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Abstract—In this study, a novel index modulation-based com-
munication system is proposed by combining the recently popular
code index modulation-spread spectrum (CIM-SS) and recon-
figurable intelligent surface (RIS) techniques. This technique is
called CIM-RIS in short. In this proposed system, in addition
to the traditional modulated symbols, the spreading code indices
also carry data by being embedded in the signal, and the
reflection/scattering properties of the signals are voluntarily
controlled via the RIS technique. Consequently, the proposed
system consumes little energy while transmitting extra bits of
information compared to the traditional RIS. Average bit-error
error (ABER) analysis of the proposed system is carried out and
the system complexity, energy efficiency, and throughput analyses
are obtained. The capacity analysis of the proposed CIM-RIS
system is derived and it is shown that it provides higher capacity
than the RIS-RSM and RIS systems. Performance analysis of the
system is carried out on both Rayleigh fading channels and Rician
fading channels for the M-ary quadrature amplitude modulation
(QAM) technique. It has been shown by computer simulations
that the CIM-RIS scheme has better error performance, faster
data transmission speed, and lower transmission energy, com-
pared to traditional RIS, transmit spatial modulation aided RIS
(TSM-RIS), and transmit quadrature spatial modulation-based
RIS (TQSM-RIS) techniques. In addition, the performance of
the proposed system under conditions of imperfect channel state
information (CSI) has also been obtained and illustrated.

Index Terms—Index modulation, reconfigurable intelligent
surface, code index modulation, energy efficiency, high data-rate.

I. INTRODUCTION

N RECENT years, in addition to Internet applications
like heavy data use, online-gaming, and streaming high-
definition video; several Internet of Things (IoT) industries
have emerged, including wearable technology, smart home
appliances, audiovisual devices, smart measurement, and fleet
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management. High data rates and energy efficiency are unques-
tionably needed in these sectors since they have emerged as
two of the most pressing problems of our day [1], [2]. It is a
fact that by 2025, there will be close to 80 million Internet-
connected gadgets. This viewpoint makes it clear that the next
generation of communication methods should be high data-
rated and energy-efficient [3], [4], [5].

Rational communication techniques such as index modu-
lation (IM) are among the topics that have been frequently
emphasized in recent years, as the advances in new tech-
nologies are increasing rapidly and existing users expect
better, more efficient, and versatile services [4]. In IM, the
indices of the units such as the transmitter antenna, subcarrier,
time interval, spreading code, precoding matrix are taken
into consideration for the transmission of information. In
this telecommunication technique, extra information is ferried
together with the transmitted or received signals in the form
of indices that are embedded in the signals [6], [7], [8].
Therefore, little to no effort is put towards carrying more
information in indices. As a result, energy efficiency is
increased along with spectral efficiency thanks to IM [6], [7].
Code index modulation (CIM) system, which is based on IM
technique and is one of the building blocks of this publication,
uses the indices of the Walsh Hadamard spreading codes to
carry extra information in addition to the symbols that are
conveyed [3], [4], [5]. Specifically, it uses some of the data
bits to modulate the symbol to be transmitted and another to
select the spreading codes to be activated. Thus, additional
information is loaded into the index of the spreading codes.
Consequently, the CIM system boosts the communication
system’s energy-efficiency and data rate while lowering energy
usage [5], [9], [10], [11].

Multiple-input  multiple-output  (MIMO) techniques
considerably improve telecommunication system performance
and are competitive options for next-generation wireless
telecommunication systems [4]. The most important MIMO
technique, which has recently emerged in the literature and
has become the focus of research, is unquestionably the spatial
modulation technique (SM) [12]. One of the members of
the SM family, which has attracted more attention in recent
years compared to SM, is undoubtedly the quadrature spatial
modulation (QSM) technique. When compared to the SM
approach, the QSM technique doubles the number of antennas,
improving band efficiency. Since the QSM technique inherits
all its other features from SM, inter-channel interferenc (ICI)
and synchronization problems are not observed in QSM as in
SM [3].

As aresult of the concept of smart meta-surfaces, researchers
have also lately concentrated on managing the propagation
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environment to increase spectrum efficiency and service
quality [13]. To enhance the signal quality in the transmitter,
thin films of electromagnetic and reconfigurable materials are
placed in various environmental objects in the reconfigurable
smart surface (RIS) structure. These materials are deliberately
controlled by smart software [14]. Actually, there are many low
cost and small passive elements in a RIS structure; through
these elements, RIS just reflects the input signal with a phase
shift that is adjustable. Since the performance of the reflective
array elements in RIS does not decrease with the effects of
self-interference and noise amplification, RIS is seen as a strong
next-generation communication candidate [15], [16].

Studies in the field of RIS have been put forward to serve
the same purpose with different names since 2012. Active
frequency selective surfaces are used in [17] to control the
signal coverage under the name of “transmission through smart
walls”. A communication technique including beamforming
using passive reflective elements in [18] has been proposed.
In studies number [13], [19], [20], the authors studied a
downlink scenario with RIS support and focused on energy-
efficiency and data rate maximization in this study. Also, in the
same studies, the selection of optimum-RIS phases has been
emphasized and low-complexity optimization schemes have
been investigated for RIS. In [21] and [22], the common active
and passive beam configuration problem is discussed and the
average received power of the user is investigated. Physical
layer security schemes of systems using RIS are mentioned
in [23]. In [24], the average symbol error probability (SEP)
statement is presented for RIS supported systems. RIS-based
MIMO systems have been evaluated in [25], a low complexity
algorithm based on the cosine-similarity theorem has been
proposed to adapt phase shifts in [26], and in [27] RIS based
space shift keying system has been proposed. In addition,
the publications [28], [29], and [30], which contain general
information in this area, can be reviewed by researchers who
want to obtain large-scale information about RIS. In [31]
a new high performance and high spectral efficiency RIS
aided spatial media-based modulation system, shortly called
RIS-SMBM, is presented. In [32], the focus is shifted from
SM to metasurface-based modulation to implement single-RF
MIMO. A comparison is conducted between antenna-based
and metasurface-based modulation to underscore the advan-
tages of utilizing metasurfaces. In [33], a reflecting modulation
(RM) scheme for RIS-based communications is proposed,
where information is conveyed through both reflecting pat-
terns and transmit signals. In [34], passive beamforming and
information transfer (PBIT) for multiuser MIMO systems are
investigated, aided by RIS. Additionally, the PBIT design
is extended from single-RIS to multi-RIS systems, leverag-
ing similarities between the two. In [35], an investigation
is presented on a system utilizing RIS for passive PBIT,
with the focus being on optimizing beamforming strategies
and assessing performance improvements through simulations.
In [36], a cyclic-prefixed single-carrier (CPSC) transmission
scheme integrated with PSK and empowered by a RIS is
presented for enhancing broadband wireless communications.
The RIS is utilized to create diverse cyclically delayed versions
of the incident signal, aiming for multipath diversity in the
proposed CPSC-RIS system.
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A. Contributions

Based on the aforementioned needs in next-generation
communication techniques, in this publication, combining
the newly popular CIM-SS and RIS approaches, a unique
communication system called CIM-RIS is presented. In this
proposed system, the Walsh Hadamard spreading code indices
carry data by being included into the signal in addition to the
conventional modulated symbols, and the reflection/scattering
properties of the signals are voluntarily controlled via the RIS.

The integration of CIM-SS with RIS technologies in the
proposed CIM-RIS system is driven by the urgent need for
more energy-efficient and high-capacity wireless communica-
tion systems. As the demand for ubiquitous connectivity and
IoT applications grows exponentially, traditional communica-
tion systems face significant challenges in meeting the required
data rates while maintaining low energy consumption and
minimal interference. The innovative combination of CIM-SS
and RIS in CIM-RIS addresses these challenges by leverag-
ing the spatial dimension for data transmission, significantly
enhancing the system’s spectral and energy efficiency without
increasing the hardware complexity. This approach not only
promises substantial improvements in system performance but
also aligns with the future direction of wireless networks,
which necessitates intelligent and adaptive environments to
cope with the ever-increasing data traffic and diverse commu-
nication requirements.

As a result of the analyzes and theoretical derivations, the
contribution of the study can be given as follows:

1) Average bit-error rate (ABER), energy efficiency, com-
plexity, and throughput analyzes are derived for the
CIM-RIS scheme. All these analyzes are presented in
comparison with RIS, transmit SM-RIS (TSM-RIS), and
transmit QSM-RIS (TQSM-RIS) methods.

2) The capacity analysis of the CIM-RIS system has been
obtained, and it has been compared with benchmark
systems visually.

3) The performance of the system for the imperfect CSI
case is also presented. This inclusion aims to realisti-
cally assess the system’s robustness and adaptability in
environments where channel conditions are uncertain or
partially known.

4) Furthermore, the investigation has been extended to
include the analysis of the proposed CIM-RIS system’s
performance under Rician fading channels. This analysis
has been deemed crucial for understanding how the
system behaves in scenarios where the line-of-sight
component significantly influences the wireless commu-
nication environments.

5) The simulation results demonstrate that the proposed
CIM-RIS technique has more performance than
traditional RIS, TSM-RIS, and TQSM-RIS communica-
tion techniques. In addition, due to the nature of CIM,
which is the building block of the CIM-RIS technique,
it uses less energy than the systems discussed above.

B. Organization and Notations

We introduce the CIM-RIS system in Section II.
Performance study of the CIM-RIS scheme is provided in
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Fig. 1. The CIM-RIS technique’s system model.

Section III. In Section IV the capacity analysis is conducted.
Section V covers the analysis of complexity, throughput,
energy efficiency, and data rate. Section VI includes the
simulation results of the proposed scheme and the comparison
of these results with the other systems mentioned. Finally,
Section VII brings the paper to a close.

Notation: Bold lowercase and uppercase symbols denote
matrices and vectors, respectively. The Hermitian, transpo-
sition, and Frobenius norm operators are denoted by (- )H s
()T, and ||-||p, |-|, respectively. The real and imaginary
components of a complex-valued quantity are denoted by %(.)
and (.). E[-] and the Var[ -] are the expectation and the
variance operators.

II. SYSTEM MODEL

Fig. 1 shows the proposed CIM-RIS system model. In order
to optimize the signal-to-noise ratio (SNR) at the destination
terminal (D), it is expected for the CIM-RIS approach that the
RIS is managed by the source terminal (S) with software that
selects the reflection phases. This structure is also known as
“smart RIS”. There are N reconfigurable reflection elements
in the structure of RIS. hy , and g, used here are the
channel fading coefficients between S — RIS and RIS —D
of the n'M RIS element of the k'™ chip, respectively, where
ke{l,2,...,K} and n € {1,2,..., N}. For the CIM-RIS
technique, traditional M-QAM modulation has been consid-
ered to further improve spectral efficiency. In addition, in the
system structure £ spreading Walsh Hadamard codes wy, =
[U)g’l,U)g,Q,...,wg’K]T, ¢e{1,2,...,L} are used, and each
code consists of K chips.

If the transmitter terminal structure of the CIM-RIS system
is properly analyzed, the binary information bits vector that
will be sent during the 75 symbol-period in this system is
b with the size of 1 x w. b is split into two sub-vectors
of ug = logy(M) and 2us = 2logy(L) bits in the CIM-
RIS transmitter, where v = w; + 2u2. The information is
transferred from S to D through RIS after being selected in
the transmitter by wj bits for the M-QAM symbol and 2ug
bits for the spreading code indices of the /Q-components.

The general form of the AM-QAM modulated complex
symbol is expressed as * = xp + jry, where the real and
imaginary parts of x, respectively, are denoted by zx and zg.
The bit sequence wuj is used to determine the selection of

IEEE TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, VOL. 10, NO. 5, OCTOBER 2024

I — Channel Code Index Detector

% 2.()
P, : W . g " Maximum il
1 5 Index
J | © 0 . Selector | Detector i
o130 -l — | :
. | - Yz I |7 Demapper
Carrier | 9 &
De:‘ev;iﬂn I Wy | Sort and
e ) ~ Merge
Sampling e T = £ =
|
b
y : Maximum ubltS
| Index
— | 2

T"2"1 Q — Channel Code Index Detector

zyp and zg. The wy, and wy, spreading codes, which are
composed of :N:LK, spreaded the zy and zg. These spreading
codes are chosen based on the bits sequence of 2us.
Based on the above mentioned information, the
signal obtained from RIS at D may be stated as follows:

k™ chip

K
y(t) = VEs Y (an weg 1, p(t — k7e) cos(2mfet) + a5 weg g
k=1
xp(t — kre) sin(2mfet)) (h(t) * g(t)) e + n(t),
%))

where, the unit rectangular pulse shaping filter with a time
period of [0, 7] is called p(r), The additive white Gaussian
noise with Ny variance and a mean of zero is known as n(7),
i.e., CN(0, Np). The adjusting phase of the RIS is denoted
by ¢(t), the channel between S and RIS is “A(r)”, while the
channel between RIS and D is “g(?)”.

The signal model provided in (1) may be rewritten sep-
arately for the /Q-components because they have a similar
structure. As a result, the ™ noisy chip signal is delivered
for the two IQ-components after the channel’s output performs
perfect carrier detection and sampling:

Yrk = vV Eam (

T
tny g =/ Ezg by ® g ap wpg p + nr ks

N
YQ.k = \/ Eug (Z hjen € Pn g

n=1
= By ( )ms Weg k

N
Z ak,nﬁk‘,nej (ek,n+ﬁok,n_¢k,71)
n=1

tngr = v Eig b @ g 2 Wee k t QK (3)
where, E;. denotes the energy of the real component of
the symbol and E,, denotes the energy of the imaginary
component of the symbol. Also, hy, , and gy, , are specified
as by, = akjneﬂek:n and gy, = Bpe 7Pk with zero

mean and 0,21 ag o2 variance, respectively, and both

N .
Z hk,n6]¢k’ngk,n

n=1
N

Z ap nﬁk nej(ek,n‘i":ok,n*(bk,n)

n=1

> TR Wep k + Nk

@)

>l’<3 Wee kT NQ,k
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follow the Rayleigh fading channel. Here, h; and g can
be defined as respectively: h;, = [hhl,...,hk’N]T; g, =
[gk,la"'7gk,N]T' ® is a reflection matrix (also known as
a passive beamformer) that contains the reflection phases
brought on by N reflecting components.

® is controlled by the RIS control signal from the S and
then, ® = diag{e/Pr1, elPr2 . eIPkN} Ag op = (07, +
on) for n € {1,2,..., N}, the smart RIS h; and g. The
noise term for the &' chip of the / channel is n; ;, and for the
kth chip of the O channel is ng j. Since ny = ny g +Jng k.
the vector representation of the noisy received baseband signal
in (2) and (3) may be represented as:

Y1 =/ Exy W’ ® g oy WZR +ny,

YQ =V Euy hTngg WéTg—l—nQ, (@)
here, the vector expression of the noisy signals in /Q-channel
received for k = 1,2,..., K are y; = [y71, Y12, -» yI’K}T

and ygo = [¥Q,1,9Q,2:- - -5 yQyK]T, respectively. It is envis-
aged in the Smart RIS structure that a computer program will
supply RIS with channel state information (CSI). Assuming
that the channel does not change by the symbol time (flat-
fading channel), i.e., hy = hg = ... = hg and g =
g = ... = g are hy = [hk’l,...,hk’N}T and g, =
(9,1, 9k, ~]7T. Therefore, the instantaneous total SNR at
D in I-channel over a period 7, = K7, may be stated as
follows:

E

2
|

(2521 al’nﬁl’ne(j‘bl,n_j91,7L_.jLPl,7L)) wf,l
No

y= +

E

. . . 2
TR (ZnN:1 aK,n/BK,ne(J¢K’n7J9K’n7]<pK'n)) w@,K‘

No

)

here, it is clear that by eliminating channel phases, the
value of 7 can be maximized. That is to say, under the
assumption that RIS knows the 0y, ,, and ¢y, ,, channel phases,
SNR is maximized if ¢y, = 0f , + g . The maximum
instantaneous SNR at D may be expressed as follows under
the assumption of a flat-fading channel:

By (S anh)’

Ymaz = o . (6)

In D, the baseband sampled signal is used to determine the
Walsh Hadamard spreading code index first. As a result, the
vectors y; and yg are multiplied by the relevant w; Walsh
Hadamard spreading code through the associated receiver for
IQ-components and added throughout the period of the 75 =
KT, symbol as follows:

K
Yre = Z e,k YI,k
k=1
K N
= Z Wy, k; <\/ Egm <Z Oénﬁn) W kTR + n[’k>
k=1 n=1
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Ve (SN anB) w4 it €=y o
g, if ¢+ Iy

K
Yo = Z Wy k YQ.k
k=1

K N
- Z Wy j; (@(Z anﬁn> W KOS + ”QJc)
k=1 n=1

N = ;
B R B
g, it £+ 0y

where ﬁ[ = Eszl We kN K and fLQ = Eszl Wy, kNQ k are
AWGN noise multiplied by the Walsh Hadamard code at the
receiver. The resultant vector set at the receiver side may be
described as follows when despreading process is carried out
through every despreader for both /Q-components:

et 9)
,Yo.c)- (10)

Sr={0r1, 12, ---
So=1{90.1, 702 ---

After despreading at the receiver terminal, as seen on the
receiver side of Fig. 1, data ({,lg,#) —which represent
estimates of the spreading code index and the transmitted
symbol—are acquired. The code indexes (g, /<) is initially
identified in order to lessen the complexity of the CIM-
RIS system, and then z will then be estimated. In order
to solely apply the (37[,@%’?7@,@%) despreading data linked
with the ({,{g) to the input of the maximum likelihood
estimator, the acquired ({y,{s) index is then reported back
to the despreading vector set. The system’s complexity is
significantly reduced in this way.

The absolute square of the elements in Sy and S¢) are com-
puted first, followed by the estimation of the greatest element
of the set’s {|§1,€|2}££:1 and {|3~/Q,€‘2}Z£:1 indexes to estimate
the code index. Given that the spreading Walsh Hadamard
spreading codes are orthogonal to one another, the normed
vector’s highest valued element corresponds to the despreaded
element within the same index. i.e., Zszl Wk Wy =
1if t=w;0 if + # w.

As a result, the following code index detection method
employs the index of the largest absolute squared set element:

5 ~ 2 5 ~ 2
Iy = arg?lax{’yfﬂ }, lg = arglénax{|yQ,g| } (11)
By evaluating every possible combination of x, the ML
estimator finds an estimation of Z. As a result, the suggested

system’s ML estimation of the  parameter for each of the
two IQ-components may be written as follows:
2 }

(s r0) ()
n=1 -

2>

= argmin
i=1,2,...,M

Eventually, the received bit sequence b is obtained at the
receiver side using the bit-back matching approach, the
acquired (g, 5, %) values, and the “Demapper & Sort and
Merge” unit.
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III. ANALYSIS OF THE CIM-RIS SYSTEM’S
PERFORMANCE

The average bit error rate analyses of the CIM-RIS system
is introduced in this section.

A. Analysis of the CIM-RIS System’s Average BER

The entering binary information data is split into two
portions, as was already indicated in the system structure of the
CIM-RIS approach. As a result, the bit error probability (BEP)
of two error events may be used to represent the overall BER
expression of the proposed system specified as PRS-
In other words, the sum of the BEP of the modulated bits
(Pmop) and the BEP of the mapped bits (Pgc) in the
spreading code indices is the total BER that occurs at the
receiver. Consequently, the CIM-RIS system’s typical average
BER statement can be written as follows:

Pciv-ris = 2%7’80 + %PMOD- (13)

The average probability of detecting erroneous spreading
code indices determines the error events (Pgc) and (PyoD)-
Therefore, the correct reception of modulated symbols relies
on the correct detection of the spreading code indices at the
receiver side of Fig 1. Two main sorts of errors may arise in the
CIM-RIS system. The ? are successfully recognized in the first
scenario (i.e., the mapped bits of the code indices are right),
but the M-QAM detector renders the wrong decisions. In the
second scenario, the M-QAM detector tries to identify bits
based on the output of the improperly chosen despreader since
the 7 are inaccurately detected. In this scenario, the probability
of bit error is obviously equal to 0.5 because the receiver
has no possibility of selecting the correct choice. The BER
equation for modulated bits may thus be written as follows:

Pyop = Pu (1 = Pcr) + 0.5P¢r, (14)

where, P stands for BEP for modulated symbols and Pcy
for code indices.

The following two values, Pcp and wug, can be used
to define the BEP expression of the mapped bits Pgc of
the spreading code indices. The combination of the original
spreading code mapping bits will be incorrectly identified if
/s incorrectly estimated. Thus, compared to the original
spreading code mapping bits, each incorrect combination
will cause the detection of a different amount of incor-
rect bits. The BER for spreading code indices’ bits Pgc
may thus be defined as follows after a few intermediary
steps:

Psc = 5— (15)

2uy

B. The Average Error of Code-Index Detection Probability
(Pcr)

The probability that the element with the highest norm
value—i.e., this probability—is smaller than the lowest norm
value in |7; 2 for IQ-components is known as the probability
of the Pcy. As a result, the following definition applies to

the probabilities Pg}f and Pé? for equiprobable transmitted
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spreading codes, conditional on the spreading code and chan-
nel coefficients:

phr _plis . 12 < . {NAQH b,

ci <|y1,£%| e |5 p|wehog
(16)

O ~ 2 . ~ 12

W {5 s,

“ <|yI’ZS| (L2 LY b il g e g)
(17)

where, Ur i = A /ExER (Zflvzl o Br) T + ﬁj]v for ¢ = 5 and
Uy i = M1 for £# by G 5 =/ Bag Qn=1 anfn) 25 +
ng for £ = lg and '@Q,és = ng for ¢ # lg. From (16)

and (17) it is clear that Pop = Pégf = Pé%l is used to
identify the spreading code indices for the / and Q channels.
As a result, knowing one channel’s probability is enough to
understand the other. Therefore, it would be appropriate to
keep detecting the probability of detecting incorrect /-channel
spreading code indices. The absolute squared random vari-
ables have “non-central chi-square distribution (non-CCSD)”
and are independent while ¢ = l@R and “central chi-square
distribution (CCSD)” while ¢ # &R with even “1”-degrees of
freedom since each noise sample at the receiver is multiplied
with a distinct spreading code [37].

Then, spreading code index probabilities are derived using

the order statistics theory to yield Pégf for the CIM-RIS
system. Accordingly, let & and A represent two random
variables with the following definitions:

¢ =min{&}, Le{1,2,...,L}, {# Iy

2 R
, b=y, (18)

=i,

where & = |g,|*.

In cognizance of (18), £, random variable has a central chi-
square distribution (CCSD), but A follows the non-CCSD. The
cumulative distribution function (CDF) of £, follows the CDF
of \ with “1” degrees of freedom (DoF) non-CCSD, as do the
probability density function (PDF) of &,. These are expressed
respectively by [37, (2.3-29, 2.3-24)]:

_1 m%#»)\
1 (X)) * - Kj
f,\()\):2<2> e XTI <§f/\> A>0 (19)
20>\ N

K% o
l

N|=

&
—%
Feg)=1-¢ & (20)
2 B+2v .
where Ig(y) = v=0 v%{ﬂﬁa y > 0 is the
modified Bessel function of the first kind and order

B [37, (2.3-31)], When the function, I'(x), is repre-
sented as I'(z) = fooo t*=le=Tqt 37, (2.3-22)]. Kp =
|Zf¥:1 Ecam(ane_j@" ejd’"ﬂne_j(p”)\ [37, (2.3-30)], agg =
2(EcNp)? [37, (2.3-25)] and 03 = 2(E.Ny)2+4E.Nok? [37,
(2.3-40)]. Therefore, using order statistics, the probability of
A < & can be expressed as follows:

Pr(A<§) = /OOO Pr(d < &) A (A)dA
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o L
= [T Prv < &0nan
0 =1

The likelihood of finding incorrect code indices can be stated
as follows by using (21):

_&p(L-1) 1
. 20?2 ) )\ -2 N +A
€ _72
Pé?ff:iQ/ 5 e X1 f\f dA.
20% 0 K 2 a

(22)

In addition, it becomes clear from (22) that Péﬂ’f is still
reliant on the random variable (RV) of Fin because of the

RV of the Rayleigh fading channel gain. Therefore, Péyf

must be integrated over x; ’s PDF in order to yield Pcy.
R

Therefore, let x 2 SN, Eoap(ane =70 eW"B ¢ —J¥n) be
a RV. The variance of x is ai = (zpE.)? ah, and its
mean is zero. Since x; = [x|, the PDF of x; has a
generalized Raylelgh distribution with the PDF of f?m ) =

VB TR/ )
oI )e X, i > 0 [37, (2.3-52)]. Ultimately, the

followmg can be stated as the average probability of incorrect
code-index detection of the CIM-RIS scheme:

< 50
Pct :/0 'chffﬁ(/@gm) d/{l;m. (23)

Software that does numerical integration may be used to
easily determine the integral of the P equation.

C. Impact of Imperfect Channel State Information on
CIM-RIS Technique

In this subsection, it is explored how inaccuracies in channel
estimation affect the CIM-RIS system in the absence of perfect
CSI at the RIS side and the receiver’s end. It is suggested
that there is an orthogonal relationship between the estimated
channel coefficients and their respective errors, which permits
the expressions of h; ; and g; ; in a distinct way, as detailed
in [38].

hij = hij+ €n, ;s 9ig = 9ij + €gi ;o (24)
here, ﬁ and g represent the estimated channel coefficients. ﬁ,
h;j, g, and g; ; are considered to follow a jointly ergodic
and stationary Gaussian process. The expressions €, . and
€gij denote the error in channel estimation, modeled as a
omplex Gaussian variable with zero mean and a variance
of o2, depicted as CA(0,02). In this setting, o2 indicates
the vanatlon in channel estlmation accuracy, which can vary
depending on the channel estimation methods and the chan-
nel’s own dynamics. Assuming the use of orthogonal pilot
symbols for channel estimation, it has been noted that the
estimation error reduces proportionally with an increase in the

number of pilot symbols.

D. The Probability of Bit Error of Modulated Bits (PyioD)

BEP analysis of the error event of the modulated bits
(Pmop) for the CIM-RIS scheme previously given in (14)
will be performed in this section. Considering (14), it is seen
that Pyiop depends on two error probabilities, where Pcy
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has been previously given in (16) and (17) has been obtained
from the (23). Therefore, in order to find Pyiop, Py must
also be derived.

Considering (6), the mean value and variance of the
product of |an| and |Bn|, which are assumed to have
separate Rayleigh distributions, are E[|lay||fn|] = 0.257
and Var[|ap||Bn]] = 1 — 0.06257%, respectively. The
central limit theorem states that 22]:1 |an || Br| converges
to a Gaussian distributed RV with statistical parameters
B[N, Jan][Bal] = 0.257N and Var [ SN Jaul| 8, ] =
(1 — 0.062572)N for a sufficiently high number of N (i.e.,
N >> 1). Thus, the random variable « is a non-central
chi-square random variable with “1” degree of freedom, and
moment-generating function (MGF) M, (s) of the ~ can be
given as follows [39]:

1

U 2
M) | ——— | exp|-—

(#) (Ul + SW) p<
2
where Z/{l m7u2 m, and 'y =
Since the proposed system model works well at low SNR
region, approximation of the MGF expression in (25) can be
expressed as follows:

U
M, (s) = exp (Lésﬁ) .

On the other hand, the ASER expression of QAM at low SNR
region can be given as follows [39]:
Poam = 2pF(t,7/2) +2qF (z,7/2) — 2pq
X [F(z,arctan(z/t)) + F (¢, arccot(z/t))], (27)

5’7”2
—_— 2

Ez

(26)

where, p = 1—— and ¢ = 1—M—, here M is the number of
in-phase points 1n the constellation, while M) is the number
of quadrature points in the constellation. ¢ is expressed as ¢t =

6
G =1+ (M3 -1

study, M; = Mg = VM and 8 = 1 are used as special
cases, since the number of in-phase and quadrature elements
of QAM constellations are equal. Also, the integral F(-,-) is

given as follows:
1 0 2
L [
T Jo 2sin” ¢

Eq. (28) can be upper bound to obtain insights by setting
¢ = 0, which results in:
2
T
M
7 (2 sin? 0)
_ U’y
2, sin? 6

( N27T2x2’_y)
ex _—— .
P\ " 324in2 0

As a result, Py with the QAM constellation scheme can
be expressed as follows:

1 w22 w222
- —12 N2y — N2y
o (c2(P ) ves) oo (= (%57 )43)
2 2 t2+ 2
~ 20 | arctan () exp (- (2% ) s
T t 32

and z is expressed as z = (§t. In this

F(z,0) (28)

F(z,0) <

<

)
]
T

< (29)

e 3 3|

Pu =
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Fig. 2. Capacity comparisons of the CIM-RIS, RIS-RSM and RIS systems
while N = 16 for (a) and N = 64 for (b).

+ arccotG) exp (— <7r2(t;+22)> N27>” ,

(30)

Finally, when P); and Py are substituted to (14), Pypop is
obtained. The analytical average total probability of the error
for the CIM-RIS system is therefore calculated by putting (14),
and (15) into (13).

IV. CAPACITY ANALYSES

The derivations of capacity analysis for the proposed CIM-
RIS system are presented in this section. The capacity of the
proposed CIM-RIS system can be expressed separately for [/
and O components. However, since the capacity for / and Q
components are the same, only the capacity for / component
is analyzed in this section.

The ergodic capacity expression of a conventional MIMO
system can be given as follows [40]:

C:Eh{rrlgax I(;Ui;y|h)}. 31
I(c;;y | h) represents the mutual information between
the transmitted vector z; and the received vector y =
[yl,yg,...,yNR]T e €™ <! given a known h. Where Np
is the number of receive antennas of the MIMO system. In
the proposed CIM-RIS system, unlike the conventional MIMO
system, data is transmitted not only in conventional symbols
but also in spreading code indices. Thus, the capacity of
the proposed CIM-RIS system is determined by maximizing
the mutual information between the M-QAM symbol and
the active spreading code indices in y. Consequently, based
on [41], the capacity of the proposed CIM-RIS system is
expressed as follows:

C=E max (£, zx; , (32)

H{wapm (£, zp Y)}

where H = h'’®g and f, e CEXI 2

[00---0, 1 ,0...,00] T is the vector that indicates
£th index
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the position of the active spreading code index ég?h for the
I component. In this vector, the element corresponding to
the active spreading code index is represented as 1, while
the other elements are represented as 0. The received signal,
expressed in vector-matrix form, can be redefined as follows:

Y=/ Euy HWfpzp +n,
cKxL _—

(33)

where W € [Wi,wa,...,wg] is the code
matrix containing all spreading codes. The mutual information
I(fy, z3;y), indicating the number of data bits accurately
received by the receiver in the proposed CIM-RIS system as
described in (32), is expressed as follows:

I(f, zp;y) = H(y) — H(y | £, 2p),

where H(.) denotes the entropy function. When f; and zy are
known, the entropy of y is expressed as follows:

(34)

H(y | fz, 2p) = H(n) = logy |7reNgIKf. (35)

Here, I is the identity matrix with K dimensions. e ~
CN(0,Nolg) and y ~ CN(uy,aglK) follow complex

Gaussian distributions with py = NTﬁ and 03 = W.

Furthermore, in (35), the expression mutual information
I1(fy, z5;y) for the proposed CIM-RIS system is maximized
only when H(y) is maximized. Thus, H(y) is given as follows:

H(y) = —Ey{logy P(y)} = logy |eRyy

where Ryy represents the covariance matrix of the HWf,zy
defined as follows:

Ryy = E(yyH‘fK)
L
1
== ; HWEEHWHH* + Nl

; (36)

(37

As a result, with the help of the expressions obtained above,
the capacity of the proposed CIM-RIS system is obtained as
follows:

ns WI, waH *
czEH{lodeet<IK+Z“H i " )}.(38)

LNy

Fig. 2 displays the capacity comparisons of CIM-RIS, RIS-
RSM, and RIS systems with N = 16 for (a) and N = 64 for
(b). The capacity comparisons in Fig. 2 are based on system
parameters £ = K = 4 for CIM-RIS scheme and N = 4
for RIS-RSM scheme. From Fig. 2, it is readily observed that
the capacities of all systems are augmented as the number
of reflecting surfaces N increases. Furthermore, it is noted
that the proposed CIM-RIS system exhibits a superior capacity
compared to the RIS-RSM and RIS systems.

V. THE ANALYSIS OF ENERGY EFFICIENCY,
THROUGHPUT, AND DATA RATE
In this section, energy efficiency, throughput, and data rate
analyses of CIM-RIS, TSM-RIS, TQSM-RIS, and traditional
RIS systems are performed.
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TABLE I
COMPARISONS OF THE CIM-RIS SYSTEM’S ENERGY SAVINGS IN
RELATION TO OTHER SYSTEMS, EXPRESSED AS A PERCENTAGE (Esay %)

[ M [ Np | £ [[ RIS | TSM-RIS | TQSM-RIS |
4 2 4 66.7 50 33.4
8 8 16 72.2 45.6 18.9
32 16 32 66.7 44.4 13.3
TABLE I

A COMPARATIVE EVALUATION OF THE COMPUTATIONAL COMPLEXITY

\ Systems I Reel Multiplications (RMs)
O cimRris SKL+ N +4M
2us
Oris (N+4M)(1+ >
log, (M)
2u9
O Tsm-RIS 8(N+4M)NT(1+
nsm
2us
O TQsM-RIS 8(N +4M)NT(1+ )
nQsm

A. The Energy Efficiency Analysis

In this section, the energy-saving percentages of the CIM-
RIS system are given compared to the TSM-RIS, TQSM-RIS
and traditional RIS systems. In the proposed CIM-RIS system,
very little energy consumption occurs as most of the data
bits are transmitted in spreading code indices. Therefore, the
proposed CIM-RIS system is a high energy efficient system.
As a result, the energy-saving percentage (Esay) per u bits of
the CIM-RIS system compared to the benchmark systems can
be given as follows:

Foay = (1- %)Eb%. (39)
where wuy, is the spectral efficiencies of the benchmark systems
and F} represents the bit energy. In Table I, the percentage
of energy saving provided by the CIM-RIS system compared
to the benchmark systems is given depending on the changing
M, transmit antenna number (N7 ), and £ values.

Explaining this with an example can aid readers in better
following the publication. Explaining the first row of Table I
will be beneficial for understanding better. The CIM-RIS
system transmits logy(M) = logy(4) = 2 bits through
symbol and sends an additional 2 x logy (L) = 2logy(4) =
4 bits through code indices, totaling 6 bits. In contrast, a
conventional RIS system transmits only logy (M) = logy(4) =
2 bits solely via the symbol. Consequently, the CIM-RIS
system transmits an extra (6 — 2) = 4 bits during the same
channel use, resulting in an energy efficiency of 4/6, which
equates to approximately 66.7%. Similarly, the TSM-RIS
system transmits logy(N7) = logy(2) = 1 bit via the antenna
and logy (M) = logy(4) = 2 bits via the symbol, totaling
3 bits. Hence, the CIM-RIS system transmits an additional
(6 — 3) = 3 bits in the same channel use, achieving an energy
efficiency of 3/6, or 50%. Lastly, the TQSM-RIS system sends
2 X logy(N7) = 2 x logy(2) = 2 bits via the antenna and
logo (M) = logy(4) = 2 bits via the symbol, totaling 4 bits.
Thus, the CIM-RIS system transmits an extra (6 — 4) = 2 bits
during the same channel use, leading to an energy efficiency
of 2/6, or approximately 33.4%.
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Fig. 3.  Computational Complexity and Spectral Efficiency Comparisons

while M = 8, Np =4, L. =8, K = 16 N = 64 for (a), (c); and M = 16,
Np =8, L.=16, K = 32 N = 256 for (b), (d).

B. System Complexity Analysis

In this section, computational complexity analyses of tra-
ditional RIS, TSM-RIS, TQSM-RIS, and CIM-RIS systems
in terms of real multiplications (RMs) are obtained. The
computational complexity results of the proposed CIM-RIS
system according to the benchmark systems are given in
Table II. Computational complexity and spectral efficiency
comparisons of the RIS, TSM-RIS, TQSM-RIS, and CIM-
RIS systems are given in Fig. 3. Where, 3, M = 8, Np =
4, L = 8, K = 16 N = 64 parameters are used for (a),
(c); and M = 16, Np = 8, L = 16, K = 32 N = 256
parameters are selected for (b), (d). As can be seen from
Fig. 3, the CIM-RIS system gives better results than the
benchmark systems, both in terms of spectral efficiency and
computational complexity. Consequently, according to all the
results obtained, it is understood that the CIM-RIS system is
a high data rate and low complexity technique.

C. The CIM-RIS System’s Throughput and Data Rate
Analysis

The amount of accurate bits that a unit has acquired in
a certain amount of time is typically used to indicate the
throughput of a communication system. So, the CIM-RIS
scheme’s throughput can be expressed as follows [42]:

7 - (= Pecsm) |
Ts

; (40)

where (1 — Pacivesm) is the probability that the right bits
were received for the entire symbol’s duration 7.

The throughput comparisons can be carried out fairly since
the 75 symbol durations for traditional RIS, TSM-RIS, and
TQSM-RIS approaches are the identical. Table III presents
data rate comparisons for different N, M, and £ values.

With instance, the CIM-RIS system sends 9 bits for the same
symbol time 75 for Np = 4, M = 8, and £ = 8, while the
TSM-RIS, TQSM-RIS, and traditional RIS schemes transmit
5 bits, 7 bits, and 3 bits respectively.
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Fig. 4. BER performance comparisons of CIM-RIS and RIS systems for
u = 10 bits when N=16, 32, 64, and 128.

TABLE III
COMPARISONS OF DATA RATES (BITS PER TS)

‘ Nt ‘ M ‘ £ H CIM-RIS TSM-RIS ‘ TQSM-RIS ‘ RIS ‘

2 4 8 8 3 4 2
4 8 8 9 5 7 3
8 8 16 11 6 9 3

VI. SIMULATION RESULTS

Results from computer simulations using the CIM-RIS,
Transmit SM-RIS (TSM-RIS), Transmit QSM-RIS (TQSM-
RIS), and traditional RIS approaches are provided and
compared in this section in the presence of Rayleigh fading
channels. The received symbols and indices are estimated
at the receiver using the ML method. Using the Monte
Carlo simulation approach, average BER performances were
obtained. u is the number of bits a symbol is carrying.
The SNR applied in the simulations is denoted by the
SNR(dB) = 10logo(Ey/Ng), where Ey, = Es/u, here Eg =
Zlé{:l(wi,k /V/K)? denotes the average symbol energy. The
spreading code length “K” for performance comparisons is
chosen as 32.

In Fig. 4, the analytical and simulation BER performance
curves of the CIM-RIS and traditional RIS systems are
presented for N=16, 32, 64, and 128 in case of u = 10
bits. In Fig. 4, the CIM-RIS system with M = 4 and £ =
16 transmits 2up = 8 bits of u = 10 bits in the spreading
code index and u; = 2 bits via the 4-QAM symbol. On the
other hand, traditional RIS system transmits all u = 10 bits
in the 1024-QAM symbol. The proposed CIM-RIS system
provides SNR gains of 13.5 dB,19.57 dB,19.86 dB, and
18.85 dB compared to the conventional RIS system when
the number of reflective surfaces is selected as N=16, 32,
64, 128 respectively. According to the computer simulations
carried out, it is seen that the performance of the system
increases significantly in direct proportion to the number of
RIS elements in the CIM-RIS system.

Fig. 5 compares the BER performance of the CIM-RIS
system, the TSM-RIS system, the TQSM-RIS system, and
the conventional RIS system for N = 128 and u = 8 bits.
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—%CIM-RIS, M =4, L =8,

—O-TSM-RIS, M = 4, Ny = 64
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Fig. 5. BER performance comparisons of CIM-RIS, TSM-RIS, TQSM-RIS,
and traditional RIS systems for u = 8 bits when N = 128.
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Fig. 6. BER performance comparisons of CIM-RIS, TSM-RIS, TQSM-RIS,
and traditional RIS systems for u = 11 bits when N = 32.

Comparing the proposed CIM-RIS system to the conventional
RIS system, an SNR gain of around 14.2 dB is achieved. In
addition, the CIM-RIS system offers an SNR gain of around
119 dB compared to the TQSM-RIS system and about 124 dB
compared to the TSM-RIS system.

In Fig. 6, the BER performance comparisons of the CIM-
RIS system, TSM-RIS system, TQSM-RIS, and traditional RIS
system are presented for N = 32, in the case of u = 11 bits.
The proposed CIM-RIS system provides an SNR gain of about
112.8 dB compared to the TSM-RIS system, while it provides
an SNR gain of about 117.68 dB compared to the TQSM-RIS
system. Besides, the CIM-RIS system provides an SNR gain
of about 18 dB compared to the traditional RIS system. If
Fig. 6 is considered carefully, it can be seen that the TSM-RIS
system is more performant than the TQSM-RIS system. The
fact that the TSM-RIS system provides a BER performance
improvement of about 5 dB compared to the TQSM-RIS
system can be explained by the fact that the TSM-RIS system
transmits 5 bits of 11 bits over RIS and the other 6 bits over
antenna indices. On the other hand, the TQSM-RIS system
transmits only 3 bits directly over RIS and 8 bits directly
over antenna indices. In TSM-RIS or TQSM-RIS schemes,
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—O—CIM-RIS, M =8, L = 16
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Fig. 7. BER performance comparisons of CIM-RIS, TSM-RIS, TQSM-RIS,
and traditional RIS systems for u = 11 bits, N = 64 over Rician fading
channels.
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Fig. 8. BER performance of CIM-RIS system under the impact of imperfect
channel knowledge for u = 11 bits when N = 16.

transmitting data directly over the antenna indices instead of
transmitting data over RIS deteriorates the performance.

In Fig. 7, the BER performance comparisons of the CIM-
RIS system, TSM-RIS system, TQSM-RIS, and traditional RIS
system are presented for N = 64, in the case of u = 11 bits over
Rician fading channels. Here the Rician X parameter is chosen
as K =5 and all simulations are performed accordingly. The
proposed CIM-RIS system provides an SNR gain of about
123.72 dB compared to the TSM-RIS system, while it provides
an SNR gain of about 103.67 dB compared to the TQSM-RIS
system. Besides, the CIM-RIS system provides an SNR gain
of about 18.36 dB compared to the traditional RIS system.

Fig. 8 presents an analysis of the BER performance of the
CIM-RIS system under Rayleigh fading channels in terms
of perfect and imperfect CSI. This analysis is based on
simulations conducted with parameters u = 11 bits and N = 16
while M = 8 and £ = 16. During the examination of system
performance, the 062 values were sequentially set to 1, 0.8,
0.6, 0.4, 0.2, 0.1, 0.08, and 0.06 to observe their impact on
imperfect CSI in CIM-RIS. The results obtained indicate a
noticeable improvement in BER as the o2 value decreases.
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and SNR = —25 dB.
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Fig. 10. 3D BER performance of the CIM-RIS system for K = 32, £ = 16,
and SNR = —20 dB.

Fig. 9 presents the 3D error performance results depending
on the bits carried in the symbol and the spreading code index.
Where the selected parameter values are M=4,8,16,32,64 and
L = 4,8,16,32,64. As can be seen from Fig. 9, the error
performance worsens as the number of bits carried from the
symbol increases, while the error performance improves as the
number of bits carried in the spreading code index increases.

The 3D error performance of the CIM-RIS system, which
varies according to the number of bits carried in the spread-
ing code index and the number of reflecting surfaces, is
given the Fig. 10. In this simulation, M=8,16,32,64 and
N=4,8,16,32 values are used. The obtained results show that
the increase in the number of reflective surfaces reduces the
error.

As a result, when all the aforementioned Figures are consid-
ered, it can be easily said that the proposed CIM-RIS system
causes a significant increase in performance compared to the
TSM-RIS, TQSM-RIS, and the traditional RIS techniques.

VII. CONCLUSION

In this study, a novel MIMO transmission system with high
data-rate, high energy efficiency, and good error performance
is proposed for Rayleigh fading channels by combining RIS
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and CIM techniques, which are potential and promising tech-
niques for next-generation wireless communication networks.
It has been shown via computer simulations that the CIM-
RIS system has better error performance, lower transmission
energy, faster data transmission rate, and compared to the
TSM-RIS, TQSM-RIS, and the traditional RIS systems. In
addition, the energy efficiency, complexity analysis, through-
put, and bit error rate of the proposed technique are derived.
The capacity analysis of the proposed CIM-RIS system is
obtained by utilizing mutual information. It is also shown
that the proposed system has a higher capacity compared
to counterpart wireless communication systems in the litera-
ture for different system parameters. The simulation results
demonstrate that the proposed CIM-RIS technique has more
performance than traditional RIS, TSM-RIS, and TQSM-RIS
communication techniques. In addition, due to the nature of
CIM, which is the building block of the CIM-RIS technique,
it uses less energy than the systems discussed above. The
investigation has been extended to cover the CIM-RIS system’s
performance under Rician fading channels. In addition, the
performance of the proposed system under conditions of
imperfect channel state information (CSI) has also been
obtained and illustrated.
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