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Abstract:

Vehicle-to-Vehicle (V2V) communication is a cornerstone technology for achieving safer, more efficient
transportation systems, particularly in the context of autonomous and semi-autonomous vehicles. Traditional
V2V communication systems predominantly rely on radio frequency (RF) technologies like Dedicated Short-
Range Communications (DSRC) and cellular networks. However, these systems face challenges such as
interference, congestion, and limited bandwidth. Visible Light Communication (VLC), leveraging the visible
spectrum of light, has emerged as a promising alternative due to its high bandwidth, secure communication,
and minimal interference. This review paper explores the potential of VLC for V2V communication, covering
the technical aspects, challenges, applications, and future directions.
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1. Introduction

V2V communication is a transformative technology that enables direct, wireless communication between
vehicles, facilitating the exchange of real-time data to enhance road safety, optimize traffic flow, and support
the development of autonomous driving systems (Figure 1) [1]. By enabling vehicles to share information about
their location, speed, direction, and other critical data points, V2V communication allows for a more
cooperative driving environment, where vehicles can anticipate and respond to each other's actions [2]. This
seamless exchange of information not only enhances the situational awareness of drivers but also helps in
preventing accidents, reducing congestion, and improving overall traffic efficiency. As the automotive industry
moves toward increased automation and the realization of fully autonomous vehicles (AVs) [3], V2V
communication becomes an essential component of a connected transportation ecosystem. It acts as the
backbone for advanced driver-assistance systems (ADAS) [4], autonomous vehicle coordination, and smart
traffic management, fostering a more intelligent, safer, and sustainable future of transportation. However, the
implementation of V2V communication faces significant challenges, such as limited communication range, data
security concerns, and the need for real-time, high-bandwidth exchanges in dynamic driving conditions. This
paper explores one promising solution to address these challenges, Visible Light Communication (VLC) [5] as
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an alternative to traditional radio frequency (RF)-based systems [6], outlining its potential advantages,
challenges, and future role in the evolution of V2V communication systems.

V2V Communication

Figure 1: Schematic diagram for V2V communication
The key aspects of the V2V communications are:

Cooperative Driving

Cooperative driving, enabled by V2V communication, represents a significant leap forward in creating a more
synchronized and efficient transportation environment [7]. Through V2V communication, vehicles can share
vital data with one another in real-time, such as their speed, direction, position, and even the status of their
brakes or turn signals. This exchange of information allows vehicles to "talk" to each other, creating a dynamic
network where driving decisions are informed by the actions of surrounding vehicles. In environments where
multiple vehicles interact, such as intersections, highways, or urban roads, this coordination becomes
especially crucial. For instance, V2V communication can enable vehicles to adjust their speed to maintain safe
distances, facilitate smoother lane changes, and even prevent accidents in situations where drivers might not
have full visibility of other vehicles, such as around blind corners or in dense traffic [8]. On highways,
cooperative driving can also support platooning, where vehicles travel in tight formation, reducing drag and
improving fuel efficiency. In urban environments, cooperative driving can help optimize traffic flow, reduce
congestion, and enhance pedestrian safety [9]. Ultimately, the synergy between vehicles created by V2V
communication is fundamental to transforming traditional, reactive driving into a proactive, cooperative
driving system that prioritizes safety, efficiency, and coordination.

Collision Avoidance

By sharing real-time data on their location, speed, and trajectory, vehicles equipped with V2V communication
can effectively anticipate and avoid potential collisions, significantly reducing accidents and fatalities [10]. This
constant flow of information allows vehicles to "see" beyond their immediate surroundings, enhancing their
situational awareness. For instance, when a vehicle detects sudden braking or an unexpected stop ahead, it can
immediately transmit this information to following vehicles, alerting them to reduce speed or take evasive
action. This early warning system helps prevent rear-end collisions, which are one of the most common types
of accidents [11]. Additionally, V2V communication enables vehicles to predict the actions of other road users.
For example, a vehicle approaching an intersection can communicate with others in the vicinity, allowing it to
anticipate whether another vehicle might run a red light or fail to yield. This predictive capability extends to
autonomous vehicles (AVs) as well, allowing them to make real-time decisions based on the behaviour of other
road users, further enhancing overall road safety [12]. By integrating real-time data into driving decisions, V2V
communication transforms traditional reactionary driving into a proactive safety system, effectively reducing
accidents, improving traffic flow, and saving lives.

Improved Traffic Flow
V2V communication can significantly enhance the flow of traffic by enabling vehicles to coordinate their actions
inreal time, creating a more streamlined and efficient transportation system [13] (Figure 2). One of the primary

ways V2V systems optimize traffic flow is by coordinating speeds and lane changes. Vehicles can adjust their
speed to match the flow of traffic, ensuring smoother transitions between different road sections, reducing
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sudden braking, and preventing traffic bottlenecks [14]. For example, if a traffic jam or congestion is detected
ahead, vehicles can communicate this to others, allowing them to adjust their speed or take alternate routes,
avoiding the buildup of traffic and reducing congestion.

Traffic Light
(transmitter)

High speed camera
(receiver)

Figure 2: Schematic diagram for traffic control using V2V communication

Another major benefit of V2V communication is the ability for vehicles to operate in platoons—groups of
vehicles that travel in close formation. This concept, known as platooning, is especially effective on highways
and can reduce the amount of space between vehicles without compromising safety. In a platoon, vehicles are
controlled through V2V systems that allow them to synchronize their movements, maintaining optimal
distances between one another. This formation reduces air resistance (drag) for the entire group, leading to
improved fuel efficiency and lower emissions, while also increasing road capacity by reducing the space
traditionally required between vehicles.

Furthermore, by smoothing the transitions during lane merges, ensuring optimal spacing on the road, and
adapting to real-time traffic conditions, V2V communication helps to minimize stop-and-go driving and traffic
jams, contributing to a more fluid traffic flow [15]. This not only reduces overall congestion but also improves
fuel consumption and environmental impact, as vehicles operating in more coordinated and efficient patterns
burn less fuel and produce fewer emissions. Ultimately, V2V systems hold the potential to transform
transportation networks into more intelligent, responsive, and sustainable systems, where vehicles and
infrastructure work together to enhance the overall driving experience.

Autonomous Vehicle Support

In the context of AVs, V2V communication becomes even more critical, as it enables AVs to share essential
information with other vehicles in real time, empowering them to make split-second decisions without human
intervention [16]. Unlike human drivers, autonomous vehicles rely on a combination of sensors, algorithms,
and external communication systems like V2V to navigate the road safely and efficiently. V2V allows AVs to
exchange critical data such as their position, speed, trajectory, and the status of their sensors, which are
essential for maintaining situational awareness.

For instance, if an AV detects an obstacle in its path or an unexpected traffic condition ahead, it can share this
information with nearby vehicles, which can then adjust their behaviour accordingly. This collaborative
awareness is particularly important for AVs, as they may not always have the same level of environmental
perception as a human driver [17]. Through V2V, AVs can "see" around corners, beyond obstacles, or through
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blind spots, allowing them to anticipate the actions of other road users and make pre-emptive decisions to
avoid potential collisions. For example, if one AV detects sudden braking or an emergency stop in traffic, it can
quickly notify following vehicles, enabling them to decelerate in time and prevent a chain reaction crash.
Furthermore, V2V communication enhances the ability of AVs to merge, turn, and interact with other vehicles
more smoothly and safely. By knowing the intent and movement of surrounding vehicles, autonomous vehicles
can make more informed decisions about when to change lanes or navigate complex driving situations like
intersections or roundabouts [18]. This communication helps eliminate the uncertainties that typically arise in
traffic scenarios, particularly in environments with complex or unpredictable human driver behaviour.

2. Traditional RF-Based V2V Communication

RF communication systems have long been the cornerstone of V2V communication technologies. These
systems utilize electromagnetic waves in the radio frequency spectrum to transmit and receive data, facilitating
communication between vehicles over both short and long distances [19]. RF-based V2V communication is
integral to enabling a wide range of safety, efficiency, and connectivity applications, allowing vehicles to share
critical information such as location, speed, and direction. Over the years, several RF-based technologies have
emerged as key enablers of V2V communication. Some of the most widely adopted RF technologies for V2V
systems include:

2.1 Dedicated Short-Range Communications (DSRC)

DSRC is a widely recognized standard for V2V and Vehicle-to-Infrastructure (V2I) communication, originally
designed for the intelligent transportation systems (ITS) market [20]. It operates in the 5.9 GHz band and
provides low-latency, secure communication over short distances (typically up to 1,000 meters). DSRC is used
for various safety applications, such as collision avoidance, intersection management, and emergency vehicle
alerts.

Limitations:

Limited Bandwidth: The 5.9 GHz spectrum allocated for DSRC is limited in bandwidth, which can cause
congestion when a large number of vehicles are on the road, especially in high-density urban areas.

Vulnerability to Interference: Since the DSRC spectrum is shared with other wireless technologies, it is
susceptible to interference from devices like Wi-Fi routers, mobile phones, and other RF-based systems. This
can degrade the performance of V2V communication.

2.2 5G Communication

The advent of 5G technology marks a significant leap forward in the development of V2V communication
systems, offering capabilities that go beyond what current communication technologies (such as 4G and Wi-Fi)
can provide. 5G offers a high-speed, high-bandwidth network with the capacity to support massive numbers of
connected devices, all while ensuring ultra-low latency a critical feature for real-time communication in
dynamic environments like roadways [21]. With latency as low as under 1 millisecond (ms), 5G has the
potential to fundamentally transform how vehicles communicate with each other and with surrounding
infrastructure.

Limitations:

Network Dependency: 5G communication is network-based, meaning vehicles rely on cellular towers or base
stations for communication. In rural or sparsely populated areas, the signal coverage may be insufficient for
reliable communication.
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Congestion and Latency: While 5G offers high bandwidth and low latency, network congestion—particularly
in highly dense urban areas—can still cause delays or dropped connections, reducing the effectiveness of V2V
communication in critical situations.

Security Risks: 5G relies on a centralized infrastructure, which makes it vulnerable to cyberattacks, hacking,
or data breaches. These risks are particularly concerning for safety-critical applications like autonomous
driving,

2.3 Wi-Fi (IEEE 802.11p)

Wi-Fi-based communication, specifically the IEEE 802.11p standard, is another key technology used in
vehicular networks for short-range communication [22]. Similar to DSRC, IEEE 802.11p operates in the 5 GHz
frequency band and provides a solution for vehicles to exchange data in real-time over short distances, typically
within a range of a few hundred meters. While it shares some characteristics with DSRC in terms of data rates
and range, IEEE 802.11p is generally considered a more flexible and lower-cost alternative, particularly
suitable for non-safety-critical applications.

Limitations:

Interference and Range: Like DSRC, Wi-Fi systems are susceptible to interference from other RF devices.
Additionally, its communication range is typically limited to a few hundred meters, which is insufficient for
many real-time safety applications, especially in high-speed scenarios.

Limited Channel Capacity: Wi-Fi can become congested when many vehicles are transmitting simultaneously,
leading to delays or data loss.

3. Drawbacks of RF-Based V2V Communication

While RF-based technologies such as DSRC, 5G, and Wi-Fi have proven to be effective in enabling V2V
communication and have shown promise for a variety of applications, they each face several significant
limitations that can hinder their performance, particularly in high-speed, dynamic driving environments. These
challenges can significantly reduce the overall effectiveness of V2V systems, especially in critical applications
like collision avoidance, real-time traffic management, and autonomous vehicle coordination. Below are some
of the key challenges these RF-based technologies face:

3.1 Limited Bandwidth

Challenge: RF-based communication systems operate within predefined frequency bands, which are limited
in bandwidth. For example, DSRC operates in the 5.9 GHz band, which is shared with other wireless
technologies such as Wi-Fi and Bluetooth. As the number of connected vehicles increases, the demand for
bandwidth increases, leading to network congestion and slower data transmission rates.

Impact: This congestion limits the ability of V2V systems to handle large amounts of data in real-time,
especially when it comes to complex applications like real-time video streaming from cameras, high-resolution
sensor data, or other bandwidth-intensive tasks necessary for autonomous driving.

3.2 Interference from Other RF Devices

Challenge: RF signals are highly susceptible to interference from other devices operating in the same or
adjacent frequency bands. In urban areas, where there are many devices (e.g., smartphones, Wi-Fi routers,
industrial equipment), the RF spectrum becomes crowded, leading to signal degradation and data loss.

Impact: In high-traffic environments, interference can disrupt communication between vehicles, reducing the
reliability of safety-critical systems like collision avoidance. This is especially problematic in urban areas,
where vehicle density and communication requirements are high.
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3.3 Security Concerns

Challenge: RF-based communication is inherently vulnerable to various types of security threats, including
eavesdropping, jamming, and spoofing. Since RF signals can travel large distances, malicious actors can
potentially intercept, modify, or disrupt communication between vehicles.

Impact: Security is a major concern for V2V communication because any tampering with critical safety data
(such as vehicle position, speed, or intent) could lead to catastrophic accidents. Additionally, a lack of robust
encryption and authentication mechanisms in existing RF-based systems could allow unauthorized access to
vehicle communication networks, raising privacy concerns.

3.4 Challenges in High-Speed, Dynamic Environments

Challenge: RF-based communication systems often struggle to maintain consistent and reliable
communication in high-speed, dynamic environments like highways or urban areas with complex traffic
patterns. The speed and unpredictable nature of moving vehicles can cause signal degradation, time delays,
and packet loss.

Impact: For applications like real-time collision avoidance and autonomous driving, even a small delay or loss
of data can lead to accidents or loss of control. The reliance on RF systems also makes it difficult to achieve the
necessary levels of precision and reliability for these critical tasks.

4. Visible Light Communication

Visible Light Communication (VLC) is an emerging communication technology that leverages the visible
spectrum of light to transmit data. In contrast to traditional RF-based communication systems, VLC uses light
waves (typically emitted by light-emitting diodes (LEDs)) to enable wireless communication between devices
[23]. The visible spectrum, which spans wavelengths from approximately 380 nm to 750 nm, offers a much
larger bandwidth compared to the traditional RF spectrum, making VLC a promising solution for next-
generation Vehicle-to-Vehicle (V2V) communication. V2V communication is essential for facilitating
cooperative driving, enhancing traffic management, improving safety, and supporting the development of AVs
[24]. Traditional RF-based communication systems, while widely deployed, have several limitations in terms
of bandwidth, interference, latency, and security, especially in high-density environments and at high speeds.
VLC, with its high data rates, low latency, and inherent security advantages, has the potential to overcome many
of these challenges, making it a promising alternative or complement to RF-based V2V systems.

4.1 Principles of VLC for V2V Communication

VLC represents a transformative approach to wireless communication, particularly for V2V communication,
leveraging the visible light spectrum (approximately 380 nm to 750 nm) for high-speed data transmission. VL.C
offers several advantages over traditional RF communication, such as higher data rates, improved security, and
low interference [25-28]. Understanding the core principles of VLC is essential for appreciating its potential in
V2V communication systems. Below, we explore the fundamental principles that underpin VLC technology in
the context of V2V applications.

4.2 Light Emitting Diodes (LEDs) as the Primary Source

VLC relies heavily on LEDs [29] as the source of light for data transmission. LEDs have become the dominant
light source for VLC for several reasons [30]:

High Efficiency: LEDs are energy-efficient and have a high luminous output, making them ideal for applications
where both energy efficiency and brightness are required. They also have a fast-switching time, which is
essential for high-speed data transmission in VLC systems.
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Durability and Longevity: LEDs have a long lifespan and are robust against environmental factors, making
them suitable for both vehicle and infrastructure applications (e.g. headlights, brake lights, traffic signals,
street lamps).

In V2V communication, vehicle-mounted LEDs (headlights, taillights, and turn signals) can be modulated to
transmit data to nearby vehicles or infrastructure. These LEDs are already a part of the vehicle's lighting
system, meaning that adding communication functionality to existing components can significantly reduce the
cost and complexity of implementing VLC.

4.3 Line-of-Sight (LOS) Communication

VLC operates under a LOS [31] communication model, meaning that for successful data transmission, there
must be a direct optical path between the transmitter (LED light source) and the receiver (photodetector or
camera) (Figure 3).

LOS Advantages: The line-of-sight requirement enhances security by limiting the distance over which signals
can be intercepted or jammed. Since light cannot travel through opaque objects like walls, unauthorized
interception or eavesdropping is much harder compared to RF systems. This makes VLC more secure and less
prone to attacks like signal jamming or eavesdropping.

LOS Challenges: On the other hand, the requirement for line-of-sight can be a limitation in certain dynamic
scenarios (e.g., in heavy traffic, when vehicles are obstructed by other vehicles, or in complex urban
environments with obstacles such as buildings or trees). To overcome this, VLC systems may need to
incorporate multi-vehicle communication and relays to ensure continuity of communication in cases where
direct line-of-sight is temporarily unavailable.

One potential solution to the LOS challenge is the use of reflective surfaces (such as road signs or adjacent
vehicles) to bounce the light signal, allowing for indirect communication paths, although this may reduce the
reliability and speed of the connection.
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Figure 3: Schematic of LoS and NLoS configurations
4.4 Photodetectors for Signal Reception

At the receiver end, photodetectors are used to detect the light signals that carry the data. The most common
photodetectors in VLC systems are [32]:

Photodiodes: These devices convert light into an electrical current and are commonly used in VLC systems
due to their high sensitivity and fast response time [33]. Photodiodes can detect the modulated light signal from
the vehicle's headlights, taillights, or infrastructure lights and convert it into a readable electrical signal for
processing.
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Phototransistors: These are also used for VLC systems and offer higher amplification compared to
photodiodes, making them useful for longer-range applications [34]. They provide the necessary gain to detect
low-intensity light signals in noisy environments.

For V2V communication, the photodetector must be capable of quickly and accurately interpreting the
modulated light signals sent by other vehicles or infrastructure. Camera-based systems can also be employed
to detect light changes, although they are typically more complex and slower than direct photodetectors.

4.5 Communication Range and Data Rate Considerations

The communication range of a VLC system is influenced by factors like the power of the light source, the
sensitivity of the photodetector, and environmental conditions such as ambient light [35]. The visible light
spectrum has limited propagation distance compared to RF communication, as light typically travels in straight
lines and is more easily blocked by obstacles.

Range: While VLC's range is limited, it is usually sufficient for short-range communication required in V2V
applications, such as exchanging data between vehicles that are in close proximity (e.g., within 100-200
meters). Advanced techniques, like beamforming and relays, can help extend the range.

Data Rates: VLC systems can achieve high data rates, often reaching gigabit-per-second speeds due to the
broad available bandwidth in the visible light spectrum. This makes VLC ideal for data-intensive V2V
applications such as video streaming, sensor data exchange, and real-time road hazard detection.

Although the range of VLC might not be as extensive as RF communication systems (like 5G), its high data
throughput makes it suitable for short-range, high-bandwidth communication needs, which are common in
V2V communication.

4.6 Ambient Light and Interference Management

Ambient light (sunlight, streetlights, etc.) can interfere with the VLC signal, particularly in outdoor or urban
environments. However, VLC systems can manage this challenge by employing various techniques [36]:

Signal Processing Algorithms: Advanced digital signal processing (DSP) techniques are used to filter out
noise from ambient light, enabling reliable communication even in bright conditions. This can include using
adaptive filtering, modulation schemes like OFDM, and spatial diversity to minimize the impact of ambient light
on data transmission [37].

Color and Intensity Modulation: Modulation schemes such as Color Shift Keying (CSK) and Pulse Amplitude
Modulation (PAM) can help mitigate ambient light interference by encoding information in multiple colors or
light intensities, making the signal more resilient to external disturbances [38].

Time-Division Multiplexing (TDM): In some cases, VLC systems use TDM, where different communication
channels operate at different times, ensuring that ambient light does not interfere with signal reception at a
specific time [39].

4.7 Energy Efficiency and Cost-Effectiveness

LEDs, which are widely used in vehicle headlights, taillights, and traffic signals, provide a highly energy-efficient
means of communication. VLC can leverage these existing LED light sources for data transmission without the
need for additional, power-hungry communication devices. This makes VLC an attractive option for electric
vehicles (EVs), where energy efficiency is a key consideration [40].

By using modulation of existing vehicle lights, VLC provides a cost-effective communication solution, avoiding
the need for specialized hardware and infrastructure that would be required by traditional RF systems [41].
Since vehicle-mounted LEDs are already part of the vehicle’s system, the additional cost for communication
functionality is relatively minimal.
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5. Advantages of VLC in V2V Communication

VLC offers several distinct advantages over traditional RF-based communication systems. These advantages
are particularly important for enabling high-performance V2V communication, where high data rates, low
latency, security, energy efficiency, and spectrum availability are essential. Below are some of the key benefits
of VLC that make it an ideal candidate for V2V communication.

V2N (Vehicle-to-Network) [42], V2V (Vehicle-to-Vehicle) [43], V2I (Vehicle-to-Infrastructure) [44], and V2P
(Vehicle-to-Pedestrian) [45] are key components of the intelligent transportation systems that enable safer,
more efficient, and connected roadways. V2V communication allows vehicles to exchange information such as
speed, location, and road conditions, helping to prevent accidents by providing real-time warnings about
potential collisions. V2I communication connects vehicles with infrastructure like traffic signals and road
sensors, enabling smoother traffic flow, reducing congestion, and enhancing safety through timely alerts about
traffic conditions or signal changes (Figure 4). V2N extends these interactions to the broader network, linking
vehicles with cloud-based services for traffic management, navigation, and updates, ensuring the vehicle is
informed of the latest conditions. Finally, V2P communication improves pedestrian safety by enabling vehicles
to detect pedestrians and alert drivers when pedestrians are in danger, thus preventing accidents. Together,
these technologies pave the way for the development of autonomous driving and smarter cities.

V2p

=
=

Figure 4: Schematic of Vehicle Communication

RSU

5.1 High Data Rates and Low Latency

The ability of VLC to support high data rates is one of its most significant advantages over RF communication.
The visible light spectrum, which spans from approximately 380 nm to 750 nm, provides a vast bandwidth that
can support extremely fast data transmission speeds. Compared to traditional RF-based communication
systems, which are often constrained by limited frequency ranges, VLC's broader spectrum allows for much
higher data throughput [46].

High Data Rates: With the large bandwidth available in the visible light spectrum, VLC can achieve
data rates up to 10 Gbps or more. In contrast, RF-based systems like DSRC (Dedicated Short-Range
Communications) typically operate at data rates of around 6 Mbps, and Wi-Fi can reach 1-2 Gbps at
best. This large capacity is especially beneficial for high-bandwidth applications in V2V
communication, such as the transmission of real-time video from cameras, LiDAR data, and sensor
information used for autonomous driving.
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Low Latency: In addition to high data rates, VLC offers very low latency (the time it takes for data to
be transmitted from one vehicle to another). Latency is crucial in safety-critical applications, where
a delay in communication could result in accidents. For instance, in collision avoidance systems,
vehicles must quickly exchange data on their speed, location, and trajectory to make real-time
decisions. Since VLC signals propagate at the speed of light (around 300,000 km/s), the delay in
transmission is almost negligible, which makes VLC ideal for time-sensitive applications such as
adaptive cruise control, automated lane merging, and emergency vehicle prioritization.

Real-Time Communication: The combination of high bandwidth and low latency in VLC ensures
that real-time communication is possible in dynamic driving environments. Vehicles can quickly
react to sudden changes in traffic conditions, such as a vehicle abruptly braking or a pedestrian
crossing the road, by receiving and processing information almost instantaneously.

5.2 Low Interference and Security

VLC operates on a LOS basis, which means the signals can only be transmitted effectively between two devices
(such as two vehicles or a vehicle and an infrastructure node) if there is an unobstructed path between them.
This LOS requirement has important implications for interference and security in V2V communication systems
[47].

Reduced Interference: One of the major challenges with RF communication is the susceptibility to
interference from other RF devices operating in the same frequency range. In densely populated environments,
such as urban areas, Wi-Fi networks, cellular networks, and other RF transmitters can cause signal congestion
and interference, reducing the reliability of V2V communication. In contrast, VLC is immune to this type of
interference because it operates in the visible light spectrum, which is separate from the crowded RF bands.

Security: VLC offers significant security benefits due to its reliance on direct line-of-sight communication.
Unlike RF signals, which can easily pass through walls and obstacles, VLC signals are constrained by physical
barriers. This makes it much more difficult for a potential attacker to intercept the signal from a distance. In
the case of RF communication, hackers or eavesdroppers can potentially access communication signals by
simply being within range, even if they are not within direct line-of-sight. With VLC, however, the signal can be
"contained" within the environment, and interception requires direct access to the optical path, which is much
harder to achieve without being physically near the vehicles involved.

Enhanced Privacy: Since VLC signals are confined to the LOS between devices, there is a much lower risk of
unauthorized access or eavesdropping on the communication. This makes VLC an ideal candidate for V2V
applications in autonomous vehicles or smart transportation systems, where privacy and confidentiality are
crucial for maintaining safe and secure interactions between vehicles and infrastructure.

5.3 Energy Efficiency

VLC also offers energy efficiency advantages over traditional RF communication systems. This efficiency is
especially important in the context of vehicles, where energy consumption directly impacts battery life and fuel
economy, especially for electric and hybrid vehicles.

Leveraging Existing Light Sources: One of the most significant advantages of VLC is its ability to use existing
light sources in vehicles and infrastructure. For example, vehicle [48] headlights, taillights, brake lights, and
even streetlights can be repurposed to transmit data, significantly reducing the need for additional power-
hungry communication devices. Vehicles already rely on LED lighting for visibility, and these LEDs can be used
for VLC without the need for separate power-hungry transmitters.

Energy-Efficient LEDs: LEDs are inherently low-power and long-lasting, making them an ideal choice for VLC
systems. By using energy-efficient LEDs, VLC systems can minimize power consumption while still providing
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high-performance communication. This helps to reduce the overall energy demands of a vehicle's
communication system and can contribute to sustainable transportation by decreasing the environmental
impact.

Reduction in Hardware Costs: Since VLC can utilize existing components like vehicle lights and street lamps
for data transmission, there is no need to add additional, energy-draining communication hardware to the
vehicle. This not only makes VLC an energy-efficient option but also helps to lower the overall cost of V2V
communication systems.

5.4 Reduced Congestion and Spectrum Efficiency

As demand for wireless communication grows, the RF spectrum has become increasingly congested,
particularly in urban areas where multiple devices are competing for bandwidth. VLC, by operating in the
visible light spectrum, provides a valuable alternative to RF-based communication systems [49].

Reduced Spectrum Congestion: The visible light spectrum is largely untapped and remains underutilized
compared to RF bands, which are becoming crowded with Wi-Fi, cellular networks, satellite communications,
and other wireless technologies. By using VLC, the demand for RF spectrum can be alleviated, reducing the
burden on the overused RF spectrum and improving the overall efficiency of the wireless communication
environment.

Efficient Spectrum Use: Since the visible light spectrum is vast, VLC has significant potential for high-spectrum
efficiency. By using techniques like modulation and encoding tailored for the visible spectrum, VLC can
maximize the use of the available bandwidth to transmit large amounts of data without impacting the
performance of other wireless technologies.

Complementing RF Systems: VLC does not necessarily need to replace RF communication; rather, it can work
in conjunction with RF-based systems. In scenarios where RF communication is constrained (e.g. in highly
congested urban areas), VLC can provide additional capacity and resilience, helping to offload data and improve
the overall network performance of V2V communication systems.

Future of Smart Cities: With the development of smart cities and autonomous vehicle networks, VLC can be
integrated into the infrastructure, such as smart streetlights and traffic signals, to create a seamless
communication network that enhances traffic management, road safety, and vehicle coordination. The ability
to transmit data over longer distances without causing congestion will be a significant benefit to future V2V
systems in urban environments.

6. Challenges and Limitations of VLC in V2V Communication

While VLC presents a compelling solution for V2V communication with numerous benefits, several challenges
and limitations must be addressed for it to be widely adopted in real-world applications. These challenges are
primarily related to the physical properties of light, environmental factors, and the infrastructure requirements
needed for large-scale deployment. Below are the key challenges that need to be overcome for VLC to reach its

full potential in V2V communication.

6.1 Line-of-Sight Requirement

A fundamental characteristic of VLC is its LOS dependency, which presents both advantages and challenges for
V2V communication.

Obstructions: VLC communication relies on a direct visual path between the transmitter (e.g., a vehicle's
headlights or tail-lights) and the receiver (e.g., another vehicle or infrastructure). This means that any physical
obstruction—such as other vehicles, buildings, or road infrastructure—can block or attenuate the VLC signal,
rendering communication unreliable or even impossible. In dense urban environments, where vehicles are
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often parked in tight spaces or traffic congestion leads to frequent close vehicle formations, maintaining a clear
line of sight becomes a significant challenge.

Non-Linear Vehicle Alignment: For effective communication, vehicles must generally be in a straight line with
one another. In real-world scenarios, vehicles may not always be aligned in such a manner, especially in
complex traffic situations (e.g., at intersections or during lane changes). If the vehicles are misaligned, the LOS
requirement may not be met, and communication could fail or be severely degraded.

Impact on Dynamic Driving: In dynamic driving environments where vehicles are constantly changing speed,
direction, and lane position, maintaining a stable LOS for VLC communication could be difficult, especially at
higher speeds or in challenging road conditions. This issue could affect the scalability of VLC in systems like
autonomous vehicle fleets, where coordination and data sharing between vehicles are key to safe operation.

Mitigation: Potential solutions could include the integration of additional sensors, such as infrared or
millimeter-wave sensors, to assist VLC when LOS is disrupted. Additionally, hybrid systems that combine VLC
with RF communication could provide a fallback mechanism for maintaining connectivity in LOS-blocked
situations.

6.2 Limited Range

Another significant limitation of VLC for V2V communication is its relatively short communication range,
especially when compared to RF communication systems.

Outdoor Environment Limitations: The range of VLC is generally constrained to about 100-200 meters,
which can be a limitation in situations where longer-distance communication is needed, such as on highways
orinrural areas. This range is significantly shorter than RF-based systems like 5G (which can support coverage
over kilometers) or DSRC (typically ranging up to 1 km in optimal conditions).

Vehicle Speed: The limited range of VLC also poses challenges in high-speed environments, like highways,
where vehicles may quickly move out of range of one another before the communication can take effect. In such
environments, RF communication systems may be more suitable due to their longer range and ability to
maintain communication at high speeds.

Scaling Issues: In densely packed urban environments, maintaining effective communication between
multiple vehicles may be harder due to the short range of VLC systems. In large-scale deployments with many
vehicles on the road, there would be a need for multiple communication channels to ensure inter-vehicle
communication coverage, which could add to the complexity of VLC systems.

Mitigation: To address this issue, smart infrastructure like LED-equipped traffic signals or streetlights could
act as relay stations, helping extend the effective communication range by transmitting signals to a wider area.
Additionally, hybrid systems that switch between VLC and RF communication, depending on range and
environmental factors, may provide greater flexibility.

6.3 Vulnerability to Environmental Factors

VLC communication systems are highly sensitive to environmental conditions, which can affect their reliability
and performance in real-world driving scenarios.

Ambient Light Conditions: The performance of VLC systems can be significantly degraded by strong ambient
light, such as direct sunlight during the day. Sunlight in particular can create interference in the visible
spectrum, making it difficult for the photodetectors in receiving vehicles to distinguish the modulated VLC
signal from background light. This is particularly problematic during the daytime when sunlight is strong, and
the contrast between the communication signal and the background light becomes minimal.
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Weather and Atmospheric Conditions: Inclement weather (such as fog, rain, or snow) can also impact the
propagation of visible light. In adverse weather, the scattering or absorption of light by water droplets or
particulates in the air can reduce the effectiveness of VLC, leading to signal attenuation or complete
communication failure. This is particularly true in conditions such as heavy fog or rainstorms, where visibility
is severely reduced.

Low Light Conditions: While VLC is effective in well-lit conditions (such as at night or under streetlights), its
performance may be compromised in environments with insufficient ambient light. This could affect situations
such as late-night driving or in poorly lit areas where there may be insufficient illumination for communication
to occur effectively.

Mitigation: To address these environmental challenges, adaptive modulation techniques could be used, where
the VLC system automatically adjusts the signal to compensate for changing lighting conditions. Infrared-based
communication systems could also be integrated as a backup in low-light or obstructed environments.
Additionally, the use of multi-modal communication systems that combine VLC with RF communication could
ensure reliable data transmission under various environmental conditions.

6.4 Infrastructure Dependency

For widespread deployment of VLC for V2V communication, there is a significant dependency on infrastructure,
which introduces both logistical and economic challenges.

Need for Smart Infrastructure: To achieve optimal performance, VLC relies on smart infrastructure that is
equipped with LED-based light sources. This includes LED-equipped traffic lights, street lamps, traffic signs,
and vehicle-mounted LEDs. Upgrading existing infrastructure to support VLC communication would require
significant investment from both public and private sectors. Cities would need to retrofit their streetlights and
other infrastructure with the appropriate lighting technology and communication modules.

Vehicle Integration: Vehicles themselves must be equipped with the necessary VLC transceivers (light sources
and photodetectors) to send and receive signals. This would require manufacturers to integrate these systems
into their vehicles, which could increase production costs and complexity. Additionally, retrofitting older
vehicles with VLC communication technology could be cost-prohibitive for many car owners, limiting the
adoption of the technology in the short term.

Urban vs. Rural Deployment: While smart cities are more likely to have the infrastructure necessary to
support VLC communication, rural or less-developed areas may lack the necessary infrastructure. This could
result in uneven coverage, where VLC-based V2V communication may work well in urban environments but be
unreliable or unavailable in rural settings.

High Initial Costs: The deployment of VLC-based infrastructure requires a large upfront investment in new
streetlight systems, VLC communication modules for vehicles, and associated hardware. Governments and
cities must allocate resources for this infrastructure upgrade, and there may be resistance due to the high initial
costs.

Mitigation: Governments, municipalities, and private sectors could collaborate on the development of public-
private partnerships to fund infrastructure upgrades. Additionally, modular and scalable solutions for VLC
communication infrastructure could be developed, allowing for phased deployment to reduce the financial
burden. Hybrid solutions that combine VLC with RF communication could be used to provide partial V2V
coverage until more extensive VLC infrastructure is developed.

7. Future Directions and Research Opportunities

While VLC shows great promise as a solution for V2V communication, several challenges remain that must be
addressed to enable its widespread adoption in real-world applications. To overcome these limitations, future
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research should focus on several key areas that would enhance the robustness, scalability, and interoperability
of VLC-based V2V systems. Below are some important directions for future exploration.

7.1 Hybrid Communication Systems

One of the most promising ways to overcome the limitations of VLC in V2V communication is to develop
hybrid communication systems that combine VLC with other communication technologies such as radio
frequency (RF), radar, or LiDAR.

Complementary Strengths: While VLC offers high data rates and low latency, its reliance on line-of-sight and
its vulnerability to environmental factors (e.g., fog, direct sunlight, or obstacles) can limit its effectiveness. By
integrating VLC with RF communication technologies such as DSRC or 5G, the system can leverage the wide
coverage and range of RF communication, while benefiting from the high-speed, high-capacity transmission of
VLC in situations where line-of-sight is maintained.

Multi-Sensor Integration: Radar and LiDAR technologies, which are already commonly used in autonomous
vehicles, can be integrated into VLC systems to enhance situational awareness and provide redundant sensing
in environments where VLC alone might be insufficient. For example, when VLC communication is obstructed
due to vehicle misalignment or weather conditions, radar or LiDAR can provide alternative means of detecting
obstacles, helping vehicles to maintain safe distances and avoid collisions.

Dynamic Switching: Developing intelligent algorithms that can dynamically switch between VLC, RF, radar, or
LiDAR depending on the communication environment (e.g., whether line-of-sight is maintained or whether
adverse weather is present) can help create a more reliable and fault-tolerant V2V communication system.

7.2 Signal Processing Advancements

To fully realize the potential of VLC in V2V communication, significant advancements in signal processing
techniques are required to overcome the challenges posed by environmental factors, interference, and data
transmission reliability.

Error Correction and Robust Modulation: Developing error correction algorithms specifically tailored for
VLC systems is essential to address the loss of signal integrity caused by environmental factors such as ambient
light interference and atmospheric conditions. Advanced modulation schemes and error correction techniques,
like Turbo codes, LDPC (Low-Density Parity-Check codes), or Polar codes, could be used to ensure that data is
transmitted reliably over long distances despite signal degradation.

Adaptive Signal Processing: In dynamic driving environments, the communication conditions for VLC can
change rapidly (e.g., when a vehicle enters a tunnel, or if sunlight directly hits the sensor). Research into
adaptive signal processing techniques that adjust modulation parameters, transmit power, and error
correction schemes based on real-time environmental conditions could improve VLC system performance.

Interference Mitigation: Even though VLC is less prone to interference from other wireless devices compared
to RF, it is still susceptible to interference from ambient light sources (e.g., sunlight, street lamps). Research
into techniques for interference mitigation, such as the use of polarized light or time-division multiplexing,
could help reduce the impact of such interference on the reliability of VLC communication in V2V systems.

7.3 Autonomous Vehicle Integration

As the development of AVs continues to advance, the integration of VLC into AV systems will play a key role in
enhancing the situational awareness and coordination between vehicles, especially in complex, multi-vehicle
scenarios.

Vehicle-to-Vehicle Coordination: In autonomous driving scenarios, vehicles need to communicate with one
another to predict each other's intentions, such as whether a vehicle is about to change lanes, slow down, or
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stop. VLC can enable real-time communication between autonomous vehicles, ensuring that they are aware of
each other’s location, speed, and trajectory. This level of cooperation is vital for ensuring the safe and efficient
operation of AV fleets, particularly in dense traffic conditions.

Advanced Driving Maneuvers: Research into cooperative driving and platooning will benefit significantly
from VLC. In platooning, multiple vehicles travel in close formation to reduce fuel consumption and improve
traffic flow. VLC can provide the high-speed, low-latency communication needed to synchronize the
movements of multiple vehicles in real time.

Enhanced Perception and Decision Making: Autonomous vehicles rely on various sensors (e.g., cameras,
radar, and LiDAR) for perception. Integrating VLC as a communication channel between vehicles can help
augment the decision-making process by providing additional data such as the status of surrounding vehicles,
road conditions, or traffic signals, which can enhance the vehicle’s situational awareness and improve its
decision-making capabilities.

7.4 Infrastructure and Standardization

For VLC-based V2V communication systems to become widely adopted, there is a need for the establishment
of industry standards and the development of a robust infrastructure that supports the technology on a global
scale.

Global Standards for VLC: To ensure interoperability between different vehicles, manufacturers, and
infrastructures, it is essential to develop common standards for VLC technology. These standards should
address key issues such as data formats, communication protocols, modulation techniques, and security
measures. By establishing unified standards, VLC systems can ensure that vehicles and infrastructure from
different manufacturers and regions can communicate seamlessly with one another.

Smart Infrastructure Deployment: Widespread adoption of VLC requires the installation of smart
infrastructure, such as LED-equipped traffic lights, streetlights, and smart road signs, that are capable of
transmitting and receiving data. Governments and private companies will need to collaborate on the
development and funding of such infrastructure. Additionally, research into scalable deployment models that
allow for gradual integration of VLC into existing transportation networks is needed.

Interoperability with Existing Communication Systems: VLC should be able to work in conjunction with
existing RF-based communication systems (e.g.,, DSRC, 5G, Wi-Fi). Research into interoperability between VLC
and RF systems is essential to ensure that mixed-modal communication can occur in real-world scenarios.

8. Conclusion

VLC represents a promising frontier for V2V communication, offering significant advantages over traditional
radio frequency (RF) systems, such as high data rates, low latency, and enhanced security. VLC's ability to utilize
the visible light spectrum—a largely untapped bandwidth allows for faster and more efficient data
transmission, making it an ideal candidate for improving vehicle safety, optimizing traffic flow, and facilitating
the development of autonomous driving systems. The key strengths of VLC lie in its ability to provide high-
speed, real-time communication, which is essential for safety-critical applications like collision avoidance and
adaptive cruise control. Its inherent line-of-sight communication mechanism reduces the risk of interference
from other wireless systems, thus providing secure and reliable communication channels between vehicles.
Moreover, VLC’s energy efficiency, particularly by leveraging existing infrastructure like LED-equipped
streetlights and headlights, positions it as a sustainable solution for smart transportation systems. However,
while VLC presents considerable advantages, it also comes with inherent challenges, such as the line-of-sight
requirement and limited communication range. These challenges can hinder its deployment in certain
environments, especially in urban areas with complex traffic conditions and physical obstructions.
Environmental factors, such as ambient light interference, weather conditions, and nighttime visibility, further
complicate VLC’s effectiveness under certain conditions. Despite these limitations, ongoing research and
technological advancements are making strides to address these concerns. Innovations in signal processing
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techniques, such as error correction and adaptive modulation, are being developed to improve VLC's resilience
to environmental factors. Additionally, hybrid communication systems that combine VLC with RF technologies,
LiDAR, and radar are being explored to enhance system reliability in dynamic and diverse driving conditions.
These hybrid systems will allow VLC to operate in synergy with other communication technologies, providing
a robust and flexible solution for V2V communication in varying environments. The development of smart
infrastructure that supports VLC communication, such as smart streetlights and LED-based traffic signals, will
also play a crucial role in enabling the widespread adoption of VLC. Collaborative efforts between governments,
automotive manufacturers, and tech companies will be essential to build the necessary infrastructure and set
global standards for VLC-based communication.
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