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ABSTRACT The use of visible light communication (VLC) to support wireless coverage has been receiving
increasing interest, due to factors that include its operation in a large unregulated spectrum and immunity
against electromagnetic interference. On the other hand, the sensitivity of VLC network performance to the
line-of-sight (LOS) link quality affects the system reliability. The emergence of reconfigurable intelligent
surfaces (RISs) in optical domain opens the door for minimizing the impacts of the LOS link degradation
on VLC networks, given the possibilities they provide for enhancing the non-LOS channel gain. In this
paper, we propose optimizing the RIS-assisted VLC systems by controlling the RIS elements to maximize
the network sum-rate while maintaining fairness in the user achievable throughput. Two types of RIS
elements are considered, where the addressed non-convex optimization problems are handled using the
genetic algorithm and the particle swarm optimization techniques, presenting improvement in network
performance in terms of sum rate, fairness, and link outage ratio. In addition, we investigate the RIS-
assisted VLC system performance in cases of handling mobile users, highlighting the trade-off between
the variation in the optimization rate and the network performance.

INDEX TERMS Visible light communication, reconfigurable intelligent surfaces, multi-objective optimiza-
tion, genetic algorithm, particle swarm optimization.

I. Introduction

W ITH the ever-increasing demand for broadband con-
nectivity, reliance on optical wireless communication

technologies for complementing the already-congested radio
frequency (RF) spectrum has been receiving a growing inter-
est. In indoor areas where light-emitting diode (LED)-based
luminaires are widely deployed, supporting simultaneous
lighting and data transfer using visible light communication
(VLC) offers interesting solutions for providing wireless
coverage, benefiting from large unregulated spectrum, capa-
bilities to achieve high link rates, immunity to electromag-
netic field (EMF) interference, and efficiency in resource
utilization [1]. On the other hand, due to the significant
contributions of the line-of-sight (LOS) components to the
VLC channel gain, the VLC links are sensitive to the LOS
link blockage and shadowing as well as the misalignments
between the transmitters (Txs) and the receivers (Rxs) [1].

The interest in the utilization of reconfigurable intelligent
surfaces (RISs) in VLC networks has been growing recently,
given their capabilities to induce controlled changes in the
VLC channel by varying the parameters of the incident sig-

nals [2]. In particular, the use of RIS arrays in VLC networks
enables increasing the achievable network throughput and
minimizing the impacts of LOS link blockage and shadowing
by enhancing the non-LOS (NLOS) channel gain. This could
help in improving the VLC link quality and reliability [3],
according to the characteristics of the used RIS array [4]–
[6]. Based on the response induced by the RIS elements to
the impinging light signals, optical RISs can be classified
into specular reflecting, diffuse reflecting, and refracting
RISs [4]. Among these types, specular reflecting RISs and
diffuse reflecting RIS are of special interest for indoor VLC
systems. Specular reflecting RISs can be realized by use of
elements that specularly reflect the incident signals (e.g.,
mirror arrays), while diffuse reflecting RISs are realizable
using Lambertian reflecting surfaces. Note that, it was shown
in [7] that the utilisation of RISs with a size of 25 cm ×
15 cm in a VLC system can increase the received power
by a factor of up to five when compared to relying only
on the LOS links, which highlights their effectiveness in
enhancing the system performance in presence of LOS links
[7], [8]. In general, harnessing the full potential of the RISs

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME , 1

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2024.3389093

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



:

necessitates efficient optimization of the RIS elements to
adapt to the changes in the communications environment,
where the choice of the RIS elements impacts how the RIS
array affects the network performance [4]. In that regard,
several works in literature investigated the optimization of
RISs in indoor VLC systems for improving the achievable
throughput [9]–[17], bit-error-rate (BER) [18], [19], mean-
squared-error (MSE) [20], and secrecy performance [21]–
[24]. In [9], Sine-Cosine algorithm was utilized for optimiz-
ing the RIS elements to maximize the achievable network
throughput, while [10] studied the RIS array optimization
in non-orthogonal multiple access (NOMA)-based systems.
Also, in [11], the maximization of the achievable network
throughput under the point source assumption for the NLOS
channel model was investigated using greedy policy algo-
rithm, while [12] studied the maximization of the spectral
efficiency of time-division-multiple-access (TDMA) system
under the same assumption using alternating optimization
and frozen-variable algorithm. The works in [13] and [14]
investigated maximizing the achievable throughput using
particle swarm optimization (PSO), where [13] optimized
the position of the RIS elements and [14] optimized the
assignment of the elements in multiple-input multiple-output
(MIMO) setup. In addition, [15] proposed a hybrid NOMA
scheme for improving the RIS-assisted VLC system capacity,
while [16] studied improving the asymptotic capacity of the
multiple-input single-output (MISO) RIS-aided VLC sys-
tems by utilizing the theory of quadratic programming. The
work in [17] proposed a two-stage deep Q-learning-based
resource management framework for RIS-assisted VLC sys-
tems to maximize the possible fairness among users and the
overall spectral efficiency. The authors in [18] studied the
use of RISs to improve link reliability in VLC systems using
NOMA, proposing a joint optimization framework based on
the genetic algorithm (GA), while the authors in [19] studied
maximizing the average BER for RIS-based VLC system,
and the authors in [20] explored minimizing the MSE of
MIMO VLC systems. For improving secrecy performance,
[21] studied the use of RISs to improve secrecy capacity of
NOMA VLC systems, solving the formulated problem using
GA, while [22] investigated the problem of maximizing the
secrecy capacity using PSO for RIS-assisted VLC systems
considering one legitimate user and one eavesdropper. Also,
a deep reinforcement learning (DRL) framework was pro-
posed in [23] for an RIS-assisted VLC to maximize secrecy
capacity, while in [24] the authors explored maximizing
the secrecy capacity, proposing an iterative Kuhn-Munkres
technique to solve the formulated problem.

Due to the large contributions of the LOS components
to the VLC channel gain, which are inversely proportional
to the square of link distances, the users performances in
VLC networks are highly impacted by their locations and
orientations. Indeed, this may reflect in large performance
gaps between users, represented by degradations in terms of
fairness between the individual user achievable throughput

performances, and could affect the link reliability. Although
the works in [9]–[16], [18]–[24] focused on improving the
network performance, the fairness between individual user
performances was not considered. Note that, the work in
[17] considered optimization of fairness along with spectral
efficiency, however, optimization was carried out sequen-
tially, only specular reflecting RISs were optimized, and
user mobility was not considered. In this paper, we propose
optimizing the RISs in indoor VLC systems to improve
the system performance by simultaneous maximization of
the network sum rate and fairness while accounting for
user mobility, which to the best of our knowledge was not
considered before. In addition, to address different network
needs by benefiting from the characteristics of the used RIS
arrays, two types of RIS elements are considered, where we
formulate for each RIS type a multi-objective optimization
problem. Due to the non-convexity of the handled optimiza-
tion problems, we utilize the genetic algorithm GA and the
particle swarm optimziation PSO techniques, which have
been considered for solving range of problems in the area
of optical wireless communications [18], [22], [25]–[27].
Table 1 compares the paper to the related works in literature.
The main contributions can be summarized as follows:

• proposing multi-objective optimization of RISs in in-
door VLC networks to simultaneously maximize the
network sum rate and the fairness between individual
user performances while considering random Rx orien-
tations;

• studying the optimization of different types of RISs,
highlighting the impact of the characteristics of the used
RIS elements on sum rate and fairness;

• proposing optimization of RIS elements while account-
ing for user mobility, highlighting the trade-off between
the optimization rate (complexity) and system perfor-
mance.

The rest of the paper is organized as follow: In Section II
the system parameters are described, where the considered
types of RISs are discussed. Then, the multi-objective utility
function and the proposed optimization schemes for different
RIS types are explained in Section III. Afterwards, simula-
tion results are presented for evaluating the performance of
the proposed schemes in Section IV, before concluding the
paper in Section V.

Notations
Throughout the paper, vectors are represented by use of
lower-case bold letters (a), while matrices are denoted by
use of upper-case bold letters (A). Furthermore, ⊙ and R+

represent the Hadamard product and the set of real and
positive numbers, respectively.
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TABLE 1: List of works that considers optimization of reflecting RIS elements in indoor VLC networks in terms of mean
square error (MSE), bit-error rate (BER), fairness, and rate.

[#]
RIS Type Objective functions Rx Configuration

Specular Diffuse MSE BER Secrecy Rate Rate FI
Random Device

Orientation
User Mobility

[9] ✓ ✓ ✓

[10] ✓ ✓

[11] ✓ ✓

[12] ✓ ✓

[13] ✓ ✓

[14] ✓ ✓

[15] ✓ ✓

[16] ✓ ✓

[17] ✓ ✓ ✓ ✓

[18] ✓ ✓ ✓

[19] ✓ ✓

[20] ✓ ✓

[21] ✓ ✓

[22] ✓ ✓

[23] ✓ ✓ ✓

[24] ✓ ✓

This paper ✓ ✓ ✓ ✓ ✓ ✓

II. System Model
We consider a MISO indoor environment with Nt LED-
based fixtures acting as Txs and Nr Rxs, each equipped
with a single photodetector (PD), where a square RIS array
comprising NRIS elements is placed on one of the room walls
to assist the downlink transmission as shown in Fig. 1. We
assume broadcasting the same signals by all Txs with equal
distribution of the time resources in a TDMA system. The
Txs and the RIS elements are linked to a central control unit,
which is responsible for information exchange and carrying
out the main computational operations. The channel state
information (CSI) estimation can be carried out with the aid
of pilot symbols transmission from the Txs, where infrared-
based uplinks could be considered for data transmission from
the user devices [28].

A. Channel gain of LOS paths
Assuming intensity modulation direct detection system with
Lambertian transmission by the LED luminaires, the VLC
channel gain (excluding the impacts of blocking, shadowing,
and the reflections from the RISs) between the lth Tx and
the rth Rx, hl,r, is dominated by the LOS component, which
is given by [1], [29]:

hLOS
l,r =

1

2π

(m+ 1)Arξr
d2l,r

cosm (Φl,r) cos (θl,r) g (θl,r) ,

(1)
where m is the Lambertian order, and Ar and ξr denote
the rth Rx PD area and responsivity, respectively. Also, dl,r
is the distance of the link, while Φl,r and θl,r denote the

FIGURE 1: Illustration for the considered VLC system
where RIS array assists the downlink transmission from the
LED-based fixtures to the Rxs.

emission angle with respect to the lth Tx and the incidence
angle with respect to the rth Rx, respectively, as illustrated
in Fig. 2. The optical concentrator gain at the rth Rx is
represented by g (θl,r) such that [30]:

g (θl,r) =

{
n2
i

sin2(ΨFOV)
, 0 ≤ θl,r ≤ ΨFOV

0, θl,r > ΨFOV
, (2)

where ni and ΨFOV denote the refractive index of the optical
concentrator and the semi-angle of the Rx field-of-view
(FOV), respectively. To simplify the notation, we define a
vector that combines the channel gains between the rth Rx
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FIGURE 2: The main geometric parameters of the RIS-
assisted VLC system.

FIGURE 3: Illustration of RIS elements controlled by vari-
ation of the yaw (α) and roll (β) rotational angles.

and all Txs, which is denoted by:

hLOS,r = [hLOS
1,r , . . . , hLOS

Nt,r]
T ;hLOS,r ∈ RNt×1

+ . (3)

B. Channel gain of the reflected paths via RISs
The RISs are structures that can be adapted to induce
variations in the incident waves propagation for controlling
the network performance [2]. The utilization of RISs in VLC
networks enables strengthening the link quality and robust-
ness by introducing enhancements in the NLOS channel
gain, which depends on the characteristics of the elements
used for building the RIS array [4]. In general, the RIS
elements in the optical domain can be classified according to
their impact on directing the incident signals into reflecting
and refracting elements [4]–[6]. In this work we consider
the use of reflecting elements, which can rely on specular
or diffuse reflections for directing the incident signals, and
evaluate the advantages provided by each type. Such RIS
elements could be controlled by varying their orientations
within the yaw and roll rotational angles, as shown in Fig. 3.
By considering a local reference Cartesian coordinate at the
RIS array plane, the normal vector to the nth RIS element,
fRIS
n , can be expressed with respect to its azimuth (roll) and

polar (yaw) angles as:

fRIS
n = [sin(β) cos(α), sin(β) sin(α), cos(β)]

T
. (4)

1) Specular Reflecting RISs
This type of RISs can be realized by use of surfaces that
specularly reflect the incident signals following Snell’s law
(e.g., mirrors controlled by rotary motors), where the reflec-
tion angles could be varied by manipulating the orientations
of the RIS elements [31]. Note that, the intensity of the
reflected signals are attenuated by a factor that depends on
the characteristics of the RIS element. Also, due to the size
of the RIS elements and the separations between the Txs and
Rxs in VLC scenarios, it is assumed that the reflected beam
footprint in the Rx plane has a limited coverage that allows
each specular reflecting RIS element to serve only one Tx
and one Rx at a time [11], [12]. Given the large sizes of the
assumed RIS elements compared to the signal wavelength
and the distances between the VLC Txs and RIS elements
are relatively large, the radiometry-based approach in [7]
is considered for assessing the contributions of the reflected
signals to the channel gain, where the channel gain, under the
point source assumption, at the rth Rx of the transmission
by the lth Tx reflected via the nth RIS element is given
by [7], [32]:

hNLOS
l,n,r =

1

2π
δn

(m+ 1)Arξr

(dl,n + dn,r)
2 cosm (Φl,n) cos (θn,r) g (θr) ,

(5)

where δn is the reflection coefficient of the nth RIS element,
dl,n is the distance of the link from the Tx to the RIS
element, and dn,r is the distance of the link from the RIS el-
ement to the Rx. Also, Φl,n represents the emission angle of
the link from the Tx to the RIS element, while θn,r denotes
the incidence angle of the link from the RIS element to the
Rx. Since each specular reflecting RIS element is assumed
to serve only one Tx and one Rx at a time, we introduce
two discrete matrices Q and Z to represent the associations
of the RIS elements with the Txs and Rxs, respectively [20].
Here, the matrices Q =∆ [q1, . . . ,qNt

] ∈ {0, 1}NRIS×Nt and
Z =∆ [z1, . . . , zNr

] ∈ {0, 1}NRIS×Nr . Particularly, qn,l = 1
and zn,r = 1 refer to the association of the nth RIS element
with the lth Tx and the rth Rx. The vector of the channel
gains of the components reflected via the RIS array towards
the rth Rx are then given by:

hSpecular
RIS,r =

[
(q1 ⊙ zr)

T
hRIS
1,r , . . . , (qNt

⊙ zr)
T
hRIS
Nt,r

]T
;

hSpecular
RIS,r ∈ RNt×1

+ , (6)

where hRIS
l,r =∆

[
hNLOS
l,1,r , . . . , hNLOS

l,NRIS,r

]
∈ RNRIS×1

+ . As a
result of the mentioned assumptions, finding the association
behaviour (which VLC Tx and Rx each RIS element would
serve) could be realized to characterize its operation. Once
the association is known, a reverse look-up table is used
to obtain the required yaw and roll angles to allow the ray
generated via Tx l to serve Rx r.
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2) Diffuse Reflecting RISs
Such type of RISs can be realized by using surfaces that
diffusely reflect the incident signals [8], where the char-
acteristics of the reflected signals depend on factors such
as the orientation and reflectivity of the reflecting element
[4]. Assuming reflection by the RIS elements following the
Lambertian reflection model, the refelcted components will
be scattered, where the channel gain of the diffuse reflected
component for lth Tx transmission arriving at the rth Rx
through the nth RIS element is given by [9], [29]:

hNLOS
l,n,r =

1

2π
ρn

(m+ 1)ArAnξr

(dl,n)
2
(dn,r)

2 cosm (Φl,n) cos (θl,n)

× cos (Φn,r) cos (θn,r) g (θr) , (7)

where ρn and An represent the reflectivity and the area of
the nth RIS element, respectively. In addition, θl,n denotes
the angle of incidence of the link from the Tx to the RIS
element, while Φn,r is the angle of emission of the link
from the RIS element to the Rx. Since the components
reflected by the RIS elements are diffused, they have wider
coverage at the Rx plane, which reduces the dependency on
accurate localization of the Rx to ensure receiving the NLOS
components. However, this comes at the expense of reduced
channel gain compared to the specular reflecting RISs (see
the contribution of the distance term in the denominator of
(5) and (7)). Given the transmission characteristics of the
diffuse reflecting RIS elements and the absence of need for
associating the RIS elements to specific Txs and Rxs, the
vector of the channel gains of the reflected components by
the RIS array at the rth Rx can be expressed as:

hDiffuse
RIS,r =

[
1ThRIS

1,r , . . . ,1
ThRIS

Nt,r

]T
;

hDiffuse
RIS,r ∈ RNt×1

+ , (8)

where 1 represents a vector of all entries equal to one.

C. Random Device Orientation
To account for the impact of handling Rxs with random
orientations, we consider the model in [33], where the
Rx normal vector is characterized by the azimuthal angle
θa and the polar angle θp. Here, θa follows a uniform
distribution, θa ∼ U [−π, π], while θp follows truncated
Laplace distribution with the following probability density
function [33]:

fθp =

exp

(
−|θp−ϱθp |

bθp

)
2bθp

, 0 ≤ θp ≤ π

2
, (9)

where ϱθp and bθp are the mean and variance of θp, respec-
tively. As shown in Fig. 4, the normal vector at the plane
of the Rx can be expressed with respect to the polar and
azimuthal angles as follows:

fRx
r = [sin(θp) cos(θa), sin(θp) sin(θa), cos(θp)]

T
.

(10)

FIGURE 4: Illustration for device orientation with respect
to the azimuthal angle θa and the polar angle θp [33].

III. Sum Rate and Fairness Maximization Problem
To improve the system performance in terms of user achiev-
able throughput and fairness we consider maximizing the
sum rate and fairness index (FI), which provides an indi-
cation of the homogeneity between the user performances
across the RIS-assisted VLC network. For calculating the
user achievable throughput, we adopt the expression derived
in [34], given the unique characteristics of the VLC systems
due to factors that include dealing with non-negative and
real signals. The achievable throughput for the rth Rx in the
RIS-assisted VLC system can be expressed as [12], [34]:

Rr =
B

2Nr
log2

(
1 +

e

2π
SNRr

)
, (11)

where e is the natural exponential constant, and SNRr refers
to the signal-to-noise-ratio at the rth Rx, which is given by:

SNRr =
(PTℏr)2

NB
, (12)

ℏr = 1ThLOS,r + 1Th
{Specular, Diffuse}
RIS,r , (13)

where ℏr represents the total channel gain, while B,PT ,
and N represent the system bandwidth, the optical transmit
power, and the noise power spectral density, respectively.
Note that, although broadcasting the same signal by all
Txs is effective in handling cases of large overlapping
between coverage areas of the Txs, it comes at the cost
of degradations in the spectral efficiency. For evaluating
the fairness performance of the system, we adopt Jain’s FI
with respect to the user achievable throughput, which can be
expressed as [35]:

FI =
1

Nr

(∑Nr

i=1 Ri

)2

∑Nr
i=1 R

2
i

. (14)

To achieve the optimization goals, we consider utility
function in which the weighted sum of the network sum
rate and FI are related as follows:

(1− η)

µ1

Nr∑
i=1

Ri +
η

µ2
× FI, (15)

where η is the multi-objective weight ranging between 0
and 1, indicating the preference assigned for each objective
utility. Particularly, η = 0 would result in optimizing the
system for maximizing sum rate, while η = 1 would lead
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to optimizing the system to maximize FI. The values of µ1

and µ2 are used to normalize the two objective functions
to balance and control their contributions [36], where µ1 is
obtained by setting η = 0 and calculating the average sum
rate over 1000 independent realizations, while µ2 is obtained
by setting η = 1 and calculating the average FI over 1000
independent realizations. In general, assigning values for η
between 0 and 1 will result in varying the balance between
the two objective functions. In the following subsections,
we discuss optimizing the utility function defined for the
specular and diffuse reflecting RISs.

A. Specular Reflecting RISs
As mentioned in Section II, since each specular reflecting
RIS element is considered to serve one Tx and one Rx
at a time, the optimization problem can be reduced to
finding the optimal associations for the RIS elements, which
is expressed by the association matrices Q and Z. Once
the associations are decided, a reverse lookup table can be
utilized to adjust the RIS elements orientations [12]. Here,
the reflected components through the RIS array towards the
rth Rx can be expressed as:

Nt∑
l=1

(ql ⊙ zr)
T
hRIS
l,r , (16)

and the problem in (15) can be then formulated as:

max
Q,Z

(1− η)

µ1

Nr∑
i=1

Ri(Q,Z) +
η

µ2
× FI(Q,Z), (17a)

s.t.:
qn,l ∈ {0, 1}; ∀n, ∀l, (17b)
zn,r ∈ {0, 1}; ∀n, ∀r, (17c)
Nt∑
l=1

qn,l ≤ 1; ∀n, (17d)

Nr∑
r=1

zn,r ≤ 1; ∀n, (17e)

where (17d) and (17e) ensure the association of one Tx
and one Rx at a time with each RIS element. Here, the
number of possible combinations in the solution space of
the resulting non-linear non-convex integer programming
problem, which is NP-hard, is 2NtNRIS ×2NrNRIS . To simplify
the search space, we introduce two auxiliary association
vectors u = [u1, . . . , uNRIS ] and w = [w1, . . . , wNRIS , ] with
elements representing the indices of the Txs and Rxs served
by each RIS element, respectively. More specifically, un = l
and wn = r indicate that the nth RIS element is associated
to the lth Tx and the rth Rx, respectively, thus accounting for
the corresponding associations in Q and Z while satisfying
the constraints (17d) and (17e). The problem can be then

expressed as:

max
u,w

(1− η)

µ1

Nr∑
i=1

Ri(u,w) +
η

µ2
× FI(u,w), (18a)

s.t.:
un ∈ {1, . . . , Nt} ∀n, (18b)
wn ∈ {1, . . . , Nr} ∀n, (18c)

where the number of possible combinations in the solution
space is NNRIS

t × NNRIS
r . Given the non-convexity of the

handled integer programming problem of finding the set
of combinations that maximizes the objective function in
(18), we consider solving it using GA-based optimization
approach, which is known to efficiently handle integer-based
problems [37].

Genetic algorithm (GA) is an evolutionary stochastic-
based optimization technique inspired by the fitness im-
provement through evolution in the biological systems [38],
which has shown efficiency in solving optical wireless com-
munications problems [18], [25]. In GA, the solutions are
represented by strings (chromosomes), which consist of sets
of elements (genes) that point to possible values for the
considered variables in the optimization problem [38].

The proposed optimization of specular reflecting RIS
arrays using GA starts with considering an initial chromo-
somes population, which denotes a random subset of the
possible solutions. In each of the algorithm iterations, two
operations could be adopted to control the next generation,
namely cross-over and mutation. In crossover, the offspring
chromosomes are generated by exchanging information be-
tween parent chromosomes. For the mutation operation, the
algorithm changes the offspring chromosomes, which can be
carried out by randomly selecting and varying the informa-
tion of chromosomes. At each iteration, the fitness values
are evaluated where the solutions with best fitness values
are considered in the next iteration (i.e., the chromosomes
(associations) whose fitness values are better are kept). The
pseudocode of the algorithm is presented in Algorithm 1
for a population size (Sp), number of generations (Ng),
network channel matrix (H), and probabilities of corssover
and mutation of Pc and Pm, respectively.

Complexity and Convergence analysis:
The computational complexity of Algorithm 1 is described
as follows: assuming the number of variables of the prob-
lem is Q, generating the random initial population of
size S will require O(QS) operations. For the worst
case complexity to complete the algorithm, it requires
O (NGen (QS +QS +Q)) operations. Therefore, the over-
all complexity is on the order of O (NGenQS). Figure 5,
shows the convergence rate of Algorithm 1. The results
demonstrates that the algorithm converges to the optimized
solution within around 40 iterations.
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Algorithm 1 GA-Based Specular Reflecting RISs Optimiza-
tion

Input: Sp, NGen, H
Output: Optimal associations for RIS elements

1: Generate a random initial population of size Sp

2: Calculate the association vectors u and w
3: Set ig = 1
4: while ig ≤ NG do
5: Select random association vectors from old genera-

tion
6: Apply crossover with probability Pc

7: Carry out mutation operation with probability Pm

8: Evaluate the solution using (18)
9: Select the elite association vector

10: Set ig = ig + 1
11: end while

10 20 30 40 50

Iterations

0.6

0.61

0.62
Fitness Function

Algorithm 1

FIGURE 5: The convergence rate of Algorithm 1. The
Algorithm converges to the optimized solution within around
40 iterations.

B. Diffuse Reflecting RISs
As discussed in Section II, the variables used for the op-
timization of the diffuse reflecting RIS array are the an-
gles that control the orientations of the RIS elements (i.e.,
vectors of angles of roll α = [α1, . . . , αNRIS ] and yaw
β = [β1, . . . , βNRIS ]). Here, the problem could be formulated
as follows:

max
α,β

(1− η)

µ1

Nr∑
i=1

Ri(αi, βi) +
η

µ2
× FI(α,β), (19a)

s.t.:

− π

2
≤ αj ≤

π

2
, j ∈ {1, . . . , NRIS}, (19b)

− π

2
≤ βj ≤

π

2
, j ∈ {1, . . . , NRIS}, (19c)

where the constraints (19b) and (19c) ensure the feasibility
of the orientations of the RIS elements. For RIS array
with NRIS elements, the optimization problem in (19) have
2NRIS variables and 2NRIS constraints. Again, given the

non-convexity of the problem, we solve it using PSO-based
optimization approach, which is known to efficiently handle
problems with continuous solution space [39].

PSO is a stochastic optimization technique inspired by
the movement of swarms in nature (i.e., swarms of birds
and bees) [40] and has been widely used to solve problems
related to VLC [22], [26], [27]. In PSO, a swarm of particles
is considered to look for the optimal solution in the search
space formed by the possible combinations of the variables,
where each particle is influenced by the best solution it
discovered (Pbest) and the best solution discovered by all
members of the swarm (Gbest) until converging to the best
point (optimized solution).

The considered optimization of RIS elements orientations
using PSO algorithm begins with assuming a swarm of NP

particles randomly located in the search space, which is
explored over Nit iterations. The positions found by the
particles in the search space (solutions) are evaluated using
the utility function, where the next moves of the particles
are decided based on their current move as well as the Pbest
and Gbest solutions. In particular, for a particle p at iteration
τ+1 in a K dimensional search space, the algorithm updates
the particle position vector xp = [xp1, . . . , xpK ] and velocity
vector vp = [vp1, . . . , vpK ], while being influenced by the
Pbest vector Pbestp = [Pbestp1, . . . , P bestpK ] and Gbest
vector Gbest = [Gbest1, . . . , GbestK ], where for variable
k:

vτ+1
pk = ϖτ × vτpk + c1 × rp× (Pbestpk − xτ

pk)

+ c2 × rg × (Gbestk − xτ
pk), (20a)

xτ+1
pk = xτ

pk + vτ+1
pk ∆t. (20b)

Here, ϖτ represents the inertial factor that controls the
contribution of the particle old velocity to the new velocity
calculations, rp and rg are random numbers valued between
0 and 1, and c1 and c2 are weights that control the contri-
butions of Pbest and Gbest solutions to the utility function,
respectively. Note that, ∆t is a time step that is set to 1.
The algorithm pseudocode is explained in Algorithm 2. The
worst case complexity of the algorithm is O(NitKNp).

Complexity and Convergence Analysis:
The computational complexity of Algorithm 2 is described
as follows: assuming that the number of decision variables
is S, generating the initial set of solutions for all particles
requires O(SNP ) operations. Computing the fitness function
and updating the velocity of the particles requires O(NP )
operations. The worst-case complexity for evaluating the
fitness function for all particles and updating the destination
is O(NPT ) and O(NPT ), respectively. The worst case
complexity for updating the solution sets according to (20)
is O(SNPT ). Hence, the overall complexity of finding a
solution using Algorithm 2 is ≈ O(SNPT ). Figure 6 shows
the convergence rate of Algorithm 2. The result demonstrates
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Algorithm 2 PSO-Based Diffuse Reflecting RISs Optimiza-
tion

Input: Np, Nit, H
Output: Optimal orientations for RIS elements

1: Generate random initial population of size NP

2: Calculate the associated orientation vectors α and β
3: Set τ = 1
4: while no convergence And τ ≤ Nit do
5: for p = 1 : NP do
6: Evaluate xτ

pk using the utility function
7: Update Pbestpk and Gbestk
8: Calculate vτ+1

pk and xτ+1
pk

9: Set τ = τ + 1
10: end for
11: end while

that the algorithm converges to the optimized solution within
27 iterations.
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Iterations

0.4

0.41

0.42

0.43
Fitness Function

Algorithm 2

FIGURE 6: The convergence rate of Algorithm 2. The
Algorithm converges to the optimized solution within 27
iterations.

IV. Performance Evaluation
To evaluate the performance of the proposed optimization of
specular and diffuse reflecting RISs, we consider an indoor
multi-user VLC system, where the room dimensions are
5m × 5m × 3m and the point (0, 0, 0) is assumed to be at
the center of the ground plane. Two LED-based luminaires
that act as Txs are placed at (0,−1, 3) and (0,−1, 3) m,
while the user devices are randomly located at height of 0.85
m above the ground plane. Note that, random orientations
of the user devices are considered following the model
discussed in Subsection C. A square RIS array is assumed
to be placed on one of the room walls and is centered at
(2.5, 0, 1.5) m, where each RIS element has a dimension
of 10 cm × 10 cm. Note that, the NLOS calculations only
account for the reflections from the RIS arrays, where the
results are averaged over 1000 random realizations for user

TABLE 2: Simulation Parameters.

Parameter Value

Transmit optical power (PT ) 1.584 W
Lambertian order (m) 1

System bandwidth (BW ) 10 MHz
Specular reflecting RIS element reflection coefficient (δ) 0.90

Diffuse reflecting RIS element reflection coefficient (ρ) 0.90

Number of users (Nr) 4

Rx FOV 60◦

Rx area (Ar) 1 cm2

Concentrator refractive index (nri) 1.5

PD responsivity (ξr) 0.4 A/W
Mean of Rx polar angle θ (ϱθo ) 41.39◦

Variance of Rx polar angle (bθo ) 7.68◦

Noise Power spectral density (N ) 10−21

locations and orientations. The main simulation parameters
are provided in Table 2.

A. Specular-Reflecting RISs
As highlighted in (18), the multi-objective weight η impacts
the contributions of sum rate and FI terms in the utility
function. This implies careful design of η to maximize the
efficiency of resource utilization in terms of RIS elements as-
sociations, which is reflected in the users achievable through-
puts and homogeneity between individual user performances.
Therefore, we start with studying the effect of varying η
on the network performance while considering 100 specular
reflecting RIS elements and compare the results with those
of two non-optimized association techniques. In the first, the
RIS assignments are based on associating the Tx and Rx
closest in distance to the RIS element, which we refer to
as “min-distance”. For the second scheme, the assignment
is based on associating the Tx closest in distance to the
RIS element with the user with the lowest LOS channel
gain, which we refer to as “min-LOS”. Figure 7 illustrates
the effect of increasing η on both of sum rate and FI
performances. As highlighted, increasing η would result in
higher contribution of the FI term and lower contribution
of the sum rate term. As we target striking a balance
between the two terms, we choose η = 0.8 for the following
simulations.

To present the impact of varying the number of specular
reflecting RIS elements on VLC network performance, Fig. 8
shows the results of comparing the proposed optimization
with case of relying only on LOS (i.e., no RISs), as well as
cases of min-distance and min-LOS algorithms, in terms of
sum rate and FI. Generally, exploiting the spatial diversity
provided by the RIS elements enhanced the NLOS channel
gains, which resulted in improved sum rate compared to the
case of considering only LOS components. In addition, the
proposed optimization of specular reflecting RIS elements
resulted in performance enhancements in terms of sum rate,
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FIGURE 7: Effect of varying the multi-objective function
weight on the optimization of specular reflecting RIS ele-
ments in terms of sum rate and FI.

where the results indicate that utilizing 144 RIS elements
improved the performance by 40%, 11%, and 17% com-
pared with cases of considering only LOS, min-distance,
and min-LOS schemes, respectively. Moreover, the proposed
optimization resulted in improvements in terms of FI of 20%,
9% and 8% compared to cases of LOS only, min-distance,
and min-LOS, respectively.
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FIGURE 8: Comparison between the GA-based optimization
of specular reflecting RIS elements with cases of considering
LOS only, min-distance, and min-LOS algorithms in terms
of sum rate and FI performances.

To highlight the impact of using specular reflecting RIS
arrays on VLC link reliability, we assess the performance
in terms of link outage ratio, which we calculate based on
comparing the number of users with achievable throughput
below a certain threshold, Rth = 10 Mbps, to the total
number of users. Here, since we target improving the min-
imum individual user performances rather than the network
sum rate, we focus on maximizing the FI (i.e., we set
η = 1). Figure 9 compares the link outage ratio for the
optimized case with the cases of considering LOS only,
min-distance, and min-LOS algorithms. It can be observed
that, as expected, the link outage ratio improved with the

presence of RISs due to the spatial diversity in the system.
In addition, the link outage ratio decreased by considering
higher number of RIS elements as each element provides an
additional NLOS path for the links between the associated
Txs and Rxs. It is also noted that optimizing the RIS
elements resulted in improved performance compared to the
min-distance and min-LOS algorithms, as maximizing the
fairness between individual user performances could results
in higher association for the RIS elements with the users with
low achievable throughput to decrease the performance gaps
between the individual user performances, hence, reducing
the probability that user achievable throughput falls below
the outage threshold. Particularly, for the case of 144 RIS
elements, optimizing the RIS elements resulted in 42%, 22%,
and 20% reduction in the link outage ratio compared to the
cases of LOS only, min-LOS, and min-distance, respectively.
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FIGURE 9: Comparison between the GA-based optimization
of specular reflecting RIS elements with cases of considering
LOS only, min-distance, and min-LOS algorithms in terms
of link outage ratio.

B. Diffuse Reflecting RISs
To highlight the impact of varying η on the optimization
of the diffuse reflecting RIS elements in (19), we start
by comparing the performance with cases of fixed (i.e.,
yaw and roll angles equal to 0◦) and random orientations
while assuming 100 RIS elements. Given the ability of
the diffuse reflecting RIS elements to support connectivity
at low alignment requirements, we highlight their impact
on improving the VLC link reliability by evaluating the
performance in cases of LOS blockage. Figure 10 shows the
effect of increasing η on the sum rate and FI performances,
which decreased and increased, respectively, due to the
variations of the contributions of the first and second terms
in (19). To balance the contributions of the terms in the
objective function, we choose η = 0.6 in the following
simulations.

To assess the effect of varying the number of diffuse RIS
elements per array on VLC network performance, we com-
pare in Fig. 11 the performance of the proposed optimization
with cases of fixed and random RIS orientations in terms of

VOLUME , 9

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2024.3389093

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



:

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

S
u
m

 R
a
te

 (
M

b
p
s
)

PSO Optimized

Fixed Orientation

Random Orientation

0 0.2 0.4 0.6 0.8 1

0.35

0.4

0.45

0.5

F
I

PSO Optimized

Fixed Orientation

Random Orientation

FIGURE 10: Effect of varying the multi-objective function
weight on the optimization of diffuse reflecting RIS elements
in terms of sum rate and FI.

sum rate and FI. As expected, increasing the number of RIS
elements improved the sum rate performance due to increase
in number of NLOS paths between the Txs and Rxs. In
addition, the results show that the proposed optimization of
the diffuse reflecting RIS elements outperformed cases of
fixed and random orientations. Specifically, for the case of
144 RIS elements, the proposed optimization offered sum
rate improvements of 100% and 5% compared to random
and fixed RIS orientation schemes, respectively. Also, it
improved the FI performance by 15% compared to case of
random RIS orientations and 10% in comparison with case
of fixed RIS orientations.
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FIGURE 11: Comparison between the PSO-based optimiza-
tion of diffuse reflecting RIS elements with cases of fixed
and random RIS elements orientations in terms of sum rate
and FI.

One of the advantages of relying on diffuse reflecting RISs
in VLC system is minimizing the alignment requirements
between the Txs and Rxs, which opens the door for their
use to improve the network performance in cases of user
mobility [4]. In particular, as the reflected beams by the RIS
elements are diffused in multiple directions, contrary to the
specular reflecting RIS elements, the mobile users in VLC
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FIGURE 12: CDF of average (a) sum rate and (b) FI
performances for cases of optimizing the diffuse reflecting
RIS elements and adopting fixed RIS elements orientations.

networks could be able to receive the reflections via the RIS
elements while requiring limited alignment requirements. To
evaluate the system performance in cases of handling mobile
users, we consider RIS-assisted indoor VLC system where
user locations are generated using random waypoint (RWP)
mobility model [41], with separation between successive
user positions of 0.1 s and maximum user velocity of
0.5 m/s. The performance of the proposed optimization is
compared with cases of decreasing the optimization rate
(carrying out optimization every 10 time steps (Tstep)) and
adopting fixed RIS orientations. Figures 12(a) and 12(b)
show the cumulative distribution function (CDF) of average
sum rate and FI performances over 1000 time steps for
case of considering 100 RIS elements. The results show that
optimizing the diffuse reflecting RIS elements resulted in
highest sum rate and FI performances, followed by case of
decreasing the optimization rate, which highlights the ability
of the proposed optimization to improve the performance at
lower complexity. To further highlight the impact of varying
the rate of optimization on system performance, Figs. 13(a)
and 13(b) illustrate the differences in average sum rate and
FI with the decrease in optimization rate over 30 values of
Tstep. The results highlight the robustness of the proposed
optimization (e.g., achieving sum rate difference around 100
Kbps and FI difference less than 0.04 in case of carrying
out the optimization every 5 and 10 time steps, respectively),
benefitting from the diffuse reflections by the RIS elements.
It also highlights the trade-off between decreasing the com-
putational complexity represented by the optimization rate
and the degradation in network performance, which could
be considered for adapting to the system needs.

C. Specular vs Diffuse Reflecting RISs
The results in Subsections IV. A and B highlight the ability
of both of specular and diffuse reflecting RISs to improve
system performance, where by comparing the results, the
following key differences are highlighted:
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FIGURE 13: Impact of varying the optimization rate on (a)
sum rate and (b) FI performances.

• specular reflecting RISs provide superior performance
in terms of sum-rate compared to the diffuse reflecting
RISs. This is attributed to the concentration of the
reflected beams by specular reflection towards the Rx,
as the reflected beams by diffuse reflection are scat-
tered in the communications environment, resulting in
lower received power levels. The dependence of the
NLOS channel gain reflected by the diffuse reflecting
RIS elements in equation (7) on cos(θl,n), cos(Φn,r),
and the square of dl,n and dn,r in the denominator
results in lower channel gain compared to the square of
summation of of dl,n and dn,r in the denominator of
equation (5) for the specular reflecting RIS elements.

• diffuse reflecting RISs have less alignment require-
ments, as a result of the scattering of the reflected
beams in the communications environment, which
makes them more suitable for applications involving
user mobility and/or inaccuracy in locating Rxs. Also,
this makes them suitable for use cases where there is a
need for decreasing the optimization complexity and/or
pilot overhead associated with channel estimation. The
results in Subsection IV. B highlights the trade-off
between decreasing the optimization rate (complexity)
and system performance.

V. Conclusions
In this work we proposed optimization of the specular and
diffuse reflecting RISs in indoor VLC systems to target
improving the network sum rate and fairness. GA-based
optimization was considered for optimizing the specular
reflecting RISs, where the results have shown improvements
in terms of sum rate, FI, and link outage ratio compared to
non-optimized cases. It also highlighted the flexibility of the
proposed optimization to adapt to the network needs by vary-
ing the objective function weights. PSO-based optimization
was then considered for optimizing the diffuse reflecting RIS
elements, which was further extended to cases of handling
mobile users, where the results presented improvements in
system performance in terms of sum rate and FI. We also
highlighted the ability of the diffuse reflecting RIS arrays to

improve VLC network reliability in cases of LOS blockage
at low alignment complexity, and the trade-off between
decreasing the optimization rate and improving the network
performance. As the number of RIS elements controls the
number of variables and subsequently the complexity of the
RIS array optimization, as highlighted in the complexity
analysis of Algorithms 1 and 2, a balance is needed to
address the trade-off between the RIS array size (network
performance) and the optimization complexity.

Future research directions include investigating (i) the
optimization of the RISs distributions in the communications
environment; (ii) the use of RIS arrays that simultaneously
supports specular and diffuse reflections to enable more
degrees of freedom in the optimization of the network perfor-
mance, which could be realized by using both types of RIS
elements within the same array; and (iii) the consideration of
the impacts of dimming and using different multiple access
techniques in multi-cellular VLC systems on cell-center and
cell-edge users.
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