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Abstract

Abstract

Micro-light-emitting diodes (LLEDs), defined as LEDs with dimensions below 100
um, are at the forefront of innovation, including for deep ultraviolet (DUV)
emission. The rapid advances in pLED technology have unlocked new potentials
for applications in high-resolution displays and, notably, optical wireless
communications. This thesis presents a thorough characterisation of DUV pLEDs

and explores their implementation in wireless communication systems.

Through a series of in-depth experiments, this research noted pronounced size-
dependent behaviours in uLEDs, including variations in turn-on voltage, optical
output power, quantum efficiency, and modulation bandwidth. Smaller devices
were found to require higher turn-on voltages and lower efficiencies but higher
bandwidths. These observations demonstrated the necessity for continued research
into contact technologies and the fundamentals of device operation for DUV

ULEDs.

Pushing the boundaries of optical wireless communication, this work demonstrates
key advances in wavelength-division multiplexing (WDM) for the ultraviolet
spectrum. Notably, the first three-wavelength UV communication system is
showcased, achieving a combined data throughput of nearly 10 Gbps, one of the
highest reported in the UV regime. While the performance of UVB-emitting
devices used here lagged behind that of the other wavelengths, this provides a clear

trajectory for future refinement.

Furthermore, this thesis reports on the development of medium-range, line-of-sight
DUV uLED communication links, achieving data rates up to 1 Gbps over
unprecedented distances of 100 metres. This stands as the highest data rate attained
over such a range using a single uLED pixel at any wavelength at the time of
writing. The capabilities of uLEDs were further explored through a two-mirror
system, enabling multi-reflection transmission and achieving significant data rates

over short distances (less than 10 metres).

The research also investigates non-line-of-sight (NLOS) communication using
commercially available DUV LEDs. These experiments demonstrate a robust
kilobits-per-second link, benefiting from the milliwatt-level optical power of

current DUV commercial devices. The integration of novel, single-photon-
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sensitive DUV detectors facilitated NLOS links, including around-corner
communication, opening promising new directions for ultraviolet optical wireless

technology.

In summary, this thesis delivers insights into the size-dependent phenomena of
DUV uLEDs, establishes their promise for high-speed optical wireless
communication, and showcases both line-of-sight and non-line-of-sight data
transmission. Collectively, these findings advance the field of ultraviolet
optoelectronics and lay the groundwork for future innovation in pLED-based

communication technologies.
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AC - alternating current

AlGaN - aluminium gallium nitride
APD - avalanche photodiode

BER - bit error rate

DC - direct current

DUV - deep ultraviolet

EQE - external quantum efficiency

FEC - forward error correction

FOV - field of view

FPGA - field programmable gate array
FS - free space

FSOC - free space optical communications
GaN - gallium nitride

LEDs - light-emitting diodes

LOS - line of sight

MQW - multiple quantum well

PLEDs - micro-LEDs

NLOS - non-line of sight

OFDM - orthogonal frequency division multiplexing
OOK - on-off keying

OWC - optical wireless communications
PMT - photomultiplier tube

PV - photovoltaics

QAM - quadrature amplitude modulation
SNR - signal to noise ratio

SPAD- single photon avalanche diode
UV-Ultraviolet

VLC-visible light communications

WDM- Wavelength-division multiplexing
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Chapter 1 Introduction

1. 1 Outline of the thesis

This thesis examines multiple aspects of deep ultraviolet (DUV) communications,
with a primary focus on optimising data rates and extending transmission distances.
This thesis will aim to use DUV microLEDs in conjunction with state-of-the-art
encoding methods in order to demonstrate the ability of these devices to create

high-speed indoor communications links.

Chapter 1 presents the foundational physics of semiconductors and the operational
principles of Light Emitting Diodes (LEDs), along with introductory information

on optical communications and encoding methods used in this work.

Chapter 2 analyses the characteristics of DUV micro light-emitting diode (LWLED)
devices, considering size-dependent parameters such as LIV turn-on voltage,
external quantum efficiency, and bandwidth. The impact of device dimensions on
system performance is evaluated, and a comparative analysis is conducted across

different device arrays.

Chapter 3 follows on from this, focusing on wavelength-division multiplexing
(WDM) by incorporating multiple UV devices (UV-A, UV-B, and UV-C) and
exploring their integration into a single system. The goal is to aggregate high-data-

rate channels to maximise the combined throughput on a single channel.

Chapter 4 examines DUV communication at longer ranges (5-116m). This section
evaluates the effects of different bias conditions on data transmission rates. It
describes two experimental setups using one- and two-mirror arrangements to
increase optical path lengths and examine the impact of distance on a line-of-sight

(LOS) link.

Chapter 5 considers non-line-of-sight (NLOS) communication using commercial
DUV LEDs, evaluating device performance in terms of signal strength and

achievable data rates in short-range NLOS contexts.

Finally, Chapter 6 summarises the findings and outlines potential directions for

future research.
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1. 2 Introduction to LEDs

The investigation of semiconductor materials began in the early twentieth century.
Henry Joseph Round first reported light emission from carborundum in 1907 [1,2].
Early research focused on characterising semiconductor material properties but
work from Bell Laboratories in the late 1950s contributed to developments such as
the transistor and practical solar cells [3]. These advances led to the emergence of
companies such as Texas Instruments and Hewlett-Packard, which facilitated the
mass production of semiconductor- based light-emitting diodes (LEDs). During the
next decade, red LEDs were developed, albeit with low efficiency initially, and the

available range of wavelengths expanded over the coming years [4].

Over the past twenty years, the LED industry has grown substantially [5],
influenced by technological advances such as the creation of gallium nitride (GaN)-
based white and blue LEDs in the 1990s by Nakamura, Amano, and Akasaki,
whose achievements were recognised with the Nobel Prize in 2014 [6]. By 2020,
LED lighting technology had become common in residential settings, mainly due
to its improved energy efficiency (as shown in Figure 1-1(a), longer operational
lifespan (about 20,000 hours), lower costs, and reduced environmental impact

compared to traditional lighting.

Blue and violet GaN-based LEDs were initially used in consumer products,
displays, and general lighting. Still, their applications have since expanded to
underwater communications, reflecting changes in consumer demand and
technology. However, in recent years, due to research on disinfection, DUV
devices have seen increased interest and have been improving rapidly in quality [7—
11]. Figure 1-1(b) summarises the applications of UV LED technology across
multiple areas, highlighting the rich opportunities for these sources. One key
application is NLOS and LOS communications; other applications in research
include lithography and material curing, which can be used in semiconductor
device production (e.g., masked photoetching). DUV devices are also used in

medical applications such as sterilisation and the treatment of skin conditions such
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as psoriasis, which involves exposing damaged skin to UV light in order to help

alleviate symptoms.
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Figure 1-1. a) Improvement over time in the external efficiency of LEDs [12] b)
Examples of DUV LED applications as a function of wavelength [13].

1.2.1. Material science of semiconductors

This section will primarily focus on what makes semiconductors important for

producing LEDs, as LEDs are semiconductor-based devices that produce light.
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Materials can broadly be divided into three groups according to their electrical
conductivity: conductors, semiconductors and insulators. In conductive materials,
such as metals (e.g. copper and gold), the valence and conduction bands overlap,
as shown in Figure 1-2, allowing charge carriers to move freely and enabling
efficient electrical conduction. In contrast, insulators, such as rubber and wood,
exhibit substantial energy gaps between these bands, which severely restrict the
movement of carriers and confine charge. However, when subjected to sufficiently

high voltages, even insulators may briefly conduct electricity.

Semiconductors occupy an intermediate position. Their band structure resembles
that of insulators but with a much narrower energy gap. This smaller bandgap
(typically 1-3 eV) allows electrons to be excited into the conduction band with
relatively little energy, enabling electrical conduction under suitable conditions
[14]. Because of this, semiconductors can support carrier movement however their
electrical conductivity increases with temperature, a property opposite to that of
metals, which become more resistive as they heat up. Elements like silicon (Si) and
germanium (Ge) are classic examples of intrinsic (pure) semiconductors. However,
it should be noted that this work uses wideband gap semiconductors such as GaN
and AIN, which have band gaps >3eV, which is larger than the typical range of
semiconductors. This has both benefits, such as the ability to operate at higher
temperatures and higher voltages, which have been a major driver of development
in GAN-based electronics, and disadvantages, such as poor hole injection and high
p-layer resistivity, something which will be discussed later in this chapter. The
electrical properties of a semiconductor can be engineered by intentionally doping
it with selected impurities, as will be discussed in Section 1.2.2. Some
semiconductors are made from alloys, such as AlGaN, which allow their bandgap

energy to be tuned, as will be discussed in Section 1.2.3.
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Figure 1-2. Schematic band structure of metals, semiconductors and insulators
demonstrating the typical bandgap energies

1.2.2. Doping

To create functional semiconductor devices, doping is commonly used to engineer
the electrical properties of the semiconductor layers. When a material is
intentionally infused with impurities to alter its electrical properties, it is known as
an extrinsic semiconductor. In contrast, materials without doping are referred to as
intrinsic semiconductors [15]. An illustration of the principle of doping is shown
in Figure 1-3, which uses silicon doping as an example. For n-type doping, a group
5 element (such as phosphorus) is introduced into silicon (a group 4 element),
adding extra electrons and creating an energy level just below the conduction band.
An example of such doping is shown in Figure 1-3a. This makes it easier for
electrons to move and conduct electricity. In p-type doping, a group 3 element (such
as Boron) is added, resulting in “holes” (missing electrons) in the valence band, as
shown in Figure 1-3 b. These holes created by the excitation of electrons into states
above the Valence band edge, which have been introduced by the dopant, allow for
positive charge transport, turning the material into a p-type semiconductor. When
n-type and p-type semiconductors are joined, their surplus electrons and holes
combine and can emit light, a phenomenon that will be discussed in more detail in

the next section.
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Figure 1-3 Example of doping a) n-doping and b) p-doping, taking silicon as a

reference.

When manufacturing UV LEDS using Aluminium Indium Gallium Nitride
(AllnGaN), doping with Si and Mg is commonly used to create n-type and p-type
material [16,17]. In the next section, the material properties of AllnGaN will be

discussed in more detail.

1.2.3. Aluminium Indium Gallium Nitride (AlInGaN)

The LEDs and pLEDs to be shown later in this thesis are all based on the AlGalnN

quaternary semiconductor alloy system.

In contrast to silicon, the AlGalnN semiconductor alloy is classified as a direct
bandgap material, which facilitates efficient electron-hole recombination processes
without reliance on phonon assistance. As illustrated in Figure 1-4, InGaN alloys
are capable of visible light emission, whereas AlGaN alloys extend the spectral
range into the ultraviolet, reaching up to the >6 eV bandgap characteristic of AIN.
Through precise compositional engineering, AlGaN can be tailored to emit
electroluminescence across the entire UV spectrum, including the UV-C region
from 280 nm down to approximately 225 nm. Typically, these heterostructures are
fabricated as multilayer thin films grown on sapphire substrates [18,19], with

increasing aluminium concentrations used to create shorter-wavelength devices.

However, UV LEDs present severe design challenges, including difficulties with

the contacts (cathode and anode), poor current spreading [20—22], and high turn-on
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voltages, which will be examined in Chapter 2 [16]. With this material, it is possible

to engineer UV-emitting devices, which will be discussed in the following section.
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Figure 1-4. Band gap energy vs lattice constant for a range of binary, ternary
and quaternary compound semiconductors. The AlInGaN alloy shows band
gaps from 0.7eV (InN) to 6eV (AIN) and is the basis of nitride visible and UV
LED technology[23].

1. 3 Diodes

Building on the fundamentals of semiconductor materials, the following section
will examine the basic principles of light-emitting diodes (LEDs), beginning with
an exploration of junction diodes, which are the foundation of many optoelectronic

devices.

1.3.1. Junction diodes

A p-n junction diode consists of three distinct regions: an n-type region, a p-type
region, and the intervening depletion region, as shown in Figure 1-5. This structure
is the basis of several important semiconductor devices, including LEDs and solar
cells. The depletion region, sandwiched between the p- and n-type regions, is

typically much narrower (on the order of nm) than the heavily doped areas on either
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side. Here, electrons from the n-type side diffuse across the junction into the p-type
region, leading to an accumulation of negative charge at the p-type boundary and a
corresponding build-up of positive static charge at the n-type interface. This
arrangement creates an internal electric field that forms the basis for diode

operation.

@ electrons I @ Holes

- @b@%@@@ +
0 0 0|9
I_I_I

Narrow depletion region

Figure 1-5 A P-N diode junction in a forward bias configuration.

The formation of a potential barrier at the p-n junction effectively restricts the flow
of charge carriers. When a diode is forward-biased, the barrier height is reduced,
allowing charge carriers to cross the junction and generate current. This mechanism
is key to understanding the operation of LEDs. In contrast, applying a reverse bias
increases the barrier, further impeding charge carrier movement and blocking
current flow. Only a minimal diffusion current may persist if a sufficiently large
reverse voltage is applied. As a result, diodes serve as one-way valves for current

in electronic circuits.

Key parameters such as the diffusion voltage and the depletion region’s width are
critical to diode performance. The diffusion voltage can be calculated using the

following equation:

A ="?TlnN2—iN2D (1.1)

where N, acceptor concentration and Np donor concentrations and n; is the
intrinsic carrier concentration of the semiconductor. The depletion layer width is

given by:

Wo= 5o =G +7) (1.2)
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Junction diodes are commonly found in two forms, with homojunctions (diodes
made from a single material) proving less effective at confining electrons. As a
result, most commercial devices favour heterojunction structures, which combine

different materials to enhance electron trapping and overall performance.

1.3.2. Light-emitting Diodes (LEDs)

LEDs are a form of junction diode that converts electrical energy into light, and as
covered in section 1.1.1, are a class of solid-state devices widely used in lighting
and industrial applications. What distinguishes light-emitting diodes from
conventional diodes is that when electrons and holes recombine in an LED, their
energy is (ideally) released as photons. In recent decades, advancements in
semiconductor materials have enabled LEDs to emit photons across wavelengths

from ultraviolet to infrared, dramatically broadening their utility.

As discussed in section 1.2.3 the bandgap energy in an LED can be tuned by
altering the semiconductor alloy composition, and the relation of emission

wavelength and bandgap energy is given in the equation below:
E, — Ep =~ Eg= hf (1.3)

Here, E; is the bandgap energy, E, is the electron energy, Ej, the energy of the

hole, 4 is the Planck constant, and fis the frequency of the photons [24].

WA
4~ phonon On Pphoton 3
SRH recombination Radiative recombination Auger recombination
(A) (B) ()

Figure 1-6 Example of recombination for a) Shockley Reid Hall b) radiative

recombination, and c) Auger recombination [25]
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Multiple recombination processes govern the behaviour of semiconductor devices.
Within the device, carrier recombination may proceed via radiative processes,
which generate photon emission, or through non-radiative mechanisms, resulting
in energy loss without light production [26]. These different types of recombination
are presented in Figure 1-6. Radiative recombination produces photon emission,
while non-radiative mechanisms such as Shockley-Read-Hall (SRH)
recombination, caused by electron interactions with crystal defects and Auger
recombination [27] where energy is transferred to another charge carrier instead of
creating light, primarily generates heat. At high current densities, as seen in uLEDs,
which will be discussed in Chapter 2, non-radiative losses like SRH and Auger
recombination become increasingly impactful, resulting in greater thermal output

and accelerated device deterioration.

It is important to note the distinction between LED and laser emission. LEDs emit
incoherent light through spontaneous emission that is typically unpolarised, while
lasers produce coherent light through stimulated emission which is typically

polarised, making polarization-based operation more challenging with LEDs.

1.3.3. Quantum well structures

Modern light-emitting semiconductor structures typically feature active regions
constructed from quantum wells. These quantum wells possess nanometre
thicknesses, comparable to the electron de Broglie wavelength, which results in
quantum confinement perpendicular to the well plane [28-31]. The wells are
delineated by higher bandgap barriers on each side, effectively localising charge
carriers. This localisation, coupled with the spatial overlap of electron and hole
wave functions, enables efficient recombination [17,32] (see Figure 1-7). This
basic phenomenon can be described using the Schrodinger equation and a particle

in a box model using the following equation:

h? d?¢(x)
2m*  dx?

+v(x) = Ep(x) 1.4

Here, m”* is the effective mass of the electron (hole) in the semiconductor, v(x), the potential
energy profile determined by the band offsets between well and barrier materials. E are the
allowed energy levels inside the well and ¢(x) is the wavefunction describing the probability
amplitude of carriers. Mathematically, the model can be described as a finite well potential,

and the well region has lower potential energy for electrons and holes, while the barrier
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regions have higher potential energy. As a result for electrons, the equation can be

simplified to:

n?n?h?
~

En = s (1.5)

Where E,, is the quantised energy level, and L defines the well width, where a
thinner well can result in higher energy and, as a result, shorter wavelength

emissions. The effective mass of the electrons is given by m* and is material

dependent.
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Figure 1-7 a) Quantum well particle in a box where E y(well) and E j(barrier)

are the energy gap for the well and the barrier. Furthermore, E and H
represent the energy levels the electrons and holes can occupy, respectively
[33] and b) Quantum well structure for AlGaN device [34].

A practical LED structure generally consists of multiple quantum wells sandwiched
between carrier injection layers [32]. In nitride-based LED architectures, a wider
bandgap electron blocking layer (EBL) is frequently incorporated to minimise
electron leakage and overflow [35]. Quantum well compositions are commonly
chosen to remain under coherent strain with the growth substrate, compressive
strain which yields TE-polarised emission being often selected to optimise light
extraction efficiency [36]. For instance, a typical AlGaN based UVC LED may

incorporate a number of quantum wells [37,38], with individual well and barrier
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thicknesses of approximately 1.5 nm and 5 nm, respectively. These advances in
nanoscale engineering and material selection serve as a foundation for the
development of micro-LEDs [39], which will be explored in greater detail in the

subsequent sections.

1.3.4. MicroLEDs (nLEDs)

Micro-LEDs (LLEDs), first developed in the late 1990s and early 2000s, are LEDs
distinguished by their exceptionally small dimensions typically < 100 pm while
those up to ~300 um are classified as mini-LEDs, as illustrated in Figure 1-8.
Unlike conventional LEDs, which are manufactured on larger chips, pLEDs offer

remarkable advantages in terms of efficiency, compactness, and versatility.

l‘.'(”‘.."‘-fg.‘—\. -

5x9 mil* 3x5 mil?

Figure 1-8. Examples of uL EDs and mini-LEDs [40)].

Recent years have witnessed a surge of interest in LLED technology, especially for
advanced display systems (see Figure 1-9 (a)). This pLED technology facilitates
the development of large-scale arrays and offers remarkable improvements in
image resolution, though the high costs of manufacturing remain a barrier to

broader commercial adoption.

A particular focus is the integration of inorganic pLEDs into backlighting
architectures, where they compete with Organic Light Emitting Diodes (OLEDs)
by delivering superior energy efficiency, lifetime and enhanced colour contrast
[41]. Current research momentum is driven by the promise of pLED screens to
revolutionise visual fidelity and lower power consumption. Today, pLEDs are
making significant inroads into applications such as augmented reality (AR) and
virtual reality (VR), with advancements spanning consumer electronics,
commercial displays [15,42,43], and defence technologies [26,44]. It is important
to note that the pnLED devices discussed here for displays predominantly emit
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within the visible spectrum. Progress in CMOS driver integration has enabled the
fabrication of ever smaller uLED arrays, paving the way for innovations like the
“Mega Projector” [45] a device capable of producing optical QR codes and
compact image projections combining both displays and communication systems

(see Figure 1-9 (b)).

(@)

(b)

500 pm

3 mm

CMOS  LED array

Figure 1-9. a) TV screen using uLEDs [46] and b) a photograph of a 128x128
LED array and its driver board [45] .

PLEDs have also emerged as compelling candidates for optical transmitters in
optical communication systems, primarily due to their exceptionally high
modulation bandwidths (which can reach 100s of MHz), a result of their small size.
This is a large increase compared to standard broad-area LEDs with modulation
bandwidths on the order of 10s of MHz, which will be examined in Chapter 2 [47—
51]. This characteristic enables ulLEDs to support significantly higher data rates
than many traditional light sources, opening the door to high-speed free-space
optical communication links [52—55]. This behaviour is demonstrated in the
following equation:

1
= 2mt 2mRC

fe
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Where £ is the cut off frequency in this case the -3dB bandwidth frequency and R
is the resistance and C is capacitance However, it is important to note that while
the fabrication of pLED arrays is progressing rapidly for visible wavelengths,
technological limitations remain in the deep ultraviolet (DUV) spectral region [56—

59].
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Figure 1-10 Schematic of a DUV AlGaN LED [60].

At present, the construction of DUV uLED arrays with a similar level of integration
and performance as their visible-spectrum counterparts is not yet feasible [61,62].
As a result, the research in this thesis focuses on single-pixel DUV uLED devices.
By leveraging the intrinsically high bandwidth of these DUV emitters, this work
aims to systematically examine the maximum achievable data rates (an example of
one of these devices is shown in Figure 1-10). Through experimental investigation,
this work seeks to establish the fundamental limits and potential of DUV puLEDs
for high-speed optical communication, thereby laying the groundwork for future

advances, such as those enabled by large arrays.

1. 4 Wireless Communications

As discussed to this point, UV LEDs and UV pLEDs are useful emitters for high-
data optical wireless communications. In addition to these transmitters, there have
to be supporting modulation schemes and high-bandwidth detectors. This section
will discuss the key fundamental concepts of communications that underpin the
experimental work presented in subsequent chapters, including the various forms

of optical communications and modulation, which will be used in chapters 3-5.
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1.4.1. Optical Communications

Since the Industrial Revolution, communication technologies have evolved rapidly
from the telegraph and telephone to radio transmission, mobile phones and
culminating in the widespread use of smart Internet of Things (IoT) devices
[63,64]. Each innovation increased connectivity and required higher data rates, and
as a result, this progress has led to the current “bandwidth crunch”, where growing
demand is outpacing the capabilities of available radio and microwave frequencies,

as shown in Figure 1-11 [65-67] .

5G
2019
4G 10 Gbps
2011
3G 100 Mbps
1998
2 Mbps
2G . Low Latency
1990s . Fast speed
64 Kbps . IP-based protocols
. True mobile broadband
. Voice and Data
1G . Mobile broadband
1984 . Designed for voice
24 Kbps . Digital Standards

. Basic voice service
. Analog based

Figure 1-11 The growth in mobile data rate demands over time[68]

To overcome these constraints, operators are turning to new areas of the
electromagnetic spectrum, such as infrared, visible, and ultraviolet light [69]. These
spectral regions offer much broader bandwidth, potentially more than 2,600 times
greater than that of radio frequencies [44,66]. Free-Space Optical Wireless
Communication (FSOC) has emerged as a promising technology, capable of
delivering ultra-fast data links for scenarios where traditional approaches like
satellite radio or underwater acoustic communications fall short (see Figure 1-12)
shows such a network, for both fixed and mobile infrastructure at ground level in

the atmosphere and in space.
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Figure 1-12 An example of a free-space optical communications network over a

range of Km using infrared laser sources [70)].

Optical communications have a long history, from ancient beacon fires used for
long-distance signalling to naval visual communication using searchlights during
the world wars [70]. Today, the field of FSOWC is experiencing renewed attention,
thanks to advancements in fibre optics, laser technology, and sophisticated

modulation techniques.

The development of modern Optical Wireless Communication (OWC) systems
began in the 1970s. OWC offers significant advantages, including potentially
seamless integration with existing infrastructure, such as indoor lighting, for data
transmission. Compared to lasers (e.g. laser diodes and LDs), LEDs reduce eye and
skin safety risks and, due to their Lambertian emission pattern, can be deployed
more flexibly. LEDs now the standard for residential lighting [71,72] can transmit
data at high speeds without visible flicker. Technologies like Li-Fi, which build on
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this approach, enable secure communication within a room [55,73], since light
cannot pass through walls, providing a valuable complement to Wi-Fi. Examples
of indoor FSOWC setups are shown in Figure 1-13. In these systems, LEDs are
typically used for wide-area coverage, while lasers are preferred for long-distance,
highly directional links. The following sections explore the key categories of free-

space optical communication: line-of-sight (LOS) and non-line-of-sight (NLOS)

systems.
e - . .
a) Transmitter b LED or  ji# C i LED_! arra“ LD .
) - defuse LD | i light = d)

Downlink: VL H IR/VL/

Media | VL { VLR v
Uplink: IR/VL/UV H

Receiver PD s., PD L

Figure 1-13 Examples of optical communication techniques: a)
demonstration of a single source to connect to a single item using an LED,
b)LiFi using existing room lighting for optical communication, c) optical
camera communications using a camera as a receiver, d) laser optical
communication commonly used for long-range communications here VLC
means visible light communication, OCC is optical camera communication
and FSO is free space optical communication. [63].

1.4.2. Line of Sight (LOS)

Optical wireless communication systems are generally divided into LOS and non-
line-of-sight (NLOS) categories. In practice, free space infrared communication
and most Light Fidelity (LiFi) setups which use existing room lighting rely heavily
on LOS configurations, as they offer straightforward alignment and superior signal
quality through direct, unobstructed light paths [66]. For these systems to function
at their best, both the transmitter and receiver must remain within each other’s view
commonly, for instance, with the transmitter installed on the ceiling and the

receiver placed on a desk (see Figure 1-14).
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Figure 1-14 A LiFi setup harnessing lighting in an office space to supply
internet to multiple users [74].

Recent developments in LiFi technology have showcased 100Mbps to Gbps data
transmission [75], enabling seamless high-speed communication in office settings
[76]. The built-in security of these systems, thanks to their confinement within
enclosed spaces, has sparked growing interest in defence and enterprise sectors.
Moreover, LOS optical wireless communication boasts immense bandwidth for

applications such as inter-satellite and satellite-to-ground links.

However, LOS optical channels in urban/crowded environments face several
challenges: multipath interference from surface reflections, obstructions such as
walls, and occasional connection losses due to receiver blockage. Achieving
reliable performance in low-light, photon-limited scenarios remains an active area
of research. Outdoor deployments are further complicated by weather conditions
rain, fog, and haze can all diminish signal strength, making adaptive beam steering
essential for maintaining robust performance [63]. While this approach can add
complexity and cost, it still delivers far higher data rates than traditional

radiofrequency (RF) systems.

The most stable LOS operation occurs when both transmitter and receiver are
stationary, especially in well-controlled indoor environments. Due to the
challenges stated above, researchers are also focusing on developing advanced non-
line-of-sight (NLOS) communication strategies, which will be explored in the next

section.
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1.4.3. Non-Line of Sight (NLOS)

Non-Line-of-Sight (NLOS) propagation is a vital aspect of modern wireless
communication, particularly in urban environments where buildings and other
obstructions frequently block direct transmission paths. In such environments,
electromagnetic signals do not travel straight from transmitter to receiver, instead
they interact with their surroundings, such as gas molecules in the air, leading to
significant scattering [77]. However, this scattering occurs over a range of
kilometres, and as a result, NLOS systems using scattering are often longer-range
communications systems. However, in the UV, there is a higher absorption
coefficient, which can limit range, and at the moment, most long-range work relies

on LOS and diffuse LOS.

N

#

Figure 1-15 A theoretical set-up for NLOS UV communication with multiple
scattering events. The transmitter (Tx) and detector (Rx),[, is the field of view of
the receiver,B; beam angle of the transmitter, the zenith and azimuth angles of
the transmitter are given as (01, Q1) and the receiver as (0g,Og) [78]. b) Example
of NLOS DUV applications [79].
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The advancement of NLOS communication techniques (see the schematic in Figure
1-15) has become crucial for expanding the practical use of OWC systems [80],
which often struggle with the limitations imposed by LOS requirements, especially
in dense urban areas [81-83]. Recently, deep ultraviolet (DUV) communication
has emerged as a leading NLOS technology, attracting growing academic interest
[84-87], especially for distances up to a few kilometres, which is theoretically
possible, but practical demonstrations have been limited. Compared with line-of-
sight communications, data rates are often lower due to lower SNRs. NLOS
systems also rely on sensitive detectors like PMTs and SPADs, which are typically
bandwidth-limited compared to the faster APDs used in LOS systems, resulting in

lower data rates.

Rayleigh Scattering Mie Scattering Mie Scattering, larger
particles

» A -
"n at '.,.
- s ~ -~
- . - . -
> 4 -

Direction of incident light

v

Figure 1-16 Diagram showing Rayleigh scattering and Mie scattering,
with the third image demonstrating that larger particles have an impact on
Mie scattering.[88]

In deep ultraviolet (DUV) communications, the nature of scattering is governed by
two principal mechanisms: Rayleigh [89] and Mie scattering [90,91]. Mie
scattering becomes especially relevant in conditions where atmospheric particles,
such as those found in fog or pollution [63], are similar in size to the wavelength
of DUV light. In contrast, Rayleigh scattering dominates when the particles
primarily molecules like oxygen and nitrogen are much smaller than the
wavelength of the radiation. Notably, Rayleigh scattering intensifies as the
wavelength decreases (equation 1.4) [89,92,93], meaning that ultraviolet signals
are far more prone to this effect than their visible or infrared counterparts. As a

result, DUV transmissions must contend with greater attenuation but also benefit
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from unique propagation characteristics, making them a compelling choice for

specialised NLOS applications.
Rayleigh scattering « /%4 (1.4)

As particle size increases, Mie scattering becomes more directional, as shown in
Figure 1-16. Both Mie and Rayleigh scattering are forms of elastic scattering,
meaning that the photons' energy remains unchanged during the interaction. Over
longer distances, atmospheric turbulence caused by aerosols adds further
complexity [94-98]. Models of haze and fog conditions indicate that both the size
and concentration of Mie scatterers affect optical path loss, and that total path loss
increases with distance [88,99,100]. The following section explores DUV
communications in detail and discusses the integration of innovative DUV uLEDs

within these systems.

1.3.4 UV/DUV communications and DUV pLED
communications

Ultraviolet (UV) light occupies a unique segment of the electromagnetic spectrum,
defined by its short wavelengths and high photon energies. UV radiation is
typically divided into three bands: UVA (400-300 nm), which largely reaches the
Earth's surface, UVB (around 300 nm) and UVC (100-280 nm), which is almost
entirely absorbed by the upper atmosphere, rarely making it to the ground. This
strong atmospheric absorption of UVC makes deep ultraviolet (DUV)
communications appealing, as such wavelengths are naturally virtually absent at
ground level on Earth (see Figure 1-17) and therefore the UVC region presents a

low-noise window for OWC.
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Figure 1-17 The solar irradiance distribution emitted by the sun and the
absorption curves of the atmosphere [101].

Originally, mercury lamps were the primary source of UV light for these purposes,
but technological advances have shifted the focus to DUV LEDs. DUV LEDs, built
from materials like aluminium gallium nitride (AlGaN), offer far greater
bandwidths (the range of frequencies a device can transmit data over) from tens to
several hundreds of megahertz (MHz) compared to mercury flash lamps, which are
typically limited to the kilohertz range [102,103]. These DUV LEDs also avoid the
environmental and safety hazards associated with mercury, making them not only

more practical but also safer in operation.

For communications, DUV light’s low background noise and significant scattering
properties make it especially promising for NLOS and diffuse line-of-sight
applications [104—107]. Unlike visible or infrared light, DUV signals require far
less precise alignment, simplifying their use in situations where pointing and
tracking are challenging [108]. Despite their advantages, DUV systems require
careful attention to safety. Human tissue is not adapted for prolonged or intense
exposure to these wavelengths, which can be ionising at high doses. However,

many applications are designed for environments with little or no human presence,
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such as aerial platforms [109,110] and intersatellite links [111], where atmospheric
absorption further limits ground-level exposure and ensures the signal is obscured

from a ground observer.

A promising new direction for future UV communications lies in the development
of high bandwidth uLED arrays. At present, DUV pLEDs require high turn-on
voltages, limiting their integration with standard electronics and making large
arrays difficult to scale, thus limiting their usage in communications applications.
Recent improvements in fabrication are beginning to address these issues
[20,112,113]. Our work focuses on communications using deep ultraviolet pLEDs,
which are valued for their high bandwidth and suitability for short-range optical
links. While DUV uLEDs are less efficient and emit lower optical powers than
those in the visible spectrum, our work seeks to analyse their performance in a
series of characterisation and communications experiments (see chapters 2-4).
Given the current scarcity of studies on DUV pLED systems, these results represent

a meaningful contribution to the field.

The following section provides an overview of the modulation schemes used in the

optical transmission experiments described in this work.

1.4.4. Modulation and Multiplexing

Modulation lies at the heart of data transmission, enabling information to be
efficiently encoded onto a carrier wave for communication across various
distances. In early commercial radio broadcasting, the most widely used techniques
were amplitude modulation (AM) and frequency modulation (FM) which are
analogue encoding methods. AM encodes data by varying the carrier wave's
amplitude in step with the input signal. In contrast, FM does so by adjusting the
carrier’s frequency higher amplitude signals result in greater frequency deviation.
FM is a popular choice for commercial radio due to its superior resistance to static

and interference.

In contrast, optical communication systems rely on advanced modulation formats
such as pulse amplitude modulation (PAM) and Quadrature amplitude modulation

(QAM), paired with orthogonal frequency-division multiplexing (OFDM), which
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are also commonly used in both fibre-optic and copper-based telecommunications.
Both these modulation schemes rely on intensity modulation, which works by
varying the intensity of the chosen light source in order to encode data. Direct
detection is used to detect the signal intensity modulation and allows for the
recording of the received data, which can then allow for decoding processes to
begin. This subsection will examine some of the modulation schemes used in this
work, starting with the simplest form, on-off keying (OOK), a form of amplitude
modulation also used in the NLOS work presented in Chapter 5. Following that,
we will discuss Quadrature amplitude modulation QAM and OFDM, which are
more complex methods of encoding and multiplexing, which are used throughout

the work demonstrated in Chapters 3 and 4.

1.4.5. On-Off Keying (OOK)

On-off keying (OOK) is a straightforward yet powerful modulation technique,
widely used for transmitting binary information|[114]. In this method, a logical '1'
is represented by the presence of a signal during a bit interval, while a logical '0' is
indicated by its absence. An example is shown in Figure 1-19. OOK can also be
used with highly sensitive photodetectors like photomultiplier tubes (PMTs) or
single-photon avalanche diodes (SPADs) as will be shown in Chapter 5 [115].
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Figure 1-18 An example of an OOK modulation scheme with an intensity

being varied with time [116].

The simplicity and energy efficiency of OOK make it highly attractive for resource-
limited systems. However, this basic modulation scheme is more susceptible to

noise (as the scheme is based on modulated intensity stray light in an optical
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communications system or from an unknown source, which can change the
modulation intensity and can result in errors) and environmental interference than
more advanced modulation schemes like orthogonal frequency-division
multiplexing (OFDM), which offer superior spectral efficiency and improved noise
resilience. Consequently, OOK is best suited for applications requiring low
complexity and cost, but its heightened sensitivity to noise and spectral inefficiency
remain notable drawbacks compared to the robustness and spectral efficiency

achievable with OFDM-based systems.

1.4.6. Quadrature Amplitude Modulation (QAM)

Quadrature Amplitude Modulation (QAM) is an advanced modulation technique
employed in contemporary communication systems to enhance data transmission
efficiency [117-119]. This method integrates two amplitude-modulated signals of
the same frequency, one in the phase component I and the other in the quadrature
Q, within a single channel, thereby significantly increasing bandwidth utilisation

(an example of 16-QAM is shown in Figure 1-20).

By modulating both the amplitude and phase of the carrier wave, QAM allows for
the representation of multiple bits per symbol, for example, for 16 QAM, which
uses 16 different constellation points where every symbol can have 4 binary bits,
as this relation is described as 2™ where n represents the number of bits per symbol,
facilitating high-speed data transfer. QAM is extensively utilised in a variety of
applications, including digital television, broadband internet, and cellular networks
[125,126], where it contributes to higher data rates and improved signal quality. Its
ability to transmit higher volumes of data within a fixed bandwidth underscores its

vital role in the evolving field of digital communications.
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Figure 1-19 An example constellation diagram of QAM (I- in-phase and Q-
quadrature) [120].

1.4.7. Orthogonal frequency division multiplexing (OFDM)

Orthogonal Frequency Division Multiplexing (OFDM) is a cornerstone of modern
wireless communication, underpinning both 4G and 5G  systems
[114,116,119,121]. By dividing the available spectrum into multiple orthogonal
subchannels, OFDM enables multiple channels to transmit data simultaneously,
thus maximising spectral efficiency without the need for traditional guard bands
(see Figure 1-21). The orthogonality of these subcarriers ensures that each one
reaches its peak amplitude precisely when the others are at zero, significantly
reducing inter-symbol interference and allowing for higher overall data throughput

[122,123].
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Figure 1-20 Diagram of the theory of OFDM encoding [124].

The implementation of OFDM involves transforming the data into discrete
frequency packets using an Inverse Fast Fourier Transform (IFFT), which shifts the
signals into the time domain for transmission [125]. At the receiver end, a Fast
Fourier Transform (FFT) converts the incoming signals back into the frequency
domain, faithfully reconstructing the original data [126]. This approach not only
optimises bandwidth usage and minimises signal distortion but also supports high-
speed data transfer. However, these benefits come with added complexity, as
OFDM systems require advanced signal processing, such as matched filters (which
is a linear method of filtering which relies on knowing the signal being transmitted)
[117,127-129]. Pulse shaping is also used to minimise inter-symbol interference
by shaping the waveform of the transmitted signal to fit within in the bandwidth
range of the transmitter thus keeping data rates low, the details of these components

and their roles will be explored in detail in Chapter 3.

OFDM is both complex and bipolar. OFDM in optical communications uses
intensity modulation and direct detection (IM/DD). As a result, the signal must be

real and unipolar. As a result, Hermitian symmetry is used to get a real signal, and
the subcarriers are equally spaced across frequencies between (— %Ts,%Ts) of the
sampling period of the time domain. However, if a DC bias is applied to the system,
it uses DCO-OFDM, which requires the signal to be real and unipolar. As a result,

Hermitian symmetry is used to get a real signal, and the subcarriers are equally

spaced across frequencies between (minus 1 half cap T sub s,1 half cap T sub s
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close paren of the sampling for a positive and real signal. As the source often has a
limited dynamic range, clipping levels need to be implemented to minimise
clipping. Single-tap equalisation can be used in OFDM. This allows the lower-
frequency signal with the higher SNR to sacrifice some of its SNR to boost the
SNR of the higher-frequency signals, thereby enabling a higher data rate and lower
BER [130].

1.4.8. Bit Error Rate & Signal to Noise ratio

The bit error rate (BER) measures wireless communication reliability by comparing
the ratio of incorrect bits received to the total number of transmitted bits. BER is
determined by comparing each sent bit with its received counterpart. Errors arise
from issues like signal degradation, poor synchronisation, and noise. A BER of 0.5
is a “worst case scenario”, indicating that the receiver was unable to reliably decode
any of the transmitted bits — the BER saturates at 0.5 as even in this scenario the
receiver would correctly “guess” that a received bit was either a logic 0 or a logic

1 50% of the time, on average.

Key factors affecting BER include low signal strength and a poor signal-to-noise
ratio (SNR). Lower SNR increases BER due to greater noise influence. Eye
diagrams visually assess digital signal integrity in PAM (see Figure 1-22) an open,
wide eye diagrams indicate a high SNR and reliable data transmission. In contrast,

a closed eye reflects a lower SNR and higher BER [131].

When signal strength nears the noise floor, distinguishing between ones and zeros
becomes increasingly complex, especially with synchronisation errors raising the

likelihood that noise corrupts the data, leading to incorrect bit decoding.
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Figure 1-21 An example of an Eye diagram [131].

1.4.9. Forward error correction

To overcome errors in communication links, error correction can be applied to
enable reliable communication systems. Forward error correction (FEC) is an
important method used in this work (see chapters 3 and 4) to reduce the bit error
rate (BER) by embedding redundant bits within transmitted data [79,114,117,132].
This redundancy allows communication systems to detect and correct errors
without retransmitting the data, significantly boosting link reliability as long as the
BER remains below a certain threshold. For example, it is common to allocate
about 7% of the total data stream to FEC overhead. This is illustrated in Figure

1-23, which compares transmitted and received signals.
2'>2m+r+1 (1.6)

Among the various FEC techniques, Hamming codes are often utilised for their
practical balance between complexity and performance (see equation 1.6).
Redundant bits are inserted into the data stream at positions corresponding to
powers of two, with m being the total number of information bits and r the
redundant bits calculated using a standard equation. In this thesis, a threshold BER
of 3.8x107 is adopted, necessitating a 7% FEC overhead figures that align with
common practice in optical wireless communications literature. This allows the

final data rate to be determined and ensures a reliable optical link.
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Figure 1-22 An example of FEC in a communications system demonstrating
the use of redundant bits to correct for errors [133].

1. 5 Detectors

Photodetectors are fundamental components in optical communication systems, as
they convert incoming light signals into corresponding electrical signals, enabling
decoding. In this work, particular attention is paid to detectors, especially those
tailored for deep ultraviolet (DUV) applications, which, despite ongoing
advancements, still lag behind their visible-spectrum counterparts in terms of

performance.

Three main types of detectors avalanche photodiodes (APDs), single-photon
avalanche diodes (SPADs), and photomultiplier tubes (PMTs) are employed in the

experimental work to be discussed later in chapters 2 to 5.

1.5.1. Avalanche Photodiodes (APDs)

Avalanche photodiodes (APDs) played a central role in this research, serving as the
primary detectors for bandwidth measurements in Chapter 2 and communications
analysis in Chapters 3 and 4. APDs operate by applying a reverse bias, which, upon
reaching a critical voltage, triggers avalanche multiplication: a single absorbed
photon releases multiple charge carriers, resulting in a marked amplification of the
photocurrent, as shown in Figure 1-24 (a) and (b). For this investigation, a custom-
built, ultraviolet-sensitive APD with a 1 GHz bandwidth (Hamamatsu C5668 8867)
was employed. While this detector offers considerable advantages for deep
ultraviolet (DUV) applications, its bandwidth is still somewhat limited when

compared to APDs designed for the visible spectrum.
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Figure 1-23 a) A diagram of a photodiode (including an illustration of
gain via avalanche breakdown)[134] and b) shows the IV characteristics
involved in an avalanche breakdown where the reverse voltage is
increased. [135].

Its small active area (about 300 um?) helped achieve high bandwidth by reducing
capacitance but also demanded precise optical alignment and introduced challenges
in pointing and tracking. To suppress unwanted DC signals and mitigate
background noise, AC coupling was implemented, allowing the detector to work
seamlessly with orthogonal frequency-division multiplexing (OFDM) and
advanced encoding techniques. This capability distinguishes APDs used in the
communications work in chapters 3 and 4 from single-photon avalanche diodes
(SPADs) and photomultiplier tubes (PMTs), which were used in chapters 2 and 5,
which do not differentiate between DC and AC components and are thus more

vulnerable to interference from ambient light.

However, the need for precise alignment achieved here using XYZ micrometre
stages can limit the practical deployment of high-bandwidth, small-area APDs,
especially in NLOS scenarios where their sensitivity is a limiting factor. As a result,

more sensitive detectors, such as SPADs and PMTs, are also worth considering, as
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will be shown in Chapter 5. Nevertheless, the primary focus of this work remained
on evaluating data transmission rates using DUV pLEDs with APDs as the primary

detection platform.

1.5.2. SPADs

Single-photon avalanche diodes (SPADs) are exceptionally sensitive
photodetectors that play a vital role in advanced optical systems and will be used
in Chapter 2 to study the external quantum efficiency of the LEDs. SPADs typically
operate in what’s known as Geiger mode, where they are reverse-biased
significantly above their breakdown voltage (see Figure 1-24 (b) and Figure 1-25)
[135]. This configuration, together with specialised quenching circuits, enables the
detection of single photons, which cannot be achieved by an APD, as a larger
number of photons are needed to generate a photocurrent; as a result, APDs are far
less sensitive than SPADs. The SPAD outputs these photon counts as discrete
electrical pulses while also ensuring that the avalanche process is promptly halted
after each event; thus, it is possible to detect photons with precise timing. However,
this detection method introduces a brief period of “dead time” following each
photon detection [136], which limits the detector's maximum bandwidth to a few
10s of megahertz; even with these lower-bandwidth SPADs, they have proven
useful in applications such as LiDAR [104,134] where the high bandwidths could
allow for faster pulses which could allow for greater range resolution however the
low optical powers could be problematic. Initial silicon-based SPADs had limited
quantum efficiency in the DUV spectrum, restricting their use in DUV applications
due to inadequate detector sensitivity. Modern research aims to enhance the DUV
sensitivity of silicon-based SPADs and improve the bandwidth. Despite these
strides, DUV solar-blind SPADs still face challenges from crystalline defects,
which can increase dark count rates and reduce overall measurement accuracy
[137]. SPADs nonetheless excel at lower bit rates, NLOS applications, where their
unique combination of sensitivity and photon-counting capability is particularly
valuable; however, SPADs were used in Chapter 2 for DUV characterisation at

short distances [138].
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Figure 1-24 Shows the point at which an APD becomes a SPAD (U,
breakdown voltage), U, (an excited state) and U,y is the excess voltage
[138].

1.5.3. Photomultiplier Tubes (PMTs)

Photomultiplier tubes (PMTs) are a cornerstone technology in photon detection,
operating on the principle of the photoelectric effect. When photons strike the
charged metallic photocathode (illustrated in Figure 1-26) they release
photoelectrons, a process particularly suited to capturing high-energy photons such
as those found in the deep ultraviolet (DUV) spectrum. These photoelectrons are
then accelerated by an electric field across a cascade of dynodes, each set at a higher
voltage, creating a chain reaction that multiplies the number of electrons and
significantly amplifies the original signal. This mechanism allows PMTs to reliably

detect even single-photon events, producing measurable photocurrents.

Modern PMT systems incorporate advanced electronic circuitry to enable rapid
signal quenching, ensuring that each detected photon generates a distinct electrical
pulse. Recent developments by companies like Hamamatsu have introduced
integrated electronics capable of digitising the PMT output, which allows for the
integration of PMT-based photon counting systems to be used for applications in

modern optical communication and sensing systems.

In the context of optical communications, PMTs are highly valued for their
remarkable sensitivity under low-light conditions [79,139,140]. However, they are
not without limitations: their bandwidth is relatively limited, they are prone to
noise, which often necessitates complex filtering to isolate true signals from

background interference, and they are based on vacuum tubes, which means they
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are not as robust to physical damage as a solid-state detector. Despite these
challenges, PMTs are especially advantageous in NLOS optical communications,
where there is a limited number of photons, and the ability to detect single photons
is crucial [86,140,141]. The use of PMT for communications will be explored

further in Chapter 5.
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Figure 1-25 A diagram of a photomultiplier tube [142].

1. 6 Summary of Chapter

This chapter provided a broad overview of semiconductor junction devices,
focusing on LEDs and pLEDs, and detailed how band gaps and doping methods
are used to engineer DUV devices. It also briefly reviewed the history of optical
communications and described the modulation techniques relevant to this thesis.
Finally, the chapter covered the physics and theoretical principles of the
photodetectors that will be utilised in the following chapters.
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Size-dependent LED Characterisation

2.1 Motivation for the Work

This chapter analyses how the size of DUV pLEDs influences their performance.
Two DUV pLED arrays with pixel sizes between 20 and 500 um were investigated.
Although pLEDs are defined here as devices smaller than 100 um, larger mini-
LEDs were also examined for comparative purposes. Key device characteristics
were assessed for size dependence, including light output and current versus
voltage (LIV), relative external quantum efficiency (EQE), electroluminescence
spectra, and modulation bandwidth. In addition, arrays emitting at respective peak
wavelengths of 285 nm and 275 nm were studied to compare their properties. This
research aims to evaluate the performance and trade-offs associated with different
device dimensions, with a particular focus on potential applications in
communications [102,143]. The work from this chapter informs later work, which

is described in Chapter 4.

Considerable research has been conducted on size-dependent phenomena in
visible-wavelength LED devices. However, comparable studies in the DUV range
have only gained momentum recently due to advancements in wafer material
technology. Despite these developments, challenges remain regarding material
quality and defect densities, which continue to affect DUV device performance. A
central objective of this work is to identify which device size is most suitable for
communications applications and to address key issues impeding further progress

in device development [144].

Size effects have been extensively studied by researchers working with pLEDs
across various disciplines [145—150], especially in the visible spectrum, and now
increasingly in the DUV range. Much of the existing literature focuses on
fabrication and material considerations. In contrast, this chapter emphasises the
implications of size from a communications perspective, concentrating on LIV and
modulation bandwidth parameters critical to optical wireless communication

systems. An essential consideration in characterising these devices is the Shannon
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equation, or Shannon-Hartley theorem, which determines the maximum achievable
data rate (channel capacity) for a given channel bandwidth and received signal-to-

noise ratio (SNR). The theorem is expressed as follows:
C=B-logy(1+) @.1)

Where S = average received signal power in Watts, N=average noise power in
Watts, B=Bandwidth in Hertz, and C=Channel capacity in bits per second. From
this equation, it is possible to see that the achievable data rates in an optical wireless
communications link are proportional to the bandwidth, B, and proportional to log,
of the SNR. So, the key aim of this chapter is to examine how both properties vary
with pLED size and, therefore, which device sizes are optimal for a
communications system. Firstly, we will cover the devices used, followed by a
study of the methodologies used to evaluate the devices' performance, and finally,

we will cover the results from the characterisation tests.

2. 2 Size-dependent Devices

2.2.1. Fabrication

LLEDs are fabricated through several carefully controlled steps, beginning with, in
our case, a commercial wafer being processed as outlined in Figure 2-1. The initial
stage involves acquiring an AlGaN wafer on a commercially available c-plane
sapphire substrate, which supports high-quality GaN epitaxial growth via
Metalorganic Chemical Vapour Deposition (MOCVD). Sapphire is selected for its
transparency, permitting light transmission through the substrate, because it is a
cost-effective substrate, and because the lattice constant is a fair match to
AlGaN/GaN. The wafer features a bulk layer composed of AlIGaN, GaN, or AllnN,

serving as a sacrificial layer.

A significant challenge in this process is the lattice mismatch between GaN and the
sapphire substrate [151]. AlGaN materials tend to exhibit high dislocation densities
[102], particularly in regions where lattice mismatch induces crystallographic

strain. Such crystal dislocations [57,152,153]act as non-radiative recombination
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centres, thereby generating phonons and reducing output power. Therefore, it is

crucial to eliminate these defects from active areas to maintain high device quality.

Following the bulk layer, an N-doped GaN layer is deposited, succeeded by the
multiple quantum well (MQW) structure discussed in Chapter 1, and this is finally
capped with a p-doped layer, as illustrated in Figure 2-1.

. Photolithograph: —_— re
W BiRIn contacts PCB _’
Individually addressed
[ anode

Wire
P-doped P-doped Metal P-doped bonding
MQW Etched [VIolV)] contact Y0} Common
n-doped mm—— n-doped e n-doped

Bulk layer Bulk layer

Bulk layer

Bulk layer

Figure 2-1 Basic fabrication steps of a uLED array.

The next step involves processing the wafer by coating the surface of the epitaxial
structure with photoresist (PR). The PR is then patterned through exposure to
ultraviolet light using a hard photolithography mask, which delineates the areas
protected from etching and those left exposed for further processing. The device is
etched down to the N-doped layer, forming a mesa structure. Metal contacts and
tracks are added to complete the devices and enhance the electrical characteristics

[154].

Thermal annealing is performed to enhance device performance, particularly
impacting the quality of the metal contacts, which play a critical role in determining
electrical functionality [155—157]. The p-type contact is positioned on top of the P-
doped layer, with a buffer layer situated below the n-doped region. The mesa
structure extends down to the substrate, where the n-contact metal alloy is deposited
onto the n-doped semiconductor and tracks are subsequently added to the n-
contacts. An insulating layer is introduced over the electrical tracks, and a metal

contact is placed on the p-doped layer at the top of the mesa.

It should be noted that there are issues with the p contacts in GAN devices due to

poor current spreading from the devices. This is due to resistance, and this is
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countered using a Ti/Au gold alloy, which increases conductivity, enabling better

current spreading and improving device performance.

These devices subsequently underwent wire bonding, allowing the arrays to be
mounted on a printed circuit board (PCB), which facilitates more straightforward
operation and integration into various setups. Probing using electrical needle
probes is commonly utilised for characterisation, as it minimises external
influences on measurements. However, in this instance, the intention was to employ

the devices within communication systems, and so the wire bonding was required.

2.2.2. Size-Dependent Micro-LED array design.

As previously noted, arrays with LED diameters ranging from 20 to 500 pm were
fabricated following the procedures outlined above. Two distinct arrays were
utilised: array 1, spanning 20 to 200 pm and emitting a nominal peak wavelength
of 285nm, and array 2, covering 20 to 500 um, emitting at a nominal peak
wavelength of 275nm. It should be noted that particular pixels in both arrays were
unintentionally nonfunctional, including the 300-um device in array 1. An image
of array 1, along with a detailed cross-section diagram of its construction, is

presented in Figure 2-2 (a) and (b).
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Figure 2-2 a) plain view optical micrograph image of Array 1, b) a cross-
section schematic diagram of a similar device to the one used in this
chapter [102].

2.3 Measurements and Experimental Results

This section will discuss the three key characterisation measurements performed:
the optical power, the spectral properties and the bandwidth of the devices. Each of
these characteristics is important as they can allow for an understanding of the

performance and the optimal conditions for communications applications.

2.3.1. Optical output power and current versus voltage
(LIV) measurements

The LIV characteristics of the devices were evaluated using an optical power meter
and a calibrated power meter head (Thorlabs S120VC), see Figure 2-3. The LED
device was positioned directly above the detector, and the measured results were
obtained. An XYZ stage was used to accurately align the detector and device. It is
important to note that in this setup, light was collected from the front facet of the
device, and it is assumed that all of the useful forward-directed light is collected
and measured, aligning with the requirements for communications experiments.

Although a comprehensive output power measurement would require an
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integrating sphere, this was not pursued as the focus was on communication-
specific performance. However, such measurements could be considered in future

work.

R — [SSSSS Power
Power +
supply meter

Figure 2-3 Photograph of the setup used for LIV measurement.

The measurements were performed by using a Python™ script to rapidly sweep
and measure a range of currents, voltages and output powers, allowing efficient
characterisation of the arrays. While the devices demonstrated relative stability
during prolonged constant operation, it should be emphasised that maintaining high
current values for extended periods may damage the arrays and is not advisable for
practical demonstrations. Additionally, it was observed that newly wire-bonded
devices required several initial ‘burn-in’ sweeps to ensure measurement
consistency and to mitigate any potential influence from self-annealing effects. Due

to the small sizes it was not possible to add an TEC or heatsink.

The optical power was measured using the power meter head in conjunction with
a Thorlabs PM100A power meter. Bias current to the LEDs was provided via a
Yokogawa GS610 source measure unit (SMU), which also enabled accurate
recording of the supplied voltage. The S120VC power meter head is a silicon-based
detector whose responsivity depends on wavelength, as illustrated in Figure 2-4.
Thus, wavelength selection is essential for sensitivity optimisation. The
photodetector produces a photocurrent, which is then converted into an optical

power measurement.
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Figure 2-4 Responsivity curve of the Power meter head plotted using
Thorlabs data.

The LI measurements revealed a distinct size dependence (Figure 2-5 (a-d)), with
smaller devices exhibiting reduced optical output power. This trend is expected due
to the reduced active area and relatively increased surface recombination.
Additionally, the smaller devices appeared more susceptible to damage and could
not sustain high forward currents. Nevertheless, their dimensions allowed them to
achieve exceptionally high current densities (as seen in Figure 2-5 (b) and (d)).
While the increased surface-to-volume ratio of smaller devices is expected to
facilitate improved thermal cooling, our results do not definitively confirm this
effect. However, the results indicate that smaller devices have better thermal
management and can sustain higher current densities, enabling higher bandwidths,
as noted in uLED devices discussed later in the chapter. Further comprehensive

studies would be valuable to explore this aspect in greater detail.
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Figure 2-5 LI curves of the different arrays: a) power vs current array 1,
b) power density vs current density array 1, c) power vs current array 2, d)

power density vs current density array 2.

The power output exhibits a roll-off effect, whereby further increases in the bias
current no longer lead to any significant increase in the optical output power,
indicating the device is approaching its operational limits. These graphs provide
guidance on safe operating currents for the devices when integrated into
communication systems. Notably, there is minimal difference in output between
the uLEDs, whereas the mini-LEDs (i.e. devices greater than 100um) show a
substantial increase in power due to their larger active areas. However, all the
devices do experience “roll over” (i.e. limited increase in optical power with
increased current or optical power decrease). This is due to self-heating, carriers
escaping QWs due to increases in current density and Auger recombination (see
section 1.3.2). Upon reviewing the data, it is evident that the 20 pm devices
underperform. This observation was supported by experimental results showing
that these devices were prone to degradation. It should be noted, however, when
examining current density and power density, the smaller devices can achieve

higher power densities [158] as seen in Figure 2-5 b and c.
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The LV and IV characteristics were especially significant, as the slope of the curve
is a key parameter in communications, influencing the determination of the optimal
bias point, as illustrated in the LV curve shown in Figure 2-6. The LED’s output
power must be a real and positive value, which means that it must be biased and
modulated above the uLED’s turn-on. When the relationship between the applied
voltage and the output optical signal is linear, if the device is modulated in an area
where the relationship is no longer linear, the transmitted data signal can become
distorted. It should be noted there are slight irregularities in the graphs however
this was speculated to be due to measurement artefacts due to measurement step

resolutions.
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Figure 2-6 LV graph with ideal modulation region [166]

With respect to forward voltage, there is a noticeable size dependence: smaller
devices tend to have higher turn-on voltages, see Figure 2-7 (a) and (¢), likely due
to increased resistance. This issue has historically affected deep ultraviolet (DUV)
devices, particularly when developing larger arrays, though advancements over the
past decade have led to improvements [13]. Nevertheless, significant challenges
persist for DUV uLEDs. Low-voltage performance is critical for optical
communications, as the operating voltage modulates the device to produce high
and low output states. As noted, this directly influences the emitted power and
subsequently impacts the achievable signal-to-noise ratio (SNR). These higher
turn-on voltages can prove challenging when used in a “real world” system, with

the higher turn-on voltages requiring more specialised drivers to compensate for
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the system requirements. It should also be noted that these higher turn-on voltages
lower the wall plug efficiency of the devices, and in systems which require lower

operating powers, this could prove challenging.
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Figure 2-7 a) IV measurements on array 1, b) PV measurement for array

1, ¢) IV measurement for array 2, d) PV measurement for array 2.

Similar to the current, the voltage and optical power measurements also
demonstrate a size dependence (see Figure 2-7 (b) and (d)), with the optical power
output increasing rapidly with increased voltage in the larger devices and the
smaller devices requiring larger voltages in order to generate a measurable optical

power.

Using the data from Figure 2-7 it is possible to show the size dependence by
comparing the voltage at approximately 1 mA for array 2, which is shown in the
table below. Note that the 500 pm device rapidly turned on at around 2 volts, which
could be the result of parasitic leakage and was already registering a current around

2mA (see Table 1) which suggests damage to the device.
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20 13.07 11.26
40 10.9 7.11
80 10 6.49
100 114 6.03
200 9.1 5.71
500 N/A ~2

Table 1 Turn on voltages at ImA for both arrays.

Overall, it is clear that there is a size dependence in the forward bias voltage.
However, the high turn-on voltage could limit their ability to be used in arrays
driven by CMOS drivers [159], which are being developed in the visible region
[160-163] and as a result will limit the complexity of DUV communications and
its applications. However, from this work, it was possible to identify the ideal

current and voltage bias points in order to optimise the system for communications.

2.3.2. External quantum efficiency (EQE) measurement

The efficiency of LEDs is an essential concept for many applications. LEDs in the
UV region have had issues with efficiency and usually have a lower efficiency than
visible LEDs (see Figure 2-8) [6]. This is a result of defects in the semiconductor
materials [164-167]. The relative EQE and wall plug efficiency (WPE) can be

calculated using the following equations:

P
number of photons produced G2)
EQE = Z2erolP produced _ ‘hy 2.2)
pared to electons injected S
e
optical power out P
WPE= 24P == (2.3)

electical power in v

Where P is the optical power, 4 is Planck’s constant, and v is the photon frequency,

1 is the current, e is the charge of the electron, and V is the voltage.

The efficiency of the device has always been an issue for DUV devices. As the

AlGaN material is not as mature as other forms of GaN materials like InGaN, there
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are higher levels of dislocations and, as a result, the shorter wavelength UVC/UVB

devices typically have an efficiency of <10% when compared to devices in the

UVA, which are 10%, as can be seen in Figure 2-8
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Figure 2-8 Efficiency of UV LEDs as summarised from the literature [168]

In order to determine the EQE of the pLED samples shown here, two methods were
used. In the first method, which was used to characterise array 1 with the aim of
understanding the current density at which the peak EQE occurs, a SPAD (Thorlabs
SPCM20A(/M) photon counting unit) was used. A second method using a power
meter was used on array 1 and array 2 in order to determine the relative EQE for

various current densities.

The layout of the first method is shown in Figure 2-9. A Comar band-pass optical
filter was placed in front of the SPAD in order to ensure that the counts were only
those from the UV source. This SPAD-based method was used due to sensitivity
issues with the power meter, which could not detect the low output powers of the
LLED, and it was determined that it would be beneficial to measure the low optical
output power. The photon count rate was proportional to the light received from
the LED. However, it should be noted that due to the fact that the setup is recording

only the light being emitted from the front of the device, these measurements
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should be taken as a relative external efficiency. To measure the true EQE, an

integrating sphere would need to be utilised to capture all the light from the source.

Figure 2-9 An example of a SPAD set up to characterise the devices.

The second method used was to calculate the EQE using a power meter similar to
the set shown in the LIV section. Using equations 2.2 and 2.3, it was thus possible
to calculate the EQE. This method was used to understand the device's performance
as the current increases, and, again, these measurements should be considered

relative because we are only measuring power at the front of the device.
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Figure 2-10 The current density at which the peak EQFE occurs vs a

function of size, measured using method 1 and array 1.

The observed peak EQE, as shown in Figure 2-10, exhibits an apparent size
dependence, consistent with findings in other studies. Specifically, smaller devices
tend to show peak EQE at higher current densities. This may be due to the carrier
diffusion length allowing carriers to reach the damaged etched walls in smaller
devices, leading to non-radiative recombination. To investigate this further, method
two with the power meter was used. A primary challenge with the SPAD
measurements was that the recorded counts were influenced by device alignment.
Future experiments should include a diffuser lens to reduce alignment issues. In
this study, very low current densities were applied, focusing on performance near
the turn-on current (using a 1 mA voltage for simplicity), as this is a critical point
at which devices begin operating. It's also noted that as current density increases,
efficiency decreases until it reaches a maximum current limit. The next step was
comparing the EQE and WPE of the two arrays with the second method, with the
results displayed in Figure 2-11.
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Figure 2-11 Efficiencies of array a) External quantum efficiencies array
1, b) relative wall plug efficiency Array 1, c¢) External quantum
efficiencies array 2, d) relative wall plug efficiency Array 2.

The EQE demonstrated some performance issues in array 1, as seen in Figure 2-11
(a) and (b). It is possible to note that some of the pixels demonstrated lower
efficiencies than expected, and these devices also degraded to the point where they
were unusable by the end of the measurements. However, Figure 2-11 (c)
demonstrates a clear size dependence, with the smaller devices demonstrating
lower EQESs, a trend which is also notable in the WPE, which was next to be
calculated. These results are just relative values since they were not measured in an
integrating sphere. As seen in Figure 2-11 (b) and (d), the larger pixels have a
higher WPE due to the reasons mentioned previously, side wall recombination, and
the higher turn voltages required for the smaller pixels, resulting in poorer
efficiencies (see Figure 2-12). On top of this, compared to similar devices operating
in the visible region, DUV devices suffer from poor injection efficiencies [169].
On average, the larger devices performed well at low current densities, with a

decrease in efficiency as current densities increased, which was similar to the EQE.
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Interestingly, the increased current density does not improve efficiency. This
efficiency droop is observed in other types of LEDs, not just DUV devices [170-
173]. This work demonstrated that efficiency droops significantly with increasing
carrier injection [34,174]. This could be due to heating effects inside the devices;
however, the temperature was not measured, and as a result, this is purely
speculation. However, as the current increase has been noted to result in increased

temperature.

Undamaged

- Damaged

Figure 2-12 Simplified diagram, top-down view of LED, demonstrating

size vs damaged side walls for two sizes, demonstrating the effect of size.

2.3.3. Electroluminescence spectra measurements

An Avantes spectrometer (Avantes Avaspec-20482 spectrometer and Ocean Optics
QP600-2-SR-BX fibre) was used in the electroluminescence spectra measurements
(set up is shown in Figure 2-13). To get an accurate picture of the LED's spectral
emission, the optical fibre's absorption spectrum had to be taken into account when
calibrating the spectrometer’s measurements. The experimental setup for this work
is shown below, with a kinematic mount used to align the LED with the fibre optic

cable.

Deep Ultraviolet Light-Emitting Diodes for High-Speed Optical Communications Page |64



Chapter 2 Size Dependent Characterisation

N .

MicroLED
- \V

Spectrometer

Figure 2-13 Shows the spectra set-up measurement.

Using this instrument, it is also possible to subtract the background and average
several measurements to improve the SNR and obtain the best result. Some tests
were done on the transmission of the fibre optic cable; however, it had no notable
effect on the result, as the emission profiles of the uLEDs were also so narrow that

the transmission variation of the fibre at different wavelengths was negligible.
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Figure 2-14 Example of spectral peak and FWHM measured for a UV-C
LED.

These measurements aim to analyse the spectral FWHM and peak wavelength of
the devices, as shown in Figure 2-14. The shifts in peak wavelength and FWHM
can be used to identify physical changes in the devices, such as heating, and to
characterise the devices to identify the optimal optical filters for future

communications work (see Chapter 3).
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When examining the full-width half maximum (FWHM), there was some
broadening, suggesting that temperature and current density increases are altering
certain aspects of the band structure. As can be seen from Figure 2-15 (a-d) all
devices appear to show an increase in the FWHM. This may be the result of band
filling, which occurs with increased current densities, and as a result, smaller
devices are more acutely affected as these devices reach higher current densities

when compared to the larger mini-LEDs [175] [176].
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Figure 2-15 The FWHM vs current a) array 1, b)) FWHM vs current
density for array 1, c) FWHM vs current array 2 and d) FWHM vs current
density array 2.

However, the spectral bandwidth of the devices is relatively stable, with the change
in FWHM being no more than 7nm even in the worst case (see Figures 2-15 ¢ and
d), which permits the selection of relevant filters for communications as discussed

in Chapter 4.

When choosing filters, the peak wavelength is also essential, as it enables
optimisation with minimal loss of recorded optical power. In measurements
conducted by other researchers, it was noted that the peak output wavelength of the

LEDs shifted to the red as a function of current [177,178]. This could be due to
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several issues, such as heating effects on the junction (active region). This can result
in changes to the bandgap energy [177,179—184]. This shift was also observed in
the devices tested in this thesis, and there was a clear size dependence, as shown in

Figure 2-16.
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Figure 2-16 The peak emission wavelength vs current. a) arrayl, b)

array2 and peak wavelength vs current density, c) array 1, d) array 2.

The overall results are summarised in Table 2. This demonstrates that there is no
clear size dependence in the redshift, and the FWHM of array 2 demonstrates some
size dependence, which is not seen in array 1. As a result, it is not possible to give
a clear size dependence in the wavelength characteristics. However, as stated
previously, this relative stability for all sizes would allow for the use of these
devices in a communication system, as the devices are within the FWHM of 10nm,

which is used by most commercial filter manufacturers.
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40 3.84 1.49 2.95 6.22
60 5.02 0.3 3.24 6.23
80 2.95 0.3 2.36 5.33
100 5.91 1.18 3.24 4.14
200 2.95 2.06 2.36 3.85
300 2.95 0.89 3.13 2.37

Table 2 Size-dependent spectral changes of arrayl and 2

2.3.4. Bandwidth measurements

In this work, the term “bandwidth” (modulation bandwidth) will be used to refer to
the -3dB electrical-to-electrical bandwidth of an LED, which is the frequency
where the corresponding received electrical power, as measured by a photoreceiver,
decreases to 0.5 (-3dB) of'its original value. The bandwidth is essential as this limits
the data rates that can be achieved (see Shannon-Hartley theorem in section 2.1),
and the signal can be distorted if the transmitter does not have the bandwidth to
send the data. It is assumed for these ptLED devices (based on our group and our
collaborators' previous work) that the bandwidth is determined by the average
charge carrier lifetime inside the quantum well (QW), which can vary from 10~°-
107° s. However, for other larger commercial devices, one must consider other

factors such as parasitic capacitance from the packaging.

It can be noted that the optical -3 dB bandwidth occurs at the same frequency at
which the electrical response is reduced by -6 dB. This is because when the LED’s
optical output power drops by half, the received electrical power drops to % (-6
dB). As the generated photocurrent (/) is proportional to the optical power, but the

received electrical power is proportional to 2.
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Figure 2-17 Schematic of the setup used to measure the modulation
bandwidth.

In our setup (see Figure 2-17), two 2-inch lenses were used to maximise the signal
strength collected for a measurement. The LED and detector were mounted on XYZ
for optimisation of alignment. The light after the first lens is collimated, producing
a spot approximately the same size as the LED in a parallel focus before the
detector. The Vector Network Analyser (VNA) generates a chirped sinewave of
fixed amplitude and records the corresponding electrical signal from the APD as a
function of swept frequency. From this measured frequency response, we can

determine the bandwidth.
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Figure 2-18 electrical -electrical frequency response curve of a DUV LED
device (the red line demonstrates -6 dB, and the blue line demonstrates -3
dB) [185].

To determine the -3 dB value, two methodologies were employed. An example of
a measured modulation bandwidth is shown in Figure 2-18. The initial approach
involved identifying the peak response value and then measuring the -3 dB roll-off

from this point, as illustrated in the accompanying diagrams. However, this method

Deep Ultraviolet Light-Emitting Diodes for High-Speed Optical Communications Page |69



Chapter 2 Size Dependent Characterisation

may overlook significant portions of the lower-frequency response, which are vital
for effective communication. To mitigate this, subsequent bandwidth
measurements began at 300 kHz, with the -3 dB point recorded from that point (see
Figure 2-18). It is important to note that this modification resulted in higher
bandwidth values, owing to a dip in the frequency response at lower frequencies.
Nevertheless, the elevated data rates observed subsequently substantiate these
results. The bandwidth results obtained by taking the maximum value and
subtracting -3 dB are shown in figures 2-19 (a and b), and the results from the

second method using lower frequencies are shown in figures 2-19 (c and d).

A comparison of the different samples indicates that subtracting -3 dB from the
initial point of the bandwidth measurement yields a higher bandwidth compared to
subtracting -3 dB from the maximum response point, which results in a lower
bandwidth. Theoretically, this method would yield two -3 dB bandwidths.
However, this approach overlooks significant aspects of the frequency response
used in communications work, where bits are loaded across the entire frequency
curve. A similar dip at the start of the SNR, although less pronounced, is still

evident.

What can be seen from Figure 2-19 (c-d) there is a drop in the bandwidth for the
smaller devices, which could be due to the current density increases [205-208],
resulting in self-heating and corresponding carrier overflow, leading to a reduction
in the effective carrier density and an increase in the carrier lifetime [186—189].
However, the bandwidth remains high, above several hundred MHz, and they still
have potential applications in communications; these are among the highest
bandwidths recorded using a single DUV pLED. It was noted that devices with
higher output power exhibit lower bandwidth. This observation warrants further

investigation and development.
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Figure 2-19 a) Bandwidth vs pixel size for various current arrays 1, b)
bandwidth vs current density array 1, c) Bandwidth of pixel size vs current
array 2 and d) bandwidth vs current density 2.

2. 4 Conclusion

This chapter has demonstrated that device size significantly influences the

performance of DUV LED devices. Notably, there is a distinction between uLEDs

and mini-LEDs; pLEDs exhibit lower output power and higher turn-on voltages.

Device efficiency also declines with reduced dimensions, primarily due to the
effects of etched sidewalls [178,190]. Additionally, bandwidth is size-dependent,
with smaller devices achieving higher bandwidths, up to 1 GHz. These findings
provide valuable insights that enable fabrication teams to address persistent
challenges associated with DUV devices. Recent developments have focused on
evaluating data communication rates across varying device sizes, paving the way

for future advancements. The subsequent chapter will detail the use of UV uLEDs

to establish a WDM-based communications setup.
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Division Multiplexing using
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3. 1 Motivation

Deep ultraviolet (DUV) optical wireless communications have garnered significant
attention in recent years owing to the distinctive properties of light within this
spectral region, which can be advantageous for optical communications. This
includes low natural background noise and scattering properties, which can be used
to circumvent physical barriers as mentioned in Chapter 1. Despite these
advantages, in most previously reported DUV results that relied on mercury lamps,
data rates remain substantially lower, on the order of kbps, than those demonstrated
at visible wavelengths, primarily due to the low modulation bandwidths and limited
output power of such DUV sources. In comparison, data rates from uLED arrays
in the visible spectrum are now surpassing 10 Gbps [191,192]. In recent years,
DUV uLEDs have been proposed as a possible solution to the bandwidth
limitations that have limited DUV communications. However, thus far, DUV
LLED performance has been constrained to a few Gbps and still lags behind their
visible counterparts. This is largely attributable to the inherent technical challenges

in fabricating LEDs at short UV wavelengths, as discussed in Chapter 2.

Wavelength division multiplexing (WDM) methodologies are widely implemented
in optical fibre networks to expand channel capacity. The basic principle is to
encode data on multiple wavelength channels in parallel. This approach is also
applicable in the visible [193—-195], infrared [196] wave bands, which collectively
offer a broader spectrum than conventional RF communication systems [197]. The
utilisation of more wavelengths in a WDM system has the potential to enhance

achievable data rates significantly.

Here we present a WDM demonstration in the ultraviolet which employs three UV
LLEDs emitting at peak wavelengths of approximately 285 nm, 317 nm, and 375
nm. By utilising OFDM, data rates of 4.17, 3.02, and 3.13 Gbps were achieved,

representing, based on our knowledge, some of the highest recorded values for
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DUV uLEDs at these specific wavelengths, with a combined throughput for all
three wavelengths exceeding 10 Gbps. This demonstration was performed over a

transmission distance of 0.5m.

The organisation of this chapter is as follows: an initial examination of the bespoke
LLEDs utilised is followed by a discussion of the custom WDM setup. We then
present and discuss an evaluation of the performance of the communication

channels and the resulting data rates.

This work is based on a publication in IEEE Photonics Research [185].

3.1.1. UV-A, UV-B and UV-C pLED devices overviews

The AlGaN and AIINGaN pLED arrays employed in this chapter have nominal
peak wavelengths of 375nm, 317nm and 285nm, respectively and will henceforth
be referred to as the UV-A, UV-B and UV-C uLEDs. Each array was fabricated
from commercially available Ill-nitride LED wafers, grown on 2-inch c-plane
sapphire substrates, which represent the standard growth substrate for the pLED
devices evaluated in this thesis. Comprehensive descriptions of the wafer structures
pertaining to the UV-C and UV-A devices are documented in prior publications
[51,198]. In contrast, the UV-B epitaxial material here is less mature, and the
wafers were purchased as custom wafers, supplied by Zhixin Semiconductor Co.,
Ltd. Each wafer features a 2000 nm-thick aluminium nitride (AIN) buffer layer that
enhances both structural integrity and lattice matching. This is surmounted by a
1000 nm-thick undoped aluminium gallium nitride (AlGaN) layer, followed by two
consecutive n-doped AlGaN: Si layers, each with a thickness of 500 nm and

aluminium concentrations of 50% and 55%, respectively, as shown in Figure 3-1.

The active region consists of multiple quantum wells (MQW) structures made from
AlGaN with alternating aluminium compositions of 15% and 40%, optimising
carrier confinement and optical emission efficiency. A 50 nm-thick electron-
blocking layer (EBL) of magnesium-doped AlGaN (AlGaN: Mg) with an
aluminium content of 50% is implemented to suppress electron overflow. The
device architecture is completed by a 300 nm-thick p-type GaN: Mg layer,
facilitating efficient hole injection, and a 10 nm-thick p-contact layer of GaN: Mg

to ensure robust electrical conductivity.
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The design and fabrication procedures for these uLED arrays closely followed the
methods described in Chapter 2 and previous studies [13]. As illustrated in Figure
3-1, each array comprises eight trapezoidal-shaped pLED pixels arranged in a flip-
chip configuration, allowing emission through the sapphire substrate to enhance
light collection. Each pixel was functionally comparable to a circular pixel with an
approximate diameter of 40 um. The fabricated arrays were subsequently wire-
bonded to a printed circuit board for further characterisation, consistent with the

approaches detailed in the characterisation chapter.

@) (b) 10nm GaN:Mg
Shared Individual 300nm p-doped
cathode  Micro-LEDs  anode AlGAN:Mg

500nm AlGaN N-
doped
500nm AlGaN N-
doped
1000nm ALGAN

2000nm ALN buffer

Saphire

Figure 3-1. Plainview optical micrograph of the u-LED arrays used in this
work, showing the 8 concentric and individually addressable pixels [185],

b) a cross-section schematic of the UV-B structure.

3.1.2. Device Characterisation

The initial experiments reported in this chapter aimed to investigate and evaluate
the relationships between optical power and bias current (L-I), as well as current
and voltage (I-V), using representative pixels from each array. As outlined in
Chapter 2, the I-V characteristics were measured with a Yokogawa GS610 Source
Measure Unit, while the optical power was assessed using a Thorlabs S120VC

power meter head. The findings are presented in Figure 3-2.
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Figure 3-2. L-I-V curves of the devices at UV-A, UV-B, and UV-C wavelengths.

10

The maximum output powers per pixel are approximately 0.48 mW, 0.14 mW, and
1.32 mW for the UV-C, UV-B, and UV-A devices, respectively. The UV-A device
demonstrates superior efficiency, primarily because its underlying material
technology is more advanced and exhibits fewer defects compared to the less
mature UV-C and UV-B counterparts. Nevertheless, with growing interest in
sterilisation applications, it is anticipated that continued research and development

will lead to significant improvements in UV-B and UV-C devices over time.

At a current of 10 mA, the forward voltages measured for the UV-C, UV-B, and
UV-A devices were 18.4 V, 22.0 V, and 4.4 V, respectively. The elevated turn-on
voltages observed in the UV-B and UV-C devices can be attributed to the limited
electrical conductivity of AlGaN layers, which hinders efficient carrier injection
and complicates the fabrication of low-resistance Ohmic contacts at higher
aluminium mole fractions. These challenges are characteristic of DUV materials

and devices.
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Figure 3-3. a) UV-C device normalised EL spectra vs current, b) UV-B
device normalised EL spectra vs current, c) UV-A device normalised EL
spectra vs current and d) log scale of the normalised EL spectra off all

pixels

The peak operating wavelengths at 10 mA were determined to be 281.7 nm, 316.5
nm, and 373.4 nm for the UV-C, UV-B, and UV-A devices, respectively (see
Figure 3.3). As described in Chapter 2, the devices exhibited spectral redshifts
attributable to thermal effects, with increased drive current (see Figure 3-3 (a-c)).
The UV-C device demonstrated the most pronounced shift in peak wavelength,
moving by 3.5 nm (from 281.7 to 285.2 nm) as the current increased from 0 to 30
mA. More minor shifts were observed in the other devices: specifically, redshifts
of 1.2 nm and 1.16 nm were recorded for the UV-B and UV-A devices across their
respective current ranges. Since WDM systems require that each transmitted
channel be spectrally distinguishable, these measured spectra informed the
selection of appropriate filters and mirrors to isolate individual channels within the

WDM setup. As illustrated in Figure 3-3 (d), some spectral overlap occurred
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between the DUV devices, potentially leading to crosstalk; this issue will be

discussed further in Section 3.3.

The frequency responses of the devices were subsequently characterised following
procedures consistent with those outlined in Chapter 2. The measured E-E
bandwidths were 960 MHz, 780 MHz, and 140 MHz for the UV-C, UV-B, and
UV-A devices, respectively. In comparison to the higher output power UV-A
devices, the UV-C and UV-B devices exhibited greater bandwidths. This
phenomenon may be attributed to defect-assisted quenching mechanisms in these
devices, which could facilitate faster light emission at the expense of a lower EQE
and output power, as discussed in Chapter 2. However, further investigation is
required to confirm this hypothesis. Notably, to the best of our knowledge, these
represent some of the highest bandwidths reported for LEDs/uLEDs in the UV or
Visible region [102]. Additionally, the UV-B and UV-C devices displayed
frequency response characteristics marked by an initial rise to a broad peak,
followed by a gradual roll-off, as seen in Figure 3-4, a behaviour tentatively linked
to parasitic impedance originating from wire bonds, packaging, and the pLED
structures themselves. The E-E bandwidth versus current for all devices is

presented in Figure 3-4.
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Figure 3-4. Electrical-to-electrical bandwidth response vs current for the

respective wavelengths uLED devices.

The UV-B and UV-C devices also demonstrated a decrease in response at higher

current levels. The observed saturation and reduction in bandwidth for both UV-B
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and UV-C devices may be attributed to device heating and thermally induced
phenomena, such as carrier overflow. This process reduces carrier density within
the quantum wells, resulting in an increased average carrier lifetime and a

consequent decrease in bandwidth.

Turn on voltage at ImA (V) 9.37 12.91 3.46
Peak wavelength at 10mA (nm) 281.72 316.5 37341
Output power at 10mA (mW) 0.24 0.13 0.47
Modulation bandwidth at 10mA (MHz) 945 778 109.5

Table 3 Summary of uLED performance for the devices used in the WDM

demonstration.

The key results of this characterisation work are summarised in Table 3 above.
Now that the individual devices have been characterised, the following section

describes the experimental setup employed in the WDM studies.

3.2 WDM Experimental Set-up

The WDM optical configuration utilises two long-pass dichroic mirrors, Semrock
Di01-R355-25x36 and Alluxa-8113, 300 LP Dichroic, as illustrated in Figure 3-5
(a) below. The dichroic mirrors combine the light from three pLEDs into a single
optical path, as shown in Figure 3-5 (a) and (b). All components are integrated
within a Thorlabs optomechanical cage system for ease of alignment. The UV-B
and UV-A arrays were positioned on manually adjustable XYZ stages with 3D
printed mounts to optimise alignment, while the UV-C device was secured directly

to the cage structure.

Lenses with a diameter of 2 inches were employed to collect and collimate light
from the uLEDs. For the UV-C and UV-B pLEDs, an Edmund Optics 84340 lens
(40 mm focal length and NA=0.63) was utilised, while a Thorlabs ACL50832U-A
lens (NA=0.76) was used for the UV-A device. The modulated electrical signals
were supplied to the optical sources using three bias-tees: Tektronix PSPL5675A,
Mini-Circuits ZFBT-4R2G, and Mini-Circuits ZFBT 6GW-FT+. The Tektronix
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unit was assigned to the actively measured channel, i.e. the channel that was

encoded with OFDM data.
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Figure 3-5. Schematic diagram of the optical and electrical setup used for
the WDM transmission experiments.

An RF modulation signal was generated by a Keysight M8195A arbitrary
waveform generator (AWG), offering a sampling rate of 65 GSamples/s, an
analogue bandwidth of 25 GHz, and an 8-bit vertical resolution. In the WDM
experiment, each pLLED was modulated individually, one at a time, with an OFDM
signal, while noise, which served as interference, was generated simultaneously in
the other two channels to mimic a real-world system with multiple parallel data
streams. In a “real-world” practical WDM system, each optical channel would be
incident on a separate detector. However, in this experiment, all three channels
were focused onto a single detector APD via bandpass filters mounted on a sliding

filter assembly, due to the availability of only one suitable detector.

Three amplifiers, one SFH Communications SFHS126A (frequency range 80 kHz-
25 GHz and 29 dB gain) and two Mini-Circuits FL-1000LN+ ( frequency range 0.1
MHz-100 MHz and a gain of 2.9 dB), were placed between the AWG and the bias
tees to amplify the RF signals to each of the channels and enhance modulation
depth. The SFHS126A amplifier, with 29 dB gain, was connected to the pLED that
delivered the OFDM signal, which was the channel that was being evaluated for
the communications work. This was done as it was a low-noise, high-gain amplifier
which produced the best amplified signal. The mini-circuit amplifiers were

connected to the channels, thereby generating noise. The receiver was located 0.5
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m from the transmitter and thus operated over short distances where scattering

effects were negligible [199].

On the receiver side, a 1-inch Thorlabs LA4052 lens (35.1 mm focal length)
focused the transmitted light onto an APD (Hamamatsu C5668 8867), selected for
its high bandwidth as detailed in Chapter 2. The decision to utilise a single detector
was based on both the desire to simplify the setup and limitations regarding the
availability of cost-effective, high-speed detectors. However, future systems could
use multiple high-bandwidth detectors to allow all channels to run simultaneously

and could allow for more channels (i.e. more devices at various wavelengths) to be

added.

A Thorlabs CFS1/M sliding filter mount was used to hold three filters (Semrock
FFO1 280/20-25 bandpass, Envin 308 nm bandpass filter (a custom mirror), and
Edmund Optics 34299 350 nm long-pass filter). One of these filters was placed in
front of the APD in order to selectively pass light from one of the optical channels.
The detector output was captured by a Keysight MXR608A oscilloscope (16
GSamples/s, 6 GHz analogue bandwidth, 10-bit vertical resolution) and recorded
for offline processing. This enabled calculation of the SNR, BER, and maximum
"error-free" data rates per channel, which will be presented in the following section.

Subsequent discussion will address the software and encoding protocols.

3.2.1. Characterisation of the optical set-up

Prior to commencing the communications tests, a thorough characterisation study
was conducted to assess the impact of the filters on the experimental setup, to
examine the degree of optical crosstalk and the optical power losses due to the
optical filtering. It is important to acknowledge that, in general, bandpass filters in
the DUV exhibit lower transmission/rejection efficiency than those designed for
the visible spectrum. One limitation of this work was the use of only off-the-shelf
components; future work incorporating custom-designed parts is expected to
enhance overall performance by improving the transmission of the desired

wavelengths and rejection of the other channels.
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Figure 3-6 Examining the optical crosstalk in the various filters: a) 280nm
bandpass filter, b) 315nm bandpass filter, ¢c) 375nm bandpass filter.

The same spectrometer utilised during initial device characterisation was used for
subsequent spectral assessments. Measurements involved aligning the
spectrometer to maximise signal strength across all three channels and conducting
comparative analyses with filters applied. Subsequent steps included
characterisation of the spectra with different receiver filters and evaluating their
effectiveness at suppressing background light and mitigating crosstalk between
channels, as shown in Figure 3-6. However it should be noted that some light is
leaking through the filtering system and there is evidence of cross talk which could

result in lower BERs than expected.

For the UV-C channel, it was noted that there was no optical crosstalk with the
other channels, as shown in Figure 3-6 (a). This could be due to the narrow FWHM
of the UV-C bandpass filter and the lack of spectral overlap as seen in Figure 3-3.
It was observed that some optical crosstalk occurred, notably between the UVB and
UVC channels, due to the broad emission profile of the UVC device. This is evident

in Figure 3-6 (b). This outcome was anticipated, as optimising signal collection
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from the pLEDs necessitated the use of bandpass filters with relatively broad
FWHM. Such limitations could be mitigated if narrower optical bandwidth sources
or filters were available. From Figure 3-6 (c), the UV-A channel also demonstrated
some optical crosstalk with the UV-B channel, which can again be attributed to the
broad emission profile of the UV-B device. These findings underscore the need for

continued refinement in both filtering strategies and DUV pLED design.
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Figure 3-7 Normalised spectra of the WDM system with all LEDs
operating at once b) logarithmic scale plot of the same data.

When the graph is presented on a logarithmic scale, it becomes possible to observe
lower-intensity wavelength behaviour (see Figure 3-7b). Notably, the UV-A and
UVB devices display some optical crosstalk throughout their measurements, which
will be further clarified during the analysis of data rates. It was found that the WDM
data rates were significantly lower compared to those obtained when only a single

LED was active at a time. Interestingly, the 285 nm channel exhibits minimal
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optical crosstalk, suggesting that reduced signal strength may result from filter

quality rather than inherent device characteristics.

A key property of the optical filters used in the setup is their ability to transmit light
from the pLED under test while simultaneously rejecting light from the other
optical channels. The next test was to examine the optical power that was recorded

on each channel with various filters.

The UV-A channel showed less variation between being filtered and unfiltered, as
seen in Figure 3-8 (a). This may be attributed to the advanced development of filters
designed for the UV-A spectrum, with the filter transmissions closer to 90%. In
contrast, the UV-B and UV-C channels demonstrated higher losses when the UV-
B and UV-C bandpass filters were applied due to the lower transmissivity of those
filters, as illustrated in Figure 3-8 (b) and (c). However, prioritising improved
discrimination of each of the three WDM channels at the expense of some signal
loss was deemed the most effective solution to maintain the desired system

operation.

The UV-A device exhibits higher optical power output but operates with a lower 3
dB bandwidth, as shown in the characterisation section, which, according to the
Shannon theorem referenced in Chapter 1, is anticipated to result in a reduced data
rate. The analysis shown in Chapter 4 suggests that the bias point for the UV-C
device may have been set excessively high. Optimising the bias level both for this
device and across the system could have led to enhanced performance. Lowering
the bias would permit a comprehensive evaluation of its influence on data rate,
especially as the devices approached saturation within their LI and IV
characteristics. This saturation likely imposed artificial constraints on data
throughput, potentially accounting for some of the observed performance

limitations.
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Figure 3-8 Characterisation of the optical power of the optical channel
when a bandpass filter is applied to a single pixel: a) UV-A single pixel
LED, b) UV-B single pixel LED, c) UV-C single pixel LED.

A calibrated optical power meter was employed to measure the average received
powers for each of the channels of the WDM system when all LEDs were
simultaneously active, yielding values of 0.25 mW, 0.03 mW, and 0.10 mW for the
UV-A, UV-B, and UV-C channels, respectively. These results were consistent with
the characterisation measurements, confirming that the UV-A device produced the
highest optical power. According to the LIV graph data Figure 3-8, the UV-A
device could potentially support an increased bias without adverse effects, possibly
enhancing the SNR. However, such adjustments do not guarantee a corresponding

improvement in data rate.

3. 3 Communications Results

After completing the optical characterisation of the WDM optical setup, the next
stage was to conduct the communications tests. This section will examine the
OFDM encoding sequence, include communications tests on a single channel in

isolation, and finally demonstrate a complete WDM system.
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3.3.1. OFDM encoding.

In the system, OFDM was employed as previously introduced in Chapter 1. This
section provides a more comprehensive description of the parameters and
equipment required to achieve the reported results [130,194]. MATLAB ® code
was used to generate DC-biased optical (DCO)-OFDM data, enabling the
assessment and optimisation of communication parameters such as peak-to-peak
voltage, OFDM signal clipping, modulation bandwidth, number of subcarriers,
cyclic prefix (CP) length, and the target BER. Further details are provided in Table
4 and Figure 3-9. The adaptive bit and energy loading algorithm was implemented
to determine the final achieved data rates. Prior to transmitting the OFDM signal,
a sinusoidal pilot waveform was applied to establish an appropriate bias point and
optimal peak-to-peak voltage, thereby minimising potential nonlinear distortion or
saturation that might otherwise impair the performance of the communication

channel [200].

Following the initial setup, channel estimation and SNR measurements were
performed utilising 4QAM symbols as pilot signals across all subcarriers.
Subsequently, a Fast Fourier Transform (FFT) operation was conducted, allowing
for comparison of the detected symbols with the original pilots to determine
channel gain and SNR for each subcarrier. Adaptive testing was employed during
the selection of SNR and channel gain values to optimise the channel link, thereby

facilitating the achievement of maximum data rates.

Within the bit loading methodology, it was observed that decreasing SNR resulted
in fewer bits being loaded onto each subcarrier. Attempts to increase bit loading
under these conditions would have led to elevated BER. It is pertinent to note that
all collected data underwent post-processing. Future advancements are required to
transition toward a real-time optical communications system. Additionally, precise
synchronisation was maintained using a hardwired SMA cable between the
oscilloscope and AWG, ensuring accurate data decoding. For increased
transmission distances, alternative timing methods would be necessary to maintain

decoding accuracy.
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Sampling frequency (MHz) 1600
Sample per symbol 5
Symbol span 64
FFT Size 2048
Maximum constellation 1024
Training length QAM 1504
PAPR (dB) 10.1
Roll of factor 0.1
Cyclic prefix length 15
Cyclic suffix length 5
Lower clipping (o) -3.2
Upper clipping (o) 3.2

Table 4 OFDM parameters used in the WDM system.

The following section will present the results obtained and discuss implications for
subsequent research. The adaptive bit and energy loading algorithm played a
crucial role by optimising QAM constellation selection and transmission power for
each subcarrier, thereby aligning BER outcomes with a predefined threshold and

maximising achievable data rates [191,201,202].

The payload OFDM signal was then transmitted, while at the receiver, frequency-
domain symbols were equalised using the estimated channel data and subsequently
decoded to assess the received binary stream against the original binary stream to
determine the BER. A target BER of 3.8 x 107 was established, facilitating the
employment of Forward Error Correction (FEC) codes to achieve error-free

communication with a 7% overhead, as detailed in Chapter 1.

Following alignment, peak-to-peak voltage (VPP) scans were conducted to
determine the optimal value and mitigate signal clipping, fully leveraging the
dynamic range of the LED an essential consideration as signal strength diminishes.
Once the optimal VPP was identified, the selected modulation scheme was applied

to the uLED, employing pseudorandom encoding.
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Signal clipping thresholds were set at 3.2 times the standard deviation of the time-
domain signal, enabling effective mitigation of clipping of the signal and
decreasing distortion and optimal use of available dynamic range [129,203]. An
FFT size of 2048 was chosen to increase the number of subcarriers, as this balances
complexity and resolution. The introduction of suffix and prefix segments
established a circular convolution between the signal and response, validating one-
tap equalisation and mitigating interference between adjacent OFDM frames.
Given the frequency-selective nature of the channel, potentially influenced by low-
pass effects from the LED and detector, the lengths of these segments were

particularly important.

Data input began as a linear stream before being converted into parallel channels
to initiate encoding. A pilot was used to evaluate channel quality prior to bit and
power loading. QAM was used to map the signal to the phase and amplitude
domains, followed by an inverse fast Fourier transform (IFFT) to convert the signal
from the frequency domain to the time domain. The result was reconverted to serial
format for transmission. Upon reception, matched filtering removed noise by using
the expected signal pulse shape, which was determined during the SNR testing,
where a 4 QAM signal was transmitted. and facilitated signal equalisation ahead of
reconversion from serial to parallel. Subsequent demodulation converted the data
back to a serial format, where timing information enabled direct comparison
between the received and transmitted signals, thereby permitting precise

determination of the BER.
Input o Serial-To- Bit and Power . UAM. IFET Parallel To PI-I|S.E _.
Data Parallel Loading Modulation Serial Shaping
Parallel- QAM Serial To Matched m
FFT Equalizati -+«
MF S Filter

Figure 3-9 Process sequence of the OFDM code[185],

3.3.2. Communications results for a single pixel

Following the optical characterisation, it was concluded that it would be of interest
to examine the performance of each channel tested in isolation, enabling a direct

comparison of data rates obtained with and without a filter placed before the
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receiver. This methodology supports our detailed characterisation efforts by
isolating the effects of both the devices and the filter system. As shown in Figure
3-10, the use of filters led to a measurable decrease in SNR and channel gain for

every channel, due to the optical losses introduced by the bandpass filters.

While the channel gain shown in Figure 3-10 (a) and (b) offers some insight as we
see the impact of filters, the SNR shown in Figure 3-10 (c) and (d) demonstrates a
more direct relationship with both bit allocation and achievable data rates. There is
some signal loss when the filters are introduced, mainly in the UVC channel.
However, it was determined that this was not a significant issue, and the losses are

somewhat limited, with only approximately ~2 dB of signal lost.
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Figure 3-10 A series of tests with a single LED. Channel gain of the
devices, a) with and b) without a filter, and a comparison of SNR, c) with
and d) without filters.

Based on the data presented above, the filter exerted the most significant negative
impact on the UV-C LED, with pronounced differences in both SNR and channel
gain. This outcome is unsurprising, considering that filter technology in the DUV
is still developing, and there was a minor misalignment between the output of the
LEDs and the peak transmission wavelength of the filter, which occurs at 286nm

with a maximum transmission of approximately 74%. Nevertheless, implementing
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the filter system was crucial for the feasibility of the WDM system. The bit loading
graphs indicate that at lower frequencies, where the SNR is higher, the system
consistently achieves up to 4 bits/Hz for the UV-A and 5 bits in the UV-C (see
Figure 3-11 (a) and (c)). At the lower data frequencies for the UV-B channel (as
shown in Figure 3-11 (b)), fewer bits can be loaded, with a rapid decline in capacity
as frequency increases due to decreasing SNR. Beyond 600MHz, all channels are

limited to 2 bits.

L L .
= UV-B single pixel
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. . .
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Figure 3-11 A bit loading graph for the single channel: a) UV A single pixel,
b) UVB single pixel and c¢) UVC single pixel.

When the SNR approaches 7dB, system performance deteriorates significantly,
ceasing to function past this threshold. Notably, the system remains capable of
loading bits at frequencies around 1200MHz. However, due to diminished signal

strength, the likelihood of successful bit loading is considerably reduced.

Furthermore, the substantial bandwidth available from each WDM channel allows
for the use of numerous parallel OFDM subcarriers, thereby maximising achievable
data rates. These results could be enhanced by employing more advanced detectors

with higher-bandwidth capabilities.
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Figure 3-12 Comparison of BER when filters are applied to single pixels.

These findings in Figure 3-12 underscore the significant influence of filter systems
on optical performance, particularly in multicarrier transmission systems where
advanced equalisation methods facilitate modulation that exceeds the device's 3-
dB E-E response, as evidenced both in this investigation and prior studies
[130,194]. Using a target BER of 3.8x1073, the data rates of each pLED were
recorded with and without filters. These are shown in Table 5. Upon completing

the single LED tests, the tests were moved to a full WDM test.

UVA 3.56 3.46
UVB 34 3.15
UuvcC 4.52 4.17

Table 5. Achieved Data Rates of the single pixel.

3.3.3. WDM Communications Results

Within the complete WDM configuration, where all channels were active, with one
transmitting random bit streams and others generating random noise, the SNR of
each WDM channel was rigorously characterised. The peak-to-peak modulation
voltage supplied by the AWG was consistently 0.25 V, after which the signal was
amplified. As expected, the UV-B channel exhibited the lowest SNR due to its
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lower power output, while optical crosstalk further degraded the SNR of the UV-

A channel. The UVC device exhibited the greatest variation after filter application

(see Figure 3-12), primarily due to its lower transmission levels. Optical crosstalk

in the UV-A and UV-B channels reduced data rates, a problem further exacerbated

by the limited optical output power of the UV-B device. Additionally, crosstalk

originating from the UV-B channel adversely impacted the SNR of the UV-A

device. This limitation may be addressed in future system designs by adopting

improved receiver filters. Utilising a threshold of SNR > 5 dB, the measured
channel frequencies were 1.30 GHz, 1.10 GHz, and 1.25 GHz for the UVC, UVB,

and UVA channels, respectively, as shown in Figure 3-13 (a).
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Figure 3-13 a) SNR graph for the WDM system and b) BER of three

devices in both single pixel and WDM (the dashed horizontal line
corresponds to a BER of 3.8x 1073).
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The data rates aligned with expectations established by characterisation
measurements, with the UV-B device exhibiting the lowest maximum data rate.
The UV-B device exhibited the lowest output power among the three evaluated
devices. Additionally, a portion of this output power is lost during the combination
of emissions for WDM, as achieving complete transmission through the "Alluxa"
Mirror (see Figure 3-13 b) is not feasible. Collectively, these factors contribute to
the relatively low data rate observed for the UV-B device, despite its higher
bandwidth compared to the UVA device.
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Figure 3-14. Maximum M-QAM constellation sizes achieved a)32 QAM for
UV-C, b) 16-QAM for UV-B and c) 16-QAM for UV-A.

Figure 3-14 presents the M-QAM constellation diagrams for each WDM channel.
Constellation sizes of 32 for the UV-C channel (Figure 3-14(a)) and 16 for both
UV-B and UVA channels were predominantly employed (see figures 3-14 (b) and
(c)), yielding bit error rats (BERs) of 1.12x 10™%, 2.40x 107, and 1.36x 1074,
respectively. Although QAM graphs provided valuable insights in this analysis,
alternative visualisations such as SNR and bit loading graphs may offer additional
clarity regarding observed trends. The QAM diagrams effectively illustrated data-
point separation, with more tightly clustered points correlating with lower error
rates at lower constellation orders. Owing to its superior modulation bandwidth,

output power, and SNR, the UV-C channel supported higher-order QAM schemes
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compared to the other devices. These findings indicate that the UV-C LED is
capable of achieving data rates sufficient for larger QAM configurations, though

fewer devices reached this performance threshold.

The BER of individual pixels was assessed against values obtained from WDM
configurations. Results indicate that the UV-C device yielded consistent
performance across both single-channel and WDM scenarios, attributable to the
minimal crosstalk present on the UV-C channel. This reduced interference was
achieved through efficient filtering of extraneous light from the UV-B and UV-A
channels using mirrors and filters. Nevertheless, spectral overlap introduced
interference into adjacent channels, particularly impacting the UV-A channel.
Discrepancies in the active areas between the power meter sensor (9 mm diameter)
and the Avalanche Photodiode (APD) (0.5 mm diameter) suggest that the actual

average received power levels were likely lower than initially estimated.

UVA 3.56 3.46 3.13
UVB 34 3.15 3.02
uvce 4.52 4.17 4.17

Table 6. Achieved Data Rates of the single pixel and full WDM demonstration.

The maximum data rates achieved by the UV-C, UV-B, and UV-A devices were
4.17 Gbps (~3.87 Gbps after deducting a 7% overhead), 3.02 Gbps (~2.80 Gbps),
and 3.13 Gbps (~2.91 Gbps), respectively, as presented in Table 6, this details the
data rates per channel, with all measurements reflecting a BER of approximately
3.8x 1073, The aggregate WDM data rate obtained was 10.32 Gbps (9.5976 Gbps
with 7% overhead).

Both the UV-B and UV-C channels attained data rates surpassing those reported
in the literature up to the time of this work. Zhu et al. documented a maximum
optical wireless data rate of 2 Gbps for a UV-C uLED [201], while Sun et al.
achieved 71 Mbps for a UV-B LED [204]. The data rates observed within this body
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of work for the UV-A, -B, and -C bands are the highest reported to date (see Figure
3-14). Furthermore, the implementation of WDM with DUV LEDs enabled an
aggregate data rate exceeding 10 Gbps for the first time in the DUV spectrum.

3.4 Conclusion

This chapter presented a three-channel ultraviolet wavelength division
multiplexing (UV-WDM) system employing uLEDs that emit at peak wavelengths
in the UV-A (375 nm), UV-B (317 nm), and UV-C (285 nm) spectral regions.
Utilising an OFDM scheme, the system achieved data rates of 4.17 Gbps, 3.02
Gbps, and 3.13 Gbps from the UV-C, UV-B, and UV-A devices, respectively.
These individual channel data rates represent the highest values reported for UV
uLEDs to date. Collectively, the channels delivered an aggregate data rate of 10.32
Gbps, thereby demonstrating a UV LED-based optical wireless link with
throughput exceeding 10 Gbps.

Notably, the UV-B device exhibited comparatively lower performance than other
deep UV devices, highlighting an area for further investigation and optimisation.
Future research directions include expanding to additional wavelengths in the deep
ultraviolet spectrum, potentially focusing on a dedicated UV-C system for
operation in diffuse line-of-sight (LOS) or non-line-of-sight (NLOS)
configurations. Such advancements may require modifications to the detector due
to the low output powers of the LEDs, which could subsequently affect achievable
data rates. Nevertheless, these modifications constitute logical next steps for this
research. Additional enhancements can also be explored within the current setup,

such as optimising the LED bias point, as will be discussed in subsequent chapters.

The following chapter will examine the feasibility of deploying a UV-C device
with a similar architecture for long-range communications, to leverage the inherent

high bandwidth of uLEDs to support extended transmission distances.
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This chapter examines the use of trapezoidal-shaped pixel DUV pLED arrays,
similar to those used in Chapter 3, for data transmission at various currents and
distances up to 116m. This work resulted in one of the highest reported data rates
for a single DUV pLED: over 6.5 Gbps at 10 metres, more than 4 Gbps at 60
metres, and 1 Gbps at 100 metres. Moreover, to the best of the authors' knowledge,
these results represent the highest data rates achieved at such distances using DUV
nLEDs. This work has led to two publications: a submission to the IEEE Photonics
Conference and a full paper in Optics Express [144,205] and this chapter expands

upon those findings.

4. 1 Introduction

Previous applications of UV-C pnLED communications were restricted to short
distances of only a few metres (see Figure 4-1). The research presented in this
chapter demonstrates Gbps data rates at distances exceeding 100 metres,
representing the highest reported data rate at the longest distance to date using
LLEDs and LEDs of any wavelength, not just in the UV. This advancement is
attributable to improved device quality of the UV-C device material, which has
enabled greater optical output power while maintaining high bandwidths essential
for long-range optical communication in conjunction with optimisation of all
system parameters. Although laser systems achieve longer transmission distances,
they tend to be large, expensive, and require cooling with costly thermoelectric
cooler (TEC) units. Furthermore, compact laser diodes remain less developed and
face reliability challenges, such as low optical powers and current injection issues
[206]. This work seeks to bridge the gap between the extended range capabilities
of laser systems and the high data rates achieved by pLEDs.

This chapter will analyse the effects of current and peak-to-peak voltage on device
performance at various distances. Additionally, it will investigate how transmission

distance influences SNR, channel gain, and overall data rate.
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Figure 4-1 A summary of previous work on data rate vs distance for DUV
UMLEDs/LED [205].

4. 2 Devices and characterisation results

4.2.1. LED Devices

The device utilised in these tests was an eight-segment trapezoidal array, analogous
to those described in earlier research and referenced in Chapter 3, Section 3.1.1
[185,207]. It should be noted that the original purpose of this geometry of device
was to permit multiple ptLED pixel coupling into a polymer optical fibre or
waveguide. However, the design proved advantageous for broader optical
communication demonstration, not least because there is pixel redundancy in a
single packaged chip, and the devices exhibited high modulation bandwidths. A
micrograph of the array is shown in Figure 4-2. These devices are recognised for
their high bandwidth capabilities, attributable to their elevated current densities,

which facilitate rapid carrier recombination. Additionally, this characteristic
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enhances the EQE, as the carrier diffusion lengths minimise the likelihood of

carriers interacting with damaged sidewalls.
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Figure 4-2. Micrograph of uLED array geometry used in the

communications tests. This follows the design in [5]].

4.2.2. LED Characterisation results

Prior to conducting OFDM measurements on the uLED device, the initial step
involved assessing the optical output power, as this parameter directly influences
signal strength. The LI measurements indicated a maximum optical output power
of approximately 0.4 mW (as seen in Figure 4-3 (a))) While this value is lower than
that of visible light devices, it aligns with expectations and performs similarly to
the UV-C device shown in Chapter 3. As noted previously, limited optical power
can adversely affect both the SNR and data rate, which is described by the Shannon
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theorem (see section 2.1). The observed turn-on voltage (approximately 7.5V) is
markedly higher than that in visible devices but much improved compared to the
devices in chapter 2 due to developments in epitaxy, contacting and annealing. The
peak optical power is also substantially reduced when compared to visible devices
of similar size, consistent with findings presented in chapters 2 and 3. Evaluating
the IV characteristics was crucial for determining the appropriate bias point for the
OFDM communication systems, with currents in the range of 15-22 mA being

particularly relevant (see Figure 4-3).

The device’s electroluminescence (EL) spectra exhibit considerable stability as a
function of bias current, when measured at room temperature under CW conditions,
with only minor redshifts (approximately 2nnm) andslight variations in the FWHM
from approximately 11 nm to 13 nm, as seen in Figure 4-3 (¢). The uLED device
demonstrates a spectral peak at approximately 285 nm. However, the breadth of the
FWHM results in coverage extending into both the UVB/UVC regions of the
electromagnetic spectrum (UVB range is nominally 280-320 nm and UVC defined
as 100nm-280nm). This phenomenon may be attributable to internal heating
effects, as fundamentally the spectral line width is determined by carrier
distribution in the energy states of the conduction and valence bands. Of course,
that distribution is temperature dependent, as evidenced in similar devices

[191,208].

Measurements revealed that the device achieves high -3 dB modulation
bandwidths, with recorded values exceeding 800 MHz However, signs of thermal
roll-off were observed during bandwidth measurements, indicating carrier
overflow at larger current densities and that heating effects could compromise pixel
integrity and shorten operational lifetime, an important consideration for these
ULED devices [209]. Thermal effects may, though, decrease carrier lifetimes,
thereby contributing to increased bandwidth. These bandwidth measurements are
crucial within this chapter, as the objective of this characterisation work was to
evaluate the array under various communication parameters, such as bit loading,
and to analyse overall device performance, with bandwidth serving as a central
metric. Additionally, it should be noted that the -6 dB optical-electrical bandwidth
surpasses that of the detector, which has a stated -3 dB bandwidth of 1 GHz. This

represents a challenge in deep ultraviolet optical wireless communications (DUV
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OWC), as UV-enhanced detectors often possess lower bandwidths compared to

their more mature counterparts used in visible and IR light communications.
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Figure 4-3. Characterisation of the UV-C uLED a) LIV b) normalised
spectra and c) -3dB modulation bandwidth.

4. 3 Short-range laboratory tests (<17m)

Due to the spatial constraints of the laboratory setting, the first stage of this work
focused on a two-mirror set-up that allowed for the optimisation of a retroreflector-
based communication system and facilitated the testing of parameters and
evaluation of performance at distances up to 17m. In this section, the system was
optimised to achieve the highest data rates achieved by a single DUV uLED at
approximately 17m. The following subsections will examine the system that was

constructed and the results achieved.

4.3.1. Experimental set-up

The experimental setup utilised in this chapter comprised two 2-inch lenses from
Edmund Optics (model 84340, diameter =50mm and NA=0.63), with one lens
dedicated to collimating light from the LED array and the other directing the light

onto the receiver APD (a diagram of the system is shown in Figure 4-4). A
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Yokogawa GS610 power supply provided the necessary voltage and current for the
uLED. For data transmission, the modulation signal was generated by an arbitrary
waveform generator (AWG, Keysight model M8195A), which was subsequently
amplified by an SHF-S126A amplifier. The RF signal and DC supply were
combined using a Tektronix bias tee. This configuration closely resembled the
arrangement depicted in Chapter 3 for one of the individual channels in the WDM
setup. Additionally, two 5.08 cm x 5.08 cm UV-enhanced aluminium mirrors
(Thorlabs PFSQ20-03-F01) enabled attainment of the required distances by
retroreflecting the transmitted light onto the receiver optics, giving a full path
length of up to 17m, constrained by the space available. However, for the 5Sm

results, it should be noted that only one mirror was used.

Signal acquisition was performed using a Keysight MXR608A oscilloscope,
facilitating alignment through the use of a pilot sine wave. The same 1 GHz
Hamamatsu APD employed in Chapter 3 was utilised on the receiver side. Notably,
no optical filters were applied due to the AC-coupled nature of the APD, which
allowed effective rejection of low-frequency background noise. Ambient lighting
was disabled during system alignment to enhance the visibility of the relatively
weak signal at extended distances; this was observed using a viewing card and
white printer paper fluorescing under UV illumination. Comparative measurements
with and without background lighting revealed a negligible impact on data rate,
attributable to the APD’s AC coupling, and potentially also the narrow field of view
of the optical link.

AWG PC

Oscilloscope

Mirrors

Figure 4-4. Block diagram of a two-mirror setup used for tests up to 17m.
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It was determined that the mirrors introduced approximately 10% optical losses
within the system, as shown in Figure 4-5 a relatively modest reduction that could
potentially be addressed through advancements in UV-enhanced reflective
materials. In the two-mirror configuration, total loss reached approximately 19%,
underscoring the cumulative effect of multiple reflective surfaces. However, it
should be stated that in a real-world single point-to-point system, there would be
no need for mirrors, as mirrors were used here to maximise the available path length

in the confined laboratory space.

The mirror assembly was mounted on a tripod, facilitating movement along both
the X and Y axes, which proved advantageous for accurate alignment. This
arrangement permitted close proximity between the detector and receiver,
effectively mitigating potential timing discrepancies during decoding and enabling
a direct connection between the AWG and oscilloscope. The system utilised
KM200S kinematic mounts for mirror alignment, enabling precise angular
adjustments that are essential at extended ranges where minor deviations can

significantly alter the beam's trajectory.
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Figure 4-5 The reflective profile of the mirror vs wavelength (Thorlabs
PFSQ20-03-F01). This graph was reproduced from the Thorlabs
datasheet.
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Both the receiver and transmitter were operated via laptops, which controlled the
transmitted signals and allowed for adjustable parameters such as VPP. The laptops
also interfaced with the oscilloscope to support post-processing activities. This
configuration allowed for a short connection to the AWG for synchronisation
purposes, thereby avoiding the need for a longer wire or a more advanced

communications protocol which included timing.

4.3.2. OFDM Details

In this chapter, OFDM serves as the encoding method (OFDM was discussed in
detail in Chapters 1 and 3). This approach is integrated with a bit-loading algorithm
to maximise data transmission given the available SNR. Initially, the uLED was
biased with a 10-mA current from a DC source, followed by the application of a
pilot sine wave to calibrate the system. Upon achieving optimal alignment, the
ULED bias was increased to 20 mA. This procedure accords with the setup and
OFDM parameters described in Chapter 3. The focus in this chapter is to provide a
more detailed examination of the OFDM parameters, such as VPP, which were
only briefly discussed previously. Emphasis was placed on analysing these
parameters to optimise system performance, while certain key parameters remained
constant throughout. The following subsection will describe the two experimental
setups utilised in this chapter and evaluate the respective advantages and

disadvantages of the hardware implemented.

4.3.3. Short range communications results (<17m)

For this body of work, substantial effort was put into optimising the system, and
the following section examines the ideal VPP and bias current for the LED. The
ideal VPP was determined through MATLAB code by testing the linear response
region of the LED and optimising the pilot sine wave's signal strength, selecting
lower current levels where feasible. A lower supplied VPP was necessary, as
insufficient current can lead to clipping and limit the device’s ability to handle high

voltage swings, as discussed in Chapter 3. Maintaining device linearity is also
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crucial beyond a certain current threshold, optical output power plateaus, so further

increasing the voltage swing does not yield notable improvements in SNR.
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Figure 4-6.The VPP of the set-up generated by the AWG a) The VPP vs
distance, and b) VPP vs current [144].

Notably, while the optimal VPP increases with higher currents, the incremental
improvement in data rate diminishes. In contrast to visible light systems, higher
VPPs pose less risk of device damage, since lower operating voltages are typical in
the latter, making large voltage swings more challenging to achieve. Although the
VPP values referenced herein Figure 4-6 are those provided by the AWG, and they
are subsequently amplified by the amplifier as stated in section 4.3.1. The device’s
capacity for larger voltage sweeps increased with current, as seen in Figure 4-6 (a),

Furthermore, the increase in distance also resulted in an increase in the VPP,
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particularly around 17 meters (see Figure 4-6 (b)). This may be attributed to beam
alignment issues or divergence over longer distances, resulting in reduced SNR and

necessitating a higher VPP.

While channel gain declines with increased distance, as expected due to the optical
beam divergence, supplying greater current can partially counteract this effect;
however, after a certain point, further current increases do not enhance data rate
performance. Additionally, similar to the devices used in the WDM systems, DUV
devices are subject to impedance mismatches, which can cause signal reflections,
potentially due to wire bonding or metal contacts, as suggested by the elevated turn-
on voltage resulting from resistance. This issue warrants further investigation in

future work.
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Figure 4-7.a) SNR vs frequency as a function of distance at 22mA and b)
the corresponding channel gain vs frequency as a function of distance; c)
SNR vs frequency at 17m as a function of current and d) the

corresponding channel gain vs frequency at 17m as a function of current

As seen in Figure 4-7 (a), the SNR decreases with distance, a trend consistent with
recorded power measurements (see section 4.4), where increased current correlates

with higher SNR across the bandwidth. However, the high-frequency component
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of the 10 mA SNR drops significantly, which could account for the observed
reduction in data rates. Ultimately, SNR determines the number of bits that can be
assigned to OFDM channels, as explained in Chapter 1 and also in Chapter 3. SNR
is notably influenced by changes in distance. However, increasing the current also
yields a higher SNR because the device emits more photons. It is essential to
recognise that beyond a certain current threshold, further increases provide
diminishing improvements in SNR as the device begins to "roll off," causing optical
power to plateau and eventually decline as seen in Figure 4-7 (c). The enhancement
in SNR with current is consistent across all frequency ranges, not limited to low or
high frequencies, and a trend is also reflected in the SNR data. The channel gain
(shown in Figure 4-7 (b) and (d) ) also decreases with distance however this is more
obvious at lower frequencies and the current also has a similar effect on the channel
gain as it does with the SNR where increases in current can result in marginal gains
from this it is possible to test the number of bits that could be expected per

frequency.

Number of bits

LI

I,

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Frequency (GHz)

Figure 4-8. The bit loading at 22 mA for 10m and 17m.

1

As illustrated in Figure 4-8, the number of bits that can be loaded decreases with
increasing distance, attributable to the reduction in SNR as the beam diverges.

Elevating the current enables an increase in the number of bits loaded, facilitating
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active bit loading and enabling the system to achieve higher data rates. This
adaptive loading mechanism responds to channel quality, as shown in Figure 4-8,
where the loaded bit count rises with SNR. Such adaptation supports the
achievement of high data rates as described in Chapter 3. Excessive bit loading for
a given SNR would lead to a substantial increase in BER, so careful selection of
bits per frequency is vital to maintain both high data rates and low BER. This was
done using Hughes-Hartog’s algorithm, which is a bit-loading technique used in
OFDM systems. It incrementally adds one bit to the subcarrier that requires the
least increase in power for an additional bit. This approach maximises the total data
rate while staying within the overall power limit [210]. Which was used to optimise
the number of bits loaded vs carrier frequency. Notably, the number of bits loaded
per carrier drops sharply between the 10m and 17m setups due to the corresponding

decrease in SNR.
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The data rate was measured at a BER of 3.8 X 1073, consistent with the
methodology previously presented in Chapter 3. Although the data rate declines
rapidly with increasing distance, raising the current to approximately 20mA, as
demonstrated in Figure 4-9 (b), mitigates this decrease by increasing the optical
power output of the uLED and thus increasing the SNR. Nonetheless, the benefits
of increased current eventually diminish, with the difference between 20mA and
22mA being negligible, which may be attributed to shifts in device linearity with
higher currents, as indicated by the LIV characteristics. From this work, it was
possible to determine that the system could be further extended to longer distances,

which will be discussed in the next section.

4. 4 Long-range system (>100m)

Upon completing the laboratory tests with the two-mirror system, the results
demonstrated that the system could be further extended. In order to extend the
range, the system was switched to a one-mirror configuration, and the experimental
setup was oriented such that the mirror retroreflected the transmitted beam down a
corridor to increase the path length, as seen in Figure 4-10. A laser rangefinder was
used to measure the distance between the mirrors, transmitter, and receiver. As for
the previous two-mirror configuration, the detector and LED were mounted on
XYZ translation stages, providing fine alignment capabilities that maintained a

suitable SNR over greater distances.
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Figure 4-10 a) Diagram of the one mirror system and b) photograph of the

one mirror system as set up in the laboratory corridor.

The total length of the corridor was approximately 60m, so using the mirror to
retroreflect the transmitted beam increases the optical path length to distances
exceeding 100m. The system remained indoors due to its reliance on mains power
and to ensure safe measurement conditions, given the potentially hazardous
properties of DUV light sources. The following section will examine the

performance of this system and the data rates that were achieved.

Maintaining alignment at extended distances proved difficult, as even minor
adjustments to the mirror angle could significantly alter the beam direction.
Therefore, background lighting had to be minimised during alignment a process
that warrants improvement in future work. Having discussed the experimental
setups, the following section will address the characteristics of the long-range one-

mirror configuration described here.

4.4.1. Long Distance Power measurements

To better understand the system's performance, the first test was to examine the
expected received optical power at various distances to ensure the system can
operate over longer distances. During these measurements, a single mirror and a
tripod were repositioned in 5 m increments from the transmitter, corresponding to
10 m increments due to retroreflection. A Thorlabs power meter and sensor head
(Thorlabs S120VC) were used, with the sensor head fitted with a 300 pm pinhole
to simulate the active area of the APD, thereby allowing the actual power incident

on the APD to be estimated.
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As illustrated in Figure 4-11, there is a marked decline in optical power over the
initial few metres. However, this decline becomes less significant at greater
distances. It is noteworthy that this trend may be influenced by the optical power
meter's sensitivity limitations, as power levels approached the detection limits
beyond 60 m. The primary cause of power reduction was beam divergence over
extended distances, resulting in increasingly divergent light not captured by the
receiver lens. The results described above demonstrate that losses associated with
the single-mirror system become increasingly significant at greater distances. Upon
reviewing the optical power results, it was determined that the optical powers were
sufficient to conduct a series of communications tests, and the following section

will examine the outcome of these tests.
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Figure 4-11 a) Power vs distance with pinhole and b) the data plotted on
a logarithmic scale.
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4.4.2. Long Distance Communication Results

This section presents the optical wireless data transmission results obtained using
the one-mirror configuration described earlier. As the transmission distance
increases, the number of bits that can be loaded decreases due to reduced SNR
stemming from more pronounced beam divergence, lowering the optical power.
Notably, active bit loading allows the system to maintain high data rates despite
these limitations. Similar to the two-mirror system, the number of bits loaded
decreased with distance, as expected, as demonstrated in Figure 4-13. Higher SNR
at shorter ranges permits greater bit loading with an average of 5 bits being loaded
at lower frequencies for 10m ( see Figure 4-12 (a)) with this decreasing to around

two bits for 100m.
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Figure 4-12 a) 10m and b) 100m comparison of SNR to bits loaded.
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Figure 4-12 (b) illustrates that bit loading is no longer possible once the SNR falls
below 5 dB, highlighting an area suitable for further investigation concerning the
limits of the current OFDM bit loading scheme. Additionally, at short ranges, there
is a sharp decline in SNR beyond 1300 MHz, which surpasses both the -3 dB
detector bandwidth and the pLED's capabilities. Further research is warranted to
determine whether this rapid decrease is primarily attributable to the detector or the

LED characteristics.

To compensate for SNR reduction with increased range (Figure 4-13 (a)), the peak-
to-peak voltage (VPP) was raised, and this necessitated selecting an appropriate
bias point. As seen in Figure 4-14 (b), under 10 metres, VPP remains relatively
stable near 0.2 V, but approaches over 0.5 V near 100 metres, demonstrating the
requirements of VPP variation with distance. However, this would be problematic
in a system with fixed voltages; however, adaptability can also be applied to a real-

world system.

Deep Ultraviolet Light-Emitting Diodes for High-Speed Optical Communications Page |111



Chapter 4 DUV Communications up to 100m

25 1 1 1 1 1 1 1 1
(a) ——5m
J A ——10m
—20m
20+ —40m ||
—60m
- —380m
% 15 100m| |-
~ 116m
z
1) 10 -
54 L
0 T T T T T T -
00 02 04 06 08 10 12 14 16 18
Frequency(GHz
0.8 (b) A L

o
=2}
1

T

Optimal VPP(V)

o
N

B
S
!
T

0.0 T T T T T T T T T T T T
0 20 40 . 60 80 100 120
Distance (m)

Figure 4-13 (a) SNR vs frequency and b) optimal VPP vs distance.

With increasing distance, SNR diminishes in parallel with channel gain,
particularly at higher frequencies. Device nonlinearity and detector noise were also
investigated. Beam divergence contributes to SNR reductions, and when compared
to scattering, beam divergence is the dominant reason for the reduction. SNR
fluctuations, which can be seen Figure 4-13 (a) could be the result of impedance

mismatches.
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Figure 4-14 a) The BER vs data rate and b) the maximum error-free data
rate vs distance.

As previously defined, data rate corresponds to the highest rate with BER below
the FEC threshold of 3.8x1072 (Figure 4-14 (a)). At 116 m, comparisons under
varying ambient light conditions revealed negligible differences in data rate,
demonstrating that the system is robust to ambient lighting due to the detector’s
AC-coupled preference for modulated signals. Data rates above 6 Gbps were
consistently achieved at distances under 10 meters, with a data rate of 1.12 Gbps
being achieved at 116m, see Figure 4-14 (b). However, data rates declined with

increasing distance due to numerous factors, including alignment shifts, pixel
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degradation, and changes in the applied VPP. Nonetheless, these experiments
achieved some of the highest recorded data rates at any distance using DUV
pLEDs. Furthermore, the performance at 100m is a record for any wavelength of
ULED. It should be noted that much of this work was past work from our own group

(see Figure 4.15 below).
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Figure 4-15 A comparison of previous work (correct at the time of
publishing this work) [205].

4. 5 Conclusions and further development

This chapter has demonstrated that pLEDs are capable of supporting Gbps
communication over distances >100m, representing significant progress in the
field. Notably, at distances below 10 metres, the highest data rate recorded was
achieved using a single DUV pLED. At extended ranges, the system attained record
data rates of 1 Gbps at 116 m using a single DUV uLED. The results further
indicate that the data transmission rate remains comparatively stable under ambient
lighting conditions. To our knowledge, these data rates are the highest reported at
nearly every measured distance for single uLED systems and may enable future

long-range outdoor applications.
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However, in future applications, a number of improvements could be made, such
as moving the transmitter and receiver apart, thus allowing for the removal of the
mirrors, and changing the system from a low technology readiness level (TRL)
demo to a real-world working system. Additionally, automating the mirror
alignment processes would further improve operational efficiency by facilitating
rapid adjustments and reducing manual intervention, which would assist with
pointing and tracking. Refining the timing system has the potential to produce a
more robust platform capable of supporting advanced encoding schemes. The next
chapter will focus on non-line-of-sight (NLOS) configurations to develop solutions

less reliant on precise alignment, thereby increasing practical applicability.
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Non-line-of-sight communications (NLOS)

5. 1 Motivation

One important advantage of DUV technology is that its short-wavelength
ultraviolet light is particularly effective for mnon-line-of-sight (NLOS)
communications due to the considerably stronger scattering that takes place
compared to visible or infrared wavelengths, enabling the exploitation of both
Rayleigh and Mie elastic scattering mechanisms to bypass obstacles that would

otherwise obstruct a line-of-sight connection, as discussed in Chapter 1.

This characteristic is especially relevant in practical communication systems,
where receivers are frequently not in the direct line of sight of transmitters.
Although NLOS propagation typically results in lower received light levels, the
minimal background noise in the DUV spectrum enables the detection of extremely
weak signals. A schematic of NLOS is shown in Figure 5-1. This chapter presents
an initial proof of concept of such a system. It addresses unique challenges
encountered during NLOS experimentation challenges absent from previous LOS
chapters (i.e., Chapters 3 and 4), including overcoming physical barriers and

improving the signal-to-noise ratio.

The primary motivation for this work is to broaden the application of OWC.
Previous research discussed in this thesis has focused on finely aligned LOS
communications, which are practical in controlled laboratory settings but not
always achievable in real-world environments, as outlined in the introduction. The
current chapter will present the characterisation of the commercial LEDs and
electronics utilised in this work. We developed a NLOS communication system
that established a sub-10-metre kbps link. This development should guide future
advancements by highlighting both the advantages and challenges inherent in

NLOS communications.
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Figure 5-1 Schematic of NLOS vs LOS system configurations.

5.1.1. NLOS research

As previously indicated in the introduction, several scattering mechanisms,
particularly Rayleigh and Mie scattering, affect ultraviolet (UV) light as it
propagates through air. Rayleigh scattering typically involves particles smaller than
the wavelength of light, whereas Mie scattering pertains to larger particles relative
to the wavelength (as discussed previously in Chapter 1). These phenomena have
numerous applications, including gas sensing and optical scattering measurements.
Such mechanisms are particularly relevant in the field of visible underwater
communications [211-215], where a key challenge in NLOS studies is the focus
on military applications. Another significant issue is that atmospheric scattering
models are highly dependent on environmental factors such as dust and humidity,

making accurate modelling of these systems challenging.
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Several research groups have investigated DUV scattering, noting that its effects
become significant at distances on the order of kilometres. However, there is still
some scattering at short ranges, as will be demonstrated in this chapter, and as seen
in Table 7 [216,217]. Although this chapter will not address NLOS modelling in
detail, it should be noted that various approaches, including Monte Carlo
simulations, have been explored for NLOS optical communication links. However,
describing these methods remains outside the scope of this work. The primary
objective is to encode information within the scattered light, an area of growing
interest due to advancements in UV LEDs and laser technologies. These

technological developments have expanded the feasibility of practical NLOS

systems.
Atmospheric Scattering coefficient over km™!
Mnm) kfay leigh kfc”ie kb=mie+ray kabsoption Ki-abs+scatt
230 0.493 0.623 1.116 2.581 3.697
240 0.406 0.531 0.937 1.731 2.668
250 0.338 0.421 0.759 1.202 1.961
260 0.266 0.284 0.55 0.802 1.352
270 0.241 0.277 0.518 0.621 1.139
280 0.194 0.272 0.466 0.322 0.788
290 0.177 0.266 0.443 0.046 0.489
300 0.145 0.261 0.406 0.039 0.445
310 0.132 0.234 0.366 0.005 0.371

Table 7 Representative atmospheric scattering and coefficients in the DUV
absorption (air type not stated)[218].

A comparison between DUV LOS and NLOS configurations indicates that devices
can achieve significantly higher data rates in LOS setups, primarily due to superior
signal-to-noise ratios, which are a critical determinant of system performance.
Recent literature includes experimental investigations into DUV NLOS systems,
which can be categorised by the type of illumination used: lasers, LEDs, or
flashlamps [219-221]. When this research field emerged in the 1960s, flashlamps
were commonly utilised, supported by initial modelling studies [222—-224]. More
recently, there has been notable progress in academic circles, with significant

publications appearing over the past year [218,225,226].
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From using Table 6 we can see that the total scattering coefficient at 280nm is
0.466 km~1. From the equation I(1) = I,(1) x e(=¢%) where d is the distance
and c is the scattering coefficient, it was possible to determine that at 5m,
approximately 0.2% of the photons are scattered, resulting in randomness and
temporal flux in the system. There is a distribution around the 1 and 0 binary levels,
and this can impact the error rate as the photon packet will have expanded
(temporally spread). Photons will arrive at different times and appear in time bins
where a “0” is expected, which could be read as a “1”, resulting in an error. The
Poisson statistics of light detection further compound these issues, and as a result,
scattering significantly affects the expected photon count, as seen elsewhere in

underwater communications.

One persistent challenge in UV NLOS communication is the necessity for higher
optical power outputs to compensate for the substantial channel loss. This poses
potential health and safety risks, as exposure to shorter wavelength UV radiation
can be ionising and hazardous to human health, potentially leading to conditions

such as skin cancer [6].

Another significant challenge is that most conventional photoreceivers are not
solar-blind and can still detect signals in the visible and sometimes the infrared, as
well as the DUV, which can introduce background noise. As a result, the
subsequent measurements that were conducted in this chapter had to be performed
in a darkened room. There have been steps made towards improving this, with
devices specifically designed to block out other regions of the EM spectrum, other
than the DUV, such as Ga;O, and AlGaN. However, these devices are still at a low

technology readiness level (TRL) and require more development [137].

5.1.2. Device characterisation

The device used in this chapter was a commercial Osram OSLON SU
CULDNI.VC (image shown in Figure 5-2). This LED was selected for its high
optical output power in the UVC. Notable advancements in commercial devices
over recent years have led to increased optical output and extended operational
lifetimes, making them an attractive choice for this work, where the system will

operate in a setting where high-power optical devices are essential.
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1.8mm

Figure 5-2 Image of LED used in NLOS communications tests (Osram
OSLON SU CULDN1.VC.)

The electrical and optical power performance characteristics of the tested LED are
illustrated in Figure 5-3. The selected device achieved DC output powers up to
25mW (see Figure 5-3 (a)) and demonstrated stability in peak emission at
approximately 275nm (see example of emission spectra in Figure 5-3 (b)) as well
as a relatively high -3 dB bandwidth (approximately 100MHz) shown in Figure 5-3
(c). These measurements were taken in our laboratory, with the optical power
measured as directed forward output as described previously. Note that the
manufacturer’s data sheets contain no information on modulation bandwidth. The
device has several illuminated strips; this is done to ensure good current spreading
and enhance the performance. The device has a turn-on voltage of approximately
5.5V, significantly lower than the custom pLEDs used in the previous chapters,
enabling the use of custom driver circuits, which will be discussed later in this
chapter. As expected, the bandwidth is significantly lower than that of pLED
devices; however, in this work, optical power is prioritised, as the system will
operate in a photon-starved regime with single-photon detectors, and lower data
rates are expected. The bandwidth is lower than that of uLEDs because their larger
areas can result in higher capacitance, and as stated in Chapter 2, for larger-area

LEDs, the bandwidth is often defined by a large RC time constant.

The LED device has a small emitter footprint compared to the 2-inch diameter lens
used, which facilitates collimation and delivers high optical power into the receiver
cone, allowing for optimisation of the system. This improvement enabled higher
photon counts to be received and enhanced the SNR for the data communications

link under investigation.
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Figure 5-3 Shows the LIV, b) spectra characteristics, and c¢) bandwidth
of the Osram device used here, these are our own data, see text

5.2 Experimental set-up

In our portable test system, two tripods were used, one for the transmitter and one
for the receiver. The optical transmitter system is configured with a two-inch lens
(Edmund optics 84340 NA=0.63 and f=21.4mm) mounted directly to the LED
PCB, secured within a cage assembly. This approach simplifies the setup compared
to previous configurations, maintaining constant XY-axis positioning while
allowing Z-axis adjustment for focusing. These adjustments are facilitated by
repositioning the tripod, which permits precise targeting and manipulation of the
transmission cone's size and shape along the Z-axis, without affecting the cone

shape on the X or Y axes. A block diagram of the setup is shown in Figure 5-4(a).
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Figure 5-4 a) block diagram of the system, b) diagram of the
transmitter circuitry and c) image of the tripod receiver system.

An Arduino Uno was chosen because it could be rapidly configured to transmit a
square wave and a PRBS (pseudo-random bit stream). The system was designed so
that when a “1” was transmitted, the LED was off, and when a 0 " was transmitted,
the LED was on. An amplification circuit was implemented to increase the current
delivered to the LED, addressing the Arduino Uno microcontroller’s inability to

supply sufficient current at its standard 5 V output (a diagram is shown in Figure
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5-4 (b)). A further essential aspect involved ensuring the LED was deactivated
during low signal intervals, while maintaining a bias just below the activation

threshold to facilitate rapid response when the signal increased.

Additionally, collimating the emission of the LED was critical to maintaining
consistent beam divergence across varying distances. The DC input was supplied
by a Yokogawa Source Measure Unit (SMU), which allowed measurement of
current draw corresponding to the system voltage requirements, typically around
7-8 V, with currents ranging from 100 mA to 125 mA, producing an optical power

of approximately 11 mW.

The receiver system employed a Hamamatsu H12386-101 photon counting PMT,
chosen for its exceptional sensitivity, a feature previously discussed in Chapter 1.
The device used has a sensitive area which detects the photon, and the signal is
amplified, and a quenching circuit results in digital output voltage pulses (0 to 3.3
V) with a width of 10 ns, with each pulse corresponding to a single photon
detection. The PMT has an active area diameter of 8 mm, a dark count rate of 50
s7!. To focus incoming light onto the detector, an Edmund Optics 67218 (diameter
2 inches, f=75mm and NA=0.33) lens was mounted at the receiver. The output
signal from the PMT was then recorded using a Saleae logic analyser, which
enabled effective reading and analysis of the LED signals (a photograph of the

enclosed receiver is shown in Figure 5-4 (¢)).

Conventional avalanche photodiodes (APDs) used in earlier studies were found to
be inadequate for this application due to their limited sensitivity, underscoring the
importance of detectors capable of single-photon detection. However, while PMTs
offer this level of sensitivity, they also present certain limitations, such as restricted
bandwidth and an inherent dead time between pulses. These characteristics can
result in inconsistent photon counts during periods of high signal intensity, making
accurate SNR measurements more challenging. However, due to the high channel
loss expected when operating a link in an NLOS configuration, it was not expected

that the received signal would be sufficient to saturate the PMT.

Additionally, PMTs are highly sensitive to background light, which makes
effective optical filtering essential, especially in environments with significant
ambient illumination. To mitigate background noise, the entire receiver system was

enclosed within a custom 3D-printed housing (see Figure 5-4), supplemented by a
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metal shield surrounding the detector. Despite these precautions, achieving
complete light-tightness proved difficult due to the PMT's extreme sensitivity.
Additionally, several filters were used concurrently to minimise background light
reaching the PMT (FF01-280/20-25 280/20 nm BrightLine® single-band bandpass
filter, Thorlabs FGUV5SM-FGUVS - 325 mm UGS Coloured Glass Bandpass
Filter, 240 - 395 nm, and Newport 10BPF10-280 280 nm bandpass). However,
these filters also reduce the received signal strength, as they often have lower
transmission than their visible counterparts. Another issue is that while the filters
have a high optical density (OD) in the UVB, UVA and the visible spectrum, they
are less effective at blocking light at longer wavelengths, especially in the red
region of the visible spectrum and the infrared, which can introduce noise in the

system, primarily when operating outside.

A compact USB-powered Saleae Logic 8 Pro logic analyser (digital sampling rate
of 500 MS/s and analogue sampling rate of 50 MS/s) enabled testing across a
broader range of locations. A fixed-voltage threshold of 1.65 V was applied to
convert the PMT analogue pulsed signal into digital signals. These were
subsequently recorded and processed offline using MATLAB, as will be discussed
later in the chapter. Now that the system has been discussed, subsequent sections

will present the testing of its performance across several NLOS configurations.

5. 3 Signal strength tests.

After completing the characterisation of the LED, the next step was to test the
channel performance, and expected photon counts in a test range. It was chosen to
conduct the work in a disused building on campus, which enabled longer-range
tests than would be possible within a small laboratory. In the initial work, signal-
strength tests were conducted across a number of parameters, including angle and
distance. Subsequently, a MATLAB code employing a scanning window was used
to analyse the data. The code traversed the signal, counting the number of photons
within predefined time windows, enabling the determination of the total received

photon count per bit period.
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Figure 5-5 Diagram of the photon counting method used in the
characterisation tests.

5.3.1. Signal strength mapping vs angle.

A typical configuration seen in theoretical NLOS studies is based on a Rx (detector
system FOV) and Tx (LED emission) being varied by angle, and modelling the
signal (see the diagram and photograph of the setup shown in Figure 5-6) conducted
at extended distances to examine parameters such as the separation from the
transmitted beam and the elevation angle of both transmitter and receiver. The
initial objective was to replicate previous measurements to assess the system’s
capability to scatter signals around an object. These experiments were performed
in an open setting. The environment was specifically selected to reduce reflections

from surrounding surfaces.
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Figure 5-6schematic of how we tested the signal strength as a function of
angle, and b) a photograph in the test area.

The system was tested in both pulsed mode and CW mode, which allowed for the
testing of photon count rates and analysis for potential communications links, as
illustrated in Figure 5-7. Optical transmitted powers of 11.8 mW, a drive current of
0.2 A, a duty cycle of 50%, pulse widths of 50ns, receiver FOV =105 mrad and
transmitter angle of approximately 37.5 mrad, were used in this particular setup, as

this was the maximum output of the driver system. The first test was to evaluate
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the CW performance of the system, and the results are shown in Figure 5-7 (a)
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Figure 5-7 a) Summary of CW counts vs angle and b) estimated channel

gain vs angle.

It is evident from the CW results (see Figure 5-7 (a)) that there is an increase in the
number of counts per second as the angle increases, and this could be attributed to
ballistic and scattered photons being detected directly from the transmitter.
However, detecting LOS or diffuse NLOS signals is not the target of this
demonstration, and as a result, it was decided not to use this configuration for the
communications work; however, it should be noted that this could be a future
avenue of work, analysing reduced-pointing and tracking line-of-sight
communication systems. It is important to note that, because the PMT lacked AC
coupling, the LED had to remain off when not transmitting data or representing a
“0” bit. The next step, using the results from the CW tests, it was possible to

determine the channel gain of the system using the equation below:
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(5.1)

Channel Gain = 10log, ( Recelved photons/second )

Transmitted photons/second

The results of this equation are shown in Figure 5-7 (b). The channel gain
demonstrates that as the angle increases, the signal strength increases as expected
due to ballistic photons inflating the photon counts. It should be noted that the
measurements started at 10 degrees, as 5 degrees or less resulted in the system

pointing parallel to the floor.

After testing the CW performance, the next stage was to test the pulsed
performance of the system. In Figure 5-8 (a) it can be seen that at 10 degrees
elevation angle, the number of photons per pulse is approximately 50, and as the
angle increases to 35 degrees, it increases to 1500 received photons per pulse Figure
5-8 (b). The increasing signal with angle is as expected, as with the Rx pointing at

the Tx, the probability for detecting ballistic photons increases.
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Figure 5-8 Pulse performance counts per period vs time at a) 10 degrees

and b) 35 degrees.

Clear transmitted pulses were observable, although some noise and signal strength
inconsistencies (stemming from variable scattering and the Poissonian statistics of
light, where photons that were transmitted and detected are not easily predictable,
and there is inherent randomness, which is obvious at lower photon counts) were

present, resulting in photon packets with varying intensities. As a result of ballistic
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photons increasing the count rates, it was decided to test a second configuration,

which would include shielding in order to prevent this issue.

5.3.2. Signal strength test vs distance.

The second test centred around a study of the system as a function of distance, with
the transmitter located at the entrance of an enclosed space where the transmitter
and receiver were perpendicular to one another (see Figure 5-9). Thick, absorbing
glass panes, marked as black diagonal blocks in the diagram, were used to enclose
the area and conceal the transmitter, thereby mitigating the risk of stray ballistic
photons affecting the results, which, as described above, was a considerable

problem in the previous setup.

Area with the highest
probability of detection

X

3.2m

RX DI
1.8m/7.7m

Figure 5-9 Top-down schematic view of NLOS experimental set-up for
communications tests (the system height was Im).

As in the angle tests shown in the previous section, CW and pulsed measurements
were taken to evaluate photon counts at various distances and determine their
suitability for communication. The photon counts shown in Figure 5-10 (a) were
notably lower than those of the angled system discussed previously. However, this
could be due to fewer ballistic photons being detected, which interfered with the

results.
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Figure 5-10 CW photon counts vs distances and b) total path length vs
channel gain for the configuration shown in Figure 5-9

Maintaining a dark environment was essential to minimise noise with background

counts being recorded as 50 counts s~ 1. To ensure that only light emitted by the

Tx unit was directed along the main NLOS path, the LED and optics were covered

up, preventing stray light from escaping and being detected by the PMT via

multipath

reflections or other mechanisms (see Figure 5-10 (a)). Future work

should prioritise developing methods to filter out ambient or reflected light

completely, and creating a more robust enclosure for the transmitter is a possible

route. Moreover, during this test and the previous test, the commercial LEDs
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introduced additional challenges due to their patterned outputs, leading to
inconsistent intensities and greater divergence compared to the pnLEDs discussed
in earlier chapters. Signal quality was most influenced by the overlap of emission
cones the wider the cone, the stronger the signal in theory, but an expanded field of
view also led to increased noise, potentially compromising the communication
channel. Further, the channel gain was also calculated and is shown in Figure 5-10
(b). The channel gain was notably affected by distance from the entrance of the

enclosed area, corresponding to a decrease in the received photon counts.

Similar to the angled system, the next stage was to test the pulse performance to

evaluate the possibility of using the system for communications tests.
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Figure 5-11 The pulse performance of the system at a) 5m and b) 11m.

The pulsed results shown above in Figure 5-11 corresponded with the CW results,
and as distance increases, the number of photons per pulse decreases from
approximately 750 counts per period to approximately 15 counts per period. It can
be seen from Figure 5-11 (b) that, at 11m, fluctuations in photon counts at longer
distances become more apparent when photon counts are low, due to the inherent
randomness in the system. This can be ascribed to the increasing divergence of the
Tx beam, and this results in a corresponding drop in the number of scattered

photons that are present in the volume of the overlap between the Tx and Rx.
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Similar to the CW tests, the number of photons decreases with distance. It was
assumed, as stated in section 5.1, that approximately 0.2% of photons were
scattered and using an average power of 1 1mW and a pulse width of 50ms, it was

possible to calculate the ideal theoretical number of photons that were scattered:

Energy per pulse = Pp,g -t =11x1072-50 x 1073 = 5.5 x 107*] (5.2)
The next stage is to calculate the photon energy (using peak wavelength 275nm as
A)

—34, 8
Photon energy = % = 6626){;25“??8“0 =7.22%x10719 (5.3)

Energy per pulse __ 5.5x10~*

Photons per pulse = =7.6 x 10" (5.9

Photon energy  7.22x10-19
number of scatter photons = 2% - 7.6 x 101* = 1.5 x 1012 (5.5)

With approximately 1.5x 1012 photons being scattered, it may be expected that
the counts seen in Figure 5-13 would be higher; however, it should be stated that
most of the scattering is forward scattered, i.e. most of those photons are not
scattered in the direction of the receiver, and with a perpendicular system, the

number of counts would be lower.

However, based on all the previous tests, it was decided that the Sm distance with
this configuration would be the ideal system for testing an active communications
link, as there is a significant number of scattered photons, and results suggest that
the signal drops rapidly after 5m, and it would not be possible to create a

communications system that could achieve any significant data rates.

5.4 DUV NLOS Communications tests

After completing the signal tests, it was decided that the communications test
should be conducted using the perpendicular configuration shown in Figure 5-12.
This configuration was chosen because it can be considered an actual NLOS setup:
only limited direct photons were detected, and most were scattered, as observed in
the configuration of the experimental system. Based on the signal strength tests, it

was decided to test the system at a path length of Sm.
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3.2m

Figure 5-12 Schematic diagram of communication test configuration (5 m path
length). The dashed box shows the overlap of the FOV and the transmission
profile of the LED.

The channel conditions did not support the implementation of advanced modulation
schemes, such as OFDM, as previously discussed in this thesis, due to the very low
SNR. Therefore, an On-Off Keying (OOK) system was implemented due to the
limited bandwidth of the detector, and this was discussed in Chapter 1. An Arduino
Uno microcontroller board was utilised to allow for the setting of data rates and
encoding of pseudo-random bit sequences. Once the signal was received, it was
processed, and a threshold was used to determine if the signal was a “0” or a “1”

(see an example given in Figure 5-13).

On-off keying is not considered ideal for communication systems, as it remains
vulnerable to background interference. A major challenge encountered during
testing was insufficient optical power, especially when compared to previous
studies documented in the thesis. Significant losses occurred throughout the
system, and the collimation allowed excessive beam divergence, making it difficult
to capture even a small portion of the transmitted signal, as the receiver cones did
not cover the entire transmitter cones. Consequently, further development should
prioritise addressing power constraints as advanced encoding methods offer little

benefit without adequate signal strength. Therefore, basic encoding approaches,
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such as on-off keying, are essential during the initial phases of research due to the

low signal strength.
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Figure 5-13 An example of On-Off Keying (where the blue dashed line is the
threshold).

Due to the reliance on detecting weak signals in scattered light, non-line-of-sight
(NLOS) experiments pose significant challenges for optical communications, and
this results in NLOS systems relying on single-photon detectors. These initial
experiments were conducted to understand the performance of the photomultiplier
tube (PMT), as decoding is complicated by the fact that it does not generate a
simple analogue signal but a series of digital pulses. Consequently, the signal must
be sampled and converted into a quasi-analogue form using the number of photons,
as seen in Figure 5-13. Thresholding is then applied: if the signal exceeds a
predetermined threshold, a bit is recorded. The resulting bitstream is subsequently
compared to the transmitted bits to determine the bit error rate (BER).
Communication tests were conducted using the configuration stated above at Sm,
as this demonstrated the strongest signal strength. The blue signal in Figure 5-14
(a) represents normalised digitised data subsequently converted to photon counts
for 10kbps, enabling the calculation of photon counts per second. This
normalisation permitted direct comparison between consecutive signals and the

received signal, as shown in Figure 5-14 (b).
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Figure 5-14 a) An example of photon pulses (blue lines) and photon counts per
packet using a moving window average (10kb/s). b) transmitted signal vs

recovered signal (10kb/s) (green line dashed line)

A thresholding process was then applied to the received signal, allowing the code
to differentiate between high and low states for data decoding. Specifically, a bit
was designated as “1” if the signal exceeded a defined voltage. This approach
proved effective for low data rates with extended pulse widths and higher photon
counts, facilitating rapid signal decoding. The result of this thresholding
optimisation vs BER is shown in Figure 5-15. This shape of the graph was
expected; if the threshold were set too low, noise would start to interfere, resulting
in misidentification of ones and zeros. And if the threshold was set too high, there
would also be misidentification of bits as the signal received is not always uniform,
and fewer photons can arrive at a one than expected, and this lowers the photons
per bin, which affects the normalisation process and results in lower intensities, and

as a result, some ones may be mis recorded as 0 if the threshold is too high.
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Figure 5-15 An example of BER vs threshold level as described in the text.

Comparisons between received and transmitted data enabled the determination of
both the error rate and the actual channel data rate. As shown in Figure 5-16, error
rates increase significantly at higher data rates compared to lower rates. This aligns
with expectations given the reduced photon counts per pulse due to the decreasing
pulse widths and, as a result, the randomness of the scattering impacts on the
number of photons arriving, which can be seen in the pulse characterisation in the
previous section, diminishing channel resilience and increasing susceptibility to
noise and limitations in decoding methods. Notably, BERs for 5 kbps (200 us) and
6.7 kbps (150 us) are zero, as seen in Table 7.

Achieving a data rate of approximately 10 kbps demonstrated that it was possible
to create a UV-C NLOS link using the setup shown in this chapter, providing an
initial foundation for exploring non-line-of-sight (NLOS) communication systems.
The inherent challenges of this configuration originate from its dependence on
external factors, such as atmospheric scattering influenced by air quality and
humidity. These environmental variables, being outside the scope of control,

introduce additional complexities to the system.
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Figure 5-16 BER and data rate at 5m.

Future work would benefit from conducting experiments in a controlled
environment, where parameters such as humidity, turbulence, temperature
gradients, and fog could be systematically varied. Such efforts would contribute to
the development of a more robust model for further research and system
optimisation. It should be noted that in Table 8, a BER was stated as 0 for data rates
less than 10 kbps, i.e. as an error rate of less than 7.94E™*. This is due to the system
used to compare the transmitted signals and states that, in the future, a longer data
length is needed to obtain a more accurate BER value. However, below 10m, it
should be noted that the system is essentially below the FEC threshold, and the

communication could be classed as error-free.

Data rate vs BER at Sm
Data rate (kbps) | 5 6.7 10 13 20 40
BER 0 0 7.94E-04 | 0.0013 0.0224 0.077

Table 8: Summary of data rate vs BER at 5m.
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5.5 Conclusions and future development

This chapter demonstrated a DUV NLOS link achieving data rates above 10 kbps
at Sm. A crucial insight is that further development of DUV LED technology is
needed to increase optical output power, a significant challenge relative to legacy
flashlamp systems, even though current device bandwidths are already adequate
for such applications. Optical collection also posed difficulties; future tests may
benefit from employing a higher NA lens to enhance performance. While these
results are valuable for academic research, their practical application could remain
limited unless larger lenses can be accommodated, as might be feasible in vehicle-
based implementations. The use of lens tubes helped reduce noise and simplify the
setup, but may have constrained collection angles, an aspect that also warrants

further investigation.

Environmental factors presented another limitation for communication via
scattering, affecting system reliability under varying conditions, such as high
humidity. To improve robustness, future designs could incorporate reflections from
solid surfaces to offset channel instability. Operating in a dark room was necessary
to minimise noise, highlighting the need for more noise-resistant communication
channels suitable for outdoor use. The advancement of DUV communication
technology is impeded by the limited sensitivity of current detectors and the
inadequacy of UV filters, which are mainly designed for microscopy and perform
poorly in strong background light. Some filters allow both infrared and ultraviolet
emissions, increasing noise, while some coloured glass UV filters tend to fluoresce
under sunlight, further degrading signal quality. Retrospectively, filter mounting
could have been enhanced by angling the filters to reduce interference and
optimising them for the LED’s spectral profile. These technical challenges
underscore the need for continued research to improve the reliability and
performance of DUV communication systems, particularly in NLOS

configurations.

Additionally, progress in UV source development driven by demand in disinfection
applications could benefit DUV NLOS communications, although these devices
currently offer lower bandwidth than their pLED and mini-LED counterparts, and
LLEDs still lack sufficient optical power. Incorporating an automated tripod system

could provide a more stable platform for UV communications development,
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broadening its practical applications by allowing the operator to have more granular
control over pitch and tilt to optimise signal strength. Future work will benefit from
improved understanding of scattering mechanisms under various environmental
conditions, including outdoor weather variations. Focusing on a diffuse line-of-
sight could substantially increase data rates, and characterising the wavelength
dependence within the NLOS channel would provide valuable insights into

variations in signal strength.

Overall, the results of this work provide a solid foundation for refining NLOS

experimental setups and advancing research.
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6. 1 Summary of the work

This work identified key behaviours of DUV uLEDs, including size-dependent
output power and modulation bandwidth. We also explored DUV puLEDs' potential
in optical communications. Chapter 3 demonstrated a 10 Gbps wavelength division
multiplexing setup, and in Chapter 4, we demonstrated that it was possible to
achieve UV-C data transmission at 1 Gbps over 100 meters. In Chapter 5,
additional experiments showed an LED-based NLOS communication at kbps rates.

The following subsections summarise the main results from each chapter.

6.1.1. The size-dependent characterisation

The study demonstrated that UV-C LED device size in the range 20-500 um
significantly influences both power output and efficiency, with larger devices
emitting more power and achieving higher overall efficiency. Additionally, this
work characterised electrical behaviour, including turn-on voltage, revealing a size
dependence in which smaller devices exhibited higher turn-on voltages. Notably,
advancements in fabrication over recent years have resulted in reduced turn-on
voltages for the latest generation of small uLED devices. Building upon the
findings presented in this thesis, these improvements enabled the first integration
ofa UVC puLED array with Complementary Metal-Oxide-Semiconductor (CMOS)
electronics [86], a very significant enabling step for more sophisticated pLED

architectures.

Despite these advances, smaller devices still displayed higher turn-on voltages than
optimum compared to their more mature visible-spectrum counterparts, indicating
an area requiring further investigation. However, ultimately the turn-on voltage is
limited by the bandgap, so even for fully optimised epitaxy and contacting, a UV
device will have a higher turn-on than a visible one. The results also indicated that
deep ultraviolet (DUV) devices, akin to visible light devices, exhibited external
quantum efficiency (EQE) that varied with device size; however, DUV devices
consistently showed lower EQE values than visible devices, warranting additional

research.
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Furthermore, the data revealed that smaller devices achieved higher modulation
bandwidths than larger mini-LEDs, attributable to reduced capacitance and higher
current densities and the influence of surface recombination on carrier lifetime.
Specifically, the 20 um device achieved the highest bandwidth and surpassed its
visible equivalents in this parameter, the highest -3 dB modulation bandwidth we
optimised in these studies being ~1 GHz. These outcomes underscore the potential
of deep UV devices for optical communications, particularly in enabling higher

data transmission rates.

6.1.2. Optical Wireless Communications

The WDM work demonstrated that multiple UV LED wavelengths can be utilised
in communication systems to increase overall data rates. A data rate of 10 Gbps
was achieved, which is among the highest reported so far in the UV range. This
result indicates the potential for further studies using multiple wavelengths in
different setups. The configuration also enabled examination of AllnGaN device
structures commonly used in UV LED research. One observation was that UVB
devices exhibited lower performance than other devices, while UVA devices
showed the highest optical output power, suggesting that improvements are needed
for UVB materials. Additionally, the UVA device produced notable optical power
but had a lower bandwidth than the UVC device, suggesting a relationship between
bandwidth and optical power that warrants detailed investigation in the AlGaN

LED structure.

In the long-distance experiment, a 1 Gbps data rate was achieved over 100 meters,
demonstrating the use of UVC pLEDs for medium-range communications links.
According to available information, we believe this to be the first optical wireless
link exceeding 100 metres using a UV pLED and indeed pLED. The study also
examined the impact of device-bias conditions on performance, an area that has not
been explored in detail previously. The work emphasised optimisation, yielding
higher data rates over longer distances than previously observed in the DUV range.
The two-mirror setup also indicated that system alignment is feasible at distances
of tens of meters, with minimal loss at shorter ranges, suggesting scalability based

on application requirements.
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The NLOS experiments showed it is possible to establish non-line-of-sight optical
communications links exceeding 10 kbps using commercial UV-CLEDs.
Measurements confirmed the ability to transmit pulses and receive signals around
obstacles. These findings indicate that DUV can facilitate communication when
direct line-of-sight between the transmitter and receiver is unavailable, which may

support the future development of optical wireless communication systems.

Our headline, results compared with some benchmark data rates for other UV-C
devices are shown below in Figure 6-1. Please note that a number of earlier results

are also from our group.

6.2 Future work and development

This final subsection outlines potential future work, both building on examples
from this thesis and exploring new areas. Future research should prioritise long-
range LOS and NLOS DUV communications above 100m and potentially beyond
1km, requiring improved beam steering and tracking systems. Other important
directions include developing multiple-input multiple-output (MIMO) NLOS
setups, building on work done in the visible and UV, integrating UV
communications with platforms like CubeSats or terrestrial systems and combining
DUV with other wavelengths, such as infrared [97,99,227-230]. Due to health and
safety concerns, consumer applications for DUV sources need careful
consideration, but there is progress in moving to shorter wavelengths (<250nm),
where the hazard function decreases [231]. This is because such wavelengths are
predominantly absorbed in the dead layer of the skin. Figure 2-8 indicates some of
this progress. However, military use cases such as QKD satellite and secure
communications networks are more probable. This thesis also indicates that uLEDs

can be effectively used as a source in these developments.

6.2.1. Size-dependent behaviour

Previous research within the group has initiated studies on size-dependent
communications, with recent efforts shifting towards examining current density.

While the primary objective of this PhD was to enhance understanding of devices
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for communication purposes, internal quantum efficiencies were not investigated;
this presents a potential direction for future research. Additionally, exploring
advanced packaging and integration techniques to analyse other aspects of device
performance, such as addressing impedance-mismatch issues, remains an area for
further investigation by subsequent researchers, as our work focused primarily on
applications. It is noteworthy that later devices in this thesis exhibited unusual
device geometries compared to the circular devices used in earlier size-dependent
experiments. Consequently, it would be valuable to investigate how device shape
and active area of device parameters influence size dependence and overall
performance [232]. Additionally, focusing on large arrays of devices could assist
in a number of applications, both in communications and in areas like

photolithography [159].

6.2.2. Optical Wireless Communications

From a scientific perspective, the WDM system offers significant potential for
further development. Future work may include creating a second WDM setup,
increasing the number of channels by utilising additional wavelengths, and
incorporating a dichroic mirror system at the receiver to automatically separate
channels, eliminating the need for manual filter selection. This advancement would
support autonomous operation and facilitate integration into other systems.
Subsequent steps could involve extending the operational distance of the setup to
several hundred metres, with the eventual goal of reaching one km. Initial efforts
might focus on achieving a 100-metre point-to-point test after removing the mirror
system and with additional focus on more real-world challenges [233]. Should
DUV lens technology improve, smaller lenses could be employed in more compact

designs, enhancing suitability for commercial applications.

NLOS systems require substantial improvement across multiple aspects. Further
research could explore performance in outdoor or artificially lit indoor
environments, as well as practical applications such as beam steering and tracking.
Another research direction involves developing a modelling system; however, time
limitations precluded this in the current study. With additional resources, further

expansion in this area could be possible.
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The DUV LED field continues to grow due to attention from professionals in
sanitation and infectious disease control, leading to new generations of devices with
enhanced communication capabilities. Secure communications are another area of
interest, though commercial applications may remain constrained by ongoing

health and safety considerations.

6. 3 Overall summary

In summary, UV-C uLEDs for optical communications is a rapidly growing field,
as evidenced by the increasing number of publications. If current trends persist,
further advancements are expected, with both military and commercial applications
driving progress in DUV communications and uLEDs, respectively. The future of
DUV technology may be concentrated in military uses, in space or in areas with
low human population density. At the same time, other wavelengths, such as
infrared, may remain dominant for commercial communications. Prospects for
DUV devices appear favourable as new applications emerge. For pLEDs, their role
in communications is likely to involve device arrays and integration into outdoor

settings and other optical systems.
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Deep ultraviolet (DUV) optical wireless communications have seen increased interest in recent years due to the
unique properties of light in this spectral region. However, the reported DUV data rates remain significantly
lower than comparable demonstrations at visible wavelengths due to lower modulation bandwidths and/or output
power of the sources. Here, we present a wavelength division multiplexing demonstration using three UV micro-
light-emitting diodes emitting at nominal peak wavelengths of 285, 317, and 375 nm, respectively, each with an
emitting area of approximately 1369 pm? (equivalent to circular device pixels of diameter ~40 pm). Using
orthogonal frequency division multiplexing, data rates of 4.17, 3.02, and 3.13 Gbps were achieved from the
285, 317, and 375 nm devices, respectively, for a combined data rate of 10.32 Gbps transmitted over a distance

of 0.5 m.
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must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Optical wireless communication (OWC) has seen much
attention as a possible solution to the predicted “data crunch”
facing radio frequency (RF) communications [1,2]. The visible
and ultraviolet regions of the electromagnetic spectrum are
license-free and largely unexploited thus far and, as a result,
offer additional frequency bandwidth to complement RF
communications.

Ultraviolet (UV) communication is an important emerging
area of OWC, as it can be used in a wide range of applications
such as secure communications and non-line of sight (NLOS)
communications. A significant benefit of operating at deep UV
(DUV) wavelengths, i.e., in the UV-B (280-315 nm) or UV-C
(100-280 nm) spectral bands, is that sunlight at these wave-
lengths is absorbed by the upper atmosphere, resulting in an
essentially noiseless environment for terrestrial DUV commu-
nication [3]. Furthermore, it also benefits secure intersatellite
communications, as the space-based ultraviolet signal is
obscured from ground observers. UV light is also strongly

2327-9125/22/020516-08 Journal © 2022 Chinese Laser Press

scattered by air, allowing for NLOS wireless optical communi-
cation over/around physical obstacles such as buildings. This is
due to the fact that the strength of Rayleigh scattering is
inversely proportional to A%, where 4 is the wavelength of light,
and thus short-wavelength UV is much more strongly scattered
by air than visible wavelengths. This property can help support
NLOS wireless optical communication through the atmos-
phere, relaxing the constraints on transceiver pointing and
tracking, and allowing physical obstacles such as buildings that
might block LOS links to be overcome.

UV sources have seen significant improvements recently.
Previously, mercury lamps with kHz optical modulation band-
widths were the primary sources available, meaning it was
impossible to achieve high data rates. These sources are also
bulky and fragile, and contain toxic materials. DUV lasers have
also attracted interest due to their high bandwidth and high
power [4]. However, their highly directional emission and
eye safety requirements [5,6] and challenges in fabricating laser
diodes emitting at wavelengths below 315 nm hamper their
wide-scale adoption in real-world applications [7]. On the
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other hand, with improving semiconductor material quality,
output power, and efficiency, UV light-emitting diodes
(LEDs) are becoming the source of choice for various applica-
tions, including sterilization and UV optical communications.

In this work, we use micrometer scale (<100 pm) LEDs
(ULEDs) as optical transmitters. Such pLEDs have witnessed
a surge of interest with recent developments such as high-
resolution displays [8] and visible light applications [9,10].
The main benefit of pLED:s for optical communications, when
compared with conventional large area LEDs, is their high
bandwidth. Due to their small size, uLED capacitance is small;
hence, their bandwidth is limited by the carrier lifetimes rather
than a large RC time constant as in conventional LEDs [11].
This allows for faster modulation, with bandwidths in excess of
650 MHz being reported [12], compared with around 10 MHz
for a conventional LED. Data rates achieved from single visible-
emitting pLEDs have approached 10 Gbps [12]; however, cor-
responding rates from UV pLEDs have thus far been limited to
around 2 Gbps [13], primarily due to the comparatively low
output powers at these wavelengths.

This paper demonstrates wavelength division multiplexing
(WDM) using three UV pLEDs with peak emission at 285,
317, and 375 nm, respectively. WDM allows optical data to
be encoded separately in different wavelength bands and trans-
mitted in parallel to increase throughput. Using orthogonal fre-
quency division multiplexing (OFDM) and quadrature
amplitude modulation (QAM) encoding, data rates of 4.17,
3.02, and 3.13 Gbps from the 285, 317, and 375 nm pLEDs,
respectively, were demonstrated, giving a total aggregate data
rate of 10.32 Gbps transmitted over 0.5 m. This, to the best
of our knowledge, is the highest data rate yet reported using UV
LEDs and for the first time that WDM has been used for
OWC across the UV spectrum.

2. pLED DEVICES

In this work, three pLED arrays with peak emission wave-
lengths within the UV-C (285 nm), UV-B (317 nm), and
UV-A (375 nm) regions of the spectrum were fabricated from
commercial-grade Ill-nitride LED wafers grown on 2 in.
c-plane sapphire substrates. Details of the wafer structures

Individual
anode

Shared
cathode

Micro-LEDs

Fig. 1.
(b) UV-C pixel in operation.

(b)
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for the UV-C and UV-A devices can be found in our previous
work [14-16].

The UV-B wafer was custom fabricated for this work by
Zhixin Semiconductor Co., Ltd. on a 2 in. sapphire substrate.
The wafer contained a 2000 nm thick AIN buffer, a 1000 nm
thick undoped AlGaN layer, and two 500 nm n-doped layers of
AlGaN:Si with Al concentrations of 50% and 55%, respec-
tively. The active region contained a multiple quantum well
(MQW ) region and consisted of AlGaN with Al concentration
of 15%/40%, a 50 nm thick electron blocking layer (EBL) of
AlGaN:Mg with Al composition of 50%, and, finally, a 300 nm
p-doped region of GaN:Mg and a 10 nm thick GaN:Mg
p-contact region.

The design and fabrication process of these pLED arrays
were similar to those reported in our previous work [17]. As
shown in Fig. 1, each array consists of eight trapezoidal-shaped
HLED pixels in a flip-chip configuration, with each pixel having
an emission area of 1369 pm?, an area equivalent to a circular
disk-shaped pixel of ~40 pm diameter. The trapezoidal-shaped
pixels were first reported in Ref. [17], where it was speculated
that the shape increased the surface-to-active-area ratio, thus
enabling a more efficient thermal dissipation. The fabricated
arrays were then wire-bonded to a printed circuit board for fur-
ther characterization.

The light output power versus current (Z-/) and current ver-
sus voltage (/-V) relationships were measured from representa-
tive pixels from each device. The /-V characteristics were
measured using a Yokogawa GS610 source measure unit,
and the L-/ characteristics were measured by placing the pixels
in close proximity to a calibrated Thorlabs S120VC power me-
ter head. The results are shown in Fig. 2.

The maximum output powers per pixel are approximately
0.48, 0.14, and 1.32 mW for the UV-C, UV-B, and UV-A
devices, respectively. The most efficient device was the UV-A,
which was expected, as this material technology is the most ma-
ture, and issues such as defects are minimized. The relatively
low output power of the UV-B device may be attributed to
the relative lack of development of material at these wave-
lengths, as there is currently no high-volume application for
LEDs emitting in this range [18].

The forward voltages at 10 mA were 18.4, 22.0, and 4.4 V
for the UV-C, UV-B, and UV-A devices, respectively. The

(a) Top-down micrograph image representation of a micro-LED array, showing the eight concentric and individually addressable pixels.



—
518  Vol. 10, No. 2 / February 2022 / Photonics Research O _ , -e Research Article

35 1 1 1 1 1 1 1 1 1 .4
—e— UV-C Voltage —e— UV-C Power A
—o— UV-B Voltage —o— UV-B Power W
301_+_yv-A Voltage —a— UV-A Power r1.2
A
AA
25 . Soe H1.0
oo =
s v :
220+ g L0.8 E
(o)) [s] o® A .
g |7 s S
g 154 EQD Py Va 0.6 Z
./. / “...0000 o
104/ * L0.4
5 /A AAAAAAAAAAAAAAAAAAAAAAAAAAAAA“‘ 0.2
0 0.0

0 5 10 15 20 25 30 35 40
Current (mA)
Fig. 2. L-I-'V curves of the devices at UV-A, UV-B, and UV-C

wavelengths.

higher turn-on voltages for the UV-B and UV-C devices can be
attributed to the poor electrical conductivity of AlGaN layers,
resulting in inferior carrier injection [18] and difficulties in cre-
ating low-resistance Ohmic contacts at higher Al mole frac-
tions. These are prevalent issues in DUV material, and
devices with higher turn-on voltages also being reported in the
literature [5,19].

The EL spectra of the devices as a function of current were
measured using a spectrometer and fiber optic (Avantes
Avaspec-20482 spectrometer and Ocean Optics QP600-2-
SR-BX fiber) (see Fig. 3). The peak wavelengths for each device
were measured to be 281.7, 316.5, and 373.4 nm, respectively,
when operating at 10 mA.

The spectra of the devices demonstrated different redshifts
with the increasing current. This suggests heating effects were a
more prominent issue in the UV-C device, which demon-
strated a shift in the peak wavelength of 3.5 nm (from
281.7 to 285.2 nm) with increasing current from 0 to
30 mA. The shift is not as prominent in the other devices, with
shifts of 1.2 nm being recorded for the UV-B over a current
range of 0—12 mA and 1.16 nm being recorded in the UV-
A devices, over the same range of current as the UV-C device.
The measured spectra helped inform what filters and mirrors
would be used in the WDM setup, which will be discussed in
Section 3. It was noted that there was spectral overlap between
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Fig. 3. EL spectra of the three devices at 10 mA.

the UV-C and UV-B devices, which could result in a degree of
crosstalk between these WDM channels.

Finally, the frequency responses of the devices were mea-
sured using an avalanche photodiode (APD, Hamamatsu
C5668 8867) with a bandwidth range of 100 kHz to 1 GHz,
following a similar procedure, as outlined in our previous work
[16]. Values for each device’s -3 dB electrical-to-electrical
(E-E) bandwidths were obtained from the recorded frequency
responses as a function of current.

Conventionally, when plotted on a logarithmic frequency
scale, the frequency response of an LED should appear flat
at low frequencies before gradually rolling off above a certain
cut-off frequency. The -3 dB bandwidths can then simply be
obtained by finding the frequency at which the response of the
LED is -3 dB lower than the flat low-frequency part of the
response curve. However, the UV-B and UV-C devices exhib-
ited frequency response behaviors, which showed the response
initially rising to a broad peak, before gradually rolling over, as
shown in Fig. 4. This complicates the process of estimating the
devices’ bandwidths. We tentatively attribute this behavior to
the effect of parasitic impedance from wire bonds and packag-
ing and the pLEDs themselves.

Our approach was to arbitrarily set the response at 1 MHz as
the low-frequency reference and define the pLED bandwidth as
the frequency at which the response declined to -3 dB below
this point. This is illustrated in Fig. 4. This allowed the general
behavior of pPLED bandwidth versus current to be estimated,
though it makes a like-for-like comparison of WLED
bandwidths reported elsewhere challenging. The resulting
E-E bandwidth as a function of current for all devices is shown
in Fig. 5.

The corresponding E-E bandwidths were found to be 960,
780, and 140 MHz, respectively. It is worth noting that the
APD bandwidth (1 GHz) is close to that of the UV-B and -C
HLEDs and, as a consequence, may have affected the estimated
bandwidths. The further development of high-bandwidth UV/
DUV sensitive APDs is urgently needed to facilitate the full mea-
surement of PLED devices such as those reported here.
Compared with their UV-A counterparts, the high modulation
bandwidths and lower output power of the UV-B and -C devices

-30 ] i
o _/ \\i
2 |
o -35 ER -tk S S L A R
[} ]
c U
S L ddil-Ll il LA
Q 1
8 -40 i
o 1
w i
Y s |

A

-50

1 10 100 1000

Frequency (MHz)

Fig. 4. Frequency response of the UV-C pLED measured at 20 mA
(black). The response at 1 MHz (indicated by the blue horizontal dot-
ted line) is used as the low-frequency reference point to estimate the

E-E -3 dB bandwidth (indicated by the red crosshair).
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may be attributed to higher defect densities and thus increased
nonradiative recombination at shorter wavelengths. This would
lead to lower output power and higher bandwidth via a reduced
carrier recombination lifetime. We speculate that the saturation
and decrease of the bandwidth as seen in the UV-B and UV-C,
respectively, may be attributed to device heating and thermally
mediated effects such as carrier overflow reducing the carrier den-
sity in the quantum wells, thus increasing the average carrier life-
time and reducing the bandwidth [20].

3. WDM EXPERIMENTAL SETUP

The WDM optical setup consists of the three UV pLED arrays
and two long-pass dichroic mirrors with cut-on wavelengths of
355 nm (Semrock Di01-R355-25 x 36) and 300 nm (Alluxa-
8113, 300 LP Dichroic). The transmission spectra of these mir-
rors are shown in Fig. 6, along with the respective device spectra
at 10 mA. The mirrors were used to combine the light from the
three pLEDs into a common optical path, as seen in Fig. 7.
These components were connected in an optomechanical cage
system with the arrays mounted on manually adjustable stages
to facilitate optimized alignment. The relatively small variation
in the pLED emission spectra as a function of current was not
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Fig.6. Spectra (red curves) of the dichroic mirrors used in the setup,
and the spectra (blue data points) of the devices with each device
operated at 10 mA.
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found to cause any significant problems in discriminating be-
tween channels.

The emission from each pLED array was focused using a
separate 2 in. diameter lens [Edmund Eptics 84340, focal
length 40 mm for the UV-C and UV-B pLEDs, Thorlabs
ACL50832U-A lens (NA = 0.76) for UV-A]. Three bias-
TEEs (Tektronix PSPL5675A, a Mini-Circuits ZFBT-4R2G,
and Mini-Circuits ZFBT 6GW-FT+) supplied the RF modu-
lation signals and DC power to the pixels. A Keysight M8195A
arbitrary waveform generator (AWG), with a peak-to-peak volt-
age of 250 mV, sampling rate of 65 GSamples/s, analogue
bandwidth of 25 GHz, and vertical resolution of 8 bits, was
used to provide the modulation signals. Figure 7 shows a sche-
matic of the experimental arrangement.

A MATLAB code was used to generate the DC-biased op-
tical (DCO)-OFDM data similar to our previous work
[16,21,22]. This code allowed for the evaluation and control
of the setup’s performance, such as the peak-to-peak voltage,
OFDM signal clipping, modulation bandwidth, number of
subcarriers, cyclic prefix (CP) length, and the target bit error
rate (BER) for adaptive bit and energy loading algorithm,
which determined the final data rates achieved. Before trans-
mitting the OFDM signal, a sinusoidal waveform was used
to find an appropriate bias point with suitable peak-to-peak
voltage and avoid any severe nonlinear distortion or saturation.
After analyzing the performance, the following parameters were
used: CP length of 20, normalized clipping level set to 3.2 of
the signal standard deviation, corresponding PAPR of 10.1 dB,
an FFT size of 2048, and a training length of 1504 QAM
OFDM frames.

Next, a channel and signal-to-noise ratio (SNR) estimation
procedure is executed, where 4QAM symbols are supplied to all
subcarriers as the pilot signals. After an FFT (fast Fourier trans-
form) operation, the detected symbols were compared with the
original pilot symbols to estimate the channel gain and SNR for
each subcarrier. The SNR information enables the use of an
adaptive bit and energy loading algorithm [12], which selects
the most suitable QAM constellation and transmission power
for each subcarrier so that the eventual achieved BER will con-
verge to a predefined threshold, thus maximizing the achievable
data rate.

Next, the payload OFDM signal is transmitted. The QAM
constellation and power control on each subcarrier are defined
based on the adaptive bit and energy loading result. On the
receiver side, the detected frequency-domain symbols are equal-
ized using the estimated channel. Finally, the equalized symbols
are decoded and compared with the original binary bits for
BER calculation. The BER target used here is 3.8 x 1073, as
this value allows the use of forwarding error correction codes
to provide virtually error-free communication with a 7%
overhead.

In the WDM experiment, one pLED at a time was modu-
lated with an OFDM signal, while the code simultaneously
generated interfering signals in the other two pLED channels
in order to simulate a real-world system with multiple parallel
data streams. Furthermore, three amplifiers (one SFHS126A
and two Minicircuits FL-1000LN+ amplifiers) were connected
between the AWG and the bias TEE to amplify the RF signal
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Fig. 7. Schematic diagram of the optical and electrical setup used for the WDM transmission experiments.

and increase the signal modulation depth. The SFHS126A am-
plifier, with a gain of 29 dB, was connected to the pLED send-
ing the desired OFDM signal. The receiver was situated 0.5 m
from the transmitter. According to Ref. [23], the absorption
and scattering coefficients at these wavelengths are on the order
of 0.1-0.3 km™!, meaning that, at this transmission distance,
the absorption and scattering effects can be considered negli-
gible. In particular, this means that there is effectively no differ-
ence in scattering of the three selected WDM wavelengths over
distances well beyond the tens of meters range. A single 1 in.
lens (Thorlabs LA4052, focal length 35.1 mm) was used to
focus the received signals onto the receiver. A sliding filter
mount (Thorlabs CFS1/M) was used to mount three filters
(Semrock FFO1 280/20-25, Envin 308 nm bandpass filter,
and Edmund Optics 34299 350 nm long-pass filter) and select
the channel of interest. Finally, an APD with 1 GHz bandwidth
(Hamamatsu C5668 8867) was used as the detector. Only one
detector is used in this configuration compared with the multi-
ple detector methods commonly used in this field [24]. This
choice was made to simplify the setup. This detector was
connected to an oscilloscope (Keysight MXR608A: sampling
rate, 16 GSamples/s; analogue bandwidth, 6 GHz; vertical
resolution, 10 bits) and a laptop to capture received waveforms
for offline processing. From this, it was possible to determine
the SNR, bit error rate (BER), and the maximum “error-free”
data rates per channel, which will be discussed in the next
section.

4. EXPERIMENTAL RESULTS

Before carrying out the main WDM experiment, the effect of
the optical setup on the performance of the individual devices
was examined. The performance of individual channels was
evaluated where only one channel was operating at a time,
and the performance was compared with and without a filter
in front of the receiver. When filters were applied, a decrease in
the SNR of each channel was observed due to optical losses

from the filters. The decrease in SNR translated to an increase
in the BER and thus a decrease of the maximum data rate.
The BER versus data rate for each channel with and without
the corresponding receiver filter is shown in Fig. 8(a). The
maximum data rates for the UV-A device were 3.46 and
3.56 Gbps with and without the filter, respectively. The
UV-B maximum data rate decreased from 3.4 Gbps without
the filter to 3.15 Gbps with the filter; for the UV-C, the cor-
responding decrease was from 4.52 to 4.17 Gbps. We note
that, in multicarrier transmission systems such as what is used
here, advanced equalization techniques permit modulation well
beyond the 3 dB E-E response of the device, as shown here and
demonstrated in other studies [25]. For the full WDM configu-
ration, with all channels active and modulated with one chan-
nel transmitting a random bit stream and the other channels
generating random noise, the SNR of each of the WDM chan-
nels was characterized. The peak-to-peak modulation voltage
supplied by the AWG in all cases was 0.25 V. This was ampli-
fied, and the corresponding bias current for each pLED is
shown in Table 1. As shown in Fig. 8(b), the SNR of the
UV-B device is lower than that of the other devices. This
was expected, as the power output of this device was notably
less than that of the other devices. Furthermore, the SNR of the
UV-A channel is degraded by optical crosstalk from the UV-B
device. This could be mitigated in the future with improved
receiver filters. Figure 8(b) shows that approximately 1.30,
1.10, and 1.25 GHz channel bandwidth was accomplished
with an SNR > 5 dB for the UV-C, -B, and -A channels, re-
spectively. The large bandwidth available from each WDM
channel allows a substantial number of parallel OFDM subcar-
riers to be used and maximize the achievable data rates.
M-QAM constellation diagrams from each WDM channel
are shown in Fig. 9. As shown, the largest constellation sizes
used were 32, 16, and 16 for the UV-C, -B, and -A channels,
respectively, with corresponding BERs of 1.12x 107,
240x 1074, and 1.36x 1074, A larger constellation could be



Research Article

(a) 1E-01

1E-02 par;

AN
AR
ERAR

I\\

BER
N
% \\\ !

—a— UVC with filter
—e— UVB with filter
—e— UVA with filter
/ — & UVC without filter
o= UVB without filter
o UVA without filter

1E-03

1E-04 T T T T T
20 25 30 35 40 45 50 55 60 65 7.0

Data Rates (Gbps)

(c)

) O Vol. 10, No. 2 / February 2022 / Photonics Research 521

0 250 500 750 1000 1250 1500
Frequency (MHz)

1E-02

L
:\n \
'

o
% 1E-03 %

1E-04 4

b UV-C WDM
—e—UV-B WDM
—a—UV-AWDM
—o=—UV-C Single LED + filter|
—2—UV-B Single LED + filter|
—o=UV-A single LED + filter

20 2.5 3.0

35 40 45 50

Data Rate (Gbps)

Fig. 8.

(a) Comparison of BER when filters are applied to single pixels. (b) SNR of the devices in the WDM setup. (c) BER of three devices in the

WDM setup. The dashed horizontal line in (a) and (c) corresponds to a BER of 3.8 x 1073,

Table 1. OFDM Parameters and Achieved Data Rates
Device Operating Current (mA) Maximum Data Rate (Gbps)
UV-A 30 3.13

UV-B 12 3.02

UvV-C 30 4.17

Total 10.32

used on the UV-C channel due to it having higher modulation
bandwidth than the UV-A channel and higher output power
and SNR than the UV-B device.

The maximum data rates recorded were 4.17, 3.02, and
3.13 Gbps for the UV-C, -B, and -A devices, respectively, as
can be seen in Fig. 8(c). The data rates per channel are also
given in Table 1, at a BER of approximately 3.8 x 1072.
The total aggregate WDM data rate achieved was 10.32 Gbps.

The performance of the devices behaved as expected based
on the characterization measurements, with the UV-B showing
the lowest maximum data rate. As shown in Fig. 2, the UV-B
device emits the lowest output power among the three devices
shown here. A small fraction of this output power is also lost
when combining the three devices’ emission together for
WDM, due to the less than 100% transmission of the
“Alluxa” mirror, as shown in Fig. 6. It also has lower bandwidth
than the UV-C device. These factors all contribute to the com-
paratively low data rate achieved by the UV-B device, even

though this device had a higher bandwidth than the UV-A
device.

When comparing the BER of the single pixels operating
individually with the WDM values, the UV-C device produces
similar results in both the WDM and the single device configu-
ration. This can be attributed to the fact that the UV-C expe-
rienced the least crosstalk, as the filters and mirrors removed the
unwanted light from the UV-B and -A devices. Conversely, the
UV-B and UV-A channels show a marked improvement when
only one pixel is on. This is due to the spectral overlap resulting
in interference from adjacent channels affecting them, which is
especially clear in the UV-A channel. The average received
powers were estimated using a calibrated optical power meter
to be 0.25, 0.03, and 0.10 mW for the UV-A, -B, and -C,
respectively. However, due to the difference in active area be-
tween the power meter sensor and APD (9 and 0.5 mm diam-
eter, respectively), the actual average received powers are likely
to be significantly lower than this.

To the best of our knowledge, the highest optical wireless
data rate reported for a single DUV pLED was 2 Gbps obtained
by Zhu et al. [13] for a UV-C pLED. In the UV-B, Sun et al.
demonstrated 71 Mbps using an LED [26]. As shown in
Table 1, our UV-B and UV-C channels significantly exceed
these, and the maximum data rates shown here are, to the best
of our knowledge, the highest reported in each of the UV-A, -B,
and -C bands. Furthermore, this first demonstration of apply-
ing WDM to DUV LEDs allowed the aggregate data rate to
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exceed the benchmark of 10 Gbps for the first time using LEDs
emitting in the DUV.

5. CONCLUSION

This work has demonstrated a three-channel UV-WDM setup
using PLEDs with peak emission in the UV-A (375 nm), UV-B
(317 nm), and UV-C (285 nm) regions of the ultraviolet spec-
trum. Using OFDM and QAM modulation schemes and for-
ward error correction, we achieved data rates of 4.17, 3.02, and
3.13 Gbps from the UV-C, UV-B, and UV-A devices, respec-
tively. The data rates from each individual channel, taken in
isolation, represent, to our best knowledge, the highest rates
yet reported for a UV pLED and, added together, result in
a combined data rate of 10.32 Gbps, demonstrating an
LED-based UV optical wireless link exceeding 10 Gbps.
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Abstract: We demonstrate the use of deep ultraviolet (DUV) micro-light-emitting diodes
(LEDs) for long-distance line-of-sight optical wireless communications. With a single 285 nm-
emitting micro-LED, we have respectively achieved data rates greater than 6.5 Gb/s at a distance
of 10 m and 4 Gb/s at 60 m. Moreover, we obtained >1 Gb/s data rates at a distance of 116 m.
To our knowledge, these results are the highest data rates at such distances thus far reported
using DUV micro-LEDs and the first demonstration of Gb/s communication at >100 m using any
micro-LED-based transmitter.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Radio frequency (RF) communications technology is, on its own, unlikely to meet the ever-
growing demand for wireless data transmission [1]. There is thus a move towards alternative
communication systems such as optical wireless communications (OWC) [2] to complement the
existing RF infrastructure. These new OWC systems utilize an additional license-free region of
the EM spectrum and can also benefit communications applications in sectors such as defense
[3] and financial services. In recent years, the extension of OWC to the deep ultraviolet (DUV,
200-315 nm) has seen increased interest as the atmosphere attenuates and scatters DUV more
strongly than at longer wavelengths [4,5]. As the upper atmosphere absorbs nearly all of the
DUV region of the electromagnetic spectrum, it is a good candidate for secure inter-satellite
communications as the signal is hidden from ground observers [6]. Moreover, this allows DUV
terrestrial communications links to operate in a near noise-free environment [7]. Furthermore,
due to the strong Rayleigh and Mie scattering of DUV by the atmosphere, it is possible to
use DUV in a non-line-of-sight (NLOS) configuration [8,9]. Diffuse LOS and NLOS OWC
could help overcome obstacles blocking the communication channel and relax constraints on
pointing and tracking between transmitters and receivers [7]. Initial work in the DUV focused
on low bandwidth mercury flash lamps, however, in recent years, high-quality UV lasers and
light-emitting diodes (LEDs) have been developed, which provide new opportunities in DUV
communications.

Micro-LEDs (uULEDs) are LED devices with active region a few microns to several 10’s of
microns in size. These devices are under intensive development for numerous applications [10],
such as micro-displays [11] and small size, weight, and power (low SWaP) optical communications
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[12]. There are several benefits to using uLEDs in OWC, such as their reduced capacitance
[13,14]. As a result, the carrier lifetime of the devices substantially defines the bandwidth,
allowing for modulation bandwidths of many hundreds of MHz to above a GHz, compared to
around 10 MHz for a conventional LED format [15]. This higher bandwidth is advantageous in
communications, resulting in high data rates due to the resulting increased channel capacity [16].
In previous work, most uLED or LED OWC demonstrations were limited to distances of a few
meters [6,17,18], with the research largely being focused on high data rate ‘benchtop’ systems
using a variety of modulation techniques. Here, by optimizing a wide range of device and systems
parameters, we demonstrate Gb/s data rates at >100 m transmission distances using a single
DUV uLED pixel with a peak emission wavelength of approximately 285 nm. Furthermore, we
demonstrate the ability to transmit these high data rates with relatively low power (on the order of
uWatts), and we demonstrate the ability of uLED communication systems to operate in ambient
light (see Section 4). We also examine the effect of peak-to-peak voltage (VPP) and bit loading
on the data rate. Finally, at all distances recorded we achieved Gb/s data rates and these results
are, to our knowledge, the highest data rates at the longest distances reported using a single DUV
ULED pixel.

2. Devices and characterization
2.1. uLED device design and fabrication

The device used in this work is an 8-segment concentric array of individually addressable
trapezoidal-shaped pLEDs, each with an approximate active area of 1369 um? (equivalent area
to a circular pixel of diameter ~40 um). The benefits and features of this pixel geometry were
presented in previous publications [6,17,19]. Similarly, the device structure chosen was the
same as described in [17], which had been previously shown empirically to be a pixel size and
design that provided a good compromise between output power and modulation bandwidth. The
devices are made from AlGaN-based LED epistructures grown on a c-plane sapphire substrate,
the substrate being optically polished afterwards. The pixels were mesa etched, with individually
addressable anodes and a shared cathode, and with an insulating layer surrounding the mesa.
The pixels are configured to operate in a flip-chip configuration with the light emitted through
the transparent sapphire substrate. The pixel has a six-period quantum well (QW) active region
of AlGaN, the n-type layer comprises of 2um-thick AlGaN, and the p-type layer consists of
310nm-thick p-doped GaN. Further details of the epi-structure are provided in our previous work

[6].

2.2. ULED characterization

To measure the device’s light output and current versus voltage (L-I-V) characteristics, the
individual pLED pixels and an optical power meter were aligned in close proximity. We collected
the light from the front of the device, i.e., from the sapphire substrate side, which is the format
used in the communications setup described below. The optical power was measured using
a calibrated optical power meter (Thorlabs PM100A) and sensor (S120VC), and the current
and voltage were recorded using a Yokogawa GS610 Source-Measure Unit. The spectra were
measured using a spectrometer (Aventes Avaspec-2048) and collection fiber-optic (Ocean Optics©
QP600-2-SR-BX fiber). The modulation bandwidth was measured using an avalanche photodiode
(APD, Hamamatsu C5668 8867 with a -3 dB bandwidth of 1 GHz), two 2” lenses (Edmund Optics
84340) set around 19 cm apart, and a network analyzer (PicoVNA 106, 300kHz-6 GHz bandwidth)
to record the frequency response. The bandwidth was estimated by measuring the frequency
corresponding to a -3 dB decrease from the 1 MHz point, as detailed in [17]. The L-I characteristic
(Fig. 1(a)) of a representative pLED pixel demonstrates a through-sapphire directed output power
of around 0.4 mW at a current of 20mA. The turn-on voltage (Fig. 1(a)), around 7.8 V (at
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1 mA current), is improved from our previous work but still shows effects of the poor electrical
conductivity of AIGaN layers, an issue widely reported for DUV LEDs [20]. The L-I-V curve
is used to help determine the optimum bias point of the uLED for the communications system
demonstration (which uses direct current optical orthogonal frequency-division multiplexing,

DCO-OFDM), as described in Section 3.
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Fig. 1. Pertinent characteristics of the uLED pixels, (a) LIV characteristics, (b) normalized
spectra for a range of drive currents. (c) Representative frequency response curve measured
at 20 mA and (d) modulation bandwidth.

The PLED electroluminescence (EL) spectra versus current are shown in Fig. 1(b) for a
representative single pixel. The uLED device has a peak emission wavelength of around 285 nm
at 20 mA. The EL full width half maximum (FWHM) is approximately 10 nm, and as a result,
the spectra cover part of both the UVB (280-315 nm) and UVC (100-280 nm) regions of the
spectrum. The spectra of the uLEDs are relatively stable with current, with slight redshifts
and small changes in the FWHM of the device, influenced by numerous factors such as band
filling, field screening and thermal effects as observed in similar devices [21]. The small-signal
frequency response measured at a bias of 20 mA is shown in Fig. 1(c). This is the same bias as
used to obtain the data transmission results as will be shown in Section 4. As in previous work
[17] we observe a slight kink in the 1-100 MHz region of the frequency response, which we are
currently investigating. We assume the bandwidth response at 100 m is similar to that at short
distances. From this the -3 dB electrical-electrical (E-E) modulation bandwidth of the devices
was recorded, with a maximum of around 960 MHz being achieved (see Fig. 1(d)). However,
we observed that the bandwidth gradually decreases to approximately 800 MHz as the current
is increased to 20 mA. We tentatively attribute this to the effects of increased current density
dependent carrier overflow from the MQWs resulting in increased carrier lifetimes [20]. This
is still under investigation, however it has been noted in our other DUV devices and at higher
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current densities in our UVA devices. The bandwidth measurements are crucial in OWC for
optimizing pilot signals and bit loading, as will be discussed in Section 3.

3. DCO-OFDM setup
3.1. Experimental setup of the DCO-OFDM data link

A UV-enhanced APD (Hamamatsu C56688867) with a bandwidth of 1 GHz, and a nominal
responsivity of 7 A/W at 280 nm, was used as a receiver, and an oscilloscope (Keysight MXR608A
sampling rate, 16 GSamples/s; analog bandwidth, 6 GHz) captured the received signal for analysis.
A laptop was used to generate the digital transmitted signal, analyze the received signal and set the
parameters such as the peak-to-peak voltage (VPP). To facilitate the long-distance measurements,
the uLED transmitter (Tx) and the receiver (Rx) were placed side-by-side, facing in parallel
with a metal sheet placed between them to prevent interference (Fig. 2 shows the view down the
optical channel with the metal sheet edge-on in the center). A 5.08 cm X 5.08 cm UV-enhanced
aluminum mirror (PFSQ20-03-F01) with an average reflectance of approximately 90% was
used to reflect the optical signal from the Tx back to the Rx, and this double-pass configuration
allowed the total path length to be increased up to 116 m. This mirror was mounted on a Thorlabs
Kinematic mount (KM200S) which enabled fine alignment of the mirror. Kinematic mounts
were used on the Tx, Rx, and mirror to assist with the alignment of all the optical components
where the lenses remained stationary, and the LED and detector were moved +5 mm to carefully
optimize the received signal strength at each distance.

Fig. 2. Photographic view of the optical channel, with the micro-LED transmitter on
the right and the APD receiver on the left. Inset is a close-up view of the mirror used to
retro-reflect the optical signal to increase the path length.

The optical setup used in this work included two 2" diameter fused silica lenses (Edmund Optics
84340 with a numerical aperture of 0.63 and transmittance of 90% at 280 nm) one to collimate
the light from the uLED array and the other to focus the returned light onto the receiver. To power
the uLEDs, a Yokogawa GS610 power supply was used. For the data transmission, an arbitrary
waveform generator (AWG) converts the digital signal to an analog voltage signal (Keysight
MS8195A, sampling rate 65 GSamples/s; analog bandwidth, 25 GHz;), and the signal from the
AWG was amplified (amplifier SHF-S126A), and finally, the RF signal and DC supply were
combined using a bias tee (Tektronix PSPL5675A). We use DCO-OFDM for intensity modulation
/ direct detection (IM/DD) in this work as it allows the use of higher order modulation such as
M-QAM (quadrature amplitude modulation), where M denotes the number of constellation points.
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Moreover, the underlying DCO-OFDM technique can effectively be implemented with digital
signal processors (DSPs) [22]. Furthermore, DCO-OFDM, in conjunction with optimum bit and
power loading, achieves very high data rates compared to other modulation techniques [23]. The
parameters used are shown in Table 1 and were selected with particular care based on empirical
optimization guided by theoretical considerations. The implementation steps are shown in Fig. 3.
We used DCO-OFDM and applied bit and power loading per subcarrier to maximize the overall
data rate given the achieved signal-to-noise ratio (SNR) per subcarrier. This approach enables us
to modulate the channel beyond the -3 dB bandwidth of the system. Once the optical alignment
was optimized, the bias of the uLED was increased to 20 mA, a bias current that provided an
optimal trade-off between increased ULED output power and bandwidth (c.f. Fig. 1), operating in
a relatively linear region of the uLED output power versus voltage response. Moreover, we aimed
to select a current value that would not damage the device in the long term. The background
lighting was turned off in order to aid alignment.

Input Serial to Bit QAM Hermitian Pulse I
Data Parallel Loading Modulation Symmetry Shaping —

Data
Transmitted

Parallel QAM

Matched
Filters

Serial to
Parallel

Equalization

To Serial Demodulation

Fig. 3. Block diagram of the DCO-OFDM transmission system.

Table 1. OFDM parameters used in this work.

Name of Variable Value of Parameter
Sampling frequency (MHz) 16000
Sample per symbol 5

Symbol span 64

Roll off factor 0.1

FFT Size 2048

Cyclic prefix length 15

Cyclic suffix length 5

Lower clipping -3.20

Upper clipping 3.20

The VPP was then scanned to pick out the optimum peak-to-peak voltage VPP to use in the
experiment to minimize signal clipping and allow us to use the full dynamic range of the uLED.
As the transmission distance was increased, the received SNR decreased, primarily due to beam
divergence. As a result, the VPP was optimized at each measured distance. Once the VPP was
selected, the modulation scheme was applied to a pseudorandom bit stream. The DCO-OFDM
time-domain signal clipping level was chosen to be 3.2 times the standard deviation (o) of the
unclipped signal [24] and this enabled us to achieve the highest data rate from the available
dynamic range [25]. A fast Fourier transform (FFT) size of 2048 was used to enable 1023
information-carrying subcarriers. This setting leads to a smaller cyclic prefix to FFT size ratio,
which means that the redundant cyclic prefix symbols are transmitted less frequently. The larger
FFT size results in increased peak-to-average-power-ratio (PAPR). However, In the experiments,
we found that a clipping level of 3.2 achieves a good trade-off between PAPR and nonlinear
distortion. The suffix and prefix were used to create a circular convolution between the signal
and response so that one-tap equalization is valid and prevents interference between the adjacent
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OFDM frames. The suffix and prefix lengths are essential to this work as the channel is frequency
selective with low pass effects possibly coming from the LED and detector. Single tap frequency
domain equalization was used.

In the first stage of implementation (Fig. 3), a pilot wave was used to assess channel quality, and
after this, the bit and power loading was carried out. The data input was initially in a serial form
and was changed to parallel channels. M-QAM then converts the signal to phase and amplitude.
After this, an inverse fast Fourier transform (IFFT) was applied to convert the signal from the
frequency domain to the time domain. This result is then converted back to serial for transmission.
On the receiver side, a matched filter was used before equalization and data decoding. From this,
we compared the received signal vs. the signal transmitted and determined the bit error ratio
(BER). We considered forward error correction (FEC) coding with a 7% overhead. Furthermore,
we assume a BER threshold of 3.8 x 1073 for error-free data reception after FEC [24]. When
selecting the SNR and Channel gain, multiple adaptive tests were run. Furthermore, we also
examined the non-linear (NL) distortion of the uLED and the receiver noise when examining the
SNR.

Optics EXPRESS

4. Communication results
4.1.

The received optical power focused on the detector is crucial as it determines the SNR and
consequently the data rate. The first step in the DCO-OFDM measurement was therefore to
examine the power being received by the detector (see Fig. 4).
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Fig. 4. The received optical power vs. distance, measured with a 300 um pinhole.
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The power was measured using the same power meter used in the L-I measurements, to which
a 300 um pinhole (Thorlabs P300K) was added. This was done in order to reduce the active
area of the power meter to the same size as that of the APD. It can be seen in Fig. 4 that the
power remains relatively high below 12 m, and only beyond this distance does the intensity of
the central spot noticeably decrease, attributed to a combination of beam divergence and the
criticality of alignment. After 60 m, we were close to the sensitivity limit of the power meter, so
it was not possible to accurately measure the power at greater distances. However, based on the
trend data, we assume that the power is on the order of 100s of nanowatts at 116 m. The power
measurements were used as a guide to the distances at which we could usefully transmit data.

4.2. Optical communication results

Before transmitting and recording any data, the setup was aligned at each measured distance
using a reference sine wave to achieve the optimal SNR (see Fig. 5(a)). The uLED was biased
with 20 mA, this current being selected as described above, and VPP value of the AWG output
was adjusted. In Fig. 5(a) we observe that a low-pass characteristic of the achieved SNR against
frequency can be observed. Due to the wide modulation bandwidth of the designed device, the
rate of decrease of SNR with frequency is lower compared to commercial broad area LEDs.
Moreover, we observe that as the distance increases, the SNR decreases as the signal becomes
weaker, primarily due to beam divergence. At these 10’s of meter distances, DUV absorption
and scattering are not considered to have a significant impact. It is interesting to note that the
SNR remains relevantly constant under 10 m (see Fig. 5(a)). To test whether the alignment
of the mirror was causing this, we removed the mirror for the 0.5 m set up and used a simple
back-to-back bench top set up for reference. However, we saw no improvement in the SNR, which
suggests that the data rate may be capped. It is difficult to specify what power would produce a
particular data rate, as increases in power do not predictably increase the data rate due to issues
such as the nonlinearity of the device, spot size on the detector and noise from the transmitter
side, which can cap the SNR and the data rate. However, as the distance increases, the data rate
drops rapidly between 10 m — 40 m, although this stabilizes between 40 m — 60 m.
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Fig. 5. (a) SNR vs. frequency at different distances and (b) optimal VPP vs. distance.

The selection of VPP leads to a trade-off between signal strength and NL signal distortion
[26]. When applying a greater VPP to the uLED, the optical signal has a higher modulation
depth so that the signal strength is boosted. However, the uLED device has a nonlinear behaviour
as shown in Fig. 1(a). A greater VPP also means using a greater dynamic range which leads
to severer nonlinear distortion. When the link distance is short (under 10 m), the path loss is
small, and the SNR is limited by NL distortion. Therefore, a smaller optimal VPP has been
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found to overcome dominant NL distortion. When the link distance is very large (100 m), the
significant optics- and alignment-dependent path loss makes the SNR limited by receiver noise.
Therefore, the optimal VPP at these distances is higher. In Fig. 5(b) the optimal VPP supplied by
the AWG remains relatively constant around a value of 0.2 V with only minor changes under 20
m. However, as the distance approaches 100 m, the VPP increases rapidly to around 0.5 V. The
amplifier has a typical gain of 29 dB and from Fig. 1(a), this gain could put us in a non-linear
regime for the device. Furthermore, the ripple features seen in the SNR, as shown in Fig. 5(a),
could be a result of impedance mismatch effects between the uLED and drive electronics.

The bit loading algorithm is based on the Hughes-Hartogs algorithm [27]. In that approach,
using a given amount of transmission energy, it is possible to load as many bits as possible
onto the subcarriers and maintain a targeted BER. As a result, this algorithm can maximize
the achievable data rate and adapt to various channel conditions. Figure 6(a) and Fig. 6(b)
respectively demonstrate the number of bits loaded at the lowest BER data points at 10 m and 100
m. As Fig. 6(a) shows, 4 or 5 bits could be loaded at shorter distances as the SNR is relatively
high. However, as Fig. 6(b) shows, at approximately 100 m, this dropped to 1 or 2 bits due to the
decrease in the SNR. Figure 6(a) and Fig. 6(b) show that no bit is loaded to subcarriers at SNR
lower than approximately 2 dB. Due to the low pass characteristics of the device, fewer bits can
be loaded on the high frequency subcarriers. In Fig. 7, we discuss the data rates achieved using
this method.
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Fig. 6. SNR and bits loaded vs frequency at distances of (a) 10 m and (b) 100 m.

We examined the data rate below a BER of approximately 3.8 x 1073, which allows for the
application of forward error correction (FEC) (represented by the horizontal dashed line in
Fig. 7(a)). Under 10 m, the data rate was relatively constant at greater than 6 Gb/s (see Fig. 7(b))
with approximately 6.94 Gb/s achieved (6.45 Gb/s with 7% overhead applied) at 10 m. As the
distance increases, the data rate decreases approximately linearly as shown in Fig. 7(b), although
it is important to note that the VPP was optimized at each distance to attempt to compensate for
signal loss due to beam divergence. The maximum link distance of 116 m was limited by the
available laboratory corridor space. At this distance, a data rate of approximately 1.20 Gb/s (1.12
Gb/s with 7% overhead applied) was obtained. To the best of our knowledge, this represents
the first demonstration of a data rate >1 Gb/s at >100 m using a single DUV uLED, and the
longest distance at which 1 Gb/s has been achieved using a uLED of any wavelength. After
completing the measurements in a darkened corridor, we repeated the 116 m measurement in
ambient light. This had little effect on the data rate, with a data rate of 1.19 Gb/s (1.11Gb/s
with 7% correction) at 116 m being recorded. The light shielding of the components and their
tight and carefully controlled optical alignment may be a factor here. This shows promise for
practical free-space communications applications of these devices in such as arena, warehouse,
and factory environments.
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A detailed study of all the link parameters such as transmitter area, beam divergence angle etc.
is beyond the scope of the technology demonstrator shown here. However, long transmission
distances were achieved here through careful consideration of the optics used, to ensure sufficient
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Fig. 8. Comparison of the results obtained here to selected previous work in the literature.
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received optical power, guided by modelling of the long-distance link using commercial ray-
tracing software (Zemax OpticStudio). A detailed study on the optimisation of device parameters
and modulation schemes for optical wireless communication may be found in work by H. Chun et
al. [28]. When compared with results from the literature in Fig. 8 [6,7,16,17,29,30], it is evident
that this work has demonstrated the possibility of using uLED-based DUV communications
for > 100 m high data rate applications. We have achieved similar Gb/s data rates but at much
greater distances: in some cases, X 10 greater. Several important developments have been
implemented to facilitate this. We have improved the fabrication, contacting and operation of the
ULED devices, increasing the available (through-sapphire-directed) single-uLLED optical output
power by a factor of approximately 2.5x from 200 uW [6] to 500 uW. We have also introduced
higher numerical aperture optics (using 2-inch lenses here, compared to 1-inch previously).

Furthermore, we have taken particular care over the optical alignment and parameter optimiza-
tion (including VPP) for the DCO-OFDM protocol, and we have used a receiver with higher
bandwidth (1 GHz vs 400 MHz) which has helped in the detection of DUV data rates up to
approximately 6.94 Gb/s. We note that the transmission distances demonstrated here were limited
by the available laboratory corridor space and not by the intrinsic performance of the system.
Even longer transmission distances should thus be achievable, although at increasing distances
the effects of atmospheric absorption and scattering will increasingly affect the optical channel.
This high data rate line-of-sight (LOS) work, as well as being applicable in its own right, is
informing possible NLOS performance improvements for applications such as secure military
communications [3].

5. Conclusion

By careful and detailed optimization of the devices, optical system and communications parame-
ters, we have demonstrated that DUV uLEDs can be used for Gb/s free-space communications
at distances of over 100 m in a manner not obviously affected by ambient light. Overall, our
results show new optical communication capabilities for DUV uLEDs. Such performance at this
distance is a benchmark for OWC application of uLEDs in such practical situations as office
environments, lecture theaters, arenas, and warehouses. Furthermore, it gives indications of
the potential use of such uLEDs in space-based applications and provides characterization data
and design parameters to inform the implementation of high-performance non-line-of-sight
communications systems.
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