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 In the rapidly evolving landscape of smart cities, the integration of advanced technologies is 
crucial for ensuring safety, optimizing traffic flow, and enhancing the urban living 
experience. Vehicle-to-vehicle (V2V) communication and visible light communication 
(VLC) have emerged as promising solutions to address these challenges. This paper explores 
the integration of V2V communication and VLC at smart pedestrian crosswalks to enhance 
pedestrian safety and traffic management in smart cities. It explores the impact of 
neighbouring vehicles on V2V-VLC performance and proposes novel methodologies to 
assess traffic density effects. Results indicate a significant chance of encountering nearby 
cars during rush hours, emphasizing the importance of these integrated systems for safety 
and mobility in urban environments. The outcomes show that the chance of running into 
extra cars in nearby lanes is independent of the particular lane and increases to 80% through 
rush hours, but falls to a lower amount than 20% through off-peak and initial morning hours. 

 
 

 
 

 

 
1. Introduction 

Advanced and networked technologies that solve safety 
issues, maximize traffic flow, and enhance the urban living 
experience overall are critical in a quickly developing field 
of smart cities. By enabling real-time information 
transmission between vehicles, including position, speed, 
and hazard alerts, vehicle-to-vehicle (V2V) communi-
cation has already shown promise in improving road safety 
[1–3]. At the same time, visible light communication 
(VLC) has gained attention as a complementary communi-
cation technology that employs visible light signals for 
short-range, high-data-rate transmission [4–6]. In a smart 
city environment, where connectivity and data sharing are 
fundamental, the integration of V2V-VLC systems holds 
the promise of providing precise and localized communi-
cation, particularly at vulnerable locations like crosswalks 
as shown in Fig. 1. Smart crosswalks are key components 
of modern urban infrastructure, aimed at safeguarding 
pedestrian and cyclist movements across busy roadways 
[7–9]. The combination of V2V-VLC systems with smart 
crosswalks not only enhances pedestrian safety but also 
contributes to the efficient management of traffic and 
transportation within the city [10, 11]. Much attention was 

gained by various multiple-input and multiple-output 
(MIMO) and diversity systems where the communication 
was significantly improved by using various multiport 
antenna systems. It was demonstrated that such systems can 
provide better communication within many complex 
propagation environments [12–14]. In the context of 
modern smart cities, improving pedestrian safety and 
enhancing traffic management have become paramount 
objectives. V2V communication systems have gained 
significant attention for their potential to increase road 
safety and traffic efficiency [15, 16]. This integration 
harnesses the potential of V2V-VLC technology to provide 
precise and localized communication, especially in areas 
where the safety of pedestrians and cyclists is a primary 
concern, such as at crosswalks [17, 18]. The key advantages 
and implications of this integration are smart crosswalks 
equipped with V2V-VLC systems that offer real-time 
communication between pedestrians and approaching 
vehicles [19]. This enables pedestrians to receive signals on 
their smartphones or wearable devices, informing them 
when it is safe to cross the road. This direct and 
instantaneous communication significantly reduces the risk 
of accidents and enhances pedestrian safety [20]. V2V-
VLC technology integrated into smart crosswalks can 
transmit data to nearby vehicles [21]. These data can 
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include information about pedestrian presence, crossing 
intentions, and estimated crossing times. Vehicles can use 
this information to adapt their speed and behaviour, contri-
buting to a smoother traffic flow and reduced congestion 
around crosswalks [22]. The integration of V2V-VLC at 
crosswalks is a significant step in reducing accidents 
involving vulnerable road users. It addresses the common 
scenario of drivers failing to notice pedestrians in time, 
especially in low-light conditions. The technology 
increases visibility and awareness, potentially saving lives. 
The combination of V2V-VLC systems and smart 
crosswalks not only enhances safety, but also contributes to 
the efficient and interconnected nature of modern urban 
environments [23–25].  

As cities continue to embrace smart city initiatives, 
technologies like V2V-VLC become essential tools for 
ensuring safe and convenient mobility for all residents and 
visitors. VLC makes use of existing streetlights, traffic 
signals, as well as headlights and taillights of vehicles to 
exchange data about traffic patterns among cars and to 
communicate with structures. Moreover, owing to the 
focused emission of sources of light, VLC experiences 
reduced interference in comparison to the radio frequency 
(RF) technology [26–28]. The dynamic nature of vehicular 
communication systems contributes to the increased 
likelihood of interruptions in VLC links, primarily due to 
interference and reflection from neighbouring cars in 
adjacent corridors. The presence of artificial light sources 
interfering with these neighbouring cars lighting which are 
artificially illuminated in nearby cars amplifies the pot-shot 
noise [29]. Additionally, light that is reflected from cars in 
adjacent paths scatters the pulses of the signal received, 
thereby introducing an issue of inter-symbol interference, 
which restricts the achievable information rates. Therefore, 
it is crucial to examine the statistical aspects of the presence 
of extra cars in those adjacent paths. In the following 
section, the authors present associated studies that have 
explored the consequences of reflection, as well as 
interference from both ordinary and unnatural foundations 
for automobile VLC (AVLC) systems [30]. This paper 
presents an innovative approach to designing and 
deploying road-side communication (RSC) systems based 
on VLC in smart cities. VLC uses visible light signals for 
communication between vehicles and infrastructure 
elements, offering several advantages, including high-data-
transfer rates, low latency, and reduced interference with 
existing RF networks. The RSC system integrates VLC 
with pedestrian crosswalks, providing an additional layer 
of safety for both pedestrians and drivers. 

In Fig. 1, by installing optical fibre cables near or 
underneath crosswalks, a robust and reliable communi-
cation infrastructure is created that can support the 
demanding requirements of VLC systems, ensuring that 
data are transmitted quickly, securely, and without 
interference. This infrastructure is essential for enhancing 
pedestrian safety, improving traffic management, and 
supporting the broader goals of a smart city, as well as a the 
installation of light-emitting diode (LED) lights, 
embedding LED lights (red colour) in the crosswalk itself. 
Also, in this research paper, the authors begin by 
introducing a novel structure for a V2V-VLC system, 
designed to meet the requirements of outdoor VLC 
applications. They assess the performance of the 
standalone VLC system by addressing crucial factors like 
signal-to-noise ratio (SNR), power consumption, and bit 
error rate (BER) associated with each modulation 
technique used. Subsequently, the authors propose an 
innovative hybrid system that integrates VLC and RF 
communication to tackle the challenges encountered by the 
standalone VLC system. 

2. Related works 

The authors of Ref. 31 are researchers or scientists who 
conducted a study related to improving the efficiency of 
selected combined receivers in outside VLC systems. VLC 
is a technology that uses visible light to transmit data 
wirelessly. In Ref. 32 a study was conducted to investigate 
the effect of solar irradiance on VLC. The paper presents 
their research findings, methodology, and analysis 
regarding how changes in solar irradiance (sunlight) impact 
the performance of VLC systems. Reference 33 describes a 
research related to VLC systems, specifically focusing on 
the challenges of maintaining efficient communication 
when either natural or artificial lighting is present. The 
authors in Ref. 34 conducted a research to investigate the 
impact of annual solar variation on the VLC systems of 
emergency service vehicles. The authors in Ref. 35 carried 
out studies to investigate how interference affects the 
effectiveness of VLC in a vehicle company. This paper 
focuses on two key performance metrics in VLC systems, 
BER and SNR. References 36 and 37 used a geometry-
based analytical approach to investigate the V2V-VLC 
channel. In Ref. 38, the study explored the result of a light 
reflected of roadway pollutants and surfaces, however, it 
used a headlight beam pattern made of tungsten halogen, 
which would not be appropriate for V2V-VLC systems 
using LED light sources. The findings revealed that wet 

 
Fig. 1. The general structure of the working network (represented by the installation of 

optical fibre cables near or underneath crosswalks). 
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roads amplified the power obtained from reflections, 
thereby extending the transmission distance. Reference 15 
served as the basis for the research in Ref. 16, which aimed 
to enhance the data transmission rate of V2V-VLC links 
through the use of the MIMO technology. 

Nevertheless, it is important to note that these studies 
did not take into account reflection from neighbouring cars, 
which can be an important factor, especially in busy traffic 
circumstances. The research presented in Ref. 39 was 
expanded in Ref. 40 to take into account the fact that 
headlight irradiation pattern of an automobile is not 
uniform. The present study used an ellipsoid and a sphere 
as part of a 3D geometry-based stochastic model (GBSM) 
to explain the properties of the V2V-VLC channel. The 
outcomes underscored the significance of taking into 
consideration the 3D radiation arrangement of a car 
lighting. The research covered in Ref. 41 underlined how 
important interference is for each VLC, as well as RF 
systems operating in high-traffic-density situations. 

According to Ref. 41, VLC experiences the minimal 
interference and has a restricted transmission range. 
Consequently, the research proposed the use of a hybrid 
vehicular ad-hoc network (VANET) incorporating both 
VLC and RF technologies. VLC technology was chosen for 
a wide bandwidth, good power effectiveness, as well as low 
reflecting, making it ideal for integration, but RF was 
included to increase the range of transmission. Regarding 
Ref. 42, the research focused on the use of VLC technology 
to address issues related to interference and latency in RF-
based V2V schemes, particularly in high-traffic-density 
scenarios. The study suggested the dual use of VLC 
technology for both communication and distance estima-
tion purposes. Similarly, the research discussed in Ref. 43 
investigated the power that was received in the dynamic 
V2V-VLC channels using the GBSM, considering each 
straight line-of-sight (LOS) signals and reflections from 
neighbouring cars. The study revealed that changes in the 
relative speeds of vehicles had a more substantial impact 
on the power of reflected signals compared to the LOS 
signals. Furthermore, the received power that was gener-
ated by the LOS element was more dependent on the 
vehicle movement direction compared to the light 
reflection element power. It is important to note that vehicle 
-visible light communication (VVLC) systems are 
influenced by various factors, including the radiation 
pattern, weather conditions, interference from artificial and 
natural light sources, traffic conditions, coating and colour 
of vehicles, as well as the condition of road surfaces 
(whether they are wet or dry). Nonetheless, these factors 

are largely independent of each other. Therefore, to create 
a comprehensive model that accounts for the combined 
effects of these independent variables, it is necessary to 
consider their individual impacts.  

The influence of the light radiation pattern on VLC was 
explored in Ref. 44, in which it was suggested to use 
mathematical models to describe the radiation patterns of 
headlamps made by various companies and styles. Further-
more, in Ref. 45, the effects of different kinds of weather, 
as well as glaring reflections from the roadway and 
surrounding cars were discussed. According to the research, 
attenuation brought about by unfavourable weather 
conditions (such as thick fog) is not nearly as important as 
the propagation path loss caused by differences in distances 
of multiple vehicles. Furthermore, because various surfaces 
have a comparatively small reflectivity, the effect of 
reflections from road lighting was negligible in comparison 
to reflections form automobiles. Thus, reflections of 
neighbouring cars in adjacent paths, as well as dynamic 
characteristics of the VVLC channel in response to traffic 
changing conditions at various times of each day are the 
main subjects of this research. The impact of reflection and 
interference on the V2V-VLC route was already acknowl-
edged by earlier study. Nevertheless, although the 
existence of cars in neighbouring sectors could have a 
major impact on the degree of reflections, as well as 
interruption observed in VVLC structures, it is important to 
note that not one of the aforementioned studies included 
statistical evaluation related to this component. 

3. Motivation and unique contribution 

In the V2V-VLC link, nearby cars with very bright 
exteriors act as the closest reflective elements. Further-
more, a shot noise is additionally introduced by lighting 
sources of adjacent cars [23–25]. Nevertheless, the compo-
sition of nearby cars fluctuates with traffic flow due to the 
constantly shifting conditions of traffic which change 
throughout the day. Therefore, the authors are motivated to 
use an actual traffic measurement information to evaluate 
the effect of reflection and interference of nearby cars in 
adjacent zones and to investigate their influence upon 
V2V-VLC efficiency at various times of the day. This 
invention could prevent traffic jams, save lives, and 
contribute to the authors’ goal of building fully automated 
networked smart cities. Figure 2 illustrates the effective-
ness of the advanced communication system combining 
optical fibre networks and vehicle communication links to 
improve road safety and efficient traffic management. 

 
Fig. 2. An example of a two-lane freeway communication link between two cars. 
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Some of the primary advances made in this article can 
be summarised as follows: 
• Using traffic measurements to determine the likelihood 

of nearby cars being in neighbouring lines. This is 
expected to be crucial in determining how effective 
automotive communication technologies are. 

• Investigating LOS, as well as non-line-of-sight (NLOS) 
aspects of the V2V-VLC channel. 

• Evaluating how V2V-VLC channel efficiency in terms 
of BER and SNR is affected by varying traffic density 
in various sectors. 

4. The architecture of systems 

The receiving signal, y(t), in optical networks for 
communication may be explained in the following manner: 

 𝑦𝑦(𝑡𝑡) = 𝑥𝑥(𝑡𝑡) ∗ ℎ(𝑡𝑡) + 𝑛𝑛(𝑡𝑡), (1) 

where y(t) is the signal that has been obtained x(t), is the 
transmitted optical signal. The channel impulse response, 
or h(t), shows how the channel affects the optical signal, 
considering any attenuation, dispersion, and other channel 
properties, and n(t) denotes the amount of noise present in 
the route which can be regarded as additive white Gaussian 
noise (AWGN). 

The fundamental paradigm of optical communication is 
represented by this equation, in which the received signal 
consists of the broadcast signal plus noise and channel 
effects. Depending on the specific characteristics of the 
optical communication system and the channel circum-
stances, h(t) and n(t) can have different specific forms. The 
overall noise variance, or σT

2, in optical communication 
systems is usually the combined amount of two primary 
noise elements, shot noise (σshot

2 ) and thermal noise (σth
2 ). 

The following is the equation for the total amount of noise 
variance: 

 𝜎𝜎𝑇𝑇2 =  𝜎𝜎𝑠𝑠ℎ𝑜𝑜𝑜𝑜2 + 𝜎𝜎𝑡𝑡ℎ2 . (2) 

The amount of noise is represented by the variable σshot
2 , 

which results from the random reception of photons in the 
optical detection. It is proportional to the square root of the 
received optical power and is a key source of noise in 
optical systems for communication. The thermal noise in 
the receiver electronics is represented by the symbol σth

2 , 
which results from thermal agitation of electrons. It fre-
quently occurs independently of the received optical power 
and is commonly represented as AWGN.  

The efficiency of the optical communication system, 
containing metrics as BER and SNR, is examined using this 
formula which represents the overall noise power in the 
overall system. The features of the optical receiver, as well 
as the system as a whole architecture determine the precise 
values for σshot

2 and σth
2 . 

The formula for the thermal noise variance, σth
2

 is shown 
below: 

𝜎𝜎𝑡𝑡ℎ2 = 8𝜋𝜋𝐾𝐾B 𝑇𝑇K𝐶𝐶pd𝐴𝐴r𝐼𝐼22𝐵𝐵𝑤𝑤𝐺𝐺𝑣𝑣 + 16𝜋𝜋2𝐾𝐾B𝑇𝑇K𝛤𝛤𝐶𝐶pd2 𝐴𝐴r2𝐼𝐼3𝐵𝐵𝑤𝑤3𝑔𝑔𝑚𝑚. 

(3) 

The parameters in (3) are broken down as follows: 

KB is the Boltzmann constant, TK: temperature in 
Kelvin, or the temperature in absolute terms, Cpd is the 
photo-diode fixed capacitance over area of the unit, Ar: the 
recipient active region, I2 and I3: the band-width factors of 
noise, Bw: the band-width of noise, Gv: the amount of 
voltage gains in an open-loop, Г: the noise parameter of the 
field-effect transistor (FET) channels, and gm: the 
transconductance of FETs.  

This formula offers a thorough explanation of the 
thermal noise variance in an optical communication 
system, accounting for a number of receiver-related 
aspects, as well as photodiode and amplifier properties. In 
optical communication systems, it is a crucial part of the 
total noise variance. 

The primary causes of ambient noise (also known as 
shot noise) in V2V-VLC systems are nearby cars, artificial 
and daylight light sources. Ambient light-induced shot 
noise can be computed as follows: 

 𝜎𝜎𝑠𝑠ℎ𝑜𝑜𝑜𝑜2 = 2𝑄𝑄(𝐸𝐸𝑟𝑟 + 𝐿𝐿 ∙ 𝐸𝐸𝐼𝐼)𝛾𝛾𝐵𝐵𝑤𝑤 + 2𝑄𝑄𝐼𝐼𝑏𝑏𝑏𝑏𝐼𝐼2𝐵𝐵𝑤𝑤 , (4) 

where Q is the charge of electrons, Er: the acquired 
energy, L: the likelihood that additional cars will be in the 
nearby roadways, EI is the car interference energy for 
nearby roadways, Ibg: the light-induced current from 
surrounding generators. 

During V2V-VLC, the power received is generally a 
linear combination of the power generated by NLOS, as 
well as LOS pathways. It is calculated as follows: 

 𝐸𝐸𝑟𝑟 = 𝐸𝐸𝑇𝑇 ∗ 𝐻𝐻(0), (5) 

where ET is the transmitted energy, H(0) is the integral 
of a channel response to impulses (H(0) = ∫ h(t)dt+∞

-∞  and 
h(t) represents the DC channels gain). 

This receiver SNR may be written as follows: 

 SNR = �𝛾𝛾
2×𝐸𝐸𝑟𝑟2

𝜎𝜎2𝑇𝑇
 �, (6) 

where γ is the factor for coefficients, Er is the acquired 
energy, σ2T is the variance across all noise. 

On-off keying (OOK) modulation is widely used in 
V2V-VLC devices that make advantage of direct 
detection/intensity modulation (DD/IM) techniques. Both 
background noise and LED non-linearity distortion can be 
tolerated by using this modulation method. Using OOK 
modulation, the system BER may be computed in the 
following manner: 

 BER = 𝑄𝑄(�SNR) , (7) 

where Q(y) is the common notation in the likelihood 
theory, representing the Q-function. 

Equations (5), (6), and (7) highlight the importance of 
the DC channel gain in assessing and understanding the 
communication efficiency of V2V-VLC systems. One 
important metric that is essential to the system evaluation 
is the DC channel gain, or H(0). Its significance within 
these equations is summarised as follows: in equation (5) 
the transmitted energy (ET) and the DC channels gain 
[H(0)] are precisely proportional to the energy received 
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(Er). The DC channel gain indicates the properties of the 
channel and establishes how the optical signal is impacted 
by the medium of transmission. It plays a crucial role in 
figuring out the received power. Equation (6) is the SNR: 
the crucial indicator of the efficiency of a system for 
communication. The SNR is inversely related to the overall 
noise variance (σT

2) and impacted by the square of the 
energy received (Er

2). The energy that is received is influen-
ced by the DC channel gain H(0) and this directly impacts 
the SNR. In equation (7) the square root of the SNR defines 
the BER, the measurement of communication efficiency. 
The DC channel gain has an indirect effect on the BER 
because the SNR depends on the received power. 
A thorough comprehension of the DC channel gain is 
essential for forecasting and BER optimization. In 
conclusion, the DC channel gain H(0) is critical for 
describing the behaviour of the V2V-VLC channels, as well 
as for evaluating the communication system efficiency. 

This is a key metric for maximizing the power efficiency 
and error rate of the system and offers insightful infor-
mation about how the transmission medium affects the 
optical signal. According to Table 1 data, several statistical 
distributions have been applied to simulate other cars 
sharing adjacent lanes with two paths at particular time 
intervals (00:00–03:00, 03:00–06:00, 06:00–09:00, and 
16:00–19:00). The most common mistake: principles from 
the distribution factors are used to evaluate the quality of 
the fit for various distributions; smaller standard error 
values signify more favorable matches. The most important 
results are in Table 1. It is possible to characterise the V2V-
VLC channel gain by looking at the car headlight radiation 
patterns. Cars with close spacing and heavy traffic use low-
beam headlights. Figure 3 presents a diagram showing the 
relationship between high-beam and low-beam patterns 
projected onto the road area. Figure 3 shows the optical 
signal propagation paths that are in LOS and beyond NLOS 
between the transmitting car A and the receiving car B. 
Equation (10) gives a DC gain in the channel for 
a Lambertian source in the LOS path: 

 𝐻𝐻LOS(0) = 𝐴𝐴r(𝑚𝑚+1)
2𝜋𝜋𝜋𝜋2

 cos𝑚𝑚(𝜙𝜙).  (8) 

In this case, ϕ is the irradiance angle at the 
photodetector (PD), D is the intra-vehicular distance, and  

 𝑚𝑚 = −0.6931 ln(cos(𝛹𝛹2)) (9) 

is the Lambertian order, and Ψ2 is the electromagnetic 
radiation half-power angle. The angular distribution of the 

asymmetric radiation intensity pattern of low-beam 
illumination is illustrated by an empirical radiation simulator 
of the source used in this study that relies upon data from 
Ref. 29. Therefore, the LOS channel pathway loss (in dB) 
remains expressed in (10): 

𝑃𝑃LOS = 𝛼𝛼 + 𝛿𝛿 − 10𝛽𝛽 log10(𝐷𝐷 + 1) + 𝜔𝜔cos�2𝜋𝜋(𝜙𝜙 + 90)�.  
  (10) 

The nonlinear least square approach is used to derive 
the values of the constants (α = 695.3, δ = −717.3, 
β = 4.949, and ω = 63.13) using empirical observations of 
vehicle headlights. Equation (11) provides the channel gain 
resulting from reflectors when considering Lambertian 
diffuse reflection on the car surface. 

𝐻𝐻refl(0) =  1
2𝜋𝜋𝑟𝑟𝑗𝑗

2 ∑ 𝜌𝜌𝑁𝑁
𝐽𝐽=1  𝐻𝐻LOS𝐽𝐽(0) cos�𝜙𝜙𝐽𝐽𝑆𝑆� cos�𝛳𝛳𝐽𝐽𝑅𝑅�. (11) 

In this case, N is the entire sum of reflectors, rj is the 
length of the path from the j-th reflector to the recipient, ρ 
is the measure of reflection on the reflection surface, ϴJ

R 
equals the angle of incidence of the recipient, as well as ϕJ

S 
denotes the degree of irradiation in relation to a typical 
reflector. HLOSJ(0) symbolizes the LOS DC channel gain 
via the j-th reflector source. The energy obtained via 
reflections is represented by the following symbol:  

 𝑃𝑃refl =  𝑃𝑃𝑇𝑇  𝐿𝐿 𝐻𝐻refl(0). (12) 

In this article, the authors use traffic data to determine 
the likelihood of multiple cars sharing neighbouring paths. 
They identify the existence of cars by analysing traffic flow 
then information on road occupancy. 

In order to calculate the likelihood of several cars 
sharing the roadway, the authors first define the event “fk”. 
This event indicates that there are more cars in the k-th lane 
than there are in the left side, centre, and right roadways, 
correspondingly (k = 1, 2, or 3). If there are many vehicles 
present in the k-th lane (flow k), one assigns an amount of 
1 to event fk; alternatively, one assigns a value of 0. Next, 
one computes event Rk which indicates that there are two 
or more cars in any of the two lanes. The results are shown 
below: 

 Lane 3  =  𝑅𝑅𝑅𝑅 × (𝑂𝑂2 + 𝑂𝑂1)/2. (13) 

 Lane 2  =  𝑅𝑅𝑅𝑅 × (𝑂𝑂3 + 𝑂𝑂1)/2. (14) 

 Lane 1  =  𝑅𝑅𝑅𝑅 × (𝑂𝑂3 + 𝑂𝑂2)/2. (15) 

 
Fig. 3. Projection of lower and higher-beam patterns onto the road area. 

 

 

https://doi.org/10.24425/opelre.2024.150610


 Z. T. Yaseen, M. Alghrairi /Opto-Electronics Review 32 (2024) e150610 6 

  

Table 1.  
(a, b, c, d) Parameters of various distributions which should be able to explain L, as well as D. 

(a) 

Time Lane Distribution 

Parameters of L 
Mean value 

(m) 
μl μl 

Estimation 
error (%) 

δl δl 
Estimation 
error (%) 

00:00 – 03:00 
 

03:00 – 06:00 
 

06:00 – 09:00 

Left (1) 
Log-normal 

3.74 1.21 0.41 0.46 0.29 
Middle(2) 2.55 0.78 0.98 0.56 0.69 
Left (1) 

Nakagami 
3.7 1.56 1.8 16.2 11.67 

Middle(2) 2.6 0.94 2.0 8.7 15.7 
Left (1) 

Normal 
3.7 3.7 1.4 1.6 1 

Middle(2) 2.5 2.5 2.6 1.5 1.8 
Left (1) 

Exponential 
3.7 3.7 3.3 -- -- 

Middle(2) 2.5 2.5 4.4 -- -- 

(b) 

Time Lane Distribution 

Parameters of D 
Mean value 

(m) 
μd μd 

Estimation 
error (%) 

δd δd 
Estimation 
error (%) 

00:00 – 03:00 
 

03:00 – 06:00 
 

06:00 – 09:00 

Left (1) Log-normal 57.2 3.72 0.45 0.80 0.32 
Middle(2)  67.1 3.82 0.44 0.87 0.31 
Left (1) Nakagami 62.1 0.5 0.33 6032 4844 

Middle(2)  73.3 0.45 0.26 8770 6630 
Left (1) Normal 1 57.2 29.8 52.3 21 

Middle(2)  1.8 57.1 33.2 65.3 23.4 
Left (1) Exponential 57.5 57.5 32.7 -- -- 

Middle(2)  67.1 67.1 34.1 -- -- 

(c) 

Time Lane Distribution 

Parameters of L 
Mean value 

(m) 
μl μl 

Estimation 
error (%) 

δl δl 
Estimation 
error (%) 

16:00 – 19:00 
 

Left (1) 
Log-normal 

19.9 2.7 0.30 0.70 0.25 
Middle(2) 16.7 2.4 0.35 0.87 0.20 
Left (1) 

Nakagami 
19.3 0.73 0.38 515 262 

Middle(2) 15.9 0.58 0.28 380 205 
Left (1) 

Normal 
18.9 18.9 5.4 12.5 3.8 

Middle(2) 15.6 15.6 4.5 11.7 3.9 
Left (1) 

Exponential 
18.9 18.9 8.27 -- -- 

Middle(2) 15.6 15.6 6.4 -- -- 

(d) 

Time Lane Distribution 

Parameters of L 
Mean value 

(m) 
μd μd 

Estimation 
error (%) 

δd δd 
Estimation 
error (%) 

19:00 – 19:00 
 

Left (1) 
Log-normal 

7.8 1.35 0.45 1.18 0.31 
Middle(2) 3.9 0.81 0.42 1.05 0.29 
Left (1) 

Nakagami 
11.9 0.2 0.1 325 256 

Middle(2) 8.3 0.2 0.09 169 148 
Left (1) 

Normal 
8.6 8.6 6 15.8 4.2 

Middle(2) 5.1 5.1 4.8 11.9 3.4 
Left (1) 

Exponential 
8.6 8.6 3.27 -- -- 

Middle(2) 5.1 5.1 2 -- -- 
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The distribution of the likelihood of having vehicles 
sharing the neighbouring lanes (Lk) can then be used to 
compute the distribution characterising the likelihood of 
more cars coexisting in nearby roads. According to 
predetermined events, road occupancy percentages, and 
traffic flow data, the likelihood of several cars in adjacent 
lanes is computed. For the purpose of assessing and 
comprehending traffic situations on multi-lane roadways, 
these data are invaluable. Using the parameters listed in 
Table 2, a V2V-VLC link was simulated, and SNR and 
BER efficiency were evaluated. To evaluate how changes 
in channel loss of path during the day affect the 
communication link, the effectiveness of BER was 
assessed in relation to the transmit SNR. In VLC, it is 
customary to assess the system effectiveness by means of 
the transmit SNR, particularly in situations where the 
channel impulse response is fluctuating [33]. 

The formula for calculating the transmit SNR is as 
follows: 

 SNR𝑡𝑡[dB] =  �ϒ
2 𝐻𝐻(0)2 𝑃𝑃𝑇𝑇

2

𝜎𝜎𝑇𝑇
2 � − 10 log(𝐻𝐻(0)2). (16) 

In (16), SNRt values in dB are adjusted based on the 
consistent channel pathway loss values [24]. A transmitter 
car and a receiver car were used in the simulation; their 
intravehicular distance D changed depending on where 
they were positioned in different lanes and at different 
times of the day (as shown in Table 1). The communication 
link was affected by the presence of two potential 
reflectors/interfering vehicles (j = 1 and 2) on nearby roads 
situated at coordinates (xj, yj), as shown in Fig. 2. A well-
implemented VLC system will have a low BER indicating 
that data transmission is highly reliable. This means that the 
transmitted data are received with minimal errors. 

5. Numerical results 

Nevertheless, the authors only considered two lanes in 
their analysis – the hard shoulder was not included. When 
comparing the statistics of the two highways in this specific 
dataset, no differences were identified. Consequently, in 
order to increase each model generalization, they were 
averaged. In order to simulate the existence of other cars in 
the neighbouring roads for the two sides throughout four 
time periods – 00:00–03:00, 03:00–06:00, 06:00–09:00, as 
well as 16:00–19:00 – Table 1 gives factors for alternative 
distributions. In order to reduce estimation errors, the 

adequacy of the distribution fit is evaluated using standard 
error values associated with the distribution factors. The 
following Table 1 shows that the log-normal distribution 
has the smallest standard error values and the closest fit to 
the coexistence of other cars in neighbouring lanes when 
compared to the normal, log-normal, Nakagami, and 
exponential distributions. As a result, this distribution may 
be used to calculate the likelihood of other cars sharing the 
neighbouring paths. 

 𝑃𝑃𝐿𝐿(𝑙𝑙) =  1
𝛿𝛿𝑙𝑙√2𝜋𝜋 

 1
𝑙𝑙

 exp �− (ln(𝑙𝑙)− 𝜇𝜇𝑙𝑙 )2

2𝛿𝛿𝑙𝑙
2 �. (17) 

The numerical values for the distribution parameters μl 
and δl are given in Table 1. Figure 4 shows the fitting of the 
cumulative distribution function (CDF) curve for the 
likelihood of other cars in adjacent paths for the following 
time periods: 6:00 AM to 9:00 AM, 4:00 PM to 7:00 PM, 
and midnight to 3:00 AM. The aforementioned curves 
unequivocally show that the log-normal distribution fits the 
data nicely. The information provided in Table 1 shows 
that, for each of the paths at particular time periods, the 
likelihood of cars coexisting in adjacent lines is quite equal. 
However, there is a substantial difference in the mean 
values across the four time periods. The mean values range 
from 4.11% to 2.89% during off-peak hours and increase to 
the range from 20.9% to 15.3% during rush hours. The 
results presented here show a considerable variation in the 
likelihood numbers between peak and off-peak times, 
albeit most of these numbers do not go over 20% and 60% 
for 00:00–03:00, 03:00–06:00, 06:00–09:00, and 16:00–
19:00, respectively. 

The most significant finding is the substantial 
difference in the mean values across the four time periods. 
During off-peak hours (midnight to 3:00 AM and 3:00 AM 
to 6:00 AM), the mean values range from 4.11% to 2.89%. 
However, during rush hours (6:00 AM to 9:00 AM and 
4:00 PM to 7:00 PM), the mean values increase to the range 
from 20.9% to 15.3%. This suggests that there is a notable 
variation in the likelihood of coming across other cars in 
nearby lanes during peak and off-peak hours. The 
information indicates that there is a discernible difference 
between rush and off-peak hours in terms of the likelihood 
of running over automobiles in nearby lines. The likelihood 
numbers significantly increase during rush hours, 
suggesting a higher likelihood of coexisting with other 
vehicles in adjacent lanes during these time periods. 
Despite the fluctuation in mean values, it is observed that 
most of the aforementioned likelihood values for the 
corresponding time intervals are not above 20% during off-
peak hours, as well as 60% during rush hours. This provides 
a range within which the probability of encountering other 
vehicles decreases and can be used for planning and 
modeling purposes, and also that there is a significant 
fluctuation in the likelihood of encountering other cars in 
nearby paths between rush and off-peak hours, with a 
higher likelihood during rush hours. The log-normal 
distribution is a suitable model for describing this 
phenomenon, the likelihood that additional cars may 
coexist in the nearby paths Lk. As shown in (5), (10), and 
(11), examining inter-vehicular lengths is essential to 
dermine the channel gain and the received energy of the 
V2V-VLC link. 

Table 2. 
Simulation parameters. 

Symbol Parameter Values 

Ar Receiver area 1 · 10−4 m2 [3] 

ψc Receiver field of view 80° [3] 
ϒ Pd responsivity 0.54 A/W [39] 
ϕc Semi-angle 30° [23] 
PT Transmitted power 1W 
Bw Noise bandwidth 100 MHz [11] 
Ƿ Reflection coefficient 0.8 [3] 
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(a) 

  
(b) 

  
(c) 

  
(d) 

Fig. 4. The CDFs for other automobiles occupying the neighbouring paths during the following 
times: (a) 00:00–03:00, (b) 03:00–06:00, (c) 06:00 –09:00, and (d) 16:00–19:00. 
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Inter-vehicular distances are subject to continuous 
fluctuations, primarily driven by dynamic variations in 
traffic density throughout different times of the day and 
within different lanes. Similar to the analysis conducted for 
the authors, they used a CDF curve fitting technique to 
represent inter-vehicular ranges using exponential, log-
normal, normal, as well as Nakagami distributions. The 
presence of additional cars led to traffic density throughout 
different times of the day and within different lanes. It is 
crucial to identify the pattern of distribution which most 
closely approximates inter-vehicle distances. The mean and 
standard error estimates for four distributions in each of the 
two channels for the hours of 00:00–03:00, 03:00–06:00, 
06:00–09:00, as well as 16:30–19:30 are compiled under 
Table 1. The range of values with the lowest prediction 
error number is known as the log-normal one, as Table 1 
shows it. This finding is consistent with the findings in the 
scientific literature that has been published to date, which 
has revealed that inter-vehicle distances are closely 
approximated by the log-normal distribution [35–37]. 
Therefore, the distribution for inter-vehicular distances is 
appropriately characterised by the log-normal distribution. 

 𝑃𝑃𝐷𝐷(𝑑𝑑) =  1
𝛿𝛿𝑑𝑑√2𝜋𝜋 

 1
𝑑𝑑

 exp �− (ln(𝑑𝑑)− 𝜇𝜇𝑑𝑑 )2

2𝛿𝛿𝑑𝑑
2 �.   (18) 

Table 1 provides the distribution parameters μd and δl. 
Figure 5 illustrates the CDFs of inter-vehicular distances, 
assuming two pathways over four different time periods 
together using log-normal distribution. Intervals: 00:00–
03:00, 03:00–06:00, 06:00–09:00, and 16:00–19:00. 

The BER efficiency for LOS and NLOS components – 
which do not include the LOS signal – that are reflected 
from cars in neighbouring paths is shown in Fig. 6. The data 
show notable differences in BER efficiency between lanes. 
This is anticipated given that, as summarised in Table 1, the 
transmission distances in these paths have unique lane-
dependent average values. The left-hand lane (Lane 1) has 
the smallest transmission distance within off-peak hours 
(06:00–09:00), with a mean value of 50.2 m, while the 
right-hand lane (Lane 2) has the longest inter-vehicular 
distances (60.1 m). For a result, the pathway on the left 
(Lane 1) has the maximum SNR and the least path loss. As 
a result, this lane BER values are smaller than those of the 
right-hand lane (Lane 2). For instance, the BER values of 
the LOS link for the left-hand lane (Lane 1) and the right-
hand lane (Lane 1), accordingly, are 0.0703 and 0.0652 at 
SNR = 15 dB. Additionally, the left-hand lane (Lane 1) has 
lower BER rates of the NLOS element than the right-hand 
lane (Lane 2). For example, for SNR = 30 dB, the BER 
values of the NLOS connections are 0.69 and 0.77 for the 
left-hand lane (Lane 1) and the right-hand lane (Lane 2). 
The NLOS component adequate performance is also 
anticipated because there is a significant likelihood of 
automobiles coexisting in nearby lanes – up to 90% – 
suggesting an increased likelihood of reflection events. 
Additionally, Figure 6 demonstrates that in order to attain 
comparable BER numbers, different SNR ranges are 
needed, ranging from 35 dB during off-peak hours to 15 dB 
during rush hours. This demonstrates how channel capacity 
fluctuates and depends on traffic patterns at various times 
of each day. The graphs also analyse the BER efficiency of 

  
(a) 00:00 –03:00 (b) 03:00–06:00 

  
  

(c) 06:00–09:00 (d) 16:00–19:00 

Fig. 5. CDFs for the inter-vehicular lengths in all three paths at hourly intervals of 00:00 –03:00 (a), 03:00–06:00 (b), 
06:00–09:00 (c), and 16:00–19:00 (d) 
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the V2V-VLC system throughout the range of transmitted 
SNR numbers, from 0 to 35 dB, which is comparable to the 
results reported in Ref. 38, where the transmission distance 
was not more than 5 m and the transmitted SNR ratings 
ranged from 80 to 240 dB for an interior environment. The 
required lighting level determines the transmit SNR. A few 
examples of the variables that affect the real SNR are 
information rate, optical gain, optical filters, as well as 
transmitter and receiver technologies. Nevertheless, the 
transmitted energy is constant to satisfy lighting restrictions 
which implies that SNR at the transmitter is fixed for a 
particular system. As a result, the BER values vary with the 
transmit SNR. This is a prevalent issue in mobile 
communication networks and different methods are used to 
guarantee what is needed for transmission, including 
adaptive data rate, rate-adaptive modulation, and automatic 
gain control [39]. The SNR values at the transmitter that 
are required to attain a BER of 10−6 under a variety of 
circumstances, such as distinct paths and propagation 
pathways, are listed in Table 3. Table 3 shows that, in 
contrast to the requirements throughout rush hours, larger 
SNR values are needed to provide acceptable BER effi-
ciency during off-peak hours, regardless of whether the 
propagation path is LOS or NLOS. The mean distance 
among cars is smaller during rush hours than it is during 
late hours, which is the main cause of this disparity. 

Table 3 presents a summary of the necessary SNR 
numbers at the transmitter in the V2V-VLC system during 
different situations in order to obtain a BER of 10−6. The 
following are the main findings from Table 3. In compari-

son to rush hours, Table 3 shows that greater SNR levels 
are required to provide acceptable BER efficiency during 
off-peak hours. The main justification is that during rush 
hours, there is an average reduction in the space between 
vehicles. In other words, it is easier to maintain a depend-
able V2V-VLC connection when traffic is at its worst and 
cars are positioned closer to one another. According to 
Table 3, it is possible to communicate throughout rush 
hours via the NLOS propagation path. This is a significant 
finding since it suggests that there may be a greater chance 
of blocking the LOS path within peak traffic hours. 
Because there are fewer other cars on NLOS lanes, commu-
nication is more dependable. 

The likelihood of blocking the LOS path is substantially 
lower in the evenings than in the mornings. This suggests 
that late at night, when traffic is lower, V2V-VLC 
communication with LOS is more dependable and 
available. Additionally, the data show that during rush 
hours communication via the NLOS method is feasible. 
This is an important finding because rush hours have a 
significantly higher blocking chance for LOS. However, 
the V2V-VLC system can still function using just NLOS 
communication. LOS communication is feasible and the 
blocking chance is lower during late hours. That means that 
V2V-VLC can be used during peak and off-peak hours. 
According to the above information, a simulation was 
carried out using the settings listed in Table 2 to assess the 
BER performance of a V2V-VLC link. The following are 
the main things to remember about this simulation: SNR 
and BER were the channel quality metrics used in the 
simulation. Table 2 lists the parameters that were used in 
the simulation; these could include details about the VLC 
transmitters and receivers, as well as environmental factors 
that might have an impact on the channel quality. 
Evaluating the V2V-VLC link BER capacity was the main 
goal of the simulation. In communication systems, BER is 
an important parameter that measures how accurately data 
is transmitted. Reaching a low BER is necessary for 
dependable communication. The purpose of the simulation 
was to investigate the effects of changes in channel route 

 
Fig. 6. This two-lane V2V-VLC link BER efficiency at 06:00–09:00 to 16:00–19:00. 

 

 

Table 3.  
SNR settings required to achieve a BER of 10−6. 

Time 06:00 – 09:00 16:00 – 19:00 
Path LOS NLOS LOS NLOS 

SNR (dB) 
Lane 1 17 35 35 23 
Lane 2 27 13 35 14 
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loss at different times of the day. The typical technique for 
evaluating the system efficiency in VLC was to use the 
transmit SNR (SNR at the transmitter). SNR, a metric of 
the quality of the signal sent by the transmitter, is essential 
to assess the reliability of data delivery. The quality of the 
received signal can be affected by different channel 
impulse responses and the relationship between SNR and 
BER offers information about how well the system 
performs in these settings. The text makes reference to 
earlier research studies indicating that the simulation is 
consistent with the accepted industry standards and is a 
component of an ongoing VLC research project. In short, 
the model analysed the V2V-VLC link BER efficiency 
while taking the transmit SNR into account. The goal was 
to determine how variations in channel route loss under 
various circumstances affect the system ability to send 
information with excellent quality. 

6. Conclusions 

The paper examined how, during various periods of the 
day, varying traffic circumstances affect the efficiency of 
V2V-VLC systems on different lanes of two Malaysian 
highways. The study involved gathering information on 
traffic in order to evaluate the BER performance and 
compute average vehicle distances. The specific lane under 
consideration, as well as the traffic conditions had an 
impact on these vehicle distances. As a result, various lanes 
performance in BER were assessed while considering 
various traffic patterns and time periods. It was observed 
that, in comparison to the right paths, the leftmost lane 
consistently displayed the lowest BER during off-peak 
hours. The reason for this discrepancy is because the 
average left-lane V2V distance is 57.2 m, whereas the 
right-lane lengths are 109.8 m. In contrast, the right paths 
had lower BER values than the left lane throughout peak 
hours. This is explained by the fact that the right-hand lane 
has a far shorter average inter-vehicular distance – just 
2.48 m – than the middle and left-hand paths which have 
mean distances of 7.79 m. Because of the significant 
difference in inter-vehicle distances between rush and off-
peak hours, a much lower SNR is needed throughout rush 
hours to attain the same BER efficiency. For example, 
during rush hours, with a BER of 10−6, the SNR required 
for LOS connections in the right-hand lane is 13.7 dB, 
whereas during off-peak hours, it is 160.7 dB. Furthermore, 
a statistical modelling technique was applied in the present 
investigation to characterise the likelihood of other cars 
being in adjacent lanes, as well as the effect of their 
reflections. According to the findings, there is a 90% 
chance of other cars using adjacent paths during rush hours, 
while throughout off-peak hours that chance drops to less 
than 10%. For a result, during rush hours, there is a much 
higher chance of reflections from nearby cars. The 
effectiveness of the NLOS elements affected by these 
reflections consequently becomes noteworthy and matches 
the LOS elements. As a result, during peak hours, 
achieving a BER around 10−6 requires decreased SNR 
levels (below 70 dB). Conversely, during off-peak hours, 
when the necessary SNR values to achieve BER = 10−6 
surpass 100 dB, the importance of NLOS components 
decreases. The system effectiveness has been evaluated in 

every case based on the vehicle velocity-dependent metrics 
of SNR, BER, service coverage, and received data. The 
present research investigated the effects of changing traffic 
patterns on the performance of V2V-VLC systems on two 
separate paths of a Malaysian highway at various times of 
the day. In order to calculate average inter-vehicular 
distances and assess BER efficiency, traffic measures were 
used in the study. Both the particular lane under study and 
the traffic patterns have an impact on these inter-vehicular 
distances. As a result, the BER performance was evaluated 
for several lanes throughout various times of the day and 
conditions of traffic. In comparison to the left and right 
paths, the left-hand lane was found to have the lowest BER 
during off-peak hours. This discrepancy results in the left-
hand lane mean inter-vehicular distance of 57.2 meters, 
which is shorter than the right-hand lane and middle-hand 
lane respective distances of 67.1 and 109.8 meters. On the 
other hand, the right-hand lane had lower BER values than 
the middle and left-hand lanes during rush hours. This is 
explained by the fact that the middle and left-hand lanes 
have mean inter-vehicular distances of 3.93 and 7.79 m, 
respectively, whereas the right-hand lane mean length is 
lower at 2.48 m. In order to achieve equal BER efficiency 
during rush hours, a significantly lower necessary SNR is 
needed than during off-peak hours due to the significant 
variance in inter-vehicle distances. For instance, for rush 
hours, BER at 10−6, the necessary SNR for LOS links in the 
right-hand lane is 13.7 dB, whereas during off-peak hours, 
it is 160.7 dB. In addition, the research used a statistical 
modelling methodology to describe the likelihood of other 
automobiles occupying nearby lanes and the impact of their 
reflections. According to the research, during rush hours, 
there is an 80% chance of other vehicles coexisting in 
adjacent lanes; however, during off-peak hours, this 
likelihood decreases to less than 20%. As a result, there is 
a much higher chance of reflections from nearby cars 
throughout the morning and afternoon crowds. Conse-
quently, the performance of reflection-affected NLOS 
components becomes significant and matches that of LOS 
components. This means that lower SNR levels (less than 
70 dB) are needed during rush hours to attain a BER of 
10−6. During off-peak hours, however, the performance of 
NLOS components becomes negligible because SNR 
values above 100 dB are required to achieve BER = 10−6. 
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