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Abstract: Combined with reconfigurable intelligent surfaces (RISs), visible light communications
(VLCs) can increase the communication performance to a great degree. However, the research into
RIS-aided VLC systems has mainly focused on mirror array-based RISs deployed on the wall while
neglecting liquid crystal (LC)-based RISs in VLC receivers. With the development of advanced
materials, the LC RIS has been gradually attracting attention from researchers. Inspired by the
current research into the LC RIS, the applications of the LC RIS in multiple-input single-output
(MISO) VLC systems are investigated in this paper. We formulate an optimization problem with
asymptotic capacity maximization as the objective function and the refractive index of the LC RIS
as the independent variable. As for this nonconvex optimization problem, we propose the particle
swarm optimization (PSO) algorithm to determine the configuration of parameters for the LC RIS.
The simulation results indicate that the employment of the LC RIS in VLC receivers can raise the
communication performance of the MISO-VLC systems; meanwhile, the proposed algorithm is an
effective way to deal with the optimization problems for LC RIS-based MISO-VLC systems when
compared with the exhaustive search method and a baseline scheme. The LC RIS is also expected to
solve the dead zone problem in traditional VLC systems.

Keywords: visible light communication (VLC); reconfigurable intelligent surface (RIS); asymptotic
capacity; liquid crystals (LC); optimization algorithm

1. Introduction

As candidate technologies for the upcoming sixth generation (6G) wireless communi-
cation, visible light communication (VLC) and reconfigurable intelligent surface (RIS) have
been developed rapidly in recent years to address the shortcomings of the fifth generation
(5G) wireless communication [1]. Specifically, VLC is able to provide a large amount of
unlicensed bandwidth offering abundant communication resources to complement the
scarcity of spectrum resources for radio frequency (RF) communications [2]. Meanwhile,
VLC is considered an environmental and green communication technology due to its ability
to achieve a communication process when the illumination need is satisfied. On the other
hand, RIS is regarded as a prospective technology to enhance communication performance
by its characteristic of manipulating the wireless propagation environment in an intelligent
way in real time [3]. This is a prospective research direction, and the employment of RIS in
RF communication has been investigated recently [4–6].

An RIS can be defined as a metasurface comprised of artificial meta-atoms or a mirror
array composed of low-cost passive reflective elements. Simultaneously, an RIS controller is
integrated into the technology to sense the environment, judge the changes in circumstance,
and make adaptive decisions on the metasurface or mirror array in order to achieve the
changes in the transmission environment intelligently [7,8]. In consideration of the potential
of VLC and the ability of the RIS to enhance communication performance, combined with
the technical bottleneck faced by VLC technology (e.g., high path loss, alignment issues
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with the transmitters and receivers, and high penetration loss [9]), RIS has been widely
applied in VLC systems to obtain a performance gain in the communication process [10–14]
and overcome the shortcomings of VLC [15,16]. The area of VLC RIS mentioned above
has concentrated mainly on the part between the transmitter and the receiver, and the
process is achieved by the mirror array-based VLC RIS deployed on walls, since the VLC
RIS comprised of a mirror array exceeds a metasurface-based VLC RIS [17]. However,
the research into liquid crystal (LC) RISs in VLC receivers for beam steering and light
amplification is sparse and still in the initial stages. Based on the current research on LC
RIS, this paper concentrates on the employment of an LC RIS in MISO-VLC systems to
investigate the benefits LC RIS can bring.

In [18], the authors outlined the effectiveness of LC RIS in increasing the signal-to-
noise ratio (SNR) and enhancing the field-of-view (FoV) in the receiver. With the existence
of etendue reducers composed of convex lenses in traditional VLC receivers, combined
with the reflection at the upper surface of the lens, the transmission process from the
incident light to the photodetector (PD) can produce up to 30% optical intensity losses [19].
The application of convex lenses in VLC receivers limits the transmission capabilities of
VLC systems owing to the reflection process on the surfaces of lenses; consequently, some
methods were examined in [20] to try to steer the incident light dynamically and amplify
the incident light intensity simultaneously. Comparing various methods, the LC RIS is
considered as a low-cost and robust method to overcome the drawbacks faced by traditional
VLC receivers. Specifically, an external voltage is used to reorient the LC molecules to
control the refractive index of the LC RIS. Consequently, the LC RIS is able to steer the
incident light in the VLC receivers, tuning the refractive index dynamically. The work
on realizing LC RIS-based VLC receivers in practical life was conducted in [21–24], and
a practical design for an LC RIS was proposed in [25]. Inspired by the work in [25], we
propose an LC RIS-based MISO-VLC system and formulate an optimization problem with
asymptotic capacity maximization as the utility function. Our main contributions are
as follows.

• An LC RIS-aided MISO-VLC system is proposed with an LC RIS in the VLC receiver
to steer the incident light dynamically; meanwhile, the corresponding asymptotic
capacity in the MISO-VLC system is enhanced after applying the LC RIS;

• For the LC RIS-aided MISO-VLC system, the asymptotic capacity in high SNR with
peak-constrained inputs is derived. Additionally, we formulate an optimization
problem with the asymptotic capacity derived by us as the objective function and
the refractive index of LC RIS as the independent variable. For this nonconvex
optimization problem, we propose a metaheuristic optimization algorithm (particle
swarm optimization algorithm) to determine the optimal refractive index of the LC
RIS according to the environmental changes;

• The simulation results demonstrate that the employment of an LC RIS in VLC receivers
can raise the communication performance of MISO-VLC systems to a greater degree.
Simultaneously, compared with the exhaustive search method, the PSO algorithm is
an effective method to deal with the optimization problems for LC RIS-based MISO-
VLC systems. Meanwhile, we found that there was a significant performance gain
compared with a benchmark scheme (BSch) (randomly selecting a refractive index
of LC RIS) or the MISO-VLC systems with receivers without the LC RIS. In addition,
the LC RIS is expected to solve the dead zone problem in traditional VLC systems
by analyzing the growth rate of communication performance for each location on
the floor.

2. System Model

In this section, an LC RIS-aided MISO-VLC system is modeled, and accordingly, the
channel gain is formulated according to the content in [25]. As shown in Figure 1, an LC RIS-
aided MISO-VLC system is modeled with N transmitters and one PD. In particular, there is
an LC RIS deployed in front of the PD for steering the incident light and amplifying the
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SNR in the receiver. For simplicity, we assume that the transmitters are fixed to the ceiling,
and similarly, the receiver is assumed to be fixed to the floor. Consequently, according to the
locations of the transmitters and receivers, the refractive index of LC RIS can be confirmed.
The cartesian coordinate system is established in the figure, and for simplicity, the norm
vectors of the transmitters and the receiver are perpendicular to the ground. It is assumed
that the room size is xmax × ymax × zmax (m3). This model of the LC RIS-aided MISO-VLC
system is first proposed in this research, and the details of the model are introduced.

Figure 1. A MISO-VLC system with an LC RIS in the receiver.

Before introducing the derivation of the channel gain for the LC RIS-aided MISO-VLC
system, we need to focus on the central part in the transmission process that contributes
considerably to the channel gain to facilitate the analysis of the influence of the LC RISs on
the MISO-VLC systems. To be specific, the transmission process of VLC systems mainly
concentrates on line-of-sight (LoS) transmission links due to the distinct modulation scheme
adopted in the VLC. The application of intensity modulation and direct detection (IM/DD)
guarantees the nonnegativity of input signals, and accordingly, the diffuse reflections from
walls, ceiling, and floor can only produce low responses, which have little influence on the
transmission process [26]. Consequently, we concentrate on the LoS channels and ignore
the diffused reflections for the LC RIS-aided MISO-VLC system in the following content.
The system model of the LC RIS-aided MISO-VLC is characterized by

Y = h>X + Z, (1)

where Y denotes the received signals, h = (h1, h2, . . . , hN)
> represents the channel gain,

X = (X1, X2, . . . , XN)
> is the channel input, and Z ∼ N (0, σ2) denotes the additive white

gaussian noise (AWGN) with σ2 as the variance of the noise. The application of the LC
RIS can reconfigure the channel h by changing the refractive index of the LC RIS. This
process can be realized by applying external voltage to the LC cell. This paper endeavors
to investigate the optimal refractive index of the LC RIS to enhance the communication
performance of LC RIS-aided MISO-VLC systems.

2.1. Channel Gain
2.1.1. Channel Gain through the Air

According to [27], the LoS channel can be modeled as a Lambertian model in traditional
VLC systems. For the LC RIS-aided MISO-VLC system, the i-th LoS transmission path
contains two parts: the propagation via the air and the LC RIS, respectively. The former can
be derived according to the Lambertian model in traditional VLC systems, and the latter
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can be characterized on the basis of the analysis in [25]. Consequently, the i-th channel gain
for the LC RIS-aided MISO-VLC system is expressed as

gi = Gi × αi, 1 ≤ i ≤ N, (2)

where Gi represents the i-th channel gain through the air, and αi denotes the transition
coefficient of the i-th channel through the LC RIS. Meanwhile, αi is correlated with the
angle of incidence from the i-th transmission path and the tunable refractive index of LC
RIS. The former is labeled as ψi, and the latter is denoted by ηc. Finally, the number of
transmitters in the system is represented by N. The channel gain through the air for the
i-th LoS link can be characterized by [27].

Gi =
(m + 1)APD

2πl2
i

cosm(θi) cos(φi)To f (φi)Toc(φi), (3)

where m represents the Lambertian order calculated by the equation m = −1/ log2(cos(ψ1/2)),
with ψ1/2 being the light-emitting diode (LED) half-power semiangle. The physical area of the
PD is denoted by APD, the distance between the i-th LED and the PD is denoted by li, the angle
of the irradiance for the i-th LED is represented by θi, φi represents the angle of the incidence
for the incident light from the i-th LED, and the gain of the optical filter is labeled as To f (φi),
which is usually set as a constant. Toc(φi) denotes the optical concentrator gain correlated with
the FoV labeled as ΦFoV and the internal refractive index in the PD labeled as a. Specifically,
the gain of the optical concentrator can be expressed as

Toc(φi) =

{
a2/ sin2 ΦFoV, 0 ≤ φi ≤ ΦFoV,
0, otherwise,

(4)

where ΦFoV is satisfied by ΦFoV ≤ π
2 . The transition coefficient of the i-th channel through

the LC RIS αi is discussed in the following according to the work in [25].

2.1.2. The Transition Coefficient through the LC RIS

As shown in Figure 2, the propagation process of light through the LC RIS is displayed.
According to Fresnel’s law, the quantification of the reflected light at the upper surface of
the LC RIS for the i-th channel can be expressed as [28]

Rin(φi, δi) =
1
2
(

η cos φi − cos δi
η cos φi + cos δi

)2 +
1
2
(

cos φi − η cos δi
cos φi + η cos δi

)2, (5)

where the relative refractive index of the air with respect to the LC RIS is represented by
η = ηc/ηa. The refractive index of the air is denoted by ηa, and the LC RIS is labeled as ηc.
According to Snell’s law, we can obtain ηa sin φi = ηc sin δi, and the amount of the reflected
light can be further derived as

Rin(φi) =
1
2
(

η2 cos φi −
√

η2 − sin2 φi

η2 cos φi +
√

η2 − sin2 φi

)2 +
1
2
(

cos φi −
√

η2 − sin2 φi

cos φi +
√

η2 − sin2 φi

)2. (6)

We assume there is no light absorbed on the surface of the LC RIS, and conse-
quently, the amount of the refractive light through the LC RIS can be characterized by
Tin(φi) = 1− Rin(φi). Meanwhile, the transition coefficient for the refracted process from
the air to the LC RIS is given by

αin
i = (η)2Tin(φi). (7)
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Similarly, the transition coefficient for the refracted process from the LC cell to the air
is given by

αout
i = (η1)

2Tout(δi), (8)

where η1 = ηa/ηc is the relative refractive index, Tout(δi) = 1− Rout(δi) represents the
amount of the refractive light from the LC cell to the air, Rout(δi) denotes the the amount of
the reflected light expressed as

Rout(δi) =
1
2
(

η2
1 cos δi −

√
η2

1 − sin2 δi

η2
1 cos δi +

√
η2

1 − sin2 δi

)2 +
1
2
(

cos δi −
√

η2
1 − sin2 δi

cos δi +
√

η2
1 − sin2 δi

)2; (9)

finally, the PD detects the refracted light existed from the LC RIS, and the final transition
coefficient of the i-th channel through the LC RIS is

αi = αin
i × αout

i = Tin(φi)× Tout(δi). (10)

From the derivation mentioned above, we can know that the overall transition coef-
ficient for the i-th incident light is correlated with the refractive index of LC RIS and the
angle of the incidence for the incident light from the i-th LED. The angle of the incidence is
usually related to the location of the receiver in the VLC after fixing the locations of the
transmitters. In addition, the LC RIS can change the refractive index dynamically according
to the environmental changes by applying an external voltage ve, as shown in Figure 2. The
applied voltage can change the tilt angle specifying the molecular orientations of the LC
RIS and, accordingly, influence the refractive index. Figures 3 and 4 indicate the molecular
orientations of the LC RIS cell before and after the external voltage is applied, respectively.
Specifically, the tilt angle can be characterized by

ε =

{
π
2 − 2arctan[exp(− ve−vth

v0
)], ve > vth,

0, ve ≤ vth,
(11)

where vth denotes the threshold voltage that allows the tilt process of the molecule to begin,
v0 denotes a constant, and ε represents the tilt angle. Meanwhile, the relationship between
the tilt angle ε and the refractive index of LC RIS ηc is given by [29].

1
η2

c (ε)
=

cos2 ε

η2
up

+
sin2 ε

η2
low

, (12)

where ηup and ηlow are the upper and lower limit of the tunable refractive index for the LC RIS.

Figure 2. The detail of the propagation through the LC RIS.
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Figure 3. The molecular orientation of the LC RIS before applying the voltage.

Figure 4. The molecular orientation of the LC RIS after applying the voltage.

2.2. Amplification Coefficient

The light traveling through the LC RIS can be amplified with the application of external
voltage [25], as shown in Figure 2. From the figure, we observe that the light intensity from
the LC RIS, labeled as L3, was greater than the incident light intensity entering the LC RIS,
labeled as L1. The amplification gain for the i-th channel can be expressed as [25]

βi = αi × exp(Υid), (13)

where d is the depth of the LC cell, and Υi is the negative absorption coefficient of the i-th
channel for the LC RIS expressed as

Υi =
2πveη3

c
λd cos φi

γ, (14)

where the wavelength of the incident light is denoted by λ, and the electro-optical conver-
sion coefficient is represented by γ.

Consequently, the overall transmission gain can be characterized by

hi = gi × βi = Gi × αi × exp(Υid), 1 ≤ i ≤ N. (15)

Consequently, we see that the dynamic change in the refractive index can influence
the overall transmission channel and enhance the communication performance from the
derivation above.
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3. Asymptotic Capacity Optimization

The asymptotic capacity with peak-constrained inputs for the LC RIS-aided MISO-
VLC system is formulated in this section. Meanwhile, the tunable refractive index of the
LC RIS is considered as an independent variable to optimize the asymptotic capacity. This
section formulates the optimization problem, and accordingly, a metaheuristic algorithm is
proposed to confirm the optimal refractive index.

3.1. Asymptotic Capacity Maximization Problem

The asymptotic capacity for the LC RIS-aided MISO-VLC system shaped like Figure 1
can be given by [30].

R(ηc) = lim
A→∞

1
2

log(
(∑N

i=1 hi)
2A2

2πexp(1)σ2 ), (16)

where the peak-power constraint for the input signal is denoted by A. From the derivation
in (15), we see that the tunable refractive index of the LC RIS can only influence the overall
transmission gain hi, and consequently, we can formulate the optimization problem as

max
ηc

N

∑
i=1

hi

s.t. ηlow ≤ ηc ≤ ηup.

(17)

The problem is a highly nonconvex optimization problem, and consequently, it is
difficult to solve the problem by adopting traditional algorithms. Hence, the particle
swarm optimization (PSO) algorithm is proposed to solve the problem in our work. The
PSO algorithm is a metaheuristic optimization algorithm leveraged to solve nonconvex
problems. The principle of this algorithm is to simulate the foraging behavior of birds in a
constrained search area [31]. In the following, a description of this algorithm’s specifics is
provided.

3.2. Proposed Solution Algorithm

This paper adopts the PSO algorithm to deal with the optimization problems. For the
practical problem proposed above, the location of each particle represents one possible
value of the tunable refractive index. The searching space of the particle swarm is the set of
all the possible values for the refractive index. The optimality of each particle is measured
by the calculated value according to the objective function in (17). The location and velocity
of one particle is updated iteratively to search for the optimal solution of the problem;
meanwhile, the updating process should obey the laws characterized by

vt+1
i = ωvt

i + c1r1(xt
i,pbest − xt

i) + c2r2(xt
i,gbest − xt

i), (18)

xt+1
i = xt

i + vt+1
i , (19)

where the velocity of the i-th particle in the swarm, at the t-th iteration, is represented
by vt

i , and the best-recorded location of the i-th particle, until the t-th iteration evolution,
is denoted by xt

i,pbest, and xt
i,gbest denotes the best-recorded location of the entire particle

swarm until the t-th iteration evolution. Furthermore, ω is considered as the inertia weight,
c1 and c2 are the acceleration constants (also known as “learning factors”), and r1 and r2
denote randomly selected constants subject to a uniform distribution in [0, 1]. Meanwhile,
the constraint on velocity needs to be imposed to prevent missing the ideal solution due
to excessive velocity or a delay in achieving the final solution caused by the stagnant
updating velocity for particles. Consequently, the velocity of the updating process meets
vt

i ⊆ [−vmax, vmax], where vmax is the maximum updating velocity set for each particle. All
the vectors mentioned above have K elements, and K is the dimension of the independent
variable for the optimization problems. According to (17), we see that the dimension of
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the vector is reduced to a one-dimensional variable (i.e., K = 1). Algorithm 1 indicates the
pseudocode of the PSO algorithm.

Algorithm 1 The PSO Algorithm for Asymptotic Capacity Maximization

Input: Size of the particle swarm I ; maximum iterations tmax.
1: Set: Constraints on velocity and location ηlow, ηup,−vmax, vmax; objective function in

(17); inertia weight ω; acceleration constrants c1, c2.
2: Initialization: Location of each particle xi = ηi

c ⊆ [ηlow, ηup], 1 ≤ i ≤ I ; velocity of
each particle: vi ⊆ [−vmax, vmax], 1 ≤ i ≤ I ; the best-recorded location for the i-th
particle: xi,pbest, 1 ≤ i ≤ I ; the best-recorded location for the particle swarm: xi,gbest; all
the initial values are satisfied with the constraints mentioned above.

3: While t ≤ tmax
4: While 1 ≤ i ≤ I
5: Refresh: The velocity and location of the i-th particle based on (18) and (19);
6: Calculate: The corresponding fitness according to the objective function in (17);
7: If the fitness of xt+1

i is larger than the fitness of Xt
i,pbest

8: Choose: xt+1
i as the the i-th particle’s best-recorded location;

9: End If
10: If the fitness of xt

i,pbest is larger than that of xt
gbest

11: Choose: xt
i,pbest as the particle swarm’s best-recorded location;

12: End If
13: End While
14: End While
15: return η∗c = xtmax

gbest and the corresponding optimal fitness of the particle swarm.

Output: The best location of the particle swarm η∗c = xtmax
gbest; the optimum value for the

objection function.

3.3. Complexity Analysis

We consider the computational complexity of the proposed algorithm in this sub-
section. Firstly, the same number of operations is needed for the process of generating
the initial particle and the initial velocity, characterized by O(KI), where I represents
the size of the particle swarm, and K denotes the dimension of the independent variable.
Hence, the process of initialization needs O(KI) +O(KI) = O(KI) operations. There are
I operations required to calculate the best-recorded location for each particle; meanwhile,
the same number of operations is demanded to select the best-recorded location of the
particle swarm. Secondly, the updating process for locations and velocities of the particle
swarm needs O(KI tmax) operations at most, where tmax denotes the maximum iterations.
It requires O(I tmax) operations at most to calculate the historically optimal fitness of each
particle; meanwhile, the same number of operations is needed to select the best-recorded
position of the particle swarm according to the updated particles. Consequently, the
computational complexity for the whole updating process in the worst-case scenario is
O(KI tmax). Finally, the overall computational complexity of the proposed algorithm is
O(KI) +O(KI tmax) ≈ O(KI tmax).

4. Simulation Results and Analysis

Some simulations are detailed in this section to demonstrate the availability of the
proposed algorithm in searching for the optimal value of the tunable refractive index for
the LC RIS in MISO-VLC systems; meanwhile, we visualize the improvement provided by
the LC RIS in the communication performance for the MISO-VLC systems.

4.1. Simulation Parameters

A 5× 5× 3 (m3) room and 3× 1 LC RIS-aided MISO-VLC system were considered in
our simulations. We assumed the location of the PD was randomly chosen and satisfied
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with uniform distribution on the floor to guarantee the generality. Meanwhile, we chose
the most probable locations in our daily life as the positions of the LEDs. The parameters
in Algorithm 1 were set as I = 10 and tmax = 30. The remaining values of the simulation
parameters are summarized in Table 1.

Table 1. Simulation Parameters.

Name of Parameter Value

ψ1/2 70◦

APD 1 cm2

a 1.5

ΦFoV 80◦

To f (φi) 1.0

γ 12 pm/V

ηup 1.7

ηlow 1.5

ηa 1.0

v0 0.8 V

vth 1.2 V

d 0.80 mm

σ2 1× 10−14

xmax × ymax × zmax (m3) 5× 5× 3 (m3)

4.2. Simulation Results
4.2.1. Convergence Analysis for the Proposed Algorithm

The convergence process of the proposed algorithm with different wavelengths of the
transmission lights is displayed in Figure 5. The maximization of the asymptotic capacity
for different wavelengths was achieved through the PSO algorithm with several iterations.
By analyzing the results displayed in the figure, we see that the convergence rate of the
proposed algorithm was fast enough to search for the optimal solution for the optimization
problem proposed in the paper.
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Figure 5. The convergence process of Algorithm 1 with different wavelengths of the light beams.
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4.2.2. Asymptotic Capacity Performance Gain for the Optimal Design of LC RIS versus a
Baseline Scheme

Figure 6 shows the asymptotic capacity performance gain for the optimal refractive
index of LC RIS versus a randomly selected refractive index of LC RIS. The latter was
considered as the baseline scheme for comparison. We chose the location of the PD ran-
domly to guarantee generality. Meanwhile, the wavelength of the transmission light signal
and the assignment scheme of the tuning refractive index for the LC RIS were changed to
investigate the influence of the optimization algorithm and the wavelengths of the light
signals on the communication performance for the LC RIS-aided MISO-VLC system. In this
figure, “no-LC RIS” means that the receiver of the system was organized by an ordinary
receiver containing a convex lens, “LC RIS-aided BSch” indicates that the LC RIS was
tuned according to a baseline scheme, and the refractive index in this scheme was selected
randomly from all the feasible values. “LC RIS-aided: PSO” represents that the refractive
index was calculated by the proposed algorithm (the PSO algorithm). The difference among
the wavelengths of transmission light signals is distinguished by different colors.

10 11 12 13 14 15 16 17 18 19 20

A [dB]
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 [
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no-LC RIS
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=550nm, BSch

=670nm, BSch

=510nm, PSO

=550nm, PSO

=670nm, PSO

LC RIS-aided: BSch

LC RIS-aided: PSO

Figure 6. Asymptotic capacity versus SNR with different schemes.

By comparing the “no-LC RIS” and “LC RIS-aided” curves from the figure, we see
that the communication performance for the MISO-VLC systems was improved with
the application of the LC RIS. Meanwhile, for the problems shaped as (17), the figure
demonstrates that the PSO algorithm was an effective method. The proposed algorithm
solved the nonconvex problem with several iterations, and the results provided by the PSO
algorithm were much better than the BSch algorithm.

4.2.3. Growth Rate of the Performance versus the Position of the Receiver

Figure 7 shows the growth rate of the communication performance versus the po-
sition of the receiver after fixing the locations of the transmitters. We assumed that the
wavelengths of the transmission lights were constant; meanwhile, the tunable refractive
index of the LC RIS was calculated by the proposed algorithm according to the position of
the receiver to confirm the optimal performance of the RIS. The growth rate in the corner
of the room was higher than other locations, as shown the figure. This is a meaningful
result, since the corner in indoor VLC systems is usually a dead zone (the area that the light
cannot illuminate), and the quality of service in the corner is usually weak. Consequently,
the application of the LC RIS improved the communication quality and solved the dead
zone problems of the traditional VLC systems.
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Figure 7. Growth rate versus the position of receiver.

5. Conclusions and Future Research Directions

In this paper, an LC RIS-aided MISO-VLC system was first proposed, and an opti-
mization problem with the tunable refractive index of LC RIS as the optimization variable
was formulated accordingly. We considered the asymptotic capacity as the criterion char-
acterizing the communication performance of the newly-established system model. As
for the nonconvex optimization problem given in this paper, instead of adopting the ex-
haustive search method, the PSO algorithm was considered as the proper algorithm to
solve the optimization problem. The simulation results demonstrated that the proposed
algorithm was an effective approach to solve the proposed optimization problems, and
the optimal refractive index of the LC RIS was found with several iterations. Meanwhile,
compared with other assignment schemes for the LC RIS (random selection or no LC RIS),
the refractive index calculated by the PSO algorithm helped the LC RIS-aided MISO-VLC
system to maximize the communication performance improvement. Finally, we conducted
simulations, which indicated that the application of the LC RIS improved the growth rate
of the communication performance in the corner of the room moreso than other locations,
which is an excellent result that contributes to solving the dead zone problems of traditional
VLC systems.

The application of the RIS in VLC systems usually focuses on one type of RIS such
as an LC RIS or a mirror-array-based RIS. However, the combination of different types
of RIS may enable better performance improvement for traditional VLC systems. In the
future, we would like to combine the mirror-array-based RIS deployed on walls and the LC
RIS deployed in the receiver to achieve better communication performance for traditional
VLC systems.
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