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Abstract

The demand for wireless spectrum is increasing, leading to radio frequency (RF) congestion.
As wireless technologies advance and applications such as smart cars, e-health, smart grids, and
the Internet of Things (IoT) proliferate, the problem intensifies. Visible light communication
(VLC) systems are suggested as a solution, offering a large unlicensed spectrum ideal for radio-
sensitive environments such as hospitals and aircrafts. However, a significant challenge for
VLC implementation is achieving wide communication coverage due to a limited field of view
(FOV). This thesis aims to explore and develop methods to enhance communication coverage
in VLC-based IoT (VLC-IoT) systems.

The thesis first analyses the performance of angular diversity receiver (ADR) configurations
in indoor multi-cell VLC scenarios, focussing on square pyramid (SP), square frustum (SF),
hexagonal pyramid (HP), and hexagonal frustum (HF) shapes. Through numerical and sim-
ulation analysis, performance is assessed using spatial multiplexing (SMP) and receive di-
versity techniques, including selection combining (SC), equal gain combining (EGC), and
maximum ratio combining (MRC). The results from SMP applications indicate that the HF
ADR provides the widest coverage for multi-stream transmission due to its largest number of
photodiodes (PDs). However, for receive diversity, the HP and HF configurations with six sides
PDs do not outperform the SP and SF types with four PDs, one on each side in terms of bit
error rates (BERs) performance when using SC.

Subsequently, this thesis analyses the performance of ADR systems in single-cell VLC scenario
and proposes a novel ADR system in IoT sensor networks. The numerical analysis applying the
combining techniques indicates that any combination of ADR types and diversity techniques
can enhance performance. Therefore, a SF ADR is implemented with the EGC due to the
low complexity. The proposed ADR system enhanced received signal-to-noise ratio (SNR),
improved BERs, and provided more than double the coverage of the link. Furthermore, the
effectiveness of the system is demonstrated with real-time sensor transmission and a duplex
VLC communication link, showcasing its advantages in practical IoT applications.

Following that, the integrated VLC and RF (VLC-RF) system using the ADR for secure indus-
trial IoT applications is presented. The prototype with the custom-built ADR and analogue front
end (AFE) is connected to the backbone network such as a wireless cloud server. As the funda-
mental VLC performance, SNR, secrecy capacity (SeCap) and BER coverage is measured. The
result indicates that the prototype has better physical layer security (PLS) performance than the
single PD receiver, and the coverage of the link is drastically expanded compared to the initial
design. Furthermore, to evaluate the feasibility of the IoT application, real-time sensor network
applications are demonstrated using the proposed integrated VLC-RF ADR system. These ex-
periments, including real-time sensor transmission, image transmission, and integration of the
robot arm system, indicate the benefits in a practical scenario by showing low latency.

Finally, the wavelength division multiplexing (WDM) based VLC prototype using the colour
PDs is implemented. This is an additional experimental study to show the method for ADR



based multiplexing system. The BERs performance of three different wavelength channels
(red, green, blue) is shown in comparison with the single PD receiver. The result shows that
WDM can be possible using the colour PD and the ADR WDM system enhances SNR and
communication range.
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Lay Summary

The vast need for wireless spectrum has caused severe radio frequency (RF) congestion in re-
cent years. Furthermore, it is predicted that by 2030 there will be around 500 billion Internet
of Things (IoT) devices connected over the Internet, making problems worse. To address such
high needs, visible light communications (VLCs) can be one of the possible solutions to alter or
complement conventional wireless communications by realising light fidelity (Li-Fi) connec-
tivity in radio-sensitive environments such as hospitals and aeroplanes. VLC systems have been
considered in different applications including indoor Li-Fi systems and the IoT. However, to
realise the implementation of VLC, there are still several challenges that need to be addressed
to improve communication coverage due to the narrow field of view (FOV).

An angular diversity receiver (ADR) can be a promising solution to the limitation of commu-
nication coverage. The ADR has multiple photodiodes (PDs), one on each side, directed at
different angles, making the synthesised FOV larger than that of the single PD. The objective
of this thesis is to analyse and propose the ADR for a VLC system with wide coverage. The
method is based on analytical and experimental studies for the verification of the proposed ADR
system. In experimental studies, communication performances such as data rate, coverage, la-
tency, and security are measured in industrial IoT scenarios. This thesis indicates the optimal
ADR configuration and the design of the proposed ADR for implementation. This result shows
the feasibility of the proposed system for real-time IoT sensor networks.
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Chapter 1

Introduction

Advancements in wireless technologies have resulted in a wider range of use cases such as
smart cars, e-health, smart grids, and the Internet of Things (IoT). This society change requires
a broad bandwidth of the radio frequency (RF) spectrum to provide wireless connectivity. The
growing demand for more bandwidth in the wireless spectrum has caused RF congestion in
recent years. According to a projection, around 500 billion IoT devices will be connected
online by 2030 [1]. Furthermore, a recent trend will further increase the spectrum congestion
[2]. Therefore, a higher frequency spectrum is considered for mobile communication systems
such as 5th Generation (5G) and beyond 5G to obtain a wider bandwidth using millimetre and
terahertz waves. The evolution of communication technologies enabled devices to connect to

the Internet through IoT.

Visible light communication (VLC) has been considered to address the growing demand for
bandwidth. It could deliver a broad unlicensed spectrum in the optical domain. VLC is par-
ticularly advantageous in environments sensitive to radio frequencies, such as hospitals and
manufacturing facilities, and can also help ease the high pressure on the RF spectrum [3]. Con-
sequently, VLC systems are expected to serve as a complement to current RF systems. In
addition to communication, visible light technology can be applied to other applications, such
as positioning systems or sensing [4]. Furthermore, due to its inherent security, which stems
from characteristics like line-of-sight (LOS) propagation, there is growing research interest in
evaluating the physical layer security (PLS) of VLC, particularly with respect to the risk of
eavesdropper (ED) [5].

IoT has attracted industrial contexts that require more complex operations than consumer IoT
applications. IoT systems provide various use cases as industrial IoT, including remote moni-
toring, item tracking, safety management, operational agility, industrial automation, predictive
maintenance [6]. Challenges for the application of VLC-based IoT (VLC-I0T) in industrial en-
vironments include link distance, attenuation of signals by air particles, multipath reflections,

and loss and blockage of signals [7]. Although some of them are similar in consumer IoT ap-
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plications, such as smart appliances, they have a higher requirement due to harsh environments.

However, there have been limited experimental studies that consider industrial IoT scenarios.

VLC has been considered for IoT applications in previous studies that include [8—12]. In
VLC-IoT, bidirectional communication is established between access points (APs) and user
nodes (UNs) through optical links to control IoT devices and obtain sensor data. An essential
role for AP is to coordinate with the backbone network, wide area network (WAN), to store data
on cloud servers [13]. RF techniques such as wireless fidelity (Wi-Fi) are typically applied to in-
teract with the IoT cloud server on WAN and transmit the data collected from each UN through
APs. The conventional RF system can also improve the robustness of VLC-IoT through hybrid
connectivity [8]. In [14], the integration of VLC with RF has been experimentally investigated,
highlighting the potential of VLC as a complement to RF technologies. Typically, IoT APs
regularly collect and store sensor information and handle data requests from UNs. When a UN
sends a request, the AP transmits sensor data, such as temperature and humidity, to the UN.
To demonstrate VLC-10T, experimental verifications of prototypes for loT applications have
previously been shown in [15, 16]. To establish an uplink (UL) and a downlink (DL) for the
IoT sensor networks, both the AP and the UN must be designed as transceivers. The bidirec-
tional VLC system in [15] utilises VLC for DL and infrared (IR) for UL to reduce interference
with each other. The UN as an [oT device needs to be low-cost, low power consumption, and
compact. Therefore, microcontroller units (MCUs) are usually used for implementation due to
their low cost and small form factor. The communication techniques applied in MCUs must be

low in complexity due to limited resources.

Although VLC has significant advantages, there are still gaps to reach practical application.
Much of the related work has focused on improving the data rate of a unidirectional point-to-
point VLC without considering the coverage of communication. These previous works focused
on static setups because of the precise alignment. In addition, many VLC studies, based on an
offline setup, have not been designed for resources-constrained platforms, such as MCUs with
limited electrical and computing power. To fill the gap from previous work, experimental veri-
fication is needed in real-time and practical scenarios. However, there have been limited works
that focus on availability in terms of communication coverage and real-time implementation.
Furthermore, the system-level demonstration in VLC-IoT has not been thoroughly considered

in the literature.



Introduction

1.1 Motivation and Scope

One of the key challenges in the implementation of a VLC system is obtaining availability in
mobile applications and providing wide coverage to alleviate the effect of misalignment. A
viable solution to this challenge is to use a photodiode (PD) with a wide field of view (FOV)
or reconfigurable intelligent surfaces (RISs). In [17], RISs can provide wide coverage by re-
configuring the incident angle with reflective elements. Although the RIS technique could help
provide a broad coverage by controlling reflected light, the RIS requires instalments in the ap-
propriate places, which makes usability limited. It is also essential that a VLC receiver itself
has resiliency against misalignment. Hence, in this thesis, the achievement of wide coverage in

VLC systems is focused without any support from the outside environment, such as the RIS.

As a solution to provide wide communication coverage, an angular diversity receiver (ADR),
composed of multiple PDs pointing in different directions, has been proposed for VLC sys-
tems [18-27]. The ADR can be compact, making it suitable for mobile use cases through
multiple-input multiple-output (MIMO) channels. The communication coverage can be broad
with the ADR due to its effective wide FOV. Thus, the ADR can mitigate alignment limita-
tions, although it still suffers LOS disconnection due to blockage. For user adoption, the impact
of the deployment increases depending on the number of PDs, although the size of analogue
front end (AFE) can be the same as the conventional single PD receiver. Several different ADR
configurations have been considered in previous work, including pyramidal shape and frustum
shape. However, to the best of the author’s knowledge, the performance comparison of these
ADR types with different numbers of PDs has not been considered in the literature. In addition,
few studies have focused on experimental verification through prototyping beyond analytical

research.

This thesis focusses on implementing a VLC prototype with the custom-built ADR. In Chap-
ter 3, performance with different ADR types, applying spatial multiplexing (SMP) and receive
diversity techniques, is compared and analysed through simulation and numerical studies in
multi-cell scenarios. Chapter 4 continues the analytical work for single-cell scenarios to ex-
plore the optimum ADR type for the following prototyping, then the suitable ADR type is
selected to design the VLC-IoT system for experimental verification. In addition, in Chapter 5,
the prototype is expanded to a full-scale integrated VLC and RF (VLC-RF) system for secure
industrial IoT applications. The additional experimental work in Chapter 6 improves the ADR

system by applying the wavelength division multiplexing (WDM) technique using red, green



Introduction

and blue (RGB) colour PDs. This work shows the availability of multiplexing and multi-access
networks. With these achievements in each chapter, it is possible to convince the feasibility of

the VLC-I0T system with the designed ADR.

1.2 Aims and Objectives

The thesis aims to analyse ADR techniques and develop the VL.C prototype to enhance commu-
nication performance such as coverage. The suitable ADR technique for implementation will
be analysed by theoretical analysis and simulations, and the VLC prototype with the optimum
ADR will be developed through experimental means including prototyping and implementa-
tion. The VLC prototype will be evaluated using basic performance metrics such as signal-
to-noise ratio (SNR), bit error rate (BER), secrecy capacity (SeCap) and coverage rate. The
effectiveness of the VLC prototype will be demonstrated in practical IoT scenarios, showing
latency such as response time, round-trip time (RTT) and one-way latency. To accomplish these

objectives, specific goals are set as follows:

* Review the literature including analytical and empirical studies and evaluate cutting-
edge VLC techniques in terms of ADR-based system implemented in IoT applications to

understand the research gap towards realising the implementation in real time.

* Compare and analyse the different configurations of the ADR shape through numerical
analysis and simulations. This includes investigating related techniques such as MIMO
techniques, SMP, and receive diversity. By evaluating these performances of SNR and

BER, the suitable ADR type is explored for the following experimental verifications.

* Design the prototype of the VLC-IoT system that includes the AFE, ADR model, and
printed circuit boards (PCBs). Based on the design, the prototype is developed and im-
plemented for MCU operation, as well as to produce programming codes. Then, ex-
perimental setups are built to measure the prototype performances of SNR, BER, and
coverage rate. These results are compared to the single PD receiver to show the degree

of performance enhancement.

* Expand the VLC-IoT prototype into an integrated VLC-RF system for verification of
the expanded scope of the prototype. The receiver AFE design is modified to improve

performance. In addition, the improved design equips the RF function for robustness

4



Introduction

by hybrid use of VLC and RF. This RF connectivity also interacts with the WAN, the
background core network. This design enables full-scale verification of the VLC system.
Based on the novel design, AFEs and PCBs are developed and implemented with pro-
gramming codes for the MCU, RF module, and IoT server. Then, experimental setups
are built to measure fundamental performance, including PLS and system performance,
such as response time. The prototype is evaluated in practical industrial IoT scenarios

with measured latency.

* To further show the ADR capability of implementation with higher data rate, the pro-
posed ADR system is applied with the WDM technique by RGB colour PD. With the
prototype in the same MCU operation, it is evaluated by analysing signal-to-interference-
plus-noise ratio (SINR) and BER. These results indicate the feasibility of WDM in the
ADR system, and the proposed system can be applied to the multi-access network by

wavelength division multiple access (WDMA).

1.3 Thesis Contributions

This thesis has made significant original contributions to the field of ADR techniques and VLC

implementation through the following achievements:

1. Comparison and analysis of the performance of VLC using four ADR configurations,
including pyramid and frustum types, that are commonly used in previous work. These
ADR configurations have different numbers of PDs from four to seven: square pyra-
mid (SP), square frustum (SF), hexagonal pyramid (HP), and hexagonal frustum (HF).
In the SMP application, signal detection techniques are compared in terms of BER per-
formances. The multi-stream coverage rate using maximum likelihood (ML) is analysed
in the indoor MIMO scenario. The BER is investigated through simulation and analytical
studies, whilst the coverage is explored with estimated channel state information (CSI).
The performance difference between the zero-forcing (ZF) and ML techniques is fur-
ther investigated. On the other hand, the comparison of receive diversity techniques in
multi-cell scenario is achieved in terms of SINR and distribution and coverage rates. The
performance of these combining techniques is investigated through analytical studies us-
ing the Monte Carlo (MC) method. Performance analysis of ADRs is presented in a

multi-cell scenario. The result showed that the performance of SMP improves when an
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ADR with a larger number of PDs is applied, whilst in receive diversity, the frustum-type

ADR does not offer performance benefit.

2. Development of a duplex VLC prototype for the IoT application, showing a wide com-
munication coverage using a prototyped ADR. To find an optimum ADR type in a
single-cell application with multiple light emitting diode (LED) transmitters, the per-
formance using receive diversity techniques including selection combining (SC), equal
gain combining (EGC), and maximum ratio combining (MRC) is analysed through ana-
lytical metrics. The theoretical result indicated that the frustum-type ADR shows stable
SNR performance and any combining technique has sufficient performance regardless of
implementation complexity. Therefore, EGC is applied in the AFE design for experimen-
tal demonstration. The design is compact in size, and the prototype can be operated on a
single power supply and is also provided with a wide FOV using the ADR. It suits a mo-
bile link by incorporating an automatic gain control (AGC) in the design. Furthermore,
real-time IoT sensor data transmission is demonstrated. In the result of BER against
distance, 2 Mbps data transmission is possible at up to 3.2 m. Furthermore, the cover-
age rate showed that the ADR coverage area where communication can be supported is
more than doubled. The real-time demonstration showed the feasibility of reliable duplex

connectivity in VLC-aided IoT sensor networks.

3. Development of a novel integrated VLC-RF system designed for secure industrial IoT ap-
plications. The scope of the proposed system includes all stages of IoT architecture from
nodes to the WAN through APs as a network gateways. The design is improved com-
pared to the VLC prototype in the previous contribution by modifying the AFE design
and adding RF connectivity for integration with the RF system. The added RF system
can be used for hybrid applications for robustness and also for the full scale of VLC-IoT
supported by the WAN. To demonstrate the overall performance of the proposed system,
both fundamental aspects and system efficacy are analysed. In the fundamental exper-
iment, the performance of the prototype is compared with that of a single PD receiver
in terms of SNR, SeCap and BER. Then, in the system performance demonstration, the
elapsed time, including response time, one-way latency, and RTT, is measured to show
the feasibility of the proposed VLC-RF system as real-time industrial IoT applications.
The experimental result indicates that the designed ADR transceiver can support commu-
nication with enhanced PLS of double SeCap and with more than 50 % coverage rates,

covering the half of the area in the two-AP scenario. Furthermore, the demonstration
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1.4

of system performance shows the feasibility of reliable duplex connectivity in VLC-RF
aided IoT sensor networks by showing a millisecond order latency. In the demonstra-
tion, sensor data transmission, image data transmission, and integration of the robot arm

system are verified.

. Developing a WDM-based VLC prototype using RGB colour PDs to further explore

the ADR capability. The prototype accommodates three channels of communication for
WDM, assigned to each colour. The synthesised FOV by ADR of this prototype is as-
sessed. Performance is analysed in terms of SNR, BER and SINR. Multiplexing of
transmission by the different wave length is then demonstrated. In the demonstration,
data from different sensors are transmitted using WDM. Through experiments, WDM

using RGB colour PDs is verified under the existence of SINRs from different colours.
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University of Edinburgh, UK,” OPTICS & PHOTONICS International Exhibition 2025
(OPIE’25), Yokohama, Kanagawa, Japan, 2025.

1.5 Thesis Outline

The thesis consists of seven chapters, each serving a specific purpose and contributing to the
general understanding of the thesis topic. This chapter provides an introduction that consists
of the motivations behind the VLC techniques and objectives. In addition, the chapter also
outlines contributions to knowledge and publications from the work presented in this thesis.

The rest of the thesis is organised as follows.

Chapter 2 provides background information and a review of the literature on VLC technology,
including its key characteristics, benefits, and potential challenges. It also covers the AFE in the
VLC transceiver and components of light sources and detectors, as well as the optical channel

model of the VLC system. In addition, the chapter introduces an ADR technique that is based
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on MIMO techniques. Finally, the chapter compares and discusses the state-of-the-art literature

on the topic of the thesis.

Chapter 3 of this thesis presents the analysis of the performance of ADRs in multi-cell VLC-
based MIMO (VLC-MIMO) networks. First, the system model for an analytical study is de-
scribed. This includes channel models of LOS and NLOS and ADR configurations. Then, two
SMP schemes with ZF and ML detection algorithms and three receive diversity techniques are
introduced: SC, EGC, and MRC. In the result section, the simulation parameters are defined
and the results are shown with comparisons of different configurations and techniques, as well

as with an analysis of performance.

Chapter 4 evaluates the ADR technique for VLC in the IoT application. Firstly, the system
model and related techniques in the single-cell scenario are introduced for performance analysis
of various ADR types. The VLC-IoT prototype proposed using the ADR is then described. This
includes the transceiver circuit design, the AFE design, the ADR model design, and the PCB

design. Using these analytical models and prototypes, the results are shown.

Chapter 5 introduces the prototype for integrated VLC-RF systems for secure industrial IoT
applications. The differences from the VLC-IoT proposed in Chapter 4 are the extended con-
cept and the prototype design for the VLC-RF hybrid system. In particular, the added RF
connectivity is described and system performance is mainly demonstrated. In the results of the
experiment, PLS performance superiority is verified and the coverage performance is shown
compared to the result of Chapter 4. Demonstrations of various industrial IoT scenarios are

presented with performances of latency such as response time.

Chapter 6 details the WDM implementation of the ADR-based VLC system to show ADR
capability in multiplexing communication scenarios. The chapter covers the design and de-
velopment of the PCB prototype with experimental results. The performance of the prototype
is presented with metrics such as SNR, SINR, and BER. The demonstration of the proposed
WDM application validates the feasibility of the higher data rate.

Chapter 7 summarises the main findings and important discoveries of the research presented
in this thesis. Not only does it acknowledge the limitations inherent in the study, but it also

proposes potential extensions for future investigation to other applications and scenarios.
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Chapter 2
Background and Literature Review

2.1 Introduction

Modern communication systems are becoming increasingly important as wireless communi-
cation technologies expand to meet the demands of a rapidly evolving information society.
According to statistics [28], mobile data traffic grew annually by more than 20 % on average
and reached approximately 160 exabytes per month at the end of 2024. This occurred not only
from the increase in the mobile subscription, but also from the average volume of data per
subscription. Around 75 % of this data traffic is driven by enterprises, such as video stream-
ing [29]. The evolution of 5th Generation (5G) technologies enabled various communication
use cases using high-speed, low-latency functionalities. Quite recently, the invention of arti-
ficial intelligence technology such as Generative Al is expected to create more use cases in
mobile networks through devices such as laptop, smartphones or augmented reality glasses,
together with scalable multimodal Generative Al applications [30]. Generative Al applications
demand high-volume traffic, resulting in higher frequency usage. In the next generation of mo-
bile system, 6th Generation (6G), the technology would realise cyber-physical worlds based on
digital twins or extended reality, including augmented reality, virtual reality, and mixed reality.
In the cyber-physical world, the integration of digitally projected objects with their physical
counterparts in a digital representation will allow their harmonious merging into mixed reality
services, thereby augmenting the tangible world. 6G requirements are proposed as key perfor-
mance indicators: extreme high data rate of more than 100 Gbps, ultra-low latency of up to
1 ms, extended coverage, and massive connectivity [31]. Therefore, higher frequency band-
widths are being considered for wireless access such as the millimetre wave and the terahertz

wave.

Wireless communications, including wireless fidelity (Wi-Fi) and mobile communications, face
challenges such as overcrowding of bandwidth, security issues, and increased power consump-
tion, which could become major obstacles in the development of future communication tech-

nologies. Moreover, the demands for high-speed communication and instalments in potential
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use-cases put high pressure on the available bandwidth. Against this background, visible light
communication (VLC) that uses a light spectrum emerges as a viable solution. VLC attracts
attention as a new means of communication, as a technology with the potential to comple-
ment or even solve the limitations of existing wireless communication technologies, offering
high-speed, secure communication with low power consumption. It is expected to provide low
power, fast, and secure means of communication. VLC is encompassed as a sub-technology in
optical wireless communication (OWC) technology that transmits information over a free-space
optical channel. Optical signals carrying information are transmitted through a light source by
changing the intensity of light, and modulated light is detected directly in a photodetector of
the VLC receiver.

The VLC technology traces its origins back to human eye communication in BC to the 18th
century, beginning to develop in the early 20th century. Since about the 7th century BC, people
have used smoke and fire as signals to transmit messages [32]. Polished metallic plates were
used to send signals over long distances by reflecting sunlight [33]. Semaphores invented by
Claude Chappe in 1794, were a series of towers with mounted arms that transmit information
by modulated tilt angles. In 1880, the photophone was the most widely known as an early
demonstration of the modern telephone invented by Alexander Graham Bell [34]. This device
concentrates sunlight onto a mirror and modulates the light intensity by the vibration of the
mirror caused by voice. At the receiver with more than 200 m distance, the light shines on
the selenium and its resistance changes into a change in current, producing output as sound.
As light emitting diode (LED) illumination technologies evolved, modern VLC research using
LEDs then began. Fundamental VLC studies using LEDs to transmit data were investigated by
the Nakagawa Laboratory at Keio University in Japan [35-37]. The concept of light fidelity
(Li-Fi), a subset of VLC technology, was introduced by a research group in the UK, led by
Haas, who coined the term Li-Fi in 2011 [38].

Along with the VLC technological advancements, standardisation activities have been carried
out to encourage the realisation of VLC applications. As one of the OWC media, infrared (IR)-
based communications are promoted by the Infrared Data Association, and specifications for IR
mobile communications were defined in 1997 [39]. In 2003, Nakagawa founded a VLC Con-
sortium to accelerate research and commercialisation [40]. The consortium proposed the initial
standardisation for VLC in 2007 and the VLC standard was accepted by the Japan Electronics

and Information Technology Industries Association [41]. VLC Associations, a successor to the
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VLC Consortium, was established in 2014 to advance VLC standardisation. The VLC global
standardisation process was carried out within the Institute of Electrical and Electronics Engi-
neers (IEEE) 802.15.7 Working Group [42]. This standard includes the physical layer (PHY)
and media access control (MAC) layer parameters for short-range VLC. Recent standardisation
activities are still ongoing for realisation of the VLC systems. International Telecommunication
Union Telecommunication Standardization Sector (ITU-T) G.9991 is a standard for high-speed
indoor visible light communications, specifying the system architecture, PHY, and data link
layer (DLL). The standard, also known as G.vlc, is designed on the basis of giga-bit home
networking technologies, such as power line communications [43]. G.9991 has been officially
published by ITU-T, with a revised version (Amendment 2) added in 2021. Products compliant
with this standard, such as LED backhaul and Li-Fi systems, are available on the market. IEEE
802.15.13 was published to facilitate the industrial use of OWC in 2023 [44]. The standard is
based on giga-bit home networking technology and employs dynamic time division multiple
access and multiple-input multiple-output (MIMO) technologies, enabling multi-gigabit com-
munications over a range of up to 200 m. IEEE 802.11bb, a standard for Li-Fi, was officially
approved in July 2023 and is characterised by the use of infrared radiation (800-1000 nm) for

data communication compatible with Wi-Fi [45].

Recent works have proposed the integrated VLC system with radio frequency (RF)-based net-
works in various use cases. An important thing in hybrid usage is to obtain efficient interop-
erability to overcome the challenge of co-existence [46]. In addition, user mobility must be
considered in hybrid networks due to the different coverage characteristics of VLC and RF.
VLC attracts Internet of Things (IoT) due to its features, as the growing number of [oT devices
imposes new challenges on the IoT network to accommodate the different services of devices,
things, and machines [47]. To satisfy strong needs to have sufficient bandwidth in industry,
VLC has been considered for applications in industrial IoT [46,47]. Industrial IoT setups de-
mand more intricate operations compared to those of consumer IoT. Specific challenges preva-
lent in industrial IoT contexts encompass link distance, attenuation due to airborne particles,
multipath effects, and signal degradation and blockage [7]. Although some of these challenges
overlap with consumer IoT applications, the intensity is heightened within the more stringent
industrial IoT environments. Research in these challenging settings also focuses on develop-
ing algorithms and models to predict the remaining useful life of devices, an essential element
in the deployment of industrial IoT systems [48—50]. In addition, within industrial IoT envi-

ronments, the examination of confidentiality performance is crucial to evaluate security risks
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such as eavesdropper (ED) [51-55]. These investigative areas are vital for the establishment of

robust and secure industrial IoT infrastructures.

This chapter presents an overview of the VLC technology, beginning with the fundamental
model, applications, and advantages and disadvantages. Background information applied to
the research is also described including the basic system model and components of the VLC
system. The chapter concludes with a literature review of state-of-the-art works related to the
thesis. This critical review clarifies the gaps by highlighting current knowledge and highlights
the research motivation addressed in this thesis. The review also provides the significance of

contributions presented in subsequent technical chapters of the thesis.

2.2 Overview of Visible Light Communication

VLC is in the category of OWC, a wireless communication technology that uses optical spec-
trum to transmit information. In OWC, there are free space optical communication (FSO), IR ,
and ultraviolet (UV) communications as a subgroup category in addition to VLC. These OWC
technologies are based on each spectrum in the optical band. Fig. 2.1 shows the spectrum of
electromagnetic, IR , visible light, UV, X-rays, and gamma rays. VLC can be used as a com-
munication medium due to its advantages and features. It also has limitations and challenges to

provide robust and reliable communication.

Radio Microwave IR V|_5|ble UV [X-rays el
light rays
10° 10° 1073 1077 10711 10715

750nm 380nm

Figure 2.1: The spectrum in the rage of radio to gamma rays, highlighting the visible light.
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2.2.1 Advantages and Challenges

There are advantages and challenges of VLC, as shown below. It is essential to implement VLC
in the actual system, making use of the advantages and minimising the challenges. Although
it offers benefits such as the absence of electromagnetic interference (EMI) and high security,
it also faces challenges such as directivity, communication distance, and the influence of am-
bient light. Future technological developments are expected to overcome these challenges and

expand their applications in various fields.

Advantage

* No EMI: Unlike RF communications, it can be used in locations where radio wave us-
age is restricted, such as hospitals and planes. It also avoids EMI with other wireless

communication systems [56].

* High Security: The communication area is limited to the range in which light reaches,

and it does not penetrate walls, reducing the risk of information leakage [57].

* Low cost: Existing lighting equipment can be used as a communication infrastructure,
eliminating the need for new additional infrastructure. With the widespread adoption of

LED lighting, relatively inexpensive system construction is possible [47].

* High-Capacity Communication: The visible light frequency band is wide, promising
high-speed and large-capacity data communication compared to the RF spectrum band

[56].

» Safety: Visible light is harmless to the human body, allowing safe use [2].

Challenges

* Directivity: Light has a high directivity, so communication is interrupted by obstacles,
resulting in loss of the communication link. Moreover, VLC is based on line-of-sight

(LOS) communication because of the directivity [56].

* Short Communication Distance: Compared to radio waves, light attenuates more easily

and is not suitable for long-distance communication [58].
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* Environment effect: External light sources, such as sunlight and other light sources, can
become noise, affecting communication quality [59]. Outdoor use can lead to unstable

communication due to weather conditions such as rain and fog.

* Challenges in Bidirectional Communication: Many current systems primarily focus on
downlink (DL) communication, and achieving bidirectional communication poses chal-

lenges [60].

* Difficulty in Mobile Applications: Mobile applications cause misalignment, resulting in
unreliable communication [47]. Obstacles are likely to occur between the light source

and the receiver, making stable communication in mobile scenarios difficult.

2.2.2 Use cases of VLC

VLC systems can be used in various use cases and applications such as navigation, healthcare,

transport, industry and smart cities.

Use Cases and Applications

* Industrial Applications:

VLC is being considered for its role in manufacturing plants, warehouses, mines, and
other harsh industrial environments [7,61]. VLC can provide reliable low-latency com-
munications for robots and automated systems in factories where EMI from machinery
can disrupt RF signals. It also enables monitoring and control in sensitive areas, such
as power plants and chemical plants, where RF radiation could be hazardous. Tracking
personnel and equipment in mines and tunnels can improve safety and efficiency. Fur-
thermore, the potential for high data rate communication in downhole monitoring in the
oil and gas industry has been indicated [7]. The resilience of VLC to EMI makes it a su-
perior measure over RF-based communication in industrial environments with high levels
of electrical noise. This reliability ensures consistent and accurate data transmission for

critical industrial operations, leading to enhanced efficiency and safety.

* Underwater Communication: VLC offers a promising solution for underwater commu-
nication in which radio waves are absorbed [62]. Its high data rates can enable efficient
communication between underwater devices, robots, and sensors. This can be particu-

larly useful for environmental monitoring, underwater exploration, and communication
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with submerged vehicles. The promising platforms are remotely operated vehicle or au-

tonomous underwater vehicle.

Vehicular Communication: VLC is integral to intelligent transportation systems (ITS)
by facilitating both vehicle-to-vehicle and vehicle-to-infrastructure communications [63,
64]. Utilising headlights, tail lights, traffic signals, and street lamps as VLC transmitters,
vehicles can exchange information with each other and the surrounding infrastructure,
thereby enhancing road safety and traffic flow. Key applications encompass pre-crash
detection, collision avoidance, lane departure alerts, traffic management, and even au-
tonomous vehicle operations. The low latency characteristic of VLC is vital for the real-
time communication demands of vehicular networks [63]. In ITS, VLC augments safety
and operational efficiency by complementing existing RF systems by providing redun-
dancy and reliability, especially in environments requiring rapid, short-range communi-
cation [64]. Additionally, the widespread adoption of LED technology in vehicles and
infrastructure renders VLC a potentially economical method for deploying sophisticated

communication features in ITS.

Indoor Positioning and Navigation: VLC can be used for indoor positioning systems to
enhance navigation and mapping within indoor environments where GPS signals are un-
reliable. Indoor positioning systems based on VLC, called visible light positioning, can
be applied in offices, buildings, car parks, subways, tunnels, warehouses, and airports
guiding users to specific locations. LED luminaires enabled by VLC transmit unique
codes or location data to mobile devices equipped with a VLC receiver. The level of
precision achievable with visible light positioning is up to 10 centimetres [59]. Applica-
tions include way-finding, asset tracking in warehouses and hospitals, and navigation for
robots and autonomous vehicles. The existing lighting infrastructure present in indoor
environments offers a significant advantage in the deployment of visible light position-
ing without major hardware modifications. Furthermore, visible light positioning offers
enhanced privacy and security compared to RF-based systems, as light signals are con-
fined to a physical space. Visible light cannot penetrate walls, preventing eavesdropping
or unauthorised access to location data, making it a more secure option for indoor posi-

tioning in sensitive environments.

IoT and Smart Cities:

VLC has the potential to contribute to smart city infrastructure and enable communica-
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tion within the IoT. VLC can provide massive connectivity, high data rates, and energy
efficiency in public spaces using existing LED street lights and building illumination [47].
It also enables communication between various smart city devices and sensors for appli-
cations such as smart lighting, traffic management, and environmental monitoring. Fur-
thermore, VLC can be utilised for indoor localisation within smart buildings to enable
automation and personalised services. The vast bandwidth of the visible light spectrum
offers significant potential to support the massive connectivity demands of smart cities
and the increasing number of IoT devices. As the number of connected devices continues
to grow, VLC can provide the necessary bandwidth whilst avoiding spectrum congestion

and ensuring reliable communication.

¢ Healthcare:

The VLC has promising applications within hospitals and healthcare facilities. It can
mitigate EMI with sensitive medical equipment such as magnetic resonance imaging
[65]. In addition, it enables secure wireless data transfer of patient records and medical
images and supports communication with medical devices and wearable sensors [66].
The non interfering nature of VLC is particularly valuable in healthcare settings where
RF signals could potentially disrupt critical medical devices. This advantage significantly
improves patient safety and the reliability of medical procedures by eliminating the risk

of equipment failure associated with EMI.

2.3 VLC System Model

In this section, the typical VLC system model is described. Fig. 2.2 illustrates the typical VLC
transmission model composed of a transmitter and a receiver. The typical VLC transmitter
(Tx) transmits signals containing modulated data. On the receiver side, a detector received the
optical signals through the VL.C channel. The detected signals are reconstructed in the analogue
front end (AFE) of receiver (Rx), and the signals are demodulated as output data. Each of these

key components will be discussed below.

2.3.1 Transmitter

The VLC transmitter consists of a modulator (Mod), a transmitter AFE, and an emitter. In the

Mod block, the data coming from devices such as computers or sensors are modulated using an
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Data Tx Rx Data

input —> AFE *I Emitter | | Detector I—' AFE output
VLC
Transmitter channel Receiver

Figure 2.2: The typical VLC transmission model.

appropriate modulation technique. The following Tx AFE works as an emitter driver to transmit

the modulated signals via the connected emitter. Each part is described in the following.

2.3.1.1 Modulation

Digital information, including stream of binary digits, enters the transmitting device. This
information is modulated to change the light intensity of the LED. These modulation techniques

in VLC comprise the following [57]:

On-off keying (OOK): OOK is the most straightforward strategy, where a ’1’ illuminates the
LED and a’0’ turns it off. Although it suffers from lower spectral efficiency compared to other

schemes, it is easy to implement.

Pulse width modulation: This technique encodes data by changing the duration of light pulses,

facilitating data transmission whilst maintaining steady illumination levels.

Pulse position modulation: This method involves encoding the data by timing a light pulse

within a predefined interval, offering superior noise resistance compared to OOK.

Orthogonal frequency division multiplexing (OFDM): This scheme disperses data across sev-
eral sub-carriers, designed for high-throughput and high-capacity data transfer. Given that VLC
systems must be operated with real values, adaptations such as DC-biased optical OFDM or

asymmetrically clipped optical OFDM are frequently used [67].

VLC-specific modulation techniques: Unique approaches such as colour shift keying, which

leverage variations in LED colour, are used to encode information [57].
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2.3.1.2 Transmitter’s Analogue Front-End

The primary function of the AFE in the transmitter is to convert the digital output of the mod-
ulator into an analogue current that can appropriately drive the LED, allowing the emission
of modulated light into the VLC channel. The structure of the AFE depends on the mod-
ulation scheme or the applications. Thus, a typical AFE consisting of a digital-to-analogue
converter (DAC), filter, and LED driver is described. DAC converts the digital signal into an
analogue waveform. The DAC sampling rate is a key parameter for high-speed data rates. A
low pass filter (LPF) is often used to cut off high-frequency components, such as the aliasing
noise contained in signals from the DAC. Therefore, the cutoff frequency of the LPF should
be designed to match the communication bandwidth. Finally, a LED driver is the most critical
part of the AFE. It transforms the filtered analogue signal into the current and voltage neces-
sary to drive the LED. If needed, amplifiers are implemented with the driver to amplify the
signals before driving the LED. DC bias is also an optional component to superimpose the bias
voltage and support a LED characteristic that requires real-valued signals and positive light
intensity. The constant DC bias also allows for both dimming control and data transmission
simultaneously for illumination [68]. The high-speed response, linearity and thermal design
must be taken care of for the AFE design. A wide-bandwidth component such as a high-speed
operational amplifier (op-amp) has to be chosen in the AFE to rapidly modulate the LED’s
forward current and account for the LED’s parasitic capacitance to ensure proper operation. It
is vital to ensure that the modulated signals operate within the LED’s linear region to prevent
distortion. This is especially crucial for multilevel modulation schemes like OFDM, where
nonlinearity can severely degrade signal quality. In AFE design, effective heat dissipation is
necessary because a LED generates heat during operation. The high temperature affects the

LED characteristics and even harms the AFE.

2.3.1.3 Emitters

The emitters convert the electrical signal into an optical output that is transmitted through an op-
tical channel. The high-speed response is a crucial characteristic for data transmission. There-
fore, typical light-emitting elements are the LED and laser diode (LD). For any emitters, it
must be noted that optical signals have only positive values. So, as described above in 2.3.1.1,

specific modulation schemes have been considered that address only the real value.

LED is a semiconductor device that emits light when an electric current passes through it.
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An LED functions through a p-n junction, which combines "p-type’ and 'n-type’ semiconduc-
tor materials. The p-type has holes as positive charge carriers, whereas the n-type is rich in
electrons. When a forward bias voltage is applied, electrons and holes move towards the junc-
tion and recombine, releasing energy as photons. The colour of light emitted by an LED is
determined by the energy gap of the semiconductor. An LD is also a semiconductor device
similar to an LED. The key difference between an LD and an LED lies in the light emission
process [69]. Whilst LEDs use spontaneous emission, LD use stimulated emission within an
optical cavity to produce light. This requires a high concentration of electrons and holes and
a structured optical cavity that acts as a resonator. Once photons are generated, they stimulate
further emission, leading to light amplification. When the amplification exceeds losses, the las-
ing threshold is reached, producing a coherent, monochromatic, directional, and high-intensity
laser beam. Table 2.1 shows a comparison between LED and LD. Compared to LDs, LEDs ex-
hibit reduced directionality, making them less effective for long-range communication without
additional optical components. The LED’s constrained bandwidth requires sophisticated mod-
ulation techniques to achieve higher data rates. LDs are less suitable for general illumination
due to their point source nature, necessitate stringent eye safety precautions at higher powers,
incur higher costs, and require precise optical alignment. Each emitter has different character-
istics, therefore, resulting in different suitable applications. For an indoor VL.C scenario, LEDs
are the typical element due to their simplicity, low cost, and safety. The indoor system does not
require high output power due to the short distance and requires mobile suitability in a broad
direction. On the other hand, LD is used for long-distance communication, such as FSO or
satellite communications. This thesis focusses on LED-based VLC because of its advantages

in indoor mobile scenarios.

2.3.2 Receiver

The VLC receiver consists of a detector, an AFE for the receiver, and a demodulator (Demod).
The demodulation process reverses the modulation applied at the transmitter, restoring the orig-

inal digital data. Each part of a receiver is described below.

2.3.2.1 Detectors

A detector in the VLC receiver is the light-sensitive element that converts optical signals into

electrical current through the inner photoelectric effect, typically involving a p-n or PIN junc-
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Table 2.1: Comparison of Light-Emitting Elements

Feature LED LD

Optical power Low High

Bandwidth Narrow (up to hundreds of MHz) Broad (GHz and above)
Directivity Low directional High directional

Coherence Incoherent Coherent

Implementation Relatively simple Relatively complex

Cost Low High

Reliability High with long lifespan Low, especially at high power
Safety Relatively safe Potential eye hazard
Applications Li-Fi, indoor positioning Satellite communication, FSO

tion. When photons strike the semiconductor material, electron-hole pairs are generated, sep-
arated under a reverse bias voltage, and created a photocurrent proportional to light intensity.
PIN photodiodes (PDs) and avalanche PDs (APDs) are commonly used for VLC receivers.
The PIN PD is the most common type of photodetector in VLC. Its structure consists of a
P-type layer, an intrinsic layer, and an N-type layer. When reverse biased, it creates a wide
depletion region primarily within the intrinsic layer, allowing for efficient photon absorption
and electron-hole pair generation. The generated carriers are separated and collected because
of an electric field, contributing to a photocurrent proportional to the light intensity. In con-
trast, an APD is a highly sensitive semiconductor device, featuring an internal gain mechanism
to amplify the detected light signal. It operates under a high reverse bias voltage close to its
breakdown threshold, generating electron-hole pairs when photons are absorbed. These carri-
ers are accelerated by a strong electric field, initiating an avalanche multiplication process that
creates additional carriers in a cascade effect. Key advantages include high sensitivity and im-
proved signal-to-noise ratio (SNR) in low-light conditions. However, APDs that require higher
operating voltages can introduce excess noise due to the random nature of the avalanche pro-
cess, are sensitive to temperature variations and are more complex and expensive than standard
photodetectors, such as PIN PDs [70]. Table 2.2 shows a comparison between PIN PD and
APD. The internal gain, which only APD has due to avalanche multiplication, is typically more
than 50 dB [71]. PIN PD has a wider dynamic range than that of APD because APD tends to be
saturated due to internal gain. For an indoor VLC scenario, PIN PD is suitable for its low cost,

easy implementation and sufficient performance. This thesis focusses on the PIN PD receiver
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due to its advantages in indoor IoT scenarios.

Table 2.2: Comparison of photodetectors

Feature PIN PD APD

Internal Gain (dB) 1 Typically more than 50
Responsivity (A/W) Typically 0.4 - 0.7 Several to tens of A/W

Noise Lower Higher

Response speed Several MHz to GHz Hundreds of MHz to a few GHz
Operating Voltage Few volts Tens to hundreds of volts
Complexity Simpler More complex

Cost Lower Higher

Dynamic Range Wider More limited

Temp. Stability Good Sensitive

2.3.2.2 Receiver’s Analogue Front-End

The Rx AFE design is crucial because it determines the performance of the PHY. To achieve
reliable VLC, challenges must be overcome, such as noise, non-linearity, dynamic range, power
consumption, component selection, and circuit design. All components used in the AFE need to
satisfy the required bandwidth and response speed. In addition, these components must operate
within the dynamic range and the linearity domain in order not to be saturated. Therefore,
designing an optimised AFE with optimal components is significant in achieving the required

VLC performance.

The main function of the receiver AFE is to convert the weak optical current detected by a PD
into a voltage signal, amplifying it whilst minimising noise, so that the processed signals can be
demodulated by the subsequent demodulator. A typical Rx AFE consists of a transimpedance
amplifier (TTA), amplifiers, filters, and an analogue-to-digital converter (ADC). Optical filters
are often placed in front of a PD to reduce ambient light noise by blocking light outside the
VLC signal’s spectral band, leading to suppression of the shot noise and improvement of SNR.
Generally, a PD is connected to the input of TIA to convert current into voltages with gains.
The TIA converts the weak current signal from PD into a voltage signal suitable for subsequent
signal processing whilst amplifying it. Designing TIA with optimal gain and bandwidth is es-

sential because it largely determines the system’s noise performance. The phase margin should
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also be taken care of for operational stability. The typical TIA consists of an op-amp with a
feedback resistor, which determines the bandwidth with the PD’s capacitance, and the TIA’s
input capacitance. The TIA is sometimes followed by high pass filter (HPF) to block non-data-
carrying DC bias. Then, the voltage signals are amplified by voltage amplifiers to a suitable
amplitude level. This amplification stage can be multistaged to obtain a good amplification
performance. To compensate for fluctuations in received power, automatic gain control (AGC)
can be implemented after the amplification stage. In the AGC loop, the variable gain amplifier
is used to adjust the gain to maintain the constant output range. LPF is placed before or after the
amplifier stage, removing the noise and interference that exist outside the band. The processed
signals go to the next stage, the demodulator, via an ADC. The ADC converts the analogue
voltage processed in the AFE into digital signals. The sampling rate and resolution must be

sufficient for the data rate.

2.3.3 VLC channel model

The MIMO channel model for VLC is described using theoretical equations. The system model
incorporates Ny LEDs and N, PDs within an indoor setting. Furthermore, this model is adapt-
able for angular diversity receiver (ADR) applications. The DL functionality is executed by
Ny LED transmitters mounted on the ceiling of the room. A user, equipped with a PD re-
ceiver, is positioned either on a table or the floor. Each transmitter employs OOK modula-
tion via intensity modulation and direct detection (IM/DD) with the electrical signal vector
X = [x1,22,...,2n,]T, where [.]7 denotes a transpose operation. These signals emitted from
the LEDs are received by the receiver through the VLC-based MIMO (VLC-MIMO) channel.

The received signal vector at all identical PDs is expressed as [72]
Y =RHX + N 2.1

where R is the responsivity of PDs; N, the vector IV, x 1, is a vector of real-valued additive
white Gaussian noise (AWGN) with zero mean and variance o2, and H is the channel matrix

N; x Ng. This expression can be formulated as follows [73].

hll o e tht
H= : : 2.2)

hnei oo hnent
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where h;; indicates the channel gain of i, PD (PD;) from ji;, LED (LED;).

The geometry of the link between the PD; and the LED; is shown in Fig. 2.3. The channel
gain h;; incorporates both the LOS and non-line-of-sight (NLOS) elements, arising from wall

reflections. The total channel gain, hLOs and thOb is represented as [21,23]:

hij = hi?s + hiy (2.3)
A
hLOS B (n;:dlfz cos™ pij COS 91’]’7 Oij < \1’1/2 (2 4)
ij ‘
0, Gij > Uy /2
+1)AA;
Zk- 1 W;ﬂ_d)Q d2 £k Sm Spjk‘
NI
hij > = 4 cos jj €08 i, cos Oy, O < V1o (2.5)
0, Oi > V19
where m = —1In2/In cos ¥, /2 1s the order of Lambertian emission in relation to the semi-angle

of the LED at half power @, , and A denotes the active area of the PD. As shown in Fig. 2.3,

d;; indicates the distance between LED; and PD;, and ¢;; is the emission angle between a

Figure 2.3: The geometry between LED; and PD,;.
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vector directing from LED; to PD; and a normal vector of LED; n;. 0;; means the incident
angle between a vector directing from LED; to PD; and a normal vector of PD; n;; ¥ /2 is the
half angle of the field of view (FOV) of the PD. For the NLOS component of h;;, described in
(2.5), K is the number of reflections and A, is the reflective area. py is the reflective coefficient.
d;i and d;y, are the distance between the LED;, the PD; and the reflective point k. ¢,y is the
emission angle between a vector directing from LED; to the reflective point £ and n;; o, and
Bk are angles between a normal vector of £, n, and vectors of £ to LED; and PD;, respectively;

0, is the incident angle between a vector directing from PD; to k£ and n;.

2.4 Literature Review and Research Gaps

2.4.1 ADR based VLC System

There is a substantial body of research investigating the use of VLC techniques for indoor
wireless communication systems, as highlighted in numerous studies [18-24,74,75]. Research
into practical indoor VLC systems focus on multi-cell configurations, which are capable of
providing extensive coverage, as considered in [20,22,74]. These analyses reveal that inter-cell
interference (ICI) adversely impacts performance in indoor multi-cell environments, where its
influence is most pronounced at cell boundaries due to overlapping illumination from multiple
light sources converging on the receiver. Moreover, the FOV of a PD within a VLC receiver
is a crucial parameter for achieving comprehensive coverage whilst maintaining an adequate

signal-to-interference-plus-noise ratio (SINR) for VLC links [74].

The exploration of MIMO techniques within VLC frameworks has been discussed [18,21,76].
In the VLC-MIMO system, multiple transmitters and receivers are applied between transceivers
to increase performance. In [76], three MIMO algorithms were evaluated for indoor VLC envi-
ronments, and they are repetition coding; spatial multiplexing (SMP); and spatial modulation.
It was observed that both repetition coding and spatial modulation contribute to system sta-
bility, whereas SMP facilitates higher data transmission rates. However, the effectiveness of
SMP is compromised by co-channel interference (CCI), which consists of signals coming from

adjacent transmitters that share the identical frequency spectrum.

An ADR, comprising multiple PDs orientated in different directions, has been introduced for
VLC-MIMO systems to improve their performance [18-27,77-79]. These ADRs are no-

tably compact, making them suitable for mobile applications, and the related techniques are

26



Background and Literature Review

based on MIMO techniques. The ADR system effectively reduces channel correlation and
CCI[19]. Several different ADR configurations have been explored in these previous investiga-
tions, such as the pyramid shape and the frustum shape. In [21,23], a pyramidal configuration
with four PDs was examined. The study in [23] contrasted the pyramid type ADR with the
hemisphere configuration, both with identical count of PDs, revealing that their performance
is analogous due to the equal number of PDs. Research on frustum-shaped ADRs, featuring
between three and six PDs have been investigated in [22], where SINR fluctuations of these
configurations were analysed, indicating that increasing the number of PDs reduces these fluc-
tuations. In [19,24,26], frustum-shaped ADRs with seven PDs have been evaluated for different
applications. Specifically, [19] implemented SMP to boost capacity, whilst [24] utilised multi-
LED transmit diversity as a single-cell in the ADR based VLC system to significantly extend

coverage. In [26], the ADR was employed to enhance tracking and precision performance.

In the context of multi-cell VLC systems, the application of receive diversity techniques to
ADRs has been explored [20,22,25]. The study in [22] made a comparison of SINR fluctuation
performance across equal gain combining (EGC), selection combining (SC), and maximum
ratio combining (MRC), though only the SC method was evaluated in relation to SINR distri-
bution. The investigation detailed in [20] examined the distribution of user data rates for these
diversity schemes employing a pyramid-type ADR, demonstrating the superiority of the MRC
scheme in improving elevated data rates under the conditions considered. An optimisation ap-
proach regarding the receiver FOV and the angle of inclination in [25], where the adoption of

the SC technique was used to determine the optimal channel in a multi-cell VLC environment.

A review of the existing literature reveals a lack of studies that perform a comparative analysis
of different types of ADR. To establish the practical viability of ADR based VLC system, it is
crucial to investigate the performance of various ADR configurations across different scenarios,
particularly when applying techniques such as SMP and receive diversity. This allows the
unique characteristics of each ADR type to be clearly identified. To address this research gap,
Chapter 3 of this thesis models four different types of ADR and evaluates their performance
when both SMP and receive diversity are applied. Through simulation and theoretical analysis,
the performances such as bit error rate (BER) is evaluated and then the coverage performance

of the system, a known challenge in VLC, is analysed.
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2.4.2 Implementation of VLC-IoT System

State-of-the-art VLC-based IoT (VLC-IoT) systems and previous experimental ADR studies
are discussed. Table 2.3 shows a concise comparison of the real-time VLC-IoT systems cited in
the literature. The commonly used modulation techniques are OOK or pulse position modula-
tion, selected for their straightforward implementation, achieving data rates from a few kbps to
several Mbps. The study [80] explored carrier-less amplitude and phase modulation (CAP), al-
beit utilising an experimental setup based on resource-constrained microprocessors. In contrast,
other studies have used standard hardware platforms like microcontroller units (MCUs), Beagle
Bone Black (BBB), and field programmable gate arrays (FPGAs). Studies such as [9, 81-84]
employed condenser lenses, focussing on static implementations such as multi-hop or repeater
scenarios; these are inappropriate for mobile applications due to the restricted FOV inherent
to lens systems. Bidirectional communication capabilities were employed for internode links
in [16, 85], whilst [81-83, 86] presented relay communications featuring bidirectional links.
Specifically, [84] supported dual link (uplink (UL) / DL) bidirectional connectivity, although
the narrowing effect of condenser lenses on the FOV limits adaptability to dynamic environ-
ments. Implementing bidirectional and relay capabilities requires employing higher protocol
layers beyond the PHY level, including MAC, transport (TP), and application (APP) layers.
For IoT applications, the selection of power sources must be tailored to balance complexity
with form factor. Designing AFEs with dual power supplies, often using dual-power op-amps
for bipolar signal symmetry, is perceptibly more intricate. For example, the dual power supply
structure in [9] requires an additional power management unit, increasing the AFE footprint,
whilst in [84], dual AC-DC converters occupy a substantial receiver space. Previous works have
never investigated the communication coverage area in VLC systems and dynamic scenarios
with mobile user nodes. Chapter 4 makes novel contributions by detailing the development
of a compact AFE operating on a single power supply, innovating a wide FOV by ADR, and

ensuring the viability of mobile links by integrating AGC into the design.

Table 2.4 provides a summary of experimental studies concerning ADR prototype. Refer-
ence [23] employed a multiplexing technique with a four-PD ADR, evaluating channel capacity
through an offline setup by unidirectional VLC link. In [26], improvements in pointing and
tracking performance were achieved for underwater VLC applications. The lens array of their
design resulted in an oversized ADR prototype, rendering it inadequate for wide-area applica-

tions because of the lenses’ narrow FOV. The investigation in [90] focused on vehicular VLC
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applications using a three-PD ADR, measuring the rate of packet delivery in static settings. The
prototype consisted of boxed PDs with built-in amplifiers, which led to a bulky configuration.
These studies exhibit different objectives, yet no practical research has studied the benefits
of the extensive coverage of ADR. The contributions detailed in Chapter 4, in contrast with
the previous work in Table 2.4, involve developing a compact square frustum (SF)-type ADR
prototype, constructing an AFE compatible with the ADR, demonstrating enhanced coverage

performance, and presenting a bidirectional real-time IoT system.

Table 2.4: Comparison of the ADR experimental research

Reference  ADR ADR size Connectivity Application

[23] 4PDs Large  Unidirectional Multiplexing

[26] 7PDs  Large N/A Underwater VLC

[90] 3PDs Large Unidirectional  Vehicular VLC
Chapter 4 5PDs Compact Bidirectional Wide coverage IoT

2.4.3 Implementation of Integrated VLC-RF System

Comprehensive analyses of integrated VLC and RF (VLC-RF) and industrial IoT systems are
examined. Table 2.5 compiles a review of existing VLC-RF and industrial IoT systems as re-
ported in the literature. Common VLC modulation methods such as OOK, digital pulse interval
modulation (DPIM), and frequency shift keying (FSK) are preferred for hardware platforms
with limited resources like MCUs, BBB, and Raspberry Pi, due to their simplicity, offering
data rates from a few kbps to several Mbps. In contrast, [14] employs OFDM in resource-
intensive setups, such as FPGA, to enable high data rates. Studies in [81,93,98,101, 102] using
lenses predominantly considered static environments, making them inappropriate for dynamic
applications due to the restricted FOV induced by the lenses. Bidirectional communication was
implemented for internode connections in [14, 81] and for vehicular connections in [92, 102].
Conversely, many former studies advocate unidirectional VLC stemming from hybrid imple-
mentations with RF systems. However, bidirectional communication is required to improve
system resilience by enabling duplex communications in the absence of RF. In VLC-RF ex-
perimental investigations, Wi-Fi is predominantly employed for establishing RF connectivity,
utilising various interfaces such as modules, cards / dongles and routers. Alternative RF sys-

tems, like RF modules and message queue telemetry transport (MQTT), were used in [91,103].

30



Background and Literature Review

s A LI¥SWSHr0<  NDIN °[Npowl Lf-I\\ uonoaxpig  sudfoN  sdqiNg w9 OO ¢ adey)
VIN A Aepy sw /8 1< NDN ON uondanplg  sua ] sdQY ' GIT wgel OO [18]
VIN VIN LIdswgg NOIN ON uondaIplg  SUS T pnegy LS W /LT p(e]6] [zo1]
V/IN V/IN V/N NOW ON uondarpiu Iojewtjo) sdqy oy  wg sdd [101]
V/IN ON V/N UIYIO ON uondamprun /N VIN wg| VIN [001]
VIN ON V/IN V/IN IJ-I\\ - uomdampru /N VIN VIN VIN [66]
V/IN V/IN V/N NOW IJ-I\\  UOmdampruf)  Sudf sdgyos  wQg VIN [86]
V/N V/N Sl MOJ © NOW IJ-I\\  uomdampru /N sdqing  wgp VIN [L6]
V/N » swOz—01  IdAueqdsey  LIOW  uomdarpun  W/N  sd@igy0 /N 00 [96]
V/N V/IN V/N vDdd pIed If-I\  uondamprun)  SuwdloN - sdqN T V/N 00 [S6l
V/N V/N SuI JO Sud) SUIGJO  IoMOI -1\ uomoarpru)  V/N  sdqN 08 w G| VIN [+6]
V/N V/IN V/N gdd  Q[Suop L-I\ uonoampruf)  sesud sdQN ¢T w g 00 [c6l

a » Sw g6l NDIN  o[npowr Lf-I\ uonoaxplg  Y/N  sdgyosz  wg NIdd (6]
VIN VIN V/IN NON S[npow ¥y uonddmpun /N VIN V/IN 00 [16]
V/N VIN V/N vDdd pIEO If-I\  uonoaxnprg  sudjoN  sdqNg  wg INAA0 [+1]

\Qﬁsoow QOﬁQE:mGOo %o:oﬁwd wopelq Emam%m \O;ﬁoozzoo SUT AJey vl QdueISI(J uone[npoN oy
Tomod 4 OTA

SwaysAS JO] prLsnpul / - IA JO sarpnis pjusuniadxa ayj Jo uostivduio)) 1§ dIqeL

31



Background and Literature Review

Achieving functional IoT applications through VLC-RF involves implementing layers beyond
the PHY. Despite the significance of latency evaluation in industrial IoT, this parameter has
been mostly overlooked in past studies. Interference-focused delay analysis in [92] indicated a
latency peak of 1.92 ms. The work in [94] conducted a assessment of round-trip time (RTT) in
both VLC and Wi-Fi systems, demonstrating that VLC exhibits enhanced rapidity compared to
Wi-Fi. [96] exhibited VLC latency between 10 and 20 ms, whilst [97] noted several-millisecond
response times. As reported by [102], ITS-oriented VLC achieved a minimal RTT of 2.5 ms.
An indoor multi-hop VLC system was developed in [81], achieving a latency of 1.87 ms at a
data rate of 115.2 kbps without relays, escalating to 3.4 ms with a relay, indicating a correlation
between delay and hops. These studies cover diverse objectives, such as optimising real-time
processes. Prototypes in energy-restricted industrial IoT environments demand minimal power
use, yet the energy efficiency of the system remains scarcely assessed. [92] estimated power
draw from component datasheets, excluding complete system verification. [96] noted 70 W
consumption with LED transmitters, whereas [81] documented a mere 0.33 W per VLC node.
Concerning security, a vital aspect in industrial 10T, [96] deployed a user identification feature
to counteract ED, although much of the literature relies on the supposed intrinsic security of

VLC without extensive testing of its physical layer security (PLS).

Chapter 5 advances the field by introducing a secure integrated VLC-RF system tailored for
industrial IoT, which supports extensive coverage via Wi-Fi and ADR-based VLC with the low
latency and superior secrecy capacity (SeCap) offered by VLC. The chapter evaluates enhanced
coverage and latency, providing empirical validation in real-time industrial IoT contexts such
as image transmission and robotic arm connectivity. The innovation of the system has been ex-
perimentally confirmed, although within a standard indoor setting, that lacks significant acrosol

presence and intense ambient lighting.

2.5 Summary

This section presented the overview of VLC technology, the basic VLC system model, and a
review of the literature on VLC. The VLC overview section provided a historical background
on the field of VLC, following discussion of current research trends and standardisation efforts.
It also outlined the characteristics of the optical band used by VLC and summarised the key ad-
vantages and challenges of the technology. For the advantage, EMI is absent in the VLC, which

also provides enhanced security. However, it faces challenges, including directivity of the beam,
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communication range, and susceptibility to ambient light interference. Potential applications
where VLC’s unique characteristics distinct from RF are particularly useful, such as navigation,
healthcare, transport, industry, and IoT and smart cities, are then described. The fundamental
components of a VLC system were then explained, starting with the transmission model. This
is followed by a breakdown of each key element, including modulation/demodulation tech-
niques, the AFE, and the optical emitter and detector components. A mathematical model of
the VLC-MIMO channel was also presented, which is applied in analytical studies in this the-
sis. Finally, a review of the recent literature was presented, organised into three key categories:
theoretical research on ADR-based VLC systems, the implementation of VLC-IoT systems,
and integrated VLC-RF systems/industrial IoT systems. From this review, the respective re-
search gaps were identified and the contributions corresponding to each subsequent chapter of

this thesis were outlined.
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Chapter 3

Comparative Analysis of Angular
Diversity Receivers in VLC System

3.1 Introduction

Visible light communication (VLC) techniques have been explored for use in indoor communi-
cation systems [18-24,74,75,104-107]. In [108-116], the examination of viable indoor VLC
systems has led to discussions of multi-cell configurations. The works in [20, 22, 74] aim to
ensure extensive coverage. Collectively, these studies identify inter-cell interference (ICI) as
a significant factor that impairs the effectiveness of indoor multi-cell VLC environments. The
field of view (FOV) of a photodiode (PD) in a VLC receiver is a key parameter to provide a wide
coverage with a sufficient signal-to-interference-plus-noise ratio (SINR) for a VLC link [74].
Therefore, as one of the candidates to solve the VLC issue, angular diversity receiver (ADR)
is applied to VLC systems to improve communication performance, such as coverage perfor-

mance, interference mitigation [117-121].

Before experimental research, analytical work should be performed to obtain theoretical knowl-
edge of the performance of ADR in VLC. Several different ADR configurations have been
considered in previous work, including pyramidal shape and frustum shape. Therefore, a per-
formance comparison of these ADR types is performed with different numbers of PDs. In this
chapter, different ADR configurations are compared through simulation and numerical analysis
for different indoor downlink scenarios; they are: square pyramid (SP), square frustum (SF),
hexagonal pyramid (HP), and hexagonal frustum (HF). Furthermore, two spatial multiplex-
ing (SMP) techniques are applied with detection algorithms of zero-forcing (ZF) and maximum
likelihood (ML) and three receive diversity techniques: selection combining (SC), equal gain
combining (EGC), and maximum ratio combining (MRC). The coverage rates of the modelled

ADR configurations using these techniques are evaluated.

The remainder of this chapter is organised as follows: physical layer (PHY) techniques and

ADR configurations are discussed in Section 3.2 and Section 3.3; simulation results are pre-
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sented in Section 3.4; and conclusions are drawn in Section 3.5.

3.2 Physical Layer Techniques

The VLC system incorporating a multiple-input multiple-output (MIMO) channel with Ny light
emitting diode (LED) transmitters is examined, as depicted in Fig. 3.1. This particular model is
frequently referenced in the literature, including studies [18,19,21-24]. The system model pre-

viously described in Chapter 2.3.3 is employed, with SMP techniques and diversity techniques

elucidated.
ZA
LED4 LED3
) U
LED, LED Ny
U U
3m
) Yr ]
ol im
Xr ,’/ ,//
— LY vy,
/_, __________________ & /,, Y
A ADR(Xr,Yr,1) |/

Figure 3.1: Downlink VLC based on MIMO system model.

3.2.1 Spatial Multiplexing

In MIMO systems, SMP methods are adopted to improve performances such as channel capac-
ity [122-129]. When it comes to the ADR system applying SMP, PDs recognise data from each
LED transmitter via the VLC-based MIMO (VLC-MIMO) channel, and the signal is demodu-
lated to eliminate interference at the receiver using signal detection techniques. Implementing

SMP necessitates more than two (/Ny > 2) LED transmitters to yield multiple data streams,
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hence SMP is unsuitable for single-cell scenarios. ZF and ML detection algorithms are also
discussed with the least squares (LS) channel estimation technique. Furthermore, the analytical

bit error rate (BER) expressions are introduced.

3.2.1.1 Channel Estimation with Least Squares Approach

Within the scope of SMP, estimation of the channel matrix, denoted as H in (2.2), is carried out
using a methodology based on training sequences. This requires the addition of a preamble pre-
ceding the data sequence emitted by each independent LED. Conversely, in ADR, the channel
state information (CSI) is estimated by comparing a predetermined pilot sequence with the sig-

nals received. Utilising the LS method, the estimated channel matrix, H, can be expressed as

documented in [130]:
H= argmin|| Yy, — HP|? = (PTP)"'PTY, (3.1)

where P is the matrix Ny X s with the sequence of s pilot bits transmitted from each transmitter

and Y, is the pilot sequences received at all PDs and ||.|| denotes the norm.

3.2.1.2 Signal Detection with Zero-forcing Approach

Upon estimating the CSI, the intended data stream can be decoded from all PDs. Given the
presence of multiple transmitters, the signal received at each PD experiences interference from
signals emitted by adjacent LEDs. This interference needs to be eliminated to accurately decode
the intended signal. The ZF method is utilised across all ADR types using an estimated channel

matrix. The detected signals are presented as follows [131]:
F=WY (3.2)

where the weight matrix W is the pseudo-inverse of the estimated channel matrix, H, given by:

~ ~

W= (HTHAT (3.3)

It is important to recognise that this could lead to increased noise. Despite this, the method

remains low complexity, without necessitating knowledge of noise variance. In this context,
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the BER associated with on-off keying (OOK) modulation is expressed as follows [71]:

| Is
BERook =@ (RPtHl ]V(]) 34

where Q(.) is the Gaussian Q function and P; is the transmitted optical power. Hj is the
channel gain of a point-to-point communication link. 7 represents the duration of the symbol
in seconds and N; denotes the density of the power spectrum that can be obtained from the
variance of the noise divided by the bandwidth of the noise By, as 02/ B,,. This formulation can
be extended to the MIMO systems by incorporating the channel matrix according to equations

(3.1) through (3.3). The analytical expression for BER with ZF is determined as follows:

RP; Ts

BERzp() = Q | =1/ o
A (Ntnwjn N0> 35)

j=1,2,...,N;.

where W; is the ji, row of the pseudo-inverse of the channel matrix H. The emitted power of
each LED is considered to be uniform. To compensate for the increase in transmitted power

that results from the deployment of multiple light sources, P, is normalised with respect to V;.

3.2.1.3 Signal Detection with Maximum-likelihood Approach

The ML detection technique is also considered an alternative to ZF. In the ML technique, the
Euclidean distance is calculated between the received signal vector, Y and all possible received
signals, HX. The transmitted signal vector is detected by finding the minimum distance as
[132]:

Xnp, = argm)énHY — HX|? (3.6)

The BER of the ML receiver can be obtained from pairwise error probability, which is the
error probability between a transmitted signal vector X,,,; and a received signal vector X,,a.
Thus, pairwise error probability (X,,1 — X,,2), given the knowledge of the ji;, column of the

channel matrix H; can be derived as [133]:
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PEPy1,(j) = PEP (X1 — Xinz2|Hj)

R T
=Q (2\/%’Hj(xm1 - Xm?)H2> (3.7)

i=1,2,..., N,

where ()(.) is the Gaussian Q-function. 7y is the duration of the symbol in seconds and Ny is
the density of the power spectrum. The analytical BER of SMP using ML can be approximated

by the union-bound method using the pairwise error probability as:

M M
1
BERML(J) ~ 5 E g dH(bmla me)PEPML(]) 3.8)
ml=1m2=1 :

i=1,2,..., N,

where the modulation order, M =2 for OOK. dy() is the Hamming distance and b,,, represents

the possible M bit assignments of the signal vector X,,,.

3.2.2 Receive Diversity Techniques

Receive diversity techniques are applied to improve communication reliability [107, 134, 135].
In the multi-cell scenario considered in this chapter, each LED transmitter transmits signals to
users in the LED cell, and signals from neighbouring cells constitute ICI when the coverage

between cells overlaps each other, as illustrated in Fig. 3.2. The approaches of SC, EGC, and

LED,
D7

ADR,

ADR, Overlapping area
L9 o [\

Figure 3.2: Coverage area with two LED transmitters.
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MRC applied to the multi-cell scenario are concisely introduced and encapsulated in Table 3.1.

Additionally, the BER formulation for these combining methods is included.

Table 3.1: SINR in multi-cell scenario under SC, EGC and MRC.

Techniques SINR in a multi-cell
SC ’yg/ggtl = max; (SINRZ])
. Nr (Rp- . P2
EGC ’y]l%/[élgjj - Zf\f:rl (U?L,?tlz_:lj'\gt1;7/7&:231’%]'/130)2)
. NT (Ruwiihii Po)2
MRC ’Yl\l\//[%l{lél’j = Eiv:rl(ngggrl(gz}:j, Jj ((;Q)wij/hij’PO)Q)

3.2.2.1 Selection Combining

In SC, the PD; with the highest SINR amongst the SINRs of all PDs is selected. Thus, the

output SINR of SC for the multi-cell scenario, 'ysl\,/([;?i, is given as [20, 22]:

VSO = max(SINR;) (3.9)

(Rhij Py)?
Nt
Oni T L jri (Rhij Fo)?

SINR;; = (3.10)

where Zé\,”:l £ (Rhij/Po)Q is the electrical power of ICI of all LEDs in interfering cells,
P, = P; /Ny is the normalised optical power transmitted by the LED;, and J?m is the variance
of the noise in the PD;. This is made up of the variance of the shot noise O’S2hot ; and the thermal

noise cr,?hermaL ; that are given by [24]:

Js2hot,z' = 29(RPj + Ivgl2Bn) 3.11)
U‘?hermal,i = 87TkBT77AB?1(% + 2971%77‘4]3311)

where ¢ is the charge of an electron and P; =F, Eévzt 1 hij is the total optical power received
from all LED transmitters. Iy, is the background noise current; I3 is the noise bandwidth
factor; and B, is the equivalent noise bandwidth. For the thermal noise parameters, kp is the
Boltzmann constant and 7" is the absolute temperature. 7 is PD fixed capacitance per unit area;

G is the open-loop gain; I is the field effect transistor (FET) channel noise factor; g, is the
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FET trans conductance; I3 = 0.0868. In this analytical investigation, the parameters are set as
follows [71,75]: ¢ = 1.6e7'% C, I,,; = 5100 pA, I = 0.562, T = 298 K, n = 112 pF/cm?,
G =10,T = 1.5, g, = 30 mS.

3.2.2.2 Equal Gain Combining

The EGC method integrates signals from all PDs, assigning them an equal weight. The output

SINR for the multi-cell scenario by EGC, yiyict is [20]:

Ny
fy%)/[(l}lgi_ _ Zi:1(5zhijpo)2
JT M N
’ Zi:1(02,i + Zj/t:Lj';éj(Rhij’PO)z)

(3.12)

3.2.2.3 Maximum-Ratio Combining

The MRC method employs weights directly proportional to the received signal to calibrate the

output of each PD. The output SINR of MRC for the multi-cell scenario 711\\/[/[‘5{1}3{ ; becomes [20]:

TMRG ;= it (Rughis Po)? (3.13)
g Ny N .
’ Zz’:l (ngo'ng + Zj't:Lj’;ﬁj (Rwij/hij/Po)Z)

where w;; is the weight calculated by transposing the gain of the correspondence channel, hgj

as in [24].

3.2.2.4 Analytical BER Equation

In a VLC-MIMO system, the BER for the OOK modulation technique can be determined by the
output SINR through the application of three different receive diversity techniques as indicated
by [136]:

BERook = @Q (v/7) (3.14)

where Q(a) = \/% faoo exp(—%) dt is the Gaussian Q-function. <y is the output SINR of the

VLC system with each receive diversity technique.
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3.3 Angular Diversity Receiver

In this section, the configurations for ADR considered in the analytical framework of this chap-
ter are described within a three-dimensional coordinate system. The four types of ADR that are
analysed are identified as SP, SF, HP, and HF, depending on the number and arrangement of
PDs, as illustrated in Fig. 3.3. These ADR shapes with different number of PDs are examined
because they are typically considered in the literature reviewed in 2.4.1. The greater number of
PDs in an ADR makes implementation difficult due to circuit size, complexity and cost. The
positions of PDs located on the top and side of ADR are shown in Fig. 3.4. Each PD is situated
on every side of the ADR at a distance » = 3 cm from the centre of the X-Y plane, and at
an elevation of r/2. In the case of the frustum ADRs, an additional top PD is placed r above
the centre of the ADR, orientated directly upward. The azimuth angle for PD; is determined
by [21]:

. 2007 4 g, for SP, HP
oo =4 (3.15)
(z ) +dr, for SF, HF

Fe, 59 6 it

Y A

Xy
N

P>
N

7 x 2/

(a)Square pyramid (b)Square frustum (c)Hexagonal pyramid (d)Hexagonal frustum
(SP) - 4 PDs (SF) -5 PDs (HP) - 6 PDs (HF) - 7 PDs

Figure 3.3: The ADR configurations considered in this analytical study.
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where Jg is the ADR rotation angle in the X-Y plane. Therefore, the position coordinates of

PD; can be represented by:

_x%D_ X, + 7 cos dby
Ybp | = Yi +rsindby,  for side PD
i
ol (143 (3.16)
_xiPD_ Xr
Yop | =\ Yr for top PD
_Z{DD_ 1+7r

In (2.4), the distance d;; is derived from the relative geometric positions of LED; and PD;, as

illustrated in Fig. 2.3, and is determined by:

dij = \/(fiPD — 21pp)? + (Ybp — Yiep)? + (%bp — #igp)? (3.17)

The angle between LED; and PD; and the normal vectors, 0;; and ¢;; depicted in Fig. 2.3 are
derived from the inverse of cos 0;; and cos ;;, which are calculated from the dot product of the
vector p; and n; and the vector /; and n; shown as [22]:

(pi, ni) (I, ;)

7 7 COS ;i =
[pillllnall” Yo

cosb;; = T
N A

(3.18)

where p;, [; and n; are the PD; vector relative to the LED, the LED; vector relative to the PD;

YA pDp

i+1

Top PD
\

‘ADR(Xr, Yr, 1)
(a) Top view (b) Side view

Figure 3.4: Coordinates of the PDs in the ADR (a) top view and (b) side view.
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and the LED; normal vector, respectively. (.) denotes the dot product. Normal vector of PD; in

three-dimensions can be obtained using PD; azimuth angle 5{;]3 and tilt angle 5§ilt as [24]:

cos (0pp) sin (&)
n; = |sin (6pp) sin (6, (3.19)

COS (62i1t)

Therefore, by applying (3.15)-(3.19), the line-of-sight (LOS) channel gain h?js in (2.4) can
be modelled. Similarly, the parameters for the non-line-of-sight (NLOS) channel gain hi\;los in

(2.5) can be derived following the same methodology.

3.4 Results and Discussion

The VLC-MIMO system’s performance is analysed based on the link geometry discussed
above, with parameters detailed in Table 3.2. Commercially available LEDs typically oper-
ate within bandwidths in the MHz range [71], leading to the selection of a symbol duration, 7,
of 1 us, alongside a corresponding noise bandwidth, By, of 1 MHz. The tilt angle of the PD,
denoted as dyj); and depicted in Fig. 3.4b, influences ADR performance. Optimal performance
is achieved when the channel gain from the desired LED is maximised whilst minimising co-
channel interference (CCI). This optimal tilt angle determination is discussed in Section 3.4.1.
Furthermore, the ADR rotation angle is pivotal for performance, as it alters the channel gain
in (2.4) and (2.5). In the SMP application, performance evaluation for each ADR is conducted
at specific rotation angles to observe CCI effects. In addition, the received signal-to-noise ra-
tio (SNR) assesses the SMP techniques’ effectiveness, considering the geometry of the link.
Receive diversity techniques are evaluated through the Monte Carlo (MC) method to determine
the average performance of dr. In every computation, the ADR rotation angle ég is drawn
from uniformly distributed pseudo-random integers within the range of 0° to 360°, as refer-
enced in [22]. The position of a single reflective point is randomly determined near the centre

of each wall using a truncated normal distribution.
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Table 3.2: SIMULATION PARAMETERS

Room parameters

Values [References]

Room dimensions (L, Ly, L)

Number of LEDs NV;
LEDs coordinates (X;,Y;)
Reflective area A,

Reflective coefficient py

(4m,4m,3m)[18]
4118,19,21-24]
(1, 1, (1, 3), (3, 1), (3, 3) [23]
1 cm? [19,21]
0.8[19,21]

LED transmitter parameters

Values [References]

LEDs height
LEDs elevation angle
LEDs semi half angle @1 /5

Average transmitted power P;

3m[18,19,22,24]
180° [21]
45° [21]
1 W [19]

ADR receiver parameters

Values [References]

ADR height Z,
Area of PD A
Number of PDs N,
PDs responsivity R
PDs half angle FOV ¥
ADR elevation angle

1 m[19]
1 cm? [18,24]
4,5,6,7
1 A/W [71]
30° [19,24]
0°[18,19,21-24]

3.4.1 Optimal Tilt Angle

In order to analyse the optimal tilt angle, the square and hexagonal geometries of the four ADRs
being examined are treated independently due to their geometric differences. The tilt angle,
denoted as dy1¢, of the PD influences the ADR’s performance. The performance is subject to
tilt angle since even small angular deviations significantly change the incident angle on PD,
leading to noticeable variations in channel gain. The ideal tilt angle is achieved when the
channel gain from the desired LED, h;p;, is maximised, whilst simultaneously minimising
CClI, thereby enhancing error performance. As depicted in Fig. 3.5, the vertical layout of the
room geometry is illustrated. The distinct ADR types result in varied link geometries within
the system. The optimal angle can shift as the ADR moves; nonetheless, the optimal angle is

determined at the central position since the ADR under study cannot be reconfigured.
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AY AY
LED, i LED, LED, i LED,
(1,3,3) ; (333) (1,3,3) ; (3,3.3)
: Sr : D, Or
ADR OO ADR
2,21 TS e 2,2,1) | @
221 ‘ol Gr=0 221) PD; Sg = 0°
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LED, LED, LED, LED,
(1,1,3) (3,1,3) X (1,1,3) (3,1,3) X

(a) Square type ADR (SP, SF) (b) Hexagonal type ADR (HP, HF) ]

Figure 3.5: A vertical view of the room geometry of the square type (a) and hexagonal type (b)
ADR.

3.4.1.1 Square type ADR (SP, SF)

In Fig. 3.5a, PD; is observed to rotate from 0° to 90°, during which CCI may emerge for certain
values of 6g. Identifying the optimal tilt angle becomes crucial to minimise CCI amongst
adjacent LEDs across the range of dr. The optimal tilt angle, designated as &5, imal for PD;, is

determined by maximising the channel gain from the desired LED, h;p;, as follows:

90° Ny—1
optimal .
Ooe = { max (h;p;), min Z Z hik} (3.20)
i1t ,OR OR 5m=0° htD
R= J

Using (3.20), the optimal tilt angle that optimises the SINR in this scenario is determined to
be 45°. Fig. 3.6 illustrates the maximum channel gain, h1p;, for PD1, alongside the combined
CCI components across a range of dg from 0° to 90°. It is evident that the optimal angle
derived from (3.20) does not coincide with the zenith of h1p;, occurring instead where hqp; is
maximised and condition Z?gozoo Zé\[;jjl] hir = 0 is satisfied. When aiming to minimise CCI,
the optimal tilt is 45°, as this results in a nullified CCI sum, which is graphically supported
by the plot in Fig. 3.6. The discrepancy in hjp; between 45° and the peak hip; at 35° is just
2.3% or 0.1 dB. Therefore, the optimal tilt can minimise the impact of CCI with only 0.1 dB
reduction in SNR. Given the symmetrical design of the considered ADRs, the optimal tilt angle

derived for PD; is applicable to all side-mounted PDs.
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3.4.1.2 Hexagonal type ADR (HP, HF)
As illustrated in Fig. 3.5b, the optimal 575! mal for the HP and HF ADRs does not require an
identical constraint to mitigate the impact of CCI. This category of ADR has more than three
degrees of freedom (/V; — Ny + 1) due to a higher number of side-mounted PDs in comparison
to the LEDs. Consequently, the optimal tilt angle for a hexagonal ADR is dependent solely on
channel gain, allowing the simplification of (3.20) to:

5optima1 _

ae = max (hip;) (3.21)

tilt,OR

Here, in the case of hexagonal-shaped ADRs, the optimal tilt angle 5&‘1);“&1 is determined to be

35° applying (3.21), which aligns with the maximum value of h1p; as depicted in Fig. 3.6.

6 . i N B -4
54 x107 | _o— Left axis max (hm]_) — o Right axis E?;LW ZE‘Q . hy >§]1g
53¢ 114
52+
12 &5
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S 5¢ L5
- 08 8%;”‘
s 49" -
= &)
06 O
48 G
=
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46" 102
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Figure 3.6: max(h1p;) and sum of CCI Zgg;oo ij;;l] R
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3.4.2 Performance Comparison using SMP Techniques
3.4.2.1 BER vs Rotation Angle

The BER performance of each ADR type is analysed against the ADR rotation angle. In this
investigation, the evaluation is conducted using ML detection approach. Fig. 3.7 illustrates the
BER against 6y of the LED; (1, 1, 3) and the LED> (3, 1, 3) in the central position of the room.
In the calculation, 10® bits are transmitted from each LED with a SNR of 116 dB and the BER
is assessed in the range of Jg from 0° to 90°. Here, SNR is given by (P, R)?/02, calculated
based on channel gain and a noise equivalent power of 1 fW/v/Hz for receivers. The SNR
excludes channel gain to enable a fair comparison under identical conditions, since the channel
gains of each link differ due to varying angles. The simulation curves are illustrated to align
closely with the analytical ones. Due to symmetry in the room layout and ADRs, at the centre
position, the BER curves for the other pair of LEDs and PDs at the central position are identical.
It is observed that the performance of SP and SF surpasses the forward error correction (FEC)
threshold of 3 x 1073 for 6g < 1° and 6gr > 89°. The elevated BER beyond these intervals
is due to CCI. The HP and HF provide better BER performance because they maintain BER
below the FEC limit. At the centre position, the PD on the top of the frustum-type ADR does

not operate because it cannot detect any signals arriving from outside its FOV.

10° . : , , : 10° ' : ; : 1
—8P- LEDI (Analytical) SF - LED, (Analytical)
o SP- LEDI (Perfect CSI) SF - LEDI (Perfect CSI)
107! ——HP ~ LED, (Analytical) 107"} HF - LED, (Analytical)
o HP- LEDI (Perfect CSI) x HF - LED] (Perfect CSI)
o HP ~ LED, (Analytical) _2 HF - LED, (Analytical)
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Figure 3.7: BER vs rotation angle of ADR types at SNR 116 dB with ML detection.
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3.4.2.2 BER Performance vs SNR

The BER performance associated with various decoding techniques and ADR types is exam-
ined in relation to SNR when positioned centrally and underneath a cell equipped with a LED
transmitter. This comparison involves simulations based on the transmission of 107 bits, using
both perfect and estimated CSI. Performance differences of the decoding techniques between
the ZF and ML methods are also analysed. In Fig. 3.8, BER against SNR for LED; is shown
at a rotation angle of dr = 30°, with the HF ADR located at (2, 2, 1). The BER obtained with
perfect CSI using ML requires approximately 1 dB less SNR compared to ZF to achieve the
desired BER of the FEC limit. Additionally, a penalty SNR of 2-3 dB is observed using the
estimated CSI compared to perfect CSI. Fig. 3.9 presents the BER curves of individual streams
versus SNR below LED; using estimated CSI. At the location (1, 1, 1), the SP with ZF is
limited to receiving one stream from LED3, whilst SP with ML can detect streams from LED»,
LEDs3, and LED, due to the enhanced robustness of ML in CCI settings. SF ADR with ZF can
support two streams, whilst SF ADR using ML detects all four streams. The HP ADR with ZF
and ML supports the same number of streams. The BER of LED3 with ZF is in agreement with

10° ‘
doieis —— ZF-PerfectCSI
Ral-S -0 - ZF-EstimatedCSI
1071k S, ——ML-PerfectCSI 1
e - - ML-EstimatedCS]
1072} ;

Bit Error Rate
=)
(%]

-6 \ | !
1
0 100 105 110 115

SNR (dB)

120 125

Figure 3.8: BER vs SNR of LED1 with rotation angle dg = 30° of the HF ADR in the centre

of the room.
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that of ML because this stream is not influenced by CCI, whilst the BER curves for LED> and

LED,4 with ZF require an additional SNR of 3-4 dB. Lastly, HF ADR can support data streams

from all four LEDs regardless of detection techniques. The SNR requirement to achieve a BER

of 3 x 1073 using ZF is 111 dB for LED; compared to 133 dB for LED, with the biggest

difference of 22 dB. On the other hand, the difference in the required SNR using ML is 21 dB
with the SNR of 109 dB for LED; and 130 dB for LED,.
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Figure 3.9: BER vs SNR of each ADR type below LED1 (1, 1, 1) with rotation angle égr, = 30°,
(a) SP- 4 PDs, (b) SF- 5 PDs, (c) HP - 6 PDs and (d) HF - 7 PDs.
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3.4.2.3 Multi-stream Coverage Rate

The performance of different ADRs is evaluated based on their ability to support multi-stream
coverage. This study examines performance fluctuation at multiple rotation angles. These
ADRs are positioned in the X-Y plane at an altitude of 1 m. To determine the coverage rate for
each stream, the BER with ML approach is calculated using the estimated CSI at the locations

of the ADRs. The coverage rate is subsequently defined as

N,
Rcoverage = P_ %100 [%] (3.22)

total

where IV}, is the number of points at which a target BER of 3 x 103 can be achieved and

Niotal 1s the total number of points considered. The case study room is divided using a 5 cm
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Figure 3.10: Coverage of each stream connected to the ADR.
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grid, resulting in Niota = 6561, composed of evenly distributed points on the X-Y plane.
Fig. 3.10 illustrates the coverage of the number of streams supported by the ADR at each point
in the grid, based on the noise variance derived from (3.11). The colour of each point on the
grid denotes the number of streams accommodated within the target BER: a blue point signifies
4 supported streams; green, 3 supported streams; yellow, 2 supported streams; red, 1 supported
stream; grey, O supported streams. As the number of PDs rises, areas supporting four streams

expand. The HF type in Fig. 3.10d has the largest coverage area of four streams.

Table 3.3 presents the coverage rates for each type of ADR at different rotation angles as per-
centages. It can be seen that a greater number of PDs within an ADR results in higher coverage
rates in four streams, whilst the frustum type maintains consistent performance at any angle.
The HF ADR achieves approximately 88% with four streams at rotation angles dgr of 0°, 15°
and 30°. The HP also exhibits a stable coverage of around 84% with all streams. The hexagonal
ADR is capable of supporting more than two streams at any position. In contrast, the coverage
rates for the SP and SF fluctuate at the rotation angles dr of 0°, 15°, 30° and 45°. Specifically,
at 6g of 0°, the SP and SF cannot support any stream with a rate of 0. 08%. The SP ADR’s
rate of supporting four streams ranges from 29.20% to 46.84%, whilst the SF’s rate varies from

49.76% to 66.90%.
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3.4.3 Performance Comparison using Receive Diversity Techniques

In this comparison, the SINR distributions of each ADR type employing receive diversity tech-
niques are investigated within a multi-cell environment. The case study room is segmented into
a grid composed of uniformly spaced points, at 10 cm intervals on the X-Y plane. Performance
is evaluated at each point of the grid at a height of 1 m. At every location, SINR is calculated
using the three diversity combining methodologies described in expressions (3.9) - (3.13). The
results are derived from a MC simulation, executed N = 5000 times to determine the average
performance. The distribution is analysed with a box chart, highlighting statistical features;
each chart is constructed from the SINR values across all grid positions. In addition, mean and
variance statistics are displayed. The coverage performance is subsequently evaluated using the

analytical BER equation in (3.14).

3.4.3.1 SINR Distribution in Multi-cell Scenario

ADR performances in the multi-cell scenario are presented. In the multi-cell scenario, the
signals from neighbouring cells can be ICI as calculated in (3.9), (3.12) and (3.13). Fig. 3.11
shows the box chart of the SINR values of each type of ADR with the average and variance
of the SINR values. In each box chart, the box shows the lower and upper quartiles with a
blue line indicating the median value. Also, whiskers extend from outside the box towards
the minimum and maximum value. An outlier is plotted if the value is more than 1.5 times
the distance between the top and bottom of the box, the interquartile range, away from the top
or bottom of the box. Amongst these three combining techniques, SF and HF show the best
performance because the mean SINR is the highest at around 35 dB and the quartile range is the
smallest from 35 to 38 dB although the number of outliers is largest. These two ADRs using
SC have almost the same performance in the box chart, mean and variance values, meaning
that two additional PDs on the side of HF have no performance benefits. The performance of
SP and HP using SC is worse than that of frustum-type ADRs with a reduction of around 9 dB
in the mean SINR value because these ADRs do not have PD on the top. It can also be seen
that the median value is 2 dB higher than the mean value when SC is applied. Looking at the
EGC technique, any type of ADR has the lowest mean SINR and a median value ranging from
6 to 8 dB. Although their variance is comparatively low with less than 25, the highest SINR
of each ADR is less than 17 dB. Therefore, it can be said that the SINR values using EGC are

distributed around the lowest mean value. Considering the MRC technique, the mean SINR
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Figure 3.11: SINR box chart, mean and variance in the multi-cell scenario: (a) SP with SC,
(b) SF with SC, (¢) HP with SC, (d) HF with SC, (e) SP with EGC, (f) SF with EGC, (g) HP
with EGC, (h) HF with EGC, (i) SP with MRC, (j) SF with MRC, (k) HP with MRC, (1) HF with
MRC.

and median value almost doubled compared to the EGC technique due to SINR improvement
from approximately 15 dB to 30 dB. Therefore, the variance becomes the largest amongst these
three techniques within the range of 84 to 92. In EGC and MRC it is seen that any ADR may
suffer from ICI because the lowest SINR is 0 dB. Fig. 3.12 shows the SINR distribution of the
SP and SF type in the multi-cell scenario using SC, EGC and MRC techniques. It has already
been shown that the hexagonal type has no benefit compared to the square type ADR, as there
is no additional diversity gain in this configuration. Using the SC technique, a stable SINR
is maintained even if the ADR is in the middle of the cells. This is because it can obtain the

highest SINR from signals in any cell, as in (3.9), and SC is less affected by ICI. The SINR

55



Comparative Analysis of Angular Diversity Receivers in VLC System

value of SP and SF with SC reaches a maximum under LED cells. This then decreases to 10
dB towards the edges of the room. It can be shown that the SINR of EGC and MRC degrades
to 0 dB by ICI near the middle of the cell regardless of the ADR types because the ADR can
receive signals from neighbouring cells. Considering the pyramid-type ADR, the SINR directly
beneath an LED, using EGC and MRC also decreases to O dB as the PD orientation means they
cannot align the LOS of the LED cell.
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Figure 3.12: SINR distribution in the multi-cell scenario: (a) SP with SC, (b) SF with SC, (c)
SP with EGC, (d) SF with EGC, (e) SP with MRC, (f) SF with MRC.

3.4.3.2 Coverage Rates Comparison

The coverage rates of the multi-cell scenario are compared using the same method as described

in the SMP results section above 3.4.2.3. The coverage rate defined in (3.22) is considered
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with Niota1 = 1681 for this comparison. Table 3.4 shows the coverage rates of all ADR types
considered using three combining techniques for the multi-cell scenario. The ADR coverage
rate for SC is shown to be 100%, which shows the rates calculated using a threshold of 1 x 10~°
in addition to the FEC limit. The SF-shaped ADR using SC has the widest coverage with
98.39% for 1 x 1075. It can be seen that the coverage rates of the hexagonal-type ADR do
not improve compared to that of the square-type ADR because additional PDs contribute to an
increase in noise rather than an increase in signal power. For EGC and MRC, the coverage
rates are much worse than those of SC due to ICI. The highest coverage rates of EGC and
MRC reach around 50% and 75%, respectively, when SF is applied. The results indicate that
the higher number of PDs in the ADR system does not necessarily mean better performance
in receive diversity applications. SC technique is the most promising in multi-cell scenarios
due to the less influence of ICI. In the presence of ICI, both EGC and MRC fail to eliminate
the interference component, leading to a degradation in the SINR and consequently affecting
the BER. It can therefore be concluded that for the ADR performance of receive diversity
in a multi-cell system, MRC, which is generally considered optimal, is not the most suitable

candidate.

Table 3.4: Coverage rates [%] of each ADR type using combining techniques: SC, EGC and
MRC.

Multi-cell SP (4PDs) SF (5PDs) HP (6PDs) HF (7PDs)
SC (FEC) 100 100 100 100
SC(1076)  92.86 98.39 93.16 98.27
EGC 32.36 49.97 32.84 44.50
MRC 61.15 74.96 63.06 74.24

3.5 Summary

In this chapter, the ADR performance for the VLC-MIMO downlink systems in multi-cell sce-
narios was evaluated by simulation and analytical studies. Four different ADRs, SP, SF, HP and
HF, were investigated for performance comparison. Two SMP schemes including ZF and ML,
and three receive diversity techniques: SC, EGC and MRC were compared. SMP techniques
were applied for capacity enhancement by handling multiple data streams, whilst receive di-

versity techniques were used for high communication reliability. Regarding SMP comparison,
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the BER and coverage rates showed the best when the HF ADR, which has the largest number
of PDs with seven, was applied due to diversity gain. In addition, SF and HF provide stable
coverage rates at variable rotation angles. In terms of receive diversity techniques, the SINR
distribution of the hexagonal-type ADR using SC showed the best because it is not affected by
ICI. It was also shown that HP and HF ADRs, which have six PDs on the sides, did not provide
any performance benefit compared to SP and SF types with four PDs on the sides. In contrast,

EGC and MRC showed poorer performance as a result of increased noise levels by ICI.

In general, this chapter provides valuable insight into coverage performance in multi-cell VLC
networks. The results obtained from various scenarios of an ADR system that uses SMP and
receive diversity schemes can offer practical guidance for the application of ADR in VLC.
Consequently, the theoretical verification presented in this chapter not only provides a solution
to the coverage issue in VLC, but also serves as significant data when evaluating combinations

of ADR and its related technologies.
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Chapter 4

Design and Implementation of
Angular Diversity Receiver for

VLC-IoT System

4.1 Introduction

Although much of the research in visible light communication (VLC) for Internet of Things
(IoT) explores the application of advanced technologies to improve performance, including
data rate and reliability [137-140], these studies are predominantly based on theoretical valida-
tion or offline experiments. To validate the practical viability of VLC, it is essential to conduct
demonstrations with fully integrated hardware systems. The limited number of previous liter-
ature on the practical implementation of VLC has focused on a variety of use cases, including
IoT [85,141,142]. A successful demonstration requires a design that considers not only com-
munication performance but also crucial factors such as size, cost, and power consumption,

which in turn dictates the selection of the implementation hardware.

This chapter presents a single-cell VLC-based IoT (VLC-IoT) system using angular diversity
receiver (ADR) through analytical and experimental studies. The purpose of the analytical
study is to select the optimal type of ADR for the following experimental study. Performance
using the same combining techniques as in Chapter 3 is analysed in a single-cell repetition
coding scenario with multiple light emitting diode (LED) transmitters. The prototype design is
tailored to IoT applications with constraints such as hardware resources, cost and size. There-
fore, the target data rate is several Mbps using the commercial off the shelf components includ-
ing LEDs and photodiodes (PDs). To provide a comprehensive performance comparison of a
single-cell scenario, the ADR configurations that are modelled in Chapter 3 are considered. By
selecting the optimal ADR type on the basis of the analytical results, a novel duplex VLC-IoT
prototype is presented, showing a wide communication coverage using a prototyped ADR. The
combining technique, equal gain combining (EGC), is applied to achieve a higher signal-to-

noise ratio (SNR) with low complexity of implementation. Furthermore, real-time IoT sensor
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data transmission is demonstrated.

The remainder of this chapter is organised as follows. The system model of a single-cell sce-
nario and the proposed structure of the ADR system are discussed in Section 4.2 and Section
4.3; numerical and experimental results are presented in Section 4.4; and conclusions are drawn

in Section 4.5.

4.2 A single-cell system model and related techniques

For analytical study, the system model of a single-cell scenario with Ny LED transmitters is
considered using the same model in Chapter 3 as illustrated in Fig. 3.1. ADR configurations
applied in this single-cell performance analysis are the same ADR models as described in Sec-

tion 3.3.

4.2.1 Receive Diversity Techniques in a single-cell

The application of receive diversity techniques can enhance the SNR in single-cell configura-
tions [134,135], where all multiple LED transmitters convey identical data to users through the
use of repetition coding. Signals can be combined when the ADR is within the collective cover-
age of the LED footprint, as shown in Fig. 3.2. Selection combining (SC), EGC, and maximum

ratio combining (MRC) techniques are concisely introduced and presented in Table 4.1.

Table 4.1: SNR in a single-cell scenario under SC, EGC and MRC.

Techniques SNR in a single-cell
sC 750 = max, (SNR;)
Ny Nr 2
Single 2im1 2 (Rhij Po)
EGC YeGC = — SN o2
Ny Ny 2
Single 201 2oinq (Rwizhi; Po)
MRC e = SR

In the SC technique, the iy, PD, PD;, with the highest SNR is chosen. The SNR output for the

single-cell scenario, 'ygg‘ gl can be derived using SNR;, SNR in PD;, as:
vgi(?gle = max(SNR;) (4.1)
(2
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SN (Rhy; Py)?
2

n,.

SNR; = 4.2)

where P, = P;/Ny is the normalised optical power transmitted by the LED;, and 072“4 is the
noise variance in PD;. This includes the variance of the shot noise aszhot’i and the thermal
noise thermal’l-, which are explained in the previous section 3.2.2.1. Whilst the EGC method
combines signals received from all PDs with equal weight, the MRC approach applies weights

proportional to the received signal to adjust the output of each PD. The weight w;; is derived

/
ij>
SNR for EGC, *ygié%le, and MRC, fyi}?{%e, can be expressed as follows:

from the transpose of the channel gain, denoted h; ., according to [24]. Consequently, the output

N; Ny
Single __ Zj:tl Zi:l(iRhijP0>2

= 4.3)
EGC N (
Yo 7211
Ny N
Single  2oje1 2oict (Rwizhij Po)?
IMRC = N 2 2 (4.4)
>t W50 i

4.3 Proposed ADR system structure

The concept of the bidirectional ADR system considered in this study is illustrated in Fig. 4.1.
This system comprises access points (APs) positioned on the ceiling and user nodes (UNs)
situated on the floor or tables. It establishes a bidirectional connection involving downlink (DL)
via VLC and uplink (UL) through infrared (IR). As detailed in Section 4.2, these two APs
function collectively as a single-cell. Consequently, any UN located within the overlapping

region effectively integrates signals from these APs.

v

'@
il

Access dap Access
Pointl : = Point2
N\ L P1/2
N\ N . h i
@ L , @ vh
.. R — IR uplink
User Node 1 User Node 2 VLC downlink

Figure 4.1: Bidirectional ADR system concept with two APs as a single-cell.

61



Design and Implementation of Angular Diversity Receiver for VLC-IoT System

AFE
Sensors [ I (AP) —’|ﬂ,
1 ¢—| IR PD ADR ) N

«— MCU AFE MCU PC

SD card [-,] AFE LED ,—|IR 15D (UN) || a

(AP)
N 2 IR PD User node

Access point

Figure 4.2: Block diagram of the proposed system.

The block diagram showing the design of the proposed transceiver is presented in Fig. 4.2. The
transceivers of both the AP and UN configurations consist of an microcontroller unit (MCU),
an analogue front end (AFE), white/IR LED, and ADR/IR PD. The MCU of the AP is outfitted
with sensors that monitor light intensity, temperature, and humidity. The AP MCU processes
these sensor data for DL transmission, as well as the information received from the UN. In
addition, the AP includes a microSD card capable of storing sensor data. The AP is furnished
with two transceivers, featuring an IR PD and a high-power white LED with a reflector, allow-
ing it to additionally serve as a source of light in the room. Meanwhile, the UN MCU has the

capability to send commands to the AP and to acquire sensor data.

For intercommunication, the AP and UN employ the straightforward on-off keying (OOK)
modulation technique. The MCU implements the universal asynchronous receiver/transmitter
(UART) communication protocol. This protocol for serial communication uses the non-return-
to-zero OOK (NRZ-OOK) format and enables full duplex communication, with data rates mod-
ifiable up to two Mbps. Such communication speeds sufficiently meet the needs of VLC sensor
networks, as the typical bandwidth of commercially available LEDs is in the MHz range [71].

Thus, the AFE transceiver in this chapter is built to support the UART protocol.

4.3.1 The Analogue Front End

This section describes the design of the AFE transceiver for both the AP and UN. The AFE is
specially designed to maintain simplicity in implementing the ADR system. Fig. 4.3 illustrates
the block diagram of the ADR transmitter AFE. The circuit’s primary role is to drive the IR
LED in the UN, whilst the AP drives the white LED. In the DL channel that uses visible light,
the MCU UART pinout provides a signal to a circuit that acts as a voltage-controlled current
source. This current directs the operation of the LED. For UL facilitated by an IR LED, the

UN AFE incorporates an inverter circuit. This circuit ensures the IR LED deactivates when UN
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Figure 4.3: Block diagram of ADR’s transmitter AFE.
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Figure 4.4: Block diagram of ADR’s receiver AFE.

transmission is idle. In contrast, the inverter circuit is excluded in the AFE in the AP and the
white LED remains continuously illuminated to denote its dual function as both an illumina-
tion and communication hub. Fig. 4.4 shows the block diagram of the ADR’s receiver AFE,
which includes a transimpedance amplifier (TIA), an inverting amplifier, automatic gain con-
trol (AGC), and a comparator. The low pass filter (LPF)/high pass filter (HPF) is configured
as a passive first-order resistor-capacitor filter. Further discussion of TIA in the context of the
ADR design will be presented in Section 4.3.2. In the UN AFE, the subsequent inverting ampli-
fier amplifies the voltage signal, whilst in the AP AFE, an non-inverting amplifier is employed
to boost the signal due to the inversion of signals by the inverter circuit in the transmitter of
the UN AFE. At the AGC stage, the signals are amplified with variable gains to stabilise their
amplitude, ensuring steady performance even in the presence of fluctuations caused by UN
movements. After AGC, a comparator converts the signals to digital Low/High states. The
resultant 1-bit digitised signals are then routed to the MCU. The receiver AFE specifications
are listed in Table 4.2. All components involved in the AFE design are chosen for optimal

performance and these are commercially available at affordable prices.

4.3.2 The ADR Design

This section outlines the ADR structure developed for experimental investigation. According to
the results of the analytical study detailed in Section 4.4.1.2, square frustum (SF) and hexagonal
frustum (HF) do not show differences; Therefore, considering the performance and imple-
mentation complexity, a SF-type ADR with five PDs is implemented. Fig. 4.5 illustrates the

designed ADR structure with dimensions in millimetres. This is a custom-built design that in-
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Table 4.2: AFE Receiver specifications.

AFE Block Gain Bandwidth
TIA (OPA380) 15 kQ 3.07 MHz
Passive HPF - 1.06 kHz
Amplifier (OPA830) 21.6 dB 5.09 MHz
Passive LPF - 2.2 MHz
AGC (AD605) -14 to +82.8 dB 8 MHz
19.3
> Kl g 15
@) / S| | —2m \
S 01910 ; D T
P &)
O || | }“/
1
30 30
(a) Top view (b) Side view

Figure 4.5: ADR structure design.

corporates commercially available PD, specifically BPV10, which offers a field of view (FOV)
of 40°. The dimensions of the ADR are 30 mm in width and length, and 10.77 mm in height.

The side PDs are tilted at an angle of 30° to ensure overlapping coverage with adjacent PDs.

Fig. 4.6 illustrates the electrical link between the ADR and the TIA. In the arrangement, the
PDs are placed in parallel and connected to the TIA. This configuration functions as EGC,
which combines the signals from all PDs. The analytical results in 4.4.1.2 show that EGC
provides reasonable performance compared to other combining techniques. Therefore, EGC is
adopted due to its simplicity of implementation. The theoretical -3 dB bandwidth of TIA is

derived as follows [143]:
GBP

f—3aB = 2Ry [Hz] 4.5)

where GBP represents the gain bandwidth product of the operational amplifier (op-amp) used

and Ct denotes the total capacitance at the inverting terminal of op-amp including the capac-
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Figure 4.6: ADR and TIA part in the AFE.

itance of PD, Cpp, as well as the feedback capacitance, C';. Feedback capacitance serves
the purpose of enhancing stability by compensating for phase shifts at higher frequencies to

improve stability by creating a pole in the noise gain function, is described as [144]:

Cr =4/ 27, (GBP) [F] (4.6)

Using (4.5) and (4.6), R; and C'; are derived to be f_34p of 3 MHz, which is appropriate for
the UART protocol.

4.3.3 Prototype design

Using the previously described AFE and ADR, the AP and UN are prototyped on printed circuit
boards (PCBs). The UN has two PCB layers, one each for the AFE and ADR/IR LED mount
as shown in Fig. 4.7. The AFE PCB is directly connected to the MCU, providing a 5 V power
supply for the receiver and 9 V for the transmitter. The power supply to the MCU comes from
a9 V DC adapter. Figs. 4.8a and 4.8b show the prototypes of the AP processor and the AP
AFE. The processor unit is equipped with sensor modules and a microSD card. The AP AFE is
connected to the AP processor via SMA connections. The AP AFE unit has a white LED with

a reflector and IR PD, facing directly downward. The AP AFE transmits signals from the AP
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Size:
54 cm (W) x 10.2 cm (L) x 6.2 cm (H)

(a) processor unit

Size: 6.9 cm (W) x 10.8 cm (L) x 8.5 cm (H)

(b) AFE unit

Figure 4.8: AP Prototype.

processor and receives signals from the ADR UN.

Power consumption is measured to show the amount of electrical power the prototype needs. In
Table 4.3, the power usage of the ADR, AP processor, and AP AFE is recorded as 1.46, 0.53,

and 3.85 W, respectively, in idle state. When assessing power consumption in the active state
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during which the prototype transmits data, the consumption remains comparable, due to the

brief transmission duration facilitated by the small packet configuration of the UART protocol.

Table 4.3: Power consumption of the prototype in Watt.

State ADR AP (Processor) AP (AFE)
Idle 1.46 0.53 3.85
Active 1.49 0.54 3.84

4.4 NUMERICAL/EXPERIMENTAL Results

The VLC-based multiple-input multiple-output (MIMO) (VLC-MIMO) system performance is
evaluated using the system model previously described in Section 4.2 and the parameters used
for the analytical studies are shown in Table 4.4. By applying the optimisation technique for the
PD tilt angle as detailed in (3.21), the optimal tilt angle is determined to be 35° when the ADR
coordinates are in the centre of the room, specifically at (2, 2, 1). Another crucial performance
factor is the rotation angle of the ADR, Jg, since this angle affects the channel gain according to
(2.4) and (2.5). To assess average performance at different values of dr, the Monte Carlo (MC)
method is employed. Each calculation generates dg as a uniformly distributed pseudorandom
integer ranging from 0° to 360°, following the procedure outlined in [22]. Additionally, the
coordinates of a single reflected point are randomly assigned near the centre of each wall using

a truncated normal distribution.

Following the results of the theoretical validation, experimental evaluations are performed using
a prototype developed by choosing the optimal combination of ADR type and receive diversity
technology. In these experimental verifications, the performance of the proposed VLC-IoT
system is evaluated. ADR performance is assessed at various positions within the X-Y plane,
examining SNR and bit error rate (BER) across the coverage region. To demonstrate enhance-
ment in ADR performance, the coverage performance with a single PD receiver is also assessed.
Furthermore, real-time sensor data transmission is shown to establish its viability for IoT appli-
cations. During the experiment, data collected from the sensor module is transmitted through
the VLC DL. The sensor data received are compared with the data stored on the microSD card.

A demonstration of the prototype is available in the accompanying video cited in [145].
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Table 4.4: SIMULATION PARAMETERS.

Room parameters

Values [References]

Room dimensions (L, Ly, L)
Number of LEDs N
LEDs coordinates (X;,Y;)
Reflective area A,

Reflective coefficient py

(4m,4m,3m)[18]
4118,19,21-24]
(1, 1), (1,3), (3, 1), (3, 3) [23]
1 cm? [19,21]
0.8 [19,21]

LED transmitter parameters

Values [References]

LEDs height
LEDs elevation angle
LEDs semi half angle ®1 /5

Average transmitted power P

3m[18,19,22,24]
180° [21]

15°, 45° [18,21,76]
1 W [19]

Receiver parameters

Values [References]

ADR coordinates
Area of PD A
Number of PDs NV,
PDs responsivity R
PDs FOV ¥
ADR elevation angle
PD tilt angle d;¢

(X, Yy, Zp) [19]
1 cm? [18,24]
4,5,6,7
1 A/W [71]
45°, 60° [18,19,24]
0° [18,19,21-24]
35°

4.4.1 Monte-Carlo based Performance Evaluation

The SNR distributions of a conventional single PD receiver and various ADR types are ex-
amined to illustrate the differences in analytical performance between these receivers. The
case study room is segmented into a grid consisting of points evenly spaced at 10 cm intervals
across the X-Y plane. At each designated point, the SNR is determined utilising a MC simu-
lation, which is executed N = 5000 times. The distribution is scrutinised using a box chart to
highlight statistical attributes. Each box chart is constructed using the SNR values from all grid

points. Additionally, the SNR mean and variance values of SNR are presented.
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4.4.1.1 Performance of A Single PD Receiver

The SNR distribution of a single PD receiver, orientated vertically at an elevation angle of 0°,
is shown using a variable semi-half angle LED along with the FOV of the PD. The SNR for a
single PD receiver can be determined by simplifying (4.2) to:

S (RhajPy)?

2
n

SNR = 4.7)

g

Fig. 4.9 shows the distribution and box chart of the SNR for the single PD receiver under three
configurations: (a) ®1/o, = 45° and ¥ = 60°, (b) /5 = 45° and ¥ = 45°, (c) P/ = 15°
and ¥ = 60° at variable coordinates of (X, Y;, 1). In distribution (b), a narrower FOV gives
a smaller area under the LED cells with an SNR of more than 30 dB compared to distribution
(a). When the half-angle difference of the LEDs is compared between the distributions (a) and

(c), the narrower angle results in an enhanced SNR beneath the LED transmitter and the SNR
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Figure 4.9: SNR distribution and SNR box chart, mean and variance of the single PD receiver
at the coordinates of (Xy, Yy, 1): (a) ®1j5 = 45° and W = 60°, (b) @1/ = 45° and ¥ = 45°,
(c) @yjp =15% and ¥ = 60°.
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decreases rapidly away from the normal direction of the LED. The SNR box chart in Fig. 4.9
reveals that amongst these, distribution (a) exhibits the least variance, whilst distribution (b)
has the lowest mean SNR. Distribution (c), despite having the elevated SNR, shows greater

variance relative to distribution (a), attributed to the elevated Lambertian emission order.

Concerning the influence of height, the performance is characterised in the position (X, Y;, 0).
Fig. 4.10 illustrates the distribution along with the box plot for @,/ = 45° and ¥ = 45°. This
distribution resembles the distribution (a) ®;/5 = 45° and ¥ = 60° in Fig. 4.9 although the
mean SNR is lower due to the longer distance. At higher heights, a narrower FOV leads to a
wider SNR distribution. The mean SNR is approximately 30 dB, with a variance of 43, which
is smaller than that of the distribution (a) depicted in Fig. 4.9.

SNR distribution

35 44.5
. T
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- % 25
oy | = 435 @
S 20 . 20 % 20 . 8
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w10 ‘ & 15 43 >
0.4 10 10
4 [:]SNR Box 425
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0 0 © 42

SNR box chart

Figure 4.10: SNR distribution and SNR box chart, mean and variance of the single PD receiver
at the coordinates of (Xy, Yy, 0) at @15 = 45° and ¥ = 45°.

4.4.1.2 Comparison of ADR Configurations

The evaluation of each ADR type is conducted at variable coordinates (X, Y;, 1), specifically
at @1/ = 45° and ¥ = 60°. Fig. 4.11 illustrates the SNR values through a box chart, including
the mean and variance for each ADR in conjunction with various combining techniques. In all
of these three combining techniques, the mean SNR values exceed 30 dB, regardless of the
ADR configuration. In addition, the variance in SNR ranges from 2.6 to 6.5. Models such
as square pyramid (SP) and hexagonal pyramid (HP) (alternatively SF and HF), specified in
Section 3.3, have almost the same performance in terms of box-chart representation, mean,

and variance values, indicating that there is no significant advantage in using a frustum-type
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ADR. Notably, SF and HF achieve the highest mean SNR for the SC methodology at 36.5 dB.
However, when paired with MRC, these ADRs demonstrate reduced variance compared to their
use with SC. Using MRC, the frustum-type ADR exhibits a box plot that evenly spans from the
median to the upper and lower quartiles, with whiskers uniformly extending, and there are no

outliers.

The SNR distribution of the SP and SF ADR categories is depicted in Fig. 4.12. The SNR for
the SP under any LED cell is less than that of the SF, owing to the absence of a PD on top of
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Figure 4.11: SNR box chart, mean and variance in the single-cell scenario: (a) SP with SC,
(b) SF with SC, (¢) HP with SC, (d) HF with SC, (e) SP with EGC, (f) SF with EGC, (g) HP
with EGC, (h) HF with EGC, (i) SP with MRC, (j) SF with MRC, (k) HP with MRC, (1) HF with
MRC.
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ADR. Amongst the three combining techniques, the SF employing either SC or MRC exhibits
about 40 dB. Notably, the minimum SNR for the SF with MRC is 5 dB superior compared to
SC. Evaluating these SNR distributions reveals that frustum-type ADR ensures a consistent
SNR distribution with any combining approach, as it allows integration of all signals from LED
transmitters acting as a single-cell. Thus, the selection of combining techniques in the system

should be guided by both ease of implementation and performance.
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Figure 4.12: SNR distribution in the single-cell scenario: (a) SP with SC, (b) SF with SC, (c)
SP with EGC, (d) SF with EGC, (e) SP with MRC, (f) SF with MRC.

4.4.2 Experimental Performance Evaluation

The implemented prototype VLC-IoT system with the designed ADR is examined. The EGC

technique is chosen for its simplicity of implementation and sufficient performance enhance-
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ment, which is shown in the results of the analytical study in the previous section 4.4.1.2. Fun-
damental performance, including BER against distance, SNR, and BER coverage, is measured

to show an improvement of communication performance compared to the single PD receiver.

4.4.3 BER vs Distance Measurements

The BER performance as a function of distance is assessed to demonstrate reliability of commu-
nication. The AP sends a randomly generated binary sequence comprising 10° bits, organised
in an array. These random bits are incorporated into the data frame of a UART packet, which
is then received by the ADR and stored in an array of identical size to the original bit streams.
This allows BER calculations by comparing the received bits with the originally generated bits.
The LED operates with a driving current of 320 mA and a forward voltage of 3.12 V. BER
assessment is measured by contrasting the received data with the transmitted bit sequence. In
Fig. 4.13, the relationship between BER, illuminance, and distance is illustrated. In particular,
at data rates of 1 Mbps and 2 Mbps, error-free transmission is maintained up to 4.2 m and
3.2 m, respectively. The BER reaches the forward error correction (FEC) threshold of 3 x 1073
at 4.3 m for 1 Mbps and 3.6 m for 2 Mbps. The measured illuminance is approximately 500

lux at 1 m, decreasing gradually to below 50 lux at a distance of 4.5 m. When the transmitter is
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Figure 4.13: The DL BER performance at different distances and illuminance levels.
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inactive, the ambient light level at the ADR receiver registers at 18.4 lux.

4.4.3.1 Received SNR Distribution

The SNR distribution is evaluated using the experimental setup depicted in Fig. 4.14. The setup
includes a height, h, of 1.6 m, a semi-half angle of the reflector, @1, of 12.5°, and a separation
between the APs, dap, of 1 m, as shown in Fig. 4.1. To determine the electrical SNR at the
receiver, measurements are taken from the output of the inverting amplifier in the receiver’s
AFE, prior to the AGC, at each point on a 12.7 cm XY grid. This grid features a total of 121
points arranged in an 11 by 11 square within the X-Y plane. During this assessment, each AP
emits a sinusoidal signal with a 3 V peak voltage at a frequency of 1 MHz, alongside an LED
drive current of 220 mA. An oscilloscope is used to measure the peak-to-peak voltage, Vj,,,
at the UN amplifier output along with noise voltage levels. The signal power received can be

derived from the following:

RMS PP
= 4.8)
RLoad 8RLoad

Psignal =

where Rp.q is considered to be 50 €. The noise variance, determined from noise voltages
measured at five different grid locations with 62500 samples for each is 7.24 x 10~ and 5.02 x
1073 for the ADR and the single PD receiver, respectively.
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(a) 1 AP (b) 2APs

Figure 4.14: Measurement setup.
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The SNR distribution in two scenarios, involving an AP and 2 APs, is shown in Fig. 4.15 for
both the ADR and the single PD receiver, respectively estimated from (4.8) with the measured
noise variance. It is evident that the SNR of the ADR UN attains 17 dB directly underneath
both the single AP and 2 APs scenarios. Looking at Fig. 4.15a, the ADR SNR diminishes
progressively to 8 dB towards the boundary of the AP cell. The SNR of a single PD in Fig. 4.15b
is noted to be around 7 dB less than that of ADR decreasing to 1 dB at the edge of the cell. The
SNR fluctuation of ADR is 9.82 dB, which is less than the 10.94 dB variation observed for the
single PD. In the 2 APs scenario, as shown in Fig. 4.15¢c, the ADR SNR reduces gradually to
under 12 dB nearing the limit of the AP reach. For a single PD in Fig. 4.15d, the SNR of is 4 dB
lower than that of ADR within these APs contexts, then decreasing to just under 10 dB at the
edge of each AP coverage. Typically, the use of ADR facilitates a higher SNR attributable to the

presence of multiple PDs. The ambient light level across the grid, measured by a light metre,

y (cm) -50 .50 x (cm) y (cm) -50 .50 x (cm)

(a) ADR - 1 AP (b) Single PD - 1 AP

y (cm) -50 50 x (cm)

(¢) ADR - 2 APs (d) Single PD - 2 APs

Figure 4.15: Received SNR distribution over the coverage area.
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ranges from 261 to 712 lux, with an average value of 478 lux, which is standard for indoor
illumination. This measurement highlights the dual functionality of the AP as an illumination

source and a data hub.

4.4.3.2 BER Distribution and Coverage Rate

BER distributions are evaluated to demonstrate the coverage areas. The coverage rate is deter-
mined by comparing the BER with the FEC threshold. BER values are acquired using the same
methodology as the BER vs distance assessments, recorded at each location on the same X-Y
grid as the SNR distribution using the experimental setup as in Fig. 4.14. The BER distribution
at 2 Mbps is illustrated in Fig. 4.16, employing the ADR and a single PD receiver. It is evident
that the ADR has a larger error-free coverage area compared to the single PD. The BERs for
both the ADR and the single PD experience degradation toward the edge of the cell due to de-

102
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Figure 4.16: BER distribution over the coverage area.
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creased received power. A point is considered to be under the coverage of the VLC link when
its BER is below the FEC limit of 3 x 10~3. Subsequently, the coverage rate is calculated using

the equation previously defined in 3.4.2.3 as

N,
Rcoverage = P_ %100 [%] (3.22)

Table 4.5 presents the number of covered points and the coverage rates for the ADR and the
single PD in the 1 AP/2 APs scenarios. In the single-AP, the ADR successfully covers 44
points out of 121, compared to 21 points covered by a single PD. This corresponds to an ADR
coverage rate of 36.36%, which more than doubles the rate of a single PD, recorded at 17.36%.
Similarly, in the 2 APs scenario, the ADR covers 45 of 121 points, whereas the single PD again
covers 21 points. Here, the ADR achieves a coverage rate of 37.19%, effectively doubling
the single PD’s rate of 17.36%. These findings indicate that the proposed ADR configuration
significantly extends coverage, enabling robust communication. It should be noted that the im-
provement in performance is attributed to the increased number of PDs relative to a single PD,
whilst maintaining the same scale and cost for the AFE. Hence, the proposed ADR offers an

expansive communication coverage, effectively reducing the negative effects of misalignment.

Table 4.5: Coverage rate (%) of ADR and the single PD.

Scenario Receiver Covered points Coverage rate (%)
1 ADR 44 36.36
AP Single PD 21 17.36
2 ADR 45 37.19
APs  Single PD 21 17.36

4.4.4 Real-Time Sensor Data Transmission

To demonstrate the feasibility of the ADR system under practical conditions, a full-duplex
sensor data transmission is conducted in real-time. Within this system, the ADR UN sends a
request to an AP for sensor data, and the AP responds by transmitting the requested data back
to the ADR UN. Fig. 4.17 and Algorithm 1 illustrate the flow chart of the AP and UN, as
well as the algorithm for data storage in the AP. As depicted in Fig. 4.17a, the AP initiates

a data storage function, which interrupts the system to acquire sensor data from the module,
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Figure 4.17: The process flowchart. (a) Access Point and (b) User Node.

Algorithm 1 Data storage function in AP.

1: Define an array size N, the number of data logs IV,
2: Initialise counter C and set interruption timer

3: if Interruption happens then

4: Obtain data and save it on the current data log
5: Update C + C + 1

6: if C'is N, then

7: Delete data in the oldest data log
8: Update the current data log < the oldest data log
9: Reset C'

10: end if

11: end if

subsequently saving it to a microSD card according to Algorithm 1. The algorithm ensures that
data logs are maintained to prevent interference with both transmission and storage processes.
Following the initiation of this function, the AP stands by for a request from the UN. Upon

receiving such a request, the AP transmits the most recent data log in response.

In this study, data from three sensors that measure light, temperature, and humidity are com-
municated. The packet error rate (PER) and response time metrics are provided to evaluate

the transmission of sensor data in real time. Given that the MCU supports 256 bytes within
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its UART buffer, a maximum of 200 bytes can be used for payload in the packet structure, as
illustrated in Fig. 4.18. The lux data are sent as a raw value sourced from the MCU’s analogue-
to-digital converter (ADC), which consumes 3 bytes as an integer type. Consequently, the
payload can accommodate up to 50 lux readings, including a 1-byte delimiter. In contrast,
temperature and humidity readings are 5 bytes each in float type, allowing up to 33 entries per
packet. In general, it is observed that an increase in the data length of the packet is correlated

with a higher probability of packet errors.

Header Payload Trailer
4 bytes | Maximum 200 bytes| 3 bytes

Figure 4.18: Packet design for DL data.

Fig. 4.19 illustrates the transmission of sensor data at a rate of 1 Mbps, comparing the saved
sensor data and the received data. When a request is issued by the UN, the AP transmits the
stored data. These received data are stored in an array to facilitate comparison with the orig-
inally saved data. Two received data scenarios are depicted: one in which the data flow is

briefly interrupted and the other in which it is uninterrupted. The saved sensor log consists of

1500 - —e—Saved sensor data
Received data

---- Received data (Blocked)
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Sensor data number

Figure 4.19: Light sensor data transmission.
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100 samples that capture illuminance values in an indoor environment. Error-free transmission
is observed under unblocked conditions, whilst link obstruction leads to data loss, with some
portions missing from the received data, resulting in a trace of less than 100 samples. Measure-
ments carried out in ten trials show that UN experiences an average wait time of 8.70 ms for a

response from AP, which replies to the request after an average of 6.27 ms.

Fig. 4.20 illustrates the association between PER, the response time, and the quantity of data
per packet showing the PER and the response times for three sets of sensor data collected in
an indoor room. The PER and the response time are measured with different numbers of data
per packet, with 1000 packets transmitted at a rate of 1 Mbps. The received data are stored
in an array to facilitate comparison with the data saved in AP. The stored data quantities for
light, temperature and humidity comprise 50000 samples with average values of 622, 26.07°C,
and 42.52%, respectively. Packets containing data payload errors are counted as packet errors.
The occurrence of packet errors increases with the data quantity per packet, recorded as 50
errors for the lux value and 30 for temperature and humidity values, due to the heightened
error probability alongside increasing payload length. In this condition, the system can support

packet error free up to 40 data per packet for lux data and 20 data per packet for temperature and
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Figure 4.20: PER and response time of three different sensor data.
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humidity data. The packet error is considered a consistent error because it occurs only when the
packet size exceeds the specified length. The response time, which represents the duration for
AP to reply to UN’s request, linearly increases from approximately 4 ms with increased data
quantities, as AP requires extended durations to retrieve sensor data from the SD card. The
response time increment for temperature and humidity exceeds that for light intensity due to

the larger data size.

4.5 Summary

In this chapter, the performance of the ADR system was analysed through a numerical study,
and then a real-time VLC system using ADR was demonstrated for single-cell IoT sensor net-
works. The prototype consisting of the designed AFE and the custom-built ADR demonstrated

enhanced communication performance compared to a single PD receiver.

The analytical study compared the SNR distributions of single PD receivers and various types of
ADRs in an indoor environment. A grid-based simulation assessed the SNR at different points
and was analysed with box charts to depict statistical characteristics such as mean and variance.
It can be concluded that a PD receiver with a limited FOV enhances SNR directly beneath an
LED transmitter, yet the SNR rapidly decreases outside the LED’s normal line. In contrast, an
expanded FOV provided a larger area of elevated SNR but with reduced peak levels. ADRs,
including SP, HP, SF, and HF, exhibited comparable performance in terms of SNR distribution
and variance. Frustum-type ADR did not provide significant benefits over others. The SF-type
ADR with SC and MRC combining techniques achieves higher mean SNR values, around 40
dB, but MRC showed a lower SNR variance compared to SC. In general, the choice of ADR
and combining technique should consider the balance between ease of implementation and
performance stability, as frustum-type ADRs ensure a more stable SNR distribution despite

different combining techniques.

In the experimental study, a prototype of the VLC-IoT system was implemented, featuring a
designed ADR to improve communication performance. Based on the analytical results, the
SF-type ADR with EGC was chosen for the prototype design. Key measurements revealed
that the ADR supports error-free communication at 1 Mbps up to 4.2 m and at 2 Mbps up to
3.2 m. The ADR showed superior SNR, maintaining a higher value in the single and dual AP

scenarios. The coverage rate indicated that the ADR coverage area where communication can
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be supported is more than doubled. Furthermore, real-time demonstration showed the feasibil-
ity of reliable duplex connectivity in VLC-aided IoT sensor networks, and full-duplex sensor
transmission was also demonstrated to be feasible with real-time data exchange, although limi-
tations arose with increased packet sizes, leading to higher error rates and response times. The
experimental results measured response times averaging 8.70 ms for UN requests and 6.27 ms
for AP responses. The advantages of the ADR system in wider coverage and efficient data
communication were confirmed, whilst highlighting challenges related to packet size and data

error in practical applications.
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Chapter 5
Integrated VLC-RF System with ADR

for Secure Industrial IoT Applications

5.1 Introduction

Research on visible light communication (VLC) extends beyond its potential as a simple re-
placement for radio frequency (RF); studies are also being conducted to validate the feasibility
of systems that integrate VLC with existing RF technology [146—150]. These works focus on
network integration such as resource allocation optimisation, network management and energy
efficiency optimisation. Furthermore, the practical implementation of VLC will require con-
nection to a backbone network, such as a wide area network (WAN) [151-155], which means
that this integration must also be the focus of research. To truly demonstrate the practical via-
bility of a hybrid VLC and RF (VLC-RF) system, it is essential to design a prototype, build it

into a single cohesive system, and perform the verification in real time.

This chapter proposes a novel integrated VLC-RF system using an angular diversity receiver
(ADR) for industrial Internet of Things (IoT) sensor networks. The prototype, including the
transceiver’s analogue front end (AFE), is designed for microcontroller unit (MCU) operation
and is implemented for experimental demonstrations. The scope of the proposed system in-
cludes all stages of IoT architecture from nodes to the WAN through access points (APs) as
a network gateways. This chapter is an expansion of the previous chapter 4, which proposed
the VLC prototype using the custom-built ADR. The target data rate is the same as in the
previous chapter 4 with several Mbps using commercially available components. Furthermore,
this previous work is extended by modifying the AFE design and adding RF connectivity for
an integrated VLC-RF system. The added RF system can be used for hybrid applications for
robustness and can also show the full scale of VLC-based IoT (VLC-IoT) supported by the
WAN. To demonstrate overall performance, both fundamental aspects and system efficacy are
analysed. In the fundamental experiment, the performance of the prototype is compared with
that of a single photodiode (PD) receiver in terms of bit error rate (BER) coverage. With the pro-

posed system, the BER coverage is improved with a coverage rate of 50%. The prototype also
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shows a better physical layer security (PLS) performance with double secrecy capacity (SeCap)
compared to the single PD receiver. Then, in the system performance demonstration, experi-
ments of real-time sensor transmission, image transmission, and integration of the robot arm
system indicate benefits in a practical scenario by showing millisecond-order latency through

VLC, such as response time, round-trip time (RTT), and one-way latency.

The remainder of this chapter is organised as follows. The structure of the system of the pro-
posed integrated VLC-RF system is discussed in Section 5.2; numerical and experimental re-

sults are presented in Section 5.3; and conclusions are drawn in Section 5.4.

5.2 Integrated VLC-RF system structure

The structure of the integrated VLC-RF system discussed in this chapter is described. The
system concept is shown in Fig. 5.1, which is structured upon a triple-tier IoT framework link-
ing user nodes (UNs) with a cloud server employed as a WAN via AP gateways. Throughout
the network, both uplink (UL) and downlink (DL) are facilitated by APs and UNs, acting as
transceivers. This system’s architecture incorporates APs mounted on the ceiling and UNs
positioned on floors or tables. Bidirectional communication is achieved by the VLC for the
downlink and infrared (IR) for the uplink to reduce interference. These dual APs work as a
single-cell, interfacing with the wireless fidelity (Wi-Fi) network cloud through RF communi-
cation. Consequently, any UN located in the overlap region can merge signals from the two APs
through signal combining. Fig. 5.2 presents the block diagram of the proposed system. To ad-

dress the UN criteria of being cost-effective, energy-efficient and compact, the MCU is utilised

Stage 3: WAN "
Cloud
This chapter scope
Access dap Access g t_a:g_e_; _____________ )
Point1 Point2 :
PAIIRS _/ Network Gateways
______________________ RV B —
44444 E_ﬁ_‘_\ Stage 1: Nodes
. ||Prior chapter scope
e —> IR uplink

User Node 1 User Node 2 VLC downlink 4

Figure 5.1: Bidirectional ADR system concept with two APs as a single-cell.
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Figure 5.2: Block diagram of the proposed system.

due to its cost-effectiveness and small-scale nature. Each AP and UN transceiver comprises an
MCU, an AFE, white/IR light emitting diodes (LEDs), and ADR/IR PDs. Sensors are incor-
porated within the AP MCU to gauge ambient light, temperature, and humidity. These sensor
readings are storable on a microSD card and transferable to the cloud. In addition to processing
data from the UN, the AP also possesses a Wi-Fi module for RF-based network connectiv-
ity. Equipped with a high-luminance white LED with a reflector, along with an IR PD, the
AP can also work as a room illumination. The UN MCU, fitted with a sensor, performs tasks
such as transmitting command data to the AP and acquiring sensor data. Due to the MCU’s
limited resources, the communication protocol must be uncomplicated, hence non-return-to-
zero on-off keying (OOK) (NRZ-OOK) is implemented using the universal asynchronous re-

ceiver/transmitter (UART) protocol.

5.2.1 The Analog Front End

This section describes the design of the AFE receiver for the prototype. The AFE is custom-
built to maintain simplicity for the realisation of the VLC-RF system with ADR. Although the
transmitter design remains unchanged from the previous chapter 4.3.1, improvements have been
made to the receiver design. The ADR follows the same design principles, based on equal gain
combining (EGC). Figs. 5.3 and 5.4 represent the block diagram of the AFE and the receiver

circuit design for ADR, respectively. Certain components of the design are drawn from 4.3.1,

TIA [{ HPF - "MVerting Lt pe 1 Ll agc [ POt Ll 1pF-2 [ Comp
Pre Amp Amp
ADR MCU In

Figure 5.3: Block diagram of ADR’s receiver AFE.
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including a transimpedance amplifier (TIA), an inverting amplifier, an automatic gain control
(AGC), and a comparator. The primary modification to the previous design is the inclusion of
an additional post-amplifier, located before the comparator. This post amplifier (amp) boosts
the signal from AGC, adjusting its output from the scale of hundreds of millivolts to a level
that matches the input requirements of the comparator. Consequently, the comparator functions
optimally within its designated input range, converting signals into low/high digital outputs.
As shown in Fig. 5.4, the receiver incorporates six integrated circuits: a TIA (model OPA380),
a pre-amp (model OPA830), an AGC (model AD605) with feedback control managed by an
integrating circuit (model OPA810), a post-amp (model OPA354) and a comparator (model
ADS8611). The current signal detected in the ADR is routed to the inverting input of TIA
through J1, where it is converted into a voltage signal. The gain of TIA is set by R; valued at
15 k2. The -3 dB bandwidth can be determined using the equation outlined in Section 4.3.2:

GBP

f—3dB = (O s [Hz] 4.5)

where GBP is the gain bandwidth product of the operational amplifier (op-amp) and Cr is the
total capacitance at the inverting terminal of the op-amp, which includes the PD capacitance,
Cpp, and the feedback capacitance, C;. According to (4.5), the derived values for R; and Ct
resultina f_sqp approximating 3 MHz, satisfying the requirements of the UART protocol. The
converted voltage signal is then inverted and amplified by a subsequent pre-amp, providing a
gain of 21.6 dB as determined by the ratio —%. These amplified signals are appropriately fed
into the AGC at the appropriate input level; the AGC uses feedback consisting of an integrating
circuit to adjust the gain and keep the amplitude of the output signal constant. The variable gain
of the AGC is in the range from -14 to 82.8 dB. The output of the AGC is further amplified
by the post-amplifier, which elevates the signal to a level suitable for the comparator, offering
a gain adjustable from O to 16.3 dB via the potentiometer, VR2. The comparator converts the
analog signal from the post-amp into a digital format. The switching voltage of the comparator
is managed by the VR3 potentiometer, which adjusts the reference voltage to the offset voltage
of the input signal (half of the supply voltage). The width of the hysteresis window is calcu-
lated by % and is designed to be 32 mV. In the final stage, the MCU extracts the 1 bit
digitalised signals from the receiver. Table 5.1 lists the specifications for the receiver AFE. The

design incorporates readily available and cost-effective components.
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Table 5.1: AFE Receiver specifications

AFE Block Gain Bandwidth
TIA (OPA380) 15 k2 3.07 MHz
Passive HPF - 1.06 kHz
Pre Amp (OPA830) 21.6dB 5.09 MHz
Passive LPF - 2.2 MHz
AGC (AD605) -14 to +82.8 dB 8 MHz
Post Amp (OPA354) 1to 6.6 dB 15.23 MHz to 100 MHz

5.2.2 Prototype Design

In accordance with the AFE design described in Section 5.2.1, printed circuit boards (PCBs)
have been designed and fabricated for the AP and UN prototypes. Fig. 5.5 presents the UN
prototype featuring two PCB layers, one for the AFE and another for mounting the ADR/IR
LED. The ADR model retains the design specified in Section 4.3.2. The AFE PCB seamlessly
connects to the MCU sockets, delivering 5 V to the receiver and 9 V to the transmitter. The
MCU receives power from a 9 V DC adapter. Figs. 5.6a and 5.6b depict the prototypes of
the AP processor and the AP AFE. The AP AFE is linked to the AP processor using SMA
connectors and includes a white LED with a reflector and an IR PD aimed downward. The
AP AFE manages the signals sent from the AP processor and those received from the ADR
UN. The AP processor unit comprises sensor modules and a Wi-Fi module, the ESP32-CAM,
which integrates a microSD card and a camera module (OV2640). This choice necessitates
a UART interface for Wi-Fi module connectivity with the camera, precluding real-time video
transmission via VLC. Data retrieval from the SD card is via the Wi-Fi module. The AP

processor is connected to the AP AFE through SMA connectors and incorporates a white LED

|
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Figure 5.5: ADR user node prototype.
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(a) processor unit (b) AFE unit

Figure 5.6: Prototype of an AP.

with a reflector and an IR PD. According to Table 5.2, the power consumption of the ADR, AP
processor, and AP AFE is 1.47 W, 0.71 W, and 3.83 W, respectively, during idle states. During
data transmission, power consumption is measured as the active state, but shows no substantial
increase from idle levels due to the brief nature of the compact packet design under the UART
protocol. The power consumption of the active-state AP processor rises by about 0.3 W with
the inclusion of the Wi-Fi module. The overall power usage of the system depends mainly on
the power allocated to the AFE, and for the AP, the power needed for the LED. In this setup,
the LED remains on continuously during idle states. Consequently, the power consumed during
typical operations does not differ markedly from that used in the particular scenarios examined
in this experimental verification. A video demonstration of the prototype, including its mobile

suitability as demonstrated by AGC, is available at [156].

Table 5.2: Power consumption of the prototype in Watt.

State ADR AP (Processor) AP (AFE)
Idle 147 0.71 3.83
Active 1.45 1.04 3.79

5.2.2.1 REF related Design

This section details the RF functionality of the prototype system. For integration into a compact
PCB layout compatible with the chosen MCU, the ESP32-CAM development board, illustrated
in Fig. 5.6a, is employed. This board offers a cost-effective solution that supports Wi-Fi stan-
dards 802.11b/g/n, rendering it ideal for IoT applications. It combines a small form factor with
versatile features such as camera and microSD capabilities. The AP processor unit interfaces

with the board via a UART connection provided by the Wi-Fi module. The camera and mi-
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croSD functions are managed by the AP through the ESP32-based board. In this study, the IoT
service, ThingSpeak, is used to facilitate the collection of real-time data within the cloud. This
service is employed for the storage, visualisation, and analysis of sensor data. Furthermore,

ThingSpeak helps activate responses and distribute alerts to devices using a HTTP connection.

5.2.2.2 Delay Analysis

The performance of the prototype with respect to delay is evaluated in terms of VLC and RF,
respectively. The IoT system, comprising an AP and UN, utilises interactive protocols to fa-
cilitate communication by sending back an acknowledgement (ACK) after receiving a request.
In this framework, delay is defined as the interval from data transmission to reception and pro-
cessing. This interval includes several types of delay: propagation delay, Dpyop; transmission
delay, Dyran; processing delay, Dproc; and network delay, Dye. Consequently, the delay in one-
way packet transmission, denoted as Dope-way, 18 calculated as the aggregate of these individual
delay components.

Done—way = Dprop + Dyean + Dproc + Dhet (5.1)

Dyrop 1s almost negligible (in nanoseconds) since both VLC and RF propagate at the speed of

light in free space. The transmission delay, Dyap, represents the time required to send a single

packet size
data rate *

data packet, calculated by For example, sending a 256-byte packet over a 2 Mbps
link yields a Dy, of nearly 1 ms. The processing delay, Dpyoc, refers to the time the hardware
needs to handle the data packet, derived from the clock cycles needed for processing and the
CPU clock frequency. This cycle count is determined by the number of instructions and cycles
per instruction. Consider an MCU with an 84 MHz clock frequency (such as Arduino DUE)
that executes 100 instructions with a 1.5 cycles per instruction; Dy is thus roughly 1.8us. The
network delay, Dy, encompasses queuing and media access control (MAC) layer contention
delays. The queue delay, or the time packets spend waiting in a buffer before transmission,
is not considered in the VLC model discussed here. However, Wi-Fi queuing delay varies
with network congestion and traffic, and MAC-layer contention delay, influenced by traffic
and channel conditions, also impacts Wi-Fi. Using a MAC protocol known as carrier sense
multiple access with collision avoidance, Wi-Fi allows multiple devices to access the wireless

channel but, being a best-effort communication method, does not strictly guarantee quality of

service (QoS).
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RTT can be described as an extension of the one-way delay, representing the time needed to
transmit a data packet and receive an ACK back. RTT is mathematically expressed as the
sum of one-way transmission and reception delays, formulated as RTT = Dggg_way + Dgfg_way.
Notably, RTT encompasses additional delays originating from one-way delay when retransmis-
sions occur, particularly significant in Wi-Fi contexts, where this factor substantially affects
RTT. Furthermore, response time, defined as the interval from receiving a request to deliver-
ing a response, is crucial in IoT environments, where real-time capabilities are essential, due

to its inclusion of application-level processing delays. This study aims to validate real-time

performance by evaluating these delay metrics.

5.2.2.3 Security Analysis

This section examines the PLS characteristics of the designed prototype. The PLS in this study
is based on the framework of the wiretap channel [55]. A scenario is considered with a trans-
mitter (AP), a legitimate receiver (UN), and an eavesdropper (ED) node. A key performance
indicator for evaluating the PLS of this set-up is instantaneous SeCap. Instantaneous SeCap
(Cs) represents the highest information rate that can be reliably transmitted to the legitimate
receiver without leakage to the ED, taking into account the conditions of the channel at a given
moment. SeCap is the information-theoretically defined limit that guarantees perfect secrecy
against an ED. This is determined using the Shannon capacities of the main channel (Cg) and

that of the ED channel (Cg), as indicated by the equation below [157]:
Cs = maX(O, CB — CE) (5.2)

where Shannon capacity, denoted as C' = B log, (1 + SNR), is determined using bandwidth, B
and signal-to-noise ratio (SNR), and max(0, -) guarantees that the result remains non-negative.

At the moment when C; equals zero, secure communication cannot be achieved.

Although the elements influencing secrecy performance vary between Wi-Fi and VLC, they do
share common factors such as the SNR and the position of the ED. The secrecy performance of
Wi-Fi is significantly affected by fading, which results from the propagation of multiple paths
over time. Given that the RF system in this investigation adheres to the Wi-Fi protocol, its
secrecy is based on the statistical characteristics of this fading. For VLC, secrecy performance
is influenced by optical parameters including the LED’s Lambertian order and the PD’s field of

view (FOV). Unlike RF, VLC possesses a natural security advantage, as light travels in straight
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lines and cannot penetrate walls, thus offering strong confidentiality against external EDs [158].
Consequently, a VLC-RF hybrid usage can be designed to harness the complementary strengths

of both technologies, resulting in a system with enhanced overall secrecy performance.

5.3 Experimental Results

The study examines the capabilities of the newly proposed integrated VLC-RF system utilising
the ADR prototype, focussing on basic and system-level performance to evaluate its practical
application potential. Key performance metrics, such as SNR, SeCap and BER coverage, are
assessed and compared with a single PD receiver. Furthermore, real-time transmission of sensor
data is presented within practical industrial IoT scenarios. The experiment involves transmitting
data from the sensor module via the VLC DL, IR UL and the Wi-Fi cloud, with received sensor
data cross-checked against those stored on a microSD card or the Wi-Fi cloud server. The
transmission of image data and the integration of the system with a robot arm are demonstrated,

underscoring the proposed IoT system’s feasibility.

5.3.1 Fundamental ADR Performance

This section focusses on the fundamental performance of VLC. The SNR performance is exam-
ined in two different experimental settings: one involving a single AP and the other involving
two APs. This serves as a basis for analysing the secrecy performance. The BER coverage

performance is also evaluated compared to the findings presented in 4.4.3.2.

5.3.1.1 Received SNR Distribution

The SNR distribution is assessed using the same methodology and setup as shown in Fig. 4.14
in Chapter 4. As depicted in Fig. 5.1, the parameters include height A, the semi-half angle of
the reflector @, /2 and the spacing between APs, dap, taking values of 1.6 m, 12.5° and 1 m,
respectively. The received signal power is calculated from (4.8). The noise variance in the 1
AP and 2 APs scenarios is 3.89 x 107° and 3.47 x 107°/3.11 x 10~° and 2.52 x 10~ for the
ADR and single PD receiver, respectively. Ambient light levels measured with a light metre on
the grid range from 288 to 988 lux/261 to 712 lux, with average readings of 509.6 lux/477.6

lux for setups with 1 AP/2 APs, respectively, reflecting typical indoor room illuminance. Box
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charts of the received SNR values are provided in Fig. 5.7, including mean and variance. For
the 1 AP setup, the average SNR for ADR and a single PD measures at 12.96 dB and 8.20 dB,
respectively. The ADR whisker spans from 7.86 dB to 17.28 dB, whereas the single PD ranges
from 5.16 dB to 11.93 dB. The variance for ADR is 5.19, surpassing that of a single PD at
3.13. In 2 APs scenario, the mean SNR for ADR and the single PD is 15.32 dB and 10.44 dB,
respectively. The ADR whisker spans from 11.79 dB to 17.99 dB, whilst the single PD extends
from 7.33 dB to 13.08 dB. The variance in the 2 APs setup is reduced compared to the 1 AP
scenario, at 2.58 for ADR and 2.28 for a single PD receiver.
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Figure 5.7: Box chart of the SNR distribution over the coverage area: (a) ADR - 1 AP, (b)
Single PD - 1 AP, (c) ADR - 2 APs and (d) Single PD - 2 APs.

5.3.1.2 Secure Performance

The performance of VLC secrecy is evaluated by calculating the SeCap using the SNR values
obtained in the previous section. An ED is assumed to be located at any point on an X-Y
grid, following the same setup as in the SNR measurements. The scenario considers the ED
employing a VLC receiver comparable to the single PD receiver to intercept the downlink
transmission from the AP. The legitimate receiver, which can be either ADR or a single PD
receiver, is placed directly below the AP. The SeCap is calculated by substituting the 1 MHz
bandwidth and the SNR measured at each location on the grid in (5.2). Fig. 5.8 shows the
SeCap distribution for both 1 AP and 2 APs scenarios, based on the ED’s location on the indoor

X-Y plane. In Fig. 5.8a, the distribution indicates that when an ED is located directly beneath
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the AP, the SeCap drops to zero, meaning that secure communication is impossible. The SeCap
increases towards the edge of the AP’s coverage area, peaking at roughly 1.5 Mbps. Likewise,
Fig. 5.8b reveals that no SeCap occurs when the ED is situated directly under either of the two
APs. The SeCap is maximised at the edges of the coverage areas, attaining approximately 1.2
Mbps, although this secure rate is somewhat lower compared to the single AP scenario. The
results indicate that the SeCap depends on the positions of the legitimate receiver and the ED.
The receiver performance of the ED is also a key factor. When the ED uses the same receiver,
ADR, as the legitimate receiver, the SeCap becomes limited and secrecy can only be achieved

within a restricted area.
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Figure 5.8: Secrecy capacity of the ADR situated under AP as a function of a ED’s position.

To compare the VLC secrecy performance of the proposed ADR prototype, the mean SeCap is
determined for scenarios where the legitimate receiver uses the ADR or a single PD receiver.
Table 5.3 shows the results, which are obtained by averaging the SeCap values calculated for
each potential ED position on the grid. Throughout these assessments, the legitimate receiver
remains stationary directly beneath an AP (or one of the APs in the two-AP case). The results
clearly indicate that the ADR enhances the average SeCap by approximately two times com-

pared to the single PD receiver. The average SeCap with the ADR is 1.02 Mbps in the one AP

Table 5.3: Averaged secrecy capacity of two receivers in two scenarios.

1 AP scenario 2 APs scenario
ADR 1.02 Mbps 745 kbps
Single PD 518 kbps 313 kbps
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scenario, whereas in the two AP scenario, it is 745 kbps. In contrast, the single PD receiver
achieves SeCap values of 518 kbps and 313 kbps for one AP and two AP, respectively. The
SeCap in the one AP scenario is higher, as the use of two APs results in a more pronounced
improvement of the ED’s SNR compared to the legitimate user’s SNR, thereby diminishing

overall system secrecy.

5.3.1.3 BER Distribution and Coverage Rate

The BER performance is evaluated at 2 Mbps and subsequently compared to that of the sin-
gle PD receiver. BER is measured with the same setup as the SNR measurement. Using the
equation (3.22) as previously detailed in 3.4.2.3, the BER coverage is determined. Table 5.4
presents the coverage rates for both ADR and single PD configurations in the two-AP scenario.
The ADR prototype achieved a coverage rate of 50.41%, with 61 out of 121 points, effectively
encompassing half of the area. This marks an enhancement exceeding 35% from the prior result
of 37.19% as reported in Section 4.4.3.2. For the single PD receive, the coverage rate reached
26.45%, reflecting an expansion of about 52% compared to previous work, which reported a
rate of 17.36%. These findings indicate that the proposed system extends the coverage area

where effective communication is feasible.

Table 5.4: Coverage rate (%) of ADR and the single PD.

_ Coverage rate (%)
Receiver
This prototype Prior work 4.4.3.2
ADR 50.41 37.19
Single PD 26.45 17.36

5.3.2 System Performance

The performance of the integrated VLC-RF system is illustrated with the ADR for IoT sensor
networks. To demonstrate availability, sensor data transmission, image data transmission, and

a practical application of robot arm system integration are presented.
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5.3.2.1 Sensor Data Transmission

Sensor data transmission is a typical 10T application for sensor networks. Sensor data is cap-
tured by sensor modules and stored in IoT devices. The sensor data are gathered in AP by

wireless links to understand the environment and status of the IoT devices.

To evaluate the IoT capability of the proposed system, sensor data transmission is assessed
via the VLC and RF link. The system configuration used for this experiment is illustrated in
Fig. 5.9. In the figure, three distinct pathways are evaluated. In Pathl, the AP sends data
from the microSD card upon request by the UN, which receives it through the VLC DL. For
Path?2, utilising both VLC and RF, after a UN request, the AP retrieves saved sensor data from
the Wi-Fi cloud. In Path3, using a connection through IR, the UN sends data captured by its
sensor to the AP, which then transfers it to the cloud using the RF link. Fig. 5.10 shows the
sequence chart involved in accessing the SD card and the cloud through Path1l and Path2. The
response time, defined as the interval from request reception to transmission start, is measured
to evaluate latency performance. The DL data packet design allows a maximum packet size of

256 bytes, constrained by the UART protocol’s serial buffer. The packet comprises a header

batha AP _Sensor
e—— Wi-Fi module—Processor
Wi-Fi | R
Camera/ I
Micro SD ,KF?I
7
y
v
7/ VLC/IR
%

—: Wired UN

——: Wireless Path3

Figure 5.9: Sensor data transmission System structure.

SD card
’UN ‘R ’AP processor‘ ’ AP ESP-32 ‘ /Cloud
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Figure 5.10: Sequence chart of Pathl and Path?2.
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|

Figure 5.11: Sensor data transmission experiment setup.

(4 bytes), payload (max. 240 bytes), and trailer (3 bytes), improved from the prior 200-byte
size as depicted in Fig.4.18 in Section 4.4.4. The sensor data transmission experiment setup
is shown in Fig. 5.11. Fig. 5.12 shows the response times based on the varying numbers of
data packets in Pathl and Path2. Three forms of sensor data are transmitted, including light
intensity, temperature, and humidity. The response time in Path1 increases linearly from 5.5 ms
to approximately 13 ms. In contrast, Path2 exhibits significantly higher latency, ranging from
1.3 to 2.7 seconds due to Wi-Fi connectivity delays. Fig. 5.13 shows an example of temperature

data transmitted as a signal and received from the cloud at the UN via Wi-Fi and VLC.

In Path3, the AP acquires sensor data destined for cloud storage. Data transfer occurs from the

UN through an IR uplink. Fig. 5.14 provides the sequence chart of Path3. Metrics such as RTT,
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Figure 5.12: Response time at Pathl (SD card) and Path2 (Wi-Fi).

97



Integrated VLC-RF System with ADR for Secure Industrial IoT Applications

Field 2 Chart Z o ¢ % 26.2

26.1

Saved sensor data 2

259t

€258
£ 25.
Ei

Temperature

o
© 2571
o
255 :
2 256

16:30 17:00 17:30 2551
Date

254

ThingSpeak.com

253
0 100 200 300 400 500

(a) Cloud data (b) Received data
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Figure 5.14: Sequence chart of Path3.

which involves the time for the UN to receive an ACK from the AP, alongside the one-way
latency from the UN to the cloud, are measured to assess the time delay performance of the
prototype. The elapsed time for Path3 is illustrated in Table 5.5. The average RTT over 10
iterations is 1.2 ms, with a variation between 0.45 and 4.69 ms. The average one-way latency
for the UN to the cloud path over Wi-Fi is 0.27 s, ranging from 0.16 s to 1.17 s. Fig. 5.15
illustrates the cloud monitoring application that uses ThingSpeak functionality to show the UN

status. The monitoring system includes a sensor value chart, the most recent value received,

Table 5.5: The elapsed time of Path3.

Round trip time One-way latency

10 times average 1.20 ms 0.27 s
Max 4.69 ms 1.17s
Min 0.45 ms 0.16 s
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and a status indicator light that changes based on the value. A green light is activated when
the sensor value exceeds the cloud-defined threshold of 300 Ix. In this setup, a value that falls
below the threshold signals an abnormal condition at the UN, such as a low-light emergency.
Consequently, the activation of the red light alerts the remote operator about the emergency
through the cloud interface. The experiment demonstrates that incorporating VLC/IR and RF

technologies facilitates remote monitoring applications for IoT sensor nodes.

Channel Stats Channel Stats
Created: 2dayeage Created: 2daysage
Entries: 257 Entries: 266

:
-~ T e T

sensor data from User Node Sensor data from User Node

T

403.3 1.6

(a) Status of green (b) Status of red

Figure 5.15: Cloud monitoring application.

5.3.2.2 Image Transmission

In addition to sensor data transmission, image transmission is also considered typical IoT ap-
plication for monitoring. Image data is captured by camera modules and stored in IoT devices.
The image data received from UN is used to understand the surrounding environment of the

IoT devices.

The process of transmitting images through a downlink is detailed. An image, once captured
by the camera module, is stored on the SD card of the AP. Upon a request from the UN, the
image is transmitted. After reception, the image data can be displayed on the laptop monitor
connected to the UN. To process the image data into the UART based designed packet, it
must be fragmented to fit within the payload. The transmission of images is non-continuous
due to limitations intrinsic to UART, as provided by the camera module, supporting the JPEG
image file format. A significant issue in image transmission is signal distortion, attributed to the

high pass filter (HPF) in the receiver. A JPEG image comprises the start of image, segments,
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Figure 5.16: Signal distortion of image data packet due to low frequency.

image data, and end of image. The start and end of image are two-byte start and end markers,
respectively. The segments contain crucial data necessary for image restoration. The received
segments will suffer distortion due to low-frequency data being removed by the HPF in the
UN receiver, as illustrated in Fig. 5.16. This figure presents the initial packet of the image as
received during each transmission phase. Due to the distortion introduced by HPF, the UN
receiver does not demodulate the OOK signal. HPF cannot be changed to ease the impact of
distortion because HPF is set to optimise AGC in the following stage. Therefore, methods such

as scrambling or bit insertion are needed to transmit image data using UART.

In this investigation, the scrambling technique known as Fisher-Yates shuffle [159] is applied,
as outlined in the Algorithm 2 found in the appendix A. This choice is due to its straightforward
implementation on a MCU, without the additional non-data-carrying bits, which are introduced
by a bit insertion method. Although line encoding methods such as 64b/66b can be considered,
they are not suitable in this case, because scrambling is performed on a bit basis rather than a
byte basis, and line encoding methods require additional header bits as overhead. To illustrate
the functioning of the scrambling method, two approaches are compared: the first (Scramblel)
scrambles each packet divided from the image array, whereas the second (Scramble2) scram-
bles the entire image array before division into packets. The flow diagrams in Fig. 5.17 depict
the application of the Fisher-Yates shuffle on (a) a divided payload and (b) the entire data ar-
ray. Fig. 5.18 presents the successive number of the same symbols and the variance within the
first packet payload. In this figure, the original packet shows more than 70 consecutive bits
of the identical symbol with a variance close to 13, indicating a low frequency. In particular,

Scramble?2 reduces this count to fewer than 15 consecutive identical symbols, with a variance
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of 2, whereas Scramblel achieves a reduction to below 20, with a variance of 5. Both scram-
bling techniques feature comparable complexity and do not introduce redundancy into the data

packets. Consequently, Scramble2 is employed in this experiment to demonstrate the image
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: into a packet payload i array by Fisher-Yates method |:
| I 3 I |
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Figure 5.17: Flowcharts of the shuffle method (a) each payload shuffle (b) the whole array
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Figure 5.18: Box charts of the first packet of Image.
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transmission capability. Fig. 5.19 displays images received via an VLC downlink, using the
setup detailed in Fig. 5.11. The image data size is restricted to approximately 10,000 Bytes due
to the limited memory capacity of the MCU. The received image contains no errors in critical

segment information or data payload.

(a) Image 1 (b) Image 2

Figure 5.19: Received image via VLC.

5.3.2.3 Robot Arm Integration

10T applications require system cooperation with IoT devices by utilising sensor data for system
functions. In industrial IoT scenarios, the cooperative function can be applied in manufacturing
operation such as robot arm operations. The system integration with a robot arm can realise

functions such as emergency reaction.

Integration of the system with a robot arm is exemplified in an industrial IoT context. As a
practical instance of IoT applications, the designed system is implemented in conjunction with
robot arm operations. Fig. 5.20 illustrates the configuration of the integrated VLC/RF system
linked with the robot arm. Within this framework, the robot arm controller interfaces with the
UN, primarily to manage the robot arm operations and to wait for instructions from the UN.
Upon sensor data exceeding a predefined threshold, the UN issues a directive to the robot arm
system. There exist two pathways: the VLC downlink (Path4) and the Wi-Fi cloud (Path5).
In Path4, when the sensor module detects a value that reaches the threshold, the AP processor
dispatches a command through the VLC downlink to the UN, which subsequently relays the
trigger to the robot arm controller, causing the arm to stop operation. Meanwhile, in PathS5, the
triggered event occurs within the Wi-Fi cloud, initiated when sensor data uploaded to the cloud

via Wi-Fi from the AP surpasses the threshold. The IoT cloud service, ThingSpeak, offers
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Figure 5.20: System structure of the robot arm integration.

functionalities to monitor stored data and facilitates HTTP connectivity for device communica-
tion. When the stored data satisfy specified criteria, a react app activates predetermined actions.
Once an action is activated, the HTTP connection application forwards a trigger command to
an HTTP server set up on a laptop PC connected to the UN, which then informs the UN of the
trigger, prompting the UN to direct the robot arm through the controller. Fig. 5.21 illustrates
the sequence diagrams corresponding to each pathway: (a) Path4, (b) Path5, and (c) Path6.
To evaluate the performance metrics of each path, RTT or one-way latency is measured. For
Path4, RTT measurement is conducted at AP with ACK from the robot arm. The latency in
one direction for Path5 is measured via a Wi-Fi connection from the AP processor to the robot

arm. A fully wired RTT measurement for Path6 is taken between the UN and the robot arm.

AP @ Robot arm @ Robot arm

Trigger Trigger Trigger
} RTT } RTT
ACK ACK ACK
time time
(a) Path4 (c) Pathe
AP AP HTTP Robot

processor || ESP-32 | | Cloud | | server | [ UN arm
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Figure 5.21: Sequence charts of the robot arm system integration: (a) Path4, (b) Path5 and (c)
Pathé.
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Fig. 5.22 shows the setup of the system integration experiment with the robot arm. The elapsed
times with measurements of 10 times are presented in Table 5.6. The average elapsed time for
Path4 is 6.21 ms, with a variation between 1.41 ms and 10.12 ms. In particular, Path6, due to
its fully wired configuration from the UN sensor to the robot arm, records the fastest average
time of 4.12 ms. In contrast, the average one-way delay for PathS5 is the longest at 10.11 s. The
maximum delay reached 48.07 s due to the best-effort communication of the Wi-Fi connection,
which does not ensure the delivery speed. This validates that incorporating hybrid VLC-RF

techniques establishes a reliable 10T system by taking advantage of both methods.

Access 8
| Point (AFE)

“7
| ]

VLC
(1| downlink

E

-

Robot arm &
Controller

Figure 5.22: Experiment setup of the system integration with the robot arm.

Table 5.6: The elapsed time of each path.

VLC (Path4) WI-Fi (PathS) Wired UN (Path6)

10 times average  6.21 ms 10.11 s 4.12 ms
Max 10.12 ms 48.07 s 8.52 ms
Min 1.51 ms 1.682 s 0.28 ms

5.4 Summary

In this chapter, the integrated VLC-RF system was proposed to demonstrate real-time IoT ap-
plications with enhanced coverage using the custom-built ADR. The prototype integrated an
improved AFE from the previous chapter with an MCU, focussing on the IoT architecture from
the nodes to the WAN via an AP. Extending previous work on a VLC prototype with an ADR,

this chapter improved the system by incorporating RF connectivity to create a robust, integrated
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VLC-RF system capable of supporting hybrid applications and demonstrating the comprehen-
sive scope of VLC-IoT across WANS.

The chapter examined the performance of an integrated VLC-RF system using an ADR proto-
type, focussing on both the fundamental performance and the system performance to demon-
strate its feasibility for application. Fundamental performance metrics included BER and SNR
coverage, comparing current results with previous prototypes. Evaluating SNR in scenarios
with one and AP, for a single AP, the ADR yielded an average SNR of 12.96 dB, surpass-
ing the single PD’s 8.20 dB but exhibiting more variance. In the dual AP configuration, ADR
reached an average SNR of 15.32 dB, exceeding the single PD’s 10.44 dB, and demonstrated
less variability than in the single AP scenario. The PLS evaluation based on the measured SNR
indicated that the designed ADR transceiver can support communication with double SeCap
with 1.02 Mbps for the scenario of 1 AP and 518 kbps for 2 APs scenario. BER performance
was assessed in a comparable manner, demonstrating that the ADR prototype enhances cover-
age. In the dual AP setup, the ADR achieved 50. 41% coverage, a notable increase compared
to previous results, whilst a single PD reached 26. 45% coverage. This suggested that the

proposed architecture provides more extensive communication coverage.

Furthermore, to demonstrate system performance, sensor data transmission, image data trans-
mission, and integration of a robot arm system were all implemented and evaluated. In the
result of the delay measurement, the minimum RTT was 0.45 ms (1.20 ms on average) and the
AP response time was also on the order of milliseconds depending on the size of the packet.
The results showed that the VLC path has lower latency than the Wi-Fi path due to network
delays. Image transmission faced challenges such as signal distortion, addressed through a
scrambling technique, with it being the most effective in reducing low-frequency data issues.
The integration of the robot arm illustrated the application of the system in industrial 10T, us-
ing both VLC and Wi-Fi for command transmission. The latency performance varied, with
millisecond order for VLC and longer latency by Wi-Fi. The hybrid VLC-RF framework en-
hanced the reliability of the system by leveraging the strengths of each communication method.
The demonstration indicated the feasibility of reliable duplex connectivity with an integrated

VLC-RF in IoT sensor networks.
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Chapter 6

ADR Performance enhancement with
Wavelength Division Multiplexing

6.1 Introduction

A promising technique for increasing the data transmission capacity of visible light commu-
nication (VLC) is the application of wavelength division multiplexing (WDM). Research in
this area typically achieves WDM by using multi-colour light emitting diodes (LEDs) or laser
diodes for transmission and photodiodes (PDs) for reception [105, 160—166]. In the receiver,
optical components such as colour filters or dichroic mirrors are used to separate the light and
direct each colour channel to its own dedicated PD. However, this approach presents challenges
for implementation because the use of these optical components for colour separation increases
the overall size of the receiver. Furthermore, the need for a separate PD for each channel often
results in systems that are best suited for stationary fixed operation, limiting its application. To
advance the performance and applicability of VLC, there is a clear need for compact, mobile-

ready WDM-based VLC systems, particularly for Internet of Things (IoT) applications.

As the final technical chapter to demonstrate the potential for the development of VLC using
angular diversity receiver (ADR), a WDM based ADR prototype is presented. To apply WDM,
the PDs that constitute the ADR are red, green and blue (RGB) colour PDs. These RGB PDs
enable WDM by detecting multiplexed signals through the RGB channels transmitted from the
RGB LED transmitter. The ADR structure is designed for this RGB colour PD, including the
3D model. The shape of the ADR is the same square frustum (SF) type as in Chapter 5 and
Chapter 6, and the ADR gets benefits from equal gain combining (EGC). The RGB LEDs
that serve as transmitters become a single access point (AP) and transmit different data for each
colour. At the receiver, the simultaneously transmitted signals, each with a different wavelength
for the three colours, are detected by the RGB colour PD and subsequently demodulated. In the
experiment, bit error rate (BER) and SINR are measured to evaluate the performance of WDM

using the custom-built ADR and to analyse its feasibility. Furthermore, as a demonstration,
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it is confirmed that different sensor information could be transmitted using each of the RGB

channels and received without interference problems.

The remainder of this chapter is organised as follows; The model of the WDM based ADR
system is discussed in Section 6.2; experimental results are presented in Section 6.3; and the

conclusions are drawn in Section 6.4.

6.2 WDM based ADR System

The proposed WDM-based ADR system is described in this section. A block diagram of the
proposed WDM-based ADR system is shown in Fig. 6.1. The figure shows that the system
consists of transceivers for AP and user node (UN). The AP is primarily composed of an
microcontroller unit (MCU), an analogue front end (AFE), a three-colour LED, and an infrared
(IR) PD. Data from sensors connected to MCU, or from an SD card, is transmitted by WDM to
downlink (DL) using the three-colour LED. The AP employs an interactive protocol, receiving
requests from the UN uplink (UL) via the IR PD and responding accordingly. The UN, on
the other hand, consists of an MCU, an AFE, an ADR that utilises a three-colour PD, and an
IR LED. The UN uses its IR LED to make UL transmission requests and receives data from
AP. Although the data streams are transmitted simultaneously, they are separated by different
wavelengths at the receiver. This allows for the demodulation of the distinct data for each
channel, even in the presence of interference from the other colours. The received data are then
verified on a laptop PC connected to the UN’s MCU. The AFEs in both the AP and the UN are

designed to handle the transmission and reception of three-channel signals.

Sensort—> chl | LED — chl
sD || AFE I:I PD AFE N
card 1 MCU (AP) (ADR) (UN) MCU PC
ch3 | 3¢hs [ | 3chs [Sh3 o
« IR PD IRLED |<7 N
Access point User node

Figure 6.1: Block diagram of the proposed WDM based ADR system.
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6.2.1 Analogue Front End Design

This section describes the design of AFE for AP and UN. The AP employs a RGB colour LED
and therefore includes a three-channel transmission system as well as a reception system for
the IR PD. To perform WDM transmission, UN has a three-channel receiving system for each
wavelength. The design is optimised for the implementation of printed circuit board (PCB)

operating with MCU.

6.2.1.1 Transmitter

The circuit design for channel 1 of the transmission system is shown in Fig. 6.2. The same
transmitter design is included in the AP AFE for the other channels. The RGB LED selected
from OSRAM LED (LZ4-00MD09) has dominant wavelengths of 630, 525, and 450 nm in
red, green and blue, respectively [167]. Fig. 6.3 illustrates the spectrum emission from the
datasheet of the RGB LED. The MCU universal asynchronous receiver/transmitter (UART)
output is connected to Voutl in the diagram. The transmitter consists of an operational amplifier
(OPA810) and a transistor (2SK306ST100), which together form a constant current source
circuit. The LED is connected to J101 and the current is drawn from the 9 V power supply line.
The magnitude of this current is determined by the value of resistor R104, which is different for

each colour channel. The current driving LED is calculated using the equation: Iy gp = ‘I%fgi .

The resistance values for channels 1 through 3 are 5.1, 10 and 6.8 2, assigned to green, blue,

and red, respectively. The voltage across LED, V] gp, can be determined from the I-V curve on
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Figure 6.2: The transmitter design of Channel 1.
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Figure 6.3: Spectrum emission of the RGB LED (LZ4-00MDO09) trimmed from the datasheet.

its data sheet [167], which in turn allows calculation of its power consumption. Given that the
voltage in R104 is 3.27 V (nearly identical to the Voutl voltage), the driving currents, [ gp,
for channels 1 to 3 are calculated as 0.641 A, 0.327 A and 0.481 A, respectively. From the I-V
curve, the corresponding Vi gp is 2.72 V, 2.84 V, and 2.24 V. This results in electrical power of
LEDs of 1.74 W (green), 0.93 W (blue), and 1.08 W (red). The upper limit of the driving current
is determined by the stable operating range of the transistor, whilst the total current for all three
channels is constrained by the AC adapter’s capacity. In this design, the total LED driving
current is 1.45 A. The AC adapter can supply 2 A, providing sufficient headroom. However,
the final current values are set according to safe operating area specified in the transistor data
sheet [168]. The safe operating area indicates the maximum drain current allowed for a given
drain-to-source voltage, Vps. Vps is found by subtracting the LED forward voltage and the

voltage across R104 from the power supply voltage, Vs, as shown in the equation:

Vbs = Vs — Viep — Vouu (6.1)

Using (6.1), the Vpg for channels 1 to 3 is calculated as 3.01 V, 2.89 V, and 3.49 V. According
to the data sheet, the maximum drain current must be below 0.7 A at 3 V and below 0.5 A at 4
V. Since the drain current is identical to the forward current of LED, I} gp, the circuit has been
designed to ensure that all operating currents remain safely within these limits of safe operating

area.
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6.2.1.2 Receiver

The AFE of the UN is made up of a three-channel reception system and a transmission system
that utilises an IR LED. The circuit design of the UN receiver is shown in Fig. 6.4. It features
three reception lines, all implemented on a single-layer AFE. In the circuit design, the connec-
tors of J101, J201, and J301 are connected to PDs for each respective colour. A single receiver
channel consists of a transimpedance amplifier (TIA), voltage amplifier, and comparator, and
low pass filters (LPFs) are used as appropriate to remove out-of-band noise components. The
TIA converts the current signal from the PD into a voltage signal, which is then amplified by
the subsequent amplifier stage. Finally, this amplified signal is converted into a 1 bit digital
signal by the comparator and fed to the UART port of the MCU. The RGB colour PD used in
this study is S9032-02 from HAMAMATSU [169]. As shown in Fig. 6.5, the spectral response
range in nm is 400 to 540 for blue, 480 to 600 for green, and 590 to 720 for red with the peak
sensitivity wavelength of 460, 540 and 620 nm, respectively. Some spectral range overlaps a
spectral band of different colours PD, resulting in interference in the WDM application. The
photosensitivity of blue, green, and red is typically 0.18, 0.23 and 0.16 A/W. The red PD has

the weakest photosensitivity. The typical rise time is 0.2 ps with a maximum of 1.0 us.

The TIA is configured in photoconductive mode, unlike the connection method described in
the previous chapter, Chapters 4 and 5, called the photovoltaic mode. This approach is chosen
to achieve a faster response speed and higher photosensitivity, which improves the PD char-
acteristics by applying a reverse bias voltage across it. The applied reverse bias widens the

PD’s internal depletion region, which in turn reduces its junction capacitance. This decrease in

10nF

GND

H +5V +5V
c108 +HI GND S0 one S 1 one
1+ 2
VR Ty C108 HIrGND HiGND
2.2uF o [ | e
" IS G G G TIAL 2.2uF 2.2uF
V 7 T 7 X 2
AL ar & & & R104 | R105 R109
820 2.2k -
ADR 6li——2la——2laN | . 560 , R113 ) vjin1Vinl
c102 .| Ul01A icms iAo 180
=] < =1 .
Z'ZU'T OPA380 T 1o0pF _OPA2830 5 ;(114
- L GND GND €110 GN L
= +5V  GND ~ | R108 2 1 =
C106 = N
GND
2ars_[] B 10k 2.2 |
TS GND - %
oD +5V i R110kQ

Figure 6.4: Receiver circuit diagram for each channel of the WDM receiver.
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Figure 6.5: Spectrum response of the RGB PD (5§9032-02) trimmed from the datasheet.

capacitance leads to a smaller RC time constant, which improves response speed. Additionally,
the wider depletion region allows the generation of more photocurrent, resulting in increased
sensitivity. The TIA in this mode is configured specifically because the chosen PD has rela-
tively low photosensitivity with around 0.2 A/W and limited response speed with a rise time of
up to 1.0 us. However, it must be noted that applying a reverse bias also leads to an increase in
dark current, which contributes to higher noise levels. The bandwidth of TIA on channel 1 can

be calculated using the following equation, which was previously presented in Section 4.3.2:

GBP

_ H 4.5
QW(CT)Rlol [ Z] ( )

J-3dB =
Using (4.5), the bandwidth is designed to achieve the maximum possible gain whilst still ac-
commodating the UART baud rate of 1 Mbps. As a result, with a feedback resistor (R191) of 27
k€2, the bandwidth is designed to be 2.4 MHz. The gain of the subsequent inverting amplifier
stage can be calculated for channel 1, using the formula G = —ﬁi—gg. Using the component
values shown in the circuit diagram, the gains for the first two channels are 28.1 dB, whilst the
gain for channel 3 is 21.8 dB. Channel 3 is assigned to the red colour; its gain is set lower to

avoid saturation, as its bias voltage tends to be higher than the other channels. This saturation

is considered to be caused by ambient light, which contains more red-coloured elements com-
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pared to others. LPFs are connected to the output of both the TIA and the amplifier stages in the
three channels. The cut-off frequency, for example for LPF after channel 1 TIA, is calculated
as f. = m. The resulting cut-off frequencies of LPF after TIA and the amplifier of
channel 1 are 1.94 MHz and 2.84 MHz, respectively. The comparator design is the same as de-
scribed in Section 5.2.1, with the hysteresis window set to 32 mV. All components used in this
design, including resistors and capacitors, are surface mount device (SMD) type components

for small-size implementation.

6.2.2 The ADR Design

The design of the engineered ADR is described here. The 3D model is shown in Fig. 6.6 (all
dimensions are in mm). As shown in the side view, the side-mounted PDs have a tilt angle
of 30°. This design expands the overall field of view (FOV) and creates an overlap between
the individual fields, helping to improve reception sensitivity. The ADR measures 37.21 mm
in length and width, with a height of 14.39 mm. The mounting slots for the PDs are custom-

designed to match the dimensions of the specific PD used.
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Figure 6.6: 3D model of the designed ADR.

6.2.2.1 FOV Evaluation

It is necessary to measure FOV experimentally because the data sheet for the RGB colour PD
used in this study does not specify its FOV. Furthermore, as illustrated in Fig. 6.7, the photo-

sensitive area of PD of 2 mm diameter is divided into three distinct segments. This physical
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configuration results in a different FOV for each of the RGB channels. Therefore, FOV of a
single PD and ADR needs to be measured and compared to analyse them. Fig. 6.8 shows the
components that are manufactured using a 3D printer of the designed model. The evaluation

setup of the single PD receiver consists of one PD fitted into the top slot of the ADR housing.

(a) Single PD (b) ADR

Figure 6.8: ADR/Single PD receiver prototype.

Fig. 6.9 shows the normalised received voltage versus the angle, which is measured to deter-
mine the FOV for each of the three colours. Fig. 6.9a presents the measurement results for a
single PD. The maximum received voltages for RGB are 700 mV, 380 mV, and 860 mV, re-
spectively. These values have been normalised by setting the maximum voltage for each colour
to 1. Due to the fan-shaped photosensitive area of the PD shown in Fig. 6.7, the peak voltage
of the blue colour is approximately —20°. Although the peak voltage of the red colour is at
0°, its overall distribution is shifted toward positive angles. The green photosensitive area ex-
tends laterally from the centre; resulting in a distribution that gradually decreases around the

0° axis. To determine the FOV from these results, the half-power beamwidth is considered.
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The half-power beamwidth refers to the angular range in which the received power is half of
its maximum. In terms of voltage, this is calculated where the voltage is % ~ 0.707 X Viax.
Therefore, the FOV is the angular width between the points where the normalised voltage is
0.707. The resulting FOVs for the single PD are approximately 80°, 90°, and 98° for the RGB,
respectively. The combined FOV of the ADR is obtained from Fig. 6.9b with approximately
110°, 90°, and 98° for RGB, respectively. With the exception of the red colour, the FOV itself
does not change significantly. However, the maximum received voltage of the ADR is consid-
erably improved, at more than 1 V for each channel (Red: 1.09 V, Green: 1.13 V, Blue: 1.33
V). This improvement occurs because the FOVs of the side-mounted PDs overlap, allowing the
signals from each PD to be effectively combined. Furthermore, the FOV curve of the ADR is

smoother than that of the single PD receiver, which has the rattling curve.

o o
=3 =)

o
S

—e—Red (Max: 1.09V)
Green (Max: 1.13V)
—a—Blue (Max: 1.33V)

—e—Red (Max: 700mV) ?
Green (Max: 380mV)
—4—Blue (Max: 860mV)

Normalised received voltage
Normalised received voltage

o
[

-80 -60 -40 -20 O 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
Azimuth angle (°) Azimuth angle (°)
(a) Single PD (b) ADR

Figure 6.9: Azimuth angle versus normalised received voltages of the single PD and ADR.

6.3 Experimental Results

This section presents the experimental results using the designed WDM-based ADR system.
The UN prototype, which is composed of PCBs manufactured according to the design described
in Section 6.2, is shown in Fig. 6.10a. The UN PCB has a two-layer structure consisting of a
AFE layer directly connected to MCU and a mounting layer with ADR and IR LEDs. The
ADR has five PDs embedded, each with four pins for RGB and GND. A total of 20 wires from
the ADR assembly are connected to the PCB’s mounting layer. In Table 6.1, the steady-state
power consumption for the ADR, AP processor, and AP AFE is recorded as 1.34 W, 0.50 W,
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and 14.00 W, respectively. Active-state power usage, assessed during data transmission, re-
mains comparable to idle levels due to the brief transmission intervals attributed to the compact
UART protocol packet design. The AP AFE provides the power to drive three channels of
RGB LED, resulting in increased consumption. Fig. 6.10b shows the experimental setup us-
ing the designed prototype. Using this configuration, the fundamental performances of BER,
signal-to-noise ratio (SNR) versus distance, and signal-to-interference-plus-noise ratio (SINR)
are evaluated. Furthermore, the results of transmitting and receiving data obtained from the
prototype’s onboard sensors via WDM are also presented as a demonstration. In these exper-
iments, the data rate for each colour channel is set at 1 Mbps. This is due to the limit of rise

time (maximum 1 ps) of the RGB colour PDs used.

Size (w/o ADR mount): 5.4
cm(W) X 10.2 cm(L) X 4.2 cm(H)

AP with
RGB LED

(a) ADR user node prototype. (b) Experiment setup.

Figure 6.10: Prototype and experiment setup.

Table 6.1: Power consumption of the prototype in Watt.

State  ADR AP (Processor) AP (AFE)
Idle 1.34 0.50 14.00
Active 1.34 0.51 13.80

6.3.1 The Fundamental Evaluation

In this section, the fundamental performances of the prototype, including its BER, SNR, and
SINR, are measured for evaluation. These performances are compared to those of a single PD

receiver to demonstrate the advantages of ADR. Furthermore, the measured SINR results are
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presented in the presence of interference inherent in a WDM system.

6.3.1.1 BER and SNR against Distance

The measurement results for BER and SNR as a function of distance are shown in Fig. 6.11.
Looking at SNR, all three colours are approximately 22 dB at 0.5 m for the single PD receiver.
These SNR values for RGB with a single PD decrease with increasing distance, falling to
around 12 dB at 1 m. For the ADR system, SNR at 1 m is 17 dB for red and around 23 dB
for the other two colours. At a distance of 2.6 m, SNR decreased to 5 dB for red and 9 dB
for the other two colours. The BER for the single PD receiver begins to degrade at distances
beyond 0.9 m. The maximum transmission distance at the forward error correction (FEC) limit
(3 x 1073)is 0.9 m (red), 0.92 m (green) and 1.1 m (blue), respectively. In contrast, with ADR,
BER degradation begins at 1.8 m for red and 2.2 m for green and blue. The distances to the FEC
limit are 1.85 m (red), 2.35 m (green), and 2.38 m (blue). From these results, it is indicated
that for the single PD, BER degradation begins when SNR drops below 14 dB, whereas for
the ADR it begins when SNR is below 12 dB. The lower SNR for the red channel is due to
the lower gain described in Section 6.2.1, and the lowest photosensitivity, but also because for
the same driving current, its I-V curve corresponds to a lower driving voltage. This results in
a lower transmission power compared to the other colours. From the BER measurements, it

is confirmed that the proposed ADR system can achieve error-free transmission on the three
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(a) SNR vs distance. (b) BER vs distance..

Figure 6.11: The performance of the WDM system with single PD and designed ADR.
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channels up to a distance of 1.7 m.

6.3.1.2 SINR Evaluation

In a WDM transmission system, signals from other colour channels act as interference, which
degrades SINR. Therefore, SINR is measured in the presence of interference from the other
colours channels to confirm that reliable communication is still possible. Fig. 6.12 illustrates the
measured signal waveforms with and without interference. In Fig. 6.12a, the signal transmitted
when other channels are inactive is shown, and Fig. 6.12b shows the signal received at various
stages of the receiver chain in this interference-free case. The waveform transmitted when other
channels are active simultaneously is shown in Fig. 6.12c. These channels transmit square
waves at the same baud rate, creating interference to the signals of channel 1. Fig. 6.12d shows
the waveforms at each receiver stage with interference present. It is clear that the signals at
the TIA and the subsequent amp are distorted by this interference. Despite this distortion,
the comparator’s output shows that the signal is still successfully demodulated into a 1-bit

digital signal without any issues. This signal measurement result confirms the viability of
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Figure 6.12: Measured signals with / without interference.
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applying WDM. Fig. 6.13 shows the SINR and standard deviation of the received voltage
induced by interference against the voltage of the transmitted interference signal for the ADR.
These measurements are taken at a distance of 1.5 m for the ADR, where BER is error-free.
In this figure, the horizontal axis represents the voltage of the transmitted interference signal
(that is, the other two colours), which is varied from 0 V to 5 V using a signal generator. The
peak-to-peak voltage, V},, of the desired signal is kept constant at 3.27 V. The left axis shows
the result SINR in dB, and the right axis shows the standard deviation of the received voltage,
oy, of the interference signal. As expected, SINR decreases as the transmitted interference
voltage increases. This is a direct result of the increase in received interference oy. When the
transmitted interference voltage is 0 V, SINR is identical to SNR. The SINR of the red channel
remains almost constant regardless of the interference voltage. This is because the oy for red
barely increases up to oy of 0.015 V. The reason for this is the excellent spectral separation
between the red channel and the other two colours in both the RGB LED’s emission and the
PD’s spectral response. In contrast, the blue and green channels have some spectral overlap, so
as the interference between them increases, their received oy also increases, causing a decrease
in SINR. Even at maximum interference voltage, the BER for all channels remained error-free.

This result strongly confirms the practical applicability of WDM to the proposed system.
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6.3.2 Sensor Transmission

In this section, WDM transmission of sensor data is demonstrated that can be successfully trans-
mitted and received using the prototype’s onboard sensors. The implemented sensors measure
light, humidity, and temperature and each sensor data is assigned to a specific colour channel
for multiplexed transmission. Fig. 6.14 shows the waveforms measured of each colour during
WDM transmission. In Fig. 6.14a, the green, blue, and red channels are from top to bottom.
Data from light intensity (Lux), humidity, and temperature sensors are placed into packets for
transmission. The channel transmission does not start at the exact same moment; there is a de-
lay of 12.2 us between each channel. This is due to the sequential characteristic of the UART
processing. However, once the last channel is active, all channels transmit simultaneously, re-
sulting in interference with one another. Fig. 6.14b shows the signals received after they have
been converted to digital signals by the receiver comparator. It is clear that each channel is
demodulated successfully, even in the presence of interference from the other colour channels.
This result demonstrates the practical viability of applying WDM to the system. Using WDM,
a combined aggregate data rate of 3 Mbps is achieved, which is three times the rate possible
on a single channel. Fig. 6.15 shows the serial monitors for the transmitter and receiver as
displayed on a laptop. Fig. 6.15a shows the three values of the sensor data transmitted for light,
temperature, and humidity, whilst Fig. 6.15b displays the data received. The matching values of
the transmitted and received sensor data provide clear confirmation that the WDM transmission

works correctly.
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Figure 6.14: Measured signals of WDM transmission.
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Figure 6.15: Excerpt of the Serial Monitor of Arduino IDE.

6.4 Summary

In this chapter, experimental studies were conducted by designing and evaluating a prototype
ADR that uses WDM. The ADR structure and AFE for a transceiver were designed, using
a RGB LED and a RGB colour PD for WDM application. Using the fabricated prototype,
its fundamental performance was measured and its data transmission capabilities confirmed.
Performance evaluation included measurements of BER, SNR, and SINR in the presence of
interference from signals of different wavelengths. The results showed that the system could
maintain an error-free BER even with interference, demonstrating that an aggregate data rate
of 3 Mbps across the three channels is achievable and that WDM is a viable approach. Fur-
thermore, data from prototype onboard sensors were successfully transmitted via WDM and
confirmed that the correct values were received. Therefore, it was shown that WDM transmis-
sion using an ADR with a RGB LED and colour PDs is feasible. By applying this technique, the
data rate can be tripled compared to a non-WDM system with a single channel, demonstrating

the significant potential for WDM to further advance the performance of ADR-based systems.

121



122



Chapter 7
Conclusion and Outlook

This chapter provides a comprehensive overview of the research discussed in this thesis, fo-
cussing on the main discoveries and the consequent conclusions. In addition, the chapter
will articulate the constraints encountered in this research, paving the way for suggestions on

prospective avenues for further investigation.

7.1 Summary of the Work

In response to the growing demand for the radio frequency (RF) spectrum, visible light com-
munication (VLC) is emerging as a promising technology for replacing or complementing RF
systems. It is particularly anticipated for use in RF-sensitive environments and for applications
such as industry. This thesis focusses on theoretical research and experimental validation of
VLC systems designed for Internet of Things (IoT) applications. The motivation and objectives
of this research were introduced in chapter 1. Chapter 2 then provided a historical background
of VLC, an overview of current research trends, and a summary of its key advantages and chal-
lenges. It also described the fundamental transmission model, outlined the components of a
VLC transceiver, presented the derivation of the channel model and concluded with a review of

recent literature.

In chapter 3, the performance of angular diversity receiver (ADR) configurations was first
analysed. ADR types with different number of photodiodes (PDs) were focused on in down-
link multi-cell scenarios. Through numerical analysis and simulation, the ADR performance
with the derived optimal tilt angle was assessed using spatial multiplexing (SMP) and receive
diversity techniques, including selection combining (SC), equal gain combining (EGC) and
maximum ratio combining (MRC). The results in the application of SMP indicated that the
hexagonal frustum (HF) ADR provides the widest coverage with approximately 87 % for
multi-stream transmission due to its largest number of PDs. However, for receive diversity,
the hexagonal ADR configurations with six-sided PDs did not outperform the square types

with four-sided PDs in terms of bit error rate (BER) performance when using SC due to the
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increase in noise. The SC scheme, with more than 90 % coverage rate for BER of 1 x 1076,
is the most promising due to the lower impact of inter-cell interference (ICI), although EGC
and MRC with the square frustum (SF) ADR have narrower coverage of about 50 % and 75 %,

respectively.

Subsequently, in Chapter 4, the performance of ADR was analysed in single-cell environments,
leading to the development of a novel ADR system designed for VLC applications within IoT
sensor networks. The prototype, which features both the custom-built ADR and the designed
analogue front end (AFE), was developed to improve communication performance with respect
to coverage. The numerical analysis applying the combining techniques indicated that any com-
bination of ADR types and diversity techniques can enhance performance without significant
differences. Consequently, an SF ADR was implemented with the EGC due to its simplicity
and sufficient performance. The newly proposed ADR system successfully ensured error-free
communication at 1 Mbps up to a distance of 4.2 m, whilst also elevating the signal-to-noise
ratio (SNR) and reducing the BER and extending the link coverage to more than twice that
achieved by a single PD receiver. Furthermore, its practical benefits were confirmed through
real-time sensor data transmission and a duplex VLC communication system, underscoring its

efficacy in actual IoT scenarios.

In Chapter 5, the integrated VLC and RF (VLC-RF) system using ADR was presented for se-
cure industrial IoT systems. The ADR based VLC prototype was designed to connect to the
backbone network such as a wireless cloud server. As the fundamental performance of VLC,
the SNR and BER coverage was improved, and the link coverage was drastically expanded
compared to the initial design in Chapter 4. For scenarios with a single access point (AP), the
average SNR for the ADR was 12.96 dB, which is higher than 8.20 dB for a single PD. In
a dual AP setup, the ADR achieved an average SNR of 15.32 dB, surpassing the single PD’s
10.44 dB, and showed less variance than the single AP setup. The physical layer security (PLS)
analysis based on the SNR results indicated that the designed ADR can support secure commu-
nication with the double secrecy capacity (SeCap) compared to that of the single PD receiver.
SeCap of the proposed ADR was 1.02 Mbps/745 kbps for 1 AP/2 APs scenarios. BER analysis
was conducted similarly, indicating that the ADR prototype enhances coverage. In the dual AP
configuration, the ADR covered 50.41%, a significant improvement over the previous results,
whereas the single PD coverage reached 26.45%. Furthermore, to evaluate the feasibility of the

IoT application, real-time sensor network applications using the proposed integrated VLC-RF
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ADR system were demonstrated. These experiments, including real-time sensor transmission,
image transmission, and integration of the robot arm system, indicated the benefits in a practi-
cal scenario by showing low latency. The delay measurements revealed a minimum round-trip
time (RTT) of 0.45 ms and an average of 1.20 ms, with AP response time generally around
milliseconds, depending on the size of the packet. The findings indicated that the VLC path
experiences less latency than the wireless fidelity (Wi-Fi) path due to network-induced de-
lays. Signal scrambling effectively addressed challenges like image transmission distortion and
reduces low-frequency data problems. The integration of the robot arm demonstrated the appli-
cability of the system in industrial IoT, using both VLC and Wi-Fi for command transmission.
Latency varied; VLC maintained millisecond order, whilst Wi-Fi incurred greater delays. The
hybrid VLC-REF architecture bolsters system reliability by capitalising on the strengths of each

communication method.

Finally, in Chapter 6, the wavelength division multiplexing (WDM)-based VLC prototype was
implemented. This was an additional experimental study to show the method for an ADR based
multiplexing system using colour PDs. The BER performance of three different wavelength
channels (red, green, blue) was shown in comparison with the single PD receiver. The results
indicated that the system preserved an error-free BER despite interference, confirming that a
combined data rate of 3 Mbps over three channels is achievable, thereby validating WDM’s
effectiveness. Furthermore, sensor data from the prototype was accurately sent through WDM,
demonstrating the receipt of correct values. Thus, WDM transmission employing an ADR with
red, green and blue (RGB) light emitting diodes (LEDs) and colour PDs is viable. This method
allows for a three-fold increase in data rate compared to single-channel systems, highlighting

WDM'’s capability to enhance ADR system performance.

7.2 Limitations and Future Work in the Area

This research has encompassed both theoretical studies and experimental validation to address
the research gaps identified in Chapter 2. However, it is important to acknowledge that this
work has certain constraints related to the assumed system models, the applied technologies,
the specific hardware implemented, and the experimental environments. This final section,
therefore, will outline the specific limitations of each chapter and suggest directions for future

work.
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The analysis study in Chapter3 was carried out using a single specific system model. Future
work should therefore explore different system models. For instance, further technical insights
could be obtained by varying the distance between LED transmitters or by increasing the num-
ber of transmitters to analyse multi-cell or multi-stream environments. The techniques, SMP
and receive diversity, applied in this analysis were fundamental. Performance is anticipated
to be further enhanced by the investigation of more advanced derivative technologies. Finally,
this study was limited to four typical ADR shapes identified in the literature. A valuable area
for future investigations would be to model different ADRs with a larger number of PDs and

compare their performance under the same conditions.

The study in Chapter 4 used the same system model as in the previous chapter; therefore, more
profound insights could be gained by investigating different models of a single-cell scenario.
In single-cell analysis, whilst increasing the number of LED transmitters improves SNR and
consequently enhances BER and coverage, the optimal number of transmitters depends on the
system model. This trade-off warrants further investigation. The experimental validation is lim-
ited by the resources of the microcontroller unit (MCU) used as the base hardware platform. In
this research, an Arduino DUE was used for signal processing and to supply power to the AFE.
Although the AFE was optimised for this hardware, the use of a more advanced hardware plat-
form could lead to further performance improvements. The key specifications of the Arduino
DUE include an operating voltage of 3.3 V, a clock speed of 84 MHz, a main memory of 96
kB, and a power output of 800 mA from the 3.3 V/5.0 V DC pins. Although an external power
source is an option, designs that rely on the MCU’s power rails must keep the AFE’s required
current within this 800 mA limit. Furthermore, memory capacity can restrict the complexity of
the operational code, though the programmes used in this chapter did not face such limitations.
Future research could include applying combining techniques other than EGC or implementing
SMP for multi-stream transmission. However, these more advanced techniques would be diffi-
cult to implement on an MCU with limited analogue-to-digital converter (ADC) performance.
Therefore, exploring them would constitute a significant new research topic, likely requiring a

more capable hardware platform.

The experiments in Chapter 5 were conducted using the same hardware resources as in Chap-
ter 4 and are therefore subject to the same MCU performance constraints. A key difference in
this chapter’s prototype design is the implementation of a Wi-Fi module (ESP32-CAM) in the

AP to support a wireless connection to a cloud service. As this module also has a camera, it
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allows a demonstration of image-based applications. As part of the system demonstration, an
image transmission was performed. This verification was constrained by the limited memory
of the MCU, and as a result, the transmission of images with small size and low resolution
could be confirmed. The scrambling technique proposed for image transmission over universal
asynchronous receiver/transmitter (UART) requires a separate memory array for the scrambled
data in addition to the array for the original image. To execute the programme, the image data
size had to be carefully adjusted to fit within the MCU’s available memory. Looking ahead,
there are several areas for further consideration. With regard to RF module selection, there are
numerous alternatives to Wi-Fi. Investigating which RF technology is most suitable would pro-
vide deeper insight into integrated VLC-RF systems. Furthermore, the IoT cloud service used
in the experiments was the ThingSpeak free plan. The optimal cloud service would depend on
the specific application being demonstrated, leaving significant room for future exploration in
this area. Furthermore, larger-scale validation using multiple nodes in harsher industrial IoT
environments, such as those with high levels of ambient light and aerosols. Power consumption
in long-term operation should also be evaluated. Finally, to assess system robustness, there is

scope to implement the remaining useful life prediction.

In Chapter 6, a WDM-based VLC system was developed using the same hardware resources as
in Chapters 4 and 5. A primary hardware constraint of this study was the need to integrate a
three-channel transmitter in a AP or receiver in an user node (UN) system into a single AFE.
For the transmitter, it was challenging to find a balanced design that provided sufficient and
equal transmission power for each of the three LED colour channels. Because each LED has
a unique I-V curve, its final transmission power is determined by the current set in its constant
current source circuit. However, balancing the power was difficult because the driving current
is constrained by the main power supply limit (2 A) and the transistor’s safe operating area. A
key future task is to design a new transmitter that fully considers these issues in its hardware
selection, power supply design, and component choice, which would enable more practical and
robust validation. On the receiver side, due to size constraints, a simplified three-channel circuit
was integrated, consisting of a transimpedance amplifier (TIA), amplifier, and comparator onto
a single AFE. As a result, the automatic gain control (AGC) circuit and post-amplifier used
in previous chapters were omitted. Performance could be improved by optimising the receiver
circuit for each individual channel. The prototype of the ADR mount also has limitations. With
20 wires required to connect the ADR to the AFE, the resulting prototype was complicated and

must be static, making it difficult to validate in mobile application scenarios. In future work, a
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new ADR mount design is needed to solve the complex connectivity issue between the inter-
nal RGB PDs and the AFE. This would enable demonstrations in more practical and mobile
environments. Furthermore, it was found that because of differences in photosensitivity and el-
ements of ambient light, the red channel was prone to saturation. This forced the amplifier gain
to be reduced, resulting in an unbalanced SNR across the channels. A future study should inves-
tigate solutions for the red channel’s saturation problem. An improved prototype could then be
demonstrated with a revised circuit design that achieves a comparable SNR on all channels. Fi-
nally, whilst experiments were conducted to measure WDM performance with interference and
demonstrated sensor data transmission, there is still significant scope for future work, including
transmission tests with various media, such as images and videos, extending this research to a
multi-user experimental setup to demonstrate a multi-access network by applying wavelength

division multiple access (WDMA).
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Appendix A
Scramble Function

This appendix describes the scrambling function, which is a reference in Section 5.3.2.2

Algorithm 2 Scramble Function

1: procedure SCRAMBLE(input, output, size, seed)

2: randomSeed (seed)

3: indices ¢« malloc(size x sizeof (int))
4: if indices == NULL then

5: while (1);

6: end if

7: for ; < 0 to size — 1 do

8: indices[i] <1

9: end for

10: for i < size — 1 down to 1 do

11: j < random(0, 1 + 1)

12: temp ¢ indices[i]

13: indices[i] < indices[]]

14: indices[]j] < temp

15: end for

16: for i <— 0 to size — 1 do

17: output [1] < input[indices[i]]
18: end for

19: free(indices)

20: end procedure
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Appendix B
Receiver circuit of the WDM-based
VLC system

This appendix describes the overall receiver design of three channels for WDM, which is a

reference in Section 6.2.1.2
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Receiver circuit of the WDM-based VLC system
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Figure B.1: The receiver design of three channels.
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