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Abstract—Recent intensive and extensive development of the
fifth-generation (5G) of cellular networks has led to their
deployment throughout much of the world. As part of this
implementation, one of the challenges that must be addressed is
the skip-zone problem, which occurs when objects such as trees,
people, animals, and vehicles obstruct the transmission of signals.
In free-space optical (FSO) and radio frequency (RF) systems,
dead zones are most often caused by buildings and trees, while in
visible light communications (VLC), obstructions are caused by
individuals moving around a room or objects placed in the room.
A signal obstruction can significantly reduce the signal-to-noise
ratio in RF and indoor VLC systems, whereas in FSO systems,
where the transmitted signals are directional, the obstruction
can completely disrupt data transmission. Therefore, the skip-
zone dilemma must be resolved to ensure the smooth and efficient
operation of 5G and beyond networks. By placing a relay between
a transmitter and a receiver, the effects of obstacles can be
mitigated. As a result, the signal from the transmitter will reach
the receiver. In recent years, reconfigurable intelligent surfaces
(RISs) that are more efficient than relays have become widely
accepted as a method of mitigating skip-zones and providing
reconfigurable radio environments. However, there have been
limited studies on RISs for optical wireless communication
(OWC) systems. Through the RIS technology, OWC and RF
communication channels can be reconfigured. This paper aims to
provide a comprehensive tutorial on indoor VLC systems utilizing
RIS technology. The article discusses the basics of VLC and RISs
and reintroduces RISs for OWC systems, focusing on RIS-assisted
indoor VLC systems. We also provide a comprehensive overview
of optical RISs and examine the differences between optical RISs,
RF-RISs, and optical relays. Furthermore, we discuss in detail
how RISs can be used to overcome line-of-sight blockages and
the device orientation issue in VLC systems while revealing key
challenges such as RIS element orientation design, RIS elements
to access point/user assignment design, and RIS array positioning
design problems that need to be studied. Moreover, we discuss
and propose several research problems on integrating optical
RISs with other emerging technologies, including non-orthogonal
multiple access, multiple-input multiple-output systems, physical
layer security, and simultaneous lightwave and power transfer
in VLC systems. Finally, we highlight other important research
directions that can further improve the performance of RIS-
assisted VLC systems.

Index Terms—Reconfigurable intelligent surfaces, visible light
communication, mirror arrays, metasurfaces, liquid crystals,
non-orthogonal multiple access, physical layer security.
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ADT Angle diversity transmitter

AF Amplify and forward

AP Access point

A-QL asynchronous quick link

B5G Beyond 5G

BER Bit error rate

CSI Channel state information

CM-FSK Camera M-ary frequency-shift-keying
C-OOK Camera-based on-off keying
CSK Color shift keying

DC Direct current

DD Direct detection

DF Decode and forward

FoV Field-of-view

FSO Free space optical

HA-QL Hidden asynchronous quick link
HS-PSK Hybrid spatial phase-shift-keying

IEEE Institute of Electrical and Electronics Engineers

IR Infrared

IM Intensity modulation

IMA Intelligent mirror array

IMR Intelligent metasurface reflector

IoT Internet-of-things

ITO Indium tin oxide

LB Lower bound

LC Liquid crystal

LD Laser diode

LED Light emitting diode

LiFi Light fidelity

LoS Line-of-sight

MEMS Micro-electro-mechanical systems
mmWave Millimeter-wave

MIMO Multiple-input multiple-output
NLoS Non-line-of-sight

NOMA Non-orthogonal multiple access
OFDM Orthogonal frequency division multiplexing

OFDMA Orthogonal frequency division multiple access

OOK On-off keying

OWC Optical wireless communication
PD Photodetetctor

PHY Physical

PIN Positive-intrinsic-negative

PLS Physical layer security

PSK phase-shift-keying

QSM Quadrature spatial modulation
QCM Quad-LED complex modulation



QoS Quality of service

RF Radio frequency

RIS Reconfigurable intelligent surfaces

SISO Single-input single-output

SNR Signal-to-noise ratio

SS2DC Sequential scalable 2D code

SSK' Space shift keying

SM  Spatial modulation

THz Terahertz

TDMA Time division multiple access

TIA Transconductance amplifier

UB Upper bound

UFSOOK Undersampled frequency shift-OOK
VLC Visible light communication

VPPM Variable pulse position modulation
VTASC Variable transparent amplitude-shape-color
WiFi Wireless fidelity

I. INTRODUCTION

EYOND fifth-generation cellular networks (B5G) are

expected to deliver data rates of up to gigabits per
second, provide massive connectivity and enhanced reliability
while reducing deployment costs and power consumption [[1]].
In order to achieve these unique objectives, BSG networks
are envisioned to rely on a number of wireless technolo-
gies, including millimeter-wave (mmWave), terahertz (THz)
communications, and optical wireless communication (OWC).
The main reason for this is that the mmWave, THz, and
optical bands allow larger bandwidths, which results in higher
data rates. Among the problems that should be addressed for
the efficient operation of BSG mobile networks, which will
utilize such high frequency bands, is the loss of signals due
to obstructions by buildings, trees, walls, thick concrete, and
people [2]-[5]. More specifically, the mmWave, the THz, and
the optical bands typically suffer higher penetration loss in
non-line-of-sight (NLoS) scenarios and are more sensitive to
shadowing and blockages than lower frequency bands due to
their short wavelength. This blockage engenders skip zones
which significantly affect network coverage and impact the
system’s performance and quality of service (QoS). Therefore,
the occurrences and the impact of blockages need to be
reduced by implementing strategies that establish alternative
line-of-sight (LoS) paths in these communication systems.

In data transmission systems, the dead zone problem has
been addressed in various ways, including relays and cooper-
ative communications for both radio frequency (RF) systems
using mmWave and THz [6]-[13] and optical communica-
tion systems [14]-[24]. Recently, reconfigurable intelligent
surfaces (RISs) have emerged as one of the most effective
solutions for solving skip-zone situations, in which an obstacle
exists between a transmitter and receiver, preventing the LoS
path of the transmitted signal from reaching the receiver
[25]-[33]]. Unlike relays and cooperative communication tech-
niques that cannot alter the behavior of the channel, RISs
are able to proactively reconfigure the wireless propagation
channel to enhance the communication performance. Over

the past few years, research on the application of RISs in
RF communication systems has increased significantly (e.g.,
[34]-[39] and references therein). However, only few works
have successfully studied and incorporated RISs into vis-
ible light communication (VLC) systems [31], [32], [40]-
[47]. As mentioned in [31], the interplay between RISs and
VLC can lead to innovative and progressive applications in
B5G networks. Since different mechanisms are involved in
transmitting RF and optical signals, RF RIS techniques are
significantly different from that of VLC systems and, hence,
cannot be straightforwardly adopted in the latter. As a result,
the progress that has been made in combining these two
fields of telecommunication engineering warrants a tutorial
to be prepared and presented to the research community and
industry. This is the motivation of this tutorial. It focuses
on the application of RIS technology to VLC systems. For
the first time, this article provides a comprehensive tutorial
that emphasizes the integration of RIS technology into VLC
systems, while addressing their most strategic aspects.

Similar to the free-space optical (FSO), the infrared (IR)
link, and other communication links that utilize frequencies
around the THz region, VLC is an OWC technology that
employs the visible spectrum to transmit data. When compared
to its RF counterpart, VLC offers several advantages, including
higher bandwidth and the use of light sources as transmitting
antennas. In view of the nature of light, the VLC channel
does not function as a bidirectional transmission medium
since the transmitted data is encrusted within the light utilized
for illumination. In addition to this disadvantage, the short
transmission distance of visible light signals as well as their
high susceptibility to blockages prevent the VLC technology
from being a true competitor to the RF technology. VLC is
therefore exploited in conjunction with RF to alleviate the
saturation of the RF spectrum. Light Fidelity (LiFi), a VLC
related technology, is a means of streaming internet content
within an environment. LiFi may be considered as a real
competitor to wireless fidelity (WiFi) in situations such as
indoor internet broadcasting. This will however only occur if a
carefully selected return path is used for the VLC system. As
mentioned earlier, VLC systems suffer from signal loss in both
indoor and outdoor environments due to obstructions, specifi-
cally in the indoor environment where human obstructions are
prominent. Optical relays have been proposed as a solution to
this problem. However, in light of the advent of optical RISs,
it is reasonable to consider integrating the technology into the
VLC as it also creates a reconfigurable optical transmission
environment.

On a more general level, the application of RISs in VLC
systems is similar to RISs in mm-Wave/THz/sub-6GHz (i.e.,
RF communication systems). This is because RISs are known
to perform roles such as signal reflection and, until recently,
signal transmission [48] in RF systems. However, on a high-
level, the application of RISs in VLC systems is completely
different (e.g., VLC signal characteristics, RIS materials, and
functionalities) and presents novel challenges when compared
to the application of RISs in RF communication systems. Such
unique features/challenges, which serve as the motivation for
this tutorial paper, can be summarized as follows:
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Visible light signal characteristics: The transmission
of VLC signals is significantly different from signal
transmission in RF communication systems due to their
unique characteristics. Firstly, intensity modulation (IM)
and direct detection (DD) are the most commonly used
modulation and demodulation techniques, respectively.
Secondly, the dual role of illumination and communica-
tion are performed simultaneously. Hence, RISs in VLC
must optimize both communication and illumination
performance. Thirdly, the transmitted signals should be
real and non-negative. Moreover, signal transmission
and reception in VLC systems is highly influenced
by the fields-of-view (FoVs) of the transmittelﬂ and
the receiver. Finally, light emitting diodes (LEDs) and
photodetectors (PDs) are used as the transmitter and re-
ceiver, respectively. Since the signal features mentioned
above are not common to RF signals, the proposed
methods in RIS-aided RF systems cannot be directly
employed in VLC systems.

Typical functionalities: RISs are typically deployed
and optimized in RF systems (and VLC systems) to
overcome link blockages and provide coverage ex-
tension. However, the unique characteristics of VLC
signals enable other communication and illumination
performance-enhancement functionalities in VLC sys-
tems. As mentioned, signal transmission at the transmit-
ter and reception at the receiver are directly influenced
by their FoVs. While a large FoV at the transmitter side
permits wider beam angle for more uniform illumination
coverage, it reduces the illumination intensity at the
receiver. On the other hand, a small FoV at the trans-
mitter side can provide high illumination intensity at the
receiver but would require an unobstructed line-of-sight
alignment. At the receiver side, large FoV for the PD
enables significant amount of light beams to be detected.
However, PDs with large FoVs can result in performance
degrading factors such as increased manufacturing cost,
increased receiver noise, and decreased receiver band-
width, which can render VLC systems unsuitable for
high data-rate applications. RISs can be deployed at
the transmitter and receiver side to dynamically control
the FoV of the transmitter and the receiver to perform
the role of beam focusing and steering. Depending on
the distribution of access points (APs) and receivers,
RISs can be used to configure small or large FoVs for
the transmitters and receivers such that the system’s
performance is maximized. Moreover, optical concen-
trators made up of convex lenses are typically placed
in front of the PD to focus impinging light beams
on the center of the PD. However, the use of such
convex lenses can result in up to 30% losses in the
incident light power due to reflections at the lens’ upper
surface [41]. RISs can be used inside the receiver to
overcome such losses by amplifying the incident light

beam [41]], [50]]. Furthermore, RISs can be used for
wavelength filtering and interference suppression [S1]—-
[53]]. Finally, RISs can be used to offer differentiated
services satisfying different illumination requirements
(i.e., illumination relaxation).

3) Place of deployment and propagation model: RISs are
typically deployed in the medium between the trans-
mitter and the receiver in RF communication systems.
This is, however, not the case in VLC systems where
RISs can be deployed at the transmitter side [31], [40],
the receiver side [41], [SO]], or in the medium between
the transmitter and the receiver [42], depending on the
desired functionality. Novel channel models are required
to characterize signal propagation in RISs when placed
at the transmitter or the receiver side. Each of these
different configurations provides the system with unique
advantages. The type of RIS materials suitable for de-
ployment at the transmitter or receiver side, the optimal
operating conditions, and performance optimization and
analysis have not been investigated previously.

4) Hardware and performance optimization: Typical RIS
hardware in VLC includes metasurfaces, mirror arrays,
and liquid crystals (LCs) (another type of metasurface).
The optimization of RISs in RF systems mainly focuses
on optimizing the phase shifts of the RIS elements
for communication related performance improvements.
Since VLC serves both illumination and communication
purposes, the deployment of RISs must seek to opti-
mize both. Specifically, the formulation of optimization
problems for RIS-aided VLC systems must consider
illumination in either the objective function or as part
of the constraint set. Since the position of the RIS when
deployed in the channel affects the illumination and
communication (e.g., data rate) performance, novel RIS
placement optimization problems need to be studied.
In addition to the phase shift for optical metasurfaces,
RIS parameters such as mirror orientation angles and
refractive index of LCs are other decision variables that
cannot be neglected in the design of RIS-aided VLC
systems. As a result, novel channel capacity, horizontal
illumination, and channel gain expressions are required
to effectively analyze RIS-aided VLC systems. Since the
problem structure for such systems may completely dif-
fer from those in RIS-aided RF systems, novel solution
techniques are required.

5) Propagation model: Novel irradiance and channel gain
expressions are required for metasurface, mirror arrays,
and LCs-based RISs in VLC systems as the proposed
models for RIS-enabled RF communication systems
cannot be applied to VLC systems.

To achieve the main objectives of this tutorial, we elaborate
on the use of RIS technology in OWC systems, with an empha-
sis on the VLC system. We first review the VLC technology,
its principle, transmitters and receivers, and signal detection.
We also discuss the channel and noise in VLC systems. We

IThe FoV of an LED is defined as the angle between the points on the . h dulati h h licati f the VLC
radiation pattern at which the directivity is reduced to 50% [49]. Generally, review the modulation schemes, the applications of the

it is specified by the semi-angle at half power. technology, and finally, we touch on the standardization effort
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Fig. 1: Organization of this paper.

for the VLC technology. We then discuss RIS basics and
fundamental concepts. We also highlight and explain the main
types of RISs used in VLC from the physics point of view,
including intelligent metasurface reflector (IMR), intelligent
mirror array (IMA), and LC-based RIS. This is followed by
an overview of the optical RIS technology where we describe
different RISs configurations for the VLC technology with an
emphasis on RISs located inside the transmitter, receiver, and
over the channel. Next, we compare the optical RIS to the RF-
RIS, and to optical relays. We examine the particular case of
RIS-based VLC systems and discuss the various use-cases and
performance optimization approaches. Later, we discuss the
use of an RIS when placed inside the receiver to improve the
VLC receiver’s FoV and when placed inside the transmitter to
improve beamforming. Furthermore, we look at the integration
of RISs with other technologies in VLC systems. To this
end, we discuss transmitter and receiver diversity with RISs,
physical layer security (PLS), multiple-input multiple-output
(MIMO), and non-orthogonal multiple access (NOMA) with
RISs. Moreover, we explore simultaneous lightwave and power
transfer and RISs. Finally, possible extensions to the integra-

tion of RISs in VLC systems are outlined and conclusions are
drawn. To facilitate the reading flow of the paper, we provide
its flowchart, showing its organization and the relations among
different sections in Fig. [1]

II. BASICS OF VISIBLE LIGHT COMMUNICATIONS

This section provides the basics of the VLC technology
while presenting a comprehensive overview of its communi-
cation principle, transmission and detection schemes, com-
munication channel and sources of noise, modulation and
coding schemes, its typical applications, the adoption of RISs
in VLC, as well as standardization efforts. Note that several
other survey and tutorial papers focusing on related issues
on its early development, channel modeling, design principles
(including user and network-centric), networking techniques,
noise and its reduction techniques, performance optimization
techniques, and recent emerging applications of VLC can be
found in [54]-[71].

A. Principle of VLC Technology

As with most OWC technologies, the VLC technology
utilizes high switching rate LEDs to incrust the incoming data
into the generated light as depicted in Fig. 2] The generated
light carries the message signal towards the PD. Its intensity
is modulated to accommodate the transmitted data within a
frequency bandwidth. At the receiver, with the help of a
transconductance amplifier (TIA), the PD converts the detected
light intensity into a voltage, readily understandable by the
signal processing unit. One of the main dilemmas of the
VLC technology is the limited modulation bandwidth since
LEDs switch into saturation mode as the modulation frequency
increases. In addition to this, the transmitted signal is required
to be of a real and positive value.

Figure |3| depicts the typical principle of indoor VLC sys-
tems, which illustrates the double utilization of the light
source. It broadcasts both light and a message. A span of
both the light source and PD displays geometrical structures
of transmitted and received beams, as well as the detection
criterion, which is based on the receiver’s FoV. At the light
source, Fig. 3] shows the Lambertian scattering, the parameters
of which include the incidence and irradiance angles, the Lam-
bertian order, and define the channel parameters. However, the
end-to-end channel gain also integrates the distance between
a light source and the PD, the receiver’s FoV, the receiving
angle, and the responsiveness of the PD.

B. Transmission and Detection in VLC Technology

1) VLC signal transmission: A closer look at the transmit-
ter depicted in Figs. 2] and [3] shows that the VLC transmitter
differs from the conventional one by the constitution of the
different blocks. For example, an RF transmitter does not need
a LED’s driver, which cannot be omitted in VLC. The VLC
encoder is similar to the RF encoder in its functionality. The
modulator may be different from those used in RF by the
fact that transmitted signals in VLC are purely positive and
real. In Section III-D, we discuss the process related to the
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asymmetric transmitted VLC signal. In the VLC technology,
two main types of diodes are used in the light source package,
namely laser diode (LD) and LED. Both are IM-based. In this
technique, the incoming bits modulate the current intensity
flowing through the LD/LED. Typically, the latter transfers its
waveform to the resulting light beam.

Several types of luminescent diodes are available. They
differ by wavelength or by the process through which light
is produced. Thus, we have phosphor-LEDs, red-green-blue-
LEDs, high-power LEDs, IR-LEDs, ultraviolet-LEDs, LDs,
matrices of LEDs, organic LEDs, and Quantum dot LEDs.
Originally, light-emitting semiconductors were manufactured
in several colors (or not perceptible colors) and wavelengths,
such as yellow for 570 nm < 4 < 590 nm; red for 610 nm
< A <760 nm, blue for 450 nm < A < 500 nm, and green for
500 nm < A < 570 nm. For LDs, 630 nm < A < 950 nm. The
white color can be constructed from two different processes:
(i) by a combination of red, green, and blue, or (ii) by phosphor
conversion. In the latter case, the phosphor is incorporated in
the body of a blue-LED with a peak wavelength of around 450
to 470 nm. Part of the blue light is converted to yellow light by
the phosphor, and the combination of the obtained yellow color
and the remaining blue produces a white color. The former
offers an opportunity to apply specific modulation techniques
for data transmission such as color shift keying (CSK), MIMO,
or diversity techniques. Note that most power LEDs are
white-colored, and that ultraviolet-LEDs are part of visible
light sources. Most of the electromagnetic semiconductors are

low-cost and contribute to the complexity aspects of VLC
systems by the ease of their current modulation. All the above-
mentioned light sources represent only the antenna, which
physically corresponds to the bridge between the modem and
the transmission channel. After signal processing, the current
sent through the light source should allow adequate lighting,
while performing data transfer.

2) VLC signal detection: At the receiver, detection may
be based on DD or heterodyne modes. However, the IM/DD
combination provides advantages in cost and complexity. The
key elements in VLC detectors, which make its receiver
different from the RF receiver, are the PD and TIA. However,
they present many similarities. In the following paragraphs,
we comment on PDs and TIAs.

In general, PDs have the same doping structure as illuminat-
ing semiconductors. For a PD to detect a specific waveform,
it must naturally be prepared to detect the corresponding
frequency range, i.e., it must be sensitive to that specific
wavelength. Thus, an IR-PD detects light from an IR-LED,
a laser PD is sensitive to a signal from an LD, and so
forth. Significantly, PDs, as with LEDs and LDs, are cost-
efficient and low-power components, which make the entire
receiver a cost-effective device. A TIA is a current-to-voltage
converter made of operational amplifiers. The VLC processing
modules which include the analog-to-digital converter, de-
modulator, and decoder, are voltage-oriented components, i.e.,
their input requires a signal in voltage form. The TIA converts
the PDs’ output current to a voltage, which is acceptable by
these blocks. Both can then process signals based on their
functions. Figure [ shows a principle diagram in which the
PD is combined with an operational amplifier circuit to form
a TIA.

C. VLC Communication Channel and Sources of Noise

VLC channel: The communication channel in VLC, as
in any other telecommunication technology, is the medium
between transmitting and receiving antennas, i.e. bounded by
the light source and PD. It represents the optical part of the
VLC system. The VLC channel suffers from optical path loss
and multi-path induced dispersion. However, the configuration
of the VLC system typically determines how the channel
impacts the transmitted signal. For LoS configurations, the
reflected light components do not need to be taken into con-
sideration, and consequently, the VLC channel is impacted by
path loss which can be easily calculated from the knowledge of
the transmitter beam divergence, receiver size, and separation
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distance between the transmitter and receiver. The LoS channel
gain is given by [72]

2 oo () T (9) G (9) cos (9) ,0 < & < Frov

Gros = { 0, otherwise,

ey
where m is the Lambertian index which is calculated by m =
—1/log, (cos (®12)), with @/, the half-intensity radiation an-
gle, App is the physical area of the PD, d denotes the distance
between the AP and the user, @ is the angle of irradiance,
is the angle of incidence, T () and G () are the gains of the
optical filter and the non-imaging concentrator, respectively,
and Jg,y is the FoV of the PD. The gain of the concentrator
can be expressed as G () = f2 /sin2 Frov, 0 < & < Fpov,
where f is the refractive index.

With regard to NLoS configurations (which occur mainly
in indoor deployments), reflections from wall surfaces and
furniture need to be considered. According to [72f], 73] the
optical power received from signals reflected more than once is
negligible. As a result, only the signals from the LoS path and
those from the first reflected links are typically considered. By
focusing on the effect of reflective light by any wall surface
k, the channel gain of the first reflection is given as [72]

(m+)A a
%dAk cos™ (@) cos () cos (%)

xcos (FK) T (9) G (9), 0 < 9 < Iroy

Pwall

wallgy _
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0, otherwise,

2)
where pwan denotes the reflection coefficient of the wall
surface, d,f is the distance between the AP and reflective
surface k, d,”{‘ is the distance between reflective surface k and
the user, @} is the angle of irradiance from the AP to reflective
surface k, 9} is the angle of incidence on the reflective surface
k, CD’,; is the angle of irradiance from the reflective surface
k towards the user, and 05 is the angle of incidence of the
reflected signal from surface k.

Unlike RF communication systems, VLC links do not suffer
from the effects of multi-path fading since the receivers use
detectors with a surface area typically of magnitude bigger
than the transmission wavelength. Another unique feature

of the VLC channel is its susceptibility to blockages and
shadowing as well as impact of the device’s orientation. As
a result of the short wavelength of VLC signals, specific
shadows are formed when the light signals encounter any
opaque obstacle such as a human body. As a consequence,
a receiver in the shadowed area will be in communication
outage. With regard to the impact of device orientation, PDs
have limited FoVs. This restricts the angle at which a PD can
receive the optical signals as the angle of the incident light
significantly affects the intensity of the received optical signal.
While the angle of irradiance is not affected by the random
orientation of the user’s device, the angle of incidence is highly
influenced by the orientation of the device. It is shown in [[74]]
that the cosine of the angle of incidence ¢ can be expressed
in terms of the device’s polar angle @ and the azimuth angle

B as

cos () = () sin (@) cos (B) + (272) sin (@) X

sin (B) + (45*) cos (@) , @)

where (x4, ya, 24) and (x,, yu, zu) denote the position vectors
specifying the locations of the AP and the user, respectively.
According to [74]], the polar angle can be modeled using
the truncated Laplace distribution with a mean and standard
deviation of 41° and 9°, respectively, and its value lies in the
range [0, Z]. The azimuth angle follows a uniform distribu-
tion: B ~ U[-nr,x] [74].

Noise over the VLC channel: Several noise sources are
identified over the VLC channel. They occur in both the
optical and electrical domains, and are present in both indoor
and outdoor environments. Among these, shot and thermal
noises are the most prominent. Shot noise, also called Poisson
or quantum noise, is an optical noise and is related to the
particle nature of light. This noise defines the variation of the
number of electrons generated after the photons hit the PD
and may originate from coherent or thermal lights. When due
to the former, it follows the Einstein statistics, and follows
the Poisson statistics when resulting from the latter [75]. Shot
noise bears a normal distribution for a high number of photons
falling on the PD’s area [75]. The electronic circuitries of
the transmitter and receiver generate thermal noise, which is
also called Johnson or Nyquist noise, and follows the normal
distribution since it is modeled by the central limit theorem.
Other noises such as background and Fano noises are present
in the VLC environment, but their amplitude is small enough
to be neglected.

Interference in the VLC channel: Signal deterioration in
VLC is also due to other light sources which interfere with the
message signal. They are mainly two groups: (i) natural sources
such as the sun and moon. Sun and moon rays may disturb the
message encrusted in the light beam. In general, they increase
the number of photons which land on the effective area of
the PD and force it to work in the saturation region; and (i7)
interference from artificial light sources such as other LEDs,
fluorescent bulbs and other light sources in the environment.



D. Modulation and Coding Schemes

1) Type of transmitted signal: The signal transmitted over
the VLC channel is optical since the message signals are
carried over by a light beam. Because the light is positive
by nature, the transmitted signal is positive. It is worth
emphasizing that the component which produces the light, i.e.,
LD or LED, are diodes and do not allow a negative current to
flow.

2) Modulation schemes: Most modulation schemes pro-
posed for VLC systems relate to the asymmetric and positive
aspects of the VLC signal. An analysis of the VLC technology
considers two main groups of modulation schemes, namely,
standardized and non-standardized techniques. IEEE 802.15.7
D3a proposes most of the standardized modulation schemes
which are all associated with a specific physical (PHY) layer
[75]. Here, except for those that use phase shift keying (PSK)
for example, most schemes naturally produce the required
positive signal. Besides this constraint, the modulation tech-
nique should also satisfy dimming and flickering requirements
of VLC, and efficiently convey information. Most of these
schemes produce the required real and positive-valued signal
after one or sometimes several operations, such as direct cur-
rent (DC) offset-orthogonal frequency division multiplexing
(OFDM) and asymmetrically clipped optical OFDM, amongst
others.

Standardized modulation schemes: Among these, we
underline on-off keying (OOK) and variable pulse position
modulation (VPPM), which are used with PHY I and II. CSK
proposed for PHY III which can be used in combination with
OOK. Optical variances of OOK and VPPM such as un-
dersampled frequency-shift-OOK (UFSOOK), twinkle VPPM,
and offset VPPM for PHY IV, camera-based OOK (C-OOK)
for PHY V, and hidden asynchronous quick link (HA-QL)
for PHY VI, are also proposed in IEEE 802.15.7 D3a. A
complete description of these modulation techniques, their
corresponding data rate and coding schemes used to generate
both inner and outer codes, are provided in [75].

Non-standardized modulation schemes: OFDM cannot be
applied directly in VLC due to the restrictions of IM/DD
schemes (real and positive values of transmitted signals).
Therefore, different variations of OFDM have been proposed,
such as DC-biased optical OFDM [[76]], asymmetrically clipped
DC-biased optical OFDMs [77], asymmetrically clipped opti-
cal OFDM [/78], fast-OFDM, and polar-OFDM. Among the
OWC versions of OFDM, optical OFDM techniques were
proposed with an aim of applying schemes such as quadrature
amplitude modulation to VLC systems. All these schemes try
to provide a modulated signal which meets the asymmetric
aspect of VLC, while keeping the system cost-effective and
efficient. Note that all of these versions of OFDM suffer from
a high peak-to-average power ratio. The optical version of
MIMO (index modulation) has been investigated in order to
improve VLC transmission. Other schemes, such as space shift
keying (SSK), generalized SSK, spatial modulation (SM), and
multiple active SM, have also been proposed. There is also
evidence in the literature that other higher-order schemes have
been developed for VLC systems. This includes quad-LED and
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Fig. 5: A duplex VLC transmission system.

dual-LED complex modulation, as well as quad-LED complex
modulation (QCM), which are used in MIMO VLC systems,
quadrature spatial modulation (QSM), and dual-mode index
modulation.

3) Coding schemes: Coding schemes such as the Reed
Solomon, Manchester, and convolutional codes, to mention
only three, are used to correct errors in VLC transmission
systems. Most are proposed by IEEE and are related to
the six physical layers [75]. In PHY I, for example, Reed
Solomon is indicated to be used with OOK as outer code
while convolutional codes is for inner code, and Manchester
is to be used as line code.

E. Applications of VLC Technology

In general, two sets of applications are considered for the
VLC technology: indoor and outdoor applications. Since the
sun lights up the environment during daylight, the illumination
feature of VLC is necessary outdoors only at night [79].
The most prominent applications of the VLC technology
are Internet broadcasting and LiFi [80], [81], which can be
deployed indoors and outdoors, and indoor positioning.

1) Light fidelity: In LiFi [80], [81], the VLC AP broadcasts
internet and the light source acts as a portal for devices to
connect to a local area network. The message to be transmitted
is moved to the AP. Figure [5 depicts the configuration of
LiFi which is a duplex system in which VLC is in charge
of the downlink traffic (lighting plus data transfer), while
a different technology is used in the uplink [[75]]. Thus, it
belongs to the category of hybrid networks, where the uplink
employs RF because using VLC in both downlink and uplink
produces much interference and leads to poor communication



Fig. 6: Principles of indoor positioning using VLC.

performance. Other technologies, such as IR or laser, can also
be used. However, RF offers the possibility of a fully mobile
receiving node. In this situation, the mobile terminal integrates
a VLC receiver and an RF transmitter (see Fig. [5). In this
system, VLC is used to supplement the WiFi downlink [82],
[83]. It is worthwhile emphasizing that, although LiFi is seen
as an application of VLC, it is also considered as an emerging
technology that involves VLC and RF. Besides the utilization
of LiFi discussed above, it can also be used in multiple other
applications, including Internet-of-things (IoT) [84], intelligent
transportation systems, road security, and massive data trans-
fer. It is also used in combination with existing systems and
technologies, such as Bluetooth and indoor positioning, smart
communication and lighting, with hybrid systems [85]], or in
combination with an universal serial bus dongle. In most of
these cases, the technology may face challenges related to the
handover mechanism [86| or interference [87].
2) Indoor positioning: An indoor positioning system is
a useful application of VLC which allows users to move
inside an illuminated building and be notified of their physical
position should they request this. It is one of the most
frequently investigated topics in VLC technology [88]-[103].
The same AP used to deploy LiFi is exploited to give an
accurate address to the node on its current position in the
building. As stated earlier, in indoor positioning, localization
and navigation systems, the light bulbs included in the AP
serve as illumination devices. The indoor positioning system
is appended on these light sources to create a network of APs
to locate users. Figure [6] depicts an illustration of an indoor
positioning system in which the mobile terminal is moving
in an indoor environment. As it moves from one point to
another, its PD detects several signals. The receiver included in
the mobile terminal selects the signal with the best signal-to-
noise ratio (SNR), which in general, corresponds to the closest
AP. The demonstration of VLC-based indoor positioning sys-
tems [92]], [97]], [101] shows high-accuracy positioning. Most
studies on this topic are theoretical, but touch on different
aspects of the system. For example, they may deal with a
single PD, multiple PDs [[103], optical cameras [93], off-the-
shelf components [99], as well as in relation with artificial

intelligence [[102], amongst others.

3) Underwater Wireless Communication: Underwater wire-
less communication typically relies on RF or acoustic signal.
However, acoustic communication links are characterized by
large propagation delays and low bandwidth (tens of hertz and
hundreds of kilohertz), which limits the amount of information
that can be transmitted. Although RF links outperform acoustic
waves in terms of data rate and high tolerance to turbulence
and turbidity [104], their high energy consumption and de-
ployment cost coupled with the short transmission distances
necessitates the search for alternative underwater communica-
tion technologies to meet the extremely high data rate require-
ments of beyond 5G. VLC has recently attracted considerable
research attention for underwater wireless communication due
to its ability to provide the highest transmission bandwidth and
data rate as well as the lowest link delay and implementation
cost [105]. Moreover, underwater VLC systems are more
secure because the transmitted signal is highly directional
and energy efficient since low cost laser diodes and PDs are
used as the transmitter and receiver, respectively. To that end,
recent works have focused on path loss channel modeling
[106], turbulence channel modeling [107], [108], multiple
access schemes [[104], [[109]], modulation scheme [[110]], [111]],
transceiver design [112], [113], and security [114].

F. Re-configurable Intelligent Surfaces for VLC Systems

The use of RISs in VLC systems is very recent and is
attracting a great deal of research interests [25], [26], [[115]-
[120]. This is due to its potential to revolutionize the design
of future VLC-based wireless networks. The technology was
firstly introduced by Berry in 1963, where he proposed the
reflectarray antenna [[117]]. Since then, the research community
has studied absorbing boards, selective windows and walls,
and frequency selective surfaces. Nowadays, it bears sev-
eral other names. The concept is called: (i) large intelligent
surface to indicate the area exploited to contain the RIS
units; (i7) large intelligent meta-surface or reconfigurable meta-
surface because the surface accommodating the RIS elements
is characterized by a complex and artificial electromagnetic
structure; (iif) intelligent reflecting surface or smart reflect-
arrays because the incident signal on the RIS components
can be reflected; (iv) passive intelligent surface or passive
intelligent mirrors, when the RIS elements do not amplify the
received signal.

G. Standardization Efforts for VLC Technology

The three main factors governing the evolution of a tech-
nology are the market, the technology, and regulation. Regu-
lation refers to rules, requirements, and guidelines for VLC
products, process, and services [/5]. The effective imple-
mentation of the VLC technology and the integration of the
RIS technology must follow a specific guideline. The VLC
technology is regulated by standards on short-range optical
wireless communications. Up to date, a few drafts of these
standards have been proposed, including from IEEE and the
VLC consortium. In IEEE, the IEEE 802.15.7 Task Group
specifies wireless personal area network standards and deals



TABLE I: IEEE 802.15.7/D3a: Summary of the operating modes for PHY I to VI [[75]].

Mod. scheme Line Code Clock Rate Forward Error Correction Data Rate
Outer Code Inner Code
—PHY I—
OOK Manchester 200 kHz RS CC 11.67 kbps to 100 kbps
VPPM 4B6B 400 kHz RS CC 35.56 kbps to 266.6 kbps
—PHY II—
VPPM 4B6B 3.75 MHz/7.5 MHz RS RS 1.25 Mbps to 5 Mbps
OOK 8B10B 15 MHz to 120 MHz RS RS 6 Mbps to 96 Mbps
—PHY III—
CSK - 12 MHz/24 MHz RS RS 1.25 Mbps to 5 Mbps
OOK 8B10B 15 MHz to 120 MHz RS RS 12 Mbps to 96 Mbps
—PHY IV—
UFSOOK - Multiframe rate MIMO path dependent 10 bps
Twinkle VPPM - 4x bit rate RS RS 4 kbps
S2-PSK Half-rate code 10 Hz Temporal error correction 5 kbps
HS-PSK Half-rate code 10 kHz RS RS 22 kbps
Offset VPPM - 25 Hz RS RS 18 bps
—PHY V—
RS-FSK - 30 Hz XOR FEC XOR FEC 120 bps
C-O0OK Manchester/4B6B 2.2 kHz/4.4 kHz Hamming code  Optional/RS 400 bps
CM-FSK - 10 Hz - Optional 60 bps
MPM -.- 12.5 kHz Temporal error correction 7.51 bps
—PHY V—

A-QL - 10 Hz RS CC 5.54 kbps
HA-QL Half-rate code 10 Hz RS CC 140 bps
VTASC - 30 Hz RS RS 512 kbps
SS2DC - 30 Hz RS RS 368 kbps

IDE-MPSK blend - 30 Hz RS RS 32 kbps
IDE-WM -.- 30 Hz RS RS 256 kbps

OOK: on-off keying; VPPM: variable pulse position modulation; CSK: color shift keying; UFSOOK: undersampled frequency shift on-off keying;
S2-PSK: spatial 2-phase-shift-keying; HS-PSK: hybrid spatial phase-shift-keying; C-OOK: camera on-off keying; RS: Reed-Solomon;
CM-FSK: camera M-ary frequency-shift-keying; MPM: mirror pulse modulation; A-QL: asynchronous quick link; HA-QL: hidden asynchronous quick link;
VTASC: variable transparent amplitude-shape-color; SS2DC: sequential scalable 2D code; IDE-MPSK: invisible data embedding M-ary phase-shift-keying;
IDE-WM: invisible data embedding watermark; CC: convolutional coding; -.-: no line code or forward error correction code has been proposed.

with rules and regulations for the VLC technology. They have
successively lunched IEEE Std 802.15.7-2011, IEEE Standard
for Local and Metropolitan Area Networks—Part 15.7: Short-
Range Wireless Optical Communication Using Visible Light
[121]. This standard was successively revised several times.
Thus, in 2018, the IEEE 802.15.7 Task Group proposed a new
draft, IEEE P802.15.7/D2a, IEEE Draft Standard for Local and
metropolitan area networks - Part 15.7: Short-Range Optical
Wireless Communications [122]] with a slight difference that
the focus is not only on the VLC technology, but all technolo-
gies with similar characteristics such as infrared. The IEEE
P802.15.7/D2a draft was improved to IEEE P802.15.7/D3,
which led to an approved draft, P802.15.7/D3a, in August
2018 [123]. Finally, in 2019, the IEEE task group released
revised version of the standard for VLC technology, IEEE
802.15.7-2018, in 2019 [[124]]. The main focus of all these
versions of the IEEE 802.15.7 standards are the modulation
schemes, the forward error correction and line codes, and
data rates over short range optical channels in local and
metropolitan networks.

In Table [, we summarize the activities of IEEE 802.15.7
and classify the related important parameters. The PHY layer
described in IEEE 802.15.7 is divided into 6, namely PHY I,
IL, I, IV, V, and VI. Each of these has specific modulation
scheme, coding techniques, and data rate for any communica-
tion. They also have different clock rates, which vary with the
different schemes used.

H. Summary

In this section, we have revisited the VLC technology
and highlighted the multiple-use of its light source, channel,
and receiver. We have discussed its principle, the modulation
schemes, and coding techniques, and highlighted its applica-
tions. Finally, standardization efforts have been provided. It
turns out that the VLC technology is a good candidate to
overcome the spectrum shortage of RF systems, especially in
the indoor environment.

III. RIS BAsICS
A. RIS: The Concept

An RIS can be defined as a metasurface or a mirror consist-
ing of an array of low-cost nearly passive reflecting elements
for reconfiguring incident signals and manipulating (e.g.,
reflecting, refracting, focusing, etc.) them in an intelligent
way to improve communication performances. Specifically,
each of the RIS elements can be configured individually,
and in real-time, to induce controllable manipulation of some
characteristics (e.g., amplitude, phase, polarization, etc.) of
the incident signal. For instance, the use of RISs enable the
direction of any reflected wave to be controlled such that
all the waves converge to a point (i.e., anomalous reflection)
rather than having specular reflection. For that to happen, the
electromagnetic response of each of the reflecting elements
is first adjusted by tuning the surface impedance through
electrical voltage stimulation. This causes each element of



the RIS array to induce a phase shift to the incoming
signals, and as a result, controlling the main direction of
the reflected signals. In general, the control mechanism in
RISs can be realized by using ultra-fast switching elements
such as varactors, positive-intrinsic-negative (PIN) diodes,
or micro-electro-mechanical systems (MEMS) switches that
communicate with a central controller. As opposed to requiring
human subjective judgement and recognition in controlling
the operation of traditional metasurfaces, an RIS controller
has the capability to sense the environment [125], and make
use of intelligent algorithms to actively identify and judge
environmental changes and make autonomous decisions on its
operations [126[], [[127]. As a result, a dense deployment of
RISs in any wireless communication network will allow full
manipulation of transmitted and reflected waves to enable an
intelligent control of the communication channel and signal
propagation to enhance the end user’s quality of experience.

The RIS technology has recently gained significant research
attention in wireless communications due to the numerous
benefits it offers including: (/) metasurfaces that are used
in RISs are easy to fabricate using traditional nanofabrica-
tion techniques such as photolithography and electron-beam
lithography due to the rapid advancement in the semicon-
ductor industry; (ii) their ease of deployment since RISs can
be deployed on existing infrastructure like the exterior and
interior of buildings, roadside billboards, t-shirts, etc.; (iii)
their low energy consumption and carbon footprint; (iv) key
performance metrics (spectral efficiency, throughput, energy
efficiency, and coverage) enhancements especially in the ab-
sence of a LoS path between the transmitter and the receiver;
and (v) compatibility with the standards and hardware of
existing wireless networks. There has been extensive research
on its application in RF communications. However, the RIS
technology and its application in RF communication systems
cannot be directly adapted to VLC systems due to the reasons
summarized in Table

In the subsections that follow, the two different setups for
any RISs in VLC systems, namely, intelligent metasurface
reflector (IMR) and intelligent mirror array (IMA) are briefly
introduced. Then, detailed discussions on their operating prin-
ciples and functions, in the context of communication, are also
provided.

B. Intelligent Metasurface Reflector (IMR): From the Physics
Point of View

A typical IMR consists of three main layers, namely, a
metasurface for the outermost layer, a conducting back plane
that prevents energy leakage as the second layer, and a control
circuit that connects to a micro-controller as the third layer.
It is important to note that this third layer distinguishes an
RIS from classical reconfigurable reflectarrays and array lenses
[128]. In this subsection, a description of the typical structure
of a metasurface is provided. Then, the various tuning mecha-
nisms that enable the reconfigurable properties of metasurface
reflectors are discussed in terms of the tuning material, the
operating frequency range, and the typical application.

1) Structure and tuning mechanisms: A metasurface is a
two-dimensional artificially nanostructured interface that is
composed of spatially arranged meta-atoms of a subwave-
length size on a flat substrate. These meta-atoms typically con-
sist of dielectric [129]], [[130] or plasmonic [[131]] nanoantennas
that can directly reconfigure properties such as the phase, the
amplitude, and the polarization, of any incident signal by ma-
nipulating the outgoing photons. The types of substrates used
in metasurfaces include silicon, gallium arsenide, sapphire,
germanium, quartz, polymide, and parylene. Metasurfaces in
general have been widely investigated in the past decades
because of their unique abilities for blocking, absorbing,
focusing, reflecting, or guiding incident waves ranging from
the microwave band through the optical frequency bands [132].
Such unique abilities result from their strong interaction with
electric and/or magnetic fields, which is typically provided
by resonant effects controlled by the geometry of the meta-
atoms. In the early development stages of metasurfaces, they
were mostly designed for specific functions. For instance,
a metasurface absorber composed of a reflective backplane
and a microwave absorption layer sandwiched between two
dielectric substrates, only works for a certain or a narrow range
of frequencies. As such, complete redesign and re-fabrication
were required for the metasurface to be able to absorb signals
of different frequency range.

Recently, real-time re-configurable (or programmable or
tunable) metasurfaces have received enormous research atten-
tion due to their ability to offer multiple unique functionalities
without any re-fabrication processes [133], [134]. Such RISs
generally consist of a metastructure and a tuning mecha-
nism, and both components communicate through a control
circuit. Several tuning mechanisms for realizing real-time re-
configurable metasurfaces have been proposed in the literature.
Popular tuning mechanisms and their corresponding practical
applications in the design of IMR are presented below:

o Liquid crystals: Infusing a metasurface with LCs and
varying its permittivity or refractive index with external
stimuli (e.g., electric field, magnetic field, temperature,
etc.) is a known tuning mechanism for re-configurable
metasurfaces [135]]. A typical structure of an operational
re-configurable LC-based metasurface for VLC receivers
is shown in Fig. |7} In this figure, the polarizer filters any
incoming light and allows only the wavelengths carrying
the transmitted information signals. The glass substrates
generate the preferred direction of orientation for the LC
molecules when an external electric field (e.g., source
voltage) is applied to the electrode. The indium tin oxide
(ITO) material assists with heat generation and control
for the LC cell, and finally, the photoalignment layer
guides light-rays through the preferred direction in the
LC cell. By infiltrating the metasurface with LCs, the
resonance condition of the meta-atoms (i.e., nanodisks)
become dependent on the refractive index of the LC
medium. By varying the source voltage at the request
of the RIS controller, the refractive index of the LCs can
be easily adjusted by undergoing molecular reorientation
and, in return, can modify the phase and amplitude of



TABLE II: A comparison of VLC and RF RISs.

Feature

VLC

RF

Signal characteristics

Wavelength ranges from 350 nm to 800 nm
Intensity modulation and direct detection
Real- and positive-valued signals

Intended for communication and illumination
Emitted from LEDs and received by

PDs

Wavelength ranges from 1 mm to 10 m
Coherent modulation and demodulation
Complex-valued signals

Intended for communication

Emitted from and received by electromagnetic
transceivers

Typical functionalities

Dynamic FoV control

Light amplification

Wavelength filtering and interference
suppression

Coverage expansion and beam focusing
Illumination relaxation

Coverage expansion and beam focusing
Interference nulling

Hardware

Metasurfaces
Mirror arrays
Liquid crystals

Metasurfaces

Place of deployment

At the transmitter side (e.g., in front of the LED)
At the receiver side (e.g., in front of the the PD)
In the channel between transmitter and receiver

In the channel between transmitter and receiver

Performance optimization

Decision variables include roll and yaw
orientation angles of mirror arrays, phase shift
for metasurfaces, and refractive index for liquid
crystals

Communication and illumination constraints

Phase shift as the decision variable
Communication related constraints

Propagation model

Novel channel models required for metasurface,
mirror arrays, and liquid crystals-based RISs

Novel channel model required for metasurface-based
RISs

Technological maturity Moderate High
Cost Low Moderate
! _____ » Polarizer Monolayer
= - — - — - » Glass substrate Electrode +—— graphene
® - - » Circular aperture
g === = Electrode ‘ '
souree | < ___T"- = Top ITO film Dielectric
voltage, V; ~ == Photoalignment layer
—— s Liquid crystal | Metallic ground
v plane
—————— - Ti0, nanodisks : } saeedi
e A etallic square
f‘ i Photoalignment layer patch layer
A T o
T P>~ _" ~~ Bottom ITO film
{ ~—__ T~ Glass substrate Fig. 8: An electronically tunable metasurface composed of a
I == ~» Polarizer graphene sheet directly placed on the array of metal patches [[137].

Fig. 7: An electronic tunable tin oxide (TiO,) metasurface with
LC infiltration sandwiched between two transparent plate electrodes
deposited upon (ITO)-coated glass substrates [41], [136].

any incident signal.

o Graphene: Graphene, one of the most preferred RIS
materials, is a flat monolayer of carbon atoms tighly
packed into a two-dimensional honeycomb lattice whose
surface conductivity and, consequently, impedance can
be easily tuned by applying a proper gate voltage [|138]].
Specifically, embedding a metasurface (i.e., array of meta-
atoms) with graphene and adjusting its Fermi level by
modifying the Fermi energy through a bias voltage en-
ables the realization of a tunable metasurface [|137]], [139]].
Graphene possesses a chemical-potential-dependent com-
plex conductivity which can be tuned under electrostatic
bias to enable the dynamic control of the reflection phase
and amplitude characteristics of any incident beam [[140]].
Figure [8] shows a typical graphene-based metasurface,

which consists of a continuous graphene sheet (i.e.,
tunining material) transfer-printed on an open dielectric
surface with an array of metal patches to form a patterned
surface, and backed by a metallic ground plane. In this
figure, the metal layer on the backside of the substrate
acts as a reflector and an electrode, and the applied
voltage is between the top and the back electrodes. By
varying the applied voltage to adjust the Fermi level,
the chemical potential of the graphene sheet can be
dynamically tuned to enable different functionalities like
wave absorption and the control of wave characteristics
like amplitude, phase, and polarization. Thus, by utilizing
the tunable conductivity properties of a graphene material
in a metasurface connected to a control unit, intelligent
metasurfaces with dynamic reconfiguration can be effi-
ciently designed.

o Photoconductive  semiconductor: Introducing light-
sensitive materials (i.e., photoconductive semiconductor
materials) in the metasurface composition and varying
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Fig. 9: A tunable photoconductive metasurface.

its property (e.g., conductivity) through carrier photo-
excitation with an IR pump beam is another tuning
mechanism for re-configurable metasurfaces [133]].
Photoconductivity can be defined as an optical and
electrical phenomenon in which a material becomes
more electrically conductive when exposed to light (e.g.,
visible light, IR light, or ultraviolet light) of sufficient
energy. This phenomenon occurs when light — with
energy higher than the bandgap energy — strikes a
photoconductive material and causes some electrons to
move from the valence band into the conduction band
(i.e., move across the band gap), and as a result, changes
the electrical conductivity of that material. Typical
examples of such materials include silicon, gallium
arsenide, silicon carbide, and lead sulfide. Typically,
a photoconductive metasurface consists of a pair of
metal contacts placed on a photosensitive semiconductor
substrate (photoconductor) [[141], as depicted in Fig. E}
The tunable operation of this metasurface is explained
as follows [142]]: An optical beam, with photon energy
exceeding the bandgap of the semiconductor substrate,
is used to irradiate the photoconductive gap between
the electrodes. This causes photocarrier generation in
the semiconductor substrate. At the same time, the bias
voltage applied across the electrodes accelerates the
photogenerated carriers towards the anode, resulting
in an instantaneous drift current density. The rate
of change of the movement of the charged carriers
in the semiconductor substrate (i.e., change in its
conductivity) enables the dynamic manipulation of the
amplitude characteristics of the incident wave and the
operating frequency of the metasurface. In addition
to the references above, other design ideas of such
metasurfaces can be found in [[143[]-[[145].

2) Typical tunable functionalities and applications in com-
munication systems: Figure shows some of the typical
functionalities performed by metasurfaces in wireless commu-
nication systems. Particularly, Figs. [I0fa) and (b) demonstrate
the use of a metasurface to perform spectral filtering. This
functionality has several signal processing applications in com-
munication systems. Notable among them is the design of a
tunable optical filter (i) for signal detection in multi-color VLC
systems, (i) to block outdoor light noise in VLC systems, and
(iii) to function as a low-cost, nearly passive optical identifier
in VLC-based indoor positioning systems. Figure [I0fc) shows

a scenario whereby a metasurface has been used as a perfect
absorber. A material is said to be a perfect absorber when it
absorbs 100% of the incident wave power under a specified an-
gle of incidence at a single frequency [40]. Perfect absorbers,
including narrowband absorbers, have useful applications in
many areas including interference management in RF radars
where they are used to suppress backscattering by large metal
targets. Figure [I0(d) depicts a scenario where the incident
signal is refracted towards the opposite side of the impinging
signal. This particular functionality of RISs is crucial to the
development of intelligent omni-surfaces that are capable of
reflecting and refracting impinging signals towards both sides
of the metasurface [146|. Figures e), (f), and (g) depict
scenarios of wavefront shaping with metasurfaces. Specifically,
Fig. [I0[e) shows the use of a metasurface to steer the beam
from the transmitter in a particular direction. This is useful
in coverage extension for wireless communication systems.
Figure [I0[f) shows the use of a metasurface to control the
main direction of a reflected signal (i.e., achieve anomalous
reflection). For instance in optical transmission, when light
waves leave a source, they spread out in all directions and upon
striking any smooth, finite-sized flat surface, they get reflected
away from the surface at the same angle as they arrived and the
intensity of the reflected light is not always equal to that of the
incident light as some of the light get absorbed by the surface
(i.e., specular reflection). However, anomalous reflection can
be achieved if each element of the metasurface induces a
certain phase shift to the incoming signal and the overall joint
effect of all phase shifts is a reflected beam in a specified
direction. Figure [I0[g) and Fig. [I0(h) depict the scenario
whereby a metasurface is used for signal amplification and
polarization transformation, respectively.

A summary of the various tuning materials and their typical
frequency range of application is provided in Table In this
table, typical functionalities of the tuning materials and their
maturity are also provided.

C. Intelligent Mirror Array (IMA): From the Physics Point of
View

Mirrors offer another approach to realize RISs, especially
for optical communication systems. As depicted in Fig. [TTja),
the relationship between the angles of incidence, ®;, and
reflection, ®,, of any plane mirror is governed by Snell’s law.
According to this law, on reflection from a smooth surface, the
angle of the reflected ray is equal to the angle of the incident
ray (i.e., ®; = ©,) and the reflected ray is always in the
same plane defined by the incident ray and the normal to the
surface. However, recent advancements in MEMS technology
has enabled the development of reconfigurable mirrors that can
guide and control light dynamically. MEMS are particularly
well suited for optical applications because they are well
matched to optical wavelengths, and can be manufactured
in high volume and high density arrays in semiconductor
manufacturing processes [147]. As shown in Fig. [TT|b), the
use of an electro-mechanical mirror array allows the arbitrary
control of the direction of the reflected ray and, as a result, the
angles of incidence and reflection are no longer necessarily
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Fig. 10: Selected functionalities of metasurfaces [31]], [40]: (a) bandpass frequency selective surface; (b) bandstop frequency selective
surface; (¢) narrowband perfect absorber; (d) refractive index tuning; (e) beam steering transmitarray; (f) beam steering reflectarray; (g) beam

amplification; (h) polarization transformation.

TABLE III: A comparison of the various tuning mechanisms for optical RIS and their corresponding typical functionalities.

[ Tuning Material | Frequency Range of Application | Typical functionality [ Maturity |

Millimeter wave band (30 — 300 GHz)

LCs Terahertz band (300 GHz — 3 THz) Wave absorption Medium
Near-infrared band (214 — 400 THz) Amplitude and phase manipulation
Visible light band (430 — 730 THz)
Terahertz band
Far-infrared band (0.3 — 20 THz) Wave absorption

Graphene Mid-infrared band (37 — 100 THz) Amplitude, phase, and polarization | Low
Near-infrared band state manipulation
Visible light band
Terahertz band
Far-infrared band

Ph . Mid-infrared band Wave absorption

otoconductive e . o

semiconductor N;z}r 1ntrared band Amplltude.:, pha.se, and polarization | Low
Visible light band state manipulation
Millimeter wave band
Microwave band
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Fig. 11: Controllable mirror as RIS: (a) specular reflection (®; =
0,); (b) anomalous reflection (®; # O, ); (¢) mirror array orientation
according to the yaw angle; (d) mirror array orientation according to
the roll angle.

the same (which is in accordance to the generalized Snell’s
law). As shown in Figs. [IIfc) and (d), the micro-mirror
uses a compactly folded actuator design to tune its yaw and
roll angles via electrostatic actuation, respectively, enabling
it to perform a wide range of operations including wave-front
shaping and beam steering. Typical design of such controllable
mirror array and its operating principle have been reported
in [[148], [149]. In comparison to metasurfaces, the MEMS-
based mirror arrays offer numerous advantages such as (i)
relatively lower power consumption, (ii) all of the incident
light is always reflected with the same intensity (i.e., there is
no absorption), (iii) they work at very low temperature, and
(iv) despite using mechanically mobile parts, their lifetime is
long due to miniaturization [[150].

D. Summary and Lessons Learned

This section has revealed that RISs allow real-time and
autonomous intelligent reconfiguration of any impinging signal
in contrast to traditional metasurfaces that require human
subjective judgement and recognition in controlling any char-
acteristic of the incident signal. The design structure and the
tuning mechanisms utilized in the two main types of RIS (i.e.,
IMR and IMA) have been presented. In particular, the typical
tuning mechanisms for the IMR include LCs, tunable chips,
graphene, ferrite, and photoconductive semiconductor. With
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at the transmitter side.

regards to the design and fabrication of the IMA, MEMS are
widely used as the tuning mechanism, where actuators are
used to configure the individual micro-mirrors via electrostatic
actuation. In addition, the typical functionalities and the fre-
quency range of operations for both IMR and IMA have been
provided. The discussions in this section can aid engineers
and network designers in selecting an appropriate RIS (and
tuning mechanism) for a communication system by consider-
ing the frequency range of application, the desired required
functionality, as well as the maturity of the technology.

IV. OVERVIEW/REVIEW OF OPTICAL RIS TECHNOLOGIES

In this section, a thorough discussion on the various RISs
technologies for OWC systems and their deployment scenarios
is presented. This is carried out according to the place of
deployment (i.e., at the transmitter side, receiver side, or in
the channel) of RISs in any OWC network. As mentioned
earlier in Section III, LCs, graphene, mirror arrays, and
photoconductive semiconductor tuning materials can be used
to design RISs for OWC systems.

A. RIS at the Transmitter Side

The most widely used transmitters in OWC are LEDs and
LDs. LEDs are multimode and incoherent light sources that
typically emit light from an extended surface area (i.e., large
FoV) in almost all directions (i.e., non-directional) and over

a wide range of wavelengths. As a result, LEDs are able to
provide larger coverage areas and more uniform illumination,
but with varying light intensities across different areas. In
contrast, LDs are single mode, coherent light sources that
emit light from a small area in one direction (i.e., narrow
and highly directional beams) and at one wavelength (or
a few closely spaced wavelengths). Based on the above-
mentioned properties of LEDs and LDs, and the fact that
RISs are typically employed at the transmitter side to perform
the roles of beam steering and amplification, it is strongly
recommended to use RISs at a transmitter equipped with
LEDs. Fig. illustrates the many ways that RISs can be
exploited at the transmitter side in any VLC system to enable
performance improvement factors such as coverage extension,
beam concentration, and beam directivity through the principle
of light refraction. In this figure, an RIS is located inside the
light source and it is configured to provide different shapes
of the light beam for various transmission specifications and
applications as demonstrated in Figs.[T2](A) - (D). Specifically,
Fig. [I2] (A) demonstrates the use of an RIS to control the
FoV of the VLC transmitter and focus the emitted light beam
to the user. Whenever the location of the user changes, the
directivity of this beam can be adjusted accordingly with
the help of the RIS controller. Figure [I2] (B) depicts the
placement of an RIS in front of the transmitter to increase
the FoV as well as the illumination coverage of the LEDs and
ensure seamless communication for all users in the indoor
environment. Specifically, the use of an RIS enables the
generation of a Gaussian shaped light beam. Figure ©
shows the use of RIS to perform configurable wavelength
division multiplexing to enable the use of the different colors
that combine to form white light (e.g., trichromatic LED-
based white light source) or in multichromatic light source to
transmit different data streams. In this same figure, it can be
noticed that the RIS can be used to design reconfigurable angle
diversity transmitters (ADTs) to allow dynamic beam steering
and focus to multiple users such that there is no overlap of
the optical beams. More particularly, when several single color
LEDs are deployed as a point source transmitter, an RIS can
be used to focus different information-carrying beams towards
the location of the multiple users such that there is no overlap
and, as a result, less interference in the communication system.
Finally, a spherical type of light beam is generated by the light
source in Fig. (D). In this figure, the use of the RIS offers
the ability to change the shape of the emitted light beams
for different design specifications. LC-based RIS has been
identified as an appropriate RIS technology for deployment
inside the transmitter.

B. RIS at the Receiver Side

On the other hand, Fig. [I3] depicts a RIS-based indoor VLC
system where an RIS is placed at the receiver. In this scenario,
the RIS helps to steer the detected light and focus its beam
on the PD. The RIS can generate multiple parallel identical
beams as shown in Fig.|13|(A). It can also generate a multiple
parallel beams with multiple frequencies, as depicted in Fig.[I3]
(B). Specifically, it can act as a filter to allow light signals of
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specific wavelength to pass while blocking any unwanted light
and, thereby, reducing interference. The RIS can also generate
a parallel beam as shown in Fig. (©), or focus all lights
towards the detector surface as illustrated in Fig. @] D).
The most common type of RIS at the receiver is the
LC-enabled RIS, which offers several interesting advantages,
such as removing unwanted colors from the incoming light,
improving the SNR at the PD, extending the transmission
range, and most importantly, increasing the receiver’s FoV.
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Fig. 15: Extended transmission range of a VLC system due to LC-
based RIS light amplification, for selected LC samples [41].

LC-based RIS, as outlined in [31]], [41], [151]], are capable
of filtering the incoming light to remove all unnecessary
colors, including noise, and allow only monochromatic light
containing the transmitted data to reach the PD. Meanwhile,
LCs are also efficient in amplifying the filtered light and
improving the signal power at the PD, thereby improving the
SNR [41]]. Finally, LC-based RIS can improve the receiver
FoV to an angle of approximately 90°. However, despite the
fact that the transmitted intensity is significantly reduced near
90°, the amplification provided by the LC compensates for the
power loss incurred by the high FoV.

These three main advantages are related to the application
of an external electric field in the RIS. The RIS transmit-
tance and emerged light power depend upon the externally
applied voltage. The transmission coefficient of LC-based
RIS increases when a dye is added to the LC’s substance.
An experimental example of transmittance and emerged light
power, and extended range profiles are provided in Figs. [14]
and [T5] respectively. In this experiment, we used an LC of 10
/mum thickness at 30 °C with a variable external electric field
of 0 to 1.2 V/um. These figures show that any increment of
the electric field yields an increase of the RIS transmittance.
The resulting light power, and the transmission distance are
improved accordingly. These parameters’ values are enhanced
if a dye is added to the LC substance. Moreover, the figures
show that a suitable combination of dyes leads to an improved
RIS transmittance, resulting in a greater power allocation to
the emerged light.

C. RIS between the Transmitter and the Receiver

The typical performance impairment in OWC systems is
the obstruction of the direct LoS path between the transmitter
and the receiver. As such, it is important to investigate the
different ways that RISs can be utilized to create virtual LoS
paths to ensure successful data transmission. Figures (A)
and (B) present the two types of blockage that can be found
in any indoor OWC environment. The human and mobile
blockages are depicted in Fig. [I6] (A) while fix blockage is
shown in Fig. [I6] (B). The main difference between these
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Fig. 16: Envisioned deployment scenarios and functionalities of RIS between the transmitter and the receiver.

two types of blockages is that in the former, the blockage,
which is probably human, can move within the environment,
while in the latter the blockage is stationary. Fix blockages
are walls, tables, or any other object disposed between the
light source and the receiver. Figure [T6] (C) depicts the use
of RISs in outdoor OWC systems such as outdoor VLC and
terrestrial FSO. Between the transmitter and the receiver, as
an example, a recently constructed new building, obstructs the
light from the light source to reach the PD, which is located
on another building. As the figures show, the signal is re-
directed towards the receiver by appropriately deploying an
RIS on a neighboring building. Note that, as in the case of the
indoor, the outdoor environment is also composed of mobile
blockages.

Figure (D) to (L) details the different indoor scenarios
of RIS-based indoor OWC and highlight the number of light
sources, RIS elements, and PDs without any regard to the
type of blockage. In Figs. [I6] (D) and E, the transmitter and
receiver are made of a single light source and PD, respectively.
In Fig. (D), the RIS is made of one panel and a single
element, while in Fig. (E), the RIS is made of one panel of
multiple elements. Note that with multiple elements, the RIS
structure helps to reduce geometric losses at the receiver for
a more efficient data transmission.

Figures (F) and (G) respectively depict scenarios where
the transmitter and receiver are made of multiple light sources
and PDs, while the RISs are made of panel with multiple
elements for Fig. [I6 (F) and a panel of single element for
Fig.[16](G). In Figs. [I6](H) and (I), the RIS is made of a panel
of multiple elements. In Fig. (16| (H), the transmitter is made of
a single light source and the receiver contains multiple PDs,
while in Fig. [T (I), we have a transmitter with multiple light
sources and a receiver with multiple PDs. Figures [16] (K) and

(L) depict scenarios with a more sophisticated RIS structure.
In both sub-figures, the RIS is respectively made of multiple
panels of a single element and multiple elements, respectively,
while transmitter and receiver are made of multiple light
sources and PDs. Typical optical RISs technologies that can
be deployed between the transmitter and the receiver can be
an IMR (as discussed in Table or an IMA.

D. Summary and Lessons Learned

OWC systems are able to offer secured high data-rate
communication links needed for BSG communication systems.
However, the requirement of the existence of LoS path be-
tween the transmitter and the receiver remains a major limiting
factor in their deployment. This section has discussed an
overview of the potential role of RISs in relaxing the LoS
requirement as well as improving the performance of OWC
systems. Specifically, the different optical RIS technologies
have been presented based on their location of deployment
in an OWC system. Then, the various ways RISs can be
deployed at the transmitter side, receiver side, or in the channel
for performance improvement functions have been studied.
This section has revealed the following insights: (i) LC-
based metasurface can be deployed at the transmitter side to
perform various roles such as beam steering and amplification,
coverage extension, as well as configurable wavelength divi-
sion multiplexing; (if) LC-based metasurface can be deployed
at the receiving end to act as a filter and/or to focus the
impinging optical signal to improve the SNR and/or to adjust
the receiver’s FoV; and (iii) both IMR and IMA are optical
RISs that can be deployed between the transmitter and the
receiver to enable virtual LoS paths and thus improve the
communication performance.



V. OPTICAL RISS AND OPTICAL RELAYS

Optical RIS- and relay-assisted technologies can be used
to relax the LoS requirements and improve the SNR at the
receiver in OWC systems. However, the two technologies
are different in many aspects. Optical RISs normally consists
of nearly-passive elements (which could be in the form of
intelligent metasurfaces, mirror arrays, or LCs) that control
incident lights using principles such as generalized Snell’s
law of reflection and refraction, EM wave manipulation, and
the orientation of the molecules in LCs [152]. On the other
hand, optical relays are active devices that typically receive,
amplify, and re-transmit incident signals (i.e., require a full
transceiver architecture) via a duplexing protocol. Thus, the
two technologies use different approaches to achieve mostly
the same functionalities. In this section, we discuss the key
differences and similarities of optical RISs compared with
optical relays from their implementation point of view.

A. Comparison of Optical RISs and Optical Relays

« Solving skip-zones and SNR improvement
Both optical RISs and relay can solve the lost of the trans-
mitted signal problem. In an outdoor VLC environment and
over the FSO channel, optical RISs and relays can forward
the obstructed transmitted light to the receiver. Generally, the
optical signal outdoor is a monochromatic laser light, which,
when obstructed, does not reach the receiver at all since
there are no reflected components (i.e., NLoS paths to the
receiver). The use of an RIS or relay enables the signal to
reach the receiver. Thus, RISs and relays can solve the skip-
zone problem in outdoor VLC environment. In addition to the
skip-zone problem, RISs and relays can be used to improve
the SNR at the receiver even when there is no direct light path
from the transmitter in the indoor VLC environment. Unlike
the outdoor environment that no signal reaches the receiver
when the laser light is obstructed, reflected light signals in the
indoor environment do reach the receiver but with a reduced
SNR. RISs and relays can be used to focus any reflected light
component towards the receiver and, thus, improve the SNR.

Relaying can be classified in two main scenarios, namely
amplify and forward (AF) and decode and forward (DF). In
the former, the signal is just multiplied by a coefficient and
re-transmitted, while in the latter, a few processing is required
as the signal is first decoded, re-encoded, then re-transmitted.
Unlike relays, the operation of RISs in DF mode has not yet
been demonstrated. However, mirror-based RISs are typical
types of relays with an amplification coefficient equal to unity.
Recently, it was demonstrated in [32] that optical RISs can be
exploited actively to solve the double fading occurring over
the two subchannels created by the introduction of RISs. This
shows that an RIS can be used as an AF module.

« Beamforming
Apart from solving skip zones, beamforming is one of the
target applications of the RIS technology. It has been demon-
strated that RISs modules are reputed in creating beams as
each cell can be manipulated individually to create a different
beam [27]. This represents one of the main advantages of the
RIS technology over relays that typically have one antenna
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Fig. 18: The principle of AF optical relays.

(due to size and complexity constraints) and can only create
one beam. Several materials and substances have been proved
to be efficient in creating individual beams in OWC systems.
Two examples among many others are LCs and elsatomers.
LCs are characterized by their refractive index, which can
be controlled to provide full tunability of both reflection and
refraction, leading to a tunable RIS phase shift [41f], [151].
Since RIS elements are independently controlled, the emerged
beam can be individually controlled. The same is true for
elastomers, where either compression or extension allows full
control of incident light as it enters the material [151]. Fig.
illustrates beamforming using the RIS technology. It clearly
shows how each RIS element redirects the emerging light
towards a specific direction. Note that, as in the case of relays
in RF systems [153|-[159], optical relays have also been
exploited to control beams in OWC systems [[160]—[162].

« New frontier of optical receivers

As an amplifier, RISs can be used to enhance the OWC
signal at the receiver. During this operation, the RIS also
performs beam steering and filtering. When used at the
receiver, the RIS is able to improve the FoV of the VLC
receiver. According to [41], VLC receivers equipped with
convex lenses have a FoV of approximately 36.2°, whereas
those equipped with gradient index lenses and compound
parabolic concentrators can achieve a FoV of 40°. Spherical
lenses provide VLC receivers with a FoV that is close to
45°. On the other hand, a catadioptric monolithic bi-flat
bi-parabolic lens can detect light with a FoV of 85°. Lastly, it
is demonstrated in [41] that lenses with adjustable elements,
meta-lenses with artificial muscles, and LC-based RIS enable
optical receivers with FoV that approach 90°. The LCs-based
RIS also provides greater flexibility, as the refractive index
changes under a variable external electric field, influencing
both the direction and the intensity of the light. However,
optical relays cannot perform the roles mentioned above.
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« Implementation considerations

The implementation of optical relays considers their operating
mode, i.e., AF or DF. On this basis, an optical relay designed
for the AF strategy will not operate in the DF scenario and
vice-versa. The optical relays principles of implementation are
illustrated in Figs. [T8] and They are based on solid-state
systems. The relay does not operate as a true mirror since it
always detects the originally transmitted signal, and then re-
transmit it. Figure [T§] depicts an example of solid state system
that is used in optical relays for an efficient relaying. The light
signal is detected, amplified, either in the optical form or after
conversion into an electrical current, and re-transmitted. The
descriptive block diagram is given on the left-hand side of the
figure, while a practical implementation is on the right-hand
side. This example is proposed to show how this detection
and amplification can be practically implemented. The incident
light is detected by a PD, the obtained electric current is
amplified and transmitted to an LED, which generates a
light for re-transmission. On the other hand, Fig. [I9] shows
an example of optical DF implementation. In this case, the
detected light is strictly converted into an electrical current,
which is transferred to the processing module. All signal pro-
cessing including demodulation, filtering, decoding, decision,
encoding, and re-modulation, required in optical receivers
occur here, as shown on the left-hand side of the figure. After
all the processing, the generated signal is amplified and used to
power an LED for a current-to-light conversion, to end the re-
transmission process. Note that all DF relaying strategies such
as incremental relaying and incremental selective relaying,
are implemented within the processing block. Also note that,
unlike the DF strategy, the AF does not include a processing
block.

The implementation of optical RISs is totally different from
optical relays. Optical RISs are based on the light reflection
or refraction principle. The RIS is a 2 dimensional structural
set of meta-surfaces or mirrors, while the optical relay is a
system made of antennas and electronic circuits. Figures [20]
and [21| illustrate the two main types of optical RISs, namely
the mirror array and the meta-surface array, respectively. All
mirror arrays have the same intrinsic characteristics. They are
typically made of glass with a flat or curvy surface, and have a
reflective coat covering it. Each individual mirror is equipped
with a mechanical control system, implying that the mirror
arrays contain mechanical structures to dynamically orient the
different mirrors. When there is no mechanical structure to
control the physical orientation of the mirror, some mirrors
would have a curvy surface to assure a perfect reflection of
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Fig. 20: The principle of mirror-based RIS.
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The control signal of these mirrors are generated from the
control unit depending on the feedback from the target receiver
in relation with specific requirements of the transmission
system. On the other hand, metasurface arrays are RISs made
of meta-materials. They are more complex and more expensive
when compared to mirror arrays and are able to produce all
phenomena related to the impact of photon on a surface.
These include reflection, refraction, scattering, and absorption.
Several ranges of materials and meta-materials are available
for the implementation of metasurface arrays, including and
not limited to metallic nanospheres in a dielectric medium, thin
metallic rods isotropically distributed in a dielectric medium,
splitring metallic elements in a dielectric medium, negative
index meta-materials, and hyperbolic meta-materials. Among
these materials, liquid based metasurfaces are recognized to
provide the RIS with the ability to generate negative indices.
Due to the variability of their refractive indices, LCs are
suitable candidate to be used in manufacturing metasurface
arrays for OWC applications. Figure [21| shows a structure of
a RIS made of metasurfaces. During control, the individual
cells are uniquely controlled and each or several elements
may have the same characteristics depending on the required
resulting light orientation. No mechanical structure is required
to remotely change the emerged light orientation. The two
types of optical RISs described above, namely mirror- and
metasurface-based, clearly illustrate the difference between
optical RISs and optical relays.

« Applications

From the application perspective, optical relays and optical
RISs differ on a few points. Due to the high attenuation of
light, mirror arrays are mostly well indicated for indoor VLC,
while metasurface arrays can also be used outdoor, in which
case the material used in the RIS must be selected accordingly.
For example, a highly doped LC based RIS can be utilized in
FSO systems to solve skip-zone problems, especially for a
monochromatic laser light, while simultaneously amplifying
the incident light to remedy the power loss due to the double
fading generated by the two LoS links obtained after the
introduction of the RIS [163]. Based on this, metasurface
arrays can also be exploited as a relay in the AF strategy.

ZNote that by opposition to metasurface arrays, mirror arrays do not operate
as refractive devices since they only reflect the incident light.



TABLE IV: Key differences between

optical RISs and optical relays.

Optical RISs

Optical relays

Near passive reception and transmission

Active reception and transmission

Operate in full duplex mode

Operate in either full or half duplex mode

No need for analog-to-digital/digital-to-analog
converters, and power amplifiers

Require analog-to-digital/digital-to-analog
converters, and power amplifiers

Low energy consumption

High energy consumption

Can be deployed at the transmitter, receiver, or in
the optical wireless channel

Can only be deployed in the optical wireless
channel

Can perform incident light amplification, control
the FoV, and wavelength filtering in addition to
signal enhancement and coverage extension

Can perform only signal enhancement and
coverage extension

Low deployment and maintenance cost

High deployment and maintenance cost
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Fig. 21: The principle of meta-based RIS.
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On the other hand, optical relays are used to solve dead-zones
in OWC systems, and serve as relays to extend the system
coverage for both indoor and outdoor OWC environments.

« Hardware complexity

Optical relays and RISs have different hardware requirements
and, as result, their hardware complexity are also different.
As discussed in Section IV, RISs are low-cost nearly passive
reflecting elements that consist of metallic/dielectric patches
printed on dielectric substrate (i.e., an IMR) or mirrors (i.e.,
IMA) that are connected to a central controller. The reconfig-
urability in IMR can be achieved by using tunable elements
such as semiconductors and graphene. For IMA, their re-
configurable properties are enable by the use of MEMS tech-
nology. In addition, RISs can amplify and forward any incident
signal without the need of power amplifiers. In contrast, optical
relays require a PD to receive the optical signal, an amplifier to
enhance the signal power, and a transmitter (e.g., LED) for re-
transmission purpose as shown in Figs. [18| and In the case
of DF relaying, an additional circuitry for analog and digital
signal processing is required. Hence, optical relays are viewed
as active devices that need a dedicated power source and
several electronic components for their operations. As a result,
implementing optical relays may be more expensive in terms
of the cost involved and the power consumption. Moreover,
complicated interference management schemes are needed for
self-interference cancellation for full duplex relays in OWC.
On the other hand, optical RIS can operate in full duplex
mode without the need of costly self-interference cancellation
schemes. Finally, a dense deployment of optical relays may
necessitate (i.e., depending on the frequency reuse scheme) the
need of inter relay interference management schemes, while

such schemes would not be needed in optical RISs.

B. Summary and Lessons Learned

In this section, we discussed the key differences and sim-
ilarities between optical RISs and optical relays. We learned
that, while optical RISs and relays can be used to achieve
coverage extension, SNR improvement, and beamforming,
optical RISs offer several advantages such as lower energy
consumption, operational complexity and hardware cost, and
less signal processing. The main differences between optical
RISs and optical relays are summarized in Table This
comparison can serve as a useful guide for researchers and
system designers to make informed decisions between optical
RISs and optical relays for performance enhancement in VLC
systems.

VI. RIS-BASED VLC SYSTEMS

As already discussed, VLC has been identified as a promis-
ing solution to meet the high data requirements of the next-
generation wireless systems. However, the requirement of the
existence of direct LoS path between the transmitter and the
receiver remains a key limiting factor for their successful
deployment. In addition, the orientation of the VLC receiver
also affects the existence and quality of the LoS channel from
the transmitter. VLC systems therefore require the use of a
different technology such as RISs or optical relays to solve the
signal obstruction and the random device orientation problems.
As discussed in Section IV, RISs offer numerous advantages
in terms of power consumption and hardware complexity.
In addition to these important advantages, the integration of
the RIS technology in VLC systems can help to enhance
transmitter and receiver’s performances while a relay cannot.
Hence, the use of RISs in VLC is motivated by two main
reasons, namely solving the skip-zone and device orientation
problems, and enhancing the performance of VLC transmitters
and receivers. Although, there have been few studies on the
integration of RISs and VLC [42]-[44], [46], [47]], [164]-
[166], the potential role of RISs in the context of VLC systems
has not been well explored in the literature, and that is the
focus of this section.

A. RIS for LoS Blockages and Skip Zone Problem

There are many reasons for which a receiver in a VLC
system would not receive the transmitted data. This is due
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Fig. 22: An RIS-enhanced VLC system: (a) overcoming self-blockage and non-user blockage problems; (b) extending coverage to a user
in dead-zone; (c) overcoming the impact of receiver’s orientation on data transmission.

to the requirement of the existence of LoS path between the
transmitter and the receiver and the fact that PDs have a
limited FoV which restricts the angle at which any receiver
can receive optical signals. In any indoor VLC environment,
the unsuccessful transmission of data can result from the LoS
blockage issue as shown in Figs. @ (a) and (c) or the user
being in a skip-zone as demonstrated in Fig. 22] (b). LoS
signal from the VLC transmitter can be obstructed in the
following ways:

« The user carrying the receiver can obstruct the LoS signal
by his own body (i.e., self-blockage), as shown in Fig. 22]
(a).

« A stationary or moving person (i.e., a non-user) or any
object in the indoor environment can also block the LoS
signal which is destined to the receiver held by a different
person, as depicted in Fig. 22] (a).

o The constant random changes in the direction and orien-
tation of the receiver by the user as illustrated in Fig. 22
(©).

To illustrate the impact of LoS blockages (i.e., self and
non-user blockages) on the performance of VLC systems, we
consider a setup of an indoor VLC environment of room size 5
m X 5 m x 3 m as shown in Fig. 22| (a). In this setup, multiple
users and non-users (i.e., blockers) are deployed randomly
according to a uniform distribution. The users and non-users
are modeled as cylinders with 0.30 m diameter and 1.65 m
height. The receiver is held by the user at a distance of
0.75 m above ground and 0.36 m from the human body. The
direction in which the user holds the receiver is random. The
orientation of the receiver in any user’s hand is defined by
the polar angle @ and the azimuth angle S, as illustrated in

x108
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Fig. 23: Impact of blockages on sum-rate performance of VLC
systems.

Fig. 22] (c). The polar angle and azimuth angle are modeled
according to a Laplace and uniform distribution, respectively,
as discussed in [74]. The LoS channel gain and the channel
gain of the first reflection (for the NLoS links) have been
calculated using (I) and (2)), respectively.The transmit optical
power for each user is 2 W. Unless otherwise stated, all other
simulated parameters for this section are chosen as in Table I
of [42]. It can be observed in Fig. 23] that there is a great
disparity between the average sum rate of the VLC system
when the LoS paths are available and when they are blocked.
This figure reveals that the diffused reflections from the walls
have weak signal strength and, as a result, the achievable data
rate in the absence of a direct path is very low. The sum-rate
performance decreases when the number of non-user blockers
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Fig. 24: Impact of receiver orientation on the availability of LoS path in VLC systems.

increases from 5 to 15.

Furthermore, due to the typical user behaviours in VLC
system such as random receiver orientation, having an un-
obstructed direct LoS path from the transmitter does not
necessarily guarantee successful data transmission since the
quality of the received optical signal is highly dependent on
the angle of the incident beam. This is because the transmitted
data can be successfully received only when the incidence
angle of the optical signal does not exceed the FoV of the
receiver. Figure 24] shows a plot of the number of users with
an unobstructed LoS path from the transmitter but who still
cannot successfully receive data transmission due to the impact
of random device orientation. It can be observed from this
figure that about half of the total number of users with a
direct LoS path from the transmitter has the incidence angle
exceeding the value of the FoV of the PD (the value of the FoV
is set as 85°). Since future wireless networks are expected to
support applications with diverse QoS requirements and high
data rate demands, it is important to investigate solutions for
the blockage and random device orientation issues for high-
speed VLC systems. Many recent studies on VLC systems
(e.g., [20], [73]), [167]-[170]) made a simplified assumption
that the users’ devices face upwards towards the ceilings and,
hence, did not consider both the impact of device orientation
and LoS path blockages on their performance analysis. Unlike
those works, few studies have considered the effect of random
device orientation and LoS blockages in VLC systems [[74]],
[T71]-[175) with [74], [171], [173], focusing on the
modeling aspect and [172], on the performance analysis.

The use of RISs to effectively overcome the LoS blockage
and the device orientation issues is still an open research
problem. In the following, existing studies on the exploitation
of RISs for performance improvement purposes in a system
model similar to the RIS-enhanced VLC system in Fig. [22] are
surveyed under the following design topics: (1) RIS elements
orientation design, (2) RIS elements to AP/user assignment
design, and (3) RIS array positioning design. The objective of
these design topics is to properly utilize the elements (i.e.,

mirrors or metasurfaces) of the RIS array to improve key
performance indicators such as achievable data rate [@], []1_3[],
energy efficiency [43]], spectral efficiecny [47], and secrecy
rate [44].

1) RIS elements orientation design: The RIS elements
orientation problem is very important in the design and deploy-
ment of RISs (i.e., a mirror array or a metasurface) in VLC
systems. More specifically, finding the optimal orientation of
the RIS mirror array elements’|is pivotal to harnessing its full
potential. The design problem of optimizing the orientation
angles of the mirrors in an RIS array is generally formulated
as:

max R (y, w)
Y.w
4)

S.t.

Cl:-3<y<3, C2:-

ST

n
w73,

where ¥ = [y;;] and w = [w;;] are the orientation angle
matrices for the yaw and roll angles, respectively, with i
and j being the row and column indicators of the mirrors.
R represents the total network utility, which could be the
achievable data rate, secrecy rate, or energy efficiency, and is a
function of the orientation angles of the mirrors. Typically, the
objective function in (@) turns out to be a non-convex function.
It is therefore hard to obtain the global optimal solution.
Moreover, for any RIS array with N mirrors, there will be
2 x N optimization variables, making (@) an intractable high
dimensional optimization problem due to its extremely large
search space. In comparison with an RIS metasurface array,
there will be N dimension of variables since each metasurface
has a single phase shift variable. Performing an exhaustive
search to obtain the global optimal solution for the problem
of the form in (@) is computationally prohibitive even for an
array with a small number of elements. Only a handful studies
(i.e., [42]-[44]) have attempted such a problem. Among those
works, population based intelligent heuristic schemes (i.e.,

3A mirror array is considered as it has been shown to outperform a
metasurface reflector [176].



meta-heuristics) have been shown to be the appropriate method
for overcoming the difficulties of solving (@).

The authors in [42] proposed a sine-cosine based meta-
heuristic algorithm to obtain the optimal configuration angles
(i.e., ¥ and w) of an RIS mirror array such that the achievable
data rate from the NLoS VLC links is maximized. In that work,
the authors considered all the various ways that humans and
objects can impact VLC links (i.e., self blockages, non-user
blockages, and random device orientation). To overcome the
high-dimensional nature of the considered data rate optimiza-
tion problem, the authors introduced the assumption that all
the mirrors in the RIS array have identical yaw and roll angles.
This significantly reduced the dimension of the optimization
variables. In the performance analysis, a comparison was made
with (i) a design where each mirror of the RIS array assumes
different roll and yaw angles and these angle parameters are
optimized using the sine-cosine based algorithm, and (ii) a
baseline scheme that assigns random feasible values to the yaw
and roll angles of each mirror of the RIS array. Simulation
results showed that, in comparison with the data rate from
wall reflections and the baseline scheme, the optimized RIS
design attains at least a 400% gain in data rate. It was further
revealed that, although optimizing RIS mirrors with different
orientation angles yields higher data rate performance than
that of RIS mirrors with identical angles, such a design has
a significantly higher computational complexity which grows
rapidly with an increase in the number of RIS mirrors.

The authors in [44] studied a secrecy rate optimization
problem for an RIS-assisted VLC system. In this work, the
authors focused on exploiting RIS mirror arrays in VLC
to develop a secured communication system. To that end,
the authors first derived a lower bound on the achievable
secrecy rate, and then formulated an optimization problem to
configure the orientation angles of the RIS array such that
the difference between the channel gain of the legitimate user
and the eavesdropper is enlarged. To overcome the associ-
ated high dimensional nature and the non-convexity of the
resulting secrecy rate maximization problem, the authors first
transformed the original problem into a reflected spot position
finding problem. Then, a modified particle swarm optimization
algorithm, which is a population based metaheuristic, was
proposed to find the optimal solution.

An energy efficiency maximization problem was studied for
a time division multiple access (TDMA) based RIS-assisted
multi-user VLC system in [43]]. In this paper, the authors
focused on the joint optimization of time allocation, power
control, and phase shift matrix of the RIS metasurface array.
Due to the non-convexity of this optimization problem, an
iterative algorithm based on the interior point method [177]]
and a one-dimensional search method was proposed to obtain
a sub-optimal solution.

A deep reinforcement learning solution based on a deep
deterministic policy gradient algorithm has been proposed in
[165] to optimize the secrecy capacity of an RIS-assisted
VLC system. The algorithm maximizes the secrecy capacity
by adjusting the beamforming weights of the LEDs and the
mirror orientations of the RIS mirror array. It was shown in
this paper that optimizing both the beamforming weights and
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the RIS mirror orientation provides the highest secrecy rate
for the VLC system.

2) RIS elements to AP/user assignment design: RIS arrays
can be deployed in multi-user, multi-AP VLC systems. In such
a setting, it becomes important to determine which elements of
the RIS array serve which particular APs and users such that a
utility function is maximized. This is a typical RIS array and
AP or RIS array and user assignment problem. This problem
is important in the design of RIS-assisted VLC systems since
the VLC channel model is highly sensitive to the geometric
positions of APs and users. In this line of research, the authors
in [46] investigated the design problem of associating RIS el-
ements to the available LEDs in a cell free multi-user TDMA-
based indoor VLC system. Under the assumption that the
location of the RIS array, the LEDs, and the users are known,
and with sum-rate maximization as the objective function, a
binary programming problem to assign the RIS elements to
the LEDs was formulated. By relaxing the requirement that
association indicators should be binary, the authors proposed
a solution based on the projected gradient descend algorithm.
Then, a greedy algorithm was introduced to recover the binary
solution from the output of the projected gradient descend
algorithm. Having obtained the RIS-LED association matrix,
each RIS element configures its orientation properties, based
on the available information on the geometrical positioning of
the users and the LEDs, to focus any reflected signal to the
target receiver. Simulation results showed that the proposed
design outperforms benchmarks such as randomly assigning
the LEDs to the RIS units and assigning LEDs to RIS elements
based on the minimum distance criterion.

In [47]], the authors studied the problems of user association,
power allocation, and the RIS-AP assignment to maximize
the achievable spectral efficiency and proposed solutions
based on the frozen variable algorithm and the minorization-
maximization algorithm. Simulation results showed signficant
spectral efficiency performance when compared to a VLC
system without RIS and other benchmarks.

The study in [[164] addressed the problem of assigning RIS
elements to LEDs to optimize the secrecy rate performance
of an RIS-aided VLC system. The authors formulated a
secrecy rate maximization problem and then transformed it
into a sequence of LED-RIS assignment subproblems via an
objective function approximation. For this problem, an iter-
ative Kuhn-Munkres algorithm was proposed and simulation
results confirmed significant improvement in the secrecy rate
performance of the VLC system.

It can be noted from the above discussion that there are only
three studies on the RIS array and AP/user association problem
and, hence, additional work needs to be done to fully harness
the potential of RIS in VLC systems. Several assumptions
were made in [46] to aid the tractability of the considered
optimization problem. Notable among them are (i) the location
of the APs, users, and the RIS array which were assumed
to be known, and (ii) the probability that the reflected light
emitted from other LEDs propagates to an arbitrary user which
was ignored. However, such assumptions might not always
hold in practice and, as a result, must be relaxed in future
designs. Moreover, this design problem should be considered



for different multiple access schemes to exploit their benefits.
Furthermore, the RIS-user/AP association problem should be
jointly considered with the RIS elements orientation design
problem.

3) RIS array positioning design: The optimization of RIS
array placement in indoor VLC systems is another research
area that needs to be investigated since the positioning of the
array greatly impacts the system’s performance. For example,
the RIS array should be positioned such that it is within the
illumination region of the access point and it can receive
a great amount of optical signals. Moreover, it is important
to investigate if the RIS should be deployed closer to the
receiver or the transmitter in a VLC system. However, there
has been minimal research activity on the optimization of
RIS positioning and performance analysis for VLC. A typical
objective of such a design problem can be to determine the
optimal position for the placement of the RIS array such that a
utility function (e.g., achievable rate, energy efficiency, secrecy
rate, etc.) is maximized while taking into account the distri-
bution of users, the receiver’s FoV, practical user behaviours
(such as device orientation), interference effects, and the
occurrences of LoS path blockages. The RIS array positioning
design problem fits into the class of integer programming
problem which is NP hard, since each RIS array can only
be at one location every time. Although the exhaustive search
method can be applied to such a complicating and difficult
optimization problem to obtain the optimal placement solution,
such a solution technique is highly intractable and cannot be
realized in practice. Hence, novel solution methods as well
as performance analysis are required. In [166], the authors
investigated a novel approach of simultaneously enhancing
illumination uniformity and throughput of an indoor multi-
element RIS-enabled VLC system. Specifically, the authors
formulated throughput and illumination optimization problems
to obtain the optimum mirror placement, LED power alloca-
tion, and LED-user association. Simulation results revealed
a three-fold increase in the average illumination and a four-
fold increase in the average throughput by optimizing the RIS
mirror placement.

B. RIS for VLC Transmitter Performance Enhancement

The received power signal from diffused wall reflections
is always small for a high SNR system. An RIS is a good
solution to this dilemma since it has multiple elements, and
each element can provide different LoS signal towards the
receiver. An RIS is made of materials with less loss at the
reflection point, implying a good transition matrix, leading to
a better SNR at the receiver when compared to the walls. In the
outdoor OWC and VLC environments, moving objects such as
vehicles and fixed object such a buildings can always disrupt
the transmitted LoS signal. When a vehicle crosses the LoS
VLC transmitted signal, it is likely to disrupt data transmission
for that lap of time. Similarly, when both the transmitter and
receiver are fix over two different buildings, it is likely that a
new building can arise and disrupt the transmitted light signal.
An RIS can be exploited in the above situation to re-establish
the signal at the receiver by creating a cascaded system of two
LoS systems.
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C. RIS for VLC Receiver Enhancement

It is worth noticing that in the above subsection A, an RIS is
used to reflect the incident light beam. When located inside the
VLC receiver, the RIS can be exploited as a refractive device.
Traditional VLC receivers use convex, spherical, or compound
parabolic concentrators to steer the detected light, which
provide limited FoV with high attenuation. These convex
lenses generate about 10% power loss for waves in the visible
spectrum. For example, at 0° incidence of the incoming light
rays, most glasses with a refractive index around 1.5 have
a decrease of about 2 to 4% and 5 to 10% of the incident
light power for clear and prismatic glasses, respectively. These
values can reach 30% for heat-absorbing glasses and represent
an intensity loss due to reflection at the lens’s upper surface.
However, the FoV is traded-off against higher received power.
The impacts of these lenses become significant as detected
signal is already considerably attenuated. Placed inside the
receiver, the RIS can provide wider FoV, less light attenuation,
digital beam steering, and higher SNR at the PD. In [50],
the authors considered an LC RIS-based VLC system where
the RIS is deployed at the receiver. For this system model,
the authors proposed a channel model for the LC RIS and a
sine-cosine based algorithm to optimize the configuration of
the LC RIS such that the achievable data rate is maximized.
Simulation results revealed that up to 700% improvement in
the data rate can be achieved when compared to VLC receivers
without LC RISs.

D. Summary and Lessons Learned

LoS blockages occur frequently in indoor VLC systems
and can have significant detrimental effects on the data rate
performance of VLC systems. Moreover, the orientation of
users’ devices can affect the quality of the LoS path between
the transmitter and the receiver. This section has revealed the
use of RIS technology in solving the VLC receiver orientation
problem as well as the LoS blockage and the skip zone
problems. The most recent works in this area of research have
been summarized in Table [V} While there have been many
research activities on optimizing the configuration of IMA
and IMR RISs in VLC systems (see Table [V), few attempts
have been made to investigate the RIS element to AP/user
assignment design problem and the RIS array positioning
design problem. Optimization problems involving the optimal
configuration of RISs tend to be high-dimensional in nature
and, as a result, result, it may be advantageous for future
work in this area to leverage machine learning techniques to
develop less computationally expensive algorithms. Moreover,
most previous studies have assumed perfect knowledge of
the CSI, which is impractical. As discussed, RISs can be
deployed at the transmitter and receiver ends to enhance the
focusing capability of VLC transmitters and the quality of the
received signals at receivers, respectively. However, there has
been minimal attempt to examine deploying RISs at both the
transmitter and the receiver.
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TABLE V: Summary of RIS-VLC Proposed Performance Enhancement Schemes.

Ref. Main Contribution Key VLC Issues Proposed Technique(s)
(42] l?ata rate .maximization Ilslenvkiczhz)ﬁ(;riziion A s.ine—cosine base.d metaheuristic i§ used to obtain an
for RIS-aided VLC systems . . optimal configuration of the RIS mirror arrays.
User orientation
| A typical interior point method is used to obtain optimal
43 Energy efficiency maximization Link blockages time allocation, DC-offset distribution, and power control.
for RIS-enabled VLC systems & A one-dimensional search method is used to obtain a
sub-optimal phase shift solution.
j 44 Secrecy rate maximization Securit A modified particle swarm optimization algorithm is used
for RIS-enabled VLC systems Y to obtain an optimal mirror RIS configuration.
Sum rate maximization for . A greedy algorithm is used to associate LEDs with RIS
[4o] RIS-aided VLC systems Link blockages elements.
| A frozen variable algorithm is used to solve RIS-LED
(47] Spectral efficiency maximization Link blockages association problem. A minorization-maximization
for RIS-aided VLC systems algorithm is used to solve the RIS-LED association/LED
power control problem.
j 50] Data rate maximization for a VLC Beam steering A sine-cosine based metaheuristic is used to configure an
system with an LC RIS receiver Beam amplification | optimal refractive index of the LC RIS.
j 164] Secrecy rate maximization Security An iterative Kuhn-Munkres algorithm solution is used to
for RIS-aided VLC systems match RIS elements to LEDs.
j165] Secrecy capacity maximization Security A deep reinforcement learning solution to adjust LEDs’
for RIS-assisted VLC systems beamforming weights and RIS mirror orientations.
[166] llumination an d data rate Tllumination ﬁiz:)?” :)tlzgceeﬁlesglél‘)lspﬁadg?n:;t lll)boe\getr: Oﬁ;mﬁng:—lusser
enhancement in RIS VLC networks assignment. ? ’

VII. INTEGRATING RIS WITH OTHER TECHNOLOGIES IN
VLC

This section discusses the integration of RISs and other key
enabling technologies for 5G and beyond networks, in the
context of VLC systems. For each of these technologies, the
fundamental motivation and the recent technical progresses
are introduced. Then, the associated challenges and future
research directions are provided. Although the integration
of RISs and such other technologies have been investigated
for RF communication systems (e.g., [37]]), the techniques
developed for RF channels cannot be directly applied to VLC
channels due to the differences in their transmission protocols
and modulation schemes.

A. Angle Diversity Transmitters and RISs

Different techniques have been proposed in the literature
to mitigate interference in indoor multi-cell VLC systems.
Notable among them is ADTs. An ADT emlpoys multiple
LED arrays with each array facing a direction specified by
an elevation angle, to focus the optical beams and create
multiple smaller cells for multi-user access [24], [178]. This
is different from traditional VLC transmitters that consist of
LED arrays, typically modelled as a point source, or multiple,
closely packed, LED arrays that are arranged facing vertically
downwards. In comparison to traditional VLC transmitter
deployments, ADTs can provide diversity gain and offer a high
degree of decorrelation between the optical channels of the
LED arrays with different elevation angles. There have been
recent studies on the design, resource allocation optimization,
and performance analysis of multi-cell VLC systems employ-
ing ADTs [20], [24], [84], [178]-[183]. Simulation results
from those work demonstrated that VLC systems with ADTs
outperform those with traditional VLC transmitters in terms of
interference mitigation and data rate performances. In addition,
it was shown that choosing an appropriate elevation angle for

the LED array can greatly affect the data rate performance of
such VLC systems. However, in the above-mentioned studies,
the elevation angle of the LED arrays are fixed and does
not adapt to any changes in the VLC environment (e.g.,
number of users, position of users, and the occurrence of
LoS blockages). As a result, the performance of the system
can only be optimized for that particular ADT configuration.
As pointed out in [31]], there is the need to always adapt
the spatial separation and width of the beams according to
the number and position of users by adjusting the elevation
angles of ADTs. Deploying RISs at the transmitter side can
enable the realization of re-configurable ADTs to allow the
creation of a varying number of smaller, interference-free cells
to serve multiple users and improve the system performance.
For such re-configurable ADTs, the LED arrays are deployed
facing vertically downwards and the RIS can be utilized to
dynamically change the beam direction (which is the elevation
angle in regular ADTs) depending on the number and the
position of users in the indoor environment. As illustrated in
Fig. |12] (C), the re-configurable ADT is able to transmit three
highly directional optical beams to the PDs by controlling their
width and divergence. In the event that the third user leaves the
indoor environment, the re-configurable ADT can utilize the
same number of LED arrays to create two directional beams
for the remaining users to enhance the energy and spectral
efficiency performances of the system.

B. Physical Layer Security and RISs

Physical layer security (PLS) techniques typically exploit
the characteristics of any wireless medium and its impairments
including noise, fading, interference, dispersion, and diversity
to ensure data transmission is realized in a most secured
manner [184]. Specifically, the objective of any PLS tech-
nique is to enlarge the signal-to-interference-plus-noise ratio
difference between that of intended user and the eavesdropper,
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Fig. 25: Scenarios of RIS-assisted VLC for Secured Transmission and Reception: (A) VLC system without RIS; (B) VLC system with RIS

at the transmitter side; (C) VLC system with RIS in the channel.

and this can be realized by either reducing the received
signal strength or increasing the noise (or interference) at
the eavesdropper’s end through the design of appropriate
transmission schemes. In comparison to RF communications,
VLC networks are known to offer a higher level of security
for data transmission due to the requirement of the existence
of LoS propagation between the transmitter and receiver, and
the fact that light cannot penetrate walls. Nevertheless, the
broadcast nature of the VLC channel makes it possible for
the transmitted signal to be received by the intended user and
intercepted by an eavesdropper located within the illumination
area of the transmitter [185]—[187]]. Enhancing the security
of VLC systems, especially in the multi-user scenario, has
received significant research attention. On the other hand, PLS
techniques have been a huge success in improving the security
of RF communication networks [[188]-[190], and has therefore
recently been considered for VLC systems. An in-depth survey
of earlier works on PLS-VLC can be found in [[184], [191]] and
the most recent studies in [44], [[192]-[199].

A basic system model for RIS-aided VLC system for secure
transmission is presented in Fig. The objective of the
security design in such a model will be to utilize the RIS
module and its transmission/reflection/reception properties to
make the system more robust to eavesdropping. As illustrated
in Fig. instead of broadcasting the information intended
for the legitimate user (i.e., Bob) as shown in Fig. A),
an RIS can be utilized at the transmitter front end to focus
all the emitted information carrying light signal towards Bob
to guarantee the confidentiality of the transmitted signal as
shown in Fig. (B). Whenever the location of Bob changes,
the direction of the emitted optical beam can be changed to the
updated location by reconfiguring the properties of the RIS.
As depicted in Fig. [25|(C), an RIS array can also be deployed
on the wall to focus all the reflected signals at Bob to improve

the channel gain and, as a result, the received signal strength.
For information transmission and reception in Fig. 25] (A) and
(B), the received signal of Bob and Eve can be given as

YBob = h{;ggs + nBob,

&)

LoS

— E
YEve = hEveS +n=e,

where hlégls) and hlé‘v’g denote the channel gain of LoS links
for Bob and Eve, respectively, s is the transmitted signal, and
nB® ~ N (0,0?) and nF** ~ N (0, 0?) represent the noise at
the receivers of Bob and Eve, respectively, which are modeled
as additive white Gaussian noise with zero mean and variance
o2, In Fig. 25| (C), the received signal of Bob and Eve can be
expressed as

— LoS RIS Bob
YBoB = (hBob + hBob) §+n°%,

(6)

_ LoS RIS Eve
VEve = (hEVe + hEve) s+n-ve,

where AR and h3LS are the channel gain of the links between

Bob and the RIS, as well as Eve and the RIS, respectively, and
their expressions can be obtained from [176]. PLS techniques
for Fig. @] (A) has been studied in [184]], [191]]-[199] and,
hence, is not considered in this survey. On the contrary, there
has been no research on exploiting the model in Fig. (B)
and the works in [44], [[164]], [165] are the only research on a
deployment set-up analogous to that in Fig. 23] (C). Numerous
research challenges remain to be solved to aid the practical
implementation of the VLC-RIS set-ups in Figs. 23] (B) and
(C) for secrecy performance improvements. Beginning with
Fig. 25| (B), while the set-up looks promising, there has been
no performance analysis on how deploying RIS (assuming a
perfect RIS hardware exist) at the LED front-end to focus the
emitted beam on the legitimate user can improve the channel



gain while restricting the channel gain of the eavesdropper.
In addition, it remains unclear which type of RIS material is
suitable for deployment at the LED front end. Moreover, for
multiple APs and user deployment scenarios for Fig. [23] (B),
the RIS elements at the APs can be configured to create a
dynamic interference-free cell-free VLC system in which a
number of APs coordinate to focus all their emitted beams on
the multiple legitimate users while no transmission is made to
the eavesdroppers. However, novel schemes will be required
to configure the RIS at the LEDs front-end to realize its beam
focusing capabilities to ensure that the difference between
the achievable rate of legitimate users and eavesdroppers is
maximized.

The following research issues need to be investigated for
the set-up in Fig. [25] (C). In this figure, both Bob and Eve
have direct LoS path with the transmitter. In VLC systems,
the quality of the direct LoS path usually determines the
system performance since any wall reflection components are
considered negligible. Thus, Eve’s LoS channel condition can
be comparable to, or even better than, the channel quality
of Bob, especially if Eve is closer to the transmitter than
Bob. In this case, the question of “can the reflected signal
components from the RIS significantly increase the overall
channel gain of Bob to realize any security improvements?”
arises. For such a scenario, optimizing only the RIS orientation
parameter (as was done in [44]) for the deployment in Fig. 23]
(C) might not yield significant improvement in the security of
the VLC system since any resultant performance gain from the
RIS reflected signal components can be very minimal when
compared with that of the LoS component. As a result, it is
important to combine existing PLS schemes for VLC systems
without RIS (e.g., artificial noise injection, secure beamform-
ing/precoding, anti-eavesdropping signal design, cooperation-
based secure transmissions, power and resource allocation,
etc.) and the exploitation of RISs to enhance the overall
secrecy rate performance. Moreover, the reflected signals by
the RIS can be added constructively with the direct LoS signals
from the transmitter at Bob’s side (i.e., signal enhancement),
while being destructively added at Eve’s side (i.e., signal
cancellation). In the absence of a direct LoS transmission, the
RIS can be used to improve the secrecy performance of the
VLC system by reflecting all the incident beam towards Bob
to improve the channel gain while making no signal available
for Eve to eavesdrop.

Another potential research area for the scenarios in Figs. 23]
(B) and (C) is investigating appropriate algorithms (either
centralized or distributed) to reliably obtain the channel state
information (CSI) for the links between the RIS and the users
since this information is needed by the RIS controller to
properly configure its elements. This is crucial in the design
of RIS-aided VLC systems since (i) RIS are low-powered
structures that cannot initiate transmission to facilitate accurate
channel estimation, and (ii) a large number of RIS elements
and, as a consequence, a large number of extra channel
coefficients might be required to obtain a reasonable system
performance [37]].

C. MIMO and RISs
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Fig. 26: Model of an RIS-assisted MIMO OWC system [32].

Typical indoor environments are characterized by the de-
ployment of multiple light fixtures to ensure uniform illumi-
nation. These multiple light fixtures, when used for the dual
purpose of communication and illumination, can be regarded
as an MIMO OWC system [66]. Several studies have consid-
ered MIMO OWC systems, provided channel capacity bounds
and proven the significant channel capacity improvements that
MIMO brings in OWC systems [200]—[206]. As in any OWC
system, transmission in MIMO OWC systems may be hindered
by an obstruction in the link between the transmitter and
the receiver. Hence, the RIS technology could be used to
connect users to the access point. Unlike RIS-based MIMO
RF systems [28]-[30]], [207]-[211]], and RIS-based cell-free
MIMO REF systems [212]-[215]] which have been thoroughly
studied, there has been minimal research on the application of
RIS technology in MIMO OWC system.

Figure [26] depicts a generalized model of an RIS-aided
MIMO OWC system [32]. In this figure, the data to be trans-
mitted is distributed between the L light sources constituting
the transmitter. The transmitted light beams reflect off of the
ON RIS elements and are directed towards the P PDs of the
receiver. Several configurations of RIS-based MIMO OWC
systems can be derived from Fig. 26| A few examples of such
configurations are shown in Fig. They are all governed by
the general transmission equation

y(t) = Hx(1) +z(2), 7

where x(f) = [x1(0),....x.(O]F @:(t) € Ry, i €
{1,2,...,M}) is the L-dimensional real-valued S-RIS sub-
channel input vectors (light intensity of the i'* transmitter
at time instant ). y(¢) = [yi1(8),...,ym(0)]T k(1) € Ry)
denotes the QN-dimensional real-valued RIS-D sub-channel
output vectors, and z(#) = [z1(1),...,zon (D]T (zk(?) € Ry)
is the P-dimensional real-valued Gaussian noise vectors at D.
The noise at the receiver, which is additive, independent, and
identically distributed, is a combination of thermal and shot
noises, which are well modeled as Gaussian. yi’}s and y°%! are

respectively given by yi’;s(t) = Hx(1) +z£’}s(t) and y;’g‘zzz‘) =
®Hx(r) + 22 (1), where y™ and y°“' are QN-dimensional
real-valued signal measured at the input and output of the RIS
module, respectively, and ® denotes the phase shift matrix.

zi’}s and z2!*! represent the O N-dimensional real-valued noise
vectors before and after the RIS module, and the transmission
from RIS to D is governed by y(t) = Gy?" (t) +z(). In the
matrix form, , defined in the Ri\’l xM space, can be given by

H =G oH. (8)
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Fig. 27: Scenarios of RIS-assisted MIMO OWC systems [32].

The entries of the matrices G and H strongly depend on
the physical arrangements of the light sources (H) and photo
detectors (G) [32].

x(1) in must always satisfy the non-negative and peak-
intensity constraint, resulting in the generated light upper
bounded by a total average value [200], [203].

0<x;(t) <X and 9)

M
Pi < Po>
i=1
where X represents the peak-input-intensity and P; = E,, [x;],
with E,[-] denoting the expectation with respect to the dis-
tribution of x. The average optical power constraint can be
written as ||P||; = ||Py,...,Pax|li < po, where || -||; is the £;-
norm operator, and p,, is the transmitter’s total optical power.
With these two constraints, the channel -capacity,
c(H, py,X), of RIS-based MIMO OWC systems can be
given by [200]
c(H, py,X) = max](x : Hx +z). (10)
fx)
Figure illustrates four main scenarios for indoor RIS-
assisted VLC systems. Figure 27}H(A) is a typical RIS-assisted
SISO OWC system in which the transmitter, RIS, and receiver
all consist of a single element. A system of this type is subject
to a number of issues, including large geometric losses at the
destination [32]. These losses are mitigated by using a multiple
elements RIS (i.e., MIMO RIS), where the RIS elements
converge their beam towards a single element receiver, as
shown in Fig. 27H(B). Figures 27H(C) and -(D) shows the use
of an RIS to mitigate geometric losses in an OWC system
where the transmitter, the RIS, and the receiver have multiple
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Fig. 28: Capacity bounds for an RIS-assisted MIMO OWC
system. Example of an RIS-based MIMO FSO system [32].

active components. The capacity bounds of all these channels
can be evaluated based on p,/X > L/2 and p,/X < L/2,
where L/2 represents a break in the channel capacity.

As seen from Fig. multiple RIS elements are required in
MIMO OWC systems. Therefore, it is interesting to examine
systems in which the RIS consists of multiple components.
This type of system was proposed in [32], where the authors
utilized the QR-decomposition algorithm to determine the
channel capacity of an RIS-based OWC system. This capacity
relates to the disposition and orientation of the light sources,
PDs, and RIS elements. In [32]], the authors considered two



scenarios: One in which there is overlap between light beams
at the receiver and a second one where there is no overlap.
To maximize the channel capacity in the former, each channel
must be optimized individually. The total maximized channel
capacity is equal to the sum of all individual maximized
channels. This is modeled in [32] as

M
c(HY, po, X) = > max [g(Hy, po, X)]

i=1

Y

where the function g(H,,, p,, X) is the SISO channel capacity,
which can be expressed using the considered transmission
power and peak intensity constraints. When the light beams
overlap at the receiver, the channel capacity may be deter-
mined by using the QR-decomposition algorithm. The QR-
decomposition, in contrast to the single value decomposition
extensively used in the analysis of MIMO RF systems, does
not generate negative values and is thus very suitable for the
VLC channel. Such analysis is performed in [32] for OWC
channels, with a focus on the situation where p,/X > L/2.
The channel capacity of the overall channel can be expressed
as

2(hmi0) X2

m2eo? > (12

i=1

M
1
c(Hp, po.X) = mPa}xZ 3 log (1 +

where h,,(; ;) are diagonal entries of the overall channel ma-
trix. Results of this analysis is proposed in Fig. The figure
depicts upper bound (UB) and lower bound (LB) of the system
with no overlaping (Scen;) and overlaping (Scen;), consider-
ing the constraint p, /X with regard to the common number of
light sources and PDs, and using the QR-decomposition. Open
research challenges include determining the optimal position
of the RISs as well as capacity optimization.

D. NOMA and RISs

Non-orthogonal multiple access (NOMA) is among the key
enabling techniques for massive connectivity in future wireless
networks. In comparison to conventional orthogonal multiple
access techniques such as OFDMA and TDMA, that serve
a single user in each orthogonal resource block, NOMA is
able to serve multiple users on the same resource block
(which can be in time, frequency, or code domain) and, as
result achieve high spectral efficiency gains [3|]. There have
been many studies on the design and performance analysis of
the two categories of NOMA (i.e., code and power domain
NOMA) in RF communication networks (e.g., see [2]-[4],
[216] and references therein). The success of NOMA in
RF communication networks motivates its adoption for VLC
systems. Specifically, NOMA is suited for VLC systems due
to the following reasons: (i) the modulation bandwidth of a
typical VLC transmitter (e.g., LEDs) is very limited and that
affects the achievable data rates; (i) NOMA is efficient in
multiplexing a small number of users and in most indoor VLC
systems each AP typically have few number of users in its
coverage area; (iii) accurate CSI, which is crucial in NOMA-
based systems (e.g., for superposition coding), can be obtained
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in VLC systems since the channel remains constant most of
the time (due to the low mobility of users in VLC systems);
(iv) NOMA performs better in high SNR scenarios [217], and
VLC systems are able to provide very high SNR (when a
LoS path exits) due to the short separation distance between
the transmitter and receivers; and (v) VLC systems offer a
number of ways (e.g., optimizing the angles of irradiance
and incidence through the use of angle diversity transmitters
and receivers, tuning the FoV of the transmitter and the
receiver, etc.) to enhance the channel gain differences among
users, which is important in NOMA, although not a necessary
requirementﬂ NOMA has been considered for VLC systems
in few works, with [54] being the only survey paper on power
domain NOMA-based VLC systems. In VLC, the use of power
domain NOMA has received more attention as compared to
code domain domain for the following reasons [218]]. Firstly,
in a similar way that VLC systems typically serve few users,
power domain NOMA is used to multiplex a small number of
users. Secondly, power allocation in power domain NOMA
largely depends on the availability of accurate CSI at the
transmitter. In VLC, channel estimation is significantly less
error-prone when compared to RF communication networks
since the VLC channel is time-invariant and only changes
when the user moves to another location. Finally, code do-
main NOMA are associated with high complexity multiuser
detection algorithms [219]].

Considering the downlink of a single cell indoor VLC
system with K users, who are assumed to be static or quasi-
static such that their CSI remains not outdated, the received
signal at the k-th user according to the NOMA principle can
be given by

K-1 K
Vi = ak\/ﬁhksk + Z aj\/;hksj+ Z a;\/ﬁhks,- +ny, (13)

j=1 i=k+1
where a; represents the power allocation coefficient
(0 < ar < 1), P refers to the total electrical power, hg
is the channel power gain which can be calculated as in [20],
s denotes the desired information signal, and n; refers to
the additive white Gaussian noise. In (IED the first, second,
and third terms on the right side of the equation represent
the desired signal, the interference components cancelled by
SIC, and the residual interference following SIC, respectively.
Without loss of generality, an assumption is made that the K
users have been sorted in ascending order according to their
channel qualities

hy <o S he <o <y (14)

According to the NOMA principle, users with better channel

conditions are allocated less power, meaning that a; > -+ >
- > ag and since the available transmit power is limited,

the power allocation coefficients must satisfy the constraint

K

Zaiz 1.

k=1

15)

4The performance of power-domain NOMA is highly dependent on having
significant channel gain difference among users.
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Fig. 29: Application of RISs in NOMA-based VLC systems: (A) NOMA principle in NOMA-VLC systems; and (B) Potential achievements

of RIS-aided NOMA-VLC systems.

It can be observed from that as the number of user users
increases, the complexity of decoding the signal also increases
since a total of K — 1 users (i.e., with the exception of the 1-st
user) must perform SIC. Moreover, any residual interference
resulting from inaccurate estimation of CSI increases with
the number of users. In the sequel, most recent research on
power doamin NOMA-VLC works are first summarized, and
then, the possible ways RIS can be utilized to enhance the
performance of such communication systems are provided.

The authors in [3]], [220]-[224] demonstrated the superior
sum rate and BER gains of NOMA-based VLC systems over
OFDMA-based VLC systems. In [225]], the authors proposed a
general framework for energy efficiency analysis of a NOMA-
based hybrid VLC and RF wireless system. Focusing on
maximizing the sum-rate and the minimum user rate under
transmit power constraints and QoS requirements, the authors
in [226] proposed a semi-closed form optimal power allocation
scheme for a NOMA-based VLC system. The simulation
results demonstrated that the proposed NOMA schemes out-
performed OMA schemes. In [217]], a novel gain ratio power
allocation scheme was proposed, and the simulation results
showed significant bit error rate (BER) and sum rate per-
formance gain when compared to the static power allocation
scheme. In [227], [228]], the authors considered a sum rate
maximization problem under peak power and non-negativity
constraints, and proposed a power allocation scheme based
on the Lagrange dual method. In [229], the authors proposed
gradient projection based algorithms for the sum rate and
minimum user rate optimization problems while considering
QoS requirements. In [230], the authors proposed bounds on
the achievable rates of NOMA-based VLC networks. In that
same paper, the authors proposed power allocation schemes for
the static and mobile users scenarios. The joint optimization of
user pairing, link selection, and power allocation to maximize
the sum-rate of a hybrid VLC and RF communication system
was investigated in [170]], [231]. NOMA-based modulation

schemes for single cell and multi-cell VLC systems where
users located at the edge of the cells are served by multiple
APs were examined in [232]] and [233]], respectively. A user
pairing scheme for a 3D VLC-NOMA systems was proposed
in [234]. In [235]], a cuckoo search algorithm was proposed
to optimize the transmit power, LED’s semi-angle at half
power, the FoV of the lens, and the gain of the optical filter
such that the sum rate performance is maximized. In [236],
the optimization of power allocation in a NOMA-based VLC
system using particle swarm optimization was investigated.
Under MIMO settings, a normalized gain difference power
allocation method was proposed in [237] for a NOMA-based
VLC system, and was shown to outperform the gain ratio
power allocation method. An experimental demonstration of
a MIMO NOMA-based VLC with single carrier mode of
transmission and frequency domain successive interference
cancellation was performed in [221].

Many studies have exploited RISs to improve the perfor-
mance gains in NOMA-based RF systems (e.g., see [48],
[238]-[242]] and references therein). However, this survey
focuses on the use of RISs in NOMA-based VLC systems.
RISs can be combined with NOMA in VLC systems for
attractive performance gains. As previously mentioned, the
NOMA principle requires the ordering of users’ channel gains
in ascending or descending order to enable them to employ
SIC to recover the transmitted message. Thus, the performance
of NOMA-based communication systems is highly dependent
on the users’ channel conditions. Moreover, it has been
shown in [243]] that NOMA based communication systems
in general can attain superior performance gains than OMA-
based systems only if the channel gains of different users
are significantly distinct. Hence, the main functionality of
an RIS in NOMA-based VLC systems is to modify the
channel conditions of the users to yield additional performance
improvements. Figure [29] illustrates a potential application
in a two-user RIS-aided NOMA-based VLC system. From
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Fig. 30: Principles of simultaneous optical wireless data transmission and energy transfer over RIS-assisted VLC channels.

this figure, it is demonstrated how RISs can further improve
NOMA-VLC systems. Firstly, an RIS can be utilized in
NOMA enabled VLC systems to control the channel gain
ordering of users as well as to decide which users achieve
higher data rate based on their QoS requirements. In VLC
systems, the channel power gain is dependent on the angle of
incidence, angle of irradiance, the LED’s semi-angle at half
power, and the distance between the AP and the user. All but
the distance parameter are typically fixed. Hence, the closest
users to the VLC AP will always have higher channel power
gain and, as a result, the channel ordering of the users will
always follow the location of users as shown in Fig. (A).
However, the use of an RIS allows the VLC network to control
the channel gains of the users and as result modify the ordering
of the users’ channel conditions as well as the potential
achievable data rates. Specifically, the RIS elements can be
optimized to enhance the channel conditions of users farther
away from the AP and, as result, change the original order of
the users’ channel gain as illustrated in Fig. [29| (B). Since the
users with higher channel gain typically get higher data rate,
the ability to modify the original order of the users’ channel
gain also allows the VLC network to sort its users based
on their particular data rate requirements rather than on the
uncontrollable random environment. For instance, users that
are far away from the AP and have high data rate requirements
in a conventional NOMA-VLC system might be in outage
since irrespective of the allocated power, the weak users’ rate
will always be limited by interference from the strong user and
the unfavorable channel conditions. However, the appropriate
use of an RIS can allow the originally weak users with high
data rate requirements to become strong users such that their
required rates can be met. Secondly, the deployment of RISs
in a NOMA-based VLC system can be used to enable massive
connectivity by extending the coverage area of the VLC AP
as depicted in Fig. In conventional NOMA-based VLC
systems and VLC systems in general, it can be difficult to
guarantee uniform coverage in the indoor environment. This
is because the VLC channel is easily affected by blockages,
random device orientation as well as the limited FoV of
the receivers. All these factors result in severe performance
degradation. However, RISs can be deployed and optimized
to provide coverage and better channel conditions for users
outside the illumination area of the VLC AP. Finally, RISs
can be used to create more distinct channel conditions for

users in a NOMA-based VLC systems. As mentioned in [5],
[244], the performance of NOMA communication systems is
very dependent on which users are paired together and could
be enhanced by grouping users with more distinctive channel
conditions. However, the channel conditions of VLC links
are highly dependent on the location of the users. When the
users are too close, that can negatively affect the VLC system
performance when NOMA is applied. An RIS can be used in
such a scenario to realize more distinct channel conditions for
users, even when they are closely located.

E. Simultaneous Lightwave and Power Transfer and RISs

In VLC technologies, the receiver may be self-powered.
Thus, the integration of RISs into the VLC channels should
enable energy forwarding (i.e., simultaneous lightwave and
power transfer (SLPT)). The energy contained in the incident
wave should also be reflected with the same orientation
as the light. Although there has been some work done on
simultaneous wireless data and energy transfer using RIS-
assisted RF systems [33]], [245]-[247], this is not the case
for OWC in general and VLC in particular. As a result, it
is evident that there is still much to be done in the field of
RIS-assisted SLPT optical systems.

An RIS-supported SLPT OWC system can facilitate simul-
taneous wireless energy data transfer. This may be achieved
by using a PD in conjunction with or without a TIA. The
transmitter of such a system illuminates the environment as it
broadcasts information, and the receiver harvests the energy
from the light as it decodes the information. For example, an
RIS-assisted SLPT VLC system may include three different
technologies: lighting, data transmission, and energy harvest-
ing. An example of such a system is shown in Fig. 30| The
diagram in this figure illustrates the integration of an energy
harvesting module. The transmitter is the same as the usual
VLC transmitter, which includes a signal processing unit, an
LED, and an LED driver. To detect light, three different types
of devices can be used, namely PDs, LEDs, and photocells.
In contrast to PDs and LEDs, photocells utilize photovoltaic
processes to accomplish this. These devices are all capable
of simultaneously reconstructing the message waveform and
proceeding to data signal forwarding, along with offering
energy harvesting capabilities. It is reported in [248|] that an
indoor light can produce approximately 180 uW of power
harvested using an amorphous crystalline in a system without



RIS. LEDs provide photon-to-current conversion, allowing up
to 5V to be reached with a great current, which might be
enough to charge a smart device’s battery.

F. Summary and Lessons Learned

This section focused on the integration of RISs and other
emerging technologies into VLC. Although such technologies
have already been studied for VLC systems, we strongly
believe their potentials have not been fully harnessed. In this
section, we presented the various ways RISs can revolutionize
the application of such new technologies in VLC systems to
yield significant performance improvements. The key lessons
are summarized as follows. Firstly, RISs can be utilized
to design re-configurable ADTs that allow the creation of
varying number of smaller cells depending on factors such
as the number and the distribution of users. Secondly, RISs
can be exploited to enhance the channel gain difference of
the legitimate user and the eavesdropper to improve security
performance. Thirdly, the various scenarios in which RISs can
be deployed in MIMO networks and the corresponding chan-
nel structures, capacity, and achievable rates were discussed.
Moreover, adopting RISs in NOMA-enabled VLC systems can
help realize more distinct channel conditions and allow the
control of the channel gain ordering of users. RISs also enable
coverage extension in NOMA-based VLC systems. Finally, the
integration of RISs with simultaneous lightwave and power
transfer was introduced.

VIII. FUTURE RESEARCH DIRECTIONS

Section presented promising research directions on the
integration of RISs and other technologies in VLC. This
section further highlights other potential research problems
in RIS-enabled VLC systems that need to be investigated in
future work.

1) Learning approach for blockage prediction in RIS-based
VLC systems: Current studies on RIS-aided VLC systems
assume the availability of accurate CSI of the channel paths
(i.e., between the APs, the RISs, and the users) for all users.
The RISs’ controller uses this information to optimize the
configuration of the RISs’ elements. However, acquisition of
users’ position information or the full real time CSI can be
computationally expensive, and any errors in these estimates
can severely impact the performance of the RIS-aided VLC
system. This is due to the fact that the RIS can consist of
a large number of elements and, as a result, the length of
pilots required can be significant. The idea of communication
systems having the ability to predict the VLC environment
(e.g., LoS link blockages), without knowledge of the CSI, such
that the transmitter and the RIS can anticipate the blockage and
act intelligently is an interesting and innovative concept that
requires further investigation. As mentioned in [249], predict-
ing blockage occurrences requires sensing the communication
environment and processing the data using deep learning and
ray casting techniques to allow for other functionalities such
as users’ and non-users’ positioning. The lack of mathematical
models for blockage predictions has motivated researchers to
investigate predictors based on machine learning models (e.g.,
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see [250]] and references therein). Hence, the development of
machine learning aided prediction techniques for RIS-enabled
VLC systems is another promising research direction. Such
designs should consider the unique characteristics of RIS-
enabled VLC systems such as the limited range of the VLC
APs, the structure of the RIS devices, and the features of VLC
signals. The concept of meta-learning [251] should also be
leveraged to reduce any training overheard involved.

2) Practical implementation and analysis: The existing
studies on RISs-enabled VLC systems reveal theoretical find-
ings and simulation results but nothing on prototyping, prac-
tical implementation and analysis. Moreover, most studies
make the assumption of perfect RIS hardware which will
not generally be the case in practice. Thus, RIS technology
for OWC systems in general is still in its infancy as there
have not been any prototype designs and experimental results
reported. The first step to the practical implementation of RISs
in OWC is to develop a proof-of-concept platform to evaluate
and illustrate the performance of RIS-enabled VLC systems.
Such a platform will allow researchers and industry players to
collaborate, evaluate, and compare different RIS optimization
algorithms, performance metrics (e.g., data rate, computational
complexity, production cost, overhead cost, reliability, etc.)
and system-level requirements for IMR and IMA RISs in
VLC systems under more practical channel conditions and
non-perfect RIS hardware scenarios that consider the im-
pact of temperature on reflection/transmission characteristics,
phase/yaw/roll responses with errors, etc. The results and
analysis from such a platform would validate theoretical and
simulation findings, and accelerate the development of RISs
for OWC in a low-cost and timely manner.

3) Transmitter-channel-receiver (TCaR)-RIS-assisted VLC
systems: Existing studies on RIS-enabled VLC systems have
considered deploying the RIS either inside the receiver or in
the channel. However, the RIS module could be deployed
in the transmitter, the receiver, and the channel to realize
transmitter-channel-receiver (TCaR)-RIS assisted VLC sys-
tems. Located within the transmitter, the RIS could be used
as a refractive element that assists in beam generation. Within
the receiver, the RIS can enable dynamic FoV and perform
incident light amplification and selective interference rejection.
When deployed in the medium between the transmitter and
the receiver (i.e., the channel), the RIS can achieve signal
coverage and illumination expansion, and enhance security
and signal power transmission. To date there have been no
studies on TCaR-RIS-assisted VLC systems, and thus it will
be interesting to explore how RISs can be deployed at the
transmitter, the receiver, and in the channel to achieve perfor-
mance improvements. Potential research areas include inves-
tigating key performance metrics to characterize such a novel
system model, proposing channel models, and developing low-
complexity optimization algorithms to efficiently optimize the
performances of the RISs deployed in the various components
of a TCaR-RIS-assisted VLC system. Thus, it is an important
and challenging research direction to investigate the perfor-
mance trade-offs in TCaR-RIS-assisted VLC systems.

4) Advances in optical RISs materials: Although the ap-
plication of reflect-array antennas in communication related



applications has been well studied and developed [252], the
same cannot be said about optical RISs. The materials (i.e.,
metasurfaces, mirror arrays, LCs, and their tuning mecha-
nisms) used in the construction of optical RISs have not yet
been well studied. For instance, the deployment of LC-based
RISs at the receiver side has been demonstrated to provide
beam steering and light amplification to enhance the data rate
performance in VLC systems [50]. Moreover, the concept of
intelligent omni-surfaces capable of transmitting and reflecting
signals simultaneously in OWC systems has been introduced
in [253]], [254]]. However, several research challenges remain
with regards to the RIS material type, channel modeling,
optimum operating conditions (e.g., optimum refractive index,
temperature, required voltage, etc.) and noise modeling in such
novel applications. Furthermore, the absorption, reflection, and
transmission characteristics of the various metasurface materi-
als, mirror arrays, and LCs are not yet well understood as they
depend on optical properties such as the optical wavelength
range, refractive index, birefrigence, and temperature range.
The performance of the various tuning mechanisms and the
expected lifespan (e.g., for the actuators used in the IMA) need
to analyzed. Finally, it is important to factor in the availability
of the various RIS materials and their cost.

5) RIS-enabled hybrid RF/VLC and standalone VLC sys-
tems: VLC is typically deployed in the downlink of an OWC
system while other technologies (e.g., RF or IR communi-
cations) are used for the uplink, forming a hybrid RF/VLC
system with a decoupled uplink and downlink [255], [256].
In such a hybrid design, RISs can be deployed for system
performance enhancements when RF-based RIS and VLC-
based RIS techniques are utilized in the uplink and downlink,
respectively. Moreover, RISs can be deployed in hybrid sys-
tems that use RF and VLC for the downlink and only RF for
the uplink to improve the system performance. For instance,
a single RIS with several elements (assuming an RIS that
can reflect and transmit both RF and VLC signals exists) can
be shared on time-sharing basis or via dynamic clustering to
aid uplink and downlink transmissions in a single user hybrid
RF/VLC system. Furthermore, RISs can be deployed in several
other standalone VLC networks as described in [[75]], that use
VLC for both uplink and downlink paths. However, there have
been no studies on RIS-enabled hybrid RF/VLC systems and
RIS-aided standalone VLC systems that use a single/multiple
RIS(s) to simultaneously enhance uplinks and downlinks. As
a result, several technical challenges relating to the duplexing
techniques, RIS control and resource optimization algorithms,
distribution of the RISs, suitable RIS material for RF and
VLC signals, as well as the associated overhead cost and
implementation complexity remain to be tackled.

IX. CONCLUSION

This paper has presented a comprehensive review of the
design, application, and performance analysis of RISs in OWC
in general and VLC in particular. Firstly, an overview of
metasurfaces and mirrors and how they obtain their recon-
figurability have been presented from the physics point of
view. Then, the various RIS technologies suited for optical
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communications and their corresponding deployment scenarios
have been explored. Afterward, the distinction between optical
RISs and relays and their typical functionalities, benefits, and
drawbacks have been presented. Furthermore, important issues
such as RIS reflection design for solving LoS blockages, RISs
for VLC transmitter and receiver performance enhancements
have been thoroughly studied. More particularly, the standard
RIS technologies for such roles have been presented, and
design guidelines and performance optimization techniques
(e.g., optimization problem structure, optimization variables,
and promising solution techniques) have been provided. Simu-
lation results have demonstrated how properly selecting an RIS
technology for a VLC system and optimizing its performance
can reduce the operational complexity of the RIS and yield
significant data rate performance improvements. Finally, the
potential role of RISs in other emerging wireless technologies,
important challenges that should be expected, interesting open
issues, and future research directions have been provided. It is
hoped that this paper will provide helpful guidance for future
research in this emerging and promising area of integrating
RISs and VLC systems. This is crucial in harnessing the
full potential of the RIS technology to enable the design of
cost-effective, highly reliable, and sustainable future wireless
networks.
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