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Abstract—Index modulation (IM) schemes for reconfigurable
intelligent surfaces (RIS)-assisted systems are envisioned as
promising technologies for fifth-generation-advanced and sixth-
generation (6G) wireless communication systems to enhance
various system capabilities such as coverage area and network
capacity. In this paper, we consider a receive diversity RIS-
assisted wireless communication system employing IM schemes,
namely, space-shift keying (SSK) with binary modulation and
spatial modulation (SM) with A -ary modulation for data trans-
mission. The RIS lies in close proximity to the transmitter, and
the transmitted data is subjected to a fading environment with
a prominent line-of-sight component statistically modeled by
a Rician distribution. A receiver structure based on a greedy
detection rule is employed to select the receive diversity branch
with the highest received signal energy for demodulation. The
performance of the considered system is evaluated by obtain-
ing a series-form expression for the probability of erroneous
index detection (PED) of the considered target antenna using a
characteristic function approach. In addition, closed-form and
asymptotic expressions at high and low signal-to-noise ratios
(SNRs) for the bit error rate (BER) of the SSK-based system, and
the SM-based system employing )M -ary phase-shift keying and
M-ary quadrature amplitude modulation schemes are derived.
The dependencies of the system performance on various param-
eters are corroborated via numerical results. The asymptotic
expressions and results of PED and BER at high and low SNR
values lead to the observation of a performance saturation and
the presence of an SNR value as a point of inflection, which is
attributed to the greedy detector.

Index Terms—Index modulation, reconfigurable intelligent sur-
face, rician fading, space-shift keying, spatial modulation.

I. INTRODUCTION

Fifth-generation (5G) wireless communication systems
promise to achieve high spectrum efficiency and energy effi-
ciency that has led to a new vision of mobile communications,
broadly catering to use cases with requirements of enhanced
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mobile broadband, ultra-reliability, and low-latency for mas-
sive machine-type communications [1]. Since it becomes very
challenging for a single enabling technology to cater to all
these demands, researchers, in a bid to make the communica-
tion systems future-ready, have started to explore advanced
5G and 6th-generation (6G) envisioned technologies. New
user requirements, applications, use cases, and networking
trends are expected to thrive, which will necessitate new
communication paradigm shifts, especially at the physical
layer [2], [3]. Within this context for the development of next-
generation wireless communication technologies [4]-[6], there
has been increasing interest in controlling the properties of the
physical channel/medium, which has led to the popularity of
reconfigurable intelligent surfaces (RIS) [7]-[9]. Furthermore,
the application of other new technologies, such as index
modulation (IM) to RIS-assisted systems, has piqued the
interest of researchers over recent years.

A. Literature Review

RIS, consisting of reconfigurable scattering elements, in-
fluences the wireless medium/channel in which it is placed.
The ease of deployment of thin artificial films of RIS results
in a reduction in implementation cost and system complexity
[10]-[12]. Moreover, RIS technology, considered a nearly
passive form of a relay [13]-[17], does not require a dedicated
energy source to cater to different RF processing, encoding,
decoding, or re-transmission, and are thus, efficient over ex-
isting multiple-input multiple-output (MIMO), beamforming,
amplify-and-forward relaying, and backscatter communication
paradigms [18]-[20]. Furthermore, the reflection character-
istics of an RIS may be controlled by software; hence an
RIS is also referred to as a software-defined surface and
can be employed as a substitute for traditional beamforming
techniques [21]. RIS-based system improvements in the form
of a number-modulation scheme over symbiotic active/passive
communications are proposed by the authors of [22]. Ad-
ditionally, the investigation of the ergodic capacity of an
RIS-assisted multi-user multiple-input single-output system
with practical statistical channel state information (CSI) is
discussed by the authors of [23]. Instantaneous CSI alterna-
tives using a low-complexity algorithm via the two-timescale
transmission protocol are proposed by the authors of [24] and
incorporation of RIS in 6G terahertz communication using
deep reinforcement method is analyzed in [25].

Another vital aspect of beyond 5G systems is the use of
IM [26], [27], which specifies a type of modulation technique
relying on some form of activation states for information
embedding, carried out in different domains like space, time,
and frequency slots, or even a combination of them. The
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basic principle of IM is to separate the information bits into
index and constellation bits. The former specifies the portion
of the active radio resources (antennas and sub-carriers), and
the latter bits are used for mapping conventional constel-
lation symbols to be carried by the active resources [28],
[29]. In this category, space-shift keying (SSK) and spatial
modulation (SM) exploit the spatial-constellation diagram for
data modulation, resulting in a low-complexity modulation for
multiple-antenna systems, and they outperform conventional
modulation schemes in terms of spectral efficiency [30]-[33].
Though the basic principle behind index-modulated SSK or
SM schemes is similar in terms of data modulation, SM-
based index-modulated systems are more complex due to
the additional requirement of a modulation system/scheme in
the form of amplitude/phase modulation. RIS-assisted SSK-
based systems can be further improved in terms of error
and throughput by incorporating passive beamforming and
Alamouti space-time block coding as studied in [34].

Several studies have been proposed in the literature for
RIS-assisted IM-based system models. The authors of [18]
proposed three IM-based communication system architectures:
IM for the source transmit antennas; IM for the destination
receive antennas; and IM for the RIS that applies reflection
modulation-based beam patterns. Also, the authors analyzed
the system in terms of pairwise error probability. A hybrid
concept employing IM and metasurface modulation was stud-
ied in [11] to improve the system performance. An RIS
grouping-based IM scheme to enhance the spectral efficiency
and improve the bit error rate was presented in [35]. The
authors of [36] introduced the concept of reflection modu-
lation, whereas the authors of [37] proposed a non-coherent
receiver for a reflection modulation-based RIS-assisted system
to further reduce the hardware complexity. The performance
loss associated with an RIS-assisted SSK modulated system
with a blind receiver was examined in [38]. The authors of
[18] and [17] considered SSK and SM schemes for a receive
diversity RIS-assisted communication system wherein they
proposed a greedy detector for detecting the diversity branch
with maximum received energy and utilized the same for data
demodulation. With this system model, the authors of [18]
obtained upper bounds on the system performance, and the
authors of [17] derived closed-form expressions for the same
performance metrics.

B. Contributions

RIS systems are generally utilized owing to the lack of a line
of sight (LoS) communication path between the transmitter
and the receiver end, thus resulting in an LoS path being
present between the transmitter-RIS link and the RIS-receiver
link. However, most previously carried out works for IM-
based RIS-assisted systems do not consider the scenario where
the channel gains follow Rician fading [39]-[41], thus failing
to model communication scenarios that possess significant or
dominant LoS components. We consider an SSK/SM-based
RIS-assisted wireless system in which the envelopes of the
channel gains follow the Rician distribution, thus being able
to properly model the scenario between the RIS and the

receiver that possesses a dominant LoS path. The SSK system
is considered for binary modulation schemes, and the SM
system is considered for the transmission of M -ary modulated
data symbols. Further motivated by the studies in [17], [18],
we employ a greedy detector at the receiver and study the
system performance in terms of the probability of erroneous
detection (PED) of the corresponding antenna of interest. The
contributions of the work are summarized as follows:

o A receive diversity wireless communication system sub-
ject to Rician fading channels is considered wherein the
transmitter, lying in close proximity to the RIS, employs
an IM based on SSK or M-ary phase-shift keying (M-
PSK)/M-ary quadrature amplitude modulation (QAM)
constellation-based SM scheme.

o A greedy detector structure [17] is employed for the
considered RIS-assisted wireless system, which relies
on the maximum energy of the received signals at the
receive diversity branches to be selected for demodulation
without the need for channel estimation.

o An analytical framework based on a characteristic func-
tion (c.f.) approach is proposed to obtain exact closed-
form expressions for the PED of the target receive diver-
sity antenna in RIS-assisted SSK and SM systems.

o Expressions for the symbol error probability (SEP) of
both systems are derived, based on which the asymptotic
expressions at high and low signal-to-noise ratios (SNR)
provide insight into the dependency of the performance
of the system on various system parameters.

o Numerical results are presented to study the effect of
the system parameters on the PED and the bit error
rate (BER), which showcase the dependency of the LoS
component on these metrics.

The rest of the paper is organized as follows. The model of
the SSK-based and SM-based RIS-assisted systems and the
greedy detector are presented in Section II. The analytical
frameworks to derive closed-form and asymptotic expressions
of the PED of the target receive diversity antenna for the
considered RIS-assisted IM-based systems are given in Sec-
tions Il and IV. The corresponding derivation to obtain the
exact and asymptotic expressions of the SEP of the system is
provided in Section V. Section VI presents numerical results
corroborating the analytical studies, followed by concluding
remarks provided in Section VII.

II. SYSTEM MODEL

An RIS-assisted wireless communication system is consid-
ered where the RIS consists of N reconfigurable scattering
elements and is placed in close proximity to the transmitter,
similar to the concept of an RIS access point (AP) in which
the RIS can be considered as a part of the transmitter [18].
The receiver, lying in the far field of the RIS to model
conventional communication scenarios, comprises of Npg,
diversity branches which obtain the signal from the transmit-
ter via the reflections from the RIS elements. The wireless
fading channel between the ¢-th reconfigurable element of
the RIS and the w-th receive diversity branch is modeled as
a complex multiplicative gain coefficient and is denoted by
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Fig. 1. System model for the implementation of the RIS-assisted SSK scheme.
hw,i = Buwiexp{—71Yw,i}, where j= /=1, w =1,..., Np,,
and ¢ = 1,...,N. The transmitter employs (i) SSK or (ii)
M-ary QAM/M-PSK constellation-based SM for IM, and
the receiver employs a greedy detector to select the receive
diversity branch for optimal performance. Furthermore, it
is assumed that all the channels between the RIS and the
receiver are statistically independent and identically distributed
(i.i.d.) and that the transmitter has perfect knowledge of the
information of the channel states [17], [18]. We assume that
the envelopes of the i.i.d. channel gains follow the Rician
distribution, implying that each complex channel gain h,, ;
follows a non-zero mean complex Gaussian distribution, i.e.,
huw;i ~ CN (n,0%), where E[hy;] = p (E[] denotes the

2

expectation operator), E [(hw,i — M)Q} = 0}, and the Rician

factor of the system is denoted as k = |u|*/o7.

A. RIS-Assisted SSK System

The RIS-SSK system, as shown in Fig. 1, aims at max-
imizing the instantaneous received SNR at a target receive
diversity branch by intelligently adjusting the phase shifts of
the RIS elements with respect to the channel phases before
reflecting the transmitted signal towards the receiver. The
receiver performs the elementary task of determining the
index of the target diversity branch by utilizing the received
logy Np, bits.

Considering the energy of the transmitted symbol to be
V'E,, the received signal at the w-th diversity branch can be
expressed as

Zw:\/Es

+ny,w=1,..., N,

(D
where ¢; denotes the phase shift introduced by the i-th
RIS element and n,, is the additive noise at the w-th re-
ceive diversity branch, which follows a zero-mean complex
Gaussian distribution, implying that n,, ~ CN (0, Ny) with
E [|ny|?] = Np. Furthermore, the noise n,, is statistically
independent of h,,; and ¢; € i ={1,...,N}.

From (1), the instantaneous received SNR at the w-th
receive diversity branch is given by

N
D i exp {séi}
i=1

2

N
; ﬁw,i €xXp {] ((bz - "l}w,i)} Es
No

,’LU:L...,NRX,

(2)
which can be maximized by adjusting the phases of the RIS
elements as ¢; = 1, ;. This results in the expression of the

Yw =

log,Np +
log,M ‘ h wi
bits Bit log, N, bits .
—_ 3 R
splitter
wh receive
log,Jt antenna
bits
Y (X X}
Transmitter Receiver

RIS with N elements

Fig. 2. System model for the implementation of the RIS-assisted SM schemes.
maximum SNR at the selected w-th receive diversity branch,
given by

N 2

Z ﬂw,i Es

i=1

Yw,maz = ——  w=1,...

B. RIS-Assisted SM System

The RIS-SM system, shown in Fig. 2, aims to improve the
system spectral efficiency and to maximize the instantaneous
SNR at the target receive diversity branch. Thus, apart from
the selection of the phase shifts of the RIS elements, the trans-
mitter employs an M-ary QAM/M-PSK modulation scheme
for data transmission. Thus, as in the case of the RIS-assisted
SSK system, the first set of log, Ng, bits is used for the
determination of the index of the target antenna as well as to
adjust the phases to maximize the instantaneous received SNR
at the target antenna index, and the second set of log, M bits
is utilized to generate the M -ary modulated symbol via an RF
source. The received signal at the w-th diversity branch is then
expressed as

N
Zw = lzhwlexp{]¢z} v<+nw,w:1,...,NRx, (4)

i=1

where v is the data symbol belonging to the M-ary QAM/M -
PSK constellation, E ([|v¢ Ql = FE,, and n,, is the additive

noise with n,, ~ CN (0, Ny

C. Greedy Detector

The receivers for the RIS-SSK and RIS-SM systems employ
a greedy detector [17], [18] to obtain the index of the receive
diversity branch associated with the highest instantaneous
received energy without the need for CSI at the receiver end.
Thus, the index w of the target antenna for the considered
non-coherent receiver is selected by using the decision rule,
given as
W = arg max |zw\2 . 5)

Thus, the greedy detector chooses the rarget antenna according
to the maximum instantaneous SNR at the diversity branches.
In the following sections, we derive expressions for the PED
of the target antenna of RIS-assisted SSK and SM systems.

III. PED ANALYSIS OF THE RIS-ASSISTED SSK SYSTEM

In this section, we derive a series-form expression for the
probability of erroneous detection of the receive antenna index
detection for the RIS-SSK scheme using the greedy detector.
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A. Pairwise PED Analysis

Let w and w be the indices of the target and some other
non-target antennas, where the term target antenna is used for
the receive diversity branch leading to the maximum received
energy. Using (1), the expression for the pairwise PED (PPED)
of the target antenna is computed as

N
Pr{|zwssk‘2 < |Zﬂ?ssk-|2} - Pr{ mzhw,i€]¢i + Ny
i=1
N
\/E>SZ ha,i€?® + ng } . (6)
i=1

We wish to maximize the signal energy for the target antenna,
which can be expressed as an optimization problem by sub-
stituting (1) in (6) as

<

N 2
min P | Baiexp{7(d — )}
{¢7i}i:1 i=1
N 2
> 1> Buiexp {7 (di — i)} (7
i=1

It can be observed that (7) is minimized by choosing the values
of the phase shifts of the reflecting elements constituting
the RIS as ¢; = ¥y, for ¢ = 1,..., N, resulting in the
optimization problem

N 2 N 2
min Pr > Baiexp{y(di — i)}t >|D Bui| ¢
{o:diza i=1 i=1
®)
whose corresponding PPED is given by
2 2
Pr{ |20l < |20, }
N 2
=Pr V Es Z Buw,i + M
i=1
N 2
< \/EZ Bi,i exp{) (Yw,i — Ya,i)} +na| ¢ -9)
i=1
From the statistics of the complex channel gains,
Bwiy-- Pw,n and By 1,..., By n are iid. random vari-
ables, each following a Rician distribution. Moreover,

Y1y, Yw,n and Yy 1,...,%g N are 1id. random vari-
ables. Thus, utilizing the central limit theorem, the statistical
distribution of (9) is given by [42], as follows:

N
\/EZ Biv,i €xp {) (Vi — Vanyi) } + Nap
i=1

~CN (N\/Es,u, NE,o? + N0> _(10a)

N
? (ﬁ > i+ nw> A (PR L o,
i=1

N,
NE,o; (1 +k— %Lfﬂ (—k)) + 20) , (10b)

where L /5(-) denotes the Laguerre polynomial, and

N N,
3 <\/EsZﬁw,i +nw> ~N(o,2°) ,an
i=1

where R () and S (-) denote the real part and imaginary part
operators, respectively.
We can alternatively express the PPED in (9) as

Prdlsuf < |z} = Pr{Xo < Vea},  (12)
where
N 2
Xssk: = |V Es Zﬁw,i + Ny s
i=1
2

N
Yoo = |V Es Z Bis,i €xp {7 (Yw,i — Vi) } + N
=1

From (10) and (11), the variable X can further be modeled
as

Xoar = |(Wo + W1) + jWa|? (13)

where W,, Wi, and W5 are independent random variables,
whose distributions are given by

WONN(.U“XJ)) ) WlaWQNN(Ovc>a (14)
where
=N oVTEs gy b NBo? (1+k—5Li(—k)) o=
2 2 4732 %
15)
using which, the c.f. of X, can be expressed as
2
exp { 42t 1
Ux,,, (w) = K (16)

(1—25w b+ c))% (1-— 2]&)0)%

The statistics thus obtained for X, ;. and Yy, are utilized to
derive the expression of the PPED, as given by the following
theorem.

Theorem 1: The expression of the PPED in (12) can be
computed as given in (17) shown at the top of the next
page, where T'y, 2 Esa,%/No is defined as the average
SNR per receive diversity branch and the summation over
the set qu.5+p+1 is carried out for all the possible tuples

of q1,...,qe+p+1 such that Zﬁi’i“ rg. =¢+p+ 1

Proof: The proof is given in Appendix I. |

B. PED Analysis

We now wish to compute the expression of the PED in
a similar manner. Let Yz, , ..., Yssik, denote the expression
corresponding to (12) and (9) for all the non-target antennas
at the receiver end with L = Np, — 1. It is observed that
Ysskys- .-y Yssk, are statistically i.i.d.. Thus, the probability
of erroneous detection, denoted by P, sy, utilizing the greedy
detector in (5), is expressed as

Pe,ssk =1-Pr {}/;sk1a ceey YsskL < Xssk}

X /L
=1- / HFY (@) | fx.. (@)dz. (18)
i=1

—0o0
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Pr{Xssr < Yesr} =1— exp{
£=0 p:O

" 2" | rrN?T g,
r 4

EN?Ton ) o= P (kN?T
e DI B

5
Tav)’ (€+p) > ety
Sq,e+p+1 =
1"} 0o ]"
L2, (—k) (NI‘M (1+k—%Lf/2(—k))+§> +(NFM <1+k——L1/2( k))+§) +5 || an

Furthermore, using similar steps as in (63) (see Appendix I),
we have

HFM z)

T +EsN? | |2
_/ /QXP{ yzl\fo—?ESH(fto }I 2y/EsN?|ul?y1
) NonEs+No  °\ NoZE,+ No

0 0

+EsN?|p|?
Xexp{—y]L\,oiESH\‘,‘o 2/ EsN?|ul?yL d d
NowE, + No NoZE, + N, ) Utk
(@) LEN?|u”
% e { ez DIDIDS
1=0 £r,=0p1=0 pr=0
L
> pi i
(~1)E " (BN [uf?) 5 H Sy [verria]
X

L+ Z 2¢;+p; L
(NEsoj + No) =1 H (L") p

® LEN |
B = 1 DI DD WD S
£1=0 L, =0p1=0 pr=0
5 Sl 3 (pit)
(—1)i=1 (ES]\]2 |M|2)i:1 = bi
X 3 s
L+ > 2¢;+p; L
(NE.o? + No) =TT ()

1=1

Pi

pi! (i +pi +1)
(19)

where (a) is obtained by using the series-form expansions of
Iy(z) and exp {z} in (64).

Upon substituting (19) in (18) to obtain the expression of
P, ssi, we finally need to solve the integration given as

L
0 SN (4;+pi+1) Z (L;+p;+1)
[ e bt = | X2
0

L

> (Li+pi+1)
1 Qi=1

= U, (w) (20
E (Li+pi+1) Z (€i+pi+1)

JL_ wi=1

The expression in (20) is similar to that obtained in (66).
Thus, following similar steps from (68)-(69) and by using
Faa-di Bruno’s formula, the series-form expression for the
probability of erroneous antenna detection P 4, is given in
(21), as shown at the top of the next page, where oy, =
Zle (€; +p; + 1) and the summation over the set Sq.q,

w=0

is carried out for all possible tuples of q; ..., qq, , such that
L+p+1 :
Zr:]; rqr = Oég7p.

C. Asymptotic Analysis

Assuming a high average SNR per branch, i.e., Iy, > 1,
the expression of P, 4 in (21) simplifies to

P,

sekpav>>1
oo oo et L
] kLN Z Z Z Z ‘:1 kiN)
6=0  £=0p1=0 pr=0
L
I (6 + o)t
i=1 ! {2
x > ol
L ot LT
[T (e p By, T
=1 ogql,.“,qag’pﬁal,p
at2q2t.tagpda, =arp
rom N 7r !
X [ Ll/z( k) (1+k— ZL%/Q (_k))
T ar
S R
Remark I: It can be observed from (22) that P :
[ Tay>1

independent of I, implying that the PED of the considered
RIS-assisted SSK system saturates to the value obtained in
(22) at high T,,.

Similarly, assuming that the average SNR per branch is very
small, i.e., 'y, < 1, the PED in (21) simplifies to

e—kLNzFav

P, —1-

L
oo o0 oo

Z

z:

SIS 3D I I

51—0 ZL 0;01—0 PL= =0

X@iz Z
[T (4" pi! ..

0<q1,...

SSk‘rav <1

>
kNQ av)’z

e,p

1
7«1;[1 gplrar”

(23)

oy
1oy , < p

Q1+2g2+. Qe pda, ,=e,p

Finally, if I'y,, = 0, the PED simplifies to

(24)

0<q1,..,q9 ,

=
q1+2g2+...+ ( > (pi+1)> qr
i=1 _gl(pi+1) i=1

where the summation over the set > is carried

So.xk (pit1)
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6
> Sl
Dpi
N A L | R U
PeﬁsskzlfeXp{iNFav‘f'l} ZZ 0p ZPL —0 a[erZ . L
TP (N, 1) IT (@:)° pi
“Lp r—1 2 r—1
1 |2 rmN“T gy 1
< S I { . [HL%Q (—k) (Nrav (1 +k— LI/Q( k)) + 5)
Sq’af,p r=1 Gr:
T™ 9 1\" 111"
+ (Nr,w (14512 (1) + 5) + 2—” @
out for all possible tuples of ¢i...,q . such that written as
-;(piH) 2 2
. = Pr{ |z l® < I, }
Z (pi+1) L
Y rer =3 (pit 1) N 2
=t > B exp {1 (Ywi — Vi) ve + na
=1
N 2
IV. PED ANALYSIS OF THE RIS-ASSISTED SM SYSTEM > Z Buw,iV¢ + My . (28)
=1

The performance evaluation of the RIS-SM system follows
a similar approach as for the RIS-SSK system and is presented
in this section.

A. PPED Analysis

First, we denote by w and w the indices corresponding to
the target and some other non-target receive diversity branches,
and compute the PPED given by

2

N

(Z hw,iej(bi) Ve + N
=1
N 2

(Z hqb,i6]¢i> ve + Ny },(25)
=1

where v is the data symbol belonging to the M-ary QAM/M -
PSK constellation, E [|v<\2] =F,

Pr{\zwsm|2 < |zﬁ,sm|2} = Pr{

. Thus, the normalized data

symbol, denoted by v with E {\vﬂ = 1, can be expressed as

v:vc/m:%(v

Similar to the RIS-assisted SSK system, (25) can be expressed
in terms of an optimization problem to maximize the signal
energy at the target antenna as

)+ 53 (v) (26)

2

min

(6N, (i — i) } v

(i — Y, i)} e . @27

Furthermore, the result in (27) can be minimized by letting
¢i = Py, for ¢ = 1,..., N, resulting in the optimization
problem leading to the expression of the PPED in (25) being

To obtain the solution to (28), we first find the statistics of
the terms in (28), which can be obtained by using the central
limit theorem, as given by [42]

N
V Es Z B €Xp {7 (Vm,i — Vi) F U + Ny,
i=1

~CN (N\/ESN, NE, 0% + No) )
R (Eiﬁm,w + nm) ~N (w% (—Fk),
NES;,% (R (v))? (1 Ty ZL% (fk)) + %) : (30)
and
3 <x/ET_i6m,w + nm) ~N (@L% (—k),
NES;Z (S (v))? (1 +h- 2L} (- k)) + @> 31

Further, using the same approach as for the analysis of the
RIS-SSK system ((8a) and (8b)), we define two random vari-
ables X, corresponding to the instantaneous signal energy at
the target antenna (related to |2, |%) and Y, corresponding
to the instantaneous signal energy at any other non-target
antenna (related to |24 |%), where X, can be statistically

modeled as
Xom = |(Va + V1) + (Vo + Vo) 2, (32)

with V,, V;, V1, and V5 being independent random variables,
whose distribution can be obtained from (29)-(31) as

‘/la‘/QNN(O7C) ) VaNN(,ulabl) ) ‘/I)NN(,UQ,bQ) 5
(33a)
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where

M1 :uz% (U) %) :/~‘Lws (U) ) bl =bR (U)2 3 b2 =03 (U)2 7(33b)

and the variables pux and b are given in (15). Unlike the
RIS-assisted SSK scheme, it is observed that the statistics of
the terms in (28) are dependent on the constellation of the
transmitted symbol v. Moreover, similar to the RIS-assisted
SSK scheme, the c.f. of X,,,, can be written as

Jwpi

Jwp3
€Xp { 172]w(b11+c) + 172jw(b22+c) }
(1 —2pw(by + c))%(l — 2gw(bs + c))%
The statistics thus obtained for X, and Y, are utilized to
derive the expression of the PPED, as given by the following
theorem.

Theorem 2: The expression of the PPED for the RIS-assisted
SM is given in (35), shown at the top of the next page.
Proof: The proof is given in Appendix II. |

VX () = . (34)

B. PED Analysis

We now wish to compute the PED. Let Yy, ..., Yam,
denote the expression corresponding to (28) for all the L non-
target antennas at the receiver end with L = N, —1. It can be
observed that Yy, , ..., Y,y are statistically i.i.d.. Thus, the
probability of erroneous detection, denoted by P, g, utilizing
the greedy detector in (5), is expressed as

YemL < Xsm}

1/<Hﬂw )thM~%)

— 00

Pogm =1=Pr{Yam,, ...,

Similar to the RIS-assisted SSK system, the product term in
(36) can be computed as

L

HFYsmi (z)

= 2

/ /eXP{ y}vf,g;ﬂ'/vtl }1 2
- NonEs + No 0

0 0

EsN?|p[*ys
NoZE, + No

+EsN2|u|?
Xexp{—y]LVU%ESH\’;O I 2/ EsN?|ul?yL d d
NonEs + No No?E. + Ny ) Utk
(@) LE.N®|u*
Gop{- S Y Sy
El 0  £p=0p1=0  pp=0
L
X Pi 2 i+pi
OB (BN ) "L [ot o]
X
L+E 20;+p; L
(NE.oZ +No) =1 @)
® LEN |
Vo (ML S LY Y S
£1=0 £, =0p1=0 pr,=0
L
> Ef Z(li+1+l)
G 2 7
X )
L+Z 2¢;+p; L
(NESO'}ZL -‘r-No) i=1 H (&')2}32'(& -‘r—pi-i-l)
1=1

(37

where the step (a) is obtained by using the series-form
expansions of Ip(z) and exp {x} in (64). Substituting (37)
in (36) and using some algebraic simplifications results in the
series-form expression of P, ., given in (38) shown at the
top of the next page.

C. Asymptotic Analysis

Assuming a low average SNR, ie. I'y, < 1, the P, 4, in
(38) simplifies to

Pesm Tav<K1

L
—KLN = ;11’1
S fer Ly I
64=0  £;,=0p1=0 =0
L L
(kN2Fav)1=1 ' H (Zl +p1)'
% - =1
.1:11 (&-!)sz'
ST L L[ (e RO 1y
vl qr! | T 4 ;
ql""qo‘k,p

OSql,m,qw,pSae,p

q1+2q2+.'.+(az,p)qa£)p:w,p
2 rx 2 qr
(RO 1 o) 41|
(39)

Also, assuming a high average SNR, ie. 'y, > 1, P, 4, in
(38) simplifies as given in (40) shown in the next page.

Remark 2: Similar to the RIS-assisted SSK system, it can
be observed from (39) that the expression of P m|
is independent of T, thus implying that the PED of t>l>z;
considered RIS-assisted SM system saturates to the value
obtained in (39) at high T,

Additionally, if I',,, = 0, the expression of the PED in (38)

is obtained as

nMg
ﬂMh

p1=0
L
> (pit1)
i=1 1
S SR | (et
q1-vq r=1
g (pi+1)
0<q1,-q , Si(pﬁ-l)
X (pit1) =1
L ‘ L
q1+2qz+u.+(2(p1+1)>qL =3 (pi+1)
i=1 g(pi+1) i=1

Remark 3: It can be noted by comparing (41) and (24) that
the performance of the RIS-assisted SSK and the SM systems
are the same if Iy, = 0. Intuitively, this is an expected result
as the SSK scheme differs from the SM scheme in terms of the
constellation utilized for data transmission, and for I'y, = 0,
the transmitted energy is zero.

V. SEP ANALYSIS OF THE RIS-ASSISTED SYSTEM

In this section, we compute the SEP of the RIS-assisted
system when the transmitter employs the M-ary QAM and
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M -PSK constellations for data transmission. The RIS elements
introduce phase shifts on the transmitted signal such that the
instantaneous SNR at the receiver is maximized, as given in
(3). In the case of a large number of RIS elements, i.e., N > 1,
the square root of the maximum instantaneous SNR, denoted
by ~, follows a Gaussian distribution as

NLl/Q(—k’) Favﬂ'
1o Bt

7Nrav(1 +k- ZL%/Z(_IC))> .

(42)
It is to be noted that the distribution of  is the same as
Yw,maz » VW € {1,..., Ngr,}. Furthermore, from (42), it is
observed that v follows a non-central x?(1) distribution and
thus, its c.f. is given by

JwN2xT g, L2

25— k)
EXp Y 1= 2]wNFm,(1+k—1L2/z( )
TK'L2

2a(=R))

vy (w) = . (43)

[NIE

(1 — 23wNT,, (1 Ty

A. SEP for M-PSK Constellation

Using the c.f. of v in (43), the SEP of the RIS-assisted
system employing an M-PSK constellation can be expressed
as [18]

Mo1 5 "
1 M sin”® -~
P prpsk = */ v, (2 > dn. (44)
T Jo sin“n

Substituting (43) in (44), the SEP can be obtained by comput-
ing

P vipsk
5:‘3217\;4 N27FF01)L1/2( k)
eXpy — sin2 d
1 [ 142 M Ny (L+k— § L /(=)
= ;/ o = - .(45)
T (RN k= 51 ()
By assuming a high average SNR, i.e., I'y, > 1, we have
sin? Z 7
125 N Ty, (1 k= T (<))
Sln ’r)
2
sm
~ 250 9T (1+k=T02u(-R) . @O
Sln T]

Therefore, the asymptotic expression of the SEP at high T',,
is obtained as

1 —cos (%)7(

P
s, M-PSK
Fay>1

7 (2T, (14 k= FL3 ), (- k)))%
N7rL1/2( k)
8(1+k =312, (k)

Assuming a low SNR T',, < 1 and M = 2 we have

X exp .(47)

2w
sin M

142 Nrw(1+k— Tr2 (- k))zl, (48)

sin?n

which, when substituted in (45), results in the following SEP:

N27T ., L2, (—k)
av /2
~Q \/ !
Tap<K1,M=2

(49)

P ;
s,M-PSK 2

where @ (-) denotes the Gaussian-@Q function. Additionally, if
M > 2, the corresponding approximation becomes

sin“n

sin
‘#N21rFaUL1/2( k)
4

EXPy — T o2

142

]W Nrau(1+k_%L1/2(_k))

sinZn

Nl

512 ,(—k)))

N? ﬂ‘Fale/z( k)
e . ,(50)
142 MNFav(1+k_%Ll/2(_k))

sinZn

(1 oS S N (14 b —

sin?n

sin? I

sinZ7

A expl —

which, when substituted in (45), results in the asymptotic
expression of the SEP as follows:

P ~ 7(M —1
s,M-PSK Pav<1,M>2 M
B NL3 (k)
8(1+k = FL2,(=k)) VIF

tan ™ (\/1 + (as tan (W;j)ﬁ))
4—71 ;r Cut tan <(M Ml)w)} ) (51)
where

1

2sin? I NT,, (1 Ty

Cm = (52)

TL3)0(= k‘)) .

B. SEP for M-QAM Constellation

Using the c.f. of v in (43), the SEP of the RIS-assisted
system employing M-ary QAM for data modulation can be
expressed as

4 1 2 -3
P pr. =—(1-—= U, (————]d
e = 2 (1= 757) [ (e )

_4 (1_1)2/2\1, (3 >d (53)
™ VM o \2(M —1)sin’p T

which using (43) can be re-written as given in (54), shown at

the top of the next page.

Assuming high average SNR values, i.e., ['5, > 1, (54) can
be simplified using the approximation

3NTq,
L T gy (L F T R(R)
3NT,,
S Gro gy (R T aR) 59

Therefore, the asymptotic expression of the SEP can be
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3N 2
__3NZDgym ;2
8(M—1)sin2 n 1/2( °)

4
Ps - = (1- —
M-QAM= — ( it

3NTgu

xp 3NTay x L2 }d”
: )/% {”ruwl)sin2 G T )
0

(1 + (1 +k— %L%m(—k)))

10
3N2Tgym 2 .
exp { B 8(]\4—1)2;;;2 p iR }
3NIlqy T2 _
4( 1 )2/% 1+ Gy iy (- F 1 pm) 54)
- I AS
3 0w v M 0 3NT g4y

(1+ S, (1+k— %Lf/Q(—k)))%

formulated as
1 2(M —1)

ﬁ) \/GNFM (1 +k—TL%, (*k))
—N=L} ), (—F)

8(1+k =312, (-h))

(V2—-1)(M-1)

NTa, (1 +h-TI2, (fk))

4
Ponroam = — (1 -
s, M-QAM - <

X exp

-2 ¢1M> o
—N=L} 5. (—k)

8(1+k =512, (-h))

Assuming a low SNR I'y, < 1, the SEP can be simplified
by approximating the first and second term of (54) as

3NT .,
(M —1)sin®n

X exp (56)

1+ (k-T2 (-R) ~1, 5D

and

3N2Tgym 2
exp ;W%/z(*k)
I+ G s, (k=5 LT 5 (—R)

(1 T (1 - gLf/Q(—k)))

___ 3N®Daum 2 [
8(M—1)sin’n 1/2( k)

3NT .. T
1+ e, (1 - ZLf/g(—k))

—1)sin? 7
Accordingly, the SEP can be simplified as follows:

- Ly
NiT) i

Wl

~ exp -(58)

4 (1_ 1 )2 n  NaLi,(—k)
™ vM) |4 8(1+k—§L§/Q(—k’))
X %(‘canfl (\/l—i—utanﬁ)—i— 1—’—utanz) ,
(1+u)? 4 2 4
(59)
where u is given by
M—-1
u = (60)

3NT (14— 512, (<h))

Furthermore, (45) and (54) can be simplified if 'y, = 0.
Specifically, the SEP can be formulated as follows:

Poaesk|p, o= Pomqamlp, o =M —1/M, (61)

which is equal to 1/2 for M = 2.
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T T

—— NR =2, N=64 (comp.)
107) | Np =2, N=64 (simul)
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% AR NRX:Z‘ N=128 (simul.)
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. NRY:4‘ N=64 (comp.)
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_ o Ng =8, N=128 (comp))
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2
average SNR, T’ (dB)

av

Fig. 3. P, ssi versus I'gy for the RIS-assisted SSK system for k = 1,
Npgy =2,4,8, and N = 64, 128, 256.

VI. NUMERICAL RESULTS

In this section, we validate the proposed analytical frame-
works with the aid of Monte Carlo simulations. Monte Carlo
results are obtained by considering 10° channel realizations
and the analytical expressions are computed by considering a
sufficient number of terms such that the relative error is less
than 0.00001%.

Fig. 3 presents the PED versus the average SNR for the
SSK scheme as a function of Np, and N. It is observed that
the simulation and analytical results are in good agreement.
Furthermore, it is observed that the P, s decreases by
increasing I',,,. Additionally, the PED tends to saturate at high
values of I'y,, as obtained in (21). Interestingly, the P, g5
is a concave function of I',, at low SNR values and is a
convex function of I',,, at high SNR values. Thus, there exists
a value of I',, that corresponds to a point of inflection. It
is also observed that the PED decreases with an increase in
the value of NNV, and it increases with increasing the number
of diversity branches. This can be attributed to the fact that
a higher number of antennas at the receiver implies that the
target antenna has to be chosen from a larger set which in turn
increases the PED of the system.

Fig. 4 illustrates the variation of the PED with the Rician
factor k. We observe that the PED degrades for larger values
of the Rician factor. This can be attributed to the fact that the
LoS component for the non-target antennas becomes similar to
the channel of the target antenna. Moreover, for smaller values
of N, the variation in the PED is minimal, i.e., the PED tends
to saturate quickly.

The PED versus the average SNR for the RIS-assisted SM
system with binary phase shift keying (BPSK) modulation is
presented in Fig. 5. Similar to the RIS-SSK system, P .,
tends to saturate at high SNR values with the saturation
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Fig. 4.
for NRX =2,8, N = 64,256, and 'y =

P, ssi versus the Rician parameter k& for RIS-assisted SSK system
—15,0,15 dB.
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Fig. 5. Pe,sm versus 'y for the RIS-assisted SM system with BPSK
modulation for k =1, Np, = 2,4,8, and N = 64,128, 256.

value given in (40). Furthermore, the PED curves are concave
functions of I',,, at low values of the average SNR and convex
functions at high values of the average SNR, indicating a
point of inflection. Additionally, increasing the number of the
receive antenna has a detrimental effect on the performance,
while the exact opposite trend can be observed by increasing
the number of reflecting elements N.

Fig. 6 illustrates the variation of the PED with the Rician
parameter k for RIS-assisted SM schemes employing BPSK,
8-PSK, and 16-QAM schemes. As for the case of SSK
modulation, the PED of the system tends to increase with
an increasing value of the Rician factor. The degradation
of the system performance is substantial for systems with
higher values of N for a given Npg, . Moreover, the system
performance degrades by increasing the modulation order, as
is evident by comparing the system performance of 8-PSK and
16-QAM with BPSK. Additionally, for a given value of Np,
and N, there is little or no improvement upon increasing I'y,,.

The BER versus the average SNR for the SSK scheme
and the SM scheme with QPSK and 8-PSK modulation with

m = 2 presented in Fig. 7. Additionally, the BER curves are
obtained by using the union-bound as follows:

Pb,ssk S NRxPe,ssk/2 ) (623)

Pyo (1= (Nrx — 1) Pe sm) Ps ar-am/M-psk
, ST 10g2 (NNRX)
Ng, — 1) P, a1 :
+ ( Rx ) ,M-QAM/M-PSK (62b)

2 )
where P, s, and P, are obtained from (21) and (32),
respectively. We see that the performance of the RIS-assisted
SSK modulation scheme is outperformed by the QPSK and
8-PSK modulation schemes. It is noted that the performance
of the QPSK scheme is comparatively better than that of the
8-PSK scheme.

VII. CONCLUSIONS

In this work, we studied an RIS-assisted receive diversity
wireless communication system where the transmitter utilizes
IM-based schemes for data transmission, and the receiver
employs a greedy detection scheme to select the receiver
antenna with the maximum received energy for demodulation.
The RIS is part of the transmitter and utilizes SSK or M-
ary QAM/M-PSK-based SM schemes for data modulation.
Further, the envelopes of the channel gains between the RIS
elements and the receiver are assumed to follow a Rician
distribution. An analytical framework based on a c.f. approach
was presented to derive closed-form expressions of the PED
and SEP. Furthermore, asymptotic expressions of the PED
and BER at low and high SNRs reveal the presence of a
point of inflection with respect to the average SNR. Numerical
results were illustrated to validate the proposed analytical
frameworks.

APPENDIX |
DERIVATION OF (17)

The PPED in (12) can be expressed as
- / Py, (2) P (2)d

_ y+EN?|u)?
¢ exp ‘No2E.+No }
No2Es + No

2/ EsN?|ul?y
0 (AW) [x.u () dyde,
(63)

Pr {Xssk < Yssk} -

where Fx_, (-) and fx__, (-) denote the cumulative distri-
bution function (c.d.f.) and the probability density function
(p.d.f.) of Xz, respectively, and Iy(-) denotes the modified
Bessel function of the zeroth order and the first kind.

Utilizing the series-form expansions of Iy(x) and exp {z}
as

Ny
(T) , exp{z}= i %I: ,  (64)

(o) =

Io(l‘) = Z
£=0
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Fig. 6. Pe sm versus the Rician parameter k for Ngry = 2,8, N = 64,256, and ['gy

constellations for the RIS-assisted SM wireless system.
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in (63), Pr{ X < Yssr} is obtained as
Pr {Xssk < Y.ssk}

£=0 p=0

(—1)" (B.N? |u?)"
(No2Es + No)* TP+ (012 (p!)

2 2 oo T
EsN*|p }/0 |:/0 y[+pdy:| Fxoop (@) da

exp {_NagEs + No

-3 (=1)" (BN |uf?)

== (NoZEs + No)* PHH () pl (0 + p + 1)

EsN? |u)? F trpt1
xexp{—m /0 T fx.op (x) de.
(65)

It can be observed from (65) that the integral
ST @ P fx ., (z)dz can be computed by using the
c.f. of X, as

/ P fx L (2)dz =E {Xf:kpﬂ}
0
ottr+l

1
]l+p+ 1 |: awl+p+ 1

\I/Xssk (]UJ):| 3 (66)

where the expression of ¥x__, (jw) is given in (16). Moreover,
it can be observed from (66) that the solution of the integral

w=0

requires the (£+ p+ 1)-th derivative of the c.f. of X,..
However, from the structure of the c.f. in (16), a direct differ-
entiation of Ux__, (jw) would be mathematically intractable.
Thus, we employ the Faa di Bruno’s formula to compute the
derivatives as

oltp+l

Foirrt VX (w) = (E4p+ Dy, (w)

£+p+1 qr
1 (H, ()
« 3 Hl N ( . 67

q1.--3qe+p+1
0<q1;.-,qe4p+1<L+p+1
q14+2g2+...+(L+p+1)qet pr1=E+p+1

where the summation over the set S, ¢4py1 is carried

out for all the possible tuples of g¢i,...,qr+p+1 such that

L+p+1 _ r
>y 7qr = £+ p+ 1. Moreover, H!, (jw) denotes the
r-th derivative of the function Hgy (jw) defined as

2
JOPX _1 In (1 — 2jwe)

A
Hoar () =W, (0) = 705 5 o) ~ 2

— —%ln(l—Z]w (b+0¢). (68)
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Using (68), H!, (jw) can be written as

ik 29(0+0) " grlwpk (27(b+0)"
I-2wb+e)  (1-2mwb+c) ™

(r=D!2y(b+c)" | (r—1)(20)"

2(1—=2w(b+¢e)"  2(1—2we)"

Further, from (66), we need to evaluate the derivative at w = 0,
implying that

sk () =

(69)

7 (r=1)! [TMQ

H;.Sk(jw) oi—r X (b + C)T*l + (b + C)T + C”'] 7

w=0

w=0

where the variables p x, b, and c are given in (15). Substituting
(70) in (66) and substituting the result in (16), we obtain the
series expression of Pr{ X, < Yis} in (17). This completes
the proof of Theorem I. |

APPENDIX II
DERIVATION OF (35)

Proceeding along the same lines as for the RIS-assisted SSK
scheme, the PPED from (28) is obtained as
P{Xn < Vank = 1= [ P () o (@)

_ y+EsN?|u?]|
Ncr?E +Np

zEXp
1 —
/ / NonEs + No

2/ BN ul?ly
fo <NJZE+N0 fxom (z) dydz. (71)

Simplifying (71) by using the series expansion of the modified

Bessel function of the zeroth order and the first kind and the
exponential function in (64), the expression in (71) can be
further simplified as

Pr{Xsm < Yem}

1 (EN? )
S (~1) (BN ()

(No2E, + No)>PH (002 (p!)

£=0 p=0
EN |l | [ (% o
_ d d
X exp NoZE, + Ny /O /0 y Pdy| fx,,, (v)dz
NG
(~1)” (BN? )
_I_ZZNQE NZAPFL 2 g 1
=0 p=0 (Noj Es + No) e pl+p+1)
EsN2 |/J/|2 > é+p+1
_—— dz.
R

(72)
The integral in (72) can be solved by using the c.f. of X, as

|t @) ar =B [X0
0

1 grtrtt
J€+p+1 Owttp+1

w&m@w] 73)

w=0

13
where, using Faa di Bruno’s formula, we have
gltp+l
ST VXem () = (C+p+ 1), ()
l4p+1 qr
1 (H, (w)
X — [ ——— . (74
S I (M) o
q1--qetp+1 =
0<q1,-,qe4pr1<f+p+1

q1+2q2+...+(L+p+1)qoppyr1=C+p+1

Thus, we need to compute the r-th derivative of H,, (Jw)
defined as

Jwiit JwH3
1-2w(bi+c) 1—2yw(ba+c)

f% In (1 —2jw(b2 +¢)) — éln (1 —2yw (b1 +¢)), (75)

Hem (yw) EIn Ty, (w) =

which can be obtained by simple algebraic manipulations as

_ griwp? (27 (b1 +¢)) "
(1 — 2w (b1 +¢)" !
griwpt (29 (b1 +¢))"
(1= 2w (b +¢)) "
LD+ O) (= Dol +0)
2(1=2pw (b1 +¢))"  2(1—2w(b2 +¢))"

To compute the PPED, we require the values of the derivatives
at w = 0, which are obtained as

grlwpd (27 (b2 +¢)) !

(1 — 2w (ba +¢))" !
griwps (2 (b2 + )"
(1 — 2w (ba +¢))" !

Hp, ()

-(76)

H () |=5" (r — 1)!27'71 [r/ﬁ (b1 + 0)1-71 + r,ug (b2 + 0)7»71
w=0
+(b1 +¢)" +(b2 +¢)"]
Ux,m (J0) =1. amn
w=0

Substituting the results in (73)-(77), we obtain (35). This

completes the proof of Theorem II. ]
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