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Abstract 

Visible Light Communication (VLC) has gained significant attention in the last few years. In VLC, 

light from existing solid-state light sources is used as a data carrier. The maximum capacity of a VLC 

channel, like other communications systems, is dependent upon two key factors i.e. the signal-to-

noise ratio (SNR) at the receiver and channel bandwidth. VLC systems rely upon light-emitting diode 

(LED) and lasers as the light sources. Unfortunately, due to the limited bandwidths of most 

commercial LEDs, a higher data rate can only be achieved by increasing the SNR at the receiver. One 

simple way to increase SNR is to use a large detector, however, this results in larger capacitance 

which consequently reduces the bandwidth of the detector. Previously, optical concentrators such as 

parabolic and compound parabolic concentrators have been coupled to the detectors to concentrate 

light onto the detector, however, these concentrators are limited by the conservation of etendue. 

Alternatively, a relatively new approach is to use fluorescent concentrators (FC) which do not 

conserve etendue and can provide much higher optical gains. 

In this thesis, the performance of several types of FC is characterised for use in VLC links which 

includes gain, bandwidth, absorption-emission spectra, FOV and maximum achievable data rates. 

The selective absorption of different wavelengths by the FC means that they act as natural filters, 

therefore, the performance of a blue filter was compared to an FC. Experimental results are presented 

which show that the FC not only increased the FOV but also increased the maximum achievable data 

rate. In addition, the feasibility of enabling a wavelength division multiplexing (WDM) system with 

FCs is discussed. More importantly, a wide FOV receiver for a smartphone that was designed by 

coupling a commercially available fluorescent fibre to an APD is presented. This receiver provides a 

wide FOV of ±120°, for a smartphone application. Finally, a method to predict the OOK data rate is 

described with the experimental results. 
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Abbreviations 

VLC  Visible Light Communication 

WLED White Light Emitting Diode 

LED  Light Emitting Diode 

LD  Laser diode 

LIV  Light-current-voltage 

PD  Photodiode 

APD  Avalanche Photodiode 

AWG  Arbitrary waveform generator 

SNR  Signal to noise ratio 

ISI  Inter-symbol Interference 

BER   Bit Error Rate  

BW  Bandwidth 

CPC  Compound parabolic concentrator 

DFE  Decision feedback equalisation 

FC  Fluorescent concentrator 

FOV  Field of view 

FSO  Free-Space Optical Communication 

OWC  Optical Wireless Communication 

IM/DD Intensity Modulation Direct Detection 

NRZ  Non-return-to-zero 

OOK   On-Off Keying 

PAM  Pulse amplitude modulation 

QAM  Quadrature amplitude modulation 
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OFDM Orthogonal Frequency-Division Multiplexing 

QE  Quantum Efficiency 

OG  Optical gain 

TX  Transmitter 

RX  Receiver 

ROS  Received output signal 

WDM  Wavelength division multiplexing 

MIMO Multiple input multiple output 
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1 Literature Review 
 

1.1 Visible light communication 

Due to a rapid increase in the demand for wireless services, the unused radio frequency (RF) spectrum 

is shrinking at an even higher pace [1]. The growing number of mobile users with an increased number 

of wireless applications suggests that, in the future, it will be challenging to meet users’ demands 

through the existing wireless system [2]. This scarcity of radio spectrum resources is known as 

‘Spectrum-Drought’[3]. Overcoming this drought will take time and it will be expensive [4]. 

It is also predicted that a higher number of devices using the RF spectrum will generate higher 

interference between the devices communicating with a host in a close proximity. A higher level of 

interference will eventually significantly degrade the service quality [5]. Therefore, new spectrums 

are required to support the extended wireless capacity [6]. For these reasons, other spectrum bands, 

such as higher radio frequency (20-90GHz), terahertz, microwave and optical wavelengths (infrared 

(IR), visible, and ultraviolet (UV) regions) have been investigated [6][7][8].  

Optical Wireless Communication uses the visible, infra-red and UV spectrum of light for wireless 

communication [8]. In particular, communication through visible light is known as visible light 

communication (VLC). VLC mainly uses light-emitting diodes (LEDs) as a transmitter and it is 

expected that eventually, LEDs will dominate the general illumination infrastructure by the end of 

the decade[8][9]. These LED light sources transmit information by the modulation of light [10]. The 

main advantages of VLC compared to their RF counterpart are (1) VLC uses unlicensed (THz) 

spectral bands [11], (2) it ensures higher transmission security for indoor applications as the light 

does not pass through the walls, whereas for RF signals it is not possible, (3) no electromagnetic 

interference, (4), it is much cheaper as compared to RF communication [12], (5) under-eye safe limits, 

it is harmless for the human body, (6) it does not influence to the other surrounding sensitive 

equipment through radio waves, (7) it offers far less energy consumption as the existing illumination 
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infrastructure can be utilised for data transmission, (8) a huge number of channels are available 

[13][14][15][16].  

A typical VLC system is shown in Figure 1.1. The information in VLC is first encoded and then 

converted to voltage levels to drive the light source which is either a laser diode (LD) or light-emitting 

diode (LED). The detected data from the photodiode (PD) on the receiver terminal is then amplified, 

demodulated and decoded to restore the original data from the received signal [17].  

Typically, an LD or LED is used as the source at the transmitter end, and a PIN photodetector or 

avalanche photodetector is used as a detector in the receiver terminal of the VLC optical link [18]. At 

the transmitter end, the LD or LED is driven by modulated analogue signal usually generated through 

a transmitter driver. Laser-based VLC systems have advantages over their LED-based systems, 

including high bandwidths and long transmission distance [19]. However, due to eye safety 

requirements, LED is preferred in a commercial environment [19]. 

The transmission of VLC signal from LED or LD is based upon the “intensity modulation” (IM) 

principle where information bits are modulated into the optical power or intensity.  The signal is then 

sent over the channel, which is air in wireless VLC where the transmitted signal gets affected by the 

interference from ambient light and suffers attenuation [20]. 

 

 

Figure 1.1 The basic architecture of  a typical VLC system. 
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In VLC, the control of the phase of an optical carrier is complicated and expensive [21]. In addition 

to this, the detection of the phase at the receiver terminal is difficult in VLC [22]. In intensity 

modulation and direct detection (IM/DD), the intensity of the light source (LED or LD), is modulated 

by the transmitted signal so the information of phase is not required. On-off keying (OOK) is the 

most commonly used IM/DD modulation scheme in VLC due to its simple implementation [23]. 

However, OOK-modulated LEDs cannot support high data rate requirements for a VLC link.  Multi-

level pulse amplitude modulation (PAM) is more popular in visible light communication [24]. There 

are other modulation schemes such as Orthogonal Frequency-Division Multiplexing (OFDM) [25] 

which can exploit the bandwidth of a VLC channel by employing adaptive data and power allocation 

to multiple frequency sub-carriers [26][27][28]. Furthermore, quadrature amplitude modulation 

(QAM) is another type of modulation scheme which is used in the VLC system, it helps in increasing 

the spectral efficiency and hence the overall capacity of a transmission system [29]. 

The receiver recovers the transmitted signal through a “direct detection” (DD) scheme. A photodiode 

is used to detect the intensity variations. The photodiodes are light-sensitive devices, that generate 

electric current when optical power is incident on them [30]. Mostly, a PIN photodiode or an 

avalanche photodiode is used for this purpose [31]. Recently, a photon-counting silicon 

photomultiplier (SiPM) has been introduced as a replacement for photodiodes [32]. These devices are 

extremely sensitive, however, in the presence of ambient light, they saturate due to the additional 

noise from the ambient light [33][34][35]. 

In communication, signal to noise ratio (SNR) is a technical measurement parameter that compares 

the level of the desired signal to the amount of background noise. In other terms, SNR is the ratio of 

desired information or signal power to undesired information or background noise power, with 

decibels as the standard unit of measurement (dB) [36]. Furthermore, a signal-to-noise ratio larger 

than 0 dB or greater than 1:1 indicates that there is more signal than noise. 
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When the data rate is approximately six or seven times the bandwidth of the system, the inter-symbol 

interference (ISI) power penalty increases exponentially [37]. This means that it is impossible to 

increase the data rate beyond this value by increasing the SNR [38]. To increase the data rate further, 

equalisation techniques are usually employed. The channel equalisations are either linear such as 

zero-forcing equalizer (ZFE) or non-linear such as decision feedback equalization (DFE) [39]. For 

every symbol decision ZFE forces the ISI to become zero, however, it results in the enhancement of 

the noise and consequently the performance degrades. The decision feedback equaliser (DFE) is a  

non-linear equaliser which is needed when the ISI is too high for the linear equalisation to correct the 

channel impairment. DFE  detects the symbol's feedback to estimate the channel output [40].  DFE 

evaluates the error in each step of iteration and corrects the error by the feedback method which makes 

it slower than ZFE, however, it can reconstruct the received signal much more accurately.  

All equalisation techniques reduce the impact of ISI using multiple samples of the received signal, 

often known as taps. Since the sampling rate of the signal is proportional to the data rate, the number 

of samples needed to cover the duration of ISI increases as the data rate increases [40][41].  

Due to lower SNR and ISI when the data is transmitted, there is a chance that errors will be introduced 

into the system. Bit error rate or bit error ratio (BER) is defined as the ratio of a total number of bits 

in error to the whole length of the transmitted bitstream as given by eq. 1.1 [42]. BER provides an 

excellent way to achieve this.  In digital communications, the BER is used as a measure of how well 

the receiver can decode the sent data.  

𝐵𝐸𝑅 =
Number of Errors

Total Number of bits
                                                  (1.1) 

 

According to Säckinger et al, if the noise is Gaussian, the BER could be calculated by 

𝐵𝐸𝑅 =
1

2
𝑒𝑟𝑓𝑐 (

𝑄

√2
)                                                     (1. 2) 
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Where erfc is the error function and Q is the Q parameter, also called Personick Q, is a commonly 

used measure of the signal-to-noise ratio (SNR).  Equation 1.2 suggests that if the value of BER is 

known then the Q factor can also be calculated by using  

𝑄 =  √2 × 𝑒𝑟𝑓𝑐−1(2 × 𝐵𝐸R)                                        (1.3) 

where erfcinv is the inverse of the complementary error function 

With                𝑄 =
𝑉𝑝𝑝

2𝑉𝑟𝑚𝑠
                                      (1.4) 

where the numerator is the peak to peak voltage difference between the average receiver output 

voltage when a zero and a one are transmitted [43] and the denominator is total root mean square 

noise when a bit zero and a bit one are transmitted. As the difference of mean values of bit one and 

zero in the received data signifies the received voltage signal,  so the numerator in eq. (1.4) could be 

replaced by the difference between the mean of bit one and the mean of bit zero. Furthermore, the 

standard deviation (sigma) of bit one and bit zero represents the noise, so the denominator in eq. (1.4) 

can be replaced by the sum of sigma1 and sigma0. Hence, eq. (1.4)  can be written as 

𝑄 =
Mean1−Mean0

Sigma1+Sigma0
         (1.5 ) 

 

1.2 Need for Optical concentrators in VLC 

According to the Shannon–Hartley theorem, the maximum channel capacity depends upon the 

bandwidth of the channel and signal to noise ratio at the receiver terminal [44]. 

𝐶 = 𝐵𝑙𝑜𝑔2 (1 +
𝑆

𝑁
)                                                        (1.6) 

Where C is the channel capacity, B is the bandwidth of the channel, S is the average received signal 

power over the bandwidth, N is the average noise power over the bandwidth, and S/N is the signal-

to-noise ratio (SNR) of the communication signal to the noise and interference at the receiver. 
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If LEDs have to be used as a transmitter in VLC, a higher SNR is particularly desirable as current 

LEDs have a bandwidth (BW) of 5-20 MHz [45]. Recently, Gallium nitride (GaN) micro-LEDs, 

which have dimensions less than 175 µm, are presented which have modulation bandwidths of 580 

MHz [46]. The laser can be an alternative option as a transmitter that has a bandwidth of hundreds of 

MHz [47]. However, due to eye safety protocols and the limited use of LD in the lightning 

infrastructure, they are not a popular choice from the user’s perspective [48].  

The receiver should also have a higher bandwidth [49]. Several choices are available for 

photodetectors (PD) which can be used as a receiver in VLC [50]. To achieve a high data rate, if the 

lasers are used as the transmitters, then to meet the higher bandwidth requirements at the receiver 

end, the PD’s active area has to be smaller (a small active area of PD means high BW) [51]. Typically, 

optically designed concentrators called parabolic concentrators, and compound parabolic 

concentrators (CPC) are used with small area detectors for increasing the optical intensity of the PD 

[52].  

1.3 Importance of Field of View 

Most of the high-speed detectors have a small collection area as shown in Table 1-1. A list of 

commercially available APDs with their corresponding active area and BW is provided in Table 1.1. 

C8664-02K Hamamatsu APD has an active area of only 0.2 mm2 which leads to a smaller SNR, 

however, it has a higher BW of 700 MHz. Similarly, C8664-05K APD has a comparatively larger 

 

Table 1-1 The comparison of active area and BW of C8664-02K Hamamatsu APD series. 

APD module Active area Bandwidth  

C8664-02K 0.2 mm2 700 MHz 

C8664-05K 0.5 mm2 680 MHz 

C8664-10K 1.0 mm2 530 MHz 
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active area of 0.5 mm2, however, due to the increase in the active area the BW decreases to 680 MHz 

only.  

 Increasing the detector’s active area increase the light collection ability but it also increases the 

capacitance. Higher capacitance means a smaller bandwidth which is not desirable. If the BW of the 

APD is 𝐵𝑊𝐴𝑃𝐷, then the relation between the active area of the PD and the BW is as follows 

𝐵𝑊𝐴𝑃𝐷 = 𝐶𝐴𝑃𝐷 (
1

𝐴𝐴𝑃𝐷
)

𝑘

        (1.7) 

Where is 𝐶𝐴𝑃𝐷 the capacitance and  𝐴𝐴𝑃𝐷 is the area of the APD, whereas 𝑘 is a constant describing 

a specific detector technology. This relationship was plotted in Figure 1.2, by using the values 

of  𝐶𝐴𝑃𝐷=7.9 × 104  and 𝑘 = 0.59 from the data sheet of Hamamatsu S8664. The relationship 

between the active area and the bandwidth validates that for making the APDs high BW, their active 

area has to be small.  

 

Figure 1.2 The relationship between detector area vs BW from Hamamatsu S8664 series 

plotted by using equation (1.7). 
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To achieve higher BW and better SNR, optical concentrators are usually coupled on the receiver side. 

Optical concentrators, collect the light over a large collection area and focus it to the small size 

detector. PC and CPC are non-imaging concentrators given the fact that they do not form an image 

of the source on the detectors [53]. Most CPCs are created by the combination of two symmetric 

parabolic concentrators.  

 Concentrators should have two characteristics, first, higher efficiency of concentrating light so that 

the detector gets higher optical intensity called gain and the second greater acceptance angle which 

is called Field of View (FOV) [54]. In an optical system, etendue is a geometric property of light, 

which quantifies how much the light spreads out in terms of area and angle. Conventional optical 

concentrators such as PC and CPC depend on the process of reflection and refraction which means 

they have a limiting property called conservation of etendue. The conservation of etendue limits the 

maximum gain as FOV increases [55]. The maximum achievable geometric gain, in a 2-D 

concentrator, is given by 

𝐺𝑚𝑎𝑥 =
𝑛2

sin2 𝜃𝑚𝑎𝑥
             (1.7) 

 

Figure 1.3 Relation between FOV and theoretical gain of a CPC.  
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where 𝐺𝑚𝑎𝑥 is the maximum gain, 𝑛 is the refractive index and 𝜃𝑚𝑎𝑥  shows the maximum possible 

incidence angle. It can be seen from equation 1.4 that, if a CPC is made from glass then it has a 

refractive index of 1.5  and its maximum FOV is 35 ͦ with a gain lower than 5 as shown in Figure 1.3. 

It can be seen that as the FOV increases, the gain of the optical concentrator decreases rapidly.  

An alternative to the conventional optical concentrators are the fluorescent concentrators, which have 

a doping of a fluorophore material and they are not limited by conservation of etendue as reported in 

[55]. In this thesis, further work on the practicality of different types of commercially available 

fluorescent concentrators will be discussed. 

1.4 Luminescent solar concentrators 

The idea of fluorescent concentrators that are not limited by etendue can be traced back to the 

luminescent solar concentrator (LSC) [56]. They were initially proposed in the 1970s, to replace the 

expensive large areas of solar cells with inexpensive concentrators. Initially, the development of LSC 

was limited due to the bad performance of the limited types of dye available at that time [57]. In the 

later years, the performance of organic dyes and quantum dots was evaluated under a project called 

‘full spectrum’ [58]. These organic dyes are available in a wide range of types with better reabsorption 

properties. Furthermore, they can have a higher luminescence efficiency. In comparison to them, 

quantum dots (QD) have a broader absorption spectrum even extending to the UV. The QDs are 

inherently more stable than dyes. The absorption spectra of QD can be effectively changed by just 

choosing different nanosize spheres. An important LSC characteristic is a concentration factor (C), 

defined as the ratio of the output and the input photon flux densities [59]. In the 21st century, LSCs 

received considerable attention as low-priced sunlight collectors for photovoltaic (PV) cells not only 

in residential and solar farm-scale PV installations but also in space-based systems. The sunlight 

collectors were made up of a large-area slab of transparent material containing highly emissive 

fluorophores and coupled with small PV cells at the edge or the bottom. The fluorophores absorb 

incident light to them, reemitted at a longer wavelength, and then a portion of the light is guided 
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toward the PV cells where it is converted into electricity. Large collection areas are preferred to 

increase the concentrating factor, but the travel time increases which is not desirable. To overcome 

this problem, a solution to attach PV to the backside of the concentrator is proposed [60]. 

The emission of light from any substance is called luminescence [61]. It is further divided into two 

types. First is phosphorescence, in which a substance absorbs photons and emits them after a certain 

delay (usually seconds) between absorption and emission [62]. The second is fluorescence, which is 

the same as phosphorescence with the exception that they have a much shorter delay time (in 

nanoseconds) [63].  

1.5 Operation of a fluorescent concentrator 

The incident light to an FC undergoes various processes. In general, when the light enters the FC, it 

gets absorbed by the fluorophore within the FC [64]. After the process of fluorescence, the light gets 

emitted at a longer wavelength than it was absorbed, called the Stokes shift. Some of the light will be 

reabsorbed and remitted until it reached the detector by total internal reflection as shown in Figure 

1.4. The desirable feature of this FC is that any light which is not reabsorbed by fluorophore 

eventually reaches the detector. Due to these undergoing processes, the performance of FC does not 

 

Figure 1.4 Schematic diagram of the physical processes in a fluorescent concentrator with a 

photodetector PD on its right hand edge. 
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only depend upon the processes of reflection and refraction only, therefore, FC does not conserve 

etendue [65]. 

Furthermore, by emitting light at a longer wavelength than it absorbs, fluorescent concentrators also 

change the wavelength of the light reaching the photodetector in the receiver. Since the responsivity 

of many photodetectors is higher at green wavelengths than at blue wavelengths, the wavelength shift 

(Stokes shift) in the concentrator will create a second increase in the receiver output signal and hence 

increase the SNR [66].  

Like LSC, fluorescent slab concentrators also have a glass or plastic doped with a fluorophore in them 

[67]. The incident light towards the fluorescent concentrator undergoes several processes. It may get 

transmitted through the concentrator or reflected from the surface of the concentrator. In addition to 

this, it may get absorbed, emitted, reabsorbed, and remitted by the fluorophore material and retained 

by the concentrator by total internal reflection until it reaches the edges where the photodetector can 

collect it [68].  

There are two types of luminescence - phosphorescence has a timescale of milliseconds that is too 

slow, and so unlike LSCs, fluorescent concentrators (FCs) have to contain fluorophores. To meet the 

VLC challenges of achieving higher data rates than RF counterparts, the fluorescent concentrator 

 

Figure 1.5 Photos of different types of commercially available concentrators. 
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must have a delay of nanoseconds or less. Unfortunately, the longer time decay of the 

phosphorescence in the luminescent materials makes them too slow for VLC, therefore,  they cannot 

be used as a concentrator in an optical communication link. The performance of FC depends on the 

type of fluorophore present in them [69]. The fluorophore compounds have two discrete energy states, 

ground and excited, represented as 𝑆𝑜 and 𝑆1 respectively. If the photon incident to the fluorophore 

is absorbed, an electron sitting in the ground state will gain energy and shift to the excited state. The 

time of stay for an electron in the excited state is called the lifetime. Usually, fluorophores have a 

lifetime of nano seconds [70]. Fluorophore has the ability to absorb photon depending upon their 

wavelength. This photon absorption probability depending upon wavelength is called the absorption 

spectrum. The emitted photons have a longer wavelength due to the non-radiative losses. The 

wavelength range of the emitted photon is called an emission spectrum. Not every photon absorbed 

by the fluorophore is emitted as a photon because they may get absorbed and lost. The ratio of the 

number of photons being emitted to the number of photons absorbed is called quantum yield.  

   Quantum yield =
number of photons emitted

number of photons absorbed
                                           (1. 8) 

 

Unlike a CPC,  fluorophores have a lifetime and hence a limited bandwidth. Moreover, the 

exponential decay of a fluorophore gives rise to a single-pole frequency response. 

1.6 Gain of the concentrator  

Gain is a product of the concentrating factor and the probability of the number of photons that enter 

the FC, get converted to another wavelength and finally reach the PD. As explained in the previous 

section, there are different possibilities for photons falling on the concentrator. Therefore, the 

efficiency of concentrators can be defined as the ratio of power intensity incident to the antennas to 

the power intensity coming from the edge of that antenna. 

                                        G = (
n

Ar
) (

Ni

A
)⁄                                                    (1.9) 
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where G is the gain, 𝑛 is the total number of photons received, 𝐴𝑟 is the surface area of the 

concentrator and 𝐴 is the total surface area on which the 𝑁𝑖 photons are incident.  

The gain could be defined either in terms of output power ( as optical intensity) or in output voltage. 

Equation 1.10 quantifies gain in terms of power, where power per unit area is essential for a fair 

comparison  

Gain = [
intensity from edge concentrator edge [

w
m2]

reference intensity [
w

m2]
]                 (1.10) 

If the gain has to be measured in terms of the output voltage, then certain factors like responsivity of 

the detector at different wavelengths, the area of the detector and the gain of TIA becomes important. 

Equation 1.11 gives a relation to measuring the gain in this scenario. 

Gain =

[(Resposnitivity@green)ˡ [
W
A

] × TIA Gainˡ [
A
V

] × measured voltage from cont. edge [V] × concentrator edge areaˡ [
1

m2]]

[(Resposivity@blue)ˡ [
W
A

] × TIA Gainˡ [
A
V

] × measured voltage at the reference plane [V] × PD areaˡ [
1

m2]]

    (1.11) 

1.7 Bandwidth measurements 

The presence of the fluorophore is critical to avoiding the limitations of etendue. However, 

fluorophores have a finite lifetime and their temporal response is often a single exponential. If this is 

the case and the lifetime is τ then the corresponding bandwidth will be  

      𝐵 = 1/2𝜋𝜏              (1. 12) 

This is potentially crucial because the capacity of a VLC communication channel is proportional to 

its bandwidth as suggested by Shannon’s theorem given in equation 1.6.  

1.8 Previous work on Fluorescent concentrators 

The wide FOV fluorescent concentrators have been reported  with a FOV of 600 [71]. A concentrating 

factor of 12 and a wide field of view and increasing the data rates by threefold were reported [72]. 

Facebook has demonstrated the achieved data rates of 2.1 Gbps with a tailored fluorescent 
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concentrator [73].  However, their work was not user-friendly as they used high power at the receivers 

which are not eye-safe with the use of complex modulation schemes like OFDM. A simple method 

to increase the optical gain of the FC in [74]. There is a need to understand the behaviour of FC for 

their incorporation in a VLC receiver for future usage.  A fibre-based receiver with a bandwidth of 

approximately 85 MHz and a data rate of 250 Mbps suitable for UV-based underwater wireless optical 

communication has recently been reported [75].  

300 Mbps were achieved with an FC-based receiver and with a FOV of ± 60° [76]. Mulyawan et al 

presented an FC-based two-channel multiple-input multiple-output (MIMO) VLC system in which 

they demonstrated a data rate of 32 Mbps with a FOV of ±22.5 degrees [77]. Recently, Pavlos et al 

presented a fluorescent concentrator-based receiver for wavelength division multiplexing (WDM) for 

data communication [78]. In the presented geometry, the receiver was created with a stack of two 

FCs for two independent modulated channels. However, the presented matrix has a cross-talk of 30%, 

which is not desirable. Recently, the bandwidth limitations of fluorescent solar concentrators, which 

are employed as a detector in optical communication links, were analysed by Portnoi et al [79]. They 

introduced a low-pass RC filter model, which is verified by Monte-Carlo simulation to demonstrate 

the importance of mutual optimisation between the time response and the optical gain of the 

fluorescent solar concentrators [79]. Surampudi et al also presented a method to improve the 

bandwidth of the FCs which consequently improved the data rate up to three folds [80]. 

Recently, Ali et al reported 1.45 Gbps data transmission by using a Penta-fluorine concentrator plus 

a BG3 filter [81]. However, these fluorescent concentrators are not commercially available and the 

detector was a silicon photomultiplier (SIPM) instead of a photodetector [81]. Furthermore, Ali et al 

discussed the impact of varying the length of fibre in terms of bandwidth and gain i.e. the longest 

fibres required the lowest power from the transmitter, however, the bandwidth in the long fibres 

decreased due to a high transit time of photons in the large concentrator [82]. They suggested that the 

best length of the fluorescent fibre in an optical link depends upon the desired data rate. In addition 
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to that, a method to enhance the coupling efficiency by using edge and back reflection of a planar 

concentrator by using Lambertian-, specular-, and retro-reflectors is demonstrated [83]. They showed 

an improvement of a factor of two in the received output signal (ROS). Moreover, a smart license 

plate receiver incorporated with a fluorescent concentrator was proposed for high-speed vehicle-to-

vehicle communication [84]. The data rate of more than 500 Mbps was achieved with a FOV of ±25°. 

Recently, a Quantum dot (QD) fluorescent concentrator combined with power domain multiplexing 

of a non-orthogonal multiple access (NOMA) scheme was presented with an achievable data rate of 

120 Mbps for underwater applications [85]. 

1.9 Aims of the project 

The conservation of etendue has been a bottleneck in the optical receivers. FCs which do not conserve 

etendue can be a good replacement for conventional optical concentrators. Previous work was mostly 

focused on the tailored designs of the FCs which are yet not available in the market. The main 

objective of this work is to characterise the commercially available FC for a VLC link. One definite 

advantage of fluorescent concentrators when employed in an optical link is that they increase the 

receiver output signal (ROS) and hence the SNR which plays an important role in determining the 

maximum achievable data rate. 

An important objective of this research is to study the performance of an FC in comparison to different 

bandpass filters. A detailed investigation will be carried out to evaluate the performance of the low 

BW fluorescent concentrator in a white light set-up to study their behaviour in an office lighting 

atmosphere and the robustness of the system. More importantly, the selective absorption of the 

fluorophore at some wavelengths and the wide field of view mean that they have an ability to 

practically perform as wide field of view filters. Hence, one fundamental objective of this research 

was to investigate the benefits of exploiting this filtering property of the FCs to create an RX that 

detects the blue light from a WLED.  
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Most of the work in the past has been focused on slab concentrators, however, the fluorescent fibres 

have a diameter similar to most of the high BW APDs. This suggests more focused light from the 

edge of the fluorescent fibres can be collected by the APD. Therefore a fundamental aim of the project 

includes characterising different off-the-shelf fluorescent fibres which vary in absorption, and 

emission properties along with the different levels of fluorophore doping and the BW. The study will 

aim to present the performance comparison using FC coupled to a photodetector as a receiver and the 

photodetector alone as the receiver in terms of optical gains and the maximum achievable data rates.  

Moreover, the selective absorption spectra of fluorophores in the FCs create an opportunity to employ 

wavelength division multiplexing (WDM) in order to increase the link capacity. However, there are 

several challenges to construct a reliable WDM link such as selecting a suitable combination of the 

fluorescent concentrator and minimising the cross-talk between the data streams. Previously, two 

different fluorophores have been incorporated in a rectangular optical element made from microscope 

slides. However, the H-matrix for this system was far from ideal and indicated 30% of cross-talk. In 

addition, the field of view of these planar structures is determined by the projected area of a rectangle. 

In contrast, fluorescence fibres integrated with photodetectors can have a significantly wider FOV 

and less cross-talk. Therefore one of the key aims of the work presented in this thesis was to exploit 

the selective absorption of different fluorescent fibres to support WDM. The study includes an 

evaluation of the performance of different commercially available FCs for their ability to enable a 

WDM link. An inexpensive, simple and practical receiver that contains different fluorescent fibres 

and can therefore support WDM will be demonstrated.  

In addition, one of the key challenges that are a hurdle in the utilisation of VLC in portable devices 

such as phones, tablets, and laptops is their constantly changing orientation which creates connectivity 

issues. In the past, most of the work has been focused on using multiple transceivers for a smartphone 

to achieve a wide FOV. However, this approach increases the complexity and the cost of the system. 

A key aim of this thesis was, therefore, to design a fluorescent fibre-based receiver for smartphones 
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and to investigate its FOV and communication performance at random orientations to evaluate the 

robustness of the optical link. This work will open a new pathway to large FOV and high gain 

receivers with a small form factor that could be integrated into mobile devices so that they have a 

VLC capability. Since the receiver created by coupling the FC to the detector is simple, compact, and 

inexpensive, it can easily be integrated into remote electronic devices.  

There is a need for a method to predict the maximum achievable data rates when an FC is added to 

the receiver in an optical link. Hence, an important objective of this work will be focused to determine 

the relationship between the ROS and the data rate that can be achieved by using the OOK modulation 

scheme. This method will be validated on different wavelength absorbing FCs in a VLC link. The 

impact of adding an FC into the receiver will be discussed in terms of the increase in data rate and 

the resulting bandwidth of the FC. This would help the future VLC receiver designer in selecting an 

FC for a VLC receiver.  

 

1.10 Summary 

VLC is a promising candidate to fulfil a growing internet demand. Pulse amplitude modulation such 

as 2 PAM and 4 PAM are famous simple modulation schemes in VLC. Similar to all other wireless 

communication, an antenna (concentrator) is used to increase the signal-to-noise ratio (SNR) at the 

receiver end of the communication link to increase the data rate. In VLC receivers, SNR is typically 

increased by an optical element, most commonly a lens or a compound parabolic concentrator, 

however, they are limited by etendue. Luminescent solar concentrators have an ability to shift shorter 

wavelengths to longer wavelengths and they are used for the collection of sunlight in solar cells. 

Similarly, fluorescent concentrators, also have wavelength shifting properties and they are 

independent of conservation of etendue due to the presence of fluorophore in them. These 

concentrators can be used to concentrate light to APD with a large FOV thereby providing high-speed 

data rate communications for a VLC link. Fluorescent concentrators with a large FOV of 60° have 
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been previously presented. Characterisation of different types of fluorescent concentrators needs to 

be performed to understand their nature and advantages for a VLC link.  
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2 A Comparison of a Blue Filter and commercially available 

FC for a VLC Link 
 

Visible light communication (VLC) generally uses LED or laser diodes as the source. Most white 

light-emitting diodes (WLEDs) are made up of a blue LED combined with a yellow phosphor. 

Phosphor adds a second slower component which ultimately limits the BW of the blue LED (which 

has a faster response) [86]. An optical filter is typically used to block the yellow component of light 

before detection [87]. However, the effectiveness of the blue filtering is highly variable and is 

dependent on some key factors, such as the illumination (Lux level) at the receiver, signal strength 

and receiver's noise [88][89][90][91].  

As an FC absorbs a specific wavelength of light and rejects others, thereby acts as a natural filter. In 

this chapter, therefore, an experimental demonstration has been presented to investigate the 

effectiveness of a blue filter. Results are presented which show how the addition of FC improves the 

performance of commercially available OSRAM OS-PCN-2015-013-A Version 1.2  warm white 

LED.   

In addition, the chapter also contains characterisations of a slab fluorescent concentrator and fibre 

fluorescent concentrators. Different companies sell wavelength shifter bars (slabs) and fibres made 

up of solid organic material (polymer) which absorb light at the blue and emit at a green wavelength, 

which means they can be used as an FC provided they contain a fluorophore rather than a phosphor. 

These wavelength shifting bars are unaffected by water, which means they can be utilised to create 

stable VLC receivers. Furthermore, their peak absorptions and emissions are between 400 nm and 

700 nm. Due to these characteristics, they can be used as a light collector to reduce the complexity 

and overall size of the detector. In this chapter, the characterization of a commercially available 

concentrator and its potential scope in the VLC is also discussed.  
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The chapter is organised in three halves; the first section contains the measured transmission profile, 

bandwidth and data transmission experiments performed in an optical link containing WLED with 

different filters. The performance of the best suitable filter was then compared with a slab fluorescent 

concentrator and the results are discussed in the second half. Furthermore, experiments to determine 

the field of view (which is the key feature of this work) and the BW of the concentrator are also 

described. Finally, the characterisations of various commercially available fluorescent fibre 

concentrators are described in the 3rd half of the chapter followed by the data transmission result of 

the best fluorescent fibre. These experiments show that using concentrator results in both an increase 

in OOK data rate and robustness to ambient light. Finally, the last section of the chapter contains 

concluding remarks. 

2.1 Emission spectra of LED and a blue filter 

OSRAM LED uses a Gallium Nitride (GaN) blue LED combined with a yellow phosphor. To 

investigate the effectiveness of the blue-filtering, initially, the emission of white light from the WLED 

with and without different filters was measured through an optical spectrum analyser. For a better 

understanding of the effectiveness of the filtering concept, the results of the blue filter  (FB450-40-

Bandpass Filter), were also compared with FB500-40 (green filter - Bandpass Filter), and FB550-40 

(greenish-yellow filter- Bandpass Filter) separately.  

The fibre sensor of the optical spectrum analyser was mounted on a pole and the USB cables connect 

the PC to the spectrum analyser. Ocean software was used to collect and process the data from the 

 
Figure 2.1 Experimental set-up for emission spectrum measurements. 
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spectrum analyser. The experimental set-up for measuring the spectrum of the concentrator is shown 

in Figure 2.1.  

The emission spectra of OSRAM LED, in Figure 2.2 (a), show that it is the sum contribution of two 

components: blue (with a peak at ~ 450 nm) and yellow (with a peak at ~ 550 nm). It has a different 

proportion of blue and yellow components as shown in Figure 2.2 (a). An optical filter (FB450-40) 

was used to remove the phosphor before reaching the detector. The emission spectra with the blue 

filter is shown in Figure 2.2 (b) which shows that as expected the blue filter completely rejects the 

  

Figure 2.3 (c) Emission spectra of LED with filter FB500-40   (d) Emission spectra of LED with                                                                                      

filter FB550-40. 

 

(c).  

                              

Figure 2.2 (a). Emission spectra of LED             (b). Emission spectra of LED with filter FB450-40.

  

 

 

 

                                                                  

 

        

 

                                      

Fig 2.4. (a). Emission spectra of LED             (b). Emission spectra of LED with filter FB450-40  
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yellow component of the white light from the LED and transmits only the blue regime. The other two 

filters used with the WLED allowed the yellow region of the WLED to pass through them as shown 

in Figure 2.3 (c) and (d).  

2.2 A comparison of the measured frequency response of three different optical filters  

In this experiment, the 3 dB bandwidth of the WLED with and without filters was measured. The 

frequency response of the WLED was measured by using a 70 MHz detector (Hamamatsu C1203-

04). The frequency was then increased from 1 MHz to 70 MHz and the corresponding frequency 

response was measured with and without filters in the optical link. 

 

The BW of LED under these operating conditions was found to be 2.5 MHz. Sequentially, further 

experiments were performed to measure the frequency response of LED with FB450-40 (blue filter), 

FB500-40 (green filter) and FB550-40 (greenish-yellow filter) separately. The BW of LED with green 

and greenish-yellow filters, shown in Figure 2.4,  remained the same (2.5 MHz), given the fact that 

the phosphor was not blocked by these two filters as shown previously in Figure 2.3. However, as 

expected from the emission profile of the blue filter, the BW of the LED with a blue filter (FB450-

40) increased to 6 MHz, shown in Figure 2.4, due to the complete removal of the yellow component 

 

Figure 2.4 BW measurement of LED with different coloured filter. 
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of the white light from the WLED. Due to larger channel BW, Shannon-Hartley Theorem (described 

in Chapter 1) suggests that the addition of a blue filter to a WLED optical link will support a high 

data rate, therefore, data transmission experiments were performed with an APD with a blue filter.  

2.3 Data transmission when a receiver was created by either an APD alone or an APD with a 

blue filter  

A data transmission experiment was performed, when an optical link was created by using a WLED 

as a transmitter and an APD (C1203 − 04) as a receiver. This experiment was performed with and 

without a blue filter (FB450 − 40) in front of the detector at the receiver terminal at the link distance 

of 20 cm. A block diagram of the experimental setup for the data transmission experiments is shown 

in Figure 2.5. OOK data was generated using a pseudo-random bit sequence (PRBS) of 213. An 

Agilent AWG (81150A) with a BW of 120 MHz was used to drive the WLED. The detected signal 

by APD was captured by using an oscilloscope (MSO6414) with a BW of 1 GHz and sent back to the 

PC for further processing and analysis. The details of the experimental equipment used for various 

experiments explained in this chapter are given in Table 2-1.  

 

Figure 2.5 Block diagram of the experimental set-up for data transmission experiment. 

 

 

 

 

 

 

Fig. 2.6 Block diagram of the experimental set-up for data transmission experiment 
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 Data rates, ranging from 10 Mbps to 120 Mbps were investigated for two cases: one through the 

white LED light and the second through the filtered blue light to the APD. In these experiments, the 

data rates were varied and the corresponding BER was measured at a fixed intensity of light. In Figure 

2.6, the BER for data rates up to 120 Mbps is shown for the APD without a filter.  In this case, 17 

Mbps was achieved with a BER of 1 × 10−3without equalisation. Due to the limited BW of LED, 

an adaptive decision feedback equaliser (DFE) was used at the receiver to compensate for the inter-

 

Figure 2.6 Results of OOK data transmission experiments, when the receiver was created 

with or without the blue filter and when no equalisation scheme was applied. 

 

 

Table 2-1 Detail of the experimental equipment used for the characterisation of the slab 

concentrator. 

Equipment  Part number Measured bandwidth (MHz) 

LED OS-PCN-2015-013-A 

Version 1.2   

2.5 

LD PL450B 750  

AWG Agilent 81150A 120 

AWG Agilent N8241A 500 

Photodiode Hamamatsu C12702-04 70 

PIN photodiode HSPR-X-I-1G4-SI 1400 

Oscilloscope  Agilent MSO6104A 1000 
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symbol interference (ISI). The decision circuit estimates whether a bit is a one or a zero by comparing 

the sampled output voltage signal with the decision threshold voltage (VTH). In the code used to run 

the experiments each time the code is run, the value of VTH  is optimized to the finest scale between 

the zero and one levels to get a minimum BER. In particular, 10 feed-forward and 2 feedback taps 

were used with weights determined by the recursive least squares (RLS) adaptive algorithm in 

MATLAB. Consequently, the data rate increased to 50 Mbps with a BER of 1 × 10−3 with the 

equalisation as shown in Figure 2.6. The impact of DFE was more evident at higher data rates rather 

than lower data rates because ISI is more prevalent at higher data rates. At a lower data rate, the signal 

is mostly distorted by the noise of the receiver. 

The eye diagrams at 10 Mbps and 50 Mbps through the APD with and without equalisation are shown 

in Figure 2.7. A clear eye-opening can be observed in the eye diagrams of the received signal and the 

signal after applying the decision feedback equaliser at 10 Mbps where the ISI is negligible. On the 

other hand, Figure 2.7 also demonstrates that at 50 Mbps, the signal recovery is not possible without 

an equalizer as the eye is completely closed due to the impact of ISI, so DFE was applied to cure ISI.  

 

Figure 2.7 Eye diagrams with and without equalisation. 
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 To investigate the performance of the blue filter (FB450-40), the same data transmission experiment 

was repeated by adding the blue filter in front of the APD. For a fair comparison, it was important to 

keep the intensity and rest of the experimental equipment the same, therefore the experiment was 

repeated at the same link distance and with the same equipment. Due to the increase in the channel 

BW, shown in Figure 2.4, it was expected that there will be an increment in the maximum achievable 

data rate. However, on contrary to this when the blue filter was introduced in the system, the 

achievable data rate with a BER of 1 × 10−3 dropped to 38 Mbps (with equalisation) rather than 

increasing as shown in Figure 2.8. The reason for this decrease in the data rate of a link with a blue 

filter as compared to the link without the filter could be explained in terms of 70% attenuation (the 

power level of the RX dropped from 300 lux to 90 lux) of the optical power level by using the blue 

filter at the receiver terminal. The attenuation resulted in a significant loss of the SNR, as according 

to Shannon Capacity Theorem (described in chapter 1), the SNR is proportional to the optical power 

at the receiver terminal. Initially, the experiment was set up for a power level of less than 300 lux at 

the receiver (APD without filter), the filter induces a further decrease in the power level at the 

receiver. Therefore, the SNR was not large enough to overcome the noise power of the optical link 

hence BER increased[92]. In other words, it could be inferred that once the bandwidth of the channel 

 

Figure 2.8 Results of OOK data transmission experiments, when the receiver was created with 

or without the blue filter and when DFE was applied to mitigate the impact of ISI.  

 

 

 

 

 

 

Fig 2.9. BER of APD with a blue filter at 20 cm 
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is enough, the achievable data rate of an optical link could only be increased depending on the 

available SNR [93].  

2.4 Commercially available Slab concentrator 

Saint Gobain material sells wavelength shifter bars made up of solid organic material (polymer) 

which absorb light at the blue and emit at a green wavelength. These wavelength shifting bars are 

unaffected by water, lower alcohols or dilute acid. They have a refractive index of 1.59. Their peak 

absorption and emission are at 420 nm and 494 nm respectively, which suggests that they have the 

potential to block the yellow phosphor from the WLED. Furthermore, the decay time BC-482A St. 

Gobain is 6.6 ns [94]. Due to these characteristics, they can be used as a light collector to reduce the 

complexity and overall size of the detector. The optical setup for the characterisation of slab florescent 

antenna is shown in Figure 3-1. According to the experimental requirements, a slab of 75 mm by 25 

mm and 1 mm thick wavelength bar is used as an FC in a communication link.  

2.5 Absorption and emission spectrum of the Saint Gobain slab concentrator 

Like filters, the first experiment on the Saint Gobain concentrator was the investigation of 

transmission profile. The same method and equipment explained in section 2.1 were used for 

measuring the transmission profile of the slab concentrator. The results in Figure 2.9, clearly show 

that the FC blocks the slower yellow component of the light from the WLED. The absorption region 

  

Figure 2.9 Absorption and emission spectrum of Saint Gobain slab concentrator. 
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for the FC lies between 370 nm to 450 nm, therefore, it does not absorb the yellow wavelength. 

Furthermore, the emission profile in Figure 2.9, validates the wavelength shifting capability of the 

FC as it emits light between 480 nm to 550 nm approximately.  

2.6 Gain Measurement of fluorescent slab concentrator 

A flooded light beam from the WLED was incident on the St.Gobain sample at the link distance (20 

cm) where it was fully illuminated. The concentrator was held horizontally with the help of the 

concentrator holder and two assembly rods as shown in Figure 2.10. APD was coupled to the edge of 

the concentrator. Due to its small area and narrow FOV, the APD needed optical lenses (aspheric 

lens- ACL25416U-A) to focus the light into its receiving area. A 3-D printed cover with a slit of 3 

mm/200 µm dimensions was used to ensure that the only light entering the APD is from the edge of 

the slab concentrator. The APD was reversed biased at fixed 5 V and was mounted, over the rotation 

stage base. The rotation base has X-Y-Z axis control as shown in Figure 2.10. This stage was added 

to make a better alignment between the concentrator edge and APD active area. It has a locking screw 

to fix the position of the mount once the optic has been aligned and it allows the smooth adjustment 

mechanism for precise positioning. The detected signal from APD was then captured by the 

oscilloscope. The concentrator was fully illuminated by using a uniform beam from the LD. At first, 

 

Figure 2.10 Optical-set up for St. Gobain slab concentrator. 
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the output voltage from the edge of the concentrator was measured, then APD was directly 

illuminated (without the concentrator), and the output voltage was measured. The gain of the 

concentrator was calculated using equation 1.10, and the resulting gain of St. Gobain was found to be 

1.15.  

2.7 Field of view of Saint Gobain slab concentrator 

An important advantage of FCs over CPC is their wide FOV. Hence the FOV of the concentrator was 

measured. In this experiment, the concentrator was held horizontally. The optical post was mounted 

on a rotating platform with an angular scale and a locking mechanism as shown in Figure 2.11. As 

the concentrator was offset from the axis of rotation another optical post of a height similar to the 

height of the concentrator was mounted to keep the distance between the source and the centre of the 

concentrator constant. The light was shone on the FC at different angles, and the amplitude of the 

receiver output voltage was measured. The APD and FC were mounted, over a rotation stage base. 

The rotation base has XY-Z axis control. Both the experimental setup and the rotation stage used for 

the FOV measurements are shown in Figure 2.11.

 

       

Figure 2.11 Experimental set-up used for FOV measurements. 
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The concentrator was rotated by increments of 10°(a higher step size was used as the ultimate goal 

was to measure the maximum FOV) and the output voltage was measured. As the concentrator was 

offset from the axis of rotation, the rotating base was moved to make sure the centre of the 

concentrator stays at the same position. This was further ensured by the fixed optical post at the centre 

which shows where the mean position of the concentrator is required to be. The difficulty, however, 

was about keeping the correct angle with each measurement as the base is moved. However, the 

presence of evenly distributed holes on the optical table makes this approximation easier. The receiver 

output voltage measurements were performed in both clockwise and anti-clockwise directions about 

the mean position of the concentrator and the whole experiment was repeated twice. The FOV of the 

Saint Gobain, as shown in Figure 2.12, was found to be 60°.  

 

2.8 Bandwidth Measurements of Saint Gobain slab concentrator 

To ensure that the correct BW of the concentrator is measured, it was important to use the TX and 

RX with a larger BW. Therefore, an LD module was designed to generate a uniform beam at the 

receiver. As St. Gobain has a peak absorption at 450 nm wavelength, shown in Figure 2.9, therefore, 

a violet laser (PL450B, 750 MHz BW) was used as the optical source.  LD was initially driven at 30 

 

Figure 2.12 Measured results of FOV of the slab concentrator. 
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mVPP and 2VDC offset voltage through the AWG to do the precise alignment of the experimental set-

up for better results. Once the set-up was done, the amplitude of the voltage and offset was increased 

to 1 VPP and 3.8 VDC.  

A block diagram of the whole laser set-up is shown in Figure 2.14. The laser diode used as a 

transmitter is a point source and so for its output to cover the whole length of the concentrator it needs 

to be diverged using optics. The PL450B blue laser diode was therefore mounted on a CP06/M cage 

plate at one end of four assembly rods (ER4-P4) from a 30 mm cage system, as shown in Figure 2.13. 

A cage rotation 

mount (CRM1/M) and polarizer were added in front of the LD to precisely control the intensity of 

light falling on the receiver (without changing the driving conditions of the LD). An aspheric lens 

(ACL25416U-A) was inserted into the set-up to collimate the beam and a second lens (ACL25416U-

A) was added to focus the beam. The diffusers from Luminit can only cover an area of 90° angle, 

 

Figure 2.14 Set-up of laser diode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 A photograph of the laser and associated optics. 
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therefore, to cover the whole range of a circular beam four diffusers were included in the setup to 

make the beam uniform. Finally, after the diffuser, another aspheric lens was added to control the 

divergence of the beam.  

A uniform light beam from the laser was incident on the concentrator at the link distance (20 cm) 

where it was fully illuminated. The concentrator was held horizontally with the help of the 

concentrator holder and two assembly rods. The APD (Hamamatsu C12702-04,70 MHz BW) was 

then coupled to the edge of the concentrator. To focus more light from the edge of the concentrator 

to the APD,  a pair of aspheric lenses (ACL25416U-A) were used between the concentrator and the 

APD. A slit 3 mm by 200 µm was used to block all light sources except the edge of the concentrator 

to APD. The rotation base stage was used to make a better alignment between the concentrator edge 

and the APD’s active area. It has a locking screw to fix the position of the mount once the optics have 

been aligned and it allows the smooth adjustment mechanism for precise positioning. The detected 

signal from APD was then captured by an oscilloscope (MSO6104A,1 GHz BW). The optical setup 

used for the BW characterisation is shown in Figure 2.15. To measure the BW of the concentrator, 

the same method which was described in section 2.2 was used.  

 

Figure 2.15 Flood illuminated the slab concentrator for BW characterization. 

 

  

Fig. 3.6 Flood illuminated the slab concentrator for BW charaterisation 
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Before performing the BW experiment on the concentrator, the BW characterisation of the whole 

system itself was performed to make sure that the overall system has a much high BW than the 

concentrator itself. As shown in Figure 2.16, the frequency response of the concentrator showed a 

perfect fit to a first-order single-pole response and the 3 dB bandwidth of the concentrator is 24 MHz. 

Although the bandwidth of the FC depends upon the material and length. Unfortunately, no 

information about the fluorescent material doped in the commercial fluorescent concentrator was 

provided by the seller except the decay time. Since the frequency response of the concentrator is a 

single-pole response, the 3 dB bandwidth can be used to determine the decay time, τ, for the 

fluorophore, as shown in equation (1.12). By substituting the value of B in equation 1.12 validates 

that the decay time of the fluorophore doped in the Saint Gobain FC is 6.6 ns.  

2.9 Data Transmission experiments when the receiver was created by either APD alone or an 

APD with the slab concentrator  

 In the experiments, the same experimental method and equipment as detailed in section 2.3, were 

used with a few exceptions which are listed below. The modulated light from the WLED was shone 

onto the receiver, which was either an APD or the same APD coupled to the concentrator. Figure 2.17 

 
 

Figure 2.16 Bandwidth of the slab concentrator. 

 

 

 

 

 
Fig. 3.7 Bandwidth of the slab concentrator 
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shows a block diagram of the experimental setup used for data transmission experiments. For a fair 

analysis, the experiments were performed with and without the concentrator under the same operating 

conditions. To minimize the possible impact of ambient light noise when the APD alone was used as 

the receiver these experiments were performed in dark. The link distance and the optical intensity of 

the light from the WLED at the receiver were kept constant throughout the experiment.  

As discussed previously, often a blue bandpass filter is used to block the slower yellow component 

of the light which results in the reduction of the receiver output signal (ROS) by a factor of two or 

more. However, due to the removal of the yellow component, as described in section 2.1, section 2.2, 

and section 2.3, the resulting increase in channel bandwidth did not increase the OOK data rate. The 

fluorophore in the concentrator means that it also only responds to the blue light from the WLED. 

However, an interesting observation from these experiments is that using the concentrator was not 

associated with a significant reduction in the receiver output voltage. 

The measured BERs at various data rates are shown in Figure 2.18. These results clearly show that 

the concentrator increases the data rate at which a particular BER can be achieved. For example, with 

the APD alone acting as a receiver a BER of approximately 10-3 was obtained at around 70 Mbps. 

However, with the concentrator, the data rate increased to 125 Mbps with a BER of approximately 

10-3. Using the concentrator did not result in a significant increase in the receiver output voltage, but 

if the filter was used, it would have reduced the received output voltage as described in section 2.3. 

 

Figure 2.17 Block diagram of the experimental set up being used for the data transmission. 

 

 

 

 

Fig. 3.8. Block diagrram of the experimental set up being used for the data transmission 
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The increase in data rate must, therefore, be associated with a change in the channel bandwidth 

combined with no signal attenuation. In this experimental set-up with the APD alone, the bandwidth 

of the channel was approximately 2.5 MHz. In contrast, when the concentrator was coupled with the 

same APD the channel bandwidth increased two times. It is this increase in the channel bandwidth, 

rather than any increase in the received optical signal, which has supported a higher data rate.  

In addition to increasing the data rate, another benefit of the filtering action of the fluorophore in the 

concentrator is the resulting ability to reject ambient light. This beneficial feature of the concentrator 

has been quantified by determining the impact of ambient light on the BERs of the two receivers. 

When the APD is used as a receiver the BER at 70 Mbps is 3.2×10-3 in the dark. Even though the link 

is horizontal, so the laboratory lights are not in the receiver’s FOV, the BER of this receiver increases 

by a factor of 4 when the laboratory lights are turned on (500 lux). When the concentrator is employed 

the BER at 120Mbps is 1×10-3. In contrast to the previous observation, there was no noticeable change 

in the BER when the laboratory lights were turned on. The concentrator, therefore, makes the receiver 

more robust to changes in the operating environment.  

 

Figure 2.18 Experimental results of OOK data transmission with and without the FC. 
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Furthermore, the larger FOV of fluorescent concentrators suggests that they have the potential to 

replace parabolic and compound parabolic concentrators for future optical receivers. One possible 

advantage of employed fluorescent concentrators when used with a laser diode or a coloured LED is 

that they could increase the receiver output voltage signal and hence the SNR. However, their wide 

FOV and the selective absorption of some wavelengths by the fluorophore mean that they function 

as wide field of view filters.  

2.10 Fluorescent fibre concentrators 

Previous experiments have been performed with concentrators made from a rectangular slab doped 

with a fluorophore. However, it is also possible to purchase plastic fibres that have been doped with 

a fluorophore. These fluorescent fibres are commercially available from several different companies 

that sell through the internet for use in gun sights or decorative lighting. Conveniently they have the 

same diameter as some fast photodetectors. Due to the efficient coupling capability of fibre 

concentrators to small area detectors; a wide range of fluorescent fibre concentrators were 

characterised to investigate their scope in future VLC. A photograph of these fibres is shown in Figure 

2.19.

 

2.11 Fluorescent fibres and a concentrator holder  

The fibres were bought off a commercial website, they do not have a particular name, so to 

differentiate they were named after their distinctive colour and shape. They vary in size of the 

diameters, doping levels of fluorophore and shapes such as circular or rectangular.  

 

      

Figure 2.19 Fibre fluorescent concentrators. 
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In order to characterise these fibres and to determine if they could be used within a receiver, a holder 

for the fibre was built as shown in Figure 2.20. The holder has been designed to ensure that the fibre 

is held at the focus of a cylindrical plastic Fresnel lens (from Edmund Optics) attached to its front 

surface. The purpose of the Fresnel lens is to focus the light beam into the centre of the fluorescent 

fibre. It is an uncoated lens which has an acrylic substrate and 1.49 index of refraction. The absorption 

wavelength for this lens lies between 400-1100 nm with a transmission capacity of 92% for this 

wavelength range which matches the expected transmission profiles of the fibres under test. 

Furthermore, the fresnel lens allows a large aperture and short focal length with less mass and volume 

of material as needed by a conventional lens. 

 

The aluminium was used for the casing of the concentrator holder due to its lighter weight, easier 

moulding capability and cheaper costs. This holder allows one end of the fibre to be optically coupled 

to detectors as shown in Figure 2.20. Multiple copies of 3-D printed covers, each containing a hole 

according to the diameter of fibre under-investigations were designed to ensure that the end of the 

fibre is precisely aligned to the active area of the photodetectors and to block any other light entering 

the APD. The length of the holder is 17 cm, however, the length of the Fresnel lens is only 13 cm 

which means the effective length of fibre under test is restricted to 13 cm only.  

2.12 Field of View measurements of fluorescent fibre concentrator 

Although the Fresnel lens was included in the experiment to increase the achievable signal to noise 

ratio. However, the operation of a Fresnel lens relies upon processes that conserve etendue and so it 

 

Figure 2.20 The fibre holder with the fibre visible through the plastic Fresnel lens. 

 

 

 

 

 

 

 

Fig. 4.1 The fibre holder with the fibre visible through the plastic Fresnel lens 
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restricts the field-of-view of the system in one direction. The field of view of the receiver was 

therefore determined by illuminating the concentrator from different angles and measuring the peak-

to-peak amplitude of the APD’s output voltage. As anticipated when the axis of the concentrator was 

horizontal and the light source was moved vertically the FOV of the concentrator was restricted. In 

particular, the field of view in this direction was found to be 14°. The measured FOV of the fibre 

concentrator in the horizontal direction was found to be 45° as shown in Figure 2.21.  

 

Figure 2.21 Measured FoV of the fluorescent fibre in the concentrator holder.  

 

 

 

 

 

Figure 2.22: The experimental arrangement used to determine the gain and bandwidth of the 

fluorescent fibre concentrators and to transmit data. The key feature of this experiment is the 3D 

printed blue cover which reduced the effective area of the APD to the cross sectional area as the 

fibre. In other experiments, this cover was used to align the APD and fibre. 
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2.13 Measurement of the gain of the fluorescent fibre concentrators   

A photograph of the optical set-up used for the gain measurements of fluorescent fibre concentrators 

is shown in  Figure 2.22. The same experimental method and equipment which was described for the 

gain measurements of a slab concentrator in section 2.6 were also used for the gain measurements of 

these fibres.  

Since the length of the fluorescent fibre concentrator (13 cm) is much larger than the previously 

described fluorescent slab concentrators, therefore, to take full advantage of the fibre concentrator, it 

was essential to flood illuminate the entire length of the concentrator. Once a uniform beam was 

created, the beam diameter at different link distances, shown in Figure 2.23, was measured. As 

expected the beam diameter increased as the link distance increased, however, as the beam diameter 

was increasing the intensity at the receiver was decreasing. Since the beam diameter is directly 

proportional to the exposed length of the fibre concentrator, therefore, it was important to investigate 

the impact of beam diameter over the length of the fibre and consequently upon the gain (also called 

concentrating efficiency) of the fluorescent fibre. To understand the relation between the link distance 

and gain, these experiments were performed for only one fibre, therefore, initially, a green fibre was 

incorporated into the receiver and at different link distances. The results, in Table 2-2, show that the 

 

Figure 2.23 Diameter of the beam spot at different distances. 
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gain of the fibre increased until the full length of the fibre was shone by the light source. However, 

with a further increase in the beam diameter, the gain dropped significantly.   

At 10 cm the beam spot was found to be of 6 cm only, which covered less than half of the length of 

the concentrator. At 20 cm, the diameter was still 11 cm, which was unable to cover the entire 13 cm 

length of the concentrator. However, at 30 cm and 40 cm, the diameter of the spot was 18 cm and 22 

cm, which was more than enough to fully illuminate the concentrator (13 cm). Sequentially, the 

maximum diameter of the spot was 28 cm at a distance of 50 cm. However, the irradiance level at 50 

cm link was significantly less to fluorescent the fibre concentrator, therefore, the gain of the 

fluorescent fibre dropped significantly at 50 cm as shown in Table 2-2. However, at 40 cm, the fibre 

was fully illuminated due to which fibre got maximum gain. These results suggest that to take the 

maximum advantage of the concentrator, the link distance should be 30 cm or 40 cm. All other 

available fibres were, therefore, evaluated at a link distance of 40 cm. The results in Table 2-3, show 

Table 2-2 The measured gain of the green fibre at different link distances. 

 

Distance (cm) Beam Diameter 

(cm) 

Gain 

50 28 6.46 

40  22 8.2 

30 18 7.3 

20 11 6.67 

10 6 5.88 

5 2.9 3.1 
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that the square yellow and square orange fibre has a higher gain of 10.35 and 9.62 as compared to the 

other fibres under investigation. Ideally, the fibre with a larger gain provides a higher SNR to achieve 

a higher data rate, however, Shanon's capacity (described in chapter 1) suggests that the achievable 

data rate depends upon the combination of SNR and BW. Hence, to choose the suitable fibre for the 

data transmission experiments, BW characterisation was required.  

2.14 Bandwidth characterisation of FCs  

Since no technical information such as the type of fluorescent material doped in the fibres and their 

lifetime was provided by the seller. To ensure that the BW of these concentrators is measured 

accurately, the whole set of the equipment needed to have a high enough BW so that the BW 

limitations do not come from the equipment itself. The laser diodes of different wavelengths, 

depending upon the emission and absorptions spectra of the fibres, which have measured bandwidth 

of more than 700 MHz were therefore used as light sources. In general, blue, green and violet laser 

diodes were used for green, red and yellow fibres. 

Table 2-3 The dimensions of different wavelength absorbing fluorescent fibres used for 

characterisation. 

 

Fibre Diameter Gain 

Rounded green 1.2 mm 8.2 

Rounded yellow 0.8 5.9 

Rounded red 0.8 mm 6.3 

Square yellow 1.2 mm 10.35 

Square orange 1.4 mm 9.62 
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The AWG (Agilent 81150A) used for the previous experiments has a limited BW of 120 MHz only, 

therefore, it was replaced by an Agilent N8241A arbitrary waveform generator (AWG) which has a 

BW of above 500 MHz. The sine waves needed for the bandwidth characterisation were generated 

using the AWG (Agilent N8241A) which has two modes: active and single-ended. The bandwidth of 

these two modes was determined in a back-to-back test and found to be 570 MHz and 520 MHz 

respectively. The active mode of the AWG, which has an output amplitude of 200 mVpp, was, 

therefore, used in these experiments.  

     As shown in the block diagram Figure 2.24, the AWG was used to modulate the input to the laser 

diode (LD) which acts as the light source. The light output power-current-voltage (LIV) 

characterisation of PL450B showed that the 200 mVPP signal from the AWG was not enough to drive 

this LD. A Mini-Circuits ZHL-6A amplifier, which has a bandwidth of 500 MHz, and a 6 dB 

attenuator were therefore used to create the 2 VPP signal required to drive the laser diode. This 

modulated signal was added to a 3.8 VDC bias voltage via a Mini-Circuits ZFBT-4R2G bias-T. 

Although the laser diode bandwidth was 700 MHz, the addition of the amplifier limited the 

transmitter’s bandwidth to 500 MHz. Furthermore, the APD used for the previous experiments has a 

limited BW of 70 MHz only, therefore, a high-speed photoreceiver with Si-PIN Photodiode (1.4 GHz) 

by FEMTO (HSPR-X-I-1G4-SI) was used for detecting the signal in these experiments. 

 

Figure 2.24 The block diagram of the set-up used for the characterisation of the fluorescent 

concentrators. 
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To measure the BW of the fibres, it was important to measure their transmission spectra first to ensure 

that the fluorescent fibres were excited with the suitable LD. The fluorescent fibres were, therefore, 

characterised for their transmission spectra and the results are shown in Table 2-4. The peak 

absorption of the fibres lies within the range of blue and green LD, therefore, the results suggest that 

two LDs PL450B and PL520 are required for the BW characterisation of the fibres.  

The fluorescent fibres were inserted individually inside the concentrator holder system and the BW 

characterisation was performed by using the same method explained in section 2.2  In order to avoid 

any possible leakage of light from the LD directly to APD, a screen was placed at the APD end of the 

holder. 

The measured frequency response of the fibres is shown in Figure 2.25 shows that rounded green and 

rounded yellow fibres have higher BW as compared to the other available fibres. However, since the 

aim was to use the FC which gives a higher gain and BW to maximize the achievable data rate. The 

results of the gain and BW shown in Figure 2.25 shows that although the square orange fibre has ta 

significant gain of 9.62 however its BW was only 13 MHz. Similarly, yellow fibre has a higher BW 

Table 2-4 The measured peak absorption and peak emission values of fluorescent fibres. 

Fibre  Maximum  

Absorption(nm) 

Maximum 

emission(nm) 

Rounded green 450 520 

Rounded yellow 440  580 

Rounded red 520 650 

Square yellow 440  580 

Square orange 475 600 
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of 24 MHz but its gain was 5.9, therefore the rounded green fibre which has a gain of 8.2 and a large 

BW of 24 MHz among the available fibre was chosen for the data transmission experiments.   

2.15  Data transmission with and without fluorescent fibre concentrator at the receiver  

The optical fibre was further investigated for its performance in the communication link and a 

comparison of the performances of a receiver with an APD alone and a receiver with a fluorescent 

fibre concentrator coupled to an APD was investigated. The optical power was varied by the polariser 

to achieve a BER of 10-3 at different data rates. The same equipment described in section 2.14was 

also used for these experiments. The achievable data rates at different power levels with a targeted 

bit to-error rate (BER) of 10-3  at a 40 cm long link distance are shown in Figure 2.26 

In this figure, the results are shown for two cases: first when APD alone was used to detect the 

transmitted data and second when APD received concentrated light from one edge of the fibre 

concentrator. For APD alone, two times more power was required to achieve the same data rate as 

 

Figure 2.25 The measured bandwidth of the fibres compared to the expected response of the 

corresponding single pole filter. 
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with a fluorescent antenna as shown in Figure 2.26. This was a convincing performance by the 

fluorescent optical fibre, through which a data rate of 120 Mbps was transmitted over the optical 

power of less than 50 µW. On the contrary to this APD required more than 100 µW (three times the 

concentrator) to transmit the same data rates. These results validate the importance of FC in terms of 

increasing higher SNR and achieving a higher data rate.  

2.16 Summary 

The effectiveness of a blue filter depends upon two main characteristics: bandwidth and signal 

strength of white light compared to blue (filtered) light. In this Chapter, the characterisation of a 

WLED with and without blue filters is discussed along with the experimental results. Due to the 

addition of a blue filter, the BW of the channel increased, however, the maximum achievable data 

rate decreased. This drop in the data rate of APD with filter happened due to a significant decrease in 

the SNR. Although the filter increased the BW of the LED, however, due to a 70% reduction in optical 

power reduction, the BER increased thereby lowering the achievable data rates. The experimental 

 

Figure 2.26 OOK communication test with and without concentrator. 
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investigation demonstrates that if the SNR is not enough, the blue filtering effect would not be 

sufficient to increase the data rate of the communication channel. 

    In addition to that, results have been presented which show that the measured bandwidth, 24 MHz, 

of a fluorescent slab concentrator is higher than the bandwidth of WLEDs even when WLED was 

filtered by using a blue filter. Furthermore, although they only absorb the faster modulated blue light 

from a WLED, their larger collecting area means that the receiver’s output signal is not reduced when 

a fluorescent concentrator is used. Results have been presented which show that although the receiver 

output voltage signal remains unchanged, using the concentrator increased the achievable OOK data 

rate from 70 Mbps to 120 Mbps. Finally, experimental results have been discussed which show that 

the concentrator makes the receiver 4 times less sensitive to the presence of varying levels of ambient 

light.   

Furthermore, in this Chapter, the characterisation of multiple inexpensive fluorescent fibres is 

described along with a novel concentrator holder system. Finally, a green FC which has a gain of 

approximately 8 and a BW of 24 MHz was chosen for the data transmission experiments. The use of 

a fibre concentrator with APD at the receiver lowered the optical power requirements of APD by a 

factor of 3. It seems that the data rate could be increased by approximately three times the APD 

(which is almost equal to the square root of gain). 
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3 Wavelength division multiplexing (WDM) 
 

In optical communication systems, wavelength division multiplexing (WDM) is a technique to 

enhance channel capacity. WDM enables the multiplexing of multiple optical wavelength carriers, 

each carrying an independent data stream and consequently improving the overall channel capacity 

[96]. However, the optical components that combine (multiplex) and split (demultiplex) distinct 

wavelength channels are critical in these systems. Combining multiple wavelengths can be 

accomplished by using multiple transmitters with various emission wavelengths driven independently 

e.g. LEDs and LDs [97]. In particular, RGYB LED luminaries have been a popular choice for WDM, 

however, due to these, the WDM demonstrations tend to limit the number of colours up to four (RGB, 

RGYB) [98]. In addition to that, [99] showed a novel WDM technique based on polymer-based 

colour-converters and GaN micro-LEDs. Since the emission of a polymer-based colour-converter 

may be set to different colours, the number of WDM channels can be considerably increased, 

however, the receiver in  has a small field of view [99]. 

To separate the transmitted data at the receiver, optical bandpass filters with a centre wavelength that 

matches the transmitter emission are mostly utilised, however, most of them have a limited field of 

view [100]. Different fluorescent fibre concentrators which act as a receiver for visible light 

communications offer a large FOV with a variety of gain-bandwidth combinations and most 

importantly they absorb different wavelengths. These receivers created by the FC have significantly 

overcome the theoretical etendue limit in terms of the combination of a wide FOV and a large gain it 

can achieve [as discussed in Chapter 3]. In addition to that, they are also capable of enabling 

wavelength division multiplexing (WDM) for data communication, thereby, increasing the channel 

capacity with a very large FOV.  
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This significant advantage of a wide FOV and large channel capacity is achieved by creating a 

receiver that includes different fluorescent fibre concentrators in which each fibre absorbs a different 

wavelength of the light spectrum which, therefore, enables separable communication channels.  

In this chapter, an inexpensive, simple and practical receiver, based on fluorescent optical 

concentrators, is described for its ability to facilitate WDM in the VLC. In section II of the chapter, 

the possibility of using FC for a WDM system is described while a method to evaluate the possible 

cross-talk (H-matrix) is discussed in section III. Section IV then contains the initial characterisation 

of the FCs and the LDs which includes transmission spectra, bandwidth characterisation of fibres and 

the optimisation of the biasing and amplitude voltage of the LDs. In addition to that, the data 

transmission results of the FCs are discussed in section V of this chapter followed by the WDM 

experiments performed on the FCs in section VI. Finally, the results are discussed in section VII and 

section VIII contains the summary of the chapter. 

 

3.1 FC for Wavelength division multiplexing (WDM) 

The selective absorption spectra of different fluorophores within the fluorescent concentrators offer 

the opportunity to employ wavelength division multiplexing (WDM) to further enhance the link 

capacity. However, in a WDM system, to facilitate a reliable communication link, an important factor 

is to separate the data streams carried by multiple wavelengths while maintaining a minimal link loss 

and the lowest possible cross-talk between these data streams. In the past, different techniques were 

employed to counter this challenge of minimising the cross-talks between the channels. One of the 

most popular approaches is the application of different absorbing or reflecting optical colour filters in 

front of each photodetector [101] e.g. individual colour selective dichroic filters are used to separate 

individual WDM data streams which only allows point-to-point applications that restrict the  FOV to 

approximately 25° [101]. Fluorescent concentrators provide much wider FOV and have different 

fibres that have different absorbance peaks which makes them a better choice for WDM systems.  
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3.2 H-Matrix  

In a communication system, if there are multiple transmitters and multiple receivers, the receivers 

may receive a signal which is a linear combination of the signals of all the used transmitters as shown 

in Figure 3.1. Ideally, every receiver should receive a signal from one transmitter only, therefore, in 

an ideal MIMO system, the receiver which is responsive to one wavelength should not be responsive 

to any other wavelength. However, in reality, there might be some leakage of unfavored wavelength, 

which will cause cross-talk. Consequently, the response of each receiver is a linear combination of 

its response to each of the transmitted signals. Mathematically, this means that a column vector of 

received output signal (ROS) values, R, can be calculated from a column vector of transmitted signal 

T via   

R = H.T           (3.1) 

where H is a square matrix, known as the H-matrix, which is ideally an identity matrix. 

 This concept of the H matrix can be applied to a WDM setup with fluorescent fibres to evaluate the 

level of possible interference caused by each fibre. A block diagram in Figure 3.1 shows MIMO-

based systems for the FCs to enable the WDM. For an ideal WDM system, the fibres which have a 

 

Figure 3.1 A MIMO based system for FC based receiver. 
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peak absorbance at one particular wavelength should not absorb any other wavelength. Three 

different fibres at three different transmitters were, therefore, tested to investigate the response of 

each fibre to the three available transmitters.  

[
𝑅𝑥1

𝑅𝑥2

𝑅𝑥3

]   = H[
𝑇𝑥1

𝑇𝑥2  
𝑇𝑥3

]                                  (3.2) 

where Rx1, Rx2 and Rx3 represent the received output from the receiver 1, 2 and 3, whereas, Tx1, T2 

and Tx3 are transmitted signals from transmitters 1, 2 and 3. Furthermore, to investigate the de-

multiplexing capabilities of different receivers in a WDM set-up, the H matrix is used which evaluates 

the cross-talk between the WDM channels [102]. The H matrix of a channel depicts the levels of light 

measured by the photodiodes for each laser diode which eventually indicates the proportions of the 

original data stream and the cross-talk. For an ideal MIMO system, the H matrix should be an identity 

matrix as it indicates zero cross-talk from the unwanted channels.   

When there is crosstalk between channels in a WDM system with multiple fibres-based receivers, a 

particular receiver cannot determine which transmitter is transmitting. This leads to a poor matrix 

condition number, in turn leading to poor performance. For example, the model presented in [102] 

was not an ideal MIMO system. In that paper, two different wavelength absorbing fluorescent 

concentrators were used to build a WDM system. However, in terms of cross-talk, the H matrix 

indicated that the cross-talk was about 30% for both layers, which was not ideal for a WDM setup 

[102]. The matrix presented in [102] is as follows 

[
𝑆𝐶𝑚6

𝑆𝐷𝐶𝑀
] = 𝐻 [

𝑆𝑏𝑙𝑢𝑒

𝑆𝑔𝑟𝑒𝑒𝑛
]             (3.3) 

𝐻 = [
0.91 0.36
0.43 1

]                  (3.4) 

Hence, it was particularly important to do an H-matrix before building a WDM system.  
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3.3 Initial Characterisation  

Ideally, to achieve an entire eye-safe high-speed data rate communication, the optical irradiance at 

the receiver cannot be enhanced beyond a certain limit. Few other methods such as optimisation of 

LD, pre-equalisation [80] and polishing the fibre ends could be utilised to increase the achievable 

data rate without increasing the irradiance at the receiver.  

Consequently, some initial experiments were required for the selection of suitable fibres for the WDM 

experiments which includes absorption spectra, BW measurements, optimisation of the LD and 

polishing of fibre tips. 

3.3.1 Absorption spectra 

As the desirable features for the fluorophore in an FC include a minimum or no overlap between 

absorption spectra. Similarly, for enabling a WDM system with the FC two features are particularly 

important which comprise selective absorption spectra and effective separation and emission of 

multiple wavelengths. 

As explained in the previous section, to construct a reliable WDM link, the key challenge is to 

separate the individual data streams carried by different wavelengths while minimizing link loss and 

cross-talk between these data streams, on the receiver side. To investigate this characteristic the 

easiest method is by studying the transmission properties of the FCs to be used in a WDM channel 

link. Initially, five fibres that absorb different components of the light spectrum were selected for 

their potential evaluation as an FC in the WDM system. Three of these fibres were red, yellow and 

green fluorescent fibres purchased from Nanoptics, whilst the fourth (BCF-20 SC1.00), and the fifth 

were purchased from St Gobain and Kuraray respectively.  
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Each of these fibres except Kuraray1 was, therefore, evaluated for their absorption spectra. Broadly 

categorising the fibres; green and St. Gobain (BCF-20 SC1.00) have strong absorption in the region 

of the blue laser as shown in Figure 3.2. The y axis represents the fraction of light absorbed by the 

fibres at a wide range of wavelengths shown on the x-axis.  

The absorption of the red and yellow fibres, as shown in Figure 3.3, extends into the region of the 

green LD’s emission which creates an opportunity to demodulate the green part of the light. It is 

anticipated that Kuraray fibre has a better absorption at approximately 405 nm. Although the 

absorbance data looks noisy and is not up to the mark as it should be2 , however, they indicate the 

range of the wavelengths that are absorbed.  

Green and St. Gobain fibre have a strong overlap in their absorption spectrum around 450 nm 

wavelength which means they cannot be selected together for a WDM system. As bandwidth plays 

                                                 

 

1 Due to the labs closure due to COVID-19 pandemic, the author was not able to do the absorption spectrum of the Kuraray 

fibre.  
2 unfortunately due to lab closure, the author was not able to repeat these experiments 

 

Figure 3.2 Absorption Spectrum of green fibre and St Gobain fibre. 
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an important role in enhancing the channel capacity, therefore, these results suggest that in these two 

fibres the one with the highest BW shall be selected. Similarly, as green and red both have a peak 

absorption of around 520 nm, to avoid crosstalk between different channels of WDM one fibre has 

to be chosen. Based on the results of absorption spectrums, two fibres that are responsive to two 

different transmitters can be selected. However, it was extremely important to do BW characterisation 

and data transmission evaluation of these fibres for a more logical decision.  

3.3.2 Emission spectrum  

Since the absorption and emission spectra both are fundamentally important for the operation of FC, 

the emission spectrum of the fibres was measured by collecting the light emitted from the edge of the 

fibres. The equipment and the method to perform the emission spectrum experiment has already been 

described in section 2.1. The measured responses of these fibres, as shown in Figure 3.4, showed an 

overlap in the emitted wavelengths of the Saint Gobain and the Green fibre. Both of these fibres have 

an emission peak between 500 nm to 520 nm approximately.  Similarly, as expected the red fibre as 

shown in Figure 3.4 has a peak emission at 650 nm.  

  

Figure 3.3 Absorption Spectrum of Red and yellow fibre.   

 

 

 

 

  

Fig 4.2. Absorption Spectrum of Red and yellow fibre   
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3.3.3 Bandwidth characterisation 

In this experiment, the 3 dB bandwidth of the channel with different fibre concentrators was 

measured. The yellow and the red fibre absorbed the 520 nm light, so a PL520B laser diode (green-

LD) was used as a transmitter. Based upon its power-current-voltage (LIV) characteristics the bias of 

4.6 V and a 1.5 VPP modulation was applied to this laser diode. Similarly, the green and St. Gobain 

fibres absorbed the 450 nm and 405 nm light from a PL450B and an L405P20 LD respectively. Based 

on their LIV characteristics both of these LDs were biased at 4.0 VDC and a peak-to-peak modulation 

of 1.4 VPP. The Kuraray fibre was only responsive to the 405nm in the current set-up, therefore, its 

bandwidth was measured using L405P20 LD.  

 

Figure 3.4  Emission spectra of green, St. Gobain and red fibre. 
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  The frequency response of all three LDs was measured by using 1 GHz detectors (Hamamatsu 

C5658). In these experiments, the AWG was used to modulate the LD with sinusoidal frequencies 

between 1 MHz and 250 MHz. At each of these frequencies, the frequency response was measured 

using the same method as described in section 2.2. Using the relevant laser diodes and bias voltages 

(according to the measured LIV curves of 405 nm, 450 nm and 520 nm LD) the 3 dB bandwidth of 

each of the fibres was measured individually.  

 

Figure 3.5 Bandwidth of Kuraray fibre. 

 

 

  

Figure 3.6 BW of St. Gobain and green fibre. 

 

 

 

 

 

 

  

Fig 4.3. BW of St. Gobain and green fibre 
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  The results show that, as expected from the lifetimes of the excited states in the fluorophores, all of 

these fibres have a single-pole response. The results, in Figure 3.6, show that the St. Gobain and 

Nano-optics green fluorescent fibre have a single-pole response with a 3 dB bandwidth of 80 MHz 

and 50 MHz respectively.  Furthermore, other fibres also have a single-pole response with 3 dB 

electrical-optical electrical bandwidths of 20 MHz (red) and 32 MHz (yellow) and 120 MHz 

(Kuraray)  as shown in Figure 3.5 and Figure 3.7 respectively.  

 

Table 3-1 Transmission and bandwidths of fibres. 

Fibre Peak Absorbance 

(nm) 

Bandwidth 

(MHz) 

Nano-optics Red 520 20 

Nano-optics Yellow 520 32 

Nano-optics Green  450 50 

St. Gobain 405 80 

Kuraray 380 (not confirmed) 120 

 

 

Figure 3.7 BW of the yellow fibre and red fibre. 

 

 

 

 

 

Fig.4.4. BW of the yellow fibre and red fibre 
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Based on the results of the absorption spectrum and bandwidth characterisation of the fibres, shown 

in Table 3-1, the best choice is Kuraray, St. Gobain and green fibres. However, both green and St. 

Gobain fibres have a strong overlap in the absorption spectrum, they both have peak absorptions at 

450 nm, which means they cannot be used together for a WDM system. St. Gobain fibre has 1.6 times 

higher bandwidth than the green fibre whilst their gains are approximately the same. Consequently, 

St. Gobain could be preferred as it can yield a higher data rate at lower irradiance as compared to 

green. However, for making a fair choice both of these fibres were tested for the data transmission 

experiments. Similarly,  the yellow fluorescent fibre (32 MHz BW) has higher bandwidth than the 

red fibre (20 MHz BW), however, its gain was approximately 2 times lower as compared to the red 

fibre. Hence, data transmission experiments were required for a better evaluation of the fibres to be 

used in the WDM system. In addition to that, Kuraray fibre has the largest bandwidth among all the 

fibres. In addition to that, from the initial experiments on Kuraray fibre, it was found that it absorbs 

violet TX more effectively in comparison to green and blue wavelengths, which means there is a fair 

chance of zero cross-talk while using it in a MIMO setup. 

3.3.4 Optimisation of the LDs 

To achieve high-speed data transmission with an LD as a light source it is important to optimise the 

driving conditions of the LD as it impacts the transmission capacity of the LD.  A small change in 

Vpp and Vdc varies the modulation depth significantly which consequently influences the achievable 

 

Figure 3.8 System block diagram to show the experimental setup used to evaluate the performance 

of the lasers at different Vpp and Vbias. 
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data rate [103][104][105]. To achieve the best possible data transmission results at lower irradiance 

it is extremely important to optimise the driving conditions of the laser diodes or LEDs. The impact 

of changes in Vpp and Vbias on the optical power required to achieve a BER of 10-3 for two laser 

diodes; PL520B (green) and L405P20 (violet) which will be used for the WDM experiments has, 

therefore, been investigated. 

 A schematic diagram of the experimental setup used to investigate the impact of varying the peak-

to-peak and a bias voltage of the laser diode is shown in Figure 3.8. In this experimental set-up, a 10 

GHz arbitrary waveform generator (AWG- Tektronix 70000) was used as the transmitter which 

generated a pseudorandom binary sequence (PRBS). The maximum peak-to-peak output voltage from 

the AWG was limited to only 500 mV which was not sufficient to modulate a laser diode, therefore, 

a 2.5 GHz Mini-Circuits amplifier (ZFL-1000H+) was used to amplify the output peak to peak voltage 

signal of the AWG. As shown in Figure 3.8, a 6 dB attenuator (BW-S6 2W263) was added to adjust 

the voltage used to modulate the LD. A 6 GHz Mini-Circuits bias-T (ZFBT-6GW) was then used to 

add a d.c. bias to the output from the AWG. This combined signal from the Bias-T was then applied 

to a PL520 laser diode and L405P20 laser diode which have peak output wavelengths of 520 nm and 

 

Figure 3.9 LIV curve of the blue laser diode. 
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405 nm. These particular wavelength LDs were chosen considering the absorption spectrum of the 

fibres. The irradiance needed to achieve a BER of 10−3 at 1Gbps has therefore been measured at 

different bias voltages.  

Figure 3.12 shows the impact of bias level on BER performances for the violet and green laser diodes. 

By considering the LIV curve of the LDs shown in Figure 3.9, Figure 3.10 and Figure 3.11, the 

 

Figure 3.10 LIV curve of the green laser diode. 

 

 

 

Figure 3.11 LIV curve of the violet laser diode. 
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amplitude voltage swing was maintained at 1VPP (optimized by a quick experiment ) and the bias 

level was increased from 3.8 Vbias to 5.4 Vbias (to avoid the upper limit at 8 Vdc bias voltage which 

could damage the LD). The results show that a small increase in the bias voltage level causes the 

output optical power to increase significantly due to the steep slope in the L-I curve for the lasers. 

[105].  

Therefore, a minor increase in bias level leads to a much better SNR for the receiver side and thus a 

smaller BER [106] [107]. It can be observed from the results, in Figure 3.12, that either the bias 

voltage is lower or higher than the optimal bias voltage, it shrinks the dynamic range is smaller due to 

serious signal distortion. 

 A prominent improvement in the BER can be observed in Figure 3.12 from bias levels 4.4 V and 

5 V. The corresponding measured BER versus Vdc show that a 4.8 Vdc for green LD and 4.2 Vdc for 

violet LD shall be used.   

Furthermore, to determine if BER can be improved by varying the VPP and setting the Vdc constant, 

the d.c. bias voltage on the green laser diode was set to 4.8 Vdc and the ac voltage was varied by 

 

Figure 3.12 BER as a function of Vbias of the green laser diode and violet LD. 
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keeping the data rate at 1.4 Gbps. Initially, the BER decreased with the increase in peak to peak 

voltage as shown in Figure 3.13. However, after the optimum voltage, the BER decreased sharply.  

The VPP associated with the minimum BER was then determined and this value, 1.1 VPP, was 

therefore used in data transmission experiments. Similarly, for the violet LD, the Vdc was fixed to 4.2 

Vdc and VPP was varied at 1.4 Gbps as shown in Figure 3.13. The VPP associated with the various 

BER was then determined, the results shown in Figure 3.13 suggest that for the minimum BER the 

violet LD and green LD should be operated at 0.9 VPP and 1.1 VPP respectively.  

 

3.3.5 Impact of polishing on the performance of the fibre 

Avoiding additional scattering caused by any rough surfaces is key to guiding the emitted light onto 

the detector. There are several ways to minimise the surface roughness on the fibre tip like hot blade 

cutting, fibre polishing, chemical treatments and radiation treatments. However, fibre polishing is a 

far easier and more efficient method to improve the received output voltage without increasing the 

irradiance at the receiver. 

 

Figure 3.13 VPP Optimisation of green LD and violet LD.  

 

 

 

 

 

Fig 4.8 Vpp Optimisation of green LD and Voilet LD  
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The use of scissors to cut the plastic optical fibres (POFs) to their correct lengths caused two main 

issues which needed to be addressed. The shear forces of the scissors changed the cross-section of 

the fibre from circular to elliptical. Moreover, as PMMA (host matrix of the POF) is mechanically 

rather soft, the cut fibre is not square. To resolve these two issues the fibre tip was polished as 

described in the following section. Another benefit of polishing the fibre tips is the reduction of the 

surface roughness leading to improved light detection [108]. Consequently, increased sensitivity of 

the detection system can be achieved allowing for higher SNRs of a communication link.  

To facilitate the polishing process, the length of the fibre was approximately 0.2.mm larger than the 

desired length for the optical setup. The fibre was mechanically held by a holder designed in Fusion 

360 software, shown in Figure 3.14 in which one end of the fibre was glued into the holder to build a 

firm grip. It is important to note here that, after cutting the polymer fibres become extremely soft due 

to mechanical deformations, therefore, the use of adhesive locks the fibre in the holder and prevents 

fibre damage. Moreover, the glue helps to maintain a firm position of the fibre and provides support 

during the cleaving and polishing process. After the application of glue, the adhesive was let to sit for 

a few minutes. Furthermore, the polishing procedure must be performed on a hard flat surface as it 

can otherwise generate uneven polished edges. Hence, once the fibre within the holder was ready to 

use, the polishing procedure was performed on a flat and hard surface of a wooden table.  

             

Figure 3.14 Sheets and holder used for fibre polishing. 
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LF5P sheet with 5 µm grit was used to make the outer coating of the fibre straight. Finally, to obtain 

a further uniform and even surface, an LF1P polishing sheet with 1 µm grit was used. The minimum 

recommended grit for polishing PMMA-based fibres was found to be 1µm [109]. 

According to the measured data, the detected light from a polished fibre tip has a reduced divergence 

as compared to an unpolished fibre tip. This change (at a fixed link distance) could be associated with 

a reduction in surface roughness which consequently leads to an increased detection efficiency as 

more light is guided towards the detector coupled on one edge of the fibre. When the fibre polishing 

was performed, the received output signal (ROS) increased 1.51 times (i.e. the ROS increased from 

70 mVpp to 110 mVpp ) as compared to the unpolished ends at the fixed irradiance of 1 mWm-2. Hence 

it can be concluded that the polished fibre ends connected to the APD, allow higher ROS and SNR 

without increasing the optical irradiance at the receiver.  

3.4 Data Transmission results 

To select the best fibres for the WDM experiments, it was important to perform the data transmission 

experiments on each of them, therefore, the impact of using different fibres as an FC was further 

investigated by sending On-off keying (OOK) signal. Since these fibres have better BW, so a high 

BW system (which consists of all the equipment used) whose detail is listed in  

Table 3-2 was used. The same experimental method for the data transmission experiment described 

in section 2.3 was used for these experiments. However, Since DFE is a nonlinear process (DFE is 

non-linear because the decision circuit is part of the equalizer structure) the number of taps required 

to compensate for the impact of ISI was determined experimentally. Based upon the experimental 

investigation, 40 feed-forward and 20 feed-backwards taps were therefore used for all the data rates. 

For the communication experiments described in this chapter, the irradiance of each LD was initially 

set under-eye safe limits [110] (reference [110] was used for the eye-safe values), however, optical 
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power at the receiver was not enough to fluorescent any fibre except the red fibre which was able to 

transmit 200 Mbps. Therefore the irradiance of each LD was increased to the maximum to investigate 

the maximum achievable data rate through each fibre. The received output voltage signal was not 

measured for these sets of experiments due to the potential impact of saturation of the receiver (as 

 

Table 3-2 Equipment used for the characterisation of three fluorescent fibres for WDM 

experiments used in this chapter 

Equipment  Part number Bandwidth 

AWG Tektronix 70000 10 GHz 

LD PL450B 750 MHz 

LD L405P20 800 MHz 

LD PL520B 800 MHz 

Amplifier DR-AN-20-MO 20 GHz 

Attenuator BW-S6 2W263 26 GHz 

Photodetector C5658 Hamamatsu 1GHz 

Oscilloscope MSOV334A 33 GHz 

 

 

Figure 3.15. Data Transmission results of green fibre and St Gobain 
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much higher optical power from the LD was used). The BER was measured at different data rates for 

each fibre and the results are shown in Figure 3.15, Figure 3.16 and Figure 3.17.  

The BW of St. Gobain fibre is approximately 1.6 times larger than green fibre and their ROS was 

approximately the same. When an intense beam of light from the LD was shone on the Rx, Figure 

3.15 shows that 2.6 Gbps at a BER of 3.8×10-3 (forward error correction threshold) was achieved by 

using St. Gobain fibre, whereas 1.5 Gbps with a BER of 3.8×10-3 was possible through the green 

fibre.  

Furthermore, although the red fibre has a low BW of 20 MHz, the ROS was approximately 3 times 

higher as compared to the yellow (32 MHz) so the impact of BW difference could not yield advantage 

for the yellow fibre. Figure 3.16 shows that 2.4 Gbps was achieved at a BER of 3.8×10-3 (these high 

data rates were achieved at an intense beam from the LD) by using the receiver created with the red 

fibre, whereas, 2 Gbps was achieved with a BER of 3.8×10- 3 when the yellow fibre was used as an 

optical concentrator. These results show that although BW is important, however, according to the 

Shannon Capacity theorem it is the combination of BW and SNR which determines the maximum 

achievable data rate. Furthermore, when the Kuraray fibre was used for data transmission 

 

Figure 3.16 Data Transmission results of red and yellow fluorescent fibres 

 

 

 

 

 

 

Fig.4.11. Data Transmission results red and yellow 
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experiments, a very small amount of fluorescence of the Kuraray fibre, a small output voltage signal, 

therefore, only 700 Mbps at a BER of 3.8×10-3, as shown in Figure 3.17 was achieved. It is important 

to note here that the transmitter power was increased to maximum. This lower data rate was 

particularly due to lower ROS. 

Therefore, red and St. Gobain fibres were selected from the two groups based on their better 

performance in data transmission experiments, whereas Kuraray fibre was chosen because of its 

effectively better absorption at 405 nm as compared to 450 nm and 520 nm wavelengths (which 

means lower chances of cross talk or interference). 

3.5 Experimental Set-up for WDM experiments 

The WDM data link consisted of the WDM fluorescent fibre concentrators coupled to a detector 

(APD) placed at a link distance of 30 cm from an optical transmitter. The experimental setup along 

with equipment detail has already been described in section 3.4 All three fibres were tested 

independently with the three laser sources (405nm, 450nm and 520 nm) to evaluate the H-matrix.  

For a fair comparison, it was mandatory to investigate the ROS of each TX at a fixed irradiance, 

therefore, all the laser diodes were, therefore, operated at 100 mWm-2. The ROS of all three fibres 

 

Figure 3.17 Data Transmission results of Kuraray fibre 

 

 

 

 

 

Fig.4.12. Data Transmission results of Kuraray fibre 
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against the three LDs was measured at the fixed irradiance and the results are shown in Table 3-3. 

The table suggests that, for the red fibre, about seven times more light is collected by the photodiode 

when the FC was shone by the green LD as compared to the blue LD. Similarly, for the green LD, 

approximately 11 times more light was collected by APD as compared to the violet LD.  

Table 3-3 The receiver output signals (ROS) from different combinations of fibres and laser 

 

Fibre Laser diode transmitter Irradiance (mWm-2) 

ROS (mVPP) 

averaged 

 ROS/ 

Irradiance  

Red L405P20 (405 nm) 100 1.82 0.018 

Red PL450B (450 nm) 100 2.90 0.029 

Red PL520B (520 nm) 100 28.14 0.281 

St Gobain L405P20 (405 nm) 100 22.65 0.227 

St Gobain PL450B  (450 nm) 100 23.16 0.232 

St Gobain PL520B  (520 nm) 100 1.02 0.010 

Kuraray L405P20 (405 nm) 100 0.00 0.00 

Kuraray PL450B  (450 nm) 100 0.00 0.000 

Kuraray PL520B  (520 nm) 100 0.00 0.000 

Kuraray L405P20 (405 nm) 790 19.42 0.025 

Kuraray PL450B  (450 nm) 3100 0.00 0.000 

Kuraray PL520B  (520 nm) 2100 0.00 0.000 
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Furthermore, for St. Gobain fibre, the APD absorbs approximately 1.4 times more light with the blue 

LD as compared to violet LD as shown in Table 3-3, while For the green LD, it is 30 times less 

compared to the blue LD.  

Unfortunately, no received output signal was detected when Kuraray fibre was coupled to the APD 

at the irradiance of 100 mWm-2 regardless of the laser source being used as shown in Table 3-3. To 

investigate the performance of Kuraray fibre for scientific purposes the irradiance was increased 

beyond 100 mWm-2 taking safety precautions and covering the whole coverage area of LD. A pair of 

collimating lenses (ACL1210U) were used to create a highly focussed beam for shining on the 

Kuraray fibre. The results in Table 3-3 show that even at very high irradiances from the three LDs, 

Kuraray was only responsive to 405 nm with a very low optical gain, which could cause a huge 

difference in the data rate among the different fibres.  Unfortunately, the performance of Kuraray at 

405 nm was worse than that of St Gobain at 405 nm. 

If the column vector of receiver outputs is the responses of the red, St Gobain fibre and Kuraray fibre 

and the column vector of transmitter signals is the signals from the 520 nm laser diode, the 450 nm 

laser diode and the 405 nm laser diode then the data in the last column of Table I means that the H 

matrix is   

H = [
0.281 0.029 0.018
0.010 0.232 0.227

0 0 0.025
]         ( 3.5) 

 

The H matrix indicates the levels of fluorescent light measured by the photodiodes, for each LD. 

The Kuraray fibre was included in the experiments because it has a relatively large bandwidth and 

the Shannon-Hartley Theorem suggests it will support a high data rate. However, the diagonal 

elements of this H matrix show that it has a significantly smaller output signal than the other fibres 

when exposed to the same irradiance. This relatively weak response could be accommodated by using 

a higher irradiance at the receiver from the 405 nm transmitter. However, this would cause a 

significant amount of interference in the St Gobain fibre. When also taking into consideration the 
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added cost of supporting three channels, a two-channel system may be a better option. If the two-

channel system uses 450 nm and 520 nm transmitters and a receiver containing a St Gobain and a red 

fibre then the normalised H Matrix would be  

 

H = [
1 0.103

0.043 1
]                                           (3.6) 

 

Consequently, the interference between these two channels is less than a third of the interference 

suffered by the two channels in the previous fluorescence-based WDM receiver [101]. More 

importantly, an important characteristic of any communications system is the achievable bit error rate 

(BER) and when forward error correction is employed the BER needs to be less than 3.8×10-3.  This 

BER corresponds to a signal to noise ratio of approximately 3. Consequently, assuming that the 

irradiance from the two transmitters at the receiver is equal, the interference between these two 

channels will be negligible compared to the existing noise.     

    Surprisingly, although the bandwidth of the St Gobain fibre is four times the bandwidth of the red 

fibre the larger ROS of the red fibre means that they can support comparable data rates. In particular, 

the maximum achievable data rates for the St. Gobain and red fibres are 2.6 Gbps and 2.4 Gbps. The 

similar data rates and negligible interference between the two channels mean that using WDM should 

double the data rate that can be supported. 

3.6 Results and discussions 

It can be seen from Table 3-3, that different WDM fluorescent concentrators have different impacts 

on the interferences. Kuraray fibre was illuminated with a highly focussed beam of 405 nm LD, a 

small output voltage signal was obtained and the fibre did fluorescence. However, the collection 

efficiency of Kuraray fibre was not very good, it only collected 1/10th of the signal, as compared to 

the other fibres which means to use the Kuraray fibre in this WDM system, a very high irradiance 

(approx. 1000mW/m2) would be required for data transmission.            
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It is important to note here that according to the IEC 62471:2006 safety standard, the blue light hazard 

limits the permissible irradiances at wavelengths less than 520 nm [110]. The results described in  

[110] show that green light is 8 times safer than violet light and it is 10 times safer than blue light. 

This allows more irradiance of 520 nm wavelength as compared to 405 nm and 450 nm wavelengths. 

Hence, due to a significantly larger power from the transmitter, the red fibre receives 8 times more 

green light from the 520 nm LD which consequently leads to a much larger ROS and hence a higher 

data rate. This difference in terms of collection efficiency advocate that Kuraray fibre is not an ideal 

choice for this WDM system. However, it might be a better option for those applications where 

interference from other sources is a problem and irradiances above the eye-safe limits are permissible. 

Furthermore, for a MIMO system, in light of the H Matrix, it can be concluded that St. Gobain and 

red fibre with a 450 nm and 520 nm laser diode would be better choices. The H matrix with these two 

materials (St. Gobain and red fibre) is close to ideal. Although both fibres have a massive difference 

in the BW, however, due to the much larger ROS of the red fibre, the maximum achievable data rates 

for St. Gobain and red fibres are very close i.e. 2.6 Gbps and 2.4 Gbps respectively, which means that 

the implementation of WDM will be helpful in further increasing the capacity of the channel. 

3.7 Summary: 

The experimental study described in this chapter helps in the selection of the most beneficial type of 

fluorescent fibre for a WDM system. Furthermore, this chapter presents an inexpensive, novel, 

compact yet simple and efficient receiver, which could enable WDM with a very large FOV and high 

gain as compared to the optical filters. Results of initial testing for a WDM system are discussed 

which include the study of transmittance properties and the frequency responses of the fibres along 

with the optimisation of the LD. Furthermore, it was demonstrated that the gain of the fibre was 

increased by 1.51 times when the edge of the fibres were polished by using polishing papers.  

Three fibres that have a peak absorption at 520 nm, 450 nm and 405 nm were selected for a WDM 

setup. The receiver created by these fibres outperforms the challenges created due to the limited FOV 
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caused by using optical filters. H matrix of these fibres is close to the identity matrix, which means 

fluorescent fibres maintain minimum cross-talk combined with a large FOV. Unfortunately, the 

smaller optical gain of Kuraray shows a very high irradiance requirement for the WDM system as 

compared to the red and the St. Gobain fibre. Results of experiments have been presented which show 

that if two selected fluorescent fibres are incorporated into a receiver the interference between the 

two channels would be negligible compared to the existing noise. The result is expected to be a 

doubling of the achievable data rate by creating a 2 × 2 MIMO system by using the red and St. Gobain 

fibres.   

Furthermore, this investigation opens an opportunity for spectrally efficient fluorescent concentrator-

based receivers for a WDM system that could be integrated into the smartphone and other smart 

devices in the future. In addition to that, it was demonstrated experimentally that the optimum choice 

of fibre is fundamentally important for an efficient WDM system, therefore, FC could genuinely 

enable practical WDM VLC receivers.  
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4 A wide field of view concentrator for a smartphone 

 

An important aim while designing a receiver for the VLC is to achieve a particular data rate with the 

lowest possible optical irradiance at the receiver [111]. However, field-of-view is also important to 

ensure connectivity, particularly in devices such as smartphones. The constantly changing orientation 

of the smartphones in the hands of a mobile user means that the connection links are vulnerable. Due 

to growing mobile users, the importance of the directionality of the receiver is even higher [112][113]. 

However, due to rapidly increasing users, it will be difficult to address the challenges of future mobile 

phone users [114]. Previously, an omnidirectional configuration was proposed to increase the 

robustness of the link to a smartphone [115]. However, this solution employed several transceivers 

which not only increases the complexity of the system but also enhances the power consumption and 

cost.   

A VLC receiver that includes a fluorescent optical fibre acting as an optical concentrator for a dummy 

smartphone has been described. In this chapter, it is shown how an FC-based receiver could be 

incorporated into the front edge of even the thinnest smartphone. The results of experiments of data 

transmission are presented which show that it is possible to transmit 1.1 Gbps with a BER of less than 

the FEC limit of 3.8×10-3 to the receiver at a wide angle of ±120°. The most important result which 

is described is that the receiver has a wide field of view of ±120° in one direction which is the largest 

reported FOV for the FCs for a smartphone application.  

The chapter is organized as follows; Section I contains a brief overview of related work and the 

importance of the need for a wide FOV in optical wireless communication to ensure connectivity.  A 

fluorescent fibre-based receiver for a smartphone is described in section II, along with the description 

of the equipment used for the experiments. Moreover, the results of the initial characterisation of the 

fluorescent fibres which includes the measurement of the field of view are included in section III. 
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Section IV then contains a description of the results of three different data transmission experiments 

performed at different angles of incidence and the maximum achievable data rates followed by the 

summary of the chapter.    

4.1 Importance of an Omni directional FOV in VLC 

    While designing a receiver for optical communication one of the most important aim is to achieve 

the highest possible data rate at a particular BER (lower than FEC limits) by using the lowest optical 

irradiance at the receiver. However, usually, these receivers have a relatively smaller collection area 

which means that there is a constant struggle in the light collection and coverage capabilities of the 

receiver. Hence, for a mobile user, the coverage mobility support and constant connection switching 

among multiple access points are the problems that need to be addressed [114]. To solve this problem, 

multiple studies on handover (HO) and load balancing in optical channel links have been presented 

[115]. 

A recent study [116] presented an omnidirectional receiver for a mobile phone user. It was presumed 

that the normal orientation of the smartphone in the hands of the user is usually slightly tilted while 

its orientation constantly keeps on changing in random directions. Furthermore, along with this 

  

Figure 4.1 Omnidirectional UE configuration for a smartphone presented in [116].  
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random orientation, multiple factors such as link blockage and variations in the user position may 

occur. Consequently, these movements result in unreliable link connections for mobile users.  

To ensure connectivity in a smartphone, it is important that the receiver in a smartphone is designed 

to support robust links, irrespective of the random orientation of the smartphone [114]. The suggested 

model in [116], shown in Figure 4.1, was aimed to improve the coverage and angular diversity. 

The simulation results of four different cases discussed in [116] suggested that when a single detector 

was used as a receiver at the top end of the smartphone, the range of coverage probability lies between 

40% and 70%. However, when six detectors, shown in Figure 4.1, were used to create an 

omnidirectional receiver, the coverage varies between 80% and 95%. More importantly, the 

maximum achievable data rate increased by 50%. However, there are a few important disadvantages 

of the proposed omnidirectional configuration such as it needed six transmitters and six receivers 

which increased the power consumption along with the complexity and the cost of the system [116]. 

In chapter 2 of this thesis, it is described how an inexpensive fluorescent fibre could be utilised to 

create an optical receiver to increase the coverage area of the receiver without losing SNR. These 

fluorescent fibres can also be incorporated into smartphones to provide wide FOV and a higher SNR. 

One important feature of these fibres is that they are considerably thinner and can be as long as 

required which helps them to fit into the edge of thin smartphones. Furthermore, these fibres are not 

limited by etendue which means that they can have both a wide field of view and a significant gain 

at the receiver.  

4.2 Fluorescent concentrators in a dummy smartphone 

     A 150 mm × 75.7 mm × 8.3 mm dummy smartphone was designed in Fusion 360 software. These 

dimensions were selected according to the latest phone available on the market at the time of 

experiments, therefore, these dimensions are the same as of iPhone XR. However, unlike a real 

smartphone, this dummy phone has two small pillars at one end. In addition to that, each of the two 
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pillars contains a hole of 1.11 mm in diameter. These holes were created to thread the fibres at the 

top end of the smartphone as shown in Figure 4.2.  

   The first experiment which was performed on this setup was the confirmation of BW of the Saint 

Gobain fibre. The method along with the equipment used for the BW experiment is already described 

in the previous chapter (section 3.4.3). The results, in Figure 3.6, show that this fluorescent fibre has 

a single-pole response with a 3 dB bandwidth of 80 MHz, which is significantly higher than the BW 

of most of the state of art APDs with an active area of more than 1.5 mm2.  

 In the experiments reported in this chapter, a blue wavelength absorbing fluorescent fibre from St. 

Gobain (BCF-20 SC1.00) with a diameter of 1.1 mm was threaded through the two holes in the 

dummy smartphone. This fibre was chosen due to its higher bandwidth (discussed in section 3.4.3) 

along with better light collection efficiency as compared to the other available fibres. Although the 

choice is not important to demonstrate the FOV, however, for the data transmission experiments 

described later in this chapter, both the bandwidth and light collection efficiency play a critical role. 

As the St. Gobain fibre has maximum absorption at blue (described in section 3.3.1), therefore, a 

PL450B 450 nm laser diode (LD) was used as the transmitter.  

  

Figure 4.2  Structure to hold the fibre concentrator coupled to the dummy smartphone. 

 

 

 

 

 

 

  

Fig.3. Structure to hold the fibre concentrator coupled to the dummy smartphone. 
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The holes in the dummy smartphone were created in a position, that they hold the fibre 5 mm from 

the body of the smartphone. Moreover, the holes were positioned so that the centre of the fibre which 

has a diameter of 1.11mm was located in the middle of the 6 mm dimension (across the width) of the 

dummy smartphone. This fibre position was selected so that the FOV of the fibre covered the fields 

of view of the two receiver configurations presented in [116]. In the configuration presented in [116], 

two transceivers were deployed on the top and front faces of the smartphone, as these two faces are 

most likely to be visible to the different access points of a mobile user.  

The smartphone with the receiver module was then mounted on the rotation stage with the help of a 

post (TR3-Thorlabs) as shown in Figure 4.2. While designing the experimental set-up to measure the 

FOV of the fibre in the dummy smartphone, it was important to maintain an intact coupling between 

one end of the fibre and the APD photodetector in multiple orientations. A slight change in the 

alignment could cause a major impact on the results which means the fibre and APD unit should be 

so robust that they can be held in any possible orientation without any misalignment. To fulfil this 

requirement four TR4 posts from Thorlabs were used to construct a structure, shown in Figure 4.2, 

which keeps the centres of both APD and the fibre along the axis of rotation of Thorlabs PR01 rotation 

Table 4-1 Details of the experimental equipment used for characterising the Saint Gobain fibre 

concentrator in a smartphone set-up 

Equipment Part number Bandwidth (GHZ) 

AWG Tektronix 7000 10  

APD Hamamatsu C5658 1  (biased with 5 VDC) 

Oscilloscope Agilent MSO9254A 2.5  

Amplifier Mini-Circuits ZFL-2500VH+ 

amplifier 

2.5 (biased with 15 VDC) 

Attenuator Mini-Circuits  BW-S6 2W263 26  

Bias T Mini-Circuits  ZFBT-4R2G 4.2  
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stage (this structure eliminates any chances of misalignment). The whole receiver unit was mounted 

on the rotation stage to measure the FOV of the receiver.  

4.3 Measured FOV of the FCs in a dummy smartphone setup 

The first experiment performed with this equipment was to determine the FOV of the receiver (RX). 

To measure the FOV, the angular positions of the RX were changed by increments of 10° and the 

corresponding received output peak to peak voltages at 1 MHz were recorded. To improve the 

accuracy of the results, and ensure that they were reliable, the FOV experiment was repeated twice 

for a full rotation of 360°. 

The detail of the equipment used for the experiments described in the Chapter is included in Table 

4-1. The APD was coupled at one end of the fluorescent fibre which was once arranged in the system 

and goes on the top edge of the FC as shown in Figure 4.3. This APD was chosen to make sure that 

it has higher BW than the fibres and has a higher responsivity in the emission range of the available 

fluorescent fibres. It is important to note here that the diameter of the active area of the APD is only 

0.5 mm2 (with 1 GHz BW) which means that a precise alignment between the fibre and APD is 

fundamentally important. A slight misalignment results in a huge impact on the measurement results, 

therefore, the structure which held fibre and the APD was made robust. The APD was connected to 

  

Figure 4.3 Photo of the optical link created to characterise the FC in a dummy smartphone 

setup. 
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the oscilloscope. This oscilloscope was used to capture the received output signal (ROS) from the 

APD at different orientations (angles).   

     Another important requirement for the experiments described in this chapter was to ensure that 

light could not enter the APD directly from the LD. A 3D printed cover that has a hole of 1.1 mm 

diameter was therefore included in the setup. This cover was coupled in between the fibre and the 

APD so that when the fibre was inserted into this hole the centre of the fibre was located directly over 

the centre of the APD. In this way, the only light that could get detected by the photodetector was the 

light emitted from the edge of the fibre. Furthermore, before doing FOV measurement, it was ensured 

that the beam is uniform by adding the diffusers and aspheric lenses (explained in chapter 2) in front 

of the LD.  

The results, in Figure 4.4 show that by adding the fluorescent fibre to the dummy smartphone, the 

FOV of the RX was found to be ±120°. Moreover, there is a sharp dip in the received voltage signal 

at the angles from 120° to 240°, this is because the line of sight between the transmitter and the fibre 

is partly blocked by the thickness of the dummy mobile phone body. At these particular angles, most 

 

Figure 4.4 Measured field of view of the fibre concentrator coupled to the dummy smartphone. 

 

  

 

 

 

 

  

Fig.3. Measured field of view of the fibre concentrator coupled to the dummy smartphone. 
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of the light from the transmitter was unable to reach the fibre i.e. the body of the smartphone was 

blocking the incident light from the transmitter. This suggests that in the future when the body of the 

smartphone is expected to be thinner, the FOV would be even larger. This creates an opportunity for 

the receivers that use fluorescent fibres and it means they will have even wider fields of view in the 

further thin smartphones that will be launched in the near future. This ±120° FOV ensures the 

connectivity for a wide range of user movements and this concept could be further applied to different 

handheld devices.  Moreover, with a wide FOV of 240° in one direction, the effects of user movement, 

user device random orientation, and link blockage will be small. 

4.4 Communication Performance 

In order to achieve a more realistic communication link, it is particularly important to use a receiver 

with a wide FOV so that the problems like user blockage, receiver’s random orientation and enhanced 

mobility could be solved. The proposed dummy smartphone configuration is expected to significantly 

improve the communication performance with better coverage at different angles of orientations of 

smartphones. It was, therefore, important to investigate the data communication performance of this 

receiver in an optical link. In the subsequent experiments, three data transmission experiments were 

performed to evaluate the benefits of the receiver.  

4.4.1 Maximum achievable data rate when the FC was used in a dummy smartphone at 0° 

The impact of the changes in peak to peak output voltage for the FOV experiment was investigated 

by determining the relationship between the peak-to-peak voltage at the output of the receiver and 

the On-Off keying (OOK) data rate, The modulated light from the LD was then directed towards the 

receiver. For the communication experiments described in this chapter, the same method which was 

described in chapter 2 was used. For these experiments, the output from the LD was diffused with the 

help of diffusers and a polarizer to create a uniform beam on the FC, whose maximum irradiance was 

2.5 mWm-2 at the receiver. 
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The received output signal was measured at different data rates with a BER of 1×10-3. For this 

purpose, to vary the ROS, the irradiance at the RX was varied by covering the length of the fibre and 

by changing the angles of the polariser. A polariser was used because it provides an efficient way of 

varying power which does not have an impact on the modulation BW of the channel. However, as 

the BER is extremely sensitive to the SNR, therefore, in a few cases the change of angle of the 

polariser was not sufficient to obtain a BER of 1x10-3 exactly. Hence, in those cases in addition to 

changing the angle of the polariser, different lengths of fibre were also covered/shadowed to evaluate 

the implications of the angle dependence of the received output voltage signal from the receiver. At 

the irradiance of 2.5mW/m2.  When the full length of the fibre was illuminated and full the irradiance 

coming from the polariser was set to maximum, a data rate of 1.1 Gbps was achieved with a BER of 

10-3 as shown in Figure 4.5. The vertical axis in Figure 4.5 represents the data rate normalised by the 

3-dB bandwidth of Saint Gobain fibre (BW- 80 MHz). An interesting feature of these results is that 

the data rate increased linearly with the increase in the received signal as shown in Figure 4.5.  

 

Figure 4.5 The voltage needed to support various data rates normalized by BW with a 

BER of 1×10-3 
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4.4.2 The maximum achievable data rate when FC was used in a dummy smartphone setup 

at a wide FOV of 120° 

The results of FOV experiments, in Figure 4.4 suggests that the worst performance occurred at the 

highest angles. To evaluate the communication performance of the RX, the angle between the receiver 

and the transmitter was, therefore, set at 120° and the data transmission experiments were performed. 

In these experiments, the data rates varied between 600 Mbps and 1.1 Gbps, and the corresponding 

BER was measured. The results in, Figure 4.6, show that as expected at lower data rates the BER was 

smaller, however, it deteriorates as the data rate increases. More importantly at this large FOV of 

120°, a data rate of 1.1 Gbps was achieved at a BER of 3.7× 10-3 with DFE. This means that at 

1.1 Gbps the BER is under the threshold of the forward error correction (FEC) so these errors can be 

corrected.  

4.4.3 The BER performance at a fixed data rate and a different angle of incidences 

To investigate the impact received output voltage signal in regards to changing the relative orientation 

of the dummy smartphone and the transmitter, the data rate was fixed at 1.1 Gbps. The angle between 

 

Figure 4.6 Bit error rate measured against different data rates at a wide angle of 120°. 
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the receiver and the transmitter was then varied while the corresponding BER was measured. The 

results of these experiments, in Figure 4.7, showed the expected symmetry, i.e. the lowest BER of 

1.8×10-3, was obtained when the dummy smartphone was directly in front of the transmitter. As the 

angle between the transmitter and the normal to the front of the dummy smartphone increased, as 

expected from the results of FOV experiments, Figure 4.4, the receiver output voltage signal reduced 

which consequently lead to a higher BER. The BER dropped significantly at 70° transmitted signal 

from the transmitter was mostly blocked by the body of the dummy smartphone, which means that a 

very limited amount of light was reaching the FC and eventually the photodetector. However, at a 

very large angle of 120°, as shown in Figure 4.7, the BER remained less than the forward error 

correctable limit of 3.8×10-3.  If the BER is used to define the field of view of the receiver, it could 

be interpreted that this receiver has a FOV of ±120°.  

 

Figure 4.7 Bit error rate measured against the angle of the RX at a fixed data rate of 1.1Gbps. 
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 The results presented in [116] showed that the field of view in the orthogonal direction was ±40° 

which means that the receiver proposed for a smartphone in this chapter has approximately three 

times larger FOV as compared to the previous results reported in [116].  

4.5 Summary 

Recently it has been pointed out that a major challenge that might prevent the deployment of VLC to 

smartphones is the unpredictable orientation of a smartphone held by a moving user. To overcome 

this particular challenge, an omnidirectional receiver that incorporates several detectors in a 

smartphone was proposed. Moreover, the configuration with the best results needed six receivers, 

which could cause a significant increase in power level consumption and costs. To address this 

challenge an inexpensive and simple receiver created from a fluorescent fibre concentrator for a 

smartphone is proposed in this chapter. It has been demonstrated how a fluorescent fibre could be 

incorporated into the smartphone to create receivers with a FOV of ±120ͦ°.  

Furthermore, the results of data transmission experiments are presented which show that by using the 

fluorescent fibre as a receiver in a smartphone and at an irradiance of 2.5 mWcm-2 it was possible to 

transmit 2.3 Gbps with a BER that is below the forward error correction limit. However, the maximum 

achievable data rate depends upon a variety of factors, such as angle of incidence and the irradiance, 

therefore, the results of the data rate achieved a FOV of 120° and the relation of BW and irradiance 

was also discussed. At a wide FOV of 120°, 1.1 Gbps was achieved with a BER less than FEC limits. 

Further work is now required to exploit the various opportunities created by these thin receivers with 

extremely wide fields of view.
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5 Predicting the OOK data rate achievable with fluorescent 

concentrators 
 

In order to select the best fibre to use as an FC, the most challenging factor of all is that when the 

optical concentrator is a fluorescent optical concentrator it has an ability to change both the received 

output voltage (ROS) at the receiver and the bandwidth of the channel link. In contrast to optical 

concentrators like CPC and PC, the FC has a trade-off between ROS and bandwidth, a method is, 

therefore, required that predicts the impact of changes to both ROS and bandwidth. 

If the bandwidth of the FC is larger than the existing VLC channel then the 3 dB bandwidth of the 

VLC channel will remain the same. In these circumstances, the FC will simply increase the ROS. 

Alternatively, when the bandwidth of the fluorescent fibre is less than the bandwidth of the existing 

VLC channel an increased data rate can still be obtained if the increase in ROS compensates for the 

reduction in the channel bandwidth. Most importantly, achieving data rates significantly higher than 

four times a fibre’s 3 dB bandwidth requires large increases in ROS. When selecting a fluorescent 

fibre, or a fluorophore that might be incorporated into an FC plays an important role in determining 

the ROS and bandwidth 

In this chapter an equation for the SNR needed to support decision feedback equalization (DFE) at 

different data rates [95] is used as the starting point for a numerical method of determining the 

relationship between increases in the (ROS) obtained by using an FC and ratio between the achievable 

OOK data rate and the bandwidth of the FC.  Section-I contains the derivation of equations related to 

signal-independent and signal-dependent noise. The accuracy of this method is confirmed using the 

results of experiments with one FC, which was later validated by two more fibres independently. In 

section two of this chapter, the experimental results are also compared with two equations that 

approximate the results from the numerical method. In addition to being a convenient way to estimate 
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the benefits of including an FC in a receiver, these equations emphasise the importance of the 

bandwidth of the FC. The impact of changing the FCs bandwidth is then investigated using two other 

FCs. Furthermore, the impact of these results on the selection of fluorophores, or existing fluorescent 

fibres, for use in FCs is discussed. Furthermore, an analysis to investigate the dominant source of the 

noise present in the optical link is described followed by a brief summary in the last section.  

5.1 Derivation of the relationship used for predicting data rate 

 

The starting point for deriving a relationship between the received output signal (ROS) and OOK data 

rate and predicting the impact of the FC’s bandwidth is the SNR needed when a decision feedback 

equalizer (DFE) is used which is [95] 

 

𝑆𝑁𝑅𝐷𝐹𝐸 =
2𝐸𝑠

𝑁𝑜
exp {

1

𝑓𝑠
∫ ln [𝑌(𝑓)]𝑑𝑓

𝑓𝑠
2

−
𝑓𝑠
2

}                                   (5.1) 

 

where Es is the received energy per symbol and N0/2 is the variance of the Gaussian distributed noise 

[95]. In addition, 

 

𝑌(𝑓) = ∑ |𝑆(𝑓 − 𝑛𝑓𝑠) 𝐻(𝑓 − 𝑛𝑓𝑠)|²∞
𝑛=−∞                                   (5.2) 

 

in which S(f) is the Fourier transform of the signal and H(f) is the frequency response of the channel. 

If the signal is OOK data, which is a sequence of rectangular pulses with a bit rate of fs sampled at 

one time per bit then  

 

𝑆(𝑓) = sin(𝜋𝑓 𝑓𝑠⁄ ) (𝜋𝑓/𝑓𝑠)⁄                                      (5.3) 
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When the channel’s frequency response is characterized by a single pole, such as that created by the 

FC, then 

𝐻(𝑓) = (1 + 𝑗𝑓/𝑓3𝑑𝐵)−1                                             (5.4) 

This definition of H(f) and equation 5.2 mean that the results obtained from equation 5.1 depend upon 

the ratio fs/f3dB. In addition to that, since fs is the OOK data rate, therefore, this is the ratio of the data 

rate to the bandwidth in equation 5.4. Hence, the results obtained from equation 5.4 are represented 

as a function of the ratio between the OOK data rate and the 3 dB bandwidth of the channel.  

The power penalty that occurs when transmitted OOK data across a channel with a single-pole 

response has been determined by using equation 5.2 to equation 5.4 to evaluate the power penalty 

𝑃𝑃𝐷𝐹𝐸 = exp {
1

𝑓𝑠
∫ ln [𝑌(𝑓)]𝑑𝑓

𝑓𝑠
2

−
𝑓𝑠
2

}                                (5.5) 

When the data rate is less than the 3dB frequency the power penalty is small. However, it rapidly 

increases once the data rate is larger than the 3 dB bandwidth.  

     Another factor that causes power penalty in a receiver is the bandwidth limiting filter integrated 

into them, which is incorporated to limit the bandwidth of noise. There is a variety of different types 

of filters, which could be used for this purpose, however, their probable impact on the power needed 

to transmit data can be represented by filters whose responses take the form  

𝐻(𝑓) = (1 + 𝑗𝑓/𝑓3𝑑𝐵)−p                                (5.6) 

where p is the number of identical poles used to create the filter. In order to avoid power penalty, the 

filter’s characteristic frequency should be higher than the transmitted OOK data rate. However, the 

main question here is how large the filter’s BW should be. If the BW of the filter is much larger that 

the signal waveform remains undistorted, and results in a lot of noise which contributes to the reduced 

sensitivity of the receiver. Alternatively, if the filter’s BW is narrow to filter the noise, the signal 
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distortion called ISI will occur. Similar to noise the ISI also reduces the sensitivity of the receiver. 

Due to these two factors, typically an optimum 3dB BW value of the filter is set to 60 to 70 % of the 

BER i.e. BW3dB ≈ 0.6BER…0.7BER [119][120][121].  

2Es/N0 in equation 5.1 shows that the measure of SNR is the ratio of the received energy per bit and 

the variance of the Gaussian noise. However, this is not the only way to calculate the signal to noise 

ratio (described in Chapter 1). Generally, for Gaussian noise, if the threshold used to determine the 

transmitted bit at each sample time is optimal, then the bit error rate (BER) is calculated by using 

equation 1.2. 

Equation 1.2, shows that the measure of the Q parameter, that is most directly related to the BER is  

𝑄 =
𝑣𝑠

𝑃𝑃

𝑣𝑛𝑜𝑖𝑠𝑒,0
𝑟𝑚𝑠 +𝑣𝑛𝑜𝑖𝑠𝑒,1

𝑟𝑚𝑠               (5.7) 

where the numerator is the peak-to-peak voltage difference between the average receiver output 

voltage signal when a zero and a one are transmitted [118] and the denominator is the sum of the root 

mean square noise when a zero is transmitted and a one is transmitted. Furthermore, in some 

conditions, particularly, when a fluorescent concentrator is involved, this SNR is more easily 

determined experimentally due to larger resulting ROS.  

In particular, if the OOK data rate is D and fs=D then changing the measure of SNR to Q in equation  

5.1 leads to 

 

𝑄(𝐷)  = Q(𝐷𝑟𝑒𝑓) exp {
1

D
∫ ln [𝑌(𝑓)]𝑑𝑓

D

2

−
D

2

}       (5.7) 

 

where Q(D) is the value of Q needed to support an OOK data rate of D and Q(Dref) is the Q value at 

a data rate at which the DFE power penalty equals one. Alternatively, the BER at a convenient data 

rate can be measured after the decision threshold has been optimized and then equation 1.2 means 
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that if the value of  𝑅𝑂𝑆 is known, then it is possible to determine the denominator of Q in equation 

1.3. 

It is important to note that as the irradiance at the receiver is a direct measure of ROS, therefore, in 

order to determine a relationship between OOK data rate and the irradiance at the receiver, it is 

essential to consider all the changes to noise at the receiver output. Generally, a noise filter is added 

to improve the performance of the receiver, however, it is important that the bandwidth of the noise 

filter is higher than the data rate to avoid a significant power penalty. Hence, an ideal receiver has a 

bandwidth higher than the desired data rate. 

If the dominant source of noise is independent of signal (ROS) and has a uniform power spectral 

density then the denominator in equation 1.3 will be proportional to the square root of the bandwidth 

of this filter, and hence the data rate.  Under these conditions 

ROS(𝐷)

(sigma0+sigma1)√𝐷
=

ROS(𝐷𝑙𝑜𝑤)

(sigma0+sigma1)√𝐷𝑙𝑜𝑤
𝑃𝑃(𝐷)       (5.8) 

which can also be written as  

𝑅𝑂𝑆(𝐷) = ROS(𝐷𝑙𝑜𝑤)
√𝐷

√𝐷𝑙𝑜𝑤
𝑃𝑃(𝐷)      (5.9) 

In some situations, it may not be possible to determine the performance of a system at a low data rate 

or information may already be available at a particular data rate. If information is known a particular 

data rate is Dknown then the received output signal (ROS) needed to support a data rate D is 

𝑅𝑂𝑆(𝐷) = 𝑅𝑂𝑆(𝐷𝑘𝑛𝑜𝑤𝑛)
√𝐷×𝑃𝑃(𝐷)

√𝐷𝑘𝑛𝑜𝑤𝑛×𝑃𝑃(𝐷𝑘𝑛𝑜𝑤𝑛)
       (5.10) 

 

 If the dominant noise source is thermal noise in the receiver or shot noise from ambient light only 

then the noise signal independent model will be valid. However, in some conditions, the noise in a 

receiver is dominated by shot noise from the transmitter.  In that case,  the noise at each data rate is 

proportional to the square root of the product of the data rate and ROS. 
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In this case  

𝑅𝑂𝑆(𝐷) = 𝑅𝑂𝑆(𝐷𝑘𝑛𝑜𝑤𝑛)
𝐷×𝑃𝑃2(𝐷)

𝐷𝑘𝑛𝑜𝑤𝑛×𝑃𝑃2(𝐷𝑘𝑛𝑜𝑤𝑛)
        (5.11) 

The results obtained by evaluating (5.10) and (5.11), for a channel with a single-pole response are 

shown in Figure 5.1, in this figure the power penalty when the data rate equals the 3 dB frequency of 

the channel has been set to one. These results show that the power penalty when the noise is signal-

dependent is significantly larger than the power penalty when the noise is signal-independent.   

5.2 Experimental results 

The validity of equation 5.10 has been investigated by transmitting an OOK data to a receiver that 

incorporates an FC formed from a fluorescent fibre. For each series of experiments, one of these 

fibres was threaded through the front end of a holder that represented a dummy smartphone. Once in 

position, one end of the fibre was coupled to the APD (Hamamatsu C5658) and the data transmission 

experiments were performed in that optical link. One of the important features is that fibres have a 

large field of view (FOV) largely 240° as explained in chapter 4, section 4.3. 

For these sets of experiments, three fibres were used in total. Two of these fibres were a red and a 

green fluorescent fibres purchased from Nano-optics, whilst the third fibre (BCF-20 SC1.00) was 

 

Figure 5.1 The power penalty for a channel with a single pole frequency response from DFE combined 

with signal independent noise and signal dependent noise. 

 

 

 

 

 

Fig.1. The power penalty for a channel with a single pole frequency response from DFE combined with signal independent 

noise and signal dependent noise. 
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purchased from St Gobain. The frequency responses of these fibres along with the emission spectrum 

are discussed in detail in Chapter 3 of this thesis.  Based upon their LIV characteristics (described in 

chapter 3) and experimentally optimized Vpp and Vdc (discussed in chapter 3) PL450B and L405P20 

LDs were biased with a DC bias of 4.0 V and a peak-to-peak modulation of 1 Vpp, whereas a DC bias 

of 4.8 V and a 1Vpp modulation was applied to the green laser diode (PL520B). 

When OOK data was transmitted the first step in MATLAB® was to filter the received signal with a 

4th order Butterworth low pass filter, which has a bandwidth proportional to the data rate. Decision 

feedback equalization (DFE), with 40 feed-forward and 20 feed-backwards taps, was applied to the 

signal to compensate for inter-symbol interference (ISI). The processed received signal was then 

compared to the transmitted signal, which was simultaneously captured using channel two of the 

oscilloscope. The bit error rate (BER) was, therefore, calculated by comparing the received signal to 

the transmitted signal. 

As discussed in the previous chapters, the addition of an FC increases the ROS which is a combination 

of the increase in the number of photons reaching the receiver and a higher photodetector 

responsivity. The impact of adding an FC to a receiver in an optical link has, therefore, been 

determined by measuring the ROS. In order to determine the ROS independent of the fibre’s 

bandwidth, the average peak-to-peak receiver output voltage at  1 MHz sine wave was measured. The 

maximum OOK data rate at which a BER of 10-3 could be achieved with DFE and this ROS was then 

measured.  

Furthermore, to investigate if the method of predicting the data rate is general and not limited to one 

particular fibre, the impact of other FCs in an optical link has been investigated using FCs formed 

from three different fluorescent fibres individually. The results in Figure 5.2, show that the 

experimental results all fall close to the curve formed by the numerical evaluation of equation 5.10. 

To compare (6.10) to experimental results a reference data rate and ROS at that data rate are both 

required. The most logical data rate to use as a reference is the one that is numerically equal to the 



92 

 

3dB bandwidth of the FC. However, the BER is extremely sensitive to a small fraction of change of 

ROS and hence Q, so it was difficult to obtain a BER of 10-3 at this data rate experimentally. The 

ROS for this reference data rate was, therefore, obtained by assuming that (5.10) predicts the ROS at 

the lowest measured data rate, which was 30 Mbps. The peak to peak voltage at 1 MHz required to 

obtain this data rate, which is the chosen measure of ROS, was 4.0 mV.  This data together and (5.10) 

resulted in an estimated value of ROS needed to obtain the data rate numerically equal to the 

bandwidth equal to 2.8 mV.  

Figure 5.3 shows the experimental data obtained for data rates between 30 Mbps and 170 Mbps, 

which is 8.5 times the fibre’s bandwidth. The y-axis in this figure is the logarithm of the ratio between 

the ROS at different data rates and the ROS at the reference data rate, which is 2.8 mV. Similarly, the 

x-axis in Figure 5.3 is the logarithm of the ratio between the OOK data rate and the bandwidth of the 

red fibre. In addition to the experimental data, this figure also includes the curve obtained using 

 

Figure 5.2 The experimental data from the red fibre compared to the results obtained using equations 

(5.10) and (5.11)  This figure has been obtained using ROS(Vrefpp)=2.8 mV and the bandwidth of the 

red fibre is 20 MHz. 
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equations (5.10) and (5.11). The most important feature of Figure 5.3 is that the curve based upon 

signal independent model passes very close to all the experimental data. The performance of the 

receiver for data rates up to almost 40 times the fibre’s bandwidth can therefore be accurately 

predicted by numerically evaluating (5.10) as shown in Figure 5.3 (the BW of the red fibre is 20 MHz, 

and the achievable data rate with red fibre is approximately 800 Mbps, which means the predictions 

were correct until 40 times of the BW of the fibre). More importantly, these equations can be used to 

predict the relative performance of FCs with different bandwidths and increases in ROS.  

5.3 Evidence of signal-independent noise 

In a channel link with an APD as a receiver, the APD's avalanche gain can only be enhanced at the 

cost of adding more detector noise [117].  Usually, the avalanche noise's amplitude distribution, which 

is crucial for computing the BER of the received signal is non-Gaussian. It is, therefore, anticipated 

 

Figure 5.3 The experimental data from the red fibre, green fibre and St. Gobain fibre compared to 

the results obtained using equations (5.10) and (5.11)  This figure has been obtained using 

ROS(Vrefpp)=2.8 mV and the bandwidth of the red fibre is 20 MHz. 
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that the dominant source of the noise (in an APD link) will be a shot noise. However, the experimental 

results described above showed an agreement with the signal-independent noise model, therefore, it 

was important to investigate the behaviour of noise from the saved experimental data. 

The receiver which is more prone to signal-dependent noise is the one created by coupling an APD 

to a red fibre which has a lower bandwidth (20 MHz) among the three fibres, therefore, requires a 

much higher ROS to support a given data rate, Hence, the red fibre at different data rates is 

investigated for signal dependence behaviour. 

One way to evaluate the noise is by simply looking at the extinction ratio/modulation depth of the LD 

used for these experiments [118]. If the modulation index is low, the difference between level zero 

and level one will be small, therefore, even if shot noise is dominant, a small extinction ratio will 

generate noise that is almost signal independently [118]. However, the LIV curves as shown in Figure 

3.9, Figure 3.10 and Figure 3.11 suggest that a relatively higher modulation index was used, therefore, 

to prove that noise is signal independent further analysis of noise is required. 

The nature of noise can also be investigated by evaluating the histograms [118].  

 

i. Histograms  

Histograms are important in the determination of the Gaussian behaviour of noise. If the noise on the 

ones is bigger than the noise on the zeros, then the two distributions have different standard 

deviations. For example, if one distribution is narrow with a standard deviation of 0 for the zeros and 

the other distribution is a wider one with a standard deviation of 1 for the ones. The distribution for 

the zeros should be taller as compared to the distribution for the ones because both probability 

distributions must have a total area equal to 1. In that case, the noise will be non-Gaussian and signal-

dependent. However, if the standard deviations of ones and zeros are the same and the distribution of 

ones and zeros, therefore, has the same width and height it will be Gaussian or signal-independent 

[118]. 
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However, in the determination of the Gaussian nature of the noise the tails of bit one and bit zero 

which cross the decision point are more important. If the noise is Gaussian, it is fundamental that the  

Gaussian fits the tail and the tails are rather symmetric [118]. Histograms of bit ones and bit zeros 

were plotted at the down-sampled data without DEF and after the DFE. Furthermore, a Gaussian with 

the corresponding variance and mean was also plotted as shown in Figure 5.6 to Figure 5.9. 

  

    

Figure 5.4 Comparison of the histogram of noise and a Gaussian pdf  at the data rate of 710 

Mbps for red fibre without DFE. 

 

  

Figure 5.5 Comparison of the histogram of noise and a Gaussian pdf at the data rate of 710 Mbps 

for red fibre with DFE. 
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In these figures, the histograms with a fit at different data rates are shown on the left-hand side (the 

fit is plotted using the Gaussian equation) while on the right-hand side the y-axis is converted in log 

scale to display the tails of the one and zeros more efficiently. The shaded areas in Figure 5.6 to 

Figure 5.9, under the Gaussian tails represent the error probabilities, which determine the BER, so 

these are most critical in determining if the noise is Gaussian or not. As expected, the error 

probabilities were much higher for the data rates without DFE, however, the error counts do not 

matter in the evaluation of noise. Therefore, the histograms at key data rates were plotted without 

DFE as well.  

     

Figure 5.6 Comparison of the histogram of noise and a Gaussian pdf at a data rate of 80 Mbps 

without DFE. 

  

Figure 5.7 Comparison of the histogram of noise and a Gaussian pdf at a data rate of 80 Mbps 

with the DFE. 
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This analysis was performed on each fibre used for the irradiance (ROS) versus data rates 

experiments, however, due to limited space, the histograms of three key data rates with and without 

DFE are shown here. As mentioned earlier, the chances of signal dependence behaviour increase 

when the value of ROS is significantly larger. Of the three fibres, red fibre had the highest values of 

ROS (due to a small BW-20 MHz), therefore, histograms of red fibre data at the lowest and highest 

data rates are shown in Figure 5.6 to Figure 5.5 respectively. The third histogram is of the green fibre 

at 1100 Mbps, shown in Figure 5.8 to Figure 5.9, which was also vulnerable to signal dependence 

noise (due to a much larger data rate and hence the irradiance).  

   

Figure 5.8 Comparison of the histogram of noise and a Gaussian pdf at 1100 Mbps for green fibre 

without DFE. 

  

Figure 5.9 Comparison of the histogram of noise and a Gaussian pdf at 1100 Mbps for green fibre 

with DFE. 
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Figure 5.6 and Figure 5.8 (80 Mbps and 1100 Mbps) show that Gaussian fits quite accurately to the 

tails and has the same area under the tails. As expected, due to significantly higher values of ROS, a 

few distortions, as shown in Figure 5.4, represents a negligible impact of signal-dependent noise. 

Since the histograms, shown in Figure 5.6 to Figure 5.9 have a close resemblance to the Gaussian 

distribution, therefore, it proves that the noise distribution model is reasonably close to signal 

independent. Moreover, the histograms without DFE, shown in Figure 5.6, Figure 5.4 and Figure 5.8, 

show agreement with the signal independence model of the noise.  

In addition to this, the values of the standard deviation of bits ones and bit zero at the different data 

rates of red fibres along with the mean of zeros and ones are shown in Table 5-1. 

The nature of the noise can also be determined by comparing the statistical distributions of ones and 

zeros if the ratio of the standard deviation (STD) is the same, the noise is Gaussian. The ratio of STD 

Table 5-1 Values of measured standard deviations and variance of the experimental data at 

different data rates 

Data Rate 

(Mbps) 

STD Bit 1 STD0 Bit 0 Mean Bit 0 Mean Bit 1 Ratio of STD 

710 0.36 0.28 0.81 0.80 1.28 

570 0.34 0.27 0.84 0.83 1.28 

490 0.34 0.26 0.87 0.88 1.32 

400 0.33 0.26 0.88 0.87 1.28 

350 0.34 0.26 0.88 0.88 1.31 

260 0.32 0.26 0.88 0.87 1.23 

210 0.32 0.26 0.89 0.89 1.23 

140 0.31 0.26 0.89 0.89 1.21 

80 0.32 0.27 0.90 0.90 1.15 
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in Table 5-1 shows that the values of standard deviations predominantly stay the same irrespective of 

the data rate and hence ROS. Therefore, it can be concluded, that the values of STD are independent 

of the signal, even in the worst case the difference is only 30%. Table 5-1 also contains the mean 

value of zeros and ones which is required for the calculation of the Q factor explained in the next 

section 

5.4 Summary 

To conclude, an expression for the SNR needed to support DFE has been used to develop a method 

of predicting the maximum achievable OOK data rate when an FC is integrated into a receiver. The 

validity of this method has been demonstrated using the results of experiments with  FCs. In addition, 

the ability to take into account the bandwidth of the FC has been demonstrated using experimental 

results from two other FCs. Consequently, the maximum OOK data rate that can be achieved when 

an FC is added to a receiver can be predicted. However, these predictions are based on numerical 

calculations. Two equations which are an accurate approximation to the results of the numerical 

calculation, which can easily be used to predict the impact of adding an FC to a receiver, have 

therefore been presented.  These equations clearly demonstrate that when selecting a fluorophore for 

use in an FC, or fluorescent fibre to use as an FC, the resulting bandwidth is an important 

characteristic. 

Furthermore, a detailed analysis of the experimental data was performed to investigate whether the 

dominant source of noise is signal-dependent or signal-independent. The findings of this work further 

validate that the noise in the system is significantly signal-independent. Even at the highest ROS the 

impact of signal dependence is quite negligible. The histograms and measured standard deviations of 

the experimental data at different data rates further validate the assumption that noise in the system 

is Gaussian. The specific reason why it is still unknown, however, it could be an impact of trans-

impedance amplifier in the APD. 
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6 Summary and Future work 
 

6.1 Summary 

The growing indoor data demand made a challenging situation to serve the user's requests. Wi-Fi is 

the most popular technology that is currently used for indoor communication. However, the progress 

in these technologies is not enough to meet user expectations. Visible light communication (VLC) is 

a potential candidate for short-range and indoor communications in meeting this challenge by 

accompanying conventional RF transmission. VLC uses LEDs as a transmitter which is already part 

of the existing infrastructure. So, VLC can provide a cheap and efficient solution, as LEDs can work 

both for illumination and communication simultaneously. The receiver, on the other hand, follows 

the principle of direct detection in which the photodetector generates an electric current depending 

upon the incident optical power. This kind of transmission is generally known as intensity 

modulation/ direct detection, IM/DD. 

A better receiver in VLC means a wide field of view and a more extensive collection area. However, 

increasing the detector’s area ended up having a higher capacitance and low bandwidth (BW) which 

are not desirable. So, an optical concentrator can be used to improve the SNR and system capacity 

(BW and data rate). A geometrical property called etendue limits the efficiency of these optical 

concentrators. This conservation of etendue means that the concentrating factor (maximum gain) of 

these concentrators limits the maximum acceptance angle. This problem can be solved by using 

fluorescent concentrators (FC), which do not only depend upon the phenomenon of reflection and 

refraction alone. The fluorophore in FC absorbs light at a lower wavelength and emits it at a higher 

wavelength. As the responsivity of most of the APDs is higher at a longer wavelength, the wavelength 

shifting property of an FC brings an advantage by increasing their gain as compared to other optical 

concentrators.  
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The effectiveness of blue filtering is subject to the SNR required to push the data rate this concept 

has been demonstrated experimentally. If the SNR is not large enough, just an increase in BW alone 

will not be helpful in increasing the achievable data rate. A commercially available wide FOV slab 

concentrator with the inherent capacity of blue filtering was introduced which has the capability of 

replacing CPC and PC, given the fact it has larger FOV and better communication performances. FC 

acts as a natural filter and cuts the slow phosphor component of WLED and only allows the faster 

(blue component of light) to transmit. which makes the receiver more robust to the impact of ambient 

light. Moreover, multiple fibres-based FCs were characterised for their performances in a VLC link, 

a green colour fibre with 24 MHz BW and a gain of approximately 8 was selected for data 

transmission which shows the data rate with FC increased by a factor of 3.  

Furthermore, a simple and inexpensive receiver that was created by using fluorescent fibres was 

investigated to evaluate its ability to perform WDM. The ultimate benefit of the FC-based WDM 

system is that they not only provide a large FOV but also yields a higher gain as compared to the 

typical optical filters. Three different wavelength absorbing fluorescent fibres were therefore tested 

for a WDM link. Initial results demonstrated a very low cross talk which is an ideal condition for 

enabling a WDM system along with a wide FOV. Unfortunately, due to a significant difference in the 

light collection efficiency and hence the data rates of the three fibres means that adding three channels 

via WDM would not further improve the link capacity under eye safe limits. However, an ideal H- 

matrix of the red and the Saint Gobain fibre predicts that a 2 ×2 WDM channel be developed by using 

the existing fibre. This study emphasises the importance of the selection of a suitable choice of FC 

for a WDM optical link. 

In addition, the constantly changing orientation of receivers at the user end creates problems with 

connectivity. In the past, an omnidirectional receiver that incorporates six detectors was presented, 

which unnecessarily increases the cost and complexity of the system. To overcome this challenge, a 

simple fluorescent fibre-based receiver is presented which offers a large FOV of ±120°. Furthermore, 

with this receiver, a gigabit data transmission was achieved at the worst angle of 120°.  
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A method to determine the benefits of using a concentrator is not available. The equations which 

could be used to predict the impact of adding FC in an optical link are discussed with the experimental 

results. The results suggest that while selecting fluorescent concentrators the most important 

characteristic is the bandwidth.  Finally, the method to predict the maximum achievable OOK data 

rate is validated on three different wavelength absorbing fibres. A detailed analysis of noise is also 

presented which proves that the dominant source of the noise is signal-independent.  The results 

histograms and standard deviations of the experimental data are discussed which further confirms the 

Gaussian nature of noise even at the highest ROS levels. 

6.2 Future work 

The fluorescent concentrator-based receiver offers several advantages for VLC which suggests that 

they have a promising future for VLC. Due to their large FOV, higher collection efficiency, low cost 

and simple structure, FCs will remain in demand. In this project, different types of fluorescent 

concentrators are discussed and a comparative study of low BW FCs and a blue filter is presented. 

Furthermore, a wide range of fibre fluorescent concentrators was evaluated for their performances in 

a communication link along with a method to predict the data rate by adding an FC.  

At present, the experiments reported in chapters 3 and 6 were performed on four different systems 

which had a dominant single-pole. Further work could be done to investigate links between a fixed 

single pole and a pole that is introduced at a variable frequency within MATLAB. This can be used 

to determine when the bandwidth of an FC is so large compared to the existing link bandwidth that 

the FC effectively adds gain (just like a CPC).  

The experimental investigation in this thesis is limited to 2-PAM-based modulation on-off keying 

(OOK) with a decision feedback equaliser. A number of other modulation schemes like 4-PAM and 

OFDM which may or may not offer further improvement in the system’s performance could be 

investigated. In addition, imaging MIMO schemes and WDM with the FCs (by using multiple TX, 

RX and FCs) which have similar optical gain is an area worthy of investigation. One prominent 
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advantage of using an FC is the increase in RX output voltage. This could be exploited to increase 

the transmitted data rate by using PAM, which increases the data rate by using more than two levels 

in a symbol period.  It is anticipated that channels with multiple poles will require large optical gains 

to achieve a high OOK data rate. In these circumstances, the same data rate might be achieved more 

efficiently by using a longer symbol time but more levels. Moreover, since the links that employ 

LEDs can have very small bandwidths but a large SNR OFDM is a popular modulation scheme.  

Therefore the use of an FC with a WLED transmitter with OFDM can be investigated. The 

performance of an optical link when OOK, 4-PAM and OFDM are employed alternatively with an 

FC could be evaluated to investigate which modulation scheme performs better with an FC.  

Some additional work could be done to make the smartphone receiver work that has already been 

presented in this thesis more comprehensive, for example by demonstrating that fibres can have a 

FOV of almost 360°. One possibility can be to use a couple of fibres on all 4 ends of the smartphone 

so that the incident light is not blocked by the body of the smartphone. This can be demonstrated by 

coupling a fibre concentrator on the edges of a smartphone or the top edge of the laptop.  Further 

work on improving the sensitivity and the random orientation of the hand-held device in a room and 

the impact of this on the FOV needed in the two directions can be done. Additional research can be 

carried out focusing on increasing the ROS by making fibre bundles etc. Finally, incorporating FC in 

a real smartphone could also be done, however, in a real system, for a better coverage the fibre may 

be put closer to the front edge rather than in the centre. 
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