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Abstract 

This thesis studies, designs and characterises a low-complexity bidirectional 

LED-to-LED communication system employing only off-the-shelf tricolour light 

emitting diodes (LEDs) as transmitters and receivers with the aim of providing the 

required connectivity for contemporary small Internet-of-things (IoT) devices. In 

today’s interconnected world of Internet of Things devices, it is imperative to have 

low-complexity and small size communication modules to enable seamless 

communication between such small devices over short distances and with low 

data rates without exhausting the already over-crowded radio frequency 

spectrum. While a regular visible light communication (VLC) system containing 

an LED and a photodiode is a viable option, it provides only one-directional 

communication. To enable an uplink, a repetition of the downlink is usually 

provided, doubling the cost, complexity and space of the original circuits. Hence, 

an LED-to-LED solution maximises the benefit of VLC and imitates the idea of 

having one antenna for transmitting and receiving, known in radio frequency (RF) 

technologies. 

In order to design an LED-to-LED system, the LED is characterised as transmitter 

and receiver both qualitatively and empirically. The results confirmed the 

feasibility of the LED as a wavelength-selective and directional photodetector with 

a  field of view of 18° and low responsivity of 0.2 mA/W under zero bias. 

Interestingly, the experiments also reveal that the LED could even detect light 

when slightly forward biased. Based on the identified characteristics of the LED, 

a current-mirror-based LED driver, a transimpedance amplifier and an analogue 

switch are designed and separately evaluated to mitigate the low responsivity of 

the LED as photodetector. The VLC channel is also characterised and the 

interference due to the most common contemporary ambient light sources is 

evaluated. The interference of each light source is mathematically modelled 

based on the empirical results. The overall LED-to-LED link is practically 

implemented and optimised to reach data rates up to 200 kbps at distances up to 

7 cm with the help of an optimised matched filter at the detection phase. The 

analogue switch completes the system by providing the option of a bidirectional 

half-duplex channel while avoiding flickering. At a switching frequency of up to 

300 Hz, the LED-to-LED system could deliver error-free data transmission at 

speeds up to 100 kbps in a back-to-back configuration. 

The findings of this thesis indicate that a bidirectional low-complexity VLC system 

depending only on RGB LED for transmission and photodetection is not only 

feasible, but also a very viable option for short-range, low-speed communication 

between small IoT devices with high potential of commercial deployment.  
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Chapter 1  

Introduction 

1.1. Background: Connectivity in IoT devices 

From smart toothbrushes that measure how long you brush your teeth to smart 

fridges that notify you when the groceries are running low and gardening gadgets 

that remind you to water the plants, smart inter-connected devices are a reality in 

the contemporary society. What was only considered science fiction a few years 

ago is now part of the retail market and the every-day life [1]. The concept of 

internet of things (IoT) - first introduced by the British technology pioneer Kevin 

Ashton -implies that computers are not anymore the only devices that are 

connected to the internet, nor are they limited to the inputs provided by humans. 

Instead, computers now have “eyes and ears” thanks to small low-complexity and 

low-cost smart sensing devices that communicate to provide information about 

the changes in the environment [2], [3]. 
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IoT refers to networks of objects that are used in everyday life which have the 

hardware as well as the software capabilities for data exchange. The main 

function of IoT devices lies in “sharing, gathering and forwarding information 

adaptively in accordance with the obtainable data” [4]. Accordingly, IoT devices 

are the perfect fit for employment in smart environments such as healthcare 

monitoring, security as well as personal and home area networks [3].  

During the past decade, the IoT has grown at such a tremendous speed. Although 

the technology was first heard of in 2002, it is estimated that there are currently 

over 30 billion IoT devices sold on the market [5], [6]. It is foreseen that the 

investment in the field will reach more than $60 trillion over the next 15 years [7] 

and the IoT market will reach $267 billion [8] and 212 billion entities worldwide by 

the end of 2020 [9].  

But while the potential of IoT devices in the market is huge, its progress faces a 

great challenge in finding the right technology for communication between the 

ever-increasing number of devices. Given the huge amount of data generated 

and exchanged by those devices, a great impact on the network in terms of 

overcrowding, latency and transmission bandwidth scarcity is anticipated. Hence, 

a reliable yet low-complexity and inexpensive communication technique is 

necessary for data exchange. A green communication technique is required that 

is not only secure, but also operates on low power to be easily integrated in small 

devices [2], [10], [11]. 
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Most IoT applications require only sending a few bits at a time such as flags or 

integer numbers representing environment sensing information [12]. Moreover, 

the data transmission between many IoT devices takes place relatively 

infrequently, such as every few seconds or even minutes [13]. A continuous 

stream of data is therefore not necessary. Hence, a low-data rate and short-range 

communication technology is sufficient for such applications [14]. 

Very few communication technologies comply with those requirements for low-

data rate communication between IoT devices. Wireless Fidelity (Wi-Fi), 

Bluetooth and cellular communication are the most famous amongst them, 

especially for the higher data rate applications that require non-line-of-sight and 

a wide coverage range [15]. However, in the low-data-rate and low-complexity 

applications these technologies are an overkill. In addition, they fail to provide an 

eavesdropping-proof environment for communicating between those devices 

without complex encoding algorithms. Also, Wi-Fi and cellular communication 

require high power for sending and receiving as well as complex encoding and 

decoding, which is against the nature of most IoT sensing devices [16].  

Cellular communication specifically is mainly designed for higher data rates 

applications such as voice calls, streaming videos or sharing large images and 

browsing the internet. It therefore targets applications that require high range of 

coverage and employs the licensed spectrum of radio frequency (RF). Because 

it requires expensive licensing and complex hardware, it is considered too 

expensive and power savvy for typical IoT sensing devices [16]. 

The main challenge for the communication between IoT devices however is how 

to fit in the extremely congested and highly regulated RF spectrum. The spectrum 

for wireless communication has nowadays become a scarce finite shared 

resource, that cannot cope with this ever-increasing demand [16].  
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The limited bandwidth of the RF along with the high demand poses a real problem 

especially in indoor environments with high user density scenarios such as sports 

events, airports and in emergency cases. Researchers found that 70% of all 

communications take place in indoor scenarios like homes and offices [4], [17], 

[18], which is mostly where contemporary IoT devices operate. In those 

situations, the RF spectrum becomes too congested that it cannot provide all 

users with the needed connectivity. The UK frequency allocations chart shown in 

Figure 1-1 shows how crowded the RF spectrum is. The addition of millions or 

even billions of IoT devices just aggravates the so-called “spectrum crunch” 

problem and emphasises the need for an alternative solution [19]. Especially with 

that high demand for connectivity and the exponentially growing number of 

connected devices, the need for an alternative to the traditional radio frequency 

is pushing the scientists towards researching other techniques to solve the 

‘spectrum crunch’ problem [19]. 

One of the solutions to the spectrum overcrowding is the use of smaller and 

overlapping cells for communication, such as nano-cells and femto-cells in 

addition to the already existing microcells [16]. These smaller cell sizes allow for 

frequency spectrum reuse and provide a spatial division multiplexing of the 

communication channel. However, this is not possible due to the wide 

communication range of many RF communications such as Wi-Fi and cellular. 

Applying frequency reuse on such a scale will add complexity because it would 

require handling the interference between the single cells and complex managing 

of spectral resources [20]. This gap in appropriate communication technologies 

for simple IoT devices paved the way for the use of visible light communication.  
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Figure 1-1: UK frequency allocation chart [REF: https://www.roke.co.uk/media/roke-hub accessed: 10/6/2020]  
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1.2. Visible Light Communication for IoT 

In this gap of technological advancement in the field of wireless communications 

for IoT devices, optical wireless communication (OWC) and especially visible light 

communication (VLC) found a fertile ground for growth and flourishing [1]. 

Optical wireless communication is a type of telecommunications that relies on 

light for information exchange, whether in the infrared (IR) range or the visible 

light range. Visible light communication is a sub-category of optical wireless 

communication that relies on visible light in the wavelength range from 380 nm to 

720 nm for data transfer [21]. It occupies the range between 400 THz and 800 

THz in the electromagnetic spectrum as shown in Figure 1-2.   

VLC has many advantages over regular RF telecommunications technology, 

especially for IoT applications [1]. First, it is capable of overcoming the restrictions 

of the regular RF spectrum because it has a huge, unexploited and unlicensed 

spectrum, in the terahertz (THz) region. It causes no interference with other 

wireless communications technologies and is therefore safe to use in RF 

 

Figure 1-2: Visible light communication spectrum in electromagnetic spectrum 
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sensitive environments such as hospitals, control rooms and airplanes. Unlike the 

remainder of the THz region which has safety limitations on life tissue and is 

therefore not suitable for terrestrial communication, VLC is a safe technology that 

poses no health hazard for humans and pets if the eye safety standards are 

respected [22].   

Besides, it has a very small cell size due to its confinement by the walls of a single 

room. This confinement aggregates the inherent security against eavesdropping. 

Moreover, VLC is also easy and cost-efficient to deploy and is therefore attractive 

in industrial and business applications [23]. VLC is regarded as a green and 

energy-efficient technology because it employs light already utilised for 

illumination and piggybacks the information on it. In addition, it employs mainly 

light emitting diodes (LED) as transmitters, which are the core of contemporary 

low-power lightning solutions [24], [25].  

The dual LED functionality, namely being able to illuminate as well as act as 

transmitter for wireless communication, makes the field of VLC especially 

attractive for both scientific research and the industry as an alternative or 

complementing technology to RF for IoT connectivity [26]. 

Although VLC has many advantages, it also has its own set of challenges that 

prevent it from completely replacing other communication technologies. The 

indoor VLC channel susceptibility to noise and interference from other ambient 

light sources and sunlight prevents the long-distance coverage of VLC and 

impacts its reliability [27]. In addition, VLC lacks an identical uplink channel (to 

the downlink) and mostly depends on RF technologies or an IR channel for the 

uplink. In order to design an entire full-duplex VLC system, two parallel channels 

need to be implemented: one for the downlink and another for the uplink. This not 
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only doubles the cost, energy consumption and complexity of the VLC system, 

but is also an obvious disadvantage compared to other RF communication 

technologies that rely on a single antenna for transmitting and receiving [23]. A 

bidirectional VLC system encourages harnessing the full capabilities of VLC as 

an augmenting technology for indoor wireless communication. 

 

1.3. Research Motivation 

Inspired by the idea of employing the same device (antenna) for transmitting and 

receiving signals, LED-to-LED communication grew as a branch of the VLC tree 

[23]. LED-to-LED communication employs the LEDs on the ends of the 

communication channel as both transmitters and receivers of visible light signals. 

It makes use of the physical properties of the semiconductor material p-n junction 

inside an LED that is capable of emitting as well as detecting light upon changing 

the applied bias voltage: in forward bias, the p-n junction releases electrons from 

the conduction to the valence band, releasing thereby energy in the form of 

photons. When reverse biased, the photons falling on the exposed p-n junction 

provide electrons from the valence band with energy, causing them to move to 

the conduction band and create a small photocurrent to flow from the LED, similar 

in type but lower in magnitude to the photocurrent induced by a regular 

semiconductor PIN photodiode [28].  

Employing an LED both as transmitter as well as photodetector in the VLC 

channel not only reduces the complexity, cost and power consumption of the 

system, but also majorly increases the value of the single LED. An LED has 

thereby a triple functionality: illumination, data transmission and data reception.  
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The idea of using an LED as light detecting device first originated from Dietz’s 

paper, in which the author employs the LED as an ambient light sensor [29]. In 

his paper, Dietz measures the change in the LED’s internal capacitance at the 

end of the light measurement interval. Dietz notices that the capacitance drops 

proportionally to the amount of received light. The system proposed by the author 

depends only on a low-cost microcontroller whose pins switch between receiving 

and capacitance charging modes.  

In their study, Schmid et al. depend on the same principle for developing a VLC 

system, in which the LED can have the double function as transmitter and 

receiver for communication. Due to the limited data rate of just 1 kilobits per 

second (kbps) and the low sensitivity of the LED compared to a regular PIN 

photodetector, the recommendation of the paper is to use such an LED-to-LED 

system in very low-complexity and low-data rate applications, where the distance 

between the communicating devices is kept at maximum of a few centimetres. 

An example of such a system is communication between IoT devices such as 

toy-to-toy communication and toy-to-textile communication [30].  

Kowalczyk et al. proposed an LED-to-LED communication system, which 

depends not on the light dependency of the internal capacitance of the p-n 

junction, but on its ability to produce photocurrent upon receiving visible light. 

Although this photocurrent is very small in magnitude, it suffices for successful 

light detection in combination with a high-gain transimpedance amplifier circuit, 

similar to the way a PIN-photodiode-induced photocurrent is amplified. Using off-

the-shelf red and amber LEDs as well as post-equalisation techniques, the 

authors designed a one-way LED-to-LED communication link that is able to reach 

a data rate of 100 megabits per second (Mbps) [31]. Chun et al. proposed a 

similar system, which reaches data rates as high as 110 Mbps using LEDs only 
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as transmitters and receivers over a 5 cm distance [32]. However, the complexity 

of their proposed system is high due to the use of complex modulation techniques 

(OFDM) and an array of focusing lenses and optical components to filter and 

concentrate the light on the active area of the LED. Besides, a high-end and 

expensive high brightness red LED is employed in their experiment, which is not 

suitable for the use in indoor illumination or low-complexity applications. 

All the employed LEDs in the published studies of LED-to-LED communication 

are single-colour LEDs that are not suitable for emitting white light. This is mainly 

due to the fact that LEDs can only detect wavelengths that are lower than or equal 

to the peak wavelength they are emitting [33]. The energy of a photon 

corresponds to the bandgap energy of the semiconductor material that is emitting 

it and is inversely proportional to its wavelength. A semiconductor-based 

photodetector can detect photons of equal or higher energy than its own bandgap 

energy. Hence, a red/amber LED which transmits at the upper wavelength limit 

of the visible light spectrum (at 650 nm) can receive light in the green (550 nm) 

and blue (450 nm) range, but a blue LED is not capable of receiving visible light 

at all. Besides, the most commonly used white LEDs have a phosphorus coating 

on their semiconductor die to turn the generated blue light into white light. This 

coating prevents light from the outside to enter the semiconductor die, rendering 

the blue-phosphorous LEDs incapable of detecting light [33].  

The very low data rate approach for LED-to-LED communication employed by 

Schmid et al. as well as the higher-speed and high-complexity approach 

employed by Chun et al. and Kowalyzc et al. both fail to provide a solution for 

low-complexity, low-speed and low-data-throughput communication. While the 

first approach reaches only a data rate of 1 kbps that is sufficient only for 

transmitting flags between toys, the latter approach offers a high-speed 
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connection possibility but makes sacrifices in terms of high complexity and cost. 

Besides, most of the published literature offers only a one-directional link, not a 

bidirectional system. An LED-to-LED solution that allows bidirectional data 

exchange between IoT devices at intermediate speeds above the 1 kbps 

threshold is to our knowledge missing from the current published research. 

To fill in this gap in research, this thesis proposes a bidirectional half-duplex LED-

to-LED solution that depends on off-the-shelf white RGB LEDs instead of single-

coloured LEDs. RGB LEDs are white light emitters that are also capable of 

receiving visible light signals. To optimise the detection circuit for the LED 

photodetector, one of the main contributions of this thesis is to study the 

properties of the RGB LED both as transmitter and photodetector. The knowledge 

of the LED bandwidth as transmitter and detector and its responsivity at varying 

wavelengths and the biasing voltages is acquired from the empirical results of 

experiments that are proposed and designed in this thesis. Based on the 

knowledge gained about these properties, a transimpedance-amplifier-based 

circuit is designed to maximise the performance of the LED as photodetector. A 

current-mirror-based transmitter is employed as LED driver to provide the 

optimum driving current. An optimised matched filter is proposed at the output 

stage to augment the system and push its error-free transmission distance 

further. An analogue switch is lastly characterised and proposed as a solution for 

switching between transmission and detection mode, providing thereby a fully 

functioning half-duplex bidirectional LED-to-LED communication system. 
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1.4. Aims and Objectives 

The main aim of this thesis is to design and implement a bidirectional half-duplex 

low-complexity LED-to-LED communication system based on off-the-shelf white 

RGB LEDs that can be integrated as the communication module in IoT devices. 

The system should provide low-speed connectivity between devices over a short 

line-of-sight (LOS) channel without increasing the system hardware or processing 

complexity. The objectives of this study are therefore: 

1. To design and implement an LED driver circuit that provides the required 

current to modulate the RGB LEDs. 

2. To design, implement and analyse the receiver circuit to optimise light 

detection by the LED photodetector. 

3. To propose, design and characterise a suitable low-complexity technique 

for switching between transmission and detection mode in order to achieve 

a half-duplex bidirectional LED-to-LED communication system. 

4. To analyse and model the noise and interference due to the contemporary 

ambient light sources of the VLC channel. 

5. To analyse and characterise the behaviour and properties of an off-the-

shelf RGB LED both as transmitter and as photodetector. 

6. To propose a suitable post-processing low-complexity technique that 

optimises the system performance. 
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1.5. Original Contribution to Knowledge 

The main contributions of this thesis are outlined as follows: 

• Off-the-shelf RGB LEDs are employed as PN photodetectors. Their 

properties are investigated and empirically measured. It is proven that the 

red sub-LED is most suitable as photodetector while the green sub-LED is 

optimum for transmission. The red sub-LED has a receiving bandwidth up 

to 4.9 MHz and responsivity to green light of 0.2 mA/W. The experimental 

results also prove that the red sub-LED is capable of detecting light even 

when under 2 V of forward bias. Those findings are published in [34]. 

• A low-complexity LED-to-LED communication link is designed and 

implemented. The maximum achieved data rate is 200 kbps at a 

transmission distance of 1 cm [35]. The system is optimised using a 

matched filter to increase the error-free transmission distance to 4 cm at 

200 kbps data rate, exceeding the performance of a PIN photodetector in 

the same setup. 

• A bidirectional half-duplex LED-to-LED communication system is 

designed, implemented and experimentally characterised. To mitigate the 

shortcomings of the analogue switching circuit, a smart low-complexity 

algorithm is designed to regulate the timing of transmission and detection. 

The overall error-free data rate is 110 kbps with a switching frequency of 

100 Hz in a back-to-back configuration.  

• The interference of the contemporary ambient light sources and their effect 

on the visible light communication is experimentally measured and 

extensively analysed. As a result, the mathematical model of that 

interference is derived and published in [27].  
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The tree diagram Figure 1-3 shows the types of indoor optical wireless 

communications and highlights the path that this thesis focuses on with solid 

connection arrows. The green nodes in the diagram highlight the areas where 

this thesis offers an original contribution to knowledge.  
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Figure 1-3: Tree Diagram of indoor optical wireless communications highlighting the path taken in this thesis with solid arrows and the thesis 
contribution area in green
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1.7. Thesis Organisation 

The thesis is divided into 8 chapters. Chapter 2 concentrates on a detailed 

literature review on visible light communication and LED-to-LED communication, 

respectively. Chapter 3 analyses the properties and performance characteristics 

of the RGB LED both as transmitter as well as photodetector. Chapter 4 

introduces the modules for the proposed LED-to-LED system, which include the 

LED driver, the transimpedance-amplifier-based receiver and the analogue 

switching circuit. Each module is separately characterised, and the overall 

electronic back-to-back system is evaluated without the effect of the channel or 

the optical components. Chapter 5 characterises the LED-to-LED communication 

channel, introduces the sources of noise and interference that are perceived by 

the photodetector and derives an interference mathematical model for the 

contemporary ambient light sources. In chapter 6, the proposed LED-to-LED link 

is implemented, experimentally characterised and optimised for the LED 

characteristics. A matched filter technique is employed to optimise the 

performance of the proposed LED-to-LED communication link. Finally, in chapter 

7, the complete half-duplex LED-to-LED communication system is designed and 

experimentally characterised. The effect of the switching between the 

transmission and photodetection modes is evaluated and minimised using a 

timing algorithm. Chapter 8 then concludes the thesis and discusses the future 

work.  

  



Chapter 2  

Visible Light Communication 

Enabling the Internet of Things 

2.1. Introduction 

The requirement for connectivity is increasing every day with the ever-growing 

number of IoT devices. RF technologies are leading the way in IoT connectivity, 

however they put a lot of pressure on the already overcrowded RF spectrum. 

That is why researchers are focusing on alternative communication technologies 

for such devices. During the last decade, VLC has matured as a complementary 

and supplementary technology for RF.  It allows the use of readily available LEDs 

to provide a low-cost, low-energy and low-complexity yet reliable solution for 

connecting typical small IoT devices. In this chapter, the advancement of VLC as 

a connectivity solution for IoT is introduced and its main properties are 

characterised. 
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2.2. Visible Light Communication Introduction 

Visible Light communication is a type of optical wireless communications that 

depends on LEDs and LASERs for data transmission using the visible spectrum 

between 380 nm and 720 nm. Since the human eye can detect flickering only at 

frequencies less than 100 Hz, it is possible to transfer data over fast switching of 

the already available LEDs used for illumination or status indication without 

affecting the visibility or illumination quality for humans [36]. It has been proven 

that by employing dc-balanced signalling for VLC, the quality of light is maintained 

in spite of data transmission over the same light sources [37]. 

 

2.2.1. Brief History and Advancement of VLC 

In fact, VLC is a very old communication technology that has been used in the 

form of smoke signals, fire beacons and mirroring of sunlight by many cultures. It 

is reported that the ancient Greeks were the first to use those visual signals for 

ship-to-ship communication while the ancient Chinese tribes used smoke signals 

for informing their tribes of danger or for calling for help in times of war [38]. In 

1792 the first optical telegraph network was built by the French engineer Claude 

Chappe. This network was used by the French military for almost 60 years as a 

main communication channel. Chappe’s semaphore tower design consisted of a 

tower on top of which is a large crossbar with pivoting arms, large enough to be 

seen with the naked eye from miles away. Depending on the position of those 

arms, up to 196 different combinations were possible, allowing the encoding of 

thousands of messages, phrases and symbols [39]. 
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Although those types of visual communication rely on visible symbols to convey 

information, none of them modulate the visible light to act as carrier for the 

information. It is reported that the first attempt on real free space visible light 

communication was by Alexander Graham Bell, who invented the photophone in 

1880 [40]. In his experiment, Bell modulated the sun light with his own voice by 

employing vibrating mirrors on the transmitter side. The light signal was then 

received by a parabolic receiver equipped with a selenium cell [40].  

The leap in the advancements of optical wireless communications, however, 

began in the year 1979 when Gfeller and Bapst reported the first indoor optical 

wireless communication system based on IR light of wavelength 950 nm, which 

promised a data rate of 1 Mbps and coverage of an entire office room [41].  

The first attempt to employ white LEDs for transmission in addition to their main 

illumination function appeared in 2003 when Tanaka et al. proposed an on-off-

keying (OOK) based system with maximum data rate of 400 Mbps [42]. Since 

then, an avalanche of research papers has been published in the field of visible 

light communication, reporting data rates in the gigabit per second (Gbps) range 

and employing a multitude of modulation, multiple access, detection and optical 

focusing techniques to improve the system performance. In 2011, the term ‘Light 

Fidelity’ (Li-Fi) was first introduced by Harald Haas in his TED talk, which refers 

to a wireless networking technology based on visible light communication that is 

capable of competing with the wireless-fidelity (Wi-Fi) [24]. 
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VLC has been on the rise ever since. Especially with the high demand for 

connectivity and the exponentially increasing number of connected devices, the 

need for an alternative to the traditional radio frequency (RF) communication is 

pushing the scientists towards researching other non-conventional techniques to 

alleviate the ‘spectrum crunch’ problem [43]. The potential of VLC in augmenting 

and replacing RF technologies in indoor wireless communications caught the 

attention of many research institutions worldwide. High-data-rates VLC systems 

were especially attractive for researchers. In 2009, Le Minh, O’Brien and Faulkner 

reported a 100 Mbps VLC system that employs only an analogue equaliser and 

simple non-return-to-zero (NRZ) on-off-keying (OOK) modulation [44]. Moreover, 

orthogonal frequency division multiplexing (OFDM) was used by Vucic et al. to 

achieve a VLC system capable of data rates up to 200 Mbps over a 70 cm 

distance [45]. In 2012, the 1-Gbps-mark was hit for the first time by a VLC system 

with a single LED using OFDM [46].  

The research interest in VLC led to the formation of the VLC consortium, in which 

more than 20 countries and many enterprises and manufacturers have 

participated [43]. This interest was again highlighted in the European OMEGA 

project, which focuses on the study of gigabit home access networks [47]. In 

2012, the IEEE 802.15.7 standardised visible light communication with data rates 

up to 96 Mbps and promised techniques for LED dimming without causing 

noticeable flickering [48]. During the past decade, VLC technology has matured 

rapidly, demonstrating not only reliability and energy efficiency, but also vast data 

rates up to several hundred Gbps [49]. The IEEE 802.11bb task group was 

established in May 2018, with the aim of amending the Medium Access Control 

(MAC) and Physical Layer (PHY) of IEEE 802.11 with Light Communications [50]. 
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Currently, the practical research in the field of VLC is divided into two categories: 

The first category pushes the limits of bandwidth and speed of the VLC system 

to replace and complement high-end RF technologies employed for data 

streaming, internet and telephony communication. A typical example for solutions 

in this category is offered by PureLifi, a company providing ready-to-deploy Li-Fi 

systems in homes, offices and healthcare centres [51]. While this category of VLC 

research is very important in putting VLC in the high rank it deserves amongst 

the RF technologies, it is extremely expensive to implement due to its complex 

hardware and processing requirements. On the other hand, the second category 

notices that not all application areas require such high data throughputs and 

speeds. Instead, those applications require a communication technology that 

focuses on the low cost of implementation, reliability, availability and low 

complexity. A typical example of a range of applications falling in this category 

are IoT devices. Thus, in this category, the researchers employ off-the-shelf 

components along with simple modulation and processing techniques, which 

make VLC affordable and realistic in such applications [52]. This thesis proposes 

a system that falls in this latter category. 
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2.2.2. Advantages of VLC Over Other RF Technologies 

Due to the increased connectivity requirements, the RF spectrum became very 

crowded and cannot anymore handle the high mobile data traffic. In addition, the 

interference between the different RF technologies became too high, which 

increased the latency and decreased the reliability of the RF communication 

technologies. On the contrary, VLC causes no stress on the RF spectrum 

because it operates in the large and freely available Terahertz region [53]. Due 

to light’s confinement within a limited space and its inability to penetrate opaque 

materials, VLC is inherently more secure than other RF technologies. It also 

allows the creation of nano and femtocells for communications and has much 

higher space and frequency reusability compared to other RF technologies [54]. 

In addition, it is an energy saving form of communication since it depends on  

LEDs, which are the core of the contemporary energy efficient lightning [25]. By 

piggybacking the data communication on the already available lighting 

appliances, the energy saving factor of VLC is twofold: employing an already low-

power transmitter device as well as needing no extra power for operating the 

communication device. Moreover, VLC is an inexpensive and fast to implement 

communication technology. Due to its low power consumption, its small cell size 

and its immunity to RF interference, VLC is considered a major player in the era 

of 5G and IoT [25]. Visible light communication is therefore increasingly gaining 

popularity as a complementary or in some application as an alternative 

technology to radio frequency [55] and is considered to be a smart move in the 

direction of green communication [56]. Table 2-1 compares the properties of VLC 

and other RF technologies and highlights the VLC advantages. 
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Table 2-1: Comparison between VLC and RF properties   

Property RF VLC 

Obstacle penetration Yes No 

Interference  With other RF 

technologies 

With ambient light 

sources 

Health hazard Potentially No 

Bandwidth regulation Requires licensing Free, no license 

required 

Implementation cost High Low 

Line-of-sight (LOS) No LOS LOS and diffuse 

Covered distance Medium to high Low 

Mobility Yes Limited 

Power consumption Medium Low 

Transmitter Access point LED 

Path loss High High 
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2.2.3. Challenges of VLC 

Although VLC has majorly matured as a communication technology over the past 

decade, it still faces many challenges. One of the major problems is the limited 

bandwidth of off-the-shelf white LEDs, which lies in the range of 10 MHz for blue 

but only at 4 MHz for the yellow component produced by the phosphorus coating 

[44]. To mitigate this problem, researchers proposed either employing a blue filter 

on the cost of reducing the received power by over 90%, or by post-equalisation, 

which in turn increases the complexity and processing power [44]. This thesis 

proposes deploying RGB LEDs instead of the regular blue-phosphorus LEDs for 

a LED-to-LED communication system. Employing this kind of white LED 

maximises the bandwidth of the LED as receiver and opens the possibility of 

employing three different channels instead of just one without sacrificing the 

received power. 

When employed in outdoor environments, the VLC channel faces the problems 

of atmospheric losses [57]. These cause the absorption as well as the scattering 

of the information-carrying light beams by obstacles, dust particles, snow, rain, 

water particles in high humidity, fog and snow. Moreover, visible light rays 

experience scintillation due to the atmospheric turbulence and the different 

refractive index of the air medium because of the differences in air temperature 

[57]. This disrupts the data transfer and the channel quality. Aside from those 

factors, direct sunlight interferes majorly with visible light communication rays, 

which might cause photodetector saturation and prevent visible light 

communication [58].  
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In an indoor environment, VLC faces a different set of challenges. Firstly, 

shadowing occurs due to passing persons or moving objects, which prevents the 

photodetector – at least temporarily – from receiving information from the 

transmitting LED. To mitigate that effect, redundant data for error correction is 

transmitted, reducing thereby the total throughput and data rate of the system 

[59].  

 In addition, dimming and turning off the light – which is a requirement in office 

and home environments for mood setting, energy saving or other reasons – 

reduces the light power of the emitter LED, thereby reducing the signal to noise 

ratio (SNR) of the VLC system or even stopping data transmission completely. 

To solve that problem, researchers proposed methods in which data transfer 

continues at very dim light that is not perceived by the human eye on the cost of 

increasing the complexity of the system. Thereby, the data stream continues even 

though users think that the light is turned off [60]–[62]. 

In indoor environments, where other ambient light sources such as incandescent 

and fluorescent light bulbs are used for illumination, the VLC channel suffers from 

interference from these sources [63]. Because of their driving circuitries, these 

sources do not have a DC non-varying light level that can just be subtracted as 

DC noise at the receiver. Instead, they transmit time-varying light signals. Hence, 

their interference needs to be accounted for when designing a VLC receiver [64]. 

To take their effect into account, this thesis proposes a mathematical model for 

the interference components of modern and contemporary ambient light sources 

in chapter 5. 
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One of the major challenges that VLC faces is the lack of a reliable uplink in a 

small form factor. If a VLC-based uplink channel is desired, a separate 

transmitter-receiver pair is required, which doubles the cost and complexity of the 

whole communication link. Because a VLC system depends on two different 

devices for transmitting and receiving data (an LED as transmitter and a 

photodetector as receiver), a bi-directional channel is not inherently possible. 

Typically, the VLC channel is used for downlink only and an IR channel or another 

RF technology such as Wi-Fi or Bluetooth is employed for the uplink [65]. As a 

possible solution, a bidirectional LED-to-LED communication system is proposed 

and implemented in chapter 8, which employs the same device, namely an LED, 

for transmitting and receiving the light signals. In this manner, a bi-directional VLC 

communication channel can be implemented while keeping the cost, space 

requirements and complexity at a minimum. 
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2.3. Typical VLC system 

A typical VLC system block diagram is presented in Figure 2-1. In the figure, 

blocks with dashed outlines are optional while those with solid outlines are the 

main components of a VLC system that cannot be omitted.  

On the transmitter side, an LED driver combines the DC signal required for 

biasing the LED and the modulated data signal from the data source. Depending 

on the application, required data rates and current magnitude, the LED driver can 

be either a bias tee or an electronic circuit based on active components such as 

transistors and operational amplifiers [66]. Optional optical lenses concentrate 

the emitted light beam and direct it towards the receiver or diffuse the light signal 

to provide uniform illumination [67]. The modulated light beam travels through the 

free-space channel towards the receiver side. At the receiver optional optical 

lenses and concentrators focus the incoming light beam on the active area of the 

photodetector while optional filters remove light components that are not 

necessary for the communication process. The photodetector then converts the 

modulated incoming light signal in photocurrent, which is then amplified by the 

transimpedance amplifier (TIA). At the data sink, the output voltage from the TIA 

is then decoded and further processed [67].    

 

Figure 2-1: Typical VLC system block diagram 
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There are two types of LEDs that are typically used in VLC: single-coloured LEDs 

and white LEDs. As their name indicates, single-coloured LEDs can emit only 

one colour of light, such as red, amber, yellow, green or blue. On the other hand, 

white LEDs are capable of producing white light either by combining multiple light 

colours (such as red, green and blue (RGB)) or by converting blue colour into 

yellow, which in combination with blue appears as white light [67]. The theory of 

operation of those LEDs is discussed in more details in chapter 3. 

Typically, photodetectors employed in a VLC system are either PIN photodiodes 

or Avalanche photodiodes. Photodiodes can detect light under zero or reverse 

bias. At zero bias, i.e. in photovoltaic mode, the precision of the photodetector is 

higher, and the produced noise is lower. This mode is mainly used in energy 

harvesting applications or where high-precision, but low-data-rate communication 

is required. On the other hand, the reverse bias mode, i.e. the photoconductive 

mode, the bias voltage increases the width of the depletion layer between the p- 

and n- sides of the photodiode, decreasing thereby the capacitance of the 

photodiode. This results in higher speeds of operation on the cost of increasing 

the noise and the dark current. That’s why it is mainly employed in applications, 

where high speed of transmission is essential [68]. The different configurations 

of the TIA are discussed in further details in chapter 4. 

To derive the VLC channel response and determine the effect of the optical filters, 

concentrators and photodetector active area of the on the received power, an 

indoor VLC system in a typical indoor environment is considered next.  
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A simplified office room with integrated VLC system is shown in Figure 2-2. 

Assuming a single source VLC system with an LED transmitter having a 

Lambertian radiation pattern, the radiation intensity at any point in the room is 

[67]: 

 𝐼(Φ) = 𝐼(0)cos𝑚𝑙  (Φ), (2.1) 

 where Φ is the angle between the normal axis of the transmitter surface and the 

irradiance, 𝐼(0) is the maximum luminous intensity and 𝑚𝑙 is the Lambertian 

emission order given by [67]: 

 𝑚𝑙 = −
ln(2)

ln (cos Φ1 2⁄ )
 , (2.2) 

where Φ1/2 is the semi-angle at 50% illuminance of the LED.  

  

 

Figure 2-2: VLC in a typical office environment 
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The received power 𝑃𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑  measured at the receiver is hence [67]: 

 𝑃received = 𝑃𝑡 
𝑚𝑙+1

2𝜋𝑑2 cos𝑚𝑙  (Φ)𝑇𝑠(Ψ)𝑔(Ψ)cos (Ψ), (2.3) 

 where 𝑃𝑡 is the transmitted power by the LED, 𝑑 is the distance between the 

transmitter and the photodetector, 𝑇𝑠(Ψ) is the filter gain if present, 𝑔(Ψ) is the 

concentrator gain if present and Ψ is the angle between the normal axis of the 

receiver surface and the received beam of light. Ψ can only vary between 0 and 

the field of view of the concentrator Ψ𝑐𝑜𝑛 in this equation. If an optical concentrator 

is present in the VLC system, its gain function is described as [67]: 

 𝑔(Ψ) =  {

𝑛con
2

sin2Ψcon
, 0 ≤ Ψ ≤ Ψcon

0,                 Ψ > Ψcon

 (2.4) 

 where 𝑛con is the internal refractive index. 

The detected optical power is dependent on the effective area 𝐴𝑒(Ψ), i.e. signal-

collection area of the photodiode, which is given by [36]: 

 𝐴𝑒(Ψ) =  {
𝐴𝑇𝑠(Ψ)𝑔(Ψ)cos (Ψ), 0 ≤ Ψ ≤ Ψcon   

0,                                    Ψ > Ψcon
 (2.5) 

where 𝐴 is the physical area of the photodetector. The detected power by the 

photodetector 𝑃detected is hence [36]: 

 𝑃detected = 𝐴 ⋅ 𝑃received (2.6) 

 𝑃detected = 𝐴 ⋅ 𝑃𝑡 
𝑚𝑙+1

2𝜋𝑑2 cos𝑚𝑙  (Φ)𝑇𝑠(Ψ)𝑔(Ψ)cos (Ψ). (2.7) 
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The line-of-sight (LOS) DC gain 𝐻LOS can hence be expressed as [36]: 

 𝐻LOS = {
(𝑚+1)𝐴

2𝜋𝑑2 cos𝑚𝑙  (Φ)𝑇𝑠(Ψ)𝑔(Ψ) cos(Ψ) ,   0 ≤ Ψ ≤ Ψcon

0,                                                                     Ψ > Ψcon

. (2.8) 

2.3.1. VLC Channel Model 

In the majority of VLC systems, intensity modulation (IM) with direct detection 

(DD) is employed. In this way, the intensity of the light emitted by the LED is 

modulated by the input signal. At the receiver side, the light signal is demodulated 

by directly converting it to photocurrent and the data is retrieved via enveloped 

detection. For a typical IM/DD  VLC link suffering from additive white Gaussian 

noise (AWGN) (noise with a flat power spectral density over the entire frequency 

spectrum and Gaussian power distribution), the linear optical channel model is 

illustrated in Figure 2-3 [38].  

The photocurrent 𝐼𝑝ℎ(𝑡) can hence be given by [38]: 

 𝐼𝑝ℎ(𝑡) = 𝑅(𝜆) 𝑃𝑡(𝑡) ⊗ ℎ(𝑡) + 𝑛(𝑡), (2.9) 

where 𝑅(𝜆) is the responsivity of the photodetector, 𝑃𝑡(𝑡) is the instantaneous 

transmitted optical power, ℎ(𝑡) is the channel impulse response and 𝑛(𝑡) is 

additive Gaussian noise.  

 

Figure 2-3: IM-DD channel model [38] 
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The responsivity 𝑅(𝜆)  of the photodetector is defined as the photocurrent 𝐼𝑝ℎ 

produced per unit of incident optical power 𝑃𝑜 as follows: 

 𝑅(𝜆) =  
𝐼ph(𝑡)

𝑃𝑜(𝑡)
  . (2.10) 

If the transmitted light beam experiences reflections in the channel, those should 

also be accounted for in the channel model [38]. This is however out of the scope 

of this study because only short distance, obstacle-free channels are considered 

for the proposed system.  

2.3.2. Application Examples of VLC 

Because of its many advantages, VLC has high potential of being employed as 

communication technology in many applications both indoors and outdoors.  

In the outdoors, VLC is employed as communication technology for intelligent 

transportation systems. The headlights of moving cars and vehicles, the 

streetlights as well as the traffic lights are all employed as network nodes and 

access points, conveying information about the road safety and providing 

connectivity for infotainment systems in smart cities [69]–[71]. In addition, VLC is 

employed in some cases as the last-mile communication technology between 

office or university buildings, in hard terrains or in RF restricted scenarios [72]. It 

is also used for advertisement and other location-based services [73]. 

Researchers are even employing blue light as information carrier in underwater 

VLC between submarines because it has been proven to face the lowest 

absorption coefficient in water, where other RF technologies fail [4]. 

In indoor environments, VLC has even more potential because it is protected from 

the interference by direct sunlight that disrupts its channel. In this scenario, the 

most popular application is Li-Fi, which aims to connect all handheld smart 
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devices to the internet at vast data rates, employing the lights mounted on the 

ceiling as access points in home and office environments. Moreover, due to Li-

Fi’s immunity against RF interference, it is employed for communication in 

hospitals, healthcare facilities and airplanes, where RF technologies could be 

dangerous on health monitors or navigation devices [53]. VLC is also employed 

for accurate indoor positioning both for humans in residential areas as well as 

products and packages in industrial environments, where global positioning 

services fail to provide the needed accuracy [74], [75].  

One of the most promising application areas for VLC is providing low-complexity 

connectivity for IoT devices and sensors, enabling them to communicate with 

each other and with a central hub for information collection and processing. 

 

2.4. The Internet of Things (IoT) 

The term Internet of Things (IoT) emerged in 2002. It describes an ambitious idea 

that extends the typical internet to connect more and more data-collecting 

devices. The aim of IoT in this scenario was mainly to eliminate the human factor, 

to automate mundane tasks and to avoid human errors. These devices are not 

just limited to computers and smartphones, but also include everyday appliances. 

IoT has found its applications in household, transportation, hospitals and health 

services, industry, entertainment and even environment monitoring [2], [76].  

It is common nowadays to have up to hundreds of devices interconnected in one 

household. Aside from the regular personal computers, tablets and smartphones, 

household devices nowadays include smart fridges that monitor groceries status, 

smart coffee machines that prepare fresh coffee on time according to each user’s 

preference, toothbrushes that count the number and length of dental cleaning 
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sessions and of course gaming consoles and smart surfaces. Thanks to smart 

sensors measuring humidity, temperature and plants vitality, garden sprinkles are 

automated to water the plants automatically as needed while saving water and 

energy [76].  

In traffic and smart cities, vehicles such as self-driving, self-parking and hybrid 

cars, scooters, mopeds and trucks are equipped with smart sensors and 

communicating devices thanks to IoT. Even bulletin boards, streetlights and 

traffic lights are contributing to intelligent transportation networks, a product of the 

internet of things [76].  

The IoT concept extended even to connecting devices that have very specific 

functions outside the household such as health monitoring sensors in hospitals 

[77]. It is common nowadays to find hospital rooms equipped with smart patient 

monitoring devices that track blood pressure, toxin levels, temperature, and other 

vitals and convey that information wirelessly and instantly to the doctors’ tablets 

and smartphones. This way, the responsible doctors get instantly notified with the 

current status of their patients, potentially saving lives in the case where a time-

sensitive reaction is required. In addition, IoT enables health professionals to 

track and monitor their patients not only in hospitals, but also in homes and 

everywhere they go [77]. Thanks to IoT, many countries were able to track the 

infection chains during the COVID-19 pandemic by providing a GDPR-approved 

tracking app installed on smartphones to prevent the wide-spread of the disease.  
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IoT also has many applications in industry as well. Robotic arms, conveyor belts, 

smart robots handling packaging in logistic centres and machine-to-machine 

communication are a contemporary reality in factories [78]. Even in shopping 

malls and smart stores, IoT enables customer and product monitoring not only to 

prevent theft and automate the shopping and payment processes, but also to 

advertise for their products and to send location-based offers tailored to their 

customers preferences [79].  

Last but not least, environment monitoring sensors simplify the accurate 

prediction of weather changes, hurricanes, storms and earthquakes, allowing 

people to prepare for them. Thereby, not only inconveniences but also injuries 

and potential deaths are avoided [80].  

To summarise, the main concept behind IoT is to reach a truly wirelessly 

connected world, where every device is a wireless network node [1]. Figure 2-4 

illustrates some examples of IoT applications in a contemporary home 

environment [81]. 

 

Figure 2-4: Illustration for the use of some IoT devices in residential environments 
[81]  
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Ever since its introduction in 2002 by the British technology pioneer Kevin Ashton, 

IoT has been on a rising curve. In combination with artificial intelligence, machine 

and deep learning and the cloud technologies, IoT has been evolving rapidly and 

in many different directions ever since its birth. Cisco forecasts the IoT market to 

reach tens of billions of dollars and anticipates a demand for trillions of sensor 

units [82].  

Because the IoT devices vary in size, energy requirements, location and 

functionality, it is a difficult task to find a suitable connectivity technology for all of 

them. IoT communication technology has very specific requirements: it must be 

energy and cost-efficient to be viable for mass production. It must also comply 

with the security and privacy measures to be trusted and adopted by the users. 

Because many of the IoT devices have small dimensions, the installed 

communication devices need to be of a small form factor [83].  

Three connectivity types of IoT devices can be distinguished: short-range 

connectivity as entrance point to a wireless network, wide-area connectivity 

through cellular network, and long-range connectivity through satellites [1]. The 

majority of IoT devices are small in nature and require only the former connectivity 

type. 

Connected IoT devices are stressing the spectrum of the radio frequency (RF) 

communication even further [4]. To solve the spectrum crunch problem, many 

researchers are working on non-traditional solutions by proposing smaller cell 

sizes where frequency reuse can be employed. It remains a challenge to find the 

appropriate low-power, low-complexity and low-cost communication technology 

to serve the needs of those small IoT devices without applying more pressure on 

the RF spectrum [1]. While Bluetooth, Wi-Fi and Zigbee are the typical solution in 

this scenario, they are prone to eavesdropping and cause interference with other 
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RF technologies if no further complex encoding, encryption and interference 

mitigation techniques are implemented. Cellular technologies were considered as 

another option, but their cost and licensing fees are out of the acceptable range 

for most typical IoT devices and sensors. Moreover, those technologies are not 

compatible with each other and therefore expensive converting devices are 

required for the users to manage all their IoT devices from a central hub. 
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2.5. VLC as Communication Technology for IoT 

This gap in IoT connectivity provided a rich ground for the use of VLC as a 

complementary technology for RF for data exchange especially in indoor 

environments [1]. After all, VLC provides the low-energy consumption, low-cost, 

high privacy and security as well as ease of installation that is required by the 

small IoT devices. Besides, many IoT devices are already equipped with LEDs 

for illumination or status indication and some of them harvest light energy to be 

self-sufficient and autonomous communicating devices [84]. Having a device 

directly connected to the network as soon as it is exposed to light is a very 

attractive idea to many IoT manufacturers [1]. 

Many publications study the deployment of VLC in IoT. Katz and O’Brien 

proposed the concept of Living Surfaces (LS), claiming that the rooms, furniture 

and other objects people interact with everyday can be equipped with smart 

sensors and IoT devices for energy harvesting, wireless communication and 

environment sensing [1]. In their research, they envision a multitude of possible 

applications that depend on VLC in IoT including smart packaging, interactive 

logistics, patient management, advertisement and entertainment [1]. Philips 

Research in the Netherlands considered employing VLC for IoT devices for 

lighting control and device positioning in indoor offices. In their research, they 

have estimated the optical channel gains and implemented a VLC-based IoT 

solution which proved that VLC is a greener yet equally efficient type of 

communication for such scenarios [85]. LocalVLC, a low-cost VLC system that 

augments IoT services, was proposed by Haus, Ding and Ott with the aim of 

providing a more pleasant visual lighting experience to the user while employing 

off-the-shelf LEDs. Their proposed VLC system reaches distances up to 10 m 

with speeds reaching 1.4 kbps, enough to provide connectivity to typical IoT 
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sensing devices [86]. As connectivity technology for IoT devices, VLC did not stop 

at household level. Instead, it also found its applications in industry and 

specifically in warehouses. Novak, Dobesh and Wilfert proposed an artificial-

reality-based system that employs VLC and IoT to optimise warehouse 

management. Through VLC transmitters and smart glasses or smartphones, data 

on stored articles could be exchanged with humans in an easy and low-cost way 

[87]. 

To manage IoT devices in a VLC network, Kim, Choi and Koh proposed an IoT 

device management protocol (IDMP) that offers device initialisation and data 

transfer management options. For the downlink, they employ VLC while ZigBee 

and Bluetooth are used for the uplink channel in their implemented protocol [88].  

To conclude, VLC is considered a viable possibility for connectivity between IoT 

devices that require short distance, low-energy and cost-efficient communication. 

To provide bidirectional VLC-based connectivity for IoT devices, the concept of 

LED-to-LED communications was proposed. It has the advantage of saving 

space, complexity and cost by employing the LED mounted on an IoT device as 

both a transmitter and a receiver. It reduces the cost of the system by replacing 

the photodetector (which costs up to hundreds of dollars) and upgrades the 

simplex channel of the VLC system to time-multiplexed half-duplex channel, 

halving thereby the total number of employed transceiver devices [29]. The 

system was first introduced by Dietz et al. [29] and adopted by Disney Research 

labs, Zurich, for toy-to-toy communication [30], [89]–[91]. It is the focus of this 

thesis to propose such a system as well as characterise and optimise it for IoT 

connectivity.  
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2.6. LED-to-LED Communication: State-of-the-Art 

LED-to-LED communication offers a bidirectional VLC link without increasing the 

cost, complexity, space or energy requirements of the system.  

The structure of a p-n junction allows the LED to sense an incoming beam of light 

at zero or reverse bias [92]. When a photon falls on the active area of the LED, 

its energy is absorbed by the electrons in the valence band. If this energy is larger 

than the energy gap, these electrons move to the conduction band and are free 

to move and to conduct current (i.e. photocurrent) [38]. Although the LED 

sensitivity is low compared to the PIN photodiode (due to the missing intrinsic 

layer), it can be employed as photodetector in simple low-data-rate, small-

distance and low-cost applications [93].  

An LED has been previously used as photosensor for ambient light by Dietz et 

al. [29] by making use of its junction capacitor. At the beginning of the 

photodetection bit, the LED capacitor is charged by reverse biasing it. It is then 

exposed to the incoming light source. In the presence of light, the charged 

capacitor loses its stored charge quickly because of the small photocurrent 

produced by the LED in response to the detected light. In case of no light, the 

majority of the charge remains stored on the LED capacitor. By measuring the 

remaining electric field at the end of the detection period, the amount of the 

detected light can be determined [29].  
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The novelty of Dietz’s paper is that it employs only 2 microcontroller pins for 

controlling the LED as seen in Error! Reference source not found.. When the 

anode of the LED is connected to the supply voltage (Vcc) and the cathode is 

connected to the ground pin via the series resistor R, the LED is forward biased 

and functions as emitter as depicted by Error! Reference source not found. (a). 

When the pin functions are switched as in Error! Reference source not found. 

(b), the internal capacitor of the LED is charged at the beginning of the detection 

bit. To be able to measure the amount of remaining charge on the LED’s internal 

capacitor at the end of the detection bit time, Pin 2 is employed as high 

impedance measurement pin as seen in Error! Reference source not found. 

(c).  

The advantage of using a microcontroller is that it is able to internally change the 

bias of the LED from forward (for light emission) to reverse (for internal capacitor 

charging) and then again to open circuit (for capacitance measurement) without 

any physical change to the LED pins connections. However, the data rate of 

detection is very low, and the overall speed of the system is limited by the 

microcontroller speed. Moreover, depending on the charging and discharging of 

a capacitor is a slow and inefficient way for using the LED as photodetector. In 

 

Figure 2-5: LED as transmitter and detector: microcontroller-based design by Dietz 
et.al [29]  
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addition, different off-the-shelf LEDs have different internal capacitances and the 

system is therefore not generic for all types of LEDs.  

Stojanovic and Karadaglic employed the exact technique in their study to employ 

the LED as transmitter and receiver with the help of a single microcontroller in 

[94]. They also deducted that employing several LEDs for photodetection in 

parallel increases the sensitivity and enables the system to be employed for 

applications such as penetration and smoke detection. 

Employing the same method as in [29], researchers from Disney Research Lab, 

Zurich, achieved a toy-to-toy communication channel based solely on LEDs for 

transmission and detection with 1 kbps data rate over small distances reaching 5 

cm [90], [93]. Their system employs Manchester bit encoding to avoid the 

flickering of the LED being noticed by the human eye. On the physical level, they 

employed on-off-keying (OOK) as modulation technique. The system makes use 

of the software capabilities of the microcontroller to provide software-based 

synchronisation and locking between the transmitter and receiver devices [91]. 

However, the downside of basing the synchronisation entirely on software is that 

redundant bits are used for detection, which slows the speed of the system and 

lowers its throughput. 

Schmid et al. improved the system by introducing simple VLC devices that turn 

the sound signals on the audio jack of computers, tablets and smartphones into 

light signals without the need for external batteries or microcontrollers. This 

enabled those devices to communicate with toys that are equipped with LEDs as 

photodetectors without increasing the cost or complexity of the communicating 

devices [95]. Although the proposed devices in their study depend on a PIN 

photodetector and not an LED, they offer a step closer towards enabling VLC 
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connectivity on smartphones and handheld devices and provide a means of 

communication with LED-enabled gadgets. 

Due to the inconvenience of employing the LED as light-dependant capacitor, 

researchers turned their attention to studying the characteristics of the LED as a 

regular p-n junction photodetector. Miyazaki et al. investigated the wavelength 

selectivity of the LED photodetector. In their paper, they study the response and 

characteristics of a blue and a red LED and report that they show slightly shifted 

emission and extinction peaks, where the extinction peak wavelength is always 

lower than the emission wavelength. Their research claims that the LED can be 

employed as a wavelength-selective photodetector, eliminating thereby the 

requirement for using a filter at the receiver side. Moreover, the paper depicts 

that the blue LED response to incoming light is as low as 2.6 ns when it is 

reversed biased at 75 V  [96]. Although that amount of reverse bias is not 

applicable in IoT device connectivity due to the limited battery power and 

potential, their study paved the way of investigating the LED as a photodetector 

for specific wavelengths and opened up the possibility of employing multi-

coloured LEDs in wavelength division multiplexing (WDM). 

Further investigations by Kowalczyk and Siuzdak characterised the LED as 

photodetector [33], [97]. They confirmed that the single-coloured LEDs can be 

used as photodetectors in addition to their main role as light emitters. Their 

research concludes that the responsivity of such single-coloured LEDs lies 

between 0.002 and 0.156 A/W depending on the type, manufacturer and colour 

of the LEDs and that the bandwidth of such LED photodetectors can be an order 

of magnitude higher than that of an LED emitter [33]. In addition, they investigate 

the photodetection capabilities of each LED colour and prove that the LEDs are 

capable of receiving wavelengths that are higher than what they are emitting. In 
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their paper they conclude that reverse biasing the LED to a certain point 

(dependant on the type of LED) increases both its bandwidth and sensitivity as a 

photodetector [97].  

Based on the findings about the characteristics of the LED as photodetector, 

researchers proposed various LED-to-LED link designs. A 100 Mbps LED-to-LED 

communication system was designed by Kowalczyk et al. [31] and another design 

that reached 110 Mbps was proposed by Chun et al. [32]. Although the achieved 

data rates are high, they are only achieved through design optimisation of the 

receiver circuit and the careful choice of high-quality communication LEDs along 

with complex modulation and wavelength division multiplexing techniques. The 

proposed systems in [31] requires a complex modulation technique and complex 

equalizers in the detection phase. The system proposed in [32] is based on 

expensive and specially designed single-colour LEDs, as well as complicated 

optics and high processing power for achieving said data rates. Besides, they 

employ complex modulation techniques such as quadrature amplitude 

modulation orthogonal frequency division multiplexing (QAM-OFDM), that can 

only be generated using high-complexity processors and coding. This does not 

agree with the low-complexity nature of communication required by many IoT 

devices. 

To the best of the author’s knowledge, there are gaps in the field of LED-to-LED 

communication mentioned in literature that need to be fully filled before reaching 

the full potential of such a system. First, only single-coloured (mostly red and 

amber) LEDs are employed, although white light is best used for indoor 

illumination and VLC [98]. This is mainly due to the fact that white phosphorus 

LEDs fail to detect light power [34] because their phosphorus coating that is used 

to convert blue light into yellow light prevents incident photons from entering the 
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semiconductor die on the inside of the device. On the other hand, the RGB LED 

is an alternative, which is also capable of producing white light. That is why this 

thesis focuses on employing an RGB LED as transmitter and receiver.  

Second, the published research does not consider lowering the cost and 

complexity of the system to comply with the mass production requirements of 

simple IoT devices. Instead, the main focus is on increasing the data rate and 

system performance despite the cost of employing complicated modulation and 

post-processing techniques. These systems further increase the expenses and 

the complexity by using expensive and specially designed optical lenses and 

concentrators [32]. To mitigate that problem, this thesis proposes a low-

complexity driving and detection circuit and focuses on reducing the cost while 

satisfying the low-data-rate and low-throughput requirements for IoT 

communications.  

Moreover, none of the presented systems test the LED-to-LED system in a 

bidirectional, time-division-multiplexing manner. Instead, they focus only on 

optimising the system performance of a unidirectional LED-to-LED link, ignoring 

the fact that a back-channel is also needed for a fully autonomous communication 

system. For that reason, this thesis characterises and implements a switching 

solution that allows a half-duplex LED-to-LED system employing an analogue 

switch. 

In order to grasp how an LED-to-LED system functions with the aim of optimising 

it, the semiconductor principles behind light production and detection need to be 

investigated. The theory of operation of semiconductor-based photonic devices 

employed in VLC are therefore discussed in the following sections of this chapter. 
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2.7. Conclusion 

Visible light communication has the potential of providing the large number of 

contemporary IoT devices with a low-complexity, reliable, space and energy 

saving connectivity without pressuring the overcrowded RF spectrum. Many 

researchers have already deployed and optimised VLC systems for such 

applications, benefitting from the various VLC advantages over Bluetooth, Wi-Fi, 

Zigbee and cellular networks. However, VLC still lacks the autonomy of other RF 

technologies due to its unidirectional and simplex channel nature. It is therefore 

the purpose of this thesis to propose a low-complexity LED-to-LED system for 

IoT devices that provides the low-data-rate, yet reliable and energy-efficient 

connectivity required. 
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Chapter 3 

LED characterisation for an 

LED-to-LED System 

3.1. Introduction 

The LED is the main component in the LED-to-LED communication system since 

it has a double function of emitting and receiving the data-carrying light signals. 

Unfortunately, component manufacturers do not always reveal the most 

important features of the LEDs as emitter for VLC communications [99]. Such 

features include the output power linearity relative to the forward current, the 

spectrum and the noise generated by the LED. Even the most detailed LED 

datasheets fail to mention the characteristics of the LED as photodetector, leaving 

the researchers in the field of LED-to-LED communication depending on trial and 

error in their research [99]. Those features include the LED photodetector 

bandwidth, rise time, noise characteristics, responsivity and active area. It is 

therefore the aim of this chapter to characterise the LED as emitter and 

photodetector to employ it as transceiver in LED-to-LED communications. 
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3.2. The LED as Transmitter and Photodetector 

Since an LED consists of a p-n junction, it is capable of both light production and 

light detection. Under forward bias, the LED operates as a light emitter while 

under reverse or zero bias, the LED’s p-n junction can operate as a PN 

photodiode. Figure 3-1 shows the structure of the LED and its operation both as 

light emitter and light detector according to the external applied electric field.  

Since LEDs are mainly manufactured and optimised for light emission and not for 

light detection, they are not as efficient as PIN photodiodes when operating as 

photodetectors. Firstly, they lack the high sensitivity and responsivity of the 

regular PIN photodiodes due to the missing intrinsic region. Secondly, LEDs have 

a much smaller active area compared to a regular PIN photodiode [33]. Some of 

the LEDs have in addition a packaging that does not allow incoming light beams 

to be focused on the active area of the LED, as opposed to commercial PIN 

photodiodes [33].    

Last but not least, LEDs are made of semiconductor materials that are optimised 

for light emission, but that have limited wavelength bands as light detectors, 

making the LED a wavelength-selective photodetector [96].  

 

Figure 3-1: Operation of an LED in (a) forward bias as emitter and (b) reverse bias as 
photodetector 
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However, employing the LED as both a light emitter and light detector in the same 

VLC system has a lot of merits. In addition to saving space, cost and complexity 

by employing just one device as sender and receiver, the wavelength-selective 

property of the LED can be advantageous in applications requiring low 

complexity, yet wavelength division multiplexing to support a larger number of 

channels in parallel [100]. In addition, LEDs can operate as photodetectors at no 

bias, unlike PIN photodetectors that require a reverse bias to function. This is 

majorly advantageous in low-complexity applications that operate on a single low-

voltage battery as power supply. In chapter 6 of this thesis, it is proven that LEDs 

are capable of detecting incoming light signals even when slightly forward biased. 

This gives them the potential of higher data rates since the switching time 

between transmission and reception can be decreased by not fully turning off the 

LED for reception. 

The low sensitivity and low responsivity of the LED photodetector can be 

mitigated with the help of a suitable photodetector circuit providing a large gain 

factor as well as with a simple post-processing technique to increase the error-

free transmission distance and data rate [31]. This thesis focuses on designing 

such a system to optimise the use of LEDs as both emitters and receivers.  
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3.3. Characteristics of the LED as Transmitter for VLC 

In this section, the characteristics of an off-the-shelf RGB LED as emitter are 

investigated and experimentally derived. Both the linearity of the optical power 

emitted by the LED relative to the current feeding it and the spectrum of the RGB 

LED are experimentally determined. 

The measurement setup depicted in Figure 3-2 is employed to measure the light 

power and spectrum of the RGB LED as transmitter. All the experiments are 

performed in a dark room. The RGB sub-LEDs are forward biased via a variable 

power supply to turn them on. At the receiving end - 3 cm away from the 

transmitter LED - a power and energy meter (Thorlabs PM200) captures the light 

emitted from the RGB LED while its forward current is varied. When the RGB 

sub-LEDs are fed with 20 mA of current, a spectrum analyser (Instrument 

Systems CAS140CT spectrometer with integrating sphere) is employed to 

capture the light and display its spectrum. For comparison purposes, the 

spectrum of a blue-phosphorus LED is also captured. The data from the spectrum 

analyser is used to determine the peak-wavelength for each sub-LED as well as 

its full width half maximum to determine the linewidth of each sub-LED [34]. 

 

Figure 3-2: Block diagram of the measurement setup for testing the parameters of 
the LED transmitter [34] 
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Figure 3-3 shows a photo of the experimental setup employed to measure the 

LED optical power linearity. A picture of the equipment used to practically 

measure the spectrum of the employed RGB LED and blue-phosphorus LED is 

shown in Figure 3-4.   

 

Figure 3-3: Experimental setup for measuring the LED optical power linearity 

 

Figure 3-4: Spectrum measurement (a) spectrometer and software (b) spectrometer 
and connection to integrating sphere (c) spectrometer integrating sphere  
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3.3.1. Optical Power Linearity of the LED as Transmitter 

Measuring the output optical power of each sub-LED at a constant forward 

current gives an indication which sub-LED is best suited as a light emitter: The 

higher the optical power at the same value of forward current, the brighter and 

more energy efficient the sub-LED is and hence the more favourable as emitter. 

As shown in Figure 3-5, the measured output optical power depicts that at every 

value of forward current, the blue LED has the highest intensity level, followed by 

the green LED. At 20 mA, the forward current recommended to drive the sub-

LEDs, the blue, green and red sub-LEDs provide 0.8 mW, 0.45 mW and 0.17 mW 

of optical power, respectively. This indicates that the blue and green sub-LEDs 

would be more suitable as transmitters than the red sub-LED.  

Moreover, the figure depicts the expected linearity of output optical power relative 

to the forward current for all three sub-LEDs. This is apparent in the nearly 

straight-line shape of the optical power graph indicating proportionality with the 

forward current. This is especially advantageous for the intensity modulation of 

the transmitter sub-LED.  

 

Figure 3-5: Output optical power of sub-LEDs at different forward current values [34] 
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3.3.2. Spectrum of an RGB LED Transmitter 

The investigation of the spectrum of the RGB LED as transmitter (shown in Figure 

3-6) provides three important parameters: Firstly, it shows the peak transmission 

wavelengths of the three colours which is an indication of their respective 

photons’ energy. This parameter determines which LED is suitable for the 

detection of those photons at the receiver side. Secondly, the spectrum allows 

the calculation of the full-width-half-maximum (FWHM) of each sub-LED colour, 

indicating the linewidth of that sub-LED. This gives an indication of the bandwidth 

of the LED as emitter. Lastly, the amplitudes of the peaks should confirm the 

power measurement performed in the first experiment at a certain forward current 

– 20 mA in this case.  

The measured and normalised spectrum of the RGB LED and the blue-

phosphorus LED are shown in Figure 3-6 in solid and dotted lines, respectively. 

As expected, the RGB LED spectrum has three peaks with maxima at 465.27 

nm, 515.66 nm and 629.77 nm for the blue, green and red sub-LEDs, 

 

Figure 3-6: Normalised spectrum of the RGB LED in comparison with the spectrum 
of the blue-phosphorus LED [34] 



55 
 

respectively. The peak heights confirm the result of the previous experiment, 

showing that the blue sub-LED has the highest intensity followed by the green 

and red sub-LEDs with FWHM of 19.34 nm, 30.09 nm and 15.77 nm for blue, 

green and red, respectively. It is also seen from the figure that the FWHM of the 

blue-phosphorus LED is much wider than the RGB LED, which lowers the 

bandwidth of the system if employed as emitter. 

From the peak wavelengths, the photon energy (which is equal to the energy 

gaps) for each sub-LED can be calculated according to equation Error! 

Reference source not found.:  

 𝐸photon =
ℎ𝑐

𝜆
 . (3.1) 

They are found to be 1.969 eV, 2.404 eV and 2.665 eV for red, green and blue, 

respectively. This parameter gives another indication about the most suitable 

choice of sub-LED for photoemission and photoreception: Because the photons 

emitted by the red sub-LED cannot be detected either by the green or blue sub-

LEDs, the red sub-LED is not optimum for photoemission. Instead, it is most 

suitable for photodetection since its bandgap is lower than the photon energy 

emitted by the green and the blue sub-LEDs. On the other hand, the green and 

blue sub-LEDs have higher photon energy and higher intensities, making them 

suitable as photoemitters but not as photodetectors.  

Further experiments are presented in the section below to measure the 

responsivity of all three sub-LEDs to all three colours. This will help make a finite 

decision about the most suitable choice of sub-LED for photoemission and 

detection. 
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3.4. Characteristics of the LED Photodetector 

The most important parameters of the LED as photodetector are devised through 

the experiments proposed in this section. Those parameters include the linearity, 

the responsivity, the effect of reverse bias, the 3-dB bandwidth, the angle of best 

reception, the FWHM of the LED acceptance cone, the produced noise and finally 

the response of the LED photodetector.  

 

3.4.1. Responsivity and Linearity 

The measurement setup depicted in Figure 3-7 is proposed to measure the 

responsivity of the sub-LEDs as photodetectors as well as the effect of the 

reverse bias on said responsivity. The RGB LED at the transmitter side is driven 

by a variable power supply to vary the forward current and hence the light 

intensity. Each sub-LED is turned on separately. At a 3 cm distance from the 

transmitter, an identical RGB LED is reverse biased via another variable power 

supply. To eliminate the receiver circuit effect on the bandwidth, no TIA is used 

on the receiver side. Instead, only a 1 MΩ resistor is connected in series to the 

 

Figure 3-7: Block diagram of experimental setup to measure the responsivity of the 
RGB sub-LEDs 
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receiver sub-LEDs, on which the voltage is measured. The experiment is 

repeated 5 times, the results were then averaged. 

The measured voltage is proportional to the produced photocurrent according to 

Ohm’s law. The optical power that is reaching the receiver LED at each forward 

current can be deduced from Figure 3-8. The responsivity is calculated from the 

measured photocurrent according to equation: 

 𝑅(𝜆) =  
𝐼ph

𝑃𝑜
 . (3.2) 

Figure 3-8 depicts the photocurrent induced by each of the sub-LEDs in response 

to incident optical power from the blue (solid line) and green (dotted line) 

transmitter LEDs, respectively. Three deductions can be made from the graph: 

Firstly, the produced photocurrent is proportional to the incident optical power for 

all sub-LEDs. This proportionality reflects the linearity of the LED as 

photodetector and indicates that the responsivity stays constant over the range 

of incident optical power between 0.1 and 1 mW. Secondly, the graphs’ slopes 

represent the responsivity values for each sub-LED relative to the green and blue 

 

Figure 3-8: Response of the sub-LEDs to incident optical power at no bias [34] 
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light. It is obvious from those slopes that the responsivity of the red sub-LED is 

highest both when receiving blue and green light. On the other hand, the 

responsivities of the green and blue sub-LEDs are much lower. This indicates 

that those sub-LEDs are not optimal for photodetection. Thirdly, the figure shows 

that the sub-LEDs are capable of detecting light even under no bias. This is an 

advantage of the LED as photodetector over regular PIN photodiodes, which 

require reverse biasing for right photodetection. The graph does not show the 

response of the sub-LEDs to the emitted red light because all sub-LEDs fail to 

produce any photocurrent in response to red light. To validate that finding and 

make sure that it is not due to the low light intensity of the emitter LED, a LASER 

diode of the same peak wavelength but much higher emitted optical power 

replaces the emitter LED. Even with the higher optical power of the emitted red 

light, all three sub-LEDs show no response in terms of photocurrent. 

Table 3-1 depicts the responsivity values of each sub-LED in response to the 

green and blue light at different reverse biases. The maximum reverse voltage 

before break-down of the LED photodetector is 25 V, hence only reverse biases 

up to that value are tested. It can be seen from the table that reverse biasing the 

green sub-LED does not have a major effect on its responsivity. On the other 

Table 3-1: Responsivity of the sub-LEDs at different reverse biases in mA/W [34] 

Detector  Green transmitter Blue transmitter 

Red Green Blue Red Green Blue 

VR = 0 V 0.202 0.008 N/A 0.0424 0.1054 0.0173 

VR = 2 V 0.212 0.010 N/A 0.0436 0.1084 0.0143 

VR = 5 V 0.212 0.007 N/A 0.0426 0.1076 0.00945 

VR = 25 V 0.256 0.011 N/A 0.0675 0.1172 0.006 
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hand, the red sub-LED shows a relatively high increase in responsivity from 0.212 

mA/W to 0.256 mA/W upon increasing the reverse bias from 5 V to 25 V. 

However, the responsivity stays almost constant between 0 and 5 V reverse bias. 

Similarly, the red sub-LED responsivity to blue light rises dramatically at 25 V in 

response to blue light, compared to the case with no bias. 

The blue sub-LED shows the least responsivity to all light colours at all reverse 

bias values. It shows no response to green and red light. This is because the blue 

LED has a lower light wavelength and hence a larger energy gap than the energy 

of the green and red LEDs. Hence, the green and red photons cannot overcome 

the blue energy gap, nor can they stimulate electrons to move to the conduction 

band to produce photocurrent.  

When exposed to blue light however, the blue LED could create some 

photocurrent, but its responsivity drops from 0.017 mA/W to 0.006 mA/W when 

its reverse bias increases from zero to 25 V. The increasing reverse bias widens 

the energy gap inside the blue sub-LED further, hence the photons that could 

overcome the energy gap at no bias are no more able to produce any 

photocurrent in the case of the increased energy gap. 

In conclusion, this experiment shows that an LED can be used as a photodetector 

only when the energy of the incoming photons is larger than its own energy gap. 

For the RGB LED, this means that the red sub-LED is more suitable as a 

photodetector. Reverse biasing the red sub-LED beyond 5 V can increase its 

responsivity to both light colours. However, its responsivity shows no significant 

improvement by the slight increase of the reverse bias from zero to 5 V.  This 

means that for the sake of IoT devices connectivity, the red sub-LED 

photodetector can work in the zero-bias mode, which reduces the switching time 

and the complexity of the LED-to-LED system.  
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3.4.2. Bandwidth of sub-LEDs 

One of the most important factors of a photodetector is its bandwidth since it can 

limit the maximum data rate of the entire communication system. To measure the 

bandwidth of the sub-LEDs as photodetectors, a blue-phosphorus high 

brightness LED is employed as emitter to guarantee that the whole visible light 

spectrum is covered, and that the measurement is not wavelength-dependent. 

The proposed measurement setup for measuring the bandwidth of the LED 

photodetector is depicted in Figure 3-9.The blue-phosphorus LED is driven by a 

typical Bias-Tee LED driver that provides DC and AC current. The bias-Tee 

design has been chosen for this experiment instead of other LED driver 

topologies because of its ability to drive the LED at high frequencies. The AC 

signal is a 100 kHz square wave with 50% duty cycle and 5 V peak-to-peak 

amplitude. The RGB LED photodetector under test is placed co-axially at a 3 cm 

distance from the emitter LED while directly facing it. At this distance, the LED 

photodetector is not saturated and can still detect the light emitted from the 

transmitter. 

 

Figure 3-9: Block diagram of setup for measuring the bandwidth of the LED 
photodetector [34] 
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In this experiment it is imperative to employ a TIA at the output of the LED 

photodetector. This is because employing a large resistance in series with the 

LED photodetector (as in the previous experiment) will reduce the bandwidth 

significantly. The large resistance value multiplied by the internal capacitance of 

the LED would result in a large time constant that limits the overall bandwidth. 

Hence a large-bandwidth TIA circuit is employed to amplify the photocurrent and 

convert it to a measurable voltage signal without affecting the bandwidth. Both 

the output signal of the TIA as well as a reference signal from the function 

generator are stored for offline analysis, as shown in Figure 3-9.  

The bandwidth is calculated by measuring the rise time 𝑡𝑟 of the output signal. 

The rise time is defined as the time it takes the output signal to rise from 10% to 

90% of the high steady state value. For a first order RC system, the bandwidth 

𝐵𝑊3𝑑𝐵 can then be estimated from the rise time according to the equation [101]: 

  𝐵𝑊3𝑑𝐵 = 
0.35

𝑡𝑟
 .  

 

(3.3) 

Since the equivalent circuit for a photodiode resembles a first order RC circuit, 

equation (3.3) is a valid estimation for its bandwidth. The bandwidth 

measurement was performed for the red and green sub-LEDs and compared to 

that of a PIN photodiode at no bias, 25 V reverse bias as well as 2 V forward bias 

(when the LEDs are dimly lit). The bandwidth of the blue sub-LED was not 

measured due to its very low sensitivity and responsivity as photodetector. It is 

therefore eliminated as a photodetector option.  
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The captured waveforms along with the reference waveform from the function 

generator are displayed in Figure 3-10 when the red sub-LED is employed as 

photodetector. The graph shows that reverse biasing the red sub-LED increases 

improves the received signal quality in terms of bandwidth. Looking at Figure 

3-10(c) it can be seen that the LED can detect light signals even when slightly 

forward biased, i.e. when dimly lit.  

At 2 V forward bias, the depletion region of the red sub-LED has not yet entirely 

vanished and therefore, the weak detection of photons is still possible. This 

feature gives the LED photodetector an advantage over regular PIN photodiodes, 

which cannot detect any light under forward bias due to its intrinsic region. In 

addition, being able to detect light at no or even slight forward bias allows the fast 

transition between reception and emission modes.  

 

Figure 3-10: Captured waveforms at the output of the TIA drawn in red compared to 
the reference waveform from the function generator drawn in blue at (a) 25 V 

reverse bias, (b) no bias and (c) 2 V forward bias [34] 
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The bandwidths of the red and green sub-LEDs are compared to that of the PIN 

photodiode at different bias voltages in Table 3-2. The table confirms that, in 

addition to being able to receive at acceptable data rates at zero and reverse 

bias, the red and green sub-LEDs are able to detect light signals even when 

slightly forward biased. This is of great advantage in the design of the proper LED 

driver circuit since it allows the voltage swing between the “emitter” state and 

“detector” state to be minimal, increasing thereby the switching speed and the 

overall system maximum data rate. 

While the LED photodetector has a lower responsivity and bandwidth compared 

to the PIN photodiode, it has higher bandwidth under zero bias and low reverse 

biases. This is why the LED can operate well in the photovoltaic mode, unlike a 

regular PIN diode.  

  

Table 3-2: Bandwidth of red and green sub-LED and PIN photodiode at different 
biases [34] 

Bias 0 -25 V +2 V 

Red 2.4 MHz 4.9 MHz 0.8 MHz 

Green 2.4 MHz 6 MHz 3.2 MHz 

PIN  0.1 MHz 9.2 MHz N/A 
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3.4.3. Angle of Reception 

This section aims to test the relative response of the LED photodetector at 

different angles of the received light. A small motor from a LEGO 

MINDSTORMS® EV3 set is programmed to rotate the attached RGB LED in 2 

degrees intervals in front of a white light source. To guarantee that the RGB LED 

receives the same intensity at all rotation positions, a convex lens is placed at its 

focal distance from the white light source to collimate the light. A picture of the 

experimental setup is shown in Figure 3-11. The photocurrent produced by the 

sub-LEDs is amplified via a TIA and logged for each rotation position. For 

comparison, the experiment is repeated for a PIN photodetector with maximum 

sensitivity at a wavelength of 550 nm.  

  

 

Figure 3-11: Experimental setup to measure the angle of reception of the LED 
photodetector  
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Two rotation directions were considered as shown in Figure 3-12: around and 

perpendicular to the LED’s axis, respectively.  

The results of these experiments indicate that the rotation of the LED around its 

own axis (Rotation direction (1)) has no effect on the produced photocurrent. The 

photocurrent fluctuates around a constant value at all angles of incident light.  In 

rotation direction (2), however, the LED shows the highest response to incident 

light when it is directly facing the light source in a line-of-sight manner. 

 

Figure 3-12: Rotation directions to test the relative response of the RGB LED to 
incoming light from different angles [34] 
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Figure 3-13 depicts the response of the green and red sub-LEDs and compares 

them to that of a PIN photodiode. The field of view of the photodetectors is 

calculated from the FWHM of the curves. It is found to be 18 degrees for the red 

sub-LED, 14 degrees for the green sub-LED, and 90 degrees for the PIN 

photodetector. It can be deduced from these results that the LED photodetector 

has a directive nature which can be advantages for applications such as indoor 

localisation.  

  

  

 

Figure 3-13: Normalised response of red and green sub-LEDs and PIN 
photodetector in response to incident light from different angles [34] 



67 
 

3.4.4. Noise Measurement of red sub-LED Photodetector: 

To the best of the author’s knowledge, none of the researchers in the field 

considered analysing the noise produced by an LED photodetector. This is a 

significant parameter since the type and distribution of noise dictates the use of 

the appropriate techniques for optimising the system design. In order to analyse 

the noise of the red sub-LED photodetector, a DC signal is transmitted. The LED 

photodetector saturates at distances less than 3 cm, cropping thereby the noise 

signal. Hence, a correct measurement of the noise signal is only possible starting 

at 3 cm distance. In order to measure only the LED photodetector noise, no TIA 

is used to avoid the impact of the TIA noise. Instead, the photocurrent of the red 

sub-LED flows through a 2 MΩ resistor directly and the resulting voltage signal is 

captured on the oscilloscope. The impact of the noise on the received signal is 

shown in Figure 3-14. It can be seen from the figure that the expected DC output 

is contaminated by a noise of large amplitude. This is captured for offline analysis. 

 

Figure 3-14: Captured noise signal from the red sub-LED upon receiving a DC light 
signal 
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First, the histogram of the noise signal is calculated and presented in Figure 3-15. 

This histogram shows the probability density function (PDF), i.e. the distribution 

of the noise-infected DC signal. Then, the DC component is subtracted, and the 

mean and standard deviation of the remaining noise signal are calculated. The 

PDF is compared to the most common statistical distribution functions. The R2 

factor is calculated as an indication of the correlation between the measured 

values and the values of the statistical functions and ranges from 0 (i.e. no 

correlation) to 1 (i.e. exact match). To determine the bandwidth of the noise signal 

and whether it is white or coloured, the FFT is performed. 

The noise histogram in Figure 3-15 can be closely fitted to the Normal (Gaussian) 

function with zero mean and variance of 33.4 mW which is equal to the noise 

power. The variance and standard deviation vary with varying distance. The R2 

factor is calculated to be 0.9903 in this scenario, indicating a close match 

between the noise PDF and the Gaussian function. The performed FFT indicates 

that the noise is white, i.e. it has a flat frequency response over the entire 

 

Figure 3-15: Histogram of the noise signal of the red sub-LED photodetector 
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spectrum. Hence, the noise of the LED photodetector is defined to be zero-mean 

additive white gaussian noise (AWGN). 

 

3.4.5. Response of LED as Photodetector: 

The aim of this experiment is to deduce the response of the RGB LED as 

photodetector to incoming light at different energy levels and to relate the signal 

decay response to a well-known function.  

In order to measure the decay of the signal with respect to the channel distance, 

the noise component is removed from the DC light signal sent from the transmitter 

LED along the transmission channel. The obtained energy levels at each distance 

are shown in Figure 3-16 depicted as a yellow line. The graph shows a significant 

drop up to a distance of 1 cm. This drop in energy along the distance is expected. 

It is important to relate the signal decay response using the LED photodetector 

 

Figure 3-16: Response of the red sub-LED photodetector to incoming light at varying 
distance and its fitting to well-known functions 
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to a well-known function. The comparison of the measured energy levels with 

different functions (a negative exponential function, a 4th degree polynomial, a 5th 

degree polynomial and an inverse quadratic function) is shown in Figure 3-16. 

The figure proves that the LED photodetector can be described by the inverse 

square law of light (1/𝑑2) at distances longer than 0.5 cm [102]. It also shows that 

the measured signal overlaps with the negative exponential function. Therefore, 

the response can be best described as a two terms exponential function as 

follows: 

 𝐸 = 1.9 × 10−5 × 𝑒−2.8𝑑 + 9.1 × 10−7 × 𝑒−0.89𝑑  , (3.4) 

 where 𝑑  is the transmission distance.   

 

3.5. Conclusion 

This chapter focuses on characterising the RGB LED both as emitter and 

photodetector with the aim of employing it as transceiver device in an LED-to-

LED communication system. The chapter proposed a series of practical 

experiments to measure the linearity and intensity of the sub-LEDs in response 

to the forward current. The results of those experiments prove that the blue sub-

LED has the highest intensity as emitter followed by the green sub-LED at every 

level of forward input current. Employing a spectrum analyser for calculating the 

energy of the photons emitted by each sub-LED and the FWHM of the sub-LEDs 

proved that the blue sub-LED has the smallest FWHM and the highest photon 

energy while the red sub-LED has the lowest bandgap energy.  

Further experiments characterised the LED as photodetector. When testing the 

dependence of its bandwidth on the reverse bias and wavelength of incoming 
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light, the results of the experiments show that the red sub-LED has the highest 

responsivity when detecting green light, followed by the green sub-LED when the 

blue light falls onto it. Unlike the red and green LEDs, the blue sub-LED is unable 

to detect light due to its large energy gap. It is therefore not considered as 

photodetector in the LED-to-LED communication system. The responsivity of the 

sub-LED as photodetector increases slightly with increasing reverse bias. 

However, the most interesting feature of the LED as photodetector is its ability to 

detect light even when slightly forward biased.  

The directivity of the LED as photodetector is measured and found to be 18 

degrees for the red sub-LED, compared to 90 degrees for a regular PIN 

photodiode. This indicates that the LED can be employed for applications that 

require a low field of view and more directive photodetection.  

The response and noise of the LED photodetector were also empirically 

characterised. The results of the experiments prove that the LED photodetector 

has AWGN characteristics and its response follows a two-term negative 

exponential function, matching it to the inverse square law of light. 

In the next chapter, a transceiver module is designed to accommodate the LED 

as a transmitter and photodetector in a bidirectional LED-to-LED system.  

 

  



Chapter 4 

Transceiver Design for LED-to-

LED Communication System 

4.1. Introduction 

The aim of this chapter is to introduce the proposed LED-to-LED system design 

and to characterise its components both through simulations and practical 

implementation. Firstly, the current-mirror-based transmitter is optimised to drive 

the LED at the needed forward current of 20 mA and with switching speeds up to 

412 kHz. Secondly, the TIA-based receiver circuit is characterised and designed 

to accommodate the low sensitivity of the LED photodetector and to provide a 

transimpedance gain of 2 V/µA. Then the back-to-back signal performance is 

evaluated and optimised. Lastly, an analogue switching circuit is proposed and 

characterised with the aim of switching between transmission and reception 

mode without distorting the transmitted signals at a switching speed up to 710 

Hz. This completes the bidirectional low-complexity LED-to-LED system 

proposed in this thesis. 
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4.2. System Design 

Figure 4-1 shows a diagram of the proposed system inside an IoT device. The 

output data from the simple IoT processor is modulated and fed to the LED driver 

in the transmitter module. The main function of the LED driver circuit is to bias 

the LED at the right level and to modulate its forward current with the incoming 

data stream.  

During transmission mode, the control signal from the IoT device processor to the 

signal routing and switching chip enables transmission and stops detection. The 

modulating current is then fed to the RGB LED through the signal routing and 

switching chip. In reception mode, the control signal enables the receiver and 

disables the transmitter circuits. In this case, the LED is turned to zero bias and 

acts as a photodetector. The small photocurrent that it generates upon receiving 

light is amplified by the transimpedance amplifier circuit, then demodulated in the 

receiver module. It is then filtered and decoded in the embedded processor.  

The following sections design the modules of the proposed LED-to-LED 

communication device and evaluate their performance.  

 

Figure 4-1: Diagram of proposed communication module for IoT devices based on 
LED-to-LED communication 
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4.3. Transmitter Design 

The transmitter module main target is to drive the LED with the modulated forward 

current in response to the incoming data stream at the desired data rate.  

The challenges facing the LED transmitter design are threefold: Firstly, the circuit 

should drive the LED with enough current to guarantee adequate brightness, 

taking into consideration that the output signal from the processor has a low 

voltage and can provide only limited current. Secondly, the LED should be 

switched on and off at a high speed (>100 Hz) to prevent the observer from 

noticing any flickering [38], [103] . Lastly, the design should be scalable to allow 

multiple LEDs to be driven in parallel (if needed) and to be easily combined with 

a detector circuit within the same device.   

Typically, an LED driver circuit is based on a Bias-Tee solution. The Bias-Tee is 

a three-port network that combines a DC signal for biasing the LED on one input 

port and an AC signal for modulating the LED on the second input port. At the 

output port, the combined signals are fed to the LED. Figure 4-2 shows a typical 

Bias-Tee design employed as LED driver [104]. 

 

Figure 4-2: Bias-Tee based LED driver circuit 
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While this simple design is effective for modulating the LED at high data rates, it 

has two major setbacks: Firstly, the practically implemented Bias-Tee is based 

on imperfect coils and capacitors that have self-resonant frequencies and 

parasitic resistors causing undesired behaviour at certain frequencies. Hence, 

achieving a Bias-Tee design that works in a wide frequency range is not possible. 

It is therefore difficult to produce a Bias-Tee-based LED driver that works at the 

low frequency range required by typical IoT devices. Secondly, the Bias-Tee 

solution is not scalable for simultaneously driving multiple LEDs. If many LEDs 

are to be driven simultaneously, building a Bias-Tee network to drive each LED 

is space-wasting, expensive and cumbersome [105]. 
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Because the LED is a current-controlled device, it should be driven by a current 

source. The current-mirror LED driver design depicted in Figure 4-3 is inspired by 

Burton’s design published in [105]. It guarantees scalability - if many LEDs need 

to be driven simultaneously - and provides the required forward current and 

switching speed for the proposed LED-to-LED system. The three diodes D1 to 

D3 simulated at the output stage in the design represent the equivalent of a single 

LED. The forward voltage of a regular Silicon diode is about 0.75 V, while that of 

a green or blue LED is about 2.  V according to the LED’s datasheet. Hence, 

three diodes are placed in series to have an equivalent forward voltage as one 

LED. 

 

Figure 4-3: Current-mirror based driver circuit 
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The design is based on an emitter follower Beta Helper current mirror, made up 

of the three identical bipolar junction transistors (BJT) Q2, Q3 and Q4. Assuming 

RE and Rref have identical values, then the base currents for transistors Q2 and 

Q3 are identical and denoted as 𝐼𝐵 in Figure 4-3.  

According to Kirchhoff’s current law, the emitter current of Q4 is therefore equal 

to 2𝐼𝐵. Hence, the base current of Q4 (denoted 𝐼𝐵2) can be written as follows: 

 𝐼𝐵2 = 
2𝐼𝐵
𝛽

 , (4.1) 

where 𝛽 is the current amplification factor of each of the transistors Q2 through 

Q4. Similarly, the collector current of Q2 (which is identical to the mirror current 

feeding the LED) can be written in terms of the base current 𝐼𝐵 as follows: 

 𝐼𝐶 = 𝐼mirror = 𝛽𝐼𝐵 . (4.2) 

According to Kirchhoff’s current law, the reference current flowing through R4 can 

be written as the sum of 𝐼𝐶 and 𝐼𝐵2 as follows: 

 𝐼ref = 𝐼𝐶 + 𝐼𝐵2 = 𝐼mirror + 𝐼𝐵2 . (4.3) 

By combining equations (4.1), (4.2) and (4.3), the mirror current 𝐼mirror is related 

to the reference current 𝐼ref according to the following equation: 

 𝐼ref = 𝐼mirror +
2𝐼𝐵
𝛽

= 𝐼mirror +
2𝐼𝑚𝑖𝑟𝑟𝑜𝑟

𝛽2
 . (4.4) 

 Hence: 

 
𝐼mirror

𝐼ref
=

𝛽2 + 𝛽

𝛽2 + 𝛽 + 2
 . (4.5) 

 Employing the described Beta Helper current mirror design ensures that the 

mirror current is very close in value to the reference current even for small 𝛽 
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values. Assuming a worst-case scenario for the 𝛽 value of 10, the mirror current 

is 0.982 of the reference current according to equation (4.5). The current ratio 

tends to 1 with increasing 𝛽 values, indicating more accurate mirroring of the 

reference current.  

The ratio of the degeneration resistor RE to the reference resistor Rref determines 

the amplification factor of the mirror current relative to the reference current. This 

ratio can be set high to result in less power consumption of the whole circuit by 

keeping the wasted reference current low and the mirror current high. In the 

proposed design, the ratio is chosen to be 20:1, resulting in a mirror current that 

is 20 times larger than the reference current. 

The resistor R4 controls the value of the reference current. The value of resistor 

R4 can be calculated by applying Kirchhoff’s voltage law as follows: 

 𝑉𝑐𝑐 − 𝐼𝐶
𝛽 + 1

𝛽
𝑅𝑟𝑒𝑓 − 𝑉𝐸𝐵(𝑄2) − 𝑉𝐸𝐵(𝑄4) − 𝐼𝑟𝑒𝑓𝑅4 − 𝑉𝐸𝐶𝑠𝑎𝑡

(𝑄1) = 0 , (4.6) 

where  𝑉𝐸𝐵 is the emitter-base voltage and 𝑉𝐸𝐶𝑠𝑎𝑡
 is the emitter-collector voltage 

at saturation (which can be taken from the datasheet of the used transistor). For 

any bipolar junction transistor (BJT), the value of 𝑉𝐸𝐵 can be calculated as follows: 

 𝑉𝐸𝐵 = 𝑉𝑇ln (𝐼𝐶 𝐼𝑆⁄ ) , (4.7) 

 where 𝑉𝑇 is the thermal voltage (around 25 mV at room temperature) and 𝐼𝑆 is 

the reverse saturation current of the transistor. 

With the reference current and the transistor parameters known, the value of R4 

can be calculated by rearranging equation (4.6). 

The input stage - consisting of the input signal source and transistor Q1 - acts as 

switch for the current mirror to modulate the output current with the OOK data. 
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When a logic bit ‘1’ is transmitted, the input signal is high which drives Q1 in 

saturation mode. This short circuits the R3 parallel resistor and allows a high 𝐼𝑟𝑒𝑓 

to flow. When a logic bit ‘0’ is transmitted, the input signal is low which turns Q1 

off. 𝐼𝑟𝑒𝑓 then flows through R3 instead of through the transistor, limiting therefore 

the reference current to just a few milliamperes. The resulting mirror current is 

therefore insufficient to turn the LED on, but also keeps it from completely turning 

off (which is the case at 0 A). This allows the switching time for the LED to be 

minimal, and increases thereby the data rate of the transmitter [105].  

The main benefit of this driver circuit design is that it provides stability of the driven 

LED even with rising temperature. A voltage driver would have caused changes 

in the voltage level provided to the driven LED in response to changing 

temperatures. However, since this design is a current-based driver, the value of 

the provided current to the LED does not change in response to temperature 

changes, providing thereby much higher stability. In addition, the design allows 

for repeatability if multiple LEDs are to be driven at the same time. Once the 

mirroring branch (consisting of Q3, RE and the attached LED) is repeated, the 

same amount of current is “mirrored” through all branches and all LEDs are 

modulated at the same intensity. Due to the resistor ratios, the circuit also saves 

energy, which is an important factor for IoT devices. Lastly, it consists of off-the-

shelf BJT transistors that are cheaply available and fit the mass-production profile 

of IoT devices, allowing easy commercial deployment. 
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4.3.1. Performance Measurement of LED driver circuit 

To measure the speed and bandwidth of the proposed LED driver circuit without 

the effect of the LED as transmitter, the LED driver circuit is both simulated and 

implemented without the LED at its output. Instead, a 10 Ω resistor replaces the 

LED to guarantee that it has no effect on the frequency response of the design. 

The current flowing through the collector of Q3 – which is supposed to flow 

through the LED transmitter – is measured to determine its amplitude and rise 

time. 

The transient response of the driver circuit is simulated using the Texas 

Instrument TINA-TI® SPICE software and the results are shown in Figure 4-4. It 

can be seen from the figure that the forward current feeding the LED follows the 

input waveform: during the ‘0’-bit of the input voltage, the current is only 2 mA, 

hence, the LED is off. During the ‘1’-bit, the current rises to 19 mA, turning thereby 

the LED on. This concludes that the circuit acts correctly as a transconductance 

amplifier. It can also be seen from the figure that there is a current overshoot at 

the begin of the ‘1’ bit, which puts a large amount of energy in a short time on the 

 

Figure 4-4: Simulation results of LED driver circuit 
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LED. This resembles an underdamped control system and is advantageous for 

the fast on-switching of the LED.  

During the switching from the high to the low rail, the forward current lags the 

input voltage by around 400 ns, which is known as storage time. It is caused by 

residual charges stored in the device after switching off. Thereafter, the forward 

current curve decays exponentially to the low rail with a fall time 𝑡𝑓 of 100 ns. 

Added up, this results in a total switching-off time 𝑡off of 500 ns. 

To practically measure the LED driver circuit response, the LED driver is 

practically implemented as shown in Figure 4-5. The current feeding the LED is 

measured on the oscilloscope using a current-to-voltage converter. From the 

measured waveform, 𝑡off is measured to be around 960 ns, almost double the 

simulated results. This is mainly due to the intrinsic capacitors in the components 

which were not accounted for in the simulation. Although the long 𝑡off accounts 

for almost 10% of the bit duration, it still allows for successful data transmission 

at the desired data rates. The forward current feeding the LED in the “on” state is 

practically measured as 18.5 mA, which corresponds to the simulated value. This 

 

Figure 4-5: Implemented initial design of LED driver on breadboard 
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allows the LED to be brightly lit in the transmission mode. In the “off” state, the 

measured current is only 1.5 mA, which keeps the LED turned-off.  

It is apparent from Figure 4-4 that the on-switching time 𝑡on of the LED driver 

circuit is much shorter than the off-switching time. To measure it accurately, the 

circuit is simulated to work only between 1.9 µs to 2.3 µs to zoom in on the 

behaviour at the rising edge. The resulting waveform is shown in Figure 4-6. From 

the figure, the delay time 𝑡delay and rise time 𝑡r can be measured. The delay time 

is defined as the time from the transition point of the input signal to the time where 

the output has reached 10% of its high rail. The rise time is defined as the time it 

takes the output to rise from 10% to 90% of the high rail. The addition of the delay 

and rise time is the on-switching time. From the figure, the delay time is found to 

be 13 ns while the rise time is 9 ns, resulting together in an on-switching time 𝑡on 

of 22 ns. The practical results confirmed the simulated rise time. The measured 

on-time is 25 ns.   

 

Figure 4-6: Behaviour of the simulated LED driver circuit at the rising edge 
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The frequency response of the circuit is depicted in Figure 4-7. The circuit has a 

flat response at low frequencies up to 450 kHz, which resembles the response of 

a low pass filter. The cut-off frequency is marked on the figure in red and is found 

to be 489.8 kHz. After that corner frequency, the curve decays with a slope of -

30 dB / decade, revealing the existence of poles in the transfer function. At a 

frequency of 3 MHz, the effect of these poles is negated by a zero. However, the 

response at this high frequency is insignificant for the proposed system. 

To confirm the simulated bandwidth, the 3-dB bandwidth  𝐵𝑊3𝑑𝐵 of the circuit is 

practically determined from the measurement of the rise and fall time: 

 𝐵𝑊3𝑑𝐵 =
0.35

𝑡𝑟
 , (4.8) 

where 𝑡𝑟 is the rise time (to be taken as 𝑡𝑓 if larger) of the output square wave 

[106]. Equation (4.8) holds only for 1st order low-pass systems [106]. Since the 

bode plot of the proposed system resembles that of a first order low-pass filter, 

the equation can be employed as a rough estimate for the bandwidth. From the 

 

Figure 4-7: Simulated Bode plot of LED driver circuit  
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measured fall time of 960 ns, the bandwidth is found to be 412 kHz, confirming 

thereby the simulated value. 

 

4.3.2. Power Rating of LED driver circuit 

The RGB LED operates at 20 mA forward current at a 5 V potential, which results 

in 100 mW. By reducing the forward current through the RGB LED, power 

consumption could be reduced on the expense of reducing the LED’s brightness 

and hence the transmission range. However, these 100 mW are the worst-case 

scenario which considers the LED is to be on at all times. In reality however, the 

LED is expected to switch between on and off during transmission. Assuming the 

same probability of occurrence for the ‘0’ and ‘1’ bits, the power consumption is 

roughly half the 100 mW during transmission. Furthermore, the system can be 

programmed to turn the transmitter on only when data is sent. In systems where 

only infrequent data transfer is required, turning off the LED between the 

transmitted data chunks can save energy. 
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4.4. Photodetection Technique 

Photodetection is the process of converting information-carrying light signals into 

their equivalent electrical signals for recovering the information. There are two 

types of photodetection techniques employed in VLC: Intensity modulation / direct 

detection (IM-DD) and coherent detection. While IM-DD is the simplest and most 

commonly used scheme, coherent detection allows the full recovery of the carrier 

information, i.e. the amplitude and phase [67].  

In IM-DD, only the intensity of the light transmitted by the LED is varied according 

to the data. Hence, the detection associated with intensity modulation is an 

envelope detection and no oscillators are needed on the detector side for 

retrieving the information. The time-varying photodetector current 𝐼ph(𝑡) can be 

determined by transforming equation Error! Reference source not found. and 

is given by [67]: 

 𝐼ph(𝑡) =
𝜂𝑒𝜆

ℎ𝑐
𝑀𝑃𝑜(𝑡) , (4.9) 

where 𝑡 is the time, 𝑀 is the current amplification factor of an APD to be taken 

unity in case of a PIN photodiode. 

On the other hand, coherent detection is a much more complex detection 

technique that modulates not only the magnitude but also the phase and 

frequency of the optical carrier. At the receiving end, an optical local oscillator 

(usually a LASER), filters and electrical detectors are employed for the correct 

reception. Coherent detection is used in high-data-rates and complex optical 

systems [67]. For simple IoT devices however, it is important to choose a 

modulation technique that requires low processing power and is easy to deploy 
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commercially. Hence, IM-DD with NRZ OOK is employed as modulation 

technique for the proposed system. 

4.5. Receiver Design 

At the receiving end of the VLC system, typically a transimpedance amplifier (TIA) 

is employed to convert the photocurrent produced by the photodiode into an 

amplified equivalent voltage signal [38]. TIAs can have two configurations based 

on the application of the system: photovoltaic and photoconductive [107]. The 

simplest possible forms of both configurations with a single feedback resistor are 

shown in Figure 4-8.  

In photovoltaic mode, the photodiode is under no bias. The main advantage of 

this configuration is that the dark current noise is minimum, and the precision of 

the device is high. However, the achieved speeds are limited [107]. Because 

regular PIN photodiodes need a reverse bias to operate properly, this 

configuration is only used for energy harvesting and specific high-precision and 

low-data rate applications. However, because LEDs can operate as 

photodetectors without reverse biasing, the photovoltaic mode is feasible for 

 

Figure 4-8: Configurations of TIA circuits 

Reverse bias 

voltage

P
D

 

 

Op mp

R

P
D

 

 

Op mp

R

Output Output

(a  Photovoltaic mode (b  Photoconductive mode



87 
 

LED-to-LED communications. That is why this configuration is selected for the 

proposed system.  

On the other hand, the photoconductive mode employs an external power supply 

to provide reverse bias for the photodiode. Although this configuration allows for 

higher data rates, it creates more dark current and a large noise component [107]. 

Besides, it employs an extra power supply to reverse bias the photodiode, which 

is not feasible in simple IoT devices relying on one battery. 

The gain of the photodetector circuit is adjusted via the feedback resistor 

(denoted as R in the circuit diagram of Figure 4-9). However, the gain-bandwidth 

product 𝐺𝐵𝑊 of the operational amplifier needs to be considered while adjusting 

the gain. According to Bode [108], the product of an amplifier gain and its 

bandwidth is a constant given by: 

 𝐺𝐵𝑊 = 𝑔𝑎𝑖𝑛 × 𝐵𝑊 = 
𝑔𝑚

𝐶
 , (4.10) 

 where 𝑔𝑚 is the transconductance of the amplifying device and 𝐶 is the combined 

capacitance seen by the amplifier. Hence, increasing the gain of the amplifier (by 

increasing the value of the feedback resistor) will decrease the bandwidth and 

thereby the data rate of the receiver circuit. The sweet spot providing enough gain 

to increase the sensitivity while not reducing the bandwidth below the threshold 

at which the receiver circuit is operating needs to be found for each application. 
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Since the sensitivity and responsivity of the LED as photodetector are expected 

to be much smaller than a photodiode, a detector circuit with high transimpedance 

gain is required to produce an output in the 5 V range in response to a 

photocurrent of only a few µA. While characterising the output current of the red 

sub- LED photodetector, it was found that it produces a photocurrent of 2 µA in 

response to green light from the transmitter LED in a back-to-back configuration. 

Hence, to meet the high rail of the OpAmp, a gain of 2 V/ µA is required. The TIA 

design should also have a minimum bandwidth of 200 kHz that allows a minimum 

data rate of 200 kbps using OOK. This is sufficient for the communication 

between simple IoT devices.  

For the practical receiver design depicted in Figure 4-9, a high-precision and high-

speed transimpedance amplifier integrated circuit (IC) (OPA380) is used. The 

gain of the TIA is adjusted to 2 V/µA by a 2 MΩ resistor in the feedback to mitigate 

the low responsivity of the LED photodetector. When a photocurrent 𝐼𝑝ℎ is 

generated by the receiver LED, it flows from the cathode to the anode and ideally 

     

Figure 4-9: Transimpedance amplifier design for the receiver circuit  [34] 
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only through the feedback resistor 𝑅𝐹. This results in a voltage drop 𝑉𝑜𝑢𝑡 at the 

output given by: 

 𝑉out = 𝐼ph ∙ 𝑅𝐹 . (4.11) 

If the TIA feedback circuit consists only of the feedback resistor, the bandwidth 

of the circuit will be very large, allowing high-frequency ripples due to 

photodetection noise to pass to the output terminal [109]. The stability of the 

circuit is determined by the noise gain (NG), which is defined by the following 

equation [109]: 

 NG =
1 + 𝑠𝑅𝐹(𝐶𝐹 + 𝐶𝑇)

1 + 𝐶𝐹𝑅𝐹
, (4.12) 

where 𝐶𝑇 is the total capacitance on the inverting OpAmp terminal, consisting of 

the input capacitance of the OpAmp and the photodiode capacitance. From the 

equation of the noise gain, it is apparent that the transfer function has a zero at 

frequency 𝑓𝑧, which is given by: 

 𝑓𝑧 =
1

2𝜋𝐶𝑇𝑅𝐹
. (4.13) 

To maintain stability and eliminate gain peaking, a feedback capacitor 

compensating the photodiode and input capacitances at the negative OpAmp 

input is needed. This creates a pole at the intersection of the noise gain and the 

OpAmp open loop gain curves and results in flattening the noise gain slope [109].  
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Hence, a feedback capacitance 𝐶𝐹 is connected in parallel to the feedback 

resistor. Its main function is to create a low-pass filter (LPF) in combination with 

the feedback capacitor that has a cut-off frequency of 𝑓𝑐𝐿𝑃𝐹
 as indicated by the 

following equation: 

 𝑓𝑐𝐿𝑃𝐹
=

1

2𝜋𝐶𝐹𝑅𝐹
 . (4.14) 

This increases the system stability and filters out the unwanted ripples due to the 

gain peaking [109].  Figure 4-10 shows the intersection of the noise gain plot with 

the open loop gain plot at the cut-off frequency of the LPF [109]. To theoretically 

calculate the value of the feedback capacitor 𝐶𝐹, the following equation is used: 

 𝐶𝐹 = √
𝐶𝑇

2𝜋𝑅𝐹(𝐺𝐵𝑊)
. (4.15) 

From the datasheet of the employed OpAmp (OPA380), the input capacitance is 

1.1 pF and the gain bandwidth product (𝐺𝐵𝑊) is 90 MHz. The LED photodiode 

 

Figure 4-10: Noise gain, open-loop gain and transimpedance gain bode plot 
sketches upon connecting a feedback capacitor [109] 
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capacitance is measured using a capacitance meter and found to be 61 pF. 

According to equation (4.15), this results in a feedback capacitance value of 0.23 

pF with a 2 MΩ feedback resistor. The closest practical value that is commercially 

available for the feedback capacitor is 0.47 pF.  

The 3-dB bandwidth 𝑓3dB of the complete photodetector circuit is then given by 

[109]: 

 𝑓3dB = √
𝐺𝐵𝑊

2𝜋𝐶𝑇𝑅𝐹
. (4.16) 

For the chosen component values and GBW of 90 MHz, the 3-dB bandwidth is 

calculated to be 339.6 kHz. To confirm the theoretical performance results, the 

TIA circuit is simulated with the calculated component values and with the 

equivalent circuit of the LED as photodetector, as shown in Figure 4-11. 

The feedback network is replicated from the positive terminal of the operational 

amplifier (OpAmp) to the ground to balance the total impedance seen by the 

 

Figure 4-11: Simulated TIA circuit design with LED photodetector equivalent circuit 
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negative input terminal of the OpAmp. This symmetric design reduces the error 

due to the leakage current entering the non-ideal OpAmp.  

4.5.1. Performance Measurement of receiver circuit 

The bandwidth of the LED-based receiver circuit in Figure 4-11 is practically 

investigated to identify the data rate limitation of the OOK signal. The receiver 

circuit is simulated using the Texas Instruments® PSPICE software (TINA®) and 

its Bode plot is graphically displayed in Figure 4-12. The figure depicts that the 

response of the TIA receiver is similar to that of a low pass filter. The -3 dB point 

is marked on the figure in dashed red lines, suggesting a cut-off frequency at 

334.4 kHz, which accurately mirrors the calculated value. The figure also reveals 

that there is a single pole at that corner frequency, causing a decaying slope of -

20 dB / decade thereafter. The limited TIA bandwidth is considered the bottleneck 

of this system design and is mainly caused by the high value of the feedback 

resistor. To mitigate that problem, a two-stage amplifier circuit can be used. This 

approach is not adopted in this thesis to keep the bill-of-material and complexity 

of the system as low as possible. 

 

Figure 4-12: Simulated Bode plot of TIA-based receiver circuit 
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To verify the simulated result practically, the waveforms in Figure 4-13 (a) and (b) 

are captured when a 100 kHz and 500 kHz square wave – shown in blue – are 

input to the TIA circuit, respectively. The rise time 𝑡𝑟 of the output signal is 

measured from the captured waveform by the oscilloscope (calculated between 

10% and 90% on the rising voltage edge) [101]. 𝑡𝑟 is found to be 3.89 µs, which 

translates to a bandwidth 𝐵𝑊3𝑑𝐵 of around 90 kHz. This agrees well with the 

simulated results for the bandwidth. 

The waveforms in Figure 4-13 (b) show that at the data rate of 500 kHz the TIA 

OpAmp fails to saturate to the upper voltage rail, hence acting as an integrator 

and turning the received square wave close to a triangular shaped waveform. A 

500 kHz data rate is therefore not possible for the proposed system as can be 

seen from Figure 4-13 (b). 

From the simulation and practical measurements results, the system is capable 

of data rates up to roughly 100 kHz. This allows for data rates up to 200 kbps if a 

single-level modulation technique (such as NRZ OOK) is used. Hence, the overall 

system is tested only up to a speed of 200 kbps, which is sufficient for 

communication between small IoT devices.  

 

Figure 4-13: Transmitted signal (blue) and received signal (yellow) of the receiver 
circuit at (a) 100 kHz and (b) 500 kHz 
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4.6. System performance in a back-to-back 

configuration 

To test the performance of the whole system without the effect of the LED as 

transmitter or as photodetector, the optical components are removed from the 

circuit and the transmitter and receiver circuits were directly connected in a back-

to-back configuration.   

Pictures of the designed and implemented transceiver printed circuit board (PCB) 

are shown in Figure 4-14. The PCB contains both the LED driver and the receiver 

module and has four hole-connections to attach the 4 pins of the RGB LED. The 

whole PCB has dimensions of just 3 cm x 3 cm.  

The simulated circuit is shown in Figure 4-15. A 10 Ω resistor (RLED) replaces the 

LED to avoid simulating the effect of the parasitic capacitance of the 

photoemitting device. Because the feeding current to the LED is much larger than 

the photocurrent generated by the LED as photodetector in response to incoming 

light signals, a current controlled current source with an amplification factor of 

100 µ attenuates the output current of the transmitter circuit and inputs it to the 

TIA receiver.  

 

Figure 4-14: Designed and implemented transceiver PCB (a) front (b) back layer 
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Figure 4-15: Test setup for simulating the back-to-back system without the LED 
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The simulated waveforms with an input square wave of 100 kHz and 300 kHz are 

shown in Figure 4-16 (a) and Figure 4-16 (b), respectively. It shows that the 

forward current and the receiver output both follow the square wave input for both 

data rates. However, in the 300 kHz case, the long storage time of the LED driver 

circuit propagates to the receiver and the output of the receiver fails to reach the 

low voltage rail for a period that resembles that of the transmitter. Hence, the 

output square-wave shaped signal has a duty cycle larger than 50%. This must 

be accounted for in the decision-making process at the decoding stage.  

 

Figure 4-16: Simulated waveforms of transmitted signal, forward current to the 
transmitter LED, photocurrent generated by receiver LED and output of TIA at (a) 

100 kHz and (b) 300 kHz 
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Figure 4-17 depicts the Bode magnitude plot of the complete electronic back-to-

back link without the LED. For the AC simulation of the circuit, the current-

controlled current source is configured as an ideal current attenuator in order for 

it not to affect the frequency response simulation. The Bode plot reveals that the 

system has a flat frequency response for frequencies up to around 100 kHz. It 

acts as a low pass filter with a 3 dB cut-off frequency at 129.3 kHz. A single pole 

of the system at that corner frequency results in a -20 dB / decade decaying slope 

after the corner frequency.  

These results confirm the simulated and measured bandwidth results from the 

transmitter and receiver circuit. It is expected that the overall system bandwidth 

is as low as or lower than its parts, seeing that the transmitter and receiver circuits 

both have a frequency response similar to a low pass filter. 

Since a practically implemented current attenuation circuit would affect the 

bandwidth measurement of the system and provide faulty results, the back-to-

back system could not be practically tested without the transmitter and receiver 

LEDs.  

 

Figure 4-17: Simulated frequency response of the back-to-back electronic link  
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4.7. Switching Between Transmission and Detection  

The majority of the published research in the field of LED-to-LED communication 

focus on proving the feasibility of the communication channel and maximising its 

performance but consider only the LED-to-LED channel as a one-directional link. 

However, to benefit from the full capabilities of an LED-to-LED system, it is 

imperative to switch each LED between photoemission and photodetection 

mode. This switching has two functions: Firstly, to eliminate flicker so that the 

LED appears to a nearby human observer as being always turned on, and 

secondly, to achieve a half-duplex bidirectional channel instead of the 

broadcasting model achieved by the one-directional LED-to-LED link.  

To achieve those two goals, the same LED has to be connected with the LED 

driver circuit in transmission mode as well as with the TIA circuit in detection 

mode. Then it needs to be switched between both modes in a time-division-

multiplexing manner. The switching between transmission and detection mode 

has to happen at data rates high enough to prevent flickering from being noticed 

by a human observer. Hence, the switching frequency 𝑓switch must be at least 100 

Hz. However, 𝑓switch must be low enough to allow for the successful error-free 

transmission of adequate data chunks during the “on” state of the transmitter.  

In their paper, Giustiniano, Tippenhauer and Mangold have divided the frequency 

spectrum of low-data rate VLC into three regions with respect to flicker control 

[89]: The visual feedback region denotes the low-pass component of the 

spectrum which is observed by humans. In this region, small variations of the light 

intensity are tolerated by the human eye thanks to its low dynamic range [89].  

The flicker region on the other hand is noticeable by the human eye and lies 

below 100 Hz [103]. This region should be avoided by communication over visible 
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light. Unfortunately, in the case of LED-to-LED communication, the system can 

reach this region by mistake in two cases: inter-message or intra-message 

flickering. In inter-message flickering, the LED is turned off for a long while in 

order to receive the data from the transmitter LED. On the other hand, intra-

message flickering occurs when the LED is transmitting a message with a long 

array of subsequent ‘1’ or subsequent ‘0’ bits. This region can be avoided either 

by using a line coding technique such as Manchester coding or by reducing the 

bit duration to reach a data rate not anymore noticeable by the human eye [89]. 

The third region is the LED-to-LED data region, which lies in the higher frequency 

range [89]. In this region, the actual message is transmitted without the human 

observer noticing any flickering thanks to the slow response of the human nerve 

system connected to the human eye [103]. 

Many attempts to create a bidirectional LED-to-LED channel are mentioned in 

literature. Dietz et al., Guistiniano et al. and Schmid et al. employed the pins of 

the microcontroller to switch between transmission and detection modes [29], 

[30], [89]. In their proposed systems, they employ only a single LED connected 

to two pins of the microcontroller. In transmission mode, the pin connected to the 

anode is configured as a digital output pin to convey the modulated data to the 

LED while the pin connected to the cathode is configured as ground. In the 

photodetection phase, the pin connected to the anode provides the reverse bias 

while that connected to the cathode is employed as input pin with analogue-to-

digital conversion capabilities to read the data received by the LED  [29], [30], 

[89]. However, because they only attempt to achieve very low data rates of 

transmission and reception with a maximum of 1 kbps, it is sufficient to implement            

the switch using only the two pins of the microcontroller. This method is not 

sufficient in the case of the proposed system in this thesis, where the transmitter 
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circuit is based on a current-mirror LED driver and the receiver circuit is based on 

an OpAmp TIA.  

The authors of [110] and [111] employed analogue switching integrated circuits 

(IC) to create a bidirectional LED-to-LED channel. Although their idea is feasible, 

their research provides only inconclusive results and fails to consider the impact 

of the switching mechanism on the flickering and the overall data rate of the 

system. The proposed system in [110] employs expensive lenses to focus the 

light emitted from one LED onto the other. Thanks to these lenses, a transmission 

distance up to 2 m could be reached while transmitting at data rates up to 2.5 

Mbps. However, the paper does not mention the rate of switching and whether 

the bidirectional channel could achieve the same data rates as the one-directional 

link. Similarly, in [111], a short-distance communication system is implemented 

just to transmit text data between two computers at a maximum rate of 9600 baud 

over 5 cm. There is no mentioning of the switching speed between transmission 

and detection mode and whether flicker could be noticed during or between 

transmission intervals.  

For the proposed LED-to-LED communication system in this thesis, an analogue 

switch integrated circuit (CD4066) is employed to switch between transmission 

and detection mode. In transmission (Tx) mode, the LED pins are connected to 

the current-mirror-based LED driver circuit to provide forward bias as well as feed 

the LED with the modulated signal. For reception (Rx) mode, the LED pins are 

disconnected from the LED driver circuit and are connected to the inputs of the 

TIA under no bias to detect the incoming light signal.  
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The switching block diagram is shown in Figure 4-18. Three important 

characteristics are tested in a switching circuit:  

• The attenuation factor in the “on” state 

• The attenuation factor in the “off” state 

• The transition characteristics including maximum switching speed  

The switching circuit is experimentally characterised regarding those factors 

without the effect of the remaining electrical or optical components according to 

the setup depicted in Figure 4-19. The complete circuit including the switching 

between transmission and detection modes is depicted in Figure 4-20. 

 

Figure 4-18: Block diagram of switching 
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Figure 4-19: Measurement setup to experimentally characterise the switching circuit 
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Figure 4-20: Circuit diagram of the entire proposed system including LED driver, switching circuit and TIA 
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4.7.1. Performance Measurement of Switching Circuit 

The attenuation factor of the switch in the “on” state 

In order to test the attenuation of the bilateral switch circuit in the “on” state, a 

square wave of 5 V peak-to-peak and 100 kHz frequency is passed from the input 

to the output pin while a 5 V DC is applied on the control pin. The control, input 

and output waveforms are displayed on the oscilloscope and depicted in Figure 

4-21, drawn in green, red and blue respectively. The figure shows that the 

attenuation of the switch in the “on” state is negligible and that the output follows 

the input waveform. The attenuation is calculated by dividing the amplitude of the 

output voltage by that of the input voltage. It is found to be -0.08 dB, which means 

that 99.03% of the transmitted signal is transferred through the switch. In the 

optimum case, the switching circuit should have an attenuation factor of 0 dB in 

the “on” state. This corresponds to an ideal buffer circuit that allows the whole 

input waveform to be transferred without losses to the output port.  

 

Figure 4-21: Captured waveforms of control, input and output signals when the 
switch is in the “on” state 
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Hence, with an attenuation factor of -0.08 dB, the assumption can be made that 

the switch functions as buffer in the “on” state. 

Figure 4-22 zooms in on the captured rising edge of the input and output 

waveforms (as measured by the oscilloscope) to show the rise time and the 

propagation delay due to the switch IC. The rise time is measured between 10% 

and 90% of the difference between the voltage rails of the output signal. It is found 

to be 8.8 ns for the input signal and 11.2 ns for the output signal. However, since 

the input signal is not ideal, this rising time cannot be entirely blamed on the 

switching IC response. The output has a rise time that is only 2.4 ns longer than 

the input. 

Hence, a more accurate measurement is the propagation delay, which is the 

measure of how much the circuit under test (in this case the switching circuit) 

delays the output signal with respect to the input signal. The propagation delay is 

measured from the 50% point of the input signal to the 50% point of the output 

signal between the voltage rails, as marked on Figure 4-22.  

 

Figure 4-22: Captured waveforms of input and output of the switch during transition 
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Employing this method, the propagation delay is measured to be 3 ns. Hence it 

can be safe to say that the switching circuit allows signals up to a frequency of 

116 MHz to pass in the “on” state without distortion, according to equation (4.8). 

The attenuation factor of the switch in the “off” state 

The experiment above is repeated when the control signal is connected to the 

ground, turning the switch thereby to the “off” state. The captured waveforms on 

the oscilloscope for the control, input and output signals are depicted in Figure 

4-23. Again, the output and input signals are compared, and the attenuation is 

calculated from their peak-to-peak amplitudes. Ideally, the output in the “off” state 

should be zero, regardless of the input signal.  

The measurements in Figure 4-23 reveal that in the “off state” some of the input 

signal is transferred to the output port resulting in a DC-shifted square wave with 

peak-to-peak amplitude of 0.32 V. By dividing the output and input amplitudes, 

the attenuation factor is found to be -24.5 dB, meaning that 5.9% of the input is 

transmitted to the output. Moreover, the DC shift of the output signal is not zero 

 

Figure 4-23: Captured waveforms of control, input and output signals when the 
switch is in the “off” state 
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as expected, but around 0.6 V. While the output is low compared to the input, it 

still has to be accounted for in the bidirectional system because such a DC value 

can cause the TIA to saturate in the detection mode.   
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The transition characteristics of the switch  

In order to test the switching speed, a DC signal is applied to the input port and 

the output is observed on the oscilloscope upon toggling the control signal from 

low to high at a frequency of 1 KHz. The control, input and output signals are 

shown in Figure 4-24. The focus is zoomed on the transition between the “on” 

and “off” states to see the rise and fall time, which can determine the maximum 

switching speed. It can be seen from the figure that the rise time of the output 

signal is very short in comparison to the fall time, which means that the switch 

turns on quickly but turns off much slower. The fall time is the limiting factor to 

the switching speed. It is calculated between 90% and 10% at the output signal 

and is found to be 0,493 ms on average. This results in a maximum possible 

switching speed of around 710 Hz according to equation (4.8). 

It is important to point out that the fall time is dependent on the load resistance. 

Since in this scenario, the output is measured directly by the probes of the 

oscilloscopes, it is encountering a load resistance of 10 MΩ, which represents 

the worst-case scenario.  

 

Figure 4-24: Switch response when control signal is toggling at 1 kHz 
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From the exponential decay of the output curve in Figure 4-24 it can be seen that 

the output curve resembles the capacitor discharge curve, represented by: 

 𝑉𝐶 = 𝑉𝑆 ∙ 𝑒
−𝑡

𝑅load𝐶⁄  , (4.17) 

where 𝑉𝐶 is the voltage on the capacitor, 𝑉𝑆 is the source voltage (5 V in this 

case), 𝑡 is the time, 𝑅load is the load resistance (10 MΩ in this case  and 𝐶 is the 

output capacitance. By substituting with a value of 𝑉𝐶 and 𝑡 in equation (4.17) and 

rearranging the equation to calculate the value of the capacitor 𝐶, it is found to 

be 0,0236 nF.  

Assuming that the switch is being directly connected to the LED pins and seeing 

only the LED as load resistance, the fall time will be much shorter than the 

measured value when connected to the probes of the oscilloscope. The load 

resistance 𝑅𝑙𝑜𝑎𝑑 of the LED is estimated to be 10 Ω in forward bias. When 

substituting in the exponential decay function with the 90% and 10% voltage 

values and the known 𝑅𝑙𝑜𝑎𝑑 as well as the previously calculated output 

capacitance, the fall time 𝑡𝑓 can be calculated as follows: 

 𝑡𝑓 = 𝑡10% − 𝑡90% = −𝑅𝐶 ln
0.5 𝑉

5 𝑉
+ 𝑅𝐶 ln

4.5 𝑉

5 𝑉
≅ 2.2 𝑅𝐶 , (4.18) 

where 𝑡90% and 𝑡10% are the times at which the voltage reaches 90% and 10% of 

its maximum value, respectively. The fall time is accordingly calculated to be 5.2 

ns, allowing for a maximum switching speed of 67.5 MHz in the best-case 

scenario. The worst-case scenario is the one that should be accounted for in the 

design however, because the output of the switch is also connected to the TIA in 

receiving mode. In that case, the load resistance is large due to the input of the 

TIA and the large feedback resistor.  
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To find out the impact of the transition between the “on” and “off” states on a 

varying input signal, the next experiment focuses on toggling the switch control 

while sending a square wave of much higher frequency from the input to the 

output port of the switch IC. The control, input and output signals are shown in 

Figure 4-25, zoomed in at the transition of the control signal from the “off” to the 

“on” state. The experiment is repeated at switching frequencies 100 Hz, 200 Hz 

and 300 Hz, while the transmitted signal frequency is kept at 100 kHz.  

From the figure, it is obvious that in the “on” state and during the transition from 

“on” to “off”, the behaviour of the switching IC is nearly ideal: The transmitted 

signal is instantly transmitted from the input to the output port upon toggling the 

control signal from “off” to “on”. The transmitted signal experiences nearly no 

losses or distortion due to the switching IC. However, in the “off” state (when the 

control signal is low), the attenuated and DC shifted square wave is visible, which 

confirms the low performance of the switching circuit in that state. 

 

Figure 4-25: Toggling switch input from “off” to “on” at 100 Hz 
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Figure 4-26 focuses on the falling edge of the control signal instead. Here again, 

the control signal is toggled at a frequency of 100 Hz while a 100 kHz square 

wave is transmitted from the input to the output port of the switch IC.  

 lthough the switch shows good response in the “on” state and during the 

transition from “off” to “on”, its response has major drawbacks in the “off” state 

and on the falling edge of the control signal. Firstly, it fails to entirely suppress 

the input signal in the “off” state, so that an attenuated version of it is still visible 

at the output port. Secondly, the long fall time of the IC upon turning off causes 

baseline wandering of the suppressed input signal, resulting in a high signal 

amplitude directly after the switching off. Finally, the DC value of the suppressed 

signal lies at around 2.5 V, not 0 V as expected. This is problematic in the 

photodetection scenario, since the photocurrent produced by the receiver LED 

will be superimposed on the transmitted signals waveforms that have not been 

properly suppressed by the switch at the pins of the LED. The transmitter signal 

would then cause an interference with the detected signal, resulting in possible 

higher bit error rate and prevention of successful transmission. 

 

Figure 4-26: Captured signals when toggling switch input from “on” to “off” at 100 Hz 
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4.7.2. Recommendations for Incorporating the Switching Circuit 

Now that the switching circuit is characterised, certain recommendations can be 

made for combining the switching component and the transceiver to optimise the 

overall system design. 

It is established from the practical measurements of the switching circuit that it 

can only provide a mediocre response in its “off” state. This response can be 

seen in three aspects as follows: 

• The circuit is unable of completely suppressing the varying input signal in 

the “off” state. The switch allows an attenuated signal of the input to reach 

the output despite the low control signal.  

• The DC value is measured during the “off” state at the output port of the 

switch in the presence of an input. This DC value was expected to be zero.  

• The circuit has a long fall time at the transition from the “on” to the “off” 

state causing baseline wandering of the input signals. 

To mitigate the inability of the switch to suppress the DC and AC values of the 

input signal, it is recommended to stop the input signal (transmitter) upon toggling 

the control signal. This will cause the input and output port of the switch to be 

held at zero when the control signal is low. In the proposed transceiver design 

this translates to disabling the transmitted signal during photodetection mode. In 

this way, the transmitter signal cannot be superimposed on the detected signal 

on the LED pins. The signal on the LED pins will thus be only due to the 

photodetection process and errors can thereby be avoided.  

To compensate for the long fall time of the switch while transitioning from the “on” 

to the “off” state, it is recommended that the transmission and detection are 

delayed a period 𝑡𝑓 after the switch transition. This will allow the output signal 
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from the switch to stabilise on the low rail before being exposed to any data from 

the photodetection period. Although this will affect the overall data rate of the 

system, it will guarantee lower bit error rates.  

Lastly, perfect synchronisation between the transmitter and receiver devices is 

required for the error-free transmission of the communication data between the 

devices to prevent packet collision. An entirely software-based synchronisation 

solution could be implemented according to [91]. 

To satisfy those requirements, this thesis proposes and implements a simple 

algorithm to regulate the transmission and reception timing as will be discussed 

in the next section as well as in chapter 7. 
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4.7.3. Relation between Switching Speed and System Data Rate 

As previously established, the switching speed between transmission and 

detection mode should be kept larger than 100 Hz to prevent the nearby human 

observer from noticing the flickering effect. However, the switching circuitry is only 

capable of stable functioning at a maximum switching speed of around 710 Hz, 

so this limit should not be overcome either.  

To determine the relation between the data rate of the system and the switching 

speed, the timing diagram in Figure 4-27 is considered. The figure depicts the 

control signal as seen by a transceiver circuit on one end of the channel (denoted 

Tx1). The data sent by transmitter 1 (Tx1) and transmitter 2 (Tx2) on the other 

end of the channel are drawn in blue and green, respectively. It can be seen from 

the figure that the transmitted bits are delayed by 𝑡𝑓 with respect to the control 

signal to allow for the output signal to stabilise before data is transmitted. This 

 

Figure 4-27: Timing diagram for control and transmitted signals  
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complies with the recommendation made in the previous section to mitigate the 

effect of the long fall time of the switching circuit. 

The overall data rate of the system is defined as the total number of bits sent by 

Tx1 and Tx2 combined per second, assuming error-free detection. For the sake 

of simplifying the calculations, it is assumed that Tx1 and Tx2 are both sending 

data in their respective transmission times only and at equal data rates. 

Moreover, it is assumed that the “on” and “off” time of the switch  𝑇switch are equal 

for the transmission and photodetection phases and are longer than the bit 

duration 𝑇𝑏. 

From the timing diagram in Figure 4-27, during any transmission phase, 𝑛 bits (of 

bit duration 𝑇𝑏 each) are sent from one transceiver module to the other after a 

delay period at the begin of the transmission phase, denoted 𝑡𝑓. Hence, the 

following equation relates the switching time with the bit duration: 

 𝑇switch = 𝑡𝑓 + 𝑛𝑇𝑏 . (4.19) 

Hence, the number of bits transmitted during the switching time (𝑛) can be 

expressed by transforming equation (4.19) as follows: 

 𝑛 = ⌊
𝑇switch − 𝑡𝑓

𝑇𝑏
⌋ . (4.20) 

It is important to point out here that 𝑛 must be an integer value. If the term 
𝑇switch−𝑡𝑓

𝑇𝑏
 

in equation (4.20) resulted in a non-integer value because the value (𝑇switch − 𝑡𝑓) 

is not a multiple of 𝑇𝑏, then the resulting number must be rounded down to the 

next smaller integer, hence the floor brackets. 
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To get the system data rate, equation (4.20) has to be divided by the switching 

time 𝑇𝑠𝑤𝑖𝑡𝑐ℎ, resulting in: 

      r  e =  
𝑛

𝑇switch
=

𝑇switch − 𝑡𝑓
𝑇𝑏𝑇switch

 . (4.21) 

The switching frequency 𝑓switch and the bit rate 𝑟𝐵 can be related to the switching 

time 𝑇switch and bit duration 𝑇𝑏, respectively, as follows: 

 𝑓switch = 1
𝑇switch

⁄  , (4.22) 

 𝑟𝐵 = 1
𝑇𝑏

⁄  . (4.23) 

Hence, equation (4.21) can be written as: 

      r  e =  

1
𝑓switch

− 𝑡𝑓

1
𝑟𝐵

∙
1

𝑓switch

= 𝑟𝐵𝑓switch (
1

𝑓switch
− 𝑡𝑓) . (4.24) 

Simplifying the expression in equation (4.24), the overall system data rate can be 

written as: 

      r  e = 𝑟𝐵(1 − 𝑓switch𝑡𝑓) . (4.25) 

Equation (4.25) highlights the data rate penalty due to the use of the switching 

circuit and its fall time. The data rate of the system is reduced by the factor 

(𝑓switch ∙ 𝑡𝑓) compared to its original value. Since the value of 𝑡𝑓 is determined only 

by circuit components, the switching frequency is the limiting and determining 

factor of the overall data rate of the system. It is important to consider that the 

data rate expressed in equation (4.25) applies only to a modulation technique 

that has two levels, i.e. only one symbol can be sent per bit. An example of such 

a modulation technique is the NRZ OOK technique, which is chosen for 
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modulating the data in the proposed system. If the number of symbols per bit 𝑆 

increases due to the use of a multi-level modulation technique, the overall system 

data rate is expressed as follows: 

      r  e = (𝑟𝐵 − 𝑟𝐵𝑓switch𝑡𝑓) log2(𝑆) = 𝑟𝐵 log2(𝑆) (1 − 𝑓switch𝑡𝑓) . (4.26) 

To illustrate this relationship on a numerical example, the data rate of the system 

is calculated for 100 Hz switching frequency, 50 kbps transmission bit rate and 

0.5 ms fall time. OOK NRZ modulation is assumed, hence 𝑆 = 2. By substituting 

with those values in equation (4.26), the resulting data rate is 47.5 kbps, 5% less 

than the data rate achieved without switching (50 kbps).  

 

4.8. Conclusion 

In this chapter, the proposed LED-to-LED communication system is introduced, 

and its modules and components characterised both through simulations and 

practical experimentations. All parts of the proposed system are practically 

characterised without the effect of the LED to evaluate their performance, 

independent of the optical components. 

The LED driver design consists of pnp BJTs configured as a Beta Helper current 

mirror design to provide 20 mA of current. This drives the LED at high brightness 

with practically measured speeds up to 412 kHz. The simple OpAmp based 

transimpedance amplifier design accommodates the low sensitivity of the LED 

photodetector by providing a 2 V/µA amplification factor while having a bandwidth 

of up to 335 kHz. The simulation of the back-to-back transceiver reveals the 

feasibility of the system at speeds up to 130 kHz.  
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Lastly, the analogue switch controls the flow of the signal to and from the LED 

and allows successful switching between transmission and detection modes. The 

switching speed maximum lies at 710 Hz, which is sufficient for flicker prevention. 

While switched on, the analogue switch is capable of transmitting signals with 

nearly no losses or distortion at speeds in the MHz range. While switched “off” 

however, the switching circuit shows significant deficiencies such as a long fall 

time and not sufficient suppression of the input signal. These effects must be 

accounted for in the design and implementation of the transmission and detection 

algorithms. The mathematical derivation of the overall system data rate reveals 

that the penalty in the maximum achieved data rate is related to the switching 

frequency and fall time. Therefore, the switching frequency must be chosen 

wisely to achieve the maximum potential of the system. 

In the next chapter, the noise and interference on the visible light communication 

system due to ambient light sources are characterised to evaluate their effect on 

the proposed system. Chapter 7 and 8 then implement and practically 

characterise the whole system with and without the switching circuit, respectively.  

  



Chapter 5 

Noise and Interference on 

Indoor VLC Channel 

5.1. Introduction 

The performance of a visible light communication link suffers greatly due to the 

channel effects. Two major sources are affecting the VLC channel: noise and 

interference. Noise is defined as the unwanted distortion of the signal due to 

internal and external effects while interference is the unwanted effect due to 

signals from other sources that are geographically located in the same place as 

the system under test. This chapter covers the basics of the noise affecting the 

VLC channel and characterises the interference sources. It also presents a 

mathematical model for the variance of the thermal and shot noise and the 

interference on the VLC link due to contemporary and modern ambient light 

sources. 
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5.2. Noise in a VLC channel 

Noise in a VLC channel is considered a stationary random process with time-

invariant variance. It can be categorised into shot noise and thermal noise as 

discussed in the sections below  [63], [112], [113].  

 

5.2.1. Thermal Noise 

Thermal noise is caused by variations of electron quantity and motion inside the 

electronics of the receiver circuit. It arises due to the collision of electrons in 

conductors and is dependent on the operating temperature 𝑇 and load resistance 

𝑅load of the conducting material. Thermal noise is independent on the incident 

optical power. It is estimated as an additive white Gaussian noise (AWGN) with 

zero mean and variance given by [38]:  

where 𝑘 is Boltzmann’s constant, 𝑇 is the temperature, 𝑅load is the equivalent 

load resistance and 𝐹𝑛 is the noise figure. The noise figure is an indication for the 

noise created by the system itself and is defined as the ratio between the signal 

to noise ratio at the output to that at the input. The thermal noise is considered 

‘white’ since its power spectral density does not depend on the frequency.  

  

 𝜎Thermal
2 =

4𝑘𝑇

𝑅load
𝐹𝑛 , (5.1) 
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5.2.2. Shot Noise 

Unlike thermal noise, shot noise is dependent on the incident optical power. It is 

caused due to the fluctuations in the number of photons received by the active 

area of the photodetector, which is due to the quantum nature of light. Although 

the average number of photons per second that are produced by a light source 

is almost constant, the instantaneous number varies and can be modelled by a 

Poisson distribution.  

The photocurrent produced by the photodiode follows those variations in the 

number of incident photons. The average photocurrent 〈𝑖ph〉 produced by an 

average number of electrons 〈𝑁𝑒〉 in the photodiode during a bit duration 𝑇𝑏 can 

hence be written as:  

 〈𝑖ph〉 =
𝑒〈𝑁𝑒〉

𝑇𝑏
 (5.2) 

The magnitude of the shot noise increases with the square root of the incident 

optical power. It is also dependent on the bandwidth of the employed filter after 

the photodiode. The variance of the shot noise is given by [38]: 

 𝜎shot
2 = 2𝑒〈𝑖ph〉𝐵𝑊3𝑑𝐵 (5.3) 

where 𝑒 is the electron charge, 〈𝑖ph〉 is the average photocurrent produced by the 

photodiode and 𝐵𝑊3𝑑𝐵 is the bandwidth of the electrical filter after the photodiode. 
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5.3. Interference in VLC channel 

In addition to noise, ambient light sources (whether natural, such as the sun, or 

artificial, such as lamps) cause interference on the VLC system and have a 

twofold effect on its performance. Firstly, they cause a time-varying interference 

signal which is detected by the VLC system and may hinder the right reception of 

the communication signal. Secondly, they increase the amount of shot noise at 

the receiver end of the system because of the increased light power on the 

detector area [63], [114], [115].  

If those sources of interference were constant in time (such as the sun) and do 

not saturate the photodetector, their effect could be eliminated easily using filters, 

appropriate thresholding or DC shifting [63]. The irradiance of the sun 𝐼sun is 

defined as the optical power per unit area of the photodetector and is given by: 

 𝐼sun = 𝑊(𝜆)𝐵𝑊BPF (5.4) 

where  𝑊(𝜆) is the spectral radiant emittance of the sun and 𝐵𝑊BPF is the 

bandwidth of the optical bandpass filter before the photodiode. The impact of 

such a constant background noise can be reduced using a very narrow field of 

view and bandwidth of the optical filter [67]. 

Artificial light sources however are of time-varying nature because they are driven 

by the mains power and - in some cases - electronic ballast driving circuits. The 

resulting power is therefore periodic and deterministic. In addition, the produced 

light from those sources has the same wavelength as the visible light and can 

therefore not be eliminated using filters. It is therefore imperative to practically 

determine the DC power, variance and power spectral densities of those artificial 

light sources to account for them properly in the link budget analysis [63], [114], 

[115].  
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Similar measurements have been performed on older light sources such as 

Tungsten light bulbs. Moreira et al. characterised the effect of fluorescent and 

incandescent ambient light sources on the IR channel [115]. Boucouvalas  also 

considered the effect of a wide range of ambient light sources, including IR 

remote controls, on the VLC channel and studied their spectra in [63]. However, 

to the author’s knowledge, the interference of modern artificial illumination 

sources such as gas discharge lamps, dimmable and non-dimmable LEDs still 

needs to be investigated. 

5.3.1. Contemporary Light Sources 

To determine the interference from the contemporary light sources, they are first 

categorised into three main types: thermal light sources, gas discharge lamps 

and semiconductor light sources [116]. The latter category is also divided into two 

types: dimmable and non-dimmable sources.  

In thermal light sources, also called incandescent sources, current flows through 

a thin filament inside the vacuum in the light bulb. The heat produced by this 

current flow causes the filament to glow without burning it out due to the lack of 

oxygen in the vacuumed chamber. Aside from light, the majority of the power 

delivered to the thermal light source is converted into heat. That is why thermal 

light sources are considered inefficient and most of their types have been banned 

from the European Union (EU). However, more energy-efficient variations of them 

are still used in the EU and many non-EU countries in domestic and retail 

environments. An example of thermal light sources is the Tungsten light bulb 

[116]. 

Gas discharge lamps on the other hand employ a gas filled discharge tube placed 

between two electrodes to produce ultra-violet light under the effect of an 
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alternating electric field. The ultra-violet light is then converted into visible light by 

the fluorescent coating inside the lamp. These light sources have a higher 

efficiency and lifetime than thermal light bulbs but produce a lower colour 

rendering. They are widely used in retail areas and offices to provide wide-area 

lightning [116]. Examples of gas discharge lamps include fluorescent and energy 

saving light bulbs. 

The last category of ambient light sources is the semiconductors, to which the 

LED belongs. Because the LED can only operate under DC current, they can only 

be used in an AC network by employing a DC converter. In the last decade, the 

LED as light source has become famous for illumination due to its long lifetime, 

its energy efficiency and its flexibility to produce different colours and 

temperatures of light.  

Some variations of the LED light sources can offer three levels of brightness by 

containing two LEDs (that have different intensity levels) in the same casing. The 

lowest brightness level is achieved by turning the low-power LED on, while the 

middle level is achieved by turning the high-power LED on. Turning both LEDs 

on at the same time produces the maximum light intensity [27]. This kind of LED 

is referred to as 3-way LED.  

Other variations of LED sources can be dimmed in an analogue way by 

employing pulse-width-modulation (PWM). The quick on-off switching of the LED 

at frequencies higher than those detected by the human eye cause the overall 

LED brightness to decrease according to the duty cycle of the PWM signal. To 

the user, this appears as if the LED is dimmed. Although this feature is very 

desirable for producing the right light ambience, it is problematic for the receiver 

of the VLC channel, which is normally fast enough to detect those PWM signals 

[27]. 
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In the next section, a measurement setup is proposed to measure the noise and 

interference caused by those different light sources on the VLC channel.  

5.3.2.  Measurement Setup 

The block diagram in Figure 5-1 shows the measurement setup for measuring 

the interference caused by ambient light sources on the VLC channel. On the 

transmitter end, a generic light source driver connected to the mains supply (220 

V, 50 Hz) drives the ambient light sources under test separately. The visible light 

from the source propagates to a photodetector placed 1 m away directly in front 

of the light source at 0° angle between the axis of the transmitter and receiver. 

The 1 m distance and 0° angle ensure that the measurement is done at the worst-

case scenario but without saturating the PIN photodiode [27].  

At the receiving end, the silicon-based PIN photodiode (PM16-121C) (spectral 

range: 400 - 1100 nm, optical power sensing range: 500 nW – 500 mW) of an 

optical power and energy meter (Thorlabs PM200) captures the light signal. The 

measuring device has a response time of 1 µs and can measure up to 1 MHz 

frequency, which ensures that all fluctuations are captured accurately. The output 

 

Figure 5-1: Measurement setup for measuring the power of the interference sources 
[27]  
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of the power and energy meter is then converted from digital to analogue form 

and transmitted to a PC oscilloscope (Picoscope 6402D) (Bandwidth: 500 MHz), 

then stored offline for further analysis. Both the time-domain waveform and the 

power spectral density (PSD) are captured. The sampling rate of the PC 

oscilloscope is set to 1 M Samples/s to ensure that all high frequency variations 

are captured. To ensure that the measured light power is caused only by the 

source under test, the tests are performed in a dark room. Care has been taken 

to properly ground all equipment to avoid electromagnetic interference caused by 

ground loops. The displayed results are the average of several repeated 

measurements [27]. The stored signals are then analysed offline in terms of their 

variance, DC component, bandwidth and significant harmonics. The pictures in 

Figure 5-2 show the equipment and the measurement setup for the performed 

experiments.  

 

Figure 5-2: Experimental setup and equipment. (a) Receiver: Optical power meter 
connected to oscilloscope, (b) light source and driver, (c) 1 m channel 
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5.3.3. Measurement Results 

Thermal light sources  

Firstly, the power transmitted by a thermal light source, specifically a Tungsten 

light bulb (Philips® 248872 Soft white 65 W) is measured. The time domain wave 

form resembles an almost perfect sine wave of 10 ms period with an average DC 

power of 1 mW and 0.28 mW of peak-to-peak amplitude, as seen in Figure 5-3. 

The value of power is measured from the voltage 𝑉out according to the following 

equation: 

 𝑉out = 2𝑉 
 e s re   o er   l e

f ll sc le  o er   l e
 . (5.5) 

Transforming equation (5.5), the measured power value can be calculated from 

the set full scale value on the power meter and the output voltage value displayed 

on the oscilloscope. 

 

Figure 5-3: Time domain wave form of a Tungsten light bulb power [27] 

 

Figure 5-4: Power spectral density of the light power of a Tungsten light bulb 
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 Using the fast Fourier transform (FFT), the frequency domain of the same 

waveform (corresponding to the PSD of the interference signal) is depicted in 

Figure 5-4. The periodic signal has a peak at 50 Hz, 100 Hz and 100-Hz 

harmonics up to 400 Hz. However, magnitudes below -60 dB of the fundamental 

magnitude are considered insignificant as shown in Figure 5-4 [115]. Hence, the 

significant bandwidth of a Tungsten light bulb is only 100 Hz  [27].  

The noise variance 𝜎2 of the said light source can be calculated as:  

 𝜎2 = ∫ (PSD)𝑑𝑓
∞

−∞

− 𝜇2 , (5.6) 

 where 𝜇 is the mean of the signal calculated as the DC value of the measured 

power signal. Based on equation (5.6), the variance of the Tungsten light bulb 

under test in this experiment is 0.82 mW over its significant bandwidth  [27].  

Gas Discharge Lamps 

Secondly, the power signal of a gas discharge lamp (the energy saving light bulb 

manufactured by Philips Tornado® producing warm white light) is measured. 

Figure 5-5 displays the time-domain waveform while Figure 5-6 and Figure 5-7 

show the PSD of the same power signal after applying the FFT up to 1 kHz and 

100 kHz, respectively. It can be seen from the figures that the measured power 

signal in the time domain consists of a distorted sinusoid with a peak-to-peak 

variation of 7.09 µW. The frequency domain graph shows 50 Hz and 100 Hz 

harmonics because of the variations in the mains power. The DC shift of the 

periodic signal of 28.7 µW is represented by a peak at 0 Hz in the PSD graph. 

The high frequency switching of the electronic ballast used to drive the light bulb 

results in high frequency peaks detected on the power spectral density as seen 



128 
 

in Figure 5-7 between 20 kHz and 40 kHz. The variance of the power signal is 

calculated to be 115.7 µW according to equation (5.6) [27]. 

 

Figure 5-5: Energy saving light bulb power in the time domain [27] 

 

 

Figure 5-6: Energy saving light bulb power spectral density up to 1 kHz 

 

Figure 5-7: Energy saving lightbulb power spectral density up to 100 kHz 
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Non-dimmable semiconductor lights 

Thirdly, to measure the interference of semiconductor light sources, a 3-way LED 

(Venus ® 6500 K colour temperature, 9 W) is tested. The three brightness levels 

from minimum to maximum produce 15%, 40% and 100% of the maximum 

brightness levels, respectively. At lowest light intensity, the LED power signal 

resembles that of a full-wave-rectified sine wave with period of 20 ms and only 

2.25 µW peak-to-peak variation as seen in Figure 5-8. This full-wave-rectified 

waveform is due to the AC-to-DC conversion of the LED driver circuit. This effect 

is also obvious in the frequency domain of the same signal depicted in Figure 5-9 

in which the significant peaks can be seen only at 50 Hz and 100 Hz. The variance 

of the signal is calculated to be 98.1 µW. Increasing the light intensity to the 

medium and maximum brightness levels keeps the frequency spectrum and 

waveform similar to the lowest intensity case but the amplitudes of the time and 

frequency domain parameters change  [27].  

 

Figure 5-8: Time domain wave form of an undimmed LED at lowest intensity [27] 

 

Figure 5-9: Power spectral density of an undimmed LED at lowest intensity  
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Dimmable semiconductor lights 

To test the dimmable version of semiconductor light sources, an IKEA© dimmable 

transparent LED (8.6 W, 600 lm) is tested in combination with a standard off-the-

shelf LED dimmer. The experiment is repeated at minimum and maximum 

intensity levels. 

At maximum intensity, the peak-to-peak variations are measured to be 11.25 µW 

with a DC average of 32.8 µW and variance of 95.5 µW over a significant 

bandwidth of only 200 Hz. The measured spectrum is nearly flat thereafter. The 

time domain waveform corresponded to that of the undimmed 3-way LED light 

bulb as shown in Figure 5-10. 

However, the dimmable version of the LED accounts for a much larger significant 

bandwidth of 1 kHz as a result of the high flickering rate of the PWM as shown in 

Figure 5-11 [27].   

 

Figure 5-10: Time domain waveform of dimmable LED at lowest brightness 

 

Figure 5-11: PSD of a dimmable LED light bulb at minimum brightness 
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Comparison of measured power signals 

Figure 5-12 and Figure 5-13 compare all tested light sources in terms of their DC 

power level, noise variance, significant bandwidth as well as the number of peaks 

detected in the PSD graph within that bandwidth.  

The significant bandwidth and number of significant harmonics in that bandwidth 

of the tested ambient light sources are compared in Figure 5-12. The figure 

depicts that the non-dimmable semiconductor light source produces the highest 

number of harmonics and has the widest noise spectrum. On the contrary, the 

thermal light source has the lowest number of harmonics and the lowest 

bandwidth. The gas discharging lamp has a low noise spectrum of just 500 Hz 

but its high frequency peaks at 10 kHz, 20 kHz and 40 kHz need to be taken in 

consideration if it is geographically located near a VLC system. To conclude, the 

dimmed semiconductor sources cause the widest noise bandwidth while the 

thermal light sources produce the least interference on the indoor VLC system  

[27].  

 

Figure 5-12: Comparison of the  tested ambient light sources regarding their 
significant bandwidth and number of peaks [27] 
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The incandescent light bulb has the highest DC power, almost 10 times larger 

than the average power dissipated by all the other light sources. However, its 

significant bandwidth is only limited to 100 Hz with the least number of harmonics, 

which makes it easy to eliminate its effect using a filter with cut-off frequency 

above 100 Hz. This 100 Hz are mainly due to the switching circuit. The DC power 

from the other light sources is compared in Figure 5-13. It shows that they do not 

vary much in their emitted light power, measured at 1 m distance from the 

respective source. The figure shows the dimmable LED at minimum brightness 

has the highest variance and the lowest DC power. 

The following section employs those measurements to propose an interference 

mathematical model for each of the tested ambient light sources. 

  

 

Figure 5-13: Comparison of tested ambient light sources regarding their variance and 
DC power [27] 
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5.4. Interference Mathematical Model 

Based on the measurements, an interference model is derived to represent the 

power penalty of each light source on the VLC spectrum. It is important to mention 

here that the interference mathematical model presented in this section refers 

only to the specific light sources that have been tested in this chapter and cannot 

be generalised to other contemporary light sources that are made by other 

manufacturers or that employ different lighting technologies. 

The optical power 𝑃𝑜(𝑡) received by the photodetector of a VLC system due to 

the interfering ambient light sources consists of a DC background power 𝑃𝐵 and 

a time-varying interference power component 𝑃interf(𝑡) due to the power 

fluctuations as indicated by the following equation [17], [115]: 

 𝑃𝑜(𝑡) = 𝑃𝐵 + 𝑃interf(𝑡) . (5.7) 

 The effect of this power on the receiver end is threefold: Firstly, it generates a 

background shot noise component 𝑃𝐵_shot_noise due to the constant DC 

background power 𝑃𝐵. Secondly, 𝑃interf(𝑡) is itself an interference component 

detected by the photodetector of the VLC system. Thirdly, this time-variant power 

component produces a time-varying interference shot noise 𝑃interf_shot_noise(𝑡). 

Hence, the overall noise power 𝑃noise(𝑡) detected by the photodetector can be 

written as [59]: 

 𝑃noise(𝑡) = 𝑃𝐵_shot_noise + 𝑃interf(𝑡) + 𝑃interf_shot_noise(𝑡). (5.8) 
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 𝑃B_shot_noise (which is equivalent to its variance) can be written in terms of the 

responsivity 𝑅(𝜆) and bandwidth 𝐵𝑊3𝑑𝐵 of the photodetector according to 

equations (5.3) and Error! Reference source not found. as follows [111]: 

 𝑃𝐵_shot_noise = 2𝑒 × 𝑅(𝜆) × 𝑃𝐵 × 𝐵𝑊3𝑑𝐵 . (5.9) 

The same applies to the interference shot noise power, assuming there is a 

closed-form formula that can represent it. Hence, the Fourier series - which is 

used to represent any deterministic and periodic signals as a sum of sin and cos 

components of different amplitudes, phases and frequencies - is employed to 

represent the power signals of each of the light sources. The power signal of the 

light sources can hence be written as follows: 

 𝑃interf(𝑡) = 𝑎0 + ∑(𝑎𝑖 cos(2𝜋(100𝑖 − 50)𝑡) + 𝑏𝑖cos (2𝜋(100𝑖)𝑡))

𝑖max

𝑖=1

 , (5.10) 

where 𝑎0 is the average DC value of the power, 𝑎𝑖 is the magnitude of the 𝑖𝑡ℎ 50 

Hz harmonic, 𝑏𝑖 is the magnitude of the 𝑖𝑡ℎ 100 Hz harmonic and 𝑖max is the 

number of the last significant harmonic in the frequency spectrum for each light 

source. The values of 𝑎0, 𝑎𝑖, 𝑏𝑖 and 𝑖max are empirically determined from the 

measured power signals. They are summarised in Table 5-1 for the interference 

sources under test. 

To validate the resulting mathematical interference model, the derived Tungsten 

light bulb mathematical model is compared with that of the Tungsten filament 

lamp published in [63]. Similar to the results presented in this chapter, the tested  

60 W Tungsten filament lamp in [63] has a significant bandwidth of just 100 Hz 

due to its driving circuit. Higher modulation harmonics are insignificant and 

present only white noise that can be filtered out [63]. This matches the results for 
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the measured power of the Tungsten light bulb under test in this chapter and 

validates therefore the methodology used to determine the mathematical 

interference model for contemporary light sources. 

For the interference sources driven by an electronic ballast, such as fluorescent 

lamps, the mathematical model should be modified to take the high frequency 

components due to the ballast driver into consideration. In this case, the 

interference optical power consists of two components:  

 𝑃interf(𝑡) = 𝑃interf_low(𝑡) + 𝑃interf_high(𝑡) , (5.11) 

where 𝑃interf_low(𝑡) is the low frequency component and 𝑃interf_high(𝑡) is the high 

frequency component. Each of those terms is separately converted to its Fourier 

series form. While the low-frequency component has periodic components over 

the bandwidth of the interference spectrum, the high-frequency components are 

at random frequencies and have random amplitudes according to the 

manufacturing process of the light source [67].  
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Table 5-1: Parameter values for the Fourier Series of light sources under test [27] 

Light Source 𝒊 𝒂𝒊 (µW) 𝒃𝒊 (µW) 𝑷𝑩 

(µW) 
Thermal light source 1 0 4.1 1004.25 

Gas discharge lamp 1 0.001648 0.028697 28.6 

2 0 0.0022 

3 0 0.000336 

4 0 0.000173 

5 0 8.55E-05 

3-way LED – maximum 1 0.000281 0.004322 30.3 

3-way LED – medium 1 0.000166 0.000148 14.06 

3-way LED – minimum 1 0.001709 0.000145 5.58 

  

  

  

  

  

  

  

  

  

2 1.15E-05 2.32E-05 

3 0 3.7E-06 

4 1.19E-05 6.28E-06 

5 8.09E-06 0 

6 0 3.97E-06 

7 4.17E-06 0 

8 4.25E-06 0 

9 3.76E-06 0 

10 3.63E-06 4.55E-06 

Dimmable LED – maximum 

brightness 

1 0.001702 0.204405 32.8 

  
2 0 0.001878 

Dimmable LED – minimum 

brightness 

1 0.001876 0.005158 4.5 

  

  

  

  

  

  

  

  

  

2 1.03E-05 0.000911 

3 9.67E-05 0.000328 

4 9.43E-06 0.000119 

5 1.93E-05 3.44E-05 

6 8.24E-06 1.01E-05 

7 0 3.14E-06 

8 6.9E-06 2.09E-06 

9 0 1.89E-06 

10 3.5E-06 8.91E-06 
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The high frequency component of the interference power is hence written as: 

 𝑃interf_high(𝑡) = ∑𝑐𝑖cos (2𝜋𝑓𝑖𝑡)

∞

𝑖=1

 , (5.12) 

where 𝑐𝑖 is the amplitude and 𝑓𝑖 is the frequency of each peak in the spectrum, 

respectively. Those values are given in the Table 5-2 for the tested fluorescent 

light source [27].   

The tree diagram in Figure 5-14 on the next page summarises the effect of each 

of the tested ambient light sources on the VLC channel. The green nodes are the 

ambient light sources tested while the red ones highlight the spectrum of their 

respective interference. 

Table 5-2: Parameter values for high frequency component of the fluorescent light 
bulb [27] 

𝑖 𝒄𝒊 𝒇𝒊 

1 8.91E-05 3.7 kHz 

2 0.001804 5 kHz 

3 0.000183 8.4 kHz 

4 0.000191 8.5 kHz 

5 0.00031 8.65 kHz 

6 0.000296 8.8 kHz 

7 0.207072 10 kHz 

8 0.002056 20 kHz 
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Figure 5-14: Tree diagram of the contemporary ambient light sources and their interference spectrum bandwidth  



5.5. Conclusion 

Two major factors affecting the performance of a VLC link are noise and 

interference. The noise in a VLC system is either thermal due to the electrons 

movement in the detection device or shot noise due to the fluctuations of the 

photon numbers incident on the photodetector surface. Interference on the other 

hand is due to ambient light sources that are geographically located near the VLC 

system and are not part of it. Those ambient light sources are either natural and 

considered constant in time, such as the sun, or artificial light sources that emit 

time-varying power. Modern and contemporary light sources are either thermal, 

gas discharge or semiconductor-based light sources. In this chapter, the 

interference power of each type is measured, and a mathematical model is 

developed to represent their interference power on the VLC system at a constant 

distance of 1 m.  

Now that the noise and interference on the VLC system have been investigated 

in this chapter, the next chapter considers characterising the LED as transmitter 

and receiver of the LED-to-LED communication system. 
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Chapter 6 

Performance Analysis of the 

Proposed Low-complexity LED-

to-LED Communication System  

6.1. Introduction 

Based on the findings about the LED as emitter and photodetector and the 

proposed design of the transmitter and receiver circuits, this chapter practically 

characterises an LED-to-LED communication link employing off-the-shelf RGB 

LEDs. The implemented link offers reduced cost and complexity by being stripped 

of all complicated circuitry, optics and processing-hungry techniques. By 

depending only on off-the-shelf components, the overall cost is kept as low as 

$2.60 per communicating device (at the time of this writing). The practical results 

show that the link can reach up to 200 kbps data rates with OOK modulation at 

distances up to 7 cm when an optimised matched filter is employed at the output. 
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6.2. Experimental Setup 

As discussed in the previous chapter, the red sub-LED has the smallest energy 

gap, the largest photodetection bandwidth and the highest responsivity to the 

visible light spectrum. It is therefore best optimised for the use as a photodetector 

[33], [34]. On the other hand, the green sub-LED is best suited for transmitting a 

signal because it offers the high brightness and intensity at the same forward bias 

[34]. Hence, these sub-LEDs are employed for transmitting and receiving, 

respectively.   

The block diagram of the experimental setup is shown in Figure 6-1.The green 

sub-LED on the emitter side is driven by the current-mirror LED driver designed 

in chapter 4, that operates at 5 V [66]. The LED is biased at 19 mA, which keeps 

the energy consumption at a minimum and allows fast on-off switching of the 

transmitter LED. An arbitrary waveform generator is programmed to feed the LED 

driver with an on-off-keying (OOK) modulated cyclic and independent 

pseudorandom binary sequence (PRBS) of length 220-1 bits [34]. 

  

 

Figure 6-1: Block diagram for experimental testing of proposed LED-to-LED link 
parameters [34] 
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The sequence is generated using linear feedback shift registers applying the 

monic polynomial [117]: 

 PRBS20 = 𝑥20 + 𝑥3 + 1 . (6.1) 

To ensure that the PRBS bits are statistically independent, the autocorrelation 

function of the sequence has been calculated. It shows a maximum correlation is 

achieved at position 𝑥 = 0 and zero correlation elsewhere. The PRBS sequence 

is sent at 10 kbps, 50 kbps, 100 kbps and 200 kbps.  

The modulated light propagates along the free-space channel to the receiver. The 

channel length 𝑑 is varied to evaluate the effect of the propagation distance on 

the link performance. At the receiver end an identical RGB LED (to the 

transmitter) is connected to the TIA receiver circuit (shown in Figure 6-2  as per 

the design in chapter 4). For comparison purposes, the receiving LED is replaced 

with a PIN photodiode (BPW34 Vishay Semiconductors) [118] under the same 

measurement conditions [34].  

 

Figure 6-2: TIA circuit in photovoltaic mode employed as receiver [34] 
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As discussed in the chapter 3, reverse biasing the LED has only a negligible effect 

on improving its bandwidth and sensitivity [34], [97]. Unlike the PIN photodiodes 

- which depend on the presence of a large reverse bias to function - an LED can 

operate at no bias and even at a small forward bias. Hence, the photovoltaic 

mode is chosen for the detection circuit in conjunction with the LED 

photodetector. The output of the TIA, the eye diagram of the received signal and 

the reference signal from the waveform generator are displayed on an 

oscilloscope (Picoscope 6404D) and saved for offline processing.   

Care has been taken to choose components which are cheap and available off-

the-shelf. The price for the RGB LED, the transistor for the LED driver, the OpAmp 

and the accompanying resistors and capacitors add up to only $2.60. Moreover, 

the system design uses only a single 5 V power supply and consumes only a 

maximum of 110 mW. The low price and power consumption are attractive 

features for IoT device manufacturers and mass producers.  

The pictures in Figure 6-3 show the LEDs arrangement in the experimental setup 

for testing the system performance. 

 

Figure 6-3: Pictures of the practical setup for testing the LED-to-LED 
communications system 
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The experiments take place in a lab with typical ambient light to simulate real life 

conditions. The present ambient light sources are placed on the ceiling and their 

emitted light beams were perpendicular to the transmission direction of the LED-

to-LED system under test. Since the LED photodetector has a low responsivity, 

sensitivity and a small acceptance cone, the detection is not affected by the 

presence of the light sources present in the lab. Their effect is therefore 

neglected. To evaluate the performance of the system without the interference 

effect from the neighbour sub-LEDs, only the transmitter sub-LED is switched on 

during transmission while the others are turned off. The presented results are the 

average of a series of measurements to eliminate any outliers due to human or 

equipment error [34].  
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6.3. BER Measurement 

The BER is measured using two methods:  

The error bits are deduced from the generated PRBS20 bits to calculate the BER 

as per the following relation: 

 BER =  
error bi s

 o  l n  ber of bi s
 . (6.2) 

In order to verify the practically measured BER results, the BER is also calculated 

via the quality factor (Q-factor) obtained from the captured eye diagram. The Q-

factor determines the quality of the signal with respect to the signal-to-noise ratio 

(SNR) and can be calculated from the parameters of the eye diagram as follows 

[119], [120]: 

 𝑄 =  
|𝜇1 − 𝜇0|

𝜎1 + 𝜎0
 , (6.3) 

where 𝜇1 and  𝜇0 are the mean voltages and  𝜎1 and 𝜎0 are the standard deviation 

values of the ‘1’ and ‘0’ rails due to the  WGN, respectively. This formula is a 

good measure for the system margins if the modulation scheme is OOK, if the 

added noise has a Gaussian (Normal) distribution and when the inter-symbol 

interference is negligible with respect to the noise [121]. These conditions apply 

to the proposed LED-to-LED communication link. 
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Hence, the BER can be calculated using the following relation [120], [121]: 

 BER(𝑉𝑡ℎ) =
1

2
[erfc (

|𝜇1 − 𝑉𝑡ℎ |

𝜎1
) +  erfc (

|𝑉𝑡ℎ − 𝜇0|

𝜎0
)] , (6.4) 

where 𝑉𝑡ℎ is the threshold voltage and determines where the decision is made. In 

this scenario it is taken as the centre rail between the ‘0’ and ‘1’ voltage rails. For 

all considered data rates and distances between 0 and 10 cm at 0.5 cm steps, 

the probability density function (PDF) for the one and zero rails, respectively, is 

drawn.  

The histograms for 0 and 10 cm at 10 kbps are depicted in Figure 6-4 (a) and (b), 

respectively. The red Gaussian curve is derived from the histogram data as the 

equivalent normal distribution of the noises in both rails. The R2 value measuring 

the closeness of the normal distribution fit to the real data is calculated for each 

of the four drawn curves. It is found to be 0.993 and 0.959 for the ‘0’ and ‘1’ rails 

in the back-to-back configuration in Figure 6-4 (a) and 0.976 and 0.982 for the ‘0’ 

and ‘1’ rails in the 10 cm setup in Figure 6-4 (b), respectively. The parameters for 

calculating the Q-factor and BER are extracted from the Gaussian distribution 

function and are displayed on their respective graphs. For the back-to-back case 

in Figure 6-4 (a) the two rails of the signal are distinct and far away from each 

other, allowing a right decision to be taken with 𝑉𝑡ℎ at the center. This agrees with 

the wide eye opening in the same figure. On the contrary, this distinction vanishes 

in the signal constellation at 10 cm distance in Figure 6-4 (b) where the normal 

distribution functions of the ‘0’ and ‘1’ rails are overlapping. In agreement 

therewith, the eye is closed, which corresponds to a higher probability of error 

[34].  
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Figure 6-4:   Eye diagram (inset) and signal constellation at 10 kbps data rate (a) in 
back-to-back configuration and (b) at 10 cm distance [34] 
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The comparison between the measured BER results employing equation (6.2) 

and the calculated BER from equation (6.4) at 10, 50, 100 and 200 kbps are 

shown in Figure 6-5. The graph verifies that both approaches have similar 

responses. The measured and calculated BER show a maximum average 

deviation of only 9% from each other for all data rates.  This validates the practical 

approach [34].   

As expected, the BER rises with longer transmission distance and higher data 

rate. Error-free data reception can be achieved at a maximum distance of 1 cm 

at 200 kbps, 1.5 cm at 100 kbps, 2 cm at 50 kbps and it reaches 3 cm at 10 kbps. 

The BER stays below the accepted 10-3 range [31] up to 7 cm for 10 and 50 kbps, 

up to 4 cm for 100 kbps and up to 3 cm for 200 kbps. This shows that the 

sensitivity of the LED as photodetector is low even after only a very short distance 

[34].  

 

Figure 6-5: BER measured (solid line) and calculated from Q-factor (dashed line) for 
all tested data rates [34] 
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6.4. Signal-to-Noise Ratio Analysis 

The signal-to-noise ratio (SNR) can be determined from the BER of the non-

return-to-zero on-off-keying (NRZ OOK) modulation as follows [122]: 

 BER =  
1

2
erfc (

1

2√2
√SNR) , (6.5) 

where erfc is the complementary error function. The graph in Figure 6-6 

compares the BER and the SNR for the LED-to-LED communication link at 

different distances for data rates of 10, 50, 100 and 200 kbps. As expected, the 

SNR decays exponentially along the distance and at higher speeds [34].   

This is mainly due to the fact that an RGB LED has a much smaller active area 

for light emission and detection per sub-LED compared to a regular single-colour 

LED.  

  

 

Figure 6-6: BER and SNR for the tested data rates at varying distances 
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This is apparent after placing both LEDs under a USB microscope in our 

laboratories and comparing their active areas as shown in the magnified images 

in Figure 6-7. To make the decision, how large the active area is, the LEDs are 

fed with only 1 mA of current using a Laser Driver instrument (Arroyo Instruments 

4302). The active areas are considered to be the dimly illuminated areas seen 

under the microscope. These are circled in red respectively in Figure 6-7. 

Comparing both LEDs relative to the 0.5 mm x 0.5 mm grid in both images under 

the same magnification factor, the active area of the single-colour LED is 1.99 

times larger than that of the sub-LED of the RGB LED. This translates roughly to 

being able to capture only 50% of the incident light compared to the single-colour 

LED. Therefore, it is recommended to use appropriate lenses to concentrate the 

incident light power on the active area of the LED photodetector in order to 

enhance the performance of the RGB LED-based LED-to-LED communication 

system. Moreover, it can be concluded that the small data rates achieved by this 

small-area LED photodetector can be interpolated to match the higher data rates 

achieved in Stepniak’s research [33] [34].   

  

 

Figure 6-7: Images of the active areas of (a) single colour red LED and (b) red sub-
LED from an RGB LED when placed under the microscope under the same scale 

[34] 
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6.5. Optimisation of LED-to-LED system performance 

The performance of the tested LED-to-LED link lags due to the high noise caused 

by the LED photodetector. This noise has been characterised and found to be 

additive white Gaussian noise in the previous chapter. This AWGN generated by 

the LED photodetector requires a maximum likelihood receiver to mitigate its 

effect and improve the BER of the LED-to-LED communication link. The matched 

filter technique is a special type of maximum likelihood receivers which is known 

to maximise the signal to noise ratio of a received signal suffering from white 

Gaussian noise [38]. Hence, an optimised matched filter is proposed that 

improves the system performance and achieves error-free transmission over 7 

cm distance at 10 kbps and 4 cm distance at 200 kbps [34]. 

 

6.5.1. Derivation of Matched Filter Technique 

The block diagram in Figure 6-8 demonstrates a typical digital communication 

system. The additive white gaussian noise 𝑛(𝑡) is added to the original signal 

𝑠(𝑡). The combined signal is passed through a filter ℎ(𝑡), whose outcome 𝑦(𝑡) is 

sampled every bit duration 𝑇𝑏. The sampled signal 𝑦(𝑇𝑏) is compared to a 

threshold value 𝑉𝑡ℎ in a comparator, which makes the decision to produce a logic 

bit ‘0’ or ‘1’.  

 

Figure 6-8 : Block diagram of a typical digital communication link [34] 
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In order to minimise the BER of the system, the SNR needs to be maximised at 

the comparator stage. The main purpose of using a filter here is to maximise the 

signal to noise ratio of the system. At the input point of the threshold comparator 

block, the AWGN power 𝑁𝑝 can be derived in terms of the its power spectral 

density PSD, which is equal to 
𝑁0

2
. The following equation represents this relation 

[122]: 

 𝑁𝑝 = ∫ PSD 𝑑𝑓 =  
𝑁0

2

∞

−∞

 ∫|𝐻(𝑓)|2 𝑑𝑓

∞

−∞

 , (6.6) 

where 𝐻(𝑓) is the transfer function of the filter. 

Similarly, the following equation displays the power of the signal 𝑆𝑝 at the input 

of the threshold comparator block: 

 𝑆𝑝 = |𝑦(𝑇𝑏)|2 = |∫ 𝑆(𝑓)𝐻(𝑓)𝑒−𝑗2𝜋𝑓𝑇𝑏

∞

−∞

|

2

. (6.7) 

Dividing the signal power by the noise power to get the signal to noise ratio: 

 SNR =  
𝑆𝑝

𝑁𝑝
=

|∫ 𝑆(𝑓)𝐻(𝑓)𝑒−𝑗2𝜋𝑓𝑇𝑏𝑑𝑓
∞

−∞
|
2

𝑁0

2 ∫ |𝐻(𝑓)|2 𝑑𝑓
∞

−∞

 . (6.8) 

This SNR value should be maximised. So, Schwarz inequality is employed, which 

states that for any two functions 𝑓1(𝑡) and 𝑓2(𝑡), the following relation is true: 

 |∫ 𝑓1(𝑡)𝑓2(𝑡)𝑑𝑡
∞

−∞

|

2

≤ ∫ |𝑓1(𝑡)|
2𝑑𝑡

∞

−∞

∙ ∫ |𝑓2(𝑡)|
2𝑑𝑡

∞

−∞

 . (6.9) 

This Schwarz inequality holds only when the functions 𝑓1 and 𝑓2 are conjugates 

of each other, such that: 
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 𝑓1(𝑡) = 𝑓2
∗(𝑡) . (6.10) 

Applying Schwarz inequality to the SNR equation and considering 𝑓1 to be 𝐻(𝑓) 

and 𝑓2 to be 𝑆(𝑓)𝑒−𝑗2𝜋𝑓𝑇𝑏, the following equation for the SNR is derived: 

 
𝑆𝑝

𝑁𝑝
≤

∫ |𝐻(𝑓)|2𝑑𝑓
∞

−∞
∙ ∫ |𝑆(𝑓)𝑒𝑗2𝜋𝑓𝑇𝑏|

2
𝑑𝑓

∞

−∞

𝑁0

2 ∫ |𝐻(𝑓)|2 𝑑𝑓
∞

−∞

 , (6.11) 

  
𝑆𝑝

𝑁𝑝
≤

2

𝑁0
 ∫ |𝑆(𝑓)|2𝑑𝑓

∞

−∞

 , (6.12) 

where ∫ |𝑆(𝑓)|2𝑑𝑓
∞

−∞
 is the energy of the bit signal and can be therefore written as 

𝐸𝑠. Hence, the signal to noise ratio can be expressed as: 

 
𝑆𝑝

𝑁𝑝
≤

2

𝑁0
 𝐸𝑠 . (6.13) 

According to Schwartz inequality, to maximise the signal to noise ratio the 

function of 𝐻(𝑓) must be equal to the conjugate of 𝑆(𝑓)𝑒−𝑗2𝜋𝑓𝑇𝑏. Hence: 

 ℎ(𝑡) =  𝑠∗(𝑇𝑏 − 𝑡) . (6.14) 

This means that the filter transfer function should have the exact shape and size 

of the logic ‘1’ bit. In the case of the proposed experiment, this translates to a 

square-shaped signal of magnitude 4.5 V and duration 𝑇𝑏. Because the filter 

transfer function and the input signal are identical to each other, this filter is called 

a matched filter. 

In case of a logic ‘1’ bit being transmitted as 𝑠(𝑡), the output of the matched filter 

is a triangle of base width  2𝑇𝑏, with a peak at  𝑇𝑏 of magnitude 𝐸𝑠. Hence, the 

maximum output is achieved when the sampling is done at  𝑇𝑏 intervals. This 

corresponds to the peak of the triangular wave [34]. 
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6.5.2. Measurement of System Performance with Matched Filter 

Figure 6-9 shows the block diagram of the system after the matched filter is 

employed. At the receiver side, the matched filter is placed at the output of the 

TIA, where the generated photocurrent along with the noise generated by the 

LED photodetector are amplified. The output of the matched filter is then stored 

to be analysed. The system performance in terms of BER, SNR and maximum 

error-free transmission distance is compared with and without matched filter to 

determine its improvement [34].  

The matched filter is created by first filtering the received signal to reduce the 

noise using a Butterworth bandpass filter, which is known to have a maximally 

flat response in the pass band. The filtered signal is then convolved with the step 

function of width 𝑇𝑏 resembling logical bit ‘1’ [34].  

The result of this convolution consists of sawtooth and rectangular shaped 

signals, from which the logical levels ‘1’ and ‘0’ can be derived after sampling at 

a rate of 𝑇𝑏 and comparing with a threshold that is equal to the mean of the 

convolved signal.  

 

Figure 6-9: Block diagram of experimental setup with inclusion of a matched filter at 
the receiver side [34] 
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Figure 6-10 shows an example of the stages in the matched filter post processing 

technique taken at data rate 10 kbps at a distance of 7 cm. Figure 6-10 (a) shows 

the received noisy signal when a square wave is sent from the transmitter LED. 

The graph shows that due to the high noise component, the ‘0’ and ‘1’ bit are not 

recognisable. Figure 6-10 (b) is the outcome of the Butterworth bandpass filter 

along with the threshold level used by the comparator (marked as a red line). 

Figure 6-10 (c) shows the output of the comparator without the use of matched 

filter. It can be seen from this graph that due to the low SNR the system is prone 

to errors if the matched filter is omitted [34].   

 

 

 

 

 

Figure 6-10: Output of the matched filter stages 
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Figure 6-11 displays the outcome of the matched filter after the convolution with 

the expected signal for bit ‘1’. As expected with a square wave input, the output 

consists of a triangular wave of 2 𝑇𝑏 period with minimum and maximum peaks at 

 𝑇𝑏 intervals, where the sampling and comparing occurs, allowing therefore an 

error-free decision making.  

 

Figure 6-11: Output triangular waves from the matched filter with peaks at every 𝑇𝑏 
for correct sampling 
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By employing the matched filter as post processing technique, the BER at every 

speed and distance is decreased. The error-free distance between transmitter 

and receiver is thereby increased. Figure 6-12 compares the BER at 10, 50, 100 

and 200 kbps with and without matched filter. At all data rates, applying the 

matched filter technique reduces the BER by 40% to 90%. For example, the BER 

at 5 cm distance is reduced from 0.0036 to 0.00034 (to less than 10%) when 

transmitted at data rate of 200 kbps upon applying the matched filter in the post 

processing phase. The most significant improvement of the matched filter 

technique is measured at the 200 kbps, with an improvement averaging 60% for 

all distances. Similarly, the matched filter technique increases the maximum 

error-free transmission distance for all data rates [34].  

 

  

 

Figure 6-12: Comparison of BER at varying distances and data rates with and 
without matched filter [34] 
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Figure 6-13 compares the maximum error-free transmission distances for 10, 50, 

100 and 200 kbps with and without matched filter as well as with those achieved 

when employing a regular PIN photodiode as photodetector. The bar chart 

demonstrates that applying the matched filter technique increases the error-free 

transmission distances for the 10 kbps transmission data rate case from around 

3 cm to almost 7 cm. This matches the performance of the LED photodetector to 

that of a PIN photodiode. Similarly, the error-free distance is extended from 2 cm 

to 5 cm at 50-kbps, from 1.5 cm to 4.5 cm at 100 kbps and from 1 cm to 4 cm at 

200 kbps. At 100 and 200 kbps the LED-to-LED link with matched filter exceeds 

the error-free transmission distance achieved by the LED-to-PIN photodiode link 

[34].  

 

 

 

Figure 6-13: Comparison of achieved error-free distances with and without matched 
filter [34] 
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6.6. Conclusion 

In this chapter the proposed low-complexity LED-to-LED link performance is 

characterised to determine the limitations of such a system. Employing only low-

cost and off-the-shelf components, a communication link of up to 4 cm distance 

is implemented using the green sub-LED of an RGB LED driven by a current-

mirror LED driver as emitter and the red sub-LED connected to a TIA as receiver.  

The BER and SNR of the link are measured when an NRZ OOK PRBS is 

transmitted over varying distances up to 10 cm and with data rates up to 200 

kbps. The results of the experiments reveal that successful communication with 

a BER under 10-3 can be achieved at data rates up to 10 kbps at a distance up 

to 4 cm. The error-free distance drops to 2 cm for 200 kbps. Due to the smaller 

active area of the RGB LED compared to a single-colour red LED, the LED-to-

LED link does not match the performance of the more complicated designs 

proposed in literature [33].  

To mitigate the effect of the AWGN produced by the receiver LED, an optimised 

matched filter is employed. This increases the system performance and matches 

its maximum error-free transmission distance to that of a regular PIN photodiode 

as detector. The results of the performed experiments prove that the BER is 

decreased by up to 90% at a transmission speed of 200 kbps over a distance of 

5 cm.   



Chapter 7  

Design of a Bidirectional LED-

to-LED Communication System 

7.1. Introduction 

One of the major objectives of this thesis is to implement a bidirectional LED-to-

LED communication system that enables low-complexity small IoT devices to 

communicate along short distances. In order to create such a bidirectional 

system, a switching solution is designed in chapter 4 with the aim of switching 

between the transmission and detection modules (characterised in chapter 6). 

This enables the time-division-multiplexed bidirectional communication as well as 

prevents the nearby observer from detecting the flickering of the LED.  

While separately characterizing the proposed switch solution in chapter 4, it was 

established that the switch has a distorting effect on the received signals in the 

“off” state due to its low attenuation factor and long fall time. In this chapter, a 

smart but simple algorithm is designed to regulate the timing of the transmitted 
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data to minimise the errors while causing only a small penalty for the overall 

achieved data rate. The bidirectional system is implemented and experimentally 

tested. It reaches an error-free data rate of up to 110 kbps in a back-to-back 

configuration with a switching frequency of 100 Hz and can still operate at 

distances up to 7 cm with switching frequencies up to 300 Hz at lower data rates. 

This completes the bidirectional low-complexity LED-to-LED system that allows 

harnessing of the full potential of the LED to operate as a light emitter and light 

detector. 
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7.2. Design and Experimental Setup  

The block diagram in Figure 7-1 depicts the experimental setup to test the 

performance of the bidirectional system. Two identical transceiver modules are 

practically implemented according to the circuit diagrams proposed in chapter 4 

and tested in chapter 6. Both circuits contain a transmitter circuit (Tx), a receiver 

circuit (Rx), an RGB LED, an analogue switch connected to the LED and a simple 

microcontroller. The optimised matched filter is applied to the received signals on 

both ends of the channel. The identical transceiver modules are placed at a 

varying distance 𝑑 from each other so that both LEDs are in line of sight. The 

uplink is marked in blue and defined as the transmission from module 1 to module 

2 while the downlink is marked in green and is defined as the transmission in the 

opposite direction, as depicted in the figure. 

For this experiment, the control signal is provided from an external trigger source 

to ensure that both circuits are synchronised. The control signal from the external 

source is fed to module 1 without change, but it must be inverted at the input of 

module 2. This ensures that one circuit is receiving while the other is transmitting. 

While feeding a control signal from an external source to both modules is not a 

valid option for the real-life wireless communication between IoT devices, it is 

sufficient for testing the circuit. In a real-life scenario, the synchronisation 

between the transmitting and receiving devices can be implemented using 

special algorithms and software such as in [91]. Then the control signal can be 

output from the simple processor of the IoT device itself.  

The transmitted signals of both modules, the receiver output of module 2 and the 

control signal are measured on an oscilloscope and stored for offline analysis. 



163 
 

 

 

Figure 7-1:The proposed LED-to-LED communication system and the experimental setup to characterize it 
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The block diagram for connecting the LED pins in each module is shown in Figure 

7-2. Outputs 1 and 2 are connected to the anode while outputs 3 and 4 are 

connected to the cathode of the LED. The inverter negates the control signal to 

ensure that only 2 output ports are active at a time, enabling only one path: 

transmission or reception. The arrows in Figure 7-2 show the direction of the 

signals in each path.  

 

Figure 7-2: Block diagram for switching between transmitter and detector mode 
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The measurements performed to characterise the switching IC (in chapter 4) 

reveal that there are drawbacks from employing the analogue switch for toggling 

between transmission and detection mode. These can be summarised as follows: 

• The attenuation factor of the switching IC in the “off” state is not ideal, 

allowing up to 5% of the AC input signal as well as some of its average DC 

value to be transferred to the output port, as depicted in Figure 4-25. This 

signal might interfere with the detected signal and cause a high BER. 

• The switching IC has a long fall time 𝑡𝑓 when switching from on to off. This 

fall time causes baseline wandering of the attenuated transmitted signal 

during the detection period as seen in Figure 4-26. 

To see the effects of these shortcomings on the proposed LED-to-LED link, two 

experiments were performed: The first is to show the effect of the bad attenuation 

of the transmitted signal on the received signal in the same module and the 

second, is to show the effect of the fall time on the received signal from the 

opposite module. The aim of these experiments is twofold: first they aim to 

evaluate the severity of the switching circuit shortcomings on the proposed 

system and second, to help apply an appropriate algorithm to mitigate those 

effects.  
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7.2.1. Effect of Low Attenuation in the “ ff”-State 

To show the effect of the attenuated transmitted signal on the detector of the 

same module during the detection period, both Tx1 and Tx2 are turned on and 

set to transmit square waves of frequency 10 kHz while Rx2 is receiving as can 

be seen in Figure 7-3. The captured waveforms at the 4 measurement points are 

shown in the same figure. It can be seen from the figure that the detected 

waveform at Rx2 is majorly distorted due to the interference by its own transmitter 

signal Tx2. Instead of a clean square-wave shaped signal corresponding to the 

transmitted signals from Tx1, the receiver detects unexpected peaks and drops 

at the signal transitions of Tx2.  

 

Figure 7-3: Captured waveforms showing the effect of the own transmitted signal on 
the detected signal when transmission is not turned off during detection 
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From this experiment, the following conclusion can be drawn: to avoid distortion 

of the received signal, the transmission of the detecting module must be 

completely stopped during the detection period. If the signal of Tx2 was zero, it 

would not interfere with the expected received signal at Rx2.  

Hence, upon starting the detection period, the processor of the device should 

temporarily stop transmission. This means that Tx2 should be deactivated in the 

uplink and Tx1 should be deactivated in the downlink periods.  
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7.2.2. Effect of the Long Fall Time of the Switching IC 

To evaluate the effect of the long fall time of the switching IC on the LED-to-LED 

link, Tx1 is kept on all the time and set to transmit a square wave. On the contrary, 

Tx2 is switched off. The control signal switches from low to high, indicating the 

end of the detection period of Rx2 as seen in Figure 7-4. From the detected signal 

of Rx2 on the figure, the distortion (circled in purple) due to the fall time of the 

suppressed received signal can be seen. It can be concluded that the long fall 

time of the switch cannot be ignored for the proposed LED-to-LED link. To 

mitigate this drawback of the switch, both transmission and detection of both 

circuits must stop completely for a period equivalent to the fall time of the switch 

following each transition of the control signal.  

 

Figure 7-4: Captured waveforms showing the effect of switch long fall time 

 

 

 

 

Suppressed received signal

Distortion due to fall time



169 
 

7.2.3. Timing Algorithm  

To avoid transmission errors and achieve the minimum possible BER, both 

modules must be in synchronization and a timing algorithm should be applied to 

control the transmission and detection phases. The timing diagram in Figure 7-5 

visually describes the effect of such an algorithm.  

Firstly, it has been concluded from the experiments that the transmitter of each 

module should be switched off during the detection phase of the same module. 

This can be seen in Figure 7-5 on Tx1 and Tx2 curves during the downlink and 

uplink phases, respectively. Secondly, to mitigate the effect of the fall time, both 

transmitters should first start transmitting after a delay period equivalent to the 

fall time of the switch IC. This delay is marked on the Tx1 and Tx2 graphs in the 

timing diagram. 

Similarly, the detectors should be deactivated during the transmission phase of 

their respective modules, i.e. Rx1 should be deactivated during uplink while Rx2 

should be deactivated during downlink. Unfortunately, it is impossible to stop the 

LED from detecting the signal during transmission time or to deactivate the 

receiver circuit without cutting the power or overcomplicating the circuit. So, 

instead of deactivating the detector circuits during transmission, the processor is 

programmed to ignore any detected signals during the transmission phase. 

Hence, the decoding stops temporarily. The ignored bits are marked in red on the 

diagram in Figure 7-5 and.  

Lastly, at the begin of the photodetection phase, the decoding is also delayed for 

a period of 𝑡𝑓 to be in sync with the opposite transmitter. The delay of transmission 

and detection with respect to the transition of the control signal allows the voltage 

of the “off” state to reach a stable level before data transmission starts.  
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Figure 7-5: Timing diagram for uplink and downlink in response to the control 
signal 
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It has been established in chapter 4 that the worst-case scenario for the fall time 

of this switch is around 0.5 ms. While this fall time is expected to be shorter for 

smaller load resistances, the practical setup is designed to accommodate this 

worst-case scenario.  

The flow chart in Figure 7-6 visualises the employed algorithm for successful 

transmission and detection in the bidirectional LED-to-LED system. 

 

Figure 7-6: Flow chart visualizing the algorithm employed to achieve minimum bit 
error rate for the bidirectional system 
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The experiments characterising the switching IC in chapter 4 reveal that switching 

speeds up to 710 Hz are possible. The mathematical derivation of the overall 

system data rate in response to the switching frequency indicates that the data 

rate penalty increases with increasing switching frequency 𝑓switch, as asserted in 

equation (4.25). 

To keep that penalty at a minimum value while still avoiding flickering, switching 

frequencies of 100 to 300 Hz only were tested for the implementation of the 

bidirectional system. At these speeds, the on-off switching is fast enough to 

prevent flickering from being detected by a nearby human observer while still 

allowing for enough time to send large enough chunks of data at once. 

Substituting in equation (4.25) with the fall time 𝑡𝑓 of 0.5 ms and switching 

frequencies 𝑓switch 100 Hz and 300 Hz, respectively, the expected bandwidth 

penalty is between 5% (for 𝑓switch = 100 Hz) and 15% (for 𝑓switch = 300 Hz). 
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7.3. System Performance with Switching 

7.3.1. One-directional Link (Constant Control Signal) 

To characterise the effect of the switch on the system without the effect of the 

switching speed, the performance of the system is measured first with the control 

signal set to “high” and  𝑓switch = 0. This permanently enables the uplink channel, 

making module 1 the transmitter and module 2 the receiver. The BER at varying 

distances and the maximum error-free transmission distance are evaluated as 

indicators for the system performance.  

Figure 7-7 compares the BER of the LED-to-LED uplink at different data rates 

and distances in both cases: with and without the switch. It can be observed from 

the graph that the BER with switch is higher compared to the case without switch 

for all data rates and for transmission distances longer than 8 cm. The difference 

in BER between the two scenarios is larger for longer distances. This increase of 

 

Figure 7-7:  Comparison of the BER with and without the switch IC at varying 
distances and transmission data rates 
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the BER is due to the slight attenuation of the signal passing from the input to the 

output port of the switch. Although the attenuation is only 0.08 dB and plays no 

significant role in the short distances up to 7 cm, this attenuation is large enough 

to suppress the photocurrent produced by the LED at the receiving end below the 

threshold level for detection at longer distances. At 200 kbps, the BER is already 

20% for a transmission distance of 10 cm. 

Accordingly, the maximum error-free transmission distance is impacted by the 

switching circuit. Figure 7-8 depicts the penalty in the error-free transmission 

distance of the one-directional link due to the presence of the switch IC. From the 

figure, the error-free transmission distance is lower in the presence of the switch 

for all data rates. Instead of reaching 7 cm without the switch, only 5 cm error-

free range could be achieved with the switch at 10 kbps. At higher speeds of 100 

kbps and 200 kbps, the presence of the switch IC causes a 50% penalty in the 

link’s transmission range. 

 

Figure 7-8: Comparison between maximum error-free transmission distances with 
and without switch at different data rates 
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7.3.2. Bidirectional System (Toggling Control Signal): 

For achieving a bidirectional system, the control signal is toggled from high to low 

at a frequency 𝑓switch, alternating thereby the uplink and downlink. This is 

expected to further reduce the data rate of the overall system according to 

equation (4.25).  

Figure 7-9 shows an example of the captured signals on the oscilloscope at the 

4 measuring points (focused on the falling edge of the control signal) when the 

modules are 1 cm apart. For the sake of demonstration, the transmitted signals 

from both circuits are square waves in this example. To calculate the BER 

however, a PRBS is transmitted. In the demonstrated example, the transmission 

data rate is 20 kbps and the switching frequency is 100 Hz. This translates to a 

 

Figure 7-9: An example of the captured waveforms at the 4 measurement points 
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maximum overall data rate of the system equivalent to 19 kbps according to 

equation (4.25).  

It can be seen from the figure that Rx2 can successfully detect the square wave 

signals from Tx1 during the uplink phase. Upon the transition of the control signal 

from high to low, Tx1 is stopped and Rx2 deactivated the decoding as indicated 

by the timing algorithm. This prevented the little distortion during the fall time from 

causing erroneous bits at the decoder.  

Tx2 starts transmission after the delay time of the switch as indicated by the 

timing algorithm. During the transmission of Tx2, Rx2 is still detecting a 

suppressed version of its own transmitter. However, these bits are ignored in 

decoding due to the deactivation of the decoder.   

To measure the effect of the switching frequency on the performance of the 

system, the maximum error-free overall data rate is determined at varying 

distances and switching frequencies. For this experiment, the overall data rate is 

calculated as the total number of complete bits transmitted by both LEDs 

(combined) per second.  
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The bar chart in Figure 7-10 compares the maximum error-free overall data rate 

at different distances and switching speeds. From the figure, the data rate 

decreases linearly with increasing switching speed at all distances. As expected, 

the back-to-back configuration (at 0 cm between transmitter and receiver) offers 

the highest error-free data rate due to the minimal power loss along the channel. 

In this scenario, the overall system data rate reaches 110 kbps at 100 Hz 

switching frequency, which drops to 95.8 kbps at 𝑓switch = 300 Hz. 

The maximum achievable error-free data rate drops quickly with increasing 

transmission distance, reaching only 1.9 kbps at 7 cm with 300 Hz switching 

frequency. Due to the rapid optical power loss along the channel (described by 

the inverse square law of light), only a fraction of the optical power reaches the 

receiving LED. The photocurrent produced by that LED is lowered further when 

it flows through the switching IC due to its internal attenuation factor of 0.08 dB. 

Hence, at the detection stage, the SNR is high, causing the rise of the BER. 

 

Figure 7-10: Maximum error-free overall data rate at different switching speeds and 
distances 
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7.4. Conclusion 

In this chapter, the complete bidirectional LED-to-LED communication system is 

implemented and experimentally characterised. The system consists of two 

identical transceiver modules each connected to a simple microcontroller, as 

traditionally used in IoT devices. Each module is equipped with an analogue 

switch to operate the transmitter and receiver in a time-division multiplexing way. 

The control signal from an external oscillator is fed to both circuits to guarantee 

synchronisation and initiate the corresponding transmission and detection 

phases.  

The switching IC has shortcomings in terms of attenuation and a long fall time, 

which were experimentally evaluated on the LED-to-LED link. Based on the 

experimental results, a timing algorithm is applied to delay the transmission and 

decoding with respect to the control signal. This avoids the distortion caused by 

the long fall time. In addition, transmission is stopped during the respective 

detection phase for each module to avoid interfering with the detected signal.  

Thanks to the timing algorithm, an overall data rate up to 110 kbps can be 

achieved for the bidirectional system in a back-to-back configuration with a 

switching frequency of 100 Hz. At this frequency, the flickering of the LEDs on 

both sides of the channel is not noticeable and the LEDs appear as “always on” 

to an observer in the proximity. Due to the low sensitivity of the LED and the 

attenuation factor of the analogue switch, an error-free distance of only up to 7 

cm can be achieved at an overall data rate of 1.9 kbps with 300 Hz switching 

frequency. 



Chapter 8 

Conclusion and Future Work 

8.1. Conclusion 

In today’s world of interconnected devices and sensors, where communication is 

taken for granted and depended on for everyday tasks, it is of great importance 

to find out-of-box solutions to provide such connectivity at low-cost and with high 

potential for commercial deployment without overstressing the already crowded 

RF spectrum. Therefore, the main aim of this thesis is to design, implement and 

characterise a low-complexity bidirectional LED-to-LED communication system 

to act as a communication module between simple IoT devices along a short line-

of-sight channel. The motivation behind this work is to create a viable alternative 

to the RF technologies for communication between simple IoT devices and to 

harness the full potential of the LED, which can act not only as a transmitter but 

also as photodetector, similar to the antenna in radio frequency. 

In order to meet the objectives of this thesis, it was first imperative to review the 

fundamentals of VLC and its state-of-the-art as well as to discuss its potential in 
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serving IoT as a communication technology. Besides, it was important to review 

the concepts of interconnectivity between IoT devices and their communication 

requirements in order to design a system that truly serves those requests. Hence, 

those aspects were covered in chapter 2.  

To fully harness the potential of the LED as a transmitter and as a photodetector, 

it was also important to review the fundamentals of light production and 

photodetection in chapter 3. Based on these theoretical findings about the 

construction of the LED and its functionality as transmitter and photodetector, 

practical experiments were designed to evaluate its performance in real life. It 

has been found that the RGB LED transmitter emits optical power that is 

proportional to the amount of forward current. Moreover, it was found that out of 

all three sub-LEDs, the green sub-LED provides the highest brightness and 

output optical power and is hence most suitable as transmitter. In chapter 6, the 

LED was also empirically characterised as photodetector. The responsivity, 

bandwidth, angle of reception, response to light power as well as its produced 

noise as photodetector were evaluated through different experiments. On the 

evidence of the results, the red sub-LED is most suitable as a photodetector. Not 

only does it show the highest responsivity to both the green and blue light, it also 

has the highest photodetection bandwidth. Interestingly, the results showed that 

the LED is capable of detecting light signals not only at zero or reverse bias, but 

also when slightly forward biased (dimly lit). The red sub-LED shows a maximum 

responsivity towards green light of 0.256 mA/W with bandwidth 4.9 MHz at 

maximum reversed biased and 0.202 mA/W with bandwidth 2.4 MHz at zero bias. 

It could be deduced from those results that the LED’s performance as 

photodetector is not majorly affected by the applied biasing voltage and could 

therefore be employed in combination with a photovoltaic TIA detector circuit. The 
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angle of detection of the red LED is only 18°, much lower than the 90° that a 

regular PIN photodiode promises. This makes it a more directive receiver and 

opens the possibility of employing it in localisation applications.  

After covering the fundamentals of VLC and LEDs, chapter 4 proposed the 

required circuitry to build a transmitter, receiver and switching module. Based on 

the requirements of IoT devices for low-complexity and low data rate 

communication, the system design in chapter 4 focused on keeping the circuit 

design simple and feasible for commercial deployment. Since the communication 

system performance is as weak as its weakest module, it was imperative to 

characterise each of the system components separately using both simulation 

and practical experiments, removing any obstacles or weak links in the process. 

Employing only low-complexity circuits and components, a current-mirror based 

LED driver was designed and characterised in chapter 4 that can deliver 19 mA 

of forward current to the LED while modulating it at a bandwidth up to 420 kHz. 

Similarly, a transimpedance amplifier circuit was designed with a transimpedance 

gain of 2 V/µA to accommodate the expected low sensitivity and responsivity of 

the LED photodetector while still providing a bandwidth of 334 kHz. The overall 

back-to-back communication link was characterised to guarantee the 

compatibility of these circuits. The evaluation revealed that the link can 

successfully operate with a bandwidth up to 129 kHz with a very low power 

consumption and overall price. Chapter 4 covered a major objective of this thesis, 

namely the design and characterisation of a feasible driver and receiver circuits 

for an LED. 

Since a one-directional LED-to-LED communication link is interesting but not 

enough to harness the full capabilities of the LED, a switching mechanism 

between transmission and detection mode had to be proposed to provide a 
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bidirectional communication system. This agrees with the objectives of this thesis, 

mentioned in chapter 1. Hence, chapter 4 also proposes an analogue switching 

solution to change the LED mode from transmission to detection in response to 

a control signal. The main target of said switching solution is not only to provide 

a bidirectional channel if needed, but also to remove any flickering that might be 

noticed by a nearby human observer due to the LED being turned off during 

detection. Hence, the switching had to happen at frequencies starting from 100 

Hz without majorly penalising the overall system bandwidth or bit error rate. 

Therefore, the proposed switching IC was experimentally characterised to reveal 

its performance and shortcomings. The experiments revealed that the analogue 

switch can provide very good, loss-free transmission of the signals in its “on” 

state. However, the system performance would suffer majorly in the “off” state 

and during the transition due to its mediocre attenuation factor and long fall time 

of up to 0.5 ms. These shortcomings can be mitigated through the smart design 

of a timing algorithm to avoid sending and receiving during the problematic 

periods. An expression for the penalty in the overall system data rate in terms of 

the switching frequency was derived.  

The performance of a VLC system suffers majorly due to the noise generated by 

the photodetector as well as the interference due to other ambient light sources 

found in the proximity of the VLC channel. Therefore, it was one of the objectives 

of this thesis to cover the fundamentals of those noise sources and to identify the 

contemporary interfering ambient light sources. To carry out that objective, 

chapter 5 reviewed the contemporary ambient light sources such as thermal, gas 

discharge and semiconductor based light bulbs and empirically characterised 

their effects on the VLC channel. From the measurements of the variation, 

magnitude and spectrum of the output power of such sources, a mathematical 
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expression for the interference power was derived to model the effect of those 

sources separately at a 1 m distance. Hence, the noise and interference affecting 

the VLC channel due to modern ambient light sources could thereby be 

anticipated. 

The designs of the transmitter and receiver circuits from chapter 4 as well as the 

results of the LED performance analysis in chapter 3 were used in designing and 

evaluating an LED-to-LED link, presented in chapter 6. For this one-directional 

link, the red sub-LED was employed as photodetector and the green sub-LED as 

light emitter, as per the results-based recommendation of chapter 3. The link was 

characterised in terms of the maximum error-free transmission distance, the BER 

and the SNR. The experimental results revealed that even while using OOK, the 

simplest modulation technique for VLC, successful data transmission is possible 

at data rates up to 200 kbps over a distance up to 4 cm with BER < 10-3 and the 

distance rises to 7 cm with transmission speed of 10 kbps.  

Employing an optimised matched filter technique increases the system 

performance and matches its maximum error-free transmission distance to that 

of a regular PIN photodiode as detector. The results prove that using that 

technique, the BER could be decreased by up to 90% at a transmission speed of 

200 kbps over a distance of 5 cm. Although the achieved data rates are 

considered low in comparison to other VLC systems, it is sufficient for most small 

IoT devices that require sending only status flags and small chunks of information 

between them. Moreover, an investigation of the RGB LED under the microscope 

proves that the system performance lags due to the much smaller active area of 

the RGB LED compared to a single-coloured red LED. This low sensitivity of the 

LED as photodetector is a blessing in disguise. It prevents the LED photodetector 
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from sensing any interference signal from the ambient light sources that interfere 

at a 90° angle from the ceiling. 

In chapter 7, the implemented system was complemented by the proposed 

analogue switch and its performance was analysed and compared to the one-

directional link. The presented results show that a bidirectional communication 

system is possible with switching frequencies up to 300 Hz, preventing thereby 

any flickering effect. Increasing the switching frequency comes at a price – the 

overall system bandwidth is thereby reduced by a factor equal to the product of 

the switching frequency and the fall time of the switch. This penalty in bandwidth 

is due to a timing control algorithm that aims to circumvent the shortcomings of 

the switch and to decrease the BER. The algorithm stops transmission and 

detection during the fall time after each switch transition as well as stops 

transmission of the LED during the detection period. This way, the interference 

due to the own transmitter during detection is prevented. The practical 

investigation of the overall system revealed that a time-division-multiplexed LED-

to-LED system is feasible at error-free data rates up to 110 kbps in a back-to-

back configuration. Increasing the distance to 7 cm, this error-free overall system 

data rate drops to below 10 kbps for all tested switching frequencies. 
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8.2. Future Work 

From the findings of this thesis, some future works could be identified in relation 

to the proposed system. The system performance of the system could be 

enhanced in two different ways: either by extending its range to cover a longer 

transmission distance or by improving the achieved data rates. In most cases 

however, this enhancement comes at the cost of increasing the complexity. Listed 

below are the recommendations for possible future works in relation to this study. 

8.2.1. Extending the system transmission range 

Multiple Input, Multiple Output (MIMO) 

Throughout this thesis, the system was evaluated using only a single sub-LED at 

each side of the communication channel. Due to the low optical power of a single 

sub-LED and the low sensitivity and responsivity of the LED as photodetector, 

the maximum error-free transmission distances were limited, as the experimental 

results in chapters 7 and 8 revealed. By extending the number of transmitting and 

receiving LEDs, this range could be extended thanks to the higher output power 

and the combined photocurrent. Aside from extending the range of the system, 

MIMO could also be employed to maximise the system throughput and extend 

the data rate if employed in a wavelength-division multiplexing manner. The 

experiments in chapter 6 revealed two interesting facts that can promote such a 

MIMO solution: Firstly, the LED is a wavelength-selective photodetector – which 

means that it detects some light colours better than others. Secondly, although 

the red sub-LED is most suitable for detection and green for transmission, 

another viable combination is blue-to-green. These findings open up the 

possibility of creating two parallel channels employing only one RGB LED at each 

end of the system. It must be taken into consideration, however, that the 
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complexity, number of components and cost of the system will increase using a 

MIMO technique.  

Employing a specially designed LED 

To keep the cost at a minimum, this thesis employed only off-the-shelf RGB LEDs 

that are not in any way optimised for light detection. It is a valid hypothesis, that 

a specially designed and doped LED that is optimised for both high brightness 

light emission as well as high responsivity in photodetection could improve the 

system performance and increase the limited transmission range on the cost of 

increasing the price. The design and manufacturing of such an LED requires deep 

know-how in material science and semiconductor manufacturing and was 

therefore out of the scope of this thesis.  

8.2.2. Extending the system data rate 

Employing more sophisticated modulation techniques 

To maintain the low complexity of the design and hardware requirements, this 

thesis considered only employing NRZ OOK modulation. While this modulation 

technique is easy to implement and requires little processing power, it does not 

provide the highest data throughput or achieve the maximum system capacity. 

On the cost of increasing the system complexity and processing power, a more 

sophisticated modulation technique such as orthogonal frequency division 

multiplexing (OFDM) can be employed to increase the data rate and system 

throughput without changing the circuitry for transmission and detection. 

Similarly, a Manchester line encoding technique could be employed to reduce the 

BER, improve synchronisation and decrease the flicker, especially when a long 

stream of consecutive zeros or consecutive ones is transmitted at any point. 
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8.2.3. Further enhancements that maintain the low complexity 

Effect of Interference in a line-of-sight configuration 

The presented experimental results proved that the interfering ambient light 

sources had no effect on the LED-to-LED communication channel when they are 

perpendicular to the LED-to-LED channel and placed at distances larger than 1 

m on the ceiling. This is mainly due to the low sensitivity of the LED photodetector 

as well as its small cone of acceptance of only 18°. Although it is a less common 

scenario in real life, the transmitter or receiver LED embedded on an IoT device 

could be directly facing the ceiling and therewith the interfering ambient light 

source. In this scenario, the interfering ambient light source would be emitting its 

light power parallel to the LED-to-LED channel and can therefore not be blocked 

by the small acceptance cone. It would therefore be interesting to know the 

impact of such interference on the LED-to-LED system performance and 

potentially involve optical and electronics filters to mitigate it. 

Synchronisation between transmitter and detector in bidirectional system 

For characterising the complete bidirectional system in this thesis, 

synchronisation between the modules on both ends of the channel was 

guaranteed using an external trigger source that feeds in a control signal to both 

modules. This however is not possible between wirelessly connected devices in 

real life. Instead, synchronisation between both modules should be achieved by 

actively listening to the channel before starting the transmission phase and 

sending only data when the channel is clear. Synchronisation must thereby be 

achieved via a software solution programmed on both IoT devices processors. 
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