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= ABSTRACT- The significance of Terahertz (THz) communication for the upcoming sixth generation (6G)
communications, which offers abundant bandwidth for high-speed data transmission. However, THz frequencies face challenges
such as propagation attenuation and molecular absorption that limit their coverage range. To address this issue, the use of
reconfigurable intelligent surfaces (R1S) and index modulation (IM) has been proposed to extend coverage and reduce bit error rates
(BER) at low transmitted power. This paper introduces a novel RI1S-assisted IM system for THz communication, employing semi-
definite relaxation (SDR) optimization techniques for passive beam forming at the detector. The proposed system, named PRIS-IM,
demonstrates superior performance compared to conventional RIS-IM (CRIS-IM) and conventional IM (CIM) without RIS in THz
frequencies. Simulation results illustrate a lower BER at a higher signal to-noise ratio (SNR) achieved by increasing the number of
passive elements. Furthermore, the mutual information (MI) of the PRIS-IM system is derived and validated with simulation, and
the achievable rate of the PRIS-IM system is improved by increasing the number of transmitting antennas and reflecting elements.
Moreover, the PRIS-IM system is analyzed in different channel scenarios and distances. Overall, the proposed system exhibits the
potential to significantly enhance the BER and MI performance of THz communication, indicating promising prospects for future
wireless networks.

Keywords: Terahertz communication; Reconfigurable intelligent surfaces Index modulation; Bit error rate; Semi-definite
relaxation; Mutual information.

desired direction, RIS improves the signal-to-noise ratio (SNR)
of received signals, converting non-line-of-sight (NLoS)
components to line-of-sight (LoS) and creating a virtual LoS.
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#1. INTRODUCTION A
Terahertz (THz) communication is an emerging technology that :
holds great promise for the sixth generation (6G) networks due —
to its wide bandwidth, huge data rate, and low latency, high I ogs |
making it ideal for ultra-high-speed and massive connectivity

applications [7]. To improve the communication range,
beamforming is a technique that employs an array of multiple
antennas to direct signals in a particular direction, resulting in
increased signal strength and an extended communication range
[20]. Recently, there has been a surge in the development of
intelligent reflecting surfaces (IRS) or reconfigurable intelligent
surfaces (RIS). These surfaces are made up of humerous passive
reflecting elements that can be adjusted to manipulate the
incident signal by imparting a specific phase shift. As a result,
they offer significant control over the propagation environment
of the signal. By adding incident signals constructively to the

Figure 1. RIS-IM for THz communication system

The combination of RIS and THz communication has been
studied extensively in recent literature [1,13] to combat the
limitations of spreading loss and molecular absorption.
Additionally, the index modulation (IM) technique has been
employed to enhance the energy efficiency (EE) of the
communication system [3] compare to spatial modulation (SM).
IM utilizes the antenna index of the transmitted signal to
modulate the signal, reducing the power consumption by
decreasing the number of transmitted symbols. Moreover,
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various communication systems incorporate this technique,
including next-generation wireless communication, where
information is transmitted through on/off keying [3]. The RIS-
assisted IM technique has been envisioned as a promising
solution for THz transmission in 6G networks, this is because it
can enhance spectral efficiency (SE) and minimize detection
errors.

Recently, several studies have investigated the use of RISs in
various aspects of wireless communication. For example, [10]
focused on RIS-assisted THz for multiple-input and multiple-
output (MIMO) communications and studied the weighted sum-
rate. The authors in [9] investigated the performance of RIS at
millimeter wave (mm Wave) over fluctuating two rays (FTR)
and derived the outage probability. In [12], joint digital and
analog beam forming at the base station (BS) and RIS in the
THz band were investigated using deep reinforcement learning.
The use of IRS for wideband THz communications with
holographic reflecting elements was proposed in [8].
Furthermore, [17] analyzed the ergodic capacity for an IRS
system in THz transmission. Another study by [4] proposed an
RIS assisted transmission through a sub-giga hertz (GHz) band
and derived the error probability, which was validated with
simulation results. Additionally, [2] proposed RIS to assist with
space shift keying (SSK) schemes, EE and SE can be
significantly improved, while also analyzing the error
probability.

The study of a multi-IRS system in mm Wave/THz
communications was presented in [16], where a space-
orthogonal scheme was proposed to eliminate inter-user
interference (IUI) through zero-forcing techniques. Another
study in [17] focused on maximizing the sum-rate of users in
THz communications with the assistance of an IRS, using a
block coordinate searching algorithm. Additionally, [6]
explored the use of an IRS to control the direction of
propagation in the THz band, employing an optimization
scheme.

The primary contribution of this work is the proposal of a RIS-
assisted IM system for THz communication, known as PRIS-
IM. The proposed system involves a base station equipped with
multiple transmit antennas communicating with a user who has
a single antenna using a RIS. The use of RIS enables
communication as direct communication between the BS and
direct not possible in THz transmission due to high propagation
losses and spreading loss. The semi-definite relaxation (SDR)
optimization technique is implemented at the detector to reduce
the error probability and improve the bit error rate (BER).
Furthermore, derived mutual information (MI) for PRIS-IM.
Therefore, the achievable rate and coverage area performance
can be enhanced while increasing the elements. Moreover
PRIS-IM system analyzed in different channel scenario and
different distance. Finally, the performance of PRIS-IM is
compared with conventional RIS-IM (CRIS-IM) [4] and
conventional IM (C-1M) in THz band communications, and the
results demonstrate that PRIS-IM provides better performance
in entire THz band.

International Journal of

Electrical and Electronics Research (IJEER)
Research Article | Volume 12, Issue 4 | Pages 1474-1479 | e-ISSN: 2347-470X

2. PROPOSED SYSTEM MODEL

This section describes the proposed PRIS-IM system for THz
band, with the objective of improving the coverage area and
reducing the error probability.

2.1 Mathematical Expressions and Symbols

The design of the downlink PRIS-IM system is depicted in
figure 1. PRIS-IM having BS with N; transmit antennas that
communicates with a single user equipped with a single receive
antenna through a reconfigurable intelligent surface (RIS). The
RIS consists of a set of N passive reflecting elements that are
economical in nature. The distance between the BS and the RIS
is denoted by D;, whereas the distance between the RIS and the
user is represented by D».

The PRIS-IM system encodes data bits b, = log, (N;) into an
index t € 1, ..., N; using the transmitted signals from the BS
withN, antennas. The signal is given by:

$s=[0,..,0, 1 ,0,..0]

- @

at position t
Further, base station channel denoted by H € C¥*Nt (BS to
RIS,), and RIS channel denoted by j € C¥** (RIS to user,), both
follow Rician fading distributions [13]. Each channel matrix H
and vector jcan be expressed as the sum of the line-of-sight

(LoS) components, denoted by H and j, respectively, and the

non-line-of-sight (NLoS) components, denoted by H and j, with
Rayleigh flat fading. The power ratio of LoS and NLoS
components is represented by Rician factors K; and K, ,
respectively. Therefore, the channel matrix H and j vector j are:

K, ~ 1
H= H H | € CNV*Ne 2
(jK1+1 +jK1+1> ¢ ’ @)

and

o K T+ 1
=G+ T kgt

respectively. The user received signal is expressed as,

€ (Cle (3)

y=h[[T®eHs]+w=h[jT®h]+w, 4

where hy = Hs € CN*! is the signal transmitted from the
activated antennas, and @ is a diagonal matrix expressed as ®
= diag [ e Ae% > L neN ] and Ay €(0,1) denotes the
amplitude of the n” reflecting element and is assumed to be
unity, i.e |hn |= 1Vn [4]. The ¢,, € [0,27],n =1, ..., N is the
phase of the n”” reflecting element, and w is the additive white
Gaussian noise (AWGN) ~ €N (0, Ny). The h; denotes the path
loss gain at THz. The THz channel path loss is experiences both
the spreading loss and molecular absorption is given as, [15],

|h(D)|2 = (5)%e ™' P = ¢D — 2¢ — I(f)D )
Where ( D=D;+D, ) denotes the overall distance.
Additionally, I(f) denotes the molecular absorption
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coefficient, as mentioned in [15]. Therefore, the transmitted
antenna vector is extracted through the maximum likelihood
function (ML) as follows,

. _ . _ T 2
t=arg min lly —h["ehdl, (6

.....

2.2. Performance analysis of PRIS-IM user
The conditional pair wise error probability (PEP) between

transmit antenna index t and incorrectly as t is given by
Equation7. This probability is conditioned on H, ®, and h,.

Pr(t St | H,j,(b) = Pr<|y— [T ®he]|” > |y = hy [J'T‘bh;”z) Q)

after substituting y; in equation (7), then it follows,
. 2
Pr(t—t|H,j ®)=Pr <|n|2 > |y [T (e — h;)] +n| )

2
_ _ iT — h-
- pr (= | e (-1
_ *5T — h- =
ZER{hlw " (b, ht)} >0) = Pr(V>0) ®8)
Where V is Gaussian random variable and it mean and variance
is expressed as,

_ h]T[ KZ
E{V}= —Nmﬁ% (—?+ 1)) €C)]

5 1.[2 . KZ
=Nh{|1l—-——=Li|——+1])]. 1
Var{V} = Nhj 16(K + 1)2 %( K ) (10)
Therefore, conditional PEP is expressed as,
2
: [ i (b 1))
. _ t
Pr(t—>t|H,],q>)—Q 2N, 11)

Further, the upper bound of instantaneous error probability is
[22],

Nt Nt

PeSiZZPr(t—W|H,j,CD) (12)
Ne =y
=1
I<t
, Ne Ng .
P<2Y Y Pr(t—>t|H,j,¢>) (13)
Ne =1~

t=1
I<t

where z,,;,, can be represents as,

Zyin = Min |h1 [jTCD (h.— h;)”2 (14)
tt

t#t

Therefore, the error probability (P,) is minimized by
maximized the z,,;,,

(Pl) mgxzmin (15)
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s.t.g; € [0,2m),i=1,..,N (16)

The problem (P1) is non-convex. Therefore problem (P1) is
converted into convex form and optimized by using semi
definite relaxation (SDR).

2.3. SDR-based solution

The problem (P1) is converted into (P2) by introducing an
auxiliary variable u [14]. The constraints of (P2) are then
converted into convex by using a quadratically constraints. The
resulting problem (P2) is given as:

(P2):mq:;1xu

sty [T (he — h;)]lz SVt =1,. Nyt %t (17)
¢o; €[0,2m),vi=1,..,N (18)
| [i7® (he = b)) " = | [diag (n, - h.) @] I’ (19)
= dHwo (20)
= tr(WooH) (21)

~ H
The matrix W is defined as (deiag (ht — ht)) (deiag (ht —

ht)). We also define X = & subject to the constraintX > 0,

and the rank of X is one. This leads to the problem (P3), which
is given as:

(P3) : max u (22)
s.t.tr(WX) > u,vt,t=1,..,N,t =t (23)
Xii = 1,Vl = 1, ,N (24)
X=0 (25)

The proposed solution for the problem (P3) involves using a
Gaussian randomization scheme. The approach is to apply eigen
value decomposition to X, which yields a rank-one solution.
This can be expressed as, X"MZMH, where M € CN+DX(N+1)

1
and 52 2 diag V& -, \[én+1- This approach facilitates the
effective calculation of problem (P3).
A sub-optimal solution of (P3) by utilizing the following

1
expression ¢p = MX2w, where w is a random vector with w ~
CINV (0, In+1). The solution of (P3) is approximated by finding

the maximum value attained by the best ¢ among all w.

2.4. Mutual information analysis on PRIS-IM
system at THZ band

In this subsection, we have derived the mutual information (MI)
of the PRIS-IM system. The expression for equation (4) has
been reformulated as follows:
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y=hH +w (26) 10° | 5
The Ml of the PRIS-IM system is determined by H, = [jTdh,], o
which exchange the information between the received signal ]
vector space y and the antenna index #{;. As a result, the M1 of 4
the proposed PRIS-IM system for the THz band is, [21]: 107! 3 3 E
@ fim
p(yIHY) L L \\ ]
I(Hgyy) = [[p(y | HOp(H) X log, | — > |dy 27 o %
Zi p(yIHt)p<7{; i \ i
. o . . . . 1072 | —6— N =16 \ =
The variable [ is defined in equation (6), and it can be expressed FliogN=3 \ =
in a different form as: C| =5 N =64 ]
) F|—o— N =128 1
t = argmaxp(y | ) (28) e i
-3 ]
" . 1 0 10 20 30 40
Moreover, p(y | H;) represents the conditional probability )
density function, and it can be defined as follows: Transmitted Power (dBm)
—|ly=h 3|2 Figure 2. Average BER of PRIS-IM with varying passive reflecting
Py 1 H) = N (e 0 ) (29) elements N
o]

. . Figure 3 highlights the minimization of the P, by maximizing

In addition, due to the nature of IM as an erroneous detection the phase at the ML detector via SDR. As observed from the

scheme, we have p(3{;) = N, and by substituting equation o re 3 the BER performance of PRIS-IM, achieved with the

(29) into equation (27), we obtain: optimized phase is superior to that obtained with the low

yenotifyonoc [\ complexity detector compare with CRIS-IM [4]. This is due to

1 z Ie—\y—lﬁw Xlog2< em‘)'dy the maximization of equation (14), which leads to a
™oL © J corresponding decrease in the error.

[

1
1(F;y) = log,(Np) — N_tll

t

(30)

10° ¢ T T T
Solid lines: PRIS-IM 'system
_Dashed lines:. CRIS-IM .[4]

Thus, by performing some algebraic manipulations, equation e
(30) can be simplified to: o X<,

L1111l

—|h1(71‘t—7xf~rwl2 i » S 7
1(9£5y) = loga(N) ~ log,(e) — == SE [log, [ > & Mo . "

v 82Ny g2 (N4 82 4 10 E_ \ _5

t - § o T

(31) & a -. PR

: o I , \'\‘} %

3. RESULTS AND DISCUSSION . s

This section showcases the outcomes of simulation results of 0~g EaseNE=iE \ 3
PRIS-IM in THz band communication. Along with the oo g \
parameters, the parameters used in the simulation are also | —a— N =64 T
discussed. Further, we assume that carrier frequency is f = | —o— N =128 \

275GHz with bandwidth is 5 GHz [18]. Moreover, THz path 103 T . : - \
gain hy is considered as, 0 10 20 30 40

1 j2f(D1+D Transmitted Power (dBm

h = me_il(f I T D, = 5m and _ _ (dBm) _

D, = 30m [5]. Figure 3. Comparison of average BER of PRIS-IM & CRIS-IM with

varying passive reflecting elements N

We consider the N, = —90dBm/GHz with unit watt
transmitted power and Rician factor K; = K, = 1. Figure 2
demonstrates the relationship between the BER and the
transmitted power P;. As the increasing reflecting elements N,
the BER performance is improved due to the receiving SNR
being directly proportional to N2. Furthermore, the PRIS-IM
performance outperforms the C-1M since RIS creates a robust
LoS from the scattering environment, and the probability of
error is inversely proportional to the N2,

Next, figure 4 shows the impact of distance D; on proposed
PRIS-IM system with a fixed reflecting element of N = 64 and
varying transmit power P, shows an exponential improvement
in BER performance with increasing distanceD; . This is due to
the inverse relationship between the channel path loss gain, h;,
and the received signal strength. As P, increases, BER is
improved. Therefore, our proposed system provides an
enhanced coverage area compared to C-1M, which has the worst
BER performance.
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Figure 4. Average BER of PRIS-IM with varying distance D_1

Figure 5, shows the achievable rate of an PRIS-IM system as
the transmit power is altered from 0dBm to 40dBm at a carrier
frequency of 275GHz. The PRIS-IM system has a fixed
transmit antenna with N, =8 and a varying N. With an
increase in the passive elements, the achievable rate enhances,
due to an increase in received SNR, which scales as N2 due to
the multiple passive elements that can adjusted to manipulate
the incident signals and create virtual LoS. Furthermore, as
shown in figure 5, the PRIS-IM is compared with that of
conventional index modulation (C-IM) at terahertz frequencies.
The comparison demonstrates the superiority of the PRIS-IM
system in terms of achievable rate. Additionally, figure 5
provides a comparison between the PRIS-IM system utilizing
random phase of the passive elements and the PRIS-IM system
utilizing optimized phase of the passive elements. The
comparison shows that the optimized phase shifting
outperforms the random phase shifting, leading to higher
achievable rates for the same reflecting elements. This result
emphasizes the significance of optimizing the phase of elements
in the RIS to enhance the performance of the system.

10

T T
Solid lines: PRIS-IM system
Dashed lines: CRIS-IM system [4]

—=— N =32
—A _N=64
8| —oe— N=128
C-IM

——— Simulation

Achievable Rate (bps/Hz)

0o 10 20 30 40
Transmit Power (dBm)

Figure 5. Achievable rate of the PRIS-IM and CRIS-IM system with
varying of reflecting elements N& fixed N, = 8
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Figure 6 shows that performance of PRIS-IM system improves
as the number of transmit antennas, N;, increases with a fixed
number of reflecting elements, N =64 . Increasing N,
improves the transmission rate in the IM system, but also
enhanced system performance.

12 I I
%, Solid lines: PRIS-IM system
=N, =4 Dashed lines: CRIS-IM s;stem [4]
—4A— N, =8

—~ 10 : \
N —o—N,=16
~ ——— Simulation
a 8L .
2 i
: 4
"
o 6
o
<
> 4
Y
e
£

2

0 10 20 30 40
Transmit Power (dBm)

Figure 6. Achievable rate of the PRIS-IM and CRIS-IM system with
varying of transmitting antennas N, & fixed N = 64

In addition, the proposed system is compared in Rician and
Rayleigh fading channels in figure 7. The Rician factor, K,
determines the strength of the LoS component in the channel
due RIS is enable. As K increases, the LoS component becomes
stronger and the proposed system's performance improves. This
is because the LoS component provides a stronger and more
reliable signal that can be utilized by the PRIS-IM system to
improve the achievable rate.

12
Solid lines: PRIS-IM syst
—=—-K=0 bashed lines: CRIS-IM s?:z:: [4]
—A—K=1

— 10}
N —o— K=10
5 y .
Sy Simulation
a 8 ;
a N
= Fixed: N, =8 & N = 64
D
N
> 4t
9
=
<

2 <

1]
0] T e e e e e e = ¥

Transmit Power (dBm)

Figure 7. Achievable rate of the PRIS-IM and CRIS-IM system by
varying of Rician factor K

Figure 8 illustrates that the achievable rate of the PRIS-IM
system deteriorate as the carrier frequency increases, with a
fixed elements N = 64, transmit antennas (N, = 16), and
transmit power P,. This decrease is due to spreading loss and

Website: www.ijeer.forexjournal.co.in

Performance Analysis of RIS-Assisted Index Modulation 1478


https://www.ijeer.forexjournal.co.in/

FOREX

Publication
Open Access | Rapid and quality publishing

molecular absorption, which becomes more significant at
higher frequencies in the THz band. However, increasing the
transmit power improves the achievable rate.

12 T ] I T 1 ]
olid lines: -IM system
—B— F, = 10dBm Ig.ashed ||'neftnclallshf‘lhiys‘gstem 21

10 || —— F = 20dBm
N —&— P, =30dBm
-:E_ = =
P 8- R Tt——g}__e__e_e_
éh, AR - S
% 6
o
£
0
m
=
2 i
5 2: = =
<L Ny = 1 By 2 e —H1

Ok o — Tt

1 | | | 1 |
200 220 240 260 230 300 320 340 360

Frequency (GHz)

Figure 8. Achievable rate of the PRIS-IM and CRIS-IM system with
varying carrier frequency f (in GHz).

4, CONCLUSIONS

In conclusion, the RIS-assisted IM system proposed in this
paper showed promising results in improving the coverage area
and reducing the probability of errors in THz communication.
By utilizing a BS with multiple transmit antennas
communicating with a single user through a RIS, the system
was able to overcome the high propagation losses and spreading
loss characteristic of THz transmission. The semi-definite
relaxation optimization technique was used to reduce the error
probability and improve the bit error rate. Increasing the passive
elements also improved the BER and coverage area
performance due to increased diversity order. These results
indicate the potential of PRIS-IM in enhancing the performance
of THz band. In the future, the proposed system will be further
enhanced for multiple users.
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