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Lay Abstract

Visible light communications (VLC) modulates the intensity of a light-emitting
diode (LED) to transmit data, allowing for both communication and illumination
to occur simultaneously. This technology leverages simple, inexpensive, and readily
available LEDs used in lighting systems. For successful integration of VLC with
existing lighting infrastructures, it is crucial to ensure that the implementation is
simple and cost-e ective and that the illumination quality and energy e ciency of
LEDs are maintained. The VLC system should support high data rates and handle
interference from other light sources. It must enable data transmission both ways:
from the LEDs to nearby devices and from the devices back to the LEDs, termed
downlink and uplink respectively. Additionally, the LEDs should be connected to a
central data infrastructure, named backhauling, to enable e cient data transfer.

Firstly, this thesis introduces the concept of light-emitting commutating diodes
(LECD) which simpli es the VLC transmitter design while enhancing illumination
quality and e ciency. Next, it presents the joint switching and ampli cation applica-
tion of a metal-oxide-semiconductor eld-e ect transistor (MOSFET), which supports
orthogonal frequency division multiplexing (OFDM) to achieve high data rate and
resilience to interference. Finally, an optical relay, integrated into a luminaire, is pro-
posed which addresses the integration of uplink channel and backhauling in a VLC

system in the infrared (IR) domain.



Abstract

The rise of 10T devices has increased RF spectrum demand, causing congestion
and interference issues. As a solution, Optical Wireless Communications (OWC) uses
unregulated IR, visible, and UV wavelengths. Visible Light Communication (VLC)
is a practical OWC subset, bene ting from LEDs used in lighting due to their energy
e ciency, a ordability, long lifespan, and dimming capabilities. Integrating VLC
into luminaires should not compromise these LED features and must meet optical
communication wireless standards. An e ective VLC system requires both downlink
and uplink capabilities, compatibility with standards, and support for fronthauling
and backhauling. Implementing this in LED luminaires while preserving light quality
is challenging.

This thesis addresses this process by proposing a general approach to integrate
VLC functionality into the LED drivers (power converters) present in all luminaires.
Firstly, this work proposes the replacement of Schottky diodes conventionally found
in a buck/boost converter with LEDs. These devices are referred to as light-emitting
commutating diodes (LECD). The LECDs enable data transmission through simple
modulation techniques such as pulse position modulation (PPM) or overlapping pulse
position modulation (OPPM) while also contributing to the total light output of the

luminaire. Importantly, since only the LECDs are modulated for data transmission,
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the lifespan of the LEDs used for illumination is extended, and the risk of color shift
is reduced. As a result, this approach successfully integrates a VLC transmitter into
the LED driver while improving the e cacy of the boost converter up to 15% in
comparison with a conventional boost converter.

Secondly, the integration of the VLC transmitter into LED drivers is further im-
proved by utilizing the metal-oxide-semiconductor eld-e ect transistor (MOSFET)
in a boost LED driver as both an amplifying and switching device. Speci cally, the
gate signal of the MOSFET is modi ed to bias it into saturation when the MOSFET
is 0, allowing it to function as an ampli er. Despite this modi cation, the MOSFET
remains o from the perspective of the LED driver, ensuring that its operation is not
disrupted. This approach eliminates the need for an ine cient linear power ampli-
er, allowing the data to be ampli ed and injected into the system directly through
the MOSFET. This method supports advanced modulation schemes speci ed in cur-
rent standards such as orthogonal frequency division multiplexing (OFDM) while
maintaining simplicity and e ciency, thus outperforming current methods without
requiring complex control schemes or additional components. The prototype of the
proposed topology achieves a data rate of 3.84 Mbps using 64-QAM ACO-OFDM
with 256 subcarriers, delivering an e cacy improvement of 6.25% compared to con-
ventional VLC-enabled luminaires.

Finally, the thesis addresses the uplink channel and optical fronthauling and back-
hauling in VLC systems by developing an optical wireless repeater integrated into a
luminaire. This is achieved by replacing the diodes of a multiphase boost converter
with photodiodes which develops a power converter speci cally for VLC applications.

This system enables ampli cation and retransmission of received optical signals while



simultaneously addressing uplink and fronthauling and backhauling. A prototype
featuring 7 LEDs and 1 photodiode in each phase of a 2-phase boost converter is im-
plemented, demonstrating an optical ampli cation factor of 8.5 dB for infrared signals
with a mean optical power of 1{10 mW. Unlike previous approaches which handle
these functions separately, this con guration integrates them into a single system,

thereby simplifying the overall design by consolidating multiple functions into one.
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Chapter 1

Introduction

The rapid expansion of smart home technologies, industrial automation, and con-
nected consumer electronics has led to a surge in internet-of-things (I1oT) devices. This
increased demand for high-density, short-range wireless communications has put con-
siderable strain on the already limited radio frequency (RF) spectrum. Additionally,
the rise of high-bandwidth applications such as video streaming and online gaming,
along with the growing use of Al-driven services that require signi cant data transmis-
sion, has further exacerbated spectrum congestion [1{8]. This situation has prompted
an active search for alternative or complementary systems to RF to meet the growing
demand. One promising solution is optical wireless communication (OWC), which
utilizes the broad and unregulated spectrum of infrared (IR), visible, or ultraviolet
(UV) bands to enable communication. Due to the widespread use of LEDs in lighting
infrastructure, visible light communication (VLC), which is a subset of OWC that
uses the visible light spectrum, has gained a particular advantage in realizing optical

communication links, speci cally in indoor applications such as IoT [3, 4].
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1.1 Visible Light Communications

Visible light communications is a means of communication that employs visible
light waves, with wavelengths ranging from 380 nm to 750 nm, to convey information.
Data are encoded by modulating the intensity of LED light at a rate imperceptible by
human eyes, thus enabling communication. Due to the non-coherent nature of LEDs,
VLC systems are limited to intensity modulation/direct detection (IM/DD). In this
context, only the power or intensity of the emitted light can be modulated, rather
than the amplitude or phase of the underlying optical carrier. This imposes specic
constraints on the signaling design in VLC systems. At the receiver, a photosensitive
diode detects these changes in light intensity and converts them into corresponding

electrical signals.

1.1.1 VLC Advantages

One of the primary advantages of VLC is the ability to leverage existing lighting
infrastructure to enable data transmission [1, 5, 6]. Since VLC uses LED luminaires,
which are already widely deployed for illumination [2, 7, 9], the system can be im-
plemented with relatively less e ort and at a lower cost compared to conventional
RF wireless communications [8]. This allows VLC to provide communication services
without the need for additional installations or substantial changes to current lighting
systems. However, it is important to consider that the signal still needs to reach the
LED luminaires, typically via a wired or wireless connection to a central data infras-
tructure [10]. Another signi cant bene t of VLC is the vast and unregulated available
spectrum [1, 2, 11]. Unlike RF, which has a limited spectrum requiring regulation

and authorization [7, 12], the visible light spectrum is much larger [13]. In many
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indoor illuminaiton scenarios, the SNR available for communications is also similarly
high (often in excess of 40 dB) due to lighting requirements [14]. Security is another
area where VLC excels due to its propagation properties. Visible light cannot pene-
trate walls, providing a natural con nement of the communication signal to a specic
area [1, 15]. This containment reduces the risk of eavesdropping and unauthorized
access, o ering a signi cant security advantage over RF communication, which can
easily pass through walls and be intercepted. Additionally, under standard lighting
conditions [6, 16], there are no eye safety concerns with VLC, while RF signals can

be harmful to humans if they contain a large amount of energy.

1.1.2 VLC Applications

Visible light communications have a wide array of applications, including indoor
connectivity [5, 16, 23{31], vehicle-to-vehicle communication [32, 42{52], indoor po-
sitioning [60, 64{69], and underwater communications [70{74]. Among these, one of
the signi cant applications of VLC is in indoor environments. Since the advent of the
0T [17{19] concept and the rise of smart homes [20{22], which connect nearly every
household appliance to the internet, coupled with the growing reliance on the inter-
net for daily activities such as media streaming, cloud storage, and online gaming,
the demand for high-density, high data rate, and low-latency indoor connections has
become more critical than ever [23{25]. The high data rate, high density, and low la-
tency capability of VLC make this technology an ideal solution to support indoor 10T
applications. [16, 26, 27]. The low latency characteristic of VLC is derived from the
high SNR, which allows for straightforward encoding and signal processing, thereby

minimizing computational delays relative to RF systems. This technology also proves
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valuable in hospitals, where electromagnetic interference (EMI) from RF signals can
disrupt sensitive medical equipment. VLC o ers a safe and reliable alternative for
data transmission in these critical environments, ensuring seamless communication
without compromising patient safety [16].

Research in the transportation sector has demonstrated that wireless data com-
munications, both between vehicles (V2V) [32{34] and between vehicles and infras-
tructure (V2I) [35, 36], has the potential to prevent up to 81% of road accidents [37].
LEDs, due to their e ciency and longevity, are increasingly becoming the standard
in transportation lighting, including streetlights [38], vehicle headlights and taillights
[39], and tra c signals [40]. Given this trend, VLC, known for its low latency [24], is
being considered as a viable option for implementing V2V and V2I communication
systems. However, VLC in outdoor settings, particularly in vehicular applications,
presents di erent challenges compared to indoor scenarios. Indoor VLC typically
requires high data rates over short distances [41], while outdoor vehicular commu-
nication demands much longer ranges with a focus on minimizing latency [42, 43].
Current research on vehicular VLC primarily addresses challenges such as enhancing
the system's robustness against noise [44{47], given the highly noisy environment of
vehicular communication channel, which arises from sources like ambient sunlight,
headlights, and streetlights [48{50], and extending communication range [45, 51, 52].

As the demand for location-based services (LBS), such as location tracking and
navigation, continues to grow [53, 54], research on positioning technologies has re-
ceived increased attention [55{57]. While outdoor positioning is provided by satellite-
based systems like the global positioning system (GPS) [58], existing indoor position-

ing technologies, such as wireless delity (WiFi) and radio-frequency identi cation
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(RFID), struggle to balance accuracy with implementation costs [59], all the while
dealing with the issues of interference and security concerns. Due to its strong direc-
tionality and low susceptibility to multipath interference [1, 60], visible light position-
ing (VLP) is emerging as a promising candidate for delivering high-accuracy, low-cost
indoor positioning services [61{66]. Additionally, VLP can be easily integrated into
environments with existing VLC systems, contributing to both a ordability and ease
of deployment. VLP has been reported to o er accuracy down to the centimeter level
[66, 67]. VLP can be classi ed into two primary approaches: active positioning and
passive positioning, based on the involvement of the user in the localization process
[59, 65, 68, 69]. In active positioning, the user typically carries a device, such as a
mobile phone or sensor tag. In passive positioning, the user is not directly involved,
and the location is determined by measuring the re ections of signals from the user.
Beyond these applications, VLC is also used in information display systems, serv-
ing as a medium for sign boards, identi cation tags, and even sound communication
systems [75{77]. The diverse applications of VLC [5, 16, 23{30, 32, 42{52, 60, 64{77]
underscore its versatility and potential to revolutionize communication infrastruc-
ture across various domains, from enhancing IoT connectivity in smart environments
[78, 79] to ensuring safe and e cient communication in transport and sensitive med-

ical settings.

1.2 VLC System Architecture

A visible light communication (VLC) link comprises a transmitter, a channel, and
a receiver [80{82], as illustrated in Fig.1.1. The transmitter typically includes a signal

modulator, an LED driver, an ampli er, and a series of LEDs. The LED driver, often

5



Ph.D. Thesis { A. Barmaki McMaster University { Electrical Engineering

Figure 1.1: Generic structure of a VLC system

a DC/DC converter [83], supplies the LEDs with a stable DC current to maintain
the desired brightness level. The data to be transmitted are modulated and ampli ed
before being superimposed onto the DC current from the LED driver, resulting in in-
tensity modulation of the emitted light. The optical signals then propagate through
the optical channel to reach the receiver. At the receiver, a photosensitive diode
detects the change in the intensity of the light signal and converts it into a corre-
sponding electrical current. This signal is ampli ed and converted to a voltage signal
through a transimpedance ampli er (TIA) [84]. After passing through the TIA, the
signal undergoes ltering to remove noise and unwanted high-frequency components.
It is then further ampli ed and conditioned to ensure su cient signal strength and
delity. Finally, the processed signal is demodulated to extract the transmitted data.
Since VLC adds a communication capability to luminaires, it is essential that
the quality of illumination, the primary function of the luminaire, is not adversely
impacted. Furthermore, integrating communication features into luminaires should
be accomplished with minimal complexity and cost. Additionally, the communication
performance must comply with standards [85{87] to be viable as a supplement to RF
technology or as an alternative. Therefore, the implementation and commercialization

of VLC, while balancing these three aspects presents a signi cant challenge.
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Figure 1.2: Conventional VLC transmitter
1.3 VLC Challenges

There are numerous challenges associated with the design and implementation of

a VLC link, some of which are discussed in this section.

1.3.1 Maintaining lllumination Quality

One of the most important challenges is preserving illumination quality as a key
consideration that can be analyzed from various aspects. One such aspect is e cacy
[88{90], which refers to the total light output of the luminaire divided by the input
power. This measures how e ciently a luminaire is converting electrical power (W)
into illumination (Im). Another important aspect is dimming capability [91{93], a
signi cant advantage introduced by LEDs, allowing the brightness of a luminaire to
be adjusted to a fraction of its maximum output. Unwanted uctuations in light
intensity visible to the human eye, known as icker, is another crucial aspect and

should be minimized, as it can cause discomfort and health issues [93{95]. Although



Ph.D. Thesis { A. Barmaki McMaster University { Electrical Engineering

e cacy, dimming, and icker are critical aspects of illumination quality, other fac-
tors|such as color shift [96] and aging pace [97]|also require attention. LEDs are
valued for their e ciency, cost-e ectiveness, dimming capability, and long lifespan
[97, 88]. Therefore, when modulating LED luminaires to enable VLC, maintaining
these features is of great importance. However, a typical VLC transmitter includes
additional components such as RF linear ampli ers, which are known for their low
electrical e ciency. For example for a class A, B, or AB electrical e ciency can be
as low as 10% [98]. This signi cantly increases the losses in the system and con-
sequently decreases the e cacy of the luminaire, and damages cost-e ectiveness by
increasing the number of required components. Moreover, the high-frequency modu-
lation of LEDs in VLC systems can reduce their e cacy, shorten their lifespan, and
cause color shifts [97, 88]. It should also be noted that enabling VLC can introduce
icker and constrain the dimming capability of an LED [91{94], issues that must be

addressed.

1.3.2 Transmitter Design

Another key challenge in developing an e ective VLC system is designing the
transmitter to achieve a balance between e cient illumination and reliable, high-
speed communication while minimizing complexity and component count [99{104].
In a conventional transmitter design, an o -the-shelf LED driver generates the DC
current required to maintain the desired brightness, and a linear power ampli er
(LPA) ampli es the modulated signal. Typically a bias-tee circuit is utilized to com-
bine the two signals which are delivered to the LEDs [98{100], see Fig. 1.2. Although

the design achieves high data rates, the signi cantly low e ciency of the LPAs and



Ph.D. Thesis { A. Barmaki McMaster University { Electrical Engineering

Figure 1.3: VLC transmitter integrated within an LED driver

additional components used reduce the e cacy and increase the complexity and cost
of the VLC implementation [98]. In order to address the e ciency issue with the
LPAs, using switched-mode power ampli ers (SMPAs) has been proposed in [101]
which alleviates the e cacy loss but adds to the complexity of the circuit due to the
natural complicated control scheme associated with SMPAs [90]. Another approach
that has been studied regarding VLC transmitter design, focuses on embedding the
modulator and ampli er within the LED driver, meaning that the modulation and
ampli cation of the signal happens within the LED driver [102{104, 107{111]. As a
result, the need for separate additional components such as LPA, and bias-tee circuit
is eliminated, see Fig. 1.3. Although integrating modulators and ampli ers into LED
drivers has been suggested in [102, 107{110] to enhance performance, there has been
little consideration given to designing or adapting LED drivers speci cally for VLC

applications [104, 111].
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1.3.3 Provision of Uplink Channel

An e ective VLC system must facilitate both the transmission of data from
LEDs to users (downlink) and the transmission of data from users back to the LEDs
(uplink). While much of the existing research primarily addresses downlink communi-
cation and focuses on unidirectional data ow [98{115], a fully functional VLC system
requires a well-established uplink channel [116{121]. Challenges associated with vis-
ible light uplink include potential interference with downlink data, user discomfort
when handheld devices emit light to communicate with luminaires, and the limited
power available from device batteries. As a result, VLC downlinks are often comple-
mented by another technology for uplink channel implementation. In this regard, a
hybrid solution was introduced in [121], where the uplink was realized through RF
communications, or in another study, red-green-blue LEDs were utilized to deploy
bi-directional VLC links where each colour of the LED carries a di erent signal [119].
Infrared spectrum is most often utilized to realize the optical uplink channel for VLC
as they are imperceptible to human eyes, will avoid interference with visible light
used for downlink, and comply with strict regulations on emitted power in generating

uplink signals [116{118, 120].

1.3.4 Fronthauling and Backhauling

While establishing communication with users in the room is crucial, equally
important is the connectivity of luminaires to a backbone internet infrastructure
(backhauling) and among luminaires themselves (fronthauling) [122]. Various meth-
ods for this connectivity have been explored in the literature, including integrating

VLC with power line communications (PLC) [123{125], power-over-ethernet (POE)
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that operates within the range of 44 47V [126], free-space optical (FSO) systems
[127, 128], and radio frequency. While PLC and POE are wired backhaul solutions
and su er from infrastructure costs, FSO requires precise link alignment which also
necessitates specialized implementation setups. In another study utilizing millimeter
wave RF has been considered however, security and the special hardware required for

implementation are the key disadvantages of this approach [129].

1.3.5 Establishing Standards

Visible light communications is considered a promising candidate for future com-
munication systems. However, to fully realize its potential, challenges such as in-
terference and the integration of VLC with existing technologies like WiFi must be
addressed. To address these issues, various standards are being developed by organi-
zations such as the Institute of Electrical and Electronics Engineers (IEEE), Japan
Electronics and Information Technology Industries Association (JEITA), and Inter-
national Telecommunication Union (ITU-T). The JEITA CP-1221 and JEITA CP-
1222 standards [131] were developed to outline the fundamental concepts of visible
light communication (VLC) and visible light identity detection systems, respectively.
Later, IEEE 802.15.7 [132] was crafted to establish the guidelines for free-space op-
tical communication using visible light, ensuring su cient data rates for multimedia
services and compatibility with illumination infrastructure for short-range applica-
tions. Following that the IEEE 802.15.7.13 task group [136, 87, 86] was formed
to focus specically on the PHY and MAC layers for Light Fidelity (LiFi) [133].
ITU-T G.9991 [85] de nes home networking for visible light communications and in-

troduces two physical layer approaches based on DC-biased OFDM (DCO-OFDM)
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and asymmetrically clipped OFDM (ACO-OFDM). The more recent IEEE 802.11.bb
[134] reuses the existing physical and MAC layers of IEEE 802.11 [135]. It de nes new
channels over the light medium without signi cantly altering the rest of the standard.

Orthogonal frequency division multiplexing (OFDM) is a prevalent modulation
technique extensively employed in both wired and wireless communication systems,
including mobile communications [137], broadcasting [138], and wireline communica-
tions [139]. Its application has also expanded to wireless local area networks, xed
wireless systems [140], and television and radio broadcasting [141, 142], making it a
global standard. This widespread adoption is primarily due to the resilience of OFDM
to inter-symbol interference and its straightforward equalization processes. However,
the direct application of OFDM, as used in RF systems, to optical channels is not
feasible since visible light communication (VLC) systems rely on intensity modulation
and direct detection (IM/DD), which necessitate real non-negative signals. There-
fore, traditional OFDM requires adaptation for optical channel compatibility [143].
To meet this need, several variants, such as ACO-OFDM [144], DCO-OFDM [144],
and layered ACO-OFDM (LACO-OFDM) [145, 146], have been developed, with on-
going research exploring further enhancements.

In addition to the challenges previously mentioned, VLC design also encounters is-
sues such as inter-cell interference [147, 148], receiver design [149, 150], and transceiver
[151, 152] implementation. However, this thesis primarily focuses on addressing trans-
mitter design, provisioning an optical uplink channel, and brie y discussing fronthaul-
ing and backhauling in VLC, all while ensuring that the primary role of the luminaire,

which is maintaining high-quality illumination, is upheld see Fig. 1.4
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Figure 1.4: challenges in implementation of VLC
1.4 Thesis Layout

This thesis develops an approach to integrate VLC components directly into
switched-mode power converters to address challenges in the deployment of a VLC
system such as transmitter design, uplink provision, and backhauling solution, see
Fig. 1.4. Unlike previous research in this eld which predominantly incorporates
o -the-shelf power converters and attempts to integrate VLC capabilities, this the-
sis explores the deliberate design of a power converter speci cally tailored for VLC
applications. By proposing new topologies or modifying existing ones to incorporate
VLC equipment, this approach aims to simplify the design, enhance cost-e ectiveness,
and improve illumination quality. This thesis follows the guidelines for a “sandwich’
format as outlined in [153]. Fig. 1.5 illustrates the structure of the thesis. It consists

of four distinct chapters, each containing abstracts, introductions, body sections, and
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Figure 1.5: Thesis Layout

conclusions. Additionally, an appendix is included after the main body of the thesis,
containing supplementary materials, detailed calculations, and additional data that
support the ndings presented in the chapters. Each chapter has references from the
literature and citations are listed in the bibliography at the end of the document.
The organization of this thesis is detailed as follows.

Chapter 2 introduces light-emitting commutating diodes (LECDs) as replace-
ments for Schottky diodes in buck or boost converters [154]. By using pulse position
modulation or overlapping pulse position modulation, data transmission through the
LECDs is enabled, creating a VLC-capable LED driver without requiring additional
equipment or components, and without using a linear ampli er. This integration
embeds the VLC transmitter within the LED driver. The substitution of one or

more LECDs enhances the overall e cacy of the luminaire, as the energy previously
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dissipated through the diodes is now harnessed for both data transmission and illu-
mination in the LECDs. Consequently, enabling VLC not only maintains but also
improves the e cacy of the luminaire. Additionally, since only the LECDs are mod-
ulated and not the entire illumination string, there is no color shift or reduction in
the lifespan of LEDs. These ndings are con rmed through both simulations and
experimental demonstrations.

Chapter 3 further extends the performance of the LECD method introduced in
Chapter 2 by supporting advanced modulation schemes such as OFDKhapter
3 introduces a novel technique where the switching MOSFET is used as an ampli er
during its o intervals [155]. To the best of the author's knowledge, this approach
has not been previously explored. The method described in Chapter 2, cannot per-
form advanced modulation schemes like OFDM, which is an e ective solution for
transmission with high spectral e ciency. This technique ampli es the transmission
signal and injects it into the circuit through the gate pin of the MOSFET during
its 0 periods, modulating the brightness of the LECDs. This method leverages the
'0 ' state of the MOSFET to function as an ampli er, e ectively integrating the
VLC transmitter and ampli er into the LED driver without additional complexity or
components. This approach addresses the challenges of designing a comprehensive,
e cient, and simple transmitter. The viability and performance of this topology are
analyzed and veri ed through simulations and experiments using a boost converter
and ACO-OFDM modulation.

While Chapter 2 and Chapter 3 focused on improving the performance of the
downlink channel in a VLC system,Chapter 4 introduces an optical repeater inte-

grated into a luminaire to address the uplink channel in a VLC system. This design
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uses a multiphase boost converter where the diodes in each phase are replaced with
photodiodes, and the capacitor at the nal stage is removed. This topology can receive
signals from users, amplify them, and transmit them omnidirectionally in the envi-
ronment. The output can use di erent LED strings, such as visible light or infrared.
This allows the IR LEDs to communicate with a central data source like an opti-
cal modem (backhauling) or connect to other luminaires in the room (fronthauling).
Moreover, the ampli cation level can be adjusted by selecting the number of LEDs
at the output. In this con guration, reception occurs in each phase of the converter
when the MOSFET is on, while the o period of the MOSFET is used to amplify
and inject a signal for transmission. The removal of the capacitor from the last stage
ensures that the modulated signal reaches the output LEDs and is transmitted. This
results in a transceiver that operates as a receiver and repeater when the MOSFET
is on and as a transmitter when the MOSFET is o . Extensive simulations are used
to support the design while the feasibility has been experimentally demonstrated on
a two-phase boost converter.

Chapter 5 concludes the thesis and outlines potential directions for future re-

search.

1.5 Description of Contributions to Publications

This thesis adheres to the $andwich thesis structure. Chapter 2 has been published

in IEEE Photonics Journal [154], Chapter 3 has been published in IEEE Transactions
on Circuits and Systems | [155], and Chapter 4 has been submitted to IEEE Trans-
actions on Circuits and Systems | and is under peer review. The following section

outlines the individual contributions of each co-author to the research.
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Chapter 2: Light-Emitting Commutating Diodes for Optical Wireless
Communications within LED Drivers
Authors: Warren Pawlikowski, Alireza Barmaki, Mehdi Narimani, and Steve

Hranilovic

The original manuscript was drafted by the rst author, Warren Pawlikowski, and
revised by Alireza Barmaki. It was submitted to and published in the IEEE Photon-
ics Journal, with Barmaki recognized as a co-author. According to IEEE authorship
criteria, contributions of Barmaki encompassed intellectual input to the analysis and
interpretation of data associated with the work, revising and rewriting the whole
paper, and approving the nal version of the paper. While the paper displayed in-
novation, its explanations for associated losses were not justi ed. Barmaki proposed
a novel approach, suggesting the use of e cacy instead of e ciency to address per-
ceived losses, highlighting the conversion of energy into lumens rather than Watts
in illumination systems. Barmaki revised the paper and proactively sought alterna-
tive advantages for the proposed method, diligently scouring existing literature, and
identi ed additional bene ts, such as the prolonged LED lifespan due to the absence
of modulation. Adapting the paper to this new perspective necessitated a compre-
hensive rewrite, including crafting a new introduction section titled \Commutating
Diodes for Use in Optical Wireless Communications,” and contributing to the con-
clusion. Despite not conducting simulation or experimental research in this paper,
Barmaki's vision signi cantly reshaped the narrative and presentation of the paper,
leading to its successful publication in IEEE Photonics Journal ( Volume: 12, Issue:
5, pages: 1 - 11, October 2020). The majority of this work appears here, with minor
adjustments to enhance the thesis clarity. The material within this chapter is under

the copyright of IEEE, and it is allowed to be reused in the thesis.
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Chapter 3: Integrating OFDM into Switching Power Supplies for Visible
Light Communications

Authors: Alireza Barmaki, Mehdi Narimani, and Steve Hranilovic

The notion of employing a \switching MOSFET as an ampli er" originated from
collaborative discussions between Alireza Barmaki and Dr. Steve Hranilovic. Bar-
maki subsequently conducted theoretical investigations and simulation analyses to
assess the viability of this concept. He independently designed the printed circuit
board required for experimental validation and carried out all experimental proce-
dures. Throughout this endeavor, he received feedback from both Dr. Hranilovic
and Dr. Narimani, pertaining to communication and power electronics aspects, re-
spectively. Following the preparation of a draft manuscript, Dr. Hranilovic provided
input, which Barmaki incorporated into the paper. Dr. Narimani also contributed
additional insights during the nal review stage, contributing to the completion of the
paper. The contents of this chapter were published in IEEE Transactions on Circuits
and Systems | [155] (Volume: 71, Number: 6, Pages: 2925 - 2937, June 2024), with
the copyright held by the IEEE. Permission for the reuse of this material has been

granted by the IEEE, as indicated in compliance with their request.
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Chapter 4: An Integrated lllumination LED Driver and Optical Wireless
Communications Repeater

Authors: Alireza Barmaki, Mehdi Narimani, and Steve Hranilovic

The concept of developing an optical wireless communications repeater occurred to
Alireza Barmaki during his research on integrating a VLC receiver into an LED
driver. When he discussed this idea with Dr. Hranilovic, he guided Barmaki towards
additional applications, such as uplink channel provision, and fronthauling and back-
hauling. Barmaki pursued these research directions and developed the idea further.
He then independently designed, simulated, and experimentally tested a prototype in
the laboratory environment. Throughout the manuscript preparation, Dr. Hranilovic
provided supervision, insights, and numerous invaluable comments, helping to nalize
the draft. Dr. Narimani later reviewed the power electronics sections, ensuring the
integrity of the paper. Part of this work has been submitted to IEEE Open Journal

of the Communications Society and is currently under peer review.
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Chapter 2

Light-Emitting Commutating
Diodes for Optical Wireless
Communications within LED

Drivers

In this chapter, a novel approach is suggested to integrate a VLC transmit-
ter within the led driver of a luminaire by substituting the Schottky diodes in a
buck/boost converter with LEDs, addressing the transmitter design mentioned in
Sec. 1.3.2. The added LEDs enhance illumination and improve e cacy, while the sep-
aration of illumination and communication LED strings reduces the risk of color shift
and extends the lifespan of the LEDsJall of which align with the illumination quality
considerations discussed in Sec. 1.3.1. Power-e cient PPM and OPPM modulation

schemes are implemented for data transmission, and experimental measurements of
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BER and e cacy are conducted to assess the performance of the topology.

IEEE Copyright Notice

The work in this chapter is based on a paper which appeared in the IEEE Photonics
Journal (Volume: 12, Number: 5, Pages: 1{ 11, October 2020) [154]. IEEE owns
the copyright of the material in this chapter and it is permitted to be re-used in the

thesis.

2.1 Abstract

Although visible light communication (VLC) systems provide high-density links
for use in Internet-of-Things (IoT) devices, the design of high rate VLC transmit-
ters that maintain luminaire e cacy is an open problem. In this Chapter, a novel
approach to the integration of VLC within light-emitting diode (LED) drivers is pro-
posed through the replacement of freewheeling/blocking diodes with light-emitting
devices termed dight-emitting commutating diodes(LECDs). In this manner, com-
munications and illumination can be provided using a simple, cost e ective design
while employing no additional components. The subtle change of LED driver control
signals facilitates the transmission of data from LECDs while simultaneously sup-
porting illumination functions. Lighting controls such as dimming are maintained
and combined with modulation through the use of overlapping pulse position modu-
lation (OPPM) and performance is quanti ed. Prototype buck and boost converters
with LECDs are implemented and their e cacy is measured. Though current com-
mercial LEDs are not intended for such signalling applications, we experimentally

demonstrate their feasibility in this application and suggest methods to make such
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converters reliable. It is demonstrated that the addition of an LECD improves the ef-
cacy of the luminaire as compared to conventional LED drivers while simultaneously

enabling a VLC downlink.

2.2 Introduction

The use of high density, short range, wireless communication links is increasing
with the rise of the IoT. The number of wireless connected devices is forecast to
continue to increase to a staggering 15.7 billion devices by 2023 [156]. Currently, RF
is used to establish these links, however, as the number of devices increases, so too
does interference. Among the simplest solutions to this RF spectral crunch is the
adoption of wireless physical layers that do not interact with RF directly, such as
OwWC.

In parallel, LED luminaires have become ubiquitous in modern lighting solutions
due to their advantages in e cacy and lifetime. Solid-state lighting has allowed for
VLC to develop and provide a method for RF-interference free, high density, com-
munication links. The integration of VLC into LED luminaires is a compelling idea,
however, without proper attention the inherent advantages of e cacy and lifetime of
LED luminaires deteriorates with the integration of communication functionality.

Power-over-Ethernet (PoE) [157] is an obvious choice to provide both power and
data to VLC luminaires [158]. Through the use of PoE, 44-57 V at powers from
15-100 W can be supplied in addition to Gbps data connectivity [159]. In a typical

implementation, the DC power supplied over PoE is input to a step-down DC-DC
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converter such as a buck converter to ensure the proper current output to the illumi-
nation LEDs. It is important to note that while step-down converters may be among
the most common converters used, many illumination applications require step-up
converters as well. For example, boost converters are used for automotive headlights
where many LEDs are used in series. VLC-enabled V2V communications using LED
headlights/taillights has subsequently also become an active area of research [160]
[161].

An important aspect of every power electronic device is the ciency ( ), which
guanti es how well it is utilizing the input power (P;,) to convert it to useful output
power (Poyt). This directly depends on the inherent power losse®\(ss) in the system.

In a luminaire, however, illumination is the primary function. Thus, in the design of
a VLC modulator it is essential to quantify the impact on illumination performance,
in particular, the e cacy of the luminaire measured in lumens/Watt. In other words,
the measured useful output is not the electrical power but rather the illumination. As
a result, in this work, rather than using e ciency as a metric, system performance is
qguanti ed by the luminous e cacy ( K). That is, for a luminous ux output from
the luminaire, de ne

Pout Pout

I:>out + I:)Ioss I:)in ( )

K, (2.1b)

=5
While both (2.1a) and (2.1b) measure the ability of a system to convert input

electrical power into a useful output, de nition (2.1b) is the most appropriate metric
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for a luminaire where the useful output is illumination. According to (2.1b), any
increase in the total output lumen ux or reduction in power losses of the circuit
while maintaining a constant input power will result in e cacy improvement.

Multiple methods have been proposed to integrate VLC into LED luminaires.
Though ine cient, the bias-T is an example of an external modulation approach
[162]. Direct modulation of LED outputs has also been proposed (e.g., [163]). While
these techniques permit high rate communications, they su er from reduced e cacy
in addition to greater cost. The concept of replacing the commutating diodes in
buck/boost converters by illuminating LEDs and short circuiting the output was pre-
sented in [164{166]. However, this approach maintains high e cacy at the cost of
neglecting the capability of the LEDs to provide communication. Another recent ap-
proach to this problem is to integrate the VLC modulator within a DC-DC converter
in order to preserve e cacy. One approach is to shunt the output LED current using
an additional switch [167{169]. This design maintains high e cacy and is capable
of high data rates, however, output brightness is proportional to the duty cycle of
the shunting switch. A variation of this approach uses a switch in series with the
illumination LEDs [103, 167, 98, 108] and has the same trade-o s as the previous
case with design challenges caused by the open state of the switch. An additional
solution to integrating VLC modulators into LED drivers is the use of pulse width
modulation (PWM) to adjust the LED driver duty cycle, thereby slowly varying out-
put brightness. While this approach maintains a desired brightness, is capable of
high e cacy, and does not increase component count, its achievable data rates are
approximately one tenth of the converter switching frequency [167{169]. Recently, in

[107, 111] the use of interleaved converters is considered to allow for high e ciency
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Figure 2.1: Simplied circuit diagrams of proposed LECD buck (a) and boost (b)
converters

and high data rate communications. By changing the phase of switches within the
interleaved converter, data may be transmitted through the ripple produced. The
disadvantage of this approach is found in the increased amount of components and
complexity.

In this chapter, a novel method of integrating VLC modulation into LED drivers
is presented which achieves constant output brightness while allowing for modulation
at the full rate of the LED driver switching frequency. As shown in Fig. 2.1, the
freewheeling diode and blocking diode in the conventional buck and boost DC-DC
converters respectively are replaced with an LED, termed laght-emitting commutat-
ing diode (LECD). The energy typically dissipated by the freewheeling/blocking diode
found in LED driver topologies is now utilized to provide communications, leading to
an improved e cacy. While replacing the freewheeling/blocking diodes by LECDs to
provide data transmission, the illumination LEDs are kept at the output of the driver.
This results in a system withtwo output ports of illumination, one of which provides
data transmission. Since LECDs contribute to the overall illumination of the system,

a desired brightness can be obtained with a lower required current compared to the
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traditional LED drivers. This yields lower junction temperatures in the illumination
LEDs which slows degradation of LEDs, namely color shift and lumen depreciation
which are major concerns in all LED drivers [170].

The underlying concept of the topology proposed in [164], where the Schottky
diode of the driver is replaced with a white LED and the output is short circuited,
is similar to that of our earlier conference paper [171] and both were developed si-
multaneously. However, the concept in [164] was presented for LED drivers solely
being used for illumination purposes, aiming to reduce the complexity of the circuit
and maintaining high e cacy. The focus here is to integrate VLC into LED drivers,
meaning the LED driver is capable of data communication and illumination at the
same time. Unlike [167{169, 103, 98, 108], the output brightness of the drivers in this
work depends only on the duty cycle of the converter and is not limited by any other
factor. In contrast to [167{169], no limit is imposed on the data rates of communi-
cation, since LECDs can be switched up to their nominal frequency. Dissimilar to
[107], no increase in either the number of components or the complexity of the circuit
is observed. Moreover, unlike earlier designs, driving illumination LEDs with a lower
and unmodulated constant current for the same level of luminous intensity will also
guarantee better colour quality and life span of LEDs [170]. Unlike [164{166] where
the entire load current is being supplied by pulsed current, in this work the pulsed
current owing through the LECDs is just a small portion of the load leading to lower
EMI and junction temperatures. This chapter extends our earlier conference paper
[171] which considered only buck converters. Here, this concept of LECDs is extended
to both buck and boost converters for use as VLC transmitters and further analysis of

the systems presents design considerations for various operating conditions as well as
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communication performance results. It is apparent that many other topologies with
such diodes can be altered to achieve VLC and some topologies require both free-
wheeling and blocking diodes such as forward or yback DC-DC converters. These
topologies may use LECDs in place of a freewheeling diode, blocking diode, or both

to provide communications.

2.3 Commutating Diodes for Use in OWC

2.3.1 Concept

Buck and boost converter topologies were chosen for their simplicity as non-
isolated LED drivers capable of constant current for use in indoor lighting appli-
cations and car headlights. By maintaining constant current through the inductor,
illumination LEDs are able to be driven by constant DC.

Both freewheeling and blocking diodes are necessary for buck and boost converter
operation respectively. These devices are typically a source of power loss within these
circuits and many LED driver designs attempt to minimize this loss through the use of
diodes with low forward bias (e.g., Schottky diodes) or replacing them with a switch
(synchronous converter) [172]. In our approach, rather than minimizing loss, the lost
power is harnessed to make it useful for enabling optical wireless communications
and illumination. This is accomplished by replacing freewheeling and blocking diodes
present in standard LED drivers with LECDs.

Energy typically dissipated within a freewheeling or blocking diode is used to
provide modulated illumination for VLC. Wavelengths outside of the visible range

can also be used, for example, LECDs that produce infrared light allow for OWC
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invisible to the human eye. The use of LEDs outside of the visible spectrum will
not contribute to overall luminous ux of the proposed design and therefore will not
bene t from increased e cacy demonstrated later in this chapter.

The proposed designs are able to modulate VLC signals at the full switching
rate of the LED driver while retaining high e cacy. In addition to energy e cient
modulation, the designs support a simple method of dimming through the use of
PWM. By altering the duty cycle, D, the output power is scaled and the luminaire
is dimmed. Finally, the proposed design remains simple and cost e ective due to
component count being kept the same when compared to a conventional luminaire.

Another advantage to this approach over earlier designs is that LEDs modulated
for VLC are separated from illumination LEDs. A major concern for illumination is
the degradation of LEDs which leads to colour shift and lumen depreciation [170].
Previously proposed VLC modulators use illumination LEDs to support modulation.
Reductions in lifespan, quality of colour, and lumen output are potential disadvan-
tages of these approaches. The separation of communication LEDs and illumination
LEDs provides a solution to minimize the e ects of supporting VLC on the quality
of illumination provided by the luminaire.

By dividing the ratio of illumination LEDs to LECDs appropriately, it is possible
to overcome the problem of low reverse bias voltage of a LED. The number of LECDs
and illumination LEDs can be divided simply by choosing a di erent ratio of LEDs
within a buck converter or changing the placement of the output capacitor in a boost
converter. The number of illumination LEDs determines the required output voltage

and also determines the reverse biasing of LECD(s) in boost converters.
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2.3.2 Electrical Operation and Design Considerations

Replacement of freewheeling and blocking diodes with LECDs cannot be done
without careful assessment of the consequences of replacing a conventional diode with
an LED. Various elements of converter operation are a ected and must be understood
to produce a luminaire supporting VLC through use of an LECD.

LECDs in buck converters are reverse biased by as shown in Fig. 2.1. Although
reverse biasing may be problematic for LECDs as they are typically not designed to
be driven in this manner (e.g., [173]), their capability to be reverse biased is already
tested and veri ed in [164]. In cases where reverse breakdown of the LECD is low
in comparison to desiredvs, N > 1 LECD can be used in series to combat relatively
high reverse bias voltage. Similarly, boost converter operation relies on LECDs being
reverse biased, however, they are reverse biased\lyinstead of V5. In the case of
buck converters, input voltageVs is the larger than output voltage whileV, in boost
converters is the largest voltage present in the circuit. This implies that LECDs must
handle the largest potentials found in each topology in reverse bias.

Additionally, the forward voltage drop for LECDs is typically larger than conven-
tional diodes. A conventional diode may have a forward voltage of approximately
0.7V, while a conventional high power white LED will be in the range of 3V [173]. To
denote this di erence, when referring tov; of LECDs, V,"E°P will be used. Increased
forward voltage yields two major design considerations: the impact of forward voltage
on e cacy and the maximum achievable output voltage.

Our proposed topology contributes to the e cacy of the driver in two aspects.

First, the power delivered to the LECDs, unlike the power consumed by a switching
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diode, cannot be termed as a dissipating power, since it is being used for illumina-
tion and communications. As a result, the power loss in the circuit is reduced and
the total luminous ux is increased simultaneously, both of which contribute to the
e cacy according to (2.1b). In fact, the only remaining losses of the circuit will be
switching losses of the MOSFET [174{176] and some conduction losses due to the
small resistance of the inductor. Second, as a result of the compensation done by the
LECDs in terms of illumination, the desired level of lighting can be obtained with a
lower current owing through the converter as compared to conventional topologies.
This will reduce power loss in every element of the converter, indicating a better
overall e cacy.

The use ofN LECDs will also a ect the output voltage control. UsingN LECDs

in series impacts the output voltage of a buck and boost converter respectively as,

Vo=VsD (1 D)NVHEP: (2.2)

Vs
V, =
° (@1 D)

N V,-ECD (2.3)

To derive (2.2) and (2.3), a constant current through the inductor and a large
output capacitor for constantV, were assumed. These equations demonstrate that
V/ECD reduces the achievablé/,, however, the existing LECDs will compensate for
the illumination as long as the output voltage is high enough to forward bias all
illumination LEDs in the case of using multiple illumination LEDs in series. This
changes the selection of duty cycl® to yield a desired output illumination. To
achieve the samé/, and |, as the base case buck or boost converters, higher values

of D must be used in converters using LECDs. However, this is not an issue since
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LECDs provide illumination in addition to communication signals. This results in an
LED driver that can employ lower values oi, and |, to achieve the same illumination
as the base case.

Use of multiple LECDs also results in higher losses and lower output range. There-
fore, unless required, for the greatest e cacy and output range the number of LECDs
used should be minimized. If dimming is not required and lower e cacy is acceptable,
a greater number of LECDs may be used to improve communications performance

by transmitting greater optical power.

2.3.3 Communicating with LECDs

Previous designs for VLC modulators introduce a modulated signal superimposed
onto the constant (i.e., DC) driving signal required for illumination. By implementing
a VLC modulator using LECD(s), the LEDs used for communications and those for
illumination are separated.

For simplicity, the modulation schemes considered here are restricted to PPM and
OPPM. These modulations work well to modulate LECDs because information can
be sent for any combination oD and amplitude and avoid any icker in the output
light. However, PPM and OPPM encounter issues, including ine cient bandwidth
utilization and the requirement for synchronization at both chip and symbol levels
[44].

De ne M as the modulation order andT as the symbol period. FoD > % the
symbols are sent as PPM, while for smaller D the pulses must overlap, giving rise to

OPPM.

Data are transmitted by varying the periodic nature of the current through the
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Figure 2.2: System block diagram of the LECD converter.

LECD, lecp , by changing the position of the on-time during each period of
seconds via PPM or OPPM Note that the freewheeling or blocking diode conducts
during the non-conducting phase of the switch. Figure. 2.2 illustrates the system
block associated with the VLC-enabled luminaire. Manipulating the control switch
conduction interval to alter the position of thelp current pulse inT using PPM or
OPPM modulates the light emitted by the LECD thereby transmitting a VLC signal.
The current owing through the freewheeling diodelp in its conducting periods is
the same as the inductor current .. Figure 2.3.a and .b illustrate the control signal,
Vgs, and the luminaire's output ux, i, as functions of time for 4AOPPM and 4PPM,
respectively. The labeling of the PPM pulses is done by Gray coding.

To enable dimming for LECD convertersD can be set to a lower value. This will
yield lower Vot and | o, resulting in I gcp with a reduced peak amplitude owing
for a longer time in the diode. Once a desired dimming level is s&, should be kept
constant to maintain a desired brightness. This will also maintain a constant state for
receiving the signals from communicating LEDs. Changes b of LECD converters

will a ect communications performance as a result of changing LECD pulse width
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Figure 2.3: Time-domain control signal and output optical ux: a) 40PPM b)4PPM

and amplitude. The highest communications performance will be achieved for high
D and is due to resulting LECD pulses having less overlap with adjacent symbols in
addition to greater amplitude. This will also determine the modulation order that is

viable depending on required communications performance.

2.4 Experimental Results

2.4.1 Experimental Setup

The parameters and components used for the experimental setup are tabulated in
Table 1. Component values were based on similar commercial designs used in prac-
tice for indoor lighting[177]. The LEDs used were white Philips Lumiled 3535L [179]
or CREE XLamp XP-E2. Although these devices are not intended to be operated
in reverse bias, our testing of 20 LEDs each illustrated a reverse breakdown of ap-

proximately 40 to 45 V (well above the given value on the data sheet and noted in
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Figure 2.4: Experimental LECD buck (a) and boost (b) converter prototypes. Ex-
perimental setup is displayed in Fig. 2.6.

[180]). Due to reverse breakdown voltage, the source voltage used for experimental
measurements was limited to 40 V.

Fig. 2.4 a) and b) display photographs of the LECD converter prototypes used
to characterize and determine the performance of proposed buck and boost converter
designs in terms of communication and illumination. The circuit diagram of both
converters was earlier presented in Fig. 2.1.

Communicating and illumination LEDs are identi ed within the LED array. The
modulated optical signal from the LECDs is summed spatially with the illumination
LEDs causing an easily removed DC shift via high pass lIter at the receiver.

Experimental buck and boost converter results were completed using a single
LECD. The experimental luminaires were modulated to test communications in ad-
dition to quantifying e cacy. Random sets of data were created comprised of a binary
BPPM/BOPPM, two bits per symbol 4-OPPM, and three bits per symbol 8-PPM,
with the total size of the random sets sent amounting to Fbits for each modulation
order. BPPM was used for the case of tests that resulted @  0:5 and BOPPM was
used whenD < 0:5. Also, D was limited to 60% limiting the conduction losses in the

converter [181]. For further tests of higher order, OPPM was used due to the larger

34



	Lay Abstract
	Abstract
	Acknowledgements
	Notation, Definitions, and Abbreviations
	Declaration of Academic Achievement
	Introduction
	Visible Light Communications
	VLC System Architecture
	VLC Challenges
	Thesis Layout
	Description of Contributions to Publications

	Light-Emitting Commutating Diodes for Optical Wireless Communications within LED Drivers
	Abstract
	Introduction
	Commutating Diodes for Use in OWC
	Experimental Results
	Conclusions

	Integrating OFDM into Switching Power Supplies for VLC
	 Abstract
	Introduction
	Principle of Operation
	Simulation Results
	Experimental Results
	Conclusions

	An Integrated Illumination LED Driver and Optical Wireless Communications Repeater
	 Abstract
	Introduction
	Principle of Operation
	Simulation Results
	Experimental Setup
	Conclusion

	Conclusions
	Conclusions
	Future Work

	Theoretical Calculations Regarding the Noise Figure
	Thevenin Equivalent Circuit
	2-Phase Boost Converter

	Design Consideration for Chapter 3 for OFDM LECD Transmitter
	OFDM Enabled Boost Converter

	Design Considerations for Chapter 4 Optical Repeater Multiphase Boost Converter

