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Abstract—In the design of reconfigurable intelligent surfaces
(RISs)-aided visible light communication (VLC) systems, most
studies have focused on the deployment of mirror arrays and
metasurfaces on walls to influence signal propagation and enhance
communication performance. This paper provides a new research
direction in the design and performance optimization of RIS-aided
VLC systems whereby voltage-controlled tunable liquid crystals
(LCs) are deployed as part of the VLC receiver. The purpose
of the LC RIS is to provide incident light steering and intensity
amplification in order to improve the received signal strength and
the corresponding achievable data rate. More specifically, an LC
RIS-based VLC receiver design is proposed and its operating prin-
ciples and the channel model for a VLC system with such a receiver
are provided. Since the refractive index of the LC RIS plays a
critical role in the wave-guiding and light amplification capabilities
of this novel receiver, a rate maximization problem is considered
to achieve the optimal refractive index and the required voltage
to obtain the best light amplification and data rate performances.
This communication design problem is a non-convex optimization
problem for which a metaheuristic approach is developed based on
the sine-cosine algorithm. Simulation results are used to confirm the
considerable data rate improvement by the proposed LC RIS-based
VLC receiver and optimization algorithm when compared to a VLC
receiver without the LC RIS and a baseline scheme, respectively.

Index Terms—Reconfigurable intelligent surface, visible light
communication, liquid crystals, light amplification, metaheuristic.

I. INTRODUCTION

V ISIBLE light communication (VLC) has emerged as a
disruptive technology that promises low-cost implemen-

tation, huge unlicensed bandwidth and high data rate to com-
plement radio frequency-based communication systems. VLC
has sparked the interest of the research community and the
industry in recent years and is envisioned as a key evolution-
ary technology to enable ultrahigh data rate (potentially up to
100 Gb/s) in beyond fifth generation systems [1]. Inspired by the
promising advantages of VLC, significant research efforts have
been devoted to its design and performance analysis and can
be categorized into areas such as network architecture design,
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user mobility, transmitter and receiver designs, access point (AP)
assignment and resource allocation, interference management,
and reconfigurable intelligent surfaces (RISs)-aided design [2],
[3], [4]. Although the aforementioned areas are equally impor-
tant in enhancing the performance gain of VLC systems, there
has been few studies on the design and performance analysis of
VLC receivers with light steering and amplification capabilities
that can significantly improve the received signal-to-noise ratio.
That is the focus of this paper.

A typical VLC receiver (i.e., ordinary VLC receiver) is com-
posed of a convex lens and a photodetector (PD) characterized by
a small physical area, APD, and a field-of-view (FoV). In VLC,
the incoming light from the source must fall within the FoV of
the PD in order to successfully recover the transmitted data. To
achieve that, ordinary VLC receivers use convex lens as etendue
reducers to collect and focus the incoming light onto the PD.
However, as discussed in [5], the use of a convex lens can result
in up to 30% losses in the incident light power due to reflection
at the len’s upper surface. Moreover, convex lenses cannot
dynamically steer the impinging light beam and, as a result, can
limit the detection capabilities of the receiver, especially when
the angle of incidence is large. As examined in [6], methods such
as (i) extending a flexible matrix with dielectric nano-resonators,
(ii) modifying the phase of an amorphous crystalline transition
in a chalcogenide, and (iii) ultra-fast switching of mie-resonant
silicon nano-structure, are among the various ways of steering
incoming beam. However, such methods typically weakly affect
the refracted beam, even at high optical intensity.

Motivated by the numerous appealing functionalities and low
cost of RISs, the idea of using liquid crystal (LC) as an RIS
to overcome this specific drawback and amplify the incident
light power, without using power amplifiers, has recently been
proposed in [5], [6]. The LC RIS has electronically tunable
physico-chemical properties (e.g., the refractive index) that can
be controlled by re-orienting the LC molecules via an external
electrical field. By tunning the physico-chemical properties, the
LC RIS can steer any incident light beam such that the refracted
beam falls within the FoV of the PD. However, the realization
of such an LC RIS-based VLC receiver is still far from practice
as there has been limited research on it. In [7], [8], [9], [10],
the authors demonstrated the use of LCs as dynamic optical
filters for ambient light and interference suppression in different
VLC and visible light positioning scenarios. This paper, for the
first time, proposes a practical design for LC RIS-based VLC
receivers with light steering and amplification capabilities, and
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a framework to optimize its communication performance. The
main contributions are summarized as follows:
� A novel LC RIS-based receiver technology is proposed to

enhance the received signal strength and the corresponding
achievable rate in VLC systems.

� A channel model for the LC RIS-based receiver is pro-
posed and the equation characterizing the achievable rate
is derived. In addition, mathematical expressions for the
incident light amplification are provided.

� A framework to optimize the performance of the new
LC RIS-based receiver is presented. To the best of the
authors’ knowledge, this is the first channel modelling and
optimization framework for an LC RIS-based receiver.

� Simulation results are presented to demonstrate the signif-
icant performance gains of the LC RIS-based receiver and
the proposed optimization algorithm, respectively, when
compared with an ordinary receiver and a benchmark
scheme (BSch).

The rest of the paper is organized as follows. Section II
describes the system and channel models for a VLC system
with an LC RIS-based receiver. Section III formulates the data
rate optimization problem and proposes a solution to tune the
refractive index of the LC RIS to yield the optimal data rate
performance. In Section IV, simulation results are reported and
final conclusions are drawn in Section V.

II. SYSTEM AND CHANNEL MODEL

This section describes the indoor VLC environment and de-
tails the structure of the LC RIS-based receiver and its channel
model. Finally, the principle of incident light amplification for
this receiver is presented and the expression for the amplification
coefficient is derived.

A. LC RIS-Based Receiver

We consider the downlink of an indoor VLC system composed
of a VLC-enabled ceiling light emitting diode array (i.e., a VLC
AP) and a user equipped with a nematic LC RIS-based VLC
receiver as depicted in Fig. 1(a). In this figure, the LC RIS-
based receiver differs from an ordinary VLC receiver, which
is typically composed of an optical filter, optical concentrator,
and a PD by having an LC RIS module placed right in front
of the PD. Similar to the LC RIS module structure in [5], [6],
it is composed of tin oxide nanodisks with LC infiltration (i.e.,
the LC cell) sandwiched by different layers of thin materials.
These layers are the anti-reflection polarizer for filtering any
incoming light, a glass substrate for generating the preferred
direction of orientation for the LC molecules, indium tin oxide
to assist with heat production and control, and a photoalignment
film for guiding light beam through the LC cell.

Fig. 1(b) describes the geometry of light propagation inside
the LC cell when an external voltage, ve, which is greater than
the threshold voltage, vth, is applied. In this figure, the emitted
optical signal from the AP, denoted as L1, travels through the
air medium (i.e., the VLC channel) with a refractive index ηa
and incidents on the interface between air and LC cell at an
angle ϕ. Since no light is absorbed at this interface, part of the

Fig. 1. VLC system model with LC RIS-based receiver: (a) VLC transmission
system with a single AP and LC RIS-based receiver; (b) Geometry of optical
signal propagation through the LC cell.

optical signal L1 gets reflected while the remaining signal, L2,
undergoes refraction, at an angle θ, as it propagates through the
LC cell with thicknessd and refractive index ηc. The propagation
characteristics (e.g., direction and intensity) of the optical signal
as it travels through and exits the LC cell can be controlled
through an eletric field-induced molecular reorientation which,
in turn, causes changes in the refractive index ηc. Thus, the
refractive index is the main parameter that offers the LC RIS
its wave-guiding capability.

B. Channel Model

The channel model for the line-of-sight (LoS) communica-
tion in the system model in Fig. 1(a) can be described by the
signal propagation through air and the LC cell, with the former
represented by the direct current (DC) gain and the latter by the
transition coefficient. Mathematically, it can be given as

H = GLoS × αLC, (1)

where H is the channel gain between the AP and the receiver,
GLoS represents the DC gain of the LoS link between the AP and
the LC RIS module, and αLC denotes the transition coefficient.
The LoS channel gain can be expressed as

GLoS =
APD (m+ 1)

2πl2
cosm (Φ)T (ϕ)G (ϕ) , (2)

where APD is the area of the PD, m = −log2(cos(φ1/2))
−1,

is the Lambertian emission order with φ1/2 being the LED’s
semi–angle at half power, l is the distance between the AP and
the receiver, Φ represents the angle of irradiance, ϕ is the angle
of incidence, T (ϕ) is the gain of the receiver’s optical filter,
G(ϕ) = f2

sin2ϕ
, 0 ≤ ϕ ≤ ϕFoV, is the gain of the non-imaging
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concentrator with an internal refractive index f . ϕFoV ≤ π
2 is

the FoV of the PD.
The transition coefficient quantifies the impact that the LC

RIS module has on the overall channel gain. This coefficient
can be obtained by analysing the propagation of light as it enters
the LC RIS, travels through the LC cell and exits it. Assuming an
un-polarized incident light, the angular reflectance – specifying
the amount of any incident light Ii that gets reflected by the LC
RIS – can be determined according to the Fresnel’s equation [11]

Rac (ϕ, θ) =
1

2

(
η cosϕ− cos θ

η cosϕ+ cos θ

)2

+
1

2

(
cosϕ− η cos θ

cosϕ+ η cos θ

)2

,

(3)
where η = ηc/ηa is the relative refractive index, and Rac is the
angular reflectance at the LC RIS. By using the Snell’s law,
ηa sinϕ = ηc sin θ, the angular reflectance can be given as a
function of the angle of incidence ϕ as

Rac (ϕ) =
1

2

(
η2 cosϕ−

√
η2 − sin2 ϕ

η2 cosϕ+
√

η2 − sin2 ϕ

)2

+
1

2

(
cosϕ−

√
η2 − sin2 ϕ

cosϕ+
√
η2 − sin2 ϕ

)2

. (4)

Since no light is absorbed at the interface between air and the LC
RIS, the angular transmittance, Tac, representing the amount of
the incident light that is being refracted through the LC RIS can
be given as Tac(ϕ) = 1−Rac(ϕ) and the resulting refracted
radiance that propagates through the LC cell is

Ir = (η)2 Tac (ϕ) Ii. (5)

As the light signal exits the LC RIS, it gets attenuated by the
angular reflectance

Rca (θ) =
1

2

⎛
⎝η21 cos θ −

√
η21 − sin2 θ

η21 cos θ +
√

η21 − sin2 θ

⎞
⎠

2

+
1

2

⎛
⎝cos θ −

√
η21 − sin2 θ

cos θ +
√

η21 − sin2 θ

⎞
⎠

2

, (6)

where η1 = ηa/ηc and corresponding angular transmittance Tca

can be obtained as Tca(ϕ) = 1−Rca(ϕ). The refracted radi-
ance that is detected by the PD can therefore be given as

Ie = (η1)
2 Tca (θ) Ir. (7)

By substituting (5) in (7),

Ie = (η1)
2 Tca (θ)× (η)2 Tac (ϕ) Ii, (8)

from which the transition coefficient αLC can be obtained as

αLC = Tca (ϕ)× Tac (θ) . (9)

It can be observed from (9) that the transition coefficient can
be optimized by tunning the refractive index ηc of the LC RIS.
Tunning ηc involves varying the tilt angle ξ that specifies the

molecular orientation of the LC cell. The relationship between
the refractive index and the tilt angle can be expressed as [12]

1

η2c (ξ)
=

cos2 ξ

η2e
+

sin2 ξ

η2o
, (10)

where ηc(ξ) is the refractive index of the LC for the given
tilt angle ξ, and ηe and ηo are the extraordinary and ordinary
refractive indices of the LC. However, the tilt angle is controlled
by an externally applied voltage and this relationship can be
characterized by

ξ =

{
0, ve ≤ vth
π
2 − 2 tan−1

[
exp

(
− ve−vth

v0

)]
, ve > vth,

(11)

where ve is the externally applied voltage, vth is a critical voltage
at which the tilting process begins, and v0 is a constant. Since ξ
is controlled by the voltage applied to the LC cell in accordance
with (11), the LC cell can be readily used as a voltage controlled
RIS that can manipulate the propagation of light by adjusting
its refractive index and the refraction angle to steer the incident
light beam.

C. Amplification Gain Coefficient

This subsection details how the LC RIS module can be used
to provide light amplification and enhance signal reception as
depicted in Fig. 1(b). It can be observed from this figure that
the intensity of the light emerging from the LC module at the
refraction angleχ, labelledL3, is greater than the intensity of the
incident light, L1. This light amplification occurs as a result of
stimulated emission where incident photons interact with LC’s
molecules excited by an external voltage causing them to drop
to a lower energy level to create new photons that are coherent.
When an optical signal of intensityL1 travels through an LC cell
of depth d that has undergone population inversion, the intensity
of the output beam L3 can be given by the Beer’s absorption
law [13], however, with a negative absorption coefficient Γ as
given in (12). In this equation, Γ denotes the amplification gain
coefficient and the term exp(Γd) represents the ‘e-fold’ increase
of the intensity of the incident light.

L3 = L1 × exp (Γd)× αLC. (12)

According to the dynamic two-wave coupling theory, the ampli-
fication gain coefficient can be expressed as [14], [15]

Γ =
2πη3c

λ cosϕ
reffE, (13)

where λ is the wavelength of the transmitted light, reff is the
electro-optic coefficient, and E [V /m] is the externally applied
electric field. It can be observed from (13) that the wavelength
of the light beam, the refractive index of the LC RIS, and the
applied voltage affect the amplification gain of the LC RIS.
To that end, those values must be carefully selected to ensure
optimum performance.
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III. ACHIEVABLE RATE OPTIMIZATION

A. Rate Maximization Problem

The achievable rate of the RIS-aided VLC system in Fig. 1(a)
is given by the lower bound on the channel capacity [16]

RLC = B log2

(
1 +

exp(1)

2π

((P/q) exp (Γd)RPDH)2

NoB

)
,

(14)
where B, P , q, RPD, and No denote the information carry-
ing bandwidth, the optical power, the ratio of the transmitted
optical power to the electrical power, the responsivity of the
PD, and the power spectral density of noise, respectively. This
paper proposes to optimize (14) by intelligently controlling the
refractive index, ηc, of the LC cell. For the optimal refractive
index η∗c , the required tilt angle of the LC molecules and the
corresponding external voltage can be determined from (10) and
(11), respectively. This data rate optimization design problem
can be formulated as

max
ηc

RLC

s.t.
C1 : 1.5 ≤ ηc ≤ 1.7,

(15)

where the constraint C1 represents bounds on the refractive
index of a typical off-the-shelf LC E7 (Merck) [17], [18]. The
optimization problem given in (15) is highly non-convex and
cannot be approached by traditional optimization algorithms.
To that end, a metaheuristic solution method based on the sine-
cosine algorithm (SCA) is levaraged to find the suitable refrac-
tive index for the optimal data rate performance. The motivation
for exploiting the SCA compared to other metaheuristics is its
several advantages, such as a straightforward approach, ease
of implementation, superior convergence property, and local
optima avoidance. The proposed SCA-based solution is detailed
in the following subsection.

B. Proposed Solution Approach

The SCA is a population-based metaheuristic introduced
in [19] and recently applied in [20]. It solves optimization
problems by randomly generating initial candidate solutions and
causing them to iteratively shift towards the optimal solution
using a sine-cosine-based mathematical model. At the start of
the algorithm at iteration t, I search agents, whose positions
represent various potential solutions to the problem (15), are
randomly deployed within the boundary of the solution space.
The fitness of the agents is assessed via the objective function
(14), and the fittest agent is designated as the destination point
Dt. At the t+ 1-th iteration, each agent updates its solution
using

st+1
i =

{
sti + r1 × sin (r2)× |r3Dt − sti| if r4 < 0.5,

sti + r1 × cos (r2)× |r3Dt − sti| if r4 ≥ 0.5,

(16)
where sti represents the solution at t-th iteration for agent i,
st+1
i is the current solution, and | · | denotes an absolute value.

The parameters r1, r2, r3, and r4 take on pseudo-randomly

Algorithm 1: The Proposed Algorithm for Rate
Optimization.

Input: I , T , and a;
Stage one
Set t = 0;
Initialize the set of random solutions (i.e., agents) sti, ∀i;
Evaluate the fitness of each solution by the objective
function (14);

Select the best solution as Dt;
Stage two
Set t = 1
while no convergence do

Update the parameters r1, r2, r3, and r4;
Update the solutions sti, ∀i using (16);
Check for agents that violate constraint C1;
Update Dt if there is any better solution;
Set t = t+ 1;

end while
Output: η∗c = si∗ , where i∗ is the agent and η∗c denotes
the global optimum. The external voltage required to
obtain η∗c can be determined from (10) and (11).

generated numbers that influence the search procedure of the
algorithm and the current and best solution positions. More
specifically, r1 denotes the direction of the agents’ next move-
ment in the search space and can be obtained as

r1 = a− t
a

T
, (17)

with a and T being a constant value and a predetermined maxi-
mum iteration number, respectively. The parameter r2 ∈ [0, 2π]
dictates to what extent the movement should be towards or
outwards from the destination point. The parameter r3 ∈ [0, 2]
controls the influence of the destination point on how far the cur-
rent solution should be from it. Finally, the parameter r4 ∈ [0, 1]
equally switches between the sine and cosine search paths as
indicated in (16). The fitness of the agents is determined using
(14), and the fittest agent so far becomes the new destination
point. The algorithm repeats the steps mentioned above until
a stopping criterion (e.g., the maximum iteration number or
the precision of the global optimal solution) is satisfied. The
proposed SCA-based procedure is summarized in Algorithm 1.

C. Computational Complexity Analysis

The computational complexity of the proposed solution
mainly depends on the tasks performed in stages one and two.
The tasks of generating the initial set of random solutions, eval-
uating their fitness, and selecting the destination point require
O(I) operations each. Hence, the computational complexity of
stage one can be given as O(I). The computational complexity
of the second stage, which involves updating the agents’ solution
using to (16), evaluating their fitness via (14), and updating Dt

isO(IT ). The overall worst-case computational cost for solving
(15) using Algorithm 1 is O(I) +O(IT ) ≈ O(IT ).
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TABLE I
SIMULATION PARAMETERS

Fig. 2. Transition coefficient versus angle of incidence for LC RIS with
different refractive index.

IV. SIMULATION RESULTS

Without loss of generality, a 5 m × 5 m × 3 m room size, a
single AP and one user are considered. The AP is deployed
at 2.5 m × 2.5 m × 3 m while the position of the user is
random and according to a uniform distribution. The values for
the parameters I and a are set to 2 and the rest are summarized
in Table I.

Fig. 2 shows the influence of the angle of incidence, ϕ, on the
transition coefficient, αLC, of an LC RIS for different values of
the refractive index ηc. It can be observed that αLC decreases
with an increase in ηc for any given ϕ. Moreover, the intensity
of the refracted light gradually decreases with an increase in the
angle of incidence until ϕ = 60◦ and then starts decreasing at
a steeper rate for increasing values of ϕ. The reason is that, for
values of ϕ above 60◦, the light beams L1 and L2 approach the
refraction limit and, as a result, a greater proportion of L1 gets
reflected and less amount gets refracted. This figure reveals that
αLC is mainly impacted by the angle at which the transmitted
light impinges on the LC RIS as well as the value of the refractive
index. Since αLC affects the overall channel gain as given in (1),
it is important to ensure that ϕ does not exceed 60◦ in order to
guarantee higher values for αLC.

Fig. 3. Refractive index and transition coefficient versus the applied voltage.

Fig. 3 depicts how the refractive index and the transition co-
efficient of the LC RIS vary with the externally applied voltage,
ve. It can be observed that the value of the refractive index starts
decreasing when the applied voltage ve > vth and saturates
when ve ≥ 5 V. With regards to the transition coefficient, it
starts increasing when ve > vth and saturates when ve ≥ 5 V.
These observations can be explained by the fact applying the
external voltage induces a change in the molecular orientation
(i.e., tilting) of the LC. The tilting of the molecules changes the
refractive index in the direction of the tilt and, this in turn, affects
the transition coefficient. This figure reveals that as little as up
to 5 V is all that is needed to efficiently control the LC RIS as
any voltage above 5 V does not yield significant changes.

Fig. 4 illustrates the exponential (e-fold) rate of increase in the
intensity of the emerged light from the LC RIS in the presence
of an applied voltage. In this figure, the applied voltage is varied
from 0 to 5 V since it was revealed in Fig. 3 that voltages
outside this range do not affect any properties (e.g., refractive
index and transition coefficient) of the LC RIS. For each voltage,
the tilt angle and the refractive index can be determined from
(11) and (10), respectively. The e-fold gain for that voltage and
refractive index can be calculated from (12). It can be seen
from this figure that light signals of distinct wavelengths get
amplified at different rates when the same voltage is applied.
More specifically, for light signals of wavelengths 510 nm,
550 nm, and 670 nm, up to ten, eight, and six-fold gain in the
intensity of the emerged light can be obtained from the LC RIS,
respectively, for the considered values of the externally applied
voltage.

Fig. 5 shows the convergence rate of the proposed algorithm
for light signals of different wavelengths. Clearly, Algorithm 1
converges within 20 iterations for all the wavelengths. This
highlights its fast convergence rate.

Finally, Fig. 6 compares the data rate performance of the
proposed LC RIS-based receiver and optimization algorithm
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Fig. 4. E-fold increase in the intensity of the emerged light versus the applied
voltage.

Fig. 5. The convergence rate of Algorithm 1.

with that of (1) an ordinary receiver (i.e., without the LC RIS);
(2) a BSch; and (3) the exhaustive search for different transmit
power levels. This is done for light signals of different wave-
lengths since the data rate performance of the LC RIS-based
receiver is affected by the wavelength of the transmitted light.
The considered BSch involves randomly selecting any feasible
value for the refractive index. The curves in this figure are
obtained by averaging over 10,000 independent realizations.
Several insights can be drawn from this figure. Firstly, it demon-
strates that augmenting the transmit power improves the data

Fig. 6. Achievable data rate versus transmit optical power for light signals of
different wavelength: LC RIS-based receiver versus ordinary receiver.

rate for the LC RIS-based and the ordinary receivers. Secondly,
it can be observed that the data rate performance of the proposed
SCA scheme matches that of the exhaustive search. Thus, the
proposed algorithm can obtain the optimal solution within 20
iterations. Thirdly, the figure reveals that the LC RIS-based
receiver with the proposed SCA algorithm can achieve up to
731%, 688%, and 591% improvement in data rate for transmitted
light signals of wavelengths 510 nm, 550 nm, and 670 nm,
respectively, when compared to that of the ordinary receiver.
Moreover, it can be seen from Fig. 6 that the proposed SCA
scheme significantly outperforms the BSch for all the consid-
ered wavelengths. This demonstrates the effectiveness of the
proposed optimization scheme and establishes the LC RIS-based
receiver as an efficient way to enhance the data rate performance
of VLC systems.

V. CONCLUSION

In this paper, a novel RIS-based receiver technology for
incident light steering and amplification as well as data rate
improvement in VLC systems has been presented. The proposed
RIS-based receiver uses tunable LCs whose refractive index can
be controlled via an externally applied voltage. A channel model
characterizing the propagation of the light signals from the AP
to the receiver has been proposed. In addition, the principle
behind the incident light amplification and the equation for the
amplification gain coefficient have been explicitly provided. The
main challenge for this novel LC RIS-based receiver design is
to determine the value of the refractive index of the LC RIS and
the corresponding required external voltage for different user
positions. To that end, a non-convex optimization problem for
optimizing the refractive index as well as the required voltage
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for the LC RIS to guarantee the highest data rate performance
has been formulated and a low-complexity solution based on the
SCA has been proposed. Simulation results have revealed that
the proposed LC RIS-based receiver and the SCA scheme can
dramatically improve the data rate performance when compared
to baselines such as the random allocation and the ordinary
VLC receiver. This paper has revealed that LC RIS-based re-
ceivers should be considered a promising solution to satisfying
the ultra-high data rate demands in VLC systems without any
additional transmit power and bandwidth resources. Interesting
future research areas include (i) considering non-LoS communi-
cation and user-mobility in VLC systems with mirror array RISs
deployed on walls and LC RIS-based receivers, (ii) a practical
implementation of the proposed design, (iii) examining the delay
and noise performances of the LC-based RIS due to the LC
tuning time and photon generation process, respectively.
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