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Optimized Design of Joint Mirror Array and Liquid
Crystal-Based RIS-Aided VLC Systems

Omar Maraqa

Abstract—Most studies of reflecting intelligent surfaces (RISs)-
assisted visible light communication (VLC) systems have focused
on the integration of RISs in the channel to combat the line-of-
sight (LoS) blockage and to enhance the corresponding achievable
data rate. Some recent efforts have investigated the integration of
liquid crystal (LC)-RIS in the VLC receiver to also improve the
corresponding achievable data rate. To jointly benefit from the
previously mentioned appealing capabilities of the RIS technology
in both the channel and the receiver, in this work, we propose a
novel indoor VLC system that is jointly assisted by a mirror array-
based RIS in the channel and an LC-based RIS aided-VLC re-
ceiver. To illustrate the performance of the proposed system, a rate
maximization problem is formulated, solved, and evaluated. This
maximization problem jointly optimizes the roll and yaw angles of
the mirror array-based RIS as well as the refractive index of the
LC-based RIS VLC receiver. Moreover, this maximization problem
considers practical assumptions, such as the presence of non-users
blockers in the LoS path between the transmitter-receiver pair and
the user’s random device orientation (i.e., the user’s self-blockage).
Due to the non-convexity of the formulated optimization problem,
a low-complexity algorithm is utilized to get the global optimal
solution. A multi-user scenario of the proposed scheme is also pre-
sented. Furthermore, the energy efficiency of the proposed system is
also investigated. Simulation results are provided, confirming that
the proposed system yields a noteworthy improvement in data rate
and energy efficiency performances compared to several baseline
schemes.

Index Terms—Reflecting intelligent surface (RIS), visible light
communication (VLC), liquid crystals (LCs), random receiver
orientation, achievable rate, energy efficiency (EE), line of sight
(LoS) blockage.

1. INTRODUCTION

HE exponential increase in connected devices and the
T ongoing development of wireless applications are driving
the need to explore alternative wireless communications options
to radio frequency (RF) communications. Visible light commu-
nications (VLC) has emerged as a bandwidth-abundant, cost-
effective, and secure communications technology. Subsequently,
VLC is seen as a promising candidate for complementing RF
communications in future wireless networks [1].
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In ordinary VLC systems, the line-of-sight (LoS) availability
between the transmitter and the receiver is essential for reliable
data transmission [2]. However, there may be other users (i.e.,
blockers) or obstacles that can obstruct this direct path, leading
to LoS blockage which is common in indoor VLC systems [3].
The LoS path can also be blocked when the device orientation
of the intended user is not aligned with the transmitter (i.e., self-
blockage). Previous studies on VLC systems often assume that
users’ devices are facing upwards towards the ceiling (e.g., [3],
[4], [5]), but in reality, users typically hold their devices in
different positions. Research has shown that random device
orientations do affect the quality and existence of LoS paths [6],
so taking this into account is important when designing and ana-
lyzing VLC systems. Recently researchers have started unveiling
the potential of integrating reflecting intelligent surfaces (RISs)
on the walls to improve the communication links by reflecting
waves from the transmitter toward the receiver. In case the LoS
path is blocked, an RIS can reconfigure the wireless propagation
channel to overcome this blockage. Accordingly, the adoption
of RIS can relax the LoS requirement in VLC systems.

On the other hand, an ordinary VLC receiver typically in-
cludes a photo-detector (a photo-diode (PD), a photo-transistor,
etc.), and aconvex lens. In VLC systems, the incoming light must
fall within the photo-detector’s field-of-view (FoV) to recover
the transmitted data successfully. To achieve this, convex lenses
are used in ordinary VLC receivers as extent reducers to collect
and focus the incoming light onto the photo-detector’s active
area. However, the use of a convex lens can lead to a reduction
in the amount of incident light power of up to 30% because of
reflection occurring at its top surface [7]. Additionally, convex
lenses are not capable of dynamically steering the incoming
light beam, which can limit the receiver’s detection capabilities,
especially with a large angle of incidence [8]. To overcome
the aforementioned shortcoming of ordinary VLC receivers,
Ndjiongue et al. [7] have proposed using voltage-controlled
tunable liquid crystal (LC) in the receiver to adjust the direction
of the incident light and to provide intensity amplification.
Subsequently, this can enhance the strength of the received signal
and increase the corresponding achievable data rate.

When it comes to the adoption of RIS in VLC systems, two
main streams have evolved over the past few years, namely, (i)
integrating a meta surface-based RIS [9], [10], [11], [12], [13],
[14] or mirror array-based RIS [2], [15], [16], [17], [18], [19],
[20], [21], [22], [23] on walls between the transmitter and the
receiver (noting that the performance of the mirror array-based
RIS outperforms the meta surface-based RIS [24]), and (ii)
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incorporating an LC-based RIS in the receiver [8], [25], [26],
[27] for light amplification and beam steering. However, to the
best of the authors” knowledge, no one has investigated the joint
benefit of integrating mirror array-based RIS on walls between
the transmitter and the receiver and an LC-based RIS-aided
receiver. Hence, this work intends to unveil the VLC system
performance gain under such a joint design.

In this article, an indoor VLC system that jointly benefits
from the RIS technology in both the channel and the receiver
is proposed to overcome the LoS blockage problem that comes
from both non-user blockers and self-blockage. The channel-
assisted RIS improves the reliability of the VLC system, while
the LC-based RIS-aided VLC receiver, with its amplification and
light steering capabilities, enhances the strength of the received
signal. The main contributions can be summarized as follows:

® A novel indoor VLC system that is jointly assisted by a
mirror array-based RIS and an LC-based RIS-aided VLC
receiver to enhance the corresponding achievable data rate
is proposed. The proposed system takes into consideration
the effects of non-user blockers and user’s device orienta-
tion.

® A rate maximization problem for the proposed system that
consists of a joint design of the roll and yaw angles of the
mirror array-based RIS as well as the refractive index of
the LC-based RIS-aided VLC receiver is formulated. Be-
cause the formulated multi-variate optimization problem
is non-convex, a sine-cosine-based optimization algorithm
is employed to obtain the global optimal solution.

® An additional scenario that considers the wall reflection
with no RIS is analyzed and evaluated to illustrate the ben-
efit of the integration of the RIS technology in improving
the performance of VLC systems. Moreover, a multi-user
scenario of the proposed scheme is presented, confirming
that the proposed system yields a noteworthy improvement
to VLC systems. Furthermore, an energy efficiency (EE)
maximization problem for the proposed system is analyzed
and solved because of the importance of this metric in
evaluating VLC systems.

e Extensive simulation results are provided to illustrate the
significant performance gains of the proposed joint system
in terms of achievable data rate and EE when compared
with several baseline schemes.

The structure of this article is as follows. The system and chan-
nel models of the proposed RIS-assisted VLC system that jointly
consider both channel-assisted RIS and an LC-based RIS-aided
receiver are presented in Section II. In Section III, the data rate
optimization problem is formulated, and the sine-cosine-based
optimization algorithm that gets the optimal solution for the
formulated problem is presented. A scenario that considers
the wall reflection with no RIS is presented in Section IV. In
Section V, a multi-user scenario that utilizes the power domain
non-orthogonal multiple access (NOMA) scheme is presented.
The optimization of the energy efficiency metric (as an additional
metric) for the proposed VLC system is provided in Section VI.
Extensive simulation results are provided in Section VII, which
is followed by the paper’s conclusion and future research direc-
tions in Section VIIIL.
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II. SYSTEM AND CHANNEL MODELS

This section discusses the details of the indoor VLC environ-
ment, including the VLC system and channel models for the
LoS path and the non-line-of-sight (NLoS) path resulting from
the inclusion of the mirror array-based RIS in the channel, then
the structure of the LC-based RIS-aided receiver with its light
steering and amplification capabilities.

A. Indoor VLC Network

We consider an indoor downlink VLC system that is jointly
assisted by a mirror array-based RIS and an LC-based RIS-aided
VLC receiver as depicted in Fig. 1. In Fig. 1(a), the intended LoS
path is denoted by a solid line and the RIS-assisted NLoS path
is denoted by a dotted line. Also, multiple non-user blockers
are randomly deployed in the system. If any of these blockers
lies in the way of the LoS path, then the user would suffer from
a signal outage. A signal outage might also occur if the user’s
device orientation is not perfectly aligned with the transmitter
(i.e., user self-blockage). Hence, to overcome the outage from
non-user blockers, an alternative path using the mirror array-
based RIS is proposed. Additionally, to circumvent the outage
from self-blockage, an LC-based RIS-aided receiver with light
steering capability is proposed.

The orientation of the user’s device is shown in Fig. 1(b),
where the user can move his device in any direction, which can
be determined by the device’s azimuth angle, /3, and the polar
angle, o. The mirror array-based RIS is composed of several
passive reflecting elements and deployed on a wall between
the transmitter and the receiver. Fig. 1(c) and (d), show the
orientation of an arbitrary element of the mirror array-based
RIS with respect to the roll angle, w, and the yaw angle, v,
respectively. Fig. 1(e) presents a schematic of an LC-based
RIS-aided receiver, where an LC-based RIS module is placed
in front of the PD. The LC-based RIS module is made up of a
series of thin layers, within which tin oxide nano-disks that have
LCinfiltration are located, forming what is known as the LC cell.
These layers include (i) an anti-reflection polarizer for filtering
incoming light, (ii) a glass substrate to orient the LC molecules
in a preferred direction, (iii) indium tin oxide for managing
heat production and control, and (iv) a photo-alignment film
that guides the light beam through the LC cell [7].

Fig. 1(f) illustrates how light propagates within the LC cell
when an external voltage, v., exceeding the threshold voltage,
U, 18 applied. The emitted light signal L; from the VLC AP
travels through the air medium (from the mirror array-based RIS)
with a refractive index 7, and reaches the interface between the
air and the LC cell at an angle €. Since no light absorption occurs
at this interface, a portion of the light signal L is reflected while
the remaining signal, Lo, is refracted at an angle 6 as it passes
through the LC cell, which has a thickness D and refractive index
ne. The electric field-induced molecular reorientation controls
the propagation characteristics (such as direction and intensity)
of the light signal as it passes through and exits the LC cell.
This reorientation induces changes in the refractive index, 7.,
enabling the LC RIS to control the wave-guiding capability
primarily through the refractive index. Finally, Fig. 1(g) provides
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Fig. 1.

(e)

Illustrations of the proposed joint mirror array and LC-based RIS-aided VLC system with random device orientation. (a) The proposed system with one

VLC access point (AP), one user, a mirror array-based RIS, and non-user possible blockers, (b) the orientation of the user device with respect to the device’s
azimuth angle 3 and the device’s polar angle «, (c) the orientation of the mirror array-based RIS with respect to the roll angle w, (d) the orientation of the mirror
array-based RIS with respect to the yaw angle ~, (e) a schematic of the LC-based RIS-aided receiver, (f) light signal propagation through the LC-based RIS-aided
receiver, and (g) light signal propagation from the VLC AP (with a position vector (zg, Ya, 2o )) to the intended user (with a position vector (., Yu , 24, )) through
the k-th element of the mirror array-based RIS (with a position vector (2, Yk, 2k )), while specifying the angles of irradiance and incidence of the light signal.

the angles of irradiance and incidence of the light signal starting
from the VLC AP through the mirror array-based RIS to the
intended user. The light signal irradiates from the VLC AP with
an angle ®{, hits the mirror array-based RIS with an angle &/,
is reflected by the mirror array-based RIS with an angle ®*, and
finally strikes the LC-based RIS surface with an angle &~.

B. VLC Channel: Mirror Array-Based RIS

In the proposed VLC system, the channel model can be
defined as the signal propagation through the air and the LC cell.
The direct current (DC) gain represents the signal propagation
through the air, while the transition coefficient represents the
signal propagation through the LC cell. The gain of the channel
between the AP and the user is expressed as [2]

K

_ RIS,
H = 1Hyos X Y1cLos + E H s X YLe-NLos,
=1

(D

where ¢ € {0, 1} is an indicator function that represents whether
or not the LoS path is obstructed. Hy,s denotes the channel

gain of the LoS path, Hyyp s represents the NLoS channel gain,
and Y cpos and YrcnLos denote the transition coefficient of
the LoS and NLoS paths, respectively, which are discussed in
Section II-C. K denotes the number of squared surfaces (i.e.,
elements) in the mirror array-based RIS. One can determine
whether or not there is a reliable signal from the LoS path by
examining if the received signal falls above the sensitivity of the
photo-detector at the receiver. If the signal’s strength is above the
sensitivity of the photo-detector then I is set to one, otherwise,
it is set to zero. For example, to achieve a bit-error-rate (BER)
of less than 1072, the sensitivity of the photo-detector should
be —35 dBm or above [28].
The channel gain for the LoS path is expressed as [29]

% cos™(®) cos(§)G(E)T(E),
Hyos = 0 <& < &pov (2)
07 g > §FOV7

where m denotes the Lambertian index and is equal to

m, with @/, as the semi-angle of the VLC AP,
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App denotes the physical area of the PD, d denotes the distance
between the VLC AP and the intended user, ® and £ denote the
angle of irradiance and angle of incidence, respectively, 7'(€)
denotes the gain of the optical filter, G(£) denotes the gain of
the optical concentrator, and {ry < 5 denotes the PD’s FoV.
The gain of the optical concentrator is G (&) = £2/sin? &gy,
0 <& < &pov, Where f denotes the refractive index. The de-
vice’s orientation highly influences the value of &, which can be
expressed by both the azimuth and polar angles of the device as
follows [30]

Ty — Ty

cos(e) = (%5

+(%d%)mwnmw

n Za — %
d

where (4, Ya, 2o) denotes the position vector of the VLC AP,
and (., Yu, 2., ) the position vector of the user. The mirror array-
based RIS is divided into /C squared surfaces (i.e., elements), and
each element has an area dA. In this article, similar to [2], [8],
[24], we assume that the incoming optical signal from the AP
hits the middle of the reflecting surfaces. The channel gain for
the reflected signal from the k-th mirror array is obtained by [24]

) cos(s)sin(a)

u) cos(a), 3)

PRIS %d/& cos™ (®7) cos(&;)

x cos(®F) cos(EM)G(ET(€),
0 <& < &rov
0, f{f > gFoV»

HNRI{SOICS (7a W) =

“
where pgris denotes the reflection coefficient of an RIS element,
df represents the distance between the AP and the k-th reflecting
element, d* represents the distance between the k-th reflecting
element and the intended user, d A, is a reflective area of a small
region, ®} is the irradiance angle from the AP toward the k-th
reflecting element, £ represents the incidence angle on the -
th reflecting element, ®* represents the irradiance angle from
the k-th reflecting element towards the intended user, and &F
represents the incidence angle of the reflected signal at the user.
The value of cos(£¥) can be obtained using (3), while the value
of cos(®F) is given by [8]

<m@m=(“%“)mmnww

+ ( 2k _uZ“) sin(w), 5)

where (2, Y, 21 ) denotes the position vector of the k-th reflect-
ing element of the mirror array-based RIS.
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C. LC-Based RIS-Aided Receiver: Amplification Gain and
Light Steering

This subsection explains how the LC-based RIS module can
enhance signal reception by amplifying and steering the incom-
ing light, as shown in Fig. 1(f). This figure shows that the light
intensity from the LC module at the refraction angle x (labeled
as L) is greater than the intensity of the incoming light, L. This
light amplification occurs through stimulated emission, where
photons from the incoming light interact with excited molecules
in the LC module that have been stimulated by an external
voltage, resulting in the creation of new, coherent photons. Lg
can be calculated using Beer’s absorption law [31] and is given
by

L3 = L1 x exp(T'D) x 1, (6)

where exp(T" D) represents the exponential increase in the inten-
sity of the incident light, ¥, ¢ denotes the transition coefficient,
and I' symbolizes the amplification gain coefficient, which can
be represented as [32]

I'= —=—~repk, (7

where A denotes the wavelength of the optical signal, F, mea-
sured in [V/m], denotes the strength of the externally applied
electric field, and r. denotes the electro-optic coefficient.
From (7), itis evident that the amplification gain of the LC-based
RIS is affected by the wavelength of the optical signal, the
applied voltage, and the refractive index of the LC module.
Therefore, it is crucial to choose these values thoughtfully to
achieve the best possible performance of the LC-based RIS
module.

The transition coefficient, ¢ ¢, measures the effect of the LC-
based RIS module on the total channel gain. It can be calculated
by studying how light moves through the module as it enters,
passes through the LC cell, and exits it. The transition coefficient
of the NLoS path (i.e., the mirror array-based RIS path) can be
expressed as follows [8]

Yrentos = Tac(€h) x Tea(0)
= (1 - Rac(dﬁ)) X (1 - Rca(e))V (8)

where T, (€%) denotes the angular transmittance of the incident
light on the interface between air and the LC cell and indicates
how much of the incident light is refracted through it, T, (6)
denotes the angular transmittance as the light signal exits the
LC cell. Since no light is absorbed in both the interface between
air and the LC cell and at the interface between the LC cell
and air (i.e., when the light signal enters and exits the LC cell,
respectively), the light signal either gets reflected or refracted
at these two interfaces. In (8), Ry.(£F) and Re,(6) represent
the amount of light that gets reflected when the light signal
enters or exits the LC cell, respectively. They can be expressed
as follows [8]

R%<gk)_.1(n?coa§5>—-\/nQ-snP<ss>>2

Y2\ cos(h) + /P — sin®(€)
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2
N 1 cos(f) — \/n? — sin?()
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where 7 = 1./n, and n; = 1, /7. denote the relative refractive
indices when the light enters and exists the LC-based RIS, re-
spectively, 1, and 7). are the refractive indices of the air medium
and the LC cell, respectively. If the LoS path exists, (8) becomes
Yreros = Tac(§2) X Tea(0), where 2 represents the angle of
incidence from the VLC AP on the LC-based RIS surface.

By examining (8) to (10), we can see that the transition
coefficient can be optimized by adjusting the refractive index
7. of the LC-based RIS. This involves modifying the tilt angle
¢, which determines the molecular orientation of the LC cell.
The relation between the tilt angle and the refractive index is
given by [33]

(10)

2 a2
EoREE At I

where 7).(¢) represents the refractive index of the LC cell at the
specific tilt angle ¢, 1. and 7, correspond to the extraordinary
and ordinary refractive indices of the LC cell, respectively. It is
worth noting that the tilt angle, ¢, is controlled by an externally
applied voltage, and the relationship between the two can be
described as [8]

(12)
0, Ve < Uy

b= {72“ —2tan~! {exp (——"’e;o”‘“)} Ve > U

where v, refers to the externally applied voltage, vy, represents
the critical voltage needed to initiate the tilting process, and vy
is a fixed value. As the tilt angle, ¢, is controlled by the voltage
applied to the LC cell, according to (12), the LC cell can be
utilized as a voltage-controlled RIS. This makes it possible to
control the propagation of light by changing the refractive index,
7., and refraction angle, ¢, to steer the incoming light signal.

III. ACHIEVABLE DATA RATE OPTIMIZATION

In this section, we present the details of the achievable data
rate maximization problem investigated for the proposed joint
mirror array and LC-based RIS-aided VLC system. Then, due to
the non-convexity of the formulated multi-variate optimization
problem, a sine-cosine-based optimization algorithm [34] is
utilized to get the global optimal solution.
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A. Achievable Data Rate Maximization Problem

The achievable data rate of the proposed system can be
expressed by the following lower bound [35]

2
exp(l) (%RPDGXP(FD)H)
2w N,B ’

Rvic = BlOg2 1+ (13)

where B denotes the system’s bandwidth, p denotes the optical
power, g represents the ratio of the electrical signal power to the
optical transmit power, Rpp represents the responsivity of the
PD, and N, denotes the power spectral density of the noise. In
order to maximize the rate, this article proposes (i) controlling
the orientation of the mirror array by its roll angle, w, and the yaw
angle, v, and (ii) adjusting the refractive index, 7., of the LC-
based module. With this, the achievable data rate maximization
problem can be formulated as

(PO): max Ryic, (14)
{w,v,me}
st Cli-f<u<® (15)
2 2
™ Y
- - <~y<— 16
5 ST= 5 (16)
C3: 1.5<n, <17, (17)

where (15) and (16) represent the bounds of the roll angle and
yaw angle, respectively. Constraint (17) represents the bounds
of a typical off-the-shelf LC E7 (Merck) [36]. The above op-
timization problem is highly non-convex and cannot be solved
using traditional optimization methods. Therefore, we utilize
a metaheuristic approach based on the sine-cosine algorithm
(SCA) [34] to find the appropriate orientation angles for the
mirror array as well as the appropriate refractive index for the
LC cell to achieve the best data rate performance. The SCA
method was chosen over other metaheuristics due to its benefits,
namely, its (i) ease of implementation, (ii) fast convergence, and
(iii) ability to avoid local optimum solutions.

B. Proposed Solution Methodology

The SCA is a population-based stochastic optimization
method introduced by Mirjalili in [34]. The method starts by
generating random candidate solutions and gradually moves
them toward the optimal solution using a mathematical model
based on the sine and cosine functions. In the SCA method, at the
beginning of each iteration, ¢, a set of search agents are randomly
positioned within the feasible solution space of the optimization
problem (P0). Each search agent represents a possible solution
to the problem and its fitness is evaluated using the objective
function (14). The agent with the highest fitness is selected as
the destination point D*. In the next iteration ¢ + 1, each agent
updates its solution using the following formula [34]

g+ st o411 X cos(ry) X |rsD' — st |ifry > 0.5,
" st o 411 xsin(rg) x [rsD — sl |if ry < 0.5,
(18)

!
n,v
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Algorithm 1: Proposed Solution Methodology for the Rate
Maximization Problem in (PO).

Input: N, T, and a;

Output: The best solution s,» = (w*,~*,n%), where n* denotes
an arbitrary search agent and (w*,~v*,n%) denotes the
global optimal solution of (PO);

First Stage

Sett =0;

Initialize the search agents with a set of random solutions s, ,,, Vn;

Determine the fitness of each search agent using (13);

Store the solution of the fittest search agent in Dt

Second Stage

Sett =1;

while Termination criterion is not reached do

Get the value of the parameters: r1,r2, 13, 74;

forn=1: N do

forv=1:3do
‘ Update the solutions sﬁl’v, Vn using (18);
end

e ® N AU R W N =

- -
2R E 3

end

Check for search agents that violate the constraints of (P0) and
remove the violations to guarantee the solutions’ feasibility;

16 Update the fitness of each search agent using (13);

17 Update D! if there is any better solution;

18 Update the iteration counter ¢ = ¢ + 1;

19 end

20 return s,+ = (w*,y*, nk);

-
TS

where s}, ,, refers to the solution of the n-th agent at the ¢-th
iteration, while sffvl represents the current updated solution,
and the symbol |.| means the absolute value of the expression
enclosed in it. The parameters 1, 12, 73, and 74 can be expressed
as follows.r; = a — t%, where 7' is a predefined maximum iter-
ation number and a is a constant value. Depending on the value
of the randomly generated parameter 71, the movement direction
for the current agent could be towards (if r; < 1) or away from (if
r1 > 1) the destination point. The parameter 5 controls how far
the movement should be towards or away from the destination
pointand its value is randomly chosen in the interval (0, 27). The
parameter r3 determines how much the destination point affects
the distance between the current solution and the destination
point and its value is randomly chosen through uniform random
distribution in the interval (0,2). Finally, the parameter r, that
falls in the interval (0,1) switches randomly between the cosine
and sine components. In (18), 71 x cos(r2) and ry X sin(rs)
enables both exploration and exploitation during the search
process. In particular, when these two values are greater than
1 or less than -1, the algorithm conducts a global exploration
search. Conversely, when these two values fall within the range
of -1 to 1, the algorithm performs an exploitation search. The
algorithm guides agents toward the best-known positions in
the search space and updates their solutions until a maximum
number of iterations (i.e., a termination criterion) is reached.
A summary of the proposed solution methodology for the rate
maximization problem in (P0) is provided in Algorithm 1. This
article assumes that Algorithm 1 is implemented by a central
control unit, linked to both the RIS mirrors and the AP, which
is capable of acquiring the necessary downlink channel state
information.
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C. Computational Complexity Analysis

The computational complexity of Algorithm 1 can be eval-
uated as follows. At first, the generation of the initial set of
solutions for all agents necessitates O(NV') operations, where
N and V are the numbers of search agents and decision vari-
ables, respectively. The process of evaluating the solution fit-
ness for all agents needs O(NV) operations, and selecting the
destination point has a complexity of O(N). As a result, the
first-stage computational complexity of Algorithm 1 is O(NV).
The worst-case complexity for updating the solution sets based
on (18) is O(NVT). The worst-case complexity for evaluating
the updated solution fitness for all agents is O(NT'), and is
O(NT) for updating the destination point. Thus, the second-
stage worst-case computational complexity of Algorithm 1 is
O(NVT). Therefore, based on the aforementioned discussion,
the overall worst-case computational complexity for finding a
solution using Algorithm 1 is approximately O(NVT'), which
consists of the O(NV') complexity of the first stage and the
O(NVT) complexity of the second stage.

IV. WALL REFLECTION’S SCENARIO

In this section, we examine the scenario with no RIS, but
where the wall’s reflection paths are considered. We only take
into account first-order reflection since, as demonstrated in [3],
the performance of VLC systems is minimally affected by
higher-order reflections. The channel gain of the first-order
reflection from the wall surface is expressed as [29]

Pwall %d/@ cos™ (D) cos(£% ) cos(PY)

x cos(&)G(E)T(E), 0 < &Y < Erov
0, & > Erov

wall
H, NLoS —

(19)
where pya denotes the wall’s surface reflection coefficient.
The achievable rate of this proposed scenario can be expressed
by the lower bound [35]

exp(1)

Rwa]l — Bl
VLC 085 o

1+

2
(%RPDCXP(PD) (tHpos¥LcLos + Hﬁfgsl/]LC-NLos))

X
N,B

(20)

To maximize the achievable rate of this scenario, we replace
the objective function of (P0) by (20), and solve the resultant
optimization problem by following the same steps mentioned in
Section III-B.

V. MULTI-USER SCENARIO

To implement this scenario, we assume that the number of
intended users is U and these users are sorted based on their
channel gain H; < Hy < ... < Hy [37]. Also, we utilize the
power domain NOMA scheme to serve these users. According to
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the NOMA scheme, the VLC AP transmits a superposed signal,
x, to serve the intended users, which can be represented as [38]

U
T = (Z \/CuPSSu> + Inc,
u=1

where ¢, and s,, denote the allocated power ratio and the mod-
ulated message signal intended for the u-th user, respectively.
Ps is the electrical transmit power of the signal, which is equal
to (%)2. Ipc is a fixed bias current added to ensure the positive
instantaneous intensity [37]. Based on [38], ¢,, can be expressed

as
=t ifl<u<U
“TVa-0 Y, ifu=U

2n

(22)

where ( is a fixed value in the range (0.5,1] and 25:1 ¢y, = 1.
The received signal at the u-th user, after removing the DC bias,
is given by [38]

U
Yu = Hy X (Z V CuPSSu> + Zu,
u=1

where z, symbolizes the additive real-valued Gaussian noise
with variance o (i.e., 2z, ~ N(0, ¢?)), which includes both the
thermal and shot noises. According to the NOMA scheme, each
user needs to perform successive interference cancellation (SIC)
to decode its information [39]. For simplicity, we assume that
there is no residual interference after performing the SIC process
(i.e., perfect SIC) [40]. Accordingly, the sum rate of the proposed
system can be expressed as

U
Rsum = Z Rua
u=1

(23)

where
exp() (Repexp(I'D) H.,)? ey P
Blog, | 1+= TN, B A<u< U
R, =
2
Blog, 1+CX2P7(FI) (RPDCXP(FJ\Z)E?H) culs u=U
(24)

and I =YV +1(Rppexp(I'D)H,,)?¢; Ps represents the inter-
user interference term resulting from the application of the
NOMA scheme. To maximize the sum rate metric of this sce-
nario, we replace the objective function of (PO) by (24), and
solve the resultant optimization problem by following the same
steps mentioned in Section III-B.

VI. ENERGY EFFICIENCY OPTIMIZATION

The EE has become a widely used performance metric in
VLC systems [10], [41], [42], [43]. The EE can be defined
as the “ratio between the VLC system’s achievable rate and
the total consumed power” and is expressed in Bits/Joule [41].
The achievable rate of the proposed system is provided in
(13). The total consumed power of the proposed system includes,
the power consumed at the transmitter, RIS, and receiver. The
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TABLE 1

SIMULATION PARAMETERS
Parameter | Value Parameter | Value
q)l 2 70° APD 1.0 crn‘
d 2.5 m 7€) 1.0
EFov 85° f 1.5
Pwall 0.8 PRIS 0.95
Na 1.0 Ne 1.7
Mo 1.5 Uth 1.34 V
V0 1.0V D 0.75 mm
A {510,670} nm || res 12 pm/V
B 200 MHz q 3.0
Rpp 0.53 A/W No 10~21A% /Hz
N 2 vV 3
a 2.0 T 400
Ppac 175 mWatt Papc 95 mWatt
Prilter 2.5 mWatt Pbriver 2758 mWatt
Pria 2500 mWatt Pn 100 mWatt
PrCircuit 3250 mWatt PR-Circuit 1.9 mWatt
Ppa 280 mWatt Pic 320 mWatt

consumed power at the transmitter mainly involves the power
consumption of the signal power, digital to analog converter
(DAC), filter, power amplifier, light emitting diode (LED) driver,
and transmitter external circuit. The consumed power at the mir-
ror array-based RIS only includes the power required to rotate
all the elements of the mirror array, since the mirrors are passive
elements. Lastly, the consumed power at the receiver mainly
involves the power consumption of analog to digital converter
(ADC), trans-impedance amplifier (TTA), filter, LC, and receiver
external circuit. Accordingly, the total power consumption of the
proposed system is described by [42], [43]

Pt = Pr + Pris + Pk,

Pr = Ps + Poac + Fritter + Ppa + Pbriver + PrCircuits
Pris = P X K,

Pr = Papc + Pria + FPrier + PLc + PRCircuits (25)

where the power consumption parameters mentioned in (25) can
be quoted from the data sheets of VLC systems. According to
the previous analysis, the EE of the proposed system can be
expressed as

(26)

To maximize the EE metric, we replace the objective function
of (PO) by (26), and solve the resultant optimization problem by
following the same steps mentioned in Section III-B.

VII. SIMULATION RESULTS

In this section, we present detailed numerical results to eval-
uate the performance of the proposed joint mirror array and
LC-based RIS-aided VLC system. A list of the default param-
eters used in this section is provided in Table I. Beyond this
list, based on the findings presented in [30], the azimuth angle,
B, follows a uniform distribution with a value ranging in the
interval [—m, 7]. On the other hand, the polar angle, «, can
be described by using the Laplace distribution with a mean of
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—O * Proposed joint mirror array LC-based RIS-aided VLC system (NLoS+LoS paths)
1.8 | === [8]: LC-assisted VLC system (LoS path)

—E— Proposed joint mirror array LC-based RIS-aided VLC system (NLoS path)
%+ [2] : RIS-assisted VLC system (NLoS path)

Achievable rate (Gbps)

Optical transmit power (Watts)

Fig.2. The achievable data rate performance of the proposed joint mirror array
LC-based RIS-aided VLC system with both a NLoS-path case and a NLoS-plus-
LoS-paths case compared to the following counterparts: (i) LC-based RIS-aided
VLC system [8] with a LoS path, and (ii) RIS-assisted VLC system [2] with a
NLoS path. At x = 510 nm.

41 degrees and a standard deviation of 9 degrees. The polar
angle is typically within the range of [0,5]. The users in the
system are represented as cylinders that have a radius of 0.15
meters and a height of 1.65 meters. The receiver is held by a
user who is positioned at 0.85 meters above the ground and
0.36 meters away from the user’s body. The mirror array-based
RIS consists of 10 rows and 30 columns of mirrors, with each
mirror measuring 0.1 meters by 0.1 meters. Both the dimension
of the considered mirror array-based RIS (in the y-z plane)
and the dimension of the wall of interest (in the x-z plane) is
1.0 m x 3.0 m. The room size is 5.0 m x 5.0 m x 3.0 m and
the VLC AP is positioned at the center of the room ceiling with
a position vector 2.5 m x 2.5 m x 3.0 m. In the simulation of
the NLoS scenario, we set [ to zero. All the parameters used in
this section are quoted from [2], [8], [38], [40], [42], [43].

Fig. 2 compares the achievable data rate performance of the
proposed joint mirror array LC-based RIS-aided VLC system
with both a NLoS-path case and a NLoS-plus-LoS-paths case to
the following counterparts: (i) LC-based RIS-aided VLC system
with a LoS path [8], and (ii) RIS-assisted VLC system with a
NLoS path [2]. It can be observed that, when both the LoS and
NLoS paths are considered, the proposed system achieves up to
115% improvement in the data rate performance compared to
the counterpart in (i). Also, when the LoS path is obstructed,
the proposed system achieves up to 404% improvement in the
data rate performance compared to the counterpart in (ii). This
illustrates that adopting the RIS technology in both the channel
and at the receiver contribute to a significant enhancement of the
VLC system’s achievable data rate.

Fig. 3 shows a convergence analysis of the SCA algorithm for
the proposed system compared to its counterpart of RIS-assisted
VLC system. In this figure, the proposed joint mirror array
LC-based RIS-aided VLC system needs around 4 times more
iterations to converge to the global optimal solution, compared
to its counterpart of RIS-assisted VLC system. This behavior is
expected since the proposed system has a larger search space
compared to its counterpart. Specifically, according to the anal-
ysis provided in Section III-C and the simulation parameters in
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Fig. 3. The convergence curves of the SCA algorithm for the proposed joint

mirror array LC-based RIS-aided VLC system compared to its counterpart of
RIS-assisted VLC system [2]. At p = 2 Watts and A = 510 nm.

=& X =670 nm, Proposed joint mirror array LC-based RIS-aided VLC system (NLoS path)
1.2 | = X = 510 nm, Proposed joint mirror array LC-based RIS-aided VLC system (NLoS path)
—=}==: X = 670 nm, Joint wall-LC-assisted VLC system (NLoS path)
4.4 L%+ X = 510 nm, Joint wall-LC-assisted VLC system (NLoS path) Y

e
-

Achievable rate (Gbps)

<

1 15 2 25 3 35 4
Optical transmit power (Watts)

Fig. 4. The achievable data rate performance of the proposed joint mirror
array LC-based RIS-aided VLC system compared to its counterpart of wall-LC-
assisted VLC system (mentioned in Section IV) for light signals of different
wavelengths.

Table I, one can deduce that the search space (i.e., the overall
worst-case computational complexity that is equal O(NVT))
for the proposed system is double the search space of the
RIS-assisted counterpart.

Fig. 4 compares the achievable data rate performance of the
proposed joint mirror array LC-based RIS-aided VLC system to
its counterpart of wall-LC-assisted VLC system (mentioned in
Section IV) for light signals of different wavelengths. This figure
is simulated for different wavelengths since changing the wave-
lengths influences the data rate performance of the LC-based
RIS-aided receiver. In this figure, changing the wavelength of
the light signals from 510 nm to 670 nm achieves up to 117%
and 118% improvement in the data rate performance for the
proposed joint mirror array LC-based RIS-aided VLC system
and wall-LC-assisted VLC system, respectively. Additionally,
the proposed joint mirror array LC-based RIS-aided VLC system
achieves up to 154% improvement in the data rate performance
compared to its counterpart of wall-LC-assisted VLC system.
This demonstrates how pivotal the integration of the RIS tech-
nology is in improving the performance of VLC systems.

Fig. 5 compares the sum rate performance of the multi-user
scenario (mentioned in Section V) for the proposed joint mirror
array LC-based RIS-aided VLC system to its counterpart of
RIS-assisted VLC system. In this figure, the provided sum rate
results for the multi-user case shows a similar trend compared
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Fig. 5. The sum rate performance of the proposed joint mirror array LC-
based RIS-aided VLC system compared to its counterpart of RIS-assisted VLC
system [2]. At A = 510 nm, ( = 0.6, and U = 4.

to the single intended user case (e.g., see Fig. 2), where the
proposed system achieves up to 196% improvement in the data
rate performance compared to the counterpart in [2]. Also, if
we compare the sum rate performance of the multi-user case, in
this figure, with the rate performance of the single intended user
case reported in Fig. 2, we can notice some rate performance
degradation here. Such a trend is expected for two reasons,
(i) in the adopted multi-user scenario, the NOMA scheme is
utilized to serve the intended users simultaneously at the expense
of introducing an inter-user interference that deteriorates the
rate performance of the VLC system, and (ii) in the adopted
multi-user scenario, the optical transmit power of the VLC AP
is divided between the intended users (as explained in (22)).
Fig. 6 compares the achievable data rate, consumed-power,
and energy efficiency performance of the proposed joint mirror
array LC-based RIS-aided VLC system compared to its coun-
terpart of RIS-assisted VLC system [2] for a different number
of elements in the mirror array-based RIS. In Fig. 6(a), one can
see that the achievable data rate performance of the proposed
system increases steadily and then starts to saturate when the
number of elements in the mirror array-based RIS increases. This
is because adding extra elements in a large mirror array-based
RIS provides marginal gain. A similar trend has been reported
in [9], [20]. Fig. 6(b) shows that the total power consumption
of the proposed system is slightly higher than its counterpart of
RIS-assisted VLC system. The extra power consumption comes
from the inclusion of the LC-based RIS module in the VLC
receiver. From Fig. 6(c), three main observations can be deduced,
(i) as the number of elements in the mirror array-based RIS
increases the system’s EE increases then decreases. Such a trend
in the system can be justified by the following argument: the
increase in the number of elements is reflected as a logarithmic
increase in the system’s achievable data rate (Fig. 6(a)) and as a
linear increase in the total power consumption of the proposed
system (Fig. 6(b)). (ii) Although the proposed system consumes
more power compared to its counterpart of RIS-assisted VLC
system, it achieves up to 284% improvement in the overall EE
performance. (iii) In our proposed system, the best EE perfor-
mance is obtained when the number of elements in the mirror
array-based RIS is one hundred. At this point, the proposed
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Fig. 6. (a) The achievable data rate, (b) consumed-power, and (c) energy

efficiency performance of the proposed joint mirror array LC-based RIS-aided
VLC system compared to its counterpart of RIS-assisted VLC system [2] for
a different number of elements in the RIS mirror array. At p = 2 Watts and
A =510 nm.

VLC system achieves a good trade-off between the achievable
rate improvement and the total consumed power. Fig. 6(c) is
obtained by replacing the objective function of (PO) by (26)
and then optimizing the EE metric by following the same steps
mentioned in Section III-B.

VIII. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

In this article, a novel indoor VLC system that is jointly
assisted by a mirror array-based RIS and an LC-based RIS-aided
VLC receiver to enhance the corresponding achievable data rate
is presented and investigated. The proposed system combats
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the LoS blockage that results from (i) non-user blockers and
(i1) the user’s device orientation (i.e., self-blockage). A rate
maximization problem and an EE maximization problem are
formulated, solved, and evaluated for the proposed system.
These maximization problems jointly optimize the roll and yaw
angles of the mirror array-based RIS as well as the refractive
index of the LC-based RIS-aided VLC receiver. Because the for-
mulated multi-variate optimization problems are non-convex, a
sine-cosine-based optimization algorithm is employed to obtain
the global optimal solution for both problems with very low com-
plexity. Simulation results have revealed that adopting such joint
mirror array LC-based RIS-aided deployment can dramatically
improve the data rate as well as the EE of indoor VLC systems
when compared to baselines of considering (i) only a mirror
array-based RIS, and (ii) a wall-LC-assisted VLC system. Also,
the proposed deployment reveals that it is possible to improve
the data rate and the energy efficiency of VLC systems without
using additional bandwidth resources and transmit power.

Some interesting future research areas include, (i) extending
the proposed system to a hybrid RF/optical wireless commu-
nications (OWC), where RF communications can be utilized
in the uplink to support a complete uplink-downlink system,
(i1) extending the proposed system to a multiple APs deploy-
ment with multi-users, while considering a static/dynamic RIS
configuration [44], (iii) investigating the use of a laser diode
(LD) instead of the white LED used in the proposed system, (iv)
validating the proposed theoretical system using an experimental
test-bed, and (v) considering the illumination constraints and the
human factors of the proposed VLC system.
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