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ABSTRACT A critical concern within the realm of visible light communications (VLC) pertains to
enhancing system data rate, particularly in scenarios where the direct line-of-sight (LoS) connection is
obstructed by obstacles. The deployment of meta-surface-based simultaneous transmission and reflection
reconfigurable intelligent surface (STAR-RIS) has emerged to combat challenging LoS blockage scenarios
and to provide 360° coverage in radio-frequency wireless systems. Recently, the concept of optical
simultaneous transmission and reflection reconfigurable intelligent surface (OSTAR-RIS) has been
promoted for VLC systems. This work is dedicated to studying the performance of OSTAR-RIS in detail
and unveiling the VLC system performance gain under such technology. Specifically, we propose a novel
multi-user indoor VLC system that is assisted by OSTAR-RIS. To improve the sum rate performance
of the proposed system, both power-domain non-orthogonal multiple access (NOMA) and rate splitting
multiple access (RSMA) are investigated in this work. To realize this, a sum rate maximization problem
that jointly optimizes the roll and yaw angles of the reflector elements as well as the refractive index of the
refractor elements in OSTAR-RIS is formulated, solved, and evaluated. The maximization problem takes
into account practical considerations, such as the presence of non-users (i.e., blockers) and the orientation
of the recipient’s device. The sine-cosine meta-heuristic algorithm is employed to get the optimal solution
of the formulated non-convex optimization problem. Moreover, the study delves into the sum energy
efficiency optimization of the proposed system. Simulation results indicate that the proposed OSTAR-RIS
RSMA-aided VLC system outperforms the OSTAR-RIS NOMA-based VLC system in terms of both the
sum rate and the sum energy efficiency.

INDEX TERMS Visible light communication (VLC), optical simultaneous transmission and reflection
reconfigurable intelligent surface (OSTAR-RIS), reflecting intelligent surface (RIS), rate splitting multiple
access (RSMA), non-orthogonal multiple access (NOMA).

. INTRODUCTION

HE RAPID growth in the number of interconnected

devices and the continuous advancement of wireless
applications are prompting the exploration of alternative
wireless communication solutions beyond radio frequency
(RF) communications. Visible light communications (VLC)
is a technology that uses visible light to communicate,
and has many advantages such as being cost-efficient,

bandwidth-abundant, and highly-secured [1]. Consequently,
VLC is regarded as a promising complementary tech-
nology to RF communications within upcoming wireless
networks [1].

Reliable data transmission in VLC systems requires a
clear line-of-sight (LoS) path between the transmitter and
the receiver [2]. Nevertheless, this direct path can be
blocked due to factors such as the presence of other users
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(i.e., blockers), obstacles within indoor environments, or
the orientation of the recipient’s device. Many previous
investigations into VLC systems neglected to account for the
impact of random device orientations, even though this is a
crucial consideration for practical VLC system design and
evaluation.

In another development, in the last couple of years,
researchers have proposed the deployment of reflecting
intelligent surfaces (RISs) on walls to enhance the quality of
the communication links in VLC systems and to combat the
LoS blockage. In instances where the LoS path is obstructed,
an RIS can steer the light propagation in the wireless channel
to overcome the blockage. Therefore, the integration of RIS
technology can reduce the reliance of VLC systems on
LoS paths. Two main streams have evolved concerning the
adoption of RIS in VLC systems, namely, mirror array-based
RIS [2], [3], [4], [S], [6], [71, [8], [9], [10], [11], [12], [13],
[14], [15], [16] and meta-surface-based RIS [17], [18], [19],
[20], [21], [22]. The authors in [24] observed that the mirror
array-based RIS demonstrates superior performance gains
compared to the meta-surface-based RIS.

To provide 360° coverage and to combat challenging
LoS blockage scenarios, meta-surface-based simultaneous
transmission and reflection reconfigurable intelligent surface
(STAR-RIS) was investigated for VLC systems in [23]. As
a result of the more recent developments in the STAR-RIS
materials, the concept and the fabrication method of opti-
cal simultaneous transmission and reflection reconfigurable
intelligent surface (OSTAR-RIS) are presented in [25]. The
proposed OSTAR-RIS consists of liquid crystal (LC)-based
RIS that can be designed to act as reflectors or/and refractors.

On the other hand, in a separate development, a new
interference management approach referred to as rate split-
ting multiple access (RSMA) [26], [27] has been gaining
attention for its ability to enhance the spectral efficiency
within a wide range of interference scenarios. RSMA has
been demonstrated to embrace and outperform existing
multiple access schemes, namely, orthogonal multiple access
(OMA), space division multiple access based on linear
precoding, physical layer multicasting, and non-orthogonal
multiple access (NOMA) based on linear superposition
coding with successive interference cancellation (SIC) [27].

In this work, a novel multi-user indoor VLC system
that is assisted by OSTAR-RIS is presented, optimized, and
evaluated. Unlike the design in [25], our OSTAR-RIS is
made of both LC-based RIS and mirror-array based RIS.
The choice of utilizing mirror array-based RIS elements as
reflectors instead of meta-surface-based RIS elements arises
from the superior performance gain the former can provide
compared to the latter, as observed in [24]. The choice
of utilizing the LC-based RIS elements as refractors arises
from the fact that the LC-based RIS element has electrically
controllable birefringence, which can smoothly steer and
amplify the light’s signal through the LC substance [25].
These joint signal steering and amplification capabilities,
introduce new possibilities in the design of RIS-aided VLC
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systems compared to meta-surface-based RISs that can only
control the direction of the refracted signal. For the reader’s
convenience, Table 1 summarizes the most related works and
compares them to our proposed work according to (i) the
adopted RIS type, (ii) the optimized objective function, and
(iii) the adopted multiple access technique. From this table,
it is visible that most of the works have considered OMA-
based schemes, some works have considered power-domain
NOMA scheme to boost the achievable rate in VLC systems,
but none has considered the RSMA scheme. To the best of
the authors’ knowledge, this is the first work that technically
evaluates OSTAR-RIS under the RSMA scheme. Overall,
the novelty in this manuscript is two-fold, first, in proposing
and investigating a new STAR-RIS design, and second, in
evaluating the RSMA scheme in RIS-enabled VLC systems.
Our contributions can be listed as follows:

« A novel multi-user indoor VLC system that is assisted
by OSTAR-RIS is proposed. The proposed system
accounts for both the effect of the orientation of the
user’s device and the non-user blockers.

o A sum rate optimization problem for both the power-
domain NOMA scheme and the RSMA scheme is
formulated while jointly designing the yaw and roll
angles of the mirror array-based OSTAR-RIS elements
as well as the refractive index of the LC-based OSTAR-
RIS elements. The sine-cosine meta-heuristic algorithm
is utilized to get the global optimal solution for
the formulated multi-variate non-convex optimization
problem.

o A sum energy efficiency (SEE) optimization problem
for both the power-domain NOMA scheme and the
RSMA scheme is also formulated and solved, given the
significance of this metric in assessing VLC systems.

o Detailed simulation results are provided to demonstrate
the superiority of the RSMA scheme over the power-
domain NOMA scheme for the proposed system in
terms of both the sum rate and the SEE metrics
while considering different network parameters, such
as the access point (AP) optical transmit power, the
wavelength of the transmitted light, the number of
elements in the OSTAR-RIS, and the number of served
users. In addition, the effect of adopting different power
allocation strategies on the sum rate performance of the
RSMA scheme is illustrated.

The organization of the rest of this paper is as follows.
In Section II, the system and channel models of the
proposed OSTAR-RIS-aided VLC system that considers
both LC-based OSTAR-RIS elements and mirror array-based
OSTAR-RIS elements are presented. The analysis of both
adopted multiple access schemes (i.e., power-domain NOMA
scheme and RSMA scheme) are provided in Section III.
In Section IV, the sum rate maximization problem for
both aforementioned multiple access schemes is formulated
and optimally solved using the sine-cosine meta-heuristic
algorithm. In Section V, a SEE optimization of the proposed
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TABLE 1. State-of-the-art RIS-aided optimized solutions in VLC systems. (“ASNR”:“Average signal-to-noise ratio”, “BER”:“bit error rate”, “MSE”:“mean square error”,

“E”:“Energy”, and “EE”:“Energy efficiency”).

# RIS type Objective function Access technique
Meta- Mirror OSTAR-RIS
surface- | array- STAR-RIS (Liquid crystal ASNR | MSE | BER Secrecy E | Rate | EE | OMA | NOMA | RSMA
based based (Meta-surface- and Rate
RIS RIS based RIS) mirror array-
based RIS)
[2] v v v
[3] v v v
[4] v v v
[5] v v v
[6] v (4 v
[N v v v
[8] v v v
[9] v v v
[10] v v v
[11] v v v
[12] v v v
[13] v v v
[14] v v v
[15] v v v
[16] v v v v v
[17] v v v
[18] v v v
[19] v v v v
[20] v v v
[21] v v v
[22] v v v
[25] v
Proposed
solition v v

system is given. Detailed Simulation results are provided
in Section VI. Finally, the paper’s conclusion and future
research directions are given in Section VIIL

Il. SYSTEM AND CHANNEL MODELS
In this section, the system and channel models of the
proposed OSTAR-RIS-aided VLC system are presented.

A. INDOOR VLC SYSTEM

An indoor downlink VLC system with a single light
emitting diode (LED) array as the AP and multiple users is
illustrated in Fig. 1. In this figure, the indoor environment
is partitioned into two compartments, with multiple users
deployed on each side. Due to room design requirements
(e.g., functional design where one compartment is intended
as a workspace and the other for relaxation or sleeping,
architectural constraints, and individual preferences), one
compartment has an LED array installed while the other
does not have any light fixture. Multiple non-users present
in the indoor environment may block the LoS signal from
the VLC AP (i.e., non-user blockers). Moreover, we consider
self-blockage, which occurs when (i) a user’s body blocks
the light path to the receiving device or (ii) with random
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device orientation. To enable wireless data transmission in
the compartment without the LED array, support non-LoS
transmissions, and overcome the impact of device orientation
on the achievable data rate, an OSTAR-RIS is deployed on
the wall separating the two compartments.

The OSTAR-RIS is composed of mirror array-based RISs
and LC-based RISs, that have been interleaved as shown
in Fig. 1. The mirror array RISs act as reflector elements
that reflect and steer incident light to the users. The
LC-based RISs serve as refractor elements that amplify,
refract/transmit, and steer any incident signal to users in
the other compartment. The purple dotted and blue dotted
lines in the figure denote the refracted light signal and the
reflected signal, respectively.

B. VLC CHANNEL
The channel gain between the AP and the users can be
expressed as

if the user lies in Room 2

ey
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FIGURE 1. An illustration of the proposed OSTAR-RIS-aided VLC system.

where “Room 17 and “Room 2” denote the compartments
with and without the VLC AP, respectively, ¢ € {0, 1} is an
indicator function for the presence or absence of a LoS g)ath
Hi s represent the channel gain of the LoS path, H, ios is
the non-line-of-sight (NLoS) channel gam of the reflected
signal from the k-th reflector element, H LoS represents the
NLoS channel gain of the refracted signal from the n-th
refractor element, K denotes the number of mirror array-
based RISs, A/ denotes the number of LC-based RISs, and
Yrc is the transition coefficient for the refractor element
that characterizes the propagation of light signal through the
LC-based RIS elements.

The channel gain for the LoS path can be given as [28]

(m+1DApp G(E)T (&) cos™(d) cos(£),

Tond?
Hios = 0<§& <é&pov (2
Oa s > EFOV
where m = —(log,(cos(P; /2)))_] is the Lambertian order

of emission with @1/, as the semi-angle at half power of the
LED, App is the detector physical area of the photo-diode
(PD), d is the link distance, ® denotes the radiation angle, &
is the incident angle, T'(§) is the gain of the optical filter, and
G(&) = f%/sin® &poy is the optical gain of the non-imaging
concentrator with an internal refractive index f. In (2), the
cosine of & captures the impact of random device orientation
on the signal propagation and can be expressed as [29]

cos(§) = ( 7 > cos(B) sin(a)
+ (ya ;yu

Zu - Zu
+ ( y )cos(a),

where (x4, Y4, Z4) and (xy, yy, Z,) are the position vectors for
the locations of the AP and the user, respectively, and o

) sin(B) sin(«)

3)
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and B denote the polar and azimuth angles of the receiver,
respectively. It is assumed in this paper that the channel state
information is known at the transmitter.

1) MIRROR ARRAY-BASED OSTAR-RIS-AIDED VLC
CHANNEL

The channel gain of the NLoS path considering signal
propagation from the AP to the k-th mirror having an area
dAy and reflection from the k-th mirror to the u-th user in
Room 1 can be given as [24]

PRIS 35 s dAKG(E)T (§) cos

"(@5)

RIS, 22 (df)” (d
H\ros = | x cos(ék)cos(de) cos(gf), 0 <&l < grov @
0, & > &rov

where pris denotes the reflectivity of the RIS, dif and dj are
the link distance for AP-RIS and RIS-user paths, respectively,
&7 is the radiation angle for the path from the AP to the k-th
reﬂectlve surface, & is the incident angle for the path from
the AP to k-th reflective surface, Cbk is the angle of irradiance
for the path from reflective surface k towards user u, and &
is the incident angle of the reflected signal from surface & to
user u. Note that cos(§)) can be easily calculated using (3)
to capture the effects of the random device orientation while
cos(CIJI,j) can be expressed as [30]

Xk — Xy
cos(CDk) = (
u d]L(t

+ <yk _ yu) cos(y) cos(w)
dy

T (Z"d_zz”) sin(®).

with (xg, vk, zx) being the position vector of the k-th
reflecting element, and y and w are the yaw and roll angles
of the mirror array-based RIS.

) sin(y) cos(w)

®)
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2) LIQUID CRYSTAL-BASED OSTAR-RIS-AIDED VLC

CHANNEL

The channel gain of the NLoS signal path for the signal

propagation from the AP, through the n-th refractinsg element,
. . . RIS,

and to the u-th user in Room 2 is given as Hy; ;g X ¥LC,

where

(m+1DA m a
—an(dg . (Z)sz,,G(E)T(E)cos (@9)

U
u

RIS _
NLoS X cos(S,‘l’) cos(CDg) 005(55‘), 0 <& <é&pov
0, & > &rov
with  cos(®}) = (x,, —ax,;) sin(y) cos(w) +
(y” _uy") cos(y) cos(w) + (Zn — Z'A‘) sin(w), (6)

u
n n

where (X,, Yn,2,) is the location of the n-th refracting
element. On the other hand, the transition coefficient of any
refracting element, ¥ c, can be given by [30]

Yric = Tac(&]) X Tea(6), )

where Tac(ég) and T, (0) represent the angular transmittance
as the optical signal enters and exits the LC cell. Since none
of the incident light signals get absorbed at the surface of
the LC cell, the angular transmittance can be expressed in
terms of the angular reflectance as Tac(§;) = (1 — Rac(§}))
and T¢a(0) = (1 — Rea(8)). According to [30], the angular
reflectance can be derived as

2
2 n 2 s 2(en
o (rReos(en) — s’ (e)
Rac(87) = 3 -
2 cos(Ef) + /P — sin’ (&)
2
1 cos(gg) T sinz(El’:)
cos(&f) +/n* — sin*(&})
2
1 [ cos(@) — ,/n% — sin?(9)
Rca(e) =5
2

cos(0) + 7]12 — sin?()

1 [ n?cos(®) — /n? — sin?(0)

+ = ,
2\ 2 cos(8) + \/n? — sin(0)

where n = n./n, and n; = n,/n. are the relative refractive
indices with 5. and n, being the refractive indices of the
LC cell and air, respectively. It can be observed from (7)
to (9) that the transition coefficient Y c can be optimized
by tuning the refractive index of the LC cell n.. According
to [31], tuning the refractive index involves adjusting the
tilt angle of the LC molecules (i.e., molecular orientation)
by applying an external electric field. Mathematically, the

relation between the tilt angle E of an LC molecule and the
refractive index of the LC cell is given by

1 cos2(8)  sin?(E)

n2(8)  n? n2

; (10)
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where 17, and 17, denote the LC cell’s ordinary and
extraordinary refractive indices, respectively. The tilt angle
can also be expressed as a function of the externally applied
voltage Vg as [30]

0, VE < V1H
== Z —2tan! [exp(vagVE)], VE > Vi b

where Vry is the critical voltage threshold above which the
tilting process begins.

In addition to its light steering capability, LC-based
RIS can be used to provide light amplification for the
emerging signal through the process of stimulated emission.
In this process, the incident photons interact with the excited
molecules (via an external voltage) of the LC cell. This
causes the molecules to drop to a lower energy level, creating
new identical photons. When an optical signal of power Pj,
impinges on an LC cell with the transition coefficient ¥ c,
the output signal power after undergoing light amplification
in the presence of an external electric field can be calculated
using the Beer’s absorption law as [32]

Pout = Pin X exp(I'D) x YLc, (12)

where I" is the amplification gain coefficient, which is given
as [33]
3

N cos(7') A
D denotes the depth of the LC cell, and the term exp(I'D)
represents the exponential increase of the incident signal
power. In (13), A represents the optical signal’s wavelength,
E [V/m] is the external electric field, and regr is the electro-
optic coefficient. It can be observed from (13) that the
amplification capability of the LC-based RIS depends on
the refractive index 7., the wavelength A, and the external
electric field. However, the external electric field E =
VE/D and the refractive index of the LC-cell are related
through (10) and (11). Specifically,

rettE, (13)

Ve = V1u
—1{ noa/(m2=n2) (n2—n2)
| . tan ( ne(n3—n3) i1
—log| —tan 5 ~ 7
(14)

As a result, we focus on optimizing the refractive index
to maximize the amplification gain coefficient for a given
optical signal of wavelength A.

lll. ADOPTED MULTIPLE ACCESS SCHEMES

This work investigates two multiple access schemes, namely,
power-domain NOMA and RSMA to boost the sum rate of
the proposed system. While implementing these schemes, the
number of intended users is assumed to be U and they have
been sorted in order of their channel gain H; > --- > H,
and Hy > --- > Hy [34].
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A. POWER-DOMAIN NOMA SCHEME

Following the power-domain NOMA scheme [35], using the
superposition coding principle, the AP sends a superposed
signal to the intended users, which is given as [16]

U
)CNOMA = (Z AY CuPSSu> + IDC7
u=1

where Ps denotes the electrical transmission power of the
signal (Pgs is equal to (’;;)2 [16], here p represents the optical
power and g symbolizes the electrical to optical conversion
ratio), s, denotes the modulated message signal meant for
the u-th user, Ipc is a constant bias current introduced to
guarantee a positive instantaneous intensity [36], and c,
denotes the NOMA power allocation ratio and is given
by [16]

(15)

. MNOMA(I _ MNOMA)Mfl’ fl<u<U
u (1 _ MNOMA)”_I’ fu=U
NOMA

(16)

where w is a constant that falls within the range of
(05,11 and 3V ¢, = 1 [37]. After removing the DC
bias, the signal received by the u-th user can be represented
as [16]

a7)

U
JNONA _ 1 (2 m) b
u=1

where z, ~ N(0, 02) is the additive real-valued Gaussian
noise with variance o>. Both the shot and thermal noises
are included in z,. According to the power-domain NOMA
scheme [35], through SIC, each user can decode its
information. Subsequently, the sum rate of the proposed
system under the power-domain NOMA scheme is given by

sum

U
RNOMA — ZRM’
u=1

with
exp(1) (RPDH;)201PS .

BlOg2 1 —+ TT y i=1

R = exp(1) (RPDHi)ZCiPS .
u = BlOg2 1+ 27 Troom1+N.B | 1<l§1/l

2

(1) \Repexp(I'D) H;) ciPs '\ A _ .
Blog2<1 + eXZPJT ( IRor)m 2"1‘1\]0g U S ! S U
(18)
where N, represents the noise power spectral den-
sity, B represents the system’s bandwidth, both
Room1 =  (RepH;)? ij;% ¢iPs and Iroom2 =

(Rppexp(I'D)  H;)? ZJ’;} cjPs represent the inter-user
interference terms in Room 1 and Room 2, respectively.

B. RSMA SCHEME

For  implementing  this scheme, the 1-layer
RSMA [38], [39], [40] is employed. In this scheme, a user’s
message is split into both a private part and a common
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part. The VLC AP combines all users’ common parts into
a single message, which is encoded into a common stream.
This common stream is broadcast to all users alongside
each user’s private stream. Every user can decode the
common stream, whereas each user only needs to decode
their respective private stream. At the user-side, through
the deployment of SIC, the common stream is eliminated,
allowing the user to decode their private stream, treating the
private streams of other users as noise [39]. Accordingly,
the VLC AP transmitted power is divided as

U
PS=P0+ZPW

u=1

19)

where Py is the transmit power of the common stream and
P, is the transmit power of the private stream intended for
the u-th user. In this scheme, for a user to successfully
decode its private stream, after subtracting the common
stream, the difference between the common stream’s power
and the private streams’ power should satisfy the following
constraint [39]

U
Pody, — ZPu(Su > Piol, (20)
u=1

2
where §, = ”7\,‘:' and Py is the SIC threshold that guarantee

the successful decoding of massages in RSMA scheme.
Based on (20), the AP allocates a portion of its total power to
the common stream (i.e., Py = uRSMAPg) and the other por-
tion to the private streams (i.e., Zgzl P, = (1—puRSMAYpoy,
where MRSMA € (0,1) [41]. The aforementioned portion
of power dedicated to private streams is divided equally
between users. In the simulation section, we show that
the adopted power allocation (i.e., equal power allocation)
strategy is better performance-wise than both (i) the NOMA-
alike power allocation strategy (i.e., distributing the power
using the same strategy utilized in the NOMA scheme based
on (16)) and (ii) the random power allocation. The VLC AP
transmitted signal is given as [38]

U
ARSMA — POSC+Z\/PMSM+IDC1
u=1

(2D
where s, denotes the common stream, s, denotes the private

stream intended for the u-th user, and Ipc is a constant bias
current. At the u-th user, the total received signal is

U
JRSMA _ o ( Pose + Z\/}Tusu> +zu. (22)
u=1

Accordingly, the rate of the u-th user decoding the common
stream is given as

2
exp(1) (RPDHi) Po .
o Blog2<1 + =5 TCommon 4 3 5 ) 1<i<u
o () (RepexpD) 1)’ Py
exp i ~ .
Blog2<1 + = [Come N ) n<i<U
(23)
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where both IQOM™" = (RppH;)? Y 7| P; and IgommS" =
(Rppexp('D)  H;)? ZJUZI P; represent an inter-user
interference terms, resulting from the application of the
RSMA scheme, in Room 1 and Room 2, respectively.

To ensure the successful decoding of the common stream
by all users, based on the assumed channel ordering, we
should choose the rate of the common stream to be R, 7 [38],
which can be represented as

min R, , = R. v
1<u<U

1
= Blog2<l + exp)
b1

(Rppexp(I'D)Hy)?Py
(Rppexp(I'D) Hy)2 YL, Pj+ NoB )
(24)

Given that the rate of the common stream is R, y, the total
data rates of all users receiving the common stream must
be less than or equal R, y. This relation can be expressed
as [38]

U
ZRC,H < Rc,Us (25)
u=1
where, based on [38, Lemma 1], the optimal solution for
the rate of the common stream is obtained at the equality
of (25).

At each user, the rate of decoding the private stream is

2
Blog2<1 L ety (Reot) 72 ) l<i<u

2T Ill;rivalel +N,B

.0om

2p\ ..
Blogs 1+ Sp SRt DI ) < < v

oom 2

Ry =

Private __ N2 VU . Private __
where both Igoit€ = (RepH)* 3 iy 4, Pj and Ipoit =

(Rppexp(T'D) H;)? Z;]:]’ tu P; represent also an inter-user
interference terms in Room 1 and Room 2, respectively.
Subsequently, the sum rate of the proposed RSMA scheme

is given by

U
RsusrilwA = Z(Rc,u + Rp,u)-

u=1

27)

IV. SUM RATE OPTIMIZATION

In this section, the details of the sum rate optimization
problem for both power-domain NOMA and RSMA schemes
is presented. Also, the sine-cosine meta-heuristic algorithm is
utilized to get the global optimal solution for the formulated
multi-variate non-convex optimization problem.

A. SUM RATE MAXIMIZATION PROBLEM

The main purpose of this paper is to maximize the sum
rate of the OSTAR-RIS-aided VLC system. To do so, the
sum rate maximization problem that jointly optimizes the
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roll angle, w, the yaw angle, y, and the refractive index, 17,
of the OSTAR-RIS is considered and formulated as

3(P0) : max RNOMA op RRSMA (28)
{w,7,nc}
ot — L <w<Z, (29)
2 2
4 b4
——<y<—, 30
7 SV=3 (30)
1.5<n. <17, (31)

where the constraints (29) and (30) denote the bounds of the
roll angle and yaw angle, respectively, of the mirror array-
based OSTAR-RIS elements. Constraint (31) denotes the
bound of the LC-based OSTAR-RIS elements. (PO) requires
the joint optimization of all three optimization variables.
Besides, it is highly non-convex. Subsequently, it cannot be
solved using traditional optimization methods. To get the
global optimal solution of (P0), we resort to the sine-cosine
algorithm (SCA) [42], which is a population-based meta-
heuristic algorithm. The merits of the SCA method over other
metaheuristics like ant colony optimization, particle swarm
optimization, and genetic algorithm are as follows, (i) ability
to avoid being trapped in a local maxima (i.e., a sub-optimal
solution), (ii) fast convergence, (iii) ease of implementation,
and (iv) fewer parameters [42].

B. PROPOSED SOLUTION METHODOLOGY

The SCA, a method based on iterative population search,
was developed by Mirjalili [42] and has recently found
applications in wireless communications [2], [16], [30],
[43], [44], remote sensing [45], and electrical power
system design [46], [47] due to its ability to obtain the
global optimal solution for complex optimization problems.
According to this method, G search agents are randomly
deployed within the boundary of the search space of the
optimization problem. The position of each agent represents
a candidate solution to the optimization problem and gets
updated via mathematical models based on the sine and
cosine functions. Thus, the agents explore the search space
in parallel to find the promising regions by using the sine
function and then exploit those regions to obtain the overall
best solution via the cosine function. At iteration #, the
solution of agent g is denoted as s;, = [w, ¥, n.] and its
fitness can be determined via the objective function (28).
The fitness of the agents is evaluated using the objection
function and the current best solution among them at iteration
t (i.e., fittest agent), called destination point, is denoted as
D'. 1t is called a destination point since the other agents
would try to get to that position in the next iteration. At the
t + 1-th iteration, the solution of the v-th variable of each
agent is updated as follows [42]

g S;,u + 71 x cos(r) x |r3D! — Si’,U" if r4 > 0.5
$V T | spp + 11 X sin(r) x 3D =5, |, if r4 < 0.5
(32)
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where r1, 17, r3 and r4 are the main parameters that influence
the search procedure of the SCA and |-| denotes the absolute
value. Specifically

rp=a—t@a/T),

with @ being a constant and 7 being the maximum number
of iterations, can adaptively guide the movement direction
of the search agents (i.e., the location to be searched in the
next iteration). The global exploitation and local exploration
abilities of the SCA are emphasized when r; > 1 and r; < 1,
respectively. As evident from (33), the value of r; is larger
during the early stage of the algorithm (since 7 is small), which
enables excellent global exploitation. As ¢ gets larger, the value
of r; decreases, which allows the algorithm to thoroughly
search (i.e., local exploration) around the current best solution
for the global optimal solution. The parameter r, controls
the movement distance towards or outwards the destination
point and its value is selected randomly from the interval
(0,2m). The parameter r3 determines the extent to which
the destination point affects the distance between the current
solution and the destination point and its value is randomly
chosen according to a uniform distribution in the interval
(0,2). Lastly, the parameter r4 which takes on a random
value in the interval (0, 1) switches with equal probability
between the sine and cosine functions. The components
r1 X sin(rp) and r; x cos(r,) jointly enhance the exploration
(when these two values are greater than 1 or less than —1)
and exploitation (when these two values fall within the
range of —1 to 1) during the search process. In summary,
the parameters ry, rp, 3, and r4 are used to iteratively guide
the movement of the agents in the search space to achieve a
good balance between exploration (covering a wide range of
solutions) and exploitation (focusing on promising solutions).
For each iterate, the fitness of all agents is determined and
the fittest serves as the new destination point. This repeats
until a predefined termination criterion is met. Algorithm 1
summarizes the proposed SCA-based algorithm.

(33)

C. COMPUTATIONAL COMPLEXITY ANALYSIS

The time complexity of Algorithm 1 mainly depends on
(i) the generation of the initial set of solutions for all agents,
(i1) the evaluation of the fitness of the solution of all agents,
(iii) the selection of the destination point, (iv) updating the
agents’ solutions, and (v) the total number of iterations.
The corresponding time complexities of the tasks mentioned
in (i), (i), (iii), and (iv) are O(GV), O(G), O(G), and
O(GVT), respectively, where V denotes the total number of
decision variables. As a result, the worst-case computational
complexity of Algorithm 1 is O(GVT).

V. SUM ENERGY EFFICIENCY OPTIMIZATION

The SEE metric has gained widespread use as a performance
metric in VLC systems [16], [48], [49]. It can be defined
as the “ratio between the sum rate of the VLC system
and the total power the system consumes”, and is typically
measured in Bits per Joule. The sum rate of the proposed
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Algorithm 1:
Problem (PO)

InplIt: G, T,a,V, VtH. VE. V0. RIS, Nes> Mas Nos
Output: The optimal yaw and roll angles and the refractive index
y*, o*, and n, respectively;

Initialize ¢+ = 0 and s;’,,u, Vg;

Proposed Solution for Optimization

1

2 Compute the fitness of each agent via (18) or (27);
3 Set D! as the solution of the fittest agent;

4 Update t =1+ 1;

5 while No convergence do

6 Obtain ry,rp, 13, 14;

7 forg=1:Gdo

8 forv=1:3do

9 ‘ Update sf ,,, ¥g by solving (32);
10 end
11 end
12 Check agents for constraint(s) violation;

13 Update the fitness of each agent using (18) or (27);
14 Update D';
15 Update t =1+ 1;
16 end

system, for the power-domain NOMA and the RSMA
schemes, are detailed in (18) and (27), respectively. The
total consumed power of the proposed system encompasses
various components: Firstly, the consumed power at the VLC
AP can be expressed as [16]

PVLC—AP = pT—Circuit + 7)Driver + PPA
+ Prilter + Ppac + Ps, (34)

where Pr_circuit denotes the power of the transmitter external
circuit, Ppriver denotes the power of the LED driver, Ppa
denotes the power of the power amplifier, Prijer denotes the
power of the filter, Ppac denotes the power of the digital-
to-analog converter (DAC), and Ps denotes the power of the
signal. Secondly, the power consumed at the OSTAR-RIS
can be expressed as

PosTAR-RIS = Pm X K+ Prc x N, (35)

where P, denotes the power of each mirror array-based
reflector element, and Prc denotes the power of each LC-
based refractor element. Lastly, the power consumption at
the receiver can be expressed as [16]

Pr = PRrCircuit + Prilter + P11a + PADC, (36)

where Pr.circuit denotes the power of the receiver external
circuit, Pria denotes the power of the trans-impedance
amplifier (TIA), and Papc denotes the power of the analog-
to-digital converter (ADC). Overall, the total consumed
power of the proposed system can be given as

(37
Consequently, the SEE of the proposed system, for the

Protat = PvLc-ap + Postar-Rris + Pr.

power-domain NOMA and the RSMA schemes, can be
formulated, respectively, as
NOMA
SEENOMA — sum ,
PTotal
RSMA
SEERSMA _ _sum__ (38)
PTotal
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TABLE 2. Simulation parameters.

Parameter | Value Parameter Value

Dy /9 70° App 1.0 cm?

T(§) 1.0 d 2.5 m

f 1.5 Erov 85°

PRIS 0.95 Pwall 0.8

Ne 1.7 Na 1.0

Viu 1.34V o 1.5

D 0.75 mm Vo 1.0V

Teff 12 pm/V A {510,670} nm
q 3.0 B 200 MHz

N, 10~2'A2%/Hz || Rpp 0.53 A/W

\%4 3 G 5

T 4000 a 2.0

U 4 {pNOMA " RSMAY 1710 6 0.6}

Py 10 dBm P [1,1.5,...,4] Watt
Pabpc 95 mWatt Ppac 175 mWatt
Pbriver 2758 mWatt Perilter 2.5 mWatt

Pm 100 mWatt Pria 2500 mWatt
PR-Circuit 1.9 mWatt Pr-Circuit 3250 mWatt
PrLc 320 mWatt Pra 280 mWatt

To maximize the SEE metric, the objective function of (P0O)
is replaced by (38). Then, the resultant optimization problem
is solved using similar procedures to the ones outlined in
Section IV-B.

VI. SIMULATION RESULTS

This section presents extensive numerical simulations to
assess the performance of the proposed OSTAR-RIS-aided
VLC system under both the power-domain NOMA and the
RSMA schemes. Table 2 summarizes the default parameters
used during the simulations. Beyond this list, the polar angle,
o, and the azimuth angle, B, are characterized using the
uniform distribution within the range of [ — &, 7] and the
Laplace distribution within the range of [0, 7], respectively.
The system depicts users as cylindrical objects with a height
of 1.65 meters and a diameter of 0.3 meters, with a receiver
that is located 0.36 meters away from their body at a height
of 0.85 meters. Both Rooms 1 and 2 have a dimension of
5.0x5.0x 3.0 meters with an AP fixed at the center of Room
1. The OSTAR-RIS comprises 5 rows and 10 columns with
25 LC-based elements and 25 mirror array-based elements,
unless otherwise specified. Each element is a square that
spans over 0.1 m x 0.1 m. In this section, we set ¢ in (1)
to zero, as we focus on the NLoS scenario. The parameters
utilized in this section are extracted from [2], [13], [16],
[301, [34], [39], [49], [50].

Fig. 2 compares the sum rate performance of the proposed
OSTAR-RIS-assisted multi-user indoor VLC system for the
RSMA scheme and the power-domain NOMA scheme for
different AP optical transmit powers. It can be observed
that the sum-rate performance of RSMA-aided system is
superior to the corresponding NOMA-aided system with
an enhancement in the sum rate that is up to 456%.
This illustrates that adopting the RSMA scheme is more
spectrally efficient for the proposed OSTAR-RIS-assisted
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FIGURE 2. Sum rate versus AP optical transmit power. At A = 510 nm.
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FIGURE 3. Sum rate versus wavelength of the transmitted light signal. At p =3
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VLC system (i.e., achieves higher date performance with the
same resources) than the power-domain NOMA scheme.

Fig. 3 compares the sum rate performance of the proposed
OSTAR-RIS-assisted multi-user indoor VLC system for the
RSMA scheme and the power-domain NOMA scheme for
different wavelength of the transmitted light signal. This
figure is generated because altering the wavelengths affects
the sum-rate performance of the LC-based OSTAR-RIS
elements [16], [30] (i.e., based on (13), as the wavelength
increases, the amplification gain coefficient, I', decreases and
subsequently, the sum rate performance deteriorates). This
figure shows a sum-rate deterioration up to 31% and 29%
in RSMA-aided system and power-domain NOMA-aided
system, respectively, when the wavelength of the transmitted
light signal is changed from 510 nm to 670 nm.

Fig. 4 shows the sum rate performance of the proposed
OSTAR-RIS-assisted multi-user indoor VLC system for the
RSMA scheme and the power-domain NOMA scheme versus
the number of users in the system. Clearly, the sum rate
performance of the RSMA-aided system outperforms the
NOMA-aided system. This is because the multiuser gain
is higher in the RSMA scheme than in the power-domain
NOMA scheme.

In Fig. 5, the sum rate performance of the proposed
OSTAR-RIS-assisted multi-user indoor VLC system for the
RSMA scheme under three power allocation strategies is
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illustrated. Specifically, (i) equal power allocation strategy
(adopted strategy) (i.e., distributing the power of the private
streams equally), (ii) the NOMA-alike power allocation
strategy (i.e., distributing the power of the private streams
using the same strategy utilized in the power-domain NOMA
scheme based on (16)) and (ii) the random power allocation
(i.e., distributing the power of the private streams based
on uniform random distribution). From this figure, it is
evident that the RSMA scheme achieves the best sum rate
performance using (i). This is because the power allocation
strategy in (ii) is designed for the NOMA scheme and the
power allocation strategy in (iii) might not utilize the whole
portion of power dedicated to the private streams.

Fig. 6 demonstrates the sum rate, total consumed-power,
and sum energy efficiency performance of the proposed
OSTAR-RIS-assisted multi-user indoor VLC system for
the RSMA scheme and the power-domain NOMA scheme
versus the number of elements in the OSTAR-RIS. Fig. 6(a)
reveals that as the number of elements in the OSTAR-RIS
increases the sum rate performance of both the RSMA and
the power-domain NOMA schemes increases. It is worth
mentioning that the percentage of this increase here is
slower than the one in, for example, Fig. 2. This can be
justified by the fact that introducing additional elements
to a sizable OSTAR-RIS results in minimal improvement.
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FIGURE 6. Proposed OSTAR-RIS-assisted multi-user indoor VLC system’s
performance versus number of OSTAR-RIS elements. At A = 510 nm and p = 3 Watts.

Fig. 6(b) shows that the total consumed-power is identical
for both the RSMA scheme and the power-domain NOMA
scheme as the parameters related to both mentioned schemes
are not factors in (37). By examining Fig. 6(c), it is apparent
that the enhancement in the SEE initially increases with
the growing number of elements in the OSTAR-RIS, but
eventually declines. This pattern can be explained as follows:
the system’s sum rate (as shown in Fig. 6(a)) logarithmically
increases and the total consumed power of the proposed
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system (as depicted in Fig. 6(b)) linearly increases while
increasing the number of OSTAR-RIS elements.

VIl. CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

This paper proposes and investigates a novel multi-user
indoor VLC system that is assisted by OSTAR-RIS. The
proposed system combats challenging LoS blockage scenar-
ios resulting from (i) other users (i.e., blockers), (ii) walls
within the indoor environment, and (iii) the orientation
of the recipient’s device. For the proposed system, both
the sum rate and the SEE optimization problems, for
both the power-domain NOMA and the RSMA schemes,
are formulated, solved, and evaluated. These optimization
problems jointly design the roll and yaw angles of the mirror
array-based OSTAR-RIS elements as well as the refractive
index of the LC-based OSTAR-RIS elements. The sine-
cosine meta-heuristic algorithm is utilized to get the global
optimal solution for both formulated multi-variate non-
convex optimization problems. Detailed simulation results
are provided to illustrate the superiority of the RSMA
scheme over the power-domain NOMA scheme for the
proposed system in terms of both the sum rate and the SEE
metrics while considering different network parameters such
as the AP optical transmit power, the wavelength of the
transmitted light, the number of elements in the OSTAR-
RIS, and the number of served users. In addition, the effect
of adopting different power allocation strategies on the sum
rate performance of the RSMA scheme is illustrated.

This paragraph outlines some interesting future research
directions that involve, (i) investigating the proposed
OSTAR-RIS in indoor-to-outdoor or outdoor-to-indoor VLC
scenarios and outdoor Vehicle-to-everything (V2X) com-
munication scenarios, and (ii) validating the proposed
OSTAR-RIS design using a test-bed experimental setup
while considering several practical constraints, such as the
illumination constraints, the interference from other light
sources, the glare effect, the dimming support, the impact of
RIS reflections on humans, the user mobility, the changes in
indoor environments, and the dynamic network conditions.
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