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ABSTRACT 

Visible light communications (VLC) have been proposed as a complementary technology in 

vehicular networks due to its several merits including high security, high scalability than RF 

technology. Notably, the RF technology established for vehicular networks best known as the 

dedicated short-range communications, supports many applications but doubts still exist on the 

capability of this technology to meet the low latency (where not more than 20 ms is required for 

pre-crash sensing and cooperative collision mitigation) and high reliability requirements in 

intelligent transport systems (ITS), when considering issues such as network outages as well as 

security issues. Of interest is the wide increase in the use of light emitting diode (LED)-based 

vehicle and traffic lights, and cameras in vehicles (rear and dashcams), traffic and security 

cameras, hence opening more opportunities for the VLC technology as part of ITS. Remarkably, 

camera-based VLC (i.e., optical camera communications) offers even further capabilities such as 

vehicle localization, motion and scene detection and pattern recognition.  

However, the VLC system has few challenges that needs addressing for the practical 

implementation of this technology as part of ITS. Consequently, this thesis focuses on addressing 

the key challenges and proposing novel technical analytical and experimental solutions. Firstly, 

increasing the robustness to sunlight induced noise is one of the major challenges in vehicular 

VLC, hence this thesis proposes an infrared (IR) transmission, as the amount of solar irradiance is 

lesser in the IR band than in the visible band. Performance of the proposed scheme is validated 

through numerical simulations with realistic emulated sunlight noise from empirical measurement.  

Investigations on the effects of turbulence with aperture averaging and fog on vehicular VLC is 

also carried out via experiments. Secondly, increasing the communication range is another major 

challenge, consequently the feasibility of using different vehicle taillights (TLs) as the VLC 

transmitter are evaluated via simulations based on empirical measurements of the radiation 

characteristics and transmit powers of the TLs. Results obtained indicate that, only a very low link 

span of < 10 m are achievable at data rates of 2-10 Mbps due to their low transmit power. Thus, 

the inclusion of IR-LEDs in headlights and TLs to provide the needed transmit power levels 

(within eye safety limits) required for longer transmission spans is proposed. Notably for the 

proposed IR-vehicular link, a link span of up to 63, 72, and > 89 m at the forward error correction 

(FEC) bit error rate (BER) limit of 3.8 × 10-3, compared to 4.5, 5.4, and 6.3 m for the BMW 

vehicle-based TL at data rates of 10, 6, and 2 Mbps are achieved under realistic sunlight conditions. 

While, to increase the communication distance of camera-based VLC links, reducing the spatial 

bandwidth of the camera in its out of focus regions is proposed, mathematically analysed, and 

experimentally demonstrated where up to a 400 m link span at a 100 % success reception rate is 

achieved at a data rate of 800 bps, which is the longest so far reported.  

Relay-assisted links are also investigated using amplify-and-forward (AF) and decode-and-

forward (DF) relaying schemes under the emulated sunlight noise. A mathematical and simulation-

based system model is developed, where different transmitter/receiver geometries are considered 

and AF and DF schemes. Results obtained via simulations shows that the DF scheme is a suitable 

candidate for vehicular VLC connectivity under emulated sunlight noise, offering at the FEC BER 

limit of 3.8 × 10-3 up to 150 % increase in the link distance by the end of the 2nd hop. Proof of 

concept experimental demonstration of AF and DF schemes for vehicular VLC are also carried 

out showing that DF is the preferred option. Moreover, insights are provided into the impact of 

various system parameters on the relay-assisted links. Finally, increasing the mobility of the 

vehicular VLC system is another major challenge, hence analysis on the required angular field of 

view (AFOV) for vehicular links considering necessary geometry parameters is investigated. 

Mathematical expressions to determine the required AFOV based on key system parameters are 

also derived. Furthermore, the relevance of the choice of the receiver parameters for an enhanced 

AFOV is also analysed, consequently a means to mitigate the effects of beam spot offset induced 

power losses at the photodiode caused by the misalignment of the transmitter and imaging receiver 

is proposed. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

The core driving force of the fifth generation (5G) and the emerging sixth generation 

(6G) and beyond wireless networks is the enlarging multi-media services, aided through 

an extensive increase in the number of Internet of things (IoT) devices.  Interestingly, 

these IoT devices will realize sophisticated services such as environmental monitoring, 

smart traffic, including autonomous driving, digital sensing, virtual reality, surveillance, 

home monitoring and automation, full high-definition video transmission in connected 

robots and drones [1-2]. It is predicted that IoT devices will reach 75 billion by the year 

2025 [3], hence the importance of the establishment of 5G/6G on multiple technologies 

to ensure a high quality of service [4-5]. The optical wireless communications (OWC) 

technology is envisioned to be part of 5G/6G and beyond wireless networks for 

deployment in applications areas where radio frequency (RF)-based technologies 

cannot be used or are limited due to security issues, insufficient bandwidth and 

electromagnetic interference. In [6], several novel concepts have been identified on the 

use of OWC in 6G, including hybrid radio-optical wireless networks, where wireless 

devices or nodes are equipped with both optical and RF interfaces. Notably, the 

distinctive features of OWC that makes it an attractive technology for 5G/6G include 

high security, large unlicensed spectrum, high safety, low cost, simplicity in 

implementation, interference free network achievable under a dense network, lower 

power consumption and non-susceptibility to RF-induced interference. Thus, the 
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coexistence of the RF and OWC technologies can effectively solve the major challenges 

of the individual RF and OWC links [7].  

The wireless exchange of traffic information between vehicles and roadside 

infrastructure, which is part of the emerging intelligent transport systems (ITS), can 

considerably improve the efficiency and road safety of transportation networks [8-11]. 

Notably, ITS involves the provision of safe driving information, which includes 

warning messages on the driving speed limits, road terrains, pedestrian crossing the 

road, etc. Thus, the provision of safe traffic information and alerts to the drivers will 

give additional capabilities for improving traffics on the roads and the quality of life. 

Presently, RF-based wireless communications technology is the established option in 

ITS [12-13], which is best known as the dedicated short-range communications 

(DSRC). DSRC supports many applications for instance, intersection collision and 

emergency braking warnings [12]. Nevertheless, some doubts remain about DSRC's 

ability to meet the low latency and high reliability requirements in ITS (see Table 1.1 

showing maximum required latencies), putting into consideration issues relating to 

network outages as well as security [14-17]. Note that, past research has shown that 

communications in the vehicular environment using the RF technology often experience 

low packet reception rate and long delays on dense roads (where the number of vehicles 

is high) [17]. For example, in [18] for the IEEE 802.11 medium access control layer for 

DSRC broadcast, the packet reception rate decreased from 1 to 0.38 and the delay 

increased from 20 to 335 ms as the vehicle density doubled to 200 vehicles/km. The 

system parameters for the latter were a data rate of 24 Mbps, bit-error-rate (BER) of 10-

4, packet rate of 10 per second and 10 packet repetitions. Also, for the RF-based 

vehicular communications within tunnels, there is the challenge of a high link 

degradation [19] where the data rate can deteriorate up to 52.4 % [20]. Notably, energy 
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efficiency is regarded as one of the most significant performance metrics for beyond 5G 

wireless communications to support enormous mobile data traffic from massive IoT 

devices and thus the green techniques are highly desirable; hence there has been several 

works in this direction [21-27] to reduce the overall power consumption of wireless 

communication system. As a result of these challenges, visible light communications 

(VLC), which is a green technology, and part of the OWC technology, using luminance 

as a medium for data transmission via light emitting diodes (LEDs), laser diodes and 

liquid crystal displays naturally emerges as an interesting and promising 

complementary technology option in 5G and beyond wireless networks and specifically 

in vehicular communications [28-32], which is the focus here.  

Table 1.1: High priority safety applications [33]  

 

Of interest is also the widespread increase in the use of LED and laser-based light 

sources in traffic infrastructures, roadside lamp posts, vehicle headlights (HLs) and 

taillights (TLs) [34-36], which offers lower dissipation of heat, longer life spans, brighter 
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illumination and switching capabilities higher than halogen bulbs adopted in the past 

[37-38], thus making the realisation of VLC possible and an attractive option in ITS. It 

is worthy of note that, the OWC technology employing LEDs produces a smaller 

collision domain [14-15], and consequently results in decreased packet losses due to 

interference, compared with the RF wireless system. Also, in cases of high vehicle 

density, VLC provides improved scalability than RF, whereby RF suffers from long 

packet delays due to channel congestion [39-40]. Fundamentally, the directionality of 

OWC is an advantage in vehicular VLC as it increases the security of the communication 

networks, reduces the possibility of eavesdropping significantly, and naturally filtering 

out surrounding nodes that are outside the field of view of the Rx or that are distant 

without the need of any protocol considerations [17]. Importantly, VLC can be used in 

a vehicular network environment for vehicle-to-vehicle (V2V), vehicle-to-

infrastructure (V2I), vehicle-to-device (V2D) and vehicle to road (V2R) 

communications, which are generally referred to as vehicle-to-everything (V2X) 

communications and further discussed in Chapter 2. Notably, vehicular VLC systems 

make use of vehicle and road light infrastructures as the optical transmitters (Txs) with 

a driver. The intensity modulated light beam from the vehicle/road light infrastructure 

propagate through the free space and is captured at the receiver (Rx) side using a 

photodiode (PD) or an image sensor (camera). Note, field programmable gate arrays 

can be used as modulation and demodulation drivers for the Tx and Rx, respectively.  

Interestingly, the vehicular VLC systems with the camera-based Rx provides further 

capabilities to the communication networks, such as the reception of information from 

multiple Txs at the same time [41], cooperative vehicle positioning alongside 

communications [41], motion and scene detection [42-43], range estimation [43], object 

and people detection [44], pattern recognition [45], etc. It is noteworthy that, the 



5 
 

vehicular VLC technology also has some challenges that needs investigating as 

highlighted in the next subsection and are discussed in detail in Chapter 2. 

1.2 Problem Statements 

1.2.1 Ambient light and weather effects on the vehicular VLC 

communication systems 

 Indoor VLC applications have been intensely investigated over the last decade 

[39,46,47]. However, outdoor applications bring added challenges and therefore need 

further investigations [48-51]. In this emerging field of vehicular communications, 

determining the performance boundaries forced by the model and size of vehicles, 

infrastructure facilities, and the real outdoor conditions such as sunlight, fog, 

atmospheric turbulence, and snow/rain, which have a significant impact on the 

performance of the link, is of paramount importance to the practical implementation of 

this technology as part of ITS.  

 Sunlight-induced noise is a major issue in vehicular VLC systems during the day, 

when the illumination levels can reach 10 mW/cm2 compared to µW/cm2 for intensity-

modulated HL and TL [50,52]. This high-level of ambient light can lead to saturation of 

the optical Rx. It is worth noting that most of the studies on vehicular VLC have not 

considered the impact of sunlight noise. Also, the presence of fog, depending on the 

density can cause significant optical distortions. In [53] up to 60% reduction in the 

achievable link span at a meteorological visibility of 10 m and target BER of 10-6 was 

reported. Moreover, the atmospheric turbulence, which causes random fluctuations in 

both the phase and amplitude of the propagating optical beam, can lead to fading and 

consequently reduced signal-to-noise ratio (SNR) [54-56]. Hence, channel modelling for 
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vehicular VLC is very crucial. Notably, little has been reported in the literature on the 

impact of atmospheric weather conditions on the performance of vehicular VLC 

systems.  

1.2.2 Communication range  

 The use of relay nodes have been suggested and studied in [57-60] to expand the 

communications range in OWC. The VLC technology has previously been applied to 

indoor communications with relatively short link spans of few metres and needs to be 

extended to satisfy vehicular communications with relatively longer link spans in the 

range of tens of metres to few hundreds, depending on the driving speed and weather 

conditions [61]. The relay-based systems have been demonstrated to be a viable tool for 

reducing channel fading over short transmission ranges in [57]. However, very little have 

also been reported on relay-assisted vehicular VLC systems. Notably, there is also the 

need to investigate the rolling shutter (RS)-based optical camera communications (OCC) 

links, which offer flicker-free transmissions and data rates higher than the camera’s 

frame rate (required for vehicular networks) but at the cost of reduced coverage distance. 

1.3 Aims and Objectives 

 The aim of this research is to carry out comprehensive mathematical analysis, model 

development and experimental investigations with respect to the system design and 

performance evaluation of vehicular VLC. The desired system should be adequate to 

mitigate the channel conditions and system limitations, consequently providing 

improved system performance. 

Therefore, the main objectives are as follows: 

1. To conduct in-depth literature review on the vehicular VLC system. 
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2. To carry out detailed mathematical analysis of vehicular VLC and evaluate 

its performance considering the sunlight induced noise. Furthermore, to 

develop a novel method to mitigate the effects of this induced sunlight noise. 

3. To develop a simulation model of the vehicular VLC system to investigate 

different vehicular VLC deployment scenarios. 

4. To develop novel schemes to enable transmission over longer distances for 

vehicular VLC/OCC. 

5. To investigate the performance of the vehicular VLC system under weather 

conditions (i.e., turbulence and fog)  

6. To investigate amplify and forward (AF) and decode and forward (DF) 

relaying schemes in a vehicular VLC system. 

1.4 Thesis Contributions 

The original contributions of this research are outlined as follows: 

1. In Chapter 3, fundamental analysis of vehicular VLC is carried out, including 

optical characterisation and performance evaluation of different vehicle TLs as 

Txs for vehicular VLC systems. Insights into the (i) required Rx’s angular field 

of view (AFOV) considering the key parameters such as the road lane and vehicle 

widths, as well as the positions of the Tx and the Rx etc.; and (ii) Tx’s coverage 

field of view, and demonstration of the AFOV of the Rx-based on varying optical 

detector sizes with varying focal lengths of lenses are provided. Based on the 

results of the performance evaluation of the TLs, a novel robust infrared (IR)-

based light communications system considering practical and realistic 

parameters is proposed to mitigate the sunlight induced noise and also increase 
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the communication distance, which are major issues in vehicular VLC. Finally, 

performance analysis of the proposed system under realistic sunlight induced 

noise from empirical measurements is carried out (see research output J5). 

2. In Chapter 4, a new technique to increase the link span of a RS-based OCC 

system is proposed. Using the proposed scheme, a long-distance OCC link of up 

to a 400 m link span at a data rate of 800 bps is demonstrated experimentally and 

the developed image processing and detection method to extract the information 

out of the received image frames is also presented (see research output J1). 

3. In Chapter 5, the performance of vehicular VLC under atmospheric turbulence 

and fog is investigated by means of experiments. Experimental investigations of 

the vehicular VLC link using a non-collimated and an incoherent light source 

(i.e., a LED) as the Tx and two different optical Rx types, i.e., a camera and a 

PD, under turbulence with aperture averaging to mitigate the effects of 

turbulence are carried out. Also, the effects of fog on camera-based vehicular 

links are experimentally investigated (see research outputs C4, C5, and J4).  

4.  In Chapter 6, performance analysis of relay-assisted vehicular VLC system with 

AF and DF schemes under realistic sunlight induced noise is investigated. For 

the first time, the effect of beam spot offsets (BSO) (the offset of the projected 

image of the light source from the lens) at the PD due to the misalignment of the 

Tx and the Rx are investigated. A novel method to mitigate the effects of BSO 

induced signal losses is also proposed (see C6 and J6). 

 



9 
 

The summary of the contributions of this thesis is graphically illustrated in Figure 1.1 

where the coloured blocks show the research works carried out (with brief descriptions 

below) and their respective Chapter locations.
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Figure 1.1: Summary of original contributions
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1.5 Thesis Structure 

This thesis is organized into seven chapters. Chapter 1 introduces vehicular VLC, its 

merits and challenges. The aims, objectives and the original contributions of this research 

are also presented.  Chapter 2 presents a detailed review of key aspects of vehicular VLC 

in terms of the current challenges in this system, such as increasing the robustness to 

noise under sunlight noise, fog, and atmospheric turbulence. Other challenges discussed 

also include increasing the communication range to meet up with typical inter vehicle 

distances and increasing the mobility of the system. This chapter also outlines possible 

solutions that have been proposed from past research works. Chapter 3 presents the 

fundamental analysis of vehicular VLC, including optical characterization of different 

vehicle TLs from popular brands. Insights are also provided into the required AFOV for 

IR/VLC considering key parameters such as the lane widths, the positioning of the Tx 

and Rx on vehicles, the size of the Tx and the vehicle widths, etc. Moreover, 

mathematical expressions to calculate the required AFOV and coverage field of view of 

vehicle lights are derived. Furthermore, solar irradiance measurements to obtain realistic 

values of sunlight induced noise is carried out, which is the major noise source for 

vehicular VLC systems during daytime and needs to be modelled accurately. Also, other 

noises impairing the vehicular IR/VLC system are outlined and taken into consideration 

in the performance analysis of vehicular IR/VLC systems carried out. The characterised 

TLs all fell short of typical communication distances in vehicular environments, 

consequently a novel vehicular IR light link is proposed to allow for long distance 

communications at high data rates. It was shown that, the proposed IR light system 

outperforms the visible light-based TLs, particularly in the presence of sunlight. Chapter 

4 presents the proposed a new technique for extending the communication distance and 
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data rates of an OCC system. A 400 m experimental link is demonstrated with 100 % 

success rate in the reception of the transmitted signal. In Chapter 5, investigations on 

turbulence and fog effects are presented. Mitigation of the effects of turbulence with the 

aperture averaging method is experimentally demonstrated for both the camera and PD 

based Rxs for vehicular VLC systems. In Chapter 6, relay assisted vehicular VLC links 

is investigated with AF and DF schemes under realistic sunlight noise. Results for 

different Tx-Rx orientations and system parameters are presented, where importantly, 

real road driving conditions are modelled, taking into consideration misalignment 

between the transmitting and receiving vehicles and their impact on the performance of 

the vehicular VLC is evaluated. A method to mitigate the degrading effect of 

misalignment conditions on vehicular VLC systems is also proposed. Finally, in Chapter 

7, conclusions are given and recommendations for future work. 
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CHAPTER 2 

OVERVIEW OF VEHICULAR 

VLC 

2.1 Introduction 

This chapter follows on the discussion in Chapter 1 on the challenges of DSRC (also 

referred to as the wireless access in vehicular environment (WAVE)) despite its several 

advantages and VLC proposed as a complementary technology for vehicular 

communications.  Notably, VLC has been proposed to address the limitations of DSRC 

owing to its several advantages which were also outlined in the previous chapter. 

Importantly, this chapter discusses the current challenges of the VLC technology and the 

possible solutions proposed in past research works. Consequently, research gaps are 

identified, and the work carried out are highlighted in the context of the major challenges 

facing VLC for vehicular communications. The use cases of DSRC for ITS are also 

outlined. 

2.2 Vehicular Communications 

 Accidents due to vehicles have been reported as one of the leading causes of death 

globally with up to an annual mortality rate of 1.35 million [62].  However, the wireless 

exchange of traffic information between vehicles, the road side infrastructure, etc., (i.e., 

ITS) can significantly improve road safety and the efficiency of transportation networks. 
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Use cases have been specified in the standards for DSRC for ITS, which are as follows 

[63]:  

▪ Traffic signal control management: This involves the collection of traffic 

information by road-side units such as along traffic junction routes, for 

management of traffic for applications like adaptive phasing of traffic lights at 

junctions. Also, road-side units can give priority to emergency vehicles such as 

fire engines and ambulances, etc. 

▪ Traffic information applications: This involves the dissemination of traffic 

information such as warning messages (of road obstructions, conditions, etc.), 

parking availability, road curve speed and stop light assistance.  

▪ Safety applications: This involves services such as intersection collision 

warning avoidance, cooperative adaptive cruise control, cooperative vehicle 

system-platooning and cooperative collision warning. 

▪ Emergency applications: Captured live videos from DSRC devices can be sent 

to control centres as supporting evidence when required. 

▪ Kiosk related services: Diagnostic data such as firmware/software updates, 

automotive repair records can be made available through a service kiosk. Other 

services such as fuel payments, etc. may also be enabled through a kiosk service. 

▪ Localisation: Location information can be provided by one or multiple road-

side units to vehicles. 

▪ Electronic packing management: This can be used for parking payment 

transactions and also vehicle access controls for private premises, etc. 

▪ Other ITS application and service: Vehicle drivers can be alerted by 

pedestrians and cyclist to slow down/drive with caution at pedestrian/cyclist 

road crossings. 
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As discussed in Chapter 1, despite the several promising and potential applications 

of DSRC, some doubts remain about its ability to meet the low latency and high 

reliability requirements in ITS. DSRC is the established RF technology option for 

vehicular communications, which uses the 5.9 GHz spectral region [50] with channels 

of 10 MHz bandwidth as specified by the IEEE 802.11p standard for wireless access in 

vehicular environments [64] to enable communication spans up to 1000 m. 

Consequently, long distance communications with RF technology will also involve long 

distance interferences, as vehicles create interferences on areas outside the target 

communication area [50], which can lead to low packet reception rates on dense roads 

[17].  Consequently, this brings concerns regarding reliability [65-70] since low latency 

and high link reliability are the key aspects in vehicular communications to provide 

drivers the needed time to react to the received information. This is especially important 

for safety applications, such as cooperative collision warning and road terrain 

information, which are time critical.  

Notably, the inter-vehicle distance is very important as shorter link spans between 

vehicles are more safety critical than link spans up to 1000 m, where the possibility of 

accidents is low. A two-second inter-vehicle distance rule is generally used to determine 

the inter-vehicle distance required, which specifies that in perfect, average and bad 

weather conditions, vehicles should be 2, 3, and 4 seconds apart [61], respectively. 

Consequently, applying this rule in [61] to a driving speed of 20 (minimum) and 80 mph 

(maximum) in perfect weather and bad weather conditions (worst case scenario), the 

inter-vehicle distance will range from 18 to 143 m. Note that, considering the latter, 

VLC links have been experimentally demonstrated within this range; for PD based links 

up to 50 m at a data rate of 11.67 kb/s [71], while camera-based links have higher link 

spans of up to 160 m [72] although at much lower data rate (50 b/s, although can be 
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significantly enhanced using the multiple input multiple output and artificial neural 

network schemes as highlighted in Chapter 4). Notably, VLC has been proposed for 

vehicular networks for V2V, V2I, V2D, V2R communications, which are commonly 

referred to as V2X communications and depicted in Figure 2.1. It is worth noting that, 

vehicles can achieve V2V communications with vehicles in their vicinity. Also, V2I 

communications can be realised with LED-based road infrastructure units such as road-

side signage, traffic lights and streetlights, while V2R communications can be 

established with vehicles and road stud lights fitted on road lanes. Another subset of 

V2X is V2D, which allows the exchange of information between vehicles and smart 

devices such as mobile phones and tablets [73]. Also, there are different 

applications/possible use cases for V2X communications, which are as follows [73]: 

▪ Cooperative Awareness: This includes applications such as emergency 

warning or forward collision warning, requiring communication with the 

direct neighbours, hence VLC can be used to exchange the messages 

between vehicles. 

▪ Cooperative Sensing/Perception: VLC can be used for cooperative sensing 

applications, which includes sharing of the sensory data or collective 

collection of sensor data to perceive a bigger picture of the driving situation. 

▪ Emergency Brake Lights: This notifies the drivers in case of sudden brakes 

by the vehicles ahead. 

▪ Intersection Assistance: This involves cases like intersection collision 

avoidance, which is used to improve the safety in intersections by providing 

the means of coordination and warning between vehicles. 
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▪ Information Query: This involves query and dissemination of information. 

In addition to V2V communications, LED/laser-based traffic signs, traffic 

lights and road lightings can be used to disseminate information. 

▪ Platooning: A major application for VLC in vehicular networks is 

platooning, which has been successfully demonstrated recently by a 

Japanese mobile communications infrastructure provider [74]. Usually in 

platooning, members are required to exchange information within regular 

intervals. Communication between vehicles can be established via VLC, 

while DSRC can be used for a broadcast message from the leader vehicle to 

the other vehicles in the platoon. This offers significantly reduced load on 

the RF channel and improved overall performance.  

As highlighted in Chapter 1, despite the several merits of the VLC technology for 

vehicular communications, some challenges also exist, hence in the subsequent sections 

the major challenges in the usage of VLC in vehicular applications are discussed. 
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Figure 2.1: Illustration of VLC applications in ITS 
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2.3 Robustness to the Noise 

2.3.1 Sunlight 

Sunlight-induced noise is a major issue in vehicular VLC systems during the 

day, when illumination levels can reach 10 mW/cm2 compared to µW/cm2 for intensity-

modulated HLs and TLs [50]. Saturation of the optical Rx can also result from high 

level of ambient light. Figure 2.2 illustrates a typical vehicular VLC link during 

daytime. It is worth noting that, most of the studies on vehicular VLC have not 

considered the impact of sunlight noise, hence this was investigated, and empirical solar 

irradiance measurements were carried out, which are part of this thesis contribution. 

Among the few works on solar irradiance is [75], where the solar irradiance's effect on 

VLC systems was evaluated in terms of BER, SNR degradation, and data rates. The 

link's efficiency was greatly improved over a short transmission span of 3 m while using 

an optical bandpass blue filter.  

Figure 2.2: A vehicular VLC link during daytime 

Tx 

Rx 

Sunlight 
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The effects of sunlight irradiance and other external light sources on vehicular 

VLC systems were investigated in [76] in terms of BER, data rates, and SNR across 

various months of the year, with and without an optical blue filter. The results showed 

a considerable improvement in the achievable data rates and average BER, for example, 

using an optical blue filter, the average BER improved from 2×10-3 to 3×10-5 in 

January. Different noise cancellation methods were also proposed, like wavelet-based 

signal processing for indoor VLC and differential Rx-based hardware. However, no 

real-time denoising has been successfully demonstrated yet experimentally owing to 

complexity as highlighted by [77], particularly for outdoor VLC with high sunlight 

noise. Moreover, a possible solution to improve the robustness to noise is to use a 

narrow AFOV Rx as experimentally verified in [71], where the SNR is significantly 

enhanced but at the expense of the mobility. Note, mobility is also a critical issue for 

vehicular VLC if the propagating beam is outside the AFOV, therefore resulting in the 

link loss. Moreover, the effect of sunlight noise on the performance of a vehicular VLC 

system at a relatively low speed of 30 km/h was examined in [77]. Note that, since the 

obtained power levels decrease with increasing transmission distance, the impact of 

sunlight noise becomes more critical as the communication distance increases, hence a 

wider range of driving speeds/communication distance needs to be investigated. Thus, 

this was considered and investigated as part of this research work with results presented 

in Chapter 3.  

2.3.2 Fog 

Weather effects such as fog and rain/snow also affect the VLC link, through a 

combination of absorption and scattering [78], impairing the communication link of 

which have been sparsely reported in literature. In [79], a point-to-point outdoor hybrid 

link, combining LED based OWC and 60 GHz technologies was demonstrated and the 
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effect of visibility limiting condition was demonstrated in terms of its effect on the 

achieved data rates over a 4.5 months period for visibility ranges of 94-20000 m based 

on an infrared LED only with a centre wavelength of 850 nm. Results obtained for the 

aggregate minimal, average and maximal data rates of the hybrid link were 230, 750 

and 880 Mbps over a 100 m link span. In [80], two fog conditions, namely light and 

heavy fog were experimentally demonstrated. However, the fog conditions considered 

did not relate to any specific visibility figures, as the density of the fog scenarios were 

not quantified. Moreover, in [53] comprehensive simulation-based investigation was 

carried out to study the effect of rain and fog on vehicle-to-vehicle links using an 

advanced ray tracing software and considering a high-beam HL and PD as the Tx and 

Rx, respectively. A path loss model in terms of transmission range was developed, with 

the link span falling from 72 to 26 m in the presence of heavy fog with a visibility of 10 

m at a target BER of 10-6 for the link employing 2-pulse amplitude modulation scheme.  

The channel coefficient for fog 𝐻fg can be obtained by applying Beer’s law [81] 

describing light absorption and scattering in a medium as: 

𝐻fg = 𝑒−𝐴fg 𝐿𝑠, (2.1) 

where 𝐿𝑠 is the link span and 𝐴fg is the fog attenuation. Beer’s law describes the 

attenuation of a light beam in the atmosphere as in [81] and visibility is usually used to 

quantify fog attenuation in optical systems. Utilizing Mie scattering model to reflect the 

attenuation, the link visibility is obtained from the fog attenuation 𝐴fg as [82]: 

   𝐴fg =
3.91

𝑉
(
𝜆

550 
)
−𝑞

, 
 (2.2) 
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where 𝜆, V, and q represent the wavelength in nm, meteorological visibility in km, and 

the distribution size of scattering particles, respectively. The latter is given by Kim’s 

model as [83]: 

𝑞 =

{
 
 

 
 

1.6                          𝑉 > 50 km
1.3           6 km < 𝑉 < 50 km

0.16𝑉 + 34        1 km < V < 6 km.
𝑉 − 0.5            0.5 km <   𝑉 < 1 km 

0                     𝑉 <  0.5 km

 

 

(2.3) 

 

The average received optical power for the line of sight (LOS) link at the Rx under clear 

weather is given by [84]: 

𝑃𝑟 = 𝑃𝑇 𝐻LOS + 𝑛(𝑡),    (2.4) 

where  𝑃𝑇  is the transmit power,  𝐻LOS is the free space channel DC gain, and 𝑛(𝑡) is 

the additive white Gaussian noise including the ambient light induced shot noise, the 

signal and dark current related shot noise sources and the thermal noise. Consequently, 

applying the channel coefficient for fog to (2.4), the average received optical power for 

the LOS link at the Rx under fog is expressed as: 

𝑃r_fog = 𝑃𝑇  𝐻LOS 𝐻fg + 𝑛(𝑡). (2.5) 

Figure 2.3 shows captured images of a vehicle TL with and without visibility limiting 

conditions.  

 
(a) 

 

 

 
      (b) 

 

 

Figure 2.3: Captured images of a vehicle TL at a distance of 7.5 m under: (a) clear 

weather, and (b) 10 m meteorological visibility 
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2.3.3 Turbulence 

Turbulence is another atmospheric effect caused by the irregularities in 

temperature and pressure along the path of propagation. This, therefore, results to 

refractive index variations, leading to phase and amplitude fluctuation of the 

propagating beam, thereby causing fading of the optical signal and consequently a 

reduction in the average SNR [54]. Figure 2.4 illustrates a wavefront before and after 

passing through a turbulent channel. In this case, the input wavefront is planar, which 

passes through a turbulent channel with different sizes of turbulent eddies [85]. 

Consequently, this leads to a distorted output wavefront resulting from the random 

changes in the refractive index along the propagation path (modelled as turbulent 

eddies).  

The refractive index structure parameter  𝐶𝑛
2 (in m-2/3) is most commonly used 

to describe the strength of turbulence, which is given by [86, 87]:  

𝐶𝑛
2 = (79 × 10−6

𝑃

𝑇2
)2𝐶𝑇

2, (2.6) 

where P denotes the pressure in millibar, T the temperature in Kelvin, and 𝐶𝑇
2  the 

temperature structure parameter, which is linked to the universal 2/3 power law of 

temperature fluctuations given as [87]: 

𝐷𝑇(𝐿𝑇) = 〈(𝑇1 − 𝑇2)
2〉 = {

𝐶𝑇
2𝐿𝑇

2

3 ,        𝑙𝑜 ≪ 𝐿𝑇 ≪ 𝐿𝑜

𝐶𝑇
2𝑙𝑜
−
4

3𝐿𝑇
2 , 0 ≪ 𝐿𝑇 ≪ 𝑙𝑜

 , 

 

(2.7) 

where  𝐷𝑇(𝐿𝑇) is the structure function of temperature,  𝐿𝑇 is the separation span 

between two points with temperatures of 𝑇1 and 𝑇2, while the inner and outer scales of 

the small temperature fluctuations are denoted by  𝑙𝑜 and 𝐿𝑜 , respectively.  
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Another important parameter, which is adopted to reflect the turbulence regime, 

is the Rytov variance 𝜎𝑅
2, which indicates the irradiance fluctuations of the optical signal 

resulting from turbulence and is given for a plane wave as [87]:  

𝜎𝑅
2 = 1.23𝐶𝑛

2𝑘
7

6𝐿𝑠
11

6 , 
(2.8) 

where the wave number 𝑘 =
2𝜋

λ
 (λ is the wavelength), 𝐿𝑠 is the link span. The turbulence 

conditions are categorized as follows based on 𝜎𝑅
2 [87]: 

i. Weak regime, 𝜎𝑅
2 < 1 

ii. Moderate regime, 𝜎𝑅
2 ~ 1 

iii. Strong regime, 𝜎𝑅
2 > 1 

iv. Saturation regime, 𝜎𝑅
2 → ∞. 

The scintillation index 𝜎𝐼
2 is also used to quantify the normalized intensity variance 

generated by turbulence and it is given by [88]: 

𝜎𝐼
2 =

〈𝐼2〉

〈𝐼〉2
− 1, 

(2.9) 

where 〈. 〉 represents the ensemble average, and I denotes the intensity of the optical 

beam at the Rx. 

Figure 2.4: Illustration of turbulence effects on the wavefront [85] 

 

Input wavefront

Output wavefront
Turbulent channel
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Among the very few reports on the studies of atmospheric turbulence in VLC is 

[89], where the effects of turbulence by means of simulations were investigated. In [89] 

the signal quality under the effects of turbulence was evaluated in terms of the SNR, 

BER and channel capacity metrics of the VLC system, and the results presented showed 

that, there was a considerable variation in the BER as a function of the turbulence 

strengths. For example, the BER at a link span of 100 m (modulation type and the data 

rate were not specified), for  𝐶𝑛
2 of 1 × 10−12 and 1 × 10−13  m-2/3 were 4 × 10−4 and 

3 × 10−8, respectively. In [90], the performance of a VLC system under the effects of 

turbulence was investigated experimentally under a controlled laboratory environment, 

but the strength of turbulence studied was not specified or characterised. Results 

presented showed a slight increase in the BER in case of turbulence, for example the 

BER for a 128-quadrature amplitude modulation format rose from 3 × 10−5 to 

~2 × 10−4. Consequently, as earlier mentioned, very little has been reported generally 

on the effect of weather conditions on VLC systems; hence this thesis also presents 

experimental based investigations carried out on turbulence and fog effects in Chapter 

5.  

Different turbulence models have been proposed to describe the probability 

density function (PDF) of the randomly fluctuating signal irradiance due to turbulence, 

however, because of the simplicity of the lognormal turbulence model, it is commonly 

used for weak to moderate turbulence regimes. Nevertheless, this model understates the 

behaviour of the irradiance fluctuations as turbulence intensity increases [87]. As a 

result, a modified Rytov theory was proposed in [87] to address large-and small-scale 

scintillations in moderate to strong turbulence conditions, in which the optical channel 

was described as a function of disturbances that result from small-and large-scale 

atmospheric effects in relation to factors that act like a modulation mechanism. This 
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model presumes that Gamma distributions direct large-and small-scale irradiance 

variations to build a PDF model of irradiance that is related to atmospheric conditions 

while remaining consistent with scintillation theory [87]. A very appropriate model as 

seen in [91-92] is the Gamma-Gamma (GG) which covers weak to strong turbulence 

regime. The PDF of the GG distribution is given by [87]: 

𝑝(𝐼) =
2(𝛼𝛽)

𝛼+𝛽
2

𝛤(𝛼)𝛤(𝛽)
𝐼
(
𝛼+𝛽
2
)−1
𝐾𝛼−𝛽(2√𝛼𝛽𝐼), 𝐼 > 0   

(2.10) 

where α and β are the effective number of large- and small-scale eddies of the scattering 

process, respectively. 𝛤(. ) and 𝐾𝛼−𝛽(. ) denotes Gamma function and the modified 

Bessel function of the 2nd kind of order (α-β), respectively. For the plane wave radiation 

at the Rx, α and β are given respectively, as [87]: 

  𝛼 = 1/(𝑒0.49𝜎𝐼
2 𝑎⁄ − 1), (2.11) 

𝛽 = 1/(𝑒0.49𝜎𝐼
2 𝑏⁄ − 1), (2.12) 

where 𝑎 = (1 + 1.11𝜎𝐼

12

5 )

7

6

 and 𝑏 =  (1 + 0.69𝜎𝐼

12

5 )

5

6

. 

Alternatively, a generalised statistical model of Malaga distribution can be used 

for modelling the irradiance fluctuations under all turbulence conditions [71]. The merit 

of this model includes a closed-form and a mathematically tractable expression for the 

fundamental channel statistics under all turbulence regimes as well as unifying most of 

the pre-existing statistical models for irradiance fluctuations [93-94]. The PDF of 

Malaga distribution is given as [94]: 
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𝑓𝐼𝛼(𝐼𝛼) = 𝐴 ∑ 𝑎𝑘′
′ 𝐼𝛼

𝛼′+𝑘′

2
−1
𝐾𝛼−𝑘′ (2√

𝛼′𝛽′𝐼𝛼
𝛾′𝛽′ + Ω′

) ,

𝛽′

𝑘′=1

 𝐼𝛼 > 0  

 

(2.13) 

where 

𝐴 ≜
2∝

′
∝′

2

𝛾
𝜆+

∝′

2 Γ(∝′)

(
𝛾′𝛽′

𝛾′𝛽′+Ω′
)
𝛽′+

∝′

2
, 

𝑎𝑘′
′ ≜ (

𝛽′ − 1

𝑘′ − 1
)
(𝛾′𝛽′ + Ω′)1−

𝑘′

2

(𝑘′ − 1)!
(
Ω′

𝛾′
)

𝑘′−1

(
𝛼′

𝛽′
)

𝑘′

2

, 

Ω′ ≜ Ω + 2𝜌𝑏0 + 2√2𝜌𝑏0Ωcos (𝜑𝐴 − 𝜑𝐵), 

(2.14) 

 

 

(2.15) 

(2.16) 

where 2𝑏0 is the average power of the total scatter components, 𝛽′ is a natural number 

representing the amount of turbulence, 𝜌(0 < 𝜌 < 1) is the amount of scattering power 

that is coupled to the LOS component, 𝛼′ is related to the effective number of large 

scale cells of the scattering process, Ω is the average power of the LOS component, 𝛾′= 

2𝑏0(𝜌 − 1), and 𝜑𝐴, 𝜑𝐵 are the LOS phases and coupled to LOS components. 

2.4 Communication Range for Automotive 

Applications 

The next challenge is to achieve long distance VLC links for automotive 

applications, i.e., increase the communication distance to meet the demands of the 

vehicular environment.  
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2.4.1 Vehicular VLC Rx configuration/type 

The communication range of PD based vehicular VLC links is usually lower 

than the camera-based links, although with higher data rates. One of the longest reported 

communication range with PD-based Rxs was in [14] achieving a 120 m span, which 

was obtained via numerical simulations considering empirical transmit power 

measurements of vehicle HL’s but without considering the effect of ambient noise, 

(which is the major noise source and challenge for vehicular VLC links) and a PD with 

relatively high sensitivity was employed. Another reported relatively long-distance PD-

based link was up to a 70 m link span at a data rate of 50 Mb/s with a vehicle’s HL as 

Tx [95], but only a low background radiation was taken into consideration. Under high 

ambient light conditions, these link spans achieved in the former and latter works above 

will drastically reduce. One simple way to extend the communication range will be to 

increase the transmit power. However, since the light wave carrier is perceptible by the 

human eyes, there are regulations that govern the beam pattern and the range of 

luminous flux of particularly HLs so as not to cause glare for other road users. 

Moreover, optical concentrators (OCs) are usually used to increase the optical power 

density at the Rx to achieve long ranges. Notably, the AFOV of the Rx reduces with 

increasing lens focal length f used at the Rx, consequently decreasing the mobility 

capability of the system as discussed in the next subsection. Hence this thesis also 

presents a comprehensive mathematically analysis on the required AFOV for vehicular 

VLC links, which is presented in Chapter 3. Note that, for camera-based links, relatively 

longer transmission ranges are obtainable, but this is limited to the frame rate of the 

camera as the size of the image of the light source projected on the image sensor (IS) 

drastically reduces as the link span increases (see Figure 2.5 for the focused image), 

thus not enabling RS based capturing, which offers higher data rates than the camera’s 
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frame rate. Notably, Figure 2.5 illustrates the drop in the diameter of the captured 

focused Tx image as the link distance increases, while that of the defocused image after 

some distance remains constant, which is obtained from empirical measurements. 

Consequently, we investigate and present original contributions in Chapter 4 to extend 

the link span and data rates of an RS-based OCC link. 

 

Figure 2.5. The normalised diameter of traffic light image with reference to the 

defocused mode versus link span 

2.4.2 The vehicle’s light characteristics 

In [93], an analytical model for BER performance as a function of 

communication span for vehicular VLC was reported using a HL beam pattern model 

and different communication geometries. It was discovered that (i) due to the 

asymmetric beam pattern of the low beam HL, there were sharp degradations in the 

BER performance distribution to the left-hand side in the vertical plane; and (ii) the 

achievable transmission link span increased when the PD and HLs heights were around 

0-0.2 and 0.66 m, respectively.  
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It is worth noting that, most vehicular VLC studies, including the 

aforementioned references, have focused on high- or low-beam HLs, which are 

commonly used at night or in low-visibility situations (i.e., rain or fog). As compared 

to the high- and low-beam lights used for road illumination, the transmit power levels 

for HLs used during daytime under clear weather conditions are relatively low, usually 

referred to as the ‘always on’ HLs/TLs. 

The optical radiation pattern of a single HL and TL was evaluated extensively 

in [96], and several vehicle mobility traces with two-dimensional positions were also 

collected. Both sets of data were combined to conduct an empirical analysis and obtain 

experimental distributions of received power for HL- and TL-based Txs. As a result of 

the large variations in radiation characteristics and transmit power levels between the 

HL and the TL, the problem of link asymmetry was discovered. It was revealed that in 

80% of the instances, the received power for the HL-based Tx was at least 22 dB higher 

than that for the TL-based Tx. The paper proposed that a new system (or protocol) 

structure be implemented to resolve the link asymmetry problem in vehicular VLC 

systems to increase data throughout. In [15], the effect of vehicle’s HL and TL 

illumination patterns on communication performances between vehicles travelling on 

the same and different lanes was investigated and a novel vehicular VLC simulation 

model based on empirical data measurements was developed. The impact of the angle 

of incidence was analysed based on the received signal power, SNR, and packet delivery 

ratio metrics, and the performance of vehicular VLC was evaluated using the 

established model. The authors indicated that using the TL, it was only possible 

to communicate with vehicles on adjacent lanes over a transmission range of up to 10 

m. From the foregoing, a robust Tx design is needed that meets the requirements of the 
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vehicular environment in terms of communications range and coverage area, which this 

research work investigates and presents original contributions in Chapter 3. 

2.4.3 Multi-hop transmission 

Furthermore, the use of relay nodes has been proposed in [97-98] to extend the 

communication range in OWC systems. In [98], relay-based systems were proven to be 

viable in mitigating channel fading over short transmission ranges using AF and DF 

relaying schemes. With a single relay at a target outage likelihood of 10-6, results 

showed an enhanced power margin of up to 12.2 dB and 18.5 dB, for the AF and DF 

schemes respectively. Moreover, in [99], a multi-user VLC system where other users 

acted as relays was introduced. For inter-vehicle communication systems, a similar 

approach using vehicles as relay nodes, where each vehicle forwards the transmission 

was proposed in [100] (see Figure 2.6, which illustrates a relay-assisted vehicular VLC 

link). In [101] a multi-hop relay maritime VLC system was proposed and in [102] a 

relay-assisted VLC system was proposed where the improvements in transmission gain 

with cooperative VLC system in comparison to direct links was presented. 

Consequently, it was shown that the link with spatial multiplexing, multi-hop 

transmission offered reduced average signal power of -59 dBm for a single hop (for a 

16 m link span) compared with -27 dBm for direct transmission (for a 12 m link span). 

In [103], the authors investigated a scenario where terminals can play a relay node role 

to extend the coverage of a VLC downlink for a single hop and multi-hop coverage 

range of 2 and 4 m, respectively. However, not much has been reported in the literature 

on relay-assisted VLC for vehicular links, thus, this thesis presents results of 

investigations carried out for relay-assisted vehicular VLC as part of its contributions 

in Chapter 6. 
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Figure 2.6: Illustration of relay-assisted vehicular VLC link 

2.5 Mobility Enhancement 

Another key challenge is to enhance the mobility of the vehicular VLC system, 

since vehicles are constantly in motion and are non-stationary, it is important that the 

vehicular VLC system’s AFOV is able to accommodate misalignment conditions. 

Importantly, the orientation of the Tx and Rx determines the system’s performance. To 

address this, in [104-105], a tracking mechanism was proposed. The system consisted 

of a narrow AFOV PD-based Rx (only 5o), a low-cost camera with a wider AFOV (20o) 

used for the detection of the emitter and motors to align the PD to the Tx [104]. This 

solution proved to be quite effective in addressing the mobility and even robustness to 

noise, however the complexity of the design limited the acceptability of this technique 
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[50]. Moreover, a similar method was proposed in [106], where instead of a camera, 

two light sensors are used to measure the ambient light power and decision was made 

by the Rx on the direction of the larger power, and to keep track of that direction. Note 

that, under intense sunlight, the signal power of the modulated light may be lower than 

the incident sunlight depending on the distance, and this may cause wrong decision in 

alignment as the system was tested in isolation without considering the effect of sunlight 

and other vehicle lights. A different approach is proposed in [107], which addresses the 

vehicular VLC mobility issue by proposing the use of a relay vehicle, where LOS link 

to a desired vehicle is not possible but could be achieved through a relay vehicle [107]. 

Furthermore, in [108], different positions for installment of PD-based Rxs such as at 

the back and sides of the vehicle were studied and the results presented, which depended 

on the geometry of the communicating cars. In [109-112], the angle diversity Rxs were 

used to create a relatively larger AFOV for the system. Notably, the camera-based Rxs 

offer higher AFOV up to 130-160 o for vehicle dashboard cameras [113] due to a 

relatively larger sensor size in combination with the use of lower f of lens values. 

Importantly, there is the need to carry out accurate channel and geometrical modelling 

and analysis to determine the optimum positioning/geometrical design for vehicular Rxs 

and the required AFOV for vehicular applications. This is to allow full mobility of the 

system, which this research work analyses and provides insights into in Chapter 3. 

2.6 Summary 

This chapter discussed in detail the major challenges of the vehicular VLC 

system, which are (i) increasing the robustness to noise, where the sunlight noise is the 

greatest noise source during daytime of which further details are presented in Chapter 

3. Atmospheric effects such as fog and turbulence were also discussed in detail; (ii) 
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increasing the communication link span; and (iii) improving the mobility. Related 

literatures were reviewed based on the outlined major vehicular VLC challenges 

including techniques that have been proposed to mitigate the challenges and what this 

thesis contributes in relation to the challenges of the vehicular VLC system. The used 

cases specified in the standards of the RF based technology for vehicular 

communications (DSRC) was also highlighted.  
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CHAPTER 3 

ANALYSIS OF VEHICULAR 

VLC AND IR WITH SUNLIGHT 

NOISE 

3.1 Introduction 

ITS depend on connectivity, cooperation, and automation of vehicles to enhance 

the transportation system's safety and performance. Achieving robust V2X connectivity 

(links) is key for the practical implementation of vehicular VLC systems in ITS that 

needs detailed investigation. In this chapter, insights into the required Rx’s AFOV 

considering key parameters such as the road lane widths, vehicle widths, as well as the 

positions of the Tx and the Rx are provided. Insights into the Tx’s coverage profile, and 

demonstration of the obtainable AFOV of the Rx based on varying optical detector sizes 

with varying f of lenses are also provided. Notably, a V2V scenario is considered here 

as it presents the greatest challenge in terms of the achievable link distance than other 

application scenarios. It is noteworthy that, most works reported on vehicular VLC are 

based on using a single light module type (i.e., one vehicle model), which may narrow 

down the conclusions drawn from the results. Moreover, most previous works have 

concentrated more on the use of HLs, which have higher transmit power than TLs. 

Therefore, in this work, four TLs from different vehicles are characterized by measuring 

their radiation patterns and PT. In addition, a link power budget analysis is preformed 
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to determine the feasibility of vehicular VLC links using these TLs as the Txs for a 

range of TL irradiance angles with respect to the vehicle’s speeds. Consequently, due 

to the very short link spans (translating to driving speeds) achievable using the TLs, the 

inclusion of IR LEDs (a unique IR-LED array) in HLs and TLs-based Txs is proposed, 

which facilitates long transmission spans at high data rates. It is shown that, the 

proposed system is highly robust under the sunlight environment, which is the main 

noise in vehicular VLC systems. In addition, the proposed scheme deals with the link 

asymmetry issue reported in [96], since both the front and rear vehicle’s Txs will have 

the same PT and radiation characteristics. This Chapter is organised as follows: 

vehicular VLC configuration analysis is presented, followed by the performance 

analysis of vehicular VLC with the characterised TLs as Txs and a PD based Rx. Noise 

analysis and the performance evaluation of the proposed IR light communication system 

are also presented and finally a summary of the Chapter is given. 

3.2 The V2V VLC Configuration Analysis 

The composition of a typical V2V VLC system is shown in Figure 3.1(a)-(c), 

which comprises of the TL-based Tx (Vehicle 1) and a PD-based Rx (Vehicle 2). For 

the purpose of illustration, only a single TL is used. Notably, the orientation of the Txs 

in relation to the Rx and their beam profiles as well as the AFOV of the Rx are very 

crucial in vehicular VLC and will determine the performance of the link. Note that, 

when an imaging lens is used at the Rx, the beam profile of the Tx does not matter much 

as since only the image of the Tx is projected onto the PD as in a camera. The channel 

DC gain of a LOS non-imaging vehicular VLC link with a non-symmetrical Tx 

radiation pattern can be expressed as: 
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Figure 3.1: Vehicular VLC configuration: (a) side view, (b) top view for perfect 

alignment scenario, and (c) top view with horizontal Tx and Rx misalignment (offset) 
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𝐻LOS =

{
  
 

  
 
𝐴PD 𝑇𝑠(𝜑hor, 𝜑ver)𝑔(𝜑hor, 𝜑ver)𝑅Tx(𝜃hor,𝜃ver)

𝐿𝑆
2 ,

0 ≤ 𝜑hor ≤ Øhor  and  0 ≤ 𝜑ver ≤ Øver

0,             𝜑hor > Øhor   or   𝜑ver > Øver

            

 

 

(3.1) 

where  𝜑ver and 𝜑hor  are the vertical and horizontal incidence angles, respectively, 

𝐴PD is the active area of the PD, 𝑅Tx(𝜃hor,𝜃ver) denotes the radiation pattern 

(normalized beam profile) of the Tx at vertical and horizontal irradiance angles 𝜃ver and 

𝜃hor, respectively,  Øver and Øhor represents the vertical and horizontal AFOV semi 

angle of the Rx, 𝐿𝑆  is the link span, 𝑔(𝜑hor, 𝜑ver) and 𝑇𝑠(𝜑hor, 𝜑ver) are the gains of 

the optical concentrator (OC) and optical filter (OF), respectively. Note, using (3.1) the 

specific radiation pattern of the Tx can be incorporated, which may not be symmetrical 

as in Lambertian radiant intensity model. The gain of a non-imaging OC (NIOC) can 

be expressed as 𝐴coll 𝐴PD⁄  [114], where 𝐴coll is the collection area of the NIOC. 

3.2.1 Analysis of horizontal/vertical semi-AFOV for V2V VLC with 

imaging OC (IOC) 

  When a convergent lens (i.e., IOC) is used at the Rx side (i.e., with a PD), as in 

a camera, an image of the Tx is captured on the PD-based sensor provided the Tx is 

within the Rx’s AFOV. It worthy of note that, NIOCs do not produce an image of the 

Tx as do IOCs. First, we analyse the required horizontal (azimuth) semi-AFOVs (HS-

AFOVs) for the Rxs 1 and 2 for the worst-case scenario, where vehicles are positioned 

at the opposite sides of the lane, see Figure 3.2. Note, for the Rxs 1 and 2 to capture a 

single Tx and or two Txs, the required HS-AFOV are 𝜑12, 𝜑22, 𝜑11, 𝜑21, respectively. 
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Figure 3.2: V2V VLC configuration showing required horizontal AFOV  

Thus, to obtain the required HS-AFOV for two vehicles travelling on the same lane, it 

is necessary to consider both the lane and vehicles’ widths as well as the locations of 

the Rx and the Tx. Therefore, the required HS-AFOV for the Rx can be expressed as: 

where 𝑤RL denotes the width of the road lane, 𝐿s−hor is the horizontal link span between 

the Tx and the Rx, 𝑤Tx, and 𝑤Rx, are the spacing between the Txs and the Rxs and, 

𝑤v−Tx and 𝑤v−Rx represents the width of the transmitting and receiving vehicles, 

respectively and 𝑙Tx is the length of the Txs (Figures 3.1 and 3.2). Note that, for the 

cases where one of the vehicles may move outside the lane, we replace 𝑤RL by 𝑤RL + 𝑥 

in (3.2) - (3.5), where 𝑥 denotes the deviation outside the lane edge. Furthermore, (3.2) 

𝜑12 = arctan(
𝑤RL − (

𝑤v−Tx −𝑤Tx
2 ) − (𝑤Tx −

𝑙Tx
2 ) − (

𝑤v−Rx − 𝑤Rx
2 ) − 𝑤Rx

𝐿s−hor
), 

𝜑22 = arctan(
𝑤RL − (

𝑤v−Tx − 𝑤Tx
2 ) − (𝑤Tx −

𝑙Tx
2 ) − (

𝑤v−Rx − 𝑤Rx
2 )

𝐿s−hor
), 

𝜑11 = arctan(
𝑤RL − (

𝑤v−Tx − 𝑤Tx
2 ) +

𝑙Tx
2 − (

𝑤v−Rx − 𝑤Rx
2 ) − 𝑤Rx

𝐿s−hor
), 

𝜑21 = arctan(
𝑤RL − (

𝑤v−Tx − 𝑤Tx
2 ) +

𝑙Tx
2 − (

𝑤v−Rx − 𝑤Rx
2 )

𝐿s−hor
). 

 

(3.2) 

 

(3.3) 

 

(3.4) 

 

(3.5) 
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- (3.5) can be applied to vehicles on separate lanes where 𝑤RL becomes 2𝑤RL or 3𝑤RL 

for situations where one of the vehicles is on the next or the next two lanes, respectively. 

The required vertical semi-AFOV (VS-AFOV) for the scenario depicted in 

Figure 3.1(a) can be expressed as: 

𝜑ver = arctan (
𝐻

𝐿s−hor
), 

(3.6) 

where the offset between the Rx’s and Tx’s vertical heights is 𝐻 = |𝐻Tx − 𝐻Rx| with 

𝐻Tx and 𝐻Rx denoting the vertical Tx and Rx heights, respectively. The required VS- 

AFOV and HS-AFOV as a function of the link distance for vehicular VLC are depicted 

in Figure 3.3, which is generated using (3.2) - (3.6) and the key parameters are listed in 

Table 3.1. Typical vehicle widths (such as saloons, hatchbacks, superminis, sport utility 

vehicles and city cars) are within the range of 1.4 - 2 m [115]. Hence a median value of 

1.7 m was selected, and assuming a realistic distance of 0.25 m from the centre of each 

Tx/Rx to the car edge, the distance between the Txs and Rxs are obtained to be 1.2 m. 

Also, a realistic lens with a low value of f (assuming same value of f for the lens diameter 

in order to maximise the optical gain) was considered in order to avoid using large optics 

with a low AFOV at the Rx side. The length of the Tx considered falls within the range 

obtained from empirical measurements for the vehicle TLs. 

From Figure 3.3, it can be seen that, HS-AFOV exponentially decays with the link 

distance (i.e., drops sharply at the beginning and continues slowly). For example, for 

the Rx2 the required HS-AFOV rises ~ 5 times as the link distance reduced from 10 to 

2 m. For the Rx1, the required HS-AFOV is lower than the Rx2 since it is closer to the 

Txs. Moreover, for VS-AFOV an exponential profile is also exhibited with higher 

values for larger 𝐻 below the link distance of 20 m. 
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Table 3.1: Key geometry parameters and simulation values 

Parameter Symbol Value 

Lane width 𝑤RL 2.5 m 

Width of Rx vehicle 𝑤v−Rx 1.7 m 

Width of Tx vehicle 𝑤v−Tx 1.7 m 

Distance between Tx1 & Tx2  𝑤Tx 1.2 m 

Distance between Rx1 & Rx2 𝑤Rx 1.2 m 

Length of Txs 𝑙Tx 0.1 m 

Horizontal link span  𝐿𝑠−hor 1-50 m 

Vertical Rx and Tx offset  𝐻 0.25- 0.75 m 

Focal lengths of lens 𝑓 25.4–50.0 mm 

PD’s surface area 𝐴PD 0.2 – ~2 cm2 

 

  

Figure 3.3: The required VS-AFOV and HS-AFOV of Rx as a function of the 𝐿s−hor  

for two vehicles on the same lane 
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Note that, increasing the vertical offset between the Rx and the Tx beyond the vertical 

AFOV of the Rx will require increasing the vertical AFOV to capture the Tx while the 

horizontal AFOV needs no adjustment and vice versa. 

3.2.2 Semi-AFOV based on the lens focal length and the PD’s size 

When an imaging convergent lens (i.e., an IOC) is used to focus light onto the 

PD’s surface to increase the received optical power density, the Rx’s semi-AFOV 

reduces, which needs investigating to meet the required semi-AFOV for vehicular 

communications, see Figure 3.4. Notably, the obtainable semi-AFOV of a Rx depends 

on 𝑓 of the lens and the PD’s dimensions 𝐷PD, which, for a circular rectilinear lens can 

be expressed as:  

ØS−AFOV = arctan (
𝐷PD
2𝑓

), 

ØS−AFOV =

{
 

 
Øhor,                       𝐷PD = 𝑤PD,

Øver,                        𝐷PD = ℎPD,

Ødiag,   𝐷PD = √ℎPD
2 + 𝑤PD

2,

 

(3.7) 

 

(3.8) 

where 𝑤PD and ℎPD denotes the width and height of the PD and Øver, Øhor, and Ødiag 

is the vertical, horizontal, and diagonal semi-AFOVs of the Rx, respectively.  

 

 

Figure 3.4: Relationship between semi-AFOV, lens focal length and the PD size 
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Figure 3.5 shows Øver or Øhor as a function of the PD’s surface area (where ℎPD =

𝑤PD) for a range of 𝑓. It can be observed that with an imaging convergent lens at the 

PD, Øhor or Øver decreases with (increase in) 𝑓 while it increases (logarithmic) with the 

PD’s surface area. 

3.2.3 Analysis of Tx’s field of view (coverage profile) 

Figure 3.6 depicts the beam coverage profile of the Tx, where 𝐿1 represents the 

horizontal distance from the Txs to the beginning of the overlapping light area between 

Txs 1 and 2, which can be expressed as:   

𝐿1 = 𝑤Tx (tan𝜃1
2⁄ −in + tan𝜃1 2⁄ −out⁄ ), (3.9) 

where 𝜃1
2⁄ −out and 𝜃1

2⁄ −in are the outer and inner half power angles of the Tx’s beam, 

respectively, see Figure 3.6. Note that, 𝜃1
2⁄ −out and 𝜃1

2⁄ −in of each Tx is the angle 

 

 

Figure 3.5: Øhor or Øver versus the PD surface area for a range of 𝑓 
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between the peak and the point on one side of the beam axis (right or left) where the 

received power is 50 % of the maximum. 𝐿2 denotes the beam length of a single Tx and 

𝐿FOV is the coverage length of both Txs beyond 𝐿1, which can be expressed as:  

𝐿2 = 𝐿s−hor (tan𝜃1
2⁄ −in + tan𝜃1 2⁄ −out) , 

(3.10) 

𝐿FOV = 𝑤Tx + 𝐿𝑠−hor (tan𝜃1
2⁄ −in + tan𝜃1 2⁄ −out). 

(3.11) 

Note that, depending on 𝜃1
2⁄ −out and 𝜃1

2⁄ −in the emitted beams from Txs 1 and 2 may 

not overlap, which in that case the coverage length is 2𝐿2 = 2𝐿𝑠−hor (tan𝜃1
2⁄ −in +

tan𝜃1
2⁄ −out). Using (3.11), the half power angle (assuming 𝜃1

2⁄ −out = 𝜃1
2⁄ −in) as a 

function of the field of view (FOV) for a range of link spans is shown in Figure 3.7, 

which displays a logarithmic increase of the Tx’s half power angle with 𝐿FOV reaching 

saturation points at ~220 and ~370 m for 𝐿𝑠−hor of 30 and 50 m, respectively.  

 

Figure 3.6: Tx’s field of view coverage 
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Figure 3.7:  Half power angle of Tx versus 𝐿FOV for a range of 𝐿s−hor 

3.3 Performance Evaluation of Vehicular VLC 

with TLs-based Txs 

Comprehensive performance evaluation of the use of HLs as Txs for data 

transmission with the given real beam patterns of different vehicle brands was reported 

in [95]. The results revealed that, the received power level improved with the 

decreasing Rx’s heights from the ground. This is because, HLs are being designed for 

road illumination and therefore points down-ward on the road surface as shown in 

Figure 3.8. Therefore, this imposes the upper bound on the maximum transmission 

distance due to the angular inclination of the light beams on the road surface and its 

asymmetrical beam pattern. Notably, most works reported on the use of TLs as the 

Txs, are based on investigations with the use of a single TL, which only defines half 

the story, therefore, narrowing the conclusions drawn from the results obtained for the 
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specific vehicle type/light model. No works have been reported on vehicular VLC 

with different TL units at the time of this investigation. Therefore, to carry out 

performance evaluation of vehicular VLC using TLs for data transmission, we 

characterise four LED-based vehicle TLs of different vehicle modules.  

3.3.1 Radiation patterns of the TLs 

  First, the radiation patterns of the TLs are measured, which defines the spatial 

intensity distribution of the emitted light from the TLs, which is important for the 

analysis of signal distribution and the coverage area is carried out. For this, a digital 

optical power meter (Thorlabs PM100D with a PD power sensor S120VC) is used to 

measure the received power levels over a reasonable fixed transmission distance of 1 m 

for a range of irradiance angle (i.e., -90o (left) to +90o (right)) of the TLs. For 

comparison, TLs from four popular vehicle brands namely: Audi A5 S5 N/S LED left 

outer TL facelift (Audi TL), BMW F30 right side outer LED O/S TL (BMW TL), 

Nissan Qashqai right side tailgate boot lid TL 26550 4EA0A model (Nissan TL) and 

Truck-DACA08712AM TL (Truck TL) are employed. Note that, for radiation pattern 

measurements, two broad measurement zones are possible: the far field and near field 

zones. The far-field zone corresponds to a distance from the light source of at least five 

 

Figure 3.8:  Vehicular VLC links using HLs as the Txs 
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times (or more) of the largest dimension of the light source, while the near field zone 

corresponds to that below the far field zone [116]. Note, in the far field region the 

measured radiant/luminous intensity is practically independent on the measuring 

distance from the light source. The illuminated surface, radiation patterns (half power 

angle) and the estimated 𝑃𝑇 of the TLs characterised are outlined in Table 3.2. As shown 

in Table 3.2, the half power angle (𝜃1
2⁄ −out and 𝜃1

2⁄ −in i.e., the outer and inner half 

power angles, respectively as illustrated in Figure 3.6) varies within the range of 10o to 

75o, with the highest and lowest number for the BMW and Truck, respectively, which 

corresponds to the wide and narrow radiation pattern as depicted in two-dimensional 

(2D) polar plots in Figure 3.9.  

 

Figure 3.9: 2D polar plots of the normalized radiation pattern of TLs from 

experimental measurements 

Table 3.2: TL parameters from empirical measurements 

 

TL           𝜽𝟏
𝟐⁄ −𝐢𝐧 (o)        𝜽𝟏

𝟐⁄ −𝐨𝐮𝐭 (
o) Illuminated 

area (cm2) 

 PT (mW) 

BMW 75 

55 

10 

27 

65 124.7 110.5 

Audi 47 46.2 39.7 

Truck 10 80.0 32.4 

Nissan 22 38.2 9.4 
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3.3.2 Link power budget analysis 

As part of the system design and implementation, a link power budget analysis 

for vehicular VLC using the four TLs units is carried out. For this, it is necessary to 

know the allowed inter-vehicle distances 𝐷𝑣 for safe driving. Typically, a “two seconds” 

rule is recommended for 𝐷𝑣, whereby a driver maintains a minimum of two seconds 

behind the vehicle in front under the good weather condition, which is doubled to four 

seconds in bad weather conditions [61] as depicted in Figure 3.10.  

Figure 3.10: The inter-vehicle distance as a function of driving speeds using the 2 

seconds driving rule 

For a given 𝑃𝑇, the receiver power is given as: 

      𝑃𝑟(dBm) = 𝐻LOS(dB) + 𝑃𝑇(dBm) − 𝐿sm(dB), (3.12) 

where 𝐿sm is the link safety margin, and 𝐻LOS is the channel DC gain for the LOS, 

which is given by: 

𝐻LOS(dB) = 10log10(𝐴PD𝑔(𝜑hor, 𝜑ver)𝑇𝑠(𝜑hor, 𝜑ver)𝑅Tx(𝜃hor,𝜃ver)/𝐷𝑣
2),     (3.13)                                                                                                
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The key parameters used for the link power budget analysis are shown in Table 3.3. The 

received power (in dBm) per Tx as a function of the vehicles’ speed for a range of 

irradiance angle [𝜃hor, 𝜃ver] of  [0o, 0o] to [20o, 0o] (left of the TL’s beam axis), for the 

case with no OC at the Rx is shown in Figure 3.11. It is revealed in Figure 3.11 that for 

the BMW TL, the maximum driving speed is 6.4 mph (i.e., 𝐷𝑣 = 5.7 m) for [𝜃hor, 𝜃ver]= 

[0o, 0o] and 𝑃𝑟 of -36 dBm (i.e., for a Rx sensitivity of -36 dBm), while for the Truck 

TL there is a steep decrease in the achievable driving speeds from 3.6 to 1.2 mph as 

[𝜃hor, 𝜃ver] increases from [0o, 0o] to [20o, 0o] due to its narrower radiation pattern. 

Note that, the Rx sensitivity of -36 dBm is a typical value chosen, which satisfies high 

speed links up to data rates of 10 Gbps at a BER <10-6 considering a PIN PD [117].  A 

summary of the achievable 𝐷𝑣 and driving speeds for the TLs under investigation are 

given in Table 3.4. Note, these attainable speeds are far below the typical recommended 

 

Figure 3.11: The horizontal irradiance angle as a function of the received power and 

driving speed for different TLs 

 

Figure 12: The horizontal irradiance angle as a function of the received power and driving speed for different TLs 
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vehicle’s speed limits, e.g., for cars, vans, motorcycle or buses a driving speed of 30, 

60, 70, and 70 mph is approved in built-up areas, single carriage ways, motorways and 

dual carriage way, respectively [118].  

Figure 3.12 shows the predicted required PT as a function of the driving speed for cases 

without and with an OC at the Rx. Note, the predicted required PT over the driving 

speeds decreases by 5.3, 8.1, and 11.2 dBm when a NIOC with the diameter 𝐷 of 25.4, 

35, and 50 mm are utilized at the PD, respectively. 

Table 3.3: Key parameters of the link power budget analysis 

Parameter Symbol Value 

Link safety margin 𝐿sm 3 dB 

Surface area of PD 𝐴PD 1.5 cm2 

TL transmit power 𝑃𝑇 9.4-110.5 mW 

Irradiance angle [𝜃hor, 𝜃ver] [0o, 0o]- [20o, 0o] 

Inter-vehicle distance 𝐷𝑣 1- ~90 m 

Diameter of NIOC 𝐷 25.4 -50.0 mm 

Vehicle speed S ~1-100 mph 

Gain of optical filter 𝑇𝑠(𝜑hor, 𝜑ver) 1 

 

Table 3.4: Summary of achievable inter-vehicle distances and driving speeds as [𝜃hor, 𝜃ver] 

increases from [0o, 0o] to [20o, 0o] 

 [𝜽𝐡𝐨𝐫, 𝜽𝐯𝐞𝐫] = [𝟎𝐨, 𝟎𝐨] [𝜽𝐡𝐨𝐫, 𝜽𝐯𝐞𝐫] = [𝟐𝟎
𝐨, 𝟎𝐨] 

TL type Speed         𝑫𝒗 

(mph)        (m) 

Speed       𝑫𝒗 

(mph)      (m) 

BMW 6.4           5.7 6.2           5.5 

Audi 4.0           3.6 3.7           3.3 

Truck 3.6           3.2 1.2           1.1 

Nissan 1.7           1.5 2.2           2.0 
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Figure 3.12: The predicted required transmit power as a function of the driving speed 

with and without a NIOC  

3.4 Noise Analysis for Vehicular IR/VLC Systems 

with PD-based Rxs 

3.4.1 Ambient noise 

In vehicular VLC, there are two major ambient light induced noise sources of 

(i) streetlights mostly at night, other vehicle lights and advertising boards; and (ii) the 

background solar radiation (sunlight), which is the main noise source during daytime. 

It is noteworthy that, the solar irradiance 𝑃solar(𝜆) varies by the time of the day and 

latitude, i.e., the position of the Sun. Moreover, its effect on the performance of 

vehicular IR/VLC system will also depend on the orientation and cardinal direction of 

the Rx. The photocurrent generated at the PD due to 𝑃solar(𝜆) is given as:  
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𝐼solar = 𝐴PD𝑔(𝜑sun)cos(𝜑sun)𝐺PD∫ 𝑃solar(𝜆)
𝜆𝑛

𝜆1

𝑇𝑓(𝜆))ℛ(𝜆)𝑑𝜆, (3.14) 

where 𝐺PD is the gain of the PD, 𝜑sun is the difference in the orientation angle between 

that of the measured 𝑃solar(𝜆) and the PD, 𝜆1 and 𝜆𝑛 are the integration limits, i.e., the 

wavelength band, where 810-890 nm and 405-690 nm are considered in this work for 

the IR and visible-based systems, respectively. The OC’s gain is represented as 

𝑔(𝜑sun), ℛ(𝜆) is the responsivity of the PD and 𝑇𝑓(𝜆) is the transmittance of the optical 

band pass filter. Note that, the daytime background radiation-induced shot noise is the 

dominant source in vehicular VLC, which can be expressed as [119-120]: 

𝜎amb
2 = 2𝑞𝑒𝐼solar𝐵, (3.15) 

where 𝑞𝑒 is the electron charge, and 𝐵 is the system bandwidth. 

3.4.2 Thermal and shot noise sources  

 Thermal noise is generated due to the random motion of charge carriers [77] and 

its variance is given as [120,121]: 

𝜎thermal
2 =

4𝑘𝑏𝑇𝐾𝐵

𝑅𝐿
, 

(3.16) 

where 𝑘𝑏 is Boltzmann’s constant, 𝑇𝐾 is the absolute temperature in Kelvin, and 𝑅𝐿 is 

the load resistance. 

 Notably, the photodetection process is discrete in nature and results in the signal-

dependent shot noise at the PD [117,122], with the variance given as [117]:  

𝜎shot−rs
2 = 2𝑞𝑒ℛ(𝜆)𝑃𝑟𝐵. (3.17) 

In addition, the PD’s dark current noise variance is given as [120]:  
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𝜎dk
2 = 2𝑞𝑒𝐼dk𝐵, (3.18) 

where 𝐼dk is the dark current.  

  The total noise variance is then given as: 

𝜎𝑇
2 = 𝜎amb

2 + 𝜎thermal
2 + 𝜎shot−rs

2 + 𝜎dk
2 . (3.19) 

3.4.3 Performance evaluation metrics 

 Intensity modulation direct detection (IM/DD) is a widely adopted cost-

effective scheme in optical fibre and OWC systems, where the intensity of the emitted 

light from the Tx is used to convey the information bits. Consequently, in the direct 

detection scheme, no local oscillator is required [123]. Note, in this thesis, IM/DD 

scheme with on off keying (OOK) (because of its simplicity) and a PD based Rx 

(Hamamatsu S6968) was adopted. The received optical power is calculated (i.e., 

considering a single Tx) and the noise variances ambient, thermal, signal, and dark 

current shot noises are obtained using (3.12), (3.14) - (3.18). Notably, the system’s 

bandwidth is determined primarily by the low pass filter characteristic of the Rx, which 

can be expressed as 𝐵 = 𝑅𝑏/2, where 𝑅𝑏 is the data rate [121]. Thus, for the additive 

white Gaussian noise channel, the SNR at the Rx is given by [84]: 

SNR =
(ℛ(𝜆)𝑃𝑟)

2

𝜎𝑇
2 . 

(3.20) 

Thus, the BER is then given as [84]: 

BER = 𝑄(√SNR), (3.21) 

where 𝑄(𝑥) is the 𝑄-function used for the computation of the tail probability of the 

standard Gaussian distribution given by [84]: 
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𝑄(𝑥) =
1

√2𝜋
∫ 𝑒

−𝑦2

2 𝑑𝑦
∞

𝑥

. 
(3.22) 

3.5 Performance Analysis of the Proposed IR 

Light Communications System  

An array of IR-LED (Osram SFH 4715AS) is used with a symmetrical beam 

pattern and no angular inclination towards the road surface as the vehicle IR-light Txs 

in order to meet the driving speed (i.e., typical inter-vehicle distances) requirements. 

First, the received power per Tx over driving speeds for a range of 𝐷 by numerical 

simulations using (3.12) and (3.13) is shown. Note, (i) only LOS is considered since the 

Tx is a symmetrical light source with no angular inclination towards the road, thus with 

no significant reflections from the road surface; and (ii) the transmit optical power level 

must meet the IEC 62471/2006 emission limits for eye safety, which specifies emission 

limit of 100 W/m2 [124], whereas the proposed system in this work has a maximum of 

5.92 W/m2 (for the two front/rear Txs) at a 1 m distance from the Txs (considering that 

𝐷𝑣 would not be less than 1 m). Table 3.5 outlines the key system parameters employed. 
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Table 3.5: Key system parameters 

Importantly, ensuring link robustness under strong ambient light is the greatest 

challenge in vehicular VLC systems. Therefore, an IR based light communications link 

is proposed to mitigate this challenge for the following reasons: (i) Solar irradiance in 

the IR band is much lower than the visible band, which results in the improved SNR 

performance. For example, from Figure 3.13 (data source from [125]), in the IR region 

at the wavelength of 850 nm, the solar irradiance is 50 % less in comparison to the 

Parameter Symbol Value 

Active area of PD (Rx)  𝐴PD 1.5 cm2 

Peak wavelength of LED 𝜆 860 nm 

Inter-vehicle distance  𝐷𝑣 1- ~90 m 

Absolute temperature 𝑇𝐾 298 K 

System bandwidth 𝐵 1-5 MHz 

Responsivity of PD at 850nm & 640 nm (i.e., for IR-

LED & BMW TL, respectively) 

ℛ(𝜆) 0.63 & 0.44 A/W 

Solar irradiance 𝑃solar(𝜆) 413.77 W/m2 

Load resistance 𝑅𝐿 50 Ohms 

Maximum PD dark current 𝐼dk 5 nA 

Transmission coefficient of filter 𝑇𝑓(𝜆) 1 

Vehicle speed  2- 100 mph 

Half power angle of IR-LED  ±45o 

Transmit power per IR-LED  1.34 W 

Number of LEDs per Tx  7 

PD model (Hamamatsu (Si PIN))  S6968 

LED model (Osram)  SFH 4715AS 

IR bandpass filter model (Thorlabs)  FB850-40 

Visible bandpass filter (MidOpt)  BP550 
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wavelength of 480 nm in the visible light region; and (ii) the integration of IR-LEDs 

will help to meet the required transmit power level (within safety limits) needed for 

longer distance transmissions, where the TLs would not be able to offer, as 

demonstrated in Section 3.3. It is worth noting that, the high or low beam HLs, which 

have higher transmit powers than TLs are only used at night or when the visibility is 

low due to heavy rain, fog, snow etc., thus imposing limitation in vehicular VLC 

systems. The proposed work overcomes these limitations and issues by introducing the 

utilization of IR-LEDs in addition to TLs and HLs, to always ensure link availability 

and be on when data is being transmitted unnoticeable to the human eyes. In addition, 

there are other merits of IR-LEDs such as (i) higher electrical-to-optical conversion 

efficiency than the visible blue LED-based white light sources [126]; and (ii) the 3 dB 

bandwidth of IR-LEDs are higher than the white LEDs, which is well known [126]. 

 

Figure 3.13: Normalized solar irradiance as a function of wavelength 

 Figure 3.14 shows the plots of the received power as a function of the driving 

speed for the case without and with an OC at the Rx. It can be noticed that the received 
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power decreases and increases with the driving speed and 𝐷, respectively. For example, 

the driving speeds are ~100 and 60 mph at 𝑃𝑟 of -36 dBm with a NIOC of 𝐷 = 25.4 mm 

and without, respectively. Notably, the received power increases by 5.3, 8.1, and 11.2 

dBm with the utilization of a NIOC with 𝐷 of 25.4, 35, and 50 mm, respectively. 

 

Figure 3.14: Received power as a function of the driving speeds with and without a 

NIOC at the Rx 

 Figure 3.15 depicts the predicted BER performance versus the driving speed for 

the proposed IR light communications system using IR-LEDs and the BMW TL (chosen 

because it has the highest 𝑃𝑇 among the four TLs characterized) for a range of data rates 

via numerical simulations using (3.14) - (3.22). Here we have considered NIOC with 𝐷 

of 25.4 mm, 𝑃solar of 413.77 W/m2 and a narrow bandpass filter (Thorlabs FB850-40) 

at the Rx. A solar power meter (ISO-TECH ISM410) was used to measure the solar 

irradiances (wavelength range of 400-1100 nm) at the various positions with respect to 

the Sun. 𝑃solar(𝜆) for the direction with the highest average value (measured on a Sunny 

day at Blakelaw in the city of Newcastle, UK, N 54o59’44’’ W 1o39’52’’ in April 2020) 
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is utilised in the simulations. Note, the 𝑃solar(𝜆) value over the IR and visible 

wavelength ranges mentioned in Section 3.4.1 is obtained from the empirical 

measurement value using (3.14) with respect to the wavelength solar irradiance 

distribution data from [125]. Note, the Rx is located on the receiving vehicle, such that 

it points towards vehicles on the road with no vertical or horizontal tilting angle. 

 As can be seen from Figure 3.15, the BMW TL does not meet typical driving 

speeds limits (i.e., inter-vehicle link spans) due to low PT. Note, only driving speeds of 

5, ~6, and 7 mph (translating to a 𝐿𝑆 of 4.5, 5.4, and 6.3 m, respectively) are attainable 

at 𝑅𝑏 of 10, 6, and 2 Mbps, respectively, at the FEC BER limit of 3.8 ×10-3. 

Nevertheless, the proposed system with the IR-LEDs offers driving speeds of 70, 80, 

and >100 mph (translating to a 𝐿𝑆  63, 72 and >89 m) at 𝑅𝑏 of 10, 6, and 2 Mbps, 

respectively under the same conditions and a high ambient light level. Note, a steep 

increase in the BER with respect to the driving speed up to ~ 90, ~70, and ~60 mph for 

the links with 𝑅𝑏 of 2, 6 and 10 Mbps, respectively. For example, at 𝑅𝑏 of 10 Mbps the 

BER values are 8.0×10-8 and 3.8×10-3 for the driving speed of 50 and ~70 mph, 

respectively. This is because, the received power level reduced by ~50 % (i.e., to 0.6 

µW (-32.2 dBm) from 1.2 µW (-29.2 dBm) due to the increase in the driving speed, 

translating to the increased link span i.e., inter-vehicle distance).  

Besides, to show the impact of the sunlight noise on the link performance, the BER for 

BMW TL and the proposed IR light communications system are investigated by 

considering all noise sources as in (3.19) without the (i) signal dependent shot noise 

𝜎shot−rs
2 ; and (ii) sunlight noise 𝜎amb

2 ; as depicted in Figure 3.15. For example, for the 

proposed IR light communications system, the BER at a driving speed of 90 mph with 

and without 𝜎amb
2  are 5.3 ×10-2 and 5.5 × 10-9, respectively. For the link using BMW 
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TL, the BER at the speed of 8 mph with and without 𝜎amb
2  are 1.7 ×10-1 and 1.3 ×10-9, 

respectively, showing the high degrading impact of the sunlight induced shot noise on 

the performance of the vehicular links. As illustrated in Figure 3.15, 𝜎shot−rs
2  has 

insignificant impact on the BER performance in comparison to 𝜎amb
2 .  

Figure 3.15: The BER performance against the driving speed for a range of Rb for the 

proposed vehicular IR light communications system 

3.6 Summary 

 A performance evaluation study was conducted on the use of various vehicle 

TLs as Txs for vehicular VLC systems. The findings revealed that the radiation 

characteristics and PT for different vehicle TLs are not the same, which impacts the 

coverage area, communication distance and signal distribution, which are important 

factors in the practical implementation of vehicular VLC as part of ITS. Furthermore, 
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the characterised TLs all fell short of typical communication distances in vehicular 

environments, consequently the incorporation of IR-LEDs in vehicle HLs and TLs to 

meet the typical communication link spans required in vehicular environments. It was 

shown that the proposed IR light communications system outperforms the visible light-

based TLs, particularly in the presence of sunlight. It was demonstrated that the 

proposed IR light communications could achieve transmission distances of 63, 72, and 

>89 m at the target FEC BER limit of 3.8 x 10-3, compared to 4.5, 5.4, and 6.3 m for the 

BMW vehicle-based TL at data rates of 10, 6, and 2 Mbps, respectively under realistic 

ambient light conditions. Furthermore, since both the front and rear vehicle's Txs will 

have the same PT and radiation characteristics, the proposed scheme addresses the link 

asymmetry highlighted in literature and discussed in Section 2.4.2. Furthermore, based 

on the road lane width and the locations of the Txs and Rxs on vehicles, the maximum 

HS-AFOV and VS-AFOV needed for vehicles travelling on the same lane are analysed 

and insights were also provided for the required AFOV’s for communication of vehicles 

on other lanes (with an imaging-based OC at the Rx). 
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CHAPTER 4 

LONG DISTANCE ROLLING 

SHUTTER-BASED OCC FOR 

ITS 

4.1 Introduction 

While relaying is vital to extend the transmission range and to rebroadcast 

required messages to following vehicles, the link span i.e., the achievable range with a 

single hop must be maximized as much as possible. Thus, this chapter shows how a RS-

based OCC link distance can be extended as Chapter 3 dealt with extending the 

communication link for the PD-based links only. Consequently, a new technique is 

developed to increase the link-span of the RS-based OCC that could be used in many 

IoT applications including vehicular communications. Firstly, in this chapter, an 

overview of the merits of long-range OCC and related works are discussed. The theory, 

system model, image processing and detection of the proposed scheme are given. 

Simulation results are also shown to illustrate the achievable number of data rows i.e., 

the data rate using this scheme. Moreover, the setup for the experimental demonstration 

of the proposed scheme and the results obtained are presented while a summary of the 

work done is given lastly.  
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4.2 Overview 

A pragmatic form of VLC is OCC, which makes use of IS (i.e., cameras) as the 

Rx while LEDs, liquid crystal displays, and laser diodes can be employed as Txs [127-

131]. In VLC-OCC, a two-dimensional data is captured in the form of image sequences, 

which enables transmission of multi-dimensional data over the free space channel. 

VLC-OCC offer data communications, localization, pattern and object recognition, 

motion detection, vision, etc. These can be used in several applications including all-

optical IoT (OIoT) [132-137]. OIoT-based applications include V2X, device-to-device 

communications, mobile atto-cells [138-141], which uses the optical band rather than 

the congested RF spectrum that can be utilised in the most needed areas. The current 

high interest in the internet of vehicles (IoV) is as a result of the inspiration by IoT 

[142]. Moreover, the ubiquitous increase in both the use of cameras (such as dashcams, 

vehicle rear view cameras, speed cameras, security surveillance cameras and traffic 

cameras) and LEDs in roadside units and vehicles (e.g., TLs and HLs) opens potential 

opportunities for the implementation of VLC-OCC as part of ITS to aid traffic and 

therefore improve the quality of life.  

One of the merits of a camera-based Rx over a single PD-based Rx is the higher SNR 

due to the camera’s analogue gain feature, exposure times Texp feature, and larger overall 

photosensitive area. Notably, optical wireless systems (infrared and visible bands) 

utilizing camera-based Rxs offer relatively lower data rates Rb compared with the high-

speed PD-based Rxs, due to the limited capture frame rates of most commercial 

cameras. However, low Rb feature of VLC-OCC should not be seen as a problem 

considering that, there are many applications including vehicular communications [142-

147], indoor IoT [148], localization [149-151], advertising [152], sensor network [153], 
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motion capturing [154-156], etc., where low Rb is sufficient. Importantly, in OCC, each 

camera pixel can detect signals at distinct wavelengths over the visible range, e.g., red, 

green, and blue (RGB), thus offering parallel detection capabilities (i.e., massive 

multiple-input multiple-output (MIMO) together with multi-array LEDs) [157-162], 

and an adaptive field of view feature. Recently, even an enhanced Rb using MIMO is 

demonstrated, where a linear increase in data throughput is achievable with the increase 

in the number of LEDs [162] and artificial neural network-based equalizers, e.g., 

providing an improved bandwidth of up to 2-9 times more, depending on the 𝑇exp [163-

165] were shown. Furthermore, the light beams carrying information emerging from 

different Txs and different directions via the LOS [166-168], non-LOS [169-170], 

and/or both paths can be captured using the camera-based Rxs. 

In OCC, Rb can be increased to be higher than the frame rate Rf of the camera. 

This is made possible using the complementary metal-oxide-semiconductor (CMOS) 

RS-based cameras, which sequentially (i.e., row-by-row) integrates incoming light 

illuminating the camera pixels [171]. However, this technique offers reduced 

transmission range and is more critical in long range outdoor OCC links. Consequently, 

the focus of this research is to extend the communications distance of RS-based OCC 

links. Notably, several research works have been reported on long distance 

communications such as [172], where a 100 m link span was demonstrated using a RGB 

LED at a Rb of 25 bps for each colour channel. In [173], a 120 m link span was reported 

at a high BER of >10-2 but the achieved Rb was not disclosed at this link span. However, 

an achieved maximum Rb of 200 bps at 4 m link span was reported. In [174], a 160 m 

OCC link was experimentally demonstrated at Rb of 50 bps with a BER of 1.7 × 10-3 

for the distance critical applications. In [175], Rb of 15 bps over a link range of 328 m 

was presented using the global shutter (GS) capturing technique for smart city 
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applications such as environmental pollution monitoring with ∼96 % reception success 

rate. Notably, to establish long link spans in OCC, generally large area light sources 

have been used such as 48 × 48 and 60 × 90 cm2 in [175] and [172], respectively, which 

are impractical in vehicular communications where the HLs and TLs are not relatively 

large and differ from one vehicle brand, model and size to the other.  

Notably, in this research work, a novel reception technique is proposed to increase 

the transmission link span of RS-based OCC. This is made possible by reducing the 

camera’s spatial bandwidth in the out-of-focus areas, i.e., by means of defocusing the 

camera. This technique enables capturing of a larger footprint of the light source using 

the IS without utilising large area Txs and reducing the AFOV of the system. Moreover, 

a detection algorithm to efficiently extract the received information from captured video 

frames is proposed and developed. Cameras in the focused mode have mainly been 

utilized in previous reported works on OCC. However, cameras in the defocused mode 

can equally be used, depending on the applications, for example V2I [10], and indoor 

non-LOS (NLOS) VLC systems [176,177]. For experimental demonstration of the 

proposed scheme, in this work, the Tx employed has a very small surface area of 2.5 x 

2.5 cm2, which is 19 times smaller than the source used in [175]. Moreover, a 

communication link span of up to 400 m with a 100% success rate in data transmission 

is demonstrated as proof of concept with ~32 bits/frame translating to Rb of 800 and 

1920 bps for the camera frame rates of 25 and 60 fps, respectively. Note that, this Rb is 

sufficient for transmission of short (traffic) messages [162]. The demonstrated system 

is the longest link-span achieved for a RS-based OCC link, which can be used in other 

distance critical applications with relatively low Rb requirements. 
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4.3 Theory, System Model and Detection 

The Rx adopted in this research work is the CMOS camera, which uses the 

RS readout method in which each pixel row is exposed in a row-by-row sequential 

manner having a fixed time delay (i.e., a row readout time Tr) as depicted in Figure 

4.1. Besides, the readout of each row takes place after the row’s exposure in RS 

cameras (i.e., Tr comes after 𝑇exp). Note, in cameras, the three main parameters that 

control the picture’s brightness level are the 𝑇exp, ISO or gain depending on the 

camera brand/type, and the aperture. ISO is defined as the ratio of the output signal 

of the IS to the exposure level, which is the product of illuminance and 𝑇exp. The 

aperture controls the amount of light coming through the lens system of the IS, and 

the diameter of the aperture 𝐷lens = 𝑓/𝑓stop, where 𝑓stop represents the focal stop 

number of the lens aperture. Prior to exposing the IS to the light, each pixel must be 

reset within the resetting duration 𝑇rest, which is mainly determined by the parasitic 

capacitance of the IS. Therefore, within the time interval between when the pixel is 

reset and when it is ready to be read-out (also known as 𝑇exp), the IS is exposed to 

the light and the read-out circuit at time 𝑡 = 𝑎𝑇fr + 𝑇rest + 𝑇exp reads and samples 

the signal, where 𝑇fr is the frame duration and a is an arbitrary constant [177].  

 

Figure 4.1: Row by row scanning of a CMOS RS camera 
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The advantages of using CMOS over charged coupled devices cameras are 

lower power consumption, faster readout, more programmability, and low cost. Note, 

in very fast movements, RS cameras present a distorted shape of the object in the image, 

which is unpleasant for photography purposes. Also, the exposure of each pixel’s row 

does not commence at the same time in RS cameras i.e., it does not happen all together 

at once as in GS-based cameras, hence an advantage in OCC systems, i.e., Rb > Rf, can 

be achieved, but at the cost of reduced communications range. In addition, the RS-OCC 

technique offer a flicker free transmission.  

For camera-based VLC systems, the standard IS-based Rxs are modelled as a linear 

shift-invariant system. Thus, the voltage at a pixel, corresponding to a single PD is given 

as [178]: 

𝑉𝑅(𝑡) =  
𝑔

𝐶PD
∫ ℛ
𝑡

𝑡−𝑇exp
𝑥(𝑡)d𝑡, (4.1) 

where 𝑔 is the gain, 𝐶PD, ℛ, and 𝑥(𝑡) are the equivalent capacitance, PD’s responsivity, 

and the received signal at a pixel at time t, respectively. The system response is given 

as [179]: 

ℎ(𝑡) =
𝑔

𝐶PD
(𝑢(𝑡) − 𝑢(𝑡 − 𝑇exp)), (4.2) 

where u(t) is the unit step function.  

The integration of the input signal over 𝑇exp leads to a finite impulse response low pass 

filter effect with the transfer function given as [179]: 

𝐻(𝑓) = ℱ|ℎ(𝑡)| =
𝑔𝑇exp

𝐶PD

sin (𝜋𝑓𝑇exp)

𝜋𝑓𝑇exp
𝑒−𝑗𝜋𝑓𝑇exp. (4.3) 

The DC gain is proportional to 𝑇exp, and significantly affects the achievable maximum 

SNR [179].  
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Importantly, in OCC, the captured Tx’s focused image size drops with the 

increase in link span as given by the relationship dimg = dTx f /dL, where dTx and dimg are 

the diameters of the Tx and of the projected Tx’s image on the IS at f, respectively. 

Here, RS-based OCC is poised with a limitation as there is decrease in obtainable 

received signal area on the IS of the camera as the link span increases. Note, the received 

signal area on the IS determines the number of rows Nrows (i.e., the ON and OFF states) 

achievable i.e., the Rb. Consequently, this limitation can be reduced by operating the 

camera in its out-of-focus (defocused) mode. A typical camera is composed of a 

complex lens system, optical low pass filters, an adjustable aperture, a micro lens array, 

an infrared cut filter, a colour filter-array and a sensor chip [177]. Figure 4.2 shows a 

lens, object and IS configuration. The IS can be moved from positions 1 to 2 where 

varying sizes of the projected object’s image is obtainable. Essentially, a larger footprint 

of the Tx is obtained when the camera is defocused i.e., altering the distance between 

the lens and the IS, to allow the Tx’s image to converge beyond the focal point thus 

creating a large footprint of the projected Tx image.  

Figure 4.2: Example of lens, IS and object configuration 

More number of data rows Nrows are visible i.e., detectable by the Rx (camera) as 

illustrated in Figure 4.3 for the defocused modes.  
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Figure 4.3: Illustration of the captured Tx images on the IS with different lens and IS 

configurations for the: (a) focused mode (𝑑IS = 𝑓), (b) defocused mode (for 𝑑IS of 

0.7), and (c) defocused mode (for 𝑑IS of 0.3 𝑓) 

 

It is important to note that, defocusing of the camera results in a disc-shaped pattern 

known as the circle of confusion (CoC), which is convoluted with the image as given 

by [180]: 

𝐺𝑜(𝑥, 𝑦) = 𝐺𝑖(𝑥, 𝑦) ⊗⊗𝐺CoC(𝑥, 𝑦), (4.5) 
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where 𝐺i(𝑥, 𝑦) and 𝐺o(𝑥, 𝑦) are the focused and defocused image intensity functions, 

respectively. 𝐺CoC(𝑥, 𝑦) is the CoC disc function, which is the same shape as the camera’s lens 

aperture and ⊗⊗ is the 2-dimensional convolution operator.  

 For a circular aperture, 𝐺CoC(𝑥, 𝑦) can be expressed as [180]:  

𝐺CoC(𝑥, 𝑦) = 𝑈(√𝑥2 + 𝑦2 ) − 𝑈(√𝑥2 + 𝑦2 −  0.5𝐷CoC),   (4.6) 

where U(.) is Heaviside step function and 𝐷CoC is the CoC’s diameter, which is the same as the 

width of the defocused image of a point source and is expressed as [180]: 

𝐷CoC =
𝐷lens
2𝑑𝑐

|𝑑𝑐 − 𝑑IS|, 
(4.7) 

where the distance between the centre of the lens to the IS is denoted as 𝑑IS, while 𝑑c represents 

the distance between the centre of the lens and the image, which is given as [180]: 

𝑑𝑐 =
𝑑𝐿𝑓

𝑑𝐿 − 𝑓
 , 

 (4.8) 

where 𝑑𝐿 is the distance from the light source to the centre of the lens.  It is worthy of 

note that, the size of CoC is dependent on the aperture diameter 𝐷lens collecting light 

rays to be projected onto the IS. Therefore, to enhance the amount of defocusing 

achieved (i.e., 𝐷CoC) to have the best signal area, |𝑑𝑐 − 𝑑IS| must be maximised and 

lower values of 𝑓stop should be used to obtain larger 𝐷lens . 

Illustrated in Figure 4.4 is Nrows (i.e., the number of data bits/symbols) as a 

function of the link distances for the focused and three different defocused capture 

modes for 𝑑IS of f, 0.3 f, 0.5 f, and 0.7 f, 𝐷lens = 𝑓/10, 𝑓 = 1 m, and the row widths of 

0.05 cm. It can be observed that, Nrows increases with decreasing 𝑑IS. For instance, at 

𝑑𝐿of 30 m the number of bands increases from ~1 for the focused image mode to ~31, 

50, and 70 for 𝑑IS of 0.7 𝑓, 0.5 𝑓, and 0.3 𝑓, respectively hence facilitating longer RS-

OCC link spans. The width of one pixel row (representing one symbol or bit) 𝑤𝑏  =
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1/(2𝑓Tx𝑇𝑟), where 𝑓Tx denotes the switching frequency of the Tx [181]. Note that, the 

increase in Nrows with defocusing is at the cost of reduced light intensity level per pixel 

(i.e., lower PSNR/pixel) because the received light spreads over higher numbers of 

pixels. Remarkably, the latter can be compensated for by increasing the analogue gain 

of the camera i.e., its sensitivity and Texp (i.e., within the required bandwidth) to enable 

capturing more lights. However, this should only be to the extent that the rows remain 

distinctive and not mixed-up, i.e., not over exposed, or saturated. In addition, a robust 

image processing algorithm, see Figure 4.7, is proposed to enhance the success rate of 

received bits. 

 Note, the noise sources in ISs can be categorised as either temporal or spatial noise. The 

former includes thermal noise, photocurrent shot noise, and flicker noise [182]. The latter 

known as the fixed pattern noise, which depends on the Texp, and is mainly due to the dark 

current non-uniformity in a CMOS IS under dark conditions, whereas under illumination, it is 

the result of the gain variation of the active transistors inside each pixel [182]. 

 Next, the schematic block diagram of the proposed system is shown in Figure 4.5. It is 

composed of a 2.5  2.5 cm2 small size chip on board matrix LED as the Tx and a CMOS RS-

 

Figure 4.4: Nrows as a function of 𝑑𝐿 for a range of 𝑑IS 
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based camera mounted on a prime lens as the Rx. At the Tx, a non-return to zero (NRZ)-OOK 

data stream s(t) is used for intensity modulation of the LED via the LED driver. The intensity-

modulated light is then transmitted over the free space channel and captured at the Rx side. The 

current-voltage profile of the Tx is shown in Figure 4.6, showing the non-linear and linear 

regions of the LED. Note, the linearity of LEDs is important as it impacts the achievable 

transmission capacity (high linearity and dynamic range supports higher-order multi-level and 

multi-carrier modulation schemes) or the transmission distance.  

Figure 4.6: Current-voltage profile of the Tx 

 

Figure 4.5: Block diagram of the long-distance OCC system 
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Consequently, the camera (IS) output at the Rx side is processed off-line in 

MATLAB. As shown in the image processing and detection flowchart in Figure 4.7, 

there is the conversion of both calibration and data video streams following pixelation 

from the RGB videoframe to the grayscale format. Note, the shape of Tx’s template is 

used for equalisation or intensity compensation of the captured data video frames.  

Next, the region of interest (ROI) is selected (representing the Tx’s footprint on the IS) 

i.e., the CoC, which is averaged over the rows to form a column vector. To avoid noise 

amplification at the start and end of the pixel rows, at least 10-pixel rows are excluded 

from the bottom and top of the CoC. Moreover, the received signal is up sampled 
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Figure 4.7: Image processing and detection flowchart 
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(number of samples per bit 𝑛sam = 100), to increase the resolution, which enables more 

accurate decoding of the received data bits while down sampling with a whole integer  

number (in MATLAB®). To extract and recover the required data packet, correlation 

between the transmitted and received signal is carried out followed by a matched filter 

(MF) (via postprocessing in MATLAB®) applied to the received signal. The SNR is 

maximised using MF, and consequently improving the BER performance. The impulse 

response of the MF is the time-reversed of the Tx impulse shaping filter. The recovered 

data vector after down sampling and thresholding is then compared with the transmitted 

bit stream to obtain the transmission success rate i.e., by determining the ratio of bits 

wrongly decoded to the total number of bits transmitted i.e., the BER. 
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4.4 Experimental Setup and Results 

The system configuration and experimental setup for the long-distance OCC link are 

presented in Figure 4.8. The Rx was located outdoor at a height of ~1.4 m above the ground 

level, while the Tx was placed on the 6th floor (i.e., a height of ~25 m). At the start of the 

measurement campaign, the weather was partly cloudy/sunny while by the end it was sunny, 

with a temperature range of 23-25o C while the humidity and wind speed were 51 - 65 % and 2 

- 6 mph, respectively. The key experimental parameters adopted in this work are listed in Table 

4.7.  

 

 

 

 

Figure 4.8. Proposed OCC link: (a) system configuration, and (b) experimental 

setup showing the Tx and the Rx 
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Table 4.1: Key experimental parameters 

 Parameter Value 

Tx Bias current 0.33 A 

 Tx surface area 2.5  2.5 cm2 

 Lambertian order of emission m 0.96 

 Half power angle 61o 

Camera and lens Lens aperture f /10 

 Focal length 1 m 

 Frame rate 25 fps 

 Resolution 648 × 484 (RGB32) 

 Pixel size 2.2   2.2 μm2 

 Extracted Nrows per frame 18 

 Total number of Nrows per frame ~32 

 Exposure time Texp 100-800 µs 

Packet generator Data format NRZ-OOK 

 Packet generator sample rate  533.16 Hz 

 Number of samples per bit  10 

Channel Horizontal link distance 150-400 m 

 

Measurements were carried out for a range of Texp and Ls of 100 to 800 µs and 150 to 400 m, 

respectively. Up to 100 % reception success rate were obtained for all link configurations 

investigated. To quantify the link performance for each Ls, we used the image quality metric 

known as the PSNR, which is given by [183]: 
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PSNR = 10log
𝐼mx
2

MSE 
, 

(4.10) 

where 𝐼mx = 255 for the grayscale image (i.e., the maximum possible pixel value), and 

MSE is the pixel luminance mean squared error, which is defined by: 

MSE =
1

𝑁rows
 ∑ (𝐼Tx(𝑗) − 𝐼Rx(𝑗))

2,

𝑁rows

1=j

 

(4.11) 

where 𝐼Tx is the difference between the pixel values for the transmitted symbols 

(symbols 1 and 0 here), while 𝐼Rx is the difference between the average pixel value for 

the received symbols (symbols 1 and 0) and j is the pixel’s row index number. 

Figure 4.9 shows the PSNR as function of Ls for a range of Texp. As illustrated, PSNR 

decreases with the increasing Ls but improves with Texp. For example, for Texp of 800 

μs, PSNR drops by 2.1 dB when Ls increases from 200 to 400 m. Also, the maximum 

values of PSNR are 0.2 and 3.3 dB for Texp of 100 and 800 s at Ls of 150 m. This is so 

because as earlier highlighted, increasing Texp allows more amount of light to be 

captured hence the improvement in the PSNR value at higher Texp.  

Figure 4.9: PSNR as a function of link span for a range of Texp  
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Furthermore, examples of the received waveforms and captured images of the received signal 

for Ls of 150 and 400 m at Texp of 400 μs and Ls of 400 m at Texp of 100 μs are depicted in Figure 

4.10 (a), (b) and (c), respectively. For Ls of 150 m (Figure 4.10 (a)), the captured image shows 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(c) 

Figure 4.10: Examples of waveforms and the captured image frames of the received 

signal at: (a) Ls of 150 m, and Texp of 400 μs, (b) Ls of 400 m, and Texp of 400 μs, 

and (c) Ls of 400 m, Texp of 100 μs 
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a clearer distinction between the received symbols 1 and 0 (i.e., on and off states of the Tx) than 

in Figure 4.10 (b) where the link span is longer with the same Texp of 400 μs. While Figure 4.10 

(c) demonstrate the worst-case scenario where the captured image appears totally black to the 

observer’s eyes i.e., the on and off states of the Tx appear indistinguishable. This is so because 

in comparison with Figure 4.10 (b) where the same link distance is considered but a higher Texp 

(allowing the capturing of more amount of light) there is an improved received signal waveform 

and captured data image than in Figure 4.10 (c) with a lower Texp. For the waveform (in Figure 

4.10 (c)), an improved recovered signal employing a MF is shown, enabling the decoding of 

the received data. Note that, in Figure 4.10 the raw received upsampled data is shown that does 

not directly correspond to the number of bits received.  

 

4.5 Summary 

A novel technique was developed for extending the transmission range of a RS-

based OCC link by reducing the spatial bandwidth of the camera in the out of focus 

regions i.e., defocusing the camera. The experimental demonstration of the proposed 

scheme showed a 100 % reception success rate for a link span of up to 400 m, which is 

the longest reported till date. Moreover, the choice of 𝑇exp played a key role in the PSNR 

performance of the link. An image processing algorithm was also developed and 

designed to extract the data out of the captured image frames. The proposed system 

relaxes the condition of using a very large surface area Tx light source, which is 

impractical for vehicular networks as there are limits to the sizes of the roadside traffic 

units and vehicle lightings but could be used in other VLC-OCC applications. 
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CHAPTER 5 

TURBULENCE AND FOG 

EFFECTS ON VEHICULAR 

VLC 

5.1 Introduction 

This chapter presents the performance of vehicular VLC under atmospheric 

turbulence and fog, which is investigated by means of experiments, following up on the 

discussion of the challenge of increasing the robustness to noise of the vehicular VLC 

systems in Chapter 2. The chapter is organized as follows: turbulence effects and 

techniques proposed to combat it in laser based OWC systems are outlined. 

Experimental investigations of the vehicular VLC link using a non-collimated and an 

incoherent light source (i.e., a LED) as the Tx and two different optical Rx types, i.e., a 

camera and a photodiode (PD), under turbulence with aperture averaging are also 

carried out. Furthermore, the effects of fog on camera based vehicular links are 

experimentally investigated.  

5.2 Turbulence Effects 

Atmospheric turbulence, which causes random fluctuations in both the phase 

and amplitude of propagating optical beams, can lead to fading and consequently 
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reduced SNR [54-56]. Hence, channel modelling for vehicular VLC is very crucial. 

Notably in vehicular VLC systems two types of Rxs are used depending on the 

application: (i) a PD and a camera; and (ii) the effects of atmospheric turbulence have 

been extensively studied in OWC links based on a coherent and highly collimated light 

source, i.e., lasers and a PD as the Tx and the Rx, respectively. However, only few 

reports for OWC links where an incoherent and non-collimated light source i.e., LEDs 

are used as Txs as earlier highlighted in Chapter 2, where also related works on 

turbulence effects on vehicular VLC were discussed.  

To reduce the degradation of the propagating signal due to turbulence effects, a 

number of options have been proposed for laser-based OWC links, including (i) spatial 

diversity with adequate Rx spacing [184-187], which is not suitable in vehicular VLC 

since the width of vehicles is relatively small, i.e., within the range ~1.4-2.0 m [115] 

and hence the acceptable Rx spacing to obtain significant performance improvements 

on the Rx vehicle is limited; (ii) beam width optimization [56, 188], where the radiation 

pattern of the beam is altered, which is also impractical in vehicular VLC since vehicles 

will have different HL and TL shapes, dimensions, and radiation patterns. In addition, 

using additional optics in HLs, TLs and road/traffic infrastructures to change the 

radiation properties may not be a viable option; (iii) complex modulation techniques 

[189-191]; (iv) error control coding techniques such as turbo coding, low density parity 

codes etc., which provide good resistance to burst errors in fading channels [192-195]. 

However, the latter often causes an increase in the latency, which is not desirable in 

vehicular communications i.e., pre-crash sensing requiring a maximum latency of 20 

ms as shown in Table 1.1; and (v) aperture averaging [196-199], which is the simplest 

method and can be easily achieved in a vehicular VLC system at the Rx side. Aperture 

averaging involves using a lens in front of a small optical detector, thus increasing the 
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collection area, hence lowering the effects of turbulence, and spatially filtering the high 

fluctuations of the received optical beam. The aperture averaging factor is expressed as 

[196] 
𝜎𝐼
2(𝐷)

𝜎𝐼
2(0)

, where 𝜎𝐼
2(0) is the scintillation index for a point Rx (𝐷 ≈ 0) (i.e without 

the use of an OC) and 𝜎𝐼
2(𝐷) is the variance of the intensity fluctuations for an OC of 

diameter D.  

5.3 Experimental Investigation of the Turbulence 

Effects with Aperture Averaging  

5.3.1 Experimental testbed 

 Experimental investigation on turbulence with aperture averaging is carried out. 

Figure 5.1 depicts the schematic block diagram of the proposed vehicular VLC system 

with the camera- and PD-based Rxs with aperture averaging. The Rx1 and Rx2 are 

composed of a camera (Thorlabs DCC1645C-HQ) with a lens (MLH-10X), and a PD 

(PDA100A2) with a convex lens, respectively. An indoor laboratory atmospheric 

chamber is used to simulate the outdoor atmospheric turbulence as proposed in [86, 200]. 

At the Tx side, the data packets of length 90 bits in the NRZ-OOK format are generated 

using an arbitrary waveform generator, the output of which is used for intensity 

modulation of the TL (Truck-trailer DACA08712AM) through the driver module. The 

intensity-modulated optical beam transmitted over a dedicated atmospheric chamber is 

captured at the Rxs. Turbulence is generated within the chamber by varying the 

temperature along the transmission path using hot/cold fans. A temperature sensor array 

was used within the chamber to measure the temperature distribution, which consisted 

of seventeen active temperature sensors, and was more than sufficient in this work. 
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However, higher number of them could be adopted for improved accuracy. The key 

experimental parameters adopted in the proposed system are listed in Table 5.1.  

Table 5.1: Key parameters of the experiment 

Description Value 

Tx Truck-trailer DACA08712AM 

Peak wavelength 630 nm 

Bias current 98 mA 

Transmit power 32.4 mW 

Bandwidth 539 kHz 

PD Rx Thorlabs PDA100A2 

Responsivity 0.43 A/W at 630 nm 

PD area 0.75×10-4 m2 

Bandwidth @ 0 dB gain 11 MHz 

Noise equivalent power @ 960 nm 7.17×10-11 W√Hz 

Lens focal length f  25 mm 

Lens diameter D 25 mm 

Camera Rx Thorlabs DCC1645C-HQ 

Camera shutter speed 600 µs 

Camera gain factors 1.07×, 3.96× 

Lens focal length f 130 mm 

Lens aperture f /5.6 

Samples per frame 2588 

Pixel clock 10 MHz 

Camera frame rate 6.25 fps 

Camera resolution 1280 ×1024 

Packet Generator Data format NRZ-OOK 

Packet generator sample rate  11.125 kHz 

Number of samples per bit 𝑛sam 10 

Channel Link distance 7.2 m 
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Figure 5.1. Experimental setup of the investigation on turbulence effects on the 

vehicular VLC link with: (a) camera, and (b) PD Rx 

Also, the normalised illuminance as function of the bias current is shown in Figure 5.2 

(i.e., demonstrating the current to optical power output characteristics of the LED used). 

Note that, the bias current of 98 mA was determined based on the required operating 

voltage (i.e., 12 V) for this specific vehicle TL in use. However, its important when 

modulating LEDs to use the linear region for the optimum performance. 

 

Figure 5.2: Illuminance-current characteristics of Truck-trailer DACA08712AM 
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5.3.2  Signal extraction  

 At the Rx side, the captured regenerated electrical signals from the camera- and PD-

based Rxs are processed off-line in MATLAB®. The image processing algorithm for 

signal extraction for the RS camera-based Rx is shown in Algorithm 1, where the 

captured frames’ red, green, and blue (RGB) components are converted to the grayscale 

for both calibration and data image frames following pixelation (i.e., digitizing the image 

to obtain the pixel value). Note, the calibration and data image frames are the captured 

template shape of the Tx (i.e., the DC gain) and the transmitted data, respectively. The 

former is used for the intensity compensation (i.e., normalization) of the data image 

frames. Thereafter, the captured data frames are then normalized over the rows to obtain 

the received signal waveform, as shown in Figure 5.3 (a) and (b), which is an example 

of a captured frame before and after normalization, respectively. Note that, in RS-based 

cameras, the camera sequentially integrates incoming light illuminating the camera 

pixels, thus offering flicker-free transmission with increased data rates higher than the 

camera’s frame rate. 

  For the Rx2 i.e., the PD-based Rx, the signal is captured using a digital 

oscilloscope (Agilent Technologies DSO9254A) for offline processing in MATLAB®. 

For both Rxs, the detection process is composed of (i) a low pass Butterworth filter (3rd 

order, which gave the best output, with a normalized cut off frequency wn of 0.25𝜋 

rad/sample for the camera received signals and a 1st order with wn = 0.1𝜋 rad/sample for 

the PD received signals are used); (ii) a sampler (sampling at the middle of the samples 

received for each bit and at an interval of 𝑛sam); and (iii) slicer with the threshold level 

set to the mean value of the signal, which is done per frame.  
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Algorithm 1 Image Processing Algorithm for Signal Extraction 

 Input: Captured data frames 𝐅𝑈 × 𝑉 × 3 and the DC signal only frames 

𝐆𝑈 × 𝑉 × 3 

 Output: 𝒔cal  

1 For each 𝐅𝑈 × 𝑉 × 3 do  

2  Read 𝑈 ×  𝑉 ×  3 sized frame 𝐅𝑈 × 𝑉 × 3 = [[𝐹(𝑖, 𝑗, 𝑐)] . The RGB 

components of 𝐅𝑈 × 𝑉 × 3 denoted as 𝐑𝐅𝑈 × 𝑉 = 𝑅𝐹(𝑖, 𝑗), 𝐆𝐅𝑈 × 𝑉 =

 𝐺𝐹(𝑖, 𝑗), 𝐁𝐅𝑈 × 𝑉 = 𝐵𝐹(𝑖, 𝑗),  respectively, i = 1, 2, …, U and j = 1, 2, …, 

V represents the pixels indices of captured frame, and c = 1, 2, 3. 

3  Apply grayscale conversion by calibrating the RGB components 𝐑𝐅𝑈 × 𝑉 ,

𝐆𝐅𝑈 × 𝑉 , and 𝐁𝐅𝑈 × 𝑉 together over c, resulting 𝐅𝑺𝑈 × 𝑉 . 

4  Accumulate intensities for all pixels at each row 𝑠 = (𝑠𝑖)𝑖=1 
𝑉   

where 𝑠𝑖 = ∑ 𝐅𝑺𝑈 × 𝑉 
𝑉
𝑗=1 . 

5  Compute the averaged DC value �̅�DC by repeating previous steps on 

𝐆𝑈 × 𝑉 × 3.  

6  Calibrate s with respect to the averaged DC value 𝑠cal = 𝑠 �̅�DC⁄  

7  Resample 𝒔cal with respect to the packet length 

8  End. 
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Figure 5.3: An example of a captured image frame for the camera-based Rx: (a) 

before, and (b) after intensity normalization 
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5.3.3 Results and discussions 

5.3.3.1 Camera-based Rx 

  Measurements were carried out for the link with and without atmospheric 

turbulence for the camera shutter speed of 600 µs and the low and high gain factors of 

1.07 times (×) and 3.96×, respectively. Note, the camera-based Rx used has a gain factor 

in the range of 1× to 4.27×; where 4.27× and 1× imply the maximum gain and no gain, 

respectively. Therefore, to evaluate the link quality, we have used the PSNR as given in 

(4.10) and (4.11) (where 𝐼Tx is the pixel values for the transmitted symbols (i.e., 1 and 

0), and is computed from captured images at approximately a zero distance from the 

Tx, while 𝐼Rx is the average pixel value for the received symbols). Figure 5.4 shows the 

PSNR versus 𝐶𝑛
2 with aperture averaging for the high and low gain factors. From Figure 

5.4, the following can be observed with aperture averaging (i) the PSNR is almost 

independent of turbulence with a marginal drop for the link with a gain factor of 3.96×; 

and (ii) there is a PSNR gain of ~7 dB for the captured frames at the higher gain factor. 

This is because the camera’s analogue gain can optimize the SNR by reducing the 

quantization noise [201] and increase the image brightness/contrast, hence the higher 

PSNR value at higher gain factor. The use of the camera’s analogue gain feature to 

overcome attenuation due to fog and sandstorm in an OCC link has been recently 

proposed in [202-203] to improve the signal quality (i.e., to obtain sharper images) 

without increasing the exposure time, and therefore maintaining the bandwidth of the 

system. Notably, both the image brightness and its contrast increase with the camera’s 

gain factor since the signal is amplified prior to the digitizing process [204]. The choice 

of the two gain factors (i.e., high and low) is used to demonstrate the image 

brightness/contrast effects under turbulence.   
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 Note, the corresponding 𝜎𝑅
2 for the experimentally measured 𝐶𝑛

2 for different 

atmospheric turbulence strengths are calculated using (2.8) for 𝐿𝑠 equal to the length of 

the turbulence chamber (i.e., 7.2 m), which are given in Table 5.2.  

      Table 5.2. 𝜎𝑅
2 for corresponding 𝐶𝑛

2 values measured in the experiments 

 𝑪𝒏
𝟐  (𝐦−𝟐 𝟑⁄ ) 𝝈𝑹

𝟐  

PD 3.9 × 10−11  0.2619 

7.9 × 10−11  0.5304 

1.0 × 10−10  0.6714 

Camera 3.6 × 10−11  0.2417 

3.9 × 10−11  0.2619 

7.9 × 10−11  0.5304 

8.0 × 10−11  0.5371 

8.3 × 10−11  0.5573 

1.1 × 10−10  0.7386 

 

 

Figure 5.4. The PNSR as a function of 𝐶𝑛
2 for the two gain factors 

Figure 5.5 shows the captured received signal waveforms prior to being applied to the 

detection module for different turbulence strengths with aperture averaging following 
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normalization. As noticed, the received signal utilizing a higher camera gain factor 

displays improved the PSNR performance and higher received signal intensity with 

lower intensity fluctuations. The BER measured was less than the target BER of 10-4 

for all the link scenarios considered. 

 

(a) 

 

 

(b) 

Figure 5.5: Waveforms of Rx data at varying turbulence strengths for gain factors of: 

(a) 1.07x, and (b) 3.96x 
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Furthermore, the histogram plots prior to the detection are depicted in Figure 5.6 (a)-

(d), which illustrates the distributions of the discrete intensity levels of the captured 

images within the range of 0 to 1 for each link scenario investigated. While Figure 5.6 

(e) shows the histogram for the sampled received intensity levels of Figure 5.6 (a) at the 

output of the sampler (i.e., within the detection module). Notably, there is a slight merge 

between the received intensities for the bits 1 and 0 in Figure 5.6 (a)-(d), which is due 

to the slow rise-time of the captured off and on states of the Tx [164]. This is due to the 

transition between different illumination levels brought about by the sampling process 

in the RS-based camera [164]. Thus, this happens at the transition edges, however for 

the proposed detection module, the sampling takes place at the centre of the received 

samples per bit; hence the system’s performance is not degraded and bits 1 and 0 are 

clearly distinguishable as in Figure 5.6 (e). Moreover, it can be seen that the link with a 

lower gain factor (i.e., Figure 5.6 (a) and (b)) has lower peak counts than Figure 5.6 (c) 

and (d) with the higher gain factor. 
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Figure 5.6. Camera Rx histogram plot: prior detection module for: (a) gain 1.07× with 

no turbulence, (b) gain 1.07× with the highest turbulence scenario, 𝐶𝑛
2 = 

1.0 × 10−10 m−2 3⁄ , (c) gain 3.96× with no turbulence, and (d) gain 3.96×, with the 

highest turbulence scenario 𝐶𝑛
2 = 1.1 × 10−10 m−2 3⁄ , and (e) output of sampler for (a) 

 

 

 

 

 

PSNR= 19.4 dB

 

(a) 

PSNR= 19.3 dB 

 

(b) 

PSNR= 26.9 dB 

 

(c) 

PSNR= 26.2 dB 

 

(d) 

 

(e) 
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5.3.3.2  PD-based Rx  

For the link with aperture averaging and the PD-based Rx, the SNR of the captured 

signals is measured and the histogram plots for bits 1 and 0, i.e., the signal distribution 

profile for the channel without and with turbulence prior the detection is shown in   

Figure 5.7: PD Rx histogram plot for: (a) clear channel, and with turbulence 

conditions of (b) 𝐶𝑛
2 = 3.9 × 10−11 m−2 3⁄ , (c) 𝐶𝑛

2 = 7.9 × 10−11 m−2 3⁄ , and (d) 𝐶𝑛
2 = 

1.0 × 10−10 m−2 3⁄  

SNR=12.7 dB 

 

(a) 

SNR=12.6 dB 

 

(c) 

SNR=12.6 dB 

 

(b) 

SNR=12.6 dB 

 

(d) 
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Figure 5.7. From the results obtained, (i) the histogram plot indicates a clear distinction 

between the received signal for bits 1 and 0; and (ii) the average SNR is independent of 

the weak to moderate turbulence (with only ~0.1 dB of SNR penalty compared with the 

clear channel with OC). Hence, this demonstrates that aperture averaging can effectively 

mitigate the induced signal fading due to turbulence for the vehicular VLC systems under 

weak to moderate turbulence regimes. Note, strong turbulence regimes would not 

normally be experienced in vehicular communications due to the relatively short link 

spans (tens to few hundreds of metres) compared with free space optical links (>  several 

kilometres). 

5.4 Fog Effects 

  The effect of fog on a vehicular VLC link using a camera-based Rx is carried out 

and discussed in the following subsections. All previous works based on vehicular VLC 

links under fog conditions as outlined earlier in Chapters 1 and 2 have reported results 

based on the use of only a PD-based Rx and not a camera Rx at the time of carrying out 

this investigation. Consequently, experimental investigations on the effects of fog on a 

camera-based vehicular VLC link by considering a range of visibility levels and inter-

vehicle distances were carried out. Note, a global shutter-based camera capturing mode 

is employed where at least a frame is used to represent a bit. Therefore, it is necessary 

during communications to be able to track the light source to maintain the 

communications link for global shutter-based camera links. This is very important 

particularly when a ‘0’ symbol is transmitted, in which the TL is off if a modulation 

index (MI) of 1 is used and it is therefore difficult to track the light source in the camera 

image.  A reduction in the MI of the signal from 1 to 0.75, and 0.5 were considered and 

the transmission success rates for a range of visibilities are presented.  
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5.5 Investigation on Fog Effects 

5.5.1 Experimental setup 

  The schematic block diagram of the proposed vehicular VLC link for the 

investigation of fog effects is depicted in Figure 5.8. It comprises a real vehicle LED-

based TL (i.e., Nissan 26550 4EA0A model) as the Tx and a camera (Canon Rebel SL1 

EOS 100D) as the Rx. A laboratory chamber is used to simulate the outdoor foggy 

channel, the same as for the turbulence investigation in the proceeding subsections as 

proposed in [205,206]. NRZ-OOK data stream s(t) is used at the Tx for intensity 

modulation of the TL. The data stream is a short traffic message with a payload and a 

header of 175 and 21 bits, respectively. The intensity modulated light x(t) is transmitted 

through the clear channel (i.e., no fog). The signal is captured using a camera at the Rx 

side and the captured image frames are processed off-line in MATLAB®. The image 

processing steps include the conversion from RGB to grayscale, region of interest 

selection. Next, the sampler and slicer are applied, and the received bits are compared 

with the transmitted bits to determine the BER (i.e., the transmission success rate). 

Figure 5.8: The schematic block diagram of a vehicular VLC based camera link 
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5.5.2 Inter-vehicle distance 

It is important to know the allowable inter-vehicle distances on the roads for safe 

driving so as to correctly investigate practical scenarios for vehicular VLC 

communications. Typically, a two-second rule is recommended whereby a driver 

maintains a minimum of two seconds behind the vehicle in front for perfect weather 

conditions, which is doubled to four seconds in bad weather. Moreover, some other 

driving rules recommend three, six, and nine-second rules for good, average, and bad 

weather conditions, respectively [207]. Figure 5.9 shows the inter-vehicle distance for 

the 2 and 3 s rules for good to bad weather conditions. Besides, there are different speed 

limits in adverse weather conditions; however, the European Commission regarding 

mobility and transport gives a speed limit of 50 km/h in fog conditions for a 

meteorological visibility of < 50 m [208]. Therefore, for the worst-case scenario i.e., 

using the 3 s rule for bad weather and 50 km/h speed limit, the inter vehicle distance is 

at least 125 m as can be deduced from Figure 5.9. 

 

Figure 5.9: Driving distances between vehicles at different speeds using the 2- and 3-

seconds rules 
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5.6 Results and Discussions on the Fog Experiment 

The link visibility was measured concurrently at the 550 nm wavelength (using the 

𝐴FOG parameter from (2.2)) as data was transmitted over the channel. The BER of the 

link was measured for the fog and clear channel conditions. Moreover, for each 

meteorological visibility condition, measurements for three MIs (0.5, 0.75 and 1) were 

carried out. The choice of a MI lower than 1 is because in vehicular communications the 

position of the Tx/Rx constantly changes with respect to each other due to moving 

vehicles. The key parameters of the experiment are shown in Table 5.3. 

Table 5.3: Key parameters of the fog experiment 

Parameter Value 

Shutter speed 1/800 s 

International Standard 

Organisation (ISO) of camera 

6400 

Camera focal length f 18 mm 

Camera aperture f3.5 

Meteorological visibility V 5-120 m 

Camera frame rate 60 fps 

Camera resolution 1280 ×720 

Transmission bit rate 30 bps 

Number of start bits 21 bits 

Number of data bits 175 bits 

Link distance 7.5 m 

TL transmit power 9.4 mW 

TL peak wavelength 624 nm 

 

The percentage success of received bits as a function of the meteorological 

visibility is displayed in Figure 5.10. The data transmission over the fog channel is 
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error-free for the MIs of 1 and 0.75 up to a meteorological visibility of 10 m, while for 

the MI of 0.5 the success rate is reduced to 98.5%. The data transmission success rate 

decreases considerably with the MI below the meteorological visibility of 10 m with the 

lowest transmission success rate of 63.3% achieved at a MI of 0.5. Consequently, the 

results obtained show that the proposed camera-based vehicular VLC link demonstrates 

high reliability even under the fog condition up to a meteorological visibility of 20 m 

for all the 3 MIs adopted.  

 

Figure 5.10: The success rate of data transmission with fog for a range of MIs 

In addition, insights are provided into the light attenuation due to fog, as shown 

in Figure 5.11, where the normalized received light intensities of the TL captured by 

the camera for MIs of 0.5 and 1 for transmission under fog are presented. Note, the 

received light intensities under fog were normalised with reference to the clear weather 

condition for each MI. It is apparent from the results that, there is a continuous decrease 

in the light intensities received as the visibility decreased, as shown by captured images 

of the car TL as in Figure 5.12. It is noteworthy that, Figure 5.11 shows a non-linear 

graph because of the type of camera used, which uses a gamma correction factor like 

the human eye’s response to the brightness, which follows a logarithmic law, known as 

the Weber-Fechner law [209].  At the meteorological visibilities of 10 and 5 m, for both 
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MIs of 1 and 0.5, the percentage of received light intensities is decreased to about 30 

and < 0.5 %, respectively (Figure 5.11), with the latter being the worst-case scenario 

and the TL is not visible in the captured image as shown in Figure 5.12.  

 

Figure 5.11: Meteorological visibilities versus normalized received light intensity of 

the vehicle TL by the camera at MI of 1 and 0.5 

 

𝑃RLI= 27.0 % 

(a) 

 

𝑃RLI= 49.7 % 

(b) 

 

𝑃RLI= 70.2 % 

(c) 

 

𝑃RLI= 99.7 % 

(d) 

Figure 5.12. Captured images of the vehicle TL by the Rx camera for a MI of 1 for: 

(a) clear channel, and meteorological visibilities of (b) 40 m, (c) 10 m, and (d) 5 m 
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The percentage loss in the received light intensities 𝑃RLI of the TL at the respective 

meteorological visibilities with reference to the clear weather is provided in Table 5.4. 

Relating this (Table 5.4) to Figure 5.10 indicates that, the BER is maintained as the 

received light intensity decreased up to ~ 70 % and then declines sharply. 

Table 5.4: Percentage loss in received light intensity over meteorological visibility 

Experiment Meteorological 

visibility V (m) 

𝑷𝐑𝐋𝐈 (%) 

MI=1  

𝑷𝐑𝐋𝐈  (%) 

 MI=0.5  

1 Clear weather 0.0 0.0 

2 120 2.5 3.0 

3 60 11.7 16.3 

4 40 27.0 27.5 

5 20 49.7 48.9 

6 10 70.2 67.6 

7 5 99.7 99.9 

   

 

5.7 Summary 

  Experimental investigation on the effects of aperture averaging for the vehicular 

VLC link under turbulence using an LED-based vehicle TL was carried out. Results 

obtained showed that, with the aperture averaging, there was no significant system 

performance degradation under atmospheric turbulence, whereas both SNR and PSNR 

dropped by 0.1 and 0.7 dB for the PD- and camera-based Rxs, respectively compared 

with the clear channel. Finally, it was demonstrated that in vehicular VLC systems 

employing incoherent non-collimated LED light sources as the Tx; the aperture 

averaging method proved to be very potent to mitigate weak to moderate turbulence 
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conditions and in fact also increases the optical power density of the received signal at 

the Rx. 

In addition, the effect of varying visibility levels due to fog on the proposed 

camera based vehicular VLC link was investigated using a vehicle TL as the Tx. Results 

obtained revealed that the link was reliable (error-free) up to meteorological visibility 

of 20 m for a MI of 0.5 and even up to 10 m meteorological visibility for MIs of 0.75 

and 1. Subsequently, for all three values of MIs, the link degraded considerably below 

10 m meteorological visibility. 
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CHAPTER 6 

RELAY-ASSISTED 

VEHICULAR VLC  

6.1 Introduction 

Connectivity is a key component for the practical implementation of vehicular 

VLC. Consequently, relay-assisted links have been proposed to extend the 

communication span in OWC links as in [97-103] and discussed in Chapter 2. Also, in 

[107], the use of relay-assisted links was proposed to address the vehicular VLC 

mobility issue where a LOS link to the desired vehicle is not possible but could be 

achieved through a relay vehicle. Thus, this chapter presents the investigation of a 

vehicular VLC relay-assisted link under realistic sunlight noise, where the utilization of 

AF and DF relaying schemes with the same system parameters are analysed. Also, the 

effect of the relay vehicle’s orientation in relation to the source vehicle is examined. 

Note, in VLC systems using a combination of an imaging lens and PDs to increase the 

received optical power density, the link will experience beam spot offset (BSO) (i.e., an 

offset in the projected beam spot from the centre of the focal plane away from the PD, 

similar to the pointing errors in free space optics), when there is a misalignment between 

the Tx and the Rx. This can occur due to non-stationary vehicles positions and the 

different design positioning of TLs (Txs) and Rxs on different vehicles depending on 

the vehicle’s size, brand and model resulting in considerable power losses or a complete 

shutdown of the communication link. The contributions of the work carried out in this 
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Chapter are summarized as follows: (i) investigation of relay-assisted vehicular VLC 

links with AF and DF relay schemes; (ii) investigation and providing insights on the 

effect of misalignment between vehicle’s Txs and Rxs in real road conditions, which is 

carried out for the first time; (iii) mitigation of the misalignment issue considering 

typical vehicular geometry parameters; and (iv) providing insights to the impact of 

various parameters such as the PD size, incidence angle and 𝐿𝑠, on the performance of 

relay-assisted vehicular VLC. This chapter is organized as follows, first relay-assisted 

vehicular VLC is discussed, next the system model and setup are presented. 

Subsequently, the results of the performance analysis of the AF and DF vehicular VLC 

links are presented under varying system parameters and geometry. An experimental 

demonstration of a relay-assisted link is also described and finally the summary is given. 

6.2 Relay-Assisted Vehicular VLC 

As highlighted in Chapter 2, there are only few reports on relay-assisted vehicular 

VLC links. In [100], the viability of VLC using multiple TLs Txs and PD-based Rxs 

for direct transmission (DT) and multi-hop transmission was reported. It was 

demonstrated that, spatial multiplexing multi-hop transmission offered reduced average 

signal power of -59 dBm for a single hop (i.e., 𝐿𝑠 of 16 m) compared with -27 dBm for 

DT (i.e., 𝐿𝑠 of 12 m). In [100], it was proposed that vehicles act as relay nodes to forward 

information to other desired vehicles, but with no investigations on relaying schemes 

being reported. Thus, in this Chapter, practical scenarios are considered, such as (i) a 

realistic outdoor ambient condition, which is obtained from empirical measurements; 

(ii) different angular communication geometries considering the road lane width, 

vehicle width and the positions of the Txs and Rxs on the vehicle; and (iii) realistic 

inter-vehicle distance and system parameters.  
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Notably, communications in a vehicular environment using light communications 

technology include V2V, V2I, V2D, and V2R. Note that, the DF scheme is most 

appropriate for vehicular communications as the information received by a vehicle will 

need to be decoded first prior to being forwarded to the next or other vehicles. 

Depending on the scenario, using the DF scheme communications can be established 

between two or more vehicles. Whereas in the AF scheme, where road/traffic 

infrastructures e.g., traffic lights, advertising boards, etc. are used as static relay nodes 

for forwarding information to vehicles/other road infrastructures within the coverage 

area. 

6.3 System Model 

For the LOS transmission mode, the received signal can be expressed as [84]:  

  𝑦(𝑡) = ℛ𝑥(𝑡) ⊗  ℎ(𝑡) + 𝑛(𝑡), (6.1) 

where h(t) is the channel impulse response, x(t) is the transmit signal, and n(t) is the 

additive white Gaussian noise including the sunlight induced shot noise source, thermal 

noise, signal dependent and dark current noises with noise variances denoted as 𝜎amb
2 , 

𝜎thermal
2 ,  𝜎shot−rs

2 , and 𝜎dk
2 , respectively. 

The channel DC gain when an imaging OC (IOC) is used at the Rx can be expressed as:  

𝐻LOS = {
𝑇lens(𝜑)𝑇filt(𝜑) 

𝐴img

𝐴TL
 ,       0 ≤ 𝜑 ≤ ∅S−AFOV

0,                                 𝜑 > ∅S−AFOV
, 

(6.2) 

where 𝑇filt(𝜑), and 𝑇lens(𝜑) are transmittance of the OF and OC, respectively. 𝐴img 

represents the area of the projected focused image of the light source by the imaging 

lens, which is dependent on the focal length f of the lens, the actual area of the light 
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source 𝐴TL within the AFOV of the Rx, and the link span 𝐿𝑠, which can simply be 

expressed as:  

𝐴img = 𝐴TL𝑓
2/𝐿𝑠

2. (6.3) 

Note that, D of the lens is taken to be equal to f (for (6.2)), i.e., the largest possible lens 

diameter is considered, as it is well known that, D of a glass lens cannot be larger that 

the f [210]. Note that, as D gets smaller the light collected by the lens decreases, and 

hence the received intensity of the projected Tx footprint decreases. Consequently, in 

such cases the received intensity is proportional to the collecting area of the lens. 

When a non-imaging OC (NIOC) is used at the Rx, the LOS channel DC gain with a 

symmetrical LED radiation pattern (e.g., some LED-based TLs have symmetrical light 

patterns as measured in Chapter 3) can be expressed as [84]: 

where 𝜃 denotes the irradiance angle, ∅S−AFOV is the semi- AFOV of the Rx, and 𝐿𝑠 is 

the distance between the Tx and the Rx.  

The gain of a non-imaging OC  𝑔 is 𝐴coll 𝐴PD⁄  [114], where 𝐴coll = 𝜋𝐷
2 4⁄ , is the 

collection area of the non-imaging OC, and m represents Lambertian order of the Tx, 

which is given by [84]:   

𝑚 = −
ln (2)

ln(cos (𝜃1 2⁄ ))
 

(6.5) 

where 𝜃1 2⁄   is the half power angle. Lambertian radiant intensity is expressed as [84]: 

𝑅(𝜃) =
(𝑚 + 1)

2𝜋
cos𝑚(𝜃) 

(6.6) 

𝐻LOS = {

(𝑚+1)𝐴PD

2𝜋𝐿𝑠
2 cos𝑚(𝜃)𝑇𝑠(𝜑)𝑔(𝜑)cos(𝜑),      0 ≤ 𝜑 ≤ ∅S−AFOV

0,            𝜑 > ∅S−AFOV
, 

(6.4) 
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Note that, the dominant noise source in vehicular VLC, which is the sunlight induced 

shot noise and other noises such as the thermal noise, signal-dependent shot noise and 

the PD’s dark current noise are all considered in the simulation investigations carried 

out as given by (3.14)-(3.19), see Chapter 3. 

6.4 System Setup 

The system schematic block diagrams of the DF and AF relay-assisted vehicular 

VLC systems are depicted in Figure 6.1(a) and (b), respectively. The proposed schemes 

are simulated using Monte Carlo model, where different communication geometries and 

system parameters are considered for the evaluation of the performance of the vehicular 

VLC link in terms of the BER.  A 3×105 random bit stream is generated in the NRZ-

OOK data format, which is up-sampled (number of samples/bit 𝑛sam = 10) prior to 

transmission over the first channel to the relay node. Note, the emulated sunlight 

induced noise obtained from empirical measurements is the dominant source in 

vehicular VLC systems during the daytime, and all other noise sources outlined in 

Section 3.2.1 are added to the received signal. Note, here we consider non-imaging-

based Rx (i.e., a NIOC with a PD) and imaging-based Rx (i.e., an IOC with a PD) 

systems. The impact of various system parameters on the multi-hop vehicular VLC 

system is investigated.  
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At the relay nodes and Rxs, for the non-imaging and imaging-based links NIOCs 

and IOCs with D and f of 15 mm are used, respectively (where the transmittance of the 

IOC is 0.92) while OFs (a wavelength band of 405-690 nm and a transmittance of 0.92) 

are utilised to improve the SNR. The inter-hop distance is 25 m. For the AF relay link, 

following transmission over the first channel, the received signal at the relay node is 

amplified to its original power level prior to retransmission to the next relay node, see 

Figure 6.1(a). For the DF relay link, the received signal is applied to the matched filter 

(MF) and decoder prior to packet regeneration. The process of detection is the same as 

the DF relay nodes and the end user as illustrated in Figure 6.1, where the MF is 

comprised of an integrator, sampler (with a sampling interval ts= 𝑛sam), and slicer (the 

threshold level set to the mean value of sampled filtered signal). Next, the signals from 

the output of the slicer, that are below the threshold level, are set by the decoder to 0 

and otherwise to 1. Note, the target BER in relation to the confidence level (CL) can be 

calculated from [211]: Nbits (total bits) =
− ln(1−CL)

BER
. At a standard 95 % confidence 

level (CL=0.95) and a target BER of 10-5, the total bits to be transmitted is obtained as 

 

Figure 6.1: System block diagram for the vehicular VLC relay-assisted links with: (a) AF, and (b) 

DF relay schemes (just relay node shown) 
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3 × 105. Hence, 3 × 105 bits were transmitted and the BER floor level was set to 10-5 

(i.e., BER less or equal to 10-5 was set to 10-5). 

The key simulation parameters are listed in Table 6.1 and other specific system 

parameters used are stated for each result presented. 

Table 6.1: Key system parameters 

 

 

6.5 Performance Analysis of the Relay-Assisted 

Vehicular VLC Link 

Firstly, Figure 6.2 illustrates the BER performance of a vehicular VLC link as a 

function of the communications span: (i) without the use of intermediate relay nodes 

(i.e., DT); (ii) with the use of relay links employing DF and AF relaying schemes; and 

(iii) with and without the use of a MF at the Rx for (i) and (ii). The Tx1 and the NIOC 

Rx1 are aligned with D = 15 mm and 𝜃1 2⁄ = 45o. 

Parameter Value 

Diagonal of PD (Rx) 𝑑PD 1 mm 

Cumulative link span 125 m 

Absolute temperature 𝑇𝐾 298 K 

System bandwidth 𝐵 5 MHz 

Responsivity of PD ℛ 0.43 A/W 

Solar irradiance 𝑃solar(𝜆) 413.77 W/m2 

Load resistance 𝑅𝐿 50 Ohms 

Maximum PD dark current 𝐼dc 5 nA 

Transmission coefficient of OF 𝑇filt 0.92 

Transmission coefficient of IOC 𝑇lens 0.92 

Focal length of IOCs f 15- 50 mm 

Half power angle of Tx 𝜃1 2⁄  30-70o 

Transmit power 𝑃𝑇 1.25 W 

NIOC’s diameter D 15 mm 

Distance between Tx1 & Tx2 𝑤Tx 1.2 m 
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Figure 6.2: BER performance of a vehicular VLC link as a function of link span with 

and without relays and MF 

It can be observed that, with MF, there is significant BER performance 

improvement. E.g., for the DT, AF, and DF links, at the FEC BER limit of 3.8×10-3 the 

achieved link span without MF is 20 m for each link, which significantly improves to 

36, 95, and >125 m for DT, AF, and DF links, respectively using the MF. It is 

noteworthy that, immediately after each relay node, the BER performance trend 

improves i.e., lower BER degradation with the increasing link span since the signal is 

amplified to its original power level at the relay node. 
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6.5.1 Non-imaging based vehicular VLC links 

For the vehicular VLC link with the non-imaging- based Rx, the image of the Tx 

is not formed at the Rx as in imaging links and the radiation pattern of the Tx determines 

the achievable link span and the coverage area. Hence, Figures. 6.3 and 6.4 illustrates 

the impact of the radiation pattern (in terms of 𝜃1 2⁄ ) on the multi-hop vehicular VLC 

link. As shown in Figures 6.3 and 6.4 (for alignment conditions), the BER performance 

improves with decreasing 𝜃1 2⁄  for the DF and AF relay schemes. Besides, the BER 

performance of the DF link shows a better trend than the AF for the same system 

parameters used i.e., a slower rate of BER degradation than the AF. For instance, for  

𝜃1 2⁄  of 30, 40, 50, and 60o at the FEC BER limit, the achieved link spans for the AF 

and DF are >125, 98, 49, 40; and >125, >125, >125, and 49 m, respectively. Note that, 

the BER degradation trend of both the AF and DF links changes (improves) 

immediately after each relay node (hop) since the signal is amplified/reset to its original 

power level at each hop before retransmission to the next hop. 
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Figure 6.3:  The BER performance of the AF relay-assisted as a function of link span 

 

Figure 6.4: The BER performance of the DF relay-assisted vehicular VLC link 
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6.5.2 The imaging-based vehicular VLC link 

Notably, in vehicular VLC links with and without relay nodes, maintaining the 

exact alignment between the Rx and the Tx may not possible due to the movement of 

vehicles, which results in changes in the incidence angles at the Rx, see Figure 6.5. 

Therefore, the link utilising an imaging lens at Rx will experience BSOs in the 

horizontal, vertical or both directions on the focal plane as shown in Figure 6.6. 

 

 

Figure 6.5: vehicular VLC configuration: (a) top view showing Tx-Rx horizontal 

incidence angle, and (b) side view showing Tx-Rx vertical incidence angle 
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Figure 6.6: (a) Parallel, and (b) non-parallel light beams through a converging lens 

 

The horizontal incidence angle for at least a Tx to be captured for a road lane width 𝑤RL 

is given by: 

𝜑hor = arctan ((𝑤RL − (
𝑤v−Tx −𝑤Tx

2
) − (

𝑤v−Rx−𝑤Rx

2
) − (𝑤Tx −

𝑙Tx

2
) −

𝑥Rx − 𝑥Tx) /𝐿𝑠), 

(6.7) 

 

where 𝑤Rx, 𝑤Tx, 𝑤v−Rx, 𝑤v−Tx, 𝑙Tx, 𝑥Rx, 𝑥Tx are the distance between the centres of 

Rxs 1 and 2 and Txs 1 and 2, widths of the Rx and the Tx vehicles, length of the Tx, 

and distance of the Rx and the Tx vehicles from the edge of road lane, respectively. The 

maximum BSOs in terms of 𝜑 and  f of the lens on the focal plane at the PD’s surface 

using a converging rectilinear lens at the Rx side is given as:  

𝑏of =  𝑓tan(𝜑), 

𝑏of = {
𝑏hor−of                                                    𝜑 = 𝜑hor
𝑏ver−of             𝜑 = 𝜑ver = arctan((∆𝐻) 𝐿𝑠⁄ ) ,

 

(6.8) 

 

 

(6.9) 
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where 𝜑ver is the vertical incidence angle, 𝑏ver−of and 𝑏hor−of  are the vertical and 

horizontal BSOs on the focal plane, respectively  and the offset between the Rx’s and 

the Tx’s vertical heights ∆𝐻 = |𝐻Tx −𝐻Rx|. Using (6.8)-(6.9) and with 𝑤Rx = 𝑤Tx= 

1.2 m, 𝑤v−Rx = 𝑤v−Tx = 1.7 m, and 𝐿𝑠 ≥ 2 m the maximum 𝜑hor (i.e., the worst case 

scenario for inter-vehicle communications at the opposite edge of the road lane) for 

𝑤RLof 2.5 and 3.75 m (which are the minimum and maximum 𝑤RL for a lane) are 21.8 

and 45.7o, respectively, and the maximum 𝜑ver for ∆𝐻 = 0.5 m for 𝐿𝑠 ≥ 2 m is 14o. 

Thus, Figure 6.7(a) displays the plots of BSO as a function of the incidence angle for a 

range of f, showing that BSO exponentially increases with the incidence angle for all 

values of f. For example, for f = 50 mm, BSO increases from 4.37 to 18.2 mm, i.e., 

about 4 times for 𝜑 increasing from 5 to 20o. Note, this BSO values highlighted in the 

latter are orders of magnitude larger than the diagonal width 𝑑PD of a high-speed PD 

(e.g., 0.1 mm). It is note worthy that, the AFOV of VLC depends on f of the lens and 

the size of the PD as also described in Chapter 3 and depicted in Figure 6.7(b). The 

width of the projected focused Tx’s image on the focal plane (i.e., the beam spot size 

(BSZ)) in terms of the Tx’s diagonal widths 𝑑Tx is given as: 

𝑑BSZ = 𝑑Tx𝑓/𝐿𝑠. 

 

(6.10) 

Consequently, the size of Tx’s beam spot is a critical factor in considering BSZ- and 

BSO-induced power losses at the PD, see Figure 6.8, which shows BSZ as a function 

of the link span for a range of f and 𝑑Tx . As illustrated, BSZ plots exponentially drop 

with 𝐿𝑠 for all values of 𝑑Tx and increases with f, reaching < 2 mm at 𝐿𝑠 > 10 m and 

converging to < 1 mm for 𝐿𝑠 of 25 m. Note,  for shorter 𝐿𝑠, BSZ is orders of magnitudes 

larger than at longer 𝐿𝑠 and thus, the performance of the link is not degraded due to 

BSO provided the PD size is larger than BSO and it captures the entire BSZ. 
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(a) 

 

(b) 

Figure 6.7: (a) BSO as a function of 𝜑, and (b) AFOV as a function of 𝑑PD for a range 

of f 
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Figure 6.8: Beam spot size at the focal plane as a function of link span for a range of 

𝑑Tx and f 

For instance, at  f of 50 mm, 𝑑Tx= 15 cm, and at 𝐿𝑠 of 5 and 20 m BSZs are 1.5 and 0.38 

mm, respectively. Note, larger size PDs can be used, since the data transmission rate is 

relatively lower in vehicular VLC [212] compared with indoor short range links. 

Notably, when an imaging lens is used in front of a PD, the image of the Tx is formed 

at the Rx just as in a camera. However, the size of f is an important parameter that 

determines AFOV and the size of the Tx image projected onto the PD. Consequently, 

the impact of  f on the BER performance of the imaging-based Rx for alignment 

conditions is shown in Figure 6.9 for a multi-hop link with AF and DF schemes.   
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Figure 6.9: The BER performance as a function of the link span for AF and DF relay 

imaging Rx- based link and for a range of f (alignment condition) 

 

As shown in Figure 6.9, for AF relay links, the BER performance degrades with 

the increasing link span, however, the degradation trend improves following each relay 

over a given distance. Also, the BER performance improves with higher values of f due 

to the larger BSZ (i.e., larger projected footprint of the light source onto the PD), thus 

translating to larger optical power densities at the Rx. For the DF relay, links with f of 

25 and 50 mm maintain error free communications up till the end of the transmission 

link. Thus, demonstrating that the BER performance of the DF relay-assisted multi-hop 

links can be maintained over several hops provided the signal quality does not degrade 

beyond a certain level on reaching the relay node prior to retransmission.  
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The BER versus 𝐿𝑠 for a range of 𝑃𝑇 is shown in Figure 6.10, where f = 15 mm, 

and Txs and Rxs are in alignment with the diagonal widths 𝑑Tx and 𝑑PD of 5 cm and 1 

mm, respectively. As presented in Figure 6.10, the BER performance improves with 

increasing 𝑃𝑇 dropping by up to 68 and 89 % for a 0.25 W increase in 𝑃𝑇  (i.e., 0.75 to 

1 W and 1 to 1.25 W) for the AF and DF links, respectively at the end of the 2nd channel.  

For comparison, at the FEC BER limit, 𝑃solar of 413.77 W/m2 (as described in Chapter 

3) and 𝑃𝑇 of 0.75 W, link spans of up to 66 and 21 m are achieved for the cases without 

and with the sunlight noise (i.e., no 𝜎amb
2 ), respectively. Besides, at the end of the 2nd 

hop and at the FEC BER limit (for 𝑃𝑇 = 1 W) the achieved 𝐿𝑠 is 150 % higher for DF 

compared with AF under the emulated sunlight noise. The reason for this is that, in an 

AF relay-based link the system performance is affected more by the noise accumulation 

over the transmission span since the signal received at the relay node is simply amplified 

with no regeneration or reshaping in contrast to the DF. Figure 6.11 shows examples of 

the eye diagrams of the received signal (for the first 103 bits received) for the link with 

 

Figure 6.10: BER performances for a range of 𝑃𝑇 as a function of the link span 
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aligned Txs and Rxs with f =25 mm, 𝑃𝑇 = 1.25 W, and inter-hop distance of 25 m. It is 

noticeable that, the heights and widths of the eye opening for the AF link decrease 

continuously from one hop to the next with the worst-case scenario being at the end of 

the 4th hop, where the eye opening is almost closed. However, for the DF link the heights 

and widths of the eyes are well open and this is maintained even up to the end of the 4th 

hop.  

 (a) AF (b) DF 

End of 

1st Hop 

 

 

 

 
End of 

2nd hop 

 

 

 

 
End of 

3rd  hop 

 

 

 

 
End of 

4th hop 

 

 

 

 

Figure 6.11: Examples of eye diagrams of received signals for the vehicular VLC link at the 

end of the 1st hop to 4th hop for: (a) AF, and (b) DF schemes 



123 
 

 Additionally, for the first time the effect of the orientation of the relay vehicle 

with respect to the source vehicle considering BSO due to 𝜑 on the BER performance 

at the relay node is investigated. The system parameters used are 𝑑Tx =5 cm, and 𝑃𝑇 = 

1.25 W. Notably, for same vertical/horizontal misalignment offset distance on the road 

between the Rx and the Tx, 𝜑 will be higher for shorter 𝐿𝑠. Figures 6.12 (a) and (b) 

depicts the BER as a function of 𝜑1 (i.e., the angle of incidence with respect to the Tx1 

 
(a) 

 

(b) 

Figure 6.12: BER degradation as a function of 𝜑1 for a range of  𝑑PD and 𝐿𝑠: (a) f = 

15 mm, and (b) f = 50 mm 
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and the Rx1 (using the configuration in Figure 6.5), which will be the same for the Tx2 

with respect to the Rx2) with f of 15 and 50 mm, respectively for a range of 𝐿𝑠 and 𝑑PD. 

The key geometry and simulation parameters are given in Table 6.2. 

Table 6.2: Key geometry parameters and simulation values 

Parameter Value 

Distance between Tx1 & Tx2 𝑤Tx 1.2 m 

Distance between Rx1 & Rx2 𝑤Rx 1.2 m 

Width of Rx vehicle 𝑤v−Rx 1.7 m 

Width of Tx vehicle 𝑤v−Tx 1.7 m 

Diagonal width of Txs 𝑑Tx 5 cm 

Distance between source and relay vehicle 5-25 m 

Horizontal misalignment distance between Tx 

and Rx 

0-0.75 m 

Focal lengths of IOC 𝑓 15 &50 mm 

PD’s diagonal width 𝑑PD 0.1 &1 mm 

 

The centre of the road lane is considered as the origin of the Cartesian and 

spherical coordinate systems for calculating the positions of the Tx and the Rx, and 

incidence angles, where 𝜑1 values to the left and right of the road lane are positive and 

negative, respectively. Besides, the system performance is highly dependent on the 

geometry of the Rx and the Tx. Also, it can be noticed that the Rx with a larger 𝑑PD and 

lower f of lens value allows higher degrees of misalignment i.e., larger 𝜑1. At certain 

values of 𝜑1 the BER tends to 0.5 as the Tx’s footprint or the beam spot from the lens 

is not captured by the PD. At certain values of 𝜑1 and 𝐿𝑠 the following capture scenarios 

are possible (i) both Txs; (ii) one Tx only; (iii) part of the Tx(s); and (iv) none of the 

Txs’s beam spot are captured by the PD.  
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It is worth noting that, the BER plot showing step responses i.e., rapid degradation 

due to 𝜑1 resulting from BSO. This is because of the projected beam spot not being 

incident on the PD and therefore the link is lost and hence a higher BER. With an 

imaging lens employed at the Rx side an image of the Tx is formed, which is projected 

to the Rx plane (just as in a camera). Importantly, the size of the projected image (i.e., 

BSZ represented by 𝑑BSZ) is dependent on f, the original size of the Tx 𝑑Tx, and 𝐿𝑠 as 

given in (6.10). For example, considering a Tx with a diagonal width 𝑑Tx = 5 cm, f=15 

mm, and 𝐿𝑠= 25 m the size of the beam spot i.e., BSZ at the Rx plane is 0.03 mm. Using 

a high-speed small area PD with 𝑑PD of 0.1 mm (for example), depending on the degree 

of misalignment (i.e., depicted by 𝜑1), with a very small BSZ the BER performance is 

degraded sharply when the projected beam spot is not illuminating the small area PD 

due to slight misalignments between the Tx and the Rx. 

Consequently, to minimize/overcome this effect, a spherical PD array Rx is 

proposed to provide a range of varying angular PD orientations with respect to the Tx 

with an azimuth and elevation curvature deflection angles of 91.4 o (i.e. to cover 𝜑hor 

value of 45.7o to the right or left) and 28o (for coverage of 𝜑ver value of 14o to the top 

or bottom) considering a minimum 𝐿𝑠 of 2 m, ∆𝐻= 0.5 m, and 𝑤RL= 3.75 m, which is 

the largest width for the single road lanes. Note, with this method lower values of 𝜑 can 

be achieved using a spherical PD array, as lower 𝜑 results in reduced BSO, see Figure 

6.7(a), and consequently a minimum BER degradation. 

6.5.3 Multi-hop routing 

Usually, to send a message from a source to a target/end user, the best path of 

propagation is always the highly sort for, hence a number of schemes have been 

proposed for selecting the best path for routing messages in vehicular ad hoc networks 

(VANETs). In [213], a new dynamic routing protocol (DYRP) was developed to 
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generate alternative routes for vehicular VLC networks without the requirement of prior 

knowledge of the topology. With the proposed DYRP, vehicular VLC systems are able 

to construct wireless ad-hoc networks and adapt to dynamic changes in the 

communications network, such as shadowing and obstacles. Results obtained showed 

that a multi-hop vehicular VLC link with obstacles can still achieve up to ~39 % of its 

original data rate when a LOS link is available between the communicating vehicles. 

However, the scenarios investigated did not show that a vehicular environment 

topography or the road lane parameters were considered, which is the key to achieving 

a realistic routing protocol for vehicular VLC networks. In [214], a tree-based network 

architecture for vehicular VLC providing a rapid connection and allowing an extended 

network coverage beyond the area covered by lighting gateways was investigated. 

Particularly, a quality of service (QoS) oriented VANET architecture, which works 

based on a distributed and real time computation of QoS metrics for multimedia 

services, was proposed. Also, in [215] a cross layer optimized routing protocol (VL-

ROUTE) was proposed that cooperated with the medium access control layer, which 

considered the reliability of the routes to maximize the throughput of the network. To 

achieve this, a route reliability score metric was formulated that can be computed by 

each network node using information obtained from its immediate neighbours. Results 

obtained for VL-ROUTE showed a 124 % improvement in the network throughput 

compared with a network using carrier sense multiple access/collision avoidance along 

with shortest path routing. 

 Importantly, it is worthy of note, that the topology of the vehicular network is 

characterized by an uneven distribution of vehicles and high node mobility (i.e., 

vehicles) [216]. Moreover, there are limited communication links between the nodes due 

to the constraints imposed by the topology of the vehicular environment (i.e., road lanes) 
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[217]. Furthermore, to develop appropriate routing protocols for the vehicular VLC 

technology, the transmission modes (i.e., LOS, NLOS or both), practical road lane 

widths, and topography should be considered and investigated. Hence, to provide more 

insights, multi-hop vehicular links considering three routes (i.e., three road lanes) for the 

propagation of a broadcast message are investigated. Notably, the position of vehicles 

on the road is simulated, with vehicles randomly positioned within a 100 m link span. 

Also considered are practical road lane, vehicle widths, misalignment, and the positions 

of the Tx and the Rx on the forwarding and receiving vehicles. Figure 6.13 shows the 

simulated vehicular VLC link topology, where the first vehicle on the centre lane is 

designated as the source vehicle attempting to send a broadcast message to other vehicles 

in its vicinity. Results are shown in Figure 6.14 (a) and (b) for the BER performance for 

the three routes investigated using the DF scheme. As can be noticed, with a PD diagonal 

width of 1 mm and f of 15 mm, the source vehicle is able to communicate only with the 

vehicle on the same lane (i.e., route 3), while the nearest vehicle on the other two lanes 

 

 

Figure 6.13: The simulated vehicular VLC topology illustrating possible packet 

transmission routes 
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are not able to receive the message because the incidence angle is outside their AFOV. 

With 𝑑PD increasined from 1 to 5 mm one more route becomes active in receiving 

forwarded messages from the source vehicle. Notably, there is a sharper incidence angle 

at the first hop (with respect to the broadcasting vehicle) for route 2 than route 1, due to 

the shorter link span. Importantly, the results have also revealed that, the shortest 

propagation path may not be the best path of choice as the shortest route would be route 

 

(b) 

Figure 6.14: The BER performance for the scenarios in Figure 6.13 for 𝑑PD of: (a) 

1 mm, and (b) 5 mm 

 

(a) 
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1, hence vehicular VLC routing algorithms should also adequately take into 

consideration the system’s AFOV in determining the best route path.  

 

6.6 Experimental Demonstration of a Relay-

Assisted Vehicular VLC Link in a Laboratory 

Environment 

An experimental demonstration of a relay-assisted link with AF and DF schemes 

is also carried out and described as follows: 

6.6.1 Experimental setup 

The schematic block diagrams of the proposed AF and DF relay-assisted VLC 

system are shown in Figure 6.15 (a) and (b), respectively. At the Tx, a NRZ-OOK data 

stream of 104 bits is generated using an arbitrary waveform generator (AWG) (Teledyne 

T3AWG3252), the output of which is used for intensity modulation of the Tx1 via the 

 

Figure 6.15: Experimental setup for the vehicular VLC relay-assisted links with: (a) AF, and (b) DF 

relay schemes (just relay node shown) 
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LED drivers with the drive current of 0.96 A. Following transmission over the free 

space and optical-to-electrical and electrical-to-optical conversion in the AF-based 

relay node and decoding in the DF-based relay node the signals are transmitted over the 

2nd free space channel to the Rx2. The output of the Rx2 is captured using a real-time 

digital signal oscilloscope (DSO) (LeCroy WaveRunner Z640i) for offline processing 

in MATLAB. Note, a vehicle TL (Truck-trailer DACA08712AM), Thorlabs 

APD430A2/M (silicon-based avalanche PD), Thorlabs PDA10A2 and Texas 

Instrument THS3202 are used as the Txs, Rx1, Rx2, and amplifier, respectively. Note, 

the relaying schemes are applied following the first channel, i.e., after the Rx1, and the 

PD type used at the Rx2 for both AF and DF schemes are the same. Biconvex lenses 

with the focal length of 35 mm are used at the Rxs to improve the SNR. Key 

experimental system parameters are listed in Table 6.3. 

Table 6.3: Key experimental system parameters 

Parameter Value 

Tx bias current at TL 1 0.96 A 

Tx peak wavelength 630 nm 

Transmit power 32.4 mW 

Tx data 104 bits 

Inter link distance 8 m 

Biconvex lenses focal length at Rxs 35 mm 

Detector’s active area diameter of PD 1 

(APD430A2) 

0.2 mm 

Minimum noise equivalent power (DC-100 MHz) 0.15×10-12 W√Hz 

Operating wavelength of PD 1 200 – 1000 nm 

Detector’s active area diameter of PD 2 

(PDA10A2) 

1.0 mm 

Operating wavelength of PD 2 200 – 1100 nm 

Noise equivalent power @ 730 nm 2.92×10-11 W√Hz 
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6.6.2 Experimental results 

The eye diagrams following processing and detection of the captured signals at 

the Rx2, for 𝐿𝑠 of 12 and 16 m for the AF and DF relay-based links at data rates Rb of 

250 kb/s are shown in Figure 6.16. Note that, 𝐿𝑠 are 8, and 8 to 16 m for the Tx1-Rx1 

and Tx2-Rx2, respectively. For the link with the AF relay, see Figure 6.16 (c), and 𝐿𝑠 

of 16 m the eye diagram is completely closed with the BER of 1.31×10-2, which is above 

the FEC BER limit of 3.8×10-3. For DF, see Figure 6.16 (d), for the same 𝐿𝑠 and Rb as 

in AF, the BER is below the target value. This is because, in an AF relay-based link the 

system performance is affected more by noise accumulation over the transmission span 

since the received signal at the relay node is simply amplified with no regeneration or 

reshaping in contrast to the DF relay. Note, the modulating signal amplitude was lower 

at the AF relay node than at the Tx1 due to the limited gain of the amplifier. Thus, even 

lower BER could be demonstrated using amplifiers with higher gains at the relay node. 

For the DF relay node-based link, see Figure 6.16 (b), (d), and (f) the eye openings are 

wide with the BER values below the FEC BER limit. For both relay schemes, the eye-

opening decreases with the increasing data rate.  
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Figure 6.16: Measured eye diagrams for Rb of 250 kb/s for: (a) AF and (b) DF for Ls 

of 12 m, and (c) AF and (d) DF for Ls of 16 m; and Rb of 500 kb/s for: (e) AF and (f) 

DF with Ls of 16 m 
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6.7 Summary 

Vehicular VLC links with DF and AF relaying schemes were investigated and 

results presented, which showed that the DF is a potential option for vehicular VLC 

providing up to 150 % increment in the achievable link distance than AF at the FEC 

BER limit by the end of the 2nd hop under emulated sunlight noise. Furthermore, the 

effect of misalignment between vehicles in real road conditions resulting to beam spot 

offset for imaging-based Rx links was investigated for the first time. Results showed 

sharp BER degradation at certain incidence angles, but with the improved by increasing 

the PD’s size. Consequently, to mitigate this effect, the use of a spherical multi-PD array 

Rx was proposed with the following merits (i) provision of a range of varying PD 

angular orientations that can minimise the misalignment offset angle; and (ii) a multi-

PD array providing a larger surface area (like a camera-based Rx with several PDs) 

compared to a single PD-based Rx. Also, insights were provided into the impact of 

various system parameters on the relay-assisted links. A realistic vehicular VLC link 

topology with three possible packet transmission routes was simulated, with results 

showing that the shortest path may not necessarily be the best path and other key factors 

such as AFOV of the vehicular VLC system needs to be considered to determine the 

best routes for signal propagation. Finally, experimental demonstration of a relay-

assisted link was carried out where the measured BER values for the DF links were all 

below the FEC BER limit showing that the DF scheme is a suitable candidate for 

vehicular VLC connectivity as part of ITS.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE 

WORKS 

7.1 Conclusions 

This thesis, focused on the topic of vehicular IR/VLC connectivity with single/ 

multi-hop capabilities by addressing the key challenges and proposing novel technical 

analytical and experimental solutions. Hence, this work provided insights and a step 

forward into possible solutions to the major challenges of vehicular VLC links, which 

are necessary for its implementation in ITS. Firstly, detailed review of vehicular VLC 

connectivity with respect to the major current challenges in this system, such as 

increasing the robustness to noise during daytime and under turbulence and fog 

conditions were given in Chapter 2. Moreover, other major challenges that were also 

highlighted and discussed were increasing the communication distance and mobility of 

the vehicular VLC system, which would enable multi-hop links. The relevance of the 

research work carried out in this thesis were also pointed out in this Chapter in relation 

to the highlighted major challenges. Furthermore, possible solutions that were proposed 

from past research works were also discussed. Chapter 3 presented fundamental 

analysis of vehicular VLC, which included optical characterisation of four different 

vehicle TLs from popular brands namely, Audi, BMW, Nissan, and a universal 

truck/trailer/van TL. A link power budget analysis was carried out to ascertain the 

feasibility of using these TLs as Txs for vehicular VLC for a range of TL irradiance 
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angles with respect to the vehicle’s speeds. Notably, most past works on vehicular VLC 

were based on the use of a single light module, which may narrow down the conclusions 

drawn from the results.  

Also, most previous works focused more on the use of HL’s high or low beam, 

which have higher transmit powers than TLs and are usually on only at night or when 

the visibility is low. Note that, the ‘always on lights’ for HLs, which are always on for 

some cars during daytime have relatively lower transmit powers than the HL’s high or 

low beam. Notably, only very low link spans (i.e., translating to the driving speeds) of 

< 10 m were achievable with the TLs investigated. Solar irradiance measurements to 

obtain realistic values of sunlight induced shot noise was carried out, which is the major 

source of noise in vehicular VLC systems during the daytime. Other noises degrading 

the vehicular VLC system were also outlined and considered while investigating the 

performance of vehicular VLC under different deployment scenarios. Consequently, the 

inclusion of IR LEDs in HLs and TLs (for PD-based systems) were proposed and for 

the following reasons (i) to meet required transmit power levels (within eye safety 

limits) needed for longer distance communications; (ii) solar irradiance in the IR band 

is much lower compared with the visible band, leading to improved SNR performance; 

and (iii) it deals with the link asymmetry issue highlighted in Section 2.4.2 since both 

the HL and TL will have the same Tx characteristics. It was demonstrated that the 

proposed vehicular IR light link achieved transmission distances of 63, 72, and >89 m 

at the target FEC BER limit of 3.8 x 10-3, compared to 4.5, 5.4, and 6.3 m for the BMW 

vehicle-based TL (which had the highest transmit power) at data rates of 10, 6 and 2 

Mbps, respectively under realistic ambient light conditions. Furthermore, insights into 

the required AFOV for vehicular IR/VLC were also provided and mathematical 

expressions to calculate this in relation to key parameters such as the positions of the 
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Tx and Rx on vehicles, lane widths, size of the Tx and the vehicle widths, etc were also 

given in Chapter 3. 

 Next, Chapter 4 focused on extending the transmission span of RS-based 

camera systems. An overview of the merits/applications of OCC and experimental 

reports on long distance OCC links were outlined where details of the link spans and 

data rates achieved for the long-distance OCC links so far reported in literature were 

highlighted. The longest link span achieved for OCC in previous works reported was 

328 m at a very low data rate of 15 bps and success transmission rate of 96 %. 

Importantly, in RS-OCC, it is most desirable for the received signal area on the IS (i.e., 

the projected image of the Tx on the IS) to be as large as possible, since it determines 

the number of data rows visible (i.e., the ON and OFF states of the Tx, translating to 

the achievable data rate). However, the captured Tx’s focused image size drops with the 

increase in link span, which poses a huge limitation because of the decrease in 

obtainable received signal area on the IS of the camera. Hence, to reduce this limitation, 

a novel technique was proposed in this thesis, which is to reduce the spatial bandwidth 

of the camera in its out of focus regions (i.e., defocusing) to enable a larger footprint of 

the Tx on the IS and facilitate longer transmission spans. Consequently, the proposed 

scheme was investigated via numeric simulations and also experimentally validated, 

where up to a 400 m link span was achieved experimentally with 100 % transmission 

success rate at a data rate of 800 bps with 25 fps (and with a 60 fps camera this will be 

1920 bps). This technique relaxes the use of large surface area Txs to create large 

footprints where a small size Tx of 2.5 x 2.5 cm2 surface area was used in this research 

work, which was 19 times smaller than the Tx adopted in the previous work earlier 

highlighted as the longest link distance reported (prior to the work in this thesis) of 328 
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m at 15 bps. Also, the developed image processing and detection scheme employed for 

this work was also presented.  

In Chapter 5 the effects of turbulence and fog on a vehicular VLC link 

(employing an incoherent and non-collimated light source i.e., LEDs) were 

investigated, which have been sparely reported in literature. This is contrast to OWC 

links employing a coherent and collimated light source i.e., lasers and PD-based Rxs 

where the effects of turbulence and fog have been well reported. Different turbulence 

mitigation techniques have been proposed for free space optics (i.e., laser based outdoor 

OWC applications), which cannot be directly applied to vehicular VLC as discussed in 

Chapter 5, however the aperture averaging method, which is the simplest and can easily 

be implemented for vehicular VLC was experimentally investigated. The performance 

of a PD and camera based vehicular VLC link in terms of the average SNR and PSNR, 

respectively, under turbulence with aperture averaging were evaluated. Results obtained 

showed the potency of aperture averaging in combating the turbulence effects, as there 

was no significant system performance degradation under turbulence (compared with 

the clear channel), with only a penalty of 0.1 and 0.7 dB in the SNR and PSNR, for the 

PD and camera Rx based links, respectively, at the highest turbulence strength 

considered of refractive index structure parameter 𝐶𝑛
2 of ~1.0 ×10-10 m-2/3. Moreover, 

the effect of different visibility levels under fog on an OCC based vehicular link was 

investigated. Results obtained showed that the link was error free up to a meteorological 

visibility or 20 m for a MI of 0.5 and up to 10 m meteorological visibility for MIs of 

0.75 and 1. However, for all the MIs the link performance degraded considerably below 

10 m meteorological visibility.  

Chapter 6 presented investigations carried out on relay-assisted vehicular VLC 

for up to 4 hops (i.e., up to 5 consecutive transmission channels) with AF and DF 
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relaying schemes under realistic emulated sunlight noise obtained from empirical 

measurements. Results obtained under emulated sunlight noise showed that the DF 

scheme was a potential option for vehicular VLC connectivity providing up to 150 % 

increase in the achieved link distance than AF at FEC BER limit of 3.8×10-3 by the end 

of the 2nd hop. Also, the effect of the relay vehicle’s orientation in relation to the source 

vehicle was examined. For the first time, the effect of BSO at the PD on the performance 

of the vehicular VLC link was investigated (which is similar to pointing errors in free 

space optics) when there is a misalignment between the Tx and Rx. A method to 

mitigate the BSO effect was also proposed. Furthermore, insights into the impact of 

various system parameters on relay-assisted vehicular VLC were provided. Finally, 

experimental demonstration of a relay-assisted link within a laboratory environment 

was carried out, where the BER values for the DF link were all below the FEC BER 

limit of 3.8×10-3 illustrating that the DF scheme was a suitable candidate for vehicular 

VLC connectivity. 

This thesis focused on the key challenges of vehicular VLC connectivity that 

will facilitate multi-hop networks and provided original contributions and insights such 

as (i) increasing the robustness to noise under sunlight noise and mitigating the effects 

of atmospheric turbulence; (ii) increasing the communication range for both PD and 

camera-based links and relay-assisted multi-hop links; and (iii) enhancing the mobility. 

7.2 Future works 

The research work in this thesis uncovers more opportunities and areas that needs 

investigations. The following are recommended for future works: 
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1. For OCC based vehicular links, there is the need to track the light source in the 

captured image due to mobility of vehicles. Furthermore, an automatic 

recognition process of TLs, HLs in an image where there are multiple light 

sources including streetlights, advertising boards, etc is essential and should be 

investigated. This is needed in order to determine the required ROI and extract 

the required information under the dynamic environment and applications of 

artificial intelligence for this purpose can also be examined. 

2. The effects of fog on PD based vehicular VLC links under different visibility 

levels should be investigated, as only the effects of fog on OCC vehicular links 

were carried out in this thesis.  

3. Higher order modulation formats for OCC based vehicular links should be 

investigated to further enhance the data rate. For PD based vehicular VLC links, 

other modulation formats aside OOK should also be investigated. 

4. The utilisation of artificial intelligence for equalisation in vehicular VLC links 

to enhance the system performance under various deployment scenarios, such 

as under degrading weather conditions should also be explored. 

5. Development of a comprehensive analytical model for vehicular networks. 
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