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Antenna Selection for Receive Spatial Modulation
System Empowered by Reconfigurable

Intelligent Surface
Burak Ahmet Ozden and Erdogan Aydin

Abstract—Reconfigurable intelligent surface (RIS) enhances sig-
nal quality by adjusting the phase of electromagnetic waves in
wireless communication. Spatial modulation (SM), a prominent
index modulation (IM) technique, provides high spectral efficiency
and low energy consumption. In this article, a new wireless com-
munication system is proposed by combining capacity-optimized
antenna selection (COAS), antenna correlation antenna selec-
tion (ACAS), and Euclidean distance-optimized antenna selection
(EDAS)-supported RIS-empowered receive SM (RIS-RSM) system
(AS-RIS-RSM) in a single-input multiple-output (SIMO) structure.
The proposed AS-RIS-RSM schemes (COAS-RIS-RSM, ACAS-
RIS-RSM, and EDAS-RIS-RSM) provide better error performance
compared to the traditional RIS-RSM system. Also, they offer
higher spectral and energy efficiency compared to traditional wire-
less communication systems without IM. Integrating COAS, ACAS,
and EDAS techniques into the system enables the selection of the
channel with the best conditions, thus increasing the error perfor-
mance of the proposed system. Also, using RIS increases the error
performance of the system by controlling the transmitted signal to
a certain extent. The analytical average bit error rate results of the
proposed AS-RIS-RSM systems are derived and shown to overlap
with simulation results. For the proposed systems, an optimal max-
imum likelihood (ML) detector and a sub-optimal low-complexity
greedy detector (GD) are offered. Also, capacity analyses of the pro-
posed AS-RIS-RSM systems are derived and it is observed that they
have higher capacity compared to RIS-QAM/PSK and RIS-RSM
systems. Then, computational complexity analyses of the proposed
COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM systems
are presented. Moreover, the impact of imperfect channel state
information on the error performance of the proposed AS-RIS-
RSM systems is investigated, and throughput analysis is performed.
The proposed systems have been compared to counterpart wireless
communication systems including RIS-RSM, RIS-QAM, and RIS-
PSK under equivalent conditions, demonstrating that the proposed
systems achieve better error performance.

Index Terms—Reconfigurable intelligent surface (RIS), spatial
modulation, index modulation, Euclidean distance optimized
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antenna selection, capacity-optimized antenna selection, antenna
correlation based antenna selection.

I. INTRODUCTION

THE need for high-performance wireless communication
systems is driven by the continuous evolution of user

requirements, the massive growth of data traffic, the emer-
gence of new Internet of Things applications, and the anticipa-
tion of future network trends. These factors drive the exploration
of alternative technologies and the development of radically
new communication paradigms to address the wireless com-
munication engineering challenges of the future [1], [2], [3].
These alternative technologies, such as index modulation (IM),
new low complexity multiple-input multiple-output (MIMO)
schemes, reconfigurable intelligent surface (RIS), terahertz
communications, and advanced antenna selection technologies,
are being explored to meet the evolving user requirements, new
applications, and networking trends anticipated for 2030 and
beyond.

IM techniques have brought a new dimension to wireless
communication by offering a new method for information trans-
mission. IM revolutionizes wireless communications by intro-
ducing a groundbreaking concept to address the pressing need
for exceptional spectral and energy efficiency. IM represents
a paradigm shift from traditional digital modulation schemes
that rely on manipulating the amplitude/phase/frequency of a
sinusoidal carrier signal for transmission, which has dominated
the field of communications for the past half-century. By altering
the on/off status of transmission entities such as antennas, sub-
carriers, modulation types, and time slots, IM introduces an en-
tirely new approach to data transmission. Moreover, IM operates
in a more energy-efficient manner by selectively deactivating
essential system components while still capitalizing on their
utility for data transfer. This unique characteristic enables IM to
achieve unparalleled energy efficiency while reducing the car-
bon footprint. Also, the flexible nature of IM empowers wireless
communication systems to achieve increased spectral efficiency
without adding unnecessary complexity to the hardware [4], [5],
[6], [7], [8].

Spatial modulation (SM), one of the most well-known rep-
resentatives of IM schemes, is an important wireless communi-
cation technique that improves the spectral efficiency and error
performance of wireless communication systems. SM is a mod-
ulation technique that operates by activating only one transmit
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antenna at any time. The antenna indices serve as an additional
source of information, enhancing the spectral efficiency of SM
[9]. At each transmission time, only one transmit antenna is
activated thereby eliminating inter-channel interference and the
need for antenna synchronization. SM belongs to the single radio
frequency large-scale MIMO wireless systems family, utilizing
multiple antennas in a novel way compared to conventional
MIMO systems. It maximizes energy efficiency by selectively
activating a reduced number of antenna elements, while also
achieving high spectral efficiency and reduced complexity. SM
conveys additional information bits through the index of the
active antenna and achieves a spatial multiplexing gain by ex-
ploiting the position of the antenna. Also, it offers benefits such
as high energy efficiency, high spectral efficiency, low detection
complexity, absence of inter-channel interference, no need for
inter-antenna synchronization, and compatibility with massive
MIMO [10], [11], [12], [13].

The RIS technology, which provides high error performance,
stands out among the new wireless communication technologies
that have been introduced recently. RISs are artificial surfaces
made of electromagnetic material that can manipulate the prop-
agation medium [14], [15], [16], [17]. RIS is a low-cost and low-
complexity technology that reduces the energy consumption of
wireless networks and improves error performance. RISs do not
need an energy source, are not affected by receiver noise, can
operate at any operating frequency, are easy to deploy, and do not
require converters and power amplifiers [18], [19], [20], [21],
[22]. RISs are passive devices composed of electromagnetic
material that can be easily deployed on various structures. Due to
their nearly passive nature and low-cost construction, RISs can
be conveniently placed on building facades, indoor walls, aerial
platforms, and even incorporated into clothing. Moreover, RISs
are environmentally friendly. Unlike conventional relaying sys-
tems that require power amplifiers, RISs manipulate incoming
signals by controlling the phase shift of each reflecting element.
This approach eliminates the need for power amplification and
contributes to greater energy efficiency, making RISs an eco-
friendly solution for wireless communication [23], [24], [25],
[26], [27], [28]. RIS-space shift keying (RIS-SSK) and RIS-SM
systems, which are RIS-based IM systems, are presented in [29].
The proposed RIS-based IM systems provide a high data rate
and high error performance. RIS-aided non-orthogonal multiple
access network is investigated in [30]. The results show that
the proposed system outperforms its other orthogonal counter-
parts. In [31], a novel RIS-aided spatial media-based modulation
system, called RIS-SMBM, is proposed as a new approach to
enhancing system performance, energy efficiency, and spectral
efficiency for Rayleigh fading channels. In the proposed sys-
tem, SM, MBM, and RIS techniques are combined in a single
multi-input single-output system.

Antenna selection techniques play a crucial role in im-
proving the performance and efficiency of wireless com-
munication systems. The selection of appropriate antennas
significantly improves signal quality, increases capacity, and
reduces interference. By choosing the optimal antennas, it be-
comes possible to mitigate the effects of fading, multipath prop-
agation, and other channel impairments, thereby improving the
overall reliability, performance, and robustness [32], [33], [34],

[35], [36], [37]. Capacity-optimized antenna selection (COAS),
antenna correlation antenna selection (ACAS), and Euclidean
distance-optimized antenna selection (EDAS) techniques are
of paramount importance in improving the performance and
capacity of communication systems by optimizing the selection
of antennas based on channel characteristics. In the COAS
technique, the antenna selection process is carried out passively,
where the selected antenna indices set is constituted from the
largest channel norms. This approach aims to optimize capacity
by selecting antennas that have the highest channel norms,
ensuring better signal quality and improved performance in
the communication system [38], [39]. The ACAS technique
aims to maximize the dissimilarity between selected channels
to take advantage of diverse fading conditions. The selection
process in the ACAS technique involves evaluating the cosine
similarity between each pair of channel vectors and selecting the
channels with the highest dissimilarity. By choosing channels
with different fading characteristics, the impact of fading on
the transmitted signal can be minimized, leading to improved
error performance [40], [41]. The EDAS technique operates
passively by selecting antennas based on the maximization of
the minimum Euclidean distance (ED) over all possible sym-
bols. This involves determining all possible vector sets and
then identifying the specific set of antennas that maximizes the
minimum ED. By doing so, the EDAS technique achieves high
transmit diversity and improves the overall performance of the
system [42], [43].

A. Contributions

In this paper, new wireless communication systems, COAS-
RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM, are pro-
posed by enhancing the promising RIS-supported RSM scheme
with COAS, ACAS, and EDAS antenna selection techniques for
6G and beyond wireless communication networks. The main
contributions of the paper can be summarized as follows:
� The average bit error rate (ABER) analyses of the pro-

posed AS-RIS-RSM systems are obtained and com-
pared with simulation results for different system
parameters. The obtained results show that the analytical
and simulation performances are very close to each other.

� The capacity analyses of the proposed AS-RIS-
RSM systems are derived and compared with
RIS-QAM/PSK and RIS-RSM systems. The results
obtained show that the proposed systems have higher
capacity.

� The effect of varying the number of reflecting surface
elements and modulation order on the performance of the
proposed COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-
RIS-RSM systems is investigated.

� In the proposed system, an optimal maximum likelihood
(ML) detector and a low-complexity sub-optimal greedy
detector (GD) are used to estimate the active receive an-
tenna index and the transmitted symbol.

� Computational complexity analyses of proposed COAS-
RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM sys-
tems are derived and the results are compared with RIS-
PSK, RIS-QAM, and RIS-RSM systems.
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Fig. 1. System model of the proposed AS-RIS-RSM system.

TABLE I
LIST OF ABBREVIATIONS

� The impact of perfect and imperfect CSI cases on the
error performance of the proposed AS-RIS-RSM systems
is presented and the throughput analysis is obtained, and
also compared with the traditional RIS-RSM system.

� The proposed COAS-RIS-RSM, ACAS-RIS-RSM, and
EDAS-RIS-RSM systems are compared with RIS-PSK,
RIS-QAM, and RIS-RSM systems in terms of error perfor-
mance over the Rayleigh fading channels and it is shown
that the proposed systems provide better results.

B. Organization and Notations

The remainder of the article is compartmentalized as follows.
In Section II, the AS-RIS-RSM system model and receiver
structures are described. Antenna selection techniques for the
RIS-RSM scheme are introduced in Section III. The perfor-
mance analysis of the proposed system is given in Section IV.
Section V presents the capacity analyses of the proposed AS-
RIS-RSM system. The computational complexity analyses are
presented in Section VI. Section VII presents the simulation
results containing performance results and discussions of the
proposed system and benchmark systems are offered. Finally,
conclusions and discussions are offered in Section VIII. In
addition, for the convenience of readers, the abbreviations used
in the article are presented in Table I.

The following notation is used throughout this article. i) Bold
lower/upper case symbols represent vectors/matrices; (·)T , || ·
||, and | · | denote transpose, Frobenius norm, and Euclidean

norm, respectively, �(.) and �(.) are the real and imaginary
parts of a complex-valued quantity.

II. SYSTEM MODEL

Fig. 1 illustrates the proposed AS-RIS-RSM system model,
which operates over the Rayleigh flat fading channel. The pro-
posed system is considered a single-input and multiple-output
(SIMO) system. In addition, the proposed system model in Fig. 1
includes a RIS block containing N reflecting surface elements
controlled by a microcontroller, which provides communication
between the transmitter and the receiver. These reflecting surface
elements efficiently transmit the signal to the selected receiver
antenna by rotating the phase of the signal to maximize the
signal-to-noise ratio (SNR). Also, since the transmit antenna is
deployed very close to the RIS, it is assumed that there is no
channel between the transmitter and the RIS [44]. The proposed
system comprises one transmit antenna at the transmitter and
nR receive antennas at the receiver. However, the nS antennas
are selected from the nR antennas according to COAS, ACAS,
and EDAS techniques. When no antenna selection technique is
used, all available nR antennas are used for data transmission
and the channel matrixG ∈ C

N×nR is conventionally expressed
as follows:

G =

⎡
⎢⎢⎢⎢⎣
g1,1 g1,2 · · · g1,nR

g2,1 g2,2 · · · g2,nR

...
...

. . .
...

gN,1 gN,2 · · · gN,nR

⎤
⎥⎥⎥⎥⎦
N×nR

. (1)
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However, according to COAS, ACAS, and EDAS techniques,
nS antennas are selected from nR receiver antennas and only
these nS selected antennas are used for transmission. Therefore,
under the conditionnS ≤ nR, only the following channel matrix
GS ∈ C

N×nS corresponding to the selected nS antenna is used
for data transmission:

GS =

⎡
⎢⎢⎢⎢⎣
g1,1 g1,2 · · · g1,nS

g2,1 g2,2 · · · g2,nS

...
...

. . .
...

gN,1 gN,2 · · · gN,nS

⎤
⎥⎥⎥⎥⎦
N×nS

. (2)

In Fig. 1, a binary information vector with the size of 1 ×
η denoted as d is to be transmitted using the proposed AS-
RIS-RSM system. η = nSY + nSM (spectral efficiency) bits are
transmitted at a specific time period during the communication
process. Furthermore, d is divided into two sub-vectors, one
containing nSY = log2(M) bits and the other nSM = log2(nS)
bits. The bits in the first sub-vector are used to select a symbol
from the M -QAM symbol space and the bits in the second sub-
vector determine the active antenna index.

The received signal transmitted through the reflecting surface
elements of the RIS and received by the �th receive antenna can
be expressed as follows:

y� =
√
Es

[
N∑
r=1

gr,�e
jψr

]
sq + w�

=
√
Es g

T
� Ψ sq + w�, (3)

where g� ∈ C
N×1 is the �th column vector of GS , i.e. GS =

[g1, . . . ,g�, . . . ,gnS
]. The Rayleigh channel coefficient be-

tween the �th receive antenna and the rth reflecting surface ele-
ment is represented as gr,� = λr,�e

−jϕr,� and � ∈ {1, 2, . . . nS},
r ∈ {1, 2, . . . N}. w� is the additive white Gaussian noise
(AWGN) at the rth receiver, which follows a complex normal dis-
tribution with mean 0 and variance N0. Also, Es represents the
transmitted signal energy. The qth complex symbol chosen from
theM -QAM constellations is expressed as sq . To maximize the
instantaneous SNR at the receiver, the RIS tunes its adjustable
phases as ψr = ϕr,t according to this selected tth antenna. Also,
reflection vector Ψ = [ejϕ1,t , ejϕ2,t , . . . , ejϕN,t ]T . It is evident
that the nullification of the channel phase is required to maximize
the instantaneous SNR at the receiver. The instantaneous SNR
at receiver for the �th receive antenna is described as follows:

γ� =

√
Es
N0

∣∣∣∣
N∑
r=1

λr,�e
j(ψr−ϕr,�)

∣∣∣∣
2

, (4)

where to maximize the instantaneous SNR at the selected tth

receive antenna, ψr is selected as equal to ϕr,t. As a result, the
maximized SNR at the selected tth antenna is given as follows:

Γt =

√
Es
N0

∣∣∣∣
N∑
r=1

λr,t

∣∣∣∣
2

. (5)

A. Receiver Structure of the AS-RIS-RSM system

This section presents the ML and GD used to estimate the
symbol and active antenna index in the AS-RIS-RSM receiver.
As the system model of the AS-RIS-RSM is shown in Fig. 1,
the signals from the reflecting surface elements of the RIS are

received by the receiving antennas and then the symbol and
active antenna index are estimated from the received signals with
the help of the carrier detection & sampling block. This section
presents the working principle of the ML and GD of the AS-RIS-
RSM system in this carrier detection & sampling block. Finally,
the parameters estimated at the AS-RIS-RSM receiver are used
to generate the estimated bit sequence d̂, which is estimated
using the demapper & sort and merge block as shown in Fig. 1.

1) ML Detector for AS-RIS-RSM System: At the receiver of
the AS-RIS-RSM system, the ML detector jointly estimates the
active receive antenna index t and the selected symbol index q.
The ML detector tries all combinations of t and q and assigns
the t and q values that give the minimum result as the estimated
value. The ML detector of the AS-RIS-RSM system is defined
as follows:

[
q̂, t̂
]
= argmin

q,t

nS∑
�=1

∣∣∣∣∣y� −
(

N∑
r=1

gr,�e
jϕr,t

)
sq

∣∣∣∣∣
2

. (6)

Using the estimated active receive antenna index t̂ and the
selected symbol index q̂, the estimated information bits d̂ are
obtained with the help of the demapper & sort and merge block
in Fig. 1.

2) Greedy Detector for AS-RIS-RSM System: The ML de-
tector appears to be an advantageous estimator with optimal
error performance. Although the ML detector has better error
performance than other detectors, it has a high computational
complexity as it considers all combinations together. Therefore,
the GD, which has lower computational complexity than the ML
detector, is also included in the receiver structure of the proposed
system. The GD does not consider combinations of available
symbols and receive antenna indices together as in the ML
detector. This results in lower computational complexity. In the
GD, the receiving antenna index with the highest instantaneous
energy is chosen as the estimated receiving antenna index. Thus,
the GD first estimates the active receive antenna index from the
received signal as follows:

t̂ = arg max
t∈{1,2,...nS}

∣∣∣yt∣∣∣2. (7)

Using the estimated active receive antenna index obtained from
(7), the transmitted symbol index is estimated by the GD as
follows:

q̂ = argmin
q

∣∣∣∣∣yt̂ −
(

N∑
r=1

λr,t̂

)
sq

∣∣∣∣∣
2

. (8)

With the aid of the demapper& sort and merge block in Fig. 1, the
estimated information bits d̂ are obtained using these estimated
active receive antenna index t̂ and the selected symbol index q̂.

III. ANTENNA SELECTION TECHNIQUES FOR RIS-RSM
SCHEME

This section presents the COAS, ACAS, and EDAS tech-
niques used to improve the error performance of the RIS-RSM
system.

A. COAS-Aided RIS-RSM

Assume that nS antennas of the nR antennas in the receiver
side of the proposed AS-RIS-RSM system are selected using the
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COAS technique. The capacity of the proposed system T with
nS receive antennas selected from nR antennas can be bounded
as follows:

β ≤ T ≤ β + log2(nS), (9)

where β = 1
nS

∑nS

p=1 log2

(
1 + Es

N0||hp||2
)

. According to the β

expression, it is seen that a certain SNR gain is achieved when
nS channel coefficients with the highest norms are selected from
nR receive antennas. Therefore, it is first necessary to calculate
the norm of the channel coefficients. The norms of nR channel
coefficients ordered from largest to smallest are expressed as
follows [45]:∣∣∣∣g1

∣∣∣∣2 ≥ . . . ≥
∣∣∣∣gnS

∣∣∣∣2 ≥
∣∣∣∣gnS+1

∣∣∣∣2 ≥ . . . ≥
∣∣∣∣gnR

∣∣∣∣2.
(10)

In (10), the selected channel matrix GS ∈ C
N×nS is given

as follows obtained by selecting nS channel vectors with the
highest channel norm among the channel coefficient vectors
ordered from smallest to largest:

GS = [g1,g2, . . . ,gnS
] . (11)

B. ACAS-Aided RIS-RSM

Assuming the ACAS approach is employed to selectnS anten-
nas from the availablenR antennas within the receiver side of the
proposed AS-RIS-RSM system. The independent positioning of
the antennas in the wireless communication system is very im-
portant for the performance of the system. Therefore, the ACAS
approach is based on selecting a set of antennas that are most
distinct (most independent) from each other among the available
antennas. ACAS technique uses cosine similarity to select the
most distinct sets of antennas. Based on the cosine similarity
theory, the similarity between any two channel coefficients gi
and gj is defined as follows:

Similarity(gi,gj) =

∣∣gHi gj
∣∣∣∣∣∣gi∣∣∣∣ ∣∣∣∣gj∣∣∣∣ , (12)

where i, j ∈ {1, 2 . . . nS}. With the help of (12), the selected
channel matrix GS ∈ C

N×nS for the AS-RIS-RSM system is
expressed as follows [41]:

GS = arg min
GS∈S(GS)

{
max
i,j
i �=j

∣∣gHi gj
∣∣∣∣∣∣gi∣∣∣∣ ∣∣∣∣gj∣∣∣∣
}
. (13)

C. EDAS-Aided RIS-RSM

Assume that nS antennas of the nR antennas in the receiver
side of the proposed AS-RIS-RSM system are selected using the
EDAS technique. The specific set of receive antennas, which is
chosen to maximize the minimum Euclidean distance among all
possible transmit vectors within theNC =

(
nR

nS

)
possibilities, is

described as follows [45]:

SED = argmax
S∈Ci

{
min

s1,s2∈Q
s1 �=s2

∣∣∣∣GS (s1 − s2)
∣∣∣∣2}, (14)

where GS is the channel matrix containing nS columns selected
by the EDAS technique. Q represents all possible transmission
vectors defined in Table II. Also, Ci for i ∈ {1, 2, . . . NC} is
defined as the set encompassing all potential combinations of
NC elements for selecting nS from nR.

TABLE II
TRANSMISSION VECTORS OF THE AS-RIS-RSM SYSTEM FOR M = 4 AND

nS = 4

IV. PERFORMANCE ANALYSIS OF THE PROPOSED

AS-RIS-RSM SYSTEM

In this section, the analysis of the ABER for the proposed AS-
RIS-RSM system is presented. The data bits transmitted from
the transmitter may be inaccurately estimated at the receiver
due to disturbances such as reflection, scattering, and diffraction
from the Rayleigh fading channel, as well as noise. Therefore,
the necessity of error analysis arises. The examination of the
pairwise error probability (PEP), which reveals the probability
of making incorrect decisions, is significant for error analysis.
By utilizing the upper bounding technique, the ABER of the
proposed AS-RIS-RSM system can be expressed as follows:

PAS-RIS-RSM ≈ 1
η2η

∑
t,t̂

∑
s,ŝ

P
(
t, s→ t̂, ŝ

)
E
(
t, s→ t̂, ŝ

)
,

(15)
where P(t, s→ t̂, ŝ) is represented as the average PEP and
E(t, s→ t̂, ŝ) is the number of bit errors associated with the
pairwise error event. As seen in (15), to calculate the ABER
of the proposed AS-RIS-RSM, the PEP expression symbolized
by P(t, s→ t̂, ŝ) is needed. The conditional PEP expression
P(t, s→ t̂, ŝ

∣∣H) associated with the active tth receiver antenna
index and the selected symbol determined according to the data
bits can be defined as:

P
(
t, s→ t̂, ŝ

∣∣H) = P
(

nS∑
�=1

∣∣y� −H�s
∣∣2> nS∑

�=1

∣∣y� − Ĥ�ŝ
∣∣2)

= P
(

nS∑
�=1

−
∣∣H�s− Ĥ�ŝ

∣∣2−2�
{
w∗
(
H�s− Ĥ�ŝ

)}
>0

)

= P (K > 0) , (16)

where H� and Ĥ� expressions are defined as H� =
∑N
r=1

gr,�e
jϕr,t and Ĥ� =

∑N
r=1 gr,�e

jϕr,t̂ . Also, K ∼ N (μD, σ
2
D) is

Gaussian random variable and μK and σ2
K are expressed as
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follows, respectively:

μK = E

{
nS∑
�=1

−
∣∣H�s− Ĥ�ŝ

∣∣2 − 2�
{
w∗
(
H�s− Ĥ�ŝ

}}

= − E

{
nS∑
�=1

∣∣H�s− Ĥ�ŝ
∣∣2} = −

nS∑
�=1

∣∣H�s− Ĥ�ŝ
∣∣2,

(17)

σ2
K = Var

{
nS∑
�=1

−
∣∣H�s− Ĥ�ŝ

∣∣2 − 2�
{
w∗
(
H�s− Ĥ�ŝ

)}}

= 4
nS∑
�=1

∣∣H�s− Ĥ�ŝ
∣∣2Var

(
w∗
)

= 2N0

nS∑
�=1

∣∣H�s− Ĥ�ŝ
∣∣2.
(18)

As a result, using theQ function defined asP(Z > z) = Q(z) =
1

2π

∫∞
z exp

(
−x2

2

)
dx [46], the PEP expression is obtained again

as follows:

P
(
t, s→ t̂, ŝ

∣∣H) = P (K > 0) = Q

(
−μK
σK

)

= Q

⎛
⎝
√∑nS

�=1

∣∣H�s− Ĥ�ŝ
∣∣2

2N0

⎞
⎠

= Q

(√
Υ

2N0

)
, (19)

where, Υ is defined as Υ �
∑nS

�=1

∣∣H�s− Ĥ�ŝ
∣∣2. Depending

on whether the receive antenna index t is detected correctly
or incorrectly, two cases occur. The average PEP expression is
obtained using the following two cases.

Case 1 (t �= t̂): With the assumption thatΥ � Υ1 +Υ2 +Υ3,
the Υ1, Υ2, and Υ3 is given as follows:

Υ1 =
∣∣Hts− Ĥtŝ

∣∣2 =

∣∣∣∣∣s
N∑
r=1

λr,t − ŝ

N∑
r=1

gr,t e
jϕr,t̂

∣∣∣∣∣
2

,

Υ2 =
∣∣Ht̂s− Ĥt̂ŝ

∣∣2 =

∣∣∣∣∣s
N∑
r=1

gr,t̂ e
jϕr,t − ŝ

N∑
r=1

λr,t̂

∣∣∣∣∣
2

,

Υ3 =

nS∑
�=1(� �=t,� �=t̂)

∣∣H�s− Ĥ�ŝ
∣∣2, (20)

where Υ1, Υ2, and Υ3 are obtained for cases (� = t), (� = t̂),
and (� �= t, � �= t̂), respectively.

Case 2 (t = t̂): This results in H� = Ĥ�. The Υ expression
for this case can be defined as follows:

Υ =

nS∑
�=1

∣∣H�(s− ŝ)
∣∣2. (21)

Consequently, using the Υ expressions defined in (20) and (21),
the average PEP expression is calculated as follows:

P
(
t, s→ t̂, ŝ

)
= EH

{
P
(
t, s→ t̂, ŝ

∣∣H)},

= EH

⎧⎨
⎩Q

⎛
⎝
√∑nS

�=1

∣∣H�s− Ĥ�ŝ
∣∣2

2N0

⎞
⎠
⎫⎬
⎭ ,

= EH

{
Q

(√
Υ

2N0

)}
. (22)

Finally, by substituting (22) into the (15), we obtain the ABER
of the proposed AS-RIS-RSM system.

V. CAPACITY ANALYSES

In this section, the capacity analysis of the proposed AS-RIS-
RSM system is derived. The ergodic capacity of a traditional
MIMO system is expressed as follows [47]:

C = EG

{
max
Psq

I (sq;y |G)

}
, (23)

I(sq;y |G) denotes the mutual information between
the transmitted vector sq and the received vector
y = [y1, y2, . . . , ynS

]T ∈ C
nS×1 under the condition of a

known G. In the proposed AS-RIS-RSM system, unlike the
traditional MIMO system, the receiving antenna indices are also
used for the transmission of data bits. Therefore, the capacity of
the proposed AS-RIS-RSM system is obtained by maximizing
the mutual information between the M -QAM symbol and the
active receive antenna indices with y. As a result, inspired by
[48], [49], the capacity of the proposed AS-RIS-RSM system is
expressed as follows:

C = EGS

{
max
Pv�

I (v�, sq;y)

}
, (24)

where v� ∈ C
nS×1 � [0 0 · · · 0, 1

↑
�th index

, 0 · · · 0 0]T is a vector

with �th element 1 and the other elements are 0. The received
signal in vector-matrix form can be redefined as:

y =
√
Es InS

GT
S Φ v� sq +w (25)

where InS
is the identity matrix with nS dimensions. Φ refers

to the entire phase matrix containing phase information between
receive antennas and RIS elements. The mutual information
I(v�, sq;y) corresponding to the accurately estimated number
of bits at the receiver in (24) is expressed as follows:

I (v�, sq;y) = H(y)− H
(
y
∣∣ v�, sq) , (26)

where H(.) is defined as the entropy function. The entropy of y
when v� and sq are known is defined as follows:

H
(
y
∣∣ v�, sq) = H(w) = log2

∣∣πeN0InS

∣∣, (27)

where w ∼ CN (0nS
, N0InS

), y ∼ CN (0nS
, σ2

yInS
) have

complex Gaussian distribution, and e is Euler’s number. Also,
0nS

is an nS dimensional vector with all elements zero. In (27),
it is seen that to maximize the mutual information I(v�, sq;y) of
the proposed AS-RIS-RSM system, it is necessary to maximize
the H(y). As a result, H(y) is expressed as follows:

H(y) = −Ey {log2P(y)} = log2

∣∣πeRyy

∣∣, (28)

where Ryy stand for covariance matrix of the InS
GT

SΦv�sq
and is defined as follows:

Ryy = E(yyH
∣∣v�)
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Fig. 2. Capacity comparisons of the RIS, RIS-RSM, COAS-RIS-RSM,
ACAS-RIS-RSM and EDAS-RIS-RSM systems fornR = 16,nS = 4,M = 4.

=
1
nS

nS∑
�=1

GT
SΦv�v

H
� ΦHG∗

S +N0InS
. (29)

Eventually, the capacity of the proposed AS-RIS-RSM system
is obtained as follows:

C = EGS

{
log2det

(
InS

+

∑nS

�=1 G
T
SΦv�v

H
� ΦHG∗

S
nSN0

)}
. (30)

Fig. 2 presents capacity comparisons of RIS-QAM/PSK, RIS-
RSM, COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-
RSM systems for various system parameters. Capacity compar-
isons in Fig. 2 are performed for system parameters nR = 16,
nS = 4,M = 4, andN = 4, 16. Firstly, it is seen that the capac-
ities of all systems increase as the number of reflecting surface
elements N increases. It is also observed that the proposed
COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM sys-
tems have higher capacity than the compared RIS-QAM/PSK
and RSM systems for all cases.

VI. COMPUTATIONAL COMPLEXITY ANALYSES

This section presents computational complexity analyses of
the proposed system with COAS, ACAS, and EDAS techniques.
Computational complexity analyses in this section are per-
formed in terms of real multiplications (RMs). First, some infor-
mation for the complexity analysis is considered. The Frobenius
norm operation ||a+ jb||2 involves in 4 RMs. Where a and b are
any two real numbers. Also, the multiplication of two complex
numbers requires 4 RMs.

A. Computational Complexity Analysis for COAS-RIS-RSM
System

The Frobenius norm operator in (10) creates 4N RMs and this
operator is repeated nR times. As a result, the computational
complexity for the COAS technique is obtained as OCOAS =
4NnR RMs. Finally, the computational complexity of the
COAS-RIS-RSM system can be given as OCOAS-RIS-RSM-ML =
OCOAS +ORIS-RSM-ML = 4NnR + (N +M)n2

S RMs and
OCOAS-RIS-RSM-Greedy = OCOAS +ORIS-RSM-Greedy=4NnR+(M
+ nS) RMs.

TABLE III
COMPUTATIONAL COMPLEXITIES OF RIS-QAM, RIS-PSK, RIS-RSM,

COAS-RIS-RSM, ACAS-RIS-RSM, AND EDAS-RIS-RSM SYSTEMS FOR η
BITS

B. Computational Complexity Analysis for ACAS-RIS-RSM
System

Each nS antenna is selected from the available nR antennas
and two antenna sets are selected from the nS antennas and

compared. Therefore, the operation

∣∣gH
i gj

∣∣∣∣∣∣gi

∣∣∣∣ ∣∣∣∣gj

∣∣∣∣ in (13) is

repeated
(
nR

nS

)(
nS

2

)
times.

∣∣gHi gj
∣∣, gi, and gj each require

4N RMs, separately. Also, the division operation requires
1 RMs. Consequently, the computational complexity of the
ACAS technique is OACAS = (12N + 1)

(
nR

nS

)(
nS

2

)
RMs.

Finally, the computational complexity of the COAS-RIS-RSM
system can be given as OACAS-RIS-RSM-ML = OACAS +
ORIS-RSM-ML = (12N + 1)

(
nR

nS

)(
nS

2

)
+ (N +M)n2

S RMs and
OACAS-RIS-RSM-Greedy = OACAS +ORIS-RSM-Greedy = (12N + 1)(
nR

nS

)(
nS

2

)
+ (M + nS) RMs.

C. Computational Complexity Analysis for EDAS-RIS-RSM
System

Similar to ACAS, the EDAS technique first selects nS
antenna clusters from nR available antenna clusters. Then,
two symbols are selected from the symbol space, and two
antennas are selected from nS antennas. Therefore, the
computational complexity of the EDAS technique is expressed
as OEDAS = 4N(M − 1)

(
nR

nS

)(
nS

2

)
. Finally, the computational

complexity of the EDAS-RIS-RSM system can be given as
OEDAS-RIS-RSM-ML = OEDAS +ORIS-RSM-ML=4N(M − 1)

(
nR

nS

)(
nS

2

)
+ (N +M)n2

S RMs andOEDAS-RIS-RSM-Greedy = OEDAS +

ORIS-RSM-Greedy = 4N(M − 1)
(
nR

nS

)(
nS

2

)
+ (M + nS) RMs.

Furthermore, the computational complexity of the RIS-RSM
system is given as ORIS-RSM-ML = (N +M)n2

S for ML detec-
tor and ORIS-RSM-Greedy = (M + nS) for GD in [29]. Similarly,
the computational complexity of RIS-QAM and RIS-PSK sys-
tems isORIS-QAM-ML = ORIS-PSK-ML = N +M for ML detector.
The computational complexities of RIS-QAM, RIS-PSK, RIS-
RSM, COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-
RSM systems are given depending on the system parameters in
Table III. Also, Fig. 3 presents computational complexity com-
parisons of RIS-QAM, RIS-PSK, RIS-RSM, COAS-RIS-RSM,
ACAS-RIS-RSM, and EDAS-RIS-RSM systems. The system
parameters M = 16, nR = 8, nS = 4, N = 32 are used for
Fig. 3(a), M = 8, nR = 16, nS = 8, N = 64 for Fig. 3(b),
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Fig. 3. Numerical Examples of The Computational Complexity Comparisons
of RIS-QAM, RIS-PSK, RIS-RSM, COAS-RIS-RSM, ACAS-RIS-RSM, and
EDAS-RIS-RSM systems for η bits while M = 16, nR = 8, nS = 4, N = 32
for (a), M = 8, nR = 16, nS = 8, N = 64 for (b), and M = 16, nS = 8,
nR = 16, N = 256 for (c).

TABLE IV
NUMERICAL EXAMPLES OF THE COMPUTATIONAL COMPLEXITIES IN RMS OF

RIS-QAM, RIS-PSK, RIS-RSM, COAS-RIS-RSM, ACAS-RIS-RSM, AND

EDAS-RIS-RSM SYSTEMS FOR η BITS WHILE M = 16, nR = 8, nS = 4,
N = 32 FOR (A), M = 8, nR = 16, nS = 8, N = 64 FOR (B), AND M = 16,

nS = 8, nR = 16, N = 256 FOR (C)

andM = 16, nS = 8, nR = 16,N = 256 for Fig. 3(c), respec-
tively. For RIS-RSM, COAS-RIS-RSM, ACAS-RIS-RSM, and
EDAS-RIS-RSM systems, computational complexity results are
presented separately for the cases where ML and GD are used.
It can be seen that using the GD results in lower computational
complexity than the ML detector. However, since the antenna
selection complexity of ACAS and EDAS techniques is very
high, the computational complexity is not sufficiently reduced
when using the GD for the ACAS-RIS-RSM and EDAS-RIS-
RSM systems. Fig. 3 shows that the EDAS-RIS-RSM system has
the highest computational complexity and the RIS-QAM and
RIS-PSK systems have the lowest computational complexity.
However, it is emphasized that the EDAS-RIS-RSM system has
the best BER performance and the RIS-QAM and RIS-PSK
systems have the worst BER performance. Therefore, it is com-
prehended that as the error performance improves, computa-
tional complexity increases. Also, the computational complexity
values of RIS-QAM, RIS-PSK, RIS-RSM, COAS-RIS-RSM,
ACAS-RIS-RSM, and EDAS-RIS-RSM systems are presented
in RMs in Table IV for clearer seeing of the computational
complexity values presented in Fig. 3.

Fig. 4. Performance comparisons of the RIS-PSK, RIS-QAM, RIS-RSM,
COAS-RIS-RSM, and EDAS-RIS-RSM systems for N = 32, η = 3 bits.

VII. SIMULATION RESULTS

In this section, simulation results of the proposed RSM-
RIS-AS system are presented and the results are discussed in
comparison with its counterpart wireless communication sys-
tems. The impact of various system parameters on the error
performance of the proposed system, which includes RSM-RIS-
COAS, RSM-RIS-ACAS, and RSM-RIS-EDAS systems, and
are called RSM-RIS-AS for short, is investigated. The proposed
RSM-RIS-COAS, RSM-RIS-ACAS, and RSM-RIS-EDAS sys-
tems have been compared with RIS-PSK, RIS-QAM, and RIS-
RSM systems in terms of error performance. The simulation
results are obtained for the M -QAM technique in Rayleigh
fading channels. In all simulations, SNR value is expressed as
SNR(dB) = 10 log10(Es/N0).

The BER performance comparisons of the proposed COAS-
RIS-RSM and EDAS-RIS-RSM systems compared to the
traditional RIS-QAM, RIS-PSK, and RIS-RSM systems are
presented for N = 32 while η = 3 bits in Fig. 4. The system
parameters (M = 4, nR = 8, nS = 2) are employed for the
proposed COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-
RSM systems, whereas the RIS-RSM, RIS-QAM, and RIS-
PSK systems utilize the system parameters (M = 4, nR = 2),
(M = 8, nR = 1), and (M = 8, nR = 1), respectively. Fig. 4
shows that the simulation and analytical results of the proposed
COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM sys-
tems overlap each other. Fig. 4 also shows that the proposed
COAS-RIS-RSM and EDAS-RIS-RSM systems exhibit better
BER performance than the RIS-RSM, RIS-QAM, and RIS-PSK
systems. For 10−5 BER level, according to RIS-RSM, RIS-
QAM, and RIS-PSK systems, the proposed EDAS-RIS-RSM
system has SNR gains of 2.01 dB, 6.94 dB, and 7.28 dB, and the
proposed COAS-RIS-RSM system has SNR gains of 1.05 dB,
5.98 dB, and 6.32 dB respectively.

The performance of the EDAS-RIS-RSM, ACAS-RIS-RSM,
COAS-RIS-RSM, RIS-RSM, RIS-QAM, and RIS-PSK systems
for higher spectral efficiency η = 5, similar to Fig. 4, is being
investigated in Fig. 5 forN = 16. Fig. 4 includes both simulation
and analytical results. Fig. 4 shows that the simulation and
analytical results are very close to each other, thus confirming
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Fig. 5. Performance comparisons of the RIS-PSK, RIS-QAM, RIS-RSM,
COAS-RIS-RSM, and EDAS-RIS-RSM systems for N = 16, η = 5 bits.

each other. While the proposed COAS-RIS-RSM, ACAS-RIS-
RSM, and EDAS-RIS-RSM systems employ the system param-
eters (M = 8, nR = 8, nS = 4), the RIS-RSM, RIS-QAM, and
RIS-PSK systems use the system parameters (M = 8, nR = 4),
(M = 32, nR = 1), and (M = 32, nR = 1), respectively. It can
be easily observed in Fig. 5 that the proposed EDAS-RIS-RSM,
ACAS-RIS-RSM, and COAS-RIS-RSM systems are capable of
achieving data transmission with lower errors than RIS-RSM,
RIS-QAM, and RIS-PSK systems. At the 10−5 BER level, the
proposed EDAS-RIS-RSM system exhibits SNR gains of 2.31
dB, 7.9 dB, and 14.56 dB compared to the RIS-RSM, RIS-QAM,
and RIS-PSK systems, respectively, while the proposed ACAS-
RIS-RSM system demonstrates SNR gains of 1.48 dB, 7.2 dB,
and 13.73 dB, respectively, and the proposed COAS-RIS-RSM
system provides SNR gains of 0.91 dB, 6.5 dB, and 13.16 dB,
respectively.

The effect of the number of reflecting surface elements,
denoted asN , on the error performance of the proposed COAS-
RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM systems is
examined in Fig. 6(a), (b), and (c) for ML and GD. The system
parameters determined for COAS-RIS-RSM, ACAS-RIS-RSM
and EDAS-RIS-RSM systems are (M = 16, nR = 8, nS = 4),
(M = 8, nR = 8, nS = 4), and (M = 8, nR = 4, nS = 2),
respectively. It is shown in Fig. 6(a), (b), and (c) that the
ML and GD error performances converge as the number of
reflecting surface elementsN increases. Since a large number of
reflecting surface elements are used to achieve satisfactory error
performance improvement in RIS-based wireless communica-
tion systems, the GD provides a very close error performance
to the ML detector with lower complexity. Fig. 6(a), (b), and
(c) shows that the error performance of the proposed systems
improves significantly by increasing the number of reflecting
surface elements. As can be seen in Fig. 6(a), (b), and (c),
when N is quadrupled, the SNR gains of the proposed COAS-
RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM systems in-
crease 13.89 dB, 13.32 dB, and 12.47 dB, respectively for ML
detector.

Fig. 6. Performance comparisons of the AS-RIS-RSM systems while N =
16, 64; (a) COAS-RIS-RSM for M = 16, nR = 8, nS = 4, (b) ACAS-RIS-
RSM forM = 8,nR = 8,nS = 4 and (c) EDAS-RIS-RSM forM = 8,nR =
4, nS = 2. Also, performance comparisons of the AS-RIS-RSM systems while
N = 128; (d) COAS-RIS-RSM for nR = 16, nS = 4, (e) ACAS-RIS-RSM
for nR = 8, nS = 4 and (f) EDAS-RIS-RSM for nR = 4, nS = 2. Where the
continuous line is used for the ML detector and the dashed line for the GD.

In Fig. 6(d), (e), and (f), the error performance evaluation of
the proposed COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-
RIS-RSM systems shows the effect of the modulation order
M , represented as M . The system parameter configurations for
the COAS-RIS-RSM, ACAS-RIS-RSM, and EDAS-RIS-RSM
systems are selected as (nR = 16, nS = 4), (nR = 8, nS = 4),
and (nR = 4, nS = 2), respectively. The error performance of
the greedy and ML detectors is quite close to each other since
the number of reflecting surface elements is large enough. Also,
Fig. 6(d), (e), and (f) distinctly show the enhancement in the
error performance of the proposed systems as the number of M
decreases.

For the proposed systems, the ĝr,�, which is the estimation
of the gr,� representing the Rayleigh channel between the �th

receiving antenna and the rth reflecting surface element, is
expressed as follows [50]:

gr,� = ĝr,� + εgr,� , (31)

where εgr,� ∼ CN (0, σ2
ε) is the complex Gaussian distributed

channel estimation error. Also, gr,� and ĝr,� are jointly as-
sumed to be ergodic and stationary Gaussian processes. Fig. 7
shows the error performance of the proposed COAS-RIS-RSM,
ACAS-RIS-RSM, and EDAS-RIS-RSM systems for perfect and
imperfect CSI with system parametersM = 8,nR = 4,nS = 2,
andN = 32. The case of imperfect CSI is analyzed for σε = 0.3
and 0.9. Fig. 7 that the proposed systems deteriorate in the
imperfect CSI case as σε increases.

Throughput, in communication systems, refers to the amount
of data bits that are correctly obtained from the transmitted
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Fig. 7. Performance comparisons of the proposed COAS-RIS-RSM, ACAS-
RIS-RSM, and EDAS-RIS-RSM for perfect and imperfect CSI.

Fig. 8. (a) Throughput comparisons of the RIS-PSK, RIS-QAM, RIS-RSM,
COAS-RIS-RSM, and EDAS-RIS-RSM systems for N = 64, η = 4 bits,
(b) Performance comparisons of the proposed COAS-RIS-RSM ACAS-RIS-
RSM, EDAS-RIS-RSM systems, and RIS-RSM system while N = 8 and 64.

data bits. The throughput can be expressed mathematically

as T =
(

1−PAS-RIS-RSM
Ts

)
η, where (1 − PAS-RIS-RSM) is the prob-

ability that the receiver correctly detects the transmitted bits
during the symbol duration Ts. Throughput comparisons of the
RIS-PSK, RIS-QAM, RIS-RSM, COAS-RIS-RSM, and EDAS-
RIS-RSM systems are presented in Fig. 8(a) for N = 64 and
η = 4 bits. RIS-PSK, RIS-QAM, RIS-RSM systems use system
parameters (M = 16, nR = 1), (M = 16, nR = 1), (M = 4,
nR = 4), on the other hand, the proposed COAS-RIS-RSM,
ACAS-RIS-RSM, and EDAS-RIS-RSM systems use system
parameters (M = 4, nR = 16, nS = 4), respectively. Fig. 8(a)
shows that the proposed COAS-RIS-RSM and EDAS-RIS-RSM
systems reach a throughput of 4 bits earlier than the RIS-RSM,
RIS-QAM, and RIS-PSK systems. This means that the proposed
systems provide higher throughput for lower SNR values. Also,
Fig. 8(b) shows the performance comparison of the proposed
AS-RIS-RSM systems against the traditional RIS-RSM system
for system parameters (M = 4, nR = 16, nS = 4, and N =
8, 64). It is observed that the proposed AS-RIS-RSM systems
provide higher SNR gain than the traditional RIS-RSM system.

Moreover, as the number of reflecting surface elements N in-
creases, the error performance of all systems improves.

VIII. CONCLUSIONS AND DISCUSSIONS

This paper presents new wireless communication schemes to
improve the performance of wireless SIMO systems through the
integration of COAS, ACAS, and EDAS techniques into the RIS-
RSM system. The analytical error performance of the proposed
AS-RIS-RSM systems is derived and the results show that the
simulation and analytical results overlap each other. The effect of
modulation order and number of reflecting surface elements on
the error performance of the proposed COAS-RIS-RSM, ACAS-
RIS-RSM, and EDAS-RIS-RSM systems is investigated. Also,
an optimal ML detector and a sub-optimal GD are presented for
estimating the active receive antenna index and symbol at the
receiver of the AS-RIS-RSM system. It can be seen that the GD
provides lower computational complexity than the ML detector
with a certain error performance trade-off. Computational com-
plexity analyses of COAS, ACAS, and EDAS are obtained for
the RIS-RSM system. Furthermore, the capacity analysis of the
proposed AS-RIS-RSM systems is obtained and compared with
RIS and RIS-RSM systems for different system parameters. It is
observed that the proposed AS-RIS-RSM systems have higher
capacity than RIS and RIS-RSM systems for all cases. Also,
the imperfect CSI case and throughput analysis of the proposed
AS-RIS-RSM systems are performed. Simulation results of
the proposed AS-RIS-RSM systems are obtained for Rayleigh
fading channels using the M -QAM method. As a result, it is
observed that the proposed COAS-RIS-RSM, ACAS-RIS-RSM,
and EDAS-RIS-RSM systems provide better error performance
than RIS-RSM, RIS-QAM, and RIS-PSK systems with a certain
complexity cost.
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