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Abstract 

Vehicular Visible Light Communication (V-VLC) offers a compelling alternative communication 
technology for Intelligent Transportation Systems, leveraging its license-free spectrum, wide 
bandwidth, energy efficiency, and existing transmitters. Accurate optical channel modelling is 
essential for evaluating V-VLC feasibility and performance in vehicular environments. For this, 
accurate transmitter representations are required. Low beam headlights and daytime running 
lights are primary candidates for VLC transmitters, yet simplified light source models often lack 
photometric realism compared to actual vehicle headlights. A comparison of a Lambertian and 
a measured low-beam emission patterns reveals that Lambertian models underestimate 
communication range while overestimating mobility. A narrow beam better reflects the low beam 
irradiance but requires careful design considerations for an optimal representation. This study 
examines the differences between the source models commonly used and suggests alternative 
modelling approaches depending on the communication range.  

Keywords: e.g. Photometry, Vehicle Lighting, VLC, Channel Modelling 

1 Introduction 

Despite a downward trend in road-related fatalities, traffic incidents in 2018 were the main 
cause of death among young people/adults and rank as the 8th leading cause of mortality 
worldwide, as reported by the World Health Organization: Global Status Report On Road Safety 
2018 (WHO, 2018, Cailean and Dimian, 2017). Today, the World Health Organization reports 
that traffic incidents are still the leading cause of death among young people and adults between 
5 and 29 years old (WHO, 2023). Therefore, bolstering road safety remains paramount. 
Advanced Driver Assistance Systems, Intelligent Transportation Systems (ITS), and 
autonomous vehicles (AV) within vehicle fleets offers a significant path forward (Cailean and 
Dimian, 2017). The widespread adoption of these technologies relies on advancements in 
vehicular wireless communication. 

Within the realm of wireless communication technologies, Visible Light Communication (VLC) 
offers an interesting alternative to traditional radio frequency (RF) based communication 
systems. Unlike the licensed RF spectrum, VLC exploits an unlicensed portion of the 
electromagnetic spectrum for data transmission (Memedi and Dressler, 2020). By modulating 
light from existing sources such as streetlights or headlights, bi -directional links with data rates 
100 times larger than those offered by Wi-Fi are achievable (Van Mierlo et al., 2021, Shaaban 
et al., 2021). For vehicular applications, this technology is referred to as vehicular visible light 
communication (V-VLC). 

 

Figure 1 – Schematic overview of the V-VLC working principle. The cloud in between transmitting and 

receiving vehicle represents the optical channel model requiring more attention. 
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Figure 1 provides a schematic overview of the V-VLC topology, incorporating considerations of 
link geometry and atmospheric influences that impact communication quality between 
transmitter and receiver, as modelled through the optical channel. The feasibility and 
performance assessment of a V-VLC system begins with analysing the geometric 
characteristics of the optical channel. Paramount herein is the light source 
representation/modelling. Recent research mainly considers simplified transmitter 
characteristics: a radiating point source with a generalised Lambertian luminous intensity 
distribution (Ndjiongue and Ferreira, 2018, Memedi and Dressler, 2020). A generalised 
Lambertian distribution refers to a Luminous Intensity Distribution (LID) with a power cosine 
distribution:  

𝐼(𝐴, 𝛼) = 𝐼0 cos𝑛(𝛼)  (1) 

With 𝑰𝟎 the peak intensity along the optical axis, 𝜶 the emission angle, and 𝑨 the considered 

emission plane in an 𝑨 − 𝜶 references coordinate system (CIE 121, 1996). 𝒏 determines the 

Full Width at Half Maximum (FWHM) of the light source. The higher the value of 𝒏, the narrower 
the beam. These rotational symmetric LIDs, however, do not represent vehicle headlights 
accurately which are bound to stringent regulations in terms of beam shape.  Therefore, in this 
study the influence of having beam shapes different from a generalised Lambertian is 
investigated considering the spatial optical power distribution of the luminaires. Using a ray file 
obtained through a near field imaging luminance measurement, ray tracing simulations are 
performed capturing the optical power emitted by a low beam for a range of relevant detector 
positions. The results are compared to the point source representation of the low beam, a 
Lambertian, and narrow beam as these are most used for channel modelling purposes.  

2 Materials and methods 

This section briefly describes the current channel model practices, highlighting common trends 
and shortcomings. The according regulations relevant to vehicle lighting systems for V-VLC are 
discussed. Finally, the measurement procedure required for improved channel models is 
presented. 

 Channel models 

VLC can be modelled as a Linear Time Invariant (LTI) system (Yahia et al., 2018, Hasan et 
al., 2022):  

𝑃𝑅(𝑡)  =  𝑃𝑇(𝑡) ∗ ℎ(𝑡)  +  𝑁(𝑡)  (2) 

with 𝑃𝑅(𝑡) [W] the received optical power, 𝑃𝑇(𝑡) [W] the transmitted optical power, ℎ(𝑡) the 

channel impulse response (CIR) and 𝑁(𝑡) the detector noise. The CIR consists of both the Line-
of-Sight (LOS) and Non-Line-of-Sight (NLOS) components. In this paper, only the LOS 
component is considered to assess the geometrical attenuations of the optical channel using 
optical path losses (PLs), i.e. the decay in received signal strength during its propagation 
through free space. The PL determines the required emission power of the source and the 
sensitivity of the receiver, resulting in one of the most critical characteristics of a VLC system 
(Alsalami et al., 2021). The geometrical losses are characterised by the link geometry, 
represented by the channel Direct Current (DC) gain 𝐻(0) as the time averaged CIR 
(Ghassemlooy et al., 2019, Yahia et al., 2021). It relates the average optical power received by 
the detector to the total emitted power by the light source (Memedi and Dressler, 2020, Yahia 
et al., 2021, Shaaban and Faruque, 2020):  

𝐻(0) = ∫ ℎ(𝑡)𝑑𝑡
∞

0

=
𝑃𝑅

𝑃𝑇

 
 (3) 

The VLC channel gain in decibels represents the PLs:  

𝑃𝐿 =  −10𝑙𝑜𝑔10𝐻(0)  (5) 

The DC channel gain is mostly modelled using either an analytical or empirical approach. 
Analytical models allow to analyse the optical channel considering various influencing factors 
independently (e.g. weather conditions, inter-vehicular distance, road conditions, etc.). While 
powerful for preliminary studies, these models lack versatility because they require a functional 
representation of the light source distribution. Vehicle lights are mainly represented as a 
symmetrical Lambertian or Gaussian distribution. The analytical channel DC gain derived using 
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Eq. (1) for the LID define the geometrical losses due to a generalised Lambertian light 
distribution: 

𝐻(0) =  {
  

𝑛 + 1

2𝜋
cos𝑛(𝛼𝑠)

cos(𝛼𝑟)

𝑑2
𝐴  , 0 ≤ 𝛼𝑟 ≤ 𝛼𝑟,𝑐

0                                       , 𝛼𝑟 > 𝛼𝑟,𝑐

 

 

(6) 

 
The Field-of-View (FOV) of the detector is given by 𝛼𝑟,𝑐. Note that this approach is only valid 

for a point source radiator. 

Because the generalised Lambertian LID fails to accurately represent a low beam, and deriving 
a functional relationship representing the latter proves difficult, alternative modelling 
approaches have been explored. Empirical models, such as those by Tseng et al. (2015), 
present the most realistic channel to date. These involve either real-world testing of V-VLC 
system performance under specific conditions or the measurement of a source’s LID for 
subsequent path loss computation. However, the former present uncertainties due to external 
factors influencing the measurements, often difficult to decouple from the quantity of interest.  
Furthermore, the measurements only reflect the performance for the tested scenario, rendering 
generalisation of the results complicated. LID measurements themselves are frequently 
conducted without adherence to standard photometric procedures, such as minimum test 
distances or inclusion of relevant emission planes. Moreover, some studies incorrectly apply 
high beam headlamp data to model LBs or taillights.  
Indirect representations of the channel are derived through Monte Carlo simulations and 
Machine Learning techniques. Monte Carlo simulations use probability density functions to 
statistically model time-dependent scenarios, making them suitable for capturing the dynamic 
vehicular environment, including mobility, weather conditions, and NLOS characteristics. 
Machine learning, though still developing, holds promise for modelling complex multi -factor 
environments, particularly in end-to-end channel optimisation. However, such models require 
large volumes of high-quality training data, and the lack of transparency in experimental setups 
often hinders validation and reproducibility. 
Ray tracing simulations bridge the gap between the two approaches as the ray files stem from 
either an analytical or empirical origin. While versatile and accurate, the long computation times 
and stochastic source representation still present some challenges.  Furthermore, in the field of 
V-VLC channel modelling, the full capabilities of ray tracing simulations, allowing to capture the 
extended nature of the vehicle headlights, are still lacking.  

Regardless of the method employed, most models only consider the horizontal and vertical 
planes intersecting the photometric centre of the headlamp. This approach overlooks the 
structured distribution of regulated LBs, particularly the sharp cut-off line. In this study, various 
source models are evaluated using both analytical calculations and ray tracing-based path loss 
estimations.  

 Headlight regulations 

Commonly used light sources under typical driving conditions, namely daytime running lights 
(DRLs) and low beams, present the best candidate for a V-VLC transmitter. These sources are 
subject to specific requirements regarding mounting positions, orientations, beam patterns, and 
maximum light output which need to be considered for an improved geometric channel 
representation. UN/ECE R48 (2018) is an overarching standard governing the installation of all 
lighting devices on a vehicle. This covers the positioning and number of light sources amongst 
others. Specific regulations on the lighting quality in terms of light intensity, beam pattern, 
colour temperature, alignment, aiming and compliance testing are provided in UN/ECE R87 
(2009) and R112 (2013) for DRLs and LBs respectively. Regulation No. 128 (2018) covers the 
approval of LED light sources for a vehicular environment regarding colorimetric and 
photometric properties. Testing standards are defined as well to ensure consistency in the 
performance and safety of LED lighting. Finally, UN/ECE R149 (2021) consolidates and 
advances regulations for headlamp systems, especially with the advent of intelligent lighting 
technologies. It supersedes older regulations to harmonise and modernise requirements to 
current lighting systems. The standardised, minimal, testing distance for the intensity 
distribution of low beams is 25 m. Measuring the quality of the cut-off line is permitted at 10 m 
provided the detector aperture is modified accordingly.  
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 Headlight Measurements 

Given the limited availability of headlight beam patterns, measurements of a Hella R80 low 
beam headlight intended for right hand driving were conducted. Ray files have been generated 
from near-field (NF) measurements using a TechnoTeam RIGO 801-L Imaging Luminance 
Measurement Device (ILMD) based goniophotometer. It is equipped with an LMK 98-4 DMX4-
285 luminance camera and a Czibula & Grundmann Standard-photometer head. A calibrated 
Keithley 2425 100W SourceMeter has been used to feed a controlled current to the light 
sources. The measured ray files are imported in Lambda Research’s TracePro ray tracer for 
further manipulation. To preserve realistic simulation times, 100 million rays per light source  
are used, randomly generated from the 1 billion rays measured. Note, that ray tracing 
simulations operate on a stochastic basis, with a decreasing signal -to-noise ratio at greater 
distances due to a reduced ray density. Hence, this limits the practical simulation distance. 

 Geometrical Configuration 

The optical power is recorded at positions representing typical inter -vehicular distances on a 
three-lane roadway. The distances vary depending on the environment, such as urban, 
highway, or rural settings, and prevailing road conditions. To account for a broad spectrum of 
scenarios, distances ranging from 2 m to 50 m are considered (Al-Sallami et al., 2024, Shaaban 
and Faruque, 2020). The maximum reported lane width of 3.75 m is adopted to account for the 
widest possible lateral displacements (Liu et al., 2023, ERSO, 2018, Teodorović and 
Janić,2017). 

The transmitter and receiver surfaces are assumed to remain perfectly parallel for all relative 
positions, as shown in Figure 2 graphically representing the considered geometry . Two 
scenarios are considered: a single headlight configuration and a dual headlight configuration. 
In line with UN/ECE Regulation R48 (2018), the dual-headlight configuration assumes a 
mounting height of 700 mm and a centre-to-centre spacing of 1400 mm between two low beam 
sources. In the single-source scenario, a single LB is placed at the centre of the middle lane, 
allowing to evaluate the coverage area of an individual transmitter. The geometric centre of the 
transmitter is aligned with the centre of the middle lane. 

The receiving surface is modelled as a circular detector with a 50 mm diameter, consistent with 
the photometer used in the photometric tunnel. For each considered distance, detectors are 
arranged in a 101-by-25 grid, spanning the full roadway width in the horizontal (𝑦) direction. 

Vertically (𝑧-direction), the grid extends from the road surface (0 m) up to a height of 3 m, 
thereby capturing various potential detector positions on vehicles.  

 

Figure 2: Geometrical configuration considered between a transmitting (green) and a receiving 
vehicle (ref) on a three-lane road. The dual low beam configuration is depicted.  

 Source modelling 

Representing the transmitters as radiating point sources is computationally the most efficient. 
However, this representation is only valid from a certain distance on, referred to as the Limiting 
Photometric Distance (LPD). For distances shorter than the LPD, the point source assumption 
fails, and the extended nature of the radiating surface is to be considered  (Dotreppe et al., 
2023). 

For the vehicle low beam, the received optical power at different  detector locations is obtained 
through ray tracing simulations, accurately representing its extended nature. The optical power 
is extracted from the number of rays intersecting with the detector. Each ray carries an optical 
power equivalent to a fraction of the total luminous flux. When two low beams are considered, 
each source is assumed identical.   
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The path losses obtained through the ratio of received to total optical flux as estimated using 
ray tracing simulations are compared with the ones computed from a point source 
representation of the low beam. Furthermore, a comparison is carried out with a Lambertian 
(𝑛 =  0;  𝐹𝑊𝐻𝑀 =  60°) and narrow beam (𝑛 =  180; 𝐹𝑊𝐻𝑀 ≃ 10°) LID following Eq. (1). In this 
case, the channel DC gain is directly extracted from Eq. (6). The narrow beam FWHM is 
equivalent to the largest beam extend of the low beam, in the horizontal direction.  

Table 1 summarises the various simulation parameters employed. The peak intensity values 
are extracted from the luminous flux of the measured low beam applied to all LIDs. The peak 
intensity of the Lambertian indicates a noticeably less concentrated distribution compared to 
the LB. The narrow beam shows a closer match, yet still diverges from the real low beam.   

Table 1: Summary of the source LID characteristics 

 Low Beam  Lambertian Narrow Beam 

 Near-Field FWHM =  60° FWHM ≃ 10° 

Luminous flux [lm] 700.1 700.1 700.1 

Luminous surface diameter [mm] 90 N/A N/A 

Peak intensity [cd] 31329 222.8 20390.1 

Peak intensity plane (𝐴) [°] 1 0 0 

Peak intensity direction (𝛼) [°] -2.4 0 0 

Number of rays [-] 99904156 N/A N/A 

Sample points N/A 10000 10000 

3 Results and discussion 

The different modelling approaches for a V-VLC system are analysed in this section, first 
comparing the LIDs of the different sources, and then the associated path losses. The ray 
tracing simulations considering the low beam extended nature are taken as reference.   

 LID Comparison 

A comparison of the different considered LIDs is presented in Figure 3 as the projected relative 
illuminance on a horizontal plane at the standardised measurement distance of 25 m (UN/ECE, 
2021). A clear distinction between the generalised Lambertian profiles and the measured low 
beams is observed. The latter displays a strong cut-off line and a wider horizontal than vertical 
distribution. This is in accordance with its purpose to be illuminate the road surface, avoiding 
glare for the oncoming traffic (in this case, at the left-hand side).  

   
Figure 3: Comparison between the projected horizontal relative illuminance at 25m for a 
Lambertian source (n=0) (left), narrow beam (n = 180) (middle) and a LB (right). All sources have 
identical physical dimensions.  

Figure 4 shows the intensity profiles for four A-planes, normalised to the peak value of the 
respective intensity distributions to alleviate discrepancies due to the measurement setup. Each 
A-plane represents a vertical slice of the LID shown in Figure 3 (see CIE 121-1996). The profiles 
are presented as if an observer was looking at a car from the side. A downwards oriented 
intensity for the low beams is observed. Similar distributions shapes are observed for all 𝐴-

planes, however increasing in amplitude until a maximum is reached at 𝐴 =  1°. The intensity 

profiles then decrease, until negligible values are achieved for 𝐴 > 25°.  
The Lambertian distribution shows a rotational symmetry along the 𝛼-angles with a more 
constant profile. Only small variations in the considered range are observed owing to its 
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spherical intensity distribution following a cosine. For example, the largest intensity value for 
𝐴 = 25° is still > 90% of the peak intensity, as cos(25°) = 0.9063.  

The narrow beam also presents rotational symmetry for all 𝐴-planes yet decreases strongly in 

amplitude as the 𝐴-plane diverges from 𝐴 =  0°. For planes larger than twice the FWHM angle 
of the source, the intensity values become negligible.   

Figure 4: Comparison between the normalised NF, FF, Lambertian and narrow beam LID profiles 
for 4 different A-planes. These represent vertical slices in the profiles shown in Figure 3.  

Finally, Figure 5 shows the LID profile in a horizontal plane, at an angle 𝛼 =  −2.4° compared to 

the horizon. This represents a horizontal slice of Figure 3 at a vertical angle of −2.4°, the 𝛼-
angle for peak intensity of the NF measured low beam. The low beam exhibits a higher intensity 
value for the right-hand direction, opposite to the oncoming traffic. The other LIDs show 
rotational symmetry along the vertical plane (𝐴 =  0°). The Lambertian shows a limited variation 
of its intensity. The narrow beam does not reach its peak value, as this is located along the 
optical axis at 𝐴 =  0° and 𝛼 = 0°. Neither simplified models accurately represent the 
asymmetrical LB profile.  

 
Figure 5: Comparison between the normalised NF, FF, Lambertian and narrow beam LID profiles 
for a horizontal plane located below the horizon. This represents a horizontal slice in the profiles 
shown in Figure 3.  

This comparison indicates that, when normalised to identical peak intensities, the Lambertian 
distribution consistently overestimates the channel capacity across all emission planes. The 
narrow beam likewise overestimates the channel capacity for angles al igned with or above the 
photometric axis (𝜶  ≥  𝟎°), but underestimates it in downward directions, where the real low 
beam contributes most significantly to road illumination. Although the low beam maintains a 
relatively stable angular distribution across planes, its absolute intensity varies notably, peaking 
at 𝑨  =  𝟐° and 𝜶  =  – 𝟐. 𝟒°, before decreasing rapidly. Importantly, achieving comparable peak 
intensities using Lambertian or power-cosine LIDs would require substantially higher luminous 
flux, which would result in excessive glare for oncoming drivers , rendering such configurations 
impractical and non-compliant with vehicular lighting regulations.  

 V-VLC Path Loss Comparison 

 Extended VS Point Source Representation 

Figure 6 illustrates the evolution of the low beam intensity projected onto a vertical surface at 
increasing distances. A downward-facing, diverging beam profile is clearly observed. At short 
ranges (less than 5 m), the optical power is concentrated within  a narrow area, aligned with the 
mounting height of the source. As the distance increases, the beam diverges, illuminating a 
broader area while reducing the flux per unit area (or per pixel). Consequently, although the 
coverage area expands with distance, the transmission speed is expected to decrease due to 
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a reduced signal-to-noise ratio. Moreover, as the beam travels further, an increasing portion of 
the emitted light reaches the road surface, introducing non-line-of-sight components. 
Depending on the receiver configuration, these components may need to be considere d, as 
they can account for a significant portion of the total emitted flux.  

Precisely defining the LPD by comparing ray tracing results becomes challenging due to the 
increasing statistical error at longer evaluation distances. However, an approximate LPD can 
be inferred by computing the root mean square percentage error  (RMSPE) between ray tracing 
results and point source approximations. When the RMSPE reaches below a certain threshold 
value, the difference between using the point source approximation and the extended source 
representation becomes negligible within the threshold boundary. The RMSPE demonstrates a 
decreasing trend with distance, reaching a minimum at approximately 17 m, after which it begins 
to rise again. This suggests that a minimum distance of 17 m is required for a single LB source 
to be accurately represented as a point source. The increase in RMSPE is due to the increasing 
statistical error from a certain distance on.  

 

Figure 6: Projected intensity distribution of the low beam on vertical planes at various distances. 

Despite the above threshold distance, because the point source approximation is often applied 
for arbitrary distances a comparison between the different LB modelling approaches is 
presented for a distance of 8 m, corresponding to a typical inter-vehicle distance while driving 
(Shaaban and Faruque, 2020).  Figure 7 presents the comparison between the models using 
the path loss difference 𝐿𝑃 [dB], computed as: 

𝐿𝑃  = 𝑃𝐿𝑇𝑒𝑠𝑡 − 𝑃𝐿𝑅𝑒𝑓 =  10 log10 𝐻(0)𝑇𝑒𝑠𝑡 −  10 log10 𝐻(0)𝑅𝑒𝑓 =  10 log10 (
𝑃𝑅,𝑇𝑒𝑠𝑡

𝑃𝑅,𝑅𝑒𝑓

)  (7) 

Here, the received optical power of the low beam 𝑃𝑅,𝑅𝑒𝑓, as obtained via ray tracing simulations, 

serves as the reference. The metric 𝐿𝑃 thus quantifies the ratio of received powers.  

Using the LID to model the low beam instead of ray tracing simulations yields only minor 
deviations, primarily near the cut-off line and in regions with large optical gradients. Figure 7(a) 
reveals a peak overestimation of the former approach near the cut-off line at approximately 𝑧 ≃
0.5 m and 𝑦 ≃ 0 m, and an underestimation near the LB profile edges, with the most pronounced 

underestimation occurring around 𝑧 ≤ 0.5 m and 𝑦 ≃  ±4 m. Variations observed at the edges of 
the measurement screen can largely be attributed to the stochastic nature of the ray tracing 
simulations.   

Figure 7(d) shows the same comparison for a dual-source configuration, with the colour scale 
matched to that in 7(a) for direct comparison. Similar trends are observed, with two 
overestimation peaks corresponding to the cut-off lines of the individual sources. At the profile 
edges, an underestimation is again noted, though now at wider positions due to the lateral 
displacement of each source relative to the screen’s centre. This spatial offset increases the 
intensity at the screen’s periphery, thereby reduc ing the variation in path loss. 

Overall, a decent agreement between the models is observed. The deviations can be mainly 
attributed to the discrete and probabilistic nature of the ray tracing model. In particular, larger 
discrepancies appear at the lateral edges of the screen, where ray density is lower and 
variability is higher. These effects may be compounded by stray light captured during source 
measurements, but are primarily a result of the finite number of rays used to represent the 
emitted flux in each direction. In contrast, the LID-based model produces a smoother intensity 
profile, due to its continuous nature and the use of linear interpolation to estimate values for 
arbitrary directions.  

DOI: 10.25039/x051.2025/6q626j Proceedings of the CIE 2025 Midterm Meeting

233



 Extended Low Beam VS Lambertian Point Source 

Comparing the low beam with the Lambertian, a large discrepancy can be observed , as shown 
in Figure 7(b). The Lambertian resulted in a strong underestimation of the optical power 
received in the lower region, within a vertical region of ±4 m, where the low beam provides most 
of its illumination. At other locations, the Lambertian overestimates the optical power due to its 
wider beam divergence. At the roadway sides, the Lambertian results in an optical power up to 
100 times larger than the low beam. The dual source profile shows a similar behaviour, but the 
vertical region of underestimation is widened to 𝑦 =  ±5 m, as illustrated in Figure 7(e). This is 
because the optical power is doubled, and the spatial distribution slightly widened due to the 
source’s physical separation  

 

Figure 7: PL difference 𝑳𝑷 between the ray tracing simulated low beam and the point source 
representation of: the low beam, Lambertian and narrow beam model (top to bottom). The left 
figures are for a single source, the right figures for a dual source system.  

 Extended Low Beam VS Narrow Beam Point Source 

Figure 7(c) shows that the narrow beam source exhibits an overestimation of the received 
optical power in the vicinity of its peak intensity. However, this overestimation is confined to a 
single lane, with a sharp decline in optical power observed in adjacent lanes due to the bea m’s 
limited spread. In the region most strongly illuminated by the low beam, the narrow beam 
continues to underestimate the received power. This behaviour is illustrated in Figure 8 using 
a logical comparison. Positive 𝐿𝑃 values, indicating an overestimation of the narrow beam 
relative to the low beam, are represented as logical 1 and shown in red, while underestimations 
are denoted as logical 0 and appear in blue. The axially symmetric nature of the beam profile 
is clear, with underestimation occurring primarily in the region of high illumination produced by 
the low beam (lower central area), as well as in peripheral regions where neither source 
contributes significantly to illumination (upper corners).  

 
Figure 8: Logic comparison between the PLs of the single narrow beam and low beam source. 
When the NB overestimates the path losses of the low beam, an 𝑳𝑷 > 𝟎 is computed, and a logic 1 
is obtained, shown in red. Inversely, a logic 0 is obtained, shown in blue.  
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The dual source model results in the same observations as for the Lambertian, with a wider 
underestimation region due to the spatial separation of the sources, as depicted in Figure 7(f). 
Despite these discrepancies, the narrow beam provides a more faithful representation of the 
low beam than the Lambertian source, particularly in critical regions, where overall 𝐿𝑃 values 
are lower. Dual-source systems do not exhibit any substantial deviations from these 
observations. 

 Discussion 

From the above, it can be inferred that the concentrated emission pattern of the LB significantly 
limits the mobility of a V-VLC system when compared to a Lambertian source, which provides 
higher illuminance levels over a broader angular range. However, achieving the minimum 
intensity values specified by the UN/ECE R112 standards using a Lambertian distribution 
necessitates a substantial increase in luminous flux, which would result in intolerable glare for 
other road users. Consequently, the Lambertian source is not a realistic representation of 
vehicle headlights in practical scenarios and is therefore unsuitable for accurately modelling 
the performance of a V-VLC system. 

In contrast, the narrow beam source more closely replicates the distribution of vehicle 
headlights within a region around the low beam cut-off lines. However, as the angle deviates 
from this region, the NB strongly overestimates the received optical power around its optical 
axis. Once the limits of the illuminated area are reached, concentrated around the optical axis, 
the NB underestimates the received optical power.  This suggests that, while the NB provides a 
better local approximation compared to the Lambertian model, it still fails to offer a realistic 
representation of a VLC system using vehicle headlights as transmitters. 

To enhance the representation of the low beam using a narrow beam based model, a slight 
downward tilt of the beam can be introduced. Additionally, the beam profile should be adapted 
in both the horizontal and vertical directions to better reflect the broader horizontal spread 
characteristic of actual low beams. A two-dimensional Gaussian beam model, employing 
different exponent values for the horizontal and vertical axes, offers a promising approach. This 
refinement is expected to yield significant improvements in model accuracy without introducing 
considerable complexity. 

4 Conclusion 

For realistic and regulation-compliant V-VLC performance evaluation, simplified Lambertian or 
narrow beam models fall short. The Lambertian model significantly overestimates received 
power in peripheral regions while underestimating it near the concentrated illumination zones 
of actual low beam (LB) headlights. This leads to an overestimation of system coverage and an 
underestimation of effective communication range. 

The narrow beam model performs better, particularly near the LB cut -off region, but still 
overestimates received power along its optical axis and underestimates it elsewhere due to its 
limited spread. Moreover, achieving regulatory peak intensities with ei ther model would demand 
substantially higher luminous flux, resulting in unacceptable glare.  

In contrast, real world low beam headlights show a complex asymmetrical spatial profile, with 
sharp cut-off lines and steep intensity gradients. Accurately capturing this behaviour using 
simplified models is challenging. The most realistic representation is achieved via measured 
LIDs, provided these are applied at or beyond the limiting photometric distance, estimated 
around 17 m. At closer ranges, ray tracing simulations that account for the source's extended 
nature offer higher fidelity, though at the cost of computational complexity and increased 
variance due to their stochastic nature. 

The optimal approach thus combines ray tracing for short-range scenarios with LID-based point 
source models at longer distances. Alternatively, a modified narrow beam model with a 
downward tilt and anisotropic beam spread , wider horizontally than vertically , could provide a 
practical and more accurate solution. Furthermore, daytime running lights , which operate 
continuously and exhibit simpler radiation patterns, merit investigation as viable V -VLC 
transmitters.  
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