vn‖2+‖vn‖2

N0

«–ff
,

(13)

CDCMC
RIS-SM(SNR) = 1

NRL

PNR
r⋆=1

PL

l=1 E

"
log2

L p(yn|sl,hr⋆
)

PNR

r⋆′
=1

P

L
l′=1

p(yn|sl′ ,hr⋆′
)

#

= R − 1
NRL

PNR
r⋆=1

PL

l=1 E


log2

»PNR

r⋆′
=1

PL

l′=1 exp

„
−‖hr⋆

sl−hr⋆′

sl′+vn‖2+‖vn‖2

N0

«–ff
,

(14)

TABLE IV: Summary of parameters for far-field propagation.

Initial coordinates
(xS , yS , zS) = (0, 0, 0), (xR, yR, zR) =
(300, 4, 0), (xD, yD, zD) = (300,−2, 0)

PLE γSR = γSD = 2.0

Ricean K-factors KSD = −6 dB, KSR = 0 dB, KSD = 0 dB
Normalized maximum Doppler fSD

d = fRD
d = vfc

cfs
, fSR

d = 0

Carrier frequencyfc
0.8 GHz (UHF-band), 1.5 GHz (L-band), 2.6
GHz (S-band), 4.7 GHz (C-band),
26 GHz (K-band), 38.5 GHz (Ka-band)

Antenna aperture AS
e = 80 cm2, AD

e = 40 cm2

Bandwidth 100 kHz
Receiver noise power density -174 dBm/Hz

D. Simulation Results

In this section, the simulation results of RIS assisted SIMO
systems are presented in the context of far-field propagation
conditions, as summarized in Table IV. For the CCMC ca-
pacity, DCMC capacity and BER results of Fig. 2 and Fig. 3,
the PLE of the SD link is assumed to beγSD = 4.08 and
the operating carrier frequency is assumed to be at 1.5 GHz
(L-band). The effects of different locations of the car user, the
different PLEγSD and the different carrier frequenciesfc are
further investigated in Fig. 4.

Fig. 2 shows the CCMC and DCMC capacity results for
RIS assisted SIMO scenarios. First of all, Figs. 2(a) and (b)
confirm that in terms of CCMC capacity, the proposed RIS-
AS is indeed capable of maximizing the SIMO channel power,
where RIS-AS outperforms RIS using random phases without
any optimization, followed by the case of only using the
direct SD link without RIS. Secondly, Figs. 2(c) and (d)
demonstrate that at a given system throughput, the proposed
RIS-AS also outperforms the benchmark of RIS-SM. More
explicitly, in contrast to the CCMC capacity of (12) relyingon
the idealistic and ‘Gaussianized’ channel’s input signals, the
DCMC capacities of (13) and (14) rely on practical PSK/QAM
signals that carry source bits. Therefore, the DCMC capacities
of Figs. 2(c) and (d) converge to the same throughputR, but
the proposed RIS-AS requires the lowest SNR for achieving
the full throughput ofR = 2 andR = 4 in Figs. 2(c) and (d),
respectively. RIS-SM does not improve the propagation envi-
ronment as much as the proposed RIS-AS, due to the fact that
RIS-SM relies on the RIS alignment for conveying information
bits instead of improving the SIMO channel power.

Fig. 3 portrays our BER performance results for RIS
assisted SIMO. First of all, Figs. 3(a) and (b) once again
confirm that the proposed RIS-AS achieves substantial per-
formance improvements both over the RIS-SM benchmarker
and over the case of using the direct SD link without
RIS. Secondly, when comparing different RIS-AS algorithms,
Figs. 3(a) and (b) demonstrate that SRD-max achieves almost
the same performance as RS-opt, where the RS-opt algo-
rithms have exhaustively testedNRS = 1000 combinations
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Fig. 2: CCMC capacity and DCMC capacity results for RIS assisted
open-loop SIMO with CSI-R.

of independent RIS element alignments. This corroborates the
effectiveness of the proposed SRD-max operating at linear
complexity, where more exhaustive optimization search is no
longer needed. Furthermore, Figs. 3(a) and (b) also demon-
strate that SD-max which performs AS purely based on the
direct SD link only suffers from a small performance loss
compared to SRD-max and RS-opt, rendering SD-max an
attractive choice for the scenario, when the CSI of the RIS-
reflected links is not available at the instant of AS decision.

Fig. 4 summarizes the performance results for RIS assisted
SIMO, where the power-efficiency is quantified in terms of
the transmit powerPt (dBm) required for achieving the target
BER of 10−4. Fig. 4(a) investigates the effect of location,
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Fig. 4: Power-efficiency results for RIS assisted open-loop SIMO with CSI-R.

which demonstrates that the power-efficiency gain of using
RIS-AS peaks when the car user is in the vicinity of the
RIS. On one hand, when the car user moves closer to the
BS, the direct link becomes strong enough even without RIS,
as evidenced by Fig. 4(a). On the other hand, when the car
user moves away, the direct link gradually loses coverage,
which is indicated by the cut-off limit ofPt = 20 dBm in
Fig. 4(a), but this is effectively mitigated by the proposedRIS-
AS. Moreover, Fig. 4(a) also demonstrates that when the RIS-
reflected links become weak, the RIS-SM benchmarker does
not perform well. This is due to the fact that conveying extra
information via RIS alignment becomes unreliable, unless the
car user is close to the RIS location.

Furthermore, Fig. 4(b) investigates the effect of PLE, which
may range from 2 to 6, depending on the blockage conditions
[3]. It is demonstrated by Fig. 4(b) that the power-efficiency
gain of the proposed RIS-AS manifests itself better when the
PLE of the direct SD link increases, but the PLE of the SD link
has almost no effect on the performance of RIS-SM, hence the
SD link is often ignored in the RIS-SM literature [40]–[44].

Finally, Fig. 4(c) demonstrates the effect of the increasing
carrier frequency, which induces a higher PL. As expected,

the power-efficiency gain achieved by the proposed RIS-AS
decreases asfc increases in Fig. 4(c), where the effective
coverage can only be resumed in K-band and Ka-band by
decreasing the distance between the BS and RIS and by
increasing the RIS size.

IV. AS FOR RIS ASSISTEDCLOSED-LOOPMISO
BEAMFORMING WITH CSI-T

A. Received Signal Model

Firstly, the direct SD link is modelled ashSD
n =

hSD,LoS
n + hSD,NLoS

n ∈ C1×NT , where the LoS part is given

by hSD,LoS
n =

√
KSD

1+KSD exp(j2πn∆fSD,LoS)aULA (θAoD
S )H ,

while the t-th element of the NLoS row vectorhSD,NLoS
n

is associated withfSD
d and hSD,NLoSt

n ∼ CN (0, 1
1+KSD)

for (1 ≤ t ≤ NT ). Secondly, the SR link is
given by HSR

n = HSR,LoS
n + HSR,NLoS

n ∈ CM×NT ,
where the LoS paths are modelled asHSR,LoS

n =√
KSR

1+KSR exp(j2πn∆fSR,LoS)aUPA(θAoA
R , ϕAoA

R )aULA (θAoD
S )H ,

while the NLoS element on them-th row and t-
th column of HSR,NLoS

n is associated with fSR
d and

H
SR,NLoSm,t
n ∼ CN (0, 1

1+KSR) for (1 ≤ m ≤ M )
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Fig. 3: BER results for RIS assisted open-loop SIMO with CSI-R.

and (1 ≤ t ≤ NT ). Thirdly, the RD link is
hRD

n = hRD,LoS
n + hRD,NLoS

n ∈ C1×M , where

hRD,LoS
n =

√
KRD

1+KRD exp(j2πn∆fRD,LoS)aUPA(θAoD
R , ϕAoD

R )H

models the LoS, while them-th NLoS element inhRD,NLoS
n

is associated withfRD
d and hRD,NLoSm

n ∼ CN (0, 1
1+KRD ) for

(1 ≤ m ≤ M ). As a result, the received signal is given by:

yn = hnwnsn + vn = (hSD
n +

PM

m=1 αm
n hRDm

n H
SRm,−
n )wnsn + vn

= (hSD
n +

PM

m=1 αm
n H

SRDm,−
n )wnsn + vn,

(21)
where hn ∈ C1×NT and wn ∈ CNT ×1 are the equivalent
MISO channels and the BS beamforming vector, respectively.
Moreover, HSRm,−

n and H
SRDm,−
n = hRDm

n H
SRm,−
n denote

the m-th row in HSR
n ∈ CM×NT and HSRD

n =∈ CM×NT ,
respectively, wherehRDm

n is them-th element inhRD
n .

B. Problem Formulation and Antenna Selection Algorithms

The associated optimization problem is formulated as:

max{αm
n }M

m=1,wn
|hnwn|

2
, s.t. {|αm

n | = 1}M
m=1 andE(‖wn‖

2) ≤ 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 vectorwn, both the beamformed di-
rect link hSD

n wn and the beamformed RIS-reflected link
H

SRDm,−
n wn become equivalent to SISO. Therefore, following

(7), the optimum RIS configuration is given by∠αm
n =

∠hSD
n wn − ∠H

SRDm,−
n wn. On the other hand, for a given

set of {αm
n }M

m=1, the optimum beamforming vector is given

by the maximum ratio transmission (MRT) ofwn =
hH

n

‖hn‖ .
Therefore, the AO algorithm [4] may iteratively optimizewn

and {αm
n }M

m=1 until the metric of (22) converges. However,
the AO algorithm works better for static fading channels that
remain unchanged over the period of signal transmission. In
high-mobility scenarios, the AO algorithm has to be activated
for each sampling period, with the number of iterations
required for convergence varying with different system setups.

In order to mitigate this problem, the RIS-AS algorithms
of Sec. III-B may be revised for beamforming based MISO
systems,where 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 power. More explicitly, firstly,
the SD-max method aligns all RIS elements with a single
TA based on the direct SD link ast⋆ = arg max∀t

‚‚hSDt
n

‚‚2.
Secondly, the SRD-max method aligns all RIS elements with
a single TA based on the composite MISO channels as
t⋆ = arg max∀t ‖h

SD
n +

PM

m=1 αm
n (t)H

SRDm,−
n ‖2, where there are

NT candidates for the setαm
n (t) =

h
SDt
n

„

H
SRDm,t
n

«∗

˛

˛

˛

˛

h
SDt
n H

SRDm,t
n

˛

˛

˛

˛

associated

with (t = 1, · · · , NT ) and (m = 1, · · · ,M). Thirdly, for
the FS/RS-opt method, each RIS element can be indepen-
dently configured to be aligned with a TA as{t⋆

m}M
m=1 =

arg max∀{tm}M
m=1

‖hSD
n +

PM

m=1 αm
n (tm)H

SRDm,−
n ‖2, where there

are (NT )M combinations forαm
n (tm) =

h
SDtm
n

„

H
SRDm,tm
n

«∗

˛

˛

˛

˛

h
SDtm
n H

SRDm,tm
n

˛

˛

˛

˛

associated with{tm = 1, · · · , NT }
M
m=1. In summary, upon

obtaining t⋆ by the SD-max or the SRD-max, the RIS is

configured based ont⋆ as αm
n =

h
SDt⋆
n

„

H
SRDm,t⋆
n

«∗

˛

˛

˛

˛

h
SDt⋆
n H

SRDm,t⋆
n

˛

˛

˛

˛

. For the

FS/RS-opt method, the RIS is configured based on{t⋆m}M
m=1

as αm
n =

h
SDt⋆

m
n

 

H
SRDm,t⋆

m
n

!∗

˛

˛

˛

˛

˛

h
SDt⋆

m
n H

SRDm,t⋆
m

n

˛

˛

˛

˛

˛

. Finally, once the RIS is config-

ured by the AS algorithms, the beamforming vector is given
by the MRT ofwn =

hH
n

‖hn‖
.

As a design alternative to the proposed RIS-AS, the RIS-

SM is also configured byαm
n =

h
SDt⋆
n

„

H
SRDm,t⋆
n

«∗

˛

˛

˛

˛

h
SDt⋆
n H

SRDm,t⋆
n

˛

˛

˛

˛

for (m =

1, · · · ,M), where the TA indext⋆ conveyslog2 NT IM bits
[40]–[44].
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Fig. 5: Optimization convergency results for RIS assisted closed-loop
MISO beamforming with CSI-T.

C. Performance Analysis
The received signal model of (21) is equivalent to a SISO

system, where the fading element is given byh̃n = hnwn.
As a result, the CCMC capacity of (12), the DCMC capacity
of (13) and the conditional PEP of (16) are now given by:

CCCMC
RIS-AS(SNR) = E

h
log2

“
1 + |ehn|2

N0

”i
.

CDCMC
RIS-AS(SNR) = log2 L − 1

L

PL

l=1 E


log2

»PL

l′=1 exp

„
−|ehn(sl−sl′ )+vn|2+|vn|2

N0

«–ff
.

P (sl → sl′ |ehn) = Q

„q
|ehn(sl−sl′ )|2

2N0

«
.

(23)

D. Simulation Results

In this section, we focus our attention on the optimization
convergence, and a more detailed performance analysis will
be provided for closed-loop MIMO beamforming in Sec. V.
This is because the AO algorithm designed for RIS assisted
closed-loop MIMO beamforming [7] has matrix inversions and
decompositions whose complexity cannot be readily quanti-
fied. Hence the convergence complexity is analysed here for a
MISO setup. The simulation parameters are the same as those
presented in Sec. III-D.
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Fig. 6: BER results for RIS assisted closed-loop MISO beamforming
with CSI-T.

Fig. 5(a) demonstrates that the AO algorithm [4] converges
after five iterations, which achieves a higher optimization
metric in terms of (22) than the proposed RIS-AS. However,
Fig. 5(b) shows that the AO algorithm exhibits substantially
higher complexity in terms of the number of real-valued
multiplications than the proposed RIS-AS. Once again, we
note that the proposed RIS-AS configures the RIS alone, i.e.
without iterations with the transceiver optimization. Further-
more, Figs. 5(c) and (d) demonstrate that the optimization
metric differences in Fig. 5(a) have very limited effect on
performance, and that the proposed RIS-AS is capable of
approaching the AO algorithm’s CCMC capacity. Both the
AO algorithm and the proposed RIS-AS achieve substantial
performance advantages over the case of RIS using random
phases and the case of using a direct SD link without RIS
assistance, as demonstrated by Figs. 5(c) and (d).

Fig. 6 portrays our BER results for RIS assisted MISO
beamforming, which confirms that both the SRD-opt and RS-
opt methods of RIS-AS are capable of approaching the AO
algorithm’s performance. Moreover, the SD-max method is
also capable of achieving substantial performance gain over
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the case of using direct SD link without RIS, as evidenced
by Fig. 6. Finally, Fig. 6 demonstrates that the RIS-SM
benchmarker does not perform well, when it is compared to
the RIS-AS associated with the same throughput.

V. AS FOR RIS ASSISTEDCLOSED-LOOPMIMO
BEAMFORMING WITH CSI-T

A. Received Signal Model
The received signals of the RIS assisted MIMO beamform-

ing are formulated as:

yn = HnWnsn + vn

= (HSD
n +

PM

m=1 αm
n H

RD−,m
n H

SRm,−
n )Wnsn + vn,

(24)
where we haveyn ∈ CNR×1, Hn ∈ CNR×NT , Wn ∈
CNT ×NS , sn ∈ CNS×1 and vn ∈ CNR×1. The SD
link is modelled as HSD

n = HSD,LoS
n + HSD,NLoS

n ∈
CNR×NT , where the LoS part is given byHSD,LoS

n =√
KSD

1+KSD exp(j2πn∆fSD,LoS)aULA (θAoA
D )aULA (θAoD

S )H , while

the NLoS element on ther-th row andt-th column ofHSD,NLoS
n

is associated withfSD
d and H

SD,NLoSr,t
n ∼ CN (0, 1

1+KSD) for
(1 ≤ r ≤ NR) and (1 ≤ t ≤ NT ). The SR link is generated in
the same way as in the case of the RIS assisted MISO scheme
of Sec. IV-A, while the RD link is generated in the same
way as in the case of the RIS assisted SIMO arrangement of
Sec. III-A.

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

max{αm
n }M

m=1,Wn
‖HnWn‖

2
, s.t. {|αm

n | = 1}M
m=1 and‖Wn‖

2 ≤ NS .

(25)
The AO algorithm is conceived for the above non-convex
problem in [7]. When the RIS phases{αm

n }M
m=1 are fixed, the

optimal beamforming matrixWn is given by appling the SVD
and waterfilling based onHn. On the other hand, whenWn

is decided, the RIS phases are solved one-by-one, assuming
that all the others are fixed. However, this AO algorithm
involves a total number of 1 SVD,M matrix inversions and
M +1 EVDs for each iteration, which becomes unrealistic for
frequent update in high-mobility scenarios.

In order to alleviate this problem, the AS algorithms
of Secs. III-B and IV-B are revised for beamforming
MIMO systems, where the objective of the proposed
AS is to align the RIS with a pair of TA-RA (t⋆, r⋆)
that leads to maximizing the channel’s output power.
Firstly, the SD-max method aligns all RIS elements
to a TA-RA pair based on the SD channel power as
(t⋆, r⋆) = arg max∀t∀r

‚‚‚H
SDr,t
n

‚‚‚
2

, and then the RIS is config-

ured byαm
n =

H
SDr⋆,t⋆
n

„

H
RDr⋆,m
n H

SRm,t⋆
n

«∗

˛

˛

˛

˛

H
SDr⋆,t⋆
n H

RDr⋆,m
n H

SRm,t⋆
n

˛

˛

˛

˛

. Secondly, the SRD-

max method aligns all RIS elements with a TA-RA pair based
on the composite beamformed MIMO channels as(t⋆, r⋆) =

arg max∀(t,r)

‚‚‚(HSD
n +

PM

m=1 αm
n (t, r)H

RD−,m
n H

SRm,−
n )Wn(t, r)

‚‚‚
2

.
There areNT NR candidates for the TA-RA pair(t, r), where
the candidates{Wn(t, r)}∀(t,r) are configured by applying
SVD and waterfilling to the RIS-assisted MIMO channels

configured by the setαm
n (t, r) =

H
SDr,t
n

„

H
RDr,m
n H

SRm,t
n

«∗

˛

˛

˛

˛

H
SDr,t
n H

RDr,m
n H

SRm,t
n

˛

˛

˛

˛

associated with(m = 1, · · · ,M). The optimum RIS phases
and beamforming matrix are given by{αm

n (t⋆, r⋆)}M
m=1 and

Wn(t⋆, r⋆), respectively. Thirdly, for the FS/RS-opt method,
each RIS element can be independently aligned with a
TA-RA pair as{t⋆

m, r⋆
m}M

m=1 = arg max∀({tm,rm}M
m=1) ‖(H

SD
n +

PM

m=1 αm
n (tm, rm)H

RD−,m
n H

SRm,−
n )Wn({tm, rm}M

m=1)‖
2. There

are (NT NR)M legitimate combinations for{tm, rm}M
m=1,

where the candidatesWn({tm, rm}M
m=1) are configured

based onαm
n (tm, rm) =

H
SDrm,tm
n

„

H
RDrm,m
n H

SRm,tm
n

«∗

˛

˛

˛

˛

H
SDrm,tm
n H

RDrm,m
n H

SRm,tm
n

˛

˛

˛

˛

. Upon

obtaining {t⋆m, r⋆
m}M

m=1, the optimum RIS phases and
beamforming matrix are given by{αm

n (t⋆
m, r⋆

m)}M
m=1 and

Wn({t⋆
m, r⋆

m}M
m=1).

C. Performance Analysis

Upon applying SVD and transmit/receive beamforming, the
received signal of (24) is decoupled intoNS SISO transmitted
streams. As a result, the CCMC capacity, DCMC capacity
and conditional PEP can also be evaluated by (23), whereh̃n

is replaced by the real-valued power coefficient obtained by
waterfilling.

D. Simulation Results

The CCMC capacity, DCMC capacity and the BER re-
sults of our RIS assisted MIMO beamforming are portrayed
by Figs. 7 and 8, where the simulation parameters are the
same as those presented in Sec. III-D. It is demonstrated by
Figs. 7 and 8 that the RS-opt method of the proposed RIS-
AS is capable of approaching the performance of the AO
algorithm. Once again, the low-complexity RIS-AS only has
to check on the channel’s output power, while the classic AO
algorithm of [7] involves the SVD/EVD and matrix inversions
for each iteration. Furthermore, Fig. 8 demonstrates that the
SRD-max method imposes a performance loss compared to the
RS-opt, and the performance of the SD-max deteriorates even
further. This is due to the specific nature of the SVD-based
beamforming method that performs better when the singular
values are maximized and balanced. This can be more readily
achieved by the maximum degree of freedom provided by
aligning different RIS elements to different TA-RA pairs.

VI. AS FOR RIS ASSISTEDGENERIC OPEN-LOOPMIMO
WITH CSI-R

A. Received Signal Model
The received signals of the RIS assisted generic MIMO

system are modelled as:

Yn = HnSn + Vn = (HSD
n +

PM

m=1 αm
n H

RD−,m
n H

SRm,−
n )Sn + Vn,

(26)
where in order to enable space-time signal transmission over
T time slots, we haveYn ∈ CNR×T , Sn ∈ CNT ×T and
Vn ∈ CNR×T . As a result, the received signal model of
(26) is capable of supporting any MIMO signal transmission
including V-BLAST, STBC, SM, STSK, GSM and GSTSK,
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Fig. 7: CCMC and DCMC capacity results for RIS assisted closed-
loop MIMO beamforming with CSI-T.

which may all be expressed in the dispersion matrix (DM)
form [62] as S =

∑Q
q=1 Aqsq, where {Aq ∈ CNT ×T }Q

q=1

and {sq}
Q
q=1 are DMs and modulated symbols, respectively.

Firstly, for V-BLAST, we have(Q = NT ) and (T = 1), and
the DMs are in the form ofAq = [0, · · · , 0, 1, 0, · · · , 0]T ,
where the position of the non-zero element is indicated by
q. V-BLAST has the full-multiplexing MIMO throughput of
(R = NT log2 L). Secondly, the DMs for STBCs are designed
for achieving both orthogonality and diversity gain, wherethe
throughput is(R = Q log2 L

T ). Thirdly, SM shares the same
set of DMs with V-BLAST, but only one out ofNT DM
is activated for the single-RF transmission asS = Aqs

l,
where both the DM activation indexq and the modulation
index l convey information, leading to the throughput of
(R = log2 NT + log2 L). Thirdly, STSK also has the form
of S = Aqs

l, where the DM design follows the STBC phi-
losophy of maximizing the diversity gain, and the throughput
is (R = log2 Q+log2 L

T ). In the absence of multiplexing, both
SM and STSK are free from inter-channel interference (ICI),
which facilitates a single-antenna-based low-complexitysignal
detection at the receiver. In order to further improve their
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Fig. 8: BER results for RIS assisted closed-loop MIMO beamforming
with CSI-T.

throughputs, GSM and GSTSK opt for activating more than
one DMs, which however imposes a certain amount of ICI.

B. Problem Formulation and Antenna Selection Algorithms
The optimization problem is formulated as:

max{αm
n }M

m=1
‖Hn‖

2

= max{αm
n }M

m=1

‚‚‚HSD
n +

PM

m=1 αm
n H

RD−,m
n H

SRm,−
n

‚‚‚
2

,

s.t. {|αm
n | = 1}M

m=1.

(27)

The AS algorithms of Secs. III-B, IV-B and V-B may be
revised as low-complexity sub-optimal solutions of the above
non-convex problem,where the objective of the proposed
AS is to align the RIS with a pair of TA-RA(t⋆, r⋆) that
leads to maximizing the channel’s output power. More
explicitly, firstly, the SD-max method aligns all RIS elements
with a TA-RA pair as (t⋆, r⋆) = arg max∀t∀r

‚‚‚H
SDr,t
n

‚‚‚
2

.
Secondly, the SRD-max method is revised to(t⋆, r⋆) =

arg max∀t∀r

‚‚‚HSD
n +

PM

m=1 αm
n (t, r)H

RD−,m
n H

SRm,−
n

‚‚‚
2

, where
there are a total NT NR candidates for αm

n (t, r) =
H

SDr,t
n

„

H
RDr,m
n H

SRm,t
n

«∗

˛

˛

˛

˛

H
SDr,t
n H

RDr,m
n H

SRm,t
n

˛

˛

˛

˛

. Finally, the FS/RS-opt method is
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revised to {t⋆
m, r⋆

m}M
m=1 = arg max∀{{tm,rm}M

m=1
‖(HSD

n +
PM

m=1 αm
n (tm, rm)H

RD−,m
n H

SRm,−
n )Wn({tm, rm}M

m=1)‖
2,

where there are a total(NT NR)M combinations for

αm
n (tm, rm) =

H
SDrm,tm
n

„

H
RDrm,m
n H

SRm,tm
n

«∗

˛

˛

˛

˛

H
SDrm,tm
n H

RDrm,m
n H

SRm,tm
n

˛

˛

˛

˛

. Upon obtaining

(t⋆, r⋆) by the SD-max or the SRD-max, the RIS is configured

by αm
n =

H
SDr⋆,t⋆
n

„

H
RDr⋆,m
n H

SRm,t⋆
n

«∗

˛

˛

˛

˛

H
SDr⋆,t⋆
n H

RDr⋆,m
n H

SRm,t⋆
n

˛

˛

˛

˛

. For the FS/RS-opt

method, the RIS is configured based on{t⋆m, r⋆
m}M

m=1 as

αm
n =

H
SDr⋆

m,t⋆
m

n

 

H
RDr⋆

m,m
n H

SRm,t⋆
m

n

!∗

˛

˛

˛

˛

˛

H
SDr⋆

m,t⋆
m

n H
RDr⋆

m,m
n H

SRm,t⋆
m

n

˛

˛

˛

˛

˛

.

C. Performance Analysis

The performance analysis of RIS-assisted generic MIMO
follows the methodologies of Secs. III-C, IV-C and V-C. The
interested readers might like to refer to [62], [75]–[77] for
the detailed performance analysis for using different MIMO
codewords.

D. Simulation Results

In this section, the RIS is harnessed for supporting full-
/single-RF MIMO transmission. The simulation parameters are
the same as those presented in Sec. III-D. As for full-RF MI-
MOs, both the multiplexing-oriented V-BLAST and diversity-
oriented GSTSK are investigated. The GSTSK scheme of [63]
activatesNT out of Q DMs, which results in the same level
of ICI as V-BLAST. Moreover, the DMs in the GSTSK of
[63] are designed to be sparse matrices which have non-
zero elements at different positions, so that the superposition
of

∑NT

q=1 Aqsq does not increase the peak-to-average power
ratio (PAPR). On the other hand, for the single-RF MIMO,
both the classic SM and STSK of [66] are supported by the
RIS-assisted MIMO channels. More explicitly, the STSK of
[66] activates one out ofQ DMs, which are sparse matrices
for ensuring single-RF, low-PAPR and ICI-free transmission.
In summary, the diversity-oriented schemes of GSTSK and
STSK are compared to their classic MIMO counterparts of V-
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 is
capable of improving the performance of all the following
MIMO schemes: V-BLAST, GSTSK, SM and STSK in both
full-RF and single-RF modes. This verifies that the RIS-AS
advocated improves the MIMO channels and are agnostic to
the specific choice of the MIMO transceiver. Furthermore,
Fig. 9 also demonstrates that the diversity-oriented GSTSK
and STSK schemes are capable of achieving their intended
diversity gains over V-BLAST and SM, respectively, in addi-
tion to their RIS gain.

Fig. 10 portrays our power-efficiency results for RIS assisted
MIMO schemes, which once again confirms that the RIS
achieves the maximum gain, when the car user is in the vicinity
of the RIS location. Furthermore, it is evidenced by Fig. 10 that
the diversity gains of GSTSK and STSK further improve the

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

-30 -20 -10 0 10 20 30

Pt (dBm)

V-BLAST, SD only
V-BLAST, RIS AS(SD-max)
V-BLAST, RIS AS(SRD-max)
V-BLAST, RIS AS(RS-opt)

GSTSK, SD only
GSTSK, RIS AS(SD-max)
GSTSK, RIS AS(SRD-max)
GSTSK, RIS AS(RS-opt)

V-BLAST, theory
GSTSK, theory

Full-RF
NT=NR=2
R=2.0
RIS(M=64)

(a) Full-RF,NT = NR = 2, R = 2

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

B
E

R

-30 -20 -10 0 10 20 30

Pt (dBm)

SM, SD only
SM, RIS AS(SD-max)
SM, RIS AS(SRD-max)
SM, RIS AS(RS-opt)

STSK, SD only
STSK, RIS AS(SD-max)
STSK, RIS AS(SRD-max)
STSK, RIS AS(RS-opt)

SM, theory
STSK, theory

Single-RF
NT=NR=2
R=2.0
RIS(M=64)

(b) Single-RF,NT = NR = 2, R = 2

Fig. 9: BER results for RIS assisted open-loop MIMO with CSI-R.

RIS-assisted MIMO transmission, where the car user satisfies
the signal coverage threshold ofPt = 20 dBm over a wider
range of distances from the BS.

VII. I MPACT OF RIS CHANNEL ESTIMATION

As for the RIS channel estimation methods, the ON/OFF
based schemes [8], [71] estimate the CSI of the direct link
first by switching off the RIS. Following this, the RIS-reflected
links are successively estimated by activating a single RIS
element in a time slot, where the estimated direct link is
substracted from the subsequent estimations. As a further
improvement, the discrete Fourier transform (DFT) based
methods of [9], [72], [73] activate all of the RIS elements
based on the classic DFT matrix, so that the direct link
and all reflected links become orthogonal. The pilot overhead
can be reduced by grouping together a set of adjacent RIS
elements [8] and upon configuring the RIS based on the
statistical knowledge of the CSI [39], by compressive sensing
[87], deep learning [88], codebook-based training [89] and
matrix factorization [90], [91]. For high-mobility scenarios,
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Fig. 10: Power-efficiency results for RIS assisted open-loop MIMO
with CSI-R.

the RIS channel estimation that takes into account the Doppler
frequency has been facilitated in both time-frequency domain
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 MISO1 based on the
Cramer-Rao bound in [92]. For SIMO/MIMO without beam-
forming, Figs. 11(a) and (b) demonstrate that the imperfect
CSI-R degrades the performance of the proposed RIS-AS,
because the inaccurate CSI is used for RIS configuration.
Nonetheless, the proposed RIS-AS still substantially outper-
forms RIS-SM. In fact, RIS-SM requires CSI-T in order to
configure RIS based on both IM bits and CSI, where the
imperfect CSI feedback leads to error floors in Fig. 11(b).
For closed-loop MISO, Figs. 11(c) and (d) evidence that the
imperfect CSI feedback imposes more severe performance
degradation on the AO algorithms than the proposed RIS-
AS, owing to the fact that the RIS-AO’s iterations lead to
accumulated deviations in the presence of CSI errors.

1We note that imperfect CSI would impose interference to the data streams
in closed-loop MIMO, which requires further equalization at the receiver. In
order to avoid digressing from the main focus, closed-loop MIMO is not
shown in Fig. 11.
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Fig. 11: BER results for RIS assisted SIMO/MISO/MIMO with
imperfect CSI.

VIII. C ONCLUSIONS

New RIS-AS algorithms were proposed in order to facilitate
low-complexity independent RIS configuration. In responseto
the key questions posed in Sec. I, firstly, the RIS beamforming
gain achieved by RIS-AS is shown to be more beneficial than
the RIS reflection-based modulation of RIS-SM. Secondly, the
proposed RIS-AS algorithms are demonstrated to be capable of
approaching the joint optimization performance of the classic
AO algorithm at a substantially reduced complexity. Finally,
the proposed RIS-AS improves the channel’s output power and
are agnostic to the specific choice of the MIMO transceiver.
Our simulation results demonstrate that the proposed RIS-
AS is capable of supporting any MIMO schemes, regardless
of whether they have closed/open-loop, single-/full-RF and
multiplexing-/diversity-oriented setups.
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