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A B S T R A C T   

As wireless communication rapidly evolves and the demand for intelligent connectivity grows, the need for 
precise sensing integrated with efficient communication becomes paramount. While traditional Integrated 
Sensing and Communication (ISAC) methods have laid foundational groundwork, they grapple with environ
mental limitations and significant propagation losses. Visible Light Communication (VLC) emerges as a trans
formative solution characterized by its high-speed transmission, minimal latency, cost-efficiency, and seamless 
installation. This paper introduces the Lighting, Sensing, and Communication (LiSAC) concept for VLC and 
systematically reviews the technical aspects, such as channel characteristics, modulation techniques, and system 
design. Specifically, this paper presents the evolution of the LiSAC system, its integration with other commu
nication technologies, its applications in various fields, and its challenges. At the end of this paper, we outlooked 
LiSAC in the future, in which high-quality communication will integrate pinpoint sensing accuracy.   

Introduction 

In the rapid development of wireless communication, new modal
ities, and technological advances continually reshape our communica
tion network structures [1–3]. As the fifth generation (5 G) network has 
been commercialized, endeavors are underway to conceptualize the 
framework of the next generation — 6 G. Foreseen as a tremendous 
advance in network infrastructure, 6 G aims to be characterized by 
heightened security, adaptability, intelligence, and optimized energy 
consumption [4]. Traditional wireless communication, from television 
broadcasts to cellular mobile communication, mostly relies on radio 
frequency (RF) signals to convey information. Recently, an increasingly 
crowded spectrum and limited resources have restricted its perfor
mance. Electromagnetic interference sets another restriction on its 
application scenarios. Therefore, to foster the development of the 
Internet of Things (IoT) [5], smart living spaces [6], intelligent health
care [7], and advanced transportation systems [8], alternative 

communication methods are being explored, such as Terahertz (THz) 
communication [9], quantum communication (QC) [10], etc. Among 
these methods, visible light communication (VLC) stands out, featured 
by its unlicensed ultrawide bandwidth from 430 THz to 790 THz. 
Meanwhile, VLC has accelerated transmission speed to guarantee its 
complementary position for indoor RF communication [11,12]. 
Furthermore, VLC’s integration with indoor lighting, specifically via the 
ubiquity of energy-efficient light-emitting diodes (LEDs), underlines its 
potent viability for indoor communication, especially in electromag
netic interference-prone environments [13]. Modern infrastructures 
equipped with abundant luminaries and the physical properties of LED 
provide a natural platform for VLC, rendering it with characteristics of 
straightforward setup, economical implementation, minimal energy 
consumption and user friendliness [14–16]. Except for environmentally 
friendly indoor luminaries, ambient light like sunlight, can be modu
lated as information carriers in VLC, which features it with strong 
environmental sustainability. Additionally, VLC, as a novel 

* Corresponding author. 
E-mail address: ding.wenbo@sz.tsinghua.edu.cn (W. Ding).  

Contents lists available at ScienceDirect 

Digital Signal Processing 

journal homepage: www.elsevier.com/locate/dsp 

https://doi.org/10.1016/j.dsp.2023.104340    



Digital Signal Processing 145 (2024) 104340

2

communication paradigm, provides new insights for the field of digital 
signal processing. Optical data transmission emerges in at a high speed 
and prompts the development of IoT, human machine interaction and 
communication networks. Other optical technologies, for instance, op
tical computing, are also flourishing leading to an era of light. 

Emergent networking paradigms necessitate the amalgamation of 
communication with auxiliary technologies, such as advanced sensing 
[17], distributed learning [18], and edge computing [19]. In addition to 
communication, VLC has spawned versatile sensing technologies. 
Notable examples include visible light positioning (VLP) and visible 
light sensing (VLS). VLP, capitalizing on VLC’s intrinsic advantages, 
offers precise indoor positioning using ubiquitous luminaries and con
ventional photodiodes, making it a powerful contender for integration 
into the 6 G framework. Concurrently, VLS has broad application po
tentials ranging from human-device interactions to vehicle communi
cations, emphasizing VLC’s prowess in merging illumination, 
communication, and sensing functionalities. Accurate sensing is bound 
to be a key for future intelligent ecosystems, which has led to the 
conceptualization of integrated sensing and communication (ISAC). As 
an incorporation of wireless communication and sensing, ISAC exhibits 
potential in 6 G networking due to its dual capability of localization and 
communication [20]. ISAC’s foundational concept originates from 
radar-based spectrum sharing, and recently technological strides in the 
wireless sensing arena have broadened its scope. Today’s ISAC systems 
leverage diverse techniques like Wi-Fi, millimeter wave (mmWave), and 
THz [21–26]. Though innovative, each modality brings challenges, 
necessitating further exploration and optimization to realize their full 
potential in holistic network systems. Aiming to solve the present 

limitations of ISAC and satisfy the future network architecture, in this 
paper, we introduce a new concept: Lighting, Sensing, and Communi
cation (LiSAC), i.e., the VLC-based ISAC systems. LiSAC, harnessing the 
full spectrum of capabilities offered by VLC, is characterized by its 
adaptability to varied environments, high-quality communication, and 
accurate sensing abilities. By drawing parallels from ISAC and aug
menting it with VLC’s advantages, LiSAC presents a promising horizon 
in the evolving development of wireless communication. 

This review is organized as follows. In Section 2, an overview of VLC 
development and system is provided. The LiSAC system architecture is 
proposed and analyzed in Section 3, and the applications of LiSAC are 
introduced in Section 4. In Section 5, we summarize the challenges that 
LiSAC systems are facing and discuss the prospect of LiSAC. The 
conclusion is drawn in Section 6. Fig. 1 below gives a comprehensive 
overview of the review. Table 1 summarizes abbreviations of mentioned 
communication methods and sensing concepts. The contributions are 
summarized as follows:  

• A comprehensive description of the VLC system’s architecture has 
been performed, from fundamental concepts to its core components.  

• A perspective on LiSAC has been proposed, involving an analysis of 
its underlying principles and unique architecture, and the explora
tion of hybrid LiSAC systems.  

• The potential applications of the LiSAC system have been extensively 
investigated across various fields, such as healthcare, augmented 
reality, transportation systems, industrial automation, and smart 
homes. 

Fig. 1. An Overview of the LiSAC system from three perspectives: integrated lighting and communication, integrated sensing and communication, and integrated 
lighting, sensing and communication. 

C. Liang et al.                                                                                                                                                                                                                                    



Digital Signal Processing 145 (2024) 104340

3

• The prospects and associated challenges of the LiSAC system have 
been deeply analyzed, addressing existing VLC limitations, strategies 
to enhance VLC performance, potential expansions of VLC applica
tions, and integrations with emerging technologies. 

Basics of visible light communication 

In this section, a comprehensive introduction to VLC will be made 
from the basic knowledge, including channel characteristics and mod
ulation schemes, and from the VLC system’s design in light sources, 
transmitters, receivers, and networks. 

An overview of visible light communication 

VLC refers to communication by modulated light waves, ranging 
from 380 nm to 750 nm wavelengths, to carry information [14]. VLC can 
date back to the end of the 19th century when Bell and his assistant 
invented the photophone, transmitting speech through modulated sun
light. In the 2000s, Tanaka et al. [27] proposed an indoor data trans
mission system utilizing white LED lights. The system reached a 
transmission rate of 400 Mbps. After Tanaka’s work, an abundance of 
research has been done on the subject of using LED bulbs to transmit 
information. The light fidelity (Li-Fi) concept was later brought up in 
2011 by Harald Haas and was fully interpreted in 2015 [28]. Till now, 
research on VLC has been increasing fast, and the technology has been 
implemented in varied scenarios. 

Channel characteristics and models 
Channel characteristics are one of the fundamental elements of a 

communication system. Studying the visible light propagation channel 
model is important to fully understand the VLC system. In this section, 
we will discuss the channel characteristics from the following aspects. 

Light source. In most existing VLC systems, LED transmitters usually 
serve as the light source. LEDs have two advantages: luminous intensity 
and transmitted optical power. Luminous intensity is the unit that in
dicates the energy flux per a solid angle, which briefly refers to the 
brightness of LEDs from a certain angle. In [29], the calculation of lu
minous intensity and transmitted power Pt is given below 

I =
dΦ
dΩ

,Pt =

∫Amax

Amin

∫2π

0

Φedθdλ, (1)  

where Φ is the luminous flux, and Ω is the spatial angle. Amax and Amin 
are determined by the sensitivity curve of the photodiode. Φe is the 
energy flux. The integral of LED power distribution in every direction is 

the transmitted power. 
Received power and path loss. The VLC channel model can be 

concluded below 

Y(t) = γX(t) ⊗ h(t) + N(t), (2)  

in which, X(t) is the transmitted signal, h(t) is the impulse response, ⊗
represents the convolution operation, N(t) is the noise, and γ is the de
tector responsivity. Assuming the radiance of LED follows the Lamber
tian radiation pattern, according to [30], the DC gain of an optical link 
channel is given as 

H(0) =

⎧
⎨

⎩

(m + 1)A
2πD2 cosm(ф)Ts(ψ)g(ψ)cos(ψ), 0 ≤ ψ ≤ Ψc

0,ψ > Ψc

. (3) 

A is the physical area of a photodetector (PD). The irradiance angle is 
ф, and the incidence angle is ψ. D is the distance between the transmitter 
and the receiver, g(ψ) is the optical concentrator gain, and Ts(ψ) is the 
optical filter gain. Ψc is the FOV of the light source. The gain of an 
idealized optical concentrator is determined by the refractive index and 
FOV. 

Combining (1) and (3), the direct received power of PD can be 
calculated as the product of DC gain and LED transmitted power. As for 
the path loss, it can be calculated as the division of the transmitter lu
minous flux and the receiver luminous flux. 

Multipath propagation with reflected paths. In the former section, we 
have calculated the power of direct light. However, in reality, the light 
propagates in multiple paths. The receiver does not only receive light 
directly from LEDs but also reflects light from walls and other objects. 
From [30], considering only reflection from the wall, the first reflection 
channel DC gain is 

dHref =

⎧
⎪⎨

⎪⎩

(m+1)A
2πD2

1D2
2

ρdAwallcosm(ϕ)cos(α)cos(β)Ts(ψ)g(ψ)cos(ψ),0≤ψ ≤Ψc

0,ψ >Ψc

(4) 

D1 is the distance between the reflection point and the LED light 
source. D2 is the distance between the reflection point and the receiver. ρ 
denotes the reflectance factor. dAwall is the area of the reflection point, 
which is very small. m stands for the order of Lambertian emission. α 
denotes the incidence angle from the light source to the reflection point, 
and β denotes the irradiance angle from the reflection point to the 
receiver. ф is the irradiance angle from the light source to the reflection 
point. ψ is the incidence angle. 

In addition to the propagation of reflected paths of walls, the 
received power is given as below 

Preceived =
∑n

i

{

PtiH(0)+
∫

PtidHref (0)
}

. (5) 

Pti refers to the transmitted power of the i-th LED. However, the 
actual situation is much more complicated. Reflections derive not only 
from walls but also from other objects. Furthermore, walls consist of 
diversified materials. Different materials of the reflection surface have 
various spectral reflectance [31]. 

Noise. The primary noise source of VLC is ambient light from the sun 
or other artificial illumination sources, shot noise from PDs or ambient 
light, and thermal noise of PDs [15,30]. Hence, the noises can be 
expressed as the integration of the above three types of noise. Noise 
induced by ambient light or other light sources aside from LED can be 
eliminated using an electrical high pass filter at the receiver because 
such noise is a DC interference. 

Modulation and demodulation techniques 
Modulation is an essential procedure for information transmission. 

Typically, a VLC system uses intensity modulation/direct detection (IM/ 

Table 1 
Abbreviations and definitions.  

Abbreviations Definitions 

CSK Color Shift Keying 
FOV Field of View 
ISAC Integrated Sensing and Communication 
LED Light Emitting Diode 
Li-Fi Light Fidelity 
MIMO Multiple-Input Multiple-Output 
mmWave millimeter wave 
NOMA Non-Orthogonal Multiple Access 
OFDM Orthogonal Frequency Division Multiplexing 
OFDMA Orthogonal Frequency Division Multiple Access 
OOK On-Off Keying 
PD Photodetector 
RF Radio Frequency 
RIS Reconfigurable Intelligent Surfaces 
THz Terahertz 
VLC Visible Light Communication 
VLP Visible Light Positioning 
VLS Visible Light Sensing  
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DD) due to the physical properties of LED luminaries. The light waves 
cannot be modulated by the amplitude or phase, and the information 
can only be encoded using light intensity. [32,33]. There are mainly two 
IM/DD modulation schemes: intensity modulation and color modula
tion. Intensity modulation utilizes the varying intensity of the light 
source to transmit data. Color modulation, on the other hand, conveys 
information by controlling the wavelength of light. Unlike other 
communication methods, VLC is closely related to indoor illumination. 
According to the IEEE 802.15.7 standard [34], its modulation schemes 
must enable the system to reach a high data rate without disturbing 
human behavior. In other words, the changes in light must not be 
perceived by humans. Therefore, the luminaries must be equipped with 
dimming functions and avoid flickering. In this section, several common 
modulation methods are presented below. 

On-Off Keying (OOK). OOK is the simplest modulation scheme of 
VLC. This method utilizes the on and off state of LED light to represent 
data bit 0 and bit 1. The off state of a light source doesn’t mean that the 
light is completely turned off. As long as the reduced light intensity can 
make it easy to distinguish these two states, it can be recognized as the 
off state. OOK, due to its easy implementation and low cost, has been 
widely used [35–38]. 

Variable Pulse Position Modulation (VPPM). There are two kinds of 
VPPM [39–41], as shown in the following illustration. (a) Pulse Width 
Modulation (PWM). PWM is realized by controlling the duration of a 
light pulse. Information in PWM is represented by variable pulse width, 
and different width denotes the corresponding digital symbol. (b) Pulse 
Position Modulation (PPM). Digital symbols are represented by the po
sition of the pulse within a fixed interval in PPM, and the data is 
conveyed by the time delay between the start of the time frame and the 
start of the pulse. 

Color Shift Keying (CSK). CSK is proposed to overcome the disad
vantages of low data rates and dimming problems of OOK and VPPM by 
the IEEE 802.15.7 standard [34]. In CSK, the light source consists of at 
least three LED chips with the colors red, blue, and yellow. Similar to 
frequency shift keying (FSK), which uses different frequencies to convey 
information, it makes use of different luminary colors. The signal is 
modulated using the intensity of various colored lights. The receiver can 
receive an organized color pattern to decide what information is trans
mitted. As an improved method, CSK has drawn the wide attention of 
researchers in this field and facilitated many works [42–44]. 

Orthogonal Frequency Division Multiplexing (OFDM). In OFDM, the 
data stream channel is divided into parallel sub-streams over orthogonal 
sub-carriers, which enables the system to transmit multiple sub-carriers 
at the same time without interfering with each other. Therefore, OFDM 
has the advantage of mitigating inter-symbol inference. However, it is 
not a standardized modulation scheme; modifications are required for 
its application in IM/DD systems like VLC. Therefore, enhanced optical 
OFDM methods like asymmetrically clipped optical orthogonal fre
quency division multiplexing (ACO–OFDM), direct current biased op
tical orthogonal frequency division multiplexing (DCO–OFDM), etc., 
have been devised [1]. Implementation of OFDM in VLC has been done 
in a large number of studies [45–47]. Furthermore, OFDM can be inte
grated with other modulation schemes, such as OOK [48]. 

Design of VLC system 

Light source and materials 
The light source is a substantial part of the VLC system. The sources 

can be roughly classified into two, artificial light sources led by LEDs and 
natural light sources led by sunlight. With the development of solid-state 
lighting, LEDs have become the dominant artificial indoor illumination 
and are often used as VLC transmitters. The main structure of an LED is a 
p-n junction made of semiconductors such as gallium arsenide, gallium 
arsenide phosphide, gallium phosphide, or gallium nitride. LEDs work 
on the principle of electroluminescence. Applying voltage on LEDs, the 
electrons within combine with the holes in the junction, and this 

combination releases energy in the form of photons, which will be seen 
as emitting light. 

LEDs have several advantages, as below:  

• Low energy consumption. LEDs are energy efficient and reduce 80% 
energy consumption than other illumination devices.  

• Long lifespan. The standard industrial lifespan of LEDs is 100,000 h 
or about 10 years. The light intensity drops out to 70%, about 25,000 
to 50,000 h. 

• Low cost but high brightness. LEDs have a low cost but higher lu
minous efficiency than traditional light sources. 

As a diverse light source, the materials, the luminescence principles, 
and the proposes of different types of LEDs vary. Table 2 compares 
several common types of LEDs. 

Phosphor Converted LED (pc-LED). Pc-LEDs are a type of LED that uses 
phosphor materials to convert the narrow-band light emitted by the LED 
chip into a broader spectrum of light. White light can be generated by 
combining a blue or UV LED chip with yellow or red-green phosphors. 
The pc-LED is commonly deployed in VLC systems [50–52]. 

Multi-chip LED. Multi-chip LEDs are a type of LED that contains 3 or 
more chips with different colors, usually red, green and blue, in one 
package. This type of LED can produce different colors by combining 
various chips. Although pc-LEDs cost less, multi-chip LEDs have a wider 
bandwidth and are; therefore, widely applied in VLC systems [53,54]. 

Micro LED (μ-LED). A μ-LED is a panel display consisting of arrays of 
microscopic LEDs forming the individual pixel elements. The color of the 
emitted light depends on the semiconductor material of each pixel. The 
μ-LED is flexible and can be applied in many scenarios, for example, 
high-speed VLC systems [55,56]. 

Organic Light Emitting Diodes (OLED). OLEDs use organic materials to 
generate light. The organic layer is composed of several sub-layers, the 
hole injection layer, the hole transport layer, the emissive layer, the 
blocking layer, and the electron transport layer. The emissive layer 
generates light by emitting photons when excited by an electric field. 
The OLED is featured with high brightness, high contrast, and flexibility, 
which is beneficial for improving system performance [57–59]. 

Transmitter design 
LED luminaries often act as transmitters in a VLC system. The com

bination of illumination and transmitter is a special feature of VLC. 
According to IEEE 802.15.7 standard [34], the transmitter must have 
dimming functions and work without flickering to provide a healthy and 
safe illumination environment for humans. On many occasions, the light 
source acts as the transmitter. In the last section, we have already dis
cussed materials and categories of the most widely used light sources, 
and in this part, we will concentrate on the dimming and flickering 
mitigation design of the transmitter. 

An indoor light source is usually required to radiate white light for 
color rendering. There are mainly two methods for white light-emitting. 
First, it is by combining blue LEDs and yellow phosphor, common for pc- 
LEDs. The second method is deploying multi-chip LEDs to combine red, 
green, and blue. The light intensity of the transmitters also has strict 
standards. It is also worth noting that the transmitter must be able to 
produce an illuminance in a range of 300–1000 lux for office or resi
dential purposes. 

Table 2 
Comparison of different types of LEDs [[49],[50]].  

Category 
Parameter 

pc-LED Multi-chip LED μ-LED OLED 

Bandwidth 3–5 MHz 10–20 MHz ≥300 MHz ≤1 MHz 
Cost Low High High Lowest 
Efficacy 130 lm/W 65 lm/W N/A 45 lm/W 
Complexity Low Moderate Highest High  
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Another important demand for the transmitter is that it must not 
produce human-perceivable flickering. Through modulation and coding, 
flickering could be controlled at a level safe for humans. More detailed 
flickering mitigation methods will be discussed in section 5. 

Receiver design 
A typical receiver in VLC consists of a PD, an optical filter, an optical 

concentrator, and an amplification circuit. Transmitted light is detected 
in the receiver and then transformed into a current signal. Unwanted 
light signals like ambient light or light from other illumination are 
filtered out through the optical filter, which can reduce received noise 
and improve the signal-to-noise ratio. Interference filters, dichroic fil
ters, and liquid crystal filters are common optical filters. The optical 
concentrator is used to collect and focus signal from the transmitter in 
order to increase received power. The concentrator can be Fresnel len
ses, compound parabolic concentrators, or non-imaging concentrators. 
The amplification circuit aims to amplify and process electrical signals 
and improve signal quality. 

Apart from PD-based receivers, image sensors are also used as VLC 
receivers. Image sensors can be integrated with devices like smart
phones, vehicles, or cameras; therefore, they can be used in more sce
narios and have better mobility. However, image sensors are more 
expensive and need more energy. 

Network architecture 
The optical communication network has been a popular research 

topic [60]. A communication system can be divided into two layers: the 
physical layer and the media access control (MAC) layer. The physical 
layer is the lowest layer in a communication system, defining how data 
is transmitted, modulated, and received in the channel. It has been 
studied in sections 2.1 and 2.2 in the aspect of modulation schemes, 
channel characteristics, transmitter design, and receiver design. The 
MAC layer defines how data frames are transmitted over the medium. It 
is the key to realizing multiple transmitters and multiple receivers 
communication systems. Several prevalent methods used in the MAC 
layer will be introduced as follows. 

Time Division Multiple Access (TDMA). TDMA is a traditional channel 
access mechanism to divide single-frequency channels into multiple 
time slots or frames. In this way, more than one user can share the same 
frequency band without interfering with each other. TDMA can help 
solve resource allocation problems and improve communication quality 
[61]. 

Space Division Multiple Access (SDMA). SDMA realizes multiple access 
through spatial diversity. Multiple LED transmitters and receivers ar
ranged in different configurations in the VLC system enable the system 
to implement SDMA [62]. 

Carrier Sense Multiple Access (CSMA). The IEEE 802.15.7 standard 
proposed two types of CSMA. The first type disables the beacons of the 
coordinator, and an unallocated random-access channel is used. 
Therefore, if a device wants to transmit, it has to wait for a random 
period of time, the back-off period, and check whether the channel is 
idle. If the channel is busy, then it has to wait for another random period 
and then access the channel again. The second type enables the coor
dinator signals, and the time is divided into signal intervals. Information 
such as contention access periods (CAP) and contention-free periods 
(CFP) is contained within the frame. To transmit light signals, the device 
must locate the start of the next back-off slot and wait for a random 
period of time before performing a clear channel assessment (CCA). If 
the channel is free, then the information starts broadcasting, or else it 
waits for more back-off slots until the next CCA. The implementation of 
carrier sensing multiple access/collision detection and hidden avoid
ance increased the saturation throughput by nearly 50% and 100% 
under the two- and four-node scenarios, respectively [63]. 

Orthogonal Frequency Division Multiple Access (OFDMA). OFDMA is an 
extension of OFDM modulation in the physical layer. Similar to OFDM, 
OFDMA uses multiple sub-carriers for multiple access, and it aims to 

improve communication efficiency and flexibility. The OFDMA imple
mentation in the VLC system has reached a data rate of 13.6 Mb/s [64]. 
In addition, OFDMA is often integrated with non-orthogonal multiple 
access (NOMA) to boost system performance [65–69]. 

Code Division Multiple Access (CDMA). CDMA, also known as OCDMA 
(Optical Code Division Multiple Access), uses orthogonal optical codes 
and OOK modulation to enable multiple users to share the same channel. 
Each device in the CDMA-VLC system is given a code so that the data can 
be encoded in the time domain by the on-off state of LED transmitters 
[70]. 

Sensing based on visible light 

In addition to the communication medium, visible light is commonly 
applied as sensing signals likewise. As a sensing signal, visible light has 
the advantages of abundant source supply, easy acquisition, versatility, 
and high precision. 

Light-intensity-based/light-pulses-based. Sensing based on light 
intensity-related features requires no complex instruments or deploy
ment. Off-the-shelf PDs and LEDs can fit the basic conditions of the 
simplest VLS system. Automatically, intensity or pulse features become 
the mainstream VLS indicators. Early in 2003, Dietz et al. devised a 
smart illumination system only using one LED for both sensing and 
lighting [71]. Due to simplicity and efficiency, many recent works still 
consider intensity as their major sensing feature. To name a few, SMART 
[72] is a cellphone in-air hand gesture recognition prototype, which 
classifies different gestures depending on the power of reflected light 
from hands received by smartphone ambient light sensors. LiT [73] is a 
toothbrushing monitoring system utilizing only photosensors and com
mercial LED toothbrushes. The system relies on light intensity variation 
to establish an oral cavity model and identify user movements. Addi
tionally, there are abundant light pulses related to sensing, such as 
DarkLight [74], which enables VLC in dark environments using 
ultra-short LED light pulses. 

Spectrum-based. The light spectrum is another widely used property 
of light. Compared to intensity, the spectrum contains more information, 
including wavelength, absorption lines, and emission lines, and is usu
ally applied in precise sensing. For instance, SpecEye [75] utilizes a PN 
junction for spectrum sensing under various conditions in order to detect 
screen light exposure. Iris [76] is another spectrum-based system aiming 
for passive indoor localization. 

Polarization-based. Polarization can occur in all kinds of waves. In 
light propagation, there are two kinds of polarization, linear polariza
tion and circular polarization. Adding polarization property to light will 
enrich signal features detected by receivers [77]. Other light phenomena 
are often combined with polarization to provide more information. 
LiTag [78] is notably an example that employs light polarization, bire
fringence, and interference to realize indoor localization. 

Overview of LiSAC system 

LiSAC based on VLC 

The concept of LiSAC derives from ISAC, and it aims to integrate 
lighting, sensing, and communication into one system. In order to equip 
the system with an illumination function, a connection among sensing, 
lighting, and communication is necessitated, and VLC is a perfect 
candidate to complete the task. The VLC-based LiSAC system benefits 
from LEDs’ ubiquity. It has strong adaptability to various environments, 
especially indoor environments, and is easy to deploy. The signal 
receiver has a simple installation, and it can be integrated with mobile 
devices. Furthermore, the system can be ensured with VLC’s stable high- 
speed communication and accurate sensing. In this section, we will 
introduce three types of system architecture of VLC-based LiSAC in 
detail: integrated lighting and communication, integrated sensing and 
communication, and integrated lighting, sensing, and communication. 
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Integration of lighting and communication 
A fundamental principle of VLC is that the system must be equipped 

with dimming control and avoid flickering; therefore, even the simplest 
VLC system can provide high-quality communication while simulta
neously maintaining healthy illumination. A new design of light sources 
that can enable simultaneous data transmission and illumination con
sists of white LEDs and RGB LEDs [79]. The white LEDs are used for 
illumination, while RGB LEDs aim to transmit information. Apart from 
the modulation of light sources, accessories such as mirrors are often 
used to modify brightness and light uniformity. Mushfique et al. pro
posed a mirror-equipped system to reflect light to darker corners and 
improve the system signal-to-interference-plus-noise ratio [80], as 
shown in Fig. 2(a). The addition of mirrors will promote the throughput 
of the communication system. Instead of using artificial luminaries, 
there is also a system that utilizes a liquid crystal display (LCD) shutter 
and a diffuser to collect and modulate sunlight, as illustrated in Fig. 2(b) 
[81]. 

Li et al. provided a two-way VLC system with LED illumination, 
which supports simultaneous communication between two LED devices 
[84]. The system applied OOK modulation and Manchester encoding to 
reach the optimum trade-off between illumination and communication. 
To achieve brightness control, it usually requires two modulation 
schemes, one for data transmission and the other for brightness control. 
As an improvement, Siddique et al. designed an integrated lighting and 
communication system with brightness control using only one modu
lation method called variable-rate multi-pulse-position-modulation 
[85]. 

The ability to realize multi-user communication is significant in the 
integration of lighting and communication systems. Narmanlioglu et al. 
introduced a centralized LED network architecture. Multiple LED light 
sources on the ceiling are the transmitters of the multiple input multiple 
output (MIMO) VLC system. The physical layer is built upon DCO
–OFDM [86]. The multi-user system uses frequency division duplexing 
and mmWave uplink. Inter-cell inference (ICI) and inter-user inference 
(IUI) are the two major factors that affect MIMO system performance. 
Yang et al. proposed a joint precoder and equalizer design based on 
interference alignment (IA) to mitigate IUI and ICI in multi-cell multi-
user MIMO VLC systems [82]. The optimal transmit precoder and 

equalizer are achieved by formulating the joint optimization problem by 
minimizing the mean squared error under the control of optical power 
constraints of the VLC system, as shown in Fig. 2(c). Another multi-user 
multi-cell system design is brought up by Yang et al., which depends on 
joint LED selection and precoding design [87]. DenseVLC [88] is a 
massive cell-free MIMO VLC system that enables densely distributed 
LED transmitters to work simultaneously for multiple users. LightTour 
[83], as shown in Fig. 2(d), is a VLC broadcast system for scenarios like 
museums. The system accesses points that employ visible light to 
broadcast audio streams to tourists and utilizes infrared light trans
mission for the uplink. Mirror-aided MIMO system is also a common 
design [89]. The system implements a mirror diversity receiver, which is 
able to block light from specific directions and enhance the channel gain 
of light from other directions to reduce channel correlation. 

The integration of lighting and communication is an emerging trend 
in IoT. Wang et al. introduced an algorithm for communication and 
illumination comprehensively for IoT [90]. A joint optimization method 
is proposed to improve illumination uniformity and transmission rates 
by optimizing the distribution of light source and transmit power 
adapting the single frequency network. 

Integration of communication and sensing 
The first integrated visible light communication and sensing system 

is the iVLC system, which was brought up in 2014 [91]. The system 
combines VLC networking and VLC sensing for large scales of mobile 
users. The system requires a large VLC network rather than a single link, 
as in many indoor VLC system, which only contains a single light source. 
iVLC realized posture sensing through composing shadow maps made by 
mobile users. The light sensors are installed on the floor and compute the 
illuminance of each LED beacon and shadow components from different 
light sources to form a shadow map for sensing. 

After iVLC, more and more scholars are looking into the combination 
of sensing and communication. A new trend of integrating VLC and VLS 
is emerging. The receivers of these two technologies can be identical. A 
typical integrated system consists of an indoor light source as the 
transmitter, image sensors or cameras as the receiver, and a control unit. 
This combination will enable the system to be more versatile and effi
cient for various applications, for instance, VLP, which owns the 

Fig. 2. Integration of lighting and communication. (a) Mirror-assisted indoor VLC system [80]. (b) Sunlight-based VLC system [81]. (c) Illustration of an indoor VLC 
luminary system [82]. (d) An indoor MIMO VLC broadcast system [83]. 
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advantages of simultaneous positioning and communication and is one 
of the most widely applied visible light sensing techniques. Theoretical 
analyses and in-depth studies of VLP performances and limitations are 
widely investigated. For example, Keskin et al. did research on the 
fundamental limitations of three-dimension VLP receivers in both syn
chronous and asynchronous systems, designed machine learning esti
mators based on direct and two-step positioning techniques, and 
compared performance between proposed estimators and theoretical 
derivations [96]. 

Practical VLP algorithm [97,98], simulation [99,100], and system 
implementation are also prevalent research trends. An early VLP system 
was brought up in 2014. Kuo et al. proposed an indoor positioning 
system Luxapose [92], which is composed of visible light beacons, 
smartphones, and a cloud server, as illustrated in Fig. 3(a). The 
front-facing cameras of smartphones are used to capture pictures peri
odically. Then, the pictures are processed to see whether there are 
beacons within. The beacons are used to modulate the LED light sources 
to perform OOK modulation and are composed of microcontrollers or 
programmable oscillators. If beacons are likely to appear in the picture, 
the picture will be decoded, and the beacon coordinate within the pic
ture will be then extracted along with the modulated information. Once 
the identity and coordinate of the beacon are determined, the position 
can be calculated through the arrival of angle algorithm. The cloud 
server can assist the image processing and store the coordinate lookup 
table and identity lookup table. 

Many innovations have been made in the early models and systems. 
Some of them focus on modifying light sources and attempt to use lu
minaries other than LEDs. Ma et al. introduced an indoor localization 
system for IoT devices enabled by visible light, Foglight [101]. The 
system takes advantage of digital light processing projectors, which will 
assign corresponding coordinates to each pixel of the projection area. 
The coordinates can help encode the projection area. In addition, the 
DLP projectors can modulate light using digital micro-mirror device 
chips inside. These chips consist of micro-optical mirrors. Each one of 
these mirrors can be flipped between two states, on and off, to modulate 
light by changing projecting images. When projecting images, the 

projector plane pixel coordinates are transmitted along, which can 
provide localization information for IoT devices with low-cost, off-
the-shelf light sensors. The sensors can be easily coupled with IoT de
vices and other sensors, such as thermometers. Therefore, the system 
enables high-accuracy localization with low energy consumption. 
Others have tried to improve the LED light source. Zhang et al. made an 
attempt to change the premise that the positions of LEDs are to be known 
for localization [102]. They proposed a system that utilizes two optical 
angle-of-arrival (AOA) estimators to localize the LEDs. Every estimator 
has four PDs in different orientations for receiving light signals. The 
estimator should be placed in the room center to reduce positioning 
errors. This method can fit the situation where the accurate position of 
LEDs is unknown, or the total number of LEDs are large. 

Such an integrated system can play an important role in other 
functions, for example, orientation. Zhou et al. provided a simultaneous 
positioning and orienting (SPAO) scheme based on VLC, which doesn’t 
rely on UE height, transceiver orientation alignment, or inertial mea
surement units [103]. Instead, a novel algorithm named particle-assisted 
stochastic search was used to solve the non-convex optimization prob
lem brought by the received signal power (RSS) localization method. 
The simulation result shows that the proposed scheme has evident 
performance gain. Furthermore, integrated sensing and communication 
is a potential technique for IoT devices and deployment. In order to 
reduce power consumption for IoT devices and LiSAC systems, solar cells 
[104,105] are an optimal choice to apply. For instance, a solar cell-based 
visible light sensing E-skin is designed [106]. Moreover, Liu et al. pro
posed a system employing camera image sensors and solar cells [107]. 
An LED lamp plays the role of the transmitter in the system, and a solar 
cell is used to receive the light signal and energy. The receiver device 
contains an environmental sensor and an LED that can send light signals 
back to cameras. In order to raise the uplink data rate, the camera sensor 
demodulates the rolling shutter pattern utilizing a second-order poly
nomial extinction ratio enhancement scheme together with thresholding 
schemes. Together with environmental sensors, the system can be 
employed in IoT applications for various purposes. Moreover, LiSAC can 
be introduced into smart devices. Centaur [93], an input system, is 

Fig. 3. Integration of sensing and communication. (a) Smartphone-based light positioning system [92]. (b) Illustration of an optical mouse [93] CC BY 4.0. (c) 
Illustration of under-screen camera-based visible light communication and sensing system [94]. CC BY 4.0. (d) Retroreflector-based visible light sensing commu
nication system [95]. Copyright 2017, Association for Computing Machinery. 
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designed to enable tangible interactions on displays. The system is built 
on the commercial optical mouse, as shown in Fig. 3(b), and the light 
sensors within can receive the high-frequency light signal from different 
portions of the displays to realize real-time tracking. Realizing VLC on 
smartphone under-screen cameras for full-screen devices is also an 
interesting task. Ye et al. [94] first proposed the concept of under-screen 
camera visible light communication and sensing, as illustrated in Fig. 3 
(c), and realized a pixel-sweeping algorithm on a prototype. 

Visible light backscatter communication (VLBC) is derived from VLC. 
In the VLBC system, the transmitter and the receiver are the same light 
source. Retroreflectors and LCD shutters are often used in such systems 
to reflect and modulate light signals. VLBC systems have low energy 
consumption and are capable of providing long-range, ubiquitous 
communication; hence, integration of VLBC and sensing can be applied 
for a wide range of purposes, especially for IoT devices. PassiveVLC [95] 
is a typical VLBC-based system that is designed for battery-free IoT ap
plications, as illustrated in Fig. 3(d). The system consists of two major 
parts: the ViReader and the ViTag. A ViReader is a typical VLC device 
that contains the LED light source and the control unit for signal mod
ulation and data transmission. A ViTag is composed of a light sensor, a 
retroreflective fabric, a transparent LCD shutter, solar panels, and con
trol circuits. For downlink transmission, ViReader sends information 
applying OOK modulation and light sensors on ViTag to receive and 
decode the data. For the uplink, the retroreflector reflects received light, 
and the reflected light is modulated through the LCD shutter, which is 
controlled by the MCU control circuit powered by solar panels. 

Integration of lighting, sensing, and communication 
The fact that light signals received by the sensing system can come 

from the same source of indoor illumination and the light sensors or 
image sensors are able to work for both communication and sensing, 
makes it possible for lighting, sensing, and communication to be inte
grated into one system. The system will inherit the advantages of VLC 
and has distinctive features of fine-grained environmental sensing, 
healthy lighting, and stable high-speed wireless communication with 
low deployment cost and less energy consumption. 

Numerous algorithms and system models have been propounded to 
enable and optimize the LiSAC system, among which VLP optimization 
algorithms are particularly favored. Zhou et al. introduced a joint 
localization and orientation estimation for user equipment (UE) algo
rithm without previously knowing the LED emission power [110]. VLP is 
faced with three major challenges. First, the VLC RSS function leads to a 
non-convex optimization problem. Secondly, the power emission of 
LEDs and user orientation may remain unknown in practical cases. 
Lastly, there are unknown effects on VLP performance from de
terminants such as NLOS propagation, unknown emission power, and so 
on. To overcome these challenges, the brought-up algorithm exploits the 
hidden convex sub-structure to acquire a closed-form update rule for UE 
orientation and the LED emitting power. The successive linear least 
square method is employed for the non-convex optimization of UE 
location. Then the unknown UE location, as well as the UE orientation 
and the LED emitting power, will be iteratively optimized as per the 
obtained closed-form update equations until the proposed VLP algo
rithm converges to a stationary point of the non-convex SPAO problem. 
ECA-RSSR (Enhanced Camera Assisted Received Signal Strength Ratio) 
[111] is another positioning algorithm that first acquires visible light 
incidence angles by cameras and then utilizes the received signal 
strength ratio measured by PDs to calculate the ratios of the distance 
between LEDs and receivers. This new algorithm can work for both 2D 
and 3D orientation-free positioning with three LEDs and achieve high 
coverage. 

Ma et al. proposed a system model for integrated visible light posi
tioning and communication (VLPC) [112]. The model contains one LED 
lamp and a mobile user with multiple PDs. The channel state informa
tion (CSI) is estimated based on localization results rather than sending 
pilot sequences, for the VLC channel model function is the receiver 

position. The estimation can reduce the system overhead significantly. 
Furthermore, the Cramer-Rao lower bound (CRLB) on the positioning 
error variance and the achievable rate expression for OOK modulation 
are derived in the system model. The system additionally applies the 
conditional value-at-risk and block coordinate descent method to solve 
this non-convex optimization problem and obtain a feasible solution. 
R-VLCP, retroreflective visible light communication and positioning, is 
another novel VLPC system model with the advantages of glaring-free, 
self-alignment, low-size, weight, and power and sniff-proof [113]. The 
system mainly consists of LEDs and retro-tags. The LED panels have PDs 
on them to sense the light signals reflected from the tags. The retro-tags 
are composed of corner-cube retroreflectors (CCR) with an LCD shutter 
placed on it. The uplink conveys tags’ data, including the RSS value for 
positioning. Then the channel model to the arbitrary size of PD and CCR 
is generalized. An open-source ray tracing simulator RetroRay is also 
developed to validate the channel model, and the test results proved 
system reliability and showed that the size of PDs and density of CCRs 
improve communication quality and positioning performance. Wei et al. 
proposed the VIPAC, visible light integrated positioning and commu
nication, multi-task learning (MTL) LiSAC framework in 2022 [114]. 
The framework combines lighting, sensing, positioning, communication, 
and channel estimation tasks to form a unified architecture. The MTL 
structure consists of a sparsity-aware shared network and two 
task-oriented sub-networks. This structure can fully extract inherent 
sparse features of visible light channels and balance the tasks to achieve 
maximum benefits. Federated learning is also introduced into the 
framework to devise a multi-user cooperative VIPAC scheme. From the 
simulation results, it turns out that VIPAC can significantly elevate the 
performance of channel estimation and positioning compared to existing 
systems. 

Most existing LiSAC systems are built upon VLP systems, for instance, 
the RoCLight (Roaming in Connecting Light) system brought up in 2017 
[115]. RoCLight is a lightweight, practical LED-Camera VLC system that 
provides roaming support and is capable of user tracking. In this system, 
there are three major components: ceiling LEDs as transmitters, smart
phones as receivers, and an LED sensing module for roaming support. 
When mobile phone users move around, the sensing module of the light 
system can observe the subtle change of reflected light caused by the 
movements of users and complete mobility tracking, as shown in Fig. 4 
(a). Once the transmitter tracks the users, it automatically connects and 
sends messages. The messages are decoded utilizing the rolling-shutter 
effect of CMOS cameras. On this basis, users can receive messages 
coherently when passing luminaries cells of the RoCLight system. 

There are other integrated positioning and communication systems, 
for example, LiTell [116]. Light sources in LiTell are unmodified fluo
rescent lights (FLs), which differ from most VLC and VLP systems. Most 
LED-based localization systems require circuit modification to the LED 
driver, while FL’s driver can act as an oscillator with a resonance fre
quency, which is able to skip the procedure of circuit modification. Each 
FL flickers at a characteristic frequency, and to sample this frequency, 
optimizations are made on the smartphone camera’s sampling me
chanics and the rolling shutter effect. Amplifications are made as well to 
capture distinctive features of characteristic frequency. As for localiza
tion, every FL luminary’s characteristic frequency is stored in the 
database. The smartphone cameras then take images near an FL and run 
sampling and amplifications to calculate the characteristic frequency 
and compare it with that in the database to estimate the position. Nat
ural light sources such as sunlight can also be leveraged in LiSAC sys
tems. For instance, Sunbox [108] is an ambient light-biased system, as 
illustrated in Fig. 4(b), which utilizes LCDs to modulate ambient light 
like sunlight and a smartphone camera to receive information. 

In addition to the modification of light sources, there are other sys
tems that utilize the NLOS channel to realize visible light sensing. For 
example, in 2022, Huang et al. introduced a 3-D NLOS VLP system 
employing a single LED and an image sensor [117]. A luminance dis
tribution model is brought up for estimating the NLOS link channel gain. 
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The system applies an optical camera communication (OCC) sub-system 
using the model to obtain the LED transmitter coordinates. The receiver 
camera captures light signals in two different exposure times, a long one 
and a short one, and two highlights can be found in the long exposure 
time picture. These highlights can be regarded as the projections of two 
virtual LED transmitters, which are in the symmetry and orthographic 
direction of the real light source. Hence, the receiver coordinates can be 
calculated from the pixel coordinates of two highlights and the LED 
coordinates using the image sensing method. Zhu et al. proposed an arcs 
method for VLP in various applications [118]. The method utilizes the 
light sources from a new perspective, where the arc characteristics of 
circular LED lamps are employed for positioning. The system has a cir
cular luminaire layout. When a complete circular luminaire and an 
incomplete one are captured by the user’s camera, the VLC-assisted 
perspective circle and arc algorithm (V-PCA) [119] will be used. 
V-PCA, proposed in the former work, extracts geometric features to 
obtain the normal vector of the luminaire and then acquire the pro
jections of a mark point and the center of the circular light source. 
Analyzing the normal vector and geometric information, the localization 
and pose of users can be calculated. If two incomplete circular lumi
naires are captured, an anti-occlusion VLC-assisted perspective arcs al
gorithm is introduced in this work to solve blockage problems of VLC. In 
implementation, a mobile phone is used as a receiver, and the prototype 
can achieve accurate real-time positioning. 

LiSAC systems can be deployed for various purposes and environ
ments. For instance, the light detection and ranging (LiDAR) technique 
[120,121] has become a powerful supplementary tool for radar, espe
cially in vehicles equipped with advanced driving assistance systems. 
Abuella et al. proposed a light detection and ranging system ViLDAR 
designed based on vehicle headlamps [122]. The system estimates speed 
by analyzing the received headlamp light power variation from 
approaching vehicles. LiSAC systems can also be widely employed in 
public service facilities such as schools, malls, and museums. Shi et al. 
propounded an integrated indoor positioning and broadcasting system 
[123] based on the Internet of radio light. The system utilizes integrated 
visible light and a 5 G network to provide localization services, multi
media delivery on mobile devices and various interaction services for 

users. In many cases, LiSAC systems are implemented with IoT devices. 
Shao et al. introduced the design and prototype of RETRO [124], the 
first 3D real-time tracking localization system, which can localize pas
sive IoT devices without heavy sensing or significant modification on 
light sources. The system employs the RSSI from the retroreflectors and 
trilateration algorithm to realize positioning. Furthermore, LiSAC can 
play an important role in the Industrial Internet of Things (IIoT) for 
tracking and human-computer interaction [109], as shown in Fig. 4(c). 
Table 3 below provides a performance comparision of existing LiSAC 
systems. 

LiSAC on hybrid VLC 

VLC, as an emerging new wireless communication technology, 
although it has its advantages, also faces obstacles such as blockages of 
light and interference from ambient light sources. Under these circum
stances, RF communication and other wireless communication methods 
can play a complementary role in maintaining communication quality. 
In addition, hybrid systems have stronger adaptability to various envi
ronments for the equipment of two different communication methods. A 
hybrid LiSAC system can work on two or more networks. The combi
nation can improve the capacity, reliability, security, and diversity of a 
LiSAC system. In the following sections, we will introduce several 
common hybrid systems based on the categories of combined methods. 

Hybrid VLC-RF system 
RF communication is one of the most widely used communication 

technology. It utilizes frequencies in the electromagnetic spectrum 
associated with the propagation of radio waves, ranging from about 20 
kHz to 30 GHz with the advantages of long communication distance, 
high data rate, MIMO support, and adaptability to varied environments. 

Many models, algorithms, and schemes are proposed for the hybrid 
VLC-RF system. For instance, Zeng et al. provided a hybrid Wi-Fi Li-Fi 
network with ultra-high speed and low latency [129]. OFDAM-based 
resource allocation is utilized for the Li-Fi system, and an enhanced 
evolutionary game theory is also propounded for the hybrid system. Hu 
et al. proposed an optimization scheme for resource allocation and 

Fig. 4. Integration of lighting, sensing, and communication. (a) Illustration of visible light human sensing. (b) Illustration of a sunlight-based LiSAC system [108]. (c) 
Illustration of industrial visible light-based communication and localization system [109]. 
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network selection in heterogenous VLC/RF wireless networks [130]. 
Wang et al. investigated the maximization of energy efficiency and sum 
achievable rate employing transceiver association and power allocation 

in a multi-user VLC-RF hybrid system [131]. 
HVLP [132] is a typical hybrid RF-VLC indoor positioning system for 

automatic robots. The system modifies LED luminaries with ZigBee 

Table 3 
Performance analysis of LiSAC systems.  

Reference Functions Communication Evaluation Sensing Accuracy Prototype  

Lighting Communication Sensing BER (b)/ 
PER (p) 

Maximum Throughput (t)/ 
Goodput (g)/Data Rate (d)/ 
MBE (m) 

SNR Localization Precision Orienting 
Error  

[79] 
√ √  ≤ 10− 6(b)  15.6 

dB    

[80] 
√ √   2 Mbps(t)     

[84] 
√ √  10− 4 (p) 2.5 Kbps(g)    √ 

[86] 
√ √   207.98 Mbps(d)     

[82] 
√ √  ≤ 10− 3(b) 40Mbps(t)     

[87] 
√ √   4.8 bit/s/Hz     

[92] 
√ √ √ 10− 4(b)   90% within 10 cm   

[101]  
√ √ 10− 4(b)   95% within 0.315 cm  √ 

[102]  
√ √    4.46 cm (RMSE)  √ 

[103]  √ √    90% within 10 cm 0.07 m 5 deg  
[107]  √ √  1 Kbps    √ 
[95]  √ √  1 Kbps uplink (d) 20 dB   √ 
[113] √ √ √    90% within 5 cm   
[124] √ √ √    90% within 2 cm  √ 
[114] √ √ √    90% within 10 cm   
[111] √ √ √    80% within 8 cm   
[116] √ √ √    90% within 10 cm (stable)/ 

90% within 25 cm (walking)  
√ 

[110] √ √ √   40 dB 0.5 m 0.0048 m 
0.17 deg  

[115] √ √ √  150 Kbps (t)    √ 
[117] √ √ √    90% within 22 cm  √ 
[118] √ √ √    90% within 10 cm  √ 
[123] √ √ √  45.25 Mbps(d)  0.18 m  √  

Fig. 5. LiSAC on hybrid VLC. (a) VLC side RF channel system illustration [125]. (b) An indoor broadband broadcasting system based on PLC and VLC [126]. (c) 
IoT-based LiSAC system [127]. (d) IR-VLC hybrid system [128]. 

C. Liang et al.                                                                                                                                                                                                                                    



Digital Signal Processing 145 (2024) 104340

11

radios, and the transmitter can emit both light signals and RF signals. 
The localization of HVLP can be divided into two stages. In the first 
stage, the receivers obtain the Zigbee RSSI streams to locate the room 
where the robot resides. In the second stage, the system utilizes the VLP 
system to obtain the precise location of the robots. Zhang et al. proposed 
a cooperative hybrid VLC-RF system, which consists of a cluster of LED 
transmitters, a relay, and a destination [133]. Relays are designed to aid 
the data transmission between LEDs and destinations. VLC is applied in 
the relay-LED link, and RF communication is applied in the 
relay-destination link. In the system, relays are randomly distributed in 
the coverage of LEDs, while destinations are distributed out of the LED 
coverage. In these models and networks, the RF system and the VLP 
system work separately. In 2020, Cui et al. [125] proposed a comple
mentary VLC-RF system as well. The system aims to solve the blockage 
problem of VLC. When the VLC link is blocked, the system will utilize the 
side RF channel to maintain communication. The receiver contains a 
light sensor for VLC signals and a coil for RF signals, as Fig. 5(a) suggests. 
However, on many occasions, the RF system works simultaneously with 
the VLC system. Tran et al. proposed a hybrid RF-VLC ultra-small cell 
network (USCNs), which is composed of multiple optical angle-diversity 
transmitters, a multi-antenna RF access point (AP), and multiple ter
minal devices [134]. RF communication in the network plays a com
plementary role as a power transfer system. Although USCNs can 
provide high-capacity, high quality-of-service (QoS), and low-latency 
wireless communication, the drawbacks of high-power consumption 
and short transmission range cannot be ignored. Therefore, except for 
the combination of RF communication and VLC, a novel collaborative 
RF and lightwave resource allocation scheme is also proposed in the 
work to solve the RF AP resource allocation optimization problem. 

Hybrid VLC-PLC system 
Power line communication (PLC) uses electric power lines as the 

medium to transmit information. Due to the development of the 
Internet, digital signal processing technology and very large integrated 
circuits, PLC can be employed in varied applications for remote control, 
such as home automation and home networking [135]. 

Abundant research has been done on the integration of PLC and VLC 
[136,137]. Such systems can enhance their ubiquity in sensing and 
communication. The powerline provides electricity and serves as a core 
network for the LiSAC system, as explored in [126,138,139]. A typical 
model is illustrated in Fig. 5(b). In detail, Zhang et al. proposed a 
PLC-based visible light network (VLN) [140] to realize indoor mobile 
device tracking and continuous communication. A backend server and 
powerline backbone are employed as center control of LED APs, which 
are dynamically clustered depending on the indoor conditions. In the 
same year, Hu et al. [141] proposed PLiFi, a hybrid Wi-Fi-VLC network 
based on the use of PLC. PLiFi aims to provide a cost-effective method 
for LED-Internet connection and solve the uplink communication 
problem existing for VLC. The power line network contains two mo
dems: PLC-VLC modem and PLC-Wi-Fi modem. For the downlink, the 

Internet sends the packet first to Wi-Fi APs, then to the LED transmitters, 
and the LED transmitters will send the packets to end devices. For the 
uplink, the Wi-Fi APs are directly connected to the end devices. 

To optimize the power allocation of the PLC-VLC system, Kashef 
et al. propounded a parallel RF and PLC-VLC hybrid system [142]. On 
the basis of the system, a convex problem is formulated to calculate the 
minimum transmit power. Feng et al. [143] studied the power allocation 
for the PLC-VLC system as well. The proposed network employs NOMA 
techniques to increase the downlink bit rate. And a power allocation 
strategy is devised for the network analyzing the power relationship 
between PLC and VLC. 

VLC and IoT 
IoT is an emerging technology that prompts the economy and in

dustry development. IoT, as an intelligent network, connects smart de
vices, exchanges information, and realizes multiple purposes such as 
localization, identification, monitoring, etc. [144–147]. The promotion 
of IoT will create tremendous value for various industries and solve 
obstacles in communication, artificial intelligence, etc. 

Due to the ubiquity of LED illumination, LiSAC can be easily 
employed in IoT systems. Warmerdam et al. provided an IoT lighting 
system that utilizes VLC for providing connectivity among sensors and 
luminary devices [148]. The sensor can provide information for lighting 
control and act as a data source for other services in the building. The 
system is validated in simulations and tested in an office lighting test
bed. Sho et al. [127] proposed a more comprehensive visible light 
localization system PassiveRETRO, for IoT applications, as Fig. 5(c) il
lustrates. The system utilizes a retroreflector and LCD shutter to make a 
completely passive tag for IoT devices to be connected with LED lumi
naries. The prototype of PassiveRETRO is tested and can achieve 
centimeter-level positioning accuracy when deploying multiple IoT de
vices. In addition, Chen et al. introduced a Li-Fi-enabled bidirectional 
IoT communication system [149]. Visible light and infrared light are 
employed respectively as downlink and uplink. To maximize energy 
efficiency, the NOMA technique is applied to optimize the power allo
cation of the system. 

VLC and other communication 
Except for the categories mentioned above, there are other hybrid 

VLC systems. For instance, IR (Infrared Radiation) VLC system. Alsulami 
et al. proposed a VLC system with an IR uplink [128]. Every LED lu
minary is equipped with a four-branch angle diversity receiver to receive 
signals from the IR transmitters, as Fig. 5(d) illustrates. Another IR up
link scheme is proposed by Chen et al., who combined IR communica
tion with Li-Fi [150]. The performance of an IR uplink transmission 
system, considering the effects of blockage and random device di
rections, is estimated in the work. To improve evaluation accuracy, the 
transmission model is extended on the basis of pulse amplitude modu
lation with single carrier frequency domain equalization. 

Moreover, there is a hybrid OCC-VLC system. Nguyen et al. proposed 

Table 4 
Performance analysis of hybrid LiSAC system.  

Reference Hybrid Method Communication Evaluation Sensing Evaluation Prototype   

Maximum Data Rate SER (s)/BER (b) Positioning Accuracy  

[132] RF   5.8 cm (Median Error) √ 

[194] 
RF  10− 3(s)  √ 

[126] 
PLC 48 Mb/s   √ 

[138] PLC 5 Mb/s   √ 
[127] IoT   90% within 12 cm √ 
[128] IR 3.75 Gb/s    

[151] 
OCC  10− 4(b)  √ 

[152] 
UVA 361.1515 Mb/s     
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an indoor OCC/VLC system [151]. In the system, OCC and VLC work 
simultaneously to receive light signals from the same LED light sources. 
OCC image sensors capture the low-frequency signals, while VLC PDs 
receive the high-frequency signals. Thus, the hybrid system can be used 
for multiple indoor applications with a low deployment cost. 

Unmanned aerial vehicles (UAV) have been applied in a wide range 
of human activities, and the integration of UAVs and VLC is able to 
provide massive connectivity for versatile applications. Pham et al. 
investigated the NOMA UAV-assisted VLC system, formulated a joint 
problem of power allocation and UAV placement, and proposed a cor
responding solution using the Harris Hawks optimization algorithm 
[152]. The solution can boost the system performance and maximize the 
overall rate of all users. Table 4 makes a performance comparision 
among mentioned hybrid methods as below. 

Application of LiSAC 

Due to LiSAC’s feature of simultaneous sensing and communication, 
it can play a major role in many scenarios, for instance, underwater 
communication [153,154], intelligent transportation, and automatic 
industry. In this section, common applications of LiSAC will be explored 
as below. 

Healthcare and patient monitoring 

LiSAC systems have demonstrated substantial potential for trans
forming healthcare and patient monitoring [155], particularly through 
the incorporation of VLC. An instrumental application is in the real-time 
monitoring of vital signs and environmental variables. Research shows 
that bidirectional multi-hop VLC, a feature of LiSAC systems, can be 
employed for efficient and extensive indoor fine particulate matter 
monitoring [156]. This capability is crucial in indoor healthcare facil
ities, where monitoring environmental factors directly impacting pa
tient health is critical. 

Beyond environmental monitoring, the LiSAC system shows promise 
in improving emergency response in healthcare settings. Several hybrid 
systems of VLC and traditional PLC, as explored in [157,158], can offer 
an uninterrupted communication channel. This hybrid approach has the 
potential to enhance the timeliness and efficiency of emergency medical 
interventions, specifically in indoor hospital applications. 

Further adding to the versatility of LiSAC systems, VLC also plays an 
important role in patient localization and activity sensing, contributing 
to heightened patient safety and care. The ability to accurately localize 
patients indoors, supported by VLC-assisted dead reckoning [159], aids 
in advanced patient monitoring. Meanwhile, the use of ceiling photo
sensors for activity sensing through VLC can enable real-time moni
toring of patient activities, bolstering patient safety measures [160]. 
Furthermore, VLC can be applied to food quality analysis. BabyNutri 
[161], for instance, estimate the macronutrient in baby food through 
light spectrum reconstruction. 

Augment reality and entertainment 

In the realm of augmented reality and entertainment, LiSAC systems, 
particularly with their VLC capabilities, have begun to make a notice
able impact. One of the most intriguing applications of VLC in this 
context involves activity sensing, as illustrated by [160]. The use of 
ceiling photosensors for visible light-based activity sensing can signifi
cantly improve user experiences in AR/VR environments, enabling more 
precise and natural interactions within digital worlds. 

Furthering this level of interaction, the reconstruction of hand poses 
using visible light is possible to introduce a new dimension of user 
engagement in AR/VR experiences [162]. The ability to accurately 
replicate and interpret users’ hand movements through visible light 
technologies can enable more immersive and interactive experiences in 
gaming, design, and other multimedia applications. Taking user 

interaction a step further, the advent of through-screen visible light 
sensing empowered by embedded deep learning [163] has opened new 
avenues for intuitive and seamless human-computer interaction. This 
breakthrough allows devices to perceive and interpret a broad range of 
user inputs, fostering richer engagement in digital entertainment 
environments. 

Meanwhile, the concept of Light-In-Light-Out (Li-Lo) displays [164] 
represents another innovative use of LiSAC technology. By harvesting 
and manipulating light, Li-Lo displays provide novel forms of commu
nication, potentially transforming the way we interact with digital 
media and enabling more engaging light shows and public displays. In 
addition, Visible light landmarks for mobile devices offer a compelling 
application of VLC [165]. By modulating LED lighting systems, data can 
be encoded to guide devices within indoor environments. This 
advancement can enhance applications like indoor navigation, 
location-based services, and augmented reality while also supporting 
low-power needs. 

Automotive and transportation systems 

LiSAC systems, when incorporated into automotive and trans
portation systems, have demonstrated significant potential for 
enhancing both safety and efficiency. Particularly, the adoption of VLC 
for vehicle-to-vehicle communication has shed light on its viability 
under practical considerations [166]. The comprehensive modeling and 
performance investigation show that VLC systems can provide efficient 
communication and diverse properties, thereby ensuring more robust 
and reliable vehicle-to-vehicle connections. 

The robustness of vehicular VLC systems is further substantiated by 
the fundamental analysis of vehicular light communications presented 
in [167]. The study’s findings emphasize the system’s resilience, 
particularly in the mitigation of sunlight noise, an integral aspect that 
strengthens VLC’s viability in diverse lighting conditions and reinforces 
its effectiveness in improving road safety. This is further exemplified by 
the development of an IEEE 802.11-compliant system specifically for 
outdoor vehicular VLC [168]. Compliance with a widely recognized 
standard not only demonstrates the technological maturity of VLC but 
also enhances its interoperability with other wireless communication 
systems. This development holds significant promise for seamless 
communication in complex vehicular networks. 

Looking beyond vehicle-to-vehicle connections, the application of 
VLC extends to infrastructure-to-vehicle communication as well [169]. 
The channel modeling and performance analysis indicate that VLC can 
facilitate efficient communication between infrastructure and vehicles, 
contributing to the optimization of traffic management and the reduc
tion of road accidents. Moreover, the concept of vehicular VLC net
works, as explored in [170], goes a step further, envisaging an entire 
communication network built upon VLC. This networking approach can 
significantly improve data transmission among vehicles, potentially 
aiding in real-time traffic updates, efficient navigation, and emergency 
alerts. 

Industrial automation 

In industrial automation, LiSAC systems are beginning to play an 
influential role. Especially the characteristic of low energy consumption 
renders it a potential choice for Industry 4.0. It takes large amounts of 
transmitters and sensors to deploy an industrial communication and 
sensing system, which leads to large energy consumption and waste. 
However, LiSAC points out a path where existing lighting and surveil
lance cameras can be applied to industrial communication and sensing. 
The systems will decrease unnecessary carbon output and work with 
sustainability [190]. The versatility and capabilities of VLC, in partic
ular, have sparked innovative developments in various aspects of in
dustrial operations. The implementation of long-range visible light 
communications using polarized light intensity modulation has 
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demonstrated the significant potential for VLC to enhance industrial 
processes [171]. The POLI system allows for long-distance communi
cation, which can be particularly beneficial in large-scale industrial 
environments where reliable, wide-range communication is crucial. 

Moreover, VLC finds application in the realm of robotics within 
military warehouses and distribution centers. The VLC-UWB hybrid 
(VUH) network provides a unique solution for indoor industrial robots 
[172]. By incorporating VLC into the operation of industrial robots, the 
VUH network can enhance the precision and reliability of robotic tasks 
while improving the efficiency of warehouse operations. 

On a related note, the precise indoor localization capabilities of VLC 
offer significant benefits for mobile robot operations. The use of VLC for 
indoor localization of mobile robots [173] enhances their navigation 
capabilities in dynamic industrial environments. This could lead to 
greater efficiency and accuracy in tasks like inventory management, 
quality control, and complex assembly. 

Smart homes and cities 

LiSAC systems, especially with the implementation of VLC, are 
paving the way for transformation within the realms of smart homes 
[174] and cities. There is a natural platform for LiSAC implementation 
in modern infrastructures due to the ubiquity of indoor LED luminaries. 
Hence, it needn’t much modification on the original indoor structures or 
any peripherals, for light sources are everywhere. This feature provides 
users with great convenience, increases user satisfaction and guarantees 
an ideal smart home blueprint. A striking illustration of this is the 
capability of VLC to facilitate human identification and tracking [175, 
176]. This opens the door to personalized experiences within smart 
homes, enhancing user interactions and security measures. 

Furthermore, advances in indoor localization within smart buildings 
have been made possible through high-precision VLC systems [177, 
178]. This high-precision localization supports a variety of applications 
within smart homes, including efficient energy management and 
improved security measures. Practical applications of human sensing are 
also within reach [179]. This could potentially enable more automated 
and interactive environments, such as light and temperature controls 
based on occupant location and activities, paving the way for truly 
personalized user experiences. Integration of VLC with other technolo
gies like Wi-Fi and UWB can result in improved room occupancy esti
mation capabilities [180]. Occupancy data collected in real-time can 
help efficiently manage energy usage within smart homes and buildings. 

The integration of LiSAC systems into smart homes and cities is 
paving the way for interactive, energy-efficient, and user-centric envi
ronments. Advancements in human sensing, localization, and inter
activity, combined with seamless integration with existing technologies, 
suggest a bright future for smart home and city applications of LiSAC. 

Application of wireless communication signals 

Wi-Fi. Wi-Fi signals have been implemented in a wide range of fields 
[181], for instance, respiration sensing [182], posture recognition 
[183], indoor localization [183], material identification [184], etc. 
Wi-Fi is a relatively mature technology compared with VLC; however, it 
lacks a security guarantee and has higher energy consumption. In 
addition, VLC can support high-density deployment and large-scale 
networks, while Wi-Fi signals will easily interfere with each other. 

mmWave. mmWave is also a powerful RF sensing signal, and there 
are mmWave-based ISAC systems [24]. It can achieve high-precision 
sensing and relatively strong resistance to interference [185]. Never
theless, VLC outstands mmWave on the hardware implementation, for 
mmWave devices need delicate beamforming and antenna design. 

RFID. Radio frequency identification (RFID) is a common method for 
tracking and recognition [186]; therefore, it provides great convenience 
for logistics or inventory management, manufacturers, transportation, 
etc. However, VLC can provide localization, tracking and monitoring 

services with higher precision and security. 

Challenges and perspectives 

VLC-based LiSAC system has the advantages of high transmission 
speed, low energy consumption, ubiquitous sensing ability, etc. In sec
tion III and section IV, we have discussed the fundamental principles of 
the VLC LiSAC system and existing possible applications. It is evident 
that the LiSAC system has shown great potential in many fields. Yet, 
LiSAC is also faced with many challenges. In this section, we will analyze 
these obstacles, limitations, and corresponding solutions. Meanwhile, 
we will also look into LiSAC’s prospects and list a few possible trends for 
its future development. 

Overcoming VLC limitations and obstacles 

Undoubtedly, the LiSAC system will encounter the same obstacles 
and limitations as VLC does. In order to provide a healthy luminary 
environment and guarantee communication quality and system perfor
mance, it is essential to overcome these obstacles. In the following 
sections, we will introduce several existing problems and corresponding 
solutions. Fig. 6 shows the functions of LiSAC and its potential 
applications. 

Blockage of light 
The visible light is likely to be blocked by human bodies, furniture, 

and other barriers, which is one of the biggest problems that VLC is 
facing. The blockage could cause a failure of communication and reduce 
user satisfaction. Solutions from several perspectives have been pro
posed to alleviate, reduce or eliminate the influence of barriers. 

Applying multiple transmitters and receivers. When there are multiple 
components in the communication system, it is more likely that if one 
channel fails, another one is ready to compensate. Therefore, the MIMO 
system tends to have stronger resistance against the influence of light 
blockage or even boosts up system performance. Fath et al. investigated 
the MIMO VLC system performance under blockage [187]. A 4 × 4 
MIMO system with various algorithms is tested, and it turns out that 
blocking 4 of the 16 links improves the BER performance of spatial 
multiplexing MIMO by more than 20 dB. 

Applying the NLOS channel. In-depth studies on the NLOS channel of 
VLC have been done for decades. In [188–190], the NLOS channel and 
propagation are investigated and analyzed from different perspectives, 
and the channel characteristics are given. The LiSAC system can utilize 
the NLOS channel to maintain communication when the LOS link is not 
available. Zhang et al. designed a VLC NLOS link based on mobile phone 
cameras [191]. The camera only receives reflected light signals from the 
floor. Utilizing the moving exponent average [192] algorithm to reduce 
the blooming effect and improve performance, the system can achieve a 
transmission rate of 5 Kbps at a distance of 100 cm. 

Applying complementary RF communication. In section III, we have 
introduced RF-VLC hybrid systems. RF communication can play a 
complementary role in the LiSAC system when visible light signals are 
not available. Cui et al. proposed a method of employing a VLC side RF 
channel produced by OOK modulation of LEDs [193]. The VLC receiver 
can be equipped with coils to cope with RF signals. When the light 
signals are blocked, the system can switch to the RF signal instead to 
continue the communication. A concrete system is presented and vali
dated in their later work [194]. 

Flickering problems 
Illumination is a key function of the LiSAC system. To guarantee the 

quality of illumination, the luminaries must be stable and clear. More
over, flickering can cause serious detrimental physiological changes in 
humans and damage to human health[195]. Therefore, it is essential to 
eliminate the flickering effect in the LiSAC system. 

According to the IEEE 802.15. 7 standard [196], flickering frequency 

C. Liang et al.                                                                                                                                                                                                                                    



Digital Signal Processing 145 (2024) 104340

14

should be above 200 Hz to avoid human percipience. The standard in
troduces run length limited (RLL) codes to mitigate flickering effects. 
Manchester coding, 4B6B, and 8B10B coding are some of the most 
commonly used RLL methods to avoid flickering. Other coding methods 
are also applied for flickering mitigation. For instance, Mejia et al. 
designed codes based on finite-state machines [197]. Other methods 
such as applying CSK modulation [198] and other optimized modulation 
[199,200]. 

Uplink transmission 
To better integrate LiSAC with other devices and employ it in varied 

environments, building a bidirectional VLC system is inevitable. How to 
build the uplink has been a challenge for the VLC system. In most cir
cumstances, terminal devices such as mobile phones or IoT devices 
cannot be easily modified or directly equipped with light sources, for it 
may lower user satisfaction. Another problem of VLC uplink is its rela
tively low transmission rate due to the influence of ambient light noise, 
limited modulation bandwidth, power restriction, etc. There are several 
schemes to realize uplink transmission without interfering with users 
and speed up the transmission rate. 

Utilizing RF/IR signals as uplink. In order to avoid interference from 
the downlink, noise from ambient light, and extra lighting devices that 
disturb users, RF or IR signals are often used for VLC uplink, as intro
duced in Section 3.2.1 and Section 3.2.4. 

Applying retroreflection. Retroreflectors can directly reflect the inci
dent light to the source; therefore, the uplink signal won’t be interfered 
with by ambient light or incident light. Many systems employed this 
technique, such as RetroTurbo [201], a VLBC system. The system 

consists of a tag and a reader. The tag is composed of liquid crystal 
modulators (LCM) with retroreflectors. The LCM will modulate reflected 
light signals and send the information. Similar to RetroTurbo, many 
retroreflection systems utilize LCD shutter or LCM to modulate uplink 
signals [37,202,203]. The major restriction on this kind of system is the 
shutter’s physical properties, such as its millisecond-scale response time, 
which confines its use in high-speed transmissions. 

Utilizing relays. The relay can serve as a hub between the user and the 
transmitter. Yang et al. proposed a relay-assisted system [204]. The user 
will first transmit data to the relay, and then the relay sends information 
to the control unit. DCO–OFDM is employed in the system to raise 
spectral efficiency. 

Expanding LiSAC applications and integration 

Hybrid LiSAC systems, including RF-LiSAC, PLC-LiSAC, IoT-LiSAC, 
and some others, have been introduced in Section 3.2. However, 
LiSAC has the potential to further cooperate with technologies in other 
domains such as RIS, device-to-device technology (D2D) [3,205,206], 
ultra-wide bandwidth (UWB) [207,208], machine learning [209], etc. 
Next, we will focus on some prevalent integrations for the LiSAC system. 

Integrated with RIS 
RIS is a promising technology that can be widely used for multiple 

purposes, especially in 6 G communication networks [210]. RIS has 
excellent performance for providing solutions in skip-zone communi
cation [211–213] for its ability to change incident signal propagation 
routes. Hence, RIS is an excellent tool for LiSAC to solve light blockage 

Fig. 6. Applications and prospects of LiSAC.  
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problems and improve system performance. An intelligent reflecting 
surface-assisted VLC system model is estimated in [214] and proves 
RIS’s ability to ease the blockage problem. Moreover, Abumarshoud 
et al. investigated potential RIS applications in Li-Fi technology and 
proposed visions for solving the LOS link blockage problem utilizing RIS 
[215]. Ndjiongue et al. propounded a digitally RIS-assisted optical 
wireless communication (OWC) scheme and discussed the potential of 
employing RIS further in OWC [216]. In addition, RIS can expand the 
communication range and improve signal quality, which is suitable for 
MIMO systems [217]. 

RIS can be roughly divided into two types: intelligent metasurface 
reflector (IMR) and intelligent mirror array (IMA). Prevalent IMR ma
terial is liquid crystals, graphene, and photoconductive semiconductors. 
Liquid crystal materials such as LCD shutters are now commonly used in 
LiSAC systems [218,219]. RIS has already been put to use in some LiSAC 
systems. Singh et al. proposed a VLC-based V2X system utilizing RIS 
[220]. To solve the problem that VLC LOS links are easily blocked by 
buildings and infrastructures, the system utilizes RIS as relays to enable 
vehicle communication to infrastructures and maintain communication 
between vehicles. 

Integrated with UWB 
UWB, as a radio technology, is designed for short-range communi

cation at a high transmission speed and a low power level and is able to 
provide precise localization and tracking service [221]. 

Due to its features, UWB can be used in the LiSAC system as an uplink 
or transmission link to solve light blockage problems. Özdemirli et al. 
proposed a contactless scribe-line channel-leakage monitor, which 
contains a photovoltaic converter for powering from indoor illumina
tion, a VLC downlink for selecting one among multiple monitors, and an 
ultra-wideband impulse-radio (IR-UWB) uplink for transmitting 
measured leakage data in the form of impulse repetition frequency 
[222]. In the work [172], UWB is employed as the primary transmission 
link and VLC for verification of received downlink packets. 

Integrated with machine learning 
Machine learning is advancing at an unprecedented pace, and it has 

been integrated into diverse fields due to its exceptional performance in 
applications like data processing, image recognition, and more. Machine 
learning has also been used in wireless communication systems to 
improve system performance [223]. 

Machine learning can be employed in the LiSAC system from many 
different perspectives. For example, in the modulation aspect, Khadr 
et al. proposed a machine learning-based massive augmented spatial 
modulation scheme [224]. Support vector machine, logistic regression, 
and neural networks are respectively introduced to reduce the ASM 
computational complexity. The technology is frequently utilized in 
channel modeling as well. Turan et al. designed a novel machine 
learning-based framework, which evaluates three different methods, 
multilayer perceptron neural network, radial basis function neural 
network, and random forest learning and comprises systematic data 
pre-processing, hyper-parameter selection, training, and validation 
steps to obtain the best-predicting model [225]. 

For practical implementations, a machine learning-assisted VLP 
system is designed [226]. The localization can be divided into two 
stages: area classification and positioning. A random forest algorithm is 
used in the area classification stage and divides the room into a centric 
area with four wall corner zones. In the positioning stage, for the center, 
a rotatable PD is employed to directly determine the location, and for the 
corner zones, an integrated extreme learning machine (ELM) and the 
density-based spatial clustering of applications with noise algorithm 
(DBSCAN) are devised to improve positioning accuracy. Moreover, Su 
et al. proposed a four-dimensional VLP model based on a 
convolutional-recurrent neural network [227]. The neural network is 
devised to extract the nonlinear association between RSS values and 
position coordinates, and simulation results show that the deep 

learning-assisted model can reach centimeter-level accuracy. 

Conclusion and perspectives 

With the evolution of the 6 G network, novel communication tech
nologies are continually being developed. The ubiquity of LED lumi
naries and the fusion with illumination and sensing not only makes VLC 
stand out as an excellent alternative but also enables it to be a potential 
instrument for ISAC. Inheriting advantages from two technologies, 
LiSAC has promising prospects in numerous applications. 

In this review of LiSAC, we first introduce the development and the 
fundamental principles of the VLC system, including channel charac
teristics, modulation schemes, and the basic design of a typical VLC 
system. Furthermore, we analyze the light source materials, transmitter 
and receiver design, and the network architecture of the VLC system. 
Next, a comprehensive overview of the LiSAC system is made from 3 
aspects: the integration of lighting and communication, the integration 
of sensing and communication, and the integration of lighting, sensing, 
and communication. In each part, the principles, performance, and in
novations of existing systems or algorithms are analyzed. In addition, 
further discussions on the hybrid LiSAC system and LiSAC applications 
are made. Although LiSAC is developing fast, it is still faced with many 
potential problems and challenges. This paper reflects on the current 
obstacles LiSAC systems are dealing with, as well as summarizes existing 
potential solutions. At last, the review digs into other possible technol
ogies that can be applied in LiSAC systems to improve their performance 
and extend application fields. 

Even though many in-depth studies have been done on LiSAC sys
tems, there are still many potential future directions for us to explore. As 
such, we summarize several research topics and trends as follows. 

Integrated Optical Carrier Information Network. The incorporation of 
optical fiber communication and optical wireless communication is a 
solution for present limitations on network capacity. Zhang et al. [228] 
have proposed a fusion network structure, which enables multiple par
allel channels concurrently and improves the network throughput. 
Combining LiSAC with the fusion network will mitigate the drawbacks 
of both systems, for example, the maintenance difficulty of fiber and the 
easy blockage of visible light. In addition, it will equip the system with 
sensing and illumination ability, expanding applications for varied 
purposes in the 6 G network. 

Data Enabled Optical Infrastructure. In the digital age, data is indis
pensable for a variety of applications. Data enabling aims to improve the 
productivity and capacity of different services. LiSAC, as a promising 
technology, can provide high-quality data acquisition and transmission 
support. Its simple integration with the IoT system enables easy access to 
obtain device or user information [229]. At the same time, data enabling 
can optimize network structure for LiSAC and promote system 
efficiency. 

Ubiquitous Optical Computing. Utilizing photons to realize informa
tion processing and computing has great potential in numerous fields, 
such as artificial intelligence, communication, etc. The programmable 
photonic circuits expand the path of general-purpose photonic chips and 
are a potential tool for sensor optimization [230–232]. Furthermore, 
photon-based modulation schemes [233] have the potential to be 
applied in VLC channels and promote noise resistance ability and 
channel utilization. With the support of optical computing, LiSAC will 
reach higher sensing precision, improve communication quality, and 
acquire stronger resistance to interference. 
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photovoltaic power, VLC downlink and IR-UWB uplink, Analog. Integr. Circ. 
Signal Process. (2021) 625–634. 

[223] Y. Sun, M. Peng, Y. Zhou, Y. Huang, S. Mao, Application of machine learning in 
wireless networks: key techniques and open issues, IEEE Commun. Surv. Tutor. 
(2019) 3072–3108. 

[224] M.H. Khadr, I. Walter, H. Elgala, S. Muhaidat, Machine learning-based massive 
augmented spatial modulation (ASM) for IoT VLC systems, IEEE Commun. Lett. 
(2020) 494–498. 

[225] B. Turan, S. Coleri, Machine learning based channel modeling for vehicular 
visible light communication, IEEE Trans. Veh. Technol. (2021) 9659–9672. 

[226] R. Liu, Z. Liang, K. Yang, W. Li, Machine learning based visible light indoor 
positioning with single-LED and single rotatable photo detector, IEEE Photonics J. 
(2022) 1–11. 

[227] D. Su, X. Wang, S. Liu, W. Ding, Four-dimensional indoor visible light positioning: 
a deep-learning-based perspective, J. Franklin Inst. (2023) 4071–4090. 

[228] C. Zhang, Y. Zhu, B. He, J. Lin, R. Liu, Y. Xu, L. Yi, Q. Zhuge, W. Hu, W. Hu, Clone- 
comb-enabled high-capacity digital-analogue fronthaul with high-order 
modulation formats, Nat. Photonics (2023) 1–9. 

[229] H. Zhou, M. Zhang, X. Ren, Design and implementation of wireless optical access 
system for VLC-IoT networks, J. Lightwave Technol. (2023) 2369–2380. 

[230] X. He, S. Xie, F. Liu, S. Cao, L. Gu, X. Zheng, M. Zhang, Multi-event waveform- 
retrieved distributed optical fiber acoustic sensor using dual-pulse heterodyne 
phase-sensitive OTDR, Opt. Lett. (2017) 442–445. 

[231] W. Bogaerts, X. Chen, I. Zand, M. Wang, H. Deng, L. Van Iseghem, A. Rahim, 
U. Khan, Tutorial: programmable integrated photonics, in: 2020 European 
Conference on Optical Communications (ECOC), 2020, pp. 1–3. 
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