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ABSTRACT 

There has been an extensive work on visible light communication (VLC) mainly 

due to scarcity in radio frequency (RF) spectrum and urgent need for a new wireless 

communication system in the near future. VLC considers the dual use of LED luminaires 

as the light sources for illumination as well as signal sources for wireless communication 

applications. However, to the best of our knowledge, the existing works mainly overlook 

lighting design considerations which might have significant effects on the performance 

of VLC systems. In addition, there is a lack of proper VLC channel models which take 

into account wiring and cabling topologies.  

In the first part of this thesis, we discuss some main indoor lighting design 

considerations and their implications for VLC applications. In particular, we consider 

some practical cabling topologies of LED luminaires and wiring topologies of LED chips 

within the luminaires. Based on non-sequential ray tracing, we obtain channel impulse 

responses (CIRs) and quantify the impact of cabling and wiring delays.  

In the second part of thesis, we consider outdoor applications of VLC. We first 

discuss outdoor lighting design considerations and their possible implications on VLC 

system design. Based on ray-tracing approach, we obtain CIRs for an infrastructure-to-

pedestrian (I2P) outdoor VLC scenario. Using these CIRs, we calculate channel DC gain, 

path loss, root mean square (RMS) delay spread and mean excess delay values. 
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ÖZET 

Radyo frekansı (RF) spektrumundaki kıtlık ve yakın gelecekte yeni bir kablosuz 

haberleşme sistemine acil ihtiyaç nedeniyle görünür ışık haberleşmesi (visible light 

communication – VLC) üzerine kapsamlı bir çalışma yapılmıştır. VLC, LED aydınlatma 

armatürlerinin hem aydınlatma için ışık kaynağı hem de kablosuz haberleşme 

uygulamaları için sinyal kaynağı olarak kullanımını ele alır. Bununla birlikte, bildiğimiz 

kadarıyla, mevcut işler çoğunlukla VLC sistemlerinin performansı üzerinde önemli 

etkileri olabilecek aydınlatma tasarımına dikkat etmemektedir. Ek olarak, hem LED 

armatürlerinin hem de armatürlerdeki LED’lerin kablolama topolojilerini dikkate alan 

uygun VLC kanal modelleri eksikliği vardır. 

Bu tezin ilk bölümünde bazı ana iç mekan aydınlatma tasarımı hususlarını ve 

bunların VLC uygulamaları üzerindeki etkilerini tartışıyoruz. Özellikle, LED 

armatürlerde bazı pratik kablolama topolojilerini ve armatürlerdeki LED yongalarının 

kablolama topolojilerini dikkate alıyoruz. Sıralı olmayan ışın izlemeye dayanarak, kanal 

dürtü yanıtlarını (channel impulse responses – CIR'lar) elde edip LED ve armatür 

kablolama gecikmelerinin etkisini ölçüyoruz. 

Tezin ikinci bölümünde, VLC'nin dış mekan uygulamalarını ele alıyoruz. 

Öncelikle dış mekan aydınlatma tasarımını ve bunların VLC sistem tasarımı üzerindeki 

olası sonuçlarını tartışıyoruz. Işın izleme yaklaşımına dayanarak, altyapıdan yayaya 

(infrustructure-to-pedestrian – I2P) dış mekan VLC senaryosu için CIR'ları elde ediyoruz. 

Bu CIR'ları kullanarak, kanal DC kazancı, yol kaybı, kök ortalama kare (RMS) gecikme 

yayılımını ve ortalama aşırı gecikme değerlerini hesaplıyoruz. 
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CHAPTER I 

  

INTRODUCTION 

1.1 Motivation 

Today, wireless communication technologies heavily rely on radio frequency 

(RF) bands of the electromagnetic spectrum. However, there are some serious drawbacks 

of RF spectrum. The main shortcoming of RF-based wireless communication 

technologies is the scarcity in RF spectrum. A recent market analysis report [1] shows 

that the global mobile data traffic grew 63% in 2016 and the monthly global mobile data 

traffic will reach 49 exabytes by 2021, which was 4.4 exabytes per month at the end of 

2015 and 7.2 exabytes per month at the end of 2016. The total RF data traffic exceeded 

11 exabytes per month in 2017, creating a 97% gap between available capacity of mobile 

networks and the data traffic demand per device [2]. The increasing data consumption per 

mobile device, like data-intensive mobile multimedia and cloud-based applications, is 

one of the main reasons for this huge amount of data traffic [3]. Another reason is the 

explosively growing number of connected devices as a result of development of new 

technologies like the Internet of Things (IoT). A research [4] predicts the number of 

connected devices to reach 100 billion by 2025. On the other hand, the RF spectrum is a 

small licensed part of electromagnetic spectrum which is nearly fully being used with 

heavy regulations and will not be able to cope with increasing data traffic. This scarcity 

in RF spectrum makes it difficult to improve the capacity of wireless networks and to 

initiate new wireless services for mobile network operators [5]. 
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Another main problem is the vulnerability of wireless transmissions to RF 

interference from various sources [6] which is the main reason for heavy regulations on 

and licensing of RF spectrum for use in wireless access technologies. This is a growing 

problem for technologies that use unlicensed frequency bands to operate, since the use of 

these bands is increasing over time [7]. Interference happens when waves/signals of 

similar frequencies superpose, giving result to adding up of the waves/signals when they 

are in-phase (i.e., constructive interference) or canceling out when they are out-of-phase 

(i.e., destructive interference) [8]. Interference of signals with waves generated by other 

sources creates disturbance on the signals where the signals will be completely lost when 

they undergo destructive interference. For example, the signals produced by electronic 

devices like smartphones can interfere with emergency signals of the airplane. This is the 

reason why our smartphones have an “airplane mode” in order to prevent such possible 

interferences that, otherwise, may cause catastrophic results. Another example of 

interference is jamming, which is the intentional generation of interference for denial-of-

service attack [9]. In other words, RF signals can easily be blocked using jammers. 

Another drawback of RF transmissions is their prohibition in some areas due to 

safety and security reasons. These technologies are not allowed to be used for control 

applications and safety-related instrumentation in some areas like power plants, nuclear 

plants, petrochemical industry and hospitals. This prohibition is due to sensitivity of 

equipment used in these areas to electromagnetic radiations [10], cyber security problems 

due to transparency of walls to RF signals which makes the transmitted data accessible to 

cyber-attackers outside of these areas [11] and so on [12]. However, these places need 

fast and inter-connected data systems for proper monitoring and efficient operation. The 
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savings that a proper monitoring at a single power plant provides can reach hundreds of 

thousands of dollars [13]. 

In the consideration of the above issues and drawbacks, the demand for a new 

ubiquitous broadband wireless access technology is increasing. Different solutions are 

currently being discussed and proposed to meet the requirements of future wireless 

networks [14]. One of these solutions is to utilize optical spectrum for wireless 

communication purposes. Throughout history, humanity has developed different optical 

signaling methods and techniques for wireless communication purposes. Using smoke or 

fire for sending messages dates back to ancient times. Polished plates made up of metallic 

materials were used by Romans to send messages to long distances by reflecting the 

sunlight. In the 1790s, a primitive version of optical communication, semaphore lines 

systems were developed [15]. In the early 1800s, so-called heliograph was developed 

based on the use of a mirror to reflect flashes of sunlight based on Morse code, where the 

flashes were obtained by either momentarily pivoting the mirror or using a shutter to 

interrupt the beam [16]. In 1880, A. Graham Bell invented the photophone [17] and was 

able to transmit a voice signal over a transmission range of more than 200 meters. In this 

device, the reflected sunlight by a flexible mirror is vibrated by the projection of the sound 

on the mirror and these vibrations are converted into electrical signals by a selenium cell 

at the receiver side using selenium’s photoconductive properties [18]. The electrical 

signals are, then, converted back into sound waves by an amplifier or speaker. 

The photophone never came out as a commercial product due the fact that there is 

no known way to control the sunlight as an efficient light source. However, recent 

advancements in light emitting diodes (LEDs) pave the way for visible light 

communication (VLC) [19], also known as LiFi, where LEDs are deployed as wireless 
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transmitters. It deploys the unlicensed visible light spectrum that ranges roughly from 380 

nm (789 THz) to 780 nm (384 THz). VLC involves the dual use of LEDs for 

communication purposes by modulating the LEDs at very high speeds that are not 

noticeable to human eye while being used as illumination sources. It is also meant to be 

a bidirectional and multiple-input multiple-output network [20]. Having a large 

bandwidth capacity, being immune to electromagnetic interferences and offering a secure 

wireless communication due to opacity of walls to visible light, VLC offers a complete 

solution for future short-range wireless networks. Therefore, VLC is considered as a 

complementary wireless access technology to WiFi or cellular networks. 

The first demonstrations of VLC started in early 1990’s and the first 

implementation took place in 2003 [21]. Using white LED luminaires for indoor 

communication applications was first proposed in 2004 [22]. With emergence and 

development of inexpensive LEDs VLC systems have improved, offering research and 

applications in various areas like position detection, intelligent systems, image sensor 

communication, audio applications, networking and aesthetics [23]. The practical 

functionality of VLC was demonstrated in July 2011 [24]. VLC systems have been 

implemented in various places, like in a museum displaying a multimedia content in order 

to improve the visual experience of each artwork and guide the visitors in the museum 

according to their wishes or interest [25]. An indoor positioning system (IPS) based on 

VLC technology was installed in a hypermarket on May 2015 which allowed its 

customers to locate the products promotion where the location accuracy of this VLC 

system was less than 1 meter [26]. Another IPS project was introduced in 2016 [27] which 

used LED luminaires for broadcasting positioning signals via amplitude modulation of 

light without surpassing lighting requirements and it has already been adopted by some 
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leading LED lighting companies [28, 29]. LiFi battens that could offer data speeds of up 

to 43 Mb/s and a LED downlight that embedded all necessary LiFi components while 

supporting up to 16 users at the same time with data speeds of 45 Mb/s were introduced 

in an exhibition in November 2017 [30]. The first LiFi panel light was introduced in an 

exhibition in January 2018, which was capable of a download speed of 108 Mb/s and an 

upload speed of 53 Mb/s with a coverage of 48 square meters [31]. With future 

advancements, VLC technology would offer outstanding applications in variety of fields 

such as aviation [32], big data and IoT. See [33, 34] for an extensive survey on VLC. 

1.2 Fundamentals of VLC Systems 

The data in a VLC system is transmitted by modulating the light intensity of LEDs 

with high frequencies, far beyond the frequencies that a human being can notice. In other 

words, the data signals in a VLC system are variations in light intensity of light sources 

with high frequencies. 

 

Figure 1: Schematic representation of a VLC system 

As illustrated in Figure 1, a VLC system is mainly composed of a transmitter 

module, a channel and a receiver module. The transmitter module in a VLC system 
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includes the data source, the modulator and the LED. The modulator converts the source 

data into electrical current signals which are added to the DC current used for driving the 

LED. Instead of modulating the data into voltage signals, it is better to modulate the data 

in a VLC transmitter into current signals due to electro-optical characteristics of LEDs. 

The LED, then, emits a light with modulated overall intensity, where the modulations in 

light intensity are almost linearly proportional to the modulated driving DC current. A 

type of modulated light output that is used for both illumination and VLC is schematically 

illustrated in Figure 2. For such a modulated light output we would perceive a constant 

light intensity around 100% which is the average of the overall intensity. When we use 

multi-color LEDs in the transmitter, each color would be considered as a different 

antenna. 

 

Figure 2: Schematic representation of a modulated light intensity that is used for both 

illumination and VLC 
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The transmitted signal goes through the channel. The receiver of a VLC system is 

a module that detects and de-modulates the carrier signal to obtain the transmitted data. 

The signal, including the noise, is detected by the photodetector (PD), either a photodiode 

or a phototransistor, which converts it into electrical voltage signal and sends it to 

demodulator. The demodulator, then, demodulates this signal to obtain the transmitted 

data. 

1.3 Motivation of Thesis  

Recently, there has been an extensive work on VLC channel modeling including 

both fixed [35, 36, 37, 38, 39, 40] and mobile [41, 42, 43] scenarios. These works discuss 

several indoor scenarios and lighting conditions. However, existing works mainly 

overlook the luminaire characteristics. A LED luminaire typically consists of multiple 

LED chips. Wiring topology refers to how LED chips are connected within the luminaire. 

In a typical indoor environment, there exist multiple luminaires. Cabling topology refers 

to how the luminaires are connected to the communication access point. However, to the 

best of our knowledge, there is only one previous work that discusses the effect of cabling 

and wiring topologies [44]. In [44], Ren et al. introduce a recursive channel model based 

on Barry’s method [40] taking into account wiring and cabling delays. The work in [44] 

is limited to the assumptions of only purely diffuse reflections and ideal Lambertian 

source which might not hold true for many practical cases. Moreover, as far as we know, 

there is no previous work that provides a discussion of lighting design considerations for 

indoor VLC. 

VLC can be considered for outdoor applications as well. Currently, most of the 

researches and applications are mainly focused on indoor VLC with less attention to 
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outdoor VLC due to problems like lower received power and lower SNR. Nevertheless, 

a huge amount of achievements have already been reported on outdoor VLC [45, 46]. 

However, to the extent of our knowledge, there is no previous work that discusses the 

impact of lighting design parameters on outdoor VLC systems. Our work shows that 

received optical signal power and consecutively SNR can be improved by optimizing 

some outdoor lighting design parameters such as luminaire design and luminaire 

installation parameters. Furthermore, the existing works on outdoor VLC are mainly 

focused on vehicular (V2V, V2I/I2V [46]), building-to-building (B2B) and considering 

park and street lights as access points [45]. On the other hand, there are various possible 

compelling outdoor infrastructure-to-pedestrian (I2P) VLC applications like outdoor 

positioning systems. However, we believe that our work is the first to consider an I2P 

outdoor VLC channel modeling with a realistic ray tracing approach. 

The objective of our work is mainly to develop realistic VLC channel models for 

indoor and outdoor environments in addition to comprehensive analyses of the effects of 

some essential lighting design parameters on VLC channels. Our study is based on non-

sequential ray tracing features of Zemax® [47], a commercial optical and illumination 

design software [48], which is able to accurately describe the light interactions within a 

specified environment. 

The first part of our work focuses on indoor lighting design considerations and 

channel modeling. We provide a thorough analysis of some crucial LED lighting design 

parameters and their possible effects on VLC systems. Next we adopt a realistic indoor 

channel modeling approach [39] to obtain CIRs and corresponding channel frequency 

responses. 
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In the second part of our work, we focus on the outdoor applications. First, we 

discuss the outdoor lighting design considerations and present a street lighting luminaire 

installation design following relevant illumination standards. Second, we model the 

channel between street lighting luminaires and a pedestrian. The luminaires are 

considered as transmitter antennas while the mobile phone of the pedestrian is used as a 

receiver. The asymmetrical illumination patterns of the street lights is carefully taken into 

account. For the scenario under consideration, we obtain CIR and calculate channel DC 

gain, path loss, root mean square (RMS) delay spread and mean excess delay. 

Some of the main ideas of this thesis have already been published by the author 

during his research. The results on the effect of wiring and cabling topologies on VLC 

can be found in [49] and [50]. 

1.4 Organization 

The rest of the thesis is organized as follows. In Chapter II, we provide a detailed 

discussion of indoor lighting considerations for VLC applications and adopt a realistic 

indoor VLC channel modeling approach [39] for different cabling and wiring topologies 

based on non-sequential ray tracing features of Zemax®. In Chapter III, we focus on 

outdoor VLC channel modeling. We carry out a thorough analysis of outdoor lighting 

design considerations for VLC systems and provide our outdoor channel modeling 

scenario between street lighting luminaires and a pedestrian. Finally, we summarize and 

conclude this thesis in Chapter IV.
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CHAPTER II 

 

INDOOR LIGHTING DESIGN CONSIDERATIONS AND 

CHANNEL MODELING 

2.1 Introduction 

The existing works on indoor VLC mainly overlook the characteristics of lighting 

infrastructure and luminaire design that might have implications for VLC system design. 

A luminaire typically consists of multiple LED chips. Wiring topology refers to how LED 

chips are connected within the luminaire. In a typical indoor environment, there exist 

multiple luminaires. Cabling topology refers to how the luminaires are connected to the 

communication access point. Based on the type and length of cabling/wiring, significant 

delays can be introduced which should be taken into account in channel modeling. 

In this chapter, we first consider some main indoor lighting design parameters and 

discuss their impacts on VLC, on indoor VLC in particular. Next, we adopt a ray tracing 

based VLC channel modeling approach [39] and present simulations for various cabling 

and wiring topologies. Then, we obtain CIRs for each topology and quantify the impact 

of wiring and cabling delays on CIRs. 

2.2 Indoor Lighting Design Considerations 

2.2.1 LEDs 

LEDs are semiconductor devices which have a p-n junction made of at least two 

materials where the light of a particular color is produced depending on the materials 

used. The white light using LEDs is produced using different color mixing techniques 
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[51]. The most popular white LEDs are phosphorescent LEDs which have a blue light 

LED dye embedded in a layer of phosphor, commonly a yellow phosphor. In these LEDs, 

a portion of blue light passes the phosphor layer, a portion is converted into longer 

wavelengths, like green, yellow and red, by the phosphor and a small portion of blue light 

is lost. The combination of emitted colors is, then, seen as white light. The main 

disadvantage of using these LEDs for VLC applications is the longer decay lifetimes of 

converted light by the phosphorescence effect [52] which would decrease both the ON-

OFF switching speed and bit rate. However, high bandwidths and/or the use of spectrally-

efficient modulation schemes can provide high-speed communication [53]. For example, 

using a blue optical filter on the PD side would get rid of the converted portion of the 

white light, but it would decrease the signal power [54, 55, 56, 57, 58]. Another solution 

is improving white LEDs for VLC with shorter phosphor decay lifetimes. For instance, 

the colloidal quantum dot light-emitting devices (QD-LEDs) have shorter 

phosphorescence lifetimes, of the order of nanoseconds, which would enable faster 

switching rates for LEDs [59]. However, they have low efficacies (~65 lumens per watt) 

and long-term exposure to cadmium telluride (CdTe) quantum dots would cause 

functional impairments in live cells [60]. Therefore, they would not be preferred for use 

in general lighting applications. To give another example, a research [61] found out that 

a combination of perovskite nanocrystals and a red phosphor can support visible light 

communication modulation rates of 491 MHz with a capacity of transmitting a high data 

rate of up to 2 Gbps.  

Another type of white light LEDs is a red-green-blue (RGB) LED where the 

white light is produced as a combination of red, green and blue colors. The red, green and 

blue colors can be modulated separately to obtain different colors or x-y chromaticity 
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coordinates on CIE 1931 color space [62, 63], as shown in Figure 3, with 23=8 different 

outputs, as illustrated in Figure 4. Deploying RGB LEDs for VLC applications can triple 

the data transmission. However, they would cause more complications both at the 

transmitter and the receiver sides with higher costs. 

 

Figure 3: CIE 1931 x-y color space 

In most of the current white LEDs, e.g., phosphorescent and RGB LEDs, there is 

a peak in blue spectrum which may cause disturbance in people’s sleep patterns and harm 

nocturnal animals [64, 65, 66]. Low-intensity blue light exposure in the evening may also 

cause suppression of energy metabolism and drowsiness in the next morning [67]. The 

ideal light sources with minimal risks are the ones with closest properties to natural light 
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sources, especially to that of the sun. Some industrial LED companies have already 

produced LEDs that produce a white light with a spectral power distribution (SPD) that 

mimics the SPD of the sun [68, 69] which cause a decrease in eye fatigue and an 

improvement in sleeping quality [70]. However, these LEDs also produce white light via 

phosphorescence effect and phosphorescence has longer decay lifetimes than LED dyes 

that cause extra delays in CIRs than that of the LED dyes. 

  

Figure 4: Color combinations of RGB 

Each type of currently available LEDs have their advantages and disadvantages 

for lighting, communication or both applications. Hence, it is clear that either current 

LEDs need to be improved or new LEDs need to be developed and produced for dual-use 

in a VLC system for cost-effective and efficient illumination and high-speed 

communication applications. 
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2.2.2 Electro-optical Characteristics of LEDs 

Electro-optical characteristics of LEDs play important roles for both illumination 

and communication applications. For a typical LED, forward voltage (𝑉𝑓) and luminous 

flux (i.e., light output) would be within some ranges at a particular forward current (𝐼𝑓). 

For example, a single LM281B+ CRI 80 LED, a Samsung middle power LED, would 

have a 𝑉𝑓  between 2.8 V and 3.3 V while outputting a luminous flux between 52.5 lumens 

(lm) and 74 lm when driven at a typical 𝐼𝑓 of 150 mA with solder temperature (𝑇𝑠, using 

which junction temperature (𝑇𝑗) can be calculated) of 250𝐶 [71]. These ranges are huge 

when considered for lighting applications. Therefore, LED manufacturers make binning 

of LEDs which is grouping the LEDs based on their optical and electrical properties. 

Samsung has separated LM281B+ CRI 80 LEDs into five voltage bins with 0.1 V 

separations and into four luminous flux bins with 4 lm separations [71]. These binnings 

are highly important for both lighting and VLC applications since they determine the 

electrical and optical tolerances of a luminaire. 

The relationship between 𝐼𝑓 and 𝑉𝑓  of LEDs is exponential, i.e., 𝐼𝑓 changes 

exponentially with changes in 𝑉𝑓 . However, the luminous flux, which is directly 

proportional to luminous intensity (𝐼𝑣), changes almost linearly with 𝐼𝑓. This means that 

luminous flux changes exponentially with 𝑉𝑓 . Figure 5 shows relative luminous flux and 

𝑉𝑓  relationships with 𝐼𝑓 of Samsung LM281B+ CRI 80 LED. 

Electro-optical characteristics of LEDs show that it is better to drive LEDs of a 

luminaire with a constant current, instead of a constant voltage, to have a better control 

over light output of the luminaire with tighter tolerances. For further clarification, 
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consider two LM281B+ CRI 80 LEDs, LED1 and LED2, with a CCT of 4000K from A3 

𝑉𝑓  bin (3.0-3.1 V) and SG luminous flux bin (70-74 lm) at the typical 𝐼𝑓 of 150 mA and 

𝑇𝑠 of 250𝐶. So, the 𝑉𝑓  tolerance of these LEDs is about ±1.6% with luminous flux 

tolerance of about ±2.8%. Also assume that LED1 has 3.0 V and LED2 has 3.1 V where 

both have the same light output of 72 lm when driven with their typical 𝐼𝑓 of 150 mA at 

𝑇𝑠 of 250𝐶. 

 

(a) 

 

(b) 

Figure 5: (a) electrical and (b) electro-optical characteristics of LM281B+ CRI 80 
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When these LEDs are driven with a constant 𝑉𝑓  of 3.0 V, with a simple calculation 

from 𝐼𝑓 and 𝑉𝑓  graph data in Figure 5.a, we find out that when the voltage of LED2 is 

decreased from 3.1 V to 3.0 V (3.2% decrease), its 𝐼𝑓 would be 95 mA (37% decrease). 

From Figure 5.b it can be calculated that when 𝐼𝑓 of LED2 is decreased from 150 mA to 

95 mA, its light output would decrease from 72 lm to 47.5 lm (34% decrease). Since 

LED1 and LED2 would give light outputs of 72 lm and 47.5 lm at 3.0 V, respectively, 

then there would be a decrease of 34% in light output of LED2 as compared to LED1 

with only a 0.1 V or 3.2% decrease in 𝑉𝑓  of LED2. This means that even if we use LEDs 

from single 𝑉𝑓  and single luminous flux bins, it is possible that there was about 34% 

difference in light outputs of two LEDs when driven with a constant voltage. In other 

words, driving LEDs in a luminaire with a constant driving voltage would result in huge 

light output tolerances. Furthermore, these huge changes in light output with small 

changes in 𝑉𝑓  would make it difficult to precisely generate and modulate optical data 

signals for VLC purposes, especially for modulations like in Figure 2. Therefore, it is 

better to drive the LEDs of a luminaire with constant driving currents both for 

illumination and VLC purposes. 

It is important to make sure that all LEDs in a luminaire are driven with the same 

or similar 𝐼𝑓 values. Consider a parallel wiring connection of abovementioned two 

LM281B+ CRI 80 LEDs (1S2P wiring connection), as schematically shown in Figure 6. 

Suppose that these LEDs are driven with a total constant current of 𝐼𝑡𝑜𝑡 in such a way that 

the voltage over both LEDs was 3.0V due to parallel connection. Then 𝐼𝑡𝑜𝑡 would be 

divided into two strings according to each LED’s 𝐼𝑓 and 𝑉𝑓  relationships. As discussed 

above, there would be a differences of 37% in 𝐼𝑓 and 34% in luminous flux of these LEDs. 
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This would result in inhomogeneous heat distribution and make the thermal management 

of the luminaire less efficient. In addition, different light outputs from different LEDs 

would result in non-uniform brightness of the light emitting area of the luminaire which 

is not preferred, especially for diffuse indoor lighting luminaires. Accordingly, it is 

important to drive all LEDs in a luminaire with the same or similar 𝐼𝑓 values. 

 

Figure 6: Schematic representation of two LEDs connected in parallel 

2.2.3 Cabling Topologies 

In a typical indoor environment, there exist multiple luminaires. In general, LED 

luminaires are designed to operate with available AC electric sources. Since the available 

AC sources have fixed voltages, e.g., 120 V, 220 V or 240 V, the LED luminaires are 

connected in parallel to have the same voltage over all luminaires. We assume that a data 

cable (CAT 5) runs in parallel to the electrical cable. It is also possible to use Power over 

Ethernet (PoE) to feed both data and power. We assume the deployment of a central 

access point (AP) where the LED luminaires (that act as transmitters) are connected. For 

connection, we consider two cabling topologies as illustrated in Figure 7. In the first 

topology (Figure 7.a), the data/electrical cables are terminated at the middle of luminaires. 
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The length of cable between the access point and each luminaire is the same. In the second 

topology (Figure 7.b), the length of cable for each luminaire changes. Difference in two 

topologies will not have any effect on illumination performance but the communication 

performance might be affected due to different cable lengths. For instance, when a signal 

is sent from AP to luminaires, all of the luminaires in Figure 7.a would receive it at the 

same time. On the other hand, in Figure 7.b, luminaire pairs (𝐿2 and 𝐿3) and (𝐿1 and 𝐿4) 

would receive it at the same time while there would be a particular delay between two 

pairs based on the cable length differences. 

Cabling Topology 1 

 
(a) 

Cabling Topology 2 

 
(b) 

Figure 7: Cabling topologies under consideration 

In a typical lighting application, especially when large numbers of luminaires are 

used, the cabling topology is designed to have minimum amount of total cabling length 

to minimize the cost. For instance, the cabling topology in Figure 7.b can be replaced 

with the cabling topology shown in Figure 8 to minimize the total cabling length (note 

that both topologies would have similar delaying effects). It is possible different signal 

delays between the luminaires due to unequal cabling lengths by using a separate cable 



 

19 
 

of equal length for each luminaire, even for the ones that are near the AP/electrical source. 

However, this would increase the amount of cables used, hence increase the cost. 

 

Figure 8: An actual cabling topology of 4 luminaires 

2.2.4 Wiring Topologies 

The wiring topology is more complicated than the cabling topology. In a LED 

luminaire, the LED chips can be connected in series, in parallel or some combination. 

The choice of wiring topology mainly depends on the number, type and characteristics of 

LED chips, their driving 𝐼𝑓 and 𝑉𝑓  as well as the output current and voltage of the power 

supply unit (PSU) in the LED luminaire. There are two types of PSUs, i.e., constant 

current PSUs and constant voltage PSUs. A constant current PSU has an output of fixed 

current with a variable voltage within a particular range. These PSUs vary the voltage 

with respect to load while keeping the current constant. On the other hand, a constant 

voltage PSU does the reverse, i.e., varies the current within a range while keeping the 

output voltage constant. In LED luminaires, because of the significant changes in 𝐼𝑓 and 

relative luminous flux with small changes in 𝑉𝑓 , constant current PSUs are typically 
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preferred to have more control over total light output of luminaires and uniformity of light 

output, as extensively discussed in section 2.2.2. 

Connecting large numbers of LEDs in series would require PSUs with high DC 

output voltages, since the total driving voltage would be the sum of voltages over all 

LEDs. For instance, a luminaire with 100 LEDs connected in series with LED 𝐼𝑓 of 

150mA and 𝑉𝑓  of 3V would require a PSU of DC output current of 150mA and output 

voltage around 300V. Considering that the available AC electrical sources are typically 

240V or less, producing PSUs of higher voltages would be difficult and expensive since 

they need special components to handle high voltages. High voltages would also cause 

some reliability and safety issues like difficult isolation and touch problem. In addition, 

when a single LED is burned out, it would not allow any current flow, resulting in 

termination of current flow through all LEDs. Overcoming this would require using extra 

components like Zener diodes. On the other hand, connecting large numbers of LEDs in 

parallel would require PSUs with high DC output currents, since the total driving current 

would be the sum of currents over all LEDs. Producing such PSUs would also be difficult 

and expensive due to requirement for special components that could handle high current 

flows. Although burning out of an LED would not prevent the operation of other LEDs 

in a parallel wiring connection, all LEDs need to have exactly the same (or very close) 𝑉𝑓  

values to avoid current hogging and non-uniformity in brightness of LEDs. However, this 

is difficult to achieve since LEDs have some 𝑉𝑓  tolerances and small changes in 𝑉𝑓  can 

cause huge changes in 𝐼𝑓. Most of LED luminaires have tens or hundreds of LEDs. 

Therefore, LED luminaires with few LEDs typically have either fully parallel or fully 

series connections. On the other hand, in luminaires with large numbers of LEDs some 

combinations of parallel and series connections of LEDs are considered to minimize the 
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problems with both fully parallel and fully series wiring connections of large numbers of 

LEDs. To make sure that the current flow is the same over all parallel strings of LEDs, 

the use of some current balancing circuitry can be considered. 

Wiring Topology 1 

 
(a) 

Wiring Topology 2 

 
(b) 

Wiring Topology 3 

 
(c) 

Wiring Topology 4 

 
(d) 

Figure 9: Wiring topologies under consideration 

According to the above considerations, four different wiring topologies are 

presented in Figure 9. Without loss of generalization, only the luminaire 𝐿1 (Figure 7) is 
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considered. In Figure 9.a and Figure 9.b, four LED chips 𝐶1,𝑖 , 𝑖 = 1, … , 4, are connected 

in series. In Figure 9.c and Figure 9.d, LED chips are connected in parallel. In Figure 9.a 

and Figure 9.b, all of the four LED chips would have the same 𝐼𝑓 as desired for uniform 

illumination. In Figure 9.c and Figure 9.d, all of the four LED chips would have the same 

𝑉𝑓  values. This indicates that similar 𝐼𝑓 values will flow through each LED chip if their 

𝑉𝑓  differences are sufficiently low. In the following section, we only consider fully series 

(Figure 9.a and Figure 9.b) and fully parallel (Figure 9.c and Figure 9.d) connections of 

four LEDs to highlight the differences. 

2.3 Channel Modeling for Indoor VLC 

For channel modeling, we use the ray tracing and channel modeling approach 

described in [39]. We take advantage of non-sequential ray tracing features of Zemax® 

to realistically simulate different scenarios. Then we use MATLAB® to process the data 

obtained from Zemax® simulations. 

We import the CAD files of all of the objects that we want to consider in our 

simulation, including sources (e.g., LEDs) and receivers (e.g., photodiodes), into 

Zemax® and properly position them to create our realistic 3D simulation environment. 

Then we define the light sources (like number, position and orientation of the sources) 

and characterize their specifications. We can either manually determine the light sources 

or import source files into Zemax®. In our case, we import and position source files which 

contain all the necessary information about the light sources such as spatial intensity 

distribution, SPD, and luminous flux (i.e., visible light output) of the LEDs. The unit of 

the light can be chosen as lumen, watt or joule. 
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Next, we insert proper detectors to function as receivers. There are various 

detector types in Zemax®; color, polar, rectangle, surface and volume detectors. Each of 

these detectors is used for a different detection purpose. For example, the polar detector 

is used to detect spatial intensity distribution of the light sources. We use rectangle 

detectors as the detecting surfaces of our receivers for detecting the power and path length 

information of received rays. 

We, then, specify the optical properties of all the objects present in the simulation 

environment such as their reflection, refraction, transmittance, absorption and scattering 

properties. There are different ways to specify these properties. One way of doing so is 

to choose a material type for each object from the materials catalog of the Zemax®, if 

available, which already includes all the information about its optical properties. Another 

way is separately choosing these properties from coating and scattering catalogs that are 

available in the database of the Zemax®. One other way is manually defining these 

properties in Zemax®. For example, reflection, refraction, transmittance and absorption 

properties of the objects can be determined by defining the coating material properties of 

their surfaces. As another example, the type of reflection, such as specular, Lambertian 

or Gaussian, as discussed in [39], of each object or each surface/face of the objects can 

be decided by choosing a scattering model for the object of surface/face.  

As the last operation in Zemax®, we set the simulation parameters and initiate the 

non-sequential ray tracing to obtain the power and path length data for each ray that is 

detected by the detectors. We then export these data for further calculations. Some of the 

main simulation parameters are the number of analysis rays (i.e., number of rays that will 

be traced for simulation) and considering polarization, splitting and/or scattering. Large 

numbers of analysis rays would provide more realistic results, but it will last longer to 
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trace all of the rays and complete the simulation. Similarly, including polarization, 

splitting and/or scattering properties of light while interacting with objects would also 

yield better results, but, again, with a cost of longer ray tracing time. The number of 

reflections of light rays to be taken into account in simulation can be determined, for 

example, by setting the value of minimum ray intensity or maximum intersections per 

ray. For detailed information about sources, detectors, optical specifications of materials, 

simulation parameters and more in Zemax® its help system [72] or its “Help PDF” file 

[73] can be used. 

We import the data that we obtained from Zemax® simulations into MATLAB® 

and calculate CIR and other characteristics of the channel. The main steps that we use in 

ray tracing and CIR calculation for VLC are illustrated in Figure 10. 

 

Figure 10: Main ray tracing and channel modeling steps for VLC 
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In this work, we assume the deployment of multiple ceiling luminaires where each 

LED luminaire consists of multi LED chips. Assume that there are 𝑁𝐿 luminaires and 

each luminaire includes 𝑁𝐶  LED chips. 

Let ℎ𝑖(𝑡), 𝑖 = 1, … , 𝑁𝐶, denote the individual optical CIR between the 𝑖𝑡ℎ LED 

chip and the receiver. It can be expressed as 

 ℎ𝑖(𝑡) = ∑ 𝑃𝑖,𝑗  𝛿(𝑡 − 𝜏𝑖,𝑗)

𝑁𝑟

𝑗=1

 (1) 

where 𝑃𝑖,𝑗 is the optical power of the 𝑗𝑡ℎ  ray from the 𝑖𝑡ℎ LED chip, 𝜏𝑖,𝑗 is the propagation 

time of the 𝑗𝑡ℎ  ray from the 𝑖𝑡ℎ LED chip, 𝛿(𝑡) is the Dirac delta function and 𝑁𝑟 is the 

number of rays received at the detector. 

The optical CIR between the 𝑘𝑡ℎ luminaire, 𝑘 = 1, … , 𝑁𝐿, and the receiver can be 

expressed as 

 ℎ𝑘(𝑡) = ∑ ℎ𝑖(𝑡 − 𝜏𝑊𝑖
)

𝑁𝐶

𝑖=1

 (2) 

where 𝜏𝑊𝑖
 is the wiring delay of the 𝑖𝑡ℎ LED chip and 𝑁𝐶  is the number of LED chips 

inside the 𝑘𝑡ℎ luminaire. The overall optical CIR is then given as 

 ℎ(𝑡) = ∑ ℎ𝑘(𝑡 − 𝜏𝐶𝑘
)

𝑁𝐿

𝑘=1

= ∑ ∑ ∑ 𝑃𝑖,𝑗  𝛿(𝑡 − 𝜏𝑖,𝑗 − 𝜏𝑊𝑖
− 𝜏𝐶𝑘

)

𝑁𝑟

𝑗=1

𝑁𝐶

𝑖=1

𝑁𝐿

𝑘=1

 (3) 

where 𝜏𝑐𝑘
 is the cabling delay of the 𝑘𝑡ℎ luminaire and 𝑁𝐿 is the number of ceiling 

luminaires. 
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The frequency response of the optical channel can be further obtained through the 

Fourier transform, i.e., 

 𝐻(𝑓) = 𝐹[ℎ(𝑡)] = ∫ ∑ ∑ ∑ 𝑃𝑖,𝑗  𝛿(𝑡 − 𝜏𝑖,𝑗 − 𝜏𝑊𝑖
− 𝜏𝐶𝑘

)

𝑁𝑟

𝑗=1

𝑁𝐶

𝑖=1

𝑁𝐿

𝑘=1

∞

−∞

𝑒−𝑗2𝜋𝑡𝑑𝑡 . (4) 

Channel DC gain ( 0H ) is one of the most important features of a VLC channel, as 

it determines the achievable signal-to-noise ratio for a fixed transmitter power and is 

calculated as 

 𝐻0 = ∫ ℎ(𝑡)𝑑𝑡 

∞

0

. (5) 

The path loss can, then, be expressed as 

 𝑃𝐿 = −10 log10[∫ ℎ(𝑡)𝑑𝑡

∞

0

] . (6) 

The time dispersion parameters of channel, RMS delay spread and mean excess delay, 

are respectively given by 

 𝜏𝑅𝑀𝑆 = √
∫ (𝑡 − 𝜏0)2 ℎ(𝑡) 𝑑𝑡

∞

0

∫ ℎ(𝑡)𝑑𝑡
∞

0

 , (7) 

 𝜏0 =
∫ 𝑡 × ℎ(𝑡)𝑑𝑡

∞

0

∫ ℎ(𝑡)𝑑𝑡
∞

0

 . (8) 

2.4 Numerical Results 

In the simulation study, we consider a room with dimensions of 5 m × 5 m × 3 m 

as illustrated in Figure 11. Considering the layout in Figure 7, we assume four luminaires 

as 𝐿𝑘, 𝑘 = 1, … , 4, on the ceiling with equidistant spacing of 2 m. The LED luminaire has 
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a square shape with size of 0.6 m × 0.6 m and consists of 4 LED chips as 𝐶𝑘,𝑖 , 𝑖 = 1, … , 4. 

Each LED chip radiates 5 W with a beam angle of 120𝑜. The receiver is designed in the 

form of a flat-top pyramid (see Figure 11) with four PDs, denoted as 𝐷𝑙, 𝑙 = 1, … , 4, to 

provide a wide angle reception and to take advantage of the angular and spatial diversity 

[74, 75, 76]. The PDs are placed on the table at a height of 0.8 m. The field of view (FOV) 

semi-angle and area of the PD are 85𝑜 and 1 𝑐𝑚2, respectively. The cabling and wiring 

delay values are 𝜏𝐶𝑘
= 5 𝑛𝑠/𝑚 [77] and 𝜏𝑊𝑖

= 6.5 𝑛𝑠/𝑚 [78], respectively. The 

simulation parameters are summarized in Table 1. 

 

Figure 11: Indoor scenario under consideration 

First, we consider cabling topologies 1 and 2 and ignore the wiring delays1. As a 

benchmark, we further consider the hypothetical case where the cables are delay-free. 

                                                             
1 We ignore the effect of path loss related to data cables. In practice, an amplifier is used at VLC-enabled 
LED luminaire. Such an amplifier can be used to mitigate the effect of such losses. 
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Based on (3), the overall optical CIR ℎ(𝑡) as seen by the PD 𝐷1 is presented in Figure 12. 

It is observed from Figure 12 that in topology 1, we have one large peak and then one 

small. Since the cabling delays of four luminaires are the same, the signals from each 

luminaire are received at the same time. This results in one large peak followed by a small 

peak, the latter results from multipath reflections. In topology 2, it is observed that we 

have two large peaks followed by a small one. Two large peaks come from luminaire 

pairs (𝐿2 and 𝐿3) and (𝐿1 and 𝐿4) . It can also be noted that for the hypothetical case where 

the cables are delay-free, we have one large peak followed by a small one similar to 

topology 1. However, the large peak in this case occurs at 9 ns while the large peak in 

topology 1 occurs at 16 ns which is the result of cabling delay. 

Table 1: Simulation parameters for scenario under consideration 

Parameters Values 

Room Parameters 

Size of room (L × W × H) 5 m × 5 m × 3 m 

Room 

Wall: Plaster 

Floor: Pinewood 

Ceiling: Plaster  

Furniture Desk: Pinewood 

Transmitter Parameters 

Size of luminaire 0.6 m × 0.6 m 

Number of luminaires 4 

Distance between luminaires 2 m 

Number of LED chip per each luminaire 4 

Power of each LED chip 5 W 

Beam angle of LED chip (FWHM) 120𝑜 

Cabling delay (𝜏𝐶𝑘
) 5 ns/m 

Wiring delay (𝜏𝑊𝑖
) 6.5 ns/m 

Receiver Parameters 

Number of PD 4 

FOV of PD 85𝑜 

Area of PD 1 𝑐𝑚2 

Distance between PDs 0.1 m 
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(a) 

 

(b) 

 

(c) 

Figure 12: Overall optical CIRs (as received by the PD 𝐷1) for (a) cabling topology 1, 

(b) cabling topology 2 and (c) delay-free cabling 

 

Second, we consider wiring topologies 1, 2, 3 and 4 and ignore the cabling delays. 

As a benchmark, we further consider the hypothetical case where the wires are delay-free. 

Based on (2), the optical CIR ℎ1(𝑡) between luminaire 𝐿1 and PD 𝐷1 is presented in 

Figure 13. It is observed from Figure 13 that in wiring topologies 1 and 2, we have four 

large peaks followed by a small one. Four large peaks comes from LED chips 𝐶1,1, 𝐶1,2, 

𝐶1,3 and 𝐶1,4 while the small one results from multipath reflections. In topology 3, it is 
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observed that we have one large peak and then one small. This is as a result of the fact 

that the wiring delays of four LED chips are the same. In topology 4, it is observed that 

we have two large peaks and then one small. Two large peaks comes from LED chip pairs 

(𝐶1,1 and 𝐶1,2) and (𝐶1,3 and 𝐶1,4). For the hypothetical delay-free case, we have one large 

peak and then one small similar to topology 3. It should be of course noted that the large 

peak in this case occurs at 9 ns, however, the large peak in topology 3 occurs at 13 ns 

which is the result of wiring delay. 

Finally, we consider the effects of both wiring and cabling topologies in Figure 

14. We assume the use of cabling topology 1 in conjunction with wiring topology 1 and 

3. The hypothetical case of delay-free wiring and cabling is further included as a 

benchmark. It is observed from Figure 14.a that for cabling topology 1 in conjunction 

with wiring topology 1, we have four large peaks followed by a small one which is similar 

to CIR in Figure 13.a. It means that in this case the wiring topology is dominant for the 

channel characterization. Since the CIR in Figure 14.a is composed of the CIRs from four 

luminaires, its amplitude is larger than the CIR in Figure 13.a. Additionally, the first peak 

in the CIR in Figure 13.a (only wiring topology 1 is considered) occurs at 8 ns while the 

first peak of CIR in Figure 14.a (combined effect of wiring topology 1 and cabling 

topology 1 is considered) occurs at 15 ns as a result of cabling delay. It is further observed 

from the comparison of Figure 14.b and Figure 14.c that the CIR for the case of cabling 

topology 1 and wiring topology 3 has a similar behavior to the ideal case with only some 

delay. This is a result of the fact that these topologies have symmetrical structures, i.e., 

equal cabling and wiring lengths. In other words, all luminaires in cabling topology 1 and 

all LED chips in wiring topology 3 have identical cabling and wiring delays, respectively. 

Such a symmetrical wiring/cabling structure results in only an overall shift of the CIR. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 13: Optical CIRs from the luminaire  (as received by the PD 𝐷1) for (a) wiring 

topology 1, (b) wiring topology 2, (c) wiring topology 3, (d) wiring topology 4 and (e) 

delay-free wiring 
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(a) 

 
(b) 

 
(c) 

Figure 14: Overall optical CIRs (as received by the PD 𝐷1) for (a) cabling topology 1 

and wiring topology 1, (b) cabling topology 1 and wiring topology 3 and (c) delay-free 

cabling and wiring 

 

The corresponding channel frequency responses of overall CIRs for these three 

cases are further illustrated in Figure 15. It is observed that frequency selectivity is 

introduced with respect to the ideal case of delay-free wiring and cabling. This will 

introduce limitations on the transmission bandwidth. According to the well-known 3dB-

bandwidth definition [79], the bandwidth for the ideal case can be calculated as 12.74 
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MHz. This remains the same for the case where cabling topology 1 and wiring topology 

3 are considered due to symmetrical structure. This reduces to 9.70 MHz for cabling 

topology 1 and wiring topology 1 where frequency selectivity is more pronounced. 

 

Figure 15: Channel frequency response of overall optical CIRs considering the combined 

effect of cabling and wiring delays
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CHAPTER III 

 

OUTDOOR LIGHTING DESIGN CONSIDERATIONS 

AND CHANNEL MODELING 

3.1 Introduction 

In this chapter, we discuss some main luminaire design parameters and analyze 

their effects on outdoor VLC. Then, we interpret and evaluate illumination requirements 

for outdoor VLC systems. We also consider a street lighting luminaire installation design 

scenario as a case study. Next, we present simulations for an I2P VLC channel modeling 

and obtain CIRs for a pedestrian moving between two street lighting luminaires. Then we 

use these CIRs to calculate channel DC gain, path loss, RMS delay spread and mean 

excess delay values. 

3.2 Outdoor Lighting Design Considerations 

LED luminaires are the source of light for illumination as well as the source of 

signal for VLC applications. Therefore, a better luminaire design would provide a better 

illumination and VLC performance. There are some luminaire design parameters that 

have direct influence on VLC systems. The parameters and effects discussed in section 

2.2 for indoor lighting and indoor VLC also exactly apply for outdoor lighting and 

outdoor VLC. In addition, there are some other important LED luminaire components for 

outdoor VLC applications which are called as secondary optics. 
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3.2.1 Secondary Optics 

Secondary optics, which refer to light guiding optical components, are of the main 

components of LED luminaires. They have different functions in a luminaire to achieve 

certain lighting requirements and might have significant effects on VLC channels as well. 

The efficiency of secondary optics is less important in indoor VLC, since the signal is 

attenuated less with less noise present in indoor environments. On the other hand, 

secondary optics become more significant for outdoor VLC applications for improving 

the optical signals which are attenuated more with more noise present in outdoor 

environments. 

The most common secondary optics components that are used in LED luminaires 

are reflectors and lenses that are used to provide particular beam angles. The beam angle 

is defined as the full-width-at-half-max (FWHM) of the light intensity. Some luminaires, 

like down lights and panel lights, have wide beam angles to illuminate larger areas from 

closer distances, e.g., from ceilings. These luminaires commonly do not use reflectors or 

lenses. High bay lighting luminaires have narrow, medium or wide beam angles 

depending on the lighting application that they are used in. Projectors or flood lights, on 

the other hand, usually have narrow beam angles to illuminate particular areas from long 

distances like in stadium lighting and bridge lighting applications. They need reflectors 

or lenses that focus the wide beam angle of the light of LEDs into very narrow beam 

angles. There are also luminaires with asymmetrical beam angles. For example, street 

lighting luminaires have narrow vertical beam angles with wide horizontal beam angles 

(see Figure 20.a for an example). The vertical narrow beam is needed to focus the light 

to the road surfaces only and the horizontal wide beam is needed to distribute the light to 
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longer distances along the road. The beam angle is one of the most important parameters 

of luminaires. With a good lighting design optimization, the number of the luminaires 

that are used in a particular application can be reduced by changing the beam angle of the 

luminaires to meet certain illumination requirements. From communication point of view, 

reflectors and lenses define the power of the VLC signals in particular directions. Narrow 

beam angles would provide stronger signals in far distances, but with smaller coverage 

areas, while wide beam angles would provide signals with larger coverage areas for 

shorter distances. However, the use of reflectors or lenses in a luminaire would decrease 

the total light output of a luminaire and the power of the signals for VLC applications. 

Furthermore, lenses may have another disadvantage when a CSK modulation type with 

RGB LEDs is considered.  Lenses provide particular beams for a luminaire by refracting 

the light of LEDs and they have wavelength dependent refractive indices. This would 

create some issues when a color shifting demodulation technique is considered, since the 

color shift could vary in different directions from the luminaire due to different refractions 

of different colors.  

Another commonly used optical component in LED luminaires is the cover 

material which is a glass in most of the cases. In most LED luminaires a cover glass with 

a high optical transmittance is used for protection purposes. However, this glass decreases 

the total light output by a particular fraction, depending on its optical transmittance. A 

decrease in total light output implies a weaker optical signal power, when the luminaire 

is considered for VLC applications. Therefore, choosing a glass with higher optical 

transmittance would improve both illumination and communication performance of the 

luminaire. However, this, of course, would bring a small cost-up. It is also possible to 

avoid using a cover glass by using lenses with IP protections which would provide even 



 

37 
 

better illumination and communication performance. But, these kind of lenses are more 

expensive than normal ones. There are different glasses with different transmittances. The 

glass that is used in the tested luminaire has a transmittance of 90% (for normal 

incidence). Its transmittance can further be improved by applying an anti-reflecting 

coating. But this will bring some extra cost. 

Paper-like reflector sheets are usually used in LED luminaires to enhance optical 

efficiency. They are highly reflective materials and are commonly used both in indoor 

and outdoor LED luminaires. Some of these reflectors are produced to have a sandy 

surface to provide diffuse reflections. A reflector sheet is placed on the PCB to reflect the 

light towards the illumination direction that comes backward directly from LEDs and the 

light reflected from lenses or from the cover glass and other parts of the luminaire. Using 

a reflector sheet would increase both total light output of a luminaire and the power of 

data signals for VLC applications. 

To quantify the effects of secondary optics on illumination and VLC, we will 

evaluate the optical performance of paper-like reflector sheet, lenses and cover glass. The 

common disadvantage of these components is the reduction of optical efficiency of the 

luminaire and the power of the signal for VLC applications, except of the paper-like 

reflector sheets. We tested Vestel Ephesus M3S 90 street lighting luminaire, both with 

integrated sphere and goniophotometer in LED Optical Laboratory of Vestel to evaluate 

the effects of its secondary optics. 

This luminaire has a luminous flux of 10400 lm with efficacy of 115 lm/W. Its 

secondary optics components are a paper-like reflector sheet which has a thickness of 188 
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microns, lenses with an asymmetrical beam angle (Figure 20.a) and a cover glass with 

90% optical transmittance. 

The luminaire was tested with different combinations of its secondary optics 

components to evaluate the overall optical efficiencies of the luminaire in each case and 

the effect of each component individually when used with other components. The test 

results of optical efficiencies of the luminaire with different combinations of optical 

components are shown in Table 2. The “X” symbols in Table 2 indicate which 

components were included during the test and an empty box/cell means the component 

was not included. The results shown in this table are the test results from both 

goniophotometer and integrating sphere. 

In order to evaluate the optical effects of each component, we assume the 

efficiency of the luminaire without optical components to be 100% as a reference. As it 

is seen from test numbers 1, 2 and 3 in Table 2, while lenses and cover glass reduce the 

light output, the reflector sheet increases the optical efficiency of the luminaire. Table 3, 

Table 4 and Table 5 illustrate the individual effects of reflector sheet, lenses and cover 

glass, respectively, in different conditions which are derived from Table 2. The effect of 

reflector sheet changes from +1.61% up to +5.10% depending on use of different optical 

components, as shown in Table 3. Without other optical components, the reflector sheet 

has an effect of +3.01% on light output. However, when used with cover glass, its effect 

increases to +4.15%. This difference happens because the reflector sheet reflects only the 

light coming directly from LEDs when there is no cover glass, whereas it reflects both 

the light coming from LEDs and the light that is back-reflected by cover glass when the 

cover glass is used. On the other hand, the decrease in reflector sheet’s effect to +1.61% 

when it is used with lenses is mainly caused by temperature increase around LEDs caused 
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by lenses. The effects of lenses and cover glass can similarly be evaluated from Table 4 

and Table 5, respectively. 

Table 2: Conditional efficiencies and net optical effects of optical components 

Test Ref. sheet Lenses Cover Glass Efficiency Net Effect 

1       100 % (ref.) 0 % 

2 X     103.01 % 3.01 % 

3   X   96.42 % -3.58 % 

4     X 90.22 % -9.78 % 

5 X X   97.96 % -2.04 % 

6 X   X 93.32 % -6.68 % 

7   X X 88.49 % -11.51 % 

8 X X X 93.00 % -7.00 % 

Table 3: Conditional net optical effects of reflector sheet 

Component \ With Lenses Cover Glass Net Effect 

Reflector sheet 

X X 5.10 % 

  X 4.15 % 

X   1.61 % 

    3.01 % 

Table 4: Conditional net optical effects of lenses 

Component \ With Ref. sheet Cover Glass Net Effect 

Lenses 

X X -0.34 % 

  X -1.24 % 

X   -4.90 % 

    -3.58 % 

Table 5: Conditional net optical effects of cover glass 

Component \ With Ref. sheet Lenses Net Effect 

Cover Glass 

X X -5.07 % 

  X -8.22 % 

X   -9.41 % 

    -10.40 % 

 

The total optical efficiency of the luminaire was tested to be 93% which provides 

an initial luminous flux of 10400 lm. This means that 7% of the light is lost due to using 

of secondary optics which is a luminous flux of 728 lm. Not using the reflector sheet 
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would cause an extra light loss of 4.51% which is a luminous flux of 469 lm, as seen from 

test numbers 7 and 8 of the Table 2. Similarly, the effect of other optical components can 

be evaluated from these tables which clearly show that secondary optics have significant 

effects on both illumination and VLC performance of a luminaire. 

3.2.2 Illumination Requirements 

The position and orientation of the luminaires have significant effects both on 

illumination performance and VLC channels. To illuminate a particular place with 

multiple luminaires, the position and orientation of each luminaire is determined and 

optimized to meet the lighting requirements for that place like average illuminance (lux) 

values and uniformity which would also affect the VLC channel. For instance, street 

lighting luminaires can be considered as an example which will be discussed in details in 

this section, where we will discuss the placement and orientation of street lighting 

luminaires and possible effects on both illumination and VLC channels. 

Street lighting design has high significance for a comfortable and safe journey. 

Due to this significance, standards, which define lighting requirements for street lighting 

applications, are developed and are being revised with developing technology. One of 

these standards is European standard EN 13201 (EN 13201-1, EN13201-2, EN 13201-3, 

EN 13201-4 and EN 13201-5) [80] which provides detailed explanations for street 

lighting requirements. There are three lighting classes depending on lighting situations; 

M for motorized traffic areas, C for conflict areas, and P for pedestrian and low speed 

areas. Each of these classes are also divided into six sub-classes depending on speed limit, 

traffic volume, traffic composition, separation of carriageway, junction density, existence 

of parked vehicles, ambient luminosity etc.. To meet all lighting requirements, firstly, the 
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road lighting class should be determined and then, for a given street lighting luminaire, 

the pole parameters should be optimized. 

As a case study, we present a street lighting luminaire installation that meets the 

lighting requirements, as defined by the standard, and discuss some implications of these 

requirements on VLC systems. We consider using a street lighting luminaire and design 

the luminaire installation using DIALux®, a free professional lighting design software 

[81]. DIALux® calculates pole assembly parameters, such as pole separation and height, 

for all possible arrangements within user defined constraints and limits for the considered 

luminaire to meet all lighting class requirements based on a chosen standard (e.g., EN 

13201) which is available in DIALux® database. It also simulates a chosen arrangement 

and provides a detailed report of lighting parameters. 

Table 6: Lighting requirements for M3 lighting class 

 

Class 

Luminance of the road surface of the 

carriageway for the dry road surface condition 

Disability 

glare 

Lighting of 

surroundings 

 Dry condition Dry condition  

 
𝐿𝑎𝑣 in cd/m2 

[minimum 
maintained] 

𝑈0 
[minimum] 

𝑈𝑙 
[minimum] 

𝑇𝐼 % 
[maximum] 

𝑆𝑅 
[minimum] 

M3 1.00 0.40 0.60 15 0.50 

We consider a road lighting class of M3, as described by EN 13201-1. The lighting 

requirements for M3 class according to EN 13201-2 are summarized in Table 6. The 

parameters in Table 6 are as follows. 𝐿𝑎𝑣 is the average road surface illuminance, 𝑈0 is 

the overall uniformity of the illuminance, 𝑈𝑙 is the longitudinal uniformity of the 

luminance, 𝑇𝐼 is the threshold increment, and 𝑆𝑅 is the surround ratio. These parameters 

are calculated and measured according to EN 13201-3 and EN 13201-4. The street profile 

under consideration is outlined in Table 7. 
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Table 7: Street profile under consideration 

Roadway Width: 10.50 m 

Number of Lanes 2 

Surface Properties Tarmac: R3, q0: 0.070 

Light Loss Factor (LLF) 0.89 

Lighting Class M3 

We also consider Vestel Ephesus M3S 90 street lighting luminaire for simulations. 

DIALux® made the calculations for pole assembly parameters and listed possible 

arrangements out of which we chose the arrangement with pole assembly parameters 

listed in Table 8. The parameters in  Table 8 are illustrated in Figure 16. 

Table 8: Optimized pole parameters 

Selected Luminaire Vestel Ephesus M3S 90 

Arrangement Double Row, Opposing 

Luminaires per Pole 1 

Pole Distance 25.00 m 

Mounting Height (1) 7.00 m 

Height 6.90 m 

Overhang (2) -0.50 m 

Boom Angle (3) 0𝑜 

Boom Length (4) 1.00 m 

With above configuration we made the simulations in DIALux® and the results 

are presented as follows. 3D and false color renderings are shown in Figure 17. 

Illuminance (𝐸𝑣) isolines are illustrated in Figure 18 with calculated illuminance 

parameters listed in Table 9. The calculation field results are illustrated in Table 10. 

The below DIALux® simulations show that the pole parameters, i.e., positions 

and orientations of street lighting luminaires have significant effects on both illumination 

and VLC performances. Figure 17.b and Figure 18 show the illuminance values on 

different points, consequently the VLC signal powers in different positions from the 

luminaires which would be different for different pole parameters. Similar to this case, 
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the positions and orientations of any type of luminaire would have significant effects both 

from illumination and communication points of view. 

 

Figure 16: Pole parameters 

 

(a) 

 

(b) 

Figure 17: (a) 3D view and (b) false color rendering of the street scenario  

 

Figure 18: Illuminance (Ev) isolines 
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Table 9: Calculated illuminance parameters 

𝑬𝒂𝒗 [lx] 𝑬𝒎𝒊𝒏 [lx] 𝑬𝒎𝒂𝒙 [lx] u0 𝑬𝒎𝒊𝒏 / 𝑬𝒎𝒂𝒙 

44 29 74 0.659 0.392 

Table 10: Calculated field values and requirements 

 
𝑳𝒂𝒗 

[𝐜𝐝/𝐦𝟐] 
𝑼𝟎 𝑼𝒍 TI [%] SR 

Calculated values 2.64 0.69 0.73 8 0.55 

Required values according 

to class 
≥ 1.00 ≥ 0.40 ≥ 0.70 ≤ 15 ≥ 0.50 

Fulfilled/Not fulfilled 

(OK/NOK) 
OK OK OK OK OK 

 

3.3 Outdoor VLC Channel Modeling 

 

Figure 19: Outdoor scenario under consideration 
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We consider a VLC usage scenario (i.e., metropolitan-main road) shown in Figure 

19. This scenario is composed of vehicles, buildings, roads/fields, street lights and 

pedestrian. We assume that coating materials of buildings, cars and street lamp poles are 

respectively concrete, black gloss paint and galvanized steel metal. The road type is 

assumed as tarmac – R3 with the coating material of asphalt. 

 
(a) 

 
(b) 

Figure 20: (a) Relative intensity distribution in polar diagram and (b) relative spectral 

power distribution of Vestel Ephesus M3S 90 
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We assume only two Ephesus M3S 90 luminaires, Vestel brand street lighting 

luminaires, with spacing of 14 m. Spatial intensity distribution and relative SPD of 

luminaire are presented in Figure 20. The important parameters of this street lighting 

luminaire are listed in Table 11. 

Table 11: Product specifications of Vestel Ephesus M3S-90 

Electrical input power 90 W 

Luminous flux 10400 lm 

Efficacy 115 lm/W 

Color temperature (CCT) 4000K 

CRI ≥ 70 

Beam angle Asymmetric 

 

We consider a pedestrian who has internet access through street lights (see Figure 

19). Pedestrian body is modeled as CAD object with different coating materials for 

different parts of the body. Specifically, its head and hands are modeled as absorbing 

objects while cotton clothes and black gloss shoes are assumed. Non-sequential ray 

tracing features of Zemax® are used to calculate the detected power and path lengths from 

source to detector for each ray. These are used to obtain the CIR between the light sources 

and the detector. The detector can be placed at any point where the CIR is desired to be 

computed. The ray tracing and channel modeling steps are discussed in section 2.3.1 and 

briefly shown in Figure 10. Here, we assume that the pedestrian walks on the trajectory 

between two street lights. We assume that he/she holds a cell phone in hand next to his/her 

ear and the detector is located on the phone. The orientation of human body (where he/she 

is facing) changes according to the direction of the way while the rotation and location of 

cell phone (i.e., 45𝑜 rotation and at a height of 1.8 m) in his/her hand are fixed with 

respect to his/her ear. The FOV and the area of the detector are 85𝑜 and 1 𝑐𝑚2, 

respectively. The simulation parameters are listed in Table 12. 
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Table 12: Simulation parameters 

Street light specifications 
Vestel Ephesus M3S 90 

0.5 W per each luminaire 

Receiver specifications 
Area: 1 𝑐𝑚2 

Field of view (FOV): 85𝑜 

Road specifications 
Material: Asphalt 

Tarmac: R3 

Specifications of objects and surfaces 

Buildings: Concrete 

Street lamp poles: Galvanized steel metal 

Cars: Black gloss paint 

Pedestrian (user) 

Shoes: Black gloss paint 

Head & hands: Absorbing 

Clothes: Cotton 

Cell phone: Black gloss paint 

 

Based on the approach summarized above and given scenario, we obtain CIRs for 

all points with 1 m inter-distance along that trajectory for a maximum span of 14 m (i.e., 

denoted as P1, …, P14). Let ℎ𝑘(𝑡) denote the individual optical CIR between the 𝑖𝑡ℎ 

street light and the receiver. ℎ(𝑡) = ∑ ℎ𝑘(𝑡)2
𝑘=1  represents the combined optical CIR from 

two street lights. Once we obtain CIRs, we can calculate several channel parameters such 

as channel DC gain, path loss, RMS delay spread and mean excess delay.  

Based on the given scenario and the simulation parameters (see Table 12), we 

present the CIRs between the pedestrian and the street lights in Figure 21.  

Table 13 summarizes the channel parameters for the configuration under 

consideration. The CIRs presented in Figure 21 show that the communication is only LOS 

in this scenario with negligible multipath reflections (seen as small dots in the figures) 

reaching the receiver. 
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(m) 

 
(n) 

Figure 21: (a) – (n) CIRs for scenario under consideration 

 

Table 13: Channel parameters for scenario under consideration 

 𝝉𝟎 (ns) 𝝉𝑹𝑴𝑺 (ns) 𝑯𝟎 
𝑷𝑳 (dB)

 

P1 18.01 0.52 5.50×10-7 62.59 

P2 19.01 0.83 5.00×10-7 63.01 

P3 20.01 0.55 4.50×10-7 63.46 

P4 22.06 1.70 3.50×10-7 64.55 

P5 24.03 1.24 4.50×10-7 63.46 

P6 26.02 0.89 4.00×10-7 63.97 

P7 29.03 0.92 3.50×10-7 64.55 

P8 32.02 0.86 2.50×10-7 66.02 

P9 35.01 0.67 1.50×10-7 68.23 

P10 38.03 1.05 1.50×10-7 68.23 

P11 36.48 8.57 2.03×10-7 66.92 

P12 44.17 2.21 1.02×10-7 69.91 

P13 29.57 13.66 4.00×10-7 63.97 

P14 24.41 12.84 2.50×10-7 66.02 
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CHAPTER IV 

 

CONCLUSIONS 

In this thesis, we adopted a realistic channel modeling approach based on non-

sequential ray tracing features of Zemax® for indoor and outdoor VLC scenarios. Instead 

of using ideal Lambertian sources that are typically used in existing works, we used 

realistic photometric files of commercial LEDs and LED luminaires to simulate the 

scenarios in Zemax®. 

In Chapter II, we discussed how some indoor lighting design considerations could 

affect the performance of a VLC system followed by channel modeling of an indoor 

scenario. Then we discussed typical electro-optical characteristics of LEDs which play 

an important role in designing the wiring topologies of LED luminaires and choosing or 

designing PSUs (i.e., LED drivers). We also provided detailed and industry-standard 

explanations of typical cabling and wiring topologies for LED luminaires and chose 

various cabling and wiring topologies to be considered in our indoor VLC scenario. Then, 

we adopted a realistic channel modeling approach [39] for channel modeling of the indoor 

scenario and obtained CIRs using non-sequential ray tracing with higher order number of 

reflections. We, then, presented numerical results. Our results show that cabling and 

wiring topologies introduce delays with significant effects. Therefore, symmetrical 

cabling and wiring topologies, i.e., topologies with equal cabling and wiring lengths, are 

more favorable. Furthermore, frequency selectivity is more pronounced for asymmetrical 

topologies. 
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In Chapter III, we provided an extensive analysis of some main outdoor lighting 

design considerations and their effects on the performance of VLC. We demonstrated and 

experimentally quantified how main secondary optics of an LED luminaire, namely 

lenses, reflectors, cover glasses and paper-like reflector sheets affect the performance of 

both lighting and VLC. Furthermore, we discussed how the number, positions and 

orientations of luminaires are significant for both lighting and VLC applications. We 

showed that a well optimized luminaire installation can reduce the number of luminaires 

that are used to illuminate a particular area with a better VLC performance and, hence, 

reduce the cost. As a case study, we provided a detailed example of street lighting design 

that met the illumination requirements according to European standard EN 13201 (EN 

13201-1, EN13201-2, EN 13201-3, EN 13201-4 and EN 13201-5) [80] and considered 

the impacts of these standard requirements on VLC systems. 

We deployed the realistic channel modeling approach in [39] using Zemax® for 

3D modeling of the environment and simulations for an outdoor I2P VLC scenario. 

Simulations were carried out in Zemax® for the pedestrian at 14 different equidistant 

points between two street lighting luminaires. The simulation results were then imported 

into MATLAB® and processed to obtain the CIRs. We also calculated channel DC gain, 

path loss, RMS delay spread and mean excess delay values using these CRIs. 

When the indoor and outdoor VLC scenarios are compared, we see that the indoor 

VLC has combinations of both LOS and non-LOS signals on the receiver side. On the 

other hand, we notice that our outdoor VLC scenario seems to have only LOS signals 

received with negligibly low non-LOS signals.
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