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ABSTRACT

In this research, a Visible light communication (VLC) system using a high power
(30W) white single LED is evaluated. Initial experiments were performed on a 30 W
warm LED, measuring the bandwidth (BW) and data rate. Previous research has shown
that these can be implemented in VLC but at limited data rates of less than 10 Mbps
due to the LED bandwidth of around 3MHz. An RC compensator circuit was used to
increase the bandwidth above 10MHz and a cool LED was used to increase the
bandwidth by up to three times. Three differently rated LEDs (20, 30, and 50W) were
examined to study the rating power effect on the performance. Experimental systems
have shown that this change affects bandwidth, with increasing power resulting in a

reduction in bandwidth.

A further focus of the work was to study the effect of six different colour temperature
LEDs on bandwidth and data rate. The results show that increasing the colour
temperature from within the range of 3,000K to 35,000K leads to an increase in
bandwidth from 10MHz to 84MHz and improves data transmission by reducing the bit
error rate (BER) to 10!, The drawback of increasing the colour temperature results in
changing the lighting colour from white to blue, which can adversely affect the human

eye.

The second objective of this research was to improve the functionality of the VLC
system by choosing the appropriate modulation technique. Three types of pulse position
modulation (PPM) technique (DiPPM, Duo PPM, and Offset PPM) were implemented
based on VLC using high power LEDs. The study found all techniques have similar
performance with a minimal difference in the data rate. However, the offset PPM was
distinguished from other techniques by recording the minimum BER at a data speed of
20 Mbps. This is due to the working technique of the offset PPM which converts signal
pulses from 3- to 4-bits, whereas, other techniques were based on the end of each pulse.
Thus, the intersymbol interference (ISI) is reduced in offset PPM compared to other
techniques. To verify the results, the 30W LED was compared to a 1W LED which had
been used by previous researchers. The results confirm that the high-power LED has
the same performance as the low-power LED in VLC applications. Theoretical

simulations are also presented.
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Chapter 1

Introduction

1.1 Introduction

Optical telecommunications has become a topic of academic interest in the field
of data communication systems. In this emerging technology, light is used as a data
transferring medium. In ancient days, people used to manipulate light sources as well
as smoke in order to convey messages to their allies. However, with the advent of the
technological revolution, wireless optical communication systems (OWC) became part
of radio-frequency (RF) communications. OWC systems use two types of light spectra
for communication: infrared (IR) and visible light. Therefore, accessibility to the wide
spectral range of OWC (approximately 670 THz) has the potential to provide wireless
communication with high data transferability [1]. Additionally, OWC systems with
390-700 nm wavelength are commonly used for visible light communications (VLCs);
thus, the light emitting diode (LED) can be used for the dual purpose of communication
and illumination. VLC is an economical and green hybrid technology, with the potential
to revolutionise the near future of communication [2]. However, apart from
communication, the primary purpose of light is to illuminate the surroundings. The
technological advancements made in the field of visible LEDs have influenced the
researchers to develop VLC-related systems. The motive of using LEDs is to provide
communications as well as illumination. This sharing of resources can save electric
power and raw materials. The most important benefit of using LEDs instead of ordinary
bulbs for communications is LEDs’ fast switching capability [3].

Considering the recent development in high-power, visible-light-emitting
LEDs, VLC is a more energy efficient and clean substitute than RF technology.
Furthermore, the current progress in OWC allows a consumer to use existing lighting
infrastructure for VLC systems. VLC refers to optical wireless communication systems

that use light as an information carrier in the visible spectrum range (400—700 nm) [4].

In the past couple of years, with the widespread use of LEDs in lighting, the
study related to VLC using LED has been increased. The major reasons for the growing
interest on LEDs over ordinary lamps and fluorescent tubes are low power
consumption, long life, lower cost than competing technologies and, importantly for

use in data transmission, fast switching. Optical wireless communication (OWC) and
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Visible Light Communication (VLC) which use LEDs have become techniques for high
data transmission, which are potentially faster than other systems such as infrared (IR)
or radio-frequency (RF). Due to progress in the field of optical electronics, more
precisely concerning illumination sources, the data transferring technology is evolving
with a new perspective through OWC [5]. However, researchers are trying to develop
an OWC system depending on the visible electromagnetic spectrum to the human eye,
which will serve the purpose of communication as well as illumination [4, 6-9].
Communication systems, such as the VLC systems, are different from the conventional
communication standards [6, 10]. As mentioned earlier, VLC systems can fulfil basic
illumination needs and standard communication medium [11]. However, during the
practical application of VLC systems, several issues have been faced by the developers
of the systems, such as the practical implementation of the channel model, transmitter
and receiver front-end [12]. On the other hand, to achieve a higher data rate and more
secure data, especially when using white phosphoric LEDs, different modulation
techniques are used, such as on-off keying (OOK), pulse-position modulation (PPM),
etc. [4, 5].

The purpose of this study was to focus on the current development and analysis
of energy-efficient LEDs. Furthermore, the development of VLCs using high power

LEDs system was also investigated throughout the thesis.

Experimental tests have been performed on some LEDs. Moreover,
comparisons have been drawn in order to find the most appropriate technique. The main
aim of the study was to develop a reliable and new cost-effective VLC technology based

on high-power LEDs.

This motivation led us to contribute to the knowledge of the use of high-power
LEDs in communication systems as well as lighting. From this perspective, a database
was built to find the most appropriate LEDs in these applications. Finally, some types
of pulse position modulation techniques were employed to find the optimum

performance of optical communication systems.

1.2 Historical Development of VLC

Although researchers have been trying to develop VLC systems from the late
nineties, the biggest breakthrough related to this technology was introduced in Japan in
2004, where the efficiency of LEDs in high-speed data transmission for vehicle-borne
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and hand-held computing gadgets was demonstrated. Moreover, in 2005, Japan
introduced a VLC system that was comprised of fluorescent light and LEDs, which
could transfer information to mobile phones at a speed of several Mbps. Furthermore,
in 2007, Japan’s Fuji Television company introduced LED-backlit liquid crystal
display, in which data could be transferred through light [5].

However, with the introduction of new technologies, Japan Electronics and
Information Technology Industries Association (JEITA) also proposed two standards
of VLC systems, such as the visible light ID system standard (JEITA CP-1222) and the
VLC system (JEITA CP-1221) standard. Additionally, in 2008, a European-Union-
funded project named OMEGA proposed a global standard for the domestic use of
OWC after considering the VLC and IR technology. The OMEGA project
demonstrated a VLC system that could transfer information at a rate higher than 100
Mbps. According to the OMEGA guidelines, the data transmission may reduce if the
distance is longer than a few metres. Furthermore, in 2008, the Infrared Data
Association (IrDA) and Visible Light Communications Consortium (VLCC) in Japan
started collaborating in order to develop a VLC standard for the United States. In 2009,
VLCC and IrDA defined the allowable wavelength of the visible spectrum for VLC
technology. After the declaration of VVLC standards, this technology became an efficient
medium to connect electronic gadgets such as computers, laptops, smartphones, high-
definition television, digital cameras, etc. Aside from these applications of VLCs, in
2010, Japan demonstrated the application of VLCs in indoor global positioning systems
(GPS). In the same year, a German institute developed an FM-VLED system that could
transmit information at a rate of 500 Mbps over 5 m. It was also the year when a team
of researchers from the University of Edinburgh, UK, demonstrated the OFDM-based
VLC system. They demonstrated that a VLC system consisting of phosphorescent white
LEDs was able to transfer data at rate of 124 Mbps in real time. Further progress in
VLC technology found a way to transfer data through a local area network (LAN) by
2012 [13]. In 2013, the visible light beacon system was a new standard that was
proposed in JEITA as JEITA CP-1223. Moreover, Bellé et al. developed a VLC system
based on the IEEE802.15.7 standard for intelligent transportation systems (ITS) [14].
In 2014, a VLC system was tested as a complementary technology of the RF indoor
communication system and the dual-mode (white LED and IR) VLC conference system

[15, 16]. Furthermore, an indoor localisation device, which provided localised
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information and underwater VLC systems, was developed in 2015 [17, 18]. In the
subsequent years (i.e., 2016 and 2017), VLCs were developed using optical image
sensors and employed in the intelligent transport system [19-22]. In 2018, a subsystem
of Li-Fi technology was developed based on VLC communication [23]. In 2019,
Meister et al. designed a VLC system that could transfer data between VLC and Wi-Fi
[24].

1.3 Applications of VLC

Applications of VLC can be found in daily-life instances such as [4]:

. Wi-Fi and cellular wireless connectivity within a confined space

. Wireless communication for connecting interrelated computing devices

. Communication support to the intelligent transport system (ITS)

o Wireless communication devices in medical facilities

o Smart toys and theme-based entertainment parks

o Dynamic information produced with the help of a smartphone camera
1.4 Advantages of VLC

VLCs have certain advantages when compared with existing RF-based
communication systems, which are as follows:
1.4.1 VLC spectrum

The wide spectrum of visible light can be experienced from 400 THz to 780
THz, whereas the RF spectrum is between the 3 kHz-300 GHz range. The wide
spectrum of visible light can increase the rate of data transfer by replacing the congested
RF spectrum.

1.4.2 Electromagnetic interference

As in VLC systems, light works as a data transferring medium and causes zero
electromagnetic interferences. This VLC can be used in aeroplanes, hospitals, and
nuclear power plants.

1.4.3 Implementation

VLC systems can be organised as compact and small devices which can be
readily implemented into the existing artificial illuminating sources. Furthermore, the
control unit and digital-to-analogue signal converter, among others, can be installed

within the LEDs or as an external receiver.
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1.4.4 Cost

The execution of a VLC system is comparatively easier than that of other
communication systems. VLCs can be installed within the existing lighting
infrastructure by simple attachments or extensions, which is the main reason why VLCs

have lower cost and better compatibility.

1.4.5 Energy efficiency

As the LEDs have the advantage of lesser energy consumption, these systems
are considered to be green illuminating devices. According to research, LEDs consume
less than 80% of the energy consumed by conventional artificial illuminating devices
[25]. Moreover, if all the conventional lighting sources are replaced by LEDs, the
worldwide energy consumption is expected to reduce by 50% [26]. According to a
current forecast from the Department of Energy, US, up to 217 TWh of energy can be
saved till 2025 by replacing conventional lights with LEDs [27].

1.4.6 Health safety

As LEDs do not produce any harmful RF or microwave, they are safe for human
health and can be used as large optical sources.

1.4.7 Information security

Data security is the biggest concern for any communication system. An RF-
based system employs radio waves that can pass through walls. However, visual light-
based communication systems do not possess properties similar to radio waves. As light
cannot pass through walls, the data in VLCs stays confined within walls. However, this
characteristic leads to better indoor and outdoor communication. The huge demand for
high-speed internet access for indoor smart computing devices can be resolved through
the application of VLCs. As people spend most of their time in the workplace, school,
and home, it would be convenient for them to be able to access the internet by using
modified LED-lighting sources. The wide bandwidth range of visible light can provide
better and faster data transferring experiences than conventional Wi-Fi and existing
internet facilities. VLC devices equipped with proper modules can transfer data at up
to a gigabit per second. Moreover, zero electronegative interference of visible light
ensures safe data transfer in the electromagnetic sensitive environment, which enables

the VLC system to function without hampering electrical gadgets.

The aforementioned various indoor and outdoor applications of VLCs enable

them to reach the consumers of smart devices, who influence the developers to think
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about the various possibilities of VLCs in different aspects. Moreover, the low energy
consumption of VLC systems can influence a better market demand than the existing

communication system [28].

1.5 The VLC Principle

Simple operating procedures enable VVLC systems to achieve better connectivity
by controlling the communications with the on-and-off switching of LED intensity,
which is significantly faster than the perception of the human eye. A photodiode (PD)
present into the VLC is used to sense the rapid on-and-off regulation of light. A
photodiode is a device that can produce currents in the presence of photons. The amount
of currents induced in a PD is proportional to the quantity of photons incident on the
surface of a photodetector. This simple working principle of photodiode enables
scientists to develop a hybrid system which can fulfil the multiple purposes of both data
transfer and illumination. Figure 1-1 shows the schematic diagram of a VLC system
which uses LED and photodiodes in order to fulfil the previously stated purpose.
Moreover, the presence of an illuminating source with the communication outlet
enables consumers to identify the communication service area. Unlike the RF-
communication system, where dedicated accessories are required to identify the service
area, VLC systems can be easily recognised by this illumination source. Visible light
consists of a wide range of frequencies of 385-789 THz, enabling VLCs to convey

information at a faster rate [3].

Wireless invisible coded signal
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ata Data

3

\

LED uses for wireless communication and lighting

Figure 1-1: Principle of visible light communications [3]

1.6 System Description

Figure 1-2 presents the block diagram of a typical VLC system, through which it can
be observed that the precise control of the dimming appearance of incandescent lamps is

difficult, while the light intensity of LEDs can be controlled easily. Moreover, it can be
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observed that the response time of an LED during off-and-on operation is around a few
nanoseconds. Therefore, by controlling the high frequency current, VLCs are capable of
maintaining a moderate on-and-off state of an LED-based system in a faster way. Thus, it is
easy to generate a low average power pulse and high frequency information stream from an
LED-based system. However, the average photon flux produced from LED is controlled by the
width of a dimming signal. A similar kind of system can be designed using a semiconductor
laser, serving a similar purpose for data communication according to the safety requirements.
An advantage of using LED in the OWC is that it fulfils the purposes of both illumination and

communication [29].
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Figure 1-2: Block diagram of a VLC [29]

1.7 VLC’s Key Components

As shown in Figure 1-3, the functionality of a successful VLC system depends
on the key components of the system, such as LED, PD and physical layer (PHY). The
purpose of LED is to convert an electrical signal into an optical signal. This optical
signal is used to provide illumination and a data-carrying medium for communication.
Further, the data encoding and modification is done by the PHY module. Afterward,
the data is transferred from PHY as an optical signal to the receiver. Then, PD, present
in the receiver end and translates the optical signal into an electrical signal, depending
on the intensity of the optical signal. Once again, the PHY layer receives an electrical
signal and decodes it for the user. However, the main drawback of VLC systems is the
interference from the noise produced by secondary illumination sources such as
sunlight or any other light-emitting object. Due to these secondary sources, it is difficult
to produce a signal with a high signal-to-noise ratio (SNR). The SNR of the VLC
system can be optimised by implementing a careful design that includes optical

filtering, concentrators and electrical signal processing [3].
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Figure 1-3: VLC key components [3]

1.8 VLC Approaches

Presently, environmental safety and green technology play a significant role in
the marketing of a new product. VLC is an emerging green technology that can satisfy
consumer needs with better efficiency than the existing communication system. LED-
based illuminating sources are well established in mark-to-manufacture devices such as
indication sign, traffic signal, transportation light, TV, etc. This increased popularity of
LED as a lighting source will provide LED-based VLC technology with a marketing

benefit.
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LED- and VLC-based fusion technology can be used to connect multiple
computing devises with higher data transferring ability. Furthermore, communication
can be done by using an LED display. Moreover, wireless communication system in a
restricted area can be implemented by using VLCs. VLCs can also provide
communication network with less electronic interference. This feature enables VLCs to
use it in electronically sensitive areas. Additionally, the intelligent transport system can

be manufactured using a VLC system [3].

1.9 Motivation

Several factors have influenced researchers to develop a communication system
based on the visible light spectrum. The most convincing cause is to develop a VLC
system that is more energy efficient than conventional communication systems. The
idea is to develop a system which will convey information by means of modified
illumination sources. However, the acceptance of a newly-developed VLC system
depends on factors such as secure data transfer and environment compatibility rather
than the existing RF-based systems [4]. The application of LEDs can be observed in
different areas in order to make the systems more economical, energy saving and
reliable. Considering the previously mentioned advantages, researchers are trying to
use an LED-based system in transport systems as well as VLC-based systems. The
major focus of the researchers is to develop a system that can be used as an alternative
and complementary system of an RF-based system. This alternative system should be
able to connect millions of electronic system efficiently. Furthermore, the efficiency of
VLC systems was affected by different factors such as modulation techniques and LED
power, which can be considered for improving the system performance. Although
OWTC has been utilised in the communication sector for several years, in recent times,
VLC systems have emerged as a promising technology for data transferring and
wireless communication [2]. From these principles, the motivation for this research was
the study and practical implementation of high-power LEDs for VLC applications, in

addition to lighting.

1.10 Research Aims

Due to the rapid development of communication technology, especially in the

wireless communications area, which makes researchers seek the best alternatives to
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improve communication in terms of speed, security and cost, the main aims of this

research are as follows:

To build the test rig for studying commercial high-power LEDs in terms of data
transmission and lighting.

To implement and optimise a VLC transceiver system based on different
schemes of the PPM technique by using high-power LEDs in order to transmit
high data rate along with illumination.

To optimise and select the appropriate LED for lighting and data transmission

based on an appropriate modulation scheme.

1.11 Research Objectives

A key goal of this study was to investigate the possibility of using high power

LEDs in visible light communication systems. To achieving this, several key objectives

were identified and prioritised, which are as follows:

To review previous studies in order to determine the most important research
on visible light communications and knowledge of methods, techniques and
results that have been obtained in order to reach the highest data rate.

To implement a cost-efficient transmitter in terms of less complexity and noise
reduction using additional circuits.

To design, implement and improve a receiver in order to obtain the highest data
rate.

To implement different modulation techniques in VLC based on high-power
LEDs.

To optimise the appropriate modulation technique among the proposed
techniques by using different approaches.

To select the appropriate white, high-power LED so as to determine the optical
bandwidth and its improvement.

To conduct a mathematical investigation of the receiver sensitivity.

To investigate the effect of the transmission distance and elevation angle based

on VLC by using high-power LEDs.

1.12 Thesis Structure

The structure of the present thesis has been divided into eight chapters, which
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are as follows: Chapter 1 provides a concise overview of VLC systems and presents
the history of their evolution. Moreover, it describes the applications and advantages of
VLC. Chapter 2 provides a review of the literature on the existing VLCs based on
different modulation schemes. Previous studies were reviewed in relation to the types
of LEDs as well as modulation methods based on VLC required to access higher data
rate. This ensures that the replication of previous studies is avoided. Chapter 3
describes the LEDs’ basic principles in order to understand their optical and electrical
characteristics as well as properties. Chapter 4 studies several types of pulse position
modulation that are used in optical systems of communication. Chapter 5 explores the
properties of high-power LEDs by conducting experiments to measure their bandwidth
and expandability. Chapter 6 investigates the practical implementation of VLCs based
on high-power LEDs by using different modulation techniques. Chapter 7 presents the
mathematical models of the offset PPM, DiPPM, and duo PPM by using the Mathcad
software. Finally, Chapter 8 provides conclusions based on the key findings and
contributions of this study, such as using high-power LEDs, selecting the most
appropriate commercial LED in terms of lighting and data communication, specifying
three modulation techniques for the VLC applications as well as identifying the most

appropriate technique, and identifying recommendations for future research.
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Chapter 2

Literature Review

2.1 Introduction

Recently, significant studies have focused on the development of white LEDs
used in various areas of life as an alternative to ordinary lamps and fluorescence in
achieving lower power consumption [10, 30]. In addition, data transmission has become
possible as it offers many advantages such as faster switching, longer lifespan and lower
cost compared with most technologies [31, 32]. Moreover, the use of LEDs in VLC and
OWC has become key for high transmission of data, which, when compared to other
systems such as IR and RF, is potentially faster [11, 33, 34].

In studies related to VLC systems, two main variable parameters need to be
investigated in order to determine the reliability of the system in terms of transmission:
data speed (data rate), which is the rate of bit transmission speed per second, and bit
error rate (BER), which is the number of bits that have error ratio to the total number

of received bits.

2.2 Light-emitting Diode Based on VLC

In this section, studies where LEDs have been applied in data communication,
lighting and VLC were reviewed. Some of the reasons why such techniques are being
utilised include greater brightness and extensive durability compared to other bulbs,
higher bandwidth and data rate, low energy consumption and low risks. Recent studies
that used VLC have succeeded in the transfer of data that is higher than 500 Mbit/s [5].
Most of the previous studies on VLC relied on low-power LEDs. 1 W RGB (i.e., red,
green, and blue) LEDs have been implemented for a data rate of up to several Gbps [18,
35-38]. A transmission distance of less than 1 m was achieved with a BER of 3.8x1073
by using RGB LED and filter. Some of the disadvantages of using the RGB LEDs are
high manufacturing cost, colour dispersion, colour offset, and other phenomena. In
general, they cannot be used for the purpose of lighting [39].

A white LED was implemented in several studies in order to acquire higher
transmission of data in an optical wireless system with several Mbps [11, 40-43]. Wang
et al. (2012) stated that their test was carried out over the illumination in the photodiode

surface with various distances between the photodiode receiver and 3 W white LED.
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Moreover, the impact of background light was also taken into consideration. The results
of their experiment concluded that by setting the average indoor illumination at 40 lux
for a distance of 1.5 m, there was a possibility of data transmission at 111 kbit/s.
Moreover, the illumination on the surface of the photodiode was absent after a distance
of 1.2 m [44]. Furthermore, the proposition and demonstration of a VLC system,
including a real-time phosphor LED and 37 Mbit/s throughputs in a length of 1.5 m
free-space transmission, were also conducted. The highest achieved bit rate by the VLC
system was 37 Mbit/s. The proposed system of VLC demonstrated a video transmission
using 28.419 Mbit/s [45]. According to Chow (2015), the investigation was conducted
over the visible light communication by using white LEDs (7.5 W). 190 Mbps was the
highest bit rate, achieved at high illuminance [46].

A white LED with 1 W rating with an upper limit of transmission rate achieved
up to 2 Mbit/s, with BERs being lower than 10 when used between two computers
[47]. Moreover, a prototype of 20.0 mW white LED transmitted data at 100 kHz
towards a 160° view field with a 1.7 m radius [6]. The transmitting bandwidth, specified
as the modulation bandwidth for 4 mW white LEDs, was 2 MHz [48]. One disadvantage
of low-power LEDs is that it provides insufficient energy for lighting. In addition,
transmission signal has a limited propagation distance. Therefore, for high illumination,
the array of 16 white LEDs (1.5 W) was implemented. Moreover, a 40 Mb/s data rate
was transmitted, covering a link radius of 0.5m and a distance of 2 m [49]. One main
disadvantage of using LEDs array was that the synchronous driving of all the LED
chips can be a difficult task as it requires a careful design of the length of the cable and
the spacing between the LED chips. A huge amount of difference in electrical signal
paths from a common point of distribution to each of the LED chips can lead to ISI
[50].

2.3 Requirements of Transceiver System for High Data Speed

It is known that the white LED bandwidth is relatively small because the time
constant of the phosphor is relatively slow [2], where it is not reliable to send high data
rate. Therefore, it seeks to use additional circuits for the purpose of increasing the speed
of transmission and the spread distance. Such circuits include equalisation circuits, pre-
emphasis circuits, and the blue filter. However, these kinds of additional circuits have
disadvantages such as noise, high cost, and a complicated transmitter. Furthermore, pre-

emphasis circuits and post-equalisation technology have been added to the transmitter
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and receiver, respectively, in order to achieve a data rate of up to hundreds of Mbps. In
addition, blue filters have been implemented based on 1W LEDs [35, 51-54]. However,
in these cases, the transceiver circuit becomes more complicated and expensive. The
transmitter distance can be increased to 2 m for a 1 W RGB LEDs (with a speed of 4.5
Gb/s at the BER of 3.8x107®) by adding the Volterra nonlinear equaliser circuit at the
transmitter (Tx) [39]. Moreover, by optimally designing the analogue pre-equalisation
in the LED transmitter (Tx) and the receivers’ (Rx) automatic gain control (AGC), the
modulation VLC bandwidth can be increased from 1MHz to 30 MHz without the use
of any optical blue filter [46]. For instance, the bandwidth for the phosphor LED, which
was approximately 1 MHz, was extended to approximately 12 MHz by using a pre-
equalisation circuit without a blue filter [45]. Additionally, a technique with multiple-
resonant-driving equalisation was implemented in order to increase the white LED-
based VLC systems modulation bandwidth to 25 MHz [49].

Presupposed optimal analogue equalisers were used for extending the 3-dB
bandwidth of the VLC link from 3 MHz to 143 MHz. The maximum achievable rate of
the transmission data and the resultant bit-error-ratio (BER) at a distance of 1 m were
682 Mbit/s and 2.5 x 1073, respectively [55]. A white LED, blue-filter-based VLC
system was demonstrated and used to increase the bandwidth of the modulation and
reducing the BER. Furthermore, according to [39], a drastic reduction in BER at 50
MHz bandwidth for VLC was based on the wide stop-band blue filter and the blue filter.

Using the post-equalisation and pre-emphasis circuits, the 3-dB VLC system
bandwidth increased from 3MHz to 233 MHz. The distance between the receiver and
the LED, with BER and the data rate of 2.3 x 1077 and 480 Mbit/s, respectively, could
be extended to 1.6 m. Moreover, for alleviating the VLC link data rate and the 3-dB
bandwidth, pre-emphasis circuits were applied along with the post-equalisation.
Additionally, the highest data rate (550Mbit/s) was acquired at a free-space distance of
0.6 m and BER of 2.6 x 1077 [41].

For alleviating the phosphor white LED bandwidth through a thorough
inspection by VLC, one active equaliser was conducted between two passive equalisers
circuits. The distance of the link operation was 0.43 m, which was infused with a 1W
white LED. BER vyielded less than 2 x 10~ from the operation of on-off keying non-
return to zero (OOK-NRZ) The VLC link of data transmitted at the rate of 340 Mbit/s
[40].
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On the side of the LED transmitter, an optimal analogue pre-equalisation RLC
circuit was designed to compensate for the phosphor LED impedance matching, while
on the side of the receiver, the automatic gain control (AGC) circuit was used to
increase the sensitivity of the signal to maintain and enhance the orthogonal frequency
division multiplexing (OFDM) signal linearity [56]. The results from the data
transmission demonstrated that the measured carrier bandwidth could be enhanced from
0.8 MHz to about 1.7 MHz through the use of a high-pass RC filter such as a post-
equaliser, especially utilised for compensating a 3 W white LED response [51]. The
RLC equalisation circuit component and blue filtering was used in improving the
frequency response of white LEDs. The VLC system modulation bandwidth was
increased from 3 MHz to about 180 MHz at 0.5m radius, with a NRZ-OOK data
transmission of up to 400 Mb/s [54].

The pre-emphasis circuits, with cascaded T-bridge and maximal ratio
combining (MRC) differential receivers, were utilised with an RGB LED in a VLC
system with high speed. Moreover, a data rate of 9.51 Gbps was experimentally

achieved at over 1 m indoor free space transmission [35].

A VLC system with a carrier wave of 1 KHz—1 MHz was built at a transmission
distance of 1.8 m by using a 1 W white LED (Edixeon A series EDEW-1LA5-F1),
having a 105 Im/W flux with pre- and post-equalisation [57]. However, it is known that
an increase in the design of the electronic circuit means an increase in the number of
electronic components in the transceiver system. Therefore, the signal noise caused by
circuit components increased, leading to the design of additional filtering circuits to
reduce the noise. In this case, the transceiver circuit became more complicated and

expensive.

2.4 Modulation Techniques Based on Visible Light Communications

The most common types of modulation techniques used in visible light
communications are: pulse-amplitude modulation (PAM), carrierless amplitude and
phase (CAP), discrete multitone modulation (DMT), on-off keying (OOK), amplitude-
shift keying (ASK), pulse-position modulation (PPM), and orthogonal frequency
division multiplexing (OFDM).

CAP modulation was used in VLC in order to achieve a high data rate up to
several Gbps [38, 39, 58]. High speed wavelength division multiplexing, carrierless
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amplitude, and a phase WDM CAP64 VLC system, which makes use of the Volterra
series-based nonlinear equaliser, was used in mitigating the nonlinearity of the LED
[39]. Moreover, a volterra series-based nonlinear equaliser, a linear equaliser and a
decision-directed least mean square (DD-LMS) equaliser were employed to obtain a
high data rate of up to 8 Gbps [58]. Additionally, an overall data rate of 1.35Gbps over
a transmission distance of 0.3m was achieved successfully, with BER under 7% and
3.8 x 1073 FEC limit [59]. CAP modulation, two and single cascaded constant-
resistance symmetrical T-bridged amplitude hardware pre-equalisers and a three-stage
hybrid post-equaliser consisting of a linear equaliser based on M-CMMA, a DD-LMS-
based equaliser, and a Volterra series-based nonlinear equaliser were proposed and
combined to implement a high-speed VLC system [60]. However, CAP modulation

requires very complex equalisers and carrier waves.

In the demonstration of a high-speed wavelength division multiplexing, the
CAP WDM-CAP64 VLC system, with a nonlinear equaliser based on the Volterra
series, was used for the attenuation of the 1 W RGB LED nonlinearity. Over an indoor
free-space transmission of 2 m at 3.8 x 1073 BER, an aggregate data rate of 4.5 Gbps
was attained [18]. PAM and DMT were demonstrated and compared with (OOK for
VLC based on white LEDs with blue filtering, where the data rates for PAM and DMT
were higher than that of OOK, being 101 Mbps and 40 Mbps, respectively. [61]. The
total BER of 1.5x1073, along with the highest data rate at 420 Ix (10 cm) and 10 Ix (50
cm) of 1 Gb/s and 640 Mb/s, respectively, were acquired by DMT modulation based
on a commercial phosphorescent white LED [62]. While DMT modulation is more
complex when compared to CAP modulation (where fast Fourier transform [FTT] and
inverse FFT are needed). The spectral efficiency is seen to reduce due to the inclusion
of a training sequence and cyclic prefix [63]. A data rate of 10 Mbps with a BER of
10719 through the VLC was achieved by using a white LED, with 1 W power rating
and 1 MHz bandwidth through OOK modulation and first-order RC-equalisation at the
side of the receiver [64]. Moreover, the demonstration of OOK-NRZ modulation
regarding linking the real-time VLC on a phosphorescent 1 W white LED was
conducted. The resultant BER was 2.6 x 10 at 60 cm with a data rate of 550 Mbit/s
[41]. Furthermore, VLC, using a phosphorescent 1 W white LED with pre-emphasis
and blue-filtering circuit at 1.1 m, was investigated based on NRZ-OOK. The VLC

system bandwidth and data rate transmission increased from 3 to 77.6 MHz and 86 to
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200 Mb/s, respectively, with the BER being below 10—6 [53]. In case of the power
LEDs being used as an information source, Latal et al. concluded that the OOK NRZ
modulation scheme cannot be applied for a high data rate (i.e., a data rate of more than
100 Mbps) [65]. The OOK modulation is a coherent modulation technique that is
normally used when there is a presence of an undesired signal. One key disadvantage
of using this type of modulation is that it has a very poor bandwidth efficiency.
However, the main advantage of using this technique is that it is very simple to
implement, although it can be highly prone to noise.

Further investigation was conducted on the quaternary-amplitude-shift-keying
(4-ASK) modulation, including digital filtering to improve the direct speed of
modulation of a single white LED (Cree, XLamp XR-E LED) in a VLC system. In a
free space transmission of 1 m, where an optical blue filter was not used, a data rate of
20 Mbit/s was attained with a BER of less than 10° [66]. However, this modulation
was more prone to noise and BW inefficient scheme. Further, it operated in linear
regions. On the other hand, an integrated OFDM-based DSP chip VLC system for real-
time operation achieved a data rate of up to 37 Mbit/s and 28.419 Mbit/s video signals
[45]. Besides, the data rate was modulated from 200 Mb/s to 350 by using 32-QAM
modulation at a fixed distance of 40 cm between the receiver and the white LED.

A consideration of VLC with increased brightness LEDs has been examined
through the OFDM in contextual intensity modulation. Nevertheless, the experiment
proved that covering a maximum distance of 1 m with BER of 103, excluding a channel
or source coding with a single LED, is possible [67]. Higher rate of data transmission
can be provided by VLC in an indoor ambience in a credible and affordable way with
regards to commercialisation. For VLC, several suitable techniques of modulation have
been thoroughly researched. Such technique includes the OFDM and multilevel
expurgated pulse-position modulation (MEPPM) as they have the ability of supplying
the needed spectral efficiency of up to several Gbit/s [68]. Moreover, a demonstration
of visible-light communication with full-duplex wireless between two computers for
direct detection (DD) and intensity modulation (IM) schemes (based on the OOK-NRZ
data) was achieved at a data rate of up to 2 Mbit/s and BERs of less than 107 [47]. In
order to increase the rate of transmission in the VLC systems, arrays of white LEDs,
propositioned over numerous techniques, was applied, where expurgated pulse-position

modulation (EPPM) was used. Between PPM and EPPM, the presupposed interleaving
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technique made the former, which is a more eligible modulation option for the systems
of VLC [69]. A reduction in the effectiveness was observed in the system bandwidth
with the incorporation of a repeater and the time it dispersed extensively in the channel,
bringing the channel bandwidth to 3-5 MHz. The rate of data transmission was 1 Mbps,
with a BER of 10 — by using a 2-PPM modulation scheme. One disadvantage of using
the repeaters was the introduction of interference into the network caused by the delay
added to the signal at the repeater circuit [48]. Moreover, an investigation on the
reported link of phosphor-based 682 Mbps white LED VLC by using 16QAM-OFDM

modulation excluding the modulation of blue filter was conducted [55].

Besides, the presentation of a bidirectional real-time VLC prototype based on
the OFDM modulation technique was demonstrated, with a speed of up to 500 Mb/s at
2 m [34]. The drawback of using the OFDM is its problems of frequency
synchronisation, Doppler shift sensitivity, need for the linear transmitter circuitry
suffering from poor power efficiency and high peak-to-average-power ratio (PAPR)
[70]. The demonstration of the proposed system of phosphor LED, with 1 W white
VLC, comprising of an OFDM and an adaptive 16QAM of 84.44-190 Mbit/s, was
carried out. At a practical transmission distance of 0.75-2 m and BERs of < 3.8 x 1073
at 30 MHz, the ~1 MHz phosphor LED modulation bandwidth was stretched. At 513
Mbit/s, on the basis of using a white LED and DMT modulation within BER of 2x1073,
a higher data rate was attained [71].

On the basis of using only one commercially available RGB-type LED, a
comparison was made between CAP signals and the OFDM performances in the VLC
system at a free-space distance of 25 cm. For the OFDM signals, the highest data rates
of green, blue, and red chips were 0.87 Gbps, 1.05 Gbps and 1.01 Gbhps, respectively.
The blue chip helped in achieving the data rate of a single-channel of 1.32 Gb/s and, as
regards the CAP signals, the highest pre-emphasised data rates for green, blue, and red
chips were 0.92 Gb/s, 1.15 Gb/s, and 1.15 Gbps, respectively, which, altogether, led to
a BER of less than 1073 [36, 37]. The PPM technique has improved power efficiency
and requires less optical power compared to OOK [72]. A major disadvantage of
differential PPM and digital pulse interval modulation (P1M) is that they cannot operate
with continuous data due to their coding characteristics and must also code blocks of
data [73]. For the improvement of the quality of transmission and mitigate any effect

of intersymbol interference (IS1), an investigation on dicode pulse-position modulation
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technique (DiPPM) was conducted. This technique increased the performance of the
system (receiver sensitivity) from 3.47 dB to 3.5 dB compared with digital PPM as well
as reduced the BER from 107 to 107 [74].

In conclusion, to improve the data transmission rate, it is essential to consider
the type of modulation technique, type of LED, the distance between the transmitter
and the receiver, and the use of a blue filter. Table 2-1 provides the summary of some
of the results obtained from previous studies with the most important variables. The
motivation in this study has made it possible to use high-power, single-LED (30 W),
visible-light communication based on different modulation techniques in order to

achieve high data transmission rate with low BER.

2.5 Summary

After reviewing the previous studies, the following points have been

summarised:

e Previous studies focused on the use of low-power LEDs in VLC applications,
the limitations of which included insufficient illumination as well as transmitter
distance. Hence, in this study, high-power LEDs were implemented in VLC.

e To increase the bandwidth of LEDs, additional circuits were used for both the
transmitter and receiver, making the final circuit more complicated and
expensive. Hence, in this study, the simplest transceiver circuits in VLC were
designed at low cost.

e Several types of modulation techniques were used to improve the design
performance in terms of an increased speed of data transmission. In this study,
different types of PPM techniques (DiPPM, Duo-PPM and offset-PPM) were
used and compared in order to overcome the defects found in previously used
modulations. The PPM technique improves power efficiency, requires less
optical power and increases the receiver sensitivity. In the next two chapters,
the characteristics of LEDs and different types of PPM techniques will be

studied and described in detail.
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Table 2-1: The summary of previous studies results

Tx-Rx

Types of LED Modulation Data rate Distance BER Blue filter | Reference | Year
R/3.29.10*
RGB LED R/B/ 1.15 Gbps 4 | RIG/B
Module (LED ENGIN Lz4-20Mc00) | CAP G/0.92 Ghps About2sem | GIS.LEA0 | filter [36] 2013
R/ 1.01 Gbps R/9.33.10
RGB LED 4 | RIG/IB
Module (LED ENGIN LZ4-20Mco0) | OFPM S s About25em | GIB.13.10° | filter [36] 2013
RGB LED (Cree PLCC, output power: 1
X\éo red:)620 nm; green: 520 nm; blue: \(’:V’Epl\éldr é?gg%gftg g%tgs Over 200cm | 3.8.10°3 ﬁ{gB [75] 2015
nm '
Phosphor LED OFDM 37Mbps Under 150cm | - Without [45] 2013
White LED (1w, beam angle 1200) NRZ-OOK ﬁl'}’g)ﬁ’g)f gﬂ'é,ess) - <10° Without | [47] 2013
White LED (cree XLamp XR-ELED) 4-ASK 20Mbps 100cm <10 Without [66] 2012
Phosph hite LED TAR - .
LE;’(S:F\’NOP%%SQENW 'te( : (OSTAR® | gAM-DMT 513|\/|pr 30cm <210° | Bluefilir | [71] 2010
White phosphor LED (Edison, EDEW 16-QAM- 84.44 Mbps 200cm 2.6.10° :
sy ( OFDM 190 Mbps 75¢m 2.54.10° W'th(’“td [56] 2014
Phosphor-based White LED (cree -3 Designe
XLamp XR-ELED) OFDM 325 Mbps 50cm 3.8.10 blue Filter [39] 2015
Phosphorescent white LED (OSRAM ] 550 Mbps 60cm 2.6.10° -
LUW W5AM) NRZ-OOK | 480 Mbps 160cm 23107 Blue filter | [41] 2014
: 682 Mbps 100cm 2.5.10
PhOSphorescent white LED (OSRAM 16-QAM- 520 Mbps 180cm 37610—3 Without [55] 2015
LUWWSAM) OFDM 390 Mbps 220¢m 3.4.10°
ELL‘JO\Z?L\‘A‘}E‘E‘,’\%‘; Wh:e LED (?SIRAM OOK-NRZ 340beps 43cm <2.10° Blue filter | [40] 2014
Phosphor-based White LED (13Im at 1Gbps 10cm 3 .
80mMA) DMT 640 50cm 1.5.10 Blue filter | [62] 2012
Red LED DELS 1.2 Gbps 40 cm 3.8.10° Without | [76] 2016
Red LED 640AM 2.1 Gbps 100 cm <10™ Without 77 2017
uLED array PWM 2 Mbps 12.5cm <10® Without 78 2018
uLED array OOK 1 Ghps 30cm <10® Without 79 2019
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Chapter 3
Characteristics of LEDs

3.1 Introduction

LEDs are a p-n junction semiconductor that under appropriate, forward-biased
conditions can emit radiation in the visible, ultraviolet and infrared regions of the
spectrum [5, 80, 81]. The application of a forward-biased voltage across the p-n
junction enables electrons to be energised inside the material, thereby becoming excited
and unstable. During the process, the energy is released by the energised electrons while
returning to a stable condition in the form of photons. LEDs can be applied widely and
classified into three groups: display, illumination and application. The examples of
displays include panel displays in calculators, computer screens, automobiles, etc.,
while that of illumination are replacements for old incandescent light bulbs. Moreover,
an example of application includes sourcing light for systems of optical-fibre
communication with moderate and low data rates (< 1 Gb/s) through short and moderate
distances (< 10 km).

3.2 LED Current-Voltage Characteristics

The following is a summary of the electrical aspects of p-n junctions [82]. An
acceptor concentration (Na) and a donor concentration (Np) is created in consideration
of an abrupt p-n junction. Complete ionisation is expected in all the dopants so that n =
Np and p = Na, providing free electron concentration and free hole concentration,
respectively. Moreover, the occurrence of dopants is assumed without compensation
from unintentional disputes and contamination. Around the unbiased p-n junction, the
donors originates electrons on the side of the n-type, which spreads across the side of
the p-type, encountering numerous holes and using them for recombination. The holes
make a corresponding process occur which is diffused on the side of the n-type. It
results in an area around the p-n junction where free carriers deplete. The name of this
area is the depletion region. Only the ionised acceptors and donors provide charge while
free carriers are absent in the depletion region. A region of space charge is formed by
those dopants, i.e., donors and acceptors on the n-type side and the p-type side,
respectively. A potential diffusion voltage Vp is generated by this space-charge region.

The voltage of the diffusion is attained through:
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Vv, = k?TlnN‘:l—lgvD 31

Here, the donor and acceptor concentrations are N, and Ny, respectively. As for
the semiconductor, k, Te and ni are the Boltzmann constant (1.38 x 1073 J/Ko),
temperature (ko), electric charge equal to 1.6 x 107" C and the crucial carrier

concentration, respectively [83].

(a) p-njunction under zero bias

p-type - .
: | A E. _E C
':(_WD I y C 7F E
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\t Pty : : ’
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b) p-njuncti der fi dbi
(b) p-n junction under forward bias y‘eVD—eV
I_—-< """""""
| \__I * EC
TR = Eg,
: QVV|
kg, T |
—_ ! E,

Figure 3-1: p-n junction and energy diagram[82]

The restriction that requires the free carriers to overcome is represented by the
diffusion voltage for reaching the neutral zone of the type of opposite connectivity, as

illustrated in Figure 3-1. The width of the depletion layer is attained through [82, 83]:
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Where, € = &, X g, and V are the semiconductor dielectric permittivity and
the voltage of diode bias, respectively. Over the depletion zone, the voltage dips after
applying the bias voltage on the p-n junction. Owing to the depletion of the free carriers,
high resistance can be found in this zone. The barrier of p-n junction regarding reverse
or forward bias increases or decreases, respectively, through an external bias.
Conditioned with forward bias, zones, including the type of opposite conductivity, are
injected with holes and electrons. The zones of the opposite conductivity type are
diffused with carriers, leading to the eventual recombination and, finally, emission of a
photon. Shockley was the first to build the current-voltage (I-V) aspect of a p-n
junction, which is why the equation is called the Shockley equation, as it depicts the I-
V curve of a p-n junction diode. For a diode, the Shockley equation (including the cross-

sectional area A) is attained through [82]:
2 2
I=eA< /D—P L ﬂ)(eev/xr—1) 3-3
Tp Np Tn Ng

Here,t,,,7p and D,,,Dp represent the electron and carrier of the hole minority for
lifetime as well as the electron and constants of the hole diffusion, respectively.
Conditioned with reverse bias, the saturation is conducted by the diode current and the
preceding factor of the exponential function of the Shockley equation, providing the

saturation current. The diode 1-V aspect are:

1 =15 (e /kr —1) 34

Where,
2 2
15=eA(/D—” Iy [P ”—i) 3-5
p Np Tn Na

: . ev ev
The diode voltage is V >> KT /e, and (eKT - 1)z(em) for the common states

of forward bias. Using Eq. 3-1, The Shockley equation with respect to the forward-bias

conditions will be:

39



I= eA( /D—" ”—‘Z+\/D:” "—i2>ee(V_VD)/KT 36
Tp Np Tn Ng

The strong increase can be delineated by the exponent from the exponential
function of Eq. 3-4, while the voltage heads off to the diffusion voltage, meaning V =
Vp. The name of the voltage is threshold voltage, which powerfully increases the
current, while Vth = VD generates this voltage. As depicted in Fig. 3-1, the dissociation
from the valence band edge and the conduction of the Fermi level is illustrated in the
p-n junction band diagram. Boltzmann statistics can infer the differences in the energy
between the band edges and the Fermi level, which will be the following for the n-type

side:
Ec— Ep = —KT In—3 3-7
N¢
As for the n-type side, it will be the following:
Ep— E, = —KT In— 3-8
Ny
The band diagram of Fig. 2.1 describes the sum of the following energies as
zZero:

eVD_Eg+ (EF_ EV)+(EC_ EF) = 0 3—9

With greatly doped semiconductor, the band gap energy Eg — E¢ < E, on the
p-type side and E; — Ep < E4 on the n-type side — is greater than the dissociation
between the Fermi level and the band edges. Therefore, Eq. 3-8 can be rewritten as:

Vp = E;/e 3-10

The following band gap energy provides emission energy from the emitted

photon of a semiconductor, having an energy gap (Ej) of:

hv ~ E, 3-11

Each electron produces a photon, which is fed to the active zone. Therefore,
energy conservation needs the energy injecting electron as much as photon energy.

Therefore, energy conservation is in the need of:
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eV =hv3 3-12

It means that the photon energy and the elementary charge, multiplying when
applying voltage to LEDs, are equal to each other. Therefore, the diode voltage will
come out from:

V =hv /e~E;/e3 3-13

3.3 LED Efficiencies

Each injected electron is counted for the emission of one photon around the
active zone in the ideal LED. One light quantum particle (photon) is generated by every
charge quantum particle (electron). Therefore, quantum unity efficiency is present in
the perfect active zone [5, 82, 84].

3.3.1 Internal quantum efficiency

This term has a relation while the carriers are converted into photons in the
device. Hence, it can be concluded as the proportion of internally emitted number of
photons, corresponding to the number of carriers sweeping across the p-n junction. It

means:

No.of photons emitted from active region per second

Mint = No.of electrons injected into LED per second

_ Pint/(hv) — (Pint)e

T I/e I(hv) 3-14

Here, | and P, are the injection current and emitted optical power out of an
active zone respectively. A relation between the internal quantum efficiency and
injected carrier fractions that make radiative recombination with the total
recombination can be observed; the following equation links it directly to the carrier

lifetimes:

R R
Nint = R_r = L= 3-15

t Ry+Rpr Tr+Tnr

Here, R,,- and R, represent nonradiative and radiative rates of recombination
respectively with R, being the total number of recombination and t,,,- and t,- being the
nonradiative and radiative lifetimes respectively. Moreover, the following represents

the total recombination lifetime t:
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11,1 3-16
T

Tr Tnr
3.3.2 Extraction efficiency
The outline of light extraction efficiency will be:

No.of photons emitted free space per second

Mextraction = o of photons emitted from active region per second

_ P/w) _ P
N Pine/ (hv) N Pint

Here, emitted optical power in free space is symbolized by P. The high-

3-17

performance LEDs can be severely limited by the extraction efficiency. Increasing the
extraction efficiency above 50% is a very difficult task involving expensive and
advanced device techniques.

3.3.3 External quantum efficiency
The ratio between internally generated photons and emitted photons in the device is
defined as the external quantum efficiency.

No.of photons emitted free space per second

Mext = "o, of electrons injected into LED per second

P/(hv) Pe
= /e = 1(hv) = NextractionMint 3-18

3.3.4 The power efficiency
The ratio of the electrical power input and the optical power output in LED is known

as the power efficiency, i.e.:

optical power output __ P

3-19

npower ~ electrical power input T

Here, the electrical power supplied to LED is represented by IV.

3.4 LED Modulation

LEDs are applied most widely as the source of light in the local-area
communication systems with very short (< 1 m) to moderate (5 km) operating distances
[82]. There are many common bit rates ranging to 1 Gbit/s from 10 Mbit/s. The
capacitance, shunt resistance and series resistance of LEDs rely on the voltage of
application. These should be accounted for through an extensive investigation.
Nevertheless, they can be learned by considering the LED as a linear device, although
some important aspects of the LED modulation behaviour cannot be deduced from the
linear model. First, the LEDs will be analysed as linear devices; then, its modulation

aspects with certain non-linear modulation aspects will be discussed.
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3.5 Rise and Fall Times
Figure 3-2(a) illustrates a simple RC circuit. The following brings forth increase
in output voltage when heading for the input pulse of a step-function:
Voue (8) = Vo[1 — eCH/70] 3-20
Here, the time constant in RC circuit is depicted though 7,= RC. The following brings

forth decrease in the output voltage at the time of return of input voltage:

Ve (t) = Vyet/72) 3-21
(a) vin [ ]
V, o 0
0 W - ‘
t O 1 l : 0
b0 108 T T2 >
Z
€ 0.5f L Trise = Tfall =
< ' Too% ~ T10% L10% ~ T90%
0.0 .
t

Aio% Mooy
(c) lin r
Jo f—————

Figure 3-2: a)- Linear RC circuit with rise time; b)- Rise and fall time with time

constants 7, and t,; c)- output power of an LED [82]

An RC circuit requires T, = t,. As Figure 3-2(b) depicts, the gap between 90%
and 10% voltage points defines the fall and rise times respectively. Figure 3-2(c) shows
the output power of LED as a function of time with rise time. The relation between 7,

and 7, and signal rise and fall times respectively is:

T, = (N9, = 2.274 3-22
77 = (In9)1, = 2.21, 3-23
The following generates the function of voltage transfer H(w):
1
H(w) = (1+iwT) 3-24

3.5.1 LED modulation bandwidth
The determining factors in the modulation response and the bandwidth of frequency of
an LED are the parasitic capacitance, the junction capacitance and the injected current
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[5, 84]. The values of capacitance are almost static whereas increasing current increases
the response [12]. Superimposing the AC signal upon a persistent DC bias can decrease
the impact of the factor mentioned above. Supposing P, as the given DC power and its
frequency as o, byP (w), the frequency can be anything in this yielded output of relative

optical power:
P(w) — 1
P J1+(wr)?
The frequency of power transmission via the system and the system bandwidth
Af corresponds with each other. Thus, the condition should be: |H(w)|? = 1/2. And

the bandwidth in the RC circuit then will be:

3-25

1 In9 In9 0.35 0.7
Af = fzap = Py = ~ ~

T 21T, T(Tr+Tf) = Tr = (trt+7§)

3-26

Another name of the bandwidth is 3 dB frequency as at this frequency, the
transmitted power is decreased by 3 dB than its value of low frequency. After that, an
LED is considered in Figure 3-2(c) where the rise time is 7,.. The application of current
is done in terms of input of step-function increasing the optical output power as:

Poye (t) = Po[1 — /)] 3-27
At the LED 3 dB frequency, the absolute power transfer function value is decreased to
a half:

V3 _ V3In9 V3In9 1.2
Af = faap=7—= = = — ~

2nT 21Ty - (Tr+Tf) = (Tr+75)

3-28
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Figure 3-3: An electrical and optical bandwidth [5, 84]
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Eq. 3-28 is set at 0.5 for acquiring the bandwidth of optical 3 dB whereas the
same expression is set at 0.707 for acquiring the equivalent electrical bandwidth

(referred to Figure 3-3).

3.6 Colour Temperature

The ranges of colour temperatures of man-made light sources (incandescent
lamp and wax candle) as well as natural light sources (sun and moon under different
conditions) are illustrated in FFigure 3-4. Achromatic white light (also called ‘pure’
white light) is located close to the equal energy point in the chromaticity diagram.
Achromatic white has no hue and is used as the white point of colour displays. It may
be noted that LEDs can generate light of any colour temperature by mixing the light

from multiple LED chips or by using phosphors [83].

Color Temperature in Kelvins (K)

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Candlelight Warm Natural/Neutral Cool Daylight/Cold Ultra Daylight
1500K up to 3500K 3600K-4500K 4600K-5500K 5600K-6400K 6500K+

Color Temperature Descriptions

Figure 3-4: Colour temperature of light sources [83]

3.7 White Light Emitting Diode

The definition of ‘white light’ is guided by natural white light such as sunlight
(under various conditions). As pointed out earlier, sunlight resembles black-body
radiation and therefore has a chromaticity on or close to the Planckian locus [83].

White LEDS are regarded as very efficient sources of light. Demonstration of
conversion efficiencies of electrical-to-optical power and external quantum efficiencies
exceeds 50%. With the continuing fashion of greater efficiencies of LEDs, increase in
application number is also noticed. General illumination is a very intriguing application
where sources of conventional illumination like fluorescent lamps and incandescent
lamps and LEDs compete with each other [82, 85]. Blue, green, red and sometimes

amber combine in creating white LED light. The result of this combination is indicated
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as white lights that are RGB-generated [82, 86]. An alternative method of white light
generation is from the use of an LED that is blue or near ultraviolet in colour or a LED
coated with phosphor. The colour temperatures in this type of LED can be very high,
leading to a cool blue or white appearance. The white colour that is warmer can be
possibly obtained by adding phosphorus emissions in the visible spectrum red zone,

even with 50% reduction in the efficacy of its luminosity.

3.8 Summary

In this chapter, the properties of the photodiode were studied. Emphasis was
placed on the efficiency of diode and methods of calculation, the rise and fall time was
measured and calculated, and the LED modulation bandwidth in addition to the
classification of LEDs in terms of colour temperature are also calculated. In Chapter 5,
the bandwidth will be measured practically for different types of high-power

commercial LEDs to be compared in terms of VLC applications.
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Chapter 4
Modulation Techniques Based on VLC

4.1 Introduction

Of the presently deployed systems, the majority of practical optical wireless
communication (OWC) systems apply the intensity modulation with direct detection
(IM/DD) strategy for outdoor as well as indoor applications. The prevailing issue in
heavy fog is the atmospheric conditions because the propagation of light intensity into
a dense fog is considerably reduced. Thus, hypothetically, high attenuation could be
solved best by pumping more and providing optical power and power respectively in
the small regions. Nevertheless, the quantity of transmitting optical power is limited by
eye safety. The eye safety limit is more rigid in transmit optical power of indoor
applications. There is a significant difference between the optical channel and the RF
channels. Phase, frequency and amplitude related to carrier signals in the RF systems
undergo modulation whereas optical carrier intensity in optical systems undergoes
modulation where most systems operate below data rates of 25 Gbps. Normally,
external modulation is taken for data rates more than 25 Gbps. Moreover, the average
of thousand wavelengths of the incident wave facilitates the surface area of
photodetectors much greater than the optical wavelength. This chapter discusses some
popular modulation methods concerning bandwidth efficiency and power efficiency in
case of both outdoor and indoor OWC applications [82, 85, 86]. Types of modulation
methods are outlined in Figure 4-1.

Optical modulation techniques can be divided into two main types—internal
modulation and external modulation. Internal modulation is a direct modulation of the
light source. Practically, internal modulation may cause changes in the density of the
carrier, thus causing a shift in carrier frequency, which results in the dispersion.
Eliminating this problem using the external modification isolates the processes of
modulation and generation of light. In the external modulation technique, the light
source is focused through an external system, where the propagation properties are
changed by the modulation signal. These systems can use the full capacity of the power.
The external modulation techniques are coherent binary polarization shift keying
(BPOLSK), Multilevel Polarization Shift Keying (MPolSK) and intensity modulation
(IM).
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Figure 4-1: Modulation tree [29]
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Internal modulation scheme as digital pulse time has the following two types:

An isochronous: It needs a synchronization clock at the transmitter and receiver
part, such as digital pulse interval modulation (DPIM), digital pulse interval and width
modulation (DPIWM) and digital pulse-position modulation.

Isochronous: The synchronization clock does not require such multiple pulse
position modulation (MPPM), Pulse Code Modulation (PCM) and pulse position
modulation (PPM).

Generally, internal modulation has the advantages of compactness and being
simple and cost-effective, while external modulation is used for high data transmission
[5, 87]. The widely used modulation methods are used for optical wireless
communication. In this chapter, the modulation techniques used in this research will be
addressed.

4.2 Pulse Position Modulation (PPM)
The block diagram in Figure 4-2 depicts how PPM is generated from PAM. The

signal modulation is formed by pulse-position modulation (PPM) where a single pulse
in one of the required 2™ probable time-shifts is transmitted to encode M message bits
[88]. Its repletion happens every T seconds, making the transmitted bit rate as M/T bits
per second as shown in Figure 4-3. Primarily, it is very useful to optical communication

systems with a slight tendency of multi-path interference.

PAM
Input signal | sample and hold |  ult) Vit Threshold ) Pulse-shaping
n M > ——p|  Adder [—P — i —
m(t) circuit detector filter .
PPM signal
T T s(t)
Pulse generator —> riooth
generator

Figure 4-2: Block diagram of PPM generator [89]
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Figure 4-3: Output signal of PPM [90]

The required bandwidth is not a major concern in line-of-sight (LOS) OWC,;
thus, PPM was the most appropriate modulation scheme among the options owing to
its efficient battery power regarding application range [90]. PPM can be defined as a
method of orthogonal modulation belonging to the pulse modulation family. The power
efficiency of On-Off-Key (OOK) is improved due to the PPM method, but higher
bandwidth is required and more complications [5]. A constant power pulse is contained
within a symbol of Single-pulse position modulation (L-PPM) which occupies one
duration of a slot within L=2M [91-93]. The probable time slots including the remaining
slots are empty. Information is encoded inside the pulse position that is commensurate
of the decimal value of input data of M-bit [28]. For L-PPM, the shape of transmit pulse

will be:

1 for te€[(m—1)T, mT]
= 4-1
*(Dpru {O elsewhere

where, sample duration,m € {1,2, .... L} is represented by T.
The signal of PPM will be:

sS(Oppu = Ln=-00 g(t = nTs — kym(nTy)) 4-2
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where a standard pulse of interest and the PPM sensitivity are denoted by g(t) and k,,
respectively.

Many pulse position modulation techniques are used in VLC such as DPPM, L-
PPM, MPPM, DiPPM, Duo PPM and Offset PPM. In the next section, DiPPM, Duo
PPM and Offset PPM will be described.

4.2.1 Dicode Pulse Position Modulation (DiPPM)

Satellite systems [94], optical fibre [95-97] and optical communication systems
utilize intensity modulation and digital PPM extensively. The format of newly emerged
dicode pulse position modulation (DiPPM) facilitates sensitivity across digital PPM but
the line-rate is reduced as shown in Table 4-1. Digital PPM and dicode signalling are
combined to develop DiPPM. Analysis of the workability of the new code has been
conducted, and it is also relatively evaluated with PCM and digital PPM to assess its
usability in optical fibre links [74, 96, 97].

Table 4-1: DiPPM Symbol Alphabet

PCM DiPPM
00 No pulse (N)
01 Set (S)
10 Rest (R)
11 No pulse (N)

The DiPPM sensitivity has been improved up to 5.12 dB by using Reed
Solomon (RS) codes [98], and across digital PPM and PCM systems, 7.5 and 2.4 dB
respectively has been improved by sensitivity. On the basis of performance of erasure
error and false alarm, a comparison is made among a dicode, multiple and digital PPM
[94, 95]. DiPPM vyields the lowest rate of error and the bandwidth was equal to twice
the expansion of PCM rate. Figure 4-4 exemplifies the generation of a DiPPM from
PCM. The reset pulses (R) and set pulses (S) will be generated when the PCM data
transitions from zero-to-one or one-to-zero respectively and no pulses if the data is

constant, as shown in Table 4-1.
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Figure 4-4: Conversion into DiPPM from PCM data with zero guard [94, 95]

An empty slot (guard) is usually used in DIPPM technique to protect the signal from

intersymbol interference (IS1). The DiPPM time slot duration T, can be expressed as:

T, = —2 4-3

- 2+gu

where T}, = % is the bit time of PCM, B denotes the data rate and gu is the slot guard

intervals.

One downside of using guards is to increase the line rate, which requires a
higher bandwidth of the channel [99, 100]. In Figure 4-4, zero guard was used, which
was carried out in this research.

Third order Butterworth filter has been used to reduce the impact of ISI in
DiPPM by painstakingly selecting the cut off frequency of the single pole preamplifier
and the equalising third order Butterworth filter [101, 102]. The maximum likelihood
sequence detection (MLSD) has been implemented with DiPPM to eliminate wrong-
slot errors and reduce false-alarm and erasure errors [102-105]. OOK, PPM and DPPM
have been compared with DiPPM, In general, DiPPM is an alternative modulation
technique for optical wireless communications [106]. The power spectral density (PSD)
of DiIPPM has been implemented and compared; the agreement was obtained between
experimental, theoretical and simulation [107, 108].

4.2.2 Duobinary Pulse Position Modulation (Duo-PPM)

The problem of signalling at a speed higher than the Nyquist rate is the focus. The new

approach to this problem, which results in a technique that permits signalling at twice
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the Nyquist frequency, has been termed duobinary, where the word ‘duo’ indicates the
doubling of the straight-binary bit capacity of the system. Suppose two sequences of
digits are considered [109]. Duo PPM pulse is positioned at 0 or 1, when the data is
constant in slot 0 or 1 respectively. When the data is changed from high to low or low
to high, no pulse is transmitted as shown in Table 4-2 and Figure 4-5 [110]. The Duo

PPM time slot duration T, can be expressed as:
Tp

TS = 7 4-4

Table 4-2: Symbol Alphabet of Duo PPM

Data Probability Duo PPM Symbol
00 1/4 Pulse in slot 0 0
01 1/4 No pulse No change
10 1/4 No pulse No change
11 1/4 Pulse in slot 1 1
A
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Figure 4-5: Conversion of PCM data into Duo-PPM [110]

4.2.3 Offset Pulse Position Modulation (Offset PPM)
Offset PPM is a novel digital PPM version that operates at half the digital PPM line rate
and offers an increasing sensitivity as illustrated in Table 4-3 [111]. The Offset PPM
gives more than 3.1 dB sensitivity improvement at low bandwidths over the digital
PPM:; it also has a better sensitivity than multiple PPM [111, 112]. As the next number

in codewords is unknown, the Maximum Likelihood Sequence Detector (MLSD)
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cannot be applied for Offset PPM application. However, Offset PPM, at the frame
repetition frequency, gives a discrete line, when compared with DPPM, which has a
stronger frame component [113]. To generate the Offset PPM from DPPM, all code-
word positions are initially reset to zero to the first sequence. The least significant bit
(LSB), for the second sequence, is replaced with one. The subsequent code-words in
sequence will be produced by removing the one from the LSB to the most significant
bit. The most significant bit is kept simultaneously with the following code-word
formation by replacing the LSB with one as shown in Table 4-3 [111]. The average slot

width T, for Offset PPM can be expressed as:
T, = 4-5
where
T, == 4-6
where T,, denotes the frame time for N bits of PCM, B is the original data rate and n is

a number of bits of Offset PPM keywords.
Table 4-3: Generation of Offset PPM and DPPM, from three bits of PCM [111, 112]

PCM DPPM Offset PPM
000 0000 0001 0 000
001 0000 0010 0001
010 0000 0100 0010
011 0000 1000 0 100
100 0001 0000 1 000
101 0010 0000 1001
110 0100 0000 1010
111 1000 0000 1100

4.3 Error Sources of PPM

The PPM has three types of errors — wrong slot, false alarm and erasure [99,
100, 114-118]. Figure 4-6 demonstrates the PCM signal as an example of how these
errors occur. In this section, the probability of these errors will be addressed. In addition
to these errors, there is ISI, which occurs when the interval between pulses is greater

than the rise and fall times.
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Figure 4-6: Representation of error types [5]

4.3.1 Wrong slot errors
This type of error occurs when the noise on the pulse front edge appears in an
adjacent time slot. The pulse appears in a slot before or after the original slot as seen
in Figure 4-6. To reduce this type of error, the pulse must be detected in the centre of
the time slot. The probability of wrong slot errors (pg) is given by [99]:
ps = 0.5erfc (%) 4-7

where

__ Tsslope(tq)
2 /(n%)

The receiver mean square noise is denoted by (n?2); the slope of the received pulse at

Qs 4-8

the instant ¢, is denoted by slope(t,).

4.3.2 False alarm errors
This type of error occurs due to a signal threshold crossing in a slot in which there is
no presence of any signal as shown in Figure 4-6. The probability of these errors is
given by [100]:

Df = C—i) 0.5erfc (3—%) 4-9

where

Vd—VolISI

I

t, Is the uncorrelated samples, and 7, is the time at which the autocorrelation function

Q: = 4-10

has become small. v,g; is the ISI induced voltage at the time slot.
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4.3.3 Erasure errors
Erasure errors arise when the signal voltage is reduced to below the threshold level,
due to great noise, i.e. erase an existing pulse as illustrated in Figure 4-6. The
probability p,, is given by [99, 100]:

Per = 0.5erfc (%) 4-11

Qer = % 4-12
NARS)
vy IS the receiver output signal at a time t4, and v, is the receiver peak output signal

atatime tyy.

4.4 Summary

In this chapter, the methods of modulation used in optical communication
systems were discussed. Several types of modulation techniques have been used to
improve design performance in terms of increasing the speed of data transmission.
Emphasis was placed on the study of species carried out in this research. Three PPM
types (DiPPM, Duo PPM and Offset PPM) were used and compared in order to
overcome the defects in previously used modulations. The PPM technique has
improved power efficiency, requires less optical power and increases the receiver
sensitivity. The principle of the work of each technique has been explained.

There is a similarity in the process of coding signals for DiPPM and Duo PPM,
where the method of signal encryption depends on the end of each pulse. Regarding the
Offset PPM, the signal is encrypted by converting the codeword from 3 bits to 4 bits,
which means the method of encoding signal depends on the middle of pulse. Finally,
different error sources of PPM were addressed.
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Chapter 5
VLC System Implementation

5.1 Introduction

In this chapter, the practical aspect will be discussed in three stages. Firstly, two
types of commercial LEDs (warm and cool) were compared in terms of the bandwidth
and bit error rate. In the second stage of the experiments, different types of cool LEDs
were compared in terms of colour temperature. Four different colour temperatures
which were commercially available in the markets were selected (6000-6500 K,
10000-15000 K, 2000025000 K and 30000—35000 K). 10000-15000 K was selected,
which has better performance in terms of communication and illumination. In each of
the previous stages, in parallel, three different rating power of LEDs (20, 30 and 50 W)
were employed and compared to find the most appropriate. In the final stage of the
comparison, which is addressed in the next chapter, the three types of modulation
techniques are compared (DiPPM, Duo-PPM and Offset-PPM) using 30 W LED
(10000-15000 K) in terms of the BER and data transmission.

5.2 System Architecture

Figure 5-1 illustrates the block diagram of the proposed scheme of the visible

light communication system (VLC), which contains the basic circuit blocks.

Data input »| Bias TEE >
Y
High power
LED
DC power
supply n
E 8
< (%]
o E
© Lens 8
—
RE TIA
Data out < comparator |« Amplifier < Amplifier | PD

Figure 5-1: VLC system block diagram

The transmitter has a bias tee and a high-power LED. The receiver is composed

of three main parts, namely photodiode with transimpedance (TI1A), RF amplifier and
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comparator. No additional circuitry has been used in the transmitter, just bias tee with
the high-power LED. However, the signal has been fed onto the LED bias current,
through a bias tee (Picosecond Pulse Labs 5575A) [119]. The output from the bias tee
has been directly delivered to high power-white LED. The practical aspect will be

addressed as described in Figure 5-2

VLC based on high power
LED

1

y L4
Warm LEDs (3000-4500 K) Cool LEDs (6000-30000 K)

[ |
Y v
( Comparison
Analytic results of
v Bandwidth, BER |

Cool LEDs measurement
(6000-30000 K)
|
\ 4 L 2 v L 4
6000-6500 K 10000-15000 K 20000-25000 K 30000-35000 K
l ] ] |
v
( Comparison )4

(10000-15000 K)

Analytic results of
data rate, BER
measurement

Modulation techniques

v v v

DiPPM Duo-PPM Offset-PPM
l |

( Comparison )1

v
VLC based Offset-PPM using 30 W
10000-15000 K

Figure 5-2: Experiments work and the developed scheme flowchart
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5.3 Receiver Circuit Design and Development

An optical receiver basic structure, as seen in Figure 5-3, consists of a low noise
pre-amplifier (TIA), the post-amplifier and a comparator. One key point to note here is
the unsaturation of the pre and post amplifiers, where the maximum detected data rate
would be limited by the charge storage on the transistor if the amplifiers are non-
saturated [120].

The receiver has been designed with three different types of Si PIN photodiode
(PD) that are commercially available, to select the most appropriate photodiode in terms
of performance. The first photodiode is BPW34 with 7.02 mm? active area, the second
is OSD5-5T 5 mm? sensitive area and the third is FDS010 with an active area of 0.8
mm?. The photodiode current is transformed to a voltage equivalent of the transmitted
data through a transimpedance amplifier (T1A). The output of the TIA is sent to the
comparator (MAX942) to recover the original data. It should be noted that in this
research, three TIAs with the same elements and dimensions (60 x 50 mm) were

designed, only with differing photodiodes.

PD
BPW 34 AN -

Data output

Pre amplifier ~ Post amplifier Comparator
TIA RF

Figure 5-3: Structure of a VLC receiver

5.3.1 Transimpedance circuit design
Figure 5-4 depicts a simple emitter follower transimpedance preamplifier (TIA) circuit
(PCB layout and printed circuit illustrated in appendix A). In this design, the transistor
BFR92A was employed, which has higher bandwidth and low noise. Between two
buffers (Q3 and Q1) is Q2, for which an amplifying circuit of 20 dBm has been designed
with Si PIN preamplifier. To obtain a high sensitivity wideband response, a receiver
with a CC (common collector) front end has been used. One key benefit of using the
CC front end is to eliminate the Miller capacitance at the first stage. For this current
design, the CC stage output impedance and the second-stage noise current gain are high

enough to be insignificant when compared with the first-stage noise.
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Figure 5-4: Transimpedance (TIA) circuit design

The frequency response of the trans-impedance (TIA) circuit is given by [120]:

1+A

f-zaB = 2 MRF[(1-Ag1)Ca+ Cc+(1+A)Cy] >t

Where f_5 45 is the bandwidth of the TIA, A is the gain of the amplifying circuit (second
stage), Ry is the feedback resistor, C; is the photodiode capacitance (C;), C, is the
transistor capacitance, Cy is the capacitance of the feedback resistor and A4, is the AC

gain for transistorQ;.

In this circuit, A = % =10, Rf = 5.6 kQ, (C. = 0.35 pF, Cr = 0.1 pF) from
transistor datasheet and Ay, = Zo

Vin
Vcc

+

Vin II
V m*Vr

AC Tt Im g

BFR92 -
1 Vo

AC Q1 Vo
Vin 1.2 kQ - Re=1.2 kQ

Figure 5-5: lllustration of how to calculate the gain (A4,,) for the first stage of the TIA
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From Figure 5-5:
Un = Vin — Vo
Vo = gmVnRE
Vo = gm(Vin — Vo)RE
Vo = ImVinRe — GmVoRE

vo(]- + ngE) = vinngE
Yo _ ImRE
Vin N (1+gmRE)
R
Im = S5y
Io ~ 22~ 0.583 mA

E

0.583 mA mA
= = 23374
25 mv v
A = Yo _ _00233x1200
Q1 = 5. 7 (14+0.0233x1200)
m .

5.3.2 RC compensator design

Compensation circuits are used in many applications, particularly in cases where
sudden changes in the input signal frequency is noticed and, as a result, an enhancement
in the frequency response of the system and of the bandwidth occur. Three types of
compensation networks are common — phase lead, phase lag or lead-lag circuits [121].
Figure 5-6 illustrates the RC lead compensator which has been used in this project,

where enhancement of the bandwidth is achieved by increasing the transmission speed

of the system [122].
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Figure 5-6. Lead Compensation circuit
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From the above circuit, the transfer function can be written as:

1
V, 1+S S+=
G =-2=a +T=a[ Il 5-12
Vi 1+aSt S+—
aTt.
where
Ry
a= ,and T = R,C 5-13
jod
S-plane
Pole Zero
4 X N\ 9] )
A V 0 L
-1/at -1/t
v

Figure 5-7: Pole and Zero Plot of Lead Compensation Network

Figure 5-7 above shows the S-plane for the transfer function of the lead

compensator, where the zero (—% ) is closer to the origin, which is more dominating

than the pole (— a—lT). First and foremost, the TIA has been developed by the addition of

an RC lead compensator having dimensions of 60 x 50 mm to improve the system’s
response by reducing the rise time. The lead compensator output, using an SMA plug
of 50 Q (SMA RP Jack to SMA RP Jack Adaptor), has been connected to an RF
amplifier in order to amplify the signal as shown in Figure 5-8. The variable resistor
(10 KQ ) and the RC lead compensator capacitor has been calculated to increase the

bandwidth above 3 MHz according to the equation below.
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The capacitor of 47pF has been used, for wide bandwidth, to match 50 Q load
resistor. Then, the resistor R will be calculated according to 3.3 MHz 30 W LED
bandwidth and 47 pF.

e -
I
I PN 10vV4H
I |
I I
| § 10 kQ |
I 0.1uF |
| I < |
I 470Q |
N ‘ |
| o — | 47pF
o L
| BFR92 laBFRO2 | L
I Q1 Q3 I R
BFR92 M ¢
I Q2 [ 10K RF
| | Amplifier
1.2kQ
| 47Q g 750 @l
I |
| I
I = 56kQ = - |
| Y |
| f TIA |
L - o _____ I

Figure 5-8: Receiver circuit a) circuit diagram. b) PCB Printed circuit

Figure 5-9 shows the frequency response of the compensator and the cool 30 W
LED, where the resistance value is calculated according to the LED bandwidth. The

figure shows how LED bandwidth is compensated and increased.

WSr———77 T T T T T T T T

=—©— 30 W LED
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1 5 10 50

Frequency (MHz)

Figure 5-9: Frequency response for 30 W LED and RC compensator
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5.3.3 Comparator circuit design

The comparator has been used in order to standardize the digital output of the receiver,

where the receiver output can be either 0 V volts or 5 V. The comparator compares the

output signal of the receiver with a reference signal; if the signal is below the reference

signal, the output of the comparator is zero. Furthermore, if the input signal is greater

than the reference voltage, the comparator output is 5 V as shown in Figure 5-10.

+W et

Comparator

output

W oH

oL

Figure 5-10: Comparator input versus output signal

A high-speed and low-power comparator (MAX942) has been used for this

research in comparing the levels of the voltage as depicted in Figure 5-11 (PCB layout

and printed circuit illustrated in appendix B). The operation voltage of the comparator

ranged from 2.7 V to 5.5 V with only 350pA supply current with 80 ns of propagation

delay (datasheet).
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Figure 5-11: Comparator circuit design



5.3.4 Photodiode selection
A photodiode has been used as an optical receiver in converting the optical signal in the
visible light spectrum to an electrical signal. When a photodiode absorbs a photon with
sufficient energy, the electron moves to the conduction band from the valence band,
resulting in a pair of electron-hole generation [123]. Typically, a reverse voltage drives
the photodiode, where the cathode connects to the positive terminal and the anode is
connected to the negative terminal. If absorption occurs in the depletion zone, the built-
in electric field would separate the electron-hole pairs. The electrons would drift toward
the cathode while the holes drift toward the anode, thereby generating the photocurrent
[28, 123]. The built-in field can be strengthened by the reverse voltage in the depletion
zone in order to accelerate the photon-induced carriers drift and also enlarge the
depletion zone length in addition to decreasing the capacitance in shortening the
response time. For the photodiode, both the indirect-bandgap (Si, Ge) and the direct-
bandgap (InGaAs, GaAs, etc.) semiconductors can be used. When compared with
semiconductors with the indirect-bandgap, the direct-bandgap counterparts often have
higher absorption coefficients [123, 124]. The absorption region of the direct-bandgap
semiconductors, when absorbing the same amount of the light, is thinner than that of
the indirect-bandgap semiconductors. Ideally, materials such as InGaAs and Ge are
mostly chosen in fabricating photodiodes in order to be able to receive long-wavelength
light (range of infrared spectral). As for light with shorter wavelength (200-1600 nm),
Si is preferred as the ideal material for the receiver, thus, making photodiodes with Si-
based material usually used for VLC systems. Photodiodes are of numerous types. They
include the avalanche photodiode (APD), PIN photodiode and PN photodiode [5, 80,
81]. The PN photodiode comprises a highly doped layer, a thin n-type and a p-type
substrate. Its frequency response shows double cutoff —the lifetime cutoff (in MHz) —
due to the time period the carrier spends at n-type and p-type sides of the diffusion
regions — and the RC cutoff (in GHz) — due to the capacitance effects and the transit
time. The PN photodiode performance is usually limited by the carrier lifetime having
a 100200 MHz maximum cutoff frequency [123].

Initially, three types of photodiodes were selected to be used as the
transimpedance amplifier, with the most appropriate chosen by comparing bandwidth
and bit error rate. Table 5-1 shows the specifications of the three types.
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Table 5-1: Photodiodes characteristic

Parameters BPW34 OSD5-5T FDS010 Unit
Wavelength range () 400-1100 430-900 200-1100 nm
Peak Wavelength (Ap) 850 850 730 nm
Active area 7.02 5 0.8 mm?
DC reverse voltage (Vi) 32 15 25 \Y/
Peak DC current (1) 5 10 5 mA
Rise/Fall time (t/tr) 20 9 1 ns
Capacitance (C;) 72atVr=0 | 130atVr=0 |6atvr=10V | PF
15atvr=12V | 3batV,=12V
Responsivity (R ) at (Ap) 0.62 0.44 0.44 A/W
Dark current (14) 2 0.5 0.3 nA

In this experiment, three types of TIA are designed, with each type containing
different photodiode. A blue laser diode (TO 38, 80 mW, 450 nm) was used instead of
LED to verify the maximum bandwidth of photodiodes. On the other hand, the bit error
rate of each type was measured at the same operating conditions. From the table, an
active area, rise/fall time, and capacitance are the most important parameters in
photodiode types, which had a clear impact on the results of experiments. Figure 5-12
shows the TIA frequency response for the three types of photodiodes. It can be seen
that the highest bandwidth was about 79 MHz for FDS010, with a bandwidth reduction
to about 22 MHz for BPW34, and the lowest recorded bandwidth was about 13.2 MHz
for OSD5-5T. This difference is due to the different capacitance for each photodiode.
Furthermore, there is a significant difference between the calculated and measured
bandwidth due to the transit time of the photodiodes [125]. Furthermore, the free BER
was recorded at 20 Mbps and 1.6 m free space distance for the OSD5-5T, where the
output signal was identical with the input signal, and 10-10 BER was reached for
BPW34, and the highest BER was recorded for FDS010 (>102). An increase in the
error rate can be explained by the increase in the rise/fall time for BPW34 compared to
OSD5-5T. As for the FDS010 type, it is due to the small size of the active area, where
it would not be able to receive all the light sent from the LED. The BER is manifested
due to ISI, which occurred due to the comparator circuit. It can be concluded that the
OSD5-5T has better performance, with higher speed and low BER when compared to

other photodiodes.
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Figure 5-12: Frequency response of the TIA for the three types of photodiodes

5.4 Calculation of the TIA Bandwidth by Measuring the Rise Time

In this experiment, the Pseudorandom Binary Sequence (PRBS) signal has been
sent directly to the laser diode, while the signal via three types of TIA will be received
and plotted using an oscilloscope to measure the rise time for each case. Finally, Eq. 5-
14 is used to calculate the TIA bandwidth.

_ 035

2ap = 5-14

Tr
The rise (t,-) time has been determined using:
Tr =/ TFia — Thras 5-15
where, T4 denotes the rise time of the TIA and tpzps IS the rise time of the input

signal (PRBS). Figure 5-13 illustrates the rise time for the PRBS signal and three
cases of TIA.
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Figure 5-16: Measured rise time for TIA using (FDS010) photodiode
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Figure 5-13 represents the rise time of a PRBS signal which is equal to 10 ns.
Figure 5-14 depicts the rise time for TIA with OSD5-5T photodiode, which is about
20.4 ns. Figure 5-15 shows the rise time for TIA with BPW34 photodiode, which is
equal to 16.3 ns. Figure 5-16 illustrates the rise time for TIA with FDS010 photodiode
of about 10.9 ns. Using the figures above, the bandwidth can be calculated for each TIA
using the equations 5-14 and 5-15. Table 5-2 shows the calculation results of the
bandwidth for different types of TIA.

Table 5-2: Calculated bandwidth for each type of TIA

TIA Rise time (ns) Bandwidth (MHz)
OSD5-5T 20.4 19.7
BPW34 16.3 27.1
FDS010 10.9 81.4

It can be seen that the calculated bandwidth for the rise time is nearly the same as the

measured bandwidth from the experiments.

5.5 Selection of High-Power LEDs

Once high-power LEDs have been chosen to be used for the VLC, the next step
is to select a particular LED(s) that can reliably transmit, as far as possible, a modulated
signal in free space. In this section, the characteristics of the commercial high-power
LEDs have been studied and analysed in order to be used for these type of VLC
applications as well as illumination, by measuring the LED bandwidth and the BER of
the data transmission.

Generally, there are two common types of high-power LEDs in commercial
markets — warm (3000-3500 K) and cool (6000-6500 K). However, in some markets,
there are other classifications in terms of the colour temperature (from 3000 K to 30000
K). Therefore, the comparison of these two types has been made in the first stage (warm
and cool); for the second stage, comparison in terms of different colour temperature
will be made.

Figure 5-17 illustrates the experimental setup of the LEDs’ bandwidth
measurements and their comparison. For this experiment, the PIN photodiode
transimpedance preamplifier (TIA) type, in combination with an RC lead compensator
on the same board, has been developed, as the TIA aims to improve the system response
by rise time reduction. The lead compensator output has been connected to an RF
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amplifier for the signal amplification that the signal analyser was set to evaluate. A 13
dBm sine-wave generated by the signal generator has been superimposed via a bias tee
onto the LED bias current. The output from the bias tee was supplied directly to the
individual white LEDs. After a direct LOS has been established, the module of the
receiver was placed, from the LED, between 1.35 to 2.5 m free space distances.
Furthermore, a convex lens was used to focus the light onto the photodiode of the
receiver. To ensure the accuracy of the results, a wide-band (150 MHz) amplified
photodetector (PDA10A-EC) was used to measure the LED’s bandwidth.

Figure 5-18 shows the experimental link of the BER measurement using an
Offset PPM technique. The coding system was programmed onto the FPGA board of
type (Cyclone IV GX-EP4CGX150DF31C7) via the Quartus Il software using Very
High Speed Integrated Circuits (VHSIC) Hardware Description Language (VHDL),
which describes how the device functions. First, the FPGA generates a PRBS
(pseudorandom binary sequence) signal through Quartus I, which is delivered directly
to a LED with high power (about 20, 30 or 50 W) through a bias-T (Picosecond Pulse
Labs 5575A). Between the LED and the PD, 1.9 m free space distance has been used,
where a 60 mm focal length optical convex lens has been fixed in front of the BPW34
(PIN photodiode) built into the TIA board to amplify the current output of PD and
covert to voltage. An RF amplifier (0.01-1000 MHz) bandwidth with 32 dB gain has
been used to amplify the TIA output voltage.

Lastly, a high-speed low-power comparator (MAX942) has been applied to
compare the voltage levels. The comparator output was sent to the FPGA board to be
compared with the input signal, with the result displayed on the PC by means of the
USB cable via the logic analyser signal tap Il. In addition, the plotting of the signals
was done using a four-channel digital oscilloscope (Rohde & Schwarz RTO1044

Oscilloscope; 4 GHz).
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Figure 5-17: Experimental setup for the LEDs bandwidth measurements
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5.5.1 Comparison of warm and cool LEDs

When purchasing a commercial LED, the source of the manufacturing process must be
taken into consideration. Experiments have shown that LEDs with the same
specifications but from different sources give different results when used in optical
communication systems. High-power LEDs that are commercially available are of two
types — cool white with a 5800-6000 K colour temperature and warm white with a
2800-3200 K colour temperature. Different values of power have been selected for
each type of high-power LEDs (50, 30 and 20 W) having the same size of the chip as
depicted in Figure 5-19.

wuw gy

40 mm

Warm LED

Figure 5-19: High power LEDs chip

All the LEDs’ bandwidths have been compared both before and after the
extension of the bandwidth in selecting the suitable LED as the experiments for all the
LEDS were carried out under similar conditions. In order to extend the LED bandwidth,
a circuit with RC lead compensator has been provided. This circuit has been embedded

on the TIA circuit. With regards to high-power LED data transmission, the Li-Fi
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application, using FPGA (field-programmable gate array), has been implemented based
on the Offset PPM scheme [126]. In this research, the resulting BER from data
transmission, through each LED, has been measured and compared to find the highest
data rate and the distance of transmission having the least BER. The results showed that
cool LEDs have a higher frequency bandwidth and lower BER than warm LEDs. On
the other hand, high-power LEDs have lower bandwidth and a higher BER than low
power [127]. The experiment was also carried out on other LEDs with the same
specifications but from a different supplier source. First, the warm LEDs, at different
power values, were compared at 1.9 m free space.

Figure 5-20a shows the LED’s frequency response before the use of the
compensator. It has been noted here that, for all LEDs, the -3 dB bandwidth is
approximately around 3 MHz (which is, for white LEDs, the normalized bandwidth
[128]), with a response difference ranging from 3 to 5 dBm for 50 W and 20 W
respectively. Figure 5-20b depicts the frequency response after the compensator has
been used. Additionally, the LED’s bandwidth increased approximately to 10 MHz and
13 MHz for 50, 20 and 30 W respectively, with varying response LEDs’ rates ranging
from -18 dBm to -19 dBm.

Response (dBm)
Response (dBm)

1 5 10 50
Frequency (MHz) Frequency (MHz)

a b

Figure 5-20: Warm LED frequency response a) without a compensator, b) with

compensator
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The second stage of the LEDs comparison is between cool and warm type for
different power values. Figure 5-21a shows a 20 W frequency response for the warm
and cool LEDs. The bandwidth was found to be between 3 and 2.7 MHz, with the
optical power approximately between 7 and 5 dBm for cool and warm LED types
respectively. The extended bandwidth increased to 38 MHz for the cool LED, which is
about thrice the warm bandwidth. Figure 5-21b and c illustrate the frequency response
difference between the cool and warm type LEDs for 50 and 30 W respectively. The
figures show that the LEDs have the same characteristics of bandwidth with a decrease
in response at the rate of 1 dB with increasing the LED power. Large variations have
been observed as the bandwidth increases for cool LED, which is equivalent to three
times that of the warm LED. It can be again seen that the warm LED has a lower
response and bandwidth than that of the cool LED. This lower bandwidth is due to
added phosphors emitting coating that reduces the switching speed and luminous

efficacy.
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Figure 5-21: Frequency response for warm and cool LEDs
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The final stage of this analysis involves comparing the cool LEDs of different
power values to find the most optimum and appropriate LED in terms of their
bandwidth and response to their optical power. Figure 5-21d shows the different LED
power frequency response values. It is seen from the figure that all the LEDs have
approximately the same 38 MHz bandwidth with a response difference ranging from -
14.5 dBm to-16 dBm to -17.4 dBm for 30, 20 and 50 W respectively. In addition, the
Li-Fi application that has been based on Offset PPM, using white LEDs with high
power at 20 Mbps data rate and 1.9 m free space distance, was implemented and
compared for different types of LEDs. A higher BER was recorded using warm LEDs
with 1072 of BER, and a low BER was recorded using cool LEDs with 1.3 x 1077,
2 x 107%, and 3.5 x 10~> of BER for 20, 30, and 50 W LED respectively.

Furthermore, analysis has been performed in investigating additional room
lighting effect using two experimental setups — only lighting from the LED and with
extra lighting inside the room. The results showed that room lightening has zero effect
on the LEDs with high power.

Table 5-3 shows a comparison summary between the different LED types. The
table depicts that warm LEDs have an inferior performance than cool LEDs. Also
shown in the table is the similar performance characteristics between the 30 and 20 W
cool LEDs, making them more suitable, compared to the 50 W warm LED for same Li-
Fi applications.

Table 5-3: Comparison between different types of LEDs

Basic bandwidth Extended BER at 20Mbps
Type of LED bandwidth &1.9m
f348 (MH2) f3d8 (MHZ2)

20 W warm 2.7 13 1.6 X 1072
20 W cool 3 38 1.3x 1077
30 W warm 2.8 13 2% 1072
30 W cool 3 38 2x107°
50 W warm 2.8 10 3.9 X 1072
50 W cool 3 38 3.5%x107°
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Comparing these results with the results previously published [127], it can be
seen that the cool LEDs have better optical communications performance than warm
LEDs, taking into account the source of manufacture of the commercial LEDs, which
had a difference in optical characteristics (bandwidth and data speed) depending on the
source supplier.

The results establish that high-power LEDs can be used for Li-Fi applications
in achieving similar bandwidths to that of LEDs with low power. Furthermore, the
LEDs with high-power, when compared to LEDs with low power, have higher optical
power and enable increased data transmission distance being used for lighting. In
addition, LEDs with high-power have been compared with two basic types of white
LEDs — the warm and cool — in terms of data transmission and lighting. It has been also
concluded that the white cool LEDs, compared to the warm, have a larger bandwidth,
leading to faster transmission of data. In general, the 30 and 20 W cool LEDs achieved
optimum performance regarding data transmission rate and better distance, in addition
to the illumination of the environment.

5.5.2 Comparison of colour temperature LEDs
In the second part of the comparison, the colour temperature of each LED is compared.
In this experiment, LEDs with different power were selected and compared at different
colour temperatures. The experiments were conducted for commercially available
colour temperatures which are of six types (3000-3500 K, 40004500 K, 6000-6500
K, 10000-15000 K, 20000-25000 K and 30000-35000 K) as shown in Figure 5-22.

The figure illustrates that by increasing the colour temperature, the colour of the
light changes from yellow to blue. The categories have been classified according to the
colour temperature. They are the warm at 3000-3500 K, natural at 4000-4500 K, and
cool at 6000-30000 K. Moreover, three different LEDs’ power ratings were selected
for each colour temperature, again for 20, 30 and 50 W. To avoid any errors in the
results, a high-speed TIA with photo-diode type FDS010 was selected and positioned
at a free space distance of 1.9 m from an LED.
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Figure 5-22: Commercially available colour temperature LEDs

Figure 5-23 illustrates the standard frequency response of LEDs at different
colour temperatures. A trend was observed for the LED’s bandwidth at the same colour
temperature. In addition, a slight increase in bandwidth can be observed by increasing
the colour temperature. A slight increase in bandwidth can be noticed as the colour
temperature increases. About 2.8 MHz bandwidth was recorded at 3000-3500 K colour
temperature, and about 5 MHz at 30000-35000 K for 50 W LED. Furthermore, a slight

change was observed in response with increased colour temperature.
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Figure 5-23: Frequency response of LEDs at different colour temperature: a) 300—
3500 K, b) 4004500 K, c) 6000-65000 K, d)10000-15000 K, e) 20000-25000 K and
d) 3000035000 K

Figure 5-24 represents the frequency response of LEDs after the bandwidth has
been extended. Note that there is a significant increase in bandwidth due to the colour
temperature increase. In addition, there was a slight variation in bandwidth, depending
on the power of each LED. A bandwidth of 13 MHz for 20 and 30 W LEDs and 10
MHz for 50 W LED has been recorded for the colour temperature of 3000—-3500 K. The
bandwidth gradually increases as the colour temperature increases while maintaining

the same difference in bandwidth depending on the power of LEDs. A bandwidth of
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56, 45 and 42 MHz for 20, 30, and 50 W LEDs respectively was recorded at 10000—
15000 K, while the bandwidth reached above 80 MHz at 30000-35000 K colour

temperature for all the power of LEDs.
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Figure 5-24: Frequency response of LEDs after extended bandwidth: a) 3000-3500 K,
b) 4000-4500 K, ¢) 6000-65000 K, d)10000-15000 K, e) 20000—25000 K and d)
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From Figure 5-24 above, the differential increase in bandwidth can be observed
by increasing the colour temperature. It can be seen that the bandwidth of the LEDs
depends on the colour temperature. In general, there are slight differences in responses
for all LEDs due to colour temperature and LED power rating. However, vertical scale
error affects the obtained responses for all the LEDs because of the manual nature of
the experimental set up in collecting data. It should be noted here that this error will
have no affect at -3 dB. Furthermore, the BER was measured at a fixed transmission
distance of 1.9 m at 20 Mbps data speed for each LED at different colour temperatures
as well as for different values of power. The results showed that higher BER was
recorded at a lower colour temperature. In contrast, increasing the colour temperature

leads to a decrease in the BER as shown in Table 5-4.

Table 5-4: Bandwidth (BW) and BER results for a different type of LEDs, N= Not
extended, E =Extended

Colour BER BW (MHz)
temperature LED Power (W) LED Power (W)
K
) 20 30 50 20 30 50

N E N E N E
3000-3500 1.6 x 1072 2x1072 39x107% |27 |13 |28 |13 28 | 10

4000-4500 7.5%x 1075 2x107* 13x107% |3 15 |3 15 29 | 15

6000-6500 1.3x 1077 2x107° 35x107% |3 38 |3 38 |3 38

10000-15000 | 2.5x 107 | 1.6 x 107° 32x10™° |35 |56 |35 |45 |35 |42

20000-25000 | 6.6 x 107** | 9.5x 107** | 2.7x107*° |35 |75 |35 |70 |35 |60

30000-35000 | 5.2x 107 | 8.3x 1071 | 2x1071° |42 |84 |39 |8 |5 80

5.6 The Effect of Distance and Angle on the Rate of Data Transmission

The effect of transmission distance was studied by measuring the bit error rate
(BER) of the signal transmitted at different free space distances. In this experiment, an
offset PPM based on cool LEDs (20, 30 and 50 W), with a colour temperature range of
10000-15000K was implemented at 20 Mbps data speed. Figure 5-25 shows the
relationship between BER and the free space distances. The results showed that free
BER was achieved up to 1.6 m for all LEDs. A BER of < 107%° was recorded at 1.8 m
for 20 W, whereas the same BER was achieved for 30 and 50 W LEDs at 1.7 m.
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The error rate due to the light deviation angle (©) from the receiver was
measured at different angles. A 20 Mbps data rate and 1.9 m free space distance was
selected with 10000-15000K LEDs colour temperature with 20, 30, and 50 W rating
powers, as shown in Figure 5-26.
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Figure 5-25: Relationship between BER and distance

LED

PD

Figure 5-26: Geometry of deviation angle (©) between Tx and Rx
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Figure 5-27 illustrates the results obtained from the experiment. The figure
shows that the error rate increased by increasing the angle, with a clear difference in
the increase, depending on the power of the LEDs. This variance was reduced by
increasing the angle, where the BER for all LEDs was approximated to 10 at a 40°
angle; this was due to systematic errors. The angle was measured manually and,
consequently, the varying degrees of values and directions were recorded, which makes

it difficult to determine the exact values for all LEDs and angles.
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Figure 5-27: Relationship between BER and angle

To conclude, the figures show the apparent variations in the error rate, where
the lowest BER was recorded with the 20 W LED. The error rate increased with the
increase in the power rate as well as the distance (d) and angle (©).

5.7 Uncertainty Measurement

To avoid errors resulting from lab devices and the effects of the surrounding
environment, measurement uncertainty was calculated by repeating experiments and
measurements at different time periods. The LED bandwidth measurement was
repeated 20 times and observed to run all devices simultaneously. Measurements were
taken for different periods for more than 24 hours. As a result, the standard deviation
(STD) of these periods for different frequencies were calculated and plotted,, as
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depicted in Figure 5-28. It can be observed that the values of the standard deviation

range from (0.18-0.22), indicating that the error rate is minimal enough to be neglected.
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Figure 5-28: Uncertainty measurement for the LED bandwidth measurements at

different times

5.7.1 Impact of additional lighting

The experiments were performed for complete lighting and repeated in the
absence of any lighting, except for a 30 W LED. The measurements and results were
found to be an exact match, meaning that the lab lighting had no significant effect.

5.7.2 Effect of equipment and devices

The devices and equipment used in these experiments were calibrated and
evaluated through the direct connection between them, without the use of test rigs. The
devices used for the bandwidth measurement were all calibrated, with the signal
generator connected directly to the spectrum analyser via a coaxial cable. The
measurements obtained were recorded and plotted, as depicted in Figure 5-29. It shows
that the response increased sharply at 14 MHz, with a 0.7 dBm difference in amplitude
and the response fluctuating after 14 MHz due to the noise input and, as a result, the

effect of this oscillation was observed in the obtained results.

The test rig was calibrated, including the FPGA board and the coaxial cables by
measuring the bit error rate, which achieved a transmission data rate of up to 40 MHz
with free BER. However, there was some additional BER caused by the effects of

electronic devices in the lab.
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Figure 5-29: Systematic error through bandwidth measurement devices

5.8 Practical Validation of Using High Power LEDs

For high power LEDs to be used in VLC applications, particular LEDs were
chosen since the goal is to enable signal transmissions for as far as possible. The ability
of high power LEDs has been checked to send data at high rates, where it has been
compared with phosphorescent white LEDs (OSRAM LUW, W5AM), used in many
previous researches (see Table 2-1).

In this experiment, a 30 W LED at 6000-6500K was chosen to be compared
with the OSRAM LUW W5AM, as they have the same colour temperature. The
comparison was based on the bandwidth and bit error rate measurements. Figure 5-30

shows the frequency response of both LEDs.
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Figure 5-30: Frequency response of 1 W and 30 W LEDs

A convergence of bandwidth for both LEDs was observed. The bandwidth was
around 3 MHz and 30 MHz before and after compensation, respectively. Furthermore,
the BER was measured for both LEDs at a 20 Mbps data rate. The different distances
were taken for both LEDs in order to eliminate the signal for 1 W at a higher distance,
whilst saturating the signal for 30 W at a short distance. A 10 of BER was recorded

for both the 1 W and 30 W at free space distances of 0.75 m and 1.6 m, respectively.

It can be seen clearly that both LEDs have the same bandwidth with a slight
difference in the response, helping the conclusion that the high power LED (30 W) can
be used to send data at higher rates of up to several hundred Mbps, as compared to the
low power one (1 W) [129-131].

5.9 Summary

The simplest transceiver circuit was implemented, and successfully, the data
was achieved according to the ethernet speed. In the transmitter, an LED with bias-T
was employed. At the receiver part, the TEA was improved to increase the bandwidth
through the RC compensator circuit. On the other hand, three types of photodiodes were

selected and tested to investigate the best performance. Thus, it was concluded that the
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OSD5-5T performed better, with a higher speed and lower BER, as compared to other
photodiodes.

Previous research has focussed on the use of low power LEDs (1 W) or RGB in
VLC applications. For the first time in this research, high-power LEDs (20, 30, 50 W)
were employed for VLC. The results showed the success of high-power LEDs in
transmitting data, such as low-power LEDs. From this principle, a set of commercial

high-power LEDs were compared in order of type, power and colour temperature.

In terms of type, there are two common commercial types — warm LEDs and
cool LEDs. Experiments have proved that the cool LEDs performed better than warm
LEDs, where it was found that the bandwidth of the cool LED was three times higher
than the warm one, recorded at 38 MHz. Moreover, these LEDs were compared in terms
of data transmission. The results showed that the cool LED had a higher data rate. The
source supplier of the LEDs was also considered. The results proved that the optical
characteristics of LEDs are dependent on the source supplier (manufacturing). Where
there was a disparity in bandwidth and data speed, stability was preferred in terms of
the cool LED over warm.

In terms of power, three types of rated powers (20, 30, and 50 W) were
implemented on the VLC. It was found that the three types had similar characteristics
with little variation. The results confirmed that the increase in rating power led to
reducing the bandwidth and data speed. It was found that the 20 W LED performed
better than the 30 W, and the 30 W was better than the 50 W.

In terms of colour temperature, the experiments comprised commercially
available colour temperatures, which contained six types (3000-3500K, 4000-4500K,
6000k—6500K, 10000-15000 K, 2000025000 K and 30000—35000 K).

It can be concluded that the bandwidth of the LEDs depend on the colour
temperature. The bandwidth was gradually increased by increasing the colour
temperature while maintaining the same difference in bandwidth, depending on the
power of the LEDs. A 13 MHz bandwidth was recorded for the 3000-3500 K colour
temperature, and a 84 MHz (the maximum bandwidth) was recorded at a colour
temperature of 30000-35000 K. In terms of data transmission, a 20 Mbps data rate at a
fixed transmission distance of 1.9 m was implemented, at different colour temperatures.

The results showed that the higher BER was recorded at a lower colour temperature,
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where a BER < 1072 was recorded at 3000-3500 K, and a BER < 10~1° was recorded
for a range between 10000K to 30000 K.

The error rate for 20 Mbps data rate was measured at the different transmission
distances. The results proved that the data could be transmitted over a distance of up to
1.6 m with free BER. The error rate is directly proportional to the distance; it was less
than 107 at a distance of up to 2.4 m. This result is acceptable for transmission in optical
communication systems. Moreover, the BER, due to the light deviation angle from the
receiver, was measured at 20 Mbps data rate and 1.9 m free space distance. It can be
summarised that the BER increases due to the increasing angle, where the BER was
approximated < 107 at an angle of 30°.

However, the practical validation of using high power LEDs was implemented
by comparing it with a low power LED (1 W). The results showed that both LEDs had

the same performance in terms of VLC applications.
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Chapter 6

Modulation Schemes Implementation

6.1 Introduction

In this chapter three types of pulse position modulation techniques are addressed
and implemented to verify the optimum type used in VLC based high-power LEDs.
The test rig was calibrated, including the FPGA board and coaxial cables, by measuring

the bit error rate, which achieved a transmission data rate up to 40 MHz with free BER.

6.2 Field Programmable Gate Array Board (FPGA)

The Altera Cyclone IV GX-FPGA development kit is a complete design
environment that includes both the software and hardware needed to develop Cyclone
IV GX FPGA designs. Cyclone IV GX devices are targeted towards high-volume and
cost sensitive applications, enabling system designers to meet increasing bandwidth
requirements while lowering costs. Figure 6-1 shows the field programmable gate array
board (FPGA), which is employed for programming the modulation techniques. A very
high-speed integrated circuits (VHSIC) for hardware description language (VHDL)
was used to programme the FPGA, which requires knowledge of how the device
functions. The reason behind utilising the FPGA is that the resultant system will have
lower levels of external noise and any internal delays than in the previous

implementations [132].

. Cyclone?“' v

"'gf_ 91. m a@ @,

___l%ll

Figure 6-1: Field-Programmable-Gate-Array board Cyclone IV GX (FPGA) [132]
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6.3 Implementation of the Dicode Pulse Position Modulation (DiPPM)

Figure 6-2 and Figure 6-3 describe the block diagram and the logic circuit
schematics of the experimental VLC system, based on DiPPM using a 30 W LED. The
test rig explained in Chapter Five, Figure 5-18 comprises two parts, software system
design and hardware system design. In software design, FPGA via the Quartus Il
software, the VHDL is used for data generation in PRBS form, BER measurement and
the DiPPM coder and decoder. First, the 125 MHz clock was generated by the FPGA
which was sent to the phase-locked loop (PLL) to generate the required frequency. The
desired frequency was applied to generate the PRBS signal (PCM). Afterwards, the
PRBS signal was encrypted by the DiPPM encoder which was sent to the LED via the
bias-T and the digital oscilloscope, for observation through the pins (DiPPM/DiPPM1).

The hardware design encompasses the VLC transmitter circuit and receiver
circuit. In the transmitter circuit, the commercially available high-power LED (cool
white 30 W) was connected to the data and power supply via a bias-T. Furthermore, the
receiver circuit was composed of the photodiode (PD) and transimpedance amplifier

(TIA), with a gain of 20 dB to recover the signal.

PRBS
o 0 input
SOW ——b; PRBS T DC Power
CLK supply
L, DiPPM
coder
CLK
4 W
v Bias tee P> LED 4—.
0
— 5 BER 4—‘ |
Dizdl'l comparator |
decoder p Free:space
CLK Lens distarce (d)
‘ f §
PRBS ou
FPGA |
RF amplifier [« @
TIA

Figure 6-2: Block diagram of the DiPPM based on VLC
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The photodiode received the signal from the LED lighting to be converted from
current to voltage, and then amplified by the TIA. The output signal from the TIA was
sent directly to the RF amplifier for amplification. The amplified signal was sent to the
comparator to equalise the receiver output to either zero or one. Finally, the output
signal from the comparator was fed directly through the coaxial cable to the FPGA
board via the pin (coder_input), which was observed via the digital oscilloscope through
the pin (optest3) and the PC. On the other hand, the FPGA decoded the signal received
from the comparator to retrieve the original signal. The original signal was sent to the
oscilloscope via a pin (pcmoutput) for observation. Moreover, the BER was measured
by counting the error numbers through the comparison between the decoder signal and
the PRBS signal. Table 6-1 shows the characteristics of the experiment link parameters.

Table 6-1: Characteristics of the Experiment Setup Parameters.

Parameter Characteristics
LED Cool white 30 W, 10000-15000 K
Bias TEE Picosecond Pulse Labs 5575A
Photodiode OSD5-5T
RF amplifier 1 MHz-2GHz, 32 dB
Comparator MAX942
FPGA Cyclone IV GX-EP4CGX150DF31C7
Free space distance 1.9m

6.3.1 Results and discussion

Figure 6-4 shows the measured real signals via the oscilloscope at transmission
speeds of 14 Mbps. The top trace represents the PRBS signal, the middle traces
represent the encoded signals, where the upper signal represents the transmitted signal
to the LED (encoded), and the lower signal represents the output signal from the
comparator (received). The bottom signal represents the decoded signal (decoded).
From the shape of the signals, a good correlation can be observed between the input
data (PRBS) and the output data (decoded), with time delay due to the logic circuit
components, as well as between the coded signal in the transmitter (encoded) and

receiver (decoded).
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Figure 6-4: Transmitted and received signals of DiPPM via oscilloscope

Furthermore, the FPGA board has been connected to the PC to display the
simulation signals through the signal tap Il logic analyser, using the Quartus 11 software
to measure the BER, as shown in Figure 6-5. Similarly, there is a match between the
transmitted and received signals. The BER was measured by comparing the input signal
(PRBS) and the output signal (decoded). The BER was less than 101! for up to 14
Mbps data rates. As the frequency increased up to 14.5 Mbps, the BER also increased
to >10~°. The reason for the increase in the BER was due to inter-symbol interference

(1S1), since this modulation was generated with zero guard.
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Figure 6-5: Waveforms of the DiPPM simulation

6.4 Implementation of Duobinary Pulse Position Modulation (Duo PPM)
Figure 6-6 depicts the block diagram of the VLC system-based Duo PPM. The

experiment setup was implemented similarly to the steps of the previous modulation

systems with switches, both the encoder and the decoder to the Duo PPM.
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oL o ini)ut
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CLK ]
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0
- BER <
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decoder | P §
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A A
- PRBS aut g
RFamplifier [= @
TIA

Figure 6-6:.Block diagram of the Duo-PPM based on VLC
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Figure 6-7: Logic circuit schematic of Duo-PPM
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Figure 6-7 describes in full details the logic circuit schematic of Duo PPM using
VHDL and the Quartus Il software. The coder and decoder were improved by Farhat et

al. to reach the maximum speed with the lowest error rates [133].

The clock pulses were generated using an FPGA, which was fed to the phase-
locked loop (PLL) to control the selected frequency. The selection frequency was sent
to the PRBS block to generate the PRBS signal using a VHDL code. The PRBS was
delivered to the Duo PPM coder for signal coding, which was sent through the coaxial
cable to an LED via the pin (Duo-PPM). The pin (Duo-PPM1) was connected to the
oscilloscope to observe the transmitted signal. The received signal at the output of the
comparator was sent to an FPGA to feed the Duo PPM decoder, to retrieve the original
signal. Additionally, the output of the comparator was sent to the oscilloscope for
comparison with the transmitted coded signal. The output signal from the Duo PPM
decoder was delivered to the BER block for comparison with an original PRBS, as
shown in Figure 6-7.

6.4.1 Results and discussion
Figure 6-8 presents the data pulses through oscilloscope at a transmission speed of 14
Mbps. The top trace and the bottom trace represent the input data signal (PRBS) and
the received output data signal (decoded), respectively. The middle traces represent the
encoded signals, where the upper signal represents the transmitted signal to the LED
(encoded) and the lower signal represents the received signal from the comparator

(received).

It can be seen that there is a match between the transmitted data and the received
data. The decoded received signal is the same as the original PRBS signal. Moreover,
there is a similarity between the encoded signal transmitted through the LED (encoded)
and the received signal (received) at the receiver output. The FPGA board was
connected to the computer to present the simulation signals via the signal tap 11 logic
analyser using the Quartus Il software to measure the BER, as shown in Figure 6-9.
Similarly, there is a correspondence between the input signal (PRBS) and the output

signal (decoded).
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Figure 6-8: Real measurement signals of the Duo PPM via the oscilloscope

The same BER in the DiPPM was recorded which was < 1071 up to 14 Mbps data
rates, and above 10~ at 14.5 Mbps. It was found that the BER increased for both
modulations (DiPPM and Duo PPM) due to the ISI, which occurred due to the

comparator bandwidth limitations, as shown in Figure 6-10.

Clock

S L
Encoded sieml 1< F
received sig ]

Decoded signl
R0 _Coded Tx &Rx ©
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Figure 6-9: Waveforms of the Duo PPM simulation using signal tap Il logic analyser
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6.5 Offset Pulse Position Modulation (Offset PPM) Implementation

This was done applying the same measurements as mentioned earlier in the
DiPPM but with the offset PPM coder and decoder, as illustrated in Figure 6-11. The
simplicity of this technique is uncomplicated synchronization and in contrast to the
DiPPM technique, where the signal is coded and converted from 3-bit to 4-bit. First,
the 125 MHz clock was connected to the phase-locked-loop (PLL) to control the
selection of the appropriate frequency. The selected frequency is fed to the 3-bit/4-bit
clock signal via C0O, which was fed the pseudorandom bit sequences (PRBS) and the
offset PPM (coder/decoder). The PRBS signal was sent to the offset PPM coder to
generate the offset PPM signal (convert from 3 bit to 4 bit), which was then sent to the
high-power LED through the bias-T. The photodiode received the encoded transmitted
signal that was sent through the light of an LED. The signal was processed through the
TIA amplifier and the comparator, then sent to the FPGA through the coaxial cable via
a pin (A27). The encoded signal was decoded through the offset PPM decoder to

retrieve the original signal.
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Figure 6-11: Block diagram of offset PPM based on VLC

Figure 6-12 depicts the block diagram of the offset PPM through the FPGA
board using the VHDL programming language and Altera Quartus Il software. A 125
MHz clock pulse was created using an FPGA, which was fed to the PLL to control the
selected frequency. The selection frequency was sent to clock signal block to generate
the 3-bit and 4-bit clock pulses. The 3-bit pulses were fed to the PRBS block to generate
the PRBS signal, which was sent to the offset PPM coder. The encoded data was
delivered to an LED through the bias-T via a pin (AE27), where the pin (AE26) was
connected to the oscilloscope to observe the coded data. The LED was sent the encoded
data with lighting to the photodiode.

The received data at the output of the comparator was sent to an FPGA to feed
the offset PPM decoder, to retrieve the original data. Also, the output data from the
offset PPM decoder was delivered to the oscilloscope for comparison with an original
PRBS.
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6.5.1 Results and discussion

The real signals via the oscilloscope are illustrated in Figure 6-13. The top trace
represents the input data (PRBS), the second trace depicts the output decoded data
(decoded). The third and bottom traces depict the encoded data which was transmitted
to an LED (encoded), and the encoded data at the comparator output (received),
respectively. It can be seen that there is a match in the signals between the input and
the output signals, and there is a similarity between the transmitted signal, which was

sent via LED with the received signal that was received from the receiver through the

comparator output.
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Figure 6-13: Real signals of offset PPM via the oscilloscope at 20 Mbps

Running the simulation of the offset PPM system with a clock and the PRBS
input waveforms are illustrated on the timing diagram of the simulation in Figure 6-14.

The waveforms of the input, output and coder signals are illustrated, and there is a
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match between the input signal and the output signal including delays. There is also a
similarity between the transmitted coded signals (coder Tx) with the received coded
signal (coder Rx). However, the free error was recorded at 1.6 m free space distance at
a 20 Mbps data rate, whilst 1.6 x 10~° of BER was measured at 1.9 m distance with

the same data rate.
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Figure 6-14: Waveforms of the offset PPM simulation

6.6 Summary

In conclusion, comparing the three types of modulation schemes have been

summarised as follows.

The results were completely identical for both the DiPPM and Duo PPM, where
the BER was less than 10~ for up to 14 Mbps data rates. As the frequency increased
to 14.5 Mbps, the BER also increased to >10~°. The reason for the increase in the BER
was due to the ISI, since both modulations were generated with zero guard. Whilst the
offset PPM free error was recorded at 1.6 m free space distance and at a 20 Mbps data

rate, whilst 1.6 x 10~° of BER was measured at 1.9 m distance, at the same data rate.

It is clear that the offset PPM has higher speed and lower error rates than the
DiPPM and Duo PPM, due to the offset PPM has the least impact on the ISI, where the
coded signal occurs in the middle of pulses. Whereas, the encoding of the PPM and
Duo PPM occur at the end edge of each pulse, which makes it more susceptible to ISI.
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Chapter 7
VLC Simulation Model using MATHCAD

7.1 Introduction

Important parameters were determined such as preamplifier input noise, DC
channel gain, signal propagation delay, receiver noise, probability of pulse errors and
receiver sensitivity. These elements are required knowledge for calculations depending
on the design of the transceiver system (receiver sensitivity) including the MATHCAD

program, which will be used in this chapter to calculate receiver sensitivity.

7.2 Channel Model for Single LED

A major step in VLC design is understanding the limitations of the optical
wireless channel. It is necessary to have a precise channel model to accurately predict
the performance of the VLC system. Figure 7-1 depicts the geometry of the optical
transmitter, receiver and reflectors for indoor VLC with one LED. The figure shows
the illumination pattern from an LED to the photodiode. It can be seen that the line of
sight (LOS) light with incidence (gij) and irradiance (0i;) angles as well as diffused

light are reflected from the walls to the photodiode with angles a and p.

Light source

Ref. point P(x, v, z)

Figure 7-1: Geometry of optical Tx, Rx and reflectors [2]
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In this chapter, channel modelling for the VLC system mainly focusses on a
vertical LOS, which is addressed as shown in Figure 7-2. Experiments were carried out
in a room with dimensions 8.5 m X 6 m X 3.5 m, and the 30 W LED was used with
house dimensions of 0.22 m X 0.18 m, and beam angle (¢) of 120° at 1.9 m free space
distance between the LED and the photodiode (PD), as shown in Figure 7-2. This makes
the lighting more concentrated in the area with less room size. Therefore, the effect of
reflection of lighting from the walls is too small and can be neglected as well as the

incidence (i) and irradiance (i) angles are set to zero degrees.

LED ¥

b2

Height

35m

o
SO

PD

Length

W=

8.5m

Figure 7-2: Geometry of the VLC system

In this simulation, a BER of 10°® was employed, which was obtained in previous
experiments, at a speed of 20 Mbps and 1.9 m distance transmission to determine the
average received power required and receiver sensitivity. The system was evaluated
according to the following main algorithms:

« Initially, a VLC impulse response signal h, was generated, which

depended on the Gaussian input pulse shape (pulse (t)).

* In the second algorithm, the received pulse shape I, was determined and

plotted. From the knowledge of the received pulse shape, the time at the
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centre of the peak pulse ty and the peak voltage of the received pulse vpy

was found.

» The third algorithm calculated the noise bandwidth from the knowledge of

the preamplifier cut-off frequency f.

»  For the fourth algorithm, the probability error sources were determined,

based on the knowledge of the previous algorithms.

For the fifth algorithm, the standard of performance was that the probability
of total error must be identical for the PCM (one error in 10°).

« For the sixth algorithm, the received power was determined (P,) regarding

the minimum number of a photons (min(a)).

« Finally, the receiver sensitivity was defined in (dBm) using the knowledge

of the received power which is, P.ggm = 10 log(hi—rw).

« The improvement of the MATHCAD simulation was considered in order to

achieve the reliability of the experimental and theoretical results.

7.3 Photodiode Responsivity

The definition of the photodiode responsivity R(A) is the ratio of the photodiode
current in A to the radiant power in W (A/W), depended on the photodiode wavelength
and is defined by [2, 28].

R(H=2=1 7-1
Where, I, denotes the photodiode current, P is the radiant power, n is the
quantum efficiency, g is an electron charge and hv denotes photon-energy, which is
given by:

h.c
hv = 7 7-2
Where, h is a Planck’s constant, c is the velocity of light and A is the wavelength

of the photodiode.

7.4 Analysis of Noise and Signal Response

7.4.1 DC channel gain of LOS
The Lambertian emission pattern (m) for emitted light from an LED is given by
[83]:
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—-in2

= — 7-3
"= In(cos(d1/2)
Where, ¢, /, represents the semi-angle at half illuminance of the transmitter.

Therefore, the DC-channel gain of LOS is expressed by:

_ (m+1)App
Zﬂdoz

Lo .cos™(¢y).cos(6,)7 7-4

Where, App represents the photodiode active, d, represents the LOS distance between
the transmitter (LEDs in this research), the transmitter was positioned vertically on the

receiver (photodiode), where ¢, and 6, equal to zero, then the equation can be written:

_ (m+1)App
- 27Td02

LO 7'5

7.4.2 VLC impulse response
Suppose the shape of input pulse property h,(t) is given by the following
formula [97, 134, 135]:

= h,®dt=1 7-6

Then, the preamplifier output voltage is expressed as:
v,(t) = bhvR, ( Zyre(£) X hy (1)) 7-7
vy () = 22 [ Hy(w) Zyre (). /% de 7 7-8

Where, b is the photons number per pulse, hv denotes the photon-energy, |,
Zpre(w) the frequency related to TIA, R, is the photodiode responsivity, n is the
photodiode quantum efficiency, q denotes the charge of electron and H,(w) denotes
the Fourier transform of h,, (¢).

The Gaussian input pulse shape is assumed as:

1 t?
h,(t) = T €XP (— m) 7-9
and
Hy,(t) = exp (— azzwz) 7-10

Where, « the pulse variance is given by:

o = 21874Th 7-11
In

Where, f, is the normalised bandwidth of the system.

107



7.4.3 Input noise at TIA

The noise is another important aspect of a TIAs design, which is produced by
the electronic components of the circuit. Combined effects of statistically independent
noise sources have a significant impact on a TIA’s performance [2, 136]. The total input

mean square noise current for TIA is given by [120]:

(i%) = ‘”{fT +2ql, + 22 Ri%+ f Z(ZHCT)Z] 7-12

R_ Im1?
Where, K is Boltzmann’s constant, K = 1.38 x 10723, T is absolute

temperature (kelvin) T = 300K, B is data rate, Ry is feedback resistor, g = 1.6 x

_ . 1 I
1071 C is electron charge, g, = _—— m and C; = C4 + C.q + Cp,

_ 1
T[ 27'L'fTTe

— ¢, Where, ¢, is the collector capacitance and f; is the transition

frequency for the transistor BFR92A.

Table 7-1 illustrates the VLC system parameters for the simulation model. The

collector current for the first stage of the TIA is:

Iy =1 Ver _ 07 0.583 mA
I~ = —_—= = U. m
Lo BT R, T 1.2K0
25mVv 25mVv
Then, r, = o osssmA 42.88 1)

1
gm = — = 0.0233

Te

1 1
C.= — =
m T onfer, ¢ 2mx 5GHz x 42.88 02

— 0.6 PF

C, = 0.14 PF
Cr =Cy+ Coy + Cy = 35 PF + 0.6 Pf + 0.14 PF = 35.74 PF

2

4KT gl [ 1
12y = —— 4+ 2q1,I “|= + B2(2nC,)?
(i) R +CIb2+gm12lRIZ+ (ﬂr)l

f
2y — -24 A?
(i?) = 14.4 X 10 [y
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Table 7-1: System Parameters for VLC

System Parameters

PCM symbols n=10
PCM bits N=3
data rate B =20 Mbps
Quantum efficiency n=100%
Electron charge q=1.602x10"° C
Planck’s constant H = 6.624x1073 Js
Velocity of light 3 x 108 m/s
Photon-energy h.c/A
Boltzmann's constant K=138x10"%3

TIA Parameters

Bandwidth 13 MHz
Input noise (i) = 25x10*A%/Hz
BER 10°
signal-to-noise parameter(Q) at BER of 10° 6
Transition frequency of the transistor fr =5GHz
Si Photodiode Parameters (OSD5-5T)
Wavelength Range () 400 to 1100 nm
peak Wavelength (Ap) 820 nm
Responsivity R(Ap) R, =0.66 A/W
Dark Current Ip 1nA
Photodiode Load Resistor R 50Q
Active area (4pp) 5 mm?

7.4.4 Measurement of the input current white noise
To measure the input white noise, first the received power level in the absence
of a signal needs to be measured. Knowing the power level, the input white noise (i?)

can be calculated as follows:

-138 dBm is the measured received power level when the signal is absent P, ;.
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Praps = 1010g(1mW)

w
P =16x10"1 —
0 Hz

2

|74
V2=P, x50N=8x10"1" —
0 Hz

2 2

V A
i?=—5=25x10"" —
Rf Hz

Where, Ry = 5.6 K12 is the feedback resistor for the TIA.

7.5 Error Sources Probability

Using the equations from 4-4 to 4-9 in Chapter Four, the total probability of
errors can be calculated for each of the three types of modulation techniques, as
mentioned below.

7.5.1 DiPPM and Duo PPM

e Wrong slot errors
Error probability of the equivalent PCM for [96, 137] is given by [100]:
x+3 x+2
Pewssr = Pewsrs = gcl;(% (%) P(x+1)+ (%) P(n+1) 7-13
Therefore, the total error probability can be expressed as follows [138]:

Pewspippm = Pewssr + Pewsrs

n—1 (1 x+3 1 x+2
Pewspippm = Pewspuo ppm = 2-Zx:O (E) Ps(x +1) + (E) Ps(n +1) 7-14

e FErasure Errors

For a DiPPM and Duo PPM, the equivalent PCM error probability [137, 138]

can be expressed as:
_ 1 x+3 1 xX+2
PerDiPPM = PerDuo PPM — 2. (Z;lz(% (E) Per(x + 1) + (E) Per(n + 1)) 7-15
e False-alarm Errors

The total equivalent PCM error probability generated by a false alarm error for
the DiPPM and Duo PPM is given by [96, 137-139]:
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PefDiPPM = PefDuo ppmM = 2. (Z

n—-1yx

Sio() Bm+1-K)

7.5.2 Offset PPM

x=0 &4k=0

(%)x+3 P(x+1—k)+

7-16

The probability of erasure errors in offset PPM occurs when any ‘1’ positions

of code-word are reset to ‘0°. The probability of false alarm errors in offset PPM occurs

when any ‘0’ positions of the code-word are reset to ‘1°. The probability of wrong slot

errors in offset PPM occurs when any ‘1’ positions of the code-word are moving to the

left or right. Table 7-2 shows the error probability of each code-word and the average

probability.
Table 7-2: Average Probability of Offset PPM Errors
PCM Offset PPM | Probability | Probability of | Probability of the Wrong
of Erasure False alarm slot
left right
000 0000 0 1.25 0 0
001 0001 1 1 2 0
010 0010 1 1 1 2
011 0100 2 1.666 3 1
100 1000 1 1.3333 0 3
101 1001 1 2 2 2
110 1010 1 2 1 2
111 1100 15 2 0 1
average Probability (E,,) E.,=0.35 E,,=0.51 E;4,=0.375 | Egg,=0.458

e Wrong slot errors

The error probability of the equivalent PCM for the offset PPM is given by [73]:

Ps = Epap(0.5erfc (%) + Egay(0.5erfc (%)

Where, E,,, the average probability of errors.
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e False Alarm Errors

The probability of false alarm errors is given by [111-113]:
pr = Eqp (:—j) 0.5erfc (%) 7-18

e Erasure Errors

The probability p,, for offset PPM is given by [112]:
Per = Eqp[0.5erfc (%)] 7-19

7.6 Received Optical Power

The optical power is required for the DiPPM and Duo PPM systems and is given
by [96]:

Poieem = (). (). B 7-20

(gu+2 2.n
Similar to the DiPPM, the optical power is required for the Duo PPM and is
expressed as [113]:

Pouopen = (). (”—“).B 7-21

2n

Where, b represents the number of photons per pulse, n represents the maximum
number of like symbols for the DiPPM, B is the bit rate and gu represents the guard
intervals. In these experiments, the DiPPM is used with zero guard intervals.

Similarly, with the offset PPM, the required optical power is expressed as [113]:

bh
Poffset pPM = (TU)B 7-22

7.7 Simulation Results and Discussions

In this chapter, the simulation of the VVLC system was performed by calculating
the sensitivity of the receiver. The simulation has been subjected to operating conditions

that have been used in practice experiments.

7.7.1 DiPPM simulation
The system simulation was carried out at the data transmission of 20 Mbps
(appendix C). Figure 7-3 depicts the VLC received pulse for the DiPPM technique,

which is used to find the peak time (t,y ) and peak voltage (vy). There are ripples in
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the signal due to storage in the filter of the preamplifier filter combination and the short

duration of the input pulse.
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t
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Figure 7-3: Received pulse for DiPPM at 20 Mbps

The simulation results have proved that the system has high sensitivity up to -
36.6 dBm. From another perspective, to investigate the performance of the VLC system
based on DiPPM, the VLC system was simulated at the data rate of 100 Mbps (appendix
D). From Figure 7-4, it can be seen that the signal amplitude increased by up to five
times with the increase in transmitter rates, which is an indication of the reduction of
the sensitivity. The sensitivity diminished by -3.5 dBm at 100 Mbps data transmission.
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Figure 7-4: Received pulse for DiPPM at 100 Mbps
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7.7.2 Duo PPM simulation

For a Duo PPM system, the process is similar to a DiPPM system. From Figure
7-5and Figure 7-6, it can be observed that the received pulse for a Duo PPM is identical
to a DiPPM received pulse. The difference was only in receiver sensitivity, which was
caused by an error probability. The Duo PPM has -0.6 dBm better sensitivity than the
DiPPM (appendix E).

15%10"
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lo(t) 5x10°

o
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0O 075 15225 3 375 45525 6

t
Time slot (Ts)
Figure 7-5: Received pulse for Duo PPM at 20 Mbps

The transmission speed was increased to 100 Mbps to ensure system scalability
for high data rates. The results proved that the possibility of using Duo PPM for high
speeds of up t0100 Mbps, where the sensitivity was -33.73 (appendix F).
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Figure 7-6: Received pulse for Duo PPM at 100 Mbps
114

_2x10”



7.7.3 Offset PPM simulation
Similar to the DiPPM, the system was simulated with the same conditions.

Figure 7-7 shows the received pulse response at 20 Mbps data rate, the receiver
sensitivity was achieved to -35.7 dBm, which was less than the DiPPM (appendix G).
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Figure 7-7: Received pulse for offset PPM at 20 Mbps

To investigate the performance of the VLC system based on Offset PPM, the
VLC system was simulated at the data rate of 100 Mbps. From Figure 7-8, it can be
seen that the amplitude is increased at by increasing transmitter rate, which the

sensitivity was reduced to -32.21 dBm (appendix H).
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Figure 7-8: Received pulse for offset PPM at100 Mbps
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Table 7-3 illustrates the results of the average received power and receiver
sensitivity, obtained from the simulation using the MATHCAD software at 20 Mbps.
From the table it can be seen that all techniques have a high sensitivity that goes beyond
-35 dBm. The duo PPM has a higher sensitivity than the DiPPM and offset PPM by the
rate of -0.6 dBm and -1.5 dBm respectively. Whilst received power required was

recorded a maximum difference of 0.08 between an offset PPM and Duo PPM.

Table 7-3: Simulation Results at 20 Mbps

Modulation technique DiPPM Duo PPM Offset PPM
Average received power (LW) 0.218 0.189 0.269
Sensitivity, dBm -36.6 -37.22 -35.7

In Table 7-4 similarly, when the transmission rate is increased to 100 Mbps, The
sensitivity rate is decreased by the constant average for all modulation techniques,
which is -3.49 dBm, while the Duo PPM keeps the best sensitivity.

Table 7-4: Simulation Results at 100 Mbps

Modulation technique DiPPM Duo PPM Offset PPM
Average received power (LW) 0.488 0.423 0.601
Sensitivity, dBm -33.11 -33.73 -32.21

7.8 Model Evaluation of VLC Simulation

The receiver sensitivity is theoretically predicted, depending on the calculation
of the input noise at the receiver. To take advantage of them, knowing the characteristic
of noise at the output of the amplifier is required. Different methods will be used to
evaluate the sensitivity of the receiver, which are listed as follows:

* Method 1:
The receiver sensitivity (Prgagm)) i the minimum average optical power for a

given BER, which can be calculated from the following equation:

P, = R%\/ (noisegy (i2)) 7-23

Prs
Prs(dBm) =10 log(lo—_3) 7-24
Where, R, is the responsivity of the photodiode, Q is the signal-to-noise
parameter which depends on the BER, as shown in Figure 7-9, and noisegy, is the

bandwidth of the noise, which given by:
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noisegy = g.fc 7-25
Where, f. represents the cut-off frequency, which is expressed by:
fe =0.5/Ts 7-26

Where, Ty is the slot time, which depends on the modulation technique.
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Figure 7-9: Error probability graph via Q parameter [120]

* Method 2:

In this way, the measurement method and the signal current (1) received by
the photodiode is measured using the picoammeter device. The challenge is the current
measurement, which is very small compared to the total current delivered via an LED.
The measurement steps were as follows:

The total current is measured in the absence of the signal (/,,s), then the total
current is measured by the presence of the signal (1), so the signal current is the
difference between the two currents:

Ipp = Ipr — laps 1-27

The measured I is equal to 138 pA. The measured I, is equal to 138.12 pA.
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Then, ]PD =120 nA

Finally, the receiver sensitivity is determined by the following equations:

I
P = % =0.182 uW

Prs(dBm) = —37.4dBm

* Method 3:
In this way, using the calculation method, the signal current (Ipp) will be

determined using the following equation:

Ipp = QY ({i?).B.I;) = 1 x 1077
Where, (i?) is the input noise, which is equal to 25 x 10724, B the data rate (20
Mbps) and I, = 0.564.
Then,

I
P = % = 0.153 uW

Prs(apmy = —38.16 dBm
Table 7-5 shows the summary results determined by the different methods.
From the table it can be seen that there is a convergence of the calculated values by the
three methods, where the insignificant difference sensitivity was recorded about -2.2
dBm whereas, the received power shows a difference approximately 0.1 pW.

Table 7-5: Model Evaluation Results

Method Method 1 Method 2 Method 3
Received power 0.255 0.182 0.153
Receiver sensitivity | -35.94 -37.4 -38.16

7.9 Summary

In this chapter, the MATHCAD software was used to simulate the VLC based
on high power LED, using three methods of modulation techniques. The simulation
was carried out under the same conditions that were applied in experimental results, to
verify the system profitability. The simulation results are summarised in the following

points:

+ At 20 Mbps data rate, the Duo PPM has the highest sensitivity, which was
recorded to be at -37.22 dBm. Whilst, The DiPPM has a higher sensitivity than
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the offset PPM, at -0.9 dBm, and less sensitivity than the Duo PPM at -0.6
dBm. The highest received power was recorded at Offset PPM with 0.269 puW.
While the DiPPM and Duo PPM were recorded (decrease by) at 0.051 and 0.08,
respectively, which were lower than the offset PPM.

Increasing the speed of transmission rate up to 100 Mbps leads to a reduction
in the sensitivity by -3.49 for the different modulation techniques. Conversely,
the rate received power increased by 0.332 yW, 0.234 uW and 0.27 pW for the
offset PPM, Duo PPM and DiPPM, respectively.

The VLC simulation was evaluated by finding the receiver sensitivity using
different methods. The methods used were based on practical measurements
and mathematical calculations. Results have shown that the VLC system has
high receiver sensitivity with an average of approximately -37 dBm. On the
other hand, the methods were confirmed that there is a correlation between the
theoretical results and mathematical calculations.

In conclusion, the VLC simulation confirmed that the system has high
reliability, capable of transmitting data at speeds of more than 100, where the
sensitivity was slightly decreased.

119



Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis investigated the use of high-power LEDs in VLC applications. The
conclusions of the main findings of this study can be summarised in accordance with

the objectives of this research as follows:

Conclusion #1: A critical revision was carried out on the LEDs in terms of their
usage in VLC applications. The published works show that the LED has been mostly
used in the low-power applications, and generally the concern revolves around how to
improve the LED bandwidth. Additionally, the modulation techniques have been
revised, as they were significant in the improvement of the performance of the VLC
systems, where it was found that there is a possibility of using different techniques to
achieve better performance.

Conclusion #2: A commercial high-power LED was used without any
additional circuits (found in most of the transmitter component used in research), which
offers a great possibility of decreasing the cost and eliminating the noise. It is worth
mentioning that the overall implemented system performance was approximate to the

performance obtained from the transmitter with the additional circuits in existence

Conclusion #3: A receiver was designed based on a simple emitter follower
transimpedance preamplifier (TI1A) circuit, using the transistor BFR92A which offers
high bandwidth and low noise. Additionally, an RC compensator circuit was added to
improve the LED bandwidth.

Conclusion #4: As the reviewed published studies revealed, there was a lack in
information about the optimum modulation techniques to consider for high-power LED
systems. Three different modulation schemes (DiPPM, Duo PPM and offset PPM) were
used due to their high sensitivity, simplicity and the non-requirement of the carrier
wave. Accordingly, the data transmission was successfully achieved at speeds above
10 Mbps. Moreover, The BER was less than 10711,

Conclusion #5: After the three types of pulse position modulation techniques

were addressed and implemented, this step aimed to verify the optimum type used in
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VLC based high-power LEDs. The optimisation criteria were defined (data
transmission and BER). BER of 10° was recorded at a speed of 14.5 Mbps for both
DiPPM and Duo-PPM, whereas 20 Mbps was recorded for the offset-PPM. Thus, it is
clear that the offset-PPM has better data transmission reliability than the DiPPM and
Duo-PPM.

Conclusion #6: This objective was achieved in two steps. First, the cool and
warm LEDs were optimised and the results revealed that the cool LED showed better
bandwidth, higher data rates and minimum BER. Second, using the same optimisation
criteria, different colour temperatures were compared. Accordingly, a range of 10000—
15000 K was selected. However, increases in the colour temperature resulted in
changing the lighting colour from white to blue, which can adversely affect the human

eye and was counted as a drawback of the high colour temperature.

Conclusion #7: The MATHCAD software was used to simulate the VLC based
on high-power LEDs, using three methods of modulation techniques. The simulation
was carried out under the same conditions which were used in the experimental study,
to verify the system profitability. It was found that the three modulation techniques
scored a high level of sensitivity (-35.94 to -38.16 dBm). Furthermore, the VLC
simulation was evaluated by finding the receiver sensitivity using different methods,
based on practical measurements and mathematical calculations. Results showed that
the VLC system had high receiver sensitivity, with an average of approximately -37
dBm. It was also concluded that the VLC simulation confirmed that the system has high

reliability, capable of transmitting data at speeds of more than 100.

Conclusion #8: Based on the optimisations carried out for the LEDs and
modulation techniques, a reliable VLC system was achieved. Then, this reliable system
was used to investigate the effects of the transmission distance and elevation angle on
the VLC performance. The results proved that the data could be transmitted over a
distance of up to 1.6 m with free BER. As the distance increased, the error rate
increased. The error rate was less than 107 at a distance of up to 2.4 m. Moreover, the
BER, due to the light deviation angle from the receiver, was measured at 20 Mbps data
rate and 1.9 m free space distance. It can be summarised that the BER increases by
increasing the angle, where the BER was approximated to < 10 at a 30° angle of

inclination.
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8.2 Contribution to Knowledge

A set of contributions is presented in this research which have not been

addressed in previous researches. The summary of these contributions are as follows:

Contribution #1: The first contribution in the current work is successfully
using high-power LEDs in optical communications as well as lighting. The current
developed VLC system has been implemented using a simple transceiver. Moreover, it
was validated through a comparison of the transmitting rate, bandwidth, BER and the
illumination with the same low-power LED (1 W). The results show that both LEDs

performed the same in terms of VLC applications.

Contribution #2: The second major contribution is represented in specifying
the optimum commercial LED for better transmitting processes, which can enhance the
overall performance of the VLC applications and has been done by comparing different
types of LEDs and suppliers. This comparison helped establish a useful process for the

selection of a proper commercial LED, particularly employable for VLC applications.

Contribution #3: The other major contribution of this research work is
specifying three modulation techniques for the VLC applications, and then identifying
the most appropriate technique by comparing the performance of the specified
techniques (DiPPM, Duo PPM and offset PPM) in terms of data rate and BER. It is
worth mentioning that the specified techniques have never been employed for high-

power LEDs in VLC applications.

8.3 Future work

In this research, experiments and results proved that the high-power LEDs can
be used in VLC applications. It is therefore recommended that future works focus on
the following:

Outdoor applications: High-power LEDs can be used in street lighting systems
to supply them with the necessary data. For example, vehicles can be located as follows:
LED streetlight transmits the ID, then the camera can capture the LED image to find
the image and the coordinates of the LED. After that it can look up the world
coordinates of the LED. Finally, the camera geometric equations can be formulated to

find the camera position.
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It can be used for smart car technology to send data to a nearby vehicle, for
example, by sending a stop signal, or sending turning indicators when turning left or
right. Additionally, its usage in traffic lights serves several purposes, such as locating
vehicles and sending signals by giving crossing and stop orders to smart vehicles.
Underwater applications: The use of high luminance can allow light propagation for
long distances, this allows data to be transmitted to longer distances. The study of high-
power LEDs needs to be deepen and expanded, in terms of their optical
communications properties. Furthermore, studies should increase the data transmission
rate by developing the receiver circuit and adding additional transmitter circuits, and

design different types of modulation techniques and apply them to high power LEDs.
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Appendices

Appendix A: Receiver circuit design

Printed and designed circuit of TIA
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Appendix B: : Comparator Circuit Design

Printed and designed circuit of comparator (front)
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Appendix C: Receiver sensitivity of DiPPM at 20 Mbps

Receiver sensitivity of DiPPM with zero guard at 20 Mbit/s
and 3 PCM BITS for LOS Indoor VLC Link 2019
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1 n+2 n
(Ej Z [Pin(b,i)-(n+1-k)]

+
>< >
I ML
7\
N |-

X
Z [Pen(b,i)-(x+ 1 - k)] | -

/—\
N -
~_
>
+
N
>

Z Pen(b,i)-(n + 1 -K)]

Total Fals alarm
Pet (b, i) = Pern(b, i) + Peir (b, i)
Total Errors
Pep (D, i) := Per(b,i) + Pes (b, i)
pc (b,i) = (log(Pep (b, i) +9) Set for 1 in 109 errors
Per(b,0) = 507.784x 10”3 Per(b,0) = 516.312x 10 °

aj := root(pc (b,i),b)  Find the root to give 1 in 1079
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1.67x10°

166x10° /////

5
i 165x10
- e
5
1.64x10 ///////
\—/
1.63x10°
3 6 9 12 15 18 21 24 27 30
i b =1.10°
Vof = 0.524
gu = 0x 10°
minimum:= min(a) minimum= 163.663x 103

Received power

P, = [—minimum‘ hoton ener (1+ nj-B}
M ((Qui+ 2)) PROTON_ENerM =5,

P, = 218.34x 10 °

Receiver sensitivity

Py
10

Prdgm = —36.609x 10°

pc(minimum14) = —-1.776x 10 15 closed to zero
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Qe.

Per(bai) =

507.784:10-3

507.818°10-3

507.852-10-3

507.886°10-3

507.92:10-3

507.954-10-3

507.988-10-3

508.022-10-3

508.055°10-3

508.089°10-3

508.123°10-3

508.157-10-3

508.191-10-3

508.225°10-3

508.259°10-3

Vpk — Vi-Vpk = Vi-Vpk = [
6.765°106 7.447+106 38.623:106
6.751°106 7.461°106 38.541-106
6.737°106 7.476°106 38.46-106
6.722-106 7.49-106 38.379:106
6.708106 7.504:106 38.298:106
6.694°106 7.518°106 38.217°106
6.68:106 7.532:106 38.136:106
6.665°106 7.547°106 38.055°106
6.651°106 7.561°106 37.973106
6.637:106 7.575°106 37.892:106
6.623°106 7.589°106 37.811-106
6.609106 7.603106 37.73:10-6
6.594°106 7.618°106 37.649:106
6.58"106 7.632°106 37.568:106
6.566°106 7.646°106 37.487-106
VoISI1_Ts; = VoISI2_Ts; = Qelsu1 = Perisi(b.1) =
486.041-10-3
1.317-106 -1.464°106 34.998:106 486.014°10-3
1.319-106 -1.467°106 35.065°106 485987103
1.322°106 -1.47°106 35.132:106 485961103
1.325-106 -1.472°106 35.199-106 485.934-103
1.327-106 -1.475'106 35.266°106 485.907-103
1.33-106 -1.478°106 35.332:106 485.881-103
1.332-106 -1.481°106 35.399:106 485854103
1.335106 -1.484'106 35.466°106 485827103
1.337106 -1.486°106 35.533'10°6 285 801103
1.34-106 -1.489°106 35.599:10-6 485774103
1.342°106 -1.492:106 35.666106 485748103
1.345-106 -1.495-106 35733106 485721103
1.347-106 -1.498'106 35.8:106 485.694-103
1.35-106 -1.5°106 35.867°106 485.668-103
1.352'106 -1.503-106 35.933:106
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Qe|5|2i =

50.875:106

50.972-106

51.07°10-6

51.167-10°6

51.264:106

51.361:106

51.458:10°6

51.555-106

51.652:106

51.749-106

51.846°106

51.943-10°6

52.04:10-6

52.137°106

52.235:10°6




Pefisio(b i) =

Perr(b,1) =

1Y — PNS(baI) = H -
479.712:10°3 383.405-103] Qns(b.i) = 505163 Pens(b.i) =
479.674°10-3 383.377°10-3 42.517'10°6 283011103 89.273-10°3
479.635°10°3 383.35°10-3 42.598'10°6 182975103 89.267-10-3
479.596710°3 383.322'10'3) | 42.679'10° 282.946 107 89.261-10°3
479.558°10-3 383.295'10°3 42761106 782.912°103 89.255°10-3
479.519°10-3 383.267°103| | 428421106 282881103 89.249:10-3
479.4810-3 383.24°10-3 42.923'106 182845103 89.243-10-3
479.442:10°3 383.21210-3 43.004-10°6 52817107 89.238:103
479.403°10-3 383.185°10-3 43.085'10°6 52759103 89.232103
479.364'10-3 383.157°10-3 43.166'10°6 52757107 89.22610-3
479.326°103 383.13:10-3 43.247°10°6 48'2 103 89.22-10-3
479.287°10-3 383.102-10-3 43.329'10°6 5 6'87_10_3 89.214:10-3
479.24810-3 383.075°10-3 43.41-10-6 482'655_10_3 89.208:103
479.21-10-3 383.047°10-3 43.491-106 482'623_10_3 89.202°10-3
479.171-10-3 383.02°10-3 43.572:10°6 " '259_10_3 89.196°10-3
43.653:106 82 89.19:10-3
b,i) = Pnr(DLI) = . _ _

Qr®.D = PNROD = pp i) = Pa.) = Pebi) =
45'517 10_6 483.043 10_3 89.273:10-3 178.547°10-3 132.907°10-3
4259819 - 483.011'10 - 89.267°10-3 178.535:10-3 132.899:10-3
42.6759'19 - 48297910 . 89.26110-3 178.52310-3 132.89-10-3
4270119 - 482.946'10 - 89.255°10-3 178.511°10-3 132.881°10-3
4284219 - 48291410 - 89.249:10-3 178.499:10-3 132.872°10-3
42:923'10 - 482.881'10 - 89.24310-3 178.487°10-3 132.863°10-3
43.00419 s 482.849°10 : 89.238:103 178.47510°3 132.854°103
43.085'10 c 482.817°10 : 89.2321073 178.4631073 132.84510-3
43106119 - 482.78410 - 89.226:10-3 178.451°10-3 132.836°10-3
1324719 - 482.752'10 . 89.22:10-3 178.43910-3 132.827°10-3
4332919 - 482.72'10 - 89.214:10-3 178.427°10-3 132.818:10-3
1341710 - 48268710 : 89.208:103 178.415'1073 132.81°10-3
BAL10 - 482.65510 - 89.202:10-3 178.403°10-3 132.801°10-3
43572119 s 48262310 : 89.196°103 178.3911073 132.792°103
365310 4825910 89.19:10-3 178.379:10-3 132.783°10-3
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Pet(b,i) =

516.312°10-3

pe(b.i) =

516.276°10-3

9.01-100

516.239-10-3

9.01-100

516.203°10-3

9.01-100

516.167-10-3

9.01-100

516.13-10-3

9.01-100

516.094:10-3

9.01-100

516.057-10-3

9.01-100

516.021-10-3

9.01-100

515.985-10-3

9.01-100

515.948-10-3

9.01-100

515.912-10-3

9.01-100

515.875°10-3

9.01-100

515.839-10-3

9.01-100

515.80310-3

9.01-100

9.01-100

aj

165.638-103

165.393°103

165.159-103

164.937-103

164.73:103

164.537-103

164.36°103

164.201-103

164.06°103

163.939°103

163.839°103

163.761-103

163.705°103

163.672°103

163.663°103
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Appendix D: Receiver sensitivity of DiPPM at 100 Mbps

Receiver sensitivity of DiPPM with zero guard at 100 Mbit/s
and 3 PCM BITS for LOS Indoor VLC Link 2019

i:=0,1..30
i n:= 10 Number of like symbols in PCM
V| = Voff + —
1000 19
ng = 1.6-10 Quantum energy
A= 820-10_g This is the wavelength of operation
6.63-10 °*.3.10°
photon_energy:= gu=20
A
nq R, = 659.628x 10 °

° "~ bhoton_energ,
Preamplifier terms

24

So = 2510 Preamplifier input noise
B = 100-10° Bt rate 1
Tp = — PCM bit time
Slot time Tp -9 B
TS = TS = 5>< 10
2+ qu
1
fc = 05?S ®¢ = 2'7'C .fC
H S
preamplifie pre(0) = ”
1+j-—
Oc

VLC impulse response

t==0,01.14

h(t) = Hf Re[ expl i- (1) Hpre (o) dwﬂ
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(X,p —

Pulsel(t) :=

Pulse shape

0.1874T,
fa

2'7'C '(Xpn'l 2.apn

-exp

t
lo(t) := Tij h(x)-PulseX(t — < ) dt
s J0

lo(t)

Normalized Amplitude

h(1)

Normalized Amplitude

Pulsel(t) =

691.869-10-3

681.542-10-3

651.478-10-3

604.289-10-3

543.91-10-3

0.5

-05

A

475.06°103

402.63°10-3

331.134-10-3

264.264°10-3

204.649°10-3

153.787-10-3

112.142-10-3

79.351°103

Time slot (Ts)

8x10"
6x10"
4x10"

2¢10"

\»///\\_/’\\,f\\/f\vf\

_2x10”

0 07515225 3 37545525 6

t
Time slot (Ts)
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54.485-10-3

36.303:10-3

lo(t) =

0-100

690.136°103

2.74°106

6.087-10°

10.631-106

16.23-106

22.706°106

29.842°106

37.377°106

45.009-106

52.387°106

59.112-106

64.747°106

68.826°106

70.892°106




t=15

I1(t) = j— Io(t) Guess at the peak time
t
tow = root( 1) T2, 1) t = 1.437x 100 Thisisthe peaktime
Vpk = Io(tpk) Vpk = 71.061x 106 This is the peak voltage

o _ |
noise := ¢ noise = 157.08 x 106 Noise bandwidth
So-noise = 3.927x 10” /S, noise = 62.666x 10~ 2

Erasure of pulse
Vpk — Vi-Vpk Qe.-b
Qe. == N0 ——— N i
eI /So.noise Pl’(bal) T Zerr{ \/—2

n-1 1 X+3 n+2
Per(b,i) = 2 [Ej Pr(b,1)-(x+1) + (Ej Pr(b,i)-(n+ 1)

-

x=0

False alarm

False alarm when pulse appears in slot R can spread into S-slot of following symbol Pgfis)-

or into previous S-slot of same symbol Pgfis); , Vgis1 == Vo (td — TS)and Vgis)1 == Vo(td — Ts)

VoISI1_Ts, = Vi'lo(tpk - 1) VoisI2_Ts, = Vi"o(tpk + 1)
ViVpk — VoIsI1_Ts, _ 1 Qe|su1.-b
Qersig, = nq- m Pefisia(b,i) = ?erf T
ViVpk ~ VoIsi2_Ts, _ 1 Qe|3|2i~b
Qeisiz = nd- 5o o Perisiz(b , 1) = E-erf 7
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3
[BEN

Perr(D,1) ==

X+3 1 n+2
(] -Pef|5|1(b,i)'(X)+(E) Perisia(b,i)-(n) || ..

1 +3 1 n+2
(2) Pefisiob,1)-(x+ 1) + (E) PenisiAb,i)-(n + 1)

+

MDHM

0

False alarm no ISl accurs between S and R and the error apears within the run of N-symbols where k
is the symbol position

False alarm between R and S pulses - N to SET

Qns(b i) = ng e Qns(b.i) b
NS\V, = ny- . ) 1 1)
./ So-noise Pns(b,i) = E'erf{Ns.Tj

3
[REN
[EEN

y_
Pens(b,i) =

y+3
K—j Pns(b,i)-(y+ 1 - k)}

n+2
j Pns(b,i)-(n+1 - k):|

M
[

x
I
[N

7N
N -

MSII

z-
Il
N

False alarm between S and R pulses - N to R

v
Qnr(b,1) = 0 —— b,i)-b
R ! ./ So-noise Pnr(D,IT) = %erf{%j

n-1  x- 1\*+3
Penr(D 1) = Z Z (E) Pnr(DLD)-(X+1=K) [] ..

= 2
n— 1 n+2
+ KE) PnR(DLT)-(N+ 1 — k)}

151



Pen(D,1) = Pens(D,1) + Penr(D 1)

X

n-1 1 X+3
Pern(b,i) = Z (Ej Z [Pin(b,i)-(x+1-K)]| ..

k=1

=1
1 n+2 n
(Ej Z [Pin(b,i)-(n+1-k)]

+
>< >
I ML
7\
N |-

X
Z [Pen(b,i)-(x+ 1 - k)] | -

/—\
N -
~_
>
+
N
>

Z Pen(b,i)-(n + 1 -K)]

Total Fals alarm
Pet (b, i) = Pern(b, i) + Peir (b, i)
Total Errors
Pep (D, i) := Per(b,i) + Pes (b, i)
pc (b,i) = (log(Pep (b, i) +9) Set for 1 in 109 errors
Per(b,0) = 487.868x 10 ° Per(b,0) = 492.779x 10 °

aj := root(pc (b,i),b)  Find the root to give 1 in 1079
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7.45x10%

7.4x10"
aj
4 \ /
7.35x10
L /
\\_/
7.3x10”
3 6 9 12 15 18 21 24 27 30
i
Voff = 0.524
gu = 0x 10°
minimum:= min(a) minimum= 73.192x 103

Received power

P, = [—minimum‘ hoton ener (1+ nj-B}
M ((Qui+ 2)) PROTON_ENerM =5,

P, = 488.224x 10

Receiver sensitivity

Py
10

Prdgm = —33.114x 10°

pc(minimum14) = 1.776x 10 15 closed to zero
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Qe.

Per(bai) =

487.868:10-3

487.944°103

488.019°1073

488.095°10-3

488.171°1073

488.246°10-3

488.322°103

488.397°10-3

488.473°10-3

488.548°10-3

488.62410-3

488.7°10-3

488.775°10-3

488.851°103

488.926°10-3

QelSlzi =

113.761°106

113.978°106

114.195°106

114.412°106

114.629°106

114.846°106

115.063°106

115.28:106

115.497°106

115.715°106

115.932°106

116.149°106

116.366°106

116.583-10

Vpk — Vi'Vpk = ViVpk = [
33.825°106 37.236°106 86.363:106
33.754°106 37.307°106 86.181°106
33.683:106 37.378:106 86°10-6
33.612-106 37.449-106 85.818:106
33.541-106 37.52°106 85.637:106
33.47°106 37.591106 85.455°10-6
33.398:106 37.662:106 85.274:106
33.327°106 37.733-106 85.093°106
33.256:106 37.804°106 84.911°106
33.185'106 37.875'106 84.73:10-6
33.114°106 37.946:106 84.548'10-6
33.043:106 38.017-106 84.367°106
32.972-106 38.088-106 84.185:106
32.901°106 38.16°106 84.004°10-6
32.83-106 38.231-106 83.822:106
VoISI1_Ts; = VoISI2_Ts; = Qelsu1 = Pez:;}létiigo;
6.585-106 -7.32-106 78.259°106 468.752°10°3
6.597°106 -7.334'106 78.408:106 468.692-103
6.61°106 -7.348'106 78.557-106 468.633-103
6.623106 -7.362-106 78.70710°6 268.574103
6.635°106 -7.376°106 78.856°10°6 468.514-103
6.648106 -7.39106 79.005'106 268,455 103
6.66106 -7.404°106 79.155:106 468.395103
6.673°106 -7.418'106 79.304°106 468.336-103
6.685°106 -7.432106 79.453'10°6 268277103
6.698°106 -7.446°106 79.603-106 468.217103
6.711-106 -7.46°106 79.752:106 468.158103
6.723106 -7.474°106 79.902:106 468.098-103
6.736°106 -7.488'106 80.051°106 468.039-103
6.748°106 -7.501°106 80.2:106 467.98-103
6.761-106 -7.515-106 80.35°10-6
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Pefisio(b i) =

Perr(b,1) =

454714103 365626103] Qns(b,i) = Pns(B.1) = Pens(b,i) =
454.628°10°3 365.564°10°3 95.071°10%8] | 462129107 e::: 205107
454.542-10-3 365.503°10-3 95.253:106 462.057-10-3 85.395'12'3
454.456°103 365.442°10°3 95434106 | 401985107 85381107
454,37-10-3 365.381103 95.616:10-6 4619131073 85.368'10-3
454.284'10°3 365.32:10°3 95.797-106| | 61.841107 85355107
454.197-10°3 365.258°10-3 95979106 | 61.769107 85342107
454.111°1073 365.197-103 96.16°106 461.697:10°3 85.32810°3
454.025-10°3 365.136-10°3 96.341-10°6 461.62510°3 85315107
453.939°103 365.07510°3 96.523106| | 461553107 85302107
453.853-10°3 365.013'10-3 9704106 | 461481107 85288107
453.767-10°3 364.952°1073 96886106 | 01:409107 85.275103
453.681-10°3 364.891-10°3 97.067-10°6 461.337-10°3 85.262.107
453.595'10°3 364.83'10-3 97.249'10-6 461.264'10° 85.248'107
453.509°103 364.769-10°3 97.43106| | 61.192:107 85235107
97.611°10°6 461.1210°3 85222103
Qnr(b,i) = Par(D i) = .

95 071106 265139103 Penr(D,1) = Pin(b,i) = Pein(b,i) =
95.253106 462.057-103 85.408:10°3 170.81610-3 127.153-10-3
95.434-10°6 461.985103 85.395107 170.79-103 127.133°10°3
95 616-10-6 461.913-103 85.381-103 170.763°10-3 127.113°10-3
95.797'106| | 461.841103 85,368 107 170736103 | 127.094'10°3
95.979-106 461.769-103 85.355:103 170.71°10-3 127.074°10-3
96.16:106| | 461.697103 85342107 170.68310°3| | 127.054-10°3
56341105 261625103 85.32810-3 170.656103| | 127.034103
%523105| | 261553103 85.315°10°3 170.63103| | 127.014'103
96.704-106 461481103 85.302:103 170.603:103 126.99410-3
96.886-106 461.409-103 85.288'10-3 170.577°10-3 126.975°10-3
97 067-106 461337103 85.275:10°3 170.55'10-3 126.955°10-3
97.249-106 461.264-10°3 85.262'10° 170.52310-3 126.935°10°3
97.43106| | 461192103 85.248'107 170497103 | 126.915110-3
97 611-106 461.12-103 85.235°103 170.47-10-3 126.895°10-3
85.22210-3 170.443103| | 126.875103
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Pet(b,i) =

492.779°1073

pe(b.i) =

492.698°10-3

8.992-100

492.617°1073

8.992-100

492.535-103

8.992-100

492.45410-3

8.992-100

492.373°10-3

8.992-100

492.292°103

8.992-100

492.211°1073

8.991-100

492.13'10-3

8.991-100

492.049°10-3

8.991-100

491.968°10-3

8.991-100

491.887°10-3

8.991-100

491.80610-3

8.991-100

491.725°1073

8.991-100

491.644°10-3

8.991-100

8.991-100

aj

74.076°103

73.966°103

73.861°103

73.762:103

73.669°103

73.583-103

73.504°103

73.433°103

73.37°103

73.316°103

73.271°103

73.236°103

73.211°103

73.196°103

73.192:103
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Appendix E: Receiver sensitivity of Duo PPM at 20 Mbps

Receiver sensitivity of Duo PPM with zero guard at 20 Mbit/s
and 3 PCM BITS for LOS Indoor VLC Link 2019

I:=0,1..3C
i n:=1c Number of like symbols in PCM
ng = 1.6-10" 19 Quantum energy
A = 82010 9 This is the wavelength of operation
6.6310 34-3-10°
photon_energy := gu =c

A

Ry : nQ

= R, = 659.628x 10~ 3
photon_energy

Preamplifier terms
Sy := 2510 % Preamplifier input noise

B := 20-1¢f Bit rate 1
Ty = B PCM bit time

Slot ti To
ot time T = Ty =25x10"°
2+ gu
fo 1= 05—
c = 0.5_|_—S o= 2 g fo = 20% 10
H = =
preamplifier pre(0) += o
1+j—
©c
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Pulse shape

t:=0,01.. 1
VLC impulse response
ot
h(t) := T J Re[eXp[i-@ '(t)‘Hpre(O) )II do h(t) =
° 804.764°10-3
841471103
= —OIlgMTb fn = os: P 850.56'10-3
ap =T pn T g 826.215-10-3
n S
763.772+10-3
1 —t? 660865103
Pulsel (1) := —=——-exp 2 518.715-103
Vo apn 2% pn 343.347-10°3
1464391073
t -54.583710-3
IO(t) = i J h(‘t ) -Pulsel (t — r) d-: -237.614°10-3
Ts Jo -378.401°10°3
-454.585°10-3
-450.849°10-3
-364.248'10°3
Pulsel(t) = "
o ! 691.869-10-3 lott) =
E 1 681.542-10-3 0°100
s 651.478:10-3 138.027°103
< ” 604.28910-3 547.963103
E & 543.91-10-3 1.217-106
E 0 475.06-1073 2.126106
= 402637103 3.246°106
z 331.134°10-3 4.541-106
~%9 1 2 3 4 264264103 5.968°106
t 204.649°10-3 7.475°106
153.787-10-3 9.002-106
Time slot (Ts) T 142103 10477106
79.351°10°3 11.822°106
54.485-10-3 12.949-106
36.303'10°3 13.765-106
14.178°106
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15x10°

s \
S
= 1x10’
=3
=
< 6
3 lo(t) 5x10
N o
E /
S o \/ TN

—5x10°

0 075 15 225 3 375 45 525 6
t
Time slot(Ts)
d .
t:=1cr 11(t) := =1Ip(t) Guess at the peak time
dt
tok = root(ll(t)-ng,t) tok = 1437 1¢° This s the peak time
Vpk = IO(tpk) Vpk = 14.212X 108 This is the peak voltage
: wfe - Noise bandwidth
noise := noise = 31.416x 1cP 015€ bandw!

2
Sy-noise = 0 x 10 \/So-noise = 28.025x 1079

Erasure of pulse

error0(x.,y) := G) G)y(g -Err(o,y) ...
) n
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QO -b
Pro(b.i) := 5 -erfe T Jemor0(x.y)

Vpk — Vi-Vpk

errorl(x.,y) := nz_i nz_i [(%)-G)y-(;)xéErr(x,y)}
X=1
)

Q]-ei =nQq-

-G)n-(;)n-Err(n,n) 1

1 (Qlei'bj
Pra(b,i) := 3 erfe| —7— Jemorl(x.y)
Per(bai) = Pro(b,i) + Pl’l(bai) TR = (xp
False alarm k:=1 Xm0

False alarm no ISl accurs between S and R and the error apears within the run of N-symbols where k

is the symbol position
ODD -combinationsk EVEN -combinations

odd(k) := E — trunc (E) k
2 2 Erodd(x,y k) := 5

k k
— b -k
even (k) := 2 trunc(z] Ereven (x,y,K) := X >

Er(x.y,k) := Ereven (x,y,k)-even (k) + Erodd(x,y.k)-odd(k)

Vi-Vpk Vo(1) = lo(t)

\/S,-Noise FALSE ALARMS

Qfoi 1=
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errorfO (x,y,K) := G)Hl-( yﬂ-(E)-Er(l y,1) ..

>
/_\\
Nl
u
m
-
~
=
S
-
j

T, ul Qfoi
P¢o(b,i) := —-05-erfc| ———— |-errorfO (x,y,k)
TR

ol

1\ 1
errorfl (x,y,K) := 2) -EErr(x,y)}

>
N
M1
AN
— 1
VR
VR
NIl
N S
<
/T\

v
m
Nl -
v:’ N—

X
Il
.
<

+
— |l
Ml o

NIl -

3
|_\

) Err(x,n)
J

+
VR
Nl
v

7~ N\

Nl -

) (Dn -Err(n,n)

<
Il
o
+
77\

Al

b-nq -Qso.

Ij-errorfl (x,y.k)

Pr(b,i) := o.5-erfc[T

Total Fals alarm
Pef(b,i) := Pgo(b,i) + P (b, i)
Pep(b,1) := Per(b,i) + Pgs(b,i)

pc(b . i) = (Iog(Peb(b ,i)) + 9) Set for 1in 1079 errors
Per(b,0) =84928x 1073  Pgs(b,0) = 62.375x 1073

aj := root(pc(b,i) ,b) Find the root to give 1 in 1089
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145x10°

144x10°
143%10° \
A

5 v
142x10

0 3 6 9 12 15 18 21 24 27 30

i
Voff = 0.48 b =110
minimum := min (a) minimum = 142.075x 10°

Received power

P ._[minimum hoton ener (1+nj B}
B TED) Rt A ™

P, = 189541x 10~ °

Receiver sensitivity

Pr
10

Pragm = —37.223% 10
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Qoe. =

163

i Err(x,y) = error0(x,y) = Po(b,i) =
120.492°106 0-100 64.88°10-3 29.329:103
120.574°10-6 500103 64.88°10-3 29.327°103
120.655°106 1-100 64.88°10-3 29.325'103
120.736°106 1.5-100 64.88°10-3 29.323:103
120.817°10-6 2100 64.88°10-3 29.321-103
120.898°106 2.5°100 64.88°10-3 29.319°10-3
120.979°106 3:100 64.88:10-3 29.316°103
121.06°10-6 3.5-100 64.88°10-3 29.314'103
121.142-10°6 4+100 64.88°10-3 29.312°10-3
121.223°106 4.5-100 64.88°10-3 29.31-10-3
121.304°106 5-100 64.88°10-3 29.308:103
121.385°106 500103 64.88°10-3 29.306°103
121.466°106 0100 64.88°10-3 29.304'10-3
121.547-106 500103 64.88°10-3 29.302:103
121.628°106 1100 64.88°10-3 29.3°1073

errorl(x,y) = e Pr(b.) = Per(b.D) =
15032103 41.787°10-6 55.599:10-3 84.928'103
15032103 41.706°10-6 55.60310-3 84.929-10-3
115032103 41.625°10-6 55.606°103 84.931-103
15032103 41.544°10°6 55.61-10-3 84.933:103
15032103 41.46210°6 55.614°10-3 84.934°10-3
115032103 41.381°10-6 55.617°103 84.936°10-3
15032103 41.3'106 55.621°10-3 84.938'103
15032103 41.219-10°6 55.625°10-3 84.939-10-3
15032103 41.138-10°6 55.629°103 84.941:103
15032103 41,057-10-6 55.632°103 84.942:103
15032103 40.976°10°6 55.636°10-3 84.944°10-3
15032103 40.894°10-6 55.64°10-3 84.946'10-3
15032103 40.813-10-6 55.643'103 84.947°103
15032103 40.732-10°6 55.647°10-3 84.949:10-3
15032103 40.651-10-6 55.651°10-3 84.951°10-3




Qfoi =

2459551012

246.462°1012

246.969°1012

247.476°1012

247.983°1012

248.49-1012

248.997°1012

249.505-1012

250.012-1012

250.519°1012

251.026°1012

251.533-1012

252.04-1012

252.547-1012

253.054°1012

P (b.i) =

errorfO(x,y,K)

7.935"

10-3

7.935:

10-3

7.935-

10-3

7.935*

10-3

7.935:

10-3

7.935-

10-3

7.935:

10-3

7.935:

10-3

7.935-

10-3

7.935-

7935

7.935:

7.935-

7.935*

7.935:

Per(b.1) =

55.71-10-3

55.707-10-3

55.703-10-3

55.699°10-3

55.696°10-3

55.692:10-3

55.688:10-3

55.684:10-3

55.681-10-3

55.677-10-3

55.673-10-3

55.67-10-3

55.666°10-3

55.662:10-3

55.658:10-3

62.375°10-3

62.371°10-3

62.366°10-3

62.362:10-3

62.358:10-3

62.354°10-3

62.35°10-3

62.346°10-3

62.341°10-3

62.337°10-3

62.333:10-3

62.329-10-3

62.325°10-3

62.321°10-3

62.316°10-3

Po(b,i) =
6.664°103 errorfl (x,y ,K)
6.664'10°3 115.032:10°3
66631073 115.032'10°3
6.663°103 115.032°103
6.663°103 115.032°103
6.662'10°3 115.032'10°3
6.662:103 115.032°103
6.661°10-3 115.032°103
6.661:10-3 115.032-103
6.66°10-3 115.032°10-3
6.66°10-3 115.032°103
6.659:10-3 115.032-103
6659103 115.032'10°3
6.659-103 115.032°103
6.658°10-3 115.032°103
115.032°10°3
Pen(b,i) = pc(b,i) = .
14730510 8.16610° I144.164-103
473107 8.16610 143.934-103
7287107 8.1687107 143.714103
47295107 8.16610 143.503'103
17292107 8.168 100 143.304-103
14729107 8.16510° 143.117°103
47,287 107 8.16610° 142.943°103
47285107 8.168 100 142.783103
17282107 8.16610 142.637°103
147281107 8.16510° 142.506°103
47277107 8.168 100 142.392'103
7275107 8.168 100 142.294-103
7272107 8.16610 142.214°103
147.27107 8.168'10 142.151°103
147267107 8.168100 142.107-103

164




Appendix F: Receiver sensitivity of Duo PPM at 100 Mbps

Receiver sensitivity of Duo PPM with zero guard at 100 Mbit/s
and 3 PCM BITS for LOS Indoor VLC Link 2019

I:=0,1..3C
i n:=1c Number of like symbols in PCM
ng = 1.6-10" 19 Quantum energy
A = 82010 9 This is the wavelength of operation
6.6310 34-3-10°
photon_energy := gu =c

A

Ry : nQ

= Ry = 659.628x 10~ 3
photon_energy

Preamplifier terms
Sy := 2510 % Preamplifier input noise

B := 1001105  Bitrate 1
Ty = B PCM bit time

Slot ti To
ot time Ts - Ts =5x10 9
2 +gu
fo 1= 05—
c = 0.5_|_—S o= 2 g fo = 100x 10°
H e =
preamplifier pre(0) += o
14—
©c
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Pulse shape

t:=0,01.. 1
VLC impulse response
. t
h(t) := T J Re[eXp[i-@ (1) -Hpre (o )II do h(t) =
O 804.764°10-3
841.471°10-3
api= 01874 T fo=oe 7P 850.56'10°3
fn T 826215103
763.772°10-3
1 —* 660.865°10-3
Pulsel (1) = ——=——"-&xp 2 518.715-10°3
Ve Pt 2% pn 343347103
146.439-10-3
t -54,583-10-3
IO(t) = i J h(‘t ) -Pulsel (t — r) d-: -237.614°10-3
Ts Jo -378.401°10-3
-454.585°10-3
-450.849°10-3
-364.248-103
Pulsel(t) = "
o ! 691869103 lgtt—=
E 1 681.542-10-3 0°100
s 651.478°10-3 690.136°103
E ” 604.289-10-3 2.74°106
E & 543.91-10-3 6.087°106
E 0 475.06°103 10.631-106
= 40263103 16.23°106
E 331.134°10-3 22.706°106
~%% 1 2 3 4 264.264°10-3 29.842-106
t 204.649°10-3 37.377°106
153.787-10-3 45.009-106
Time slot (Ts) 1 149103 =5 387 106
79.351:103 59.112-106
54.485'10-3 64.747°106
36.303°103 68.826°106
70.892-106
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8x10’

[«B]
3 6x10
=1
E 4x10’
2 lo(t)
S 20
3+
S
S oF \/\\/\/\/\
7
— 2x10
0 075 15 225 3 375 45 525 6
t
Time slot(Ts)
d .
t:=1cr 11(t) := =1Ip(t) Guess at the peak time
dt
tok = root(ll(t)-ng,t) tok = 1437 1¢° This s the peak time
Vpk = IO(tpk) Vpk = 71.061% 108 This is the peak voltage
s 'fC . .
noise := noise = 157.08x 1¢P Noise bandwidth

Sy noise = 3.927x 10715 \/So-noise = 62.666x 10”9

X:=0..n Yy :=0..n
Erasure of pulse

error0(x.,y) := G)-G)y-(i)Err(o,y)
)G
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QO -b
Pro(b.i) := 5 -erfe T Jemor0(x.y)

Vpk — Vi-Vpk

errorl(x.,y) := nz_i nz_i [(%)-G)y-(;)xéErr(x,y)}
X=1
)

Q]-ei =nQq-

-G)n-(;)n-Err(n,n) 1

1 (Qlei'bj
Pra(b,i) := 3 erfe| —7— Jemorl(x.y)
Per(bai) = Pro(b,i) + Pl’l(bai) TR = (xp
False alarm k:=1 Xm0

False alarm no ISl accurs between S and R and the error apears within the run of N-symbols where k

is the symbol position
ODD -combinationsk EVEN -combinations

odd(k) := E — trunc (E) k
2 2 Erodd(x,y k) := 5

k k
— b -k
even (k) := 2 trunc(z] Ereven (x,y,K) := X >

Er(x.y,k) := Ereven (x,y,k)-even (k) + Erodd(x,y.k)-odd(k)

Vi-Vpk Vo(1) = lo(t)

\/S,-Noise FALSE ALARMS

Qfoi 1=
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errorfO (x,y,K) := G)Hl-( yﬂ-(E)-Er(l y,1) ..

>
/_\\
Nl
u
m
-
~
=
S
-
j

T, ul Qfoi
P¢o(b,i) := —-05-erfc| ———— |-errorfO (x,y,k)
TR

ol

1\ 1
errorfl (x,y,K) := 2) -EErr(x,y)}
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) Err(x,n)
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) (Dn -Err(n,n)
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b-nq -Qso.

Ij-errorfl (x,y.k)

Pr(b,i) := o.5-erfc[T

Total Fals alarm
Pef(b,i) := Pgo(b,i) + P (b, i)
Pep(b,1) := Per(b,i) + Pgs(b,i)

pc(b . i) = (Iog(Peb(b ,i)) + 9) Set for 1in 1079 errors
Per(b,0) = 78784x 1073 Pgs(b,0) = 59.881x 1073

aj := root(pc(b,i) ,b) Find the root to give 1 in 1089
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6.46x10"
6.44x10"
642x10*

64x10*

638x10" \\

636x10"

634x10"
0 3 6 9 12 15 18 21 24 27 30

Voff = 048 b =110
minimum := min (a) minimum = 63.538x 10°

Received power

P ._[minimum hoton ener (1+nj B}
B TED) Rt A ™

P, = 423.825x 107 °

Receiver sensitivity

Pr
10

Pragm = —33.728% 10°
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Qoe. =

171

i Err(x,y) = error0(x,y) = Po(b,i) =
269.429°10°6 0100 64.88103 55 55103
269.611°106 500°10-3 64.88-10-3 25545103
269.792°106 1100 6483103 S5 541107
269.974-10-6 1.5-100 488103 5536103
270.155°106 2-100 64.88103 5532103
270.337°106 2.5-100 64.88103 25527103
270.518:106 3:100 64.88-10-3 25573103
270.699°106 3.5:100 64.8810-3 55518103
270.881°106 2100 5483103 S5 514107
271.062:106 45-100 6483103 55509107
271.244°106 5100 64.88°103 55505103
271425106 500+10-3 64.88-103 55103
271607106 0°100 64.88-103 55 496107
271.788°106 500°10-3 64.88-103 25491103
271969106 1100 6483103 55486107

errorl(x,y) = QL = Pri(b,i) = Per(b,i) =
115.032:10°3 93.438:106 53.234:1073 78.784°1073
115.032'103 93.25710°6 53.242'1073 78.788'10°3
115.032'103 93.076:106 53.251'1073 78.792:10°3
115.032-103 92.894°106 53.259:10-3 78.795-10-3
115.032'103 92.71310°6 53.267'1073 78.799-10°3
115.032-1073 92.53110°0 53.276'10°3 78.803°1073
115.032°103 92.35°10-6 53.284:10-3 78.807-103
15032103 92.168'106 53.292:10°3 ~8.81 103
115.032-103 91.987:106 53.3°10-3 78.814-103
115.032°10°3 91.806°10° 53.309:103 78.818-10-3
15032103 91.624°106 53.317-10°3 78.822-103
115.032-103 91.443:106 53.325°103 78.825-10-3
115.032'10°3 91.261-10° 53.334:103 78.829'10°3
115.032-1073 91.08-10°6 53.342:103 78.833°10°3
115.032-103 90.898-10°6 53.35-10-3 78.837-10°3




Qfoi =

549.972-1012

551.106°1012

552.239-1012

553.373°1012

554.507°1012

555.6411012

556.775'1012

557.909-1012

559.043-1012

560.177°1012

561.311-1012

562.445°1012

563.579°1012

564.7131012

565.847°1012

P (b.i) =

errorfO(x,y,K)

7.935"

10-3

7.935:

10-3

7.935-

10-3

7.935*

10-3

7.935:

10-3

7.935-

10-3

7.935:

10-3

7.935:

10-3

7.935-

10-3

7.935-

7935

7.935:

7.935-

7.935*

7.935:

Per(b.1) =

53.483°10-3

53.475°10-3

53.466°10-3

53.458:10-3

53.45-10-3

53.441-10-3

53.433°10-3

53.425:10-3

53.417°103

53.408:10-3

53.4'1073

53.392-10-3

53.383°10-3

53.375°10-3

53.367-10-3

59.881-10-3

59.871-10°3

59.862:1073

59.853-10-3

59.844:10-3

59.834:1073

59.82510-3

59.816°1073

59.806°10-3

59.797-10-3

59.788:1073

59.779-1073

59.769-10-3

59.76°10-3

59.751-10-3

Po(b i) =
63981073 errorfl (x,y,K)
6.397°10°3 115.032°10-3
6.396°10-3 115.032°103
6.395:10-3 115.032+103
6.394'10-3 115.032+103
6.393'10-3 115.032-103
6.392:10-3 115.032+103
6.391:10-3 115.032+103
6.39°10-3 115.032°103
6.389:103 115.032°103
6.388:103 115.032+103
6387103 115.032°103
6.386°10-3 115.032°103
6.385'10-3 115.032+103
6.384'10-3 115.032:103
115.032°103
Pen(b.i) = pc(b.i) = .
138.66510-3 8.142°100 '64.472.103
138.65910-3 8.142100 136910
138.654103 8.142°100 TEIIBTS
138.648°10-3 8.142-1(0 10
138.64310-3 8.142:100 056 10
138.637°103 8.142°100 T YTYETS
138.632°10-3 8.142-100 526 15
138.62610-3 8.142:100 554 10
138.621°10-3 8.142°100 75510
138.615'103 8.142°100 S ETIBTS
138.61-10-3 8.142-100 YBTE
138.60410-3 8.142:100 3610
138.599°10-3 8.142-100 e
138.593°10-3 8.142-100 o710
138.58810-3 8.142100 5510
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Appendix G: Receiver sensitivity of Offset PPM at 20 Mbps

Receiver sensitivity of Offset PPM at 20 Mbit/s and 3 PCM
BITS for LOS Indoor VLC Link 2019
I:=0,1..3C i

nQg = 1610 19 Quantum energy 2 = 820-10~ 9
) This is the wavelength of operation
6.6310 34.3-108

A

photon_energy :=

Ry : nq

= R, = 659.628x 10~ 3
photon_energy

Preamplifier terms

S, := 2510~ 4 Preamplifier input noise N =3
B := 201 Bit rate n:= oN-1
1 N
Ty = B PCM bit time Ty = B frame time for N bits of pcm
T
— 9 n
Tb 50x 10 Ts = ? Ts =375%x 109 average slot width
1
fo =05 T o= 27 £, fo = 13.333x 1P
Hoe (o) = ——
preamplifier pre(©) 1= -
1+ j—
©c
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Pulse shape

VLCim

. t
0

0.1874 Ty,

(X,p.—

Pukel (t) :=

|0(t) =

S

05

h(t)

Normalized Amplitude

—05

pulse response

fn

-exp

1
\/E‘OL pn'l

2-0 pn

1

t
T J h(r)PUISel (t —’E) d-

0

Re[exp[i-m (1) ‘Hpre (o ):I:I do

Pulsel(t) =

t:=0,01.. 1¢

h(t) =

0-100

99.998:10-3

199.947-10-3

299.595-10-3

398.29610-3

494.808°10-3

587.124-10-3

672.323-10-3

1.038-100

746.494-10-3

1.003-100

804.764-10-3

906.433-10-3

841.471-10-3

765.353-10-3

850.56°10-3

603.946°10-3

826.215-10-3

445394103

763.772-10-3

306.974-10-3

660.865-10-3

197.728-10-3

119.027-10-3

66.963:10-3

35.207°10-3

lo(t) =

17.3°103

0-100

7.944°10-3

137.598°103

3.409-10-3

541.291°103

1.368°10-3

1.185-106

2.031°106

/|
b

t
Time slot (Ts)

174

3.032-10°

4.137-106

5.298°106

6.461°106

7.577°106

8.588-10°

9.434-106

10.051-106

10.37-106

10.327-106




Normalized Amplitude

1x10’
1ol /

—1x10’

0 0.75 15 225 3 3.75 45 525 6
t
Time slot (Ts)

t:= 13t

d .
11(t) := = 1Ip(t) Guess at the peak time

dt

toyc = root(1 (1) T3, ) tok = L3ax 1@ Tsisthepeaktime
Vpk = IO(tpk) Vpk = 104X 18 This is the peak voltage
T 'fC . .
Noise bandwidth

noise ;= noise = 20.944x 10°

Sy-noise = 0 x 10 /So-noise = 22.882x 1079

175



Erasure of pulse

Vpk — Vi-Vpk

Qe.'b
=g L1 i
Qe. :=mnd 5. noise P.(b.i) := E-erfc( 75 )03

Per(b,1) := P (b,i)

False alarm

False alarm no ISl accurs between S and R and the error apears within the run of N-symbols where k
is the symbol position

temp (i,1) lot®) .
. i) = -1
TRAT Ay (D) = lp(t) Vi-lo(tok)
FALSE ALARMS STANDARD

Q. :=

i /Sy noise

T, (b'nq 'inj
P¢(b,i) := —-05-erfc] ———— |-05:
£(b,i) - 7

Total Fals alarm
Pes(b,1) :=Ps(b,i)
Pep(D,i) :=P(b,i) + Pes(b,i)
pc(b,i) := (log(Pep(b, i) +9) Set for 1 in 1079 errors
Per(b,0) = 169.853% 1073  Pgs(b,0) = 644.383%x 10~ 3

aj := root(pc(b,i) ,b) Find the root to give 1 in 1019
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169x10°

168x10°

167x10°

166x10°
0

minimum := min (a) minimum = 166.313x 10°

dBm 1o-|og( minimum  photon_energy 'Bj

3 10~ 3

dBm = —35.703x 10¢°

177
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O, - Pe(b.i) =
36.868:10 169.853-10-3
36.795-10 169.863°10-3
36.723:10 169.874°1073

36.65°10-6 169.884-10-3
36.577-10 169.894-10-3
36.504°106 169.90410-3
36.432:10 169.914-10°3
36.359-10 169.924-10-3
36.286°106 169.93410-3
36.214°10 169.945°10°3
36.141-10 169.955°10-3
36.068:106 169.965°10-3
35.995:106 169.975-10-3
35.923'10 169.985°10-3

35.85-106 169.995°10-3

Pen(b.) =
814.236°103
814.208°10-3

814.1810-3
814.151°103
814.123°10-3
814.095°10-3
814.067°103
814.038°10-3

814.01-10-3
813.982-103
813.953-103
813.925°10-3
813.897°1073
813.868-103

813.84-10-3

in =

224.063-1012

2245171012

2249721012

2254261012

225.881°1012

226.335°1012

226.79°1012

227.244-1012

2276991012

228.153-1012

228.608-1012

229.062-1012

229.517-1012

2299711012

2304261012

pc(b.i) =

8.911-100

P(b,i) =

644.383°10-3

644.345°10-3

644.306°10-3

644.268:10-3

644.229°10-3

644.191-10-3

644.152-10-3

644.114-10-3

644.075:10-3

644.037-10-3

643.99910-3

643.96°10-3

643.922-10-3

643.883°10-3

643.845°10-3

8.911

100

168.963°103

8.911

100

168.684°103

8.911

100

168.414°103

8.911

100

168.155-103

8.911

100

167.909°103

8.911

100

167.676°103

8.911

100

167.457°103

8.911

100

167.254°103

8.911

100

167.068°103

8.911

100

166.9-103

8.911

100

166.751°103

8.911

100

166.622°103

8.911

100

166.514°103

8.911

100

166.429°103
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Appendix H: Receiver sensitivity of OffsetPPM at 100 Mbps

Receiver sensitivity of Offset PPM at 100 Mbit/s and 3 PCM
BITS for LOS Indoor VLC Link 2019

I:=0,1..3C . :

nQg = 1610 19 Quantum energy 2 = 820-10~ 9
) This is the wavelength of operation

6.6310 34.3.10°

photon_energy := -

Ry : nq

= R, = 659.628x 10~ 3
photon_energy

Preamplifier terms

S, := 2510~ 4 Preamplifier input noise N =3
B :=1001®  Bitrate n:= oN-1
1 N
Ty = B PCM bit time Ty = B frame time for N bits of pcm
T
— 9 n
Tb 10x 10 Ts = ? Ts =75x%x 10 9 average slot width
1
fo =05 T o= 27 £, fo = 66.667x 1P
Hoe (o) = ——
preamplifier pre(©) 1= -
1+ j—
©c

179



Pulse shape

VLC impulse response

t
h(t) := % J Re[exp[i-m ‘(t)‘Hpre((D ):I:I do

0

0.1874 Ty,

(Xp.——
fn

Pukel (1) := -exp

1
\/E‘OL pn'l

2-0 pn

t
Io(t) := Tij h(z)-Pulsel (t — «) de

S J0

1/
b

h(t)

Normalized Amplitude

—05

t
Time slot (Ts)

180

Pulsel(t) =

1.038-100

1.003-100

906.433-10-3

765.353-10-3

603.946°10-3

445394103

306.974-10-3

197.728-10-3

119.027-10-3

66.963:10-3

35.207°10-3

17.3°103

7.944°10-3

3.409-10-3

1.368°10-3

t:=0,01.. 1¢

h(t) =

0-100

99.998:10-3

199.947-10-3

299.595-10-3

398.29610-3

494.808°10-3

587.124-10-3

672.323-10-3

746.494-10-3

804.764-10-3

841.471-10-3

850.56°10-3

826.215-10-3

763.772-10-3

660.865-10-3

lo(t) =

0-100
687.99:103
2.706°106
5.926°106
10.154-106
15.158-106
20.687°106
26.488°106
32.307°106
37.884°106
42.939°106
47.171°106
50.255°106
51.851°106
51.636°106




6x10"

Normalized Amplitude

410 /
2x10°
lo(t)
B N\
. \\/\\J AN
— 2x10”
0 075 15 225 3 375 45 525 6
t
Time slot (Ts)
t:=13t
_d .
I1(t) := =1Ig(t) Guess at the peak time
dt
tok = root(ll(t)-Tss,t) tok = 1.34% 10 This is the peak time
Vpk = IO(tpk) Vpk = 51.999% 108 This is the peak voltage
- w e - Noise bandwidth
noise := noise = 104.72x 1c® 015€ banawl
Sy noise = 2.618x 10715 /So-noise = 51.166x 1079
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Erasure of pulse

Vpk — Vi-Vpk

Qe.'b
=g L1 i
Qe. :=mnd 5. noise P.(b.i) := E-erfc( 75 )03

Per(b,1) := P (b,i)

False alarm

False alarm no ISl accurs between S and R and the error apears within the run of N-symbols where k
is the symbol position

temp (i,1) lot®) .
. i) = -1
TRAT Ay (D) = lp(t) Vi-lo(tok)
FALSE ALARMS STANDARD

Q. :=

i /Sy noise

T, (b'nq 'inj
P¢(b,i) := —-05-erfc] ———— |-05:
£(b,i) - 7

Total Fals alarm
Pes(b,1) :=Ps(b,i)
Pep(D,i) :=P(b,i) + Pes(b,i)
pc(b,i) := (log(Pep(b, i) +9) Set for 1 in 1079 errors
Per(b,0) = 163502x 1073 Pgs(b,0) = 62097x 1073

aj := root(pc(b,i) ,b) Find the root to give 1 in 1019
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aj

76x10%

755%10*
75%10* /
AN /
745%10*
\h/
4
74%x10
0 3 6 9 12 15 18 21 24 27
i
minimum := min (a) minimum = 74.377x 10°
minimum photon ener
dBm := 10-log P Sl -B
3 10-3

dBm = —32.209x 10¢°
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Qe, = P(b,i) =
82.44-10-6 163.502-10-3
82.277-106 163.525:10-3
82.114:106 163.547:10-3
81.952:106 163.57°10-3
81.789-106 163.593:10-3
81.627:106 163.615+103
81.464:106 163.638:10-3
81.301°106 163.66°10-3
81.139:106 163.683:10-3
80.976°106 163.706:10-3
80.814:106 163.728:10-3
80.651-106 163.751:103
80.488:106 163.774°10-3
80.326:10° 163.796-103
80.163-106 163.819:10-3
Pep(h.i) =
784.472-10-3
784.409-10-3
784.346:10-3
784.283°10-3
784.22-10-3
784.157:10-3
784.094-10-3
784.03-10-3
783.967:10-3
783.904:10-3
783.841-10-3
783.778:10-3
783.715°10-3
783.652-10-3
783.588:10-3

in =

501.019-1012

502.036°1012

503.052°1012

504.068°1012

505.084-1012

506.101-1012

507.117-1012

508.133-1012

509.15-1012

510.166°1012

511.182°1012

512.198°1012

513.215°1012

514.231°1012

515.247°1012

pc(b.i) =

8.895-100

8.895-100

8.895-100

8.894-100

8.894°100

8.894°100

8.894°100

8.894°100

8.894°100

8.894°100

8.894-100

8.894°100

8.894°100

8.894-100

8.894°100
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P(b,i) =

620.97°10-3

620.885°10-3

620.799°10-3

620.713°10-3

620.627:10-3

620.542:10-3

620.456°10-3

620.37°10-3

620.284:10-3

620.198-10-3

620.113°10-3

620.027-10-3

619.941-10-3

619.855-10-3

619.77°10-3

aj

75.563:103

75.438°103

75.317-103

75.201°103

75.091-103

74.987°103

74.889°103

74.798:103

74.715°103

74.64°103

74.573:103

74.516°103

74.467°103

74.429°103

74.401-103




